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Abstract: To understand the catalytic properties or roles of
different types of surface atoms on metal nanocatalysts, the
catalytic kinetics and dynamics of the different types of surface
atoms (plane and edge) were revealed for the first time by
a statistical quantitative deconvolution of observables obtained
from traditional single-molecule nanocatalysis of Pd nanocrystals.It was found that the edge and plane of Pd nanocubes
show similar size-dependent product formation processes, but
inverse product dissociation processes. This work helps push
the traditional single-molecule nanocatalysis method towards
the sub-particle level.

Heterogeneous nanocatalysis has attracted considerable

attention over the past decades because of its broad
applications during chemical manufacturing processes.[1]
However, study is often hampered by the difficulty of
identifying the properties or roles of different types of surface
atoms, such as the plane, edge, or corner atoms on a single
nanoparticle surface.[2–4] To elucidate this problem, various
experiments and computations have been conducted,[2, 4–10]
but it is still difficult to clarify the quantitative contribution
of different types of surface atoms to the total catalytic
reactivity of a single nanoparticle. In recent years, singlemolecule fluorescence microscopy (SMFM) has been used to
investigate the kinetic and dynamic behaviors of the whole
single nanoparticles in real time with single-turnover resolution.[11–19] Furthermore, the activity of different parts of an
individual nanocatalyst (from a few hundred nanometers to
microns in size) was visualized approximately using super[*] T. Chen, Y. Zhang, Prof. Dr. W. Xu
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resolution fluorescence microscopy.[20–22] However, owing to
the limitation of spatial resolution and the vague partition of
corner, edge, or plane on individual nanocatalysts, the
catalytic kinetic and dynamic study of different types of
surface atoms cannot be studied quantitatively with SMFM.
In this work, based on well-defined palladium (Pd)
nanocubes and rational physical models, by a statistical
quantitative deconvolution of observables obtained from
traditional single-molecule nanocatalysis of Pd nanocrystals,
the catalytic kinetics and dynamics of the different types of
surface atoms (plane and edge) were studied quantitatively
for the first time. This work pushes traditional SMFM a step
forward to sub-particle level.[18]
Here, the face-centered cubic (fcc) Pd nanocubes with
uniform sizes were synthesized according to previous methods (Supporting Information).[23–24] Figures 1 a–c and S1 a, b

Figure 1. Single-molecule nanocatalysis. a–c) Typical TEM images of
three sets of Pd nanocubes with size a) 7.0 nm, b) 11.4 nm, and
c) 15.2 nm. d) Experimental setup for single-molecule catalysis based
on Pd-catalyzed reduction of Resazurin to fluorescent Resorufin by H2
using total internal reflection fluorescence microscopy. e) Representative fluorescence intensity vs. time of a single 15.2 nm Pd nanoparticle
under catalysis with 1 nm Resazurin under saturated H2 at an imaging
rate of 100 ms per frame.

