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Section S1. Experimental setup for single-molecule study on 2D layered InSe.

Single-molecule fluorescence imaging experiments were carried out on a prism-type total internal
reflection fluorescence (TIRF) microscope (Fig. S1). A 365 nm UV light (127 mW cm?) vertically
illuminates onto the sample to excite the photogeneration of electrons and holes. An adjustable 60
mW, 488 nm CW laser (Oxxius, Lannion, France) with p-polarization was focused on the interface
between the aqueous solution and the quartz slide by a focusing lens, generating a focal spot size
of 60 um x 100 um. The fluorescence signal was collected by a high numerical aperture water-
immersion objective (60> NA = 1.2, Olympus) and focused onto an Andor iXonEM+ Ultra 897
camera (Belfast, Northern Ireland: 512 % 512 imaging array, 16 um % 16 um pixel size). A
fluorescence filter set composed of a laser quad band set (Chroma 89901-ET-405/488/561/640 nm)
and a 535/50 nm bandpass filter (Semrock) was used to reject the scattering signal from the

background.
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Fig. S1. Prism-type total internal reflection microscope with a flow chamber setup.

Mechanically exfoliated 2D layered InSe flakes were transferred onto a quartz slide as catalysts.
The sample slide and a #1.5 coverslip were then assembled to a flow chamber with dimensions of
40 mm x4 mm x<0.12 mm (Fig. S1) using double-sided tapes. During the imaging experiments, a
steady stream of the mixture (0.02~1 uM 3-Aminophenyl fluorescein (APF) in 10 mM pH 7.4



phosphate-buffered saline (PBS) buffer) was introduced into the flow chamber using a syringe
pump for continuously supplying a constant concentration of reactants over 2D layered InSe. The
flow rate was set to 20 pL min™. Highly fluorescent fluorescein product molecules were formed

on 2D layered InSe and recorded with an exposure time of 100 ms.



Section S2. Ensemble measurements of photocatalytic activity of 2D layered InSe.

To measure the photocatalytic activity of 2D layered InSe, a fluorogenic oxidation reaction of
weakly fluorescent APF to produce highly fluorescent fluorescein (lex: 488 nm, Aem: 513 nm, at
pH 7.4) (Fig. S2A) was used. Ensemble-averaged fluorescence emission spectra was performed
by a spectrofluorometer (Perkin Elmer LS55) and employed to evaluate the photocatalytic activity
of InSe flakes. First, bulk InSe crystal was synthesized by using a nonstoichiometric melt of In
and Se(53). The bulk InSe (~2 mg) was then mechanically cleavage by ultrasonication in ethanol
(2 mL) to produce InSe flakes suspension. 10 puL InSe flakes suspension was mixed with 3 mL
mixture of 1.6 pM APF and 10 mM PBS buffer (pH 7.4). When the mixture was exposed to light
(365 nm UV and 488 nm laser), a new fluorescence peak appeared at 513 nm (Fig. S2B) and its
intensity increased remarkably with the increase of irradiation time (Fig. S2C). In control
experiments, the increase in fluorescence intensity was negligible when either InSe or light was

absent (Fig. S2C). The above study indicates the photocatalytic ability of InSe to convert APF to

fluorescein.
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Fig. S2. Ensemble measurement of photocatalytic activity of InSe flakes. (A) APF is converted
to fluorescein by reacting with hydroxyl radical. (B) Fluorescence spectra measured before and
after light irradiation (365 nm light and 488 nm laser) of the PBS buffer containing APF and InSe.
(C) Time-dependent fluorescence intensity of fluorescein with and without InSe and light. Aex:
488 nm, Aem: 513 nm.

