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Abstract
Electrochemistry with nanoelectrodes
By
Jeyavel Velmurugan

Adviser: Prof Michael V. Mirkin

Nanometer-sized electrodes have drawn considenatielest in recent years. One
of the reasons is that with nanoelectrodes onebtain a high rate of mass transport and
study kinetics of fast heterogeneous electron tean&T) reactions. They can also be
used for high-resolution chemical imaging of sueand interfaces and as microscopic
chemical sensors.

We developed methodologies for preparation and raciterization of
electrochemical nanoprobes and their use as tipshén scanning electrochemical
microscope (SECM). The applications range frondist of hydrogen adsorption and
spillover to high-resolution imaging of surface ogpaphy and reactivity to
nanofabrication. Finally, some unusual physicodbehphenomena can be observed at
nanointerfaces but are not accessible by macrasagpctrochemical probes will be
discussed.

Visualization of the nanoelectrode surface is @ming, and the interpretation of
the electrochemical response often relies on assomspabout its shape and size.
Recently, we obtained the first AFM images of ndecteodes, which provide detailed
and unambiguous information about the electrodengdxy. In-situ AFM is also useful
for monitoring surface reactions at nanoelectrod&his approach was used to control

electrodeposition of Pt black into an etched nawibgaand prepare well-shaped



platinized nanoelectrodes for intracellular measwnets of reactive oxygen and nitrogen
species. Another example is the study of nucleatind growth of individual metal

clusters on nanoelectrodes monitored by the AFM.
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Chapter |

Nanoelectr odes and SECM

1.1 Introduction

The introduction of micrometer-sized electrodestledignificant advances in studies of
fast heterogeneous and homogeneous reactions, r@e®sus in various microenvironments,
and high resolution electrochemical imaginigven smaller, i.e., nanometer-sized electrodes are
required for characterization of the electrodefetdygte interfacial processes with nanometer-
scale resolutioA.The initial stages of many important processesh sag metal corrosion and
heterogeneous nucleation, include formation of naeter-sized transient structurég.o probe
such structures electrochemically, one needs a ambly sized electrode. The ability of
nanoelectrodes to quickly attain steady-state &l der imaging and its fast mass-transfer rate
helps in kinetic measurements in fast electronstieanreaction. During the last several years, a
few research groups have been exploring differegthodologies of manufacturing nanometer-
sized disks, bands, cones, and arrays of Ut#€s,

The polished, flat nano-tips can yield more rekabhd reproducible data. Some of the
problems in working with these nanoelectrodes amgerfect shape, difficult visualization and
characterization, and low current measurements.vbltammetric response of a nanoelectrode
does not provide sufficient information about treoetry of either the conductor exposed to
electrolyte or the insulating sheath. The diffusiora small electrode (hemisphere, cone, disk)
rapidly becomes hemispherical when the electrodie iise bulk solution far from any object.
Thus, the shape of a reversible steady-state voltegram is the same for any electrode
geometry. Scanning electrochemical microscopy (8E&nd atomic force microscopy (AFM)

were shown to be most useful techniques for nantrelie characterizatiori*



The advantages of polished disk-type nanoelectrodese fully realized by employing
them as SECM tip¥ They can greatly enhance the SECM capacity fouidog spatially
resolved chemical information, which makes it avpdul tool for visualizing microstructures
and studying surface processes. The ultimate résolof the SECM is limited by the size and
geometry of the probe (nanoelectrode). The fabacaand characterization of the SECM probe

are therefore important for the acquisition ofable data.

1.2 Nanoelectrodes

The fabrication of a nanotip starts with pullingracrometer-sized metal wire into a
glass capillary. Briefly, an annealed 25-um wiresvirmserted into a borosilicate capillary (1.0-
mm o.d., 0.58-mm i.d.), which was fixed in the \bgve of the Sutter P-2000/G laser pipet
puller. The designed programs were used to pro&@iaa Au nanoelectrodes with a desired
size and shape. A pulled capillary with a sealedMye was polished using a BV-10 micropipet
beveller under video microscopic control. The mmanipulator was used to move the capillary
vertically towards the rotating disk to which a Bt lapping tape was attached. During
polishing, the pipet axis was made exactly perpmndr to the rotating disk using a plumb bob
and a two-axis bubble level. Additional fine polisl was done with 50-nm alumina particles
placed on the same rotating disk. The polishectreldes were rinsed with water and annealed
in the oven at 90 °C for an hour. The schemafiestgpical nanoelectrode is shown in Fig 1.1.

The important parameters for the tip geometry(@jethe radiusa of the conductive

core; and (2) the total tip radius (insulating ghethickness plus the radius of the electroactive

area)ry. The dimensionless parameter RG/a.



metal

Electrode radius 1pm

Figure 1.1. A - Schematics of a nanoelectrode. The exposed metta iactive part of the electrode- Optical

micrograph of a UME tip. The platinum wire is sehieside a glass shee

1.3. SECM principle of operation

Figure 1.2shows the basic setiof an SECM instrumeneémploying a amperometric
microprobe or ultramicroelectrode (UV. An UME, the tip, isattached t a 3D piezo
positioner,controlled by a comput, which is also used for data acquisi. A bipotentiostat
(i.e., a fourelectrode potentiost) controls the potentials of thig and/or the substraversus the
reference electrode amdeasures thtip and substrate currents. TEECM instrument is ofte
mounted on a vibratiofree optical tabl inside a Braday cage to isolait from environmental
electromagnetic nois@he tip current varies depending on the environnoétite tip. When th
tip is approached close, i.e. a few radii, to tbhbstrate one can obtain information about
substrate.

In a feedback modexperimer, the tip is immersed in a solution containing redaedrator
(e.g., an oxidizable species, R). When a suffitygpositive potential is applied to the tip, t
oxidation of R occurs via the react

R-né- O (1.1)
at a rate governed by the diffon of R to the UME. If the tip is far (i.e., greathan several ti
diameters) from the substrate (. 1.3A) the steady-state curreit,, is given b

it = 4nFDca (1.2)



whereF is the Faraday constamntjs the number of electrons transferred in thedgctionD is

the diffusion coefficient of R; is the bulk concentration of R, aads the tip radius.

o
‘_*/y
X .
l tip
z reference . .
Piezo Bipotentiostat
Positioner auxiliar
osit! s Y
1 ‘ ’ solution
with mediator substrate

Piezo Potential
Controller Programmer

i3

PC —

Figure 1.2. schematics of an SECM setup. (From Ref. 14).

When the tip is brought to within a few tip radfiamconductive substrate surface (Fig. 1.3B), the
O species formed in the reaction (1.18) diffuseth&osubstrate where it may be reduced back to
R

O+né- R (1.3)
This process produces an additional flux of R ® tip and hence "positive feedback", i.e., an
increase in tip curreni. (> i,.). The smaller the tip-substrate distandg the larger ig,. In

fact, when reaction (1.3) is rapid,— «~ asd - O.



R O o) /-e" R R R

J—K\q @ogRb

conductor

tip curren
\

» Insulator

v

tip-substrate distance

Figure 1.3. Feedback mode. A- Bulk oxidation — no feedbackoBdation near a
perfect conductor — positive feedback. C- oxidatiear a perfect insulator — negative

feedback. D- Approach curves corresponding to B@nd

If the substrate is an inert electrical insuldta tip-generated species, O, cannot react at
its surface. At small d, <i,. because the insulator blocks diffusion of specie® fhe tip
("negative feedback"; Fig. 1.3C). The closer tipeig to the insulator substrate, the smailer
will be, withi, - 0 asd - 0. Overall, the rate of mediator regenerationha&t $ubstrate
determines the magnitude of the tip current, aniversely the measured vs. d dependence

("approach curve") provides information on the kice of the process at the substrate.



The rate of reaction (1.3) can be controlled bypl@pg a suitable potential to the
substrate by a potentiostat. Alternatively, théeptal of a conductive substraté ) may be
determined by concentrations of redox specieslutisa without an external bias. For example,
if the solution contains only the reduced formloé tedox species, most of the substrate, which
is usually much larger than the tip, is in contath a solution of R. According to the Nernst
equation

Es = E° + RTInFInco/cr (1.4)

in this casdes — E° << 0, whereE® is the standard potential of the mediator.
1.4. Experimental issues with Nanoelectrodes.

1.4.1. Electrode size and shape characterization. The characterization of a
nanoelectrode includes the evaluation of its eiffeatadius, true surface area exposed to
solution, and the thickness of the insulting sheashwell as the determination of the electrode
geometry. In most published studies, the electradeis was evaluated from the steady-state
diffusion limiting current assuming either hemispbal, or conical, or planar disk geometry.
For a non-flat electrode, this assumption is oftevblematic because of essentially unavoidable
imperfections of its geometry. A more reliable aggeh is to use fast-scan voltammetry of
adsorbed species to evaluate the effective sus@eof the electrod®. The combination of the
area value with the radius value obtained fromdstestate voltammetry of dissolved redox
species allows more complete characterizationehtimoelectrode geometry. However, it was
difficult to use the same electrode for area mesments and kinetic experiments and to

accurately measure the amount of adsorbed specietettrodes smaller than ~60-nm radius.



Several authors used SEM to evaluate the sizeshape of the tip. However, even for
relatively large electrodes (e.cg, > 50 nm) SEM micrographs provide mostly qualitativ
information that cannot be used for quantitativedslmg of the electrode response. For
example, from the SEM micrograph shown in Fig. £.the authors inferred that the imaged
electrode is not a true hemisphere; nevertheleskinatic analysis they had to assume a
hemispherical geometry. Even more importantly, Sialges do not provide any information
about the exposed metal surface area or solutakate (see the next section).  Some of these
issues can be addressed by using a nanoelectrogle 88CM tip. Major differences in the
shape of the current vs. distance curves obtaindd flat (disk-type) tips and with protruding
tips shaped as a cone or a spherical cap allowaaealuate the effective radius and the height
of a nanoelectrod®. It was shown later that the depth of the recdéshe conductive surface
into the insulator can also be evaluated by fiteimgexperimental approach curve to the thédry.
An advantage of the SECM characterization is thds ibased not on the appearance of a
nanoelectrode, but on its electrochemical respow$ech is much more relevant to kinetic
measurements. However, if the geometry of a nanal tip is imperfect, fitting an
experimental approach curve to the theory may bélpmatic. The SECM is most useful for

characterizing planar electrodes because high ipes(br negative) feedback can only be

Signal A = InLens Date ;1 Dec 2006

oaenunersTy W= 2mm  IIELES TERE o e s

00Rm
Mag= 30.00KX ||

Figure1.4. SEM image of an etched Pt-Ir electrode-(60 nm) coated with cathodic
electrophoretic pairtt



obtained with a flat, well polished tip whose eamtsurface can be brought close to the flat
substrate.

In Figure 1.5A, an SECM approach curve is fittedhe theory witha = 46 nm. The same
value was obtained independently from the diffudiamiting current at the same Pt electrode

(Fig. 1.5B). The radius value is reliable becaokée high positive feedback current (up to a

E, mV vs. Ag/AgCI
-100 100 300 500

8.0 | g B
6.0 1
4.0 § 10

2.0 1

0.0 -100 0 100 200 300 400 500

0.0 1.0 2.0 3.0 4.0 5.0 E. mV vs. Ag/AGCI

L

Figure1.5. SECM current vs. distance curve (A), steady-stattammogram (B), and two
successive fast-scan cyclic voltammograms (C) nbthwith a 46-nm-radius polished Pt tip.
Aqueous solution contained 1 mM Fc&bH and 0.2 M NaCl. (A) Theoretical curve (solid
line) for diffusion-controlled positive feedback svealculated from Eq. (6). Symbols are
experimental data. The tip approached the unbiaseiim substrate with a 5 nm/s speed:
50 mV/s (B) and 10 V/s (C¥°

normalized current of 8). The distance of the etdsapproach in Fig. 1.5A% nm) could be
achieved only with the essentially flat and welligloed tip surface. Fast scan voltammetry can
be used to check that the true area of the nartoadiecis not much larger than its geometrical
area. A relatively low charging current and preadty identical successive fast-scan
voltammograms (Fig. 1.5C) are expected in this.case

Presently, good quality SECM approach curves cdy loe obtained for nanoelectrodes
with the radiiZ 10 nm. Several recent attempts to employ extresreil @ < 5 nm) electrodes

for kinetic experiments underscore the importancdeveloping characterization techniques for



Figure 1.6. TEM image of a 3 nm radius Pt nanoelectrode sdal&i0,

such electrodes. Lét al® presented TEM side views o8 nm radius Pt wires inside the
insulating sheath of their nanoelectrodes. Theasprassive micrographs unambiguously
demonstrate that the radius of the conductive m@mparable to the effective value of the
electrode radius obtained from diffusion limitingreent. So far, no similar resolution images of
the exposed metal surface have been reported, lerefdre the geometry of ultra-small
nanoelectrodes remains largely unknown. The nssings are the possibility of solution leakage
(see the next section) and whether these electradegssentially flush with the surrounding
insulator or recessed, or protruding. For instaacgery small, 1 nm recess would cause the
current to a 1-nm-radius electrode to be only 43%he current to the equally sized, non-
recessed dis®.

1.4.2.Solution leakage. Detecting solution leakage through the insulatotaigoundary
is very difficult. This phenomenon (as well as teiated “lagooned geometii*) may not be
apparent from the value of the diffusion limitingirent or the shape of a steady-state
voltammogram. The leakage is supposed to incréasesurface area of the metal/solution

interface and therefore the double layer chargungent. However, the apparent capacitance of
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a nanoelectrode is much larger than the capacitahtiee metal/solution nanointerface due to
“stray capacitance” of its insulated portion andimg. Thus, detecting the leakage from
capacitive current (e.g., by increasing the po&stiveep rate) is not straightforward.

Fast scan voltammetry can be used to evaluateldotrode surface area by measuring
the total charge of an adsorbed molecular monotaged to compare it to the geometric surface
area calculated from the apparent radius of th@elantrode. An agreement between the two
area values provides strong evidence against enllgiakage. However, the adsorbed species
must be immobilized on the surface, and surfadesldn must be negligibly slow; otherwise, a
monolayer of adsorbed molecules may form on therdatsurface of the nanowire (i.e., at the
metal/glass interface) thus greatly increasingefifective surface area.  Another approach to
leakage detection is based on the comparison bstas (e.g., 10 — 50 V/s) and slow scan (e.g.,
< 200 mV/s) voltammograms of the dissolved speckegs( 1.5B and 1.5C). In the case of
leakage, the presence of a thin layer of solutiontaining electroactive species inside the
insulating sheath should result in peak-like feaguin fast-scan voltammograms, with a peak
height proportional to the scan rate. By contragimoidal fast-scan voltammograms very
similar to the slow-scan, steady-state voltammograiexcept for a moderate charging current
contribution (Fig. 1.5C)—point to the consistentlsand no solution leakage. Well shaped
SECM approach curves showing high positive (andatieg) feedback response in good
agreement with the theory have also been consideraa evidence against leakage.

1.4.3. Deviations of nanoelectrode responses from classical theory. An implicit
assumption in classical electrochemical theonh# the electrode dimensions are much larger
than the thickness of the diffuse double layer medmparably larger than the radius of species

involved in the interfacial CT reaction. Startiwith the pioneering work of Smith and White,
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a number of theoretical and experimental studiesuded on possible deviations from
conventional electrochemical theory at nanometegeselectrodes and in nanometer-thick TLCs.
The most extensively discussed is the effect dtigéf layer on mass-transfer, which is expected
to be significant if the diffusion layer thickness comparable to that of the diffuse double
layer?*?* The magnitude of this effect and its influencetba values of kinetic parameters
extracted from a steady-state voltammogram dependa number of factors including the
charge of electroactive species, its standard patefwith respect to the potential of zero
charge), and the ionic strength of solution. Instncases, the predicted deviations should be
significant ata < 10 nm and barely detectible at> 100 nm®®> A new treatment for disk
nanoelectrodes based on Marcus theory and takitogaocount long-distance ET predicted
especially dramatic effects (e.g., peak-shapedanuoitograms) for extremely smad € 5 nm)
electrodes and multicharged ids. For oxidation/reduction of neural species (eFg, or

FcMeOH) the double layer effects are much less mapo.

In ref. 25, ET rates were measured for HigCN)2- / Fc(CN)g- couple in 1 M KCl at a

number of paint-coated, etched Pt electrodes aithried between 10 nm and several pm. To
explain observed deviations from conventional wol#etric theory, the authors carried out
Monte Carlo simulations of nm-thick TLCs and comgd that the rate constants found fram
values at nanoelectrodes with 10 nra < 300 nm were overestimated by the factor of tlochee
to non-negligible length of the mean free pathhef diffusing redox species in comparison with
the electrode size.

More recent Brownian dynamics simulatidhsoupled with long-range ET probability

values predicted a “tunneling depletion layer” thetould result in a potential-dependent
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diffusion-limited current and non-sigmoidal curresst potential dependences at very short TLC
thicknesses (e.g., ~1 nm).

From the analysis of collisional encounters betwtee redox molecule and electrode
surface based on Brownian dynamics simulations,wés concluded that the largest
heterogeneous ET rate constant observable at tleeleztrodes in conventional solvents should
be ~5 cm/s?’ An opposite situation—a relatively slow ET reantioccurring at a very small
electrode—was recently treated by FeldBErmgho suggested that application of the Butler-
Volmer formalism in this case should yield incotrealues ofk’ and meaningless values of
Moreover, the Marcus-Hush model predicts a limitmgrent for such systems that can be
significantly smaller than the mass transport kditurrent®

A number of size-related electrochemical phenonsrdhtheir effects on ET rates have
yet to be explored. For instance, the discretermsd stochasticity of ET events at
nanointerfaces may be yet another source of demtfrom classical theofy. Numerical
simulations based on the electrochemical masteratenu suggested that ET rate at a
nanoelectrode should be significantly faster th@rate of the same reaction at a macroscopic
electrode® A more rapid potential drop within the diffuseutite layer at a hemispherical
electrode smaller than 50 — 100 nm should alsoltr@swan enhanced driving force for E.
Negative charges residing on the insulating surfae affect mass transfer (and consequently
the apparent ET rate) at glass-sealed nanoelesttbde

No comprehensive theoretical description of ETctieas at nanointerfaces is currently
available to take into account all size-related nmmeena discussed above. The relative
importance of each effect remains incompletely uvstded. To observe and quantitatively

evaluate major deviations from conventional theanye needs electrodes smaller than ~5-nm
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radius with well characterized geometry, which haet to be fabricated. Some striking
voltammetric features predicted by recent models et yet been observed, and in some cases
no significant differences were found between kinparameters determined at very small and at
much larger nanoelectrod&s.At the same time, deviations from conventionalotty observed

at relatively large (e.g., up to 300 finelectrodes as well as a non-linear concentration

dependence of the diffusion curr&rare likely to be artifacts.

1.5. Heterogeneous electron transfer at metal/solution nanointerfaces

The ET current expressed by the Butler-Volmer &qoas proportional to the product of
ko and the electrode surface afea.Thus, the reliability of nanoelectrochemical kine
experiments is largely determined by our knowled§ehe electrode geometry and the true
surface area exposed to solution. An early repgrPenner et &’ has demonstrated a great
potential of nanoelectrodes for fast kinetic measwents and gave a powerful impulse to the
development of electrochemical nanoprobes. Atstrae time, this work exposed the perils of
using nanoelectrodes without proper characterigatiti was suggested that extremely high
values obtained in ref. 37 for several outer-spldreeactions resulted from the recession of the
electrode into a small chamber of surrounding msul (lagooned geometry®3° Several
approaches to improving fabrication and characaé&on of nanoelectrodes resulted in more
consistent ET measurements surveyed below. Thiswedoes not include the data obtained
with no supporting electrolyte because the existthgory does not provide quantitative
treatment for very significant double layer and pairing effects expected in this c4%é"
1.5.1 ET kinetics measured by nanoelectrochemical techniques.

Two main strategies employed in fabrication of wimetric (i.e., disk-type, spherical

cap, or conical) nanoelectrodes have been etchiswéting®>** and pulling/heat sealing into



14

glass capillarie§’ The former approach typically yields non-poliskeatonical or spherical-type
tips, while pulled electrodes can be polish&tf*® Both types of probes have been employed in
ET measurements by steady-state voltamniétty. Polished electrodes with a thin insulating
sheath (i.e., the ratio of the insulator thicknesshe disk radiusRG = ry/a < 10) have been
employed as SECM tips for feedback mode kinetic edrpents’® The results of
nanoelectrochemical ET experiments are summarizdalble 1.1.

Watkins et af® measured the kinetics of ferrocenylmethyltrimetnyinonium
(TMAFc") oxidation at 19 quasi-hemispherical Pt electrodith the effective radius varied
between 2 nm and 150 nm. This work shows how Maslto make kinetic measurements at
non-flat nanoelectrodes. Despite major efforts entadcharacterize the electrode size and shape
(see the next section) and a large number of amdlynltammograms, a significant uncertainty
in the determined rate constant was apparently ttueimperfect electrode geometry.
Importantly, no strong correlation was found betw#ee electrode size and the measured kinetic
parameters even for the radii as smalaas10 nm, for which such correlation can be expected
from existing theory. Another important lesson ®lbarned from ref. 48 is that an individual
kinetic experiment at a nm-sized electrode mayh®teliable. To ensure that the results are
meaningful, one has to treat a number of CVs obthifor a wide range of experimental
conditions.

Similar quasi-hemispherical Pt electrodes were tsetudy kinetics of IrGF
oxidation?* The electrode radii in this case were somewhgeta48 nm - 654 nm), which
may be the reason for much smaller uncertaintieth@nmeasured kinetic parameters. The
authors have stressed significant deviations ofnidweoelectrode responses from the classical

theory observed in the absence of the supportiegirelyte and additional complications caused



15

by ion pairing. However, no effect of the eleceaslze on the measured ET rate with excess
KCI was reported, and th€ values measured at nanoelectrodes were simitapse obtained at
larger electrodes in ref. 40 and in the literature.

