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CONSPECTUS: Metal clusters are very important as building blocks for
nanoparticles (NPs) for electrocatalysis and electroanalysis in both
fundamental and applied electrochemistry. Attention has been given to
understanding of traditional nucleation and growth of metal clusters and
to their catalytic activities for various electrochemical applications in
energy harvesting as well as analytical sensing. Importantly, understanding
the properties of these clusters, primarily the relationship between catalysis
and morphology, is required to optimize catalytic function. This has been
diﬃcult due to the heterogeneities in the size, shape, and surface
properties. Thus, methods that address these issues are necessary to begin
understanding the reactivity of individual catalytic centers as opposed to
ensemble measurements, where the eﬀect of size and morphology on the
catalysis is averaged out in the measurement.
This Account introduces our advanced electrochemical approaches to
focus on each isolated metal cluster, where we electrochemically fabricated clusters or NPs atom by atom to nanometer by
nanometer and explored their electrochemistry for their kinetic and catalytic behavior. Such approaches expand the dimensions
of analysis, to include the electrochemistry of (1) a discrete atomic cluster, (2) solely a single NP, or (3) individual NPs in the
ensemble sample. Speciﬁcally, we studied the electrocatalysis of atomic metal clusters as a nascent electrocatalyst via direct
electrodeposition on carbon ultramicroelectrode (C UME) in a femtomolar metal ion precursor. In addition, we developed
tunneling ultramicroelectrodes (TUMEs) to study electron transfer (ET) kinetics of a redox probe at a single metal NP
electrodeposited on this TUME. Owing to the small dimension of a NP as an active area of a TUME, extremely high mass
transfer conditions yielded a remarkably high standard ET rate constant, k0, of 36 cm/s for outer-sphere ET reaction. Most
recently, we advanced nanoscale scanning electrochemical microscopy (SECM) imaging to resolve the electrocatalytic activity of
individual electrodeposited NPs within an ensemble sample yielding consistent high k0 values of ≥2 cm/s for the hydrogen
oxidation reaction (HOR) at diﬀerent NPs. We envision that our advanced electrochemical approaches will enable us to
systematically address structure eﬀects on the catalytic activity, thus providing a quantitative guideline for electrocatalysts in
energy-related applications.

1. INTRODUCTION

properties of these clusters, mainly their relations to structure
and composition, is required for manipulating and optimizing
their function. In fact, most ensemble measurements average
over a large number of particles, which is completely diﬀerent
from an inherent activity of a single cluster. It however is not
trivial to synthesize and characterize metal clusters discretely
under a dispersed condition. A big challenge here remains in
studying these relations at the individual level especially when
we have (1) heterogeneity in the size, shape, composition, and
interparticle spacing of metal clusters in an ensemble system
and (2) lack of spatial resolution in an analytical approach. At
this stage, it becomes obvious that a reliable way of

