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ABSTRACT: Mixed metal oxyhalides are an exciting class of photocatalysts,
capable of the sustainable generation of fuels and remediation of pollutants with
solar energy. Bismuth oxyhalides of the types Bi,MOgX (M = Nb and Ta; X = Cl
and Br) and Bi,AO,X (A = most lanthanides; X = Cl, Br, and I) have an electronic
structure that imparts photostability, as their valence band maxima (VBM) are
composed of O 2p orbitals rather than X np orbitals that typify many other bismuth
oxyhalides. Here, flux-based synthesis of intergrowth Bi,NbOzCl-Bi,GdO,CI is
reported, testing the hypothesis that both intergrowth stoichiometry and M identity
serve as levers toward tunable optoelectronic properties. X-ray scattering and
atomically resolved electron microscopy verify intergrowth formation. Facile
manipulation of the Bi,NbO4Cl-to-Bi,GdO,Cl ratio is achieved with the specific
ratio influencing both the crystal and electronic structures of the intergrowths. This
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compositional flexibility and crystal structure engineering can be leveraged for photocatalytic applications, with comparisons to the
previously reported Bi,TaO4Cl-Bi,GdO,Cl intergrowth revealing how subtle structural and compositional features can impact

photocatalytic materials.

B INTRODUCTION

Solar-driven photocatalytic processes play a crucial role in
generating sustainable fuels and remediating pollutants." Metal
oxides like TiO, are benchmark photocatalytic materials.”
However, metal oxides have wide band gaps, resulting in poor
absorption of visible hght In contrast, mixed anion materlals
such as metal oxynitrides,* oxysulfides,” and oxyhalides®” that
contain d° or d'® metal cations often have suitable band
alignments for photocatalysis and appreciable visible-light
absorption.” Despite these advantages, these mixed anion
materials often lack photostability.” Photocorrosion can occur
by oxidation of the nonoxide anions from holes generated in
the valence band, as indicated here for chloride ions in
oxychlorides (2 CI™ + 2 h* —Cl,).” Furthermore, point defects
in the crystal structure result in increased electron—hole
recombination. '’

Mixed metal oxyhalide materials such as Bi,MOzX (M = Nb
and Ta; X = Cl and Br) and Bi,AO,X (A = La, Gd, Y; X = Cl,
Br, and I) have gained attention due to suitable band
alignment, minimal electron—hole recombination, and photo-
stability.”'' "% Ogawa et al. synthesized Bi,;NbO4Cl using a
flux method, loaded RuO, as cocatalyst, and used the material
for efficient Z-scheme water splitting under visible light, with
an apparent quantum efficiency of 1.3% at 420 nm for O,
evolution activity.'* Similarly, Tao et al. have reported
Bi,TaOgX (X = Cl, Br) microplatelets loaded with RuO, for
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photocatalytic water oxidation with an apparent quantum
efficiency as high as 20% at 420 nm."> Nakada et al. reported
Bi,YO,CI for photocatalytic oxygen evolution at the rate of 13
umol g7' h™! without a cocatalyst."> Loading a (Fe,Ru)O,
cocatalyst on Bi,YO,CI enhanced the rate of evolution of the
O, by ~7 times. Although these multimetal oxyhalides are
visible-light absorbers and can facilitate photocatalytic
reactions, the ability to tune the optoelectronic properties of
these materials is limited.'®

Recently, our group showed that intercalating layers of
Bi,TaO4Cl and Bi,GdO,Cl to form intergrowths was possible
and that the resulting structures were visible-light-absorbing
materials with high photostability."” According to the revised
lone pair model, Bi 6s electrons strongly interact with the O 2p
orbitals in the valence band.'® This interaction results in O 2p
orbitals being the valence band maxima (VBM), curtailing
photooxidation of the halide anions. The conduction band
minima (CBM) for both Bi,TaOzCl and Bi,GdO,Cl are
composed of Bi 6p orbitals. Interestingly, for Bi,GdO,Cl, the
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[GdO,]™ layer inserted between two [BiO]" layers changes the
symmetry around the Bi site, leading to changes in the position
of CBM."’ In addition, effective charge separation results from
the internal static electric field generated by alternating layers
of the intergrowths.

Here, the synthesis of intergrowth Bi,NbO,Cl-Bi,GdO,Cl
is reported. This demonstration tests the generality of
intergrowth formation as a pathway to metal oxyhalides with
tunable optoelectronic properties and the hypothesis that both
intergrowth stoichiometry and M identity serve as levers
toward tunable photocatalytic performance. The crystal
structures of Bi,NbO,Cl and Bi,GdO,Cl are shown in Figure
1, projected along their [110] (Figure 1a,)b) and [001] (Figure
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Figure 1. Crystal structures of (a, d) Bi;NbO4Cl (Pca2,), (b, e)
Bi,GdO,Cl (P4/mmm), and (c, f) BiyNbOgCl (P2,cn) projected
along their (a, b, ¢) [110] and (d, e, f) [001] directions, respectively.

