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Different pathways towards the generation and detection of a single metal nanoparticle (MNP) on a conductive
carbon support for testing as an electrocatalyst are described. Various approaches were investigated including
interparticle distance enhancement, electrochemical and mechanieaubiptrate MNP transfer onto
macroscopic surfaces, scanning electrochemical microscopy (SECM)-controlled electrodeposition, and the
use of selective binding monolayers on carbon fiber electrodes (CFESs) for solution-phase-selective adsorption.
A novel SECM technique for electrodepositing MNPs on CFE tips immersed2@Dnm below the electrolyte

level was developed and used to generate single Pt and Ni nanopatrticles. Following their generation, we
demonstrate electrocatalytic detection of'Fen individual Pt particles with the CFE in a¥éH,SO, solution.

We also describe an approach of attaching MNPs to CFEs by controlling the composition of monolayers
bonded to the CFE. By employing a monolayer with a low ratio of binding (e.g., 4-aminopyridine) to nonbinding
molecules (e.g., aniline) and controlling the position of the CFE in a colloidal Pt solution with a SECM, we
attached a single 15 nm radius Pt nanoparticle to the CFE. Such chemisorbed Pt particles exhibited a stronger
adhesion on surface-modified CFEs and better mechanical stability during proton reduction than MNPs

electrodeposited directly on the CFE.

Introduction Shifting from traditional multiple nanoparticle synthesis to
synthesis and study of single nanoparticles can minimize these
problems. While there have been extensive studies of single
molecules, including catalytic properties of single enzymes,
usually via fluorescence methotfthe behavior of single MNPs

as catalysts remain relatively unexplored. In single molecule
studies, the high signal amplification required is provided by
fhe repeated excitation and emission of a suitable stable
fluorescent label or produét.Amplification in electrocatalysis
studies on single MNPs occurs by the repeated electron-transfer
reactions that occur at the particle but require the detection of
currents in the picoampere or sub-picoampere region. Moreover,
a large variety of electrocatalytic reactions using solution phase
reactants can be studied at a single MNP.

This paper deals with electrochemical methods of preparing
and characterizing single MNPs. While single MNPs are more
difficult to prepare compared to multiparticle collections, they
provide several advantages, which are mainly related to reduced
structural complexity. Unlike multiparticle-covered surfaces,

' single supported MNPs show no size or shape distributions and
allow complex variables such as interparticle distance or particle
surface density to be omitted from the analysis. From an
electrochemical standpoint, the diffusion associated with mul-
tiple nanoparticles can be spherical, planar, or a combination
of these, depending on the extent of overlap between the
diffusion fields, which is governed by the spatial distribution
of the particles on the support and is affected by several factors,
'such as the duration of the experiment. The equation for a
diffusion-controlled reaction at a single nanoparticle is simpler
showing, to a good approximation, spherical (or hemispherical)
diffusion in accord with

In recent years, metal nanoparticles (MNPs), especially Ag
and Au, have been of interest because of their unique optfcal,
electrical®* magnetict® and chemicdl'? properties, often
remarkably different from their bulk counterpatts’® From a
commercial standpoint noble MNPs, typically supported on high
surface area carbons, are used in many heterogeneous catalyt
and electrocatalytic processgs?*

Of special interest is the relationship between the particle
size and the structure with the chemical or electrochemical
reactivity?>-34 Several techniques have been used to investigate
MNPs and nanostructured surfaces, including electrochemical
methods’>-39 IR spectroscopy? 42 X-ray absorption spectros-
copy{344 scanning tunneling (STM) and atomic force (AFM)
microscopied? 47 differential electrochemical mass spectrom-
etry (DEMS)#8 ultrahigh vacuum (UHV) techniques, and
others??50 Almost all studies of MNPs have involved large
arrays or collections of particles on surfaces or dispersed in
solution. These MNPs are typically prepared by bulk methods
e.g., collection of metal colloid particles from suspension by
controlled adsorptio’ 52 or electrophoresi&! vapor deposition
of metal at low coverage onto a surface in high vactbigas-
phase reduction of metal salt particles by, microwave
irradiation®” or electroless or pulsed potentiostatic deposi-
tion.58:59Significant problems that are typically encountered arise
from difficulties in preparing MNPs with a narrow size
distribution, surface agglomeration, occurrence of lattice defects
and poisoning of the metal by impurities (e.g., sulfur) present
in the substrate suppdits?
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where Jim is the diffusion-limiting current densityn is the tip. Epoxy cement was injected into the top of the capillary to
number of electrons transferrefd,is Faraday’s constanD is attach the Ni-Cr wire to the glass tube and hold the CFE rigid.
the mediator diffusion coefficien€.. is the mediator concentra-  The glass at the tip was then sealed around the CFE using a
tion, anda is the nanopatrticle radius. cool low oxygen/natural gas flame by inserting the pipet tip