Tablel.1 ET kinetic parameters measured by nanoelectroiciaéapproaches.

redox couple electrolyte k% cm/s a electrode, method Ref.
a (nm)
Pt quasi- :
TMAFC/TMAFC® | 02KCl | 4.8+3 |0.6+0.1;| hemisphere| Steady-state | g
17—150 voltammetry
Pt quasi-
3 2. ; steady-state
IrClg™/IrClg 0.5MKCI| 2.9+ 0.2 |0.50+ 0.01 hzgwl_s%gire voltammetry 40
FcMeOH/FEMeOH | 0.2 M NaC| 6.8 £0.7 |0.42+0.09 Poroed Pt
Fo/Fc” 0.3M 5, polished Pt
in acetonitrile TBACIO, 84+0210.47£0.02 "3 7 14
3+ 2+ polished Pt SECM 20
RU(NH;)s™/ Ru(NHg)s*"| 0.6 M KCI | 17.0+0.9/0.45+0.03 ', 5 "o,
TCNQ/TCNCG- 0.1 M 4 polished Pt
in acetonitrile TBACIO, 1.1+£0.04/0.42£0.02 "75" 556
0.25 M KCI| 6.0+1.4|0.49+£0.09
2 M KCI >13 0.49+0.18
+ Pt TLC steady-state
Fe(MeOH)/Fe(MeOH) | 0.25 M 3.2+0.5/|0.56+0.0q7 d=50nm voltammetry 16
NaClQ,
2MNaClQ| 1.5+0.2|0.55+0.04
0.2 M Pt/Hg TLC | single molecul
RU(NHs)6>/RU(NHs)6™* KNO 8.6 0.58 a=8.2nm steady-state | 17
3 d=1.2nm voltammetry
3- 4- _ 4 _ Pt-Ir cone
Fc(CN)g"/ Fc(CN)g™ | 0.5 MKCI|0.12-17.3 1.1- 95.6 | low-overpotential 18
TMAFC/TMAFC® |05MKCI| 1.1-11.9 - Fitarcone | polarization curve
3- 2 L po.lished Pt
IrClg™/ IrClg 0.2 KCI 0.5-13 |0.72£0.1b 0.6—625
Fc/Fc 0.2M polished Pt steady-state
in acetonitrile TBACIO, 3.4-13.4 0.85+0.06 1.6-183.5 voltammetry 32
FcMeOH/FEMeOH | 0.1 M NaC| 0.5 - 18.8 0.78 £0.16 P00 ™"

Another kinetic stud{ employed non-flat Pt —Ir electrodes with the radinging from
extremely small (e.g., 1.1 nm) to relatively lar¢geg., 150 nm). Unlike other results

summarized in Table 1.1, the rate constants detednfor FCTMA/FCTMAY and Fe(CNy*™
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/Fe(CN)}* redox couples increased markedly (i.e., by aboet and two orders of magnitude,
respectfully) with decreasirgvalue. Moreover, thk° values obtained for the former species at
larger nanoelectrodes were several times lower these measured in ref. 15 for the same
reaction or for oxidation of either aqueous ferremethanol (FcMeOH) or
ferrocenedimethanol Ec(MeOH), ) in KCI.*® Besides the uncertainties in electrode geometry,
these results may also have been affected by uhagpeoach to data.

No strong correlation between the electrode radndgkinetic parameters was found with
glass-sealed polished nanoelectrodesThe average rate constant values determinedhfor t
oxidations of Fc and FcMeOH amdCls> were close to those found by other groups. Howeve
the variation ink® was significant (e.g., more than an order of magi® for the oxidation of
FcMeOH) and the determinedvalues were much higher than= 0.5 expected from classical

ET theory and also higher than the values repdiyeathers (Table 1.1).

-10 4

iT, pA

-20 1 3

-30 L} L} L} L}
-100 0 100 200 300

E, mVvs. Ag/AgCI

Figure 1.7. Experimental (symbols) and theoretical (solddingteady-state voltammograms of
1 mM FcMeOH in 0.2 M NaCl obtained at different asggion distances between the 36-nm Pt
tip and Au substrat@l = « (1), 54 nm (2), 29 nm (3), and 18 nm (4)= 50 mV/s. Theoretical
curves were calculated from Eq. (8)



17

Kinetic measurements by SECM combine useful featwf ultramicroelectrodes and
thin-layer cells(TLC). For short tip-substratetdizces, the attainabla can be several times
higher than its value at the same tip electroddarbulk solution. In this way, the kinetics oéth
fast oxidation of ferrocenemethanol (FcMeOH) anvs measured (Figure 12P).Reproducible
k° anda values were obtained from dozens of steady-statammograms recorded at different
polished Pt tips and over a wide range of the uipgtrate separation distances. Three other rapid
ET reactions—the reduction of 7,7,8,8-tetracyanogdimethane (TCNQ) and the oxidation of
ferrocene (Fc) in acetonitrile, and the reductiérRa(NHs)s>—were investigated in a similar
manner. The essential independence of kinetic pateasiofm, which was varied two orders of
magnitude, suggested the validity of the experimamsults.

Steady-state voltammetry in nano-TLCs was deedrib two publications. A 50-
nm thick nanofluidic cell with a well-defined geotmewas fabricated and used to measure
kinetics of Fc(MeOH, oxidation with different supporting electrolyt&s. While the kinetic
parameters determined in KCI solutions were redsgndose to those measured by SECM for
FcMeOH?® the effects of the nature and concentration aftedéyte onk® andig values have yet
to be clarified. Unlike SECM, neither the eleciochdius nor the separation distance in the
nano-TLC can be varied easily. Thus, all measuntsni@ ref. 16 were made using essentially
identical devices. An advantage of such an appraacin high reproducibility of kinetic
experiments. At the same time, changing the dilnessand mass-transfer characteristics of a
TLC to check the data validity and investigate tinigins of unusual effects of the electrolyte

concentration on ET was not possible. In Ref.thé&,use of a very small TL&GE 8.2 nmd =
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1.2 nm) enabled kinetic measurements at the lévalsingle molecule. The rate constant value
found for the reduction of Ru(N§** was slightly lower than that measured by SECM KFa
solution;however, the results of this proof-of-concept ekpent have yet to be reproduced.

The nanoelectrochemical ET experiments summarnzetiable 1 involve nine redox
couples, several electrolytes, and three diffesefuents. Surprisingly, most measuk€dalues
(except for a few values obtained at poorly chaméxtd electrodes) are spread within one order
of magnitude. By contrast, the homogeneous selfi@xge rate constants of the same redox
species cover the range of more than six ordersnagnitude (e.g., from ~fom™s* for
Ru(NH)e¥?" to 160 M™s* for TCNQ/TCNQ). Moreover, no direct correlation between the
homogeneous and heterogeneous rate constants exexn the Marcus formula was found.
There are also no striking differences between rdie constants measured by different

techniques and at electrodes of different dimerssion



19

Chapter |1

Effect of Electrode M aterial on Electron Transfer Rates

2.1 Introduction

The availability of nanometer-sized electrochemipabbes with well-characterized
geometry and desired properties is essential Estrichemical experiments on the nanostale.
The nanoelectrodes of various geometries, suchsés,dands, cones and recessed electrodes,
were produced by several research gréupshe preparation and characterization of the disk-
type, polished nanoelectrodes with a radag, 3 nm has been reported previously from our
lab?®® A smallRG value (i.e., the ratio of the insulating sheattiua toa) of <10 allowed such
electrodes to be used as tips in scanning ele@midal microscopy (SECM) and to serve as
nanoprobes for experiments inside living ¢gfiand in electrochemical nano-junctiolﬁ%.

All nanoelectrodes previously fabricated in ourdetiory were made of Pt. Other metal
(e.g., Au) electrodes may be required for varioppliaations (e.g., surface modification by

molecular self-assembly,electrocatalysid’ or kinetic measurements). Zhaegal®

recently
reported the preparation of nanometer-sized Au Rindlass-sealed nanoelectrodes. In that
work, the same methodology was used to fabricatearft Au nanoelectrodes with thick
insulating glass (larglRG). However, significant modifications in pullingrqredures are
required to produce Au SECM nanotips WRB < 10.

Here, we employ Au nanoelectrodes to study hetereges electron transfer (ET)

kinetics. With nanoelectrodes, one can attainga hate of mass transport and study kinetics of
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fast ET under steady-state conditidfin the previous stud¥??the kinetic parameters of several
rapid ET reactions were extracted from SECM voltagrams obtained at the tip electrode
positioned near a conductive substrate. The tipri@l was swept slowly to obtain a steady-
state voltammogram, while the substrate was poste@ constant potential, at which the
regeneration of the redox mediator was diffusiomtadled!® In feedback mode SECM
experiments, the shorter the separation distanweeka the tip and the conductive substrdje (
the larger the mass transfer coefficiem).{ Thus, the mass transfer rate could be changed
within a wide range (e.g., by more than two ordgrmagnitudé®® by varyinga andd. Using
this approach, the kinetic parameters were meadarddur rapid outersphere ET reactions (i.e.,
the oxidations of ferrocenemethanol in water anéeabcene in acetonitrile, and the reductions
of Ru(NHs)e>* in 0.5 M KCI and of TCNQ in acetonitrile) at Ptrelectrode$™® The standard
rate constantsk{) measured at nanoelectrodes were similar to oresdrat higher than the
values obtained previously at larger electrodd$ey also were essentially independent of both
from a andd—an important test of the data validity.

No direct correlation was found in ref. 15a betwélesm measured electrochemical rate
constants and corresponding self-exchange ratdaziek.y): the lowestk® was measured for
the redox couple with the fastdgk (TCNQ/TCNQ), and vice versa, the fastest heterogeneous
rate constant was obtained for Ru@d”?* in 0.5 M KCI whosekex was the lowest among the
studied couples. It was suggested that the mehsates may reflect the differences in
adiabaticity of those heterogeneous ET processdthiough it is pretty common to invoke the
adiabaticity argument when the measured ET ratedoarer than those predicted theoretically,
few experimental observations of definitely nonadiz electrochemical ET have been reported

to date®!
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The extent of adiabaticity can be evaluated by ipgpthe effect of the electrode material
on the ET rate. According to Gosavi and Marfushe rate constant is expected to be
proportional to the density of electronic statestbé metal at the Fermi levepg) for
nonadiabatic ET and independenpefin the adiabatic case. For the former case, phnegicted
the ratio of standard rate constants of the samatE and Au electrodes to be ~1.8 (assuming
that the reorganization energy,is the same for both electrodes) becausegdhs Pt is larger.
While this prediction has been corroborated expemitaly for ET across self-assembled
monolayers® no similar results have yet been obtained at beetal electrodes. Similar rate
constants were measured at Pt and Au for variodsxrespecies, e.g., benzoquinone in
dimethylformamide€’* or Ru(NH)e>"2 in 1 M KF2 In addition to double-layer effects that can
compromise the comparative ET measuremenislatively low mass-transfer rates attainable at
macroelectrodes may have thwarted previous attetoptietect differences ik° at different
metal surfaces.Here, we compare the results of kinetic experimeantdu nanoelectrodes to
those done at similarly sized Pt tips in ref. 16aorder to investigate the effect of electrode

material on the rates of fast ET reactions andaii@@ssible nonadiabaticy.

2.2 Experimental Section

Chemicals. Ferrocenemethanol (FcGBIH, 97%) from Aldrich (Milwaukee, WI) was

recrystallized twice from acetone. Hexaamminerutmen(lll) chloride (99%) was obtained

from Strem Chemicals (Newburyport,MA). Tetrathiafalene (97%), 2,2,6,6-tetramethyl-1-
piperidinyloxy free radical (TEMPO, 96%), and mdghenothiazine (98%) were from Aldrich
(Milwaukee, WI). 7,7,8,8-tetracyanoquinodimethaff€€CNQ, 98%) and, ferrocenemethanol
(FCCHOH, 97%) from Aldrich were recrystallized twice fnoacetone. Ferrocene (Fc, 98%;
Aldrich) was sublimed twice before use. Tetrabatytmonium perchlorate (Fluka), NacCl, Kl,

LiSO4 and KCI (99+%, Aldrich) were used as supportireceblytes. Aqueous solutions were
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prepared from deionized water (Milli-Q, MilliporeoQ. Either 99.95% acetonitrile (Aldrich), or

twice distilled HPLC grade DCE (Sigma-Aldrich) wased to prepare organic solutions.

Electrodes and electrochemical cells. A two-electrode configuration was employed with a
0.25-mm-diameter Ag wire coated with Ag€érving as a reference electrode. 100-nm-thick
evaporated Au films on glass prepared with the asilane coupler and annea@dvere

obtained as a gift from Alexander Vaskevich (Weimmdnstitute of Science) and used as a
conductive SECM substrate. The cell was madethglaihg a 7 mm glass tube to the Au coated
slide, which was mounted on a vibration-isolatedizumtal stage. In the negative feedback

mode, a bare glass slideas used as an insulating substrate to checkglgetmetry.

The fabrication of a nanotip starts with pullingrécrometer-sized Au wire into a glass
capillary, as described previousR?. Briefly, an annealed 25-um wire (Goodfellow) was
inserted into a borosilicate capillary (1.0-mm p.@.58-mm i.d.), which was fixed in the V
groove of the Sutter P-2000/G laser pipet pulléfhe programs designed to produce Au
nanoelectrodes with a desired size and shape wérsedt from those used previously to pull Pt
electrodes because of comparatively low meltinghpof gold. For example, the parameter
“heat” which controls the output power of a lasesveet somewhat lower for gold (400) than for
platinum (500), and the “velocity” parameter vaimas kept higher for Au (30) than for Pt (15).
The larger value of the latter parameter resulted iower temperature of the Au wire at the
moment when the capillary was pulled.

A pulled capillary with a sealed Au wire was poéshusing a BV-10 micropipet beveller
(Sutter) under video microscopic control. The manipulator was used to move the capillary
vertically towards the rotating disk to which a 50n lapping tape (Precision Surfaces

International, Houston, TX) was attached. Duriradighing, the pipet axis was made exactly
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perpendicular to the rotating disk using a plumb bad a two-axis bubble level. (See ref. 15b
for details of the tip/polisher and tip/substraligranent). Additional fine polishing was done
with 50-nm alumina particles placed on the samatirgg disk. The polished electrodes were
rinsed with water and annealed in the oven at 9f@f@n hour.

For kinetic measurements by SECM, it is essentiabring the tip very close (the
minimum attainable tip/substrate separation distastould be ~0dor smaller) to the substrate
surface. This can be done only if the metal cdth®tip is not recessed into the insulating glass
and theRG is sufficiently small. Unfortunately, repolishirige tip, which may be required to
clean it and ensure reproducibility of the resuhsreases the thickness of the glass sheath and
may result is a slight recess of the Au surfackis problem can be avoided by using an aqueous
suspension of alumina particles to repolish the flfne polishing was done by moving the tip
inside concentrated suspension (very soft pastépefm alumina particles in water. Figure 2.1
shows two voltammograms of 1 mM of Fc@bH at a 70 nm radius Au tip before (A) and after
(B) repolishing it in suspension of 50 nm aluminA. marked improvement in the electrode
response is not surprising if one keeps in mind the tip radius was comparable to that of an
average alumina particle. Random collisions oftigas with the tip result in gentle and

efficient polishing.

SECM apparatus and procedure. A home-built SECM instrument and experimental
procedures were described previousRf. Briefly, the initial approach of the nanotip toet
substrate surface was attained by using a z-aglssorm motor (EXFO-Burleigh) to move the
tip toward the substrate at a relatively slow spéed., 200 nm/s). The motion was stopped
instantly when the change in tip current was det&dte., at the tip/substrate separation distance
equivalent to several tip radii. The final appioagas done using a piezo actuator (PI-841,

Physik Instrumente, Germany) to move the tip towthedsubstrate at a very low speed (5 nm/s
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to 30 nm/s) and recording the tip current as atfanmf separation distance. The approach was
monitored by a video microscope. A proper tip/$tdie alignment was achieved as described in

ref. 15b.
To obtain an approach curve, the tip was biased @dtential where the oxidation (or

reduction) of the mediator species occurred at ffusion-controlled rate; the mediator
regeneration at the unbiased Au substrate was dlffasion-controlled. For SECM
voltammetric experiments, the nanotip was positibata suitable distance from the substrate,
and its potential was scanned. The correspondppyoach curve was used as a distance
calibration to determine the tip/substrate distafroen the diffusion limiting current. All
experiments were carried out at room temperatu8e+(2 °C) inside a Faraday cage. Steady-
state voltammograms were obtained using an El-4p@tdntiostat (Ensman Instruments,
Bloomington, IN) or a BAS 100B electrochemical wstkion (Bioanalytical Systems, West
Lafayette, IN). The solution containing Ru(j)kf* waspurged with high purity nitrogen for at

least 30 min before voltammetric measurements.

2.3 Resultsand Discussion

Electrode characterization.

Cyclic voltammetry and SECM were used to check ttiee surface of polished gold
nanoelectrodes is flat and not recessed. A stetdg- voltammogram of 1 mM
ferrocenemethanol (Fig. 2.1A) is fully retraceahted well shaped with a flat diffusion plateau.
The tip radiusa = 68 nm was obtained from Eq. (2.1)

iT o0 = 4FDac (2.1)

whereF is the Faraday constai,= 7.8X 10° cnf/s is the diffusion coefficient of FcGBH,**?

andc is its concentration in solution. An SECM currest distance curve obtained with the



same Au tip approaching an insulating substratg. (LB, symbols) was fitted to the theory for
positive feedback (solid lin€) using the same radius value. TR& value RG = 10) was
determined from the same current-distance curvejsasissed previousiy*?’ A high positive
feedback current obtained at 60-nm Au tip approsgla conductive substrate (Fig. 2.1C) is
indicative of a flat, non-recessed, and well pdihip surface.RG = 10 obtained from Figs.
2.1B and 2.1C is typical of the Au tips used irsthiork. Although a very careful tip/substrate
alignment (see Experimental section) was requicedttain short separation distances with a
relatively largeRG, we preferred to employ such tips for measuremehtfast heterogeneous

kinetics because the theory Eq. (2.2) was develépe@G = 102
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Figure 21 Steady state voltammogram (A) and SECM approackesu(B) and (C
obtained at a Au tip in solution containing 1 mMJFOH and 0.2 M KNQ. a= 68 nm (A
and (B), and 60 nm (C). Theoretical curves (sbiids) were calculated witRG = 10 fol
negative feedback (B) and diffusion-controlled fiwsi feedback (C}’ symbols ar
experimental data. The current is normalized ey thlue measured in the bulk solut
The tip approached the sutzde with a 5 nm/s (B) and 10 nm/s (C) speed. pbientia
sweep rate wags= 50 mV/s (A).
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Kineticsof ET Reactions at Au Nanoelectrodes. Kinetic parameters of FCGBH oxidation in
0.2 M NacCl (6.8 £ 0.7 cm/sg = 0.42 £ 0.03) were extracted in Ref. 15a from anber of
voltammograms obtained at Pt nanoelectrodes ofreifit radii (from 25 nm to 290 nm). Fig.
2.2 shows a family of voltammograms of the sameré&glction obtained with a 109 nm Au tip
positioned at different distances from the condwgtiAu film substrate. k® and the transfer

coefficient () were obtained by fitting the voltammograms to gg2)°?

078377 068+ 0.331%xp(-1.0672/ L)
L(6+1K) H[HHZ/MT}
K6 4k0 + 32

IT(E,L) = 2.2)

where L = d/a, E is the tip potentialx = miexpaF(E-E*)/RT/@ |7 ), 4 = k°a/D,
=1+ exp(E - E°)/RTDo/Dg, E' is the formal potentialR is the gas constant, is the
temperatureDo and Dr are the diffusion coefficients of oxidized and ueed forms of redox
speciesDo = Dgr =D is assumed below), an# is the normalized diffusion limiting tip current
for the samé. at a conductive substrate:
I¥ =0.68 + 0.78371/+0.3315exp(-1.067R) (2.3)

The tip currentT(E,L) in Eq. (2.2) is normalized by the steady-statéudibn limiting current to
a microdisk electrodey o, which given by Eq. (2.1) for a sufficiently larg& (e.g., ~10).

Kinetic parameters extracted from the series of MBGIltammograms obtained at five
different Au tips are summarized in Table 2.1. discussed previousfy**°the upper limit for
the measurable standard rare constant can be givearms of the dimensionless kinetic
parametei’ = k°d/D = Lk°a/D. The tip voltammogram is essentially reversible £10. When
the tip is far from the substrate, the conditiomenfersibility isi = k°a/D 2 10. Thus, the kinetic

parameters in Table 2.1 were obtained only frontaveinograms that yielded < 10 (or1 < 10

26
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atL >>1). Similarly to the results obtained previlgust Pt nanoelectrodes, there is no apparent
correlation between the determined kinetic pararaedada or d values. Essentially the same
formal potential value (within £ 5 mV) was founain different voltammograms obtained at the
same tip. The variations betweEfi values obtained with different tips are due togdlwsv shift

in the coated-wire reference potential (on the tatale of several days). The mean values of the
kinetic parameters from Table 2.1 &%e= 8 £ 1 cm/s andr = 0.42 + 0.06. (Here and below, the
uncertainties are 95% confidence intervals). Thgemhineda value is the same as the one
found for FCCHOH oxidation at Pt nanoelectrodes, and khealueis slightly higher than the
one in ref. 15a (6.8 + 0.7 cm/s). This differensewithin the range of our experimental
uncertainty, and a slightly larger rate constanasoeed at Au electrodes indicates that a higher

density of electronic states in Pt is not a fattere. No statistically significant difference was
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Figure2.2. Experimental steady state voltammograms of 1 mEHxOH
obtained at different separation distances betwleed09-nm Au tip and Au
substrate.d = (1), 72 nm (2), 35 nm (3), 31nm (4), and 21 nm {6¥ 50
mV/s.



also found between kinetic parameters of the oxadatf Fc in acetonitrile measured at ten Au
nanoelectrodesk{ = 8.0 + 0.5 cm/syr = 0.44 + 0.03) and those obtained previotilgt Pt tips
(k°=8.4+£0.2 cm/sg = 0.47 £ 0.02). These findings indicate that tkelations of FCCHOH

in water and Fc in acetonitrile are adiabatic psses

Table 2.1. Kinetic parameters of FCGBH oxidation at Au nanoelectrodes in 0.2 M NacCl

anm*| L [k°,cm/s] a | E” |[A'orA

153 | reversible

153 | 0.86 reversible

153 | 0421 9.0 [0.31153| 7.4
153 | 0.34 105 | 0.30 151| 7.0
153 | 0.21] 9.8 [ 0.30142| 4.0
109 | reversible
109 | 0.66] 7.3 | 0.321172| 6.8
109 | 0.327 55 [0.33168| 2.5
109 | 0.28] 8.9 |0.321161| 3.5
109 | 0.190 8.3 |[0.41 162| 2.3
65 00 53 |[0.57 131 45
65 0.6 6.8 | 0.51121| 3.5
57 00 6.7 |0.51 192 4.8
57 15 7.5 | 0.49196| 8.2
57 1071 7.8 |0.49 190| 4.0
55 00 8.2 |[0.45 138| 6.3
55 [ 215 9.1 [0.57 134| 5.2
55 1.2 116 | 0.48135| 5.9
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Similar approach was used to measure kinetic petemof the reduction of Ru(N)g**

in 0.5 M KCI (Table 2.2). Like it was found abofg FCCHOH, the mean transfer coefficient

value for Ru(NH)s>* reduction at Au electrodesr € 0.45 + 0.09) is exactly the same as atPt.

However, the mean rate constant value at Au swsfdCe= 135 + 2 cm/s) is lower than that

measured at Pt tips in ref. 15a (17.0 £ 0.9 cmid)e difference between these two mean values

is statistically significant: using tatest® at the 95% confidence level, one can fipg = 3.65,

which is larger thariape = 2.1. The dependence of the rate of RufHi reduction on the

nature of the metal surface points to some degferon-adiabaticity, however, the ratio,

k°pik°au = 1.26 is smaller than the 1.8 value expected farapletely non-adiabatic reaction.

