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ABSTRACT: Plasmonic metal nanostructures have been known to tune
optoelectronic properties of fluorophores. Here, we report the first-ever
experimental observation of plasmon-induced photocurrent enhancements
from Photosystem I (PSI) immobilized on Fischer patterns of silver
nanopyramids (Ag-NP). To this end, the plasmonic peaks of Ag-NP were
tuned to match the PSI absorption peaks at ∼450 and ∼680 nm wavelengths.
Specifically, the plasmon-enhanced photocurrents indicate enhancement
factors of ∼6.5 and ∼5.8 as compared to PSI assembly on planar Ag substrates
for nominal excitation wavelengths of 660 and 470 nm, respectively. The
comparable enhancement factors from both 470 and 660 nm excitations, in
spite of a significantly weaker plasmon absorption peak at ∼450 nm for the Ag-
NP structures, can be rationalized by previously reported excessive plasmon-
induced fluorescence emission losses from PSI in the red region as compared
to the blue region of the excitation wavelengths.

Natural photosynthetic processes harness solar energy with
nearly 100% quantum efficiency. Central to this process

is the supra-molecular protein Photosystem I (PSI) which acts
as a biological photodiode and undergoes photochemical
charge separation resulting in unidirectional electron transfer
across the membrane-bound protein.1,2 It is commonly
proposed that the antennae chlorophylls and carotenoids in
PSI channel the excitation energy to the reaction center
chlorophyll pair (P700) via the Forster resonance energy-
transfer mechanism3 that initiates the electron transport
pathway to the PSI acceptor terminals.4−6 The robust structural
and photoelectrochemical properties of cyanobacterial PSI7

have inspired recent attempts in integrating it into solid-state
bioelectronic devices,8−11 biohybrid photovoltaic, solar H2

production, and biosensor technologies.6,12−19 To this end, a
well-studied construct based on PSI immobilization on
alkanethiolate hydrophilic self-assembled monolayer substrates
that can allow optimal electron tunneling pathways has been
developed.20−25 More recent efforts have been directed to tune
the photoresponse and photocurrent generation from PSI
constructs confined in designer lipid bilayer membranes and
conducting polymer scaffolds that mimic the natural thylakoid
membrane housing of PSI.26−29 However, the low light
absorption capacities of these thin films prevents significant
photocurrent generation from PSI monolayers.19,30 A plausible
strategy to circumvent such problems is to integrate PSI with
plasmonic metal nanoparticles.31 LSPR-induced collective

oscillations of surface electrons of the nanoparticles create
highly localized electric fields and make absorption possible at
resonant frequencies.
Localized surface plasmon resonance (LSPR) in noble metal

nanostructures is known to modify emission and excitation
rates in neighboring organic dyes and biomolecules32 and
enhance photocurrents in dye-sensitized33−37 and organic solar
cells.38,39 Moreover, plasmon-enhanced photocurrents have
been observed with other bacterial light-harvesting com-
plexes.40,41 However, the few studies conducted on plasmonic
interactions of Au and Ag nanostructures with multichromo-
phore-coupled PSI31,42−48 have mostly focused on their unique
effects on absorption and fluorescence emission characteristics.
An interesting observation from these studies is the blue shift in
the fluorescence emissions of PSI chromophores due to
plasmonic interactions with red light excitation. Additionally,
enhanced fluorescence in the 698−710 nm wavelength ranges
of the PSI emission profile indicate fluorescence deactivation of
higher-energy antenna chlorophylls. This should imply a
reduction in energy-transfer efficiency between chlorophyll
antennae and P700 responsible for charge separation and
photocurrent generation. However, such high-energy emissions
being virtually absent without plasmonic interactions might also
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lead to activation of novel plasmon-induced pathways for
chromophore−chromophore interactions and new energy-
transfer pathways.42,43,46 Such complex and intriguing photo-
physics of PSI coupled with plasmonic nanostructures under-
scores the critical yet unanswered questions regarding the
alterations in photocurrent generations from plasmon-coupled
PSI systems! Although the plasmon-enhanced photocurrents in
PSI have not been measured, prior theoretical studies based on
highly simplified photophysics of the process have suggested
such enhancements.48 Specifically, a prior study indicating
enhanced photocurrents from PSI deposited on gold nano-
particle clusters has mostly ascribed the effect to the enhanced
surface area from the nanoparticle clusters.49 In fact, the
aforementioned theoretical model for PSI coupled with Ag and
Au spherical nanoparticles and nanoshells has revealed that,
despite a reduced quantum yield, plasmon-induced electron
production rates could undergo 6−15-fold enhancements for
the various Ag and Au nanostructures at the resonant
frequencies.48