The equation demonstrates that diffusion current densitiesinto the flame for approximately 0.5 s. The part of the CFE
vary asa~l, and hence for smaller particles it is possible to that protruded from the glass pipet was then flame etched in an
study fast interfacial reactions over a broad potential range, sinceoxygen-rich (bright blue) flame to a length of %@n or less
the limit of diffusion is not reached even at considerable over- using periodic observation by optical microscopy to monitor
potentials. In synthesizing a nanoparticle for electrocatalytic the progress of etching. During this step, it was very important
studies, one seeks a number of desirable characteristics: (i) well-to etch the CFE alone, without melting the glass seal. This was
defined and known location of the nanoparticle; (i) minimal done by a very slow manual insertion of the CFE into the flame.
electrochemical interference from the substrate; (iii) good An orange glow from the CFE indicated that etching was
adhesion to the substrate (high mechanical stability); (iv) proceeding. Typically, three flame etches were performed, each
controlled particle size and shape; (v) good contact (efficient lasting approximately 1 s. The etched carbon fiber was insulated
bidirectional electron transfer) to the substrate; (vi) good with anodic electrophoretic paint. The etched CFE was im-
chemical stability. mersed into a 1:20 solution of the paint in water, and a Pt coil

Despite these significant advantages, only a few reports havesurrounding the CFE was the reference/auxiliary electrode. A
appeared on the electrochemistry of single MIRP& Stimming direct current potential of 2.2 VV was applied to the CFE for 40
and co-workers used an in situ method to prepare and measuré, after which time the oxidation current had decreased to a
the reactivity of single Pd nanoparticles on a Au support, small steady value of 0:21.0 nA. The electrode assembly was
reporting a strong size-dependent catalytic effect toward the removed and heated at 150 for 3 min. This process has been
proton reduction reactiotf: 66 In this study, particle preparation ~ shown to slightly shrink the deposited paint film, exposing the
involved a modification of a method originally developed by tip. The entire deposition and heating process was repeated once
Kolb et al. taking advantage of a fast response scanning more to ensure good insulation of the sides of the fibers.
tunneling microscope to place a single nanoparticle on a Instrumentation. A CH Instruments model CHI 900B (CH
monocrystalline gold suppoff. Here we seek alternative, Instruments, Austin, TX) was employed for electrochemical
simpler techniques for both the generation and the electrochemi-measurements. Scanning electron microscopy (SEM) and energy-
cal detection of single nanoparticles on electronically conductive dispersive spectrometry (EDS) analyses were carried out using

substrates. a LEO 1530 scanning electron microscope. Because the MNP
was frequently smaller than the tip apex and sometimes located
Experimental Section away from the apex, the CFEs were systematically SEM-imaged

) ) in a horizontal position and then flipped over and probed from
Materials and SynthesesAll chemicals used were reagent the other side to cover the whole surface area.

grade and used as received. All aqueous solutions were prepared
with deionized water (Milli-Q, Millipore Corp.). Dichlo-  Results and Discussion
romethane (DCM<0.001% HO) was obtained from Aldrich; Methods Involving Macroscopic SubstratesBulk Deposi-
dimethylformamide (DMF, 0.0037% 4®) was obtained from  tion. MNPs can be prepared by direct synthesis on an inert
Merck. Highly ordered pyrolytic graphite (HOPG, grade-1) was macroscopic substrate, which can then be probed directly as a
obtained from SPI Supplies (West Chester, PA); Carbon yarn composite electrode, e.g., by scanning with a’tiFigure 1
(10 um in diameter) was obtained from Strem Chemicals illustrates several approaches for generating single nanoparticles
(Newburyport, MA). Anodic electrophoretic paint (Glassophor on larger (approximately millimeter) supports; this includes (A)
ZQ 84-43225) was from BASF (Mster, Germany) and diluted  controlled electrodeposition of MNPs with a low surface density,
1:20 with water prior to use. Silver epoxy was from Epoxy (B) on-contact mechanical transfer of a pre-deposited MNP on
Technology (Billerica, MA). a tip, and (C) MNP formation on substrate by electrochemical
cisPtPyCl, was synthesized by the method of Kauffnfdn.  oxidation at a tip.
Au nanoparticle suspensions were prepared by a sodium citrate The electrochemical generation of MNPs occurs through a
reduction of HAUCJ according to a method reported by Fréhs,  nucleation and growth mechanishThe process starts by
and the Pt nanoparticle suspension was prepared by hydrogemeduction and adsorption of solution phase cations at defect sites
reduction of KPtCl in the presence of the sodium salt of poly-  of the substrate (e.g., edge planes on HOPG). In the next stage,
(acrylic acid), according to a method reported by Ahmadi et surface diffusion of the adatoms leads to competing processes
al.”? The condensation reactions between oxidized CFEs andof aggregation and desorption, which primarily depend on the
functionalized molecules followed a procedure by Xiolin et al., adsorption energy and interactions with the substrate. During
who used a similar methodology to immobilize single-walled aggregation, incorporating an increasing number of adatoms
carbon nanotubes on a gold substréte. forms stable nucleation centers, and three-dimensional particle
CFE Tips. Glass pipets were prepared from borosilicate glass growth begins. On macroscopic substrates, a large number of
tubes (o0.d. 1.2 mm, i.d. 0.69 mm) using a laser pipet puller nucleation centers coexist due to many intrinsic surface defects.
(model P-2000, Sutter Instrument Co., Novato, CA), yielding Under such circumstances, generation of a single MNP is highly
micropipet tips with inner diameters of approximately 2 improbable. However, when the surface density of the particles
and tapers that were approximately 0.5 cm in length. Ap- is decreased, it is possible to separate the MNPs to a sufficient
proximately 1 cm of the CFE that was 1®n in diameter was distance that the spherical diffusion fields of individual particles
attached to one end of a piece offNCr (Nichrome) wire using will not overlap (Figure 1A). At that stage single MNPs can be
a small amount of silver epoxy and cured in an oven for 45 examined by a scanning probe method. (For example, a carbon
min at 100°C. The wire/CFE assembly was then inserted into nanofiber can be used to approach small entities by the scanning
the top of the pulled micropipet and pushed through so that electrochemical microscopy (SECM) collection/generation mode,
approximately 3 mm of the CFE protruded from the micropipet allowing their study at a short distance).
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Figure 1. Schematic presentation of different techniques employed to fabricate single or well-spaced individual nanoparticles on a macroscopic
area HOPG, with or without microtips: (A) decreasing nanoparticle surface density by controlled electrodeposition; (B) on-contact mechanical
particle transfer between tip/substrate; (C) electrochemical mass transfer between tip/substrate.