1d,e) directions, respectively. Bi,NbO4Cl is a Sillén—Aurivillius
perovskite oxyhalide that has been reported to crystallize in the
space group P2,cn (Figure 1¢,f);"’ however, DFT calculations
reported herein identify the space group Pca2, as energetically
more favorable (Figure la,d). The unit cell of Pca2, is
composed of the alternately charged layers of fluorite-type
[Bi,0,]**, [NbO,]*", and [Cl]". Bi,NbOCl can also be
written as [Bi,O,Cl] [Bi,NbO4] where the Sillén and
Aurivillius structures are separately denoted. Bi,GdO,Cl has
alternating layers of triple fluorite-like [Bi,GdO,]* and [CI]~
exhibiting the centrosymmetric P4/mmm space group, where
the Gd is in a cubic coordination environment (Figure 1b,e).
Our strategy involves intercalating layers of Bi,NbO,Cl and
Bi,GdO,CI along the c-directions of these materials, which
correspond to the stacking direction of the layers described
above. By systematically studying the Bi,NbO4zCl-Bi,GdO,Cl
intergrowth system, we can identify how modulation of metal
identity and stoichiometry results in variations in the structure
and electrostatic destabilization of the atomic orbitals.
Examination of the M—O—M (M = Nb, Gd) bond angles as
a function of intergrowth stoichiometry is crucial to
determining factors affecting the optoelectronic properties
and photocatalytic performance of these materials. For
instance, Kudo et al. correlated the photocatalytic activity of
Sr,M,0; to the angle of O—M—O (M = Nb, Ta) bonds.” The
more covalent bonding of Nb** compared to Ta®" leads to the
second-order Jahn—Teller distortion and energy stability
gain.21 Nb** shows an off-center displacement, whereas Ta™
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preferentially remains in a more centrosymmetric environment.
As a result, the O—Ta—O bond angle in Sr,Ta,0; is close to
180°, leading to higher mobility of the photogenerated charge
carriers; these features increase photocatalytic activity relative
to Sr,Nb,0,.”>*! Likewise, as we report here, we can correlate
the crystal and electronic structures of these intergrowths with
photocatalytic performance to facilitate the design of new
materials with tunable optoelectronic properties, addressing
needs in the renewable energy sector and allied fields.

B EXPERIMENTAL SECTION

Reagents. All chemicals were of reagent grade or higher and were
used as received. Bismuth(III) oxide (Bi,O;, Sigma-Aldrich, 99.99%),
niobium(V) oxide (Nb,Oy, Sigma-Aldrich, 99.9%), bismuth chloride
oxide (BiOC], Alfa Aesar, 98%), gadolinium oxide (Gd,O;, Alfa Aesar,
99.9%), cesium chloride (CsCl, Sigma-Aldrich, 99.9%), iron(III)
chloride hexahydrate (FeCly-6H,0, Sigma-Aldrich, >98%), hydro-
chloric acid (HCI, Fisher Chemical, ACS grade), ruthenium(III)
chloride hydrate (RuCly:nH,O, Alfa Aesar, 99.99%), methanol
(CH;OH, Macron, ACS grade), absolute ethanol (C,H;OH, Macron,
ACS grade), and acetone (C;H4O, Macron, ACS grade) were used as
received without further purification. Nanopure water, having
resistivity of 18.2 MQ-cm at 25 °C, was used in all the syntheses
and workup procedures.

Solid-State Synthesis of Bi;NbOgCl and Bi,GdO,Cl. To obtain
Bi,NbO4Cl, Bi,O;, Nb,Os, and BiOCl (with a molar ratio of 3:1:2)
were used as precursors. For Bi,GdO,Cl, Bi,O;, Gd,0;, and BiOCl
(with a molar ratio of 1:1:2) were used as precursors. Excess BiOCl
was added to both syntheses to account for its volatility at elevated
temperatures. The precursors were weighed and then crushed for 20
min using a mortar and pestle for homogeneous mixing. The fine
powder containing the mixture of reagents was then added to an
alumina crucible and transferred into a tube furnace, which was
followed by heating to 800 °C at a ramp rate of 8.6 °C/min, under a
N, gas flow of 20 mL/min, followed by calcination at 800 °C under a
N, gas flow of 20 mL/min. To obtain BiyNbO4Cl, 10 h of calcination
was required whereas only 4 h was required for Bi,GdO,Cl. Products
were cooled under a N, flow until room temperature was reached,
pulverized, and stored for further characterization.

Optimized Flux Synthesis of the Bi,NbOgzCl-Bi,GdO,Cl
Intergrowths. The procedure was similar to the solid-state synthesis
described above with the addition of CsCl for flux formation. The flux
was mixed at a solute concentration [x/(x + y), where x is the total
number of moles of precursors that will react to form the intergrowth
and y is the number of moles of CsCl salt] of S mol %. The optimized
set of reaction parameters is shown in Table S1. Once the reaction
was completed, the flux salt was removed from the product by
dispersing the sample in distilled water and then collecting the solids
by centrifugation; this washing procedure was completed with
distilled water three times followed by ethanol once. Products were
dried under a vacuum overnight, pulverized, and stored for further
characterization.

