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Elucidating Structural Disorder in Ultra-Thin Bi-Rich
Bismuth Oxyhalide Photocatalysts

Melissa Marks, Henrik Jeppesen, Mads Lund Nygaard Nielsen, Jintao Kong,
Marcel Ceccato, Monique A. van der Veen, Espen Drath Bøjesen,* and Nina Lock*

Advancing the field of photocatalysis requires the elucidation of structural
properties that underpin the photocatalytic properties of promising materials.
The focus of the present study is layered, Bi-rich bismuth oxyhalides, which
are widely studied for photocatalytic applications yet poorly structurally
understood, due to high levels of disorder, nano-sized domains, and the large
number of structurally similar compounds. By connecting insights from
multiple scattering techniques, utilizing electron-, X-ray- and neutron probes,
the crystal phase of the synthesized materials is allocated as layered
Bi24O31X10 (X = Cl, Br), albeit with significant deviation from the reported
3D crystalline model. The materials comprise anisotropic platelet-shaped
crystalline domains, exhibiting significant in-plane ordering in two
dimensions but disorder and an ultra-thin morphology in the layer stacking
direction. Increased synthesis pH tailored larger, more ordered crystalline
domains, leading to longer excited state lifetimes determined via femtosecond
transient absorption spectroscopy (fs-TAS). Although this likely contributes to
improved photocatalytic properties, assessed via the photooxidation of
benzylamine, increasing the overall surface area facilitated the most
significant improvement in photocatalytic performance. This study, therefore,
enabled both phase allocation and a nuanced discussion of the
structure-property relationship for complicated, ultra-thin photocatalysts.

1. Introduction

Heterogeneous photocatalysis, a technology involving the uti-
lization of light energy in conjunction with a light-absorbing,

M. Marks, M. L. N. Nielsen, M. Ceccato, E. D. Bøjesen, N. Lock
Interdisciplinary Nanoscience Centre (iNANO)
Aarhus University
Gustav Wieds Vej 14, Aarhus C 8000, Denmark
E-mail: espen.bojesen@inano.au.dk; nlock@bce.au.dk
M. Marks, M. Ceccato, N. Lock
Department of Biological and Chemical Engineering
Aarhus University
Åbogade 40, Aarhus N 8200, Denmark

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202401413

© 2024 The Author(s). Small published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

DOI: 10.1002/smll.202401413

semiconducting catalyst, shows promise
for many energy, environmental, and in-
dustrial applications.[1] Photocatalysis is
a multifaceted technology, encompassing
concepts from catalysis, photochemistry,
and crystallography. Continued advance-
ment and future adoption of the technology
are therefore dependent upon developing a
nuanced understanding of the interplay of
factors relating to each field, such as the re-
action mechanisms and surface characteris-
tics, the dynamics of the charges (electrons
and holes) generated upon light absorption,
and the structural characteristics of the cat-
alytic material.

Bismuth oxyhalides (BiaObXc, X =
F, Cl, Br, I) are one class of photocat-
alytic materials that are increasingly
studied for photocatalytic applications,
including pollutant degradation,[2] organic
transformations,[3] CO2 reduction,[4] H2
evolution via water splitting[5] and N2
fixation.[6] Several crystallographic BiaObXc
phases have been reported. All of those
found in the Inorganic Crystal Structure
Database (ICSD) containing the more
common Cl or Br as halides are visualized

in Figure 1a. A defining feature of most BiaObXc compounds
is their layered structure, featuring covalently bound 2D Bi–O
slabs sandwiched between halide layers and stacked and bound
along the third dimension via weaker interactions. The range
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Figure 1. a) Crystal structures and database entry numbers and b) depiction of band edge positions for bismuth oxyhalide phases found in the Inorganic
Crystal Structure Database, including BiOCl (#74 502),[9] Bi3O4Cl (#409330),[10] Bi12O15Cl6 (#602),[11] Bi24O31Cl10 (#425537),[12] BiOBr (#61225),[13]

Bi3O4Br (#201691),[14] Bi4O5Br2 (#412591),[15] Bi24O31Br10 (#280383),[16] and Bi5O7Br (#241125).[17] Band edge positions were collated from several
articles.[18]

of possible BiaObXc phases in Figure 1a is presented from left
to right according to increasing Bi:X content ratios, and there
is a consensus that “Bi-deficient” BiOX phases are formed un-
der acidic and mildly alkaline conditions. In contrast, “Bi-rich”
or “halide-deficient” phases are synthesized in strongly alkaline
conditions.[7] This is thought to be facilitated by the progressive
exchange of lattice halides for hydroxyls with increasing synthe-
sis pH.[8]

Although BiaObXc materials have been studied within min-
eralogy and crystallography for many years,[10,19] their applica-
tion as photocatalysts has only emerged in recent decades.[20]

Early pioneering studies investigated the synthesis of large sin-
gle crystals with preferred facet exposure for enhanced photo-
catalytic performance, as the anisotropic structures allow for
selected facet growth under controlled synthetic conditions, most
often through pH control.[5b,20a,21] Many subsequent studies have
investigated alternative approaches of tailoring the materials for
improved performance, including introducing surface defects
and elemental deficiencies,[22] the synthesis of smaller crystal-
lite and particle dimensions,[7c,20b] and controlling specific mor-
phologies and nanostructures.[4b,c,23] These studies have demon-
strated the tunability of phase, morphology, and properties in
BiaObXc materials. A general trend is that larger surface areas
(due to smaller particles) and increased concentrations of specific
defects correlate with improved photocatalytic properties.[20b]

However, beyond defects, the impacts of atomic-level disorder
have not been elucidated.

The most Bi-deficient phases (BiOX) exhibit a comparatively
simple structure, featuring small unit cells with tetragonal sym-
metry. The impact of synthetic conditions on the structure of
these simple compounds is, therefore, widely studied and well-
understood.[7c] However, an inherent drawback of BiOX mate-
rials is their wide band gap, which limits the light absorption
properties by only allowing the absorption of UV light (for X = F,
Cl, Br). Research efforts have therefore shifted toward the study
of Bi-rich phases, which typically exhibit narrower band gaps,
allowing for visible light absorption. The band edge positions
of each of the BiaObClc (green) and BiaObBrc (purple) phases
found in the ICSD are visualized in Figure 1b, and the com-
paratively wide band gaps of BiOCl and BiOBr are highlighted
in grey.