We have tested several approaches for MNP surface density
dilution, including: (i) minimizing surface defects on the
substrate (i.e., by using a freshly cleaved HOPG of the highest
available grade); (ii) decreasing the electrolyte concentration;
(i) working in a diffusion-controlled overpotential region,
which increases the effect of the nucleation exclusion zones
around the growing nucleation centéfsOur observations
indicate that a significant decrease in Pt nanoparticle surface
density was indeed evident using these guidelines, but in all
cases and even when shorter deposition pulses were applied,
the surface distribution of the generated particles still produced
a very short interparticle distance. The transition from spherical
to planar total diffusion happens within a very short time, given

by

Mag= 3104 KX

t,= R?/2D 2)
where ty is the time for transition from spherical to planar
diffusion, R is the half distance between closest neighboring
nanoparticles, and is the diffusion coefficient of the mediator
species.

Unfortunately, during the measurements we consistently
observed small interparticle distances. Figure 2A shows a SEM
image of Pt NPs on HOPG, electrodeposited from a 0.1 mM
H.PtClL, 0.1 M H,SO; solution with a 100 ms pulse tB =
—600 mV vs Hg/HgSO,. Although individual MNPs can be
discernedR’ values on the order of a few tens of nanometers
were obtained. The deposition curreift), which accompanied
the measurement, fit &2 behavior in accord with planar
(Cottrell) diffusion. The transition from spherical to planar
diffusion occurred within a few milliseconds, too short an

EMT = 10,00 kv
WD= 10mm
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Figure 2. SEM images of HOPG following potentiostatic electrodepo-
sition for 100 ms at-600 mV vs Hg/HgSO, from: (A) 0.1 mM H.-
PtCk in 0.1 M H;SO;; (B) 0.1 mM PtPyCl, and 0.1 M THABR in
DCM.

experimental time to easily probe a single MNP with no
interference from neighboring particles. (Locating a probe tip
significantly closer to a single MNP than its neighbors is
technically challenging®)

In an effort to further increase the interparticle distance, Pt
electrodeposition on HOPG from organic solvents was at-

tempted. Under similar conditions, reduction of PPl
dissolved in 0.1 M tetrahexylammonium fluoroborate (THABF

in DCM exhibited an order of magnitude smaller deposition
currents compared to the agueous solutions (Figure 3), appar-
ently because of lower electrolyte conductivity, a smaller Pt-
(I diffusion coefficient, and different solvent/graphite/particle
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Figure 3. PotentiostaticE = —600 mV vs Hg/HgSOy) electrodepo- ts

sition of Pt on HOPG from aqueous and organic Pt solutions. The Figyre 4. Electrochemical mass transfer from a Pd conical UME

capacitance current was measured in 0.1 M THABEM. The  (ragiys at apex km) to a HOPG substrate subject to a 60 s pusg.
electrolyte was introduced and removed from the cell with the electrode — q g /- Esustrae= 0.1 V vs Ag/AgCl. Electrode gap»200 um.

biased atE = 0 mV vs Hg/HgSQ, before and after contact with  Ejectrolyte, 4:16:80 HGlonefCaClysafH20 (V/V).
electrolyte to prevent spontaneous electroless Pt deposition. A large
surface Pt coil was the counter electrode mounted above the HOPG. T T T T T T T
170 |- J
interactions that affect the surface tension and growth of the | Electrolyte: 1.1mM FcOH in 0.1M KCl ]
particles. Despite the marginal increase in the estimated | E, =0.35V Vs, Ag/AgCI |
interparticle distance to 16200 nm, which is evident in Figure ’
2B, significant diffusion layer overlap still occurred for periods N Eoerae=0V VS. AG/AQCI
longer than the millisecond range. We conclude that neither ‘él.so Contact
aqueous nor organic phase electrodeposition on macroscopic= | ™~
substrates are effective for the generation of separated MNPs /| Collision )
needed for a simple electrochemical ex situ detection. W
Anodization of Tip Material A different method involves I Approach
local deposition by anodization of an ultramicroelectrode (UME)  1.30
tip (Figure 1C) and deposition of a MNP on the substrate
(electrochemical patterningj.In this method a carbon fiber 1.20 1
preloaded with a small amount of a metal or alternatively a 1 . 1 . L . L .
sharp conical tip of the desired metal is brought near a HOPG 28 24 e 2% 24
substrate, e.g., using the feedback mode of the SECM with a Electrode displacement, ym