Materials Characterization. Powder X-ray diffraction (PXRD)
data was collected using a PANalytical Empyrean diffractometer
provisioned with a Cu source (Ke; radiation, 4 = 1.5418 A) and an
X’Celerator linear strip detector operating at 45 kV and 40 mA. The
fine powder obtained by grinding the solid samples was placed on a
zero background Si sample holder, which was spun at the rate of 2
rev/min. The measurements ranged from 5 to 80° 26 with a scan
speed of 1.25°/min with 0.017° step size.

Field-emission scanning electron microscopy (FESEM) of samples
was performed on an FEI Quanta 600F operated at 30 kV. Energy-
dispersive X-ray spectroscopy (EDS) used an Oxford INCA detector
interfaced to the FESEM. SEM was also conducted with a Zeiss
Auriga 60 operated at 30 kV, along with an Oxford INCA detector for
EDS analysis. To prepare samples for these analyses, approximately 1
mg of the solid sample was dispersed in a few drops of ethanol. A
small piece of silicon wafer was attached to the alumina stage using
carbon tape, and 2—5 uL of the dispersion was drop-casted onto the
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silicon wafer. The sample was dried under atmospheric conditions for
15 min before imaging.

Scanning transmission electron microscopy (STEM) images were
collected on a JEOL JEM 3200FS operating at 300 kV using a Gatan
4K X 4K Ultrascan 4000 camera along with an Oxford INCA detector
for EDS mapping. Samples for STEM analysis were prepared by drop-
casting 2 uL of a dispersed particle solution onto a 300-mesh carbon-
coated copper grid and allowed to dry under atmospheric conditions.

For high-resolution STEM, powder samples were dispersed in
ethanol and drop-cast onto ultrathin carbon-coated Mo grids. STEM
imaging was performed with an aberration corrected JEOL
ARM200CF operated at 200 kV. The convergence semiangle for
imaging was set to 27.51 mrad using a 40 ym condenser aperture,
which gives a probe current of about 23 pA. The collection semiangle
ranges for HAADF and ABF are 90—370 and 10—23 mrad,
respectively. Micrographs were acquired at an electron probe size of
8C (JEOL defined), which are measured to be around 1.28 A, and a
pixel dwell time of 10 ys. Surface area measurements were calculated
from N, isotherms using a Micromeritics ASAP 2020 analyzer
according to standard eight-point Brunauer—Emmett—Teller (BET)
analysis techniques. Before data collection, the samples were vacuum
degassed at 120 °C (ramp rate of 1 K/min) overnight.

Diffuse reflectance spectroscopy (DRS) was conducted on a Varian
Cary 100 Bio UV—visible spectrophotometer equipped with a Cary
301 DR accessory. The powder sample was loaded and pressed onto a
cylindrical powder holder with dimensions of 3 mm height X 17 mm
diameter. BaSO, was used as the 100% reflectance reference.

X-ray photoelectron spectroscopy (XPS) of samples was performed
using a PHI 5000 Versa Probe II scanning X-ray microprobe under
ultrahigh-vacuum conditions with a monochromatic Al Ka X-ray
source. A beam size of about 200 ym and an X-ray power of 50 W at
15 keV under ultrahigh vacuum (UHV) conditions were used for all
experiments. The binding energy of the C 1s peak was calibrated
using the standard value (284.3 eV) of highly ordered pyrolytic
graphite (HOPG).** Although resolution of VBM energy levels
obtained using ultraviolet photoelectron spectroscopy (100—200
meV) is better than that of XPS (500 meV),” the latter was used as
the samples were not conductive enough to avoid charge buildup due
to the ejected electrons, resulting in generation of electric fields that
can affect the kinetic energies and trajectories of the low energy
electrons.”

X-ray total scattering (TS) data of the samples were collected at
DanMAX,** the diffraction beamline at the MAX IV Laboratory
(Lund, Sweden). TS data were collected for 60 s with an X-ray energy
of 35 keV by using a Dectris PILATUS3 X CdTe 2 M area detector.
The sample-to-detector distance was set to 100 mm. The samples
were loaded in @1 mm Kapton capillaries, and the signal measured
from an empty capillary was used for background subtraction. The 2D
detector images were integrated using the pyFAI package using the
Dioptas program.”*>° PDFs were obtained from the TS data using the
xPDFSuite software,”’ setting Quaxinst t0 20.2 A7), Qo to 20.0 A7
Quin to 0.5 A™'; and r-poly to 0.9 A. Real-space Rietveld refinement
refinements were conducted using TOPAS.”® Instrumental parame-
ters ( Quamp = 0.0347 A" and Q.4 = 0.0001 A™") were refined from a
LaBg standard.

