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Abstract

Oxygen vacancies in semiconductor photocatalysts play several competing roles, serving to
both enhance light absorption and charge separation of photoexcited carriers as well as act as
recombination centers for their deactivation. In this Letter, we show that single-molecule
fluorescence imaging of a chemically activated fluorogenic probe can be used to monitor
changes in the photocatalytic activity of bismuth oxybromide (BiOBr) nanoplates in situ during
the light-induced formation of oxygen vacancies. We observe that the specific activities of
individual nanoplates for the photocatalytic reduction of resazurin first increase and then
progressively decrease under continuous laser irradiation. Ensemble structural characterization,
supported by electronic-structure calculations, shows that irradiation increases the concentration
of surface oxygen vacancies in the nanoplates, reduces Bi ions, and creates donor defect levels
within the band gap of the semiconductor particles. These combined changes first enhance
photocatalytic activity by increasing light absorption at visible wavelengths. However, high
concentrations of oxygen vacancies lower the photocatalytic activity both by introducing new
relaxation pathways that promote charge recombination before photoexcited electrons can be

extracted and by weakening binding of resazurin to the surface of the nanoplates.
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Introduction

Semiconducting metal oxides that harvest solar photons to perform redox reactions are
promising materials for generating chemical fuels from sunlight. However, the efficiency of
metal oxide photocatalysts are restricted by their low absorption of visible light and low charge-
carrier mobility. Oxygen vacancies have been shown to enhance the photocatalytic activity of
several metal oxide photocatalysts, including tungsten oxide,!-3 titanium oxide,*!? and bismuth
oxyhalides.!3-23 The observed increase in activity for these different materials has been attributed
to stronger absorption of visible light,!> 4-6, 14, 17-18, 20, 24-25 the introduction of mid-gap defect
states,3 13- 16-19, 2425 improved charge carrier separation,>”> 13-14, 18-20, 22, 24-26 the introduction of
preferential adsorption sites for reactant molecules,!- 3> 7> 14-15, 17, 20-23, 26 " o1 any combination of
these effects. The interplay between changes in the electronic structure and surface composition
induced by oxygen vacancies and the resulting photocatalytic activity is complex. For example,
the hydrogenation of TiO, introduces oxygen vacancies in the crystal lattice. While this treatment
strongly enhances absorption of visible light below the band gap of pristine TiO,, it leads to
limited photocatalytic activity using visible light alone.*> 712 Furthermore, when oxygen
vacancies are present in high concentration in hydrogenated TiO,, the photocatalytic activity has
been observed to decrease.® 812 26 Prior studies have focused on how systematic variations in
the average concentration of oxygen vacancies affect the resulting photocatalytic activity of an
ensemble of particles.® 3 12 21. 23 However, as oxygen vacancies can be created or destroyed
photochemically,!3 13-16, 18,20-21, 23,27-29 the balance between different activating and deactivating
mechanisms changes during photocatalysis.

Herein, we demonstrate that single-molecule fluorescence microscopy in combination with

ensemble characterization and electronic-structure calculations can resolve how oxygen vacancy
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concentration affects the activity of BiOBr photocatalysts. We used the fluorogenic probe
resazurin, which can be reduced to the highly fluorescent product resorufin,’-35 to image
individual photocatalytic reactions on the surface of single BiOBr nanoplates. Laser irradiation
both excites electrons into the conduction band of BiOBr, leading to chemical activation of the
probe, and creates oxygen vacancies in the nanoplates. Through single-molecule localization of
individual reaction events,? 394 we tracked changes in the activity of each BiOBr nanoplate in
situ as the concentration of oxygen vacancies increased. We show that low concentrations of
oxygen vacancies enhance the activity of BiOBr while higher concentrations lead to a decrease
in activity. As BiOBr has potential applications in energy conversion and environmental
remediation including solar water splitting,?> 4 CO, reduction,?® N, fixation,'”> 2> and the
degradation of pollutants,'3-14 16 18-19 gur results reveal that new passivation schemes are needed

to inhibit the formation of high concentrations of oxygen vacancies during photocatalysis.