suitable redox mediator (e.g., ferrocene methanol (FCMeOH)). kigyre 5. Approach curve to a point of contact between Pd-coated

A suitable etChing solution of CagdayyH20/HClcconc) (e.9., for conical carbon tip (radius at apex2 um) and HOPG substrate in 1
Pt 60:36:4 (w/w)) is then added to the cell, and both the substratemM FcMeOH/0.1 M KCI. Approach rate, gm s2.

and the tip are concurrently polarized. The tip is held at a

positive potential where it is anodically etched, and the metal directed toward the surface of a HOPG substrate, while both
cations migrate to the surface of the substrate where the potentiaklectrodes were immersed in FcMeOH electrolyte. An approach
is sufficiently negative for electrodeposition. Clearly, this curve, shown in Figure 5, was taken with the tip potential set
method is favorable for metals where electrochemical etching to oxidize the mediator and the substrate held at the potential
is facile. Figure 4 shows chronoamperometric responses to afor FcMeOH" reduction. When the tip reached the vicinity of
60 s potential pulse simultaneously applied to a Pd metal conicalthe HOPG, the positive feedback current became significant and
tip (0.6 V) and a HOPG substrate (0.1 V). The increase of both gradually increased. When the tip hit the surface of the graphite,
the etching and the deposition currents with time results from as indicated by a steep increase in the current, a small fraction
increasing exposure of the tip surface and the subsequent graduadf the deposited Pd on the tip mechanically transferred to the
increase in the flux of cations migrating to the substrate. A substrate. A fast retraction of the tip was immediately performed
combined SEM/EDS analysis of the substrate following these upon detection of the contact current. In such experiments, we
experiments confirmed the formation of Pd nanoparticles by consistently observed damage to both the tip and the substrate.
tip—substrate electrochemical mass transfer, densely distributedCyclic voltammetry at the tip before and after the collision with
around the tip position during pulsing. A possible solution for the surface showed a significant increase of the FcMeOH steady-
this multi-MNP deposition may be to minimize the electrode state limiting oxidation current with occasional transitions from
gap or to use smaller tips. This requires close control of the an UME voltammogram to that typical of a macroscopic

tips over nanometer gaps. Although this is possiblé, electrode. Furthermore, the damage to the electrodes could be
frequently leads to tipsubstrate crashes and significant damage. observed optically or by SEM. Under such conditions detection
Mechanical Transfer of the Nanoparticle from the Tipp of the transferred single nanoparticle on the HOPG was

and substrate crashes can be used for mechanical (rather thaimpossible to achieve. Efficient mechanical MNP transfer was
electrochemical) particle transfer (Figure 1B). Here, a sharp observed with fast response STH186:69 considering also the
carbon microtip with an electrodeposited Pd NP was vertically enhanced sensitivity of STM at nanometric tip/substrate gaps
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compared to that of SECM. Nevertheless, STM is not easily
compatible with subsequent electrochemical measurements.

In our hands all of the methods discussed so far suffered from

various problems and hence seem less effective to the generation

of single MNPs as electrocatalysts. The use of a probing tip to
characterize the nanoparticle is challenging, and a reliable
analysis requires a bare, untreated tip. For this reason we

examined alternative techniques to generate and electrochemi-

cally detect a single MNP.

SECM Mediator Positioning Technique. As opposed to
macroscopic substrates, single nanoparticle formation on mi-
croscopic substrates such as the apex of a sharpened carbo
fiber offers several advantages. First, localization of the nano-
particle within a very limited area prevents the need to track it
down over a large substrate surface. Moreover, from an
electrochemical point of view, small UMEs support smaller
double-layer charging currents and shorter RC time constants
that significantly increase the sensitivity of detecti@n.

Carbon fiber electrodes provide several additional advan-
tages: (1) They can be easily flame etched to obtain a radius
of curvature of 56-250 nm; (2) after insulation, the CFE apex
shows a low €0.5) aspect ratio that is useful in SECM
experiments since higher sensitivity to feedback current in-
creases with flat, disklike geometf§(3) carbon electrodes show
high intrinsic overpotentials for proton and oxygen reduction
so that CFEs can be used to electrodeposit MNPs from acidic
media and to study electrocatalytic effects of the nanoparticles
with respect to these reactions.

However, the biggest difficulty with a CFE tip is forming a
pinhole-free insulation layer with a well-defined exposed end.