It has been demonstrated that OH can convert APF to fluorescein whereas other reactive oxygen

species such as O; and HO, cannot oxidize APF(56). However, after introducing the OH



scavenger (dimethyl sulfoxide, DMSO), APF can still converse to fluorescein, but the reaction rate
significantly decreases (Fig. S3). This indicates that another reaction pathway exists. Takashi et
al.(18) found that photogenerated hole can directly react with APF without the ‘OH intermediate,
which may exist another possible reaction pathway on InSe. Although the predominat reaction
mechanism is still unclear and beyond the scope of this work, the nature of this photocatalytic
reaction is the reaction between APF and photogenerated electron/hole. Therefore, we can still use

APF to probe the photocatalytic activity of InSe.
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Fig. S3. Time-dependent fluorescence intensity of fluorescein with and without 2 mM DMSO.
Photocatalysis was performed under the irradiation of 365 nm light. Fluorescence measurement:

Aex: 488 nm, Aem: 513 nm.



Section S3. Localize single-molecule catalytic events with nanometer precision.

Fig. S4 exhibits a segment of another fluorescence intensity trajectory, it clearly shows that the
single molecule emitter only has one on-step (right), whereas multiple molecules show multiple
on-steps (left). The multiple on-steps indicates a new fluorescein molecule is generated on the
same site before the earlier one dissociates. These events have very low population in our imaging

experiments and were excluded from quantitative analysis of reaction kinetics.
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Fig. S4. A segment of fluorescence intensity trajectory shows that multiple catalytic reactions

could happen within the same on-off cycle.

Fig. S5A is a typical fluorescence image of a single fluorescein molecule on InSe in our imaging
experiments. The fluorescence intensity spreads over a few pixels as a point spread function (PSF)
and the positions of identified molecule in every imaging frame were localized by using a similar
approach published previously(15). Briefly, the single-molecule image can be fitted with 2D
elliptical Gaussian functions for determining its center position (Fig. S5B):
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where (x,,y,) IS the center position, A is the background level, B is the peak intensity at (x,, yo),

Sxand Sy are the standard deviations of the Gaussian distribution along the x- and y-axes,

respectively. The localization precision depends on the photons collected from fluorescent



molecules and background noise level in each imaging period, as well as the pixel size of the

camera. The localization precision (gj | j=x,y) can be calculated according to equation S2(57):
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where N is the photons collected in each imaging frame, a is the pixel size, and b is the background

noise in photons. In the specific example in Fig. S5, the localization precisions are determined to

be ox = 30 nm, oy = 21 nm. The average localization precision is determined to be axy = 26 nm

using equation S3.

Oxy = (0x+0y)/2 (S3)
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Fig. S5. Localize the center position of single molecules with nanometer precision. (A) Typical
fluorescence image of a single fluorescein molecule on InSe during the photocatalytic reaction. (B)
The center position of the fluorescein molecule is determined with nanometer precision (26 nm)

by 2D Gaussian fitting of the fluorescence intensity profile.



Section S4. Identification of wrinkle and vacancy

Wrinkles can randomly form during the mechanical exfoliation and transfer of 2D layered
materials. There are two types of wrinkles used in the single-molecule fluorescence imaging. One
type of wrinkles is the edge of the folding layer, as shown in Fig. S6A-C. The other type of wrinkles
is the wrinkling on the basal plane, as shown in Fig. S6D-F.
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Fig. S6. Optical bright-field images and schematic diagrams of wrinkles on InSe flakes.

Wrinkles are marked by arrows.

We attributed the small reactive sites to vacancy (e.g., single-atom vacancy or multiple-atoms
vacancies) based on the consideration of two factors. First, no structural features were observed
on the basal plane from the optical and AFM images, indicating that the reactive sites would be
very small point defects. Second, it has been well studied that vacancies rather than other defects
are formed on the basal plane during mechanical exfoliation(19, 20). To further demonstrate the
small reactive sites are vacancies in our experiments, we performed Argon (Ar) plasma treatment
to create vacancies(21) on the basal plane of 2D layered InSe. InSe flakes were mechanical
exfoliated and transferred on a quartz slide and treated with Ar plasma (7 W, 0.5 s). Fig. S7A and
b show that the number of small reactive sites on the basal plane increased after the Ar plasma
treatment. The reaction rate of the newly created reactive sites after Ar plasma treatment (Fig. S7D,
2.5 +0.1 s pm™?) is similar to that on the pristine 2D layered InSe (Fig. S7C, 2.8 +0.2 s pm™).
Furthermore, AFM images (Fig. S8) show that the topography of the basal plane remains the same
before and after the Ar plasma treatment, indicating that only small vacancies were created.