Table2.2. Kinetic parameters of Ru(Nj#>* reduction at Au nanoelectrodes

(solution contained 2 mM Ru(N§#>*and 0.5 M KCI)

a,nm* L |k°,cm/§ a |E*| A
134 | « reversible
134 | 0.62 reversible
134 | 0.53 reversible
134 | 0.4Q 10.5 | 0.3|151| 8.4
134 | 0.3 11.4 | 0.30142| 8.2
98 | w reversible
98 |0.3] 13.3 | 0.51131] 6.0
98 (0.2 15.0 [0.51133| 5.4
98 |0.1§ 184 | 0.49127| 4.9
84 | » reversible
84 (0.24 19.8 [ 0.63162( 6.5
84 10.20 125 |0.64156| 7.1
62 | « reversible
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62 |10.87 9.1 |0.35134| 8
62 |0.67 11.6 |0.33135| 5

The above finding is different from the resultsle@sitaet al,*®

who measured very
similar rate constant values for the Ru@y¥’** couple at different metallic electrodes and
concluded that the ET reaction is fully adiabatitowever, the supporting electrolyte in ref. 25
was 1 M KF. It was also suggested that the kiseticRu(NH)s>* reduction strongly depends
on the nature of the supporting electrolyte, arekthvalue greatly increases in the presence of
high concentration of chloride. Therefore, we determined the kinetics of thistiea at both Pt
and Au nanoelectrodes in 1 M KF. The results prieskin Table 2.3 can be summarized as
follows: k° = 11.9 + 0.5 cm/s¢g = 0.40 + 0.05 (at Pt) ankf = 9.3 £ 0.4 cm/s,a = 0.42 £ 0.03
(at Au). Similarly to the results obtained in K@ere is no significant difference between the
transfer coefficient values measured at Au andi&tredes. For both Au and Pt, the mé&an
measured in KF is somewhat (~30%) lower than thieesponding values in KCI. Moreover, in
KF thek®pdk°ay ratio is 1.27, i.e., very close to the 1.26 valbeamed in KCI. In either solution,
the reduction of Ru(NEJe>*is not completely adiabatic. The discrepancy betwthis finding
and the previously reported res@its probably due to a very hid value, which was hard to
accurately measure at macroscopic electrodes hal®a5.

One should notice that the self-exchange rate anhsheasured for Ru(N§#®"* is
significantly (~3 orders of magnitude) lower tharatt obtained for the ferrocene couplé’
This data and a higher degree of adiabaticity d@HOH oxidation discussed above are at

variance with the largek® values measured for Ru(M}* reduction at both Pt and Au

electrodes. A plausible explanation is that lB@f Ru(NHs)s>* reduction is enhanced by the



diffuse double layer effect (Frumkin correction), hish can be expressed as
k: = k°exp((z&)F¢/RT), where z is the ionic charge apgis the potential at the outer Helmholtz
plane3' Although it is hard to quantitatively evaluate and the magnitude of the Frumkin
correction at solid nanoelectrodes, this correcsioould be larger for Ru(N§** (z =3) than for
a neutral FcChDH species. Moreover, Ru(NJ8*"/?* is the only redox couple for which the rate
constant measured either at Au or at Pt nanoeliedravas significantly higher than the values
obtained previously at macroscopic electrodes. s Tiiservation agrees with the theoretical
prediction that a double layer effect on heterogese kinetics may be stronger at
nanoelectrodéd (and nanoparticléy than at macroscopic electrodes, especially for
multicharged iong?

Table2.3. Kinetic parameters of the reduction of 2 mM Rug@yft

at Pt and Au nanoelectrodes in 1 M KF

electrodéa, nm*| L |k°,cm/ig o [E>| A

Au 70 | o reversible

Au 70 | 1.1 reversible

Au 70 | 0.6] 9.3 (0.34-282| 6.1
Au 70 10.42 9.1 |0.3§-284] 4.1
Au 70 |0.390 9.6 | 0.4/-280] 3.1
Au 56 | » | 9.5 [0.44-282 8.2
Au 56 |0.98 10.2 | 0.44-278| 8.6
Au 56 | 0.58 9.0 [0.39-276| 4.5
Au 56 | 0.4 9.8 |0.44-278 3.8
Au 56 |0.3q 8.4 |[0.44-280 2.6

Pt 77 co reversible

Pt 77 | 0.98 reversible
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Pt 77 | 0.58 11.8 | 0.37-272 8.1
Pt 77 | 0.4Q 11.4 | 0.3§-268 5.4
Pt 77 | 0.21 12.9 | 0.37-274] 3.2
Pt 62 | o reversible
Pt 62 | 0.78 11.6 | 0.52-268 8.6
Pt 62 | 0.56 11.2 | 0.3§-258| 5.98
Pt 62 | 0.30 12.6 | 0.37-259 3.6

Other ET Reactions. The kinetics of severaither fast outer-sphere redox couples at Au
and Pt nanoelectrodes were investigated. A fewhef exhibited near-ideal voltammetric
responses at both types of nanoelectrodes. A aymgample is the rapid oxidation of
tetrathiafulvalene in 1,2-dichloroethane, whoseskparameters are essentially the same at Pt
(k°*=8.8 £0.4 cm/sg = 0.3% = 0.02) and AuK® = 9.0 + 0.4 cm/sg = 0.3% * 0.02) surfaces
(Table 2.4). Similar results were obtained for tether redox species, i.e., TEMPO in
acetonitrile and methylphenothiazine in 1,2-dicbkthane (data not shown).

Another group of ET reactions appear to be strorsglyface-dependent. A typical
example is the reduction of 7,7,8,8-tetracyanoquimethane (TCNQ) in acetonitrile. At Pt
nanoelectrodes, this process yielded essentiahl ioltammetric responses, and the determined
k°= 1.1 + 0.04 cm/S?was relatively slow in contrast to the very fasif-exchange rate constant
of TCNQ (4X 10° M?*s? 3. One could expect this ET to be non-adiabatid &m show
significant differences between the rates measatétt and Au. However, the voltammograms
of TCNQ at Au nanoelectrodes were poorly shaped, ram quantitative kinetic analysis was
possible. Similarly, we were unable to obtain vedldped voltammograms at Au nanoelectrodes

for Ru(bpy}*"?*, Fe(CN)}>"*, and F&"**couples.



Table 2.4. Kinetic parameters of the oxidation of tetratblaflene in
1,2-dichloroethane at Pt and Au nanoelectrodes

(solution contained 2 mM tetrathiafulvalene and M. fetrabutylammonium perchlorate)

electrodela, nm*| L |k°,cm/s a [E>| A

Pt 72 | © 8.6 |10.3§352| 7.2
Pt 72 1 0.46 8.8 |0.34354| 3.4
Pt 72 1023 9.1 |0.47354| 1.9
Pt 72 |1 0171 84 |0.3§350| 1.2
Pt 65 | © 8.2 |0.41360| 6.2
Pt 65 | 0.7§ 8.7 |0.39358| 5.1
Pt 65 | 0.44 8.4 |0.3q360| 2.8
Pt 65 | 0.28 9.9 |0.34360| 2.1
Au 68 | « 9.4 10.3g348| 7.4
Au 68 |1 0.8 8.0 |0.41348| 5.2
Au 68 |0.45 8.7 |0.3§346| 3.1
Au 68 | 0.25 8.6 |0.3§345| 1.7
Au 54 | o 9.9 |0.38350| 6.2
Au 54 | 09| 9.7 | 0.38352| 5.5
Au 54 10.68 8.2 |0.36350| 3.5
Au 54 1032 9.0 [0.40349| 1.8
Au 43 | o 8.6 |0.45364| 4.3
Au 43 | 0.87 9.4 |0.41358| 4.1
Au 43 | 055 9.1 |0.45352| 25
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2.4 Concluson

The flat, polished Au nanoelectrodes were prepaaed characterized by SECM and
voltammetry. These probes were used to measurekitiatic parameters of several rapid
heterogeneous ET reactions by steady-state SECtdmmwoietry. While the mass transfer rate
was changed by varying the tip radius and theuhsgate separation distance, the determined
kinetic parameters were essentially independeiottia andd. For several species including
Fc, FcCHOH, and tetrathiafulvalene the standard rate catstand transfer coefficient values
measured at Au tips were very similar to those inbthat Pt nanoelectrodes, as expected for
adiabatic ET reactiorfé. However, the standard rate constants of Ruf{Hreduction in KCI
and KF solutions at Au electrodes were found tdoeer than those obtained at Pt electrodes,

indicating that this reaction is not fully adialzati
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Chapter 111

Nanoscale I maging of Surface Topography and Reactivity with the SECM

3.1 Introduction

The capacity for acquiring spatially resolved cheahiinformation makes SECM a
powerful tool for visualizing microstructures anidying surface processesA wide range of
the reported applications include mapping localetweneous kinetiésrapid screening of
electrocatalyst3, studies of charge-transfer processes at liquidrfates;* and in biological
cells® investigations of corrosi8rand crystal dissolutioh. Various substrates from enzyme-
patterned molecular filMigo diamond electrod@snd semiconductor surfa¢gso living cells*
have been imaged by SECM. Among most recent aijits are visualization of 1-D
conductors? proteins® and fingerprints on surfacés.

Among several modes of the SECM operation, the beekl mode offers important
advantages for topographic and reaction rate ingdgifihese include high spatial resolution due
to the minimal diffusional broadening of the imaaged high sensitivity to the surface reactivity.
Feedback mode SECM images are obtained by scarthmegip above the substrate and
recording the variations in the tip current (constaeight mode) or z-coordinate (constant-
current mode) in solution containing either oxidize reduced form of a redox mediator. The
tip current is produced by reduction (or oxidatiof)}he mediator species at its surface. If the
mediator species is regenerated at the conductibstrate surface at the diffusion-controlled
rate, such a process produces an enhancement itiptiarrent (positive feedback). In the
absence of the mediator regeneration, an insulaingstrate blocks the diffusion of redox

species to the tip, and so the tip current decreases with decreasidgnegative feedback).
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The strongt vs.d dependence under both positive and negative fekdtmnditions constitutes
the basis for topographic SECM imaging. If the ratat regeneration at the substrate is
kinetically controlled, a feedback mode SECM imggevides information of the spatial
distribution of the reaction rate at the substtate.

Most SECM images reported in the literature wertaioled with micrometer-size tips,
and therefore provided micrometer-scale resoluttSnThe previously available nanotips were
shaped either as a cone or a sphericaf taponical and spherical tips have been employed for
generation/collection mode imagify,imaging “in humid air®®*® and for electrochemical
imaging with combined SECM-AFNF, but low feedback responses make them less suitable
the feedback mode experiments. Here, we reportisheof polishable disk-type nanofifsor
feedback-mode imaging of substrate topography aadtivity. Similar probes have recently
been employed for nanoscale imaging of biologiedls¢' However, it was difficult to interpret
such images and evaluate their validity. In thigkythe spatial resolution and other aspects of
nanoscale SECM experiments will be characterizedniaging well defined samples ranging
from recordable compact disks (CDs) to computepshi

Another type of probes potentially suitable foe fieedback mode imaging is
nanopipette$?® A pipette can be filled with a solvent immiscilwith the outer solution and
used as an SECM tf8° The tip current is produced by the transfer ofcamacross the
liquid/liquid interface e.g., from water to 1,2-tloroethane (DCE) inside the pipette. This
current is limited by diffusion of the transferaloba in the outer solution. It decreases when the
tip is brought close to a solid substrate, whiacks the diffusion to the pipette orifice (negative
feedback). The theory developed for the ion tran@fl) feedback mode is similar to the

conventional SECM feedback theory, and the qudivigagreement between theoretical and
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experimental current vs. distance curves was detrated for nanopipette tifé® Here, we
present the first example of high resolution toapdric imaging based on the negative IT

feedback.

3.2 Experimental Section

Chemicals. Ferrocenemethanol (FcGBIH), LICl and KCI purchased from Aldrich,
tetraethylammonium chloride (TEACI), chlorotrimelilane, and 1,2-dichloroethane (DCE)
from Sigma were used as received. Solutions oH;GH and KCI were prepared daily and
buffered to pH 4 with 20 mM acetic acid (Baker)exdammineruthenium (IIl) chloride and
ammonium hexachloroiridate (IV) were purchased f@mem Chemicals and used without
further purification. Ferrocene (Fc; 98%, Aldriclias sublimed twice. Tetrabutylammonium
tetrakis(4-chlorophenyl)borate (TBATPBCI) was preggthby metathesis of KTPBCI and
TBACI, as described previousfy. The ionic liquid, 1-methyl-3-octylimidazolium-
bis(tetrafluoromethylsulfonyl)imide @@nimC,C;1N), was generously provided by Prof. Takashi
Kakiuchi (University of Kyoto, Japan). All aqueosslutions were prepared from deionized

water (Milli-Q, Millipore Corp).

Substrate preparation. Recordable compact disks (CDs) were strippedhaif protective layer
by dipping them into concentrated nitric acid faveral minutes until the layer peeled off
completely. This bath also removed the metalljetadrom aluminum-coated CDs. CDs were
then rinsed with deionized water. Gold CDs wererdhighly cleaned by dipping them in a
concentrated ethanol solution of potassium hyde*a 5 minutes and then rinsed several times
with deionized water. Electronic microcircuits e and microchips) were obtained as a gift
from Ms. Mary Westermann (IBM Corporation, Easthkifi, NY). A portion of the wafer that
contained the area of interest was carefully cubgus glass cutter and glued a glass

microscope slide.
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Electrodes and Electrochemical Cells. Polished Pt working electrodes (50 — 200 nm rgdius
were prepared by pulling micrometer-sized Pt wings a glass capillaries and polishing under
video microscopic control, and characterized asritesd previously*! The overall success
rate for the tip preparation is ~80%. A two-eledt setup was used with a 0.25-mm-diameter
Ag wire coated with AgCserving as a reference electrode. WhenMNHCls was used as a
redox mediator, a commercial glass-enclosed Ag/Ag€arence electrode was employed to
prevent direct contact of Ag with the oxidizing laekloroiridate (IV) solution. CD substrates
were either glued with Torr Seal epoxy (Varian, inggon, MA) to the bottom of a glass cell or
a rectangular glass cell was built on the subsitse$f by attaching four pieces of glass slide to
it. In some experiments, imaging was carried owt drop of aqueous solution placed on a
hydrophobic substrate surface, and the Ag/AgClresfee electrode was inserted inside the drop.
The substrate was secured onto (but kept elediricesiulated from) a steel SECM stage with the
help of strong magnets.

The nanopipettes were made from quartz capillgleegth of 10 cm, OD/ID = 1.0/0.70
mm; Sutter Instrument Co., Novato, CA) using atdmesed pipette puller (P-2000, Sutter
Instrument Co.), as described previou8lyThe pipettes were filled with organic solutionrfro
the rear, using a small (10-R&) syringe. A Ag/AgTPBCI (TPBClis tetrakis(4-chloro-
phenyl)borate) reference was inserted into eacbtgfrom the rear. The inner glass wall of a
pipette was silanized to render it hydrophobicisMmas done by dipping the pipette tip into
chlorotrimethylsilane for ~5-7 seconds. This wag@l because the external aqueous solution
gets drawn inside a pipette if its inner surfaceyigrophilic. Before imaging, the pipette radius
was evaluated by steady-state voltammetry andtéiidisy of its response was checked by

immersing it into a 0.6 mM aqueous solution ofdethylammonium chloride (TEACI) and
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passing the diffusion limiting current of TEAransfer. The pipette was deemed suitable for
imaging if the current changed by <3% during 20.min
SECM instrument and procedures. The schematic diagram of our home-built SECM
instrument is shown in Fig. 3.1. As described jmesly* the tip current was measured and its
potential was controlled by the EI-400 four-eledg@otentiostat (Cypress Systems). The
SECM stage was bolted onto a vibration insulatddtaltable (Newport).

A National Instrument data acquisition card DT+B&talled on a Dimension 9200 (Dell)
computer that was used to operate the EI-400 postat. The substrate was always unbiased.

The same computer also handled the tip positioni@gn 8200 Inchworm motor controller

Zpiezo (mmred)
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= PID loo -
Zpiezo (COMmand) P
iTip‘
o )\
8 . . —
§ Bipotentiostat i
g (Cypress Systems)
o
3-axis inchworm translator
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] [ | . A 4 ESubs
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Dimension 9200

XY,z p(‘)sition / \

Figure3.1. Scheme of the SECM instrument with a feedialk loop
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(EXFO-Burleigh) and three motors (TSE-820) withr2f resolution optical encoders in a closed
loop. This configuration was used for constangheimaging. For higher z-axis position
resolution (0.1 nm) during constant current imaga@I-843.60 piezoactuator (Physik
Instrumente) controlled by an E-500 position colierqPhysik Instrumente) was used. The
probe was attached to the moving part of the pietzador and the static part of the piezoactuator
was fastened onto the 3D inchworm stage. Durimgtamt current imaging, the computer could
read the tip position via the E-500 controller.

A home-built digital proportional-integral-derivwa¢ (PID) loop controller using tip
current as input signal and tip position as ouffigrial was constructed to control the vertical
position of the tip during constant current imagirihe input signal (i.e., the voltage analog of
the tip current) was digitized using a 16 bit agatio-digital converter (ADS8505, Texas
Instruments), then processed with a microcontr¢P¢€24HJ256GP610, Microchip), and an
output,zye,o Was generated with a 16 bit digital-to-analogvester (DAC8820, Texas
Instruments). The output of the PID loop was fethe analog input of the E-500. The input
signal was filtered by summing up a number of sasplher a 16.7 ms period (60 Hz). This
procedure nearly completely eliminates 60 Hz no@aing from the power line. The
bandwidth of the feedback loop was 60 Hz.

To monitor the initial approach of the SECM tipth@ substrate, we used binocular
lenses focused a few tens of microns above thdrstdsurface. The tip was moved slowly
toward the substrate until it appeared in focusrimy the final approach, the tip was brought
closer to the substrate while monitoring the curras described previousty. All experiments

were carried out at room temperature (23 + 2 °Gidma Faraday cage.
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3.3 Resultsand Discussion

I maging compact disksin aqueous solutions. Once chemically stripped from its protective,
metallic, and dye layers, the surface of a rewi@a@tuminum CD exhibits one spiral groove,
which microscopically appears as a series of ~1spated parallel stripes (Fig. 3.2A). Fig.
3.2B shows an SECM image of qum x 7um portion of CD surface obtained with a 140-nm-
radius Pt electrode witRG = 10 RG= rg/a, whererg is the radius of the insulating sheath, and
ais the Pt disk radius) in a 5 mM ammonium hexadhitadate(lV) aqueous solution. The tip
was scanned in a horizontal plane above the stbstta scan rate= 1 pm/s to obtain a
constant-height SECM image. The lateral resolytidrich is determined by the tip radh(ge.,
~140 nm), was sufficiently high to clearly image @D surface pattern. A current vs. distance
curve (Fig. 3.2C) obtained with the same tip apphazg the insulating CD surface exhibits
negative feedback. The theoretigal d curve in Fig. 3.2C (solid line) was obtained fré&a.

(3.1)22b

3.1)

i = iT’w(O.7449932F 0.7582943 —1.683087)

+0.2353042Xxp(—————
/a bt d/a )

whereit ., is the tip current in the bulk solution (far frahe substrate) aralis the tip radius.
The experimental curve (symbols) fits the theoryd@ 50 nm and deviates from it at shorter

distances. This can be expected because the ofithie disk groove is comparable to the tip
diameter and its depth is of the order of 50 nm.

Because of the non-linear relationship betweeritheurrent and the tip/substrate
distance Eq. (3.1), the constant-height SECM indigess not directly represent the topography
of the substrate. Using Eq. (3.1), the current stagwn in Fig. 3.2B was converted to the

topographic image (i.e., the dependence of thsuistrate separation distance vs. the tip



position). One should note that the tilt angle.720the inclination of ~80 nm over a 7 um
distance is due to the imperfect tip/substratenatignt iny direction) is reversed in Fig. 3.2D as

compared to that in
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Figure2. (A) Optical micrograph of CD surface. Theun x 7um imaged area is indicated by
the black square. (B) SECM image of arid x 7um portion of CD surface obtained with

a 140 nm radius Pt electrode= 1 um/s. (C) and (F) Experimental (symbols) Hmabretical
(solid line; computed from Eq. 1) current - distarmurves for 140 nm (C) and 50 nm (F) tips
approaching the CD surface. (D) Topographical ineggnapped from the constant height
SECM image in panel B. (E) Lateral line scan atgdiwith a 50 nm tip. Small current
discontinuities are an artifact caused by pieztksli Aqueous solutions contained 250 mM KCl
and either 5 mM (Nb)2IrCls (B) — (D) or 1 mM FcCHOH (E), (F). The tip potential was 100
mM (B) — (D) or 500 mV (E), (F) vs. Ag/AgCI referem

42
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Fig. 3.2B. The ridges appearing on the current (ragp 3.2B) are also inverted and look like
valleys in Fig. 3.2D. The remapped topographicgenaliminates the- —d non-linearity, so that
the ridge/valley distance appears essentially emtsiver the entire image.

Higher resolution and more detailed topographionmiation can be obtained by using a
smaller tip. A line scan of the same CD (Fig. 3.@@s obtained with a 50-nm tip. Using the
corresponding current-distance curve (Fig. 3.2Ffstance calibration, one can determine the
depth of the groove to be 27 nm.

The metallic layer in old rewritable CDs (“gold Cipsvas Au rather than Al. The nitric
acid treatment in this case strips the protectoating off, but leaves a thin gold layer intact.
The exposed gold surface was previously used &stfann for sensor fabricatioff. Fig. 3.3A
shows an AFM image of ain x 5um portion of the gold CD surfacé. The image reveals
~1.2-pm-wide plateaus separated by ~300-nm-wideysal The SECM feedback obtained at a
gold CD substrate (Fig. 3.3B) is positive due ® é¢tectrochemical activity of gold.