Results and Discussion

BiOBr nanoplates were synthesized using a hydrothermal method.*® The details of the
synthesis are provided in the Supporting Information. The nanoplates have edge lengths that
varied from 1 to 3 micrometers based on scanning electron microscopy (SEM, see Figure 1a).
Figure S1 shows the height profile of a single nanoplate with a thickness of 15 nm. Figure 1b
shows a high-resolution transmission electron microscope (TEM) image of a nanoplate. The
interplanar spacing matches the (110) lattice plane of BiOBr, which indicates the basal facet is
the (001) plane.'® 28 An x-ray diffraction (XRD) pattern of the nanoplates (Figure S2) matched
the standard pattern for tetragonal BiOBr (PDF # 04-002-3609). The layered crystal structure,

depicted in Figure lc, was also confirmed by Raman spectroscopy (Figure S3).18-19. 21, 28,47 Ap
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absorption spectrum of the BiOBr powder measured using an integrating sphere shows an
absorption edge near 420 nm (2.95 eV, see Figure S4), matching previous reports for the band
gap of BiOBr.!8, 28, 48-49

Ultraviolet illumination has been used to introduce oxygen vacancies in bismuth oxyhalide
(i.e., BiOCl and BiOBr) particles.!3 13-16, 18,20-21, 23,27 We ysed x-ray photoelectron spectroscopy
(XPS) and Raman spectroscopy to monitor changes in the surface composition and structure of
the BiOBr nanoplates following illumination in the presence of the sacrificial reductant,
hydroxylamine (NH,OH). XPS of the initial nanoplates in the binding region for O 1s electrons
showed a peak at 530.0 eV corresponding to oxygen within the BiOBr crystal as well as a
shoulder peak near 531.5 eV. The shoulder peak has been previously attributed to oxygen-
containing adsorbents that bind to metal ions exposed by oxygen vacancies.!3- 19-20: 2225 We also
observed a small shoulder peak at higher binding energy to the Bi** peak in the Bi 4f spectrum,
indicating the presence of Bi** (Figure 1d).!%-24-25.28,50-31 Figure 1d, e show XPS before and after
photodoping using simultaneous excitation from 405- and 561-nm lasers sent through the
objective of an inverted optical microscope at the same irradiance used for single-molecule
imaging as described below (9 W/cm? for 405 nm and 245 W/cm? for 561 nm at the sample).
The nanoplates were first drop cast onto a silicon substrate and annealed at 400°C for 15 minutes
to improve film adhesion (the annealing process did not lead to observable changes by XPS). An
aqueous solution of NH,OH (1 pM) was then added onto the substrate. Focused laser irradiation
of the sample on a microscope led to both the disappearance of the contribution from Bi** and
the appearance of peaks at lower binding energy in the Bi 4f spectrum, corresponding to the
formation of metallic Bi on the surface of the nanoplates (Figure 1d).16-18,21-23,27. 51 At the same

time, the shoulder peak at higher binding energy in the O 1s region increased in intensity with
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irradiation time. The combined changes in XPS after irradiating the samples show that the
photochemical reduction of bismuth ions is charge-compensated by an increase in the
concentration of surface oxygen vacancies (Figure le).

While XPS showed changes in surface composition, there was no change in the bulk crystal
structure of the nanoplates after laser irradiation as evidenced by Raman spectroscopy (Figure
S7). Since a small sample area (~ 8100 um?) was illuminated by the microscope, we also
photodoped BiOBr nanoplates suspended in solution using a 405-nm LED (irradiance = 8.3
mW/cm? at the sample) to further characterize changes in their structure and optical properties.
There was no obvious change in the structure or morphology of the nanoplates evidenced by
XRD (Figure S2), Raman (Figure S3), and TEM (Figure S6) after photodoping in solution.
Furthermore, the peak widths in the XRD pattern of the sample after solution-phase photodoping
were the same as those in the initial pattern indicating the absence of lattice strain. However, an
absorbance spectrum of the photodoped nanoplates possessed an absorbance tail from 400 to 600
nm below the band gap of BiOBr (Figure S4); this sub-band gap tail has previously been
attributed to the presence of oxygen vacancies in BiOBr.!4-18,20-24

We propose the following mechanism to account for changes in surface composition
observed by XPS following irradiation. Photons with energies above the band gap of BiOBr
promote electrons from the valence band into the conduction band (reaction 1). Photoexcited
electrons reduce bismuth cations, which are charge compensated by the formation of oxygen
vacancies (reaction 2). The concomitant disappearance of the Bi** signal and appearance of the
Bi® signal observed by XPS indicates that Bi*" ions are preferentially reduced before Bi** ions.

