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C H E M I S T R Y

Single-molecule photocatalytic dynamics at individual 
defects in two-dimensional layered materials
Teng-Xiang Huang1†, Bin Dong1†, Seth L. Filbrun1, Aisha Ahmad Okmi2, Xiaodong Cheng1,3, 
Meek Yang1, Nourhan Mansour1, Sidong Lei2*, Ning Fang1,3*

The insightful comprehension of in situ catalytic dynamics at individual structural defects of two-dimensional (2D) 
layered material, which is crucial for the design of high-performance catalysts via defect engineering, is still missing. 
Here, we resolved single-molecule trajectories resulted from photocatalytic activities at individual structural features 
(i.e., basal plane, edge, wrinkle, and vacancy) in 2D layered indium selenide (InSe) in situ to quantitatively reveal 
heterogeneous photocatalytic dynamics and surface diffusion behaviors. The highest catalytic activity was found 
at vacancy in a four-layer InSe, up to ~30× higher than that on the basal plane. Moreover, lower adsorption 
strength of reactant and slower dissociation/diffusion rates of product were found at more photocatalytic active 
defects. These distinct dynamic properties are determined by lattice structures/electronic energy levels of defects 
and layer thickness of supported InSe. Our findings shed light on the fundamental understanding of photocatalysis 
at defects and guide the rational defect engineering.

INTRODUCTION
Defect-rich two-dimensional (2D) layered materials have been the 
most promising candidate catalysts that can replace noble metals in 
catalysis (1, 2). Although defects are small, at nanometer to the 
atomic level, they play a notable role in catalysis as the catalytically 
active sites in 2D layered materials (3, 4). Because defects can induce 
lattice reconstruction, create unsaturated coordination sites, alter 
local charge carrier density, and change electronic band structures, 
they introduce unique chemical and electronic properties and dictate 
the catalytic behaviors and reaction mechanisms of 2D layered mate-
rials (4, 5). Therefore, defect engineering, such as vacancy fabrica-
tion, surface doping, and strain modulation, has emerged as a key 
approach to activate the inert basal plane and improves the perform-
ance of 2D layered material-based catalysts (4).

Spatially resolved characterizations of individual defects enable 
one to unveil their inhomogeneities in intrinsic physicochemical 
properties and catalyzed reaction dynamics, which are crucial for 
the design of high-performance 2D layered material catalysts via 
defect engineering. Up to now, most efforts have been devoted to 
investigating the physicochemical properties of defects in 2D layered 
materials (6–9). For example, annular dark-field scanning trans-
mission electron microscopy (6) and scanning tunneling spectroscopy 
(7) were used to characterize the lattice structure and electronic 
properties of defects at atomic scale, respectively, under ultrahigh 
vacuum and even ultralow temperature. Tip-enhanced spectroscopies, 
such as tip-enhanced Raman spectroscopy (8) and nanoscale infrared 
spectroscopy (9), can reveal the structural and electronic properties 
of defects at nanometer scale in realistic conditions. However, the 
fundamental understanding of in situ catalytic dynamics at individual 
defects, which ultimately guides the defect engineering of 2D layered 

material catalysts, is still missing. Dynamic processes in a chemical 
reaction catalyzed on the catalyst surface involve the adsorption, 
activation, and chemical conversion of the reactant and the dissoci-
ation (including the diffusion and desorption) of the final product. 
All these dynamic steps contribute to the turnover frequency of 
a catalytic reaction. The structures, chemical composition, and 
electronic properties of active sites such as defects in 2D layered 
materials can alter these dynamic steps and further determine their 
catalytic properties (10). Unveiling individual reaction dynamic steps 
at defects will help establish the structure-dynamic property relation-
ship and, in turn, guide the rational defect engineering for 2D layered 
material-based catalysts.

Single-molecule fluorescence imaging, with the capability of 
counting single turnover reaction events and nanometer spatial reso-
lution (<20 nm), has been used to study the heterogeneities in catalysis 
at active sites in single solid catalysts, such as metal/semiconductor 
particles (11, 12), crystals (13), and porous materials (14–16). Here, 
we used single-molecule fluorescence imaging to spatially resolve 
the in situ photocatalytic dynamics at individual structural features 
(i.e., basal plane, edge, wrinkle, and vacancy) in 2D layered indium 
selenide (InSe). We deconvoluted the individual dynamic steps in a 
photocatalytic reaction at single-molecule level and quantitatively 
measured reactant adsorption strength, chemical conversion rate, 
product dissociation rate, and surface diffusion processes at indi-
vidual defects. Moreover, our experimental results unveiled very 
distinct layer thickness effects on photocatalytic dynamic processes 
at individual defects. These findings are essential for improving 
the performance of 2D layered material catalysts via rational 
defect engineering.

