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Abstract
Square wave voltammetry (SWV) is widely used in electrochemical analysis and sensors because
of its high sensitivity and efficient rejection of background current, but SWV by conventional
electrochemical detection method does not provide spatial resolution. We report here a plasmonic
method to image local SWV, which opens the door for analyzing heterogeneous electrochemical
reactions and for high throughput detections of microarrays. We describe the basic principle,
validate the principle by comparing the plasmonic-based SWV with those obtained with the
conventional method, and demonstrate imaging capability for local electrochemical analysis.

Electrochemical (EC) detection has matured into a powerful analytical tool for various
applications, from trace chemical analysis, glucose and neurotransmitters monitoring, to
protein and DNA microarray detections. Conventional EC methods measure the total current
from an electrode, which does not have spatial resolution to measure local EC reactions.
Spatial resolution is needed for studying heterogeneous reactions1–2, for monitoring single
cell activities3, and for high throughput reading of microarrays4. To provide EC methods
with spatial resolution, Scanning Electrochemical Microscopy (SECM) has been developed,
which maps local EC current by scanning a microelectrode across a sample surface5–6.
Although SECM has found numerous applications, mechanical scanning of the
microelectrode limits its imaging speed and the proximity of the scanning microelectrode to
the reaction sites may perturb the reactions. Furthermore, the measured current scales with
the electrode area, which leads to a decreasing signal when one attempts to improve the
spatial resolution by decreasing the electrode size. Other imaging techniques, including
Scanning Tunneling Microscopy, Atomic Force Microscopy and optical interference
microscopy7 have been developed to provide high-resolution structural information of an
electrode surface, but they do not measure electrochemical reaction current. SPR has been
applied to electrochemical system, while they focused on electric field8 or potential
distribution9.

We have recently demonstrated a plasmonic-based electrochemical current imaging (PECI)
technique that can map local current of an electrode with sub-micron resollution10. Instead
of probing local EC current point by point electrically with a microelectrode, PECI
technique images the local EC current optically by measuring the refractive index change
near the electrode surface due to local EC reaction. Because oxidation or reduction of an
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analyte is almost always accompanied by a change in the optical property of the analytes,
the approach is quite universal. In addition to high spatial resolution, PECI is fast and non-
invasive, and its signal does not decrease with the size of a region of interest10. We have
previously shown that PECI can provide local cyclic voltammetry (CV). Although popular,
CV suffers from background current that often places a practical limit on EC detection.
Square Wave Voltammetry (SWV) has become a widely used EC detection technique
because of its high sensitivity and superior capability to suppress unwanted background
current. Important applications of SWV includes DNA damage detection4, 11, trace chemical
analysis12–13 and protein detections14. However, SWV requires fast response time of the
detection system, which poses a technical challenge to imaging techniques. Furthermore,
capacitive charging needs to be considered when developing PECI of SWV. Here we
establish a method to perform local SWV with PECI.

THEORY
EC current includes two major contributions: faradaic current which originates from
oxidation or reduction of analyte molecules on the electrode, and non-faradaic current due
to, e.g., capacitive charging current. Conventional EC methods measure both faradaic and
non-faradaic currents. Likewise, PECI also measures both the faradaic and non-faradaic
contributions. The former is measured, as pointed earlier, via EC reaction-induced change in
the refractive index of the analytes. In contrast, the latter is measured because plasmonic
signal is sensitive to surface charge density of the electrode, which has been used in our
recent work15–16 to image electrochemical interfacial impedance.

We express the total plasmonic signal (Δθ) at a given location and time as a sum of faradaic
(Δθf) and non-faradaic (Δθc) contributions, or

(1)

where if and ic are the corresponding faradaic current and charging current, α and β are the
constants15, 17 that can be determined independently (see supporting materials).

In order to measure the electrochemical activity of a target analyte, one needs to suppress
unwanted background current in electrochemical analysis. This task is accomplished in
conventional SWV by applying a square wave potential superimposed on a linearly
sweeping potential to the electrode. The current response to each square wave has two
components, faradaic current and charging current. The latter component changes
exponentially with time, and reaches a steady state faster than the former. So by measuring
current at the end of each square wave, right before the next, the transient charging current is
suppressed. In PECI, we apply the same potential waveform to the entire electrode and
measure the plasmonic response in each electrode region. From the local plasmonic signal
vs. time, we determine local current vs. time, and then obtain local SWV by measuring the
current at the end of each square wave. To simplify signal/data processing, we may exclude
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the second term when calculating the EC current. As we will show later, including the
second term in Eq. 1 leads to only a small baseline shift in the SWV, which is the essence of
SWV for minimizing background current.

EXPERIMENTAL SECTION
Experimental Setup

The plasomonic imaging setup is based on the widely used Krechmann configuration
(Scheme 1),18 which comprises a light emitting diode (LED) light source (670 nm),
collimating lens, prism, imaging optics, polarizer, and a CCD camera. A microscope cover
slide coated with 47 nm thick Au film was coupled optically to the prism surface via index
of refraction matching fluid. The plasmonic image was captured at up to 380 frames per
second, allowing for measurements of the plasmonic response induced by the applied
potential waveform.