NH,OH acts as a sacrificial reductant to maintain charge neutrality in the nanoplates. NH,OH is
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first oxidized to HNO (reaction 3),%? which is unstable and can be further oxidized to a number
of different products (e.g., N2, N,O, NO,, or NO, 7).30:52-54
BiOBregs + by (1)
BiOBr + xH,0 + 2xe ~ -Bi0O{ _Br + 2xOH~ (2)
2xNH,0H + 4xhyz—>2xHNO + 4xH* (3)

To determine how the surface compositional changes induced by photodoping altered the
electronic structure of the nanoplates, we performed ultraviolet photoelectron spectroscopy (UPS)
and absorbance spectroscopy after irradiating colloidal suspensions of nanoplates for different
amounts of time. Based on changes in UPS, the Fermi level of the semiconductor nanoplates
shifted to more negative potentials (i.e., closer to the vacuum level) as the photodoping time
increased (Figure S8). This change is consistent with the reaction mechanism described in
equations 1-3, where the reduction of bismuth ions creates donor defect levels that push the
Fermi level toward the conduction band edge. Similar changes in the Fermi level have been
previously observed when oxygen vacancies are introduced into BiOCl and BiOBr.!4 19-22.24 Ag
the sub-band gap absorption tail also significantly increased in intensity with increasing
irradiation time, we could not quantitatively measure the change in optical band gap using Tauc
plots (Figure S9). Qualitatively, the absorption onset shifted to lower energies with increasing
irradiation time, indicating a decrease in the band gap of the photodoped nanoplates.

To rationalize these changes in electronic structure, we used density-functional theory (DFT)
to calculate the density of states (DOS) for both a defect-free BiOBr crystal (Figure S10) and
one that contained 1.4% oxygen vacancies (Figure S11).16:20-21.24 An occupied, mid-gap defect
band comprised of Bi 6p states is formed after introducing an oxygen vacancy into a 71-atom

BiOBr supercell. Figure S12 compares the calculated absorption spectra of BiOBr supercells

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry Letters

without and with the oxygen vacancy. We find a strong additional peak at energies lower than
the band gap due to the mid-gap states introduced by Bi-dangling bonds, which shows that the
defect states are optically active and allow dipole-allowed transitions to the empty conduction
band. Based on the changes in UPS and the experimental and calculated optical absorption
spectra, photodoping increases absorption at longer wavelengths by introducing donor defect
states within the band gap. Electrons in these defect states can be excited into the conduction
band using visible light (Scheme 1).

To monitor, in situ, how changes in the surface composition and DOS impact the
photocatalytic activity of BiOBr, we used resazurin as a chemically activated fluorogenic probe.
Photoexcited electrons in the conduction band of BiOBr reduce resazurin to generate the highly
fluorescent product, resorufin. The resazurin/resorufin couple has previously been used to study
reactions (photo)catalyzed by Au3'-33 33 and TiO,.3435 At the ensemble level, irradiating a
solution containing BiOBr nanoplates, resazurin, and NH,OH produced fluorescence spectra that
matched the spectrum of resorufin®> and increased in intensity with longer illumination times
(Figure S13). While both the initial and photodoped BiOBr samples could activate resazurin
when irradiated with a 405-nm LED (i.e., above the band gap of BiOBr), photodoped samples
could also generate resorufin using a 566-nm LED (Figure S14), in agreement with the sub-band
gap photoactivity predicted by DFT.

Single-molecule fluorescence microscopy provides the ability to image individual reaction
events on the surface of catalyst particles using fluorogenic probes, such as the
resazurin/resorufin redox couple employed here.? 3944 This technique has been used to study
photocatalytic and photoelectrochemical reactions catalyzed by semiconductor particles

including Ti0,,34-3%37-40 BiVO4," Wg049,> and CdS*? as well as plasmonic Au nanoparticles.3?-
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32,43 Changes in activity due to passivation or restructuring of the catalyst surface can be
monitored by counting the number and distribution of fluorescence bursts (i.e., reaction events)
over time.3 30-31. 33, 40-41 Quantitative information on the catalytic process, including rate and
equilibrium constants for elementary steps, can be obtained by fitting the number and distribution
of fluorescence bursts to models developed for single-molecule kinetics.30-31,33-35,37-39, 41-43