RESULTS
Heterogeneous photocatalytic activities at individual defects
We first transferred mechanically exfoliated few-layered InSe onto 
a quartz slide. Next, a microflow chamber was assembled with the 
sample-loaded quartz slide and a coverslip using double-sided tape 
(fig. S1). A continuous flow of the reactant solution was supplied 
over the InSe flakes. When InSe flakes are illuminated with ultraviolet 
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light at 365 nm, photo-induced electrons (e−) and holes (h+) are 
generated and can oxidize a very weakly fluorescent reactant mole-
cule [3-aminophenyl fluorescein (APF)] to the highly fluorescent 
product molecule fluorescein (Fig. 1A and fig. S2A) by either the ·OH 
pathway (17) or the direct oxidation pathway (see section S2) (18). 
The product molecule fluorescein was excited by a 488-nm laser in 
a total internal reflection (TIR) configuration. The fluorescence sig-
nals were collected by a high numerical aperture (NA, 1.2) water 
immersion objective and imaged on a highly sensitive electron multi-
plying charge-coupled device camera (fig. S1). Photocatalytic events 
that occurred on InSe surface were imaged (Fig. 1B), and the sto-
chastic on-off fluorescence signals with one-step intensity change 
indicated a single photocatalytic event (Fig. 1C). Multiple photo-
catalytic events that happened within the same on-off period (fig. S4) 
made up a very low population in our imaging experiments and 
were excluded from the quantitative analysis of reaction kinetics. 
The center positions of product molecules were super-localized with 
nanometer-scale precision through point spread function fitting 
(fig. S5) to produce the maps of locations where the APF oxidation 
reaction happened (Fig. 1D).

As shown in Fig. 1D, the number of catalytic events (shown in 
color) at different structural features is clearly distinguishable, indi-
cating the photocatalytic activity heterogeneity over 2D layered InSe. 
The basal plane and edge commonly exist in the mechanically 
exfoliated InSe flakes, while wrinkle and vacancy are inevitably 
introduced by the exfoliation and transferring (19, 20). Section S4 
shows the detailed identification of defects. Edges and wrinkles are 
visible optically in bright-field images. A control experiment with 
argon plasma, which can produce surface vacancies (21), helps iden-
tify vacancies in single-molecule imaging. From the localization 
mapping results (Fig. 1D), we directly observed higher photocatalytic 
activities (brighter intensity means more catalytic events) at the 
edge, wrinkle, and vacancy in comparison to that on the basal plane. 
More localization mapping results of InSe flakes are provided in fig. 
S10. Counting the single turnover events at subregions (see section 
S5 for more details) of all structural features allows us to quantify 
the specific catalytic turnover rate, vT, as the number of catalytic 
events over time and area of subregions. Fitting the distribution of 
vT at subregions of all structural features (Fig. 1E), we determined 
averaged specific catalytic turnover rates (<vT>, where < > denotes 
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Fig. 1. Single-molecule fluorescence imaging of heterogeneous photocatalytic activities on 2D layered InSe flakes. (A) Schematic of experiment setup. (B) Typical 
single-frame image of products fluorescein (highlighted by yellow circles) produced on InSe. Dashed line shows the contour of a four-layer InSe flake. (C) Segment of a 
typical fluorescence intensity trajectory from 400 nm by 400 nm area on the basal plane (BP) marked by the green square in (B). a.u., arbitrary units. (D) Localization mapping 
of photocatalytic activities on InSe flake for a data collection period of ~23 min. Dashed lines denote edges. Dotted lines denote a folding layer. The edge of this region 
marked by an arrow denotes a wrinkle. White arrow denotes a vacancy (V). The color bar denotes the number of products detected over an area of 24 nm by 24 nm. Inset: 
The optical bright-field image. (E) Histogram distributions of turnover rates (vT) at subregions of these four structural features. (F) Statistic plot of <vT> at various defects 
(vT-D) versus <vT> on the basal plane (vT-BP) from 20 InSe flakes. The x and y error bars are the SDs in Gaussian fitting the distribution of vT-BP and vT-D, respectively. The 
colored ellipses are guides for the eye.
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averaging) of 1.1 ± 0.6, 2.6 ± 0.6, 3.6 ± 0.3, and 6.5 ± 2 s−1 m−2 at 
the basal plane, edge, wrinkle, and vacancy, respectively. This result 
shows that vacancy has the highest photocatalytic activity. We also 
observed a similar trend in another example (fig. S11). Figure 1F 
shows the results from 20 InSe flakes and compares <vT> on the 
basal plane (vT-BP) and <vT> at defects (vT-D). We find out that all 
defects have higher photocatalytic activity than the basal plane, and 
photocatalytic activity of defects decreases in the order of vacancy, 
wrinkle, and edge.