This work not only provides experimental proof of LSPR-
enhanced photocurrents from cyanobacterial PSI, assembled on
plasmonic structures made out of Ag nanopyramids (Ag-NPs),
but also confirms that relatively simple models of the
photophysics of the system can indeed provide correct order
of magnitude enhancement of the photocurrent.
The Ag-NPs with a dominant plasmon absorption peak at

∼675 nm were fabricated by using a low-cost, facile, and high
sample throughput nanosphere lithography (NSL) technique.50

We discuss the results for the wavelength-dependent plasmon
enhancement factors by comparing the photocurrent outputs
from PSI assembled on plasmonic Ag-NPs and planar Ag for
excitations at 395, 420, 470, and 660 nm wavelengths.
Figure 1a shows the well-known absorbance peaks for

colloidal suspensions of cyanobacterial PSI in aqueous

solutions, i.e., 439 and 678 nm. The plasmonic resonance
coupling with PSI requires the plasmon peaks of the fabricated
metal nanostructures to overlap closely with the PSI absorption
peaks.48 To this end, the parameters of the NSL technique were
tailored with optimized Ag deposition thickness and poly-
styrene beads diameter to result in the formation of the desired
Ag-NP structures on the ITO wafer with overlapping
absorbance at ∼680 nm (see Figure 1). The plasmonic peak
positions for the Ag NPs were found to be less sensitive to the
thickness changes in the deposited Ag/Ag-NP heights but
highly sensitive to the percentage of defects (bow tie-like
structures) formed because of imperfect hexagonal packing of
the polystyrene beads. It was observed that the Ag deposition

thickness of ∼81 nm and polystyrene bead diameter of 500 nm
results in the optimally designed Ag-NPs with the strongest
broadband LSPR peak at ∼675 nm that overlaps very closely
with the PSI absorption peak at 678 nm (Figure 1). Additional
lower-intensity absorption peaks centered at 447 and 360 nm
are also observed for the Ag-NP plasmonic structures, as seen
from Figure 1a. The 447 nm plasmonic absorption spreads over
410−485 nm; hence, it overlaps closely with the PSI broadband
absorption peak at 439 nm in the violet-blue region. The as-
fabricated Ag-NP structures are also visualized with scanning
electron microscopy, as shown in Figure 1b depicting the
regular Ag-NP triangular structures on ITO.
For direct comparison reported here for PSI on Ag-NP

structures, control substrates of planar Ag on ITO with no
plasmonic effects were also prepared. Planar Ag substrates are
highly reflective with the transmission spectrum confirming the
absence of any plasmonic peak absorptions. Additionally, bare
flat ITO was selected as background electrode samples for
comparison of measured photocurrents. As detailed in
Experimental Methods, all three electrode samples of ITO,
planar Ag, and Ag-NP/ITO, coated with SAM of OH-
terminated C6 thiol, were incubated in PSI colloidal
suspensions containing 0.02% w/v detergent to achieve PSI
monolayer immobilization on the surfaces. The specific
detergent concentration, resulting in 2.2 times the critical
micellar concentration of DM surfactants (2.2CMC), has been
shown to create PSI jammed colloidal suspensions that result in
PSI monolayer formation during solution-phase incubation.51

