Single-Molecule Colocalization of Redox Reactions on
Semiconductor Photocatalysts Connects Surface Heterogeneity

and Charge-Carrier Separation in Bismuth Oxybromide

Meikun Shen', Tianben Dingz, William H. Rackers', Che Tan’, Khalid Mahmood', Matthew D.
Lew™*, Bryce Sadtler'**

" Department of Chemistry, Washington University, St. Louis, Missouri 63130, United States

? Department of Electrical and Systems Engineering, Washington University, St. Louis, Missouri

63130, United States

? Department of Energy, Environmental & Chemical Engineering, Washington University, St.

Louis, Missouri 63130, United States

*Institute of Materials Science & Engineering, Washington University, St. Louis, Missouri

63130, United States



Abstract

The surface structure of semiconductor photocatalysts controls the efficiency of charge-carrier
extraction during photocatalytic reactions. However, understanding the connection between
surface heterogeneity and the locations where photogenerated charge carriers are preferentially
extracted is challenging. Herein, we use single-molecule fluorescence imaging to map the spatial
distribution of active regions and quantify the activity for both photocatalytic oxidation and
reduction reactions on individual bismuth oxybromide (BiOBr) nanoplates. Through a coordinate-
based colocalization analysis, we quantify the spatial correlation between the locations where
fluorogenic probe molecules are oxidized and reduced on the surface of individual nanoplates.
Surprisingly, we observed two distinct photochemical behaviors for BiOBr particles prepared
within the same batch, which exhibit either predominantly uncorrelated activity where electrons
and holes are extracted from different sites or colocalized activity in which oxidation and reduction
take place within the same nanoscale regions. By analyzing the emissive properties of the
fluorogenic probes, we propose that electrons and holes colocalize at defect-deficient regions,
while defects promote the selective extraction of one carrier type by trapping either electrons or
holes. While previous work has used defect engineering to enhance the activity of bismuth
oxyhalides and other semiconductor photocatalysts for useful reductive half-reactions (e.g., CO,
or N, reduction), our results show that defect-free regions are needed to promote both oxidation

and reduction in fuel-generating photocatalysts that do not rely on sacrificial reagents.



Introduction

Semiconductor nanocrystals are widely studied as promising photocatalysts that can use solar
energy to produce fuels and commodity chemicals. Photogenerated charge carriers (i.e., electrons
and holes) migrate to the surface of the particle to initiate the reduction or oxidation of species on
the surface of the photocatalyst. However, the useful extraction of charge carriers competes with
processes including carrier recombination and photoinduced corrosion (i.e., self-reduction or
oxidation of the semiconductor) that limit the efficiency of solar-fuel production. The surface
structure of semiconductor photocatalysts plays a critical role in controlling both the spatial
distribution and the efficiency of charge-carrier extraction. Numerous studies have shown that
systematic variations in particle shape'™® and defect concentration’”” can tune the activity of
semiconductor photocatalysts. However, conventional methods of measuring the yield of chemical
products only provide an ensemble average of catalytic activity that mask both inter- and intra-
particle heterogeneity. Local variations in structure that arise from defects, impurities, or surface
reconstruction lead to heterogeneous reaction sites across the surface of the particle. Thus, methods
that avoid ensemble averaging and image the activity of individual photocatalyst particles are
critical in revealing how nano- to microscale variations in surface structure affect the spatial
distribution of active regions.

Photolabeling strategies have previously been employed to mark the locations where
photogenerated charge carriers are extracted from individual semiconductor particles. For example,
the photodeposition of metal salts has been used to identify facet-selective charge separation in
microscale crystals where electrons and holes are preferentially extracted from different facets.™
2122 However, this ex-situ technique (where electron microscopy is used to image the deposits

after the reaction) cannot quantify variations in photocatalytic activity among different particles.



Furthermore, the initial deposition of metal or metal oxide particles on the semiconductor alters

31,33

the pathways of subsequent photoexcited carriers, and the observed crystal facet-selectivity

can vary significantly with both the preparation method of the particles and their chemical

environment during photodeposition (e.g., solution pH and ionic strength).”*>*%>?

In comparison,
single-molecule localization microscopy uses fluorogenic probes that are chemically activated on
the surface of the catalyst particle to provide non-invasive and real-time monitoring of individual

reaction events.>*>

This method quantifies how nanoscale variations in charge-carrier extraction
across the surface of a single particle contribute to its photocatalytic activity.