In situ quantification of photocatalytic kinetics at 
individual defects
Deconvoluting the dynamic step in catalytic reaction is critical for 
understanding the detailed kinetic processes and optimizing the 
photocatalytic properties accordingly. Single-molecule imaging 
enables the monitoring of individual catalytic events; thus, the 
quantification of kinetics (i.e., adsorption equilibrium, chemical 
conversion of the reactant, and the dissociation of the product) can 
be realized through analyzing these events with turnover resolution. 
In the fluorescence intensity trajectory (Fig. 1C), off is the waiting 
time before each product molecule fluorescein formation (fig. S12A). 
Once the product molecule fluorescein dissociates from the cata-
lyst surface, it quickly diffuses out of the evanescent field depth 

[~200 nm (22) from interface] in TIR fluorescence microscopy 
under a continuous flow of reactant solution and can no longer be 
detected. Therefore, on can be attributed to the waiting time for the 
fluorescein dissociation from the InSe (fig. S12B), which is much 
shorter than the photobleaching lifetime of fluorescein [tens of sec-
onds (23, 24)]. Resolving <off>−1 and <on>−1 enables us to deter-
mine the reaction rate (vAPF = <off>−1/area) of the photocatalysis of 
reactant APF and dissociation rate (vd = <on>−1) of product fluo-
rescein (see details in sections S5 and S6).

Figure 2A (top) shows the reaction kinetic data at different 
structural features of the same InSe flake in Fig. 1B. At all types of 
structural features, the photocatalytic reaction kinetic data follow 
the Langmuir-Hinshelwood (LH) kinetic model (25–29) where the 
reaction rate increases initially at low reactant concentrations and 
saturates at high reactant concentrations eventually. The distinct 
kinetic data (Fig. 2B) suggest the inhomogeneity of photocatalytic 
reaction kinetics at different structural features. In the LH kinetic 
model, the reaction mechanism can be quantitatively described as 

  υ  APF   =    k  eff    K  APF   [ APF] _ 1 +  K  APF   [ APF]  , where keff is the chemical conversion rate con-

stant and KAPF (i.e., kads /kdes) is the adsorption equilibrium con-
stant (fig. S12A). By fitting the reaction kinetic data (Fig. 2A) with 
the LH model, keff and KAPF at different structural features were 
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Fig. 2. Photocatalytic reaction kinetics at different structural features of InSe in Fig. 1. (A) APF concentration dependence of APF reaction rate (vAPF) (top) and fluo-
rescein dissociation rate (vd) (bottom). The error bars are the SDs in Gaussian fitting the distribution of catalytic reaction rates from many subregions (basal plane > 250, 
edge > 80, wrinkle > 30, and vacancy > 10). (B and C) Reaction rate constant keff [(B), top], adsorption equilibrium constant of APF KAPF [(B), bottom], direct and indirect 
desorption rate constants of fluorescein k1 and k3 [(C), top], and K [K = k2/(k−2 + k3)] [(C), bottom] at different structural features of InSe. The error bars were determined 
from fitting the kinetic data. (D to F) Comparison of keff (D), KAPF (E), and k3 (F) on the basal plane (keff-BP, KAPF-BP) and at defects (keff-D, KAPF-D) in same InSe flakes (n = 12). 
The error bars were determined from fitting the kinetic data.
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uncovered (Fig. 2B). In this specific sample (Fig. 1), the basal plane 
has the least keff of 2.2 ± 0.1 s−1 m−2. The three defects, i.e., edge, 
wrinkle, and vacancy, have keff that are 2.2, 5.0, and 10.5 times larger 
than that on the basal plane, respectively. However, KAPF shows the 
opposite trend.