show typical transmission electron microscope (TEM) images
of five sets of Pd nanocubes in different sizes. The fcc Pd
nanocube is mainly enclosed by {100} facets, which was
confirmed by Figure S1c–e.[25] The corresponding size and
shape distributions are shown in Figures S2 and S3, where the
five sets of Pd nanocubes were, on average, 5.2, 7.0, 11.4, 15.2,
and 22.2 nm in edge length, respectively. Single-molecule
nanocatalysis was performed based on the hydrogenation of
Resazurin catalyzed by Pd nanocubes (Figure 1 d; Supporting
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Information, Figures S4 and S5). The product molecule of this
reaction is the fluorescent Resorufin that can be individually
detected by single nanoparticle surface with SMFM.[18] To
image this catalytic process, we immobilized the diluted
nanocubes on a quartz slide in a microfluidic reactor cell and
supplied the reactants in a constant flow (Figure 1 d). Under
a total internal reflection fluorescence microscope, each
product molecule of Resorufin was excited by a 532 nm
laser and the fluorescence was detected. Figure 1 e shows
a part of a typical single-molecule fluorescence trajectory
from a single 15.2 nm Pd nanocube. It contains intensity
bursts with consistent height, and each burst corresponds to
one product molecule, that is, one catalytic turnover, and the
duration (ton) of each burst reports the time each Resorufin
molecule spends before it dissociates and then diffuses away
from the nanocatalyst surface. The duration (toff) is the
waiting time before the formation of each Resorufin molecule.[18] Control experiments exclude the possible effect of
residual surfactants (Figure S6 and S7), and further confirm
that the observed signals originated from the reduction of
Resazurin by H2 catalyzed by Pd: No digital fluorescence
bursts are observed in the absence of either Pd nanocube, H2,
or Resazurin.
Statistically, htoffi¢1 and htoni¢1 (where hi denotes averaging) represent the time-averaged single-particle rates of
product formation and product dissociation, respectively.
When averaged over the turnover trajectories from many Pd
nanoparticles with the same size, htoffi¢1 and htoni¢1 are
expectedly dependent on the Resazurin concentration (Figure 2 a,b).[18, 26] Interestingly, the product formation rates
(htoffi¢1) for these five sets of nanoparticles (Figure 2 a) all
increase with substrate concentration first, then decrease
after a maximum, indicating a two-site Langmuir–Hinshelwood mechanism of the catalytic kinetics on these Pd
nanocatalysts.[7, 13] Figure 2 b shows that the product dissociation rates (htoni¢1) on three small (5.2 nm, 7.0 nm, and
11.4 nm) nanoparticles decrease with substrate concentration
(Figure 2 b), while the rates increase with substrate concentration on large (15.2 nm and 22.2 nm) Pd nanoparticles,
indicating that two different product dissociation pathways,
direct and substrate-associated indirect pathways, coexist in
this catalytic system.[18] Figure 2 c shows the total mechanism
for a complete turnover based on the two-site Langmuir–
Hinshelwood mechanism for the product formation process.[18] Based on statistical single-molecule analysis (Supporting Information), we obtained the product formation rate:
htoff i¢1 ¼

geff aA ½A¤aB ½B¤
ð1 þ aA ½A¤þaB ½B¤Þ2

ð1Þ

and the product dissociation rate:
hton i¢1 ¼

g2 G½B¤ þ g3
1 þ G½B¤

ð2Þ

where [A] and [B] are the H2 and Resazurin concentrations,
respectively; geff is the rate constant representing the intrinsic
reactivity per nanoparticle for the catalytic conversion
reaction; aA and aB are the adsorption constants of H2 and
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Figure 2. a,b) Resazurin concentration dependence of product formation rates (htoffi¢1) and product dissociation rates (htoni¢1) on 5.2 nm,
7.0 nm, 11.4 nm, 15.2 nm, and 22.2 nm Pd nanocubes. Each data
point is averaged over the turnover trajectories of > 50 nanoparticles.
Error bar = s.e.m. Solid lines are fitted with Equations (1) and (2); the
fitting results are summarized in Table S1. c) Diagram of the kinetic
mechanism for a whole catalytic turnover. N represents one Pd
nanoparticle; A, B, Q, and P represent hydrogen, Resazurin, water, and
Resorufin molecules, respectively; n, m, the number of H2 and
Resazurin molecules adsorbed on one nanoparticle surface at equilibrium; geff the effective rate constant for the product formation step; gi
the rate constants for different product dissociation steps; qA, qB, the
fraction of the surface occupied by hydrogen and Resazurin.