As well as improving the light absorption properties, Bi-rich
phases often cause the upshifting of the conduction band (CB)
potential, improving the reduction potential of the photocatalyst
and therefore broadening the applicability toward sought-after
photocatalytic reduction reactions, such as CO2 reduction, H2
evolution, and N2 fixation.[18a,24] For example, a study by Shang
et al. demonstrated the superior performance of Bi24O31Br10 over
BiOBr for the generation of H2 (via H2O splitting), attributed
to the upshifting of the CB in Bi24O31Br10.[25] Bi4O5Br2 and
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Bi24O31Cl10 have been studied as photocatalysts for CO2 con-
version into CH4 and CO,[26] while Bi5O7Br, with the most up-
shifted (negative) CB, has even been utilized for photocatalytic
N2 fixation.[6]

Despite the promising properties and applications of Bi-rich
phases, their crystallographic nature is far less understood than
their Bi-deficient BiOX counterparts. This is partially due to their
greater structural complexity, as Bi-rich phases typically feature
large, low-symmetry unit cells, giving rise to more complex pow-
der X-ray diffraction (PXRD) patterns. Generally, highly crys-
talline forms of these Bi-rich materials are poor photocatalysts,
due at least in part to the low surface areas of large crystals.[20b]

The photocatalytic properties generally improve when introduc-
ing ultra-thin morphologies or defect sites,[4a,22a,24,27] further com-
plicating the structural analysis.

A final challenge is the large number of structurally similar
Bi-rich phases, which can be easily confused with each other,
especially when considering highly disordered materials. Incor-
rect assumptions about the structure will skew subsequent dis-
cussions and conclusions about facet exposure, band structure,
defect sites, or elemental deficiencies. Finally, it is widely ac-
cepted that synthetic factors such as pH and temperature can
greatly impact various properties of layered bismuth oxyhalides,
even when the crystal phase is unchanged.[7c,28] While the ef-
fects of these experimental factors have been studied for BiOX
phases,[7a,23b] very few studies address the influence of synthesis
conditions on materials synthesized at high pH, apart from the
general acceptance that synthesis at high pH produces Bi-rich,
halogen deficient phases.

Studies focused on elucidating the crystal phase and dis-
ordered structural characteristics of Bi-rich compounds are
currently lacking. Consequently, we present a detailed struc-
tural exploration of ultra-thin and highly disordered Bi-rich
BiaObXc materials. The detailed structural studies enable us
to consider the connections between synthesis conditions and
photophysical properties, charge carrier dynamics, and photo-
catalytic performance via structural characteristics. A series of
Bi-rich compounds were synthesized using a microwave-assisted
synthesis protocol, with systematic variations in synthesis pH
facilitating the tailoring of structural characteristics. Combined
synchrotron PXRD, four-dimensional scanning transmission
electron microscopy (4D-STEM), and X-ray- and neutron pair
distribution function (PDF) analyses were employed to elucidate
these structural characteristics. The overall morphology of the
synthesized materials was then considered, incorporating dis-
cussions of facet exposure, surface characteristics, and evidence
for elemental deficiencies. Femtosecond transient absorption
spectroscopy (fs-TAS) facilitated the investigation of trends in
the generation and dissipation of photoexcited states among the
synthesized materials. Finally, the suggested relationship be-
tween synthetic conditions, structure, photophysical properties,
and photocatalytic performance was explored by considering the
photooxidation of benzylamine as a model reaction. This study’s
broad, yet nuanced approach, which incorporates considera-
tions spanning catalysis, photochemistry, and crystallography,
enables one of the most detailed synthesis-structure-property-
performance relationships of any photocatalytic material to
date.

2. Results and Discussion

2.1. Elucidation of Crystal Phase and Microstructural Details of
Ultra-Thin Bi-Rich BiaObXc Photocatalysts

The essential starting point in the present study was the as-
signment of the crystalline phase to allow the subsequent elu-
cidation and rationalization of microstructural details. Due to
the large number of similar Bi-rich crystal phases and the dis-
ordered nature of synthesized materials, crystal phase assign-
ment based on the combination of synchrotron PXRD, and X-ray-
and neutron PDF analyses proved inconclusive (Figure S1, Sup-
porting Information). However, the combination of 4D-STEM
(Figure 2b,d) and synchrotron PXRD analyses (Figure 3a,b) facil-
itated the allocation of the crystal phase of the crystalline mate-
rials as Bi24O31Cl10 and Bi24O31Br10 (crystal structure depicted in
Figure 2a,c). Virtual annular dark field (vADF) STEM imaging re-
veals that the synthesized materials comprise agglomerations of
ultra-thin crystalline nanosheets (Figure 2b,d). Position averaged
scanning nanobeam electron diffraction patterns (PASEND) of
single crystalline nanosheets (red boxes in Figures 2b,d) reveal
that the individual sheets appear to be “single crystals”, at least in
two dimensions. The PASEND patterns can be indexed as being
a [107] Bi24O31Cl10 zone axis pattern and a Bi24O31Br10 [7̄01] zone
axes pattern, respectively (directions are indicated in Figure 2a,c,
and indexed patterns are given in Figure S2a,b, Supporting In-
formation). These two zone axes are approximately orthogonal
to the respective stacking directions of the materials ([201] and
[102̄]); this indicates that the particles are ultrathin in the stack-
ing directions. Moreover, analysis of the 4D-STEM data further
suggests that the long-range order appears largely preserved in
the in-plane directions of the material. The PASEND patterns
from regions with multiple stacked nanosheets (purple boxes
in Figure 2b,d) show that although the nanosheets demonstrate
the same crystal structure and orientation (concerning their mor-
phology), the agglomerated nanosheets do not necessarily stack
together in an ordered or systematic matter in the lateral direc-
tion, i.e., orientational disorder between the different sheets in a
stack exists, akin to the case of a disordered deck of cards.

The synchrotron PXRD patterns for the synthesized materi-
als (Figure 3a,b; Figures S3 and S4, Supporting Information)
show moderate resemblance to the calculated PXRD patterns for
Bi24O31Cl10 and Bi24O31Br10. However, the high background and
broadening and shifting of selected reflections complicate the in-
terpretation of this data despite using high-resolution (HR) syn-
chrotron radiation (𝜆 = 0.2073 Å). The synchrotron data is com-
pared with data recorded using a Cu-source diffractometer in
Figure S4 (Supporting Information), to facilitate easier compar-
ison with other studies. The highly anisotropic crystallite mor-
phology is evident in the diffraction patterns by the presence
of both broad and sharp reflections. The broadening of reflec-
tions results from decreased crystallite dimensions and/or in-
creased microstrain in specific directions of the crystallites, par-
ticularly the stacking directions. Also notable is the consider-
able mismatch between the position and shape of the (201) and
(102̄) reflections when comparing the experimental and calcu-
lated diffraction patterns, which indicates a disorder relating to
the stacking of layers.
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Figure 2. Crystal structures of a) Bi24O31Cl10 and c) Bi24O31Br10, with the [107] and [7̄01] vectors depicted with red arrows. vADF-STEM images of b)
Bi24O31Cl10 and d) Bi24O31Br10, with PASEND patterns from a single nanosheet (red boxes) and multiple stacked nanosheets (purple boxes), indexed
as the [107] and [7̄01] zone axis patterns, respectively. Indexed patterns for the stacked nanosheet regions are also included.