In this report, we combined single-molecule, super-resolution fluorescence microscopy with a
coordinate-based colocalization analysis to quantify the spatial correlation between photocatalytic
reactions initiated by electrons and holes on the surface of single bismuth oxybromide (BiOBr)
nanoplates. Variations in surface structure’® and the presence of defects, such as oxygen
vacancies,”” are known to affect the activity of BiOBr and BiOCI for synthetically useful
photocatalytic half-reactions, including water oxidation,'®!” O, reduction,” '*'* CO, reduction,®

19-20

and N, reduction. While photodeposition of metal salts has previously been used to evidence

facet-dependent charge-extraction in BiOBr microcrystals,® **

we show that there are spatial
variations for both photocatalytic reduction and oxidation reactions across the surface of the same
facet. Single-molecule localization enables us to simultaneously visualize the spatial distribution
of charge-carrier extraction and quantify the relative activity of different nanoscale regions. These
measurements reveal significant heterogeneity in the catalytic activity of the BiOBr particles;
while some regions are inactive, other nanoscale regions display average specific activities as high

as 108 + 42 pm™-min”' for photocatalytic reduction and 342 + 82 pm™-min”' for photocatalytic

oxidation of the probe molecules. While a common limitation of single-molecule, super-resolution



imaging of heterogeneous catalysis is that the reaction events cannot be directly correlated with a
specific active site, our colocalization analysis provides a critical link between the activity of
different nanoscale regions of the BiOBr photocatalyst and their relative concentration of trap sites.
We show that photogenerated electrons and holes colocalize in nanoscale regions of the nanoplates
that contain fewer defects. These colocalized regions possess higher activity for photocatalytic
oxidation, whereas the activity for photocatalytic reduction is similar across both the colocalized
and uncorrelated regions (i.e., regions where only photocatalytic reduction is significant). We
demonstrate that the same semiconductor photocatalyst can be tailored to promote either
photocatalytic reduction or oxidation reactions by tuning the concentration and distribution of
surface defects. For solar fuel-generation, balancing the activity of both reductive and oxidative
transformations without relying on sacrificial reagents will require stable control of the defect

concentration during photocatalysis.

Results and Discussion
BiOBr nanoplates with edge lengths ranging from 1 to 3 pm and thicknesses of 10 to 20 nm

were synthesized via a hydrothermal method (Figure 1a).”* >’

The x-ray diffraction (XRD) pattern
of the nanoplates matched the tetragonal pattern for BiOBr (PDF # 04-002-3609, Figure S1), and
the absorption edge of the sample at 420 nm matched previous reports for BiOBr (Figure S2)."*"
141920 Based on high-resolution transmission electron microscopy (HRTEM), the nanoplates
expose the (001) facet as their basal plane (Figures 1b). While we cannot image individual point
defects using HRTEM, the images show variations in crystallinity across the surface of the

nanoplates indicating that defects are present (Figure 1b and S3). X-ray photoelectron spectra

(XPS) of the nanoplates also support the presence of surface defects. The binding region for Bi 4f



electrons showed that while the dominant peaks belong to Bi’", there are also shoulder peaks at
higher binding energy corresponding to Bi*" (Figure S4a).'*>® XPS in the binding region for O
Is electrons showed a peak at 530.0 eV corresponding to oxygen within the BiOBr crystal as well
as a shoulder peak at 531.5 eV (Figure S4b), indicating the presence of oxygen vacancies at the
surface.” '* 161820 Both of these defects (i.c., Bi’" and oxygen vacancies) have been previously
correlated with enhanced photocatalytic activity in bismuth oxyhalide particles measured at the

6-7,11-16, 18-20, 58
ensemble level *7 116 ’

Figure 1. Structural characterization of BiOBr nanoplates. (a) Scanning electron microscopy
image of BiOBr nanoplates. (b) HRTEM image of a single nanoplate. The red arrow in (b) marks
a region with poorer crystallinity as seen by the less distinct lattice fringes.

We used two fluorogenic probes, resazurin and 3'-(p-aminophenyl) fluorescein (APF),* 4%

4849.513 16 image charge-carrier extraction from individual BiOBr nanoplates. Photogenerated

electrons in the conduction band of BiOBr can reduce resazurin to form the highly fluorescent
product resorufin (Figure 2a), while photogenerated holes in the valence band can oxidize APF to
generate fluorescein (Figure 2d). Hydroxylamine, NH,OH, and potassium iodate, KIO;, were
used as sacrificial reagents to maintain charge balance during photocatalytic reduction and

oxidation, respectively. We first irradiated suspensions of the BiOBr nanoplates in aqueous



solutions containing either resazurin (40 nM) and NH,OH (1 puM) or APF (30 nM) and KIO; (1
puM) with a 405-nm LED (i.e., above the bandgap of BiOBr, see Figure S2). Fluorescence spectra
show that the emission intensity of resorufin (using resazurin) or fluorescein (using APF) increases
with irradiation time, indicating that BiOBr can photochemically activate both probe molecules at
the ensemble level (Figure S5).