Reagents and Solutions
Hexaammine-ruthenium (III) chloride ([Ru(NH3)6]Cl3), potassium ferricyanide
(K3[Fe(CN)6]), potassium hexacyanoferrate (II) trihydrate (K4[Fe(CN)6]·3H2O) and sodium
fluoride (NaF) were purchased from Sigma Aldrich and were used as received. All aqueous
solutions were prepare from PURELAB ultra (>18.2 MΩ cm−1) water.

Square Wave Voltammetry
SWV was performed at room temperature using a Teflon EC cell fixed on top of the Au
film, which was also served as the working electrode. Potential waveform with frequency 10
Hz, pulse height 50 or 25 mV and a potential step 10 mV or 5 mV was applied to the Au
electrode with an Autolab potentiostat using a Pt wire and Ag/AgCl/KCl as counter
electrode and reference electrode, respectively. We studied redox reaction of 10 mM of
Ru(NH3)6

3+ or 20 mM of [Fe(CN)6]3− and [Fe(CN)6]4− mixture (1:1 ratio) in 0.2 M NaF
solution. A Matlab program was used to determine PECI from the plasmonic signals. The
setup was capable of simultaneously recording the total electrochemical current with the
conventional EC method, and acquiring PECI of the electrode.

Surface Modification
To demonstrate local SWV imaging capability, a patterned hexadecanethiol monolayer was
created by soft lithograph technique.19 2 mM-hexadecanethiol in ethanol solution was
applied to PDMS stamp surface by cotton Q-Tips. After drying the stamp with N2 for 15 s,
it was then brought into contact with the Au film for 5–10 s.

RESULTS AND DISCUSSION
PECI of SWV

To validate PECI of SWV, we first carried out SWV measurements on an Au electrode in 10
mM Ru(NH3)6

3+ simultaneously with the plasmonic imaging and conventional
electrochemical approaches. Figure 1a shows the potential waveform applied to the
electrode, which is composed of square waves superimposed on a linearly sweeping
potential from 0 to −0.3 V. The corresponding plasmonic response over an area of 1.8×1.3
mm2 of the electrode is shown in Figure 1b. The plasmonic response is initially small (0 to ~
0.5 s), which is almost entirely due to capacitive charging effect because the potential is far
more positive than the formal potential of the redox reaction (~ −0.16 V). The response
increases and reaches a maximum as the potential sweeps to the formal potential (at ~ 2 s),
and then decreases again and returns to the capacitive charging background.
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From the plasmonic response vs. time, we determined the current using the algorithm
described in Ref. 6, and the result as a function of potential is shown in Figure 1d. For each
square wave there is a forward (in the direction of potential sweep) and reverse potential
steps. In the present case, the potential sweeps negatively, so the forward potential step is in
the negative potential direction. Figure 1d shows that each forward potential step induces a
sudden drop in the current, followed by a fast rise and then a slow rise in the current. The
fast rise is due to capacitive charging process, and the slow rise is due to electrochemical
reaction (faradaic current). Associated with each reverse potential step, the current response
is reversed, as expected. The simultaneously recorded current by the conventional method is
shown in Figure 1c, which is in quantitative agreement with the plasmonic-based current.
Note that the sharp spikes on the first several cycle of conventional method (Figure 1c) does
not appear on the PECI method which is caused by data sampling rate. This observation
demonstrates that the algorithm to convert plasmonic signals into electrochemical current
works well not only for a linearly sweeping potential but also for a potential waveform
containing sharp potential steps.

Like the conventional SWV, we extracted the current shown in Figure 1d at the end of each
forward potential step, and denote it as forward current, If (green triangles, Figure 1e). The
forward current vs. potential shows a trough near −0.15 V. Similarly, we obtained the
reverse current, Ir, from the end of each reserve potential step, vs. potential (blue stars in
Figure 1e), which shows a peak near −0.15 V. The difference between the forward and
reverse currents, If-Ir, vs. potential is the SWV, shown as red stars in Figure 1e. For
comparison, we plotted the corresponding If, Ir, and If-Ir obtained with the conventional
SWV in Figure 1f. It is clear that the plasmonics-based SWV and the conventional SWV are
excellent agreement with each other. We also studied [Fe(CN)6]3/4− in 0.2M NaF using the
same approach, and observed quantitative agreement between the SWVs obtained by the
plasmonic and conventional approaches (see supporting information).

Charging Effects
To examine how capacitive charging affects the PECI, we performed two plasmonic SWV
measurements. The first measurement was carried out in the pure supporting electrolyte, 0.2
M NaF solution, and the result shown as the green curve in Figure 2a is due to background
current (e.g., capacitive charging current). The second measurement was in 10 mM
Ru(NH3)6

3+ + 0.2 M NaF solution, and the plasmonic response contains contributions from
both the redox reaction of Ru(NH3)6

3+ and background current (red curve, Figure 2a). By
subtracting the background current in the first measurement from the SWV in the second
measurement, we obtained a charging effect-corrected plasmonic response of SWV, shown
as the blue curve in Figure 2a (shift up 30 intensity units). Note that after subtraction, the
plasmonic response to the square waves near the beginning (0 to −0.05 V) and end (−0.275
to −0.30 V) of the potential sweep drops to nearly zero, indicating effective correction of the
capacitive charging contribution.