The constant-height SECM image of a @b > 7 um portion of the Au CD surface (Fig.
3.3C) was obtained with a 140-nm-radius Pt eleetioda 1 mM FcCROH aqueous solution.
This image clearly reproduces the plateau/vallefase topography visualized by AFM (Fig.
3.3A). However, on top of the well-defined CDtpat one can see significant local variations
in the tip current. These variations could nothased by topographic features of the CD
surface because the nanoscale flatness of Au plate@vident from the AFM image. Instead,
they are due to the non-uniform electrochemicattreity of the grainy Au film. Unlike vapor-
deposited Au films on glass, whose electrochenmegadtivity is uniform and sufficiently high to

yield
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Figure 3.3. (A) AFM image of a 5um x 5um portion of Au CD surfac€' (B) Experimental
(symbols) and theoreticdl(solid lines) current-distance curves for differ&ECM tips
approaching a gold CD substrate. The tip radius 12a5um (1), 1um (2), and 150 nm (3).
(C) Constant-height SECM image of a 2rd * 7 um portion ofgold CD surface obtained witt
140 nm Pt tip.v = 300 nm/s. (B, C) Solution contained 1 mM FeOH and 250 mM KCI and

was buffered with acetic acid to pH = 4. The tippgmtial was 500 mV vs. Ag/AgCI.

diffusion-controlled SECM feedback at any tip sfeey.,a> 13 nnf'd, the finite heterogeneous
kinetics can be measured at the gold CD surfacgysifficiently small SECM probes. The
vs.d curves in Fig. 3.3B were obtained with three tipsdifferent radii. With a large tipa(=
12.5um; curve 1), the process is diffusion controllet] #he corresponding current-distance
curve fits well the theory for the pure positivedack (solid pink curve calculated from Eq. (8)

in ref. 22b). SECM images of gold CDs obtainechvattip of this size (not shown) do not
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contain any features associated with non-uniforrfase reactivity. At a smaller tip (e.@¢~= 1
um; curve 2), the higher mass-transfer coeffiiessults in the mixed diffusion/kinetic control
of the mediator regeneration at the substrate, wticresponds to the lower magnitude of the
positive feedback. The apparent heterogeneousoattant found from the fit of the
experimental approach curve to the theory (solekgrcurve calculated from Eq. (6) in ref. 25)
wask = 0.45 cm/s. A similar rate constant valke, 0.50 cm/s was obtained with a much
smaller tip & = 150 nm; curve 3). This value corresponds tddhbal rate of the mediator
regeneration at the microscopic portion of the @Baze facing the tip electrode. Fig 3.3C
presents a nanoscale map of the electrochemicaiviéa

Imaginginionicliquid. All aforementioned images were obtained in aqaesmlutions.
However, various applications may require SECM img@go be done in non-aqueous media,
e.g., in ionic liquids whose use as solvents istedehemical systems is on the rf§eAlthough
the SECM has been employed in ionic liquifla, major challenge in imaging experiments is
slow diffusion rate in these viscous media. Theetrequired for the diffusion-controlled current
flowing at a disk electrode to reach the steadiestan be roughly estimatedtas]50a?/D,?®
whereD is the diffusion coefficient of redox species aiution. In an aqueous solutidd,is

~10° cnf/s, andssis ~0.05s for a 1 um-radius tip. Such a tip carséanned over the substrate
surface at a reasonably high speed (a few pm/bputitsignificant deviations from the steady
state. In contrast a typicBlvalue in a moderately viscous ionic liquid (likendmC;C;N used

in our experiments) is ~10cn/s, and sass~ 5s (for a 1 pm-radius tip) is too large for feack
mode SECM imaging. This problem can be overcomadnyg smaller tips; e.g., under the same
experimental conditionsssis ~0.05s foa = 100 nm. Fig. 3.4 shows a constant-height SECM

image obtained with a 190 nm Pt tip ien@mC,C;N containing 50 mM Fcy = 500 nm/s is
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within the range of scan rates employed for imagimnggueous solutions (cf. Figs. 3.2B and
3.3C). The surface pattern is essentially idehteéhat in Fig. 3.3 demonstrating that high
viscosity of GmimC,C;N does not affect the SECM image. A portion of @i surface imaged
in Fig. 3.4 exhibited relatively uniform reactiwvtyonly minor variations can be detected. In
other images obtained ing@imC,C;N (not shown), larger local variations in surfaeagtivity

were evident.

Figure 3.4.ConstarheightSECM image of the 3.5 % X 3.5 ?m portion of the gold C
surface obtained with a 190 nm Pt tip in ionic il CgmimC;C;N solution contained ¢

mM Fc. The lateral scan rate v 500 nm/s

Microcircuit imaging. Microcircuits are generally built on silicon wedeby locally diffusing
doping species, selectively etching parts of theewyand electrodepositing copper or aluminum
interconnects. Computer microchips and wafersgssssg very rough surfaces with small,
sharp features are much harder to image than CDsevurfaces exhibits relatively flat, regular
patterns. The first microcircuit substrate usedunimaging experiments was an erasable
programmable read-only memory (EPROM) of a MotoG8&lCO05 chip containing micrometer-
sized features. To match an SECM image with arcalpticture of the substrate, one has to

obtain an electrochemical map of a relatively laige, tens of microns) area. Constant-height
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imaging of a large area with a nanotip scanneddtyen the x-y plane above the substrate is
not straightforward because of the practically widable small (e.g., ~0.7° in Fig. 3.2B)
tip/substrate misalignment. If the lateral scamgté is incomparably larger thanthe
tip/substrate separation distance changes significand the tip is likely to hit one of the talle
surface features of the microcircuit. By keeping tip current constant (constant-current mode;
if the feedback is either pure positive or negativeemains essentially constant for the entire
image®™!9 one can reduce the chances of the tip crash.

Figure 3.5 shows an optical image of the EPROM bfotorola 68HCO5 chip (A) and a
constant-current SECM image of the §% x 57 um portion of the same area (B). The constant-
current SECM image was acquired in a 1 mM aqueolugisn of FCCHOH with a 100 nm Pt
tip held ~200 nm away from the surface. An extedigital feedback control loop was
implemented to maintain the constantalue during the - yscan (see Materials and Methods).
The output signal from the E-500 piezo controll@swised to monitor the absolataxis tip
position. A constant-distance SECM image is thareeh direct picture of the substrate
topography. The substrate surface exhibits a maxiineight differential of ~2um, which
corresponds to ~20 times the tip radius; theretoseimage could not have been obtained in a
constant-height mode without crashing the tip. n uhambiguous verification of a chip
pattern produced by SECM was obtained by superimgaton the optical micrograph (Fig.
3.5C). A very close correspondence can be seerebatmicrometer-sized features in the
optical and electrochemical images. The lateisbltgion that can be obtained with an SECM
nanotip is higher than that attainable in converglmptical microscopy (i.e., ~0.5 pm). This

cannot be seen in Fig. 3.5 because the smallesDEPfieature is greater thanuin. We used



IBM wafers built with the 90 nm process technolagya “real world” sample with a smaller

feature size. Fig. 3.6A shows an

Figure 3.5. Optical image of the
EPROM of the Motorola 68HCO5 chip
(A) and constant-current SECM image
(B) of the 57um * 57 um area

delimited by the black square in A. T
SECM image was obtained in 1 mM
FcCHOH aqueous solution with a 100
nm Pt tip. The tip substrate distance
was ~200 nm, and the current was s
21 pA (70% or the bulk value). The
imaging time was 20 min at the 3 pm/s

scan rate. (C) The SECM image (panel




Figure 3.6. Optical (A) and SECM (B) — (D) images of an IBM waf (B) Constant-height SECM image of the 12

um * 12 um area delimited by a black rectangle in A. (&)8n * 3.5um constant-height image of the area
marked by the blue square in B. (D) Lateral linarsof the tip over the wafer surface shown byattiew in panel

A. Aqueous solution contained 250 mM KCI and 1 lBMCH,OH. a =55 nm.v = 600 nm/s (B) and 200 nm/s

(©).
optical image of an electroinactive area of theavédcated inside a microcircuit. Fig. 3.6B is a

12 um x 12um constant-height SECM image of the region delichlig the black rectangle

that was obtained with a 55-nm Pt tip. The elattemical image reproduces well the features
discernable on the optical image. The small sfzbetip allowed us to zoom in onto a 3umd *
3.5um portion of the surface (Fig. 3.6C) representethieyblue square in Fig. 3.6B.

A potentially useful application of high-resoluti®ECM imaging is to detecting small
defects in the wafers. Figure 3.7A shows an optiserograph of an electroinactive region
separating microcircuits on the wafer. A microdcajefect appears as a faint pinkish spot in the

lower left corner of the image area delimited by bhack rectangle. The geometric pattern of
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the wafer surface (i.e., a square array of submieter-sized, pyramidal bumps) is completely
intact in the defect area. Au®n 8 um constant-current SECM image (Fig. 3.7B) corresipan

to the black rectangle area in Fig. 3.7A showsuasgpattern in accordance with the optical
image. A striking difference is that Fig. 3.7B &its a large “dip” in the area corresponding to
a barely visible defect in Fig. 3.7A. Clearly,gHdip” is not a topographic feature (such a
feature would have been visible in Fig. 3.7A), &pot of increased surface reactivity. Unlike
the rest of the surface, which exhibits pure negdtedback, some regeneration of the redox
mediator occurs at this spot and produces a deféhture in the constant-current SECM image

(i.e., the tip is moved closer to the surface tantaén the set current value).

defec

Figure 3.7. (A) Optical image of an IBM wafer showing a mictopic defect and (B) constant-
current SECM image of then x 8 um region delimited by the black rectangle in A.luSion

contained 5 mM Ru(NEJsCl; and 250 mM KCl.a = 190 nm.v = 500 nm/s
3.4 Conclusion

We have demonstrated that different modes of tHeNbBperation can be used to image surface
topography on the nanoscale. Since the spatialutesn of the SECM is governed by the tip

radius, the use of nanometer-sized probes allowdmattain the lateral resolution in the range
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of tens of nanometers. The smallest feature sitled employed samples (~200 nm) was
significantly larger than the spatial resolutiotaatable with our smallest tips. The ultimate
limit for the later resolution of SECM should be te510 nm; while the z-axis resolution can be
as high as1 nm?*® An additional advantage of nm-sized amperometibes is the fast mass
transfer, which allows SECM imaging to be done ursieady-state conditions in viscous media
such as ionic liquids.

Unlike previous studies, where submicrometer-sE€CM probes were employed to
image soft substrates (e.g., biological ¢&kts liquid-filled pore$®), here we imaged “real-
world” solid samples with irregular surface feassee.g., electronic microcircuits—without
tip/substrate collisions that would have resultetdp crashes. This was possible in part because
of the well defined geometry of our flat, polishigas, which allowed accurate evaluationdof
form the tip current. The constant-current modéhefSECM imaging was especially useful for
acquiring images of large areas of non-flat anddiubstrates.

Another advantage of well characterized disk-tygerotips is the possibility of
guantitative data analysis. In the case of efluee positive or negative feedback, the obtained
current map can be converted to the topographigemas it was done in Fig. 3.2D. If the tip
current is limited by finite rate of mediator regeation at the substrate, SECM can be used for

nanoscale mapping of surface reactivity, and lbeé¢rogeneous kinetics can be determined

from the current vs. distance curves.
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Chapter IV

Adsor ption/Desor ption of Hydrogen on Pt Nanoelectr odes. Evidence of

Surface Diffusion and Spillover

4.1 Introduction

The electrolysis of water, which was first observeg Volta in the

beginning of the nineteenth century, is probabby lest studied electrochemical process. At a
Pt working electrode, water can be either oxidiaegbositive potentials to produce oxygen or
reduced at negative potentials to produce hydrogértensive studies of both hydrogen and
oxygen evolution reactions focused on their kirgticatalysiss and numerous applications
including energy storage.Adsorption of hydrogen and oxygen species ocatitess negative
(hydrogen) and positive (oxygen) potentials thaeirtlevolution processes. Voltammetry in
acidic solution is a standard technique used fectedde characterization, and a typical cyclic
voltammogram (CV) at a large (i.e., millimeter-giy®t electrode exhibits several pairs of peaks
corresponding to adsorption/desorption of hydroge oxygen-containing species (Fig. 4.1A).
The characteristic value of charge density assediatth a monolayer of hydrogen adsorbed on
polycrystalline platinum (210 pC/dis widely used to determine the true (microscppiaface
area of Pt electrod@sThe ratio of the microscopic surface area to thenugtric areaAn/Ag)
gives the roughness factg.f

An important process related to hydrogen adsampsidhe spillover, i.e., migration of the
chemisorbed hydrogen from the metal electrode &talygst) onto the support surfaces. Known
for decaded,this phenomenon recently attracted significargraibn because of its implications

for hydrogen storag®. The mechanisms of hydrogen spillov@rto various amorphous and
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crystalline substratesurfaces including oxidésactivated carbof?, zeolites:* andmetal organic
frameworks? have been investigated, however little is knowaualits spillover in glass.

Here we employ nanometer-sized Pt electrodes tbephgydrogen adsorption/desorption
processes. An electrode of this type with a radaius 5 nm can be produced by pulling a Pt
microwire into a glass capillary with the help ofager pipette pulle?® After pulling, the metal
wire is completely sealed into glass, and its npegitip can be exposed by gentle polishing
under video microscopic control. The geometry ofighed nanoelectrodes was thoroughly
characterized by combination of voltammetry, scagnelectron microscopy and scanning
electrochemical microscopy (SECM). It was showat tthe radius value determined from
steady-state voltammetry is close to the effeatadius of the conductive disk. The absence of
detectible solution leakage through the glass sem also demonstratédl. An important
advantage of well characterized disk-type nanasiffie possibility of quantitative data analysis.

A fundamental question in nanoelectrochemistry etlver any unexpected phenomena
may occur at nano-interfaces that cannot be obdeliwe macroscopic electrochemical
systems3“!°> Below we report unusual features of hydrogen guiim/desorption processes,
which could be observed at Pt nanoelectrodes—butanhonacroelectrodes—due to the very

small surface area of the metal/solution interface.

4.2 Experimental Section

Chemicals. Ferrocenemethanol (FcGBIH, 97%) from Aldrich (Milwaukee, WI) was
recrystallized twice from acetonitrile. Hexaamnmirteenium (111) chloride (Ru(NE)sCls, 99%)
was obtained form Strem Chemicals (Newburyport, MALSO, from Aldrich (Milwaukee,

WI), CuSQ from Mallinckrodt Inc. (Paris, KY), KCI from Fishecientific Co. (Fair Lawn, NJ)
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were used as received. Aqueous solutions wereaprdpfrom deionized water (Milli-Q,
Millipore Co.).

Electrodes and electrochemical cells. The fabrication of the laser-pulled Pt nanoetmi®s was
described previousl§?* Briefly, an annealed 2pm Pt wire (Goodfellow) was pulled into a
borosilicate capillary (Drummond; 1.0-mm o.d, 0.2am d.) under vacuum with the help of a
Sutter P-2000/G laser pipet puller. The pullectteteles were polished on 50 nm lapping tape
under video microscopic control, and washed byildidt water. The effective radius of an
electrode was evaluated from steady-state voltangmahd only electrodes producing well-
shaped sigmoidal voltammograms of 1 mM FgOH at a scan rate, = 50 V/s were used for
experiments. A Ag/AgCl reference electrode wasduser FCCHOH and Ru(NH)eCls
voltammetry. Experiments inJ80, and CuSQ@ solutions were performed with a coated-wire
Ag/Ag.SO, reference to avoid the contact of Pt surface ®ith

Instrumentation and procedures. Chronoamperometric and SECM measurements were
performed using a home-built SECM instrument thatudes an EI-400 bipotentiostat (Ensman
Instruments, Bloomington, INY. Cyclic voltammograms were obtained using eithreE&400
bipotentiostat or a BAS-100B electrochemical anady@Bioanalytical Systems, West Lafayette,
IN). To remove oxygen, the solutions were purgédith Wwigh-purity nitrogen before and during
the experiments. Unless otherwise specified, CMsydrogen adsorption/desorption show the
second or subsequent potential cycles, which aenéslly indistinguishable from each other
(steady-state response), but different from tret fiotential sweep.

4.3 Results and Discussion

Figure 4.1B shows a CV of 0.5 M80, solution at a 103-nm-radius Pt electrode. Wité th

well-defined hydrogen, double layer, and oxygenamesg the CV shape is quite similar to that in
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Figure4.1. Cyclic voltammograrn
obtained in 0.5 M E5O, solution
at (A) a macroscopic Pt electrode
(Am = 5.47 cri)* and (B) — (D) Pt
nanoelectrodesa = 103 nm (B),
52 nm (C), and 11 nm (D).

v, mV/s =100 (A) and 500 (- D).

Fig. 4.1A, which was obtained at a mm-sized elettfo However, the measured pA-range

current is much higher than expectedder 103 nm and the potential sweep rate,500 mV/s.

The electrode surface ard, = 7.810° nnt was found by integrating the reduction current in

the hydrogen adsorption region.

The corresponeiifigctive roughness factoRF = 234 is

incomparably larger than the intrinsic roughnessoiap ~ 2, typical of polished Pt electrod®s.
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Assuming cylindrical geometry of the sealed in gl&t wire, the length of the portion of the
wire at which the oxidation/reduction of water tak@ace must be~ 12 um to account for the
apparent surface area of 718° nnt.

Another surprising feature in Fig. 4.1B is a snaadbdic peak in the double layer region
marked by the green arrow (the peak poteral]50 mV vs. Ag|AgSO, reference; below it is
referred to as “DL peak” because of its locatiorthe double layer region). The smaller the
electrode radius the more prominent this peak besoim comparison to other voltammetric
waves (cf. Figs. 4.1B, 4.1C, and 4.1D). The effedRF value also increases with decreasing
(see below).

A simple explanation for the unrealistically larB& values found for laser-pulled Pt
nanoelectrodes would be solution leakage throughPtiglass seal. However, the experiments
conducted with various redox species dissolvedint®n showed no evidence of leakage. Fig.
4.2 (inset) shows two CVs of 1 mM Fc@BH at the same 52-nm electrode, which was also used
to obtain a CV in Fig. 4.1C. The difference betwéke voltammograms obtained\at= 50
mV/s (pink) and 50 V/s (blue) is only in a largdracging current observed with a higher scan

Figure4.2. Experimental

(symbols) and theoretical (so

10 - 201 line) approach curves for a 52
8 - < 12 nm Pt electrode approaching
E’ 6 - - z evaporated Au substrate. The
= 4 < ‘ | | | tip current is normalized by its
0 v Ag/Agléf 250 value in the bulk solutiori,.).
2 - The insert shows CVs at the
0 : : : : ‘ same electrode; =50 mV/s
0 2 4 6 8 10 (pink) and 50 V/s (blue).
d/a Solution contained 1 mM

FcCHOH and 100 mM NacCl.
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rate. There is no indication of a peak that wdudexpected if a narrow solution-filled cavity

existed inside the glass sheath. Similar fast sotammograms were obtained for a number of
polished Pt nanoelectrodes; but no peak-shaped M@®re obtained even with much higher

concentrations of redox species (e.g., 25 mM RujfH not shown).

Additional evidence against electrode leakage sofrmm the SECM approach curves
(Fig. 4.2), which show an excellent agreement bebtnbe experimental data (symbols) and the
theory (solid curve) even at very close tip/sultetigeparation distanced; (e.g., the shortest
distance in Fig. 4.2 id [10.1a = 5.2 nm). Importantly, the fit was obtained wiltle same = 52
nm that was found from the CV (pink curve in thg.H.2 inset). Such an agreement would not
be possible if the insulating glass sheath werdnga This conclusion is in accordance with ref.
16, where no leakage was revealed by extensiveactamization of glass-sealed Pt
nanoelectrodes, and with our previous resdlts.

Since the shape of the entire nanoelectrode C¥u@ing the peaks present in both
hydrogen and oxygen regions; Figs. 4.1B and 4.8@gry similar to that of the CV obtained at
a large Pt electrode (Fig. 4.1A), one has to catelthat theA, value is the same for both
hydrogen adsorption/desorption and oxide formatexhiction processes. This is in agreement
with the notion that the same redox species—watertigipates in both processEs.Unlike
FcCHOH and Ru(NH)sCls, water molecules adsorb on Pt surfdcnd can travel on it via
surface diffusiorf® The surface diffusion of water along the Pt/glasandary results in a the
formation of an aqueous film covering a micromédterg portion of the Pt wire; hence a
dramatic increase in th&,, andRF values obtained from Figs. 4.1B — 4.1D. In theesize of
this effect (e.g., when surface diffusion is neglig slow or the insulated portion of the metal

surface is chemically passivated), the nanoeleetsatiface area found from oxidation/reduction
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of the adsorbed molecular monolayer is similari® @rea calculated from the diffusion current
of redox species dissolved in solutfdn.

The unusual DL peak in Figs. 4.1B — 4.1D can lw®nded by scanning the electrode
potential between the double-layer region (e.g00~@V vs. Ag/AgS(O,) and hydrogen region,

as shown in Fig. 4.3; therefore it is not relatedxide formation/reduction. However, this peak

Figure 4.3. Effect of the negative

potential scan limit on CVs «

hydrogen adsorption/desorption at a
140-nm Pt electrode in 0.5 M,HO,

};5 solution. The potential was swept
/

between +200 mV and different val

I, pPA

-400 (dark blue), -350 (yellow), -300
100}k U (turquoise), -250 (blue), -200 (green),
-150 (red), and -100 (blacky. = 200
mV/s.

50 / of E, (MV): -500 (pink), 450 (purple)

500 250 0 250
E, mV
does not appear unless the negative limit of themi@l scan is in the hydrogen region (i.e., the

switching potentialE, <-250 mV).

One may notice some similarity between the DL paadk a sharp peak that appeared on
voltammograms of Pt (111) electrodes 558, and HPO, solutions and was attributed to anion
adsorptiorf> However, the adsorption peaks in ref. 22 wereensble, in contrast with the
totally irreversible DL peak. Another importantfdrence is that the DL peak appears only after
the Pt electrode potential was made sufficientlyatiee to induce hydrogen adsorption. The DL
peak was also present in CV'’s recorded in perctéaalutions (not shown), in which no anion

adsorption peak was obsen/éd.
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Table 4.1 presents additional evidence that thepBak is due to hydrogen desorption.
For three different nanoelectrodes, the cathodergeh corresponding to hydrogen adsorption
(Qq) is larger than th€y value found by integrating the anodic currenthia hydrogen region.
However, a very close agreement between the adsornd desorption charges—within 5%—
can be obtained by adding tip, value (i.e., the integral of the current under Eiepeak) to
Q¢ To our knowledge, the DL peak has not been @ksleat macroscopic electrodes, and it
becomes more prominent asdecreases (Figs. 4.1B — 4.1D and Table 4.1). iftesersible
peak (there is no corresponding cathodic peak)beaattributed to hydrogen desorption at the

Pt/glass interface.

Table4.1. Anodic and cathodic charges and effective roughfi@ctors obtained from CVs of
hydrogen adsorption/desorption (0.5 M3) and stripping of underpotentially deposited

copper (10 mM CuSp+ 0.5 M HSQy) at Pt nanoelectrodes.

Process Hydrogen adsorption/desorption UDP of copper
Electrode a, nm | Qs PC | Qq, PC | Qou, PC | RA4 | Qcu PC | RFcy

1 38 7.9 5.7 1.9 82 15.9 845

2 86 24.5 21.8 2.1 50 45.3 4713

3 140 64.1 59.2 6.3 49 113.p 448

In all voltammograms discussed above (Figs. 4.1B.1D and 4.3), the successive
potential cycles (starting with the second cyche first potential sweep is always somewhat
different) produced almost indistinguishable cutn&sponses. This indicates that the Pt surface
area covered by the water monolayer was essentalhstant and time-independent. The

corresponding steady-std®& can be expressed as
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RF = Aw/Aq = (za” + 2ral)/za’ = 1 + 2/a (4.1)

and, thus, the effective length of the Pt wire cedeby the water film is
| =a(RF-1)/2 4.2)

Although Eq. (4.2) does not take into account theghness of Pt surface, it should still provide
a realistic estimate fdrbecause th&F values of several hundred are incomparably latggnp
~ 2 expected for polished PtFromRF values for hydrogen adsorption in Table 4.1 ortaiob
| =25 £ 8 um. This distance may represent the kenfthe wire portion sealed in glass. The
oxidation/reduction of water at the Pt/glass irseef was observed recentfy The variations in
in Table 4.1 are quite significant (within the factof 2), and they may be even larger for

nanoelectrodes prepared using different fabricanethodologies or different pulling programs.

Micrometer-rangé values indicate that the effect of surface diffasod water should be
observable not only at nanoelectrodes, but algovasized electrodes (assumirg 25 pum, one
obtainsRF = 11 fora = 5 pum andRF = 1.05 fora = 1 mm). To check this hypothesis, we
obtained CVs of hydrogen adsorption/desorption at2eb-pm-radius glass-sealed Pt disk
electrode produced by using standard procedurasifospelectrode fabrication (i.e., heat-sealing
without pulling®). The obtainedRF value of 18 shows that the surface diffusion effeindeed
significant for pm-sized electrodes~ 100 um calculated from Eq. (4.2) for this electadas
comparable to the microscopically observed len@ithe glass-sealed portion of the Pt wire.