We then used total internal reflection fluorescence (TIRF) microscopy to image the activation
of individual probe molecules on the surface of BiOBr nanoplates. The nanoplates were spin
coated onto glass coverslips, and 100 pL of the probe solution was added to the coverslip (i.e.,
either 40 nM of resazurin and 1 uM of NH,OH or 40 nM of APF and 1 uM of KIO3). While the
SEM image in Figure 1a (prepared by drop casting) shows aggregates of particles, spin coating
dilute solutions of the particles led to primarily individual nanoplates dispersed on the coverslip.
Stacked nanoplates could be identified by differential interference contrast (DIC) microscopy
(Figure S6), and these particles were avoided for single-molecule imaging. We next used a 405-
nm laser to excite the BiOBr nanoplates. A 561-nm laser was used to excite resorufin molecules
when imaging the reduction of resazurin, and a 488-nm laser was used to excite fluorescein when
imaging the oxidation of APF. The activation of either probe molecule on the surface of a
nanoplate leads to a sudden turn-on in fluorescence, which we attribute to the activation of the
probe. Control experiments show that because of the small amount of activated product molecules
generated during imaging, re-adsorption of the product molecules is not significant (see Section 8
of the Supporting Information for further details). Analysis of the on-times of fluorescence bursts
on BiOBr nanoplates indicates that the turn-off in single-molecule emission is due to the
desorption of the activated probe from the nanoplate.> For each probe molecule, we then

determined the centroid positions of all fluorescence bursts detected over 2500 frames (at a 50-ms



exposure time). The localization precision of fluorescence bursts using APF is 26 nm (Figure S7),
and the precision is 21 nm using resazurin (Figure S8).

We next reconstructed activity maps for either photocatalytic reduction or oxidation by binning
single-molecule bursts within 120 nm x 120 nm regions across the surface of individual nanoplates,
as shown in Figure 2c¢, f. The color scales in the activity maps indicate the number of fluorescence
bursts detected in each nanoscale region. The activity maps for both reactions show variations in
the number of reaction events detected across the nanoplate surface, and this heterogeneity was
observed in all particles we examined. Activity maps generated using longer imaging times with
APF to probe oxidation did not show significant changes in the spatial variations in activity nor
the per-nanoplate activity (see Figure S9). As described in our previous work,”® when using
resazurin to probe reduction events (with NH,OH as a sacrificial reductant), the activity of the
nanoplates changes due to the photochemical creation of oxygen vacancies when irradiated for
longer periods of time (> 10 minutes), which is why we kept the imaging times short in these
experiments (~ 2 minutes). While there are variations in activity across the surface of the
nanoplates, these variations are not facet-dependent. The specific activity (i.e., the number of
fluorescence bursts per unit time and per lateral area) averaged over 20 nanoplates is similar around
the edges and the middle of the nanoplates for both oxidation and reduction (Figure S10). The on-
times for fluorescence bursts are also similar indicating that the probe molecules do not
preferentially adsorb around the edges nor the middle of the nanoplates. These results agree with
a prior report that in aqueous solutions near neutral pH (desirable for applications in solar water
splitting), both photocatalytic reduction and oxidation reactions take place on the basal (001)

surfaces of BiOBr microcrystals.’> Moreover, the in situ imaging method used here quantifies the



catalytic activity at different regions across the particle surface, and provides the ability to correlate

spatially the extraction of photogenerated electrons and holes on the same nanoplate.
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Figure 2. Single-molecule imaging of photocatalytic reduction and oxidation reactions on BiOBr
nanoplates using fluorogenic probes. (a) Reductive deoxygenation of resazurin by photogenerated
electrons in BiOBr produces highly fluorescent resorufin. (b) Diffraction-limited fluorescence
image of a BiOBr nanoplate using resazurin as the fluorogenic probe under dual 405-nm and 561-
nm laser excitation recorded at an exposure time of 50 ms. (c¢) Super-resolution activity map of the
nanoplate in (b) for photocatalytic reduction produced by localizing the positions of all
fluorescence bursts. (d) Oxidative cleavage of the aminophenyl group of 3’-(p-aminophenyl)
fluorescein (APF) by photogenerated holes in BiOBr produces fluorescein. (e) Diffraction-limited
fluorescence image of a different BiOBr nanoplate using APF as the fluorogenic probe under dual
405-nm and 488-nm laser excitation recorded at an exposure time of 50 ms. (f) Super-resolution
activity map of the nanoplate in (e) for photocatalytic oxidation produced by localizing the
positions of all fluorescence bursts. Color scales: number of fluorescence bursts per bin (120 nm

% 120 nm). The white scale bars in (¢) and (f) are 1 pm.

To understand the chemical origins of the spatial heterogeneity observed for both
photocatalytic reduction and oxidation, we sequentially performed single-molecule imaging with
APF and resazurin on the same BiOBr nanoplates (Figure 3). Each coverslip was washed
repeatedly after imaging with the APF probe solution to remove any fluorescent residue. After
washing, the number of fluorescence bursts observed was insignificant until the resazurin probe
solution was added to the coverslip (Figure S11). Using the activity maps generated from each
fluorogenic probe, we quantified the spatial correlation between oxidation and reduction reaction
events with a coordinate-based colocalization (CBC) algorithm (see Section 11 of the Supporting

Information and Figure S12 for details on how drift correction was performed when switching
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between probe solutions).”* >