To prepare samples for single molecule fluorescence microscopy, dilute suspensions of the
BiOBr nanoplates were spin coated on glass coverslips and annealed at 400°C for 15 minutes. A
solution of resazurin (typically 40 nM in phosphate buffer with pH 7.4 and 1 uM NH,OH as a
sacrificial reductant) was then added onto each coverslip. Imaging was performed using total
internal reflection fluorescence (TIRF) illumination in a wide-field microscope similar to our
previous studies on W 3049 nanowires (see the SI for further details).> A 405-nm laser was used
to photoexcite the BiOBr nanoplates, and a 561-nm laser was used to excite resorufin molecules
generated on the surface of the photocatalyst. Figure 2a shows the detection of individual
fluorescence intensity bursts within a 1x1 pm? region on the surface of a single BiOBr nanoplate.
Fluorescence bursts were only detected when both BiOBr and resazurin were present. As
described further below, we attribute the turn-on of each fluorescence burst to the generation of
resorufin on the surface of the nanoplate and the turn-off to its desorption from the surface. Once
a resorufin molecule desorbs from the surface, it is no longer detected in TIRF imaging.

Through single-turnover counting of reaction events, we constructed maps showing spatial
variations in activity across the surface of individual BiOBr nanoplates. Figure 2c shows an
activity map generated by imaging fluorescence bursts for 30 minutes in which the color scale
represents the number of bursts detected within each accumulation bin (120x120 nm). The

localization precision for capturing individual fluorescent bursts was 22 nm (Figure S15).
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Notably, even along the basal (001) facets of the nanoplates there are significant variations in
activity. The nanoplate in Figure 2c has a hotspot in the middle with high numbers of reaction
events (i.e., 30 bursts per bin) across several neighboring bins. However, other regions are
completely inactive. While this nanoplate exhibited higher activity in the middle, other
nanoplates displayed hot spots near their edges (See Figures S16 through S21 for additional
examples). Previous work using the photodeposition of metal salts as an ex situ method to map
the extraction of photoexcited carriers in BiOBr nanoplates has shown that the spatial preference
for interfacial electron transfer depends sensitively both on the method used to synthesize the
particles and the solution pH used for photodeposition.>®-37 Our in situ method of imaging the
extraction of photoexcited electrons reveals heterogeneous reactivity patterns among different
nanoplates prepared in the same batch.

Prior to photodoping, fluorescence bursts were only observed when using simultaneous 405-
nm and 561-nm laser illumination (Figure 2c¢). After photodoping colloidal suspensions of
nanoplates using a 405-nm LED for 30 minutes, fluorescence intensity bursts under the
microscope could also be observed when using only 561-nm excitation (Figure 2¢). The single-
molecule activity of the photodoped BiOBr nanoplates at this wavelength is consistent with their
enhanced absorption in the visible region (see Figure S4) and the photoactivity measured using
ensemble fluorescence spectra (Figure S14). Furthermore, the number of bursts was similar when
using either dual 405-nm and 561-nm laser illumination (1005 bursts detected in Figure 2d) or
only 561-nm illumination (888 bursts detected in Figure 2e). Figure S17 provides additional
examples of photodoped BiOBr nanoplates under the two imaging conditions. Similar sub-band

gap photoactivity for the reduction of resazurin has been observed in Sb-doped TiO, nanorods.3*

