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ABSTRACT: Electrochemical atomic force microscopy tip-enhanced Raman
spectroscopy (EC-AFM-TERS) was employed for the first time to observe
nanoscale spatial variations in the formal potential, E0′, of a surface-bound redox
couple. TERS cyclic voltammograms (TERS CVs) of single Nile Blue (NB)
molecules were acquired at different locations spaced 5−10 nm apart on an
indium tin oxide (ITO) electrode. Analysis of TERS CVs at different coverages
was used to verify the observation of single-molecule electrochemistry. The
resulting TERS CVs were fit to the Laviron model for surface-bound electroactive
species to quantitatively extract the formal potential E0′ at each spatial location.
Histograms of single-molecule E0′ at each coverage indicate that the electro-
chemical behavior of the cationic oxidized species is less sensitive to local environment than the neutral reduced species. This
information is not accessible using purely electrochemical methods or ensemble spectroelectrochemical measurements. We
anticipate that quantitative modeling and measurement of site-specific electrochemistry with EC-AFM-TERS will have a
profound impact on our understanding of the role of nanoscale electrode heterogeneity in applications such as electrocatalysis,
biological electron transfer, and energy production and storage.
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It has been recognized for a number of years that
measurements of single nanoparticles (NPs) and single

molecules would be extremely useful to understand the effects
of nanoscale electrode heterogeneity on electrochemical
behavior.1,2 Detecting the transfer of one electron to one
molecule in one second would require measuring a current of
10−19 amperes. This is not currently feasible. Consequently, an
amplification scheme such as cycling a redox active species
between two closely spaced (tens of nanometers) electrodes
with 106−107 redox cycles per second is required to generate a
measurable current.3−8 These methods necessarily average over
the effects of nanoscale electrode features, which are essential to
understanding electrocatalysis,9−12 energy storage,13,14 and
biological electron transfer.15−17 To overcome this limitation,
single-molecule optical techniques have been used to study
electrochemical processes over the past decade. Single-molecule
fluorescence17−29 and single-molecule surface-enhanced Raman
spectroscopy (SMSERS)30−35 have offered new insights into
single-molecule electrochemical behavior by probing distribu-
tions of formal potentials (E0′) and rate constants
(k0),17,23,24,30,31,35 stochastic electrochemical events,20,24,25,28,29

single catalytic turnover events,26,27 and electrode structure-
formal potential correlations.33,34

More recently, electrochemical tip-enhanced Raman spec-
troscopy (EC-TERS) has emerged as a promising new
nanoscale technique for selectively probing different locations
on an electrode surface.36,37 TERS38−41 combines the rich

chemical information content and single-molecule sensitivity of
SERS with the nanoscale resolution of scanning probe
microscopy42−45 and has been demonstrated under both
aqueous36,37,46,47 and nonaqueous48 conditions. Kurouski et
al. demonstrated the first TERS investigation of an electro-
chemical reaction using an atomic force microscopy (EC-AFM-
TERS) platform to study the reduction of Nile Blue (NB)
spontaneously adsorbed to an indium tin oxide (ITO)
electrode.36 By acquiring TERS spectra concurrently with
surface cyclic voltammetry (CV), the authors observed TERS
intensity-potential curves with well-defined steps suggestive of
single-molecule and/or few-molecule behavior at different
locations on the ITO surface. Because no quantitative
description of TERS voltammetry exists, the information that
could be extracted from these TERS CVs was limited. Herein
we present a quantitative model of single- and multi-molecule
EC-TERS based on the Laviron model of cyclic voltammetry
for surface-bound species.49,50 Systematic analysis of TERS CVs
at different surface coverages was used to verify the observation
of single-molecule electrochemistry.
All EC-AFM-TERS measurements were performed on the