We are just entering the era of “digital chemistry”, where
molecules and other entities are fabricated or synthesized one
at a time and characterized individually, where characterization
includes determination of properties, recognition of the entity,
and studies of the chemistry that occurs. While such an
approach is not amenable to applications where macroscopic
amounts of material are required, it can provide analytical
methods with unprecedented sensitivity as well as the
possibility of understanding and manipulating structural eﬀects
on reactivity.
For example, we consider here metal clusters as building
blocks for NPs and their use as electrocatalysts and in analysis.
Metal clusters can be categorized into diﬀerent sizes, shapes,
compositions, and factors such as capping agents or crosslinkers. Due to these heterogeneous aspects, understanding the
© 2016 American Chemical Society
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the stoichiometric number of electrons, F is Faraday’s constant,
CH is the proton concentration, and rNP is the NP radius.
Using these collisions, it is possible to get information on the
size of the NP with known D and concentration of reactant.
This approach, however, has not been applied to determining
the kinetics and catalytic properties of single particles for
several reasons. First, the synthesis of NPs often leaves a
distribution of sizes and shapes. To make a direct electrochemical comparison, relatively monodisperse samples of NPs
are necessary. Second, the current response in the amperometric i−t trace often decays over time, implying some type of
deactivation process.3 Third, NPs tend to aggregate in solution
with time. Other complex eﬀects on catalysis also exist, such as
heterogeneities on electrode surfaces, adsorption of molecular
impurities, and the capping agent.
We can apply the same principles of EA with NP collisions to
electrodeposited clusters or NPs with developing conditions
under which single ion collisions are sensitively monitored.4
When a single ion is reduced at the electrode surface, the
amount of charge passed from a few electrons is too small to be
observable in amperometry. However, if the reduction product
readily catalyzes a reaction, such as a proton reduction to
hydrogen gas, a faradaic response becomes observable. We
carry out the reaction in femtomolar PtCl62− in 1 M H2SO4 on
a 10 μm diameter C UME. The potential of the C UME is
adjusted suﬃciently negative (cathodic) to reduce proton at Pt.
Also, at this negative potential, each collision of a PtCl62− onto
C UME will result in electrodeposition of platinum atom by
atom. At femtomolar concentrations, the diﬀusion rate of ions
to the electrode is on the order of one ion per 5−10 s. The time
for proton reduction to occur is a measure of the number of Pt
atoms deposited. If this follows a nucleation and growth
mechanism, a small cluster of Pt atoms could form.
Figure 2a shows representative data. Each proton reduction
event is marked by a sharp increase in current and a fast decay.
White and co-workers have reported nanobubble formation on
the surface of nanometer platinum electrodes in high
concentrations of acid.5 In their experiment, a bubble nucleates,
grows, and stays stable as long as the potential is held
suﬃciently negative to reduce protons. They speculate that a
small ring around the electrode continues to reduce protons to
hydrogen at a rate equal to the rate of hydrogen dissolving at
the edge of the bubble. This ring was estimated to be ca. 10 pm.
Based on their studies, we propose that a bubble forms on the
catalytic center and eﬀectively isolates the cluster and shuts the
catalysis oﬀ. Figure 2b shows the average experimental
frequency as a function of concentration of PtCl62− (solid
line). The dashed line represents the frequency of collision of
PtCl62− anions calculated using eq 1. From the plots, the
diﬀerence in slope is a factor of 5, implying that on the average,
5 ± 1 ions of PtCl62− have interacted with the C UME surface
when an event is observed. We assume that the electrodeposition of atoms follows the classical nucleation and growth
model, where one can nucleate and grow single catalytic centers
on UMEs shown by Fleischmann6 and Kucernak.7 This ratio
may suggest that the electrocatalyst cluster contains ﬁve Pt
atoms. One other novel way of controlling the ﬂux of molecule
to the electrode surface is by trapping the molecules in a
droplet in an emulsion setup.
The ability to calculate the catalyst size in this manner
depends on a number of assumptions and requires several
caveats. The nucleation and growth model in this case requires
that (1) the platinum atoms remain on the C surface, (2) the

quantitatively determining the activity and morphology of
individual metal clusters is needed.

2. ATOM-BY-ATOM ELECTRODEPOSITION VIA
COLLISIONS
Methodology for carrying out an electrodeposition on an atomby-atom process can provide a new approach to catalyst
fabrication. It is also applicable to the analysis of very low
concentrations of metal ions and probing the early stages of
nucleation and growth of metal deposits. The produced NPs
are useful in studying size and structure eﬀects on single particle
behavior such as electrocatalytic activity compared to ensemble
measurements.
Experiments in Pt atom-by-atom deposition have originated
in earlier studies looking at the collision of Pt NPs onto a
relatively inert electrode surface, which is termed electrocatalytic ampliﬁcation (EA).1 The detectable NP size using this
method ranges from 4 to 70 nm in radius. One experiment,
shown in Figure 1a, uses a carbon ﬁber ultramicroelectrode (C

Figure 1. (a) Schematic representation of the collision experiment, (b)
current transients at a C UME in 10 mM perchloric acid and 20 mM
sodium perchlorate in the presence of Pt citrate NPs, and (c) cyclic
voltammograms of C UME (black) and Pt UME in 50 mM sodium
dihydrogencitrate (red) and 10 mM perchloric acid and 20 mM
sodium perchlorate.4

UME), which is inert to a wide range of inner-sphere reactions,
placed in a slightly acidic solution. Figure 1b shows the
diﬀerence in proton reduction between a bare C UME and a C
UME decorated with platinum NPs.1 If the C UME is biased at
a potential where proton reduction occurs not on carbon but
readily on platinum, a faradaic response can be observed when
a platinum NP collides with, and sticks to the C UME.
In collisions, much can be learned from the frequency of
collision, the height of the faradaic response, and the shape of
the response. Because of the stochastic collision of a NP onto
an UME, mass transfer to the electrode is represented by an
average collision frequency given by2
fdif = 4D NPC NPaNA