The PSI attachment to each of the three electrode samples was
visualized with atomic force microscopy (AFM) before and
after PSI/SAM coating.
As shown in Figure 2a, the homogeneous and smooth flat

ITO substrate, with surface roughness <1 nm, starts indicating
higher roughness and regular circular patches of densely packed
PSI for the PSI/SAM coated ITO substrate shown in Figure 2b
(the inset indicates approximate surface roughness ∼6−7 nm
and width of roughness profile ∼25−30 nm). Similarly, the
AFM image in Figure 2c for the planar Ag electrode surface

Figure 1. (a) Ultraviolet−visible absorbance spectra for PSI in solution
and Ag nanopyramids (Ag-NPs) on ITO substrate. (b) SEM image
showing Fischer patterned Ag-NP structures prepared via NSL
technique.

Figure 2. Topographical AFM images of flat ITO (a, b) and planar
Ag/ITO (c, d) electrode substrates before (a, c) and after (b, d) PSI/
thiol SAM assembly, respectively.
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indicates polycrystalline Ag islands with roughness <10 nm and
width ∼60−100 nm. In contrast, the PSI assembled on planar
Ag substrate in Figure 2d indicates sparse PSI distribution and
cluster formations atop the Ag islands as also indicated by the
inset showing line cross-sectional roughness of <7−8 nm and
width of ∼25- 30 nm on top of the wider cross-sectional
profiles of Ag islands. The lack of visible dense PSI monolayer
on this surface as compared to the ones on ITO could be
attributed to the relatively higher surface roughness for the Ag
island deposition. In conjunction, the AFM topographical
images in Figure 3a,b for the Ag-NP/ITO substrates along with

respective phase images in Figures 3c,d clearly show the dense
PSI monolayer formation on Ag-NPs and surrounding ITO
areas. The cross-sectional height profiles of Ag-NPs with (∼90
nm) and without (∼82.4 nm) PSI coatings in Figure 3a,b insets
also support this (typical PSI trimer height being ∼9 nm). The
uniform PSI attachments throughout the Ag-NP/ITO substrate
is expected because the thiol SAM layer forms both on ITO
and Ag surfaces during the incubation step in thiol solution.
Finally, the diameter and height of the PSI complexes on all
three electrode surfaces (in Figures 2b,d and 3d) are in
agreement with our previous measurements of PSI monolayer
on Au substrates.30,51

The wavelength-dependent plasmon-enhanced photocur-
rents from PSI was investigated using 4 LEDs with peak
wavelengths at 395, 420, 470, and 660 nm as excitation light
sources and 3 working electrodes of PSI assembled on SAM/X
(X= flat ITO, planar Ag and Ag-NP/ITO) substrates. Specific
photocurrent contributions from each of these substrates are
deduced by subtracting the background photocurrents
measured from the respective control SAM/X substrates.
Figure 4a depicts a prototypical chronoamperometry (CA)
data set for 660 nm light excitation indicating the stable
photocurrents generated from the PSI/SAM/Ag-NP/ITO and
the respective backgrounds from the control SAM/Ag-NP/ITO
and Ag-NP/ITO substrates. To provide a clear comparison

with respect to photocurrents generated from PSI assembly on
planar base substrates (devoid of Ag-NP structures) as the
control working electrodes, Figure 4b also charts the CA data
for PSI/SAM immobilized on flat ITO, and planar Ag along
with the observed data for PSI/SAM/Ag-NP/ITO. It needs to
be pointed out here that the working electrode with an effective
3.1 mm radius circular spot gets exposed to the charge carrier
solution in the electrochemical cell. Hence, the nominal
working area for the electrodes is 30.19 mm2. For the results
reported in Figure 4, this nominal area is taken as the effective
working area for all the electrodes. In the case of planar Ag/
ITO and flat ITO electrodes, the total exposed area is from the
flat Ag surface and the ITO, respectively. In the case of the Ag-
NP/ITO sample, the exposed area comprises a mixture of Ag
areas in the form of Ag-NPs and the rest of the exposed ITO
surfaces.
Figure 4 clearly demonstrate a distinct increase in the