Figure 3 shows examples of this analysis performed on two
different BiOBr nanoplates. Each fluorescence burst (i.e., reaction event) is assigned a CBC score
based on its spatial proximity to the other probe’s fluorescence bursts. A CBC score of +1 indicates
a high spatial correlation where both oxidation and reduction events are detected in the same region,
while a score of -1 indicates that only one of the two probes was detected in the region (see the
Supporting Information for additional details on the colocalization analysis). This procedure
generates a colocalization map for each probe. Orange regions in Figure 3¢, d are nanoscale
regions where oxidation and reduction are spatially colocalized. Blue regions in the left columns
of Figure 3¢, d indicate regions were only the oxidation of APF takes place. Blue regions in the
right columns of Figure 3¢, d indicate regions were only the reduction of resazurin takes place.
The observed trends in the CBC scores hold when analyzing different portions of the videos
collected during single-molecule imaging (see Figure S13). Oxidation and reduction events for
the BiOBr nanoplate characterized in panels a, c, and e of Figure 3 show a broad distribution of
CBC scores (with median CBC scores of -0.14 for APF and 0.01 for resazurin) indicating a low
degree of spatial correlation between the oxidation and reduction events. Interestingly, the
nanoplate characterized in panels b, d, and f of Figure 3 exhibits several nanoscale regions with a

high degree of correlation between the two probes (with median CBC scores of 0.62 for APF and

0.63 for resazurin).
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Figure 3. Colocalization of photocatalytic oxidation and reduction reactions on representative type

I (a, ¢, and e) and type II (b, d, and f) BiOBr nanoplates. (a, b) Super-resolution activity maps of

two BiOBr nanoplates using APF (1* and 3™ columns) and resazurin (2™ and 4™ columns) as

probes for photocatalytic oxidation and reduction, respectively. Color scale: number of

fluorescence bursts per bin (120 nm x 120 nm). (c, d) Coordinate-based colocalization (CBC)

maps for fluorescence bursts using APF (1% and 3" columns) and resazurin (2™ and 4™ columns).

Color scale: median CBC score in each bin ranging from -1 for anti-correlated to +1 for perfectly

correlated burst distributions. All white scale bars are 1 pm. (e, f) Distribution of CBC scores for
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APF (red) and resazurin (blue) bursts showing low spatial correlation for the type I nanoplate in

(e) and high spatial correlation for the type II nanoplate in (f).

By analyzing spatial correlations between the probes for photocatalytic oxidation and reduction,
we observed two distinct behaviors among the population of BiOBr nanoplates. Figure S14 shows
the distributions of CBC scores for all fluorescence bursts detected on 46 BiOBr nanoplates using
each probe. The majority of particles (30 out of 46, referred to as type I) exhibit a broad distribution
of CBC scores that are peaked near a value of 0, indicating there is little spatial correlation between
the two probes (see Figures S15 and S16 for additional examples). Specifically, the mean per
nanoplate CBC scores are -0.07 + 0.09 (mean + 1* standard deviation) for APF and -0.04 £ 0.12
for resazurin in these type I particles. However, a portion of the nanoplates analyzed (16 particles
out of 46 particles, referred to as type II) possess activity maps in which a high number of events
have a CBC score above 0.9. These type II nanoplates have significantly higher CBC scores with
a mean of 0.46 = 0.18 for APF and 0.54 + 0.14 for resazurin (see Figures S17 and S18 for
additional examples). Figure S19 compares the CBC scores for all fluorescence bursts detected in
the two types of nanoplates. By plotting the mean CBC score of a nanoplate for reduction events
vs. its score for oxidation, these two behaviors separate into distinct clusters (Figure 4). Type I
nanoplates are grouped in the middle of the plot, while type II nanoplates (with higher spatial

correlation) are grouped in the upper right.
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Figure 4. Per-particle CBC scores for resazurin versus APF for 46 BiOBr nanoplates. As each
nanoplate exhibits a range of CBC scores for the fluorescence bursts detected on its surface, the
median CBC score is denoted by a marker (circles for type I nanoplates and triangles for type II
nanoplates). The lines show the 25™ to 75™ percentile range of CBC scores for each nanoplate.
Type I (circles) and type II (triangles) nanoplates were classified using the k-means clustering

algorithm with k = 2 (Section 11 and Figure S19, Supporting Information). The color scale in

14



(a) indicates the specific activity (um™-min’') of each nanoplate for the reduction of resazurin,

while the color scale in (b) indicates the specific activity of each nanoplate for the oxidation of

APF.

Single-molecule counting of reaction events enables us to quantify the specific activity (i.e.,
the number of fluorescence bursts per unit time and per lateral area) for each nanoplate. The color
scales in Figure 4 show that type I and type II particles possess different photocatalytic activities
(symbols with warmer color indicate higher activity). Type I nanoplates exhibit a higher average
(per nanoplate) specific activity for the photocatalytic reduction of resazurin (52 = 19 pm™-min™,
average first = standard deviation for 29 nanoplates) compared to the specific activity of type 11
nanoplates (34 + 14 pm ™ min”' for 17 nanoplates). On the other hand, type II nanoplates exhibit
higher average specific activity for the photocatalytic oxidation of APF (192 + 66 pm™'min™)
compared to the activity of type I nanoplates (127 + 51 pm™ min™"). Thus, the two types of
nanoplates not only differ in the spatial correlation between oxidation and reduction events, but