home-built bottom-illumination apparatus described previ-
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ously.36 The electrochemical cell used in these experiments is
shown in detail in Figure S1. ITO coverslips (22 mm × 22 mm,
8−12 Ω resistivity, SPI Supplies) were sonicated in ethanol for
20 min and incubated in various concentrations of Nile Blue
perchlorate (Aldrich) in ethanol overnight to achieve different
coverages. After incubation, the excess NB solution on the ITO
was removed by gently touching the side of the ITO to a
Kimwipe and then rinsing the sample in 20 mL of ethanol for
20 min. After drying, copper tape (Ted Pella) was attached to
the edge of the ITO to make electrical contact. The sample was
then fixed in the bottom of the EC-AFM-TERS cell using a
silicone O-ring seal. A Pt wire counter electrode (Alfa Aesar)
and Ag/AgCl wire reference electrode (Ag wire from Alfa
Aesar) were fixed into the cell using Hysol epoxy (Loctite). The
supporting electrolyte solution was a mixture of 50 mM Tris
buffer and 50 mM NaCl at pH = 7.1. NB is known to undergo a
two-electron, one-proton transfer at this pH (Figure S2).51 A
commercial contact mode silicon AFM tip was coated with 70
nm of Au using physical vapor deposition (Kurt J. Lesker Co.,
PVD-75). A 632.8 nm continuous wave laser was used as the
excitation source (Spectra Physics). An Acton SP2500i
spectrograph (Princeton Instruments) equipped with a
ProEM 1600 CCD camera (Princeton Instruments) was used
for Raman data collection.
Figure 1a shows background subtracted surface CVs of NB

on ITO for various incubation concentrations. A scan rate of 1
V/s was used to determine coverage in order to avoid
interference from slow background processes on the ITO
that obscure the NB wave at scan rates below 0.1 V/s. These
background processes do not perturb the electrochemistry of
NB at slow scan rates (Figure S3a). Surface excess, surface
coverage, and the number of molecules under the tip at each
concentration were calculated from these CVs and are shown in
Table 1. The area probed by the tip was assumed to be a disk
with a radius (RTERS = 10 nm) equal to half of the tip radius of
curvature (RTIP = 20 nm). The footprint of a single NB
molecule (determined from DFT geometry optimization) is
1.23 nm2. This allows us to estimate an upper limit for the
number of molecules probed by the tip.52 The result, shown in
Table 1, suggests single- to few-molecule detection in our EC-

AFM-TERS experiments. It is worth noting that the method
used for determining the size of the area probed is a
conservative estimate. Recent results42−45 reveal that TERS is
capable of probing significantly smaller (down to sub-nm2)
areas.
Figure 1b shows TER spectra of NB acquired during a CV

from 0.0 V to −0.8 V versus Ag/AgCl at a scan rate of 0.01 V/s.
A total of 144 TER spectra were acquired for each TERS CV
with an acquisition time of 1 s per spectrum. Each TERS CV
was collected at a different location on the ITO surface,
randomly sampling locations ∼5−10 nm apart. The intensity of
the TER spectrum decreases completely upon reduction as the
molecular electronic resonance at ∼634 nm disappears.36 The
four strongest vibrational modes were simulated using the
NWChem software package (see Table S1, Figure S4, and
simulation details in the Supporting Information). The
strongest mode at 591 cm−1 is primarily due to the stretching
of the nitrogen and oxygen atoms of oxazine ring. When the
conjugation is lost upon reduction, this mode completely
disappears. By plotting the integrated intensity of the 591 cm−1

mode against applied potential, TERS CVs were constructed at
four different coverages corresponding to incubation concen-
trations of 1 mM, 100 μM, 10 μM, and 1 nM. Two
representative examples for 1 nM incubation concentration
are shown in Figure 1c. Examples for the remaining coverages
are shown in Figure S5.

Figure 1. (a) Background subtracted cyclic voltammograms of NB adsorbed an ITO electrode for various incubation concentrations with a scan rate
of 1 V/s. (b) TERS spectra of NB on ITO (1 nM incubation) as a function of electrode potential acquired using 100 μW of 633 nm excitation with a
1 s acquisition time. The potential was swept from 0 to −0.8 V versus Ag/AgCl and back at a scan rate of 0.01 V/s. (c) Representative TERS CVs
constructed from the integrated intensity of the 591 cm−1 mode for 1 nM NB incubation concentration. The red and blue arrows indicate the
direction of the scan for cathodic and anodic waves, respectively. The cathodic sweep (blue dots) and anodic sweep (red dots) are offset for clarity.
The black lines are guides for the eye.