Electronic Structure Studies. We perform first-principles density
functional calculations within the Perdew—Burke—Ernzerhof approx-
imation (PBE)*’ as implemented in the Vienna Ab initio Simulation
Package (VASP)***' with the projector augmented wave (PAW)
method®” to treat the core and valence electrons using the following
electronic configurations 5d'%6s%6p® (Bi), 4p®4d*ss' (Nb), 5p®6s*5d!
(Gd), 3s*3p° (Cl), 2s*2p* (0O), and a 500 eV plane wave cutoff. Note
that f semicore electrons of Gd are treated as core states despite being
higher in energy than other valence states. All structures are fully
relaxed (forces to be less than 0.1 meV A™') with Gaussian smearing
(0.02 eV width) for the Brillouin zone (BZ) integrations. For the
group theoretical analysis, we use the AMPLIMODES software.>>**
Due to the origin ambiguity in polar structures, we choose the origin
of the low-symmetry structure so that the arithmetic center remains
fixed when mapping the high-symmetry structure onto the low-
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symmetry phase. In all calculations, the influence of magnetism is not
taken into consideration. This is attributed to Nb being in the 5+
valence state, resulting in a d° electronic configuration.

Photocatalytic Measurements. Photocatalytic OER and HER
analyses were conducted in the liquid phase (Figure S1). For
photocatalytic OER experiments, 15 mg of photocatalyst was
dispersed in 10 mL of aqueous FeCl; (S mM) solution. In the
presence of FeCl; as an electron scavenger, the pH of the solution was
lowered to ~2.4 with dilute HCI to prevent Fe(OH); precipitation.
For photocatalytic HER experiments, 15 mg of photocatalyst was
dispersed in 10 mL of aqueous methanol solution. Initially, 10 vol %
of aqueous methanol was screened for photocatalytic HER. Due to
low H, evolution, the amount of methanol was elevated to 20 vol % to
increase the concentration of the hole scavenger to facilitate the
reaction. These solutions were contained in a 24 mL quartz test tube
reactor. The reactor was vacuum-treated and backfilled with helium
(OER) or argon (HER) gas three times. The photocatalytic OER
activity was evaluated for 4 h under full arc irradiation of a xenon lamp
(Newport 66902, 300 W) and an attached water filter to avoid near-
IR radiation above 850 nm. An additional 400 nm cut-on filter was
used for photocatalytic HER. At regular time intervals, S00 uL of gas
was manually removed through a gas septum using a syringe and the
aliquot was analyzed using a GC (Agilent 6890N) equipped with the
thermal conductivity detector (TCD).

Quantum Yield Measurements. The apparent quantum
efficiency (AQE) was estimated from the following equations:*®

number of H, molecules evolved

AQE of HER = 2 X X 100%

total number of photons absorbed

number of O, molecules evolved

AQE of OFR = 4 X X 100%

total number of photons absorbed

total number of photons absorbed
_ light absorbed by the photocatalyst

X time
energy of the photon

light absorbed by the photocatalyst

= irradiance X area of the reactor

energy of the photon = %

The gas evolution rate was determined from the first hour of light
irradiation. Average photon flux was estimated using a power meter to
obtain ~184 and 164 mW cm™> for full arc and >400 nm wavelength
for Xe lamp irradiation, respectively. The average wavelength (1) of
the broadband light source was estimated with reference to the band
gap of the photocatalyst, as the irradiation of photons with energy
greater than or equal to band gap energy results in the generation of
photoexcited electron—hole pairs.>”

B RESULTS AND DISCUSSION

The Bi,NbO4Cl-Bi,GdO,Cl intergrowths were prepared by
using a molten flux method. Nb,O5 and Gd,O; were used as
Nb and Gd sources, respectively, with both Bi,O; and BiOCl
contributing to the Bi stoichiometry. BiOCI and alkali halide
flux are sources of halide ions. These oxide and oxyhalide
precursors were chosen because (i) they do not have additional
elements that can introduce impurities or result in competing
phases and (ii) molten flux syntheses have been reported for
Bi,NbO4Cl and Bi,GdO,Cl with the mentioned precursors.”"*
BiOCl is volatile at the synthesis conditions, having a boiling
point of 461 °C,*® whereas the synthesis occurs at 700 °C.
BiOCl was added to the reaction at greater than stoichiometric
amounts to account for its volatility.'* A variety of chloride
fluxes and heating conditions were screened for the proposed

https://doi.org/10.1021/acs.inorgchem.4c00306
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Figure 2. (a) PXRD patterns of samples in 26 range from S to 80°. (b) Enlarged PXRD pattern centered around 260 = 30°. (c) Real-space Rietveld
refinement of end members and intergrowths” PDF. Blue dots, red trace, and ash trace correspond to the data, model, and difference between the

data and model, respectively.