J. Phys. Chem. B, Vol. 110, No. 50, 20085283
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Figure 6. Electrodeposition on CFE tips at full immersion. (A) Pt

Although we have occasionally observed tips with nearly perfect from 1 mM K:PtCk/0.1 M HCl for 10 s at-150 mV vs Ag/AgCl; (B)
insulation by coating with anodic electrophoretic paint (with Pd from 0.75 mM PdGI5 mM HCIO/50 mM NaClQ by sweeping

an electrochemically evaluated area approaching 168),nm
reproducing the same coating procedure of the CFE results in™
the formation of a thin polymer-insulating layer with a random
distribution of tiny pinholes. The occurrence of such pinholes

is clearly evident in the SEM images of Figure 6 where FEw =mediatorredox

electrodeposition was performed on a fully immersed, electro-
phoretically insulated CFE in Pt and Pd solutions. In the absence
of electrodeposition control, MNPs grow at the pinholes (Figure
6A), and when the deposition charge is significantly increased,
surface aggregation leads to gradual coverage of the carbon by
metal (Figure 6B). These pinhole effects must be minimized
during the generation of the single nanoparticles, so a different
approach based on slow electrode displacement controlled by
SECM and sensitive detection of mediator redox currents at
the air/electrolyte with SECM was usé&! This method is
illustrated in Figure 7, with experimental results in Figure 8. A
CFE tip is held in air above a composite electrolyte containing
(2) cations of the metal (M) to be electrodeposited, (2) a redox

the potential linearly five times from 0.6 to 0.0 V vs Ag/AgCI at 50

Sl

CNF tip Piezo controlled

approach
1. Manual stop at ~ 100nm

EYR

. 2. ED Ise at E,
Mediator + M" pe e

/N

Positioning Particie
generation

Figure 7. Schematic of the SECM mediator positioning technique.

mediator, and (3) the supporting electrolyte. The tip is first held tjp is not deliberately halted at this stage, then an extended curve

at a potential where the mediator exhibits considerable redox

in liquid is collected, which sometimes shows multiple current

current at potentials where electrodeposition does not occur, spikes associated with pinholes in the CFE. At this stage, after

i.e., Eip (mediator redox> Epgp (M + ne™ — M).

With the right combination of metal cation and mediator the
tip contacts the solution at a potential where electrodeposition
does not occut® The tip is slowly directed toward the surface
of the electrolyte using piezoelectric control, where the tip in
air displays only the SECM potentiostat offset curren8Q0
fA). Upon just touching the liquid surface, a current spike

positioning via the mediator responses, a short (500 ms)
electrodeposition potentiostatic pulse is applied to the CFE. A
response to such a pulse (Figure 8, inset) shows a typical
increase in the deposition current, proportional to the square
root of the deposition time, indicating the growth of a single

nucleation center (discussed later). Unlike electrodeposition on
macroscopic HOPG, there is no overlap between the diffusion

combined from mediator redox Faradaic and double-layer fields of neighboring nucleation centers on the CFE, and the
charging currents appears and quickly decays to a Faradaicoverall diffusion is spherical.

steady state. The tip is then stopped at-2080 nm below the
solution level, exposing its small apex to the electrolyte. If the

Two difficulties in this electrochemical tip positioning method
arise from electrolyte evaporation and the formation of a
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- T - T - T T T T 1 sharp carbon edges are formed during the etching of the fiber

14__ i in the flame. These constrain the surface diffusion of the Pt
L = d=150nm i adatoms during nucleation and hence localize the nucleation
L < - | centers in their vicinity, leading to favored nanopatrticle growth

0L = - at pinholes located along the carbon edges.
: 1 Electrochemical Detection of a Single NanoparticleElec-

‘é_ﬂ - . trochemical detection of single MNPs on conductive substrates
= 7 S 1 1 is challenging and requires several conditions to be met. One

6 _ Toep S ] must distinguish electrochemically the nanoparticle from its
4.— 3213“&2‘3"'”)302”"’“”"2"“"4’ ] surrounding support material from known electrochemical
I Eﬁp=1.ost4. Ag/AGCI | behavior (Figure S1 of the Supporting Information) and be able
2| Approach rate: 300 nm's” i to detect the small redox currents associated with the tiny
W 1 particle. Moreover, we must ensure that the electrochemical
o - reaction and its products will not change the nanoparticle and
o 1(')0 : 260 : 3(')0 : 460 : 5")0 : 6")0 leave it intact. A benefit of Pt NPs is chemical stability and

. | electrocatalytic effects in several reactions. Electrochemical
_ Electrode dlspl > M o detection of Pt can be carried out using selective mediators,

Figure 8. CFE approach from air to an electrolyte containing Ru- \yhich are catalytically active on Pt and at the same time show

(bpy)Cl> mediator and P1(ll) aE, = 1.0 V vs AgIAGCI. The approach g 04ish kinetics on carbon, e.g.Fldnd G reduction reactions.