40
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Laser irradiation during single-molecule imaging changes the activity of the nanoplates. To
monitor these changes, activity maps consisting of 2500 frames (50 ms exposure, ~ 2 minutes of
recording) were constructed at different time points during continuous irradiation using dual
laser excitation (i.e., 405 and 561 nm). Figure 3a-c shows a time-sequence of activity maps for
the same nanoplate in Figure 2b-c with start times of 0, 5, and 15 minutes. The spatial distribution
of the active regions changes continuously during photodoping. The specific activity (i.e., the
number of fluorescence bursts per unit time and per lateral area) during the first 2 minutes for
this nanoplate was 35 pm=2-min’!. After 5 minutes of irradiation, the specific activity increased
to 72 um2-min’!, and after 15 minutes of irradiation, it decreased to 39 um-2-min! (Figure 3d).
Longer irradiation times led to a further decrease in the specific activity. Figure 3d compares the
changes in specific activity of the nanoplate shown in Figure 3a-c to the change in average
specific activity for 23 nanoplates. While there is a distribution in the initial activity among
different nanoplates (the error bars show the standard deviation in activity at each irradiation
time), the same trends in activity with irradiation time are observed (i.e., initial increase in
specific activity followed by a progressive decrease). The 7 most active nanoplates each had a
specific activity (measured over 35 minutes of imaging) that was at least 20% higher than the
average specific activity of the 23 particles measured. Activity maps for one of these nanoplates
at different times are shown Figure 3e-h; the most active nanoplates each contained one or two
hot spots with high activity that developed during the initial stages of photodoping. Additional
examples of the changes in activity for individual nanoplates are shown in Figures S18, S19, and
S20. We also irradiated samples using dual 405- and 561-nm illumination for 5 minutes and then

switched to only 561-nm illumination for single-molecule imaging. After the first five minutes
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of photodoping, the nanoplates still showed a progressive decrease in specific activity over time
using only the visible excitation wavelength (see Figures S21 and S22).

The dependence of photocatalytic activity on substrate concentration (i.e., resazurin) enables
further quantification of how the degree of photodoping changes the kinetics of product
formation. We photodoped samples of BiOBr nanoplates for different periods of time using dual
laser excitation in the presence of NH,OH (1 uM), switched solutions to one containing both
resazurin (5 to 60 nM) and NH,OH (1 uM), and performed single-molecule imaging (see the SI
for additional details). For each photodoping time and resazurin concentration, we measured the
specific activity of 21 different nanoplates. Figure 4a shows that the average specific activity
first increases and then saturates as the concentration of resazurin increases. While nanoplates
that were photodoped for 5 minutes possess the highest specific activities, the saturation in
activity is observed for all photodoping times. This saturation behavior has been previously
observed for single-molecule catalysis using Au nanoparticles’*3! and TiO, microcrystals,37-38
and has been described using a Langmuir-Hinshelwood model for surface reactions (Scheme
la). In this model, the adsorption of the substrate molecule (resazurin) is fast and in quasi-
equilibrium relative to its conversion to the product (resorufin):

VeffKad[ReS]

V= 1+ Kog[Res]

(4)

In equation 4, v is the specific activity of the nanoplate, K, is the equilibrium constant for
adsorption of resazurin onto the nanoplate, [Res] is concentration of resazurin in solution, and
Yefr 1s the effective rate constant for product formation on a single nanoplate (combining all

reaction sites on the nanoplate). Fitting the concentration dependence of specific activity to

equation 4 provides the change in the interparticle-averaged value of y.fr as a function of the
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photodoping time. The initial value for y, s of 56 + 29 um2-min-! (average + standard deviation
for 21 nanoplates) first increased to 271 + 86 um-=>-min-! after 5 minutes of photodoping and then
decreased to 159 + 43 pm=2-min’! after 15 minutes of photodoping. On the other hand, the
interparticle-averged value of K ;4 progressively decreased from an initial value of 0.087 + 0.007

nM-! (average + standard deviation for 21 nanoplates) to 0.044 = 0.020 nM-! after 5 minutes of
photodoping and then to 0.023 + 0.010 nM-! after 15 minutes.

The on-time for each fluorescence burst, 7,,, characterizes the residence time of a resorufin
molecule on the surface of the nanoplate after its formation. For each nanoplate, the distribution
of on-times for all fluorescence bursts was fit to an exponential decay (see Figure S15¢e for an
example) to extract a intraparticle-averaged value of 7,,,,. At each photodoping time and resazurin
concentration, we measured 7,, and its inverse, T,,', for 21 nanoplates to determine an
interparticle-averaged value, < 7,1 >. The values of <7t,;!> were independent of the
resazurin concentration and showed only a weak dependence on the photodoping time (Figure
4b). If the on-time for fluorescent bursts represented the transformation of resazurin to a non-

fluorescent species, such as dihydro-resorufin,’-% then < 7;,' > would be expected to depend
on both the resazurin concentration and the photodoping time (see the SI for additional
discussion). Thus, we assign < T;,' > to the rate constant for the self-dissociation of resorufin
from the surface of the nanoplate, k;, which will be independent of resazurin concentration when
the adsorption of resazurin is fast relative to its conversion.30-31,37-38