Table 1. Calculated Surface excess, Coverage, and the
Number of Molecules under the Tip for Each Coveragea

incubation
concentration

(μM)
surface Excess

(molecules/cm2)
coverage

(monolayer)

number of
molecules under the

tip

10 2.57 × 1010 3.16 × 10−4 0.10
50 3.00 × 1011 3.69 × 10−3 1.16
100 4.20 × 1011 5.17 × 10−3 1.62
200 6.75 × 1011 8.08 × 10−3 2.61
500 1.93 × 1012 2.37 × 10−2 7.44
1000 3.83 × 1012 4.71 × 10−2 14.8
3000 4.83 × 1012 5.94 × 10−2 18.7

aThe molecules are assumed to be in a circular area with 10 nm radius.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.6b04868
Nano Lett. 2017, 17, 590−596

591

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04868/suppl_file/nl6b04868_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04868/suppl_file/nl6b04868_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04868/suppl_file/nl6b04868_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04868/suppl_file/nl6b04868_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04868/suppl_file/nl6b04868_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.6b04868


At each coverage, most of the TERS CVs show single-step
behavior, while some appear to show multiple steps. The
fraction of double-step TERS CVs increases with coverage. A
quantitative approach for distinguishing between one- and two-
step CVs is discussed below. The observation of two-step TERS
CVs at extremely low coverage (1 nM incubation, <10−5

monolayer), which should be well into the single-molecule
regime, is striking. We hypothesize that at low coverage, NB
preferentially adsorbs to particular surface features, such as step
edges.53−57 Although NB is also known to form dimers at high
coverage,58 this is unlikely at the low coverages used in this
work (<0.05 monolayer). In the TERS CVs at all four
coverages, the potentials at which the redox steps occur vary
from location to location on the electrode surface. For the first
time, we have used EC-TERS voltammetry to probe the
behavior of single redox molecules as a function of location on
the surface. In order to extract new information about the
electrochemistry of NB on ITO, we have developed a
quantitative model for single-molecule EC-TERS voltammetry.
In order to quantitatively extract E0′ at each spatial location,

we fit the TERS CVs for each coverage to the Laviron
model.49,50 First, we consider an n-electron redox reaction
described by eq 1

+ ⇄−O n Re (1)

where O and R are the oxidized and reduced species adsorbed
on the surface, respectively. The applied potential (E) starts at
an initial value (Ei) and varies as a function of time (t) with a
given scan rate (ν)

= +E E vti (2)

We define the dimensionless rate constant of the reaction, m,
as

=m
RT
F

k
nv

0

(3)

where k0 is the standard heterogeneous rate constant, and the
overpotential term η is given by

η = − ′⎡
⎣⎢

⎤
⎦⎥

nF
RT

E Eexp ( )0

(4)

where F is Faraday’s constant, and T and R have their usual
meaning.
We assume that the TERS signal is directly proportional to

the local coverage (ΓO) under the tip, neglecting signal
enhancement variations inside the volume probed by the tip.
Accordingly, the model presented here does not allow one to
extract local coverage from the amplitude of the TERS CV.
Additionally, the TERS sampling frequency (1 s−1) is much
smaller than the rate constant59 for NB charge transfer in
aqueous conditions, determined to be 10 s−1 under our
experimental conditions (Figure S3). During a single TERS
CV, one NB molecule converts between the oxidized and
reduced states at an average of 10 reactions per second at E0′.
In this situation, even a single-molecule TERS CV will have a
shape similar to that of ensemble measurement by virtue of
time averaging.19,23,60 We can, therefore, model single-molecule
TERS CVs with the same functional form as an ensemble
coverage-potential curve.49,50 Following Laviron, we assume
that the total coverage ΓT of NB is constant during a TERS
measurement and that the coverage is low enough to ignore
intermolecular interactions in the single-molecule regime. This
is a simplification for the ensemble measurement because some