The STEM images and PASEND patterns in Figure 3c sup-
port the notion of anisotropic morphologies and high defect den-
sities. A single well-ordered nanosheet, i.e., straight morphol-
ogy when viewed edge-on, is marked in yellow in Figure 3c.
This sheet has an approximate width of 7.3 nm, thus fully in
line with the observed broadening of selected reflections in the
PXRD patterns. The PASEND pattern from this region (yel-
low box, Figure 3c) is consistent with what one would expect
from an edge-on view approximately orthogonal to the stack-
ing within the crystal. The small convergence angle and accom-
panying broad diffraction disks rendered indexing impossible.
PASEND patterns from other areas reveal that for regions with
stacked nanosheets viewed edge-on (green box, Figure 3c) the
PASEND patterns are much more diffuse and indicate a large
degree of stacking disorder. Other regions within the sample ex-
hibit significant disorder and strain caused by severe bending of
the nanosheets, indicated with a purple box in Figure 3c.

The combined 4D-STEM and synchrotron PXRD analyses
reveal that Bi24O31Cl10 and Bi24O31Br10 are formed under the

used synthesis conditions. Furthermore, detailed structural
scrutiny enables the establishment of firm connections be-
tween structure, synthesis, and microstructural properties such
as anisotropy, microstrain, stacking disorder, and ultrathin re-
gions. All these findings together inform the “historic” difficulty
in proper analysis of the PXRD patterns from these materials.

2.2. The Impact of Synthesis pH on Microstructure and
Atomic-Level Disorder

The close resemblance between PXRD patterns within a halide
series (Figure 3a,b) indicates the equivalent crystal phase for
materials synthesized within the pH range of 13.0–14.0 for
Bi24O31Cl10 and 12.5–14.0 for Bi24O31Br10. However, small sys-
tematic variations are observed as the pH is increased. The
diffraction patterns for samples synthesized at pH 12.5 or 13.0
(“lower” pH values) are akin to each other, while those for sam-
ples synthesized at pH 13.5 or 14.0 (“higher” pH values) are most

Small 2024, 20, 2401413 © 2024 The Author(s). Small published by Wiley-VCH GmbH2401413 (4 of 14)
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Figure 3. Synchrotron PXRD patterns for a) Bi24O31Cl10 and b) Bi24O31Br10 powders synthesized at varying pH values (𝜆 = 0.2073 Å). The calcu-
lated PXRD patterns based on CIF data for Bi24O31Cl10 and Bi24O31Br10 are shown in black at the bottom of the plots (ICSD entries #425537[12]

and #280383,[16] respectively). c) STEM image of Bi24O31Cl10 synthesized at pH 13.0, with insets showing the PASEND patterns in regions with a
single straight nanosheet (yellow box), multiple stacked nanosheets (green box), and multiple stacked nanosheets that exhibit significant bending
(purple box).
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Figure 4. X-ray PDFs for a) Bi24O31Cl10 and b) Bi24O31Br10 samples over the r-range of 1–30 Å, compared with the calculated X-ray PDFs (black solid
line), calculated Bi-Bi correlations (pink solid line), and combined contributions of all other elements (grey solid line). Neutron PDFs for c) Bi24O31Cl10
and d) selected Bi24O31Br10 materials, compared with the total calculated neutron PDFs (black solid line), the calculated neutron PDF without any
contributions from Cl or Br (pink solid line) as well as the separated interactions of all possible atomic pairings (grey solid lines). Pink dashed arrows
indicate the lack of Bi-X correlations, and pink dashed boxes indicate PDF features not described by the crystalline model.

similar. The most notable contrast between the two groups of
samples is the greater broadening of Bragg reflections for the
lower pH materials, suggesting smaller crystallite sizes, a greater
degree of microstrain, and/or a more disordered nature. Further
structural investigations focused on the atomic-level disorder us-
ing X-ray- and neutron PDF analyses (Figure 4) were thus under-
taken to elucidate the relation between microstructure, atomic
structure, and apparent disorder.

PDFs are produced by Fourier transforming total scattering
(TS) data, which incorporates both Bragg diffraction and diffuse
scattering, and therefore, long-range crystalline order is not a re-
quirement for extracting structural information, given that dif-

fuse scattering arises from amorphous-, disordered-, and nano-
materials. Combining X-ray- and neutron PDF data facilitates a
more detailed analysis due to the differences in scattering cross
sections/form factors for different elements from the two probes.
X-ray PDFs enable greater insight into the size of crystalline re-
gions and positioning of Bi, while neutron PDFs are more sensi-
tive to lighter elements (O, Cl, and Br). The separation of the total
calculated neutron PDFs for Bi24O31Cl10 and Bi24O31Br10 (black
solid lines) into the contributions of correlations of all possible
pairs of elements (grey solid lines) in Figure 4c,d highlights the
significant contributions of all elements to the neutron PDFs, in
stark contrast to the X-ray PDFs (Figure 4a,b).
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Table 1. Estimated sp diameters from X-ray PDF refinements, BET-specific
surface areas, atomic compositions estimated from XPS data, and esti-
mated band gaps (Eg) from DRS for Bi24O31Cl10 and Bi24O31Br10 powders
synthesized at varying pH.

sp diameter
[nm]

BET surface area
[m2.g−1]

XPS atomic ratios
[Bi:O:X]

Eg [eV]

Bi24O31Cl10

pH 13.0 3.5 66 24:29:3 2.5

pH 13.5 5.0 46 24:29:2 2.5

pH 14.0 4.8 36 24:28:2 2.4

Bi24O31Br10

pH 12.5 3.2 36 24:23:9 2.6

pH 13.0 3.2 43 24:26:7 2.6

pH 13.5 5.0 44 24:31:4 2.4

pH 14.0 5.1 52 24:28:4 2.5

The experimental PDFs were subjected to Pearson’s correla-
tion analysis (Tables S1, S2, Supporting Information), which re-
veals that all experimental PDFs within a halide series are highly
similar. Yet, each PDF is most similar to the PDF synthesized at
an adjacent pH interval. This is exemplified by the 99% similar-
ity between the Bi24O31Cl10 samples synthesized at pH 13.5 and
14.0, compared with only an 81% similarity between the sam-
ples synthesized at pH 13.0 and 14.0. The most striking differ-
ence distinguishing the PDFs within each halide series is the ex-
tent of dampening and broadening of correlations (Figure 4a,b;
Figure S6, Supporting Information). The materials synthesized
at lower pH exhibit both greater dampening and broadening,
which suggests smaller crystallite dimensions and increased
atomic-level disorder for these materials, respectively, which cor-
roborates the observation of broader Bragg peaks exhibited by the
lower pH samples in the PXRD patterns in Figure 3a,b.