(1)

where fdif is the collision frequency governed by diﬀusion of the
NP to the electrode, DNP is the diﬀusion coeﬃcient of the NP,
CNP is the concentration of NPs, a is the radius of the UME,
and NA is Avogadro’s number. From this equation, one can
obtain the concentration of NPs or the diﬀusion coeﬃcient of
the NPs. The height of the peak under mass transfer control is
given by
iss = 4πnFDHC HrNP ln(2)

(2)

where iss is the steady-state current for the NP, DH is the
diﬀusion coeﬃcient of the reactant, for example, proton, n is
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Figure 2. (a) Proton reduction peaks resulting from electrodeposition of platinum from femtomolar concentrations in H2SO4. (b) Average
experimental frequency as a function of concentration of hexachloroplatinic acid (solid line) plotted with the calculated frequency from eq 1 per
hexachloroplatinate anion. (c) Proposed model.

Figure 3. (a) Schematic representation of the oxidation experiments. (b,c) Representative current−time traces for 62 fM cobalt ion and 100 fM
nickel ion on a C UME, respectively.

diﬀerent from bulk material,8 and we assume the potential at
hydrogen evolution (∼1000 mV more negative than potential
of reduction of hexachloroplatinate to bulk platinum) is
suﬃcient to drive the electrodeposition reaction under mass
transfer control. For reliable analysis, the electrode is often
calibrated by taking a cyclic voltammogram of an inner-sphere
(such as hydrazine oxidation) and outer-sphere (such as

size of the electrode is small enough to have only a single
nucleation site on the surface, and (3) the atoms move rapidly
on the surface until they ﬁnd the nucleation site. Also, the
nature of the surface (material and structure) can aﬀect the size
and the number of atoms. Capping agents and adsorbed
impurities will aﬀect catalytic properties and the size. We
recognize that the redox potential of a single platinum atom is
2589
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ferrocene methanol oxidation) reaction to ensure a consistent
electrode size. Inherently, complications arise due to two
diﬀerent nucleation and growth events in our current model: a
single catalytic center and a hydrogen bubble.

3. COLLISIONS OF OER CATALYSTS
We explored the possibility to nucleate catalysts capable of
water oxidation, such as cobalt oxide, iridium oxide, and nickel
oxide doped with iron.9 Figure 3 shows the experimental
scheme as well as representative data. The anodic oxidation in a
solution of the metal ion (i.e., Co2+, Ni2+) is known to form an
oxide that is catalytic for oxygen evolution reaction (OER) by
water oxidation. These ions at femtomolar level can be
electrodeposited as an oxide under suﬃciently positive
potential and cause oxygen evolution. Each water oxidation
event is marked by a sharp increase in current, and then
followed by decay due to the formation of an oxygen bubble on
the catalyst. Through a similar frequency versus concentration
analysis, the number of metal ions necessary to catalyze water
oxidation was estimated as 10 ions of cobalt and 11 ions of
nickel. In bulk catalytic studies, it is well-known that the
oxidation of water by nickel is enhanced by the addition of
iron.10 When femtomolar solutions of nickel and iron are mixed
together, the observed current peak height reaches a maximum
under the ratio of nickel to iron 5:1. This result is interesting
considering that the stochastic technique gives similar
information to bulk catalytic measurements.10

Figure 4. Schematics of the fabrication and the characterization of Pt
NP/TUME by electrodepositing a single Pt NP on TUME, removal of
Pt NP/TUME from the solution, and running cyclic voltammetry
(CV) in new solution of Ru(NH3)63+.