Bi,NbO4Cl-Bi,GdO,Cl intergrowths, with CsCl at 700 °C for
12 h being determined to be the most suitable based on
producing the product of homogeneous morphology, i.e.,
plate-like particles (Figure S2) and achievement of targeted
stoichiometry by SEM-EDS. Intergrowths with different ratios
of Biy;NbO,4Cl-to-Bi,GdO,Cl were targeted by varying the ratio
of precursors in the syntheses (Table S1). The products will be
referred to as 75% Nb, 50% Nb, and 25% Nb intergrowths,
although slight deviations from ideal stoichiometry are noted
(Table S2). The dissolution of niobium oxide in the molten
salt during the synthesis results in the formation of volatile
niobium oxychloride species, resulting in a slightly lower
percentage of Nb than the ideal stoichiometry.””** The parent
BiyNbO4Cl and Bi,GdO,Cl phases were synthesized for
comparison using solid-state heating of the appropriate
precursors (Figure S2 and Table S1). Brunauer—Emmett—
Teller (BET) analysis on the parent compounds did not yield
reliable specific surface areas due to the large agglomerates
(being <1 m*/g), but the specific surface areas of 75% Nb, 50%
Nb, and 25% Nb intergrowth materials were slightly higher at
1.4, 2.6, and 1.6 m?/g, respectively.

PXRD shows that the Bi,NbO4Cl and Bi,GdO,Cl structures
were obtained in sample 100% Nb and 0% Nb, respectively
(Figure 2a). PXRD patterns also support the formation of
intergrowths. For the intergrowths, shifts toward lower
diffraction angles are evident for reflections corresponding to
the Bi,GdO,Cl phase of the intergrowth (Figure 2b),
indicating an increase in d-spacing relative to the parent
Bi,GdO,Cl phase. Interestingly, reflections ascribed to
Bi,NbO4Cl do not exhibit any obvious shifts.

Bi,GdO,Cl possesses an ideal tetragonal centrosymmetnc
crystal structure with P4/mmm symmetry.”” The structure
obtained through DFT relaxation closely matches the
experimental structure with a mere 1.5% reduction in volume.
Bi,NbOCl is cited as a Sillen—Aurivillius perovskite oxyhalide
with space group P2,cn."” In spite of that, DFT indicates that
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the P2,cn phase is unstable and spontaneously relaxes into a
structure in the centrosymmetric Pbcn space group. Similar
outcomes were observed when van der Waals corrections were
taken into account (data not included). Therefore, in the
following, we do not consider van der Waals corrections. To
check the dynamic stability of the Pbcn phase, first-principles
I"-point phonon calculations were performed. We found that
this structure is unstable at low temperatures and can
transform to either the polar orthorhombic Pca2, polymorph
or the centrosymmetric monoclinic P2,/c¢ polymorph, which is
essentially energetically degenerate. All DFT structure
solutions are given in the Supporting Information as CIF files.

As described previously with the Bi,TaO4zCl-Bi,GdO,Cl
system, intergrowth formation gives rise to distortions of the
crystal structure, which are from the idealized model. To gain
more insights into this effect, PDF analysis was performed on
the TS data for the end members and intergrowth samples
(Figure 2c). Even though both Pca2; and P2,/c polymorphs
exhibit good agreement with the real-space Rietveld refinement
of the PDF data of the 100 and 50% Nb samples, the Pca2,
polymorph yields slightly better fits (Figure S3 and Tables S3
and $4). Structural refinement of the PDF data was performed
using a simple two-phase model consisting of the two end-
member phases (the Pca2, cell determined by DFT calculation
for BiyNbOg¢Cl and CIF no. 92402 from the ICSD database for
Bi,GdO,Cl), where the selected r-range remains within that of
one-unit cell for these systems and allows us to refine the two
parent structures independently.”” During the refinements, the
cell parameters, Bi and Nb atomic coordinates, their atomic
displacement parameters (ADPs) as well as those of Gd, O,
and Cl, and the scaling factor and phase fraction of each parent
structure were refined. All information about the refinement of
samples Nb 100, 75, 50, 25, and 0% are summarized in Tables
§3—S7, respectively.

The atomic percentage of Nb with respect to Gd was
estimated based on the refined weight fraction of parent
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Table 1. Real-Space Rietveld Refinement of Pristine and Intergrowth Samples, Indicating the Evolution in the 4, b, and ¢

Lattice Parameters

sample a-axis Nb [A] b-axis Nb [A] c-axis Nb [A] a-axis Gd [A] c-axis Gd [A]
percentage percentage percentage percentage percentage
difference from difference from difference from difference from difference from

100% Nb 100% Nb 100% Nb 0% Nb 0% Nb

100% Nb 5.449 0% 5.492 0% 28.634 0%

75% Nb 5.452 0.06% 5.496 0.07% 28.673 0.14% 3.882 0.28% 8.967 0.56%

50% Nb 5.453 0.07% 5.493 0.02% 28.672 0.13% 3.884 0.34% 8.958 0.46%

25% Nb 5.4§ 0.02% 5.491 0.02% 28.669 0.12% 3.883 0.31% 8.946 0.32%

0% Nb 3.871 0% 8.917 0%

structures. As shown in Figure S4, this agrees with the SEM-
EDS data. Good agreement between the experimental data and
the two-phase models was obtained from real-space Rietveld
refinements, as indicated by the weighted-pattern agreement
factor (R,,) values (Figure 2c). Lattice parameters were
extracted by refinement to investigate the structure variations
upon intergrowth formation. As shown in Table 1, the ¢
parameters corresponding to the stacking directions of both
Bi,GdO,ClI and Bi,NbO,Cl increase as intergrowth formation
takes place. The Gd phase expands also in the (a,b) plane with
addition of the Nb phase from intergrowth formation, but little
change is evident for the Nb phase. These observations are
consistent with the PXRD changes upon intergrowth
formation (Figure 2b).

