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Imaging Local Electrochemical Current
via Surface Plasmon Resonance
Xiaonan Shan,1,2 Urmez Patel,1 Shaopeng Wang,1 Rodrigo Iglesias,1 Nongjian Tao1,2*

We demonstrated an electrochemical microscopy technique based on the detection of variations in
local electrochemical current from optical signals arising from surface plasmon resonance. It
enables local electrochemical measurements (such as voltammetry and amperometry) with high
spatial resolution and sensitivity, because the signal varies with current density rather than current.
The imaging technique is noninvasive, scanning-free, and fast, and it constitutes a powerful tool
for studying heterogeneous surface reactions and for analyzing trace chemicals.

E
lectrochemical detection is a powerful an-

alytical method that has been used for a

wide range of applications, including trace

chemical analysis, glucose and neurotransmitter

monitoring, DNA and protein detections, and

electrocatalysis studies. Measurement of the total

electrochemical current or other related electrical

quantities of an electrode cannot directly provide

local reaction information from the electrode sur-

face, which is required for analyses of hetero-

geneous reactions, local activities of cells, and

protein and DNA microarrays. Scanning electro-

chemical microscopy (SECM) (1), which probes

local electrochemical current by scanning a micro-

electrode across the surface, can overcome this

limitation and has found numerous applications

(2). However, the sequential scanning of the mi-

croelectrode limits its speed, and the scanning

probe may perturb the local electrochemical pro-

cesses under study. The current measured by the

microelectrode in SECM scales with the size of

the microelectrode, making it increasingly diffi-

cult to improve the spatial resolution by shrinking

the microelectrode.

Here, we report a method for imaging local

electrochemical current without the use of a scan-

ning probe or a microelectrode. Instead of mea-

suring the current with an electrode, it determines

the electrochemical current density from an opti-

cal signal of the electrode surface generated from

a surface plasmon resonance (SPR) (3, 4). Im-

portant benefits of this approach include fast and

noninvasive electrochemical current imaging of

the surface. In addition, the measured local cur-

rent signal is proportional to the optical signal,

which does not scale with the area of a region of

interest. We imaged local electrochemical cur-

rents generated by heterogeneous surface reac-

tions, and we could perform the traditional

electrochemical detection methods—such as am-

perometry, cyclic voltammetry, and square-wave

voltammetry—locally, interrogating areas as small

as 0.2 mm by 3 mm with a current sensitivity of

0.3 pA. We also demonstrate sensitive and selec-

tive trace analysis with the technique.

An electrochemical reaction taking place on

an electrode always involves electron transfer

between the electrode and the reactant, which is

measured as an electrochemical current or related

electrical signal in the conventional electrochemi-

cal methods. The electron transfer process is al-

ways accompanied by a conversion of chemical

species between oxidized and reduced states, so

the electrochemical current can be determined by

monitoring the conversion of the chemical spe-

cies on the surface, which is the principle of the

present imaging technique. Relative to other opti-

cal detection methods such as phase-measurement

microscopy (5) that have been used to study local

molecular binding events and electrochemical re-

actions on surfaces (6, 7), SPR is extremely sen-

sitive to the species generated (or consumed) on

the electrode surface (Fig. 1A). We show that the

concentration of the species is directly related to

the electrochemical current via Fick’s law of dif-

fusion (8); more important, the electrochemical

current density i(t) can be easily calculated from

the local SPR signal according to

i(t) = bnFL
–1[s1/2Dq˜SPR(s)] (1)

(9), where b = [B(aRDR
–1/2

– aODO
–1/2)], n is the

number of electrons involved in the redox re-

action, F is the Faraday constant, L−1 is the

inverse Laplace transform, and Dq˜SPR(s) is the

Laplace transform of the SPR signal. In the ex-

pression for b, aO and aR are the changes in the

local refractive indices per unit concentration for

the oxidized and reduced molecules, DO and DR

are the diffusion coefficients of the oxidized and

reduced molecules, and B measures the sensitiv-

ity of the SPR signal to a change in the bulk

index of refraction, which can be calibrated

independently. According to Eq. 1, the measured

signal, i(t), does not scale with the image area,

which is in contrast to the conventional electro-

chemical detection methods. Note that double layer

charging current also contributes to the SPR signal

(10), which is, however, small (11) relative to

faradaic current.

We show below that (i) the electrochemical

current determined using Eq. 1 is indeed equiva-

lent to that obtained from the conventional elec-

trochemical methods; (ii) the new electrochemical

imaging technique provides local electrochemical

current (e.g., cyclic voltammograms) associated

with heterogeneous surface reactions; (iii) the

advantages of this imaging technique allow for

sensitive and selective trace analysis; and (iv) the

technique offers high current sensitivity, a fast

imaging rate, and good spatial resolution.