NB is lost during the CV either to reductive desorption or
quenching by side reactions. However, in the single-molecule
limit a return of the TERS signal upon reoxidation verifies
constant surface coverage during the CV. A rare example in
which the TERS signal does not return during the anodic
sweep, accompanied by a discussion of the possible influence of
desorption and readsorption on the TERS signal, is shown in
Figure S6. The total coverage at any point during the CV can
be expressed as the sum of the coverages of the oxidized and
reduced species

Γ = Γ + ΓT O R (5)

We also assume that a Langmuir isotherm describes the
system, which implies that all surface sites are identical. This is
a simplification for a polycrystalline ITO electrode. However,
for a single molecule on a single site the Laviron curve
represents the time-averaged response of the same single
molecule oxidizing and reducing many times on the same single
site. Therefore, it is exactly analogous to many identical
molecules reacting on many identical sites for which a
Langmuir isotherm is valid. Moreover, in this situation the
multiplicity of sites on the electrode will be recovered by the
statistical analysis of a series of single-molecule experiments at
different single sites. Using a Langmuir isotherm in the single-
molecule limit, we can express the current as

= −
Γ

i nFA
t

d
d

O
(6)

where A is the electrode surface area. In the Butler−Volmer
formalism, the current is expressed as

η η= Γ − Γα α− −i nFAk { }s O R
1

(7)

where α is a charge transfer coefficient, which is assumed be 0.5
in our simulations. From eqs 6 and 7, a reduced coverage of O
(ΓO/ΓT) can be expressed as the following ordinary differential
equation (ODE)61

η
η η η+ +

Γ
Γ

=α α

Γ
Γ − − −

⎛
⎝⎜

⎞
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( )
m m

d

d
(1 ) 1 O

T

O

T

(8)

An analytic solution for eq 8 only exists when m = 0 (totally
irreversible) or m is infinite (totally reversible). After evaluating
the coverage from eq 8, we can calculate the net current to
simulate a linear potential sweep voltammogram (LSV), which
is simply the forward or reverse sweep of a cyclic voltammo-
gram (CV), using eq 6 for a given E0′ and v.
For simplicity, we have modeled NB reduction and oxidation

as two-electron transfer reactions with apparent formal
potential (Eapp

0′) and standard rate constant (kapp
0) in which

the effects of proton transfer are implicit and are known to vary
with pH.51,62−64 Throughout this discussion, we will refer to
the apparent formal potential and rate constant simply as E0′
and k0, respectively. Our fitting procedure adopts a global
optimization technique called differential evolution. It allows
the algorithm to explore the available space of parameters with
reduced risk of being stuck in a local minimum. Preliminary
attempts showed that the standard Runge−Kutta based
methods were unreliable and often yielded local minima unless
the starting parameters were already very close to the optimal
results. The implementation provided by the Scipy65 python
library was used. The standard odeint solver implemented in
the Scipy library (based on the lsoda algorithm from the
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FORTRAN ODEPACK) was used to solve the ODE. The
numerical solutions were used as inputs for the fitting algorithm
at each step of the fitting procedure.
Figure 2a shows calculated TERS intensity curves as a

function of the dimensionless rate constant m for a two-

electron reduction with E0′ = −0.45 V versus Ag/AgCl and a
scan rate (v) of 0.01 V/s generated by integrating eq 8 using a
linear potential sweep. As with a conventional surface CV, the
curves for fast rate constants (m > 1) are symmetric and reach
half of their initial intensity (peak potential, Epeak) at E

0′. As m
decreases, the curves become asymmetric, and Epeak shifts
toward higher overpotential. Thus, by fitting our TERS CVs,
we can access E0′ and m (and therefore k0) for single or few
molecules from the position and shape of the curves. However,
for systems with fast heterogeneous rate constants, the shape of
the CV does not change appreciably with increasing rate
constant, and the uncertainty in determining m increases with
increasing rate constant. This method of analysis is suitable for
any value of rate constant (for comparably slow v) and can
determine E0′ and m for both slow (irreversible regime) and
fast charge transfer reactions. In contrast, the use of the half
wave potential in spectroelectrochemistry21,30,31 to determine
E0′ is only valid in the fully reversible case and cannot be used
to accurately describe irreversible or quasi reversible systems.
The majority of TERS CVs obtained are symmetric,