4. TUNNELING ULTRAMICROELECTRODE: AS USED
TO STUDY THE ET KINETICS AT A SINGLE NP
In this section, we expand our scope to a nanometer-sized
metal cluster and hence demonstrate tunneling ultramicroelectrodes (TUMEs) as a versatile platform to study the
electrochemistry of a single NP. A TUME involves a thin ﬁlm
of a dielectric on a conducting surface as an electrode.11 For
example, a TiO2 ﬁlm is electrodeposited on the conducting Pt
surface of a UME to block a direct ET to solution species. The
ﬁlm is thin enough, ca. 1 nm, to allow tunneling to a Pt NP.
Thus, the subsequent contact of metal NP to the TiO2 ﬁlm
restores the direct ET to solution species solely on the NP via
facile electron tunneling. Consequently, the composite of
UME/TiO2 ﬁlm/NP oﬀers a nanometer scale active area. By
applying a high enough potential on the TUME, we can also
drive the ET reaction across the TiO2 layer and thus directly
electrodeposit a metal NP on the TUME resulting in a new
nanometer-sized electrode as shown in Figure 4. This approach
allowed for fabrication of electrodes with radii of a few to tens
of nanometers.
A single Pt NP was visually conﬁrmed by scanning electron
microscopy (SEM) and a focused ion beam (FIB). In Figure 5,
ca. 13 nm and 28.5 nm radius single Pt NPs on each TUME
were seen with nearly spherical geometry, consistent with the
estimated radii from the integrated charges during current−
time transient.
Owing to the pinhole free TiO2 layer, a Pt NP on the TUME
(Pt NP/TUME) could be electrochemically characterized by
steady state voltammetry in 5 mM Ru(NH3)63+, where the Pt
NP is solely responsible for the current response. Thereby, the
radius of the Pt NP on the TUME was estimated from a
limiting current in obtained voltammograms assuming a single
Pt NP with a spherical geometry on a planar surface,11
ilim = 4π (ln 2)nFDC*r

Figure 5. SEM images of (a) ca. 13 nm and (b) 28.5 nm radius Pt NPs
on TUMEs. In inset of FIB image, the side view of Pt NP on TUME is
shown.

where ilim is a limiting current, F is the Faraday constant (96485
C/mol), D is a diﬀusion coeﬃcient of Ru(NH3)63+ (7.4 × 10−6
cm2/s), C* is a bulk concentration (5 mM) with the transferred
electron number, n = 1, and r is a radius of a single Pt NP. The
resulting radii of Pt NPs range from 0.7 to 41.6 nm for the
given voltammograms in Figure 6 (the rationalization of the
single NP presence on TUME can be found in ref 12).
Varying the size of the Pt NP, that is, the electrode size in
this work, is equivalent to altering the mass transfer rate, m.
Hence, we employ an UME treatment equivalent to the
Kotecký−Levich (K-L) RDE method but demonstrated for
general UMEs,12 where a series of steady state voltammograms
from diﬀerent sizes of Pt NP/TUMEs are used to construct a
plot of 1/current density (j) vs 1/m at diﬀerent potentials to
extract the kinetic information. We applied a Pt NP/TUME to
a kinetic study of heterogeneous ET reaction of Ru(NH3)63+ as
a model redox mediator using steady state voltammetry.
Because of the eﬃcient electron tunneling across a ca. 1 nm
thick TiO2 layer, the overall current density, j, at a Pt NP in the
K-L treatment can be expressed as
1
1
1
=
+
j
jet
jmt
(4)
for a quasi-reversible one-step one electron reduction reaction,
kf

O + e− ⇄ R

(5)

kb

(3)

The overall current density can be written as equation
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Figure 6. Cyclic voltammograms of (a) bare TUME with a pinhole free TiO2 layer and radii of 0.7 to 3.3 nm Pt NP/TUME and (b) radii of 11.7 to
41.6 nm Pt NP/TUME in 5 mM Ru(NH3)63+, 0.1 M KNO3.

Figure 7. (a) K−L plots generated from CVs in Figure 6a, (b) linear plot of ln(y-intercept) vs (E−E0′) obtained from K−L analysis. Both α and k0
could be independently determined from the obtained slope and new y-intercept, respectively. (c) Theoretically simulated voltammograms (open
circles) for k0 = 36 cm/s, α = 0.5 ﬁtted with experimental curves (solid lines) from radii of 0.7 and 41.6 nm Pt NP/TUMEs. Each voltammogram was
normalized with respect to its limiting current.

(b)α
1
1
1 ⎛ 1 + qb ⎞
= 0
+
⎜
⎟
FmC* ⎝ 1 − pb ⎠
j
Fk C* (1 − pb)

set of y-intercepts in the potential range from −0.15 to −0.05
V, we could estimate k0 remarkably high as 36 ± 4 cm/s with α
= 0.47, where p = 0.01 to 0.001 based on a nearly zero initial
current in CVs and q = 1 are assumed. Herein, α was
numerically determined from the potential dependence of the
y-intercepts but independent of the k0 value. Because the y-