The average spherical crystallite size was estimated by in-
corporating the sp-diameter into PDF refinements (Table 1;
Tables S3, S4, Supporting Information), which suggests that the
average diameter for materials synthesized at the lower pH is
≈3 nm. In comparison, the average diameter of materials syn-
thesized at higher pH is ≈5 nm. Given that this parameter is
intended for refining spherical instead of anisotropic crystalline
domains, the absolute values may not be physically meaningful.
However, the trends relating to synthesis pH and domain size are
likely reliable, as they are consistent across all structural analyses.
Further discussion of X-ray PDF refinements is given in the Sup-
porting Information (Figures S7–S16 and Tables S3–S11, Sup-
porting Information).

The high degree of anisotropy is evident from the X-ray- and
neutron PDFs in Figure 4. For the X-ray PDFs in Figure 4a,b,
the nearest neighbor Bi–Bi correlation arising at approx. 3.8
Å is over-pronounced relative to the calculated PDF based on
the 3D crystalline model, which is based on an isotropic crys-
tal shape. The 3.8 Å distance corresponds to Bi–Bi correlations
found within the 2D in-plane Bi–O layers and corroborates that
the long-range order is only present in two out of the three di-
mensions within the crystalline domains. The most prominent
indication of anisotropic domains is found in the neutron PDFs
in Figure 4c,d, via the lacking Bi–Cl or Bi–Br correlations (in-

dicated with pink dashed arrows) relative to the total calculated
PDF based on the isotropic 3D crystalline model. Calculating the
neutron PDFs without including any contributions from Cl or
Br provides a calculated PDF with a far greater resemblance to
the experimental data (pink solid lines). Given that the materials
comprise nanosheets with only a few layers bound in the stacking
direction, and that the halides are stacked between Bi–O layers,
far fewer Bi–X correlations are expected in the synthesized mate-
rials relative to the 3D crystalline model.

Finally, all experimental neutron PDFs also feature correla-
tions arising at ≈1.3 and 1.6 Å, which increase in magnitude
with pH, but are not described by the crystalline models for
Bi24O31Cl10 and Bi24O31Br10 (pink dashed boxes in Figure 4c,d).
These correlations likely result from small amounts of amor-
phous silica, remaining from either the leaching of glassware
during synthesis conducted in highly alkaline conditions or a
remnant of the background subtraction during the transforma-
tion of neutron TS data.

Combined, the X-ray- and neutron PDF analyses support the
structural analyses of the long-range order via 4D-STEM and syn-
chrotron PXRD whilst providing further information regarding
the local structure. The X-ray PDFs particularly demonstrate the
overall similarity in local atomic arrangement for all materials
within a halide series whilst also indicating that larger crystalline
domains and lesser atomic-level disorder are facilitated by in-
creased pH. The neutron PDF analyses highlight the absence of
Bi–X correlations, demonstrating that very few layers are bound
together in the stacking direction. This provides strong evidence
that the synthesized materials exhibit extensive long-range or-
der in only two dimensions and significant disorder in the third
dimension.

2.3. The Relationship between Synthesis pH, the Hierarchical
Morphology, and Surface Characteristics

The combined structural analyses demonstrate that the small sys-
tematic changes in synthesis pH do not alter the crystal phase
but rather influence the microstructure and level of disorder.
The subsequent impacts on the overall morphology, elemental
composition, and surface characteristics were thus studied in
detail through scanning electron microscopy (SEM), N2 adsorp-
tion/desorption, and X-ray photoelectron spectroscopy (XPS)
analyses.

The SEM images in Figure 5 demonstrate that the overall
morphology of all synthesized materials can be described as
irregular, micron-sized agglomerates, with flower or coral-like
characteristics. As indicated by the STEM images in Figure 2b,d,
the agglomerates comprise many ultra-thin nanosheets joined
together in a seemingly random arrangement. The impact of
synthesis pH is seen in the characteristics of the nanosheets.
With increasing synthesis pH, both the size and definition of
the facets increase, suggesting larger crystalline regions and
lesser disorder, corroborating the earlier structural analyses.
The distribution of elements throughout several materials was
assessed with STEM-Energy Dispersiver X-ray spectroscopy
(EDX) (Figure S18, Supporting Information), indicating that Bi,
O, and Cl/Br are evenly distributed throughout the material,
with no obvious clumping or deficiencies of elements. No other

Small 2024, 20, 2401413 © 2024 The Author(s). Small published by Wiley-VCH GmbH2401413 (7 of 14)

 16136829, 2024, 36, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202401413 by T
echnical U

niversity D
elft, W

iley O
nline L

ibrary on [16/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 5. SEM images of Bi24O31Cl10 and Bi24O31Br10 powders synthesized under alkaline conditions at increasing pH. All scale bars are 1 μm. The
BET surface areas of each sample are included in white in the top left corner.

significant elements were detected, indicating the purity of the
materials.

The surface morphology of each of the synthesized materials
was further investigated via N2 adsorption/desorption measure-
ments at 77 K. The Brunauer-Emett-Teller (BET)-specific surface
areas determined from the data are overlaid on the SEM images
in Figure 5 and also listed in Table 1. The full isotherms can be
found in Figure S19 (Supporting Information). The hysteresis in
all isotherms indicates that the desorption of N2 is slow relative
to adsorption. Given the dense crystal structure of Bi24O31X10,
a non-porous morphology is expected, and the delayed N2 des-
orption is therefore suggested to arise due to the hierarchical
morphology of the agglomerates. The gaps between individual
nanosheets in the agglomerates likely act as mesopores, where
N2 can condense during measurements. The BET-specific sur-
face areas increase as a function of pH for Bi24O31Br10 materials
and conversely decrease as a function of pH for Bi24O31Cl10 mate-
rials (Table 1). As the overall agglomerate size impacts the specific
surface area and the dimensions of the comprising nanosheets,
correlating the surface area with the crystallite size is not trivial.