suggesting a k0 value significantly higher than 1 s−1 that cannot
be accurately determined by fitting (Figure S7). In contrast, the
large peak separation (ΔEp) between the cathodic and anodic
waves in our TERS CVs (varying between ∼30 and ∼200 mV)
indicates slow kinetics (k0 ≪ 1 s−1). To understand the
discrepancy between the symmetry of the TERS CVs and their
apparent peak separations, we turn to the ensemble response. A
rate constant of 10 s−1 was determined by constructing a plot of
ΔEp versus scan rate for the ensemble CV (Figure S3).
However, ΔEp approaches 50 mV (rather than 0 mV in the
ideal case) as the scan rate approaches 0 V/s. A nonzero ΔEp at
very slow scan rates indicates a contribution to the ΔEp that is
not kinetic in nature. This phenomenon, sometimes called
“unusual quasi-reversibility”, has been observed for a diverse
range of systems, including self-assembled monolayers

terminated with ferrocene,60,66,67 and electroactive den-
drimers.68,69 For a system that exhibits unusual quasi-
reversibility, the forward and reverse processes have distinct
E0′ and k0 values.68−74 The redox mechanism of NB can be
written as a square scheme in which the two electron transfers
and one proton transfer can occur in any order.62 If the forward
and reverse reactions follow different paths, they will have
distinct E0′ and k0 values.68−74 Further, changes in molecular
orientation after reduction and oxidation may also lead to
conditions resembling a square scheme and have similar effects.
At present, we cannot distinguish between these two
mechanisms.
The cathodic and anodic waves of the TERS CVs were fit

separately to describe the hysteresis caused by unusual quasi-
reversibility. Representative examples of TERS CVs fit to a
single set of E0′ and k0 values (one-step) and two sets of E0′
and k0 values (two-step) are shown in Figure 2b. A statistical
analysis of the number of one-step and two-step CVs is
necessary to prove single-molecule detection, in lieu of the
isotopologue method,75 because no experimentally measurable
shifts are predicted by TD-DFT calculations for synthetically
viable NB isotopologues (Figure S8). For each TERS CV, the
goodness of fit using the single-molecule (one-step) and two-
molecule (two-step) models were compared using an f-test.76

TERS CVs for which the cathodic and anodic waves were
modeled significantly better by the two-step model (p < 0.05)
were counted as two-molecule measurements, whereas those
that fit better to the one-step model were counted as single-
molecule. The percentage of two-step TERS CVs for each
coverage is tabulated in Table 2. There is a clear increase in the

percentage of two-step CVs with increasing coverage. There-
fore, we have verified single-molecule detection by determining
(1) that the upper limit for the number of molecules under the
tip is, on average, less than 1 for two of the four concentrations
examined; (2) that local variations in E0′ spanning the entire
ensemble CV are observed (see a quantitative analysis below);
and (3) that the percentage of TERS CVs showing two-
molecule behavior, rather than one-molecule behavior,
decreases with decreasing coverage. The relatively high fraction
of two-molecule CVs at very low coverage (12% for 1 nM
incubation) also suggests that NB may preferentially adsorb
near particular features on the electrode surface at low
coverage.53−57

Histograms of the extracted E0′ values for the cathodic and
anodic curves for each coverage were built, as presented in
Figure 3 (the combined histogram for all coverages is shown in
Figure S9). Distributions with widths comparable to the
ensemble voltammogram are observed for E0′ for both cathodic
and anodic curves. We attribute these distributions to variations
in E0′at different nanoscale surface sites across the polycrystal-
line ITO surface (Figure S10). The detection of distinct
electrochemical behavior across the electrode surface simply by
moving the tip to different locations on the surface

Figure 2. (a) Simulated TERS intensity versus potential curves
(equivalent to charge versus potential) using the Laviron model for a
scan rate of 0.01 V/s of a cathodic wave. (b) Experimental TERS CVs
corresponding to those shown in Figure 1c, fit to the Laviron model
(black curves) with k0 and Epeak as the fitting parameters for one
molecule (top) and two molecules (bottom). The cathodic and anodic
curves are offset for clarity.