photocurrent generation during the light on period from the
PSI/SAM/Ag-NP/ITO substrates as compared to the ones
from either the SAM/Ag-NP/ITO (Figure 4a) or the PSI/
SAM/planar Ag (Figure 4b) electrodes. These observations
validate the specific photocurrent enhancements resulting from
the presence of surface assembled PSI (Figure 4a) and more
significantly, from the PSI assembly on the Fischer patterned
SAM/Ag-NP/ITO substrates (Figure 4b). The minor photo-
current increases from SAM coating on both planar Ag and Ag
NPs by itself (see Table S1 in the Supporting Information) can
be attributed to work function changes of Ag surface due to the
molecular dipole moments of attached thiol as also observed
earlier.52−57 Effective photocurrent contributions from surface

Figure 3. AFM images of Ag-NP/ITO substrates before (a) and after
(b) PSI/SAM assembly along with the respective phase images for (c)
Ag-NP/ITO and (d) PSI/SAM/Ag-NP/ITO substrates. (Insets:
Height profiles across sections marked in panels a and b.)

Figure 4. Chronoamperometry data of cathodic photocurrents
(electron transfer from electrode through PSI to solution mediator)
from light on−off experiments on (a) Ag-NP/ITO, SAM/Ag-NP/
ITO, and PSI/SAM/Ag-NP/ITO substrates and (b) PSI/SAM/ITO,
PSI/SAM/planar Ag, and PSI/SAM/Ag-NP/ITO at open-circuit
potential under illumination from λ = 660 nm LED (36 mW/cm2)
in aqueous solution carrying 1 mM methyl viologen as charge carrier
and 100 mM KCl as supporting electrolyte. (Ag/AgCl and Pt wire are
used as reference electrode and counter electrode, respectively.)

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.7b03255
J. Phys. Chem. Lett. 2018, 9, 970−977

972

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b03255/suppl_file/jz7b03255_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.7b03255


assembled PSI on each electrode X, as shown in Figure 5a, are
subsequently estimated by subtracting the background photo-

currents of SAM/X electrodes from the corresponding values of
PSI/SAM/X electrodes (X = flat ITO, planar Ag, Ag-NP/ITO).
Except for the PSI assembled on Ag-NP electrode, the effective
PSI photocurrents show an increasing trend with decreasing
wavelength of the light. This can be attributed to the
nonplasmonic effects arising from enhanced photochemistry
of surface adsorbed methyl viologen, and change of work
function of the working electrode has also been commonly
observed in earlier studies.58 This effect is evidently
predominant for the planar Ag as compared to the ITO
electrodes.
It is also observed that the effective photocurrent for the PSI

on the Ag-NP/ITO electrode is the lowest at 395 nm excitation
and almost close to the value of the ITO electrode. In the
absence of any plasmonic peak interactions with PSI at 375 nm
(see Figure 1a), this observation can be simply explained by the
relatively lower effects of the nonplasmonic initiated photo-
currents largely from the PSI covered SAM/ITO surfaces
because only 32% of the effective silver is in the form of Ag-
NPs on the substrates (see the Supporting Information). The
more interesting observation from Figure 5a is the trend in the
effective photocurrents from PSI on Ag-NP/ITO electrode,
when compared to that from PSI on planar Ag electrodes,
clearly indicating a drastic increase at 420, 470, and 660 nm
where the Ag-NP plasmonic peaks overlap with the dominant
PSI absorption peaks. Such enhancements can be readily
attributed to the localized plasmon-induced electric field
enhancements from the Ag-NP structures coupling with the
PSI systems to create pathways for enhanced absorption at the
resonant frequencies.
Finally, the photocurrent enhancement factor from the