Further, the O—Nb—O and Gd—O—Gd bond angles were
extracted from the refined structures of the PDF analysis and
are summarized in Table 2. We observe the axial O—Nb—O

Table 2. Metal—-O—Metal Bond Angle for the Different
Samples

axial O—Nb—O basal O—Nb—O Gd—-0-Gd

sample angle [°] angle [°] angle [°]
100% Nb 169 105.0
75% Nb 170 104.3 108.09
50% Nb 166 108.9 108.18
25% Nb 164 111.3 108.24
0% Nb 108.25
ideal 180 90 109.45

bond angles along the ¢ direction and basal O—Nb—O angles
in the (a,b) plane diverging from the end member samples,
whereas Gd—O—Gd bond angles show minimal changes upon
intergrowth formation (Table 2). The 100 and 75% Nb
samples have the axiall O—Nb—O angle closest to 180°,
namely, 169 and 170°, while for lower Nb% samples, this angle
is becoming smaller, 166 and 164° in S0 and 25% Nb,
respectively. These observations suggest a gradual loss of
centrosymmetry of the [NbO4] octahedra as the Nb%
decreases. Simultaneously, the basal O—Nb—O angle, in the
Nb-rich samples, is the closest to 90° ie. an “ideal”
centrosymmetric [NbOg] unit, 105.0 and 104.3° for samples
Nb 100 and 75%, respectively, while for the two other samples,
it is 108.9 and 111.3°. Recall that mobility of photogenerated
charge carriers is anticipated to be greatest when the bond
angle is closest to 180°.

In addition, XPS probed the oxidation states of the elements
in the 50% Nb intergrowth, with Bi, Nb, Gd, Cl, and O evident
in the survey scan (Figure SSa). High-resolution spectra of the
Bi 4f, Nb 3d, Gd 4d, O 1s, and CI 2p regions show anticipated
features as described in the SI (Figure SSb—f). STEM-EDS
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elemental mapping shown in Figure S6 of the intergrowths
indicates a homogeneous distribution of elements at the
nanoscale throughout individual particles.

To further investigate the structure of the intergrowths at
the atomic level, the 50% Nb intergrowth was analyzed by
aberration-corrected scanning transmission electron micros-
copy (ac-STEM). Annular dark-field (ADF) images and bright-
field (BF) images were captured along the (001) and (110)
zone axes. The view along (001) (Figure 3a,b) exhibits the
expected squared pseudocubic lattice, the A-type sites are
expected to be occupied by Bi, Nb, or Gd while B-type sites are
occupied by Bi and Cl In addition, the view along (110)
(Figure 3c,d) depicts the layered structure. These high-
resolution micrographs help us to conclude that no apparent
atomic segregation of Nb—Gd occurs in the 50% mixing.

DRS of the intergrowths shows onsets of absorption from
700 nm, with sharp absorption edges around ~480 nm,
indicating the capability of these materials to absorb visible
light (Figure 4a). The slight tailing effect in the exponential
region is known as Urbach tailing and arises from the
cumulative effect of structural disorders such as defects and
doping.*”*' Bandgap energies were determined by Tauc plots
(Figure S7), generated using the Kubelka—Munk function
(indirect band gaps).”” The band gap is measured as the
intercept of the slope at the leading edge of the Kubelka—
Munk plot with its baseline. The Urbach tailing limits accurate
determination of the band gap as the exponential region of the
curve is less steep for the intergrowths compared to the end
members. Bi,NbO3Cl and Bi,GdO,Cl have band gaps of 2.41
and 2.34 eV, respectively, whereas the intergrowths 25, 50, and
75% Nb have band gaps of 2.26, 2.24, and 2.38 eV,
respectively. A plot of bandgap energy as a function of Nb%
is provided in the inset of Figure 4a and compared to the
parent compounds, giving a U-shape plot. That is, the 50% Nb
sample has the smallest band gap.