<tt>=ky (5
For photodoping times of 0, 5, and 15 minutes, the values of k; were 37 £1,42 £ 1,and 46 £ 1

sl
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The combination of ex situ structural characterization and in situ single-molecule imaging
enables us to rationalize how photodoping controls the photocatalytic of the BiOBr nanoplates.
Photodoping increases the absorption of visible light in the nanoplates, which enhances their
photocatalytic activity during the initial stages of photodoping (Scheme 1b, left). Both ensemble
and single-molecule fluorescence measurements show that green light is able to excite electrons
into the conduction band in photodoped nanoplates. Our DFT calculations indicate the visible-
light activity arises from mid-gap donor levels created by oxygen vacancies. However, as the
density of defect states increases, as discussed in the following paragraph, and their distribution
of energies within the band gap widens, new relaxation pathways become available for
photoexcited charges that promote charge recombination rather than interfacial charge transfer
(Scheme 1b, right).%° Thus, we attribute the progressive decrease in specific activity after the
first 5 minutes of photodoping to charge recombination pathways becoming increasingly
dominant. These results reveal that, similar to hydrogenated TiO,,% 8-12.2¢ high concentrations
of oxygen vacancies in BiOBr lead to a reduction in photocatalytic activity.

The photoinduced changes in surface composition affect binding of both reactant and product
to the nanoplates, which are reflected in the changes in the equilibrium constant for substrate
adsorption, K44, and the rate constant for product dissociation, k;. XPS shows that the surfaces
of the initial BiOBr nanoplates contain Bi** ions which are reduced to Bi3* to compensate for the
creation of oxygen vacancies. However, prolonged irradiation can lead to the deposition of

metallic Bi and release of Br~ from the surface layer.
h
BiOBr + H,0 + 3e “>Bi+ Br~ + 20H~  (6)
As the bulk structure of the nanoplates remains the same after irradiation (compare XPS in Figure

1d to Raman spectra in Figure S7), these compositional changes are limited to the surface of the
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nanoplates. The decrease in K 4 and increase in ky reveal that photodoping decreases the
activation barrier for desorption of both substrate and product molecules. In the Langmuir-
Hinshelwood model,30-31-37-38 weaker binding of the substrate molecule leads to a lower turnover
rate for product formation. We note that these trends in surface properties are averaged over all
sites on the nanoplates. Thus, while the spatial heterogeneity in activity across each nanoplate
suggests there are different types of adsorption sites, the overall effect of photodoping is to
weaken binding to the surface.

In summary, the ability to vary the concentration of oxygen vacancies through photodoping
enabled us to monitor in situ how this type of defect changes the photocatalytic activity of
individual BiOBr nanoplates. Through single-molecule counting of photocatalytic reactions on
individual nanoplates, we show how nanoscale spatial variations in activity evolve with
irradiation time. By correlating super-resolution activity maps with ex situ structural
characterization, we attribute the initial enhancement in activity to photoexcited carriers created
with visible photons. The progressive decrease in activity at longer irradiation times is the result
of both increased competition between charge recombination and charge extraction as well as
weaker binding of resazurin to the surface of the nanoplates. While previous studies have shown
that the presence of oxygen vacancies can enhance the ensemble photocatalytic activity of BiOBr
particles,'3-23 our results demonstrate that the concentration of this defect must be carefully
controlled to maintain this enhanced activity. Surface passivation schemes that inhibit the
creation of oxygen vacancies during photocatalysis could minimize deactivation of the
photocatalyst over prolonged irradiation times. The application of single-molecule imaging to
monitor changes in activity can be extended to other semiconductors where oxygen vacancies

(or other defects) are introduced or filled in situ through chemical or photochemical treatments.
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Figure captions