LSPR-induced interactions of Ag-NPs with the PSI was
calculated based on the photocurrent generation per PSI

trimer on each electrode which was deduced from the
respective effective photocurrent densities and the PSI trimer
number density on each electrode (see the Supporting
Information for detailed calculation). Here, the increased
additional surface area of 0.323 times the nominal surface
area due to the 3D Ag nanostructures for the Ag-NP/ITO
electrodes was accounted for in our calculations (Supporting
Information). Because the PSI is uniformly distributed on both
Ag-NPs and ITO parts of the Ag-NP/ITO electrode surfaces,
the photocurrent recorded evidently has contributions from the
PSI proteins immobilized on both the ITO and the Ag-NP
areas. Here one needs to bear in mind that the electric field
generated by LSPR is highly localized and typically undergoes
rapid decay with distance from the plasmonic metal structures.
Such observations have also been made in earlier studies
indicating the rapid decay of evanescent field based on drastic
decrease in the incident photon-to-current efficiency as distance
between Ag nanoparticles and dye molecules in DSSC
increased from 2 to 8 nm.37 Because in the present study the
thickness of PSI/SAM layers on Ag-NP surface is in the range
of 8−10 nm, one can fairly assume that there will not be any
plasmonic effect from the edges of the Ag-NP structures on PSI
proteins attached to the ITO surface. Furthermore, because the
photocurrent contribution from plain PSI/SAM/ITO electrode
is minimal (Figure 5a), it is reasonable to assume that
photocurrent contributions for the PSI/SAM/Ag-NP/ITO
data could be decoupled between those from PSI on the ITO
surface and PSI on Ag-NP surface to establish the actual
plasmon-enhanced photocurrents.
To this end, the relative percentages of smooth ITO surface

area and Ag-NP surface area are estimated from the SEM and
AFM images of the Ag-NP/ITO surface (see the Supporting
Information for detailed calculations of actual surface areas and
PSI number densities on the various electrodes, and for the
estimation of photocurrent densities per PSI as well as the
enhancement factors). Hence, based on these deductions the
photocurrent contributions per PSI attached to the Ag-NPs, the
final plasmon-induced photocurrent enhancement factors are
calculated as the ratio between the effective photocurrents per
PSI on Ag-NP and planar Ag electrodes. The detailed
geometric and mathematical calculations for the aforemen-
tioned estimations can be found in the Supporting Information.
Based on these calculations, as seen from Figure 5b, the highest
LSPR-induced photocurrent enhancement factor of ∼6.5 is
observed at the excitation wavelength of red light, λ = 660 nm.
This can be clearly attributed to the strong coupling between
the LSPR peak of the Ag-NP structures and the PSI absorption
peak in the red region, i.e., λ ∼ 680 nm in Figure 1a. It should
be noted that the enhancement factors calculated here are
conservative estimates because the presence of defects such as
bow tie structures, presence of unremoved polystyrene beads,
absence of Fischer pattern areas, etc. cannot be accurately
accounted for. Such defects arise because of the defects in
hexagonal packing of spherical beads and imperfect sonication.
The relatively lower enhancement factors of ∼2.4 and ∼5.8

at the 420 and 470 nm excitations, respectively, are due to the
coupling between the broad Ag-NPs LSPR peak at 410−485
and the PSI absorption peak centered at ∼450 nm. Also, the
enhancement factor observed at 470 nm is higher than that at
420 nm because of the relatively higher plasmon resonance at
470 nm. However, the relatively weak increase (5.8 to 6.5) in
the enhancement factors while going from 470 to 660 nm
excitation is more counterintuitive because the plasmonic peak