From the plasmonic responses (Figure 2a), we determined the current with (blue curve in
Figure 2b) and without (red curve in Figure 2b) correcting the background current.
Zooming-in of two square waves shows that although the capacitive charging associated
with each potential step leads to a large transient current in the beginning (Figure 2c), its
contribution decreases rapidly over time, and becomes negligible near the end of a potential
step. Figure 2d compares SWVs (If -Ir vs. potential) with and without background current
correction. We can see that the two SWVs are similar except for a small baseline shift. The
baseline shift is due to the capacitive charging effect associated with the linearly sweeping
potential, which is also present in the conventional SWV.
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Local PECIs at Different SWV Potential
In order to demonstrate SWV imaging capability with PECI, we studied heterogeneous
electrochemical reactions with a Au surface patterned by hexadecanethiol monolayer. Figure
3a is a conventional surface plasmon resonance image, in which the bright patterns
correspond to the hexadecanethiol-covered region, and the dark background is the bare Au
surface. We performed SWV imaging of the surface in 20 mM [Fe(CN)6]3/4− + 0.2 M NaF
electrolyte. Figure 3b shows SWVs of three selected regions on the electrode, two from the
bare Au area (marked by blue and green squares in Figure 3a) and one from the thiol-
covered area (red square in Figure 3a). Each SWV was obtained from the plasmonic signal
averaged over the corresponding region. The thiol-covered region shows only a flat baseline,
due to effective blockage of the redox reaction by the thiol monolayer. In contrast, the bare
Au regions show pronounced peaks near 0.25 V in the SWVs due to the redox reaction of
[Fe(CN)6]3/4−. Although both bare Au regions display the redox peak, the peak amplitudes
are different, which reflects different amounts of thiol “contamination” during the contact
printing in the two regions.

It is also possible to obtain SWV at each pixel of the plasmonic image, which provides a
SWV image, from which a SWV from each pixel is obtained. Figures 3c-f show a few
snapshots of such SWV images at several different potentials, and a video showing SWV
image during potential sweep is provide in the Supporting Materials. At 0 V, the image
(Figure 3c) shows only noise, which is expected because no measurable redox reaction takes
at the potential. Increasing the potential to +0.18V (closer to the formal potential), the
current in the thiol-covered regions remain small but the current in the bare Au region
increases substantially, leading to high contrast images of the patterned surface (Figure 3d).
When the potential increases to +0.23 V, the thiol-covered region still shows no current
while the current in the bare Au regions reaches maximum (Figure 3e). Further increasing
the potential, the current in the bare Au regions decreases again (Figure 3f). This spatial
information and SWV imaging capability are not available in the conventional SWV.

CONCLUSION
In conclusion, we have developed a plasomonic method to image local SWV. The SWV
averaged over an electrode is in quantitative agreement with the simultaneously recorded
SWV obtained by the conventional electrochemical method, which validates the plasmonic-
based SWV. We have demonstrated SWV imaging capability and applied it to study local
electrochemical reactions on a surface. This capability is not possible with the conventional
electrochemical methods, and we believe that it is particularly suitable for electroanalysis of
heterogeneous reactions and for electrochemical detection of microarrays.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Potential waveform for SWV. It consists of square waves superimposed on a linear
potential, sweeping from 0 to −0.3 V. (b) Plasmonic response due to the potential waveform
shown in (a). (c) Transient current density vs. potential obtained with the conventional
electrochemical method. (d) Transient current density vs. potential of the same electrode
obtained with the plasmonic-based method. (e) SWV obtained with the plasmonic method.
(f) SWV obtained with the conventional electrochemical method. If and Ir in (e) and (f) are
forward current and reverse current, extracted at the end of each of the forward potential
step, and reverse potential step, respectively.
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Figure 2.
(a) Plasmonic responses in 10 mM Ru(NH3)6

3+ + 0.2 M NaF (red) and in 0.2 M NaF
(green). The former contains both the redox reaction current and background current, while
the latter contains only the background current. The difference of the two (blue) taken by
subtracting the red curve from the blue curve presents background corrected SWV. Note that
for clarity the background corrected SWV is shifted up by 30 units. (b) Corresponding
plasmonic current densities vs. potential. (c) Zooming-in of current density signals of two
potential steps. (d) SWVs with (red) and without correction of the background charging
effect (blue).
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Figure 3.
(a) Surface Plasmon resonance image of a Au surface patterned with thiols (the surface
potential was not controlled), the scale bar is 100µm. (b) Local SWVs of the regions marked
in (a). (c-f) Snapshots of SWV video of the surface at different potentials (which are pointed
out in (b)).
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Scheme 1.
Experiment setup of SWV imaging. See text for details.
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