ag: Ztr?&?:(i E}thidfhﬁ?n%faln?ger;omﬁq22?32;’;%2225:?2 gﬁ%ﬁ:ﬁn pulseF_igure S1 of the Supporting Information shows an overpotential
—0.5 V vs Ag/AgCl is shown in the figure inset. difference of more than 0.4 V between Pt and C toward proton
reduction reaction as well as irreversible and hindered kinetics
on the carbon. In addition, other distinctive features of Pt are
typically observed during cycling in strongly acidic solutions.
These fingerprints include characteristic hydrogen adsorption/
desorption waves, Pt oxide formation, and its corresponding
reduction peak. Assuming that the nanoparticle possesses a
hemispherical shape, eq 1 can be simplified and used to calculate
the expected diffusion-limited currents for reduction of 10 mM
H* (5 mM H,SQy), according to

Figure 9. SEM images of two single Ni nanoparticles obtained from
1 mM NiCl»/0.85 mM FcMeOH/0.1 M KCI solution. For all cases,
7pep = 100 ms andEpep = —1.05 V vs Ag/AQCI. Figures 9A and 9B
are different magnifications of a single particle locatet60 nm from .
the CFE edge. Eigure 9C presentsga s'iangle particle deposited directly lim = 27nFDCa 3)

at the CFE apex.

In accord with eq 3 and by disregarding possible size-dependent
meniscus between the tip and the liquid phase (schematicallycatalytic effects for smaller-size patrticles, the expected diffusion-
presented in Figure S3 of the Supporting Information). The first limiting currents for -100 nm Pt nanoparticles in 10 mM™H
interference is overcome by fixing the approach rate above theare on the order of 0-210 nA, which are readily measured.
evaporation rate. This was measured by successive tip ap-The currents associated with the waves of hydrogen adsorption
proaches at different rates, which detect the incremental changeand desorption on the Pt surface are much smaller. Considering

in the level of solution with time, and was observed to\hg, an adsorption of a full monolayer of H atoms oma 70 nm
~ 22—-28 nL s, equivalent in our 8 mm radius cell to 0.20 polycrystalline Pt nanoparticle takin@y = 210 «C cnr2 for
0.14um st zzmovement of the tip, al = 20°C andP =1 cyclic voltammetry &1 V s71, the average current expected

atm. Meniscus problems became less pronounced when the tigfor the hydrogen waves is on the order of sub-picoampere, which
was immersed less than 400 nm into the solution. SEM images makes detection by this route very difficult. The same problem
taken for tips electrodeposited at deeper immersion often occurs with underpotential deposition (UPD) of metals such as
detected nanoparticles at heights exceedipgnXfrom the apex Cu, Pb, Sn, Ag, Tl, and Bi, which all support monolayer charge
of the CFE. densities below 400uC cm? on Pt and hence do not
The mediator positioning technique was employed in the significantly increase the detection currents.

preparation of single Ni and Pt nanopatrticles (with either 1 mM  While performing cyclic voltammetry for CFEs deposited
NiClo»/1 mM FcMeOH/0.1 M KCI or 1 mM KPtCl/0.25 mM with Pt single nanoparticles in 0.5 M,BO,, we observed a
Ru(bpy}Cl./0.1 M K,SO4 solutions, respectively). Figure 9  rapid detachment of the particle from the CFE surface at the
shows two single Ni nanoparticles with radii of 8010 nm. A onset of proton reduction. This suggests that the individual
focused EDS analysis was used to confirm the metallic MNPs are held on carbon by weak physisorptfamot evident
composition of these particles. While the particle in Figures 9A in cases of larger metallic clusters such as those in Figure 6.
and 9B is located~150 nm from the CFE edge, that in Figure The use of @ reduction for detection, which eliminates gas

9C is at the CFE apex. Pt nanoparticles with simi#a60 nm, evolution, although possibf&,is limited by the low oxygen
radii were similarly obtained by applying 500 ms deposition solubility (<2 mM) in water at 25°C, which decreases the
pulses atEpep = —0.50 V vs Ag/AgCl. Upon deposition at  detection current because of a smaller concentration term in eq

deeper immersion 400 nm) a significant meniscus was 3.

formed, and the Pt nanoparticles showed a clear tendency to A good mediator, which supports preferential, enhanced
align in straight lines along the CFE main axis (also shown in kinetics on Pt compared to carbon and no generation of a
Figure 6A), a phenomenon previously observed in the elec- disrupting gas is the F&/Fe™ couple$384At pH 0, both species
trodeposition of Pt NPs on HOP@ where the particles favor ~ of the iron are moderately soluble and do not cause any
growing on step edges in the graphite basal plane. Possibly, bymechanical or passivation hazards to the nanoparticler3\t
analogy to the existence of step edges on the surface of HOPGmM in 1 M H,SOy, Fe™ was first used to detect Pt NPs
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Figure 10. Lower curve: Generation of Pt nanoparticles on a CFE
tip moving from air to a Pt(ll) solution under active electrodeposition
tip potential. Upper curve: Detection of the Pt nanopatrticles on the tip
by approach from air to a F&H,SO, solution at a potential supporting
electrocatalytic F& reduction on Pt.

Colloidal NP
suspension

X = 4-aminothiophenol (M=Au)
30 T T T T T T

X = 4-aminopyridine (M=Pt)
E;,=0.64V vs. SHE Figure 12. Schematic of the binding monolayer approach for adsorbing

Au and Pt MNPs from colloidal solutions on modified CFE tips and
5mM Fe,(SO,), in IMH,SO, controlling their surface concentration.