Figure 5. (a) Effective absolute value of photocurrents (PSI/SAM/X
− SAM/X) from PSI assembly on electrodes where X = ITO, planar
Ag, Ag-NP/ITO. (b) LSPR-induced photocurrent enhancement
factors based on the ratio of effective photocurrents per PSI on Ag-
NPs to that from planar Ag.
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at ∼660 nm is more dominant than the peak at ∼470 nm for
the Ag-NPs. These discrepancies can be rationalized by the
observations from past studies that under plasmonic
interactions, PSI fluorescence emissions from 470 nm excitation
indicate very low excitation energy loss as compared to the
fluorescence energy loss pathways from 660 nm excitations.42,43

Specifically, plasmon-induced fluorescence enhancement stud-
ies at room temperature shows a 200-fold fluorescence
enhancement for 640 nm excitation as compared to a 17-fold
enhancement with 485 nm excitation.43 In fact, the distinct blue
shift in the fluorescence signature of PSI coupled with
plasmonic nanostructures undergoing red light excitation
(640 and 680 nm) clearly indicates new excitation transfer
pathways between chlorophylls.42,43 Hence, the many-fold
fluorescence enhancement from higher-energy chlorophylls
which otherwise could have transferred that energy to P700
reaction center leads to significant reduction in the PSI charge
separation efficiency.42,43 Thus, photocurrent enhancement for
PSI coupled to plasmonic nanostructures is expected to be less
efficient with red light excitations. In accord with these
observations, Figure 5b shows that the photocurrent enhance-
ment factor has a relatively weaker increase for the 660 nm
excitation than what was expected because of the presence of a
stronger plasmonic peak at 675 nm, especially when compared
to the enhancement factor for the 470 nm excitation.
To substantiate our hypothesis, regular Ag nanodot patterns

(Ag-ND) were sputter coated on ITO substrates as controls
with a broadband plasmonic absorption peak centered at
around ∼500 nm (Figures S2 and S3). Unlike the Fischer
pattern studies presented earlier, here the plasmonic absorption
at ∼470 nm was higher than the corresponding absorption at
∼660 nm for this control samples. Consequently, similar
procedures as reported above for PSI immobilization, photo-
current testing, and enhancement factor calculations were
followed. In this case, the effective enhancement factor under
the nominal excitation wavelength of 470 nm was observed to
be higher (almost twice) than the corresponding value with the
660 nm excitation, thereby qualitatively corroborating our
earlier hypothesis that the fluorescent emission loss pathways
for 470 nm excitation is weaker than the loss pathways for
660−680 nm excitation.
In conclusion, our work presents the first-ever experimental

observation of photocurrent enhancements due to plasmon
induced electric field in cyanobacterial PSI immobilized on
Fischer patterns of Ag-NP structures. This was achieved by
tuning the plasmonic absorption peak of Ag-NPs to the
absorption peak of PSI at ∼675−680 nm wavelengths. A large
PSI photocurrent enhancement factor of ∼6.5 was noted for λ
= 660 nm excitation of PSI assembled on Ag-NP/ITO surfaces
as compared to PSI on nonplasmonic planar Ag electrodes
under similar conditions. The photocurrent enhancement
factors increased only slightly from the excitations at 470 nm
to the excitation at 660 nm owing to the enhanced plasmon-
induced fluorescence emission losses for red light excitations as
compared to blue light excitations. The fundamental findings of
the current work are crucial in designing rational biotic−abiotic
interfaces for future biohybrid solar energy-harvesting tech-
nologies.

■ EXPERIMENTAL METHODS
Sample Preparation. Commercial 50−80 nm thick ITO coated
sodium lime glass substrates (NANOCS: IT100-111-25) cut
into 1 cm × 1 cm size were first cleaned in RCA with 5:1:1

volume fractions of H2O:30% NH4OH:30% H2O2 with 15 min
of sonication to remove the organic residues. The substrates
were further sonicated in DI water for 15 min. All solvent and
washing agents (NH4OH, H2O2) were purchased from Fisher
Chemicals. Planar Ag substrates were prepared by depositing
Ag on cleaned ITO substrates in high vacuum (∼1 × 10−8