Two optical configurations were used in the

experiments. In the first configuration, the work-

ing electrode was an Au-coated glass slide at-

tached onto a prism via index-matching fluid.

An electrochemical cell made from Teflon was

mounted on top of the Au electrode. A Pt wire

counterelectrode and an Ag|AgCl|KCl(sat.) refer-

ence electrode, together with a potentiostat, were

used to control the potential of the working elec-

trode. A light-emitting diode (LED) with a peak

wavelength of 670 nm was used to excite the sur-

face plasmons in the Au electrode, and a charge-

coupled device (CCD) camerawas used to record

the image. Calculating the current at each pixel

from the image by means of Eq. 1 creates an elec-
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Arizona State University, Tempe, AZ 85287, USA. 2Department
of Electrical Engineering, Arizona State University, Tempe, AZ
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trochemical current image, and plots of the current

image versus time or potential provide local am-

perometric and voltammetric measurements of

the electrode. The second configuration (Fig. 1A)

used an oil immersion objective with a high nu-

merical aperture of 1.65 (12) to replace the prism

and aHeNe laser to replace the LED. This second

configuration provided higher spatial resolution

than the first configuration.

To demonstrate the imaging principle, we

studied the redox reaction of Ru(NH3)6
3+ com-

plex with conventional cyclic voltammetry and

electrochemical imaging simultaneously. The con-

ventional method measures the total electrochemi-

cal current of the entire electrode surface, and the

voltammogramshows the characteristic redoxpeaks

corresponding to the reduction and oxidation of

the ruthenium complex (Fig. 1B, red line). The elec-

trochemical imaging technique probes the local

electrochemical current, so the current averaged

over the entire surface versus the potential (Fig.

1B, open circles) is compared with the conventional

voltammetry. The cyclic voltammograms obtained

by the two methods are in good agreement with

each other (overall deviation = 5.75%). Note that

the parameter b in Eq. 1 was calibrated indepen-

dently from a separate experiment (9), so the agree-

ment between the voltammograms obtainedwith the

conventional and present imaging methods is quan-

titative and involves no adjustment of parameters.

One of the most important applications of the

technique is imaging of the local electrochemical

current associated with heterogeneous reactions.

To demonstrate this capability, we created a finger-

print (13) on an Au electrode by touching it,

which transferred the secretions from the skin

ridges of the finger onto the electrode surface.We

imaged the local electrochemical current of the

surface by cycling the electrode potential in an

electrolyte [0.25 M phosphate buffer containing

10 mM Ru(NH3)6
3+]. Figure 1, C to F, shows

several snapshots of the electrochemical cur-

rent video (movie S1) at different potentials. At

–0.10 V, far away from the redox potential, al-

most no electrochemical reaction takes place

and the image does not show any contrast (Fig.

1C). As the potential decreases, reduction of

Ru(NH3)6
3+ takes place and the contrast of

the fingerprint begins to show up (Fig. 1D). At

–0.28 V, the contrast reaches maximum, corre-

sponding to the maximum reduction current (Fig.

1E). As the potential cycles back toward positive

values, the contrast is inverted (Fig. 1G), which

reflects a sign change in the electrochemical cur-

rent (from reduction to oxidation). Finally, when

the potential cycles back to –0.10 V, the contrast

disappears nearly completely; the small remain-

ing contrast is the result of residual electrochemi-

cal reactions at the potential, in agreement with

the cyclic voltammetry, which shows a finite cur-

rent when the potential returns to the starting

value (Fig. 1B). The entire process was repeated

by continuously cycling the potential. Note that

the imaging speed is solely determined by the

CCD imager, which was ~2000 frames/s in the

present setup, much faster than the SECM rate.

The contrast of the fingerprint revealed by

the electrochemical current images arises from

the blockade of the electrochemical reactions in

the regions covered by the secretions from the

finger. This interpretation is directly confirmed

by the conventional SPR image acquired on the

same electrode by switching off the potential

(Fig. 2A). The regions covered with the secretions

are shown as positive contrast in the SPR image,

from which we estimated the average thickness

of the fingerprint to be ~2.5 nm. This thin layer of

molecules blocks the electrochemical reaction of

the redox molecules. The fact that conventional

SPR images can also be obtained using the same

optics provides additional value to the present

electrochemical current imaging technique.

The snapshots in Fig. 1, C to F, show only a

small fraction of the information in the time and

potential sequences of the electrochemical cur-

rent image. At each point of the image, a local

cyclic voltammogram can be readily obtained.