However, visible-light absorption is only one of the
important features for an effective photocatalyst. Also, the
conduction and valence bands must straddle the redox
potentials of the oxidation and reduction processes of interest.
The band gaps obtained from DRS combined with the VBM
estimated by using XPS provide the band structure of the
materials.” The band alignments are schematically represented
in Figure 4b, with the standard reduction potentials for the
OER and HER relative to the normal hydrogen electrode
(NHE) at pH = 0 also indicated. The CBMs and VBMs satisfy
the thermodynamic conditions for water splitting,

To obtain further insights into the electronic structure of the
layered structures, DFT calculations were performed on the
end members and the Pc intergrowth model of the 50% Nb
sample (see the provided CIF files). Figure S8 shows the
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Figure 3. Microstructural analysis of the 50% Nb sample was performed using STEM. (a) ADF image viewed along the <001> axis showing typical
perovskite pseudocubic lattice while (b) shows simultaneously acquired ABF image. Insets in (a) and (b) presents an averaged unit. (c) and (d)
show ADF and ABF images, respectively, viewed along the <110>. Insets in (c) and (d) present an averaged unit cell overlaid with the S0% Nb

structure.

electronic band structure as a function of the Nb
concentration. The computed optical band gaps from the
electronic band structure are 1.49, 1.43, and 1.55 eV for the 0,
50, and 100% Nb samples, respectively. These values exhibit
good agreement with the optical absorption calculated by using
DFT (see Figure S9), aligning qualitatively with the trend
derived from DRS. That is, while DFT calculations generally
underestimate the experimental band gap,** the U-shape trend
of the DFT optical band gaps upon chemical substitution
(Figure S10) is consistent with the experimental measurement
(Figure 4a). Note that introducing the parameter U to
reproduce the experimentally observed band gap would result
in a fit of the data and, of course, align with the correct
experimental trend; however, such an adjustment would be an
artifact of the methodology.
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Figure 4c shows the projected density of states (DOS) as a
function of the Nb concentration. In all cases, the Cl 3p states
are strongly localized and located approximately 2 eV below
the valence band edge (VBE) within a broad O 2p band. In
both end members, the conduction band edge (CBE) is
composed largely of Bi 6p states, with Nb 4d states in the case
of Bi,;NbOgCl. The DOS of the 50% Nb compound can be
described as a direct superposition of the two end members,
which indicates that the layers are largely decoupled from one
another. In the CBE, the dominance of Bi 6p states is evident,
while in the VBE, O 2p states exert significant influence.
Analysis of the projected DOS highlights a direct correlation
between the U-shaped bandgap pattern and the displacement
of a prominent O peak within the valence band (refer to Figure
S11). Specifically, this peak is observed to be positioned at 109,
9, and 260 meV below the VBE for the 0, 50, and 100% Nb
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Figure 4. (a) Normalized Kubelka—Munk plots (bandgap trends in the inset). (b) Schematic representation of experimentally determined band
alignments. (c) Projected density of states (DOS) of the 100, 50, and 0% Nb samples.

samples, respectively. Additionally, there is a minor contribu-
tion from the Bi 6p states hybridized with Cl 3p states (Figure
S12).

The intergrowths were evaluated for the OER, resulting
from water oxidation by holes generated near the VBM, as
schematically shown in Figure S13. Figure S14a,b shows time
courses of photocatalytic OER from the 0, 25, 50, 75, and
100% Nb samples in the presence of 5 mM of FeCl; as an
electron scavenger. The AQE values were estimated to be
0.007, 0.01, 0.007, 0.02, and 0.01% for 0, 25, 50, 75, and 100%,
Nb, respectively. All the photocatalysts show similar O,
evolution rates, and the AQE values are significantly lower
when compared to the previously reported Bi,TaOgzCl—
Bi,GdO,Cl intergrowth system.'” Similar amounts of O,
evolution were observed for all photocatalysts after 1 h of
irradiation when normalized to the mass of the sample, as
shown in Figure S14b. The 50% Bi,TaO3zCl-Bi,GdO,Cl
intergrowth exhibited remarkable OER activity with an AQE of
7.6% within the wavelength range of 400 to 500 nm with 1 wt
% RuQ, as a cocatalyst.'” The photocatalytic performance can
be correlated to the crystal and electronic structures of
photocatalysts, which will be discussed further shortly. Loading
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RuO, as a cocatalyst led to a slight improvement in the OER
(Figure Sl4c,d).

The intergrowths were also evaluated for the HER. Figure
S15a,b shows time courses of photocatalytic HER with 0, 25,
50, 75, and 100% Nb samples in the presence of 20 vol %
methanol as the hole scavenger. The AQE values were
estimated to be 0.002, 0.002, 0.001, 0.002, and 0.001% for 0,
25, 50, 75, and 100% Nb, respectively. Although the
intergrowths exhibited similar HER activity compared to the
end members, a macroscopic color change from a yellow to
black suspension was observed for all intergrowths upon
irradiation in an argon atmosphere, in the presence of 20 vol %
methanol (Figures S16 and S17). Interestingly, after the light
source was turned off and the dispersion was exposed to air,
the dispersion reverted to yellow. This color change, especially
in comparison to the behavior of our previously studied
Bi, TaO4Cl—-Bi,GdO,Cl intergrowth, hints to the origin of the
low photocatalytic activity; that is, such color changes are often
associated with changes in metal oxidation states.”