The elemental composition of the synthesized materials was
assessed with XPS, and the estimated atomic compositions are
included in Table 1. All HR and survey spectra are given in
Figures S20–S22 (Supporting Information). The HR spectra are
highly similar for all materials within a halide series, and the
survey spectra reveal no discernable impurities. Extracting the
approximate elemental compositions from XPS HR spectra in-
dicates halide deficiencies in each of the synthesized materi-
als, and the Bi:X ratio also appears to decrease as a function
of pH. Although XPS is a surface-sensitive technique (probing
to a depth of ≈10 nm), the ultra-thin morphology of the crys-
talline regions in the synthesized materials blurs the distinction
between bulk and surface structure. Rather than indicating halide

vacancies within the crystal structure, the indicated halide de-
ficiencies likely relate again to the anisotropic nanosheet mor-
phology. As the crystalline regions are ultra-thin in the stacking
direction, crystallites are likely predominantly terminated along
Bi–O nanosheets by the {201} and {102̄} facets for Bi24O31Cl10
and Bi24O31Br10, respectively, leading to halide-deficient surfaces.
The chemical composition according to Table 1 does not lead to
charge-balanced compounds if Bi, O, and X attain formal oxida-
tion states of +III, −II, and −I, respectively. Hence, XPS may not
give the absolute composition, but there is a strong indication of
halide deficiency. Neither quantitative STEM-EDX nor SEM-EDX
analysis was performed in this study due to the beam-sensitive
nature of the materials (an issue for reliable quantitative STEM-
EDX) and the non-flat morphologies (an issue for quantitative
SEM-EDX).

The combined analyses thus far, spanning from atomic-level
structure to overall agglomerate characteristics, demonstrate a hi-
erarchical morphology and suggest that the observed halide de-
ficiencies are linked to the anisotropy and facet exposure of the
ultra-thin nanosheets.

2.4. Trends in Photophysical Properties and Charge Carrier
Dynamics, and Correlation with Structural Properties

The light absorption properties and charge carrier dynamics of
the synthesized materials were investigated to correlate struc-
tural characteristics with properties relevant to photocatalytic
performance. Diffuse reflectance spectroscopy (DRS) was used
to examine the light absorption properties of the synthesized
materials (Figure 6a,b), and band gaps were then estimated by
producing Tauc plots from each reflectance spectrum (Figure
S23, Supporting Information). All Bi24O31Cl10 and Bi24O31Br10
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Figure 6. Reflectance spectra, PL spectra (𝝀excitation= 465 nm) and kinetic plots from TA spectra for a,c,e) Bi24O31Cl10 and b,d,e) Bi24O31Br10 powders
synthesized at varied pH. Kinetic plots trace the decay in the TA signal (𝝀pump= 400 nm) for all samples at a probe wavelength of 750 and 850 nm for
the chlorides and bromides, respectively. The double exponential function used to fit the data is shown, and the fits to data for samples synthesized at
pH 13.0 are included as examples with dashed black lines. Grey arrows in each plot indicate the general trend with increasing synthesis pH.

materials exhibit a sharp absorption onset, with negligible light
absorption at wavelengths greater than 550 nm and increasing
absorption spanning until 350 nm (Figure 6a,b). This indicates
that while some visible light absorption (purple and blue light)
is possible in the range of approx. 400–550 nm, absorption is

strongest in the UV region, particularly for wavelengths shorter
than 350 nm. The estimated band gaps were similar for all mate-
rials, spanning between 2.4 and 2.6 eV (Table 1).

Photoluminescence (PL) spectroscopy provided insight into
the extent of charge recombination in each of the synthesized
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Table 2. Kinetic information (amplitude and time constants) and frac-
tion of TA signal remaining 3 ns after photoexcitation, extracted from fit-
ting biexponential functions to the decay in TA signal for Bi24O31Cl10 and
Bi24O31Br10 materials synthesized at varying pH.

A1 t1 [ps] A2 t2 [ps] Remaining TA signal
after 3 ns

Bi24O31Cl10

pH 13.0 0.36 103 0.63 3700 33%

pH 14.0 0.37 106 0.63 4140 34%

Bi24O31Br10

pH 12.5 0.41 55 0.57 3160 24%

pH 13.0 0.38 62 0.62 4480 32%

pH 13.5 0.30 114 0.65 4550 33%

pH 14.0 0.25 109 0.70 5560 45%

materials. The PL spectra in Figure 6c,d indicate that materials
synthesized at lower pH generally have a larger PL signal. In con-
trast, the PL signal for higher pH materials is generally more
“quenched”. One source of PL signal in photocatalytic materi-
als is the recombination of photogenerated electrons and holes,
which limits the number of unbound charges available to par-
ticipate in surface redox reactions. The trends in this study may
suggest that larger crystallite sizes and lesser disorder in the
higher pH materials facilitate lesser charge recombination.

A more detailed study of the generation and lifetimes of pho-
toexcited states in the synthesized materials was conducted using
femtosecond transient absorption spectroscopy (fs-TAS), with a
maximum time delay after photoexcitation of 3 ns and using a
visible pump (400 nm) and visible to near-IR probe spectrum
(480–920 nm). All transient absorption (TA) spectra are shown
in Figures S24, S25 (Supporting Information). Spectra were
recorded for all samples following photoexcitation with 400 nm
pump light to allow the correlation of charge carrier dynamics
with the photocatalytic screenings conducted in this study using
purple light.

In all spectra, the TA signal maxima occurred 1–2 ps after pho-
toexcitation at 𝜆probe ≈ 750 nm for Bi24O31Cl10 materials and 𝜆probe
≈ 850 nm for Bi24O31Br10 materials (Figures S24–S26, Support-
ing Information). The signal then decays over the proceeding
3 ns, at which point a significant proportion of the TAS signal
remains. This indicates that the synthesized materials facilitate
charge carrier lifetimes in the order of several nanometers, which
is a prerequisite for surface redox reactions to occur, given that
charge transport and extraction must first proceed.[29] The pro-
portion of TA signal remaining relative to the maxima for each
spectrum is given in Table 2.

Normalized kinetic plots extracted from the TA spectra for each
material are shown in Figure 6e,f, showing the rate of decay in
the TA signal over 3 ns. A probe wavelength of 750 nm for the
Bi24O31Cl10 series and 850 nm for the Bi24O31Br10 series was cho-
sen to maximize the signal-to-noise ratio. The kinetic traces can
be fitted with several different decay functions to give a quantita-
tive estimation of the lifetimes of photoexcited states, and a biex-
ponential decay function (Figure 6e,f) was found to be adequate
for fitting the decay in signal from all spectra. All decay profiles
and fits are shown in Figures S27–S28 (Supporting Information),

and the mean lifetimes determined by fitting the data are sum-
marized in Table 2.

