RESEARCH ARTICLE | OCTOBER 09 2023
Electronic and nanoscale structures of metal oxyhalide
intergrowth photocatalysts ©

Kaustav Chatterjee © ; Jared Stanley @ ; Vinayak P. Dravid © ; Roberto dos Reis &% ; Sara E. Skrabalak & ©

’ @ Check for updates ‘

Appl. Phys. Lett. 123, 154101 (2023)
https://doi.org/10.1063/5.0159761

@ B

View Export
Online  Citation

2]
-
Q
)
e
()
—
/2]
O
2]
>
=
Q.
o
D
Qo
Q.
<<

12:80:2Z ¥20Z 8unr 90

| e Browse our new Physics and Astronomy Catalog

\ Astronomy 3@

30% off titles with code P326

P PRINCETON UNIVERSITY PRESS

AIP
é/_‘. Publishing



https://pubs.aip.org/aip/apl/article/123/15/154101/2915828/Electronic-and-nanoscale-structures-of-metal
https://pubs.aip.org/aip/apl/article/123/15/154101/2915828/Electronic-and-nanoscale-structures-of-metal?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0003-3527-9796
javascript:;
https://orcid.org/0009-0008-8627-987X
javascript:;
https://orcid.org/0000-0002-6007-3063
javascript:;
javascript:;
https://orcid.org/0000-0002-1873-100X
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0159761&domain=pdf&date_stamp=2023-10-09
https://doi.org/10.1063/5.0159761
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2436417&setID=592934&channelID=0&CID=892942&banID=521961743&PID=0&textadID=0&tc=1&scheduleID=2355141&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fapl%22%5D&mt=1717711707570516&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapl%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0159761%2F18161166%2F154101_1_5.0159761.pdf&hc=4a317b7481cfc49e63e771545ae9022b3715214d&location=

pubs.aip.org/aip/apl

Applied Physics Letters ARTICLE

Electronic and nanoscale structures of metal
oxyhalide intergrowth photocatalysts

Cite as: Appl. Phys. Lett. 123, 154101 (2023); doi: 10.1063/5.0159761 @ 1 @
Submitted: 26 May 2023 - Accepted: 23 September 2023 - 1
published Online: 9 OCtOber 2023 View Online Export Citation CrossMark

2,3,4,a)

Kaustav Chatterjee,' () Jared Stanley,' () Vinayak P. Dravid,””* (i) Roberto dos Reis,

and Sara E. Skrabalak

AFFILIATIONS

'Department of Chemistry, Indiana University, Bloomington, Indiana 47405, USA

2Department of Materials Science and Engineering, Northwestern University, Evanston, lllinois 60208, USA
*The NUANCE Center, Northwestern University, Evanston, lllinois 60208, USA

“International Institute of Nanotechnology, Northwestern University, Evanston, Illinois 60208, USA

2 Authors to whom correspondence should be addressed: roberto.reis@northwestern.edu and sskrabal@indiana.edu

ABSTRACT

Multimetal oxyhalide intergrowths show promise for photocatalytic water splitting. However, the relationships between intergrowth
stoichiometry and their electronic and nanoscale structures are yet to be identified. This study investigates Bi;TaOgCl-Bi,GdO,Cl
intergrowths and demonstrates that stoichiometry controls the tilting of [TaOg] octahedra, influencing the bandgap of the photocatalyst and
its valence and conduction band positions. To determine how the [TaOg] octahedral tilting in the intergrowths manifests as a function of
intergrowth stoichiometry, we investigated changes in crystal symmetry by analyzing features arising at the higher order Laue zone (HOLZ)
of convergent-beam electron diffraction patterns. Higher Ta content intergrowths displayed a more intense outer HOLZ ring compared to
lower Ta content intergrowths, indicating transformation from P2;cn (orthorhombic) to P4/mmm (tetragonal). This finding suggests that
more distortion occurs along the (001) directions of the crystal than the (100) and (010) directions. This variation directly impacts the elec-
tronic structure, affecting both conduction and valence band energy levels. By combining ultraviolet photoelectron spectroscopy, UV-visible
diffuse reflectance spectroscopy, and electron energy loss spectroscopy, the absolute band positions of the intergrowths were determined.
Agreement between the bandgaps obtained via ensemble and nanoscale measurements indicates nanoscale homogeneity of the electronic
structure. Overall, the integrated approach establishes that the bandgap energy increases with increasing Ta content, which is correlated with
the crystal symmetry and [TaOg] octahedral tilting. Broadly, the modular nature of intergrowths provides building block layers to tune octa-
hedral tilting within perovskite layers for manipulation of optoelectronic properties.
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Solar photocatalytic water splitting is a promising renewable
energy technology.”” Bismuth-based oxyhalides, such as BiyMOgX
(M =Ta, Nb; X=Cl, Br), are a new class of durable photocatalysts
capable of harvesting visible light. These materials consist of alternat-
ing layers of perovskite [MO,]*~, halide [X]™, and two [Bi,O,]*"
blocks.”” Introducing additional metal perovskite layers or substitut-
ing atoms in these materials can further tune their optoelectronic
properties.”” However, investigating the relationships between crystal
structure and key properties in complex photocatalytic materials
remains challenging. Understanding how the crystal structures of these
complex metal heteroanionic materials give rise to their electronic
structures and can be modulated is essential for material design.”