also in their activity for each reaction.
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Figure 5. Specific activities and photon counts for photocatalytic reduction and oxidation as a
function of the spatial correlation between probes. (a) Average specific activities of different
nanoscale regions for the reduction of resazurin binned by their CBC score. (b) Average specific
activities of different nanoscale regions for the oxidation of APF binned by their CBC score. The
specific activity and median CBC score were calculated for each 120 nm x 120 nm region, and
then a mean specific activity was calculated for all regions within a given range of CBC values
(e.g., 0.9 to 1.0). Error bars show the standard deviations in activity over all regions within the
given range of CBC scores. (¢, d) Number of photons detected per fluorescence burst using (c) the
oxidation of APF to fluorescein and (d) the reduction of resazurin to resorufin. The histograms in
(c) and (d) compare fluorescence bursts with CBC scores in the range of -0.5 to 0.5 (red) to bursts

with CBC scores > 0.9 (blue).
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To understand how spatial colocalization of redox reactions affects the photocatalytic activity
of different nanoscale regions, we extended our analysis to the sub-particle level and focus only
on the catalytically active regions of the surface. We analyzed all accumulation bins (120 nm x
120 nm) in which fluorescence bursts were detected and calculated the specific activity of each
region (i.e., the number of bursts detected divided by the bin area and imaging time). We then
calculated the CBC score of each region (i.e., the median CBC score of all bursts detected in the
bin) to compare the degree of spatial correlation to specific activity. Figure 5 shows the average
specific activities of different nanoscale regions for both probe reactions binned by their CBC
score. The specific activity for the reduction of resazurin (Figure 5a) does not show a significant
dependence on CBC score. The average specific activity of 108 + 42 pm™-min™' for photocatalytic
reduction in regions with colocalized activity (i.e., 14% of all bins with median CBC scores > 0.9)
is similar to the value of 94 + 15 um™-min”' for uncorrelated regions (i.e., 69% of all bins with
median CBC scores in the range of -0.5 to 0.5). Thus, the difference in activity for the reduction
of resazurin does not appear to arise from an intrinsic difference in the activity of different surface
sites between the two types of nanoplates. We note that some nanoplates, such as the one in Figure
3b, contain inactive regions (see Figures S15 to S20 for activity maps of additional nanoplates).
The percent active area of each nanoplate was calculated by dividing the total area of bins in which
at least one fluorescence burst was detected by the area of the nanoplate. For type I nanoplates, 68
+ 14% of the surface is active on average for photocatalytic reduction, while it is only 45 + 16%
for type Il nanoplates. Therefore, the higher activity observed in type I nanoplates for the
photocatalytic reduction of resazurin is due to a higher percentage of their surface being active for

this reaction.
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For photocatalytic oxidation (Figure Sb), regions with colocalized activity (i.e., 12% of all
bins with median CBC scores > 0.9) possess a significantly higher average activity of 342 + 82
pum > min” compared to a value of 131 + 46 um™-min”' for uncorrelated regions (i.e., 78% of all
bins with median CBC scores in the range of -0.5 to 0.5). Both types of nanoplates possess similar
active areas for the oxidation of APF with 85 = 9% of the surface being active on average for type
I nanoplates and 78 + 15% active for type Il nanoplates. Since the percentage of active area for
oxidation is similar for type I and type II nanoplates, the higher per nanoplate activity observed
for type II nanoplates indicates that colocalized regions contain sites that are intrinsically more
active for photocatalytic oxidation.

The spatially variant activity maps combined with the higher activity of colocalized regions
for photocatalytic oxidation indicate there are distinct reaction sites on the surface of each
nanoplate with different chemical properties. To further understand the differences in the nature
of the active regions, we compared the average photon counts and on-time of fluorescence bursts
for different ranges of CBC scores. The average on-time was determined from an exponential fit
of the on-times for individual fluorescence bursts. The median photon counts for bursts with CBC
scores greater than 0.9 (752 + 378 photons for resorufin and 670 + 368 photons for fluorescein)
are higher than those for uncorrelated bursts with CBC scores in the range of -0.5 to 0.5 (644 +
409 photons for resorufin and 554 + 319 photons for fluorescein) (Figure Se¢, d). We confirmed
that the differences in the distributions of photon counts for bursts detected at colocalized and
uncorrelated regions of the catalyst surface were significant by performing a Kolmogorov—
Smirnov test (K-S test, see section 12 of the Supporting Information and Table S1 for details).
The differences in photon counts could arise from differences in the quantum yield of the

fluorogenic probe when attached to different surface sites or due to differences in the
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reabsorption of photons emitted from the probe by the nanoplate. However, the average on-times
of fluorescence bursts with CBC scores > 0.9 (23.0 = 0.1 ms for resorufin and 18.0 = 0.1 ms for
fluorescein) are identical to the on-times of bursts with CBC scores in the range of -0.5 to 0.5 (23.0
+ 0.1 ms for resorufin and 18.0 = 0.1 ms for fluorescein) (Figure S21). The on-time of a
fluorescence burst reflects the amount of time the activated probe spends on the surface of the

37-38,43-46.33 The similarities in on-times for regions with different CBC

nanoplate before desorption.
scores indicate that the binding of each product molecule (e.g., resorufin or fluorescein) is similar
at different sites across the surface of the BiOBr nanoplates.