For all materials, approximately one-third of the TA signal de-
cays rapidly (A1 in Table 2), with small time constants ranging
from 55–114 ps (t1 in Table 2). A larger proportion of the TA signal
decays more slowly (A2 in Table 2), with time constants ranging
from 2750–5560 ps (t2 in Table 2). This suggests that the decay in
photoexcited states occurs through at least one fast process, such
as primary germinate recombination, and at least one slower pro-
cess, such as charge trapping in defect sites. No obvious trend
in fitted parameters is apparent with pH for the Bi24O31Cl10 se-
ries, though slightly longer excited state lifetimes are observed
for the high pH sample. Within the Bi24O31Br10 series, the pri-
mary and secondary time constants, t1 and t2, increase with pH.
Additionally, the systematic increase in A2 and decrease in A1
throughout the series indicates that increasing proportions of the
photogenerated excited states decay through slower processes.
All factors indicate longer excited state lifetimes in higher pH
materials.

Although pinpointing the precise causal relationship between
structural characteristics and charge carrier dynamics is be-
yond the scope of the present study, our results already indi-
cate that tuning the synthesis pH for Bi24O31X10 materials im-
pacts the photophysical properties and charge carrier dynam-
ics. Increased synthesis pH correlates with slower TA signal de-
cay, suggesting that larger crystalline domains and lesser dis-
order may facilitate longer excited state lifetimes. Only lim-
ited comparisons can be made with existing literature, as to
the best of our knowledge, no equivalent studies provide in-
sight into correlating detailed structural analyses with charge
carrier dynamics for such complex, polycrystalline photocat-
alytic materials. However, one recent study focusing on com-
mercial TiO2 photocatalysts found that larger particle size was
correlated with longer excited state lifetimes, which was ex-
plained by the lower proportion of surface charge trapping sites
in larger particles.[30] A similar phenomenon may explain the
comparatively long lifetimes in larger crystallites in the present
study, with fewer defects and lesser disordered content in the
higher pH materials, minimizing charge recombination and/or
trapping.

2.5. Trends in Photocatalytic Properties and Discussion of the
Structure-Property-Performance Relationship

The pH-induced trends in photocatalytic properties were inves-
tigated by considering the photo-oxidation of benzylamine to N-
benzylidenebenzylamine (Scheme 1) under visible light illumi-
nation (410 nm). This model reaction was selected due to the
documented ability of bismuth oxyhalides to facilitate similar or-
ganic oxidation/reduction reactions.[3b] However, as the focus of
this study was not on achieving complete or rapid conversion,
as has already been reported elsewhere,[3c,31] experimental condi-
tions were tailored to document trends in photocatalytic perfor-
mance.

Figure 7a,b shows the yields of N-benzylidenebenzylamine
produced after 24 h of constant illumination for Bi24O31Cl10
and Bi24O31Br10, respectively, demonstrating that all synthe-
sized materials perform as photocatalysts under violet light
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Scheme 1. Reaction scheme for the oxidation of benzylamine to N-benzylidenebenzylamine in acetonitrile (MeCN) in the presence of oxygen, incident
light, and a bismuth oxyhalide photocatalyst.

illumination (data is included in Table S12, Supporting Informa-
tion). Blank screenings were also conducted, involving the omis-
sion of light or photocatalyst, achieving negligible conversion
(Table S13, Supporting Information). The photocatalytic perfor-
mance of the Bi24O31Br10 materials synthesized at pH 12.5 and
pH 13.0 is very similar, as is the performance for materials syn-
thesized at pH 13.5 and 14.0 within each halide series, corre-
sponding well with the generally similar properties of these pairs
of materials throughout the study. For the Bi24O31Cl10 materials,
the performance recedes with pH, while the performance im-
proves with pH for the Bi24O31Br10 materials.

Figure 7c shows that the performance of the materials re-
mains relatively constant with repeated use (data is included

in Table S14, Supporting Information), while Figure 7d shows
that the crystal structure of the photocatalyst is unchanged after
conducting photocatalytic screenings. Thus, the Bi-rich bismuth
oxyhalides show promising trends concerning stability under vis-
ible light illumination, repeated use, and chemical exposure.

Given the many interrelated factors impacting any photo-
catalytic system, isolating a single parameter that facilitates
improved photocatalytic properties is not trivial. However, the
trends in photocatalytic properties in this study are closely cor-
related with the BET surface areas of the materials, suggest-
ing that increased surface area is the primary factor contribut-
ing to improved photocatalytic properties. For the Bi24O31Br10
series, the trends in photocatalytic performance also correlate

Figure 7. Trends in photocatalytic activity of a) Bi24O31Cl10 and b) Bi24O31Br10 photocatalysts synthesized at varying pH values, when irradiated with
410 nm light. Purple, teal, green, and yellow markers indicate data for materials synthesized at pH 12.5, 13.0, 13.5, and 14.0, respectively. All tests are
based on 24 h irradiation, and each data point is based on at least three independent tests. c) shows product yields during recycling tests for Bi24O31Cl10
and Bi24O31Br10 synthesized at pH 13.5 and d) shows PXRD patterns before use (grey line) and after use (green line).
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with the photophysical properties, suggesting that extended ex-
cited state lifetimes facilitated by larger crystalline domains
also contribute to improved photocatalytic performance. The in-
creased surface area likely contributes to more accessible cat-
alytic active sites for redox reactions to proceed. At the same
time, the longer lifetimes of photoexcited states, facilitated by
larger crystallites and lesser disorder, likely lead to greater avail-
ability of free charge carriers to participate in surface redox
reactions.

The combined results of this study suggest that an ideal
Bi24O31X10 photocatalyst should consist of large crystalline do-
mains with few defects and little disorder whilst also maintaining
small particle sizes and, therefore, large surface areas. Develop-
ing small, monocrystalline particles of Bi24O31X10 would satisfy
all of these factors and could, therefore, facilitate optimal photo-
catalytic properties.