CVs of hydrogen adsorption/desorption at micromsiteed Pt electrodes were presented
previously in ref. 18. The charge found by intéigia the cathodic current in the hydrogen
region of the CV obtained at the 5-um-radius Pk @éigctrode (Fig. 2 in ref. 18) corresponds to

An= 4 x1@ pnf andRF~ 50. Other CVs in ref. 18 yield simil&F values. (Thé\, values are
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not reported in ref. 18, which is largely concerneith the effect of pH on hydrogen peak
potentials).

Underpotential deposition (UPD) of coppePananoelectrodes has been widely employed
to comparision of thé, andRF values, we obtained CVs of the copper strippiogifthe same
nanoelectrodes that were employed in hydrogen ptisofdesorption measurements (Table
4.1). Unlike hydrogen adsorption/desorption preesswhich produce steady-state CVs without

preaccumulation, the height of the copper strippiegk increases significantly if the electrode is

450
300
<
o
150
O L
-400 0 400 800 1200
E, mV

Figure4.4. CVs of stripping of underpotentially deposited ftam 86-nm-radius Pt
electrode. Before stripping, the electrode wad Bel320 mV vs. Ag|AG O, for (from
bottom to top): 10 s, 20 s, 30 s, 1 min, 2 min,iB and 4 min.v = 500 mV/s. The insert
shows the charge obtained from each stripping psakfunction of holdingrtie. Solid curvi

is shown as a guide.
held at a potential sufficiently negative to indudEBD of Cu before the anodic scan. Several

stripping voltammograms shown in Figure 4.4 werd¢amied at the same 86-nm-radius Pt

electrode after holding it at -320 mV vs. AgpSg§)y; the holding time tf was varied between
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10 s and 4 min. The corresponding charge (i.e.atlea under the stripping peak plotted in the
inset as a function dj initially increased witht and leveled off at (1120 s. Thus, it takes ~2
min to form a complete monolayer of copper adatomshe entire Pt surface. Similar behavior
was reported by Elliotet al®® In their experiments, up to 5 min holding timeswaquired to
achieve complete coverage of the nanostructurediétbelectrode surface by underpotentially
deposited Cu; while it took only a few seconds riearly complete coverage of a polished Pt
macroelectrode. This difference was attributethéohindered transport of €tions through the
porous nanostructuf8. In our case, the deposition time required torattee complete coverage

is determined by the rate of surface diffusion@bmer adatoms on the Pt/glass interface. Unlike

3000 _
300 Figure4.5. CVs recorded
Q 200§ . " in 0.5 M SOy solution
2000} o 100 . after holding a 38-nm Pt
< nanoelectrode at -450mV
o O .l m u
_ o 10 20 30 vs. Ag|AgSO, quasi-
1000 t, min reference.t, min (from
bottom to top): 0.1, 5, 10,
20, 30.v =500 mV/s.
Or = Insert: dependence of the
' : ' ' : anodic charge vs$.obtained
-500 0 500 1000 1500
from the same CV
E, mV

Cu adatoms that have to be generatesitu by holding a Pt electrode at a negative poterdial,

aqueous monolayer is formed on the Pt surface inatedy after its immersion in solution.

The chargeQc,) and correspondinBFc, values in Table 4.1 were obtained from copper

stripping voltammograms recorded after two-minuwagl deposition aE = -320 mV. The
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remarkably close agreement (within <10%) betweerRtf values obtained from hydrogen and
copper voltammograms at each nanoelectrode sugtestshe same surface are&,) was

covered by both species. Nevertheless, major rdiffees between these processes became

Generation of hydrogen

and spillover

= Wa——
|

Hydrogen diffusion

and oxidation

5

Surface adsorbed water

Figure4.6. Schematic representation of hydrogen generatidhe adsorbed water film on
the negatively the biased Pt surface, its spillovir glass, diffusion within the glass phase,

and oxidation on Pt surface at positive potentials.

apparent when we tried to preaccumulate hydrogdmhiing the electrode potential at -450 mV

before obtaining a CV (Figure 4.5).

The most prominent feature in Fig. 4.5 is a vergdaDL peak, whose height increased with
holding time,t. A very high peak current (at= 30 min, it was >100 times higher than without
preaccumulation) obscures other voltammetric fegtuwhose magnitude was essentially
independent of. Unlike Cu UPD, theQ vs.t dependence (the inset in Fig. 4.5; obtained by
integrating the anodic current in the hydrogen dodble-layer regions) has not leveled off after
two minutes. The very large charge values in &i§.(inset) and its continuing increase even at

>30 min cannot be attributed to adsorption/desonptiba monolayer of hydrogen. The data in
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Fig. 4.5 suggest that most of hydrogen generatezshwie electrode was held at -450 mV was
transferred into the glass phase via spillover ftbenPt surface. During the subsequent potential
sweep in the positive direction, the accumulatedrdgen diffuses to the Pt surface and gets
reoxidized on it (Figure 4.6). This process igpmssible for the DL peak. The DL peak cannot

be recorded at a conventional-size Pt electrodausec of its large surface area and high

200 B
g g
_--10 A 100
-20 - T T ! 0 - T T T
0 100 t s 200 300 -500 -250 0 250
) E,mV
01 1200
f D
< 800 -
2 .10 C <C£L
= .— 400 -
-20 T T 1 0 T 1
0 40 80 120 -200 0 200
t,s E,mVv

Figure4.7. Chronoamperograms of hydrogen adsorption (A)amber UPD (C), and
anodic voltammograms of hydrogen (B) and coppgustrg (D) recorded at the same
129-nm-raduis Pt electrode. Solution contained\08,S0O, and (C, D) 10 mM
CuSQ. The potential was stepped from +200 mV to -4%0(#&) and from +200 mV
to -320 mV (C) vs. Ag|Ag5Os. (B, D)v = 500 mV/s.
Faradaic and charging currents flowing at the nsdhltion interface. This peak becomes

apparent when the electrode radius is smaller +2&0 nm (Fig. 4.1B).

To test this model, we compared the charges carebpg to accumulation and
oxidation cycles of hydrogen and copper at the samaeoelectrode. The integration of
chronoamperometric reduction current (Figure 4.7é3orded over the 5 min period after

stepping the Pt nanoelectrode potential from 200 tmVv450 mV yieldedQ,= 354 pC. This
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number is ~10 times larger than the total hydradgsorption charge) = Qq + Qp. = 14.2 pC +
24.6 pC = 38.8 pC) obtained froffig. 4.7B. The ~90% loss of the accumulated hyenog
results from its spillover from Pt and bulk diffasiinto the glass phase. The UPD/stripping of
copper on the same nanoelectrode (Figs. 4.7C &) roduced completely different results:
the stripping charge (110.9 pC) was very similathe charge obtained from the deposition

transient (114.8 pC), as expected in the absenspiltdver effects

Apparently, the spillover of hydrogen from Pt oglass is a spontaneous process, which
is driven not only by concentration gradient, busoaby the free energy of hydrogen
chemisorption on glass. The reverse process ispwitaneous, and because of its overpotential
the DL peak appears at significantly more posipe¢entials than regular hydrogen desorption
peaks. The observed spillover of adsorbed hydrigdifferent from physicosorption ofHjas

on glass. The latter process would not produdgraficant shift in desorption peak potential.
4.4 Conclusion

We used nanoelectrochemical approaches to reigatstthe well studied processes—
hydrogen adsorption/desorption at polycrystalline PA very small surface area of a
nanoelectrode exposed to solution allowed us temksunusual features of these reactions,
which would not be accessible by conventional-sieetrochemical probes. In the case of glass-
sealed electrodes, a monolayer of adsorbed spearegorm at the metal/glass interface thus
greatly increasing the effective surface area.s Hffect was demonstrated for a monolayer of
adsorbed water and for copper underpotentially siggadbon Pt.  The spillover of hydrogen
adatoms from the Pt/glass interface results in ractation of hydrogen inside the glass phase.
The subsequent oxidation of the spilled hydrogeRtaturing the anodic potential sweep results

in the appearance of an unusual peak in the ddaxe region.
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Chapter V
Electrochemistry through Glass

5.1 Introduction

An intriguing aspect of nanoelectrochemical expents is a possibility of using a
nanometer-sized electrode to observe processepl@mmbmena, which are not accessible by
macroscopic probes.Examples include single molecular evenmusual transport phenoména
and electrical double layer effeéts.The subject of this article—electrochemistry tigh
glass—may sound like an oxymoron because glassisnonly used as an insulating material in
electrode fabrication. However, ~100 nm-thick Isyef glass turned out to be sufficiently
conductive for electrochemical measurements.

The propagation of an electrical signal throughn tiglass membranes has been
extensively studied since the beginning of the twe#m century due to its relevance to the
potentiometric glass pH electroteSince the potential of the glass electrode iseat function
of solution pH, it is intuitive to assume that thitage drop across the membrane is determined
by the proton transfer. However, numerous experimemploying®H isotope and other
methods showed that protons do not cross the giassbrané:” The potentiometric response
of the pH electrode originates in the ion-exchaegeilibrium on the glass surface, and the
diffusion of protons and water is essentially cnafl to a nanometer-thick surface layer of
hydrated gel. This gel forms on both sides ofrttembrane when it is soaked for several hours
in acidic aqueous solutidh. This response mechanism was established forredest with
micrometer-thick sensing membranes (the typicalkiiness is ~100 um). The behavior of nm-

thick glass layers is substantially different.
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We employed nanometer-sized Pt electrodes to ilpatstthe permeability of glass in
agqueous and non-aqueous solutions. An electrotiésofype with the conductive core radias,
>5 nm can be produced by pulling a Pt microwire @mtorosilicate glass capillary with the help
of a laser pipette pullér. After pulling, the metal wire is completely sedhlimto glass, and its
nm-sized tip can be exposed by gentle polishingurdieo microscopic control. The geometry
of polished nanoelectrodes was characterized bybuwtion of voltammetry, scanning electron
microscopy and scanning electrochemical micros¢d®BCM). It was shown that the effective
radius valued) determined from steady-state voltammetry is ctostne geometric radius of the
conductive disk. The absence of detectible satuteakage through the glass seal was also
demonstrated. By selecting suitable pulling parameters, thekhéss of glass at the tip could be
varied between a few tens of nanometers and sevecedmeters. The pulled Pt probes encased

in submicrometer-thick glass were used in expertmdascribed in this article.
5.2 Experimental Section

Chemicals. Ferrocenemethanol (FcGBH, 97%) from Aldrich (Milwaukee, WI) was
recrystallized twice from acetone. Hexaamminerutman(lll) chloride (99%) was obtained
from Strem Chemicals (Newburyport, MA). KNQ.i,SO, and KCI (99+%, Aldrich) were used
as supporting electrolytesAqueous solutions were prepared from deionized wgili-Q,
Millipore Co.). Twice distilled HPLC grade DCE @®na-Aldrich) was used to prepare organic
solutions. Potassium hexachloroiridate (lll) frakifa Aesar (Ward Hill, MA), HSO, from
Aldrich, and CuS®@from Mallinckrodt Inc. (Paris, KY) were used asewed.

Electrodes. To prepare a “dry’ glass-covered nanoelectrode,aanealed 2% Pt wire
(Goodfellow) was pulled into a borosilicate capylgDrummond; 1.0-mm o.d., 0.2-mm i. d.)

under vacuum with the help of a Sutter P-2000/@rl@ipet puller, as described previoulfy.
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To form hydrated gel, a glass-covered Pt nanoeldetwas allowed to soak in 6 M HCI solution
overnight. An electrode removed from HCI solutiomas rinsed with water before
measurements. To improve reproducibility, suclctedeles were stored in aqueous solution
between experiments. However, it was found that firmed hydrated gel remains on the
electrode surface even after keeping it for sevdagb in the oven at ~100 °C. A two-electrode
configuration was employed for voltammetry and clo@mperometry with either a commercial
Ag/AgCl reference electrode or a Ag quasi-refergf@E solutions).

Instrumentation and procedures. Cyclic voltammograms were obtained using eithefE&n
400 bipotentiostat (Ensman Instruments, Bloomingtidd) or a BAS-100B electrochemical
analyzer (Bioanalytical Systems, West Lafayettg, INIl experiments were carried out at room
temperature (23 = 2 °C) inside a Faraday cage.eddnbtherwise specified, CVs obtained at
glass-covered electrodes show the second or sudisiegatential cycles, which are essentially
indistinguishable from each other (steady-statpaese), but different from the first potential
sweep. pH measurements were carried out in thenfimlg solutionsHCI/KCI (pH 1), phthalate
buffers (pH 2 to 4), acetate buffers (pH 3 to 6)pgphate buffers (pH 7 and 8), and carbonate
buffers (pH 9 and 10). SEM images were obtainedgusi field emission scanning electron
microscope (Zeiss Supra 55 VP) with no conductoetiog applied to nanoelectrodes.

5.3 Results and Discussion

Figure 5.1A shows cyclic voltammograms (CVs) olgdinat two glass-covered Pt
nanoelectrodes in 0.5 M,BQ, solution. Curve 1 obtained at an electrode withieker glass

sheath exhibits very low charging current and nthadic or anodic waves within a wide
potential window (3 V). This response could beeoted since the conductive Pt core is

completely buried in borosilicate glass, which eo used as an insulating material in
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Fig. 5.1. Characterization of glass-covered nanoelectro{#sVoltammograms obtained in
0.5 M H;SO, solution at Pt nanoelectrodes with a thicker ¢id eninner (2) insulating glass
sheath. (B) SEM images of a thick-glass () atkirglass (II) electrode. (C)
Voltammograms of 20 mM Ru(N#Cls in 1 M KNGO; at two thin glass covered electrodes
without (1) and with (2) a nm-sized pinhole. Poiglrdweep rate was= 500 mV/s

microelectrode fabrication. Curve 2 was obtainetha Pt electrode buried inside a significantly

thinner glass sheath (cf. images | and Il in FigBj. This CV shows well defined anodic and
cathodic currents at the electrode potential®,+1.5 V andE = -0.5 V vs. Ag/AgCI reference,

respectively. These currents, which increase expinaily with applied potential and can reach
relatively high values (nA), are clearly due to #lectrochemical oxidation/reduction processes.
The only redox species present in our system thatbe reduced or oxidized within the above
potential range are water and molecular oxygen.e Thrrent in curve 2 was essentially
unaffected by oxygen removal, thus suggesting thatanodic and cathodic processes are
oxidation and reduction of water. The differenetween the onset potentials of the cathodic
and anodic waves in curve 2 (~2 V) is somewhatelatgan the theoretical minimum voltage

required for the water electrolysis (1.23 V).
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To eliminate the possibility that water moleculeffude to the Pt surface through
microscopic cracks or pinholes in the glass sheaghpbtained voltammograms of hydrophilic
(e.g., Ru(NH)s*"; curve 1 in Fig. 5.1C) and relatively hydrophotgocg., FCCHOH; not shown)
redox species at glass-covered Pt electrodes. cbheplete absence of a reduction wave
observed with the Ru(Ngis*>* concentration as high as 20 mM suggests that theof is
completely covered by glass. The sensitivity a$ tfest to extremely small pinholes in glass
insulator can be seen from Eq. (5.1) for the diffndimiting current to a disk-shaped electrode:

iq = 4FDac (5.1)
whereF is the Faraday constaiit,= 6.5x 10° cnf/s is the diffusion coefficient of Ru(Ng>*.°
andc is its concentration in solution. Assuming that-am-radius Pt disk is exposed to the
solution due to the presence of a pinhole, oneirmbig= 5 pA forc = 20 mM. Curve 2 in Fig.
5.1C is an example of the pinhole detection. Alwefined reduction wave of Ru(N}**
corresponds to tha value as small as 0.7 nm. The actual defectra@g be somewhat larger
because the measured current is affected by diffusf redox species through the pore in the
glass film. However, the smallest current measeralglour instrument60 fA) is two orders of
magnitude lower than that in Fig. 5.1C, and theeefiny microscopic defect in glass should be
detectible.

The currents in Fig. 5.1A cannot be attributediffusion of sodium in glass, because
water has to physically cross the membrane in clée reduced or oxidized at the Pt surface.
To further prove this point we monitored the getieraof hydrogen (Fig. 5.2) and oxygen (not

shown) at sufficiently high cathodic and anodicgmtials. Biasing a glass-covered
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reduction (the inset in Fig. 5.2A). After ~5 mthe pressure of generated hydrogen became high

enough to break the insulating sheath and expossuace to solution; hence a dramatic
increase in the cathodic current. Fig. 5.2B shthasthe reduction of Ru(N$%*, which did not

occur at this electrode before the hydrogen ewwmiutexperiment (curve 1), produced a

pronounced voltammetric wave after the rupturensetiiating glass (curve 2).

Fig. 5.3 shows the response of a glass-coveredetexnioode to water dissolved in an aprotic

organic solvent (1,2-dichloroethane, DCE). Theaamimogram obtained with no water added to

twice distilled DCE is essentially flat and contameither anodic (Fig. 5.3A) nor cathodic
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(Fig. 5.3B) waves. In contrast, several anodic @ttiodic waves appear in the curves obtained

with different water concentrations added to DCEd; from 1 mM to 130 mM, as shown by the
color code in Figs. 5.3A and 5.3B). The heightalif waves increases withi,0. A more
prominent anodic peak is observed at ~3.3 V, wildctually represents two closely spaced

peaks, as can be seen in the yellow curve. Thendigmce of this peak curremf) (vs. cq,0 is

essentially linear (Fig. 5.3C).
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y Fig. 5.3. Oxidation/reduction of water in
0 : ‘ ‘ DCE at glass-covered electrodes. (A)
0 1000 2000 3000 Anodic and (B) cathodic voltammograms
E.mv obtained in DCE solutions containing
07 —— different concentrations of 8. v = 500
‘ W—
’ B mV/s. (C) Dependence of the second
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The behavior of the glass-covered electrode cleadgamatically after soaking in acidic
solution for a few hours, which is known to resmtglass swelling and the formation of a

hydrogel surface layer. Fig. 5.4A shows CVs of lL.5,SO, at a glass-covered nanoelectrode



before (1) and after (2) it was kept overnight iM@-1CI solution. In contrast to curve 1, curve 2
exhibits well-defined hydrogen, double layer, amgigen regions. This curve is quite similar to
voltammograms of water oxidation/reduction obtairsdmacroscopic Pt electrodes (inset in
Fig. 5.4A%. The current was stable in time and reprodugitile two subsequent potential

cycles shown in Fig. 5.4A produced essentially icb@ahresponses.
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Fig. 5.4. Effect of acid pre-treatment of glass-encased el@ctrodes on their voltammetric
responses. CVs obtained in 0.5 MS@x solution before (1) and after (2) an electrode was
soaked overnight in 6 M HCI (A); and CVs of 20 mM(RH3)sClz in 1 M KNG; (B), 15
mM Kj;lrClg in 0.2 M KCI (C), and 2 mM FcC#DH in 0.25 M KCI (D) at the glass-covered
electrode after pretreatment with 6 M H@I(mV/s) = 500 (A) and 50 (B — D). The inset in
A shows a CV obtained in 0.5 Mx8O; with a macroscopic Pt working electrode (5.47)cm
and SCE reference;= 200 mV/s™

After the acid treatment, a glass-coated electredponds to redox species other than water
Fig. 5.4B shows a voltammogram of Ru(§&f*, which (unlike curve 1 in Fig. 5.1C obtained at

a dry glass-coated electrode) contains both cathexali anodic waves. The voltammograms of

anionic IrCk* (Fig. 5.4C) and neutral FcGBH (Fig. 5.4D) are not so well shaped.

73
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Fig. 5.5A shows a voltammogram of Cu electroddosin hydrated glass. The shape
of the curve with a characteristic cathodic pegkeaping after the potential sweep reversal and a
sharp anodic peak of Cu stripping is typical of ahatucleation/growth process¥sin a
chronoamperometric experiment (Fig. 5.5B), thetebele potential was stepped to -600 mV to
deposit a larger amount of copper. The cathodiceatiwas almost constant during the first 8 s
(the inset in Fig. 5.5B) and then it increased glydny the factor of >400 (the highest current of
10 nA in Fig. 5.5B corresponds to the overflow lo¢ tpotentiostat amplifier). The growth of
copper beyond the hydrogel limits and the formatba micrometer-sized metal electrode was

confirmed voltammetrically (not shown), and depesiCu was observed by optical microscopy

and SEM.
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Fig. 5.5. CV (A) and chronoamperogram (B) of copper depositn the Pt nanowire buried in
hydrated glass from 20 mM Cu%6plution. (A)v =50 mV/s. (B) The electrode potential was
stepped to -600 mV vs. Ag/AgCl. The inset shovesittitial portion of the current transient at
higher current sensitivity.

The potentiometric response of the hydrated glas®electrode to solution pH is shown
in Figure 5.6. After soaking a glass-covered Bttebde overnight in 6 M HCI, its potential was
measured in ten buffer solutions of different pfhe linear pH dependence & 0.99) of the
electrode potential over the range of pH from LL@oexhibits a slightly sub-Nernstian slope of

52 mV/pH.
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Fig. 5.6. Potentiometric response of a glass-covered Pt tectoede to solution

pH. Potential was measured vs. Ag/AgCl referencetreide

Using nanometer-sized probes, we were able to edseddation/reduction reactions at
electrodes buried inside borosilicate glass—somagttiat should not be possible according to
conventional wisdom. Nanometer-thick layers ofsglare sufficiently permeable to observe
oxidation/reduction of water in either aqueous gyamic media. From Fig. 5.1A one can see
that the through-glass oxidation/reduction of watezurs with the total tip diameter of ~150 nm
(curve 2), but not observed when it is ~1 um (cuk)e The rupture of the insulating sheath by
evolved hydrogen (Fig. 5.2) or oxygen unequivocabyfirms the diffusion of water molecules
through the film, and a very sensitive voltammetast (Fig. 5.1C) provides strong evidence
against the possibility of microscopic pores orckgin the glass layer. So far, no other
electroactive species—either hydrophilic or hydmph, ionic or neutral—were found to cross
the dry glass barrier.

Voltammetry in organic solutions (Fig. 5.3) prowdadditional evidence for molecular

diffusion through glass (as opposed to solutionmeation through defects) since organic



solution does not spontaneously enter nanometed-iales in hydrophilic glagé. Importantly,

no waves appeared within the entire potential rdrga -3 V to +3 V when no water was added
to distilled DCE. The dependence of the peak oirvs. 6,0 for the peak occurring ~3.3 V
(Fig. 5.3C) is linear for the entire range of camecations from 1 mM to 130 mM (the latter
corresponds to water-saturated D&E The linearity of the calibration curve and thetection
limit of ~0.5 mM attained without any optimizatiGuggest that voltammetry at glass-covered
nanoelectrodes may become an alternative to thekmevn Karl Fisher titration technigtfefor
determination of water in organic solvents. Obsgiadvantages of the nanoelectrochemical
approach include an extremely small sample sizenahdsing additional reagents.

