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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 nano-
crystals. 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.!"!
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.>™ To elucidate this problem, various
experiments and computations have been conducted,** "l
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, single-
molecule fluorescence microscopy (SMFM) has been used to
investigate the kinetic and dynamic behaviors of the whole
single nanoparticles in real time with single-turnover reso-
lution.""" Furthermore, the activity of different parts of an
individual nanocatalyst (from a few hundred nanometers to
microns in size) was visualized approximately using super-
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resolution fluorescence microscopy.??! 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.l'"]

Here, the face-centered cubic (fcc) Pd nanocubes with
uniform sizes were synthesized according to previous meth-
ods (Supporting Information).>* Figures 1a—c and Sla,b
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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 H,
using total internal reflection fluorescence microscopy. €) Representa-
tive fluorescence intensity vs. time of a single 15.2 nm Pd nanoparticle
under catalysis with 1 nm Resazurin under saturated H, 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 Slc-e.”! 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 22.2nm in edge length, respectively. Single-molecule
nanocatalysis was performed based on the hydrogenation of
Resazurin catalyzed by Pd nanocubes (Figure 1d; 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.['"* 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 1d). 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 1e shows
a part of a typical single-molecule fluorescence trajectory
from a single 15.2nm 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 (7,,) of each burst reports the time each Resorufin
molecule spends before it dissociates and then diffuses away
from the nanocatalyst surface. The duration (7.;) is the
waiting time before the formation of each Resorufin mole-
cule."™ 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 H, catalyzed by Pd: No digital fluorescence
bursts are observed in the absence of either Pd nanocube, H,,
or Resazurin.

Statistically, (7o) ' and (7,,)"' (where () denotes averag-
ing) 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, (r.q) ' and (z,,) ' are
expectedly dependent on the Resazurin concentration (Fig-
ure 2a,b)."%2! Interestingly, the product formation rates
({(to) ") for these five sets of nanoparticles (Figure 2a) all
increase with substrate concentration first, then decrease
after a maximum, indicating a two-site Langmuir-Hinshel-
wood mechanism of the catalytic kinetics on these Pd
nanocatalysts.”'* Figure 2b shows that the product dissoci-
ation rates ({(r,,) ') on three small (5.2 nm, 7.0 nm, and
11.4 nm) nanoparticles decrease with substrate concentration
(Figure 2b), while the rates increase with substrate concen-
tration on large (152 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.!'® Figure 2 ¢ shows the total mechanism
for a complete turnover based on the two-site Langmuir—
Hinshelwood mechanism for the product formation pro-
cess."® Based on statistical single-molecule analysis (Support-
ing Information), we obtained the product formation rate:

L1 Yenaa[Alag[B]
o = Y A B v

and the product dissociation rate:

-1 ¥2G[B] + 73

() =P GET @)
where [A] and [B] are the H, and Resazurin concentrations,
respectively; y. is the rate constant representing the intrinsic
reactivity per nanoparticle for the catalytic conversion
reaction; a, and ag are the adsorption constants of H, and
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Figure 2. a,b) Resazurin concentration dependence of product forma-
tion rates (7o) ') and product dissociation rates ((7,,)"') 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. ¢) 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 H, and
Resazurin molecules adsorbed on one nanoparticle surface at equilib-
rium; y.¢ the effective rate constant for the product formation step; y;
the rate constants for different product dissociation steps; 6,, 05, the
fraction of the surface occupied by hydrogen and Resazurin.

Resazurin; y, and y; are the rate constants for the indirect and
direct dissociation of product; G (=[Aly/(y_1+y2)) is
a complex parameter without clear physical meaning but
related to both the substrate adsorption (y,)/desorption (y_;)
and the indirect product dissociation process (y,).

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 differ-
entiated.”?”) 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,?”-?! for
fee nanocrystals, the numbers (N, and Negq, 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 (x, = N/
Ngx, = Nq4o/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: Ng=
12m?’—12m—4, where m is the number of atoms on an
equivalent edge of a nanocube; see the Supporting Informa-
tion). Table S2 summarizes the statistical data for Pd nano-
cubes in different sizes used in this work.