We counted the hot spots in the localization mapping as vacancies based on two standards. First,
the activity of the hot spot is higher than that on the nearby pristine InSe. Second, by comparing
the activity mapping of InSe before and after Ar plasma, we can identify the position of vacancies
and further determined the sizes of vacancies, as shown in Fig. S7F. Therefore, the size (FWHM)

of the vacancies should be in the range of 110~290 nm.
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Fig. S7. Photocatalytic activity of the same 2D layered InSe before and after Ar plasma
treatment. (A, B) Localization mapping of photocatalytic activities on a 6~8-layer InSe flake
before (A) and after (B) Ar plasma treatment under 100 nM APF over the same imaging period.
The color bar denotes the number of fluorescein molecules from chemical reaction that were
detected. (C, D) Reaction rate of APF at the small reactive sites in (A) and (B). (E) Cross-profile
plots of molecule numbers at vacancy marked in (B). (F) Statistic results of the sizes (FWHM) of

55 vacancies in (B).
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Fig. S8. AFM images of the basal plane of InSe before (A, B) and after (C, D) the same Ar

plasma treatment used in Fig. S7.



Section S5. Image segmentation

Image segmentation was applied before quantifying the catalytic activities and kinetics of each
structural feature. Briefly, the size of the reaction region at each structural feature except basal

plane was determined by the molecule number-position profile.

For the edge, we plot the molecule number as a function of position (Fig. S9B) which is cross-
profile on the edge (marked in Fig. S9A). The number of molecules becomes larger at the edge,

indicating a stronger photocatalytic ability. We fit the distribution using I =

—1\2
exp (— (xb;l) )®(step function), where step function = ¢, when x<1.4; and equal to d, when

x>1.4. We use the full width at half maximum (FWHM) ~ 400 nm from the fitting as the size of
edge-related reaction region. Next, the edge is dissected into several regions with a size of 400 nm
% 400 nm, as shown in Fig. S9A. In these small regions, we make sure that almost only one
fluorescence burst exists in every frame (>99%). Otherwise, the size along the edge is decreased

(e.g., 300 nm x 400 um) to achieve this criterion.

Due to the mechanical exfoliation and transferring of InSe, it is possible for flakes to fold over
onto themselves, forming a wrinkle with a folding angle of 180°. Fig. S9C is the plots of molecule
number with the position across the wrinkle. It is the convolution of two reaction regions, with the
more active one belongs to the wrinkle and the less active one belongs to the stepped edge. We
can resolve the size of wrinkle-related reaction region (~360 nm) of the FWHM and dissect the
wrinkle into several regions with a size of 50 nm > 360 nm (Fig. S9A). It should be noted that
molecule densities in these small regions may be a little overestimated since they are slightly
closed to the stepped edge. However, the photocatalytic activity of wrinkle is still in between that

of edge and vacancy.