Figure 2 (D and E) shows the statistic results of keff and KAPF at 
defects (keff-D, KAPF-D) versus those on the basal plane (keff-BP, KAPF-BP) 
in same InSe flakes (n = 12 individual InSe flakes). For the same 
InSe flake, vacancies, wrinkles, and edges show up to ~30×, ~6×, 
and ~4× higher photocatalytic reaction rate constant but up to ~7×, 
~3×, and ~3× smaller absorption equilibrium constant, correspond-
ingly, when compared with the basal plane. Defects such as edge, 
vacancy, and wrinkle can bend the intrinsic energy band and induce 
the local built-in electrical field. Driven by this field, the photo-
generated electrons and holes rapidly accumulate on or escape from 
these defect sites, thereby affecting the charge separation processes. 
We attribute the distinct reaction kinetics at different InSe structural 
features to their different efficiencies in photogeneration and sepa-
ration of electron-hole pairs. At wrinkles, both the tensile and com-
pressive strain (fig. S14B) (30) can be created and form type I and 
type II electronic band alignments with nearby pristine InSe, re-
spectively (section S7) (31–34). The former type can increase the 
total amount of photogenerated charge carriers (fig. S14C), whereas 
the latter type can enhance the charge separation efficiency (fig. S14D), 
which explains the higher photocatalytic activities at the wrinkle as 
compared to that on the basal plane. At the unsaturated defects (i.e., 
edge and vacancy), In─O bonds can be easily formed upon oxidation 
when exposed to air/water (35–37) and form a type II band align-
ment (fig. S14E) between the oxidized defects and the nearby 
pristine InSe (34, 38). Thus, higher charge separation efficiency is 
induced, and the photocatalytic activity is enhanced at these un-
saturated defects as compared to that on the basal plane. Nevertheless, 
other factors, including different photon absorption efficiency (33) 
and effective mass of the electron and hole (39) at different structural 
features, may also cause different photocatalytic activities. On the 
other hand, an aromatic molecule such as APF tends to lay down 
flatly on the basal plane to obtain the strongest van der Waals (vdW) 
attraction force (40) thus has the largest KAPF. In contrast, the steric 
effect induced by lattice reconstruction in defects (i.e., edge, wrinkle, 
and vacancy) would hinder the preferably flat adsorption configu-
ration (40), weaken the vdW attraction between APF and defects, 
and reduce KAPF. In our single-molecule imaging experiments 
(pH 7.4), APF is negatively charged [benzoic acid [pKa (where Ka is 
the acid dissociation constant), ~4.2] and benzenamine (pKa, ~4.6)]. 
Therefore, the distinct electronic environment at defects induced by 
the local built-in electrical field should also affect the adsorption of 
APF molecules through the electrostatic interaction. These factors 
are combined to take effect, and they cannot be verified separately 
in this experiment.

On the other hand, the dissociation kinetics of fluorescein at dif-
ferent structural features (Fig. 2A, bottom) follow the same trend 
where the dissociation rate is initially fast but decreases at higher 
[APF] and eventually approaches a saturation level. The dissociation 
kinetic data indicate more complex processes than a simple direct 
dissociation of fluorescein, which should be independent of reactant 
concentration. For the fluorescein dissociation during the on period, 
previous works (25, 26) show that two possible parallel pathways 
(fig. S12B) can exist: a direct dissociation pathway (step 1) and a 
reactant-assisted pathway involving the participation of reactant 

(steps 2 and 3). Therefore, the kinetics of fluorescein dissociation can 

be described by the equation of   v  d   =   k  3   K [ APF ] +  k  1   _ 1 + K [ APF]   , where  K =    k  2   _  k  −2   +  k  3     

(26). k1 and k3 represent the dissociation rate constant of the direct 
and reactant-assisted dissociation pathways and dominate at the low 
and high [APF], respectively. k2 and k−2 are the adsorption and de-
sorption rate constants of APF in the reactant-assisted dissociation 
pathway. Fitting the dissociation kinetic data (Fig. 2A, bottom, solid 
line) gives corresponding kinetic parameters as shown in Fig. 2C.