Recently, the Skrabalak group reported durable Bi TaOgCl-
Bi,GdO4Cl intergrowths for visible-light-responsive water splitting.

These intergrowths exhibited a tunable bandgap that increases as the
Ta:Gd molar ratio (Ta%) increased and overall water splitting was
achieved using a Z-scheme, with high material durability.” Moreover,
the intergrowths displayed greater photocatalytic activity than the par-
ent materials (Bi;TaOgCl or Bi,GdO,Cl), with the Ta 50% sample hav-
ing the highest activity for the oxygen evolution reaction (OER).
Although prior studies have measured octahedral tilting in other
perovskite structures, no such studies have been reported for metal
oxyhalides with layered perovskite structures. Furthermore, there are
limited reports on determining the absolute energy levels of conduc-
tion and valence bands of metal oxyhalides with layered perovskite
structures.'” In this manuscript, the absolute energy levels and band
edges of BiyTaOgCl-Bi,GdO,Cl intergrowths were determined using
ensemble (bulk) as well as nanoscale characterization techniques, along
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with characterization of the crystal symmetry, which is correlated with
the octahedral tilting of the perovskite layers and its effect on the over-
all electronic structures.

Specifically, convergent-beam electron diffraction (CBED) was
used to analyze the octahedral tilting of the [TaOg] in the
Bi, TaOgCl-Bi,GdO,Cl intergrowths composed of flexible [TaOs]
octahedral layers and rigid [GdOsg] layers. CBED provides precise
information about the symmetry elements and local lattice constants,
thereby allowing a study of the crystal symmetry and its effects on the
octahedral tilting in the intergrowth photocatalyst. To accurately mea-
sure the band energy levels and the overall band structure of
Bi, TaOgCl-Bi,GdO,Cl intergrowths, ultraviolet photoelectron spec-
troscopy (UPS) and UV-visible diffuse reflectance spectroscopy (DRS)
were used. The optical bandgap can be calculated by DRS, and the
positions of the Fermi and valence band energy levels can be deter-
mined from the UPS studies. Combining these results, the conduction
band energy level can be calculated with respect to vacuum.
Additionally, electron energy-loss spectroscopy (EELS) was used to
determine the nanoscale electronic structure and correlate the bandgap
values obtained from DRS (ensemble measurement). Overall, this
manuscript establishes that the bandgap energy increases with increas-
ing Ta content, which is correlated with the changes in crystal symme-
try and [TaOg] octahedra tilting in the Bi;TaOgCl-Bi,GdO,Cl

P2,cn
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intergrowth structure. Such insight should facilitate the future inter-
growth design given their modular nature.

The intergrowth samples are named as Ta X %, where X denotes
the relative percentage of Bi,TaOgCl in the Bi,TaOgCl-Bi,GdO,Cl
intergrowth phases with respect to the initial Ta,05/Gd,03 molar ratio
(see supplementary material for details of their synthesis and general
analytical methods). As reported previously, the final samples have sto-
ichiometries that align closely with the initial molar ratio.” Bi,GdO4Cl
has a tetragonal crystal structure exhibiting the P4/mmm space group,
while BiyTaOgCl has an orthorhombic crystal structure exhibiting
space group P2;cn.”"" The intergrowths were examined with the high
spatial resolution offered by CBED to identify the changes in the crys-
tal structure as such changes are strongly connected to changes in an
electronic structure.

The transformation from orthorhombic P2,cn to tetragonal
P4/mmm involves a significant change in the symmetry elements of
the crystal lattice. Specifically, P4/mmm exhibits three mutually per-
pendicular twofold rotation axes, four mirror planes, and four glide
planes, while P2;cn contains only one twofold rotation axis, two mirror
planes, and two glide planes (Fig. 1). The transformation also elimi-
nates the center of inversion present in P2;cn. These changes reflect a
higher degree of symmetry and periodicity in P4/mmm."” The higher
degree of symmetry and periodicity in the P4/mmm space group is

P4/mmm

<001>

FIG. 1. Phase transformation from P2;cn to P4/mmm represented by the respective Hermann-Mauguin notation, stereographic projections, and symmetry elements.
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reflected in the HOLZ-CBED patterns through a fourfold symmetric
pattern, systematic extinction rules, and well-defined HOLZ rings
shown in Fig. 2. As for the lattice parameters, the change in the lattice
parameter depends on factors, such as atomic positions, bonding, and
external conditions, like temperature or pressure.'’