Torr) by electron beam deposition (Model Mantis QUAD-EV-
C) at room temperature. For Ag-NP preparations, 500 nm size
polystyrene latex beads in a 2.5 wt % dispersion (Alfa Aesar-
42714) were diluted with ethanol in 1:10 volume fractions first.
The diluted beads solution was added drop by drop onto the
base of the Petri dish glass partially filled (not covering the
entire base) with DI water. Each drop pushed close to the Petri
dish glass−water−air triple interface. The surface tension
gradient forces the beads to migrate to the surface of water
in the dish. This process is repeated until the beads cover the
entire water surface with high packing density. The Petri dish
was then carefully filled with water. The hexagonally packed
monolayer of the beads with lowest defects was identified with
its interference pattern on the water surface and scooped onto a
clean ITO substrate. Following this procedure, 81 ± 4 nm thick
Ag was deposited using an electron beam deposition method.
Finally, the polymer bead mask was removed by sonication in
ethanol for less than 1 min, leaving behind the Ag-NP Fischer
patterns on ITO.
Each of the ITO, planar Ag, and Ag-NP/ITO substrates was

thiolated by immersing it in 5 mM 6-mercapto-1-hexanol
(obtained from Sigma-Aldrich) solution in ethanol for 7 days
under N2 environment and at room temperature. Subsequently,
the as-obtained SAM/ITO, SAM/planar Ag, and SAM/Ag-NP/
ITO substrates were thoroughly rinsed with isopropanol to
remove any unbound thiol molecules. While sonication is a
preferred method for ensuring only monolayer formation, such
treatments were found to dislodge the Ag-NPs from the ITO
surface and hence were not applied here. The PSI complexes
from the wild-type PCC6803 were acquired from the stock
solution that was prepared and reported in an earlier work.59

For PSI immobilization, the SAM-coated wafers were immersed
in 0.013 μM PSI solution with 0.02% w/v n-dodecyl-β-D-
maltoside surfactant in aqueous 200 mM sodium phosphate
buffer (pH 7) for 24 h in the dark at room temperature. The
PSI/SAM/ITO, PSI/SAM/planar Ag, and PSI/SAM/Ag-NP/
ITO substrates were finally thoroughly rinsed with DI water
and dried under pressurized N2.
Sample Imaging. A Zeiss Merlin SEM with accelerating

voltage of 3 kV was used to image the Ag-NP/ITO electrode
surface. Plasmonic resonance peak measurements were
obtained via optical transmission spectrum of Ag-NP/ITO
electrodes which were measured with an HR2000 + ES
spectrometer from Ocean Optics. All surface topography
images were collected on an NT-MDT AFM instrument in
the tapping mode using silicon cantilever tips compatible with
softer biological materials (NT-MDT; model NSG03). The tip
had a force constant of 0.35−6.1 N/m along with a resonant
frequency of 90 kHz.
Electrochemistry Measurements. All CA measurements were

carried out with an electrochemistry setup using a potentiostat
from Bio-Logic (model SP-300) and performed in a custom
built standard three-electrode electrochemical cell where ITO,
planar Ag, and Ag-NP/ITO substrates were used as the
working electrodes; Pt wire as counter electrode; and Ag/AgCl
(sat. NaCl) as the reference electrode (BAS Inc.; model MF-
2052). A 1 mM sample of aqueous methyl viologen was used as
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the soluble electron scavenger along with 100 mM KCl used as
the supporting electrolyte. The four collimated LEDs
purchased from ThorLabs with the nominal wavelengths of
395, 420, 470, and 660 nm (models M395L4, M420L3,
M470L3, and M660L4) were operated with a power density of
36 mW/cm2 reaching the working area when the solution in
the cell was absent. The LED power densities were measured
using a power meter purchased from ThorLabs (model
S302C). All chronoamperometric measurements were per-
formed at open-circuit voltage with the on−off light cycles
being operated with 2 min intervals each and repeated for at
least six cycles. The results reported are based on averaging the
system response over six cycles.
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