Based on the data shown in Table S2, we decompose the
obtained values of (r,;) ' and (,,) ' shown in Figure 2a,b
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into two parts, respectively corresponding to the two types of
surface atoms (p and e) mentioned above. For the decom-
position of (z.;) !, with the assumption that the observed
activity depends linearly on the fraction (x;) of each type of
surface atoms and their specific activity,” 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):

<Toff>7l = <T0ff,plane*>71Nplanexp + (Toffvedge*>71Nedgexe (3)

Off-Model means the product formation rate ({(zog) ")
averaged from a whole particle contains two terms. One term
((rofﬂplane*)’lelmxp) is the real contribution from all the plane
atoms  (Ny.,.) on this particle surface; the other
((romedge;::)"ngexe) is the real contribution from all the edge
atoms (N.y.) on this particle surface. For each term,
(Toftpiane=) " OT (Tofreager) " 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 Ny Or Negee By contrast, the term
(Tottpiancs) Npane OF (Toftedger) Neage Tepresents the product
formation rate from all the plane or edge atoms and is
particle-size-dependent.

As for the product dissociation rate ({t,,) ') per particle,
similarly,based on the assumption mentioned above,['the On-
Model is proposed to decompose (z,,) *:

<Tnn>71 = <Ton,plane*>71xp + <Ton,edge*>71xe (4>

On-model means that the product dissociation rate (z,,) "
averaged from a whole single nanoparticle contains two
contributions: one ((rm,plane%)”x{,) is the real contribution
from all plane atoms on this nanoparticle, the other
((ron‘cdgc*f‘xe) 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 (7o panes) ' and
(Ton_edge*>_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 (Tox) ™", (Ton) ", Nptanes Xp» Neager and x,
have been obtained as shown in Figure 2 and Table S2, the
Off-Model for (z,) ' and On-Model for (z,,) ' can be applied
simultaneously to any two (AB, AC, BC, AD, BD, CD, AE,
BE, CE, and DE) of the five (A: 52nm; 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 (Tygpanes) ' and (Togeages) s (Tonplanes)
and (Ton.edge*Yl by solving two two-variable linear equations,
respectively, at various substrate concentrations (Figures S9
and S10). Based on the values of N, and N, on size-
different Pd nanoparticles, we further obtained the product
formation rate of all the plane atoms on one nanocube:
(Toftpiane) = (Toftpianc=) Npiane> and the product formation rate
of all the edge atoms on one nanocube: (roff,cdgcfl =
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Figure 3. a,b) The substrate Resazurin concentration dependence of
product formation rates ((Topane) ') ON ) plane sites, and b) edge
sites ((rofﬁedge)") on five sets of size-different Pd nanocubes; c,d) The
Resazurin concentration dependence of product dissociation rates
averaged on one plane site ¢) (T paner) ' and edge site d) (Topedger) -
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.

(Tofﬂcdgc*)’lchgc. As shown in Figure 3a,b, for all of the
nanocubes with five different sizes, both (Tomplaneyl and
(romedgeYl, 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 2a, 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¢ shows that the product
dissociation rate on plane atoms ((ron‘plam*)’l) increases with
substrate concentration, while the product dissociation rate
on edge atoms ((ron‘edge*)’l) decreases inversely with substrate
concentration (Figure 3d). All of these facts indicate the
coexistence of both direct and indirect dissociation pathways
on both plane and edge sites.'"!

According to the total catalytic mechanism shown in
Figure 2¢ 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:

1 _ '}/eff,p aAp [A] aBp [B]
(T(,[f.plane> - (1 ¥ dap [A] I anp[B])z (5)

_ Yeite Aae [A] age [B]
“ T+ ane Al ago B ©

(Tot, edge)il

-1 _ V2<p Gp [B] + ylp
S =11 6,8 @

<‘[on, plane

-1 _ Y2e Gc [B} + V3e
<ton,edge*> - 1 4 GL[B] (8)
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where y.; 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; a, ; and
ag; the adsorption constants for H, and Resazurin on plane or
edge atoms; y,; and y;; the rate constants for the indirect and
direct dissociation of product on plane or edge site; G, (= y,/
(y_1:+y20)) is a complex parameter without clear physical
meaning.

By fitting the data shown in Figure 3a,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 y.;,
the effective rate constants (., and y.,), 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 (y.;) contain the
contribution of the total numbers (NV,) 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 y., for all the five size-different Pd
nanocubes are approximately two-magnitude larger than
those of y.,, indicating two important facts: i) the intrinsic
activity per edge active site (y,) is much higher than that per
plane site (y,); 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 3a,b. This fact
further confirms a well-known site-specific selectivity or
activity of different types of active sites.>® As for the
hydrogen adsorption constant (a,) 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 H, molecules into atomic hydrogen atoms or
protons upon adsorption on Pd nanoparticles.”” As for the
adsorption constant (az) 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 ag, is
three times that of ag, on the same Pd nanocubes, indicating
that ay is sensitive to the types of surface atoms. The reason
why ayg , is larger than ag, may be the large flat st-7v 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 (ap,) but lower catalytic
activity (y.,) to Resazurin. This phenomenon is consistent
with previous observations on individual Au nanocatalysts.[*"!