In general, the change in lattice parameters during a phase transi-
tion depends on the interplay between the energetics of the crystal
structure and the external conditions. It is important to note that the
transformation from P2;cn (orthorhombic) to P4/mmm (tetragonal)
involves a change in the unit cell shape. In the orthorhombic system,
the lattice parameters a, b, and ¢ are unequal and the angles between
them are 90°. In the tetragonal system, the lattice parameters a and b
are equal (a =), and the ¢ lattice parameter may be different, with all
angles still at 90°. Consequently, the relative dimensions of the unit
cell along the (001) direction (c-axis) could either increase, decrease,
or remain the same, depending on the specific material and transfor-
mation details. The c-parameter for the P2;cn phase decreased from
28.808 to 28.524 A for Ta 100% to Ta 25%, whereas the c-parameter
increased for the P4/mmm phase from 8.951 to 8.992 A for Ta 0% to
Ta 75% as observed in our previous report by pair distribution func-
tion analysis.'* The changes in crystal symmetry (P2,cn — P4/mmm)
when moving from higher Ta content to lower Ta content also

a 4. F%'-Z o Ta75%
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. Ta50%
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FIG. 2. Scanning transmission electron microscopy-CBED of the Bi,;TaOgCl-
Bi,GdO4Cl intergrowths along the (001) direction for (a) Ta 75%, (b) Ta 50%, and
(c) Ta 25%. Scale bars—20 mrad. The respective annular averages of the CBED
patterns are shown next to each pattern as a 2D plot dataset with electron counts
as a function of scattering angle in mrad. Arrowheads show the position of first and
second order Laue zone (FOLZ and SOLZ) rings. Note that for the sample with Ta
50%, only FOLZ ring is present while for the sample with Ta 25% FOLZ and SOLZ
rings are fainted in the range shown here and closer to the central CBED disk as
consequence of the phase changing. Arrows in (a)—(c) indicate the mirror symmetry
in the (001) projection.

ARTICLE pubs.aip.org/aip/apl

manifest with the reduced degree of [TaOg] octahedral tilting in the
crystal structure.”

Combining UPS data with UV-visible DRS results, the band
structure of photocatalysts with conduction band (CB), VB, Fermi
energy (Eg), and trapping states can be revealed. In addition, the work
function (¢) can be determined by Eq. (1). The work function equals
the difference between vacuum energy (E,) and Eg. The work function
can be calculated experimentally by the difference between incident
photon energy and secondary cutoff energy,

¢ = Ey — Ep = hv — Ecutof - (1)

The UPS results of the intergrowth and pristine samples are shown in
Figs. 3(a) and 3(b). Figure 3(a) shows the secondary electron cutoff
region of the samples and an Au plate reference. The work function
for the Au plate was estimated to be 5.13 eV, which is in accordance
with literature reports.'® The obtained Fermi energy levels (Ep) for the
intergrowths were —3.95, —3.88, —4.11, —3.92, and —4.09¢eV with
respect to vacuum for the Ta 0%, 25%, 50%, 75%, and 100% samples,
respectively. The secondary cutoff of the Ta 50% and 100% samples
had higher binding energies than the Ta 0%, Ta 25%, and Ta 75%
samples, resulting in a higher work function value. UPS spectra of the
VB region for the prepared samples are shown in Fig. 3(b). The
obtained valence band energies (Eyp) relative to Ex were —6.28, —6.31,
—6.43, —6.31, and —6.54eV with respect to vacuum for the Ta 0%,
25%, 50%, 75%, and 100% samples, respectively. The Eyp values
obtained for the samples are more negative than conventional oxides,
such as TiO, (2.9 V) or WO; (3.0 V) vs SHE, which indicates efficient
water oxidation capability and corroborates our previous findings and
other reports.”' " This observation suggests significant hybridization
of Bi 6s and O 2p orbitals in the VB region in accordance with the
revised lone pair model, as revealed by the density of states results in
our previous reports.”