Therefore, we propose that the nanoscale regions of the BiOBr nanoplates with spatially
colocalized activity reabsorb fewer photons from the activated fluorogenic probes, which makes
intensity bursts from these regions brighter. Pristine BiOBr with an absorption onset of 420 nm
does not absorb visible light emitted from the activated probes (i.e., emission maxima at 583 nm
for resorufin and 521 nm for fluorescein). However, defects including oxygen vacancies and Bi in
a reduced oxidation state increase the absorption of visible light in BiOBr by creating mid-gap

6, 11-20, 53, 58
defect states.™ o0

Thus, defect-rich regions will reabsorb more photons emitted from a
fluorescent probe bound to the top surface of a nanoplate and are more effective at reabsorption
compared to variations in the thickness of the nanoplate (see section 13 of the Supporting
Information for details).’ To further test this hypothesis, defect-rich nanoplates were prepared
through post-synthetic, in-situ photodoping at longer irradiation times than used here for
fluorescence imaging (see the Experimental Section for details). After photodoping, the
nanoplates possess a higher concentration of both oxygen vacancies and Bi” (while the initial

BiOBr sample contains primarily Bi** with a minor amount of Bi*" as shown by XPS in Figure

S4, the photodoping process reduces a portion of both Bi*" and Bi’" ions at the surface of the
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nanoplates).” The nanoplates show reduced photon counts for both probes after photodoping
(Figure S22). The median photon counts of fluorescence bursts detected on 10 of the as-
synthesized nanoplates (699 + 325 photons for resorufin and 675 + 429 photons for fluorescein)
are significantly higher (via K-S test, Table S1) than for bursts detected on the same nanoplates
after photodoping (561 + 304 photons for resorufin and 427 + 353 photons for fluorescein). These
results reveal that the nanoscale regions of the nanoplates with colocalized activity (i.e., high CBC
scores) possess fewer defects than regions with exclusive activity for one carrier type.

The useful extraction of photogenerated electrons or holes to induce photocatalytic reactions
competes with carrier recombination, trapping, and photo-induced corrosion. The presence of a
high concentration of scavenger for the charge carrier not being probed (i.e., NH,OH to scavenge
holes when imaging photocatalytic reduction and KIO; to scavenge electrons when imaging
photocatalytic oxidation) enables us to probe each charge carrier selectively without kinetic
limitations from reactions induced by the opposite charge.®* Trapping of charge carriers at defect
sites can either enhance or lower photocatalytic activity depending on the number and distribution
of trap sites. Isolated defects that act as shallow trap states (i.e., that are close in energy to one of
the band edges) can increase the carrier’s lifetime and still allow the trapped carrier to participate

in phOtOGatalysis.“’ 13-14, 17-20, 58

For example, oxygen vacancies in BiOBr have been shown to
increase the lifetime of photoexcited electrons and enhance the activity of BiOBr for the reduction
of Oy, CO,, and N,.'* '™ However, as the density of mid-gap defect states increases (at higher
defect concentrations), new relaxation pathways become available that facilitate carrier
recombination and lower activity.”> ®

Regions of the photocatalyst that are relatively free of defects should exhibit different activity

than regions where either the selective trapping of electrons or holes takes place. Consistent with
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this expectation, type Il nanoplates with colocalized activity are more active for the oxidation of
APF compared to type I nanoplates with uncorrelated activity. We postulate that regions of a
nanoplate with exclusive activity for photocatalytic oxidation contain trap sites that decrease
activity by mediating faster relaxation of photogenerated holes. While we cannot determine the
chemical nature of these trap sites using single-molecule fluorescence, local surface reconstruction
leading to an O-Bi terminated surface has been proposed to serve as a trap site for photogenerated
holes in bismuth oxyhalides.”® On the other hand, the activity for the reduction of resazurin is
similar at both colocalized and uncorrelated regions. This similarity arises because the reduction
of resazurin is limited by another competing process; photogenerated electrons can reduce bismuth

13.53.58 Ty, type I nanoplates

ions on the surface of BiOBr rather than surface-adsorbed resazurin.
have a higher concentration of trap sites for electrons (e.g., oxygen vacancies or Bi’") leading to

predominantly uncorrelated activity between electrons and holes and more widespread reduction

of resazurin across the particle surface.