There exist some small reactive sites on the basal plane (Fig. S9A). However, no structural
features can be observed from the optical (Fig. S6) and AFM (Fig. S8) images. These active sites
are believed to be atomic scale vacancies, which usually can be observed during the mechanical
exfoliation process(19, 20). As discussed in Section S4, the size (FWHM) of vacancies is in the
range of 110~290 nm. In this specific example in Fig. S9A, the size of vacancy-related reaction
region is in the range of 150~240 nm (Fig. S9D). The distinctly different sizes show the

heterogeneity of vacancy structures, e.g., single-, double, and multi-atom vacancy. The size of



defect-related reaction region is much larger than actual size of defect. It may be a convolution of
four factors. First, the spatial resolution of single-molecule imaging (tens of nanometers). Second,
defect leads to the band bending and the varied carrier density results in a gradual change of
electronic properties over the nearby pristine materials. The formed electronic property variation
region between the defect and pristine martials has significant impacts on the catalytic activity(4)
and the size of this region can be up to tens of nanometer(8). Third, a high concentration of
hydroxyl radicals is generated at defects and could diffuse to the nearby pristine materials. Forth,
the product molecule (fluorescein) diffuses on the InSe until it completely desorbs from the surface.
For the basal plane, we dissected it into sub-regions with sizes of 400 %400 nm for convenience.
In our experiments, only one fluorescence burst exists in every frame using this segmentation
method.
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Fig. S9. Region analysis of localization mapping of single-molecule photocatalytic events on
InSe flakes. (A) Image segmentation of different structural features. (B-D) Cross-profile plots of

molecule numbers at the edge, wrinkle, and vacancy marked in (A), respectively.
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Fig. S10. Localization mapping of the photocatalytic activity on 7 InSe flakes. (A-E) Optical
bright-field images of InSe flakes before photocatalytic reaction. (F-J) Localization mapping of
the photocatalytic activity on InSe flakes. (K-O) Optical bright-field images of InSe flakes after

photocatalytic reaction.
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Fig. S11. Localization mapping of the photocatalytic activity on thick InSe. (A) Optical bright
field image of InSe flakes. The grey line marked by the arrow is the crack under the InSe. (B)
Localization mapping of photocatalytic activities on InSe flakes in (A) under 100 nM APF. Dash
lines denote the contour of laser spot thus edge3 is excluded for further analysis. The color bar

denotes the number of fluorescein molecules detected during the photocatalytic reaction over



50>50 nm? in the total collection period. (c) Turnover rate of different structural features in the
thick InSe (black InSe in (a)) under 100 nM APF.

Fig. S11 is the localization mapping of single-molecule photocatalytic events on a thick InSe.
After applying the image segmentation, we counted the single turn-over events and quantified the
catalytic turnover rate at different structural features (i.e., basal plane, edge, wrinkle, and vacancy).
As shown in Fig. S11C, we obtain the average turnover rate vy of 0.04440.009, 0.14240.035,
0.65940.209, and 2.83040.747s umat basal plane, edge, wrinkle, and vacancy, respectively at
100 nM APF in PBS buffer over a period of ~ 28 min. This result shows that vacancy has higher

photocatalytic activity than edge and wrinkle.



Section S6. Quantification of photocatalytic kinetics on 2D layered InSe

Fig. 1C in the main text shows a segment of a typical fluorescence intensity trajectory from a
region of 400 nm <400 nm on the basal plane. The on-off of fluorescence intensity is associated
to the catalytic reaction. zoff is the waiting time before the individual catalytic event happens (Fig.
S12A), reflecting the time period for product formation. zon is the waiting time for the product
molecule dissociation after formation (Fig. S12B). From these two waiting times, we can calculate
the APF reaction rate (varr) and fluorescein dissociation rate (vq). Fitting the distribution of zoff
(Fig. S13A) and zon (Fig. S13B) using exponential decay function gives the characteristic average
values, <ro> and <ron>. The APF reaction rate vapr is determined as <ro>"/Area and the
fluorescein dissociation rate vq is determined as <zon>". Fig. S13C, D show the distributions of
vapr and vq over 34 reactive-regions along the edge and the data points were fitted with a simple
Gaussian function giving an average reaction rate of vapr = 2.263 *0.120 s? um? and a
dissociation rate of vq =5.312 +0.218 s*. This process was repeated for measuring the reaction

and dissociation rates of different structural features under variable APF concentrations.
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Fig. S12. Schematic diagrams of the reaction and dissociation mechanisms during zosf (A) and
7on (B), respectively. FL denotes the product molecule, fluorescein. Kags and Kqes are the adsorption

and desorption rate constants of APF, respectively.
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Vapr =2.263 +0.120 s um and a dissociation rate of vq =5.312 +0.218 s,