Table 2. Percentage of TERS CVs That Fit Better to Two
Laviron Curves than One Curve

incubation concentration fraction of TERS CVs with two-step curves (%)

1 nM 12
10 μM 14
100 μM 17
1 mM 29
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demonstrates the power of TERS for probing nanoscale and
single-molecule electrochemical processes. Because the histo-
grams in Figure 3 are constructed from E0′ values only, they do
not capture the full behavior of the CVs. Instead, these
histograms represent the spread of E0′ experienced by
molecules in distinct local environments on the electrode.
The center potential and the full width at half-maximum
(fwhm) of each histogram was extracted by fitting to a Gaussian
distribution. The fwhm and peak position for the cathodic and
anodic distributions at each coverage are given in Table 3 with
the errors reported as the 95% confidence interval.
The results in Table 3 reveal that the anodic distributions are

narrower than cathodic distributions, which is consistent with
the ensemble CVs (Figure 1a). Differences in peak width and
shape in surface CVs may be attributed to intermolecular
interactions49 or heterogeneity of sites on the electrode.
However, at coverages well below a monolayer, the effects of
intermolecular interactions are expected to be small. We
hypothesize that the electrochemical behavior of the neutral NB
(NBRED) is less sensitive to local environment compared to the
behavior of the cationic oxidized form (NBOX). Further, the
peak positions of the cathodic distributions in Figure 3 vary by
as much as 100 mV, whereas those for the anodic distributions
vary only by ∼50 mV, which also supports this hypothesis.
Variation in the peak position from coverage to coverage
indicates that each measurement for a given coverage was
acquired on a distinct ITO grain. The AFM image in Figure
S10 reveals a heterogeneous ITO surface with grains
approximately 100 nm in diameter. For 20−25 measurements
randomly sampled at distances of 5−10 nm from the previous
measurement, it is likely that most of the measurements for a
given coverage were acquired on the same grain. EC-AFM-
TERS imaging experiments are underway to spatially correlate
each unique formal potential with the particular surface feature
at which it occurs.

The difference between the cathodic and anodic E0′ in the
histograms is larger (>100 mV) than the 50 mV ΔEp of the
ensemble CV. However, the values of k0 extracted from fitting
the TERS CVs are fast (>1 s−1), indicating that this increased
hysteresis is due to unusual quasi-reversibility. A histogram of
E0′ separation for all TERS CVs is shown in Figure S11. The
distribution of peaks is centered at ΔE0′ = 125 mV. We
hypothesize that interactions of NB molecules with the tip may
inhibit orientation changes or proton transfer within the tip−
sample junction, leading to increased hysteresis compared to
the ensemble. As with the ensemble hysteresis, it is not possible
with the current methodology to distinguish between these two
mechanisms. Additionally, local perturbation of the electrical
double-layer may contribute to the increased hysteresis in the
tip−sample junction.36 Understanding the mechanism of
hysteresis in TERS voltammetry is critical to interpreting
both point EC-AFM-TERS measurements and EC-AFM-TERS
images, which will be the subject of future work.
We have successfully demonstrated EC-AFM-TERS meas-

urements of NB at the few- and single-molecule limit. Resultant
TERS CVs were analyzed by fitting to the Laviron model to
quantitatively extract single-molecule formal potentials. Nano-
scale spatial variations in E0′ were observed and attributed to
heterogeneity of surface sites across the polycrystalline ITO
film electrode. Further, it was determined that electrochemical
behavior of the cationic NBOX is more sensitive to local
environment than that of the neutral NBRED. Thus, single-
molecule EC-TERS has provided us with new information
regarding the role of molecule−surface interactions in local
electrochemical behavior that is unavailable using ensemble
techniques. Correlation of these local variations in E0′ with
local electrode structure is currently underway using TERS
imaging as a function of potential. Two-color EC-TERS for the
simultaneous detection of NBOX and NBRED is also in progress
to monitor changes in molecular orientation and elucidate the
mechanism of increased hysteresis in the tip−sample junction.
A complete understanding of variations in electrochemical
reactivity across nanoscale features on the electrode surface is
likely to have a profound impact on applications such as
electrocatalysis, energy storage, biological electron transfer, and
plasmon driven electron transfer.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.6b04868.