3. Conclusion

A series of Bi-rich bismuth oxyhalides were synthesized under al-
kaline conditions (pH> 12.5), by performing a precipitation reac-
tion followed by a microwave heating step. The high level of disor-
der, small crystalline regions, and a large number of structurally
similar Bi-rich compounds contribute to the historical difficulties
in allocating the crystal phase of such materials. However, incor-
porating 4D-STEM and synchrotron PXRD analyses in this study
reveals the crystal phase to be Bi24O31X10 (X = Cl, Br). The crys-
talline domains are highly anisotropic, retaining long-range or-
der in in-plane directions but lacking order in the stacking direc-
tion of the layers. The anisotropic platelets comprised ≈7–10 lay-
ers bound together. These platelets agglomerate together to form
micron-sized flower-like polycrystalline particles. As a result, the
overall BET-specific surface area does not necessarily reflect the
size of the individual crystalline domains.

Further structural investigations with X-ray- and neutron PDF
analyses indicate that increasing the synthesis pH facilitates the
formation of larger and more ordered crystalline regions. The
larger crystalline domains of the samples synthesized at higher
pH correlate with longer excited state lifetimes, according to fs-
TAS analyses. This may have contributed toward improving the
photocatalytic properties (using the photo-oxidation of benzy-
lamine as a model reaction). However, the most dominant factor
that influenced the photocatalytic properties was increased sur-
face area.

Our detailed structure-property study has enabled the phase
allocation of a complex, polycrystalline photocatalyst, which is
widely debated in the literature. Furthermore, we have provided a
much-needed and detailed discussion of the link between struc-
tural properties (including the size and anisotropy of crystalline
domains and level of disorder) and photocatalytic properties (in-
cluding facet exposure, surface area, and excited state lifetimes)
to inform future studies.

4. Experimental Section
Synthesis: All chemicals were purchased from Merck and used as sup-

plied without further purification. Bi24O31Cl10 and Bi24O31Br10 were syn-
thesized using a procedure adapted from Marks et al.,[1] where NaCl
(0.27 g, 4.5 mmol) or NaBr (0.46 g, 4.5 mmol), respectively, were added to

a conical flask along with Bi(NO3)3.5H2O (0.14 g, 0.30 mmol), deionized
water (8.7 mL) and HNO3 (1.3 mL, 65%). After stirring for 10 min, an aque-
ous solution of KOH (4 M) was added dropwise to adjust the pH of the
suspension while stirring in an ice bath. After stirring for an additional 30
min, the suspension containing the white precursor powder was heated
in a food-grade microwave (Logik L17MW14E) for 4 min (200 W). After
cooling the suspension, the yellow precipitate was collected by filtration,
rinsed with water and ethanol, and dried in an oven (60 °C, 12 h). Yields
of 50–70 mg (70–95%) were typically obtained, and multiple batches were
typically mixed before characterization or photocatalytic screening. This
was intended to prevent any small batch-to-batch variations from impact-
ing the results.

Characterization: Synchrotron Powder X-ray Diffraction (PXRD): HR
synchrotron PXRD data was collected in transmission (Debye-Scherer
geometry) at beamline P02.1, PETRA III, at the Deutsches Elektronen-
Synchrotron (DESY) in Hamburg, Germany. Powder samples were packed
into Kapton capillaries (1.0 mm diameter), and measurements were then
conducted using an X-ray wavelength of 0.2073 Å, and a sample-to-
detector distance of 140.2 cm (calibrated using a NIST LaB6 SRM660A
standard). The Varex detector was positioned centered behind the sample
capillary, allowing the collection of full Debye-Scherer rings over a 2𝜃 range
of 0.188–22.8°. Three measurements were taken for each sample over a to-
tal of 3 min, and the diffractograms were summed using pyFAi.[2] Any nec-
essary masking was applied in the same software to remove contributions
from the beam stop and any dead pixels in the detector before integrat-
ing the summed 2D diffractograms to produce 1D diffraction patterns.
Experimental diffraction patterns were compared with calculated patterns
produced in VESTA,[3] using CIF data for BiaObXc phases found in the
ICSD.

Characterization: Laboratory Powder X-ray Diffraction (PXRD): Labora-
tory PXRD data was collected using a Panalytical Aeris benchtop diffrac-
tometer equipped with a PIXcel1D detector in Bragg-Brentano geometry,
using Cu K𝛼1 (1.54056 Å) and K𝛼2 (1.54439 Å) radiation. Measurements
were recorded over 40 min using a flat, low-background silicon sample
holder.

Characterization: Scanning Transmission Electron Microscopy and Energy
Dispersive X-ray Spectroscopy (STEM-EDX): The powdered samples were
suspended in ethanol (99.9%) and subsequently drop-casted onto Cu 300
mesh Lacey carbon grids coated with ultra-thin carbon (≈2 nm) (Plano
GmbH). STEM images were collected using a Talos FX-200 microscope
operating at 200 keV. A convergence angle of 10.5 mrad was used, and
the collection angle of the STEM high-angle annular dark-field (HAADF)
images was 60–200 mrad. STEM-EDX datasets were collected using the
ChemiSTEM system installed on the Talos microscope. Data analysis and
plotting were performed using HyperSpy,[4] SciPy,[5] NumPy,[6] and Scikit-
image.[7] Due to the highly beam-sensitive nature of the samples, EDX
data collection was performed at low beam currents, relatively low mag-
nification, and only for a long enough duration to verify the spatial homo-
geneity elemental distribution without achieving good enough counting
statistics for proper quantitative EDX analysis.

Characterization: Four Dimensional Scanning Electron Microscopy (4D-
STEM): 4D-STEM data were collected on the same microscope on a Mer-
linEM 4R Quad chip 512 × 512 detectors (Quantum detectors). A 20 μm
C2 condenser aperture was used in nanoprobe mode, which resulted in
a convergence angle of 3.0 mrad and an approx. footprint of the beam of
1.5 nm. An exposure time of 0.008s pr pixel was used and the data was
collected in (2x) 12-bit mode. With the low dose conditions used, these
parameters provided the optimal balance between data quality and avoid-
ing beam damage. The scanning electron nanobeam diffraction (SEND)
patterns were collected over sample areas of 128 × 128 pixels with a probe
step size matching the approx. footprint of the beam (1.5 nm). vADF im-
ages were prepared using the open-source software LiberTEM.[8] PASEND
patterns were prepared from selected regions of interest (ROI) using Lib-
erTEM. Individual position average SEND patterns were indexed using the
software Single Crystal.[9]