Section S7. Electronic band alignments between basal plane and defects

Regarding the wrinkle used in the single-molecule fluorescence imaging, both the tensile and
compressive strain exist(30), as shown in Fig. S14A. For the wrinkle, as shown in Fig. S14B, with
the increasing tensile strain the bandgap decreases monotonically with the conduction band
bending downward and valance band bending upward(31-34), forming a type-1 band alignment
with the pristine InSe (Fig. S14C). In this type of band alignment, both photogenerated electrons
and holes accumulate at the wrinkle due to the funnel effect(58). Although most of the electrons
and holes at the wrinkle still undergo the recombination, this accumulation increases the total
amount of photogenerated electrons and holes at the wrinkle, thus inducing a higher photocatalytic
activity than the basal plane. In contrast, with the increasing compressive strain, both the
conduction band and valence band bend upward(31-34), forming a type-1l band alignment with
the pristine InSe (Fig. S14D). The built-in field in this alignment accelerates the electron-hole

separation, prevents the recombination, and further increases the photocatalytic activity.

For the unsaturated edge and vacancy, they can be easily oxidized and form In-O bonds(35-37,
59). The different valent states of indium ions create the type-IlI band alignment between the
oxidized defects and the nearby pristine InSe(34, 38), as illustrated in Fig. S14E. The built-in field
in this alignment further accelerates the electron-hole separation and prevents the recombination.

Thus, the edges and vacancies natively have higher photocatalytic activity.
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Fig. S14. Schematic diagrams of electronic band alignments between pristine InSe and
defects. (A) Strain distribution along the wrinkles. TS and CS denote tensile strain and
compressive strain, respectively. (B) Schematic of the strain dependence of the relative band edge
positions of InSe. CB and VB denote as conduction band and valance band, respectively. (C-E)
Schematic of relative band edge positions between pristine InSe and tensile wrinkle (C), pristine

InSe and compressive wrinkle (D), pristine InSe and edge/vacancy (E).



Section S8. Identification of InSe layer number

Since it is difficult to do the atomic force microscopy (AFM) measurements of InSe samples in
the flow cell after the single-molecule experiments, we employed optical contrast of the InSe and
quartz by the reflection optical microscopy (C = (lquartz - linse)/lquartz). By combing the measurement
of AFM and optical contrast, we establish the working curve of layer-dependent optical contrast

of InSe flakes on quartz slide. With the increase of layer number, the optical contrast decreases.
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Fig. S15. Identification of InSe layer number. (A) Layer-dependent optical contrast of InSe on
quartz slide. (B) AFM image of InSe flakes on quartz. Inset is the height curve of a monolayer
marked by green line in the AFM image.



Section S9. The influence of variable surface properties of 2D layered InSe on the catalytic

kinetics

It has been found that the catalytic sites, where the catalytic reaction occurs, are different from the
docking sites, where the dissociation occurs(25). Similar phenomenon also can be observed in 2D
layered InSe catalyst. Fig. S16A shows a single-turnover trajectory at an active site (vacancy) at 1
uM APF. The variable time-dependent turnover rate indicates the dynamic photocatalytic activity
fluctuation of the active site. This activity fluctuation could be due to the change of the surface
electronic property induced by the electron and hole excitation and separation by light illumination,
and the surface reconstruction originates from the distortion of the original lattice structure
symmetry(60). Variations of active site properties would modulate the APF reaction and the
dissociation rates, which dominate 7ot and zon under high APF concentration, respectively.
However, the difference in the fluctuation rate of zfr and zon (Fig. S16B) indicates that they
experience distinct surface property changing dynamics. Therefore, the catalytic sites are different
from the docking sites and the product (fluorescein) would diffuse on the surface until it
completely desorbs from the InSe surface.
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Fig. S16. Photocatalytic activity dynamics. (A) Trajectory of fluctuating turnover rate in a
vacancy at 1 uM APF. Data points are calculated every 100 s. (B) Dependence of the activity

fluctuation rate (the inverse of fluctuation correlation time) on the turnover rates.