We found that the direct dissociation rate constants k1 are much 
larger than the reactant-assisted dissociation rate constants k3 at all 
structural features (Fig. 2C, top). This explains why the total disso-
ciation rate decreases with the increase of APF concentrations, 
where the reactant-assisted dissociation pathway (slower dissocia-
tion rate k3) gradually dominates (Fig. 2A, bottom). Because high 
concentration of reactant is used in the real application of catalysts, 
k3 can reflect the dissociation rate of the product molecule. In this 
specific sample (Fig. 1), k3 (Fig. 2C, top) at the basal plane (5.4 ± 0.2 s−1), 
edge (4.8 ± 0.2 s−1), wrinkle (2.5 ± 0.1 s−1), and vacancy (1.8 ± 0.2 s−1) 
are in descending order. Figure 2F shows the statistic results of ks at 
defects (keff-D, KAPF-D) versus those on the basal plane (keff-BP, KAPF-BP) 
in same InSe flakes (n = 12 individual InSe flakes). For the same 
InSe flake, vacancies, wrinkles, and edges show up to ~26×, ~2.2×, 
and ~1.8× smaller dissociation rate constants, correspondingly, when 
compared with the basal plane. Furthermore, a larger K on the basal 
plane than that in defects (Fig. 2C, bottom) suggests that the disso-
ciation on the basal plane is more sensitive to the [APF], and the 
population of molecules following the indirect dissociation path-
way is larger on the basal plane than that at defects under the same 
reactant concentration.

Layer-dependent photocatalytic kinetics at 
individual defects
The thickness of pristine 2D layered materials has notable impact 
on their catalytic properties (41). However, the influence of layer 
thickness on the catalysis at individual defects is unknown. Figure 3 
shows the layer-dependent photocatalytic kinetic results at the basal 
plane, edge, and vacancy. See section S8 for details on the identifica-
tion of layer number. As shown in Fig. 3A, basal plane and vacancy 
sites are those at the top exposed layer, and different layers of the 
few-layered InSe always share the same edge in the 2D view. Because 
wrinkle is randomly formed during the mechanical exfoliation and 
transfer processes, it is difficult to consistently find wrinkles in all 
InSe flakes. Therefore, we excluded the data of wrinkles in the fol-
lowing discussion. Because the interlayer spacing of InSe is only 2 to 
3 Å (42), no reaction can happen in the internal layers. In all sam-
ples studied, vacancy is the most active (keff), whereas the basal plane 
is the least active (Fig. 3B). keff does not change significantly when 
the thickness of 2D InSe is larger than eight layers, whose physico-
chemical property becomes similar to that of the bulk InSe. The 
highest keff is found at a thickness of three to four layers for all struc-
tural features, which can be explained as the balanced result of two 
factors, i.e., electronic band structure and photon absorption effi-
ciency. First, InSe has a direct bandgap structure when the layer 
number is more than six but becomes an indirect bandgap semicon-
ductor when the layer number decreases down to five (43, 44). The 
indirect bandgap semiconductor has a lower possibility of recombi-
nation of photogenerated electrons and holes than the direct bandgap 
semiconductor. Thus, the separated electrons and holes in indirect 
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bandgap semiconductor have longer lifetimes and diffusion lengths 
(39), so they can be used for the catalytic reaction with higher prob-
abilities. Therefore, photocatalytic activity would increase as layer 
thickness decreases because of the transition of the bandgap struc-
ture from direct to indirect. Second, the photon absorption efficiency 
decreases with lower layer number (33, 45). As a result, the photo-
generation efficiency of electrons and holes decreases as InSe gets 
thinner, thus reducing the photocatalytic activity.

Layer-dependent adsorption strength of APF and dissociation rate 
of fluorescein were also systematically investigated. The adsorption 
strength of APF is the highest on the basal plane and the lowest in 
the vacancy in 2D layered InSe of all layer numbers (Fig. 3C). Fur-
thermore, the adsorption strength of APF at all structural features 
remains constant for thicker InSe (more than eight layers) but in-
creases with thinner InSe (two to seven layers). A further decrease 
of the layer number to monolayer would lead to a marked decrease 
in the adsorption strength of APF as well. This is possibly due to the 
presence of repulsive force between the hydrophobic APF and the 
hydrophilic supporting quartz slide because the monolayer InSe is 
thinner than the penetration depth of wettability from the supporting 
substrate (46). On the other hand, higher fluorescein dissociation rate 
on the basal plane in comparison to that in defects was observed in 
all layer numbers of InSe (Fig. 3D). Nonetheless, the dependence of 
the fluorescein dissociation rate on layer number is less clear and 
seems to be the opposite trend as compared to the results from APF 
adsorption strength.