XPS was used to examine the chemical states of the 50% Nb
intergrowth immediately after the HER (4 h irradiation under
argon), when the collected powder still appears gray rather
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than the initial yellow. As shown in Figure S18, the binding
energies of Bi 4f, Cl 2p, and Nb 3d were unchanged with
respect to the nonirradiated sample, implying negligible
changes in their chemical states. However, differences were
observed in the O 1s and Gd 3d;, regions. The Gd 3d;,, peak
shifted 0.18 eV toward higher binding energy. Also, the O 1s
peak became more asymmetric and shifted 0.11 eV toward
higher binding energy and a shoulder peak at 532.17 eV is
shown, the latter of which corresponds to adsorbed oxygen
species at the surface. The asymmetry of the O 1s has been
commonly associated with oxygen vacancies;*® however, a
recent study by Frankcombe and Liu suggested that the peak
cannot be directly correlated with oxygen vacancies.”” Instead,
the peak can be attributed to surface hydroxyls,"*™>* acting as a
proxy for transient surface oxygen defects. The OH species
generated by dissociative adsorption of water replace missing
oxygen ions, whereas additional hydrogen species bind to other
surface oxygens. While these vacancies were not directly
observed, this designation is consistent with the color change
back to yellow upon exposure to air, presumably from Gd sites
adsorbing oxygen.

Similar to the Bi,NbO4Cl-Bi,GdO,Cl system, the 50%
Bi, TaO4Cl-Bi,GdO,Cl intergrowth also produced very little
H,, which was attributed to its unsuitable conduction band
position and unfavorable surfaces for proton adsorption.'’
However, a macroscopic color change was not observed during
the HER experiments. Upon further examination of the
projected DOS, insights into this macroscopic color change
can be gained. In particular, there are differences in the
contribution of Bi 6p and Nb 4d/Ta 5d states to the CBE (see
Figures S19 and S20) when comparing the Bi,NbO4Cl—
Bi,GdO,Cl and Bi,TaO4Cl-Bi,GdO,Cl intergrowths. In both
cases, Bi 6p states dominate the CBE (Figure S19),
accompanied by minor contributions from Nb 4d/Ta Sd and
Gd 5d, as depicted in Figure S20. However, a smaller
contribution of Ta 5d can be observed compared to Nb 4d
states in the CBE. A similar trend is observed for the Gd 5d
states as well. Based on this analysis, we conclude that the color
changes observed in Bi;NbO;Cl-Bi,GdO,Cl intergrowths are
from the larger contribution of Nb 4d and Gd 5d states
compared to that of Ta 5d and Gd 5d states in Bi,TaOzCl—
Bi,GdO,Cl. Along with the possible contribution from point
defects, the color change can be attributed to electron insertion
into Nb 4d and Gd Sd orbitals near the CBE on
photoexcitation, which would not be reflected in the XPS
due to the very small amount of electrons.

The differences in the photocatalytic performance as a
function of metal identity can be correlated with differences in
defect states. Notably, the visible-light absorption (smaller
band gap) and anticipated enhanced charge carrier mobility of
the Bi,NbO4Cl-Bi,GdO,Cl intergrowths compared to the end
members appear to be nullified by defects acting as charge
carrier trapping and recombination sites. Annealing of the
intergrowths did not reduce the Urbach tailing, indicating that
these defects cannot be readily decreased (Figure S21 and the
corresponding discussion). Thus, one interpretation is that
changes in the crystal structure leads to the generation of point
defects, influencing the photocatalytic performance.”® The
minimal distortion of [NbO4] octahedra upon intergrowth
formation propels distortion of [Bi,GdO,] instead to stabilize
the crystal structure of the intergrowth (see Table 1). These
distortions enable chemical changes under the reaction
conditions for photocatalytic HER, with the point defects
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generated by distortions serving as the recombination sites of
photogenerated charge carriers. However, in Bi,TaOzCl—
Bi,GdO,Cl intergrowth, distortion of [TaO4] octahedra
preserves the structure of [Bi,GdO,].”* The distortion of
[TaO¢] octahedra leads to greater mobility of photogenerated
electron—hole pairs, increasing the probability of the charge
carriers to reach active sites on the surface of the photocatalyst
and enhancing photocatalytic performance.

B CONCLUSIONS

Bi,NbOsCl-Bi,GdO,Cl intergrowths were synthesized via
molten flux, with the stoichiometry being readily tuned by the
input ratio of the precursors. Compositional homogeneity was
evident from ac-STEM imaging, along with elemental
mapping. The intergrowths have electronic structures capable
of overall water splitting driven by visible light, with their VBM
largely composed of O 2p orbitals to impart photostability.
These features, coupled with the near-linear O—Nb—O bond
angles, suggest that these intergrowths should be excellent
photocatalysts; however, low activities for the OER and HER
are reported even with cocatalysts. This finding contrasts with
the Bi,TaO4Cl—Bi,GdO,Cl intergrowth system, emphasizing
metal identity and composition as critical factors in regulating
structure and point defects, influencing the photocatalytic
performance and photostability of the multimetal oxyhalide
intergrowths.
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