Section S10. Surface diffusion of fluorescein on 2D layered InSe

To define the diffusion behavior on 2D layered InSe, we first calculated the localization
uncertainty of fluorescein at different structural features, as shown in Fig. S17A-D. If
displacements of more than 75% steps in a track is below twice the localization uncertainty (110,
81, 80, 76 nm for the basal plane, edge, wrinkle, and vacancy, respectively), we defined it as the
immobile behavior. If this fraction is below 25%, we defined it as the mobile diffusion. The
residual tracks, which consist of immobile and mobile behaviors, were defined as hybrid diffusion.
We classified 453, 477, 453, 938 tracks at the basal plane, edge, wrinkle, and vacancy, respectively.

The fractions of three diffusion behaviors at different structural features was shown in Table S1.

Fig. S18 illustrates the conventional view of energy diagram of surface desorption and
diffusion(52). The activation energy of diffusion is smaller than that of the direct desorption,
indicating that the desorption during the diffusion is easier than the direct desorption from the
adsorption sites on the surface(49-52). Hence, direct desorption is slower than the desorption

through the desorption-mediated diffusion.
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Fig. S17. Single-molecule fluorescence imaging reveals the diffusion behaviors of fluorescein
on InSe surface. (A-D) Localization uncertainty in determining molecular positions at different

structural features: basal plane (A), edge (B), wrinkle (C), and vacancy (D).



Table S1. The fractions of three diffusion behaviors at different structural features.

Immobile Hybrid Mobile
Basal plane 22% 49% 29%
Edge 10% 60% 30%
Wrinkle 16% 72% 12%
Vacancy 31% 64% 5%

Direct desorption

Desorption-mediated Desorption
diffusion

¥y*

N \T.‘\-"_

AL
Free molecule Adsorbed
in solution molecule

Fig. S18. Schematic energy diagram of surface desorption and diffusion.

The diffusion of fluorescein on InSe surface follows the random-walk mechanism. The
probability that a molecule from the origin will be found at time t within a displacement r is fitted
with the probability density function(15):

exp (52 (e N2 dr? (1)

r2,t) -dr? =
p(rs, o o7

(T, (t))

where «r? is the mean square displacement and ¢ is the localization uncertainty. The diffusion
coefficient was determined according to the Einstein-Smoluchowski equation for random diffusion

in two dimensions(13).

Fig. S19A shows a typical distribution of the displacement of fluorescein diffusion in a sub-
region at the edge. Fitting the distribution with the equation 1 gives the mean squared displacement



«r? and subsequently the Defr is determined by equation 2. Fig. S19B shows the distribution of Dess
over 80 sub-regions along the edge and the data points were fitted with a simple Gaussian function
giving an average reaction rate of Dess = 0.05820.004 m? s, This process was repeated for
measuring the diffusion coefficients of different structural features.

A o005 B D,y = 0.058
: ) 0.30{ ey = 0.059%
<2>=0.023 pm 0.004 pm2 s
0.04 0.251
S 0,034 Soz0]
5 S
0.154
® 0.021 &
™ L 0.101

0.014 0.054

0.00
0 50 100 150 200 250 300 350
r(nm)

Fig. S19. Diffusion coefficients of fluorescein on InSe surface. (A) The distribution of the
displacement during the diffusion of fluorescein. The data was fitted using radial probability
density function to determine the mean squared displacement «r%». (B) Gaussian fitting the

distribution of the diffusion coefficients from more than 80 sub-regions at the edge.
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