Resazurin; g2 and g3 are the rate constants for the indirect and
direct dissociation of product; G (= [A]g1/(g¢1 + g2)) is
a complex parameter without clear physical meaning but
related to both the substrate adsorption (g1)/desorption (g¢1)
and the indirect product dissociation process (g2).
For a Pd nanocube enclosed by {100} facets, apparently,
the total surface atoms can be divided into three main types.
The first type is the atoms on plane noted as p; the second is
the atoms at edge noted as e; and the third is the atoms on
corner noted as c. For Pd nanocubes with size larger than
5 nm, the portion of corner atoms on the whole surface of
a single Pd nanocube is too small to be reliably differentiated.[7, 27] In this case, the corner atoms were simply
neglected and only two types (p and e) of surface atoms were
considered. Based on the statistics of surface atoms,[27, 28] for
fcc nanocrystals, the numbers (Nplane and Nedge, both of them
are dimensionless) of different types of surface atoms on
a single nanocrystal with a particular size and shape can be
determined (Figure S8). Therefore, the fractions (xp = Nplane/
NS,xe = Nedge/NS) of different types of surface atoms can be
derived by a statistical calculation of surface atoms for fcc
nanocrystals (the number of surface atoms per particle: NS =
12 m2¢12 m¢4, where m is the number of atoms on an
equivalent edge of a nanocube; see the Supporting Information). Table S2 summarizes the statistical data for Pd nanocubes in different sizes used in this work.
Based on the data shown in Table S2, we decompose the
obtained values of htoffi¢1 and htoni¢1 shown in Figure 2 a,b
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into two parts, respectively corresponding to the two types of
surface atoms (p and e) mentioned above. For the decomposition of htoffi¢1, with the assumption that the observed
activity depends linearly on the fraction (xi) of each type of
surface atoms and their specific activity,[7] the following model
(Off-Model) is proposed to evaluate the contributions of
plane and edge atoms to the total product formation rate per
particle(Off-Model, Supporting Information):
htoff i¢1 ¼ htoff,plane* i¢1 N plane xp þ htoff,edge* i¢1 N edge xe

ð3Þ

Off-Model means the product formation rate (htoffi¢1)
averaged from a whole particle contains two terms. One term
(htoff,plane*i¢1Nplanexp) is the real contribution from all the plane
atoms (Nplane) on this particle surface; the other
(htoff,edge*i¢1Nedgexe) is the real contribution from all the edge
atoms (Nedge) on this particle surface. For each term,
htoff,plane*i¢1 or htoff,edge*i¢1 is defined as the apparent average
product formation rate per plane atom or edge atom, and was
assumed and subsequently confirmed to be independent of
the particle size (Figure S9) because the size effect has been
reflected by Nplane or Nedge. By contrast, the term
htoff,plane*i¢1Nplane or htoff,edge*i¢1Nedge represents the product
formation rate from all the plane or edge atoms and is
particle-size-dependent.
As for the product dissociation rate (htoni¢1) per particle,
similarly,based on the assumption mentioned above,[7]the OnModel is proposed to decompose htoni¢1:
hton i¢1 ¼ hton,plane* i¢1 xp þ hton,edge* i¢1 xe

ð4Þ

On-model means that the product dissociation rate htoni¢1
averaged from a whole single nanoparticle contains two
contributions: one (hton,plane*i¢1xp) is the real contribution
from all plane atoms on this nanoparticle, the other
(hton,edge*i¢1xe) is the real contribution from all edge atoms
on this nanoparticle. Since the dissociation of an individual
product molecule is only related to the property of the
individual (p or e) site where the individual product molecule
adsorbs and then approximately independent of the total
number of surface p or e sites, the terms of hton,plane*i¢1 and
hton,edge*i¢1 are the apparent average product dissociation rates
per plane atom and per edge atom, respectively, and were
assumed and subsequently confirmed to be independent of
nanoparticle size (Figure S10).
Since the values of htoffi¢1, htoni¢1, Nplane, xp, Nedge, and xe
have been obtained as shown in Figure 2 and Table S2, the
Off-Model for htoffi¢1 and On-Model for htoni¢1 can be applied
simultaneously to any two (AB, AC, BC, AD, BD, CD, AE,
BE, CE, and DE) of the five (A: 5.2 nm; B: 7.0 nm; C:
11.4 nm; D: 15.2 nm; E: 22.2 nm) size-different Pd-nanocubes
to extract the values of htoff,plane*i¢1 and htoff,edge*i¢1, hton,plane*i¢1
and hton,edge*i¢1 by solving two two-variable linear equations,
respectively, at various substrate concentrations (Figures S9
and S10). Based on the values of Nplane and Nedge on sizedifferent Pd nanoparticles, we further obtained the product
formation rate of all the plane atoms on one nanocube:
htoff,planei¢1 = htoff,plane*i¢1Nplane, and the product formation rate
of all the edge atoms on one nanocube: htoff,edgei¢1 =
Angew. Chem. Int. Ed. 2016, 55, 1839 –1843