A hydrated gel layer can be formed by soaking asgt@vered nanoelectrode in acidic
solution. Unlike conventional glass pH sensorspsenthick (~0.1 um) membrane remains
largely dry when immersed in an aqueous solutid®0-nm-thick glass covering our electrodes
seems to be largely (if not completely) convertethydrated gel. The voltammograms of water
oxidation/reduction before and after the formatdrhydrated gel are completely different. The
hydrogen and oxygen evolution currents in Figs.-53.3 were produced by diffusion of water
molecules through the nm-thick layer of dry glas3he currents corresponding to these
processes can be recorded immediately after imngerai glass-covered nanoelectrode in
aqueous solution. The response is stable andtedetime-independent on the time scale of
several minutes, which is too short for the slowcpss of glass swelling. In contrast, hydrated
gel is an agueous environment, in which a monolaja@dsorbed water forms on the Pt surface.
Accordingly, curve 2 in Fig. 5.4A exhibits charatddc voltammetric peaks corresponding to

adsorption/desorption of hydrogen and oxygen amdlai to those obtained at macroscopic Pt
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electrodes in acidic solutions (cf. inset in FigdA). Such peaks are not present in curve 1
obtained at a “dry” glass electrode.

Ru(NHs)e>*?* species, which were completely blocked by dry gjlémurve 1 in Fig.
5.1C), yielded a pair of well-defined cathodic aambdic peaks at a hydrated glass electrode
(Fig. 5.4B). An increased peak separatibB, = 95 mV, points to a significant resistance of the
hydrated glass layer that varies for different etees (as does theE, value). The resistive
potential drop apparently depends on the thickmésbe hydrogel and the surface area of Pt
exposed to it. In Fig. 5.4B, the ~35 mV increasepeak separation (the peak separation
expected for a reversible CV unaffected by thestes potential drop is ~59 mV) corresponds
to the glass layer resistance>df00 MQ.

An unusual combination of the low (pA) currentitgl of nanoelectrodes and a peak-
shaped CV that is normally obtained at macroeldesocan be attributed to considerable
viscosity (and, thus, low diffusion coefficients BE(NHs)s>7?"), which results in non-steady-
state diffusion within a thin layer of hydrated .gdlhe time at which the diffusion in a thin layer
approaches a steady state is of the ordef/6fd where d is the layer thickness. Assuming the
film thickness of 100 nm and noticing that the expental time scale in Fig. 5.4B of ~1 sec, the
apparent D value is10™° cnf/s.

The hydrated glass film exhibits permselectivitymn comparison with cationic
Ru(NHs)s>*, voltammograms of anionic Ir§l (Fig. 5.4C) and neutral, more hydrophobic
FcCH,OH (Fig. 5.4D) exhibit larger peak separations st defined faradaic waves. The
electrode surface modification by nm-thick hydraggdss may provide new opportunities for
sensor preparation, protection of electrocatalyisten fouling and inhibitors, and other

electrochemical applications. Another interestogsibility—electrodeposition of metals within
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the glass matrix—is exemplified by nucleation andkbdeposition of Cu in hydrated gel
(Fig. 5.5).

The pH response of nm-thick borosilicate glassus tb the formation of the hydrogel
layer during a few hours of treatment with acididuson. The high resistance of hydrated gel
and very slow diffusion in it are consistent wittetdevelopment of membrane potential across
this layer. The strong dependence of the nanoeldetpotential on pH and excellent linearity of
the calibration curve (Fig. 5.6) suggest that theletrodes can serve as all solid-state pH
nanoprobes. The electrodes containing a buffertisol—presently the most common type of
pH sensorS—have many disadvantages including storage problenessure and temperature
dependence, mechanical instability, relatively éasjze, and fabrication cdst. Numerous
efforts to produce solid-state pH electrodes basediridium oxide'® conductive polymer
composites? and other sensing strategies have met with linstetess.

The main advantages of a glass-coated Pt pH etkstrds microscopic size and
biocompatibility—make it potentially useful for ¢ddiology applications and other experiments
in small volumes. The attainable tip size (tenamj is comparable to or smaller than that of the
existing nanopipet-based potentiometric prdest may also be employed as a scanning probe
for pH microscopy where its small size can help to significantly ioye spatial resolution. At
the same time, glass nanosensors are not likelgaegonventional pH electrodes in routine
analytical measurements because of their fragility limited lifetime.

Borosilicate glass used in this work may not thet meaterial for a pH sensor since its
composition is different from conventional pH gldesy., Corning 0150 glass), and it would not
be suitable for fabrication of macroscopic pH pmbd relatively slow response (minutes) can

probably be improved by using more suitable glasgfeparation of pH nanosensors.
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Chapter VI

Atomic Force Microscopy of Electrochemical Nanoelectrodes

6.1 Introduction

The development of nanometer-sized electrodes madsible studying processes and
phenomena that would not be accessible by largetrechemical probes.Nanoelectrodes were
used to study electrochemistry of single molecutesl single nanoparticlésnvestigate mass
transport processes on the nanostateeasure rapid kineti¢s, and perform quantitative
experiments inside living celfs. Several unusual phenomena such as electrochertistugh
glass’ surface diffusion of adsorbed redox species aPtiiglass interfac¥, and the effects of
partially formed electrical double layécould only be observed in nanoscale systems.

Experiments at nanoelectrodes are often hinderediifwyalization difficulties. The
knowledge of the electrode shape and size is eabdot quantitative experiments; and
significant shape irregularities (e.g., the reaassf the conductive surface into the surrounding
insulator) may cause very large errors in the deitezd kinetic parameter$. Neither optical nor
electron microscopy provide adequate means foralimation of nanoelectrodes. The SEM
resolution is not sufficiently high to characterieéectrodes smaller than ~50 nm radius;
moreover, insufficient z-axis resolution makesatdto distinguish between flat, recessed, and
protruding nanoelectrodes. TEM can provide a side of a very small (e.gs 3 nm radiu¥’)
electrode, but it gives no information about th@ased metal surface. Additionally, it is not

easy to use either SEM or TEM for in-situ monitgrelectrochemical processes.
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In most publications on nanoelectrochemistry, aoetectrode was assumed to be disk-
shaped and flush with the surface of surroundisglator, and its radiug) was evaluated from
the diffusion limiting current

iy =4nFDc*a (6.1)
wheren is the number of transferred electrofisjs the Faraday constarid, and c* are the
diffusion coefficient and the bulk concentrationtbé redox species, respectively, ant the
disk radius. Estimating from Eq (6.1) is problematic because steady-statammograms
provide no information about nanoelectrode geomaettyich is never perfect (see below) and
has to be checked independently. The visualizaiene is even more pressing in studies of
surface reactions at nanoelectrodes. For instancevestigate nucleation/growth processes,
one has to relate the current response to botiniti@ electrode size/geometry and the change
resulting from electrodeposition of metl.Without a means for independent verification,hsuc
analysis can be ambiguous.

The size and geometry of a nanoelectrode can Haatgd by using it as a probe in the
scanning electrochemical microscope (SECGM)While high SECM feedback (e.g., the tip
current increasing by the factor of ~10 near thedcative surface) can provide strong evidence
that a nanoelectrode is essentially flat and welisped’** a lower feedback often observed in
current-distance curves is hard to interpret. Bs®rigins of such a response include either
recessed or protruding tip geometry, surface coini@ion, or poor tip/substrate alignment. One
should also notice that only a sharp nanoelectvattea very thin insulating sheath can be used
as an SECM probe. In this Letter we present a dimeethod for visualizing nanoelectrode

surfaces by atomic force microscopy (AFM).
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6.2 Experimental Section

Chemicals. Ferrocenemethanol (FcGBIH, 97%) from Aldrich (Milwaukee, WI) was sublimed
before use. Other chemicals were used as receiyapieous solutions were prepared from
deionized water (Milli-Q, Millipore Co.).

Electrodes and electrochemical cells. Pt and Au nanoelectrodes were fabricated as ibesicr
previously’ Briefly, an annealed 26m Pt or Au wire (Goodfellow) was pulled into a glas
capillary under vacuum with the help of a SutteR@0/G laser pipet puller. The pulled
electrodes were polished either on 50 nm alumippitey tape or 100-nm diamond lapping tape
(Precision Surfaces International) under video ascopic control. Pt wires were sealed into
borosilicate glass, and Au wires—into soda-limesgleapillaries (Drummond; 1.0-mm o.d., 0.2-
mm i.d.). Electrochemical AFM images and voltamnamgs were obtained in a commercial
liquid cell (Park Systems), which was mounted oe 8tage of XE-120 scanning probe
microscope, using an EI-400 potentiostat (Ensmatrdments). In a two-electrode setup, a Ag-
wire was used as a quasi-reference. Current imagesobtained with the nanoelectrode biased
to a potential corresponding to diffusion-limitedidation of FCCHOH, and the current was
plotted as a function of lateral position of theMprobe. SECM measurements were performed
using a previously described home-built SECM insiat!®

AFM imaging. An XE-120 scanning probe microscope (Park Systevas)employed to image
the nanoelectrodes in a non-contact, intermittermbatact mode, either in air or in solution; and
PPP-NCHR and PPP-CONTSCR AFM probes (Nanosensa@s) wsed for non-contact and
contact imaging, respectively. An ~4.5 cm longo®lactrode was mounted vertically with its

polished surface facing the AFM probe using a hoasemsample holder (Fig. 6.1) attached to
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XY piezo positioning stage. The cantilever was paged above the nanoelectrode with the help
of an optical microscope. A different custom-mad&ler was used for liquid phase imaging. In
a non-contact mode, the tip was brought within @sel proximity of the sample using the
approach function, and then the nanoelectrode wasdlaterally in 200 nm steps to bring the

AFM

Figure6.1. Experimental setup used for AFM imaging of nandetetes in air. (A) A glass-sealed,
polished nanoelectrode (1) is positioned undeAfRe probe (2). (B) A scheme of the
nanoelectrode holder. 1 — brass base, 2 — plasgevs3 —nanoelectrode, 4 — XY piezo positioning
stage

probe to its apex. (In XE-120 the tip travels ganaxis, and the sample is moved in the x-y
plane). The travel direction was selected to éffeaxis retraction of the piezo actuator in a
close-loop mode. This corresponded to slidinghef $lanted tip surface along the edge of the
glass insulating sheath of the electrode. Wherpibeo approached its upper limit, the z-stage

motor was retracted by 1 pm to maintain the z-pi@go actuator within its range (12 pum). This



approach allows imaging of sharp objects, includimegdl-like SECM tips with a ni-scale

thickness of the insulating sheath at the

6.3 Results and Discussion

Non-contact topography imaging is very convenient falipinary characterizion of
nanoelectrode geometry. An image (Fig. 6.2) wdaioed in air with no direct contact betwe
the AFM probe and the nanoelectrode and, thus,assibility of damage or contamination
the sample surface. The electrode in Fig. 6.2A2h25%30 nm effective radius and appears to
~5 nm recessed into the glass insulator. The g-state diffusion limited current to such

electrode can be calculated from Eq. (*°

i, = i,/(1.0354 + 1.2624 + 0.0115%nH) (6.2)

whereH is the recess depth normalized by the effectivie ididius 1/a)
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Figure 6.2. Non-contact topographic image of a polished Pt nanoelectrode in air (A) and a steady-state voltammogram of |
mM FcCH,OH obtained at the same electrode in 0.2 M KCl solution (B). (A) The scan rate was 0.5 Hz. The red line
corresponds to the shown cross-section. (B) The potential sweep rate was v =50 mV s\

The triangular shape of the cr-section in Fig. 6.2A is due to the convolution o tip shap:
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and the sample geometry. It is possible thatiphditl not reach the bottom of the cavity, and its
actual depth could be somewhat larger. Howevegp@l agreement between the AFM and
voltammetric results indicates that non-contactgim@ provides a reliable estimate for the

effective recess depth. This slightly recessedtelde H = 5 nm/28 nm = 0.18} suitable for

Figure 6.3. Non-contact topographic image
of a recessed Pt nanoelectrode in air in 3D
(A) and 2D (B) and a steady-state
voltammogram of 1.2 mM FcGIH (C).

For other parameters, see Fig. 6.2.
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guantitative nanoelectrochemical experiments, botesdeviations from the theoretical response cbaléxpected if it was used
for measuring electron transfer kinetics. One &hawtice that no existing electrochemical or msmmapic technique could

provide equally detailed information about nanoetete geometry. An image of a considerably recestectrode is shown in
Fig. 6.3A. The diffusion limiting currenf® pA) measured in 1.2 mM FcGEH (Fig. 6.3C) is in good agreement wiqh: 9.4

pA calculated from Eq. (6.2) with=

&

Figure 6.4. Intermittent contact mode

a0 ' ) il topography (A), and phase shift (C) AFM
sl B m_‘ images of a protruding annealed platinum
1 nanoelectrode, and cyclic voltammograms
=0 ) (B) obtained before (1) and after (2)
g 15f ) annealing at 120 °C for 1 hour. For other
BT A - parameters, see Fig. 6.2.
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40 nm,a = 52 nm found from Fig. 6.3B. From the voltammograntig. 6.3C, one would not
be able to tell that this electrode is recessette &ffective radius calculated from Fig. 6.3C
without taking into account the recessed geometouleh have been as small as 20 nm.
Moreover, kinetic experiments (and other geomegnysgive experiments) at such an electrode
could yield misleading results. Recessed nanoeléesr have been employed for different types
of experiments, including measurements in ultratsmalumes'* AFM characterization of
recessed probes can greatly improve the relialofityuch experiments. In the case of a deeply
recessed nanoelectrode (ile> a), a sharper AFM probe (e.g., a carbon nanotubkee)rshould

be used for more accurate measuremeht of

An electrode with the conductive core protrudingnir the glass sheath can also be
characterized by AFM. The electrode imaged in 6igA hasa = 83 nm and heighty = 20 nm.
The glass roughness in this case is relatively ,hagid to clearly distinguish between the
conductive Pt surface and the surrounding glasscanecompare the topographic image (Fig.
6.4A) to the phase shift image of the same eleetrddg. 6.4C) obtained in the intermittent
contact mode. The contrast in the latter is dugifferent interactions of the AFM probe with Pt
and glass surfaces. Contact mode imaging provid#sr resolution than the non-contact mode,
but positioning a more flexible AFM contact probboge the nanoelectrode apex is more
difficult.

An essentially “perfect” flat electrode whose coatie surface is flush with the surface
of surrounding insulator can be hard to visualigenbn-contact AFM. A well-polished electrode
in Fig. 6.5 exhibits extremely low roughness (~1 omer a 1 prhsurface area) of both Pt
surface and glass. The electrode active area detectable in the topographic image (Fig.

6.5A), whereas the voltammogram in Fig. 6.5C yi¢haseffective radiusg = 37 nm. As



87

1000 v 1000

750 1| ! ) ' ! ]

4 C

E 500 . ! E 500

i1pA

érbDth?D

0 250 500 750 1000 ; 0 250 500 750

0s95 : 1 00 o1 02z 03 o4

0.99 EIV
e \ 0985 A

: 0.98

1000

Figure6.5. Topography (A), and substrate current (B) AFM insmgerorded simultaneously during
non-contact imaging of a Pt nanoelectroale 837 nm) with cross sections shown below image $afsir
scan axis direction. Scan rate: 0.5 Hz. Cyclicaminogram (C) of the sample at 50 mi¥ AFM
images and voltammogram recorded in 1.2 mM Fg@iHin 0.2 M KCI.

discussed above, an electrode of this kind canidieaNzed either by phase shift imaging in a
tapping mode or by lateral force imaging. Anotiméeresting way to locate the active electrode
surface is by AFM imaging in solution containingealox mediator with simultaneous recording
of the faradaic current. Buet al'’ showed that the diffusion to a micrometer-sizegtebde is
hindered by a non-conductive AFM probe during imaggi This effect, which is much stronger
for a nanoelectrode, can be usedntsitu map the electrochemical activity of the surfacey.(F
6.5B). The area of decreased faradaic currenign6sB is larger than the sample size expected
from Fig. 6.5C because of the diffusion broadereffgct (i.e., the effective radius of the quasi-
hemispherical diffusion layer of the redox speaeshe nanoelectrode isapand a relatively

large physical size of the AFM tip. The effectiraius valuea = 37 nm, obtained from Fig.

6.5C is reliable because the electrode is flatfargh with the insulator surface (Fig. 6.5A) and
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its surface reactivity is uniform (Fig. 6.5B). Osbould also notice that the topography of a
nanoelectrode can be imaged in solution before iamdediately after an electrochemical
experiment, which is essential for visualization oénoelectrochemical processes (e.g.,
electrodeposition of metals at nanoelectréyes
6.4 Conclusion

In summary, AFM imaging of a nanoelectrode inaaid in solution can provide detailed
information about its geometry and surface redgtitiat would be hard to obtain by any other
technique. This information is essential for rigliginterpretation of nanoelectrochemical
experimental data. The nanoelectrodes characteogy&FM are not damaged; they can be
employed in electrochemical experiments and as SB@ides. Our experiments also revealed
surprising effects of the low-temperature anneahlwigich can result in the recession of the Au
electrode surface into glass, protrusion of Pt puatrodes, and formation of nanoscale surface

structures.
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Chapter VII

Electrodeposition at Nanoelectrodes

7.1 Introduction

Recent progress in nanoelectrochemistfy spurred, the development of several
techniques for preparation of nanometer-sized mlelseémical probes with desired properties.
The nanoelectrodes of various geometries, suchisats,ands, cones and recessed electrodes
have been reportédMost of them were made of Pt or Au by partiallyitaing either etched or
pulled microwires or thin metal filmf§'®> For instance, Fan et al. insulated etched wiriéls w
Apiezon wax to produce conical nanoelectrod&he Unwin group fabricated Pt nanoelectrodes
by coating etched wire with an electrophoretic pain Glass-sealed nanoelectrodes were
prepared in White’8® and Zhang'¥* laboratories. We reported recently the prepanatind

150 hanoelectrodes with a radius> 5

characterization of the disk-type, polished'¥tand Au
nm. A smallRG value (i.e., the ratio of the insulating sheattiiwa toa) of <10 allowed such
electrodes to be used as tips in scanning elearoicial microscopy (SECMJ*

The nanoelectrodes made of metals other than PAarmbuld be potentially useful for a
wide range of applications such as sensors, studfieslectrocatalysis, bioelectrochemical
experiments, kinetic measurements, and strippirdyars. The preparation of such electrodes is
not straightforward: in some cases, the startingeria (e.g., microwire) is not available; for
other metals (e.g., Hg) the established fabricatmhniques would not work. In this article, we

report the preparation of Hg and Pt nanoelectrbgesdectrodeposition of these metals on Pt and

Au. Electrodeposition of a liquid metal (Hg) igaod model system for exploring feasibility of
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the electrodeposition at nanoelectrodes and dewejomethodology to control the size and
shape of the deposit. The electrodeposition otcorgron Pt and other noble metals from,Hg
solutions is a well studied process that involved &ucleation/growth of essentially
hemispherical droplet€. Unlike solid metals, the Hg surface is uniformdadefect-free; its
growth is not accompanied by the formation of déadrand other complications. Although Hg
can penetrate into bulk Pt, this very slow proaeisis the effective diffusion coefficient of ~10
cn?/s *7® should not affect our experiments. The electroditjon approach was used by several
groups to produce micrometer-sized Hg electrdfles.

Few examples of electrodeposition on nanoelectrbdes been reported to dateThis
process may be substantially different from thraeemsional (3D) nucleation/growth
phenomena at macroscopic (or micrometer-sized)trebes, which have been extensively
studied since 1950'$° After the application of an appropriate potential the underlying
macroscopic metal electrode, a number of essenhalnispherical nuclei form on special active
sites,”* which have been identified as various surface aefincluding step edgé$.These
nuclei first grow independently, then their diffosifields begin to overlap, and eventually the
growing clusters merge and form a continuous pludselectrodeposited metal. It was also
suggested that only one nucleus can form and gt@rdcrometer-sized electrotfdbecause of
the limited active site density and the existentexzlusion zones around growing crystéls.
Thus, multiple nucleation at a nanoelectrode satestis highly unlikely¥> Here, the current
measured at a nanoelectrode is attributed to twtgrof a single metal crystal. A mechanistic

study of electrodeposition at nanoelectrodes isnmay in our laborator$f

One of the hardest tasks in nanoelectrochemicatrerpnts is the characterization of

fabricated nanoprobes. In addition to evaluatimg ¢lectrode size and geometry, one has to
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show that its electrochemical response conformthéotheory and is free from artifacts, e.g.,
solution leakage through the metal/insulator s&éle unique features of nanoelectrode behavior
can further complicate its characterization. Hwtance, even in the absence of leakage, the
effective surface area of a nanoelectrode detedriireen the adsorption/desorption charge can
be much larger than the geometrical area of megabsed to solution because of the surface
diffusion of adsorbed species along the metal/atsulinterface?” Unlike our regular nanotips,
the electrodes obtained by electrodeposition aisipedl nanoelectrodes are no longer flat or
polishable. The deposited metal may be porous, #tlowing the solution species to diffuse to
the underlying metal surface. Here, we used tmoelactrodes as SECM tips to evaluate their
dimensions from the approach curvé¥: 8 The combination of these experiments with
voltammetry of catalytic and non-catalytic electremical processes and SEM imaging provided
sufficient information about geometric and elechrmical properties of prepared
nanoelectrodes. Smaller metal clusters can alsprbeéuced and characterized in a similar

manner.

In addition to its fundamental significance, etedeposition of metals is at the core of
various industrial applications from gold and chiam plating to fabrication of interconnects in
electronic circuits to preparation of electrocastdyfor energy storage The key to control the
morphology of deposited metal is to understanchteehanism three-dimensional nucleation and
growth—the initial stages of many electrodepositiprocesseS. The random nature of
nucleation and the difficulties in quantitative s& of the signal, which is produced by a large
number of growing crystals interacting with eachenf impeded electrochemical studies of these

processes. Despite the development of approximagytical models®33 more exact

numerical simulation>> and statistical analysid®®’, the extraction of numerous kinetic,
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thermodynamic and transport parameters from exgetiah data is not straightforward. Open
questions remain about the nature and densityefrisipient nucleation sites on the surfdte
the time lag®, the dimensions of an “exclusion zone”, i.e., #tea around a growing crystal

where no new nuclei can be form&dand the growth rate of a nm-sized nuct&us

An intriguing possibility is to study nucleationdgrth of metals at a microscopic
electrode surface, on which only a single nuclerslze formed, and to use imaging techniques
to facilitate the interpretation of the electrochesthdata. In earlier studies, the assumption was
that a micrometer-sized electrode is sufficientlyali to observe the formation and growth of a
single nucleus** More recent studies showed that two nuclei cam fwithin a submicrometer
distance from each othé&?. Moreover, the possibility of multiple nucleatiah extremely small
(e.g., >5 nm) carbon electrodes was sugge$tdibwever, with no adequate characterization of

such electrodes, this claim is hard to validate.

Here we used electrochemical techniqgues and AFMuestigate nucleation/growth of
silver on well characterized nanometer-sized Rtteddes. AFM was used previously to image
metal nuclei formed on step edges of graphite sasf&, monitor the formation of bimetallic
micro- and nanoparticlésand study the growth of metal nuclei as a functéntime and
overpotentid®. The combination of AFM with nanoelectrodes alldwais to probe

nucleation/growth of nanocrystals on individualaesites.

7.2 Experimental Section

Chemicals. Mercury () nitrate dihydrate was obtained for gi@a Aldrich.
Hexaammineruthenium (I1l) chloride (99%) was fromme® Chemicals. Silver Sulphate was
obtained from Sigma Aldrich. Ferrocene (Fc, 98%drish) was sublimed twice before use.