Surface diffusion behaviors at individual defects
One peculiar yet interesting observation that we found from the 
study of temporal fluctuation of reaction and dissociation rates is 
that catalytic reaction sites and product desorption sites in InSe are not 
necessarily the same (section S9 and fig. S16). Similar phenomenon 

has also been observed on the single-molecule imaging of metal 
nanoparticle catalysis (25, 47). This result suggests a diffusion of 
fluorescein happening between the catalytic site and the desorption 
site. Hence, it is vital to uncover the kinematic behaviors of fluores-
cein molecules at different structural features. Figure 4B shows that 
apparent diffusion coefficients of fluorescein (the detailed calcula-
tion method is shown in section S10) at basal plane, edge, wrinkle, 
and vacancy are in descending order. This result suggests a gradual 
increase of interaction between fluorescein and these four structural 
features, which agrees with the results of dissociation rates shown 
in Fig. 2F.

To further understand the surface diffusion behaviors of fluo-
rescein at these InSe structural features, we tracked the lateral 
movements of single fluorescein molecules. Figure 4A exhibits the 
single-molecule trajectories over InSe, showing that fluorescein dif-
fuses on the surface for a short time until it lastly desorbed from the 
surface and diffuses into the bulk solution. Two distinct modes 
of the movement were observed, leading to three types of tracks, 
namely, mobile, immobile, and hybrid, as shown in Fig. 4A (inset). 
Details about the classification of diffusion behaviors are discussed 
in section S10. The fractions of three diffusion behaviors vary 
among different structural features (table S1). The basal plane and 
edge have considerable portions of mobile tracks at ~30%. How-
ever, fluorescein seems more easily trapped at the wrinkle and 
vacancy, resulting in a smaller population of mobile tracks (12 and 
5%, respectively).

While the dissociation kinetics are significantly different at these 
structural features in InSe because of their intrinsic physicochemical 
properties (Fig. 2F), we also found that diffusion behaviors of fluo-
rescein can also affect the dissociation rates at the same structural 
features. The dissociation rates of immobile tracks are smaller than 
that of mobile tracks in all structural features (Fig. 4C). This difference 
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Fig. 3. Layer-dependent photocatalytic kinetics at different structural features of 2D layered InSe. (A) Schematic of basal plane, edge, and vacancy in InSe flakes 
with different layer thicknesses. (B) Reaction rate constant keff. (C) Adsorption equilibrium constant of APF, KAPF. (D) Dissociation rate constants of fluorescein, k3. The error 
bars are the SDs in Gaussian fitting the distribution of kinetic parameters from many subregions (basal plane > 1000, edge > 300, and vacancy > 50) over more than 
40 InSe flakes.
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results from their different desorption mechanisms. For the immobile 
molecule, it needs to overcome the large energy barrier for direct 
desorption (fig. S18). In contrast, the mobile behaviors of molecules 
on the surface have been attributed to desorption-mediated diffu-
sion (48–51). In this mechanism, the molecule desorbs from the 
surface, diffuses in the adjacent liquid phase, and readsorbs at a new 
location on the surface before it completely desorbs from the sur-
face (48–51). The activation energy of dissociation through the 
desorption-mediated diffusion pathway, which is associated with 
the corrugation of the surface interaction potential, is much smaller 
than the direct desorption pathway (fig. S18) (52). The required acti-
vation energy through these two desorption mechanisms accounts 
for the different dissociation rates of immobile and mobile fluo-
rescein molecules (Fig. 4C), although they are located at the same 
structural features.

DISCUSSION
We have spatially resolved the heterogeneous dynamics of photo-
catalytic processes at individual defects in 2D layered InSe using 
single-molecule fluorescence imaging with high spatial and temporal 
resolution. From the localization mapping results, we visualized 
and distinguished the photocatalytic activity at individual structural 
features on 2D layered InSe. We found that the highest catalytic 
active InSe catalysts can be obtained by using the four-layer InSe as 
the supported pristine material and introducing vacancies for the 
defect engineering. We quantitatively measured the kinetic parameters 
of photocatalysis at individual defects. Vacancies, wrinkles, and edges 
show up to ~30×, ~6×, and ~4× higher photocatalytic reaction rate 
constant but up to ~7×, ~3×, and ~3× lower absorption strength 
and ~26×, ~2.2×, and ~1.8× slower dissociation rate constants when 
compared with the basal plane, respectively. These distinct reaction 