Figure 3. a,b) The substrate Resazurin concentration dependence of
product formation rates (htoff,planei¢1) on a) plane sites, and b) edge
sites (htoff,edgei¢1) on five sets of size-different Pd nanocubes; c,d) The
Resazurin concentration dependence of product dissociation rates
averaged on one plane site c) hton,plane*i¢1, and edge site d) hton,edge*i¢1.
The hydrogen concentration was fixed at 0.8 mm. Solid lines are the
fits with Equation (5–8). All fitting values are summarized in Table S3
and Table S5. Error bars = s.e.m.

htoff,edge*i¢1Nedge. As shown in Figure 3 a,b, for all of the
nanocubes with five different sizes, both htoff,planei¢1 and
htoff,edgei¢1, the product formation rates of all of the plane
atoms and edge atoms on one nanocube increase with
Resazurin concentration first, then decrease inversely after
a maximum, similar to that shown in Figure 2 a, indicating
a two-site Langmuir–Hinshelwood mechanism of the catalytic
kinetics on both plane and edge of the nanocube. As for the
dissociation of individual product molecules from different
types of surface atoms, Figure 3 c shows that the product
dissociation rate on plane atoms (hton,plane*i¢1) increases with
substrate concentration, while the product dissociation rate
on edge atoms (hton,edge*i¢1) decreases inversely with substrate
concentration (Figure 3 d). All of these facts indicate the
coexistence of both direct and indirect dissociation pathways
on both plane and edge sites.[18]
According to the total catalytic mechanism shown in
Figure 2 c and the Equations (1–2), the kinetic equations for
the product formation rate of all the plane atoms or all the
edge atoms, and the average product dissociation rate on
a plane or edge atom (site) of the nanocube can be deduced as
following:
htoff, plane i¢1 ¼