Figure 2, B to E, shows a few examples of local

cyclic voltammograms at different locationsmarked

in Fig. 2A. First, the voltammogram from a bare

gold region shows a large electrochemical current

with well-defined redox peaks (Fig. 2B). In con-

trast, the voltammogram from a region covered

with finger secretions shows only small background

current with no obvious redox peaks (Fig. 2C).

Fig. 1. (A) Schematic illustration of an electrochemical current imaging technique, where RE, CE, and WE
are reference, counter, and working electrodes, respectively. (B) Cyclic voltammograms measured by the
conventional electrochemical method (red line) and by the electrochemical current imaging technique
(open circles) of a bare gold electrode. Note that for a close comparison between the two approaches,
the cyclic voltammogram from the imaging technique is averaged over the entire electrode surface.
The electrolyte is 0.25 M phosphate buffer containing 10 mM Ru(NH3)6

3+, and the potential sweep
rate is 0.1 V/s. (C to H) Electrochemical current images of a fingerprint at different potentials recorded
during continuous cycling of the electrode potential between –0.10 V and –0.35 V at a rate of 0.1 V/s
(see movie S1). The electrolyte is 0.25 M phosphate buffer containing 10 mM Ru(NH3)6

3+.
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Second, the voltammograms obtained from different

regions of a bare Au electrode also vary. For exam-

ple, voltammograms from two different Au regions

are shown inFig. 2,B andD.Although both display

thewell-defined redox peaks, the separations of the

redox peaks are quite different, which is likely a

result of the variation in the coverage of the secre-

tions transferred from the finger. Finally, the

voltammograms from different regions of the finger-

print are also different (Fig. 2, C and E), reflecting

changes in the coverage of the finger secretions.

The capability of imaging local electrochemi-

cal current has many applications, including trace

analysis. As an example, we used the technique

to detect traces of trinitrotoluene (TNT) (14). TNT

has a very low vapor pressure and often appears

in the form of particulates. A small TNT particle

can be visualized with an optical microscope,

but it is difficult to distinguish it from dusts or

other airborne particulate matter. TNT is known

to undergo electrochemical reductions at certain

potentials, which has led to the detection of TNT

by electrochemical methods (15). However, if

the amount of TNT particulates is small, it is dif-

ficult to detect them using conventional electro-

chemical detection methods that measure the total

current from the entire electrode. We prepared a

sample including a fingerprint and TNT particu-

lates on the electrode surface. Although the fin-

gerprint is visible in the SPR image, the TNT

particulates could not be resolved (Fig. 3A). We

recorded the electrochemical current image of the

surface while cycling the potential. Figure 3B

shows five snapshots at different potentials. At

0 V, the electrochemical current image shows a

uniform surface with no contrast for either the

fingerprint or the TNT particulates because no

electrochemical reactions take place at this po-

tential (Fig. 3B, image 1). When we sweep the

potential toward negative values, contrast of the

fingerprint begins to show up (Fig. 3B, image 2)

from the reduction of dissolved oxygen gas in

the electrolyte, which results in different electro-

chemical currents in the regions with and without

the fingerprint secretions. At this point, it is still

difficult to resolve features attributable to the TNT

particulates. When we lower the potential further

toward the reduction potential of TNT, “spots” in

the electrochemical current image associated with

the reduction of the TNT particulates begin to ap-

pear (Fig. 3B, images 3 to 5), which allow us to

detect and identify the individual TNT particulates.

By selecting regions where “spots” appear,

we obtained local voltammograms showing peaks

from the reduction of TNT (Fig. 3C). For com-

parison, a local voltammogram from a region with-

out TNT is also shown (black dots, Fig. 3C). We

note that the TNT peak shapes and positions are

not exactly the same as those in the cyclic

Fig. 2. (A) SPR image of a finger-
print. (B to E) Local cyclic voltammo-
grams at different locations of the
surface as numbered in (A). The elec-
trolyte is 0.25 M phosphate buffer
containing 10 mM Ru(NH3)6

3+, and
the potential sweep rate is 0.1 V/s.

Fig. 3. Detection of TNT traces on a fingerprint using the electrochemical current imaging technique. (A)
SPR image of a fingerprint. (B) Five snapshots recorded while sweeping the potential negatively from 0 to
–1.0 V at a rate of 0.05 V/s. The appearance of the “spots” is due to the reduction of TNT particulates. (C)
Local voltammograms of the regions with (blue and red dots) and without (black dots) TNT particulates.
The electrolyte is 0.5 M KCl.
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voltammograms of TNT dissolved in an electro-

lyte as measured by the conventional electro-

chemical method (16). The difference may arise

from differences in the mass transport between two

experiments. From the integrated area of the re-

duction current peak at –0.8 V shown in the local

voltammograms (Fig. 3C), we estimated the mass

of the corresponding TNT particulate to be as

small as ~0.5 ng (for an area of 50 mm by 50 mm).