Tetrabutylammonium perchlorate (Fluka) was usedwggporting electrolyte. KNO3 and KCI
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(99+%, Aldrich) were used as supporting electraytebSO,, HCIO, , HCI and hydrogen
hexachloroplatinate (IV) hydrate from Aldrich warsed as received. Acetonitrile (Aldrich) was
used to prepare organic solutions. Aqueous solsitiegre prepared from deionized water (Milli-
Q, Millipore Co.).

Electrodes and electrochemical cells. The fabrication of the laser-pulled Pt nanoetai®s was
described previouslyy. Briefly, an annealed 2pm Pt wire (Goodfellow) was pulled into a
borosilicate capillary (Drummond; 1.0-mm o.d, 0.2annd.) under vacuum with the help of a
Sutter P-2000/G laser pipet puller. The pullectteteles were polished on 50 nm lapping tape
under video microscopic control, and washed byildidt water. The effective radius of an
electrode was evaluated from steady-state voltanym&ecessed Pt electrodes were prepared as
discussed in ref. 29a. The two-electrode setup awiAg/AgCl reference electrode was used for
voltammetry, chronoamperometry, and SECM experimergxcept for Hg deposition
experiments, where a mercury pool was used ass-tpfarence to avoid an effect of Gh this
process.

Instrumentation and procedures. SECM measurements were performed using a prdyious
described home-built SECM instrumént. Chronoamperometric and cyclic voltammetric
experiments were carried out using either an El-#Qfotentiostat (Ensman Instruments,
Bloomington, IN) or a BAS-100B electrochemical amza&r (Bioanalytical Systems, West
Lafayette, IN). To remove oxygen, the solutiongeveurged with high-purity nitrogen before
and during the experiments. All experiments wesgfggmed at room temperature (23 £Q@)
inside a Faraday cage. SEM images were obtainied) asfield emission scanning electron
microscope (Zeiss Supra 55 VP at CCNY electron esmopy facility) with no conductive

coating applied to nanoelectrodes.
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AFM imaging. An XE-120 scanning probe microscope (Park Systemas employed for
imaging nanoelectrodes and electrodeposited silMePP-NCHR AFM probes (Nanosensors)
were used for non-contact imaging in air. Imagimgolution was performed with PPP-NCH
AFM probes (Nanosensors).

The procedures for AFM imaging of nanoelectrodekeegiin air or in solution were
developed recently2@). Briefly, a nanoelectrode was mounted verticallyh its polished
surface facing the AFM probe using a homemade sarhplder, and the cantilever was
positioned above it with the help of an optical mgcope. In a non-contact mode, the tip was
brought within a close proximity of the sample w@sithe approach function, and then the
nanoelectrode was moved laterally in 200 nm steplsring the AFM probe to its apex. The
travel direction was selected to effect z-axisa&tion of the piezo actuator in a close-loop mode.
This corresponded to sliding of the slanted tipfesie along the edge of the glass insulating
sheath of the electrode. When the piezo approadsedpper limit, the z-stage motor was

retracted by 1 pm to maintain the actuator witksrrange (12 pum).

Electrodeposition of silver for imaging on the @éfede was carried out in a commercial
liquid cell (Park Systems), which was mounted oe $itage of the XE-120 scanning probe
microscope. A Pt nanoelectrode was inserted iatisol containing AgSO, and 0.1 M HSO,.
After conditioning the working nanoelectrode at 820V for several seconds to remove traces
of Ag, its potential was stepped to -90 = 10 mV &g. reference (slightly different potential
values were used in different experiment, dependimghe electrode size and other conditions)
using Multi Clamp 700B. After each deposition expmmnt, a non-contact mode topographic

AFM image of the nanoelectrode was obtained in sithen, the silver deposit was striped by
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biasing the electrode at +200 mV vs Ag wire refeegrand another AFM image of the same

electrode was obtained

7.3 Results and Discussion

Hg deposition. Cyclic voltammograms (CVs) of Hg deposition atigimed Pt nanoelectrodes
were obtained to characterize this process andtsglétable experimental conditions for bulk
deposition. A typical CV obtained at 55-nm-radRiselectrode in 50 uM HENO3), solution
(Fig. 7.1) exhibits a characteristic hysteresiseapipng after the potential sweep reversal and a
sharp anodic peak of Hg stripping; both featurestgpical of metal nucleation/growth C¥s.
The presence of the reverse cathodic wave pointbdgchemispherical-type geometry of the
growing nucleus, whose surface area continues diease with time after the change in the
potential sweep direction. No such feature wowdobserved for two-dimensional (layer-by-
layer) electrodeposition. The potential of the dimsi-reference in a 50 puM KY O3), solution

was found to be +0.462 mV vs. Ag/AgCl. The catleadiffusion limiting current region in Fig.

7.2 € = -150 mV vs. Hg quasi-reference) corresponds 0300 mV vs. Ag/AgCI.

i, pA
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Figure7.1. Cyclic voltammogram of electrodeposition/strippwigHg at a 55-nm radius Pt

electrode. Solution contained 50 uMXgOs), and 0.125 M HCIQ The potential sweep
rate,v = 50 mV/s. Arrows show the potential sweep dioect



Accordingly, in chronoamperograms of Hg depositidrtained by stepping the electrode
potential to -100 mV vs. Ag/AgCl (Fig. 7.2A), tharcent is essentially proportional &
(Fig. 7.2B), as expected from Eq. (1) that dessridéfusion-controlled growth of a single
hemispherical nucle8

i = /znnFD3/2C3/2VMl/2tl/2 (71)
wheren is the number of transferred electroBsand c are the diffusion coefficient and bulk
concentration of ionsyy is the molar volume of the deposited metal, &rd0 is the time at
which the nucleus was born. The analysis of theensomplicated initial portion of the current
transient will be presented elsewhéfélectrodeposition of Hg at micrometer-sized elebé®
involved the formation of multiple nuclei, whichlmequently coalesced until a full hemisphere
was formed. This process produced sharp featarteicurrent-time deposition curvé8. The
absence of such discontinuities in Fig. 7.2 is stest with the growth of a single nucleus at a
nanoelectrode.
The volume of the deposited metal can be found ftom charge (Q), obtained by

integrating the chronoamperometric current

V= QVu/nF (7.2)
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Figure 7.2. Potentiostatic transient of Hg deposition at a B2Rt electrode from 50

M Hgp(NOs), solution (A) and the correspondings.t? dependence (B). The dashed
line in B is shown as a guide.
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One should notice that the volume found from ER)(i5 independent of the deposit geometry.
Neglecting relatively minor deviations occurringtire short-time regioff, the radius of a
hemispherical nucleus is
r = (2DcVit)H? (7.3)
and the time required for a nucleus to cover thigeesurface of the underlying disk electrode is
1 =a’/(2DCVi) (7.4)

wherea is the disk radius. Clearly, the smaller the ®tete, the shorter the timescale of the
deposition experiment. With the diffusion coeféist of Hg**, D = 0.96x 10° cnf/s,***andVp,
= 14.86 cn¥mol, one obtains = 30 ms fora = 30 nm anat = 1 mM. The reliability of current—
time curves in this case may be compromised byrunstntal problems because of the
difficulties with measuring low (pA) currents onetims or sub-ms time scale. To avoid this
problem, we will carried out chronoamperometric erxpents with low metal ion concentrations
in solution (i.e., 10 — 50 uM), thus extending theerimental timescale from the ms range to
seconds.

The assumption of the hemispherical shape of aiggnucleus—and the resulting Egs.
(7.1), (7.3) and (7.4)—is a good approximation d@ctrodeposition at “infinitely large” planar
electrodes?® However, a nucleus growing on a nanoelectrodesar€an reach its edge, i.e., the
boundary between the underlying metal and glasslat@. Previous results obtained at
micrometer-sized electrodes as well as our dag lggdbow) suggest that hydrophobic mercury
droplets do not propagate over the glass surfadéen the nucleus is formed near the disk
center (which, apparently, was the case in Fig), it gradually covers the entire disk surface
and continues to grow to form a spherical cap latgan a hemisphere. The corresponding

chronoamperogram is well shaped and in accordaitbeBqg. (7.1). By contrast, a droplet that
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forms at the disk periphery gets distorted uporchizay the disk edge. The adjustments in its
shape can be detected in thes. t deposition curve (not shown). Eventuale teposited Hg
attains a hemispherical shape, and the applicabiliEgs. (7.1) — (7.4) can be verified.

We explored several independent ways of checkiagibre and shape of the Hg deposit.
In Figure 7.3, the Pt disk radiusa (= 69 nm) was determined from the steady-state
voltammogram of 2 mM Ru(N§>* obtained before deposition of mercury (blue curveig.
7.3A). Mercury was deposited at this electrode sbgpping its potential to —100 mV vs.
Ag/AgCl for 3.5 s. According to Eq. (7.4), with= 50 puM, the time required for the complete
coverage of the disk surfacertis 3.2 s. Thus, the shape of deposited Hg wascexgéo nearly
hemispherical with the effective radius close tors8. The ratio of the limiting currents of
Ru(NHs)e>* in Fig. 7.3A obtained before (blue curve) and rafjeink curve) deposition of
mercury is 1.5 in good agreement with the theasépeediction (hemisphedidisk = 2t/4 = 1.579).

The completeness of the Pt surface coverage by &k aonfirmed by comparison of
voltammograms of proton reduction in an acidic 8olu(Fig. 7.3B) obtained before (blue) and
after (pink) the deposition. A significant shiftQ.5 V) of the hydrogen wave in the cathodic

direction in the latter voltammogram and the abeevica detectible pre-wave at more positive
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Figure 7.3. Voltammograms obtained in 2 mM Ru(B)sCls (A) and 0.01 M HN@ solutions
before (blue) and after (pink) the electrodepositid Hg on the surface of a 69 nm Pt electrode.



potentials confirm that the catalytic Pt surfaceswampletely screened by Hg.

Figure 7.4 shows an SECM approach curve obtainéu twe same mercury-covered Pt
electrode that was employed for voltammetric experits in Fig. 4. The experimental current
vs. distance curve (symbols) fits well the theaadtcurve (green) calculated for a hemispherical
electrode, according to ref. 50. The hemispherasafbund from the fit (67 nm) is in a good
agreement with the Pt tip radis= 69 nm. One should notice that it would be ingilde to fit

this experimental approach curve to the theoryafdisk-shaped tip (blue curve).

Figure 7.4. Experimental current vs.

distance curve (symbols) obtained

7 \ with a Hg tip approaching a
conductive Au substrate. Solution
contained 2 mM Ru(NEJsCls. The
corresponding theoretical curve (grt

= ) line) was calculated for a 67 nm

hemispheré® Blue curve is the

theory for a disk shaped tfp.
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Additional information about size and shape of iigoelectrodes can be obtained from
deposition/dissolution transients. The charge inbth by integrating the Hg deposition
chronoamperogram (not shown) obtained at the afeméoned 69-nm-radius Pt electrode (8.2
pA) corresponds to ~20% largavalue of 84.6 nm. The last current value in iha. t curve
(4.4 pA) is reasonably close to that expectedHergteady-state diffusion limiting current of 50
UM Hg?* to a 69-nm-radius hemisphefgmisphere= 21zFDca= 4.0 pA.

Major differences can be expected between nuclggtionth processes occurring on
nanoelectrodes and on micrometer-sized electroddse reported values of the active site density on

metal surfacesNp) are in the range 18 Ny, < 10°cm?, *! and typicallyN, does not exceed ~306m?.

Thus, the expected number of active sites on tHamiof a ~30-nm-radius electrode is <<1. Thus, o

99



100

research is aimed at investigating the feasibifibd mechanism of electrodeposition of metals at
nanoelectrodes.

The results indicate that Hg can be electrodepbgitenanoelectrodes of this size with
two possibilities: either an Hg droplet still nuates in the absence of an active site, or it starts
growing on the entire surface of the nanodisk fagna spherical cap. A simple theory
assuming diffusion-controlled quasi-steady-statewgin (i.e., steady-state diffusion to the
growing Hg surface) was developed for these twes&sThe main difference between the two
dimensionless current—time working curves is theg initial current value for the growing
nucleus is close to zero, while in the sphericg padel it is equal to the diffusion limiting

current of Hg”* to the nanodisk surface. Figure 7.5 shows an plaof two different growth

normalized current

normalized current

0 05 1 15 2
normalized time normalized time

Figure 7.5. Theoretical (blue) and experimental (pink) curretitne curves for a growing
hemispherical nucleus (A) and a spherical cap (Baiaed at 60 nm radius Pt electrode in
100 uM of Hg(NOs3), and 0.1M HNQ. The potential is stepped to -50mV and -200mV vs
Hg quasi-reference in A and B respectivély.

mechanisms of Hg at a Pt nanoelectrode at diffeseat potentials. The adjustable parameter
used to fit the data to the theory is the electrmaditus.

The study of the formation and growth of single Higclei should yield answers to
fundamental questions about the initial steps ettebcrystallization at nanoelectrodes. For
example, what is the rate-limiting step of thisqaes? It was recently suggested that the kinetics

of the early stage electrodeposition at macroscelgctrodes is controlled by surface diffusion
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and adsorptiofi. In contrast, at a nanoelectrode, the surfacesih control is possible only on
the extremely short time scale (i.e., us). Usirggdbveloped methodology, it should be possible

to prepare 5-10 nm-radius electrodes and studgatadytic properties of such clusters.

Ag deposition. we used electrochemical techniques and AFM testigate nucleation/growth
of silver on well characterized nanometer-sizecelettrodes. AFM was used previously to
image metal nuclei formed on step edges of graphitdaced’, monitor the formation of
bimetallic micro- and nanoparticfsand study the growth of metal nuclei as a fumctibtime
and overpotential. The combination of AFM with nanoelectrodes akavus to probe
nucleation/growth of nanocrystals on individualaesites.

A cyclic voltammogram (CV) of Ag electrodepositiah the 100-nm-radius polished Pt
electrode (Fig. 7.6A) shows a characteristic hysier appearing after the potential sweep
reversal and a sharp anodic peak of Ag strippingth bfeatures are typical of metal
nucleation/growth CVs at macroscopic electréfles The potentiostatic transient of Ag
deposition (Fig. 7.6B) was induced by steppinggbtential of the same nanoelectrode from 300
mV to -120 mV vs. Ag quasi-reference. After théiah charging current spike, the current

increased proportionally to the square root of tiaezording to Eq. (7.5)

3/2
i = 7zF(2Dc)*?V,, ”Z(t-r)l’z{l— exp(ZRL_?)} (7.5)

wherez =1 is the ionic chargd; is the Faraday constari?, andc are the diffusion coefficient
and bulk concentration of AgVy is the molar volume of silven is the overpotential,is the
time, andt is the time at which the nucleus bitth Eq. (7.5) describes diffusion-controlled
growth of a hemispherical nucleus. The agreemetwden the experimental transient (black

curve in Fig. 7.6B) and theoretical curve (red e)ris surprisingly good, keeping in mind the
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absence of adjustable parameters in Eq. 7.5 amitabée imperfections in a solid Ag nucleus,

which cannot grow as a perfect hemisphere.
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Figure 7.6. Cyclic voltammogram (A) and potentiostatic transie(B) of Ag
electrodeposition at a 100-nm-radius Pt electro8elution contained 10QM Ag,SO,
and 0.1 M HSQO,. (A) Thepotential sweep rate,= 50 mV/s. Arrows show the poten
sweep direction. (B) Theoretical curve (red) wakwlated from Eq. (1) withh = 1.5>
10° cnf/s >,

The low concentration of silver ions (200 uM) reedlin a relatively long deposition
time, i.e., ~1.5 s required for the nucleus radaseach the value of 100 nm corresponding to
the effective radius of the underlying Pt electrodenhe recorded current transient is due to a
single Ag nucleus whose growth is controlled byudiion of Ag in solution. This finding can
be compared to the results in ref. 25, where TEN wsed to monitoin-situ the growth of
similarly sized Cu clusters. The growth rate ofirzdfividual crystal was evaluated by measuring
its size of as a function of time. However, theap of the diffusion layers of multiple nuclei
growing on a macroscopic electrode surface complicdhe data analysis, and discrepancies
were found between the growth kinetics measurethtiividual nanoclusters and the predictions

of conventional theory.
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Figure 7.7 shows two Ag deposition transients oletdiat a much smaller electrode~(

20 nm) by stepping its potential tp=-90 mV. At a higher Agconcentration (20 mM; Fig.
2A), the deposition time for a 20-nm-radius nuclews only ~2.5 ms. The experimental data
fitted to Eq. (7.5) corresponds to the nucleus ginowssentially from the moment of its
formation (radiusy < 3 nm) until its radius becomes larger than tfatinderlying Pt surface.
With a lower Ad concentration (0.2 mM; Fig. 7.7B), the same proeess monitored on a much
longer time scale. Overall, Figs. 7.6 and 7.7 slhbat the electrodeposition of a single Ag
nucleus conforms to the classical diffusion-basesbty over four orders of magnitude in time.
The topographic AFM image obtained before Ag depwsiFig. 7.7C) shows that the electrode
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Figure 7.7. Potenti ostatic transients of &2 electradeposition (4,8], topographic AFM images (D) and
steady-state O of FcheQOH oxidation (E) obtained at the same ~20-nm-radius Pt electrode. Solution

contained 100 ubA Azo50y and 0.1 M Ha50y. (&) The potential sweep rate, v = 50 m's. Arrows show the
potential sweep direction. (B) Theoretical curves (red) in(a) and [B) were calculated from Eq. [1].
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surface is flat and well polished with ~1 nm rougést The Pt surface is flush with the
surrounding glass insulator and cannot be diststged from it>°To visualize the Pt surface, an
~12-nm-thick layer of Pt was removed electrochettyi€hafter the Ag deposit was dissolved.
The radius of the resulting recessed electrode {Fi€gD) was ~20 nm in accord with the value
calculated from the steady-state voltammogram (FigE).

The comparison of current transients in Figs. 7.88,A and 7.7B shows strong
dependence of the extent of the nucleation timgdagan vary significantly. The dependence
of T on the electrode size, concentration of Agd deposition overpotential is shown in Table 1.
Overall, thet values in Table 7.1 are much shorter than thengksoale delay times measured
previously at much larger electrod@ghe differences can be attributed to much highéseno
and equipment limitations preventing low currentasw@ements on a short time scale at
macroscopic electrodes.

Table7.1. The effects of the electrode radia¥, (Overpotentialrf), and Ag ion concentration on

the nucleation time lag). Eachrt value in the table is the average obtained frortr&@tsients.

T (ms)
a(nm) | Cag- (MM) eV T = -80 mV | 1) = 100 mv
20 |02 1731204 717+74 | 173 30
20 | 20 221+34 | 363+7.1| 7.2 £2.9
200 |02 66 £19 | 145+17| 67+04
200 | 20 68 = 35 47+11 | 20%09

As can be expected from previously developed theorgecreases with increasing
electrode radius, metal ion concentration, and maential. A very strong effect of the
overpotential can be attributed to the changeausieation rate constanf), active site density

(No) and the surface concentration of Ag adatoms. thhdse quantities are supposed to increase

exponentially with increasingly negative®; and so the change in from -50 mV to
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-100 mV results in the decreasetifby the factor of 10 to 30 for atl,;+ anda values in Table

7.1.

The time lag decrease with increasimg. should be due to the increasing concentration
of Ag adatoms becaugeandNo are independent of ion concentration. The efbécf,,+ ont

is similar at two higher overpotentials (i.g.,= -80 mV and -100 mV) and somewhat lowen at

= -50 mV. Interestingly, this effect is much maignificant ata = 20 nm electrode than at the
larger (200 nm) electrode. A marked decreaseaha largera can be related to the increased
number of nucleation sites; the larger this numtiher higher the probability of the nucleus
formation within a given time period. Typical uak reported in the literature for the density of
latent nucleation sites vary over a wide rangé, dfi* < No < 10°cm? (24). Even for the
largest valueNo = 10°° cmi®, the expected number of active sites on the sarédca 20-nm-
radius electrode is <1. For a 200 nm electrode nilmber of sites can be >1. Further insight
was obtained by combining nanoelectrochemical mtide experiments with AFM imaging
(Figs. 7.8 and 7.9).

Figure 7.8 shows four pairs of noncontact mode gogohic AFM images obtained
situ before and after four consecutive Ag electroddjfmosexperiments. Fig. 7.8A shows a ~50-
nm-radius electrode with the Pt surface recesseé2Dbym into glass insulator. This slight recess
facilitated the visualization of the Pt surface. (Efg. 7.7C and 7.7D) and also resulted in
significantly more uniform current distribution arethe edge of the conductive surffc¢hus
alleviating concerns about possible edge effeatunieation/growth kinetics. Ag was deposited
by stepping the electrode potential from +200 mv1i@0 mV vs. Ag quasi-reference in solution
containing 5 UM AgSQ; for ~3 s. A low concentration of Agesulted in a slow growth of a

small ¢ = 10 nm) nucleus, which can be seen in Fig. 7.8BterAstripping the Ag deposit, an
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image of the same Pt electrode in Fig. 7.8C wasngisdly identical to that in Fig. 7.8A. The
same deposition protocol was used to deposit am@beus (Fig. 7.8D) on the same electrode;
and the deposition/dissolution sequence was rephsateeral times (Figs. 7.8A — 7.8H).

The formation of only one nucleus in every depositexperiment conducted at the 50
nm electrode (Fig. 7.8) is in line with existingetry because the probability of multiple
nucleation on the electrode of this size is extigrtwv®®. The size of the grown nucleus varied
significantly because of the random nature of theleation, however, it always formed on the
same spot (within ~5 nm uncertainty due to thetdirsize of the imaged nucleus and limited
spatial resolution of AFM images). This findingggests that only one latent nucleation site
existed on the electrode surface. The correspgrefilective site densityNo = 1.3X10™ cmi? is
higher than the literature values, which is coesistith the presence of only one active site on
the electrode surface.

Except for Penner’s finding that electrochemicakleation on graphite surfaces is
confined to step edg¥s little is known about the nature of nucleatiotesi It is common to
assume that such sites can appear and disappbardourse of an electrodeposition experiment.
The data in Fig. 7.8 shows clear evidence of aigters nucleation site that remains active after
several deposition/stripping cycles.

Fig. 7.9 shows AFM images representing four defms#tripping cycles conducted at a
larger nanoelectrodea (= 190 nm,d = 12 nm). Similarly to Fig. 7.8, a nucleus growion the
same spot can be seen in Figs. 7.9B, 7.9D, and 7Hiivever, this nucleus is not present in Fig
7.9F, and instead a nucleus formed at a diffex@gdtion, ~200 nm away from the first one, can
be seen. Moreover, Fig. 7.9D shows both nuclewgrg simultaneously. Apparently, there

were two latent nucleation sites on the surfaca @®0-nm-radius electrode, and Ag nucleated
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randomly either on the first or the second or Isites. The effective site density; = 8.8X 10°

cm? in this case was within the range of literaturkigs.