Characterization: X-ray Total Scattering (TS) and Pair Distribution Func-
tion (PDF) Analysis: X-ray total scattering (TS) data was collected at
beamline P02.1, PETRA III, at the Deutsches Elektronen-Synchrotron
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(DESY) in Hamburg, Germany, and used for X-ray PDF analysis. Powder
samples were packed into Kapton capillaries (1.0 mm diameter), and fif-
teen 2D scattering images of each sample were collected over a total of
15 min at 59.80 keV (0.2073 Å). The 2D detector was arranged behind
the sample to collect quarter Debye-Scherrer rings to maximize Q reso-
lution. A sample-to-detector distance of 30.14 cm was calibrated using a
LaB6 standard sample (NIST LaB6 SRM660a), resulting in a Qmax of 22
Å−1. However, a slightly smaller Qmax was used to exclude noisy data
in the high Q region for some samples. The fifteen 2D diffractograms
for each sample were summed and integrated using pyFAi,[2] and the
xPDFsuite software[10] was used to obtain PDFs, G(r), by applying a Fourier
transform to the integrated data, after background subtraction of the
diffracted intensity of an empty Kapton capillary. Refinement of a LaB6
standard in PDFgui[11] allowed the determination of Qdamp = 0.02838 Å,
and Qbroad = 0.002534 Å, which represent the instrumental contributions
to PDF dampening and broadening. Theoretical PDFs were calculated with
PDFgui, using CIF data from the ICSD. Experimental PDFs were also re-
fined using PDFgui. The scale factor, unit cell parameters (a, b, c, 𝛽), and
low-symmetry Bi atomic positions (x, z) were refined over the r-range of
1–15 Å.

Characterization: Neutron Total Scattering (TS) and Pair Distribution
Function (PDF) Analysis: Neutron TS data was collected at the Nanoscale
Ordered Materials Diffractometer (NOMAD) at the Spallation Neutron
Source (SNS, Oak Ridge National Laboratory). ≈60 mg of each powder
sample was loaded into sealed quartz tubes, and measurements were con-
ducted at 300 K. Experimental PDFs were calculated by beamline staff.

Characterization: Scanning Electron Microscopy (SEM): SEM images
were collected using an FEI-Nova SEM 600 scanning electron microscope
at 50 000x magnification. SEM samples were produced by thinly dispers-
ing each powder sample onto carbon tape and coating them with a 7.0 nm
layer of platinum using a LEICA EM SCD 500 vacuum film deposition
system.

Characterization: N2 Adsorption/Desorption: Nitrogen adsorption and
desorption measurements were performed using a Micrometrics TriStar II
3020 instrument at 77 K, after first outgassing the samples under inert gas
flow for 16 h at 80 °C, using a Micrometrics SmartPrep Programmable De-
gas System. ≈ 100 mg of each sample was used in the measurements, and
BET surface areas were estimated using Micrometrics commercial soft-
ware by considering the straight line fitted through the data points in the
P/P0 range of 0.05–0.3.

Characterization: X-ray Photoelectron Spectroscopy (XPS): XPS mea-
surements were performed under high vacuum using an Axis Ultra DLD
instrument (Kratos Analytical) at 225 W and using a monochromated Al
K𝛼 radiation source. HR and survey spectra were recorded using pass ener-
gies of 20 and 160 eV, respectively, with an estimated penetration depth of
≈ 10 nm. All spectra were processed using CasaXPS,[12] and the carbon 1s
peak at 284.8 eV was used for calibration. Carbon 1s and oxygen 1s peaks
were fitted using a GL(30) or GL(50) function and Shirley backgrounds.
The atomic surface concentrations represent the average of survey scans
taken at three different spots on each sample.

Characterization: Diffuse Reflection (DRS) Spectroscopy: Absorbance
and DRS data were collected using a PerkinElmer Lambda 1050S
UV/VIS/NIR spectrophotometer equipped with an integrating sphere and
using BaSO4 powder as a white background material. Absorbance and re-
flectance data were collected in the UV-visible wavelength range of 200–
800 nm. After applying the Kubelka-Munk function to the reflectance data,
the band gap (Eg) of each material was estimated by producing Tauc plots.

Characterization: Photoluminescence (PL) Spectroscopy: PL spec-
troscopy measurements were conducted using an Edinburgh instrument
FLS980 instrument equipped with an integrating sphere and BaSO4 as
a white reference standard. Emission scans were conducted with an
excitation wavelength of 465 nm, over the 480–700 nm emission range.

Characterization: Femtosecond Transient Absorption Spectroscopy (fs-
TAS): fs-TAS was performed using a visible pump laser (400 nm) and
a visible probe spectrum (500–900 nm). During measurements, samples
were excited by 180 fs laser pulses generated using a YKGBW oscillator
(Light Conversion, Pharos SP) at 𝜆 = 1028 nm through nonlinear fre-
quency mixing in an optical parametric amplifier (OPA) and second har-

monics module (Light Conversion, Orpheus). A small fraction of the fun-
damental beam was split to generate the broadband probe spectrum in
a sapphire crystal (500–1600 nm). The probe pulse was delayed relative
to the pump pulse using a delay stage, with a maximum delay of 3 ns.
The pump and probe pulses overlap on the sample position at an angle
of ≈ 8 °, after which the probe light is led to a detector (Ultrafast Systems,
Helios). The pump laser intensity ranged between 5.3-5.6 mW.cm−2.

Powder samples were prepared for measurements by adding 50 mg of
powder to an Eppendorf tube with 14 mL of MilliQ water and sonicated
for 30 min to disperse the powder. Based on Stoke’s law of sedimenta-
tion, the sample tubes were left to settle for approximately one hour to
allow the largest particles to settle to the bottom of the tubes. The small-
est particles remaining at the top of the suspension were added to a 2 mm
quartz cuvette, as the smaller particles had a lesser scattering effect and
greater dispersion stability in water.

Photocatalytic Screenings: In a typical photocatalytic screening, the
photocatalyst (25 mg) was added to the reaction chamber (122 mL total
volume) along with benzylamine (11 mg, 1 mmol, 109 μL), and dispersed
in acetonitrile (10 mL). The reaction chamber was mostly sealed during the
reaction, except for a valve that remained open to atmospheric oxygen. Af-
ter stirring in the dark for 10 min to equilibrate the system, the suspensions
were irradiated with LED light (410 nm, Spectroline) whilst stirring for 24
h. After the reaction, the catalyst was separated via centrifugation, and the
solvent was removed under reduced pressure, leaving only the liquid re-
actant and product mixture. The quantity of the yellow product was deter-
mined using 1H NMR spectroscopy (Bruker Ascend, 400 MHz) in CDCl3,
after adding mesitylene (13 mg, 0.11 mmol, 15 μL) as an internal standard.
Each photocatalytic screening was repeated at least three times to ensure
reproducibility. To perform recycling tests and post-mortem characteriza-
tion of the materials, selected catalysts were separated via centrifugation,
rinsed with ethanol, dried, and stored for future use.

The authors have cited additional references within the Supporting
Information.[7c,12,16,32]
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