kinetic properties are determined by the intrinsic lattice structures/
electronic energy levels of defects and the layer thickness of sup-
ported InSe. We further studied the surface diffusion behaviors of 
product, where three types of molecular diffusion behaviors (i.e., 
mobile, immobile, and hybrid trajectories) were observed at all 
defects. However, slower molecular diffusion rates were found at 
more photocatalytic active defects because of smaller population of 
mobile trajectory and stronger interaction with the product mole-
cule. Our findings shed light on the fundamental understanding of 
catalytic dynamics at individual defects, which provide guidance for 
the rational design of high-performance 2D material catalysts via 
defect engineering. This work can be extended to investigate the 
catalytic dynamics at other defects (substitution, adatom, grain 
boundary, etc.) and defects in other 2D layered materials. Continued 
efforts on establishing the molecular level understanding of how the 
defect chemical modification and external modulations (e.g., electric 
control, magnetic field, and supporting matrix effects) affect the 
catalytic dynamics at defects are worthy of future devotion.

MATERIALS AND METHODS
Sample preparation
Bulk InSe crystal was fabricated by using a nonstoichiometric melt 
of indium and selenium (53). InSe layered samples were obtained 
by mechanical exfoliation (54, 55). In brief, freshly cleaved InSe was 
fabricated on Scotch tape and then repeatedly peeled off to produce 
plenty of thin InSe flakes. We stamp-transferred the flakes onto the 
clean quartz slide (fused, 76.2 mm by 25.4 mm by 1.0 mm, Alfa 
Aesar) while heating the substrate to 65°C. Afterward, the quartz 
slide–supported InSe flakes were annealed under a nitrogen atmo-
sphere at 65°C for 30 min and lastly inspected under an optical 
microscope to select the interested InSe flakes.
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Fig. 4. Surface diffusion dynamics of fluorescein on 2D layered InSe. (A) Single-molecular tracks over InSe (Fig. 1) during a short imaging period under 1 M APF in 1× 
phosphate-buffered saline (PBS) buffer. The interval between the two data points is 0.1 s. Inset: The zoom-in single-molecular tracks marked by the dash square in (A). 
Three types of tracks on InSe, showing immobile, mobile, and hybrid trajectories. (B) Apparent diffusion coefficients of fluorescein at different structural features under 1 M 
APF in 1× PBS buffer. The error bars are means ± SD (basal plane > 250, edge > 80, wrinkle > 30, and vacancy > 10). (C) Dissociation rate (vd) of direct desorption pathway 
and desorption-mediated diffusion pathway at different structural features derived from the traces of immobile and mobile fluorescein, respectively. The error bars were 
calculated as the uncertainty of Gaussian fitting the distribution of dissociation rates from immobile and mobile tracks (Immobile tracks: basal plane, ~100; edge, ~48; 
wrinkle, ~72; and vacancy, ~290; mobile tracks: basal plane, ~131; edge, ~143; wrinkle, ~54; and vacancy, ~47).
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Single-molecule fluorescence imaging
Single-molecule imaging experiments were carried on a prism-type 
total internal reflection fluorescence microscope (14, 15) with setup 
configurations including an adjustable 60 mW/488 nm continuous 
wave laser (Oxxius), a 60× water immersion objective (Olympus; 
NA, 1.2), an iXonEM+ Ultra 897 camera (Andor Technology; 512 × 
512 imaging array; 16 m by 16 m pixel size), and a fluorescence 
filter set composed of a Chroma quad cube (ET-405/488/561/640-nm 
Laser Quad Band) and a 535/50-nm band-pass filter (Semrock). 
The exposure time of each frame is 100 ms. The photocatalytic ac-
tivity of InSe samples was measured by using a fluorogenic reaction 
of nonfluorescent APF (Thermo Fisher Scientific) chemoselectively 
reacting with hydroxyl radicals to produce highly fluorescent fluo-
rescein (maximum excitation wavelength, ex = 490 nm and maxi-
mum emission wavelength, em = 512 nm at pH 7.4). A microflow 
chamber was prepared by assembling the quartz slide with InSe 
sample and a #1.5 coverslip using 120-m-thick double-side tape. A 
reaction solution composed of APF and 1× phosphate-buffered saline 
buffer (pH 7.4) was introduced into the microflow chamber using a 
syringe pump (Harvard) with a flow rate set to 20 l min−1.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj4452
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