(6)

where
0′

b = e F / RT(E − E ),
and

C* = CO*,

CR* = pCO*,

m = mO ,

intercept =

mO/mR = q

and pb ≪ 1, we can derive the

equation as,

Notably, eq 6 is analogous to eq 4 of K-L treatment; thereby
we can construct a plot of 1/j vs 1/(mC*) at given diﬀerent
potentials similar to conventional K-L plot. A set of linear K-L
plots are obtained with a constant slope of ∼1/F and diﬀerent
y-intercepts as presented in Figure 7a, where potential ranges of
E − E0′ ≤ −0.05 V are used in CVs from 0.7 to 3.3 nm radius
Pt NP/TUMEs. In this potential range, b becomes close to 0;
thus a resulting slope of all K-L plots should be 1/F. At large
potential such as −0.2 V, mass transfer dominates, so that a
linear K-L plot intersects the origin. As the potential becomes
smaller, the y-intercept,

(b)α
1
Fk0C * (1 − pb)

(b)α
1
,
Fk0C * (1 − pb)

⎛ 1 ⎞
αF
ln(y‐intercept) = ln⎜ 0 ⎟ +
(E − E 0 ′)
⎝ Fk C* ⎠ RT

(7)

By plotting ln(y-intercept) vs (E − E0′), both α and k0 could
be independently determined from the corresponding slope
and new y-intercept, respectively (Figure 7b).
The measured kinetic parameters were further conﬁrmed
with ﬁnite element analysis using COMSOL MULTIPHYSICS
(v. 4.2a). As presented in Figure 7c, the simulated voltammograms for k0 = 36 cm/s, α = 0.5, ﬁt well with experimental
curves from the smallest, 0.7 nm, to the largest radius, 41.6 nm,
of Pt NP/TUME, which shows a clear transition from kinetic

deviates more from the

origin due to a greater contribution of kinetic control. From a
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control to almost Nernstian behavior. These result are
consistent with the exceptionally high k0 determined here for
Ru(NH3)63+.
Particle size eﬀects on the relative rate constants are also of
interest. The present approach will be particularly useful in that
direction, because the constraint of the slope, 1/F in K-L plot
can be used to evaluate whether the present ET system deviates
from linearity, that is, size eﬀects exist especially as the NP or
nanoelectrode becomes smaller. Note that within the particle
range given in Figure 7a, we found no dependence of k0 on
particle radius. Importantly, this is the ﬁrst experimental
approach to reliably evaluate the size eﬀect on simple outersphere ET kinetics, where the protruded geometry of NP on
TUME and an extremely high purity solution avoid the over- or
underestimation, whereas a recession of planar electrode or
impurities in the solution can lead to such over- or
underestimation13,19 thus causing an apparent size eﬀect.

Figure 8. (a) FE-SEM images of electrodeposited Pt NPs on HOPG
from top and side view. Pt NPs are preferentially deposited along the
edge of HOPG. (b) SEM image of FIB milled Pt nanotip. (c) Schemes
illustrating ET reactions occurring at Pt NP and HOPG in the
presence of FcTMA+ (left) or H+ (right). Adapted with permission
from ref 16. Copyright 2016 American Chemical Society.

5. NANOSCALE SECM: A VERSATILE NANOSCALE
METHOD FOR THE STUDY OF ELECTROCATALYSIS
AT INDIVIDUAL NANOPARTICLES WITHIN AN
ENSEMBLE SAMPLE
Generally NPs exist as arrays in ensembles on the support
substrate with heterogeneities in their size, shape, spatial
orientation, and catalytic activity. In this section, we introduce
advanced nanoscale SECM imaging to resolve the geometric
property and catalytic activity of individual NPs even within an
ensemble sample. SECM is an imaging technique providing
chemical and topographic information, especially about surfaces
immersed in a solution by moving a small (micrometer to
nanometer sized) tip electrode very close to a substrate surface.
Herein, Pt NPs with a few tens to 100 nm radius were
directly electrodeposited on highly oriented pyrolytic graphite
(HOPG) via nucleation and growth electrodeposition without
the necessity for capping agents or anchoring molecules. Welldeﬁned hemisphere to sphere shaped Pt NPs with 90 ± 30 nm
radii were observed by ﬁeld emission-SEM (FE-SEM) in Figure
8a. A uniform height of ca. 120 nm was seen while various
aspect ratios were measured, indicating that Pt NPs are spread
out once they reach a steady state height during nucleation and
growth (Figure 8a, bottom). Additionally, highly preferential
deposition of the NPs along the edge plane of HOPG was
observed as reported by Penner and co-workers.14 The NPs
were well resolved without aggregation as required for SECM
measurements at an individual NP level.
We employed nanoscale SECM with an inlaid disk Pt
nanotip to map electrochemical activity at individual NPs. To
resolve the topographic information and electrochemical
activity of Pt NPs, we performed two consecutive SECM
experiments using two diﬀerent redox mediators, (1) FcTMA+
undergoing outer-sphere ET reaction under mass transfer
limiting conditions and (2) H+ undergoing inner-sphere ET
reaction. As schematically shown in Figure 8c, each diﬀerent ET
reaction is studied at the same Pt NPs using a Pt nanotip
comparable to the radius of Pt NPs. First, SECM measurements
using FcTMA+ are carried out at a distance between the Pt
nanotip and substrate surface comparable to the radius of Pt
nanotip, where the FcTMA2+ generated at the Pt nanotip can
be reduced back to FcTMA+ at both HOPG and Pt NPs at a
rate governed by diﬀusion. The heterogeneous ET reaction of
this mediator is not sensitive to the catalytic activity of the
diﬀerent surfaces. Thus, the distance between the tip and the