Conclusion

In summary, through single-molecule localization of individual reaction events, we quantified
the spatial correlation between the extraction of photogenerated electrons and holes from
individual BiOBr nanoplates. We revealed two populations of particles in the same batch with
either colocalized or uncorrelated activity. By comparing the degree of colocalization between
reaction events using two fluorogenic probes with their emissive properties and the activity of
different nanoscale regions, we elucidate that electrons and holes colocalize at defect-deficient
regions of the nanoplates but separate and become trapped at defect-rich regions. While previous

reports have shown that oxygen vacancies in BiOBr increase its activity for photocatalytic half-
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reactions including the reduction of CO,, and N, at the ensemble level, our studies reveal that
defects increase the area of a nanoplate that is active for reduction and simultaneously lower its
activity for oxidation. Many lab-scale studies of photocatalysis (including this one) rely on a
sacrificial reagent to rapidly replenish the carrier not being studied. However, in the large-scale
production of fuels via solar-driven photocatalysis, it will be more cost-effective to use the same
photocatalytic particles to drive both the reductive and oxidative halves of the fuel-forming
reaction (e.g., both the reduction of protons and water oxidation to produce H, and 0,).** Thus, to
achieve optimal performance for a specific catalytic transformation, it will be necessary to tune
the concentration and type of defects within photocatalysts such as BiOBr. When only the
oxidative half-reaction is important, defect-free BiOBr particles are preferable to minimize hole
trapping, whereas a higher concentration of oxygen vacancies may be desirable to increase the
active area for the reductive half reaction. Ultimately, photocatalysts containing a stable
intermediate concentration of defects may prove to be optimal for balancing the activity of both
reductive and oxidative transformations. In the future, we plan to study how tuning the defect
concentration of BiOBr particles (such as through the photodoping process described above)
changes the relative populations of type I and type II nanoplates. Our colocalization analysis may
be applied to other semiconductor photocatalysts that exhibit a non-uniform spatial distribution of

42,51

oxidation and reduction reactions, as well as semiconductor heterostructures used to increase

the spatial separation of photogenerated electrons and holes.** %

Experimental Section
Synthesis of BiOBr nanoplates. BiOBr nanoplates were synthesized using a previously reported

hydrothermal method.”*” The amounts of reagents were reduced by 50% compared to the original
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report. First, 2.5 mmol (0.911 g) of hexadecyltrimethylammonium bromide (CTAB) was added to
50 mL of deionized water and stirred for 30 minutes. 2.5 mmol (1.213 g) of bismuth nitrate hydrate
(Bi(NO3)3*xH,0) was then added to the mixture and stirred for 20 minutes, leading to the
formation of a white slurry. A freshly prepared aqueous solution of 1 M sodium hydroxide (NaOH)
was added dropwise under stirring to adjust the pH of the slurry to 7. The reaction mixture was
divided into two halves. Each half was transferred to a 45-mL, Teflon-lined, acid-digestion vessel
(Parr Instrument Co., model 4744) and heated in an oven at 170°C for 17 hours. The reaction
vessels were then removed from the oven and left in ambient air to cool to room temperature. The
contents of the two reaction vessels were then transferred to two centrifuge tubes and centrifuged
at 8,000 rpm for 4 minutes. The supernatant from each centrifuge tube was removed to obtain a
faint yellow precipitate. The precipitates from the two centrifuge tubes were combined and washed
with deionized water once and ethanol two more times. All supernatant was removed after the
third wash, and the remaining precipitate was dried at 40°C in a vacuum oven at 10> atm overnight

before further characterization.

Ensemble activation of fluorogenic probe molecules. Fluorescence spectroscopy was used to
monitor the activation of both resazurin and APF by BiOBr nanoplates at the ensemble scale, as
shown in Figure S5. The BiOBr powder (5 mg) was dispersed in 10 mL of an aqueous phosphate
buffer solution (pH 7.4) containing either 5 uM resazurin and 1 pM NH,OH or 5 uM APF and 1
uM KIOs in a glass vial. The colloidal suspension was sonicated for 1 minute and purged with
argon for 30 minutes in the dark to remove dissolved oxygen before irradiation. The suspension
was then irradiated under constant stirring using a high-power, light-emitting diode (Thorlabs,

M405LP1). The LED has a central wavelength of 405 nm (FWHM ~ 15 nm), and an aspheric
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condenser lens (Thorlabs, ACL3026) was used to collimate the light. The irradiance at the front
face of the vial was 8.3 mW/cm®. Aliquots of approximately 1 mL were collected periodically over
time using a needle and syringe. For each aliquot, the BiOBr nanoplates were removed by
centrifuging the aliquot at 7000 rpm for 4 minutes. Fluorescence spectra of the supernatant taken
from each aliquot were then measured in a quartz cuvette using a Cary Eclipse spectrometer. For
the detection of resorufin produced from the reduction of resazurin, the excitation wavelength was
set to 550 nm, and the emission range was 560 nm to 800 nm. For the detection of fluorescein
produced from the oxidation of APF, the excitation wavelength was set to 450 nm, and the
emission range was 460 nm to 800 nm. The slit widths for both excitation and emission were 4

nm. The scan rate was 600 nm/min, and the step size was 1 nm.