SEM analysis indicated a good geometrical agreement with
those observations.

Although detection of ensembles of NPs was demonstrated,
detection of a single Pt nanopatrticle is more difficult. Figure
11 shows two air approach measurements ifTF&SO,
performed on the same CFE before and after the growth of a
single Pt nanoparticle using the mediator positioning technique
Bare C nanofiber before ED (under similar conditions to those presented in Figure 8). As
0 S can be seen, in the presence of the single particle, a 20-fold
e 3 — T increase in the steady-state current was evident. To evaluate
Electrode displacement, um the cor_relatlon between_ the dete_ct|on current and the _real

dimensions of the particle, we first estimated the radius

Figure 11. Approach from air curves for a CFE tip moving from air — 5qqqciated with the electrochemical generation. This can be done

to FE/H,SQ, before and after the deposition of a single Pt nanoparticle . . . . - .
according to the mediator positioning technique (deposition from 1 mM by equating the hemispherical diffusion current in eq 3 to the

KPtCl/0.25 mM Ru(bpy)Cl/0.1 M K,SO, solution for 0.5 s aEpep spatial growth rule provided by Faraday’s law
= —0.50 V vs Ag/AgCl).
vs Ag/AgCl) 27nFDC,a = (NFdo/Mp)(dVp/dt) =

electrodeposited along an insulated CFE (Figure 10). In the anpﬁﬂaZ(da/dt)/Mpt 4)
beginning of this experiment the CFE was held at the deposition

potential of Pt, and an air approach measurement was performedywhereVg; is the volume of the Pt nanoparticl; is the density
allowing the tip to travel more than 18m below the solution of Pt, andMp; is the molar mass of Pt.

level. The current spikes observed in the figure along with the  Hence, under potential supporting diffusion-limited current,
tip displacement correspond to the generation of Pt depositionthe time-dependent deposition current conditions and nanopar-
centers through occasional pinholes. The current decay thatticle radius are, respectively

follows the spikes suggests an overlapping of close particle

I, pA

Single Pt NP after ED

diffusion fields. At the end of the generation stage, the tip was i(t) = nzF((2DC,)*Mpt/dy) "2 (5)
backed out, the solution was replaced by(B€y)s in 1 M Hy-
SOy, and a second approach from air was performed, with the rit) = (2DC°0|\/|Ptt/dpt)l’2 (6)

tip potential atEq, = 0.64 V vs the standard hydrogen electrode

(SHE). As can be seen in the upper portion of Figure S1 inthe An electrodeposition pulse width 6f= 0.5 s yields a radius
Supporting Information, this potential allows one to distinguish of 70 nm, which is in good agreement with SEM observations.
between the Pt nanoparticle and the carbon substrate, since iAccording to eq 3 withDeegny = 1.2 x 1078 cn? 5718 a
solely supports the electrocatalytic reduction of'Feo Fe&** detection current corresponding to this radius wouldsbe-

on Pt. Figure 10 demonstrates a good correlation between the25 pA.

generation and the detection peaks along the CFE from which Binding Monolayers and Particle-Adsorption Methods.

it is clear that the F& mediator provides good selectivity in  The interaction between the electrodeposited NPs and the carbon
tracking the deposited Pt particles on the composite substrate support can be strengthened by the use of bifunctional molecular
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binding layers. As shown in Figure 12, a CFE can chemically
react and subsequently attach to a layer of binder (e.g.,
4-aminothiophenol) with a high affinity toward MNPs (e.g., Au).
The process of attaching the binder to the CFE requires it to
have surface carboxylic groups, which are formed during the
oxidation of the carbon fiber in the oxygen-enriched fl&me

or by electrochemical oxidation for 180 s&at= 1.7 V vs SHE

in 1 M H,SOy. The oxidized CFEs were then heated $at2 h

at 50°C in DMF solutions containing 1 mM of 4-aminothiophe-
nol (for binding Au nanoparticles) or 4-aminopyridine (for
binding Pt nanoparticles). The organic amine molecules are
relatively short and contain a conjugated aromatic ring to provide
facile electron transfer between the MNP and the CFE. The EHT = 3.00 kv Signal A = InLens
condensation reaction is carried out in the presence of 1,3-| Mag= 27.29KX Wh= . 7mm BAiota i s o
dicyclohexylcarbodiimide (DCC), which facilitates dehydration £ 7

and binding via amide bonds. The modified CFE tips were then Figure 13. SEM image of a single Pt nanoparticle, chemisorbed on
immersed into a solution of colloidal Au or Pt nanoparticles, the surface of a CFE modified by 1 mM 4-aminopyridine and 200 mM
where strong adsorption forces attach them to the S (Au) or to aniline. The tip was immersed at 350 nm below the surface level of a
the pyridine nitrogen (Pt) termini. Shown in Figure S2 of the Pt colloidal suspension using SECM air approach while monitoring
Supporting Information CFE tips in the absence (A) or in the the capacitance current &;, = 0.02 V vs Pt reference/counter

- . e . electrode.
presence (C) of 4-aminopyridine surface modification following . . . . .
immersion for 156 min in a unstirred Pt nanoparticie30 nm cohesion forces are evident by chemisorption of the particle on

diameter) suspension and rinsing in water. As demons'[rated,the monolayer. Thls_lntel_rac_tlpn between the pyridine nitrogen
L } . and the Pt met& is significantly stronger than the net

the presence of a molecular binding layer is essential for the . . . . X

. . . physisorption associated with a Pt particle generated by elec-
linkage of the Pt nanopatrticles to the CFE, and in such cases -

. . : : . . rodeposition on carbon.
high surface density with an estimated nanoparticle radias of
~ 15 nm is evident.