target, and hence the topographic factor, only determines the
tip current during the SECM imaging at a constant height. The
subsequent SECM measurement is carried out using HOR, an
inner-sphere ET reaction sensitive to the surface catalytic
property.15 In this case, H2 molecules generated at the Pt
nanotip cannot be oxidized back to H+ at HOPG but are
selectively oxidized at the Pt NP. Accordingly, the tip current
over Pt NPs during SECM imaging contains information on the
catalytic activity of HOR, as well as topography; thereby a
catalytic activity of Pt NP can be solely extracted after resolving
the topographic information determined from the study with
FcTMA+.
Based on this strategy, the SECM image with FcTMA+ was
obtained at a constant height 90 nm above the apex of NPs.
Because of a 120 nm uniform height of the electrodeposited
NPs conﬁrmed by SEM, the radius of NPs is the only
determining factor for the tip current over the Pt NP. Hence,
we theoretically predict the tip current−distance curves over
the Pt NPs by varying the radii of Pt NPs at the diﬀusioncontrolled condition as shown in Figure 9. By comparing the
currents measured in the SECM image at a 90 nm gap, we
could determine the radius of the ﬁve Pt NPs to be 63, 63, 108,
76, and 117 nm, in order from ﬁrst to ﬁfth as noted in Figure
10a.
Using the determined NP dimensions, we performed
numerical simulations in 3D space to deﬁne the spatial
orientation of NPs with respect to each other and predict the
current vs lateral distance proﬁles over the NPs. The theoretical
currents along the x axis at three diﬀerent locations (i.e., at a, b,
and c in Figure 10a) were simulated and compared with the
experimental current proﬁle cross-sectioning the SECM image
presented in Figure 10b. Theory and experimental values agree
well, validating the determined NP sizes and spatial orientation
of NP arrays.
A complementary SECM image with H+/H2 was continuously measured at the same location and a constant height 14
nm above the apex of each Pt NP in HOR in Figure 11a. At this
14 nm gap, a theoretical tip current over the Pt NP along the y2592

DOI: 10.1021/acs.accounts.6b00340
Acc. Chem. Res. 2016, 49, 2587−2595

Article

Accounts of Chemical Research

Figure 9. Theoretical current−distance curves for an inlaid-disk tip
with RG 2.5 approaching a reactive hemispherical to spherical NP with
dimensions, h (height) and r (radius), on the inert HOPG substrate. d
represents the gap between the tip and apex of spherical NP. The
resulting tip current over the NP is diﬀusion controlled in this analysis.
Reproduced with permission from ref 16. Copyright 2016 American
Chemical Society.

Figure 11. (a) SECM image for H+/H2 couple and denoted three
diﬀerent locations such as 1st, 3rd, and 4th Pt NPs for cross sectioning
in the y-axis. (b) Current−distance proﬁles over each diﬀerent NP
from SECM image in panel a. The experimental curves (solid lines) ﬁt
well with theoretical simulation (circular points) in terms of current
magnitudes, where the ET reaction at Pt NPs is governed by diﬀusion
control in this analysis. Reproduced with permission from ref 16.
Copyright 2016 American Chemical Society.