Single-molecule fluorescence microscopy. To prepare samples for single-molecule fluorescence,
glass microscope coverslips (No. 1.5) were washed and dried under a flow of nitrogen. Next, a 30
uL colloidal suspension of the BiOBr nanoplates in ethanol was spin-coated onto the coverslip.
The coverslip was dried under N, flow and annealed in an oven at 400°C for 15 minutes to
immobilize the particles. Single-molecule fluorescence microscopy was performed on a Nikon N-
STORM super-resolution microscopy system with a Nikon CFI-6-APO TIRF 1.49 NA 100x oil-
immersion objective lens. The angle of the laser illumination (405-nm and either 488-nm or 561-
nm) was adjusted to provide total internal reflection fluorescence (TIRF) excitation. A C-
NSTORM QUAD filter cube (405/488/561/647, CHROMA, TRF89902-NK) was used to collect
photons emitted from the fluorogenic probes. An Andor iXon 897 electron-multiplying CCD
(160x160 nm” pixel size in object space) with single-photon sensitivity was used to detect the

fluorescence bursts. The exposure time of the camera was 50 milliseconds.
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To image the activation of APF during photocatalytic oxidation, a solution of 30 nM APF in
phosphate buffer (pH 7.4) with 1 uM of KIO; (as a sacrificial oxidant) was added to the coverslip
using a micropipette. A 405-nm laser was used to photoexcite the BiOBr nanoplates, and a 488-
nm laser was used to excite fluorescein molecules produced by the oxidation of APF. To image
the activation of resazurin during photocatalytic reduction, a solution of 40 nM resazurin with 1
uM of NH,OH (as a sacrificial reductant) in phosphate buffer (pH 7.4) was used. A 405-nm laser
was used to photoexcite the BiOBr nanoplates, and a 561-nm laser was used to excite resorufin
molecules produced by the reduction of resazurin. Both solutions were purged with argon for 30
minutes before fluorescence imaging, and a plastic cover with a nitrogen inlet was used to limit
exposure of the solution to air during image acquisition. When imaging both reactions sequentially
on the same individual BiOBr nanoplate, we imaged APF oxidation before imaging the reduction
of resazurin to limit photodoping of the particles.” All imaging times in this work were kept short
(i.e., 2500 frames, 2.08 minutes) for the same reason. In between changing the imaging solutions,
the coverslip was repeatedly washed with a solution of phosphate buffer (pH 7.4) until no
fluorescence contamination was observed (see Figure S11).

To increase the concentration of defects in the nanoplates (e.g., oxygen vacancies and Bi’),
they were photodoped in situ as described in our previous report.”® The activity of the nanoplates
was first imaged using either APF or resazurin as described above. After imaging, the coverslip
was repeatedly washed using deionized water. 50 pL of a phosphate buffer solution (pH 7.4)
containing 1 pM of NH,OH was then dropped onto the coverslip as a sacrificial reductant. The
sample was then irradiated with the 405-nm laser of the microscope for 5 minutes. The NH,OH

solution was removed, the coverslip was washed again, and the activity of the nanoplate was
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imaged a second time using the same probe (e.g., APF or resazurin). Figure S22 compares the

distributions of photon counts from single-molecule imaging before and after photodoping.

Image analysis and colocalization. All post-processing of the captured images was performed
using the ThunderSTORM plugin®’ within ImageJ (http://rsb.info.nih.gov/ij/) and custom analysis
scripts written in MATLAB (MathWorks, R2018b). Captured image stacks after offset subtraction
using dark images were further background-corrected by a temporal median filter with a 200-frame
sliding window.”* °® Single-molecule bursts in the corrected images were localized by using
ThunderSTORM with default settings and custom camera parameters (see Section 8, Supporting
Information). Detected photons per localization were obtained by summing up all photons within
aregion (5 x 5 pixels) centered at the localized positions. The estimated localization precision was
calculated based on the photons detected and the estimated background, as previously described.®
Localized single-molecule positions in each frame were grouped across consecutive frames to
count intensity “bursts” of probe molecules on the BiOBr nanoplates (Section 10, Supporting
Information). Two-dimensional activity maps of each nanoplate were then visualized by binning
all single molecule bursts within 120 x 120 nm® bins. Colocalization of redox reactions was

performed using a coordinate-based colocalization (CBC) analysis.”*

The procedure for
correcting for system drift caused by the washing procedure in-between imaging APF oxidation
and resazurin reduction is described in Section 11 of the Supporting Information. CBC analysis
calculates the colocalization between two super-resolution datasets directly using the localized
coordinates of each molecule instead of the pixelized super-resolution reconstructions. Specifically,

the spatial density surrounding each burst in the APF oxidation dataset was calculated from the

neighboring bursts in both the APF and resazurin datasets within discs of radius r (from 50 to 500
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nm in 50 nm steps). The ordered-rank correlation coefficient is calculated using the two sets of the
density distributions. Each coefficient was scaled by a weighting factor, depending on the distance
to the nearest neighbor, to eliminate false-positive colocalizations for bursts whose nearest
neighbor is far away. The final value was assigned as the colocalization (CBC) score of each burst
in the APF dataset, and scores for each burst in the resazurin reduction dataset were calculated
similarly. Colocalization scores vary from —1, representing perfectly excluded (anticorrelated)

localizations, to +1 for perfectly colocalized localizations (Section 11, Supporting Information).
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