geff,p aA,p ½A¤ aB,p ½B¤
ð1 þ aA,p ½A¤ þ aB,p ½B¤Þ2

ð5Þ

htoff, edge i¢1 ¼

geff,e aA,e ½A¤ aB,e ½B¤
ð1 þ aA,e ½A¤ þ aB,e ½B¤Þ2

ð6Þ

hton, plane* i¢1 ¼

g2,p Gp ½B¤ þ g3,p
1 þ Gp ½B¤

ð7Þ

hton, edge* i¢1 ¼

g2,e Ge ½B¤ þ g3,e
1 þ Ge ½B¤

ð8Þ
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where geff,i is the effective rate constant representing the
intrinsic reactivity of all the plane (p) or edge (e) atoms on
one nanoparticle for the catalytic conversion reaction; aA,i and
aB,i the adsorption constants for H2 and Resazurin on plane or
edge atoms; g2,i and g3,i the rate constants for the indirect and
direct dissociation of product on plane or edge site; Gi (= g1,i/
(g¢1,i + g2,i)) is a complex parameter without clear physical
meaning.
By fitting the data shown in Figure 3 a,b with the above
Equations (5–6) with a fixed hydrogen concentration, [A], we
can obtain the kinetic parameters for the product formation
process on different types (p and e) of surface atoms on
individual nanocubes, as shown in Table S3. It shows that geff,i,
the effective rate constants (geff,p and geff,e), representing the
intrinsic reactivity of all the plane (p) and edge (e) atoms on
one nanoparticle, all increase with the size of nanocubes. The
reason is that these effective rate constants (geff,i) contain the
contribution of the total numbers (Ni) of plane or edge active
sites on one nanoparticle (Supporting Information), and these
numbers of active sites is proportional to the size of the
nanocubes. The values of geff,e for all the five size-different Pd
nanocubes are approximately two-magnitude larger than
those of geff,p, indicating two important facts: i) the intrinsic
activity per edge active site (ge) is much higher than that per
plane site (gp); ii) the edge sites contribute much more than
the plane sites to the total activity of a single nanoparticle, as
can be seen from curves shown in the Figure 3 a,b. This fact
further confirms a well-known site-specific selectivity or
activity of different types of active sites.[2, 8] As for the
hydrogen adsorption constant (aA) on the surface Pd atoms,
Table S3 shows that this constant is almost independent of the
nanoparticle size and the type (p or e) of Pd atoms on surface,
which probably could be attributed to the spontaneous fast
dissociation of H2 molecules into atomic hydrogen atoms or
protons upon adsorption on Pd nanoparticles.[29] As for the
adsorption constant (aB) of Resazurin on the same type of
surface atoms (p or e), its value is also insensitive to the size of
Pd nanoparticles, probably owing to the fact that the
individual adsorption of molecules is only related to the
microenvironment of the adsorption site composed of a few
atoms. Interestingly, as shown in Table S3, the value of aB,p is
three times that of aB,e on the same Pd nanocubes, indicating
that aB is sensitive to the types of surface atoms. The reason
why aB,p is larger than aB,e may be the large flat p-p structure of
Resazurin molecule, which tends to be adsorbed on flat plane
site stably rather than the sharp edge site (Table S4). Table S3
also shows, compared with the edge site, that the plane site
exhibits stronger adsorption ability (aB,p) but lower catalytic
activity (geff,p) to Resazurin. This phenomenon is consistent
with previous observations on individual Au nanocatalysts.[30]
Similarly, by fitting the data shown in Figure 3 c,d with the
above Equations (7–8), we can obtain the kinetic information
of the product dissociation process on different types (p and
e) of surface atoms on nanocubes (Table S5). The product
dissociation from plane sites goes through both the direct and
indirect pathways, and the rate constant of the indirect
dissociation pathway (g2,p) is about three times of that (g3,p) of
the direct one, indicating that additional substrate (Resazurin) molecules can speed up the product dissociation from
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plane sites. While as for the product dissociation from edge
site shown in Figure 3 d, the dissociation rate decreases with
the increase of Resazurin concentration, indicating that
additional substrate (Resazurin) molecules can impede the
product dissociation from edge sites or g2,e < g3,e, just as that
shown in Table S5. The obtained value of g2,e ( ¢0.08 s¢1) is
approximately zero compared with g3,e ( 14 s¢1; only the
non-negative value for this parameter has a reasonable
physical meaning), probably indicating that all the product
molecules formed on the edge will finally dissociate through
the direct pathway.[22] The larger value of Ge compared with
Gp probably can be attributed to the fact that g2,e is smaller
than g2,p. These results show that the different types of surface
atoms will lead to different product dissociation kinetics or
ability, which can be ascribed to the distinctions of microenvironment around each distinct active site. Theoretically, it
is worth to noting here, for a given type of pure surface sites
(such as p or e) of a given type of material (such as the Pd
nanocubes used here), its product dissociation rate
(hton,plane*i¢1 or hton,edge*i¢1) per atom should be size-independent, just as that shown in Figure 3 c,d and Figure S10. By
contrast, for the observed real product dissociation rate
(htoni¢1) averaged from a whole single nanoparticle, as shown
in Figure 2 b, it could be size-dependent owing to a mix of
contributions from different types of surface atoms, as shown
in Equation (4).
It should be noted, owing to the effects of polydispersed
sizes and shapes (Figure S1–S3) as well as the surface defects
or restructuring of particles on statistics and orientation of
surface atoms, the catalytic kinetics revealed here for different types of surface atoms probably could reflect the properties of such a complicated surface structure.
In summary, based on five sets of Pd nanocubes with
different sizes, we revealed the catalytic kinetics and dynamics of different types of surface atoms (plane and edge) by the
quantitative deconvolution of observables from traditional
single-molecule nanocatalysis, pushing the traditional singlemolecule method a step forward. The strategy reported here
represents a powerful nanotechnology to study the catalytic
properties of different parts or types of surface atoms on
a single nanoparticle surface, which can provide insights into
the surface properties at the sub-particle level and effectively
guide the rational design of functional materials.
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