Details of density functional theory calculations of NB
vibrational modes; details for TERS CV fitting with the
Laviron model; photograph and schematic of the EC-
TERS cell; NB redox mechanism, ensemble CVs from
Figure 1 without background subtraction; representa-
tions of the four most intense Raman active vibrational
modes of NB with mode assignments; additional TERS

Figure 3. Histograms of single-molecule formal potentials extracted
from fitting TERS CVs for 1 nM, 10 μM, 100 μM, and 1 mM NB
incubation (a−d). Potential histograms for cathodic waves (blue) and
anodic waves (red) were fitted to Gaussian distributions (black
curves).

Table 3. Peak Positions and Full Widths at Half Maximum of the Gaussian Fits in Figure 3

incubation concentration cathodic peak position (V) cathodic fwhm (mV) anodic peak position (V) anodic fwhm (mV)

1 nM −0.463 ± 0.007 108 ± 16 −0.321 ± 0.006 64 ± 14
10 μM −0.553 ± 0.027 180 ± 64 −0.348 ± 0.005 80 ± 11
100 μM −0.499 ± 0.005 104 ± 12 −0.377 ± 0.001 54 ± 2
1 mM −0.453 ± 0.004 78 ± 10 −0.362 ± 0.001 58 ± 4
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CVs for 10 μM, 100 μM, and 1 mM incubation;
ensemble CVs as a function of scan rate; demonstration
of the error in determining fast k0 from TERS CVs;
combined histogram of extracted E0′ values at all four
coverages; AFM image and roughness measurement of
the ITO surface; histogram of ΔEp for all TERS CVs;
representative TERS CV with three consecutive potential
cycles (PDF)

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: vanduyne@northwestern.edu.

ORCID
Michael Mattei: 0000-0002-8276-5562
Richard P. Van Duyne: 0000-0001-8861-2228
Present Address
(D.V.C.) University of Minnesota, Department of Chemistry,
207 Pleasant St. SE, Minneapolis, Minnesota 55455, United
States.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

M.M., G.K., G.G., G.C.S., and R.P.V.D. acknowledge support
from the Air Force Office of Scientific Research MURI
(FA9550-14-1-0003). L.J. and D.V.C. acknowledge support
from the NSF award CHE-1362825.The authors thank Dr.
Allen J. Bard, Dr. Henry S. White, Dr. Katherine A. Willets, and
Dr. Stephanie Zaleski for helpful discussions.