The positions of the Eyp (determined from UPS) and the
bandgap (Eg) values (determined from UV-visible DRS measure-
ments) reveal the overall band structures for the intergrowths and par-
ent samples, as shown in Fig. 3(c). The bandgap values obtained from
DRS measurements were 2.48, 2.45, 2.41, 2.38, and 2.34 eV for the Ta
100%, 75%, 50%, 25%, and 0% samples, respectively, with the original
data reported in our previous manuscript.” The energies of the con-
duction bands (Ecp) were estimated from the observed Eyp and E, val-
ues for every sample. The experimentally obtained Er and Eyy values
from UPS measurements were converted into electrochemical poten-
tial values relative to the SHE, assuming an energy level value of
—4.44 €V vs vacuum for the SHE.'? This conversion helps in compar-
ing the redox properties of the samples relative to the water splitting
and CO, reduction potentials. Notably, all the intergrowths exhibited
variable Eyp and Ecp, demonstrating the band structure engineering
capability by intergrowth formation. Also, the Eyg and Ecp straddled
the potentials for the OER, hydrogen evolution reaction, and CO,
reduction reactions. Finally, EELS was used to analyze the electronic
structure of these samples as discussed next.

The bandgap of the Ta 25%, Ta 50%, and Ta 75% samples was
evaluated using low-loss EELS as shown in Fig. 4. The recorded bandg-
aps were calculated to be 2.33, 2.40, and 2.52 eV for Ta 25%, Ta 50%,
and Ta 75%, respectively. The results display a clear trend: an increase
in the Ta content corresponds to a larger bandgap. Notably, this varia-
tion in bandgap correlates with changes in the crystal structure of the
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FIG. 3. UPS spectra in the (a) secondary
electron cutoff region and (b) valence
band region for the samples. The samples
were drop-cast on an Au plate and was
calibrated based on the Au plate as a ref-
erence. (c) Band alignments of the inter-
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samples. For higher Ta content, the crystal structure was found to be
P2,cn, whereas a shift to the P4/mmm structure was observed for lower
Ta content. This structural transition could be linked to the tilting of
the [TaOg4] octahedra and modulation of the c-parameter as seen in
the CBED studies, and hence the bandgap, of these materials.'” !

Moreover, the trend and E, values obtained from EELS are in
accordance with and corroborate the trend and E, values obtained by
DRS. Such agreement between the ensemble measurement (bulk) and
the nanoscale provides evidence for nanoscale homogeneity. The
changes in the material’s electronic properties occur owing to the shift
from the P2,cn to the P4/mmm structure, associated with the decreas-
ing Ta content. Thus, resulting in altered charge carrier dynamics,
impacting the separation and recombination rates of electron-hole
pairs, which is a crucial parameter affecting photocatalytic efficiency as
observed in previous reports.”’" These results were consistent with
findings from UPS and underscore the importance of understanding
the intricate interplay between composition, structure, and properties
in these complex materials as well as unifying bulk and nanoscale
measurements.

In summary, this work shows that the optoelectronic properties
of Bi,TaOgCl-Bi,GdO,Cl intergrowths can be fine-tuned by altering

4 3_ 2 1
Binding Energy (eV)

growths and parent compounds with
0o -1 respect to different redox potentials. The
Eyg and Ecg potential (V vs SHE) are esti-
mated from UPS and bandgap measure-
ments assuming an energy level value of

CO,/HCO,H —4.44 ¢V vs vacuum for the SHE.
-0.38 j CO,/CO
. CO,/HCHO
.......... _[_ HZOIH2
_|—‘| CO,/CH,0H
CO,/CH
2.48 o
__________ 02/H20
A,
2.10

their crystal structures as a function of intergrowth stoichiometry. The
high spatial resolution of CBED enabled accurate determination of the
positions of HOLZ rings, providing a direct evidence of symmetry
changes in the intergrowths when varying the Ta content. In
Bi, TaOgCl-Bi,GdO,Cl intergrowths, stoichiometry affects [TaOg]
octahedra tilting and the electronic structure of photocatalysts. UPS
and DRS measurements were used to determine conduction and
valence band levels. Greater tilting of [TaOg] results in a larger
bandgap, which modulates energy levels of the bands. Furthermore, a
strong correlation between bandgap determined by bulk scale (DRS)
and nanoscale (EELS) techniques were observed for the intergrowth
oxyhalides, providing evidence of nanoscale homogeneity. The
observed intergrowth compositional tuning impacts electronic and
nanoscale structure, offering a framework for designing metal octahe-
dral photocatalysts with desired optoelectronic properties. Overall, this
manuscript provides an integrated approach that establishes the
bandgap energy increases with increasing Ta content, which is corre-
lated with the crystal symmetry and the degree of [TaOg4] octahedra
tilting. The modular nature of intergrowth provides building block
layers to tune this structural feature for precise control of optoelec-
tronic properties at nanoscale.
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FIG. 4. The low-loss region of EELS shows the bandgap extrapolation for the Ta
25%, Ta 50%, and Ta 75% intergrowth samples.

See the supplementary material for experimental details including
synthesis of samples and material characterization/instrumentation.
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