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 (y,,) is about three times of that (y;,) of
the direct one, indicating that additional substrate (Resa-
zurin) 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 3d, 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 y,, < y;,, just as that
shown in Table S5. The obtained value of y,, (=~ —0.08s7") is
approximately zero compared with y;, (=14s™"; 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.’? The larger value of G, compared with
G, probably can be attributed to the fact that y,, is smaller
than y, . 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 micro-
environment 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
((Tonplanes) " OF (Toneager) ') per atom should be size-independ-
ent, just as that shown in Figure 3c,d and Figure S10. By
contrast, for the observed real product dissociation rate
({z,) ") averaged from a whole single nanoparticle, as shown
in Figure 2b, 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 differ-
ent types of surface atoms probably could reflect the proper-
ties of such a complicated surface structure.

In summary, based on five sets of Pd nanocubes with
different sizes, we revealed the catalytic kinetics and dynam-
ics of different types of surface atoms (plane and edge) by the
quantitative deconvolution of observables from traditional
single-molecule nanocatalysis, pushing the traditional single-
molecule 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.

Acknowledgements

Work was funded by National Basic Research Program of
China (973 Program, 2014CB932700 and 2012CB932800),
National Natural Science Foundation of China (21273220,
21573206, 51371164, 21422307,21573215 and 21303180), Stra-
tegic Priority Research Program B of the CAS under Grant
No. XDB01020000, Fundamental Research Funds for the
Central Universities and “the Recruitment Program of
Global youth Experts” of China. The authors declare no
competing financial interests.

Keywords: fluorescence microscopy - nanocatalysis -
nanocrystals - single molecules

Angew. Chem. Int. Ed. 2016, 55, 1839-1843


http://www.angewandte.org

GDCh
~~

How to cite: Angew. Chem. Int. Ed. 2016, 55, 1839-1843
Angew. Chem. 2016, 128, 1871-1875

[1] G. Bergeret, P. Gallezot, G. Ertl, H. Knozinger, J. Weitkamp,
Handbook of heterogeneous catalysis, VCH, Weinheim, 1997.

[2] T.F Jaramillo, K. P. Jgrgensen, J. Bonde, J. H. Nielsen, S. Horch,
1. Chorkendorff, Science 2007, 317, 100-102.

[3] G. A. Somorjai, Y. Li, Introduction to surface chemistry and
catalysis, Wiley, Hoboken, 2010.

[4] T. Zambelli, J. Wintterlin, J. Trost, G. Ertl, Science 1996, 273,
1688 —1690.

[5] W. Zhu, et al., J. Am. Chem. Soc. 2013, 135, 16833 - 16836.

[6] C.M. Sénchez-Sénchez, J. Solla-Gullén, F.J. Vidal-Iglesias, A.
Aldaz, V. Montiel, E. Herrero, J. Am. Chem. Soc.2010, 132,
5622 -5624.

[7] M. Crespo-Quesada, A. Yarulin, M. Jin, Y. Xia, L. Kiwi-
Minsker, J. Am. Chem. Soc. 2011, 133, 12787 -12794.

[8] N. M. Andoy, X. Zhou, E. Choudhary, H. Shen, G. Liu, P. Chen,
J. Am. Chem. Soc. 2013, 135, 1845-1852.

[9] H. Zheng, et al., Science2011,333, 206 —209.

[10] S.C. Lai, P. V. Dudin, J. V. Macpherson, P. R. Unwin, J. Am.
Chem. Soc. 2011, 133, 10744-10747.

[11] X. Zhou, W. Xu, G. Liu, D. Panda, P. Chen, J. Am. Chem. Soc.
2010, 732, 138-146.

[12] G. De Cremer, B.F. Sels, D. E. De Vos, J. Hofkens, M. B. J.
Roeffaers, Chem. Soc. Rev. 2010, 39, 4703 -4717.

[13] K. S. Han, G. Liu, X. Zhou, R. E. Medina, P. Chen, Nano Lett.
2012, 12, 1253 -1259.

[14] P. Chen, et al., Chem. Soc. Rev. 2014, 43, 1107-1117.