B iss 1M O G
il

Figure 7.8 In-situ AFM images obtained before and after successiereldeposition experiments at

the same 50-nm-radius Pt electrode. Images A, &\dG were recorded before, and images B, D, F and
H - after the 1, 2, 39, and 4' depositions, respectively. The deposition posémtas -100 mV vs. Ag
quasi-reference. Before each deposition, thereldetpotential was held at +200 mV to dissolve
previously deposited metal.
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Figure. 7.9. In-situ AFM images corresponding to four Ag electrodeposiexperiments at the same
190-nm-radius electrode. Images A, C, E, and G wewerded before, and images B, D, F, and H -
after the 1, 2" 39 and 4" depositions, respectively. Solution containedM Ag* and 0.1 M

H,SO,. The deposition potential was -85 mV vs.dAmsi-reference. Before each deposition, the
electrode potential was held at +200 mV to disspheviously deposited metal.

7.4 Conclusion

Electrochemical nanoprobes prepared from metalksr alian Au and Pt can be useful for
a wide range of analytical and physicochemical iappbns from high sensitivity stripping
analysis (Hg) to pH nano-sensors (Ir) to studie®lettrocatalysis (Pd, Co, Au, Ni and other

electrodes). We have explored several stratdgrefabrication of nanometer-sized electrodes
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and metal clusters by electrodeposition at flatemessed nanoelectrodes. While preparation of
micrometer-sized electrodes by electrodepositionrafatively straightforward, analogous
experiments at nanoelectrodes are more challenggoguse of the impossibility of optical
control and the lack of established methodologynmatal deposition on the nanoscale. Well-
shaped hemispherical nanoelectrodes were produgedepositing Hg at the surface of flat
polished Pt tips. The size and geometry of suecteldes were verified independently by
voltammetric, coulometric and SECM measurements.

Although a nanoelectrode produced by depositioa sblid metal can yield well-shaped
voltammograms, its geometry is hard to characteaize its surface is not polishable. These
problems can be overcome by etching a flat (e.g.n&oelectrode and filling the resulting
nanocavity with a different metal. By selectingtable deposition time and keeping the metal
ion concentration sufficiently low (uM), one carepisely control the amount of the deposited
metal to obtain a flat polishable nanoelectrodachiShanoelectrodes are suitable for quantitative

SECM experiments.

Three-dimensional nucleation and growth on activdase sites are important initial
stages of electrodeposition of metals. Electrocbainstudies of these phenomena are greatly
complicated by the formation of multiple crystalsteracting with each other. The Ag
electrodeposition on the surface of well-charazégtj nanometer-sized Pt electrodes and the
measured nucleation/growth kinetics of individualg Acrystals by combination of
nanoelectrochemistry and AFM was investigated. i@parameters, including the number of
surface active sites, the delay time, and the nurabgrowing nuclei, were directly accessed

from current transients and confirmed by in-situM\Fmaging.



Chapter VIII

Nanoelectrodesfor Deter mination of Reactive Oxygen and Nitrogen Species

inside Murine M acrophages

8.1 Introduction

Macrophage cells are essential for the performamicéhe immune system. Their

activation, either under normal biological condisoor by specific biochemical activatars
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vitro, results in the production of reactive oxygen amgogen species (ROS and RNS) and

creation of a large number of vacuoles (phagoscamesphagolysosomes, see Fig. 8.14%).

These vacuoles play an important role in phagoAea mechanism used by the immune

system to remove pathogens and cell debris. A(oeltebris) is engulfed into a vacuole and

subjected to an intense oxidative bdrand the indigestible debris and excess ROS and &S

subsequently evacuated from the macrophage (Fig. 1B

B Platinized carbon fiber
microelectrode (10 um)

ROS & RNS
Platinized 9

nanoelectrode VA
\ Macrophage

Figure8.1. Optical micrograph of a
macrophage RAW 264.7 activated by
interferony and LPS evidencing the
presence of phagolysosomes (white spots)
(A) and schematic representation of an
activated macrophage undergoing
phagocytosis (B). I: capture of a cell or
debris; II: internalization within
phagosome; llI: digestion by ROS/RNS
within phagolysosomes; IV: expulsion of
indigestible material and excess of
ROS/RNS. Also shown in B are two
configurations used for the detection of
ROS/RNS by either a platinized
nanoelectrode inside or a microelectrode
outside the cell, as discussed in the text.
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The changes in oxygen and hydrogen peroxide coratemts during the oxidative burst
of a stimulated macrophage cell were detected pusly using the scanning electrochemical
microscopé. Extensive studies with amperometric microeleamdositioned in the cell
proximity showed that the basal release is duedocktail composed of several ROS and RNS
evolving from the primary production of,Dand NO>® However, the concept that ROS and
RNS released inside phagolysosomes may diffusessa¢he vacuole membrane and leak in the
cell cytoplasm remains controversidf In fact, NO and the trans-isomer of protonated
peroxynitrite ion are capable of crossing biolobic@®mbranes due to their lipoliphicity*
This underscores the importance of probing foritieacellular presence of ROS and RNS in
activated macrophages.

For electrochemical measurements inside an activaterophage one needs nanometer-
sized electrodes that can be inserted into a lieglgwithout causing irreparable damage to its
membrane. Also, the cell membrane must seal arthendanoelectrode to prevent the detection
of species penetrating inside. Previously, quatitg electrochemical experiments were
performed by inserting glass-sealed, polished Pioel@ctrodes into cultured human breast
cells’® The cell membrane formed a tight seal around #mepating nanotip that prevented the
external solution from leaking inside the cell. Fhilowed the cell to remain alive for the entire
time of experiment (>10 min) with a nanoelectrodeside it. However, a polished Pt
nanoelectrode is not suitable for the detectioROS and RNS, which passivate its small surface
and diminish the signal. Even micrometer-sized pgobsed for extracellular measurements of
ROS and RNS had to be coated with Pt black to inepthe stability of the respon$&Several
approaches to fabricating micrometer and submicterrszed Pt electrodes with high surface

area are available in the literatdfé® For quantitative intracellular measurements, imitze:d
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probes have to be smaller (<1 um total diametetuding glass sheath), with porous Pt surface
flush with the surrounding insulator.

The methodology for fabricating nanoelectrodes bscteodeposition of metals was
reported recentl$’ The electrodes were produced by electrodepositial into a nanocavity,
which was formed by etching away a nm-thick layéiPb from the glass-sealed, polished Pt
nanoelectrodé" The amount of deposited metal was controlled byitodng the charge, and its
excess was removed by polishing to yield a flattebele. This strategy cannot be used to
prepare platinized nanoelectrodes because thentuefBciency in deposition of Pt black is
relatively low and polishing was shown to diminisie electrode response. To overcome these
problems, we developed new methodology for fabngaplatinized nanoelectrodes under AFM

control.

8.2 Experimental Section

Chemicals: All aqueous solutions were prepared from deionigeder (Milli-Q, Millipore
Corp.). Phosphate buffered saline (PBS; pH 7.430M NaCl, 0.01 M NgHPQ,, and 0.003 M
KCI) was prepared by dissolving tablets (Sigma)water and used in experiments with
ROS/RNS. Ferrocenemethanol from Aldrich (Milwauk&¥l) was recrystallized twice from
acetone. Platinization solution contained 0.08&xgalshloroplatinic acid (Aldrich) and 0.0014 g
lead(ll) acetate trihydrate (Alfa Aesar) in 1 mLwéter to which 36 mL PBS was added. Etching
solution was prepared by mixing 60% (by volume) exaB0% 5 M CaG| and 10% HCI.
DEANONOate and sodium peroxynitrite in alkaline wtmn were purchased from Cayman
Chemical.

Céll culture. The murine macrophage RAW 264.7 (American TypeZalCollection) cell line

was cultured at 37°C under a 5 % £&@mosphere in Dulbecco’s modified Eagle’s medium
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(DMEM) containing 1.0 g 1! D-glucose and sodium pyruvate (Invitrogen). Thedime was
supplemented with 5% fetal bovine serum (Invitrggand 20ug mL* gentamicin (Sigma).
Confluent monolayers of RAW 264.7 cells were resuasied through trypsinisation and plated
in tissue culture Petri dishes (Nunc; 35 mm diamé&t4é h prior to electrochemical studies.
Preparation of etched Pt nanoelectrodes. Disk-type, flat nanoelectrodes were prepared by
pulling 25-pum-diameter annealed Pt wires into biicage glass capillaries with the help of a P-
2000 laser pipette puller (Sutter Instrument Cad polished under video microscopic control as
described previousl: The RG (i.e., the ratio of glass radius to thathef Pt tip) varied from 5
to 10. The electrode radius was evaluated fromdststate voltammetry. The electrodes that
exhibited good quality voltammetric response weohed with an alternating current of 1.5 V
amplitude, 20 MHz frequency (Keithley 3940, multiitional synthesizer), as described
previously?* The etched electrode was cleaned by sonicatievater during 5 s and imaged by
the AFM to determine its radius and the recesshddjste fabrication of 10 um platinized carbon
fiber microelectrodes is describedShAppendix

AFM imaging and deposition control. An XE-120 scanning probe microscope (Park Systems
was employed for imaging nanoelectrodes andirfesitu control of Pt black deposition. PPP-
NCHR AFM probes (Nanosensors) were used for notacbimaging. The procedures for AFM
imaging of nanoelectrodes either in air or in dolutwere developed recently. Briefly, a
nanoelectrode was mounted vertically with its pws surface facing the AFM probe using a
homemade sample holder, and the cantilever wasigruesil above it with the help of an optical
microscope. In a non-contact mode, the tip wasigitowithin a close proximity of the sample
using the approach function, and then the nangeletwas moved laterally in 200 nm steps to

bring the AFM probe to its apex. The travel direotwas selected to effect z-axis retraction of
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the piezo actuator in a close-loop mode. This spwaded to sliding of the slanted tip surface
along the edge of the glass insulating sheath @felectrode. When the piezo approached its
upper limit, the z-stage motor was retracted byriltpg maintain the actuator within its range (12
pm).

Electrodeposition of Pt black into the etched gawitas carried out in a commercial
liquid cell (Park Systems), which was mounted oe $itage of the XE-120 scanning probe
microscope. The etched working electrode was biesetO0 + 30 mV vs. Ag/AgCl reference in
the platinization solution using an EI-400 potest#h (Ensman Instruments). Slightly different
potential values were used depending on the intieéss depth to keep deposition time close to
1 min (the larger the recess depth the slower #pmosition process). The cavity filling was
controlled by line scanning above the central porbf the etched nanoelectrode and monitoring
the cavity depth as a function of time.

Voltammetry and electrochemical experiments with macrophages. A two-electrode setup
was used for voltammetric experimemigh a nanometer-sized Pt working electrode and a
commercial Ag/AgCl reference. Steady-state voltammograms oftheei agueous
ferrocenemethanol or ferrocene in acetonitrile widygined for electrode characterization using
a BAS 100B electrochemical workstation (BioanabtiSystems).In-vitro voltammetry of
ROS/RNS was performed using either a BAS 100B oEAA62 Picostat (eDAQ, Australia)
with an e-corder 401 system and EChem software.

Experiments with macrophages were performed at rmomperature (22 +°C) on the
stage of an inverted microscope (Axiovert 135, @eaced in a Faraday cage. For intracellular
detection, the platinized nanoelectrode was molealg with a micromanipulator (MHW-103,

Narishige) towards the cell until it touched thenmbeane. It was then further lowered by 500 nm
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to penetrate the cell. With the MHW-103 Narishigenmanipulator this last movement could
not be performed at a sufficiently slow rate asoreml previously® This explains why only
~20% of the insertions provided a perfect seahrnother ~50% experiments the seal seemed to
be good, but was not sufficiently tight, as evidmhby a small (a few percent of that recorded
in the external solution) Ru(N§#>* reduction wave obtained inside the cell. In rermgjn-30%
cases, the cell membrane was ruptured during theeahectrode insertion. The transients were
recorded until the current attained a constantevaburresponding to the baseline.

For extracellular detection of the ROS/RNS releas#uced by the nanoelectrode
insertion, a 10-um-diameter platinized carbon néteotrodé® was initially positioned ~30 pm
above the cell and polarized for 3 min before eawmbasurement. Then, the working
microelectrode tip was precisely positioned witl thicromanipulator at a fixed distance (5 pm)
above the surface of the macrophage. At this pdiat,nanoelectrode was positioned with the
second micromanipulator between the microelectrptiginized surface and the cell and
inserted, as described above in the case of idiinsaoe measurements. In both cases, the
subsequent release of ROS/RNS was detected intimealby chronoamperometry (AMU130
amperometer, Radiometer Analytical) at +850 mVAG/AQCI, i.e., sufficiently positive for the
oxidation of all HO,, ONOQ, NO, and N@ species. The current transients were recordedusin
a Powerlab 4SP D/A converter with a Chart 4.2 fatex (ADInstruments). The same equipment
was used to insert a nanoelectrode into the cell @tord current vs. time dependences
(digitized at 10 kHz).

In all cases, the total charg®)( the maximum current{,,) and the half-time widtht{},)
were extracted from the response that correspanttetoverall oxidation processes occurring at

the measurement potential.
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8.3 Results and Discussion

Fabrication of the platinized nanoelectrodes The black curve in Fig. 8.2A is a voltammogram
of ferrocenemethanol (FcMeOH) at a polished Pttedde with the radiusa = 60 nm calculated
from the diffusion limiting current. After etchinthe diffusion current decreased to ~50% of the
original value (red curve in Fig. 8.2A), which aesponds to the formation of a ~40-nm-deep
cavity, according to the available thedly. After the platinization, the FcMeOH current
increased almost ten times (green curve) indicatiagthe nanopore was significantly overfilled
with Pt black. Most excess Pt black was removegdiishing, after which the limiting current
(blue curve in Fig.8.2A) was only slightly highdrah that obtained at the original polished
electrode (black curve) in accordance with an SEMde (Fig. 8.2B) showing the electrode

radius of ~80 nm.
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Figure8.2. (A) Cyclic voltammograms of InM FcMeOH in 0.1 M KCI obtained at a 60-nm-
radius polished Pt electrode before etching (bleagr etching (red), after platinization at -100
mV vs. Ag/AgCI (green), and after removing excesbl&ck by polishing (blue). (B) SEM
image of the same electrode after platinization @olghing.
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While seemingly successful, the above example shoajsr difficulties in platinization
of nanoelectrodes. With no efficient control, laemgeess of Pt black was deposited. Although it
could be removed, as shown in Fig. 8.2, polishatirpzed electrodes typically exhibit very low
responses to ROS/RNS. Finally, SEM imaging is nobm@venient technique for monitoring the
fabrication. It cannot be done-situ; has low z-axis resolution, which does not allave @o see
whether the Pt electrode is recessed, flat, orylotg; and the imaged electrodes are no longer

suitable for electrochemical experiments.

Figure 8.3. Non-contact

topographic images of an etched Pt
5 R nanoelectrode in solution before (A) and

2 (nem) \ 4 after (C) the deposition of Pt black, and
12 time evolution of a line scan during the
¢ W T electrodeposition process (B). The red
' line in A corresponds to the shown cross-
section. (B) The tip was scanned along
the x-axis with the scan rate of 1 Hz.
The position of the line scan
approximately corresponded to the red

line in A.
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An alternative approach—electrodeposition of Ptcblainder the AFM control—is
illustrated in Fig. 8. A non-contact topographicaige of an etched Pt electrode (Fig. 8.3A) in
solution before the platinization shows the effeetiadius,a = 70 nm and the cavity depth of
>20 nm (The triangular shape of the cross-sectidrign8.3A suggests that the tip did not reach
the bottom of the cavity, and the actual depth @¢dad larger). The deposition of Pt black was
done by stepping the electrode potential to -100 wavsus Ag/AgCl, while the AFM tip,
immersed in the platinization solution, was scanimeg-direction above the electrode surface.
Fig. 8.3B shows a stack of 60 consecutive topodcapb scans obtained over a 60 s period.
Initially, the deposition process was slow, andréte increased with time, as the cavity depth
decreased. The deposition was stopped by stepmingléctrode potential to 0 mV after Pt black
completely filled the cavity and slightly protrudéaly ~15 nm) from the glass sheath, as can be
seen from the image of the same electrode obtaiftedthe platinization (Fig. 8.3C).

The above methodology for fabricating Pt black red@ctrodes, although powerful and
reliable, is laborious and requires AFM instruménta A simpler approach to platinization
makes use of the characteristic shape of the dutramsient. As noted above, the rate of the
deposition process increases greatly when theycaats completely filled with metal. The
corresponding sharp increase in current can be tosédtect the completion of the platinization
(Fig. 8.4). The etched electrode (Fig. 8.4A) waaged in air, and then a current transient (Fig.
8.4B) was obtained in the platinization solutiomidg the Pt black deposition into its cavity. The
sharp increase in the slope of the current-timeeindicated that the nanocavity was filled, as

can be seen in the image of the platinized eleet(éty. 8.4C).
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Figure 8.4. A non-contact AFM

e . Ax=230nm image of a 115-nm-radius etched
G- electrode in air (A), a current transient of

0 100 200 300 400 500 the Pt black deposition (B), and a
i topographic image of the same electrode
after platinization (C).
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The capacity of platinized nanoelectrodes for detgcin vivo the four typical
electroactive ROS/RNS released by macrophagesgloxidative bursts has been evaluaited
vitro using aerated PBS solutions of hydrogen peroxity©), peroxynitrite anion (ONOQ
nitric oxide (NO) and nitrite anion (NQ (Fig. 8.5A). NQ and HO, species are stable at
biological pH (7.4). Their voltammograms (red arldck curves in Fig. 4A) are qualitatively
similar to those recorded previously with micrometized electrode$! and the calibration
curves obtained from the families of such voltamraogs (Fig. 4B) are linear (Figs. 8.5C and
8.5D). Conversely, ONOQs not stable at pH 7.4, and its voltammograméturve in Fig.

8.5A) was obtained at pH 0. Similarly, due to its rapid reaction with, ONO was generated in
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situ by controlled decomposition of DEANONOate (sa@erimental sectiorij. The instability

of these species was not, however, an issueinfmivo experiments where ROS/RNS are

produced and detected on a much shorter experihteneascale (secondS}
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Figure8.5. In vitro voltammetry
of ROS/RNS species in aerated PBS. (A)
Normalized voltammograms of oxidation
of ONOQO (blue curve; 10 mM, pH 10,
see text; the foot of the wave is merged
with that of the reduction of dioxygen),
NO (green, ~1 mM, see text),6;
(black; 1mM, pH 7.4), and NO(red; 5
mM, pH 7.4). Voltammograms were
recorded at different platinized
nanoelectrodes with the average radius of
60 nm and normalized by their plateau
currents. (B) Steady-state
voltammograms of N@, 10 (blue), 5
(green), 1 (red) and 0.5 mM (black) at a
platinized nanoelectroda.= 40 nm.
Calibration curves for N (C) and
H,0O;, (D) obtained from diffusion
limiting currents of steady-state
voltammograms.

The next step involved the characterization of ¢hebal release of the above four

ROS/RNS inside activated murine macrophages (RAW.726ne). In these experiments, we

took advantage of the previous observation thap#restration of the cell membrane by a sub-

micrometer tip activates it and induces fast oxidatburst releas&’ Hence, a platinized

nanoelectrode was inserted inside a macrophage 8f@\) with the purpose of eliciting its

response. The intensities of oxidative bursts teliciby the nanoelectrode insertion were
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monitored outside the macrophage cells with a dabkslO pm platinized fiber electrode

(polarized at 850 mV vs. Ag/AgCl) following a preuisly reported protocol (Fig. 8.68Y.The

inserted nanoelectrode was also polarized at 850val\Ag/AgCIl and used for monitoring the

amount ROS/RNS released intracellularly (Fig. 8.6C)

200+

150
Z 1004
Q
50-
0 : .
0 10 20 30 40
i(s)
4 12
10-
34
84
a0 6-
—
= 4]
14
24
0 0 .
0 1 2 3 4 01 2 3 4 5 6 7 8
t(s) t(s)

Figure 8.6. Monitoring
ROS/RNS release induced by the
mechanical stimulation of a macrophage.
(A) Optical microscopic micrograph of a
nanoelectrodea(= 75 nm; 800 nm O.D.)
inside a macrophage. (B) Amperometric
detection of ROS/RNS outside the
macrophage at the 10 um platinized
carbon fiber electrode polarized at 850
mV vs. Ag/AgCl; the oxidative burst was
elicited by the penetration of a platinized
nanoelectrode through the macrophage
membrane. (C) Two typical
amperometric current traces of the
ROS/RNS release inside a macrophage
induced by the insertion of a platinized
nanoelectrode (lefa = 50 nm, 700 nm
O.D.; right:a= 40 nm, 900 nm O.D.E
=850 mV vs. Ag/AgCl.

The comparison of Figures 8.6B and 8.6C shows ttietresponses monitored outside

and inside are completely different, the outsidgpomse being more intense and lasting longer

time (Table 8.1). It was then essential for usrsuee that the cell membrane formed a tight seal

around the nanoelectrode shaft to eliminate a piiggithat the response monitored inside the

cell resulted from traces of ROS/RNS released detand leaking into the cell. For this purpose,

a series of experiments were performed with maagebk bathed in PBS containing 1 mM

Ru(NHs)sCls (Fig. 8.7). The complete absence of the Ru{ifi reduction wave inside the cell,

which was observed in ~20% of these experimentsjiged evidence for a perfect séalThe

similarity of Ru(NH)>* voltammograms obtained before (black curve in Big) and after
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(green curve) cell penetration indicates that thieoelectrode capacity to respond to this species

has not significantly diminished during the enteeriment. The typical current transients of

ROS/RNS shown in Figure 8.6C were recorded onlgéls that have exhibited no solution

leakage through the membrane/glass seal.
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Figure8.7. Voltammetric
reduction of Ru(NH)¢>* in solution and
inside a macrophage. Voltammograms
were obtained before cell penetration
(black), inside the cell (red) and after the
removal (green) of a platinized
nanoelectrodea(= 60 nm) from the cell
in a solution of PBS containing 1 mM
Ru(NH;)6Cls. The inset shows a current-
time trace corresponding to the
nanoelectrode insertion into the cell and
its subsequent retraction to the external
solution; E = -400 mV vs. Ag/AgCI.

Table 8.1. Average parameters of oxidative bursts produceBAW 264.7 macrophages

detected inside or outside the cells by differdatipized electrodes.

Detection  Electrode Imax (PA)  ti2(9) Q (pC)
Intracellular platinized Pt
(n = 10) nanoelectrode 11.7+6.4 05+0.1 7.7435
Extracellular 10 pum platinized

carbon fiber 86+ 23 5.8+£1.8 703t 200

(n=8)

Macrophages were stimulated mechanically by insertif a platinized nanoelectrode (60 nm

average radius). The potential of the detectimgtedde was 850 mV vs. Ag/AgCI. All values

are reported as a meanSEM with the corresponding number of experimenisirfdicated in

parentheses.
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8.4 Conclusions

In summary, the presented data supports the hygpiethef the ROS/RNS leakage from
phagolysosomes. It also shows that a macrophageacaind oxidative damage by rapidly
reducing ROS/RNS concentration levels in its cyaepl. One should notice that in our
experiments the oxidative stress response was @udury mechanical stimulation of a
macrophage in its rest state. However, if the iefficy of the ROS/RNS removal in activated
macrophages performing phagocytosis is similath&d bbserved in this study, no cell damage

should occur due to the leakage of ROS/RNS outshdgocytotic vacuoles.
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