However, to reduce the surface density of the NPs, desirably
to the single MNP level, one must dilute the binder by similar
molecules that do not bind to the metal, i.e., "blocking”
molecules such as aniline (Figure S3 of the Supporting
Information). The dilution effect is evident in Figure S2B of

Conclusions

While methodologies such as particle separation by pulsed
electrodeposition, electrochemical, and mechanical (SECM-
assisted) material transfer from tip to a macroscopic carbon
substrate show several problems that hinder the generation of
f . : . remote or single nanoparticles, a combination of a carbon
the Supporting Information for a CFE incubated for 16 h in the ) . . ' : L

bp 9 nanofiber tip and SECM piezoelectric-controlled positioning

presence of 1:200 4-aminopyridine/aniline solution in DMF, demonstrates a fast and novel solution. Generation of isolated
showing fewer Pt nanoparticles on the surface compared to part_ 60 - 10 nm Pt and Ni particles is facile by short pulse

C. A further decrease in the surface density can be accomplishe " ) . i !
. . - . electrodeposition on CFE tips, which are immersed, using
by decreasing the binder/blocker molar ratio, decreasing the . L
. : controlled electrochemical positioning, about +ED0 nm
concentration of DCC, and decreasing the temperature or ; .
below the surface level of a combined electroplating and

shortening the condensation period. This can also be ac- - - . . ;
. . e mediator solution. An alternative method is to attach a binding
complished by careful control of the SECM tip positioning at . - . .
monolayer to the CFEs via condensation of amine-terminated

tmhe dg;yr/ngd (prthsogt:ﬁ? '.m‘?rr;?rfer- H derer;l thef Chim'ncﬂ% molecules and surface carboxylic acid groups. Strict control over
odimed apex of the Ip 1S IMMErsed only a 1ew NUNCTEa y,q ratig of binding to blocking functionalities in the monolayer

tnhangmeter? be:O\fN thet_meta!rrl:lPt_sqlutrl]o?dlezlﬁlf(F|gu_rt(_a S:’; of directly affects the surface density of Au and Pt nanoparticles
e Supporting Information). The tip is held at this position for adsorbed on the surface upon immersion in metal colloidal

? shorthtlme (the “”.‘de |shdclajlay_3d unctjll ellle(ftrolyte evaporation ., sions, Combining the SECM-assisted positioning technique
prce?t ehapex OUtS(; et_e 'qu:.' r,]gkr]a uaé/ eallvmg njore,\(;m;actwith this method allows the chemisorption of a single Pt
time for the apex edge) in which the randomly moving S nanoparticle onto the pyridine-terminated molecules, which

can attach. Care must be taken not to OXIdIZ(—ZI‘ the |mmop|l|zed demonstrates favored mechanical stability toward hydrogen
molecules, and hence the approach scan is made with theg, ) tion compared to that of the physisorbed electrodeposited
modified tip only slightly polarized with respect to a cor_n_blned particle. A further advantage of this method is that the particle
coun_ter/reference electrode (0.02 V_). Under such (_:ondltlons_ thegize here is determined by the synthetic procedure of the
modified CFE approaches a mediator-free colloidal solution g,qhension (that typically involves electroless reduction of the
without generating Faradaic current but only a double-layer etq) salt to a finely monodispersed colloid), which is signifi-
charging current that indicates the point of penetration. Upon cantly easier to control compared to both electrochemical
successful adsorption shown in Figure 13, we were able to Obtai”generation and mechanical particle transfer.

a single Pt nanoparticle bound to a pyridine on the CFE. As

opposed to the case of the electrodeposited Pt single nanopar- Acknowledgment. This work was supported by a grant from
ticle, repeated cyclic voltammetry performed in sulfuric acid the National Science Foundation (Grant No. CHE 0451494).
showed a proton reduction wave at the onseEef 0.0 V vs R.T. thanks the Israel Science Foundation and the Technion

SHE, with no loss of the Pt NP (Figure S4 of the Supporting |srael Institute of Technology for a postdoctoral fellowship.
Information). Thus efficient electron transfer supporting minimal

potential losses occurs between the particle and the CFE through Supporting Information Available: Additional cyclic vol-
the monolayer, probably because of the relatively short and tammetry and SEM figures. This material is available free of
conjugated structure of the 4-aminopyridine molecule. Enhancedcharge via the Internet at http:/pubs.acs.org.
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