Communications

Internati

[15] S. K. Das, Y. Liu, S. Yeom, D. Y. Kim, C. I. Richards, Nano Lett.
2014, 14, 620-625.

[16] J. W. Ha, T. P. A. Ruberu, R. Han, B. Dong, J. Vela, N. Fang, J.
Am. Chem. Soc. 2014, 136, 1398 —-1408.

[17] A.L. Routzahn, P. K. Jain, Nano Lett. 2014, 14, 987-992.

[18] W. Xu,J. S. Kong, Y. Yeh, P. Chen, Nat. Mater. 2008, 7, 992 -996.

[19] T. Tachikawa, S. Yamashita, T. Majima, Angew. Chem. Int. Ed.
2010, 49, 432-435; Angew. Chem. 2010, 122, 442 —445.

[20] T. Tachikawa, S. Yamashita, T. Majima, J. Am. Chem. Soc. 2011,
133, 7197 -7204.

[21] X. Zhou, et al., Nat. Nanotechnol. 2012, 7, 237 -241.

[22] M. B.J. Roeffaers, et al., Angew. Chem. Int. Ed.2009, 48, 9285 —
9289; Angew. Chem.2009, 121, 9449 —9453.

[23] B. Xu, Z. Zhang, X. Wang, Nanoscale 2013, 5, 4495 —4505.

[24] M. Jin, H. Liu, H. Zhang, Z. Xie, J. Liu, Y. Xia, Nano Res. 2011,
4,83-91.

[25] G. Collins, M. Schmidt, C. O’Dwyer, J. Holmes, G.P.
McGlacken, Angew. Chem. Int. Ed. 2014, 53, 4142-4146;
Angew. Chem. 2014, 126, 4226 —4229.

[26] H.P. Lu, L. Y. Xun, X.S. Xie, Science 1998, 282, 1877 -1882.

[27] R. Van Hardeveld, F. Hartog, Surf. Sci.1969, 15, 189-230.

[28] G. C. Bond, Chem. Soc. Rev. 1991, 20, 441 -475.

[29] T. Mitsui, M. K. Rose, E. Fomin, D. F. Ogletree, M. Salmeron,
Nature 2003, 422, 705-707.

[30] W. Xu, J.S. Kong, P. Chen, Phys.Chem. Chem. Phys. 2009, 11,
2767-27178.

Received: October 3, 2015
Revised: November 23, 2015
Published online: January 6, 2016

Angew. Chem. Int. Ed. 2016, 55, 1839-1843

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

An dte

Chemie

1843


http://dx.doi.org/10.1126/science.1141483
http://dx.doi.org/10.1126/science.273.5282.1688
http://dx.doi.org/10.1126/science.273.5282.1688
http://dx.doi.org/10.1021/ja409445p
http://dx.doi.org/10.1021/ja204557m
http://dx.doi.org/10.1021/ja309948y
http://dx.doi.org/10.1021/ja203955b
http://dx.doi.org/10.1021/ja203955b
http://dx.doi.org/10.1021/ja904307n
http://dx.doi.org/10.1021/ja904307n
http://dx.doi.org/10.1039/c0cs00047g
http://dx.doi.org/10.1021/nl203677b
http://dx.doi.org/10.1021/nl203677b
http://dx.doi.org/10.1039/C3CS60215J
http://dx.doi.org/10.1021/nl403820m
http://dx.doi.org/10.1021/nl403820m
http://dx.doi.org/10.1021/ja409011y
http://dx.doi.org/10.1021/ja409011y
http://dx.doi.org/10.1021/nl4044289
http://dx.doi.org/10.1038/nmat2319
http://dx.doi.org/10.1002/anie.200904876
http://dx.doi.org/10.1002/anie.200904876
http://dx.doi.org/10.1002/ange.200904876
http://dx.doi.org/10.1021/ja201415j
http://dx.doi.org/10.1021/ja201415j
http://dx.doi.org/10.1038/nnano.2012.18
http://dx.doi.org/10.1039/c3nr00643c
http://dx.doi.org/10.1007/s12274-010-0051-3
http://dx.doi.org/10.1007/s12274-010-0051-3
http://dx.doi.org/10.1002/anie.201400483
http://dx.doi.org/10.1002/ange.201400483
http://dx.doi.org/10.1126/science.282.5395.1877
http://dx.doi.org/10.1039/cs9912000441
http://dx.doi.org/10.1038/nature01557
http://dx.doi.org/10.1039/b820052a
http://dx.doi.org/10.1039/b820052a
http://www.angewandte.org