Because the current detection limit is ~0.3 pA (see

below), the estimated detection limit is 0.3 fg.

We also used the conventional electrochemi-

cal method to record the voltammogram of the

surface and did not observe the distinctive reduc-

tion peaks of TNT (fig. S1); the TNT signal was

washed out by the large background current from

areas without TNT. In contrast, the present elec-

trochemical imaging technique obtains the local

voltammograms of the particulate regions, which

eliminates the background current contribution

from other regions to the measured signal. The

capability of performing local electrochemical

analysis on the regions of interest (determined by

the image) also reduces potential interference in

electrochemical analysis. For instance, the large

electrochemical reduction peak of the dissolved

oxygen—a known source of interference taking

place over the entire electrode surface—does not

substantially affect the local voltammogram of a

small particulate region.

Conventional optical imaging techniques, in-

cluding SPR, can resolve small particles, but they

usually cannot reveal the chemical identities of

the particles. To further demonstrate the capabil-

ity of trace chemical analysis with the imaging

technique, we introduced other particulate matter,

such as candle wax, onto the fingerprint in the

presence of TNT particulates. The conventional

SPR could image but could not distinguish the

two types of particles (fig. S2). However, the

electrochemical current image shows the distinct

contrast changes in the regions of TNT particulates

associated with the electrochemical reduction.

We now examine the spatial resolution and

current detection limit of the electrochemical im-

aging technique. The spatial resolution along the

surface plasmon propagation direction is limited

by the propagation length, which depends on the

wavelength of light. For a wavelength of 638 nm,

the propagation length is ~3.1 mm; for a wave-

length of 532 nm, the propagation length decreases

to 0.2 mm (12). In the direction perpendicular to

the surface plasmon propagation, the resolution is

limited by the optical diffraction limit, which is

about 0.19 mm using an objective with numerical

aperture of 1.65. An electrochemical current im-

aging of a 1-hexadecanethiol–patterned electrode

created by polydimethylsiloxane (PDMS) con-

tact printing (17) is shown in Fig. 4A, where

the current contrast arises from the variation in the

coverage of the self-assembledmonolayer. The local

voltammogram from a gold surface region (0.25 mm

by 3 mm) covered with densely packed 1-

hexadecanethiol shows little current (Fig. 4B, black

line). In contrast, the voltammogram from a region

without covering of 1-hexadecanethiol (0.25 mm by

3 mm) shows well-defined redox peaks that are

separated with ~60 mV, as expected for a rever-

sible redox reaction (Fig. 4B, red line). In contrast,

the simultaneously recorded voltammogram with

the conventional electrochemical method shows

distorted redox peaks caused by averaging of differ-

ent reactions over the entire electrode (Fig. 4C).

This imaging technique measures light inten-

sity, corresponding to current density, which does

not decrease with the size of an imaged area, so

high spatial resolution does not compromise the

current detection limit. As shown in Fig. 4D, the

noise level in the current density (red circles)

does not change much with the area, so the noise

in the current decreases with the area (black tri-

angles). The smallest meaningful area is deter-

mined by the spatial resolution, which is ~0.2 mm

by ~3 mm. The noise from such a small region in

our present setup is ~0.3 pA. This level of current

noise is excellent relative to other electrochemical

detection methods, typically in the picoampere to

nanoampere range (18), and could be further op-

timized by improving the light source and CCD

detector. The electrode used here is gold, and other

metal electrodes (e.g., Ag, Cu, and Pt) can also be

used. Just like the current-based electrochemical

detections, an electrochemical reaction is always

accompanied by a change in the chemical spe-

cies, so the electrochemical current imaging tech-

nique described here is universal.
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Fig. 4. Spatial resolution and current detection limit. (A) Electrochemical current image of
1-hexadecanethiol self-assembled on an Au electrode in 0.25 M phosphate buffer containing
10 mM Ru(NH3)6

3+, where the blue regions (negative current) are due to the reduction of Ru(NH3)6
3+.

(B) Cyclic voltammograms of regions covered with densely packed (black lines) and exposed gold (red
lines) regions. (C) Cyclic voltammogram obtained with the conventional electrochemical method (that
measured the current over the entire electrode surface). (D) Dependence of current noise and current
density noise on the area of detection.
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