Figure 1. (a) SEM image of two BiOBr nanoplates. (b) High-resolution TEM image of a BiOBr
nanoplate near its edge. (c) The layered crystal structure of BiOBr used in DFT calculations. Bi
atoms are purple, oxygen atoms are red, and bromine atoms are brown. (d, €) X-ray photoelectron
spectra of films of BiOBr nanoplates before and after laser irradiation showing the binding
energy regions for (d) Bi 4f and (e) O 1s electrons. The top traces in each panel show a film
annealed on a silicon substrate before photodoping, the middle traces show a film after 5 minutes
of laser irradiation using 405-nm and 561-nm lasers, and the bottom traces show a film after 15
minutes of laser irradiation. The dashed blue, red, and green lines for each trace in panel (d)
show the deconvolution of the peaks into contributions from Bi(V) (blue lines), Bi(III) (red lines),
and Bi metal (green lines). The dashed red and blue lines for each trace in panel (e¢) show the
deconvolution of the peaks into contributions from oxygen within the BiOBr crystal (red lines)

and surface-adsorbed, oxygen-containing species (blue lines).

Figure 2. (a) Trajectory of photons in a 1x1 pum? region detected during the photocatalytic
conversion of resazurin to resorufin on a single BiOBr nanoplate under dual 405-nm and 561-
nm laser excitation recorded at an exposure time of 50 ms. (b) Diffraction-limited fluorescence
image of the same BiOBr nanoplate in (a). (¢) Super-resolution activity map of the same BiOBr
nanoplate shown in (b) produced by localizing the positions of all fluorescence bursts detected
over a 30-minute period. The color scale below (c¢) corresponds to the number of fluorescence
bursts for each 120x120 nm bin, and the white scale bar is 1 um. (d, e) Super-resolution activity

maps of a different BiOBr nanoplate that was first photodoped in solution using a 405-nm LED
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prior to fluorescence imaging (see SI for details). (d) Activity map of the nanoplate using dual
405-nm and 561-nm laser excitation. (e) Activity map of the same nanoplate using only 561-nm
laser excitation. The activity maps in (d) and (e) correspond to 2500 frames with a 50 ms
exposure time (i.e., 2.08 minutes) to minimize photoinduced changes. The color scale below (e)
corresponds to the number of fluorescence bursts per 120x120 bin and applies to both (d) and
(e). The white scale bars are each 1 um. The insets in (d) and (e) show diffraction-limited

fluorescence images for each excitation condition, and the scale bars in the insets are each 2 um.

Figure 3. Super-resolution activity maps of two BiOBr nanoplates under dual 405-nm and 561-
nm laser irradiation with photodoping times of (a, €) 0, (b, f) 5, and (¢, g) 15 minutes. Each
activity map was reconstructed from a video collected for 2500 frames with a 50 ms exposure
time (i.e., 2.08 minutes). The color scales below each row correspond to the number of
fluorescence bursts per bin and apply to (a-c) and (e-g), respectively. The white scale bars are
each 1 um. The insets in (a-c) and (e-g) show diffraction-limited fluorescence images for each
time frame. The scale bars in the insets are each 2 um. (d) Specific activity of the BiOBr
nanoplate shown in (a-c) (red circles) and the average specific activity for 23 different BiOBr
nanoplates (black squares) at different photodoping times. (h) Specific activity of the BiOBr
nanoplate shown in (e-g) (red circles) and the average specific activity (black squares). The error
bars in (d) and (h) represent the standard deviation in activity at each time point, and the lines

between points are guides for the eye.

Figure 4. Concentration dependence of single-molecule activity. (a) Dependence of the specific

activity on resazurin concentration at different laser-irradiation times. The solid lines are fits to
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equation 4. (b) Dependence of < 7,,;,! > on resazurin concentration obtained from the same

nanoplates in (a). Each data point represents the average of 21 nanoplates. The error bars show

the standard deviation across particles.

Scheme 1. (a) Scheme showing the absorption of a substrate molecule resazurin (S) onto the
surface of a BiOBr nanoplate, its conversion into the product resorufin (P) and subsequent
dissociation from the surface. (b) Scheme showing the band structures for BiOBr nanoplates
containing either a low (left) or high (right) concentration of oxygen vacancies. CB = conduction

band, and VB = valence band.
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nanoplates, methods used to photodope them, and characterization of their structure, morphology,
and optical properties before and after photodoping; experimental details on the preparation of
samples and instrumentation for single-molecule fluorescence microscopy, analysis and
processing of super-resolution images, and computational methods; supporting discussion of the
on-times of fluorescent bursts and their interpretation; supporting tables providing the conditions
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