14 nm gap between tip and the apex of Pt NPs during SECM
imaging, the resulting mass transfer rate increases to 26 cm/s
(=DH2/d, DH2 = 3.7 × 10−5 cm2/s, d = 14 nm). Using the
Butler−Volmer relationship, we could extract a lower limit of
the heterogeneous eﬀective rate constant for HOR, k0eff ≥ 2 cm/
s with α = 0.5 and potential diﬀerence (E − E0′) = ca. 250 mV.
So far, k0eff of ≥0.9 cm/s has been reported by Kucernak and coworkers using a ﬂoating electrode with Pt NP ensembles under
highly enhanced mass transfer conditions.18 Notably, the large
k0eff in our work was attained at each individual Pt NP not an
ensemble. Furthermore, no discernible variation in the
reactivity was observed among diﬀerent sizes of Pt NPs from
63 to 120 nm radii especially under the high purity
experimental conditions, whereas signiﬁcant variation in oxygen
reduction activity has been reported depending on the size
among electrodeposited Pt NPs studied by scanning electrochemical cell microscopy (SECCM).19 We speculate that such a
variation might come from airborne contaminants on the
surface of Pt NPs in SECCM setup originating from the
exposure to air. Our experimental conditions include ultrapure
water with TOC level <3 ppb, minimum exposure of NP
surface to the air, storing the sample in ultrapure water, and an
electrochemical cleaning process for the tip and NP surface.
Such steps were crucial to the reproducible measurement of the
electrocatalytic HOR activity of Pt NPs. Although this study
does not show size dependence, a size eﬀect may be found with
a larger size variation.20 Thus, nanoSECM can provide a
versatile approach by varying the dimension of NPs, nanotip,
and nanogap ﬂexibly up to the tens of nanometer regime.

Figure 10. (a) SECM image for FcTMA2+/FcTMA+ couple and
denoted three diﬀerent lateral location of a, b, and c for crosssectioning. (b) Cross-sectional current responses at each diﬀerent
location from SECM image in panel a. The experimental curves (solid
lines) show a good ﬁt with theoretical simulation (closed circles),
where the ET reaction at Pt NPs is governed by diﬀusion control in
this analysis. Reproduced with permission from ref 16. Copyright 2016
American Chemical Society.

axis was predicted with determined NP dimensions and was
compared with the experimental current proﬁles. In Figure 11b,
good agreement in current magnitude over three diﬀerent Pt
NPs is obtained especially under diﬀusion controlled
conditions, implying that H2 generated at the Pt nanotip is
rapidly oxidized at the Pt NPs as soon as it diﬀuses to the
surface (an explicit discussion about the ellipsoidal shaped NPs
in SECM image or a discrepancy in current peak width shown
in Figure 11 can be found in the ref 16, not discussed here).
Generally, a diﬀusion-controlled condition is obtained when
the corresponding heterogeneous ET rate is at least an order of
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6. CONCLUSIONS AND PERSPECTIVES
In this work, we have suggested three powerful analytical
approaches to quantitatively determine the activity and
morphology of individual metal clusters at atomic to nanometer
resolution. The atom by atom approach using EA has shown
high selectivity as well as sensitivity to monitor the atomic sized
metal clusters and thus further promises a possibility of
detecting signiﬁcantly low concentrations of metal ions, for
example, Pb2+. Moreover, TUME expanded our scope to
investigate a nanometer-sized single metal cluster, that is, a NP
solely electrodeposited on TUME, and showed successful
application along with K-L analysis of an extremely fast ET
kinetic study providing a measure of size eﬀect. The extension
of this approach to an inner-sphere ET reaction undergoing
surface-sensitive electrocatalytic reactions is more complicated
but may be able to reveal the heterogeneous and dynamic
behavior of metal clusters as catalysts.21 Flexibility can be
gained through electrodepositing various metal NPs22,23on
TUMEs; thereby this approach should be broadly useful in
studying particle composition, size, and structure eﬀects on the
catalytic activity of given nanocatalysts.24,25 Owing to a high
spatial resolution of nanoscale SECM, isolated NPs within an
ensemble sample could be quantitatively studied for their size,
shape, spatial orientation, and catalytic activity at an individual
level along with theoretical modeling. Eﬀectively, nanoSECM
also can address the surface property eﬀects on the NP’s
catalytic reactivity, such as capping agent eﬀects for optimum
catalytic properties. Overall, we envision that newly developed
electrochemical approaches described here will serve as
powerful tools to systematically address structure eﬀects on
the catalytic activity, thereby providing quantitative guidelines
for electrocatalysts in energy-related applications.
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