■ REFERENCES
(1) Bard, A. J. J. Am. Chem. Soc. 2010, 132 (22), 7559−7567.
(2) Hill, C. M.; Clayton, D. A.; Pan, S. Phys. Chem. Chem. Phys. 2013,
15 (48), 20797−20807.
(3) Bard, A. J.; Fan, F.-R. F. Acc. Chem. Res. 1996, 29 (12), 572−578.
(4) Byers, J. C.; Paulose Nadappuram, B.; Perry, D.; McKelvey, K.;
Colburn, A. W.; Unwin, P. R. Anal. Chem. 2015, 87 (20), 10450−
10456.
(5) Fan, F.-R. F.; Bard, A. J. Science 1995, 267 (5199), 871−874.
(6) Fan, F.-R. F.; Kwak, J.; Bard, A. J. J. Am. Chem. Soc. 1996, 118
(40), 9669−9675.
(7) Kang, S.; Mathwig, K.; Mampallil, D.; Kostiuchenko, Z.; Lemay,
S. G. Faraday Discuss. 2016, 193, 41.
(8) Lemay, S. G.; Kang, S.; Mathwig, K.; Singh, P. S. Acc. Chem. Res.
2013, 46 (2), 369−377.
(9) Huang, X.; Zhao, Z.; Cao, L.; Chen, Y.; Zhu, E.; Lin, Z.; Li, M.;
Yan, A.; Zettl, A.; Wang, Y. M.; Duan, X.; Mueller, T.; Huang, Y.
Science 2015, 348 (6240), 1230−1234.
(10) Mao, X.; Hatton, T. A. Ind. Eng. Chem. Res. 2015, 54 (16),
4033−4042.
(11) Neurock, M.; Janik, M.; Wieckowski, A. Faraday Discuss. 2009,
140 (0), 363−378.
(12) Spendelow, J. S.; Xu, Q.; Goodpaster, J. D.; Kenis, P. J. A.;
Wieckowski, A. J. Electrochem. Soc. 2007, 154 (12), F238−F242.
(13) Lipson, A. L.; Ginder, R. S.; Hersam, M. C. Adv. Mater. 2011, 23
(47), 5613−5617.
(14) Lipson, A. L.; Puntambekar, K.; Comstock, D. J.; Meng, X.;
Geier, M. L.; Elam, J. W.; Hersam, M. C. Chem. Mater. 2014, 26 (2),
935−940.
(15) Davis, J. J.; Burgess, H.; Zauner, G.; Kuznetsova, S.; Salverda, J.;
Aartsma, T.; Canters, G. W. J. Phys. Chem. B 2006, 110 (41), 20649−
20654.

(16) Goldsmith, R. H.; Tabares, L. C.; Kostrz, D.; Dennison, C.;
Aartsma, T. J.; Canters, G. W.; Moerner, W. E. Proc. Natl. Acad. Sci. U.
S. A. 2011, 108 (42), 17269−17274.
(17) Salverda, J. M.; Patil, A. V.; Mizzon, G.; Kuznetsova, S.; Zauner,
G.; Akkilic, N.; Canters, G. W.; Davis, J. J.; Heering, H. A.; Aartsma, T.
J. Angew. Chem., Int. Ed. 2010, 49 (33), 5776−5779.
(18) Chen, P.; Xu, W.; Zhou, X.; Panda, D.; Kalininskiy, A. Chem.
Phys. Lett. 2009, 470 (4−6), 151−157.
(19) Gesquiere, A. J.; Park, S.-J.; Barbara, P. F. J. Phys. Chem. B 2004,
108 (29), 10301−10308.
(20) Lei, C.; Hu, D.; Ackerman, E. J. Chem. Commun. 2008, No. 43,
5490−5492.
(21) Liu, J.; Hill, C. M.; Pan, S.; Liu, H. Phys. Chem. Chem. Phys.
2014, 16 (42), 23150−23156.
(22) Palacios, R. E.; Chang, W.-S.; Grey, J. K.; Chang, Y.-L.; Miller,
W. L.; Lu, C.-Y.; Henkelman, G.; Zepeda, D.; Ferraris, J.; Barbara, P. F.
J. Phys. Chem. B 2009, 113 (44), 14619−14628.
(23) Palacios, R. E.; Fan, F.-R. F.; Bard, A. J.; Barbara, P. F. J. Am.
Chem. Soc. 2006, 128 (28), 9028−9029.
(24) Rao, V. G.; Dhital, B.; He, Y.; Lu, H. P. J. Phys. Chem. C 2014,
118 (35), 20209−20221.
(25) Rao, V. G.; Dhital, B.; Peter Lu, H. Chem. Commun. 2015, 51
(94), 16821−16824.
(26) Shen, H.; Zhou, X.; Zou, N.; Chen, P. J. Phys. Chem. C 2014,
118 (46), 26902−26911.
(27) Xu, W.; Shen, H.; Kim, Y. J.; Zhou, X.; Liu, G.; Park, J.; Chen, P.
Nano Lett. 2009, 9 (12), 3968−3973.
(28) Zaino, L. P.; Grismer, D. A.; Han, D.; Crouch, G. M.; Bohn, P.
W. Faraday Discuss. 2015, 184 (0), 101−115.
(29) Zhao, J.; Zaino Iii, L. P.; Bohn, P. W. Faraday Discuss. 2013, 164
(0), 57−69.
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