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ABSTRACT

Electrogenerated chemiluminescence (ECL) is a promising technique for low concentration molecular detection. To improve the detection
limit, plasmonic nanoparticles have been proposed as signal boosting antennas to amplify ECL. Previous ensemble studies have hinted that
spectral overlap between the nanoparticle antenna and the ECL emitter may play a role in signal enhancement. Ensemble spectroscopy,
however, cannot resolve heterogeneities arising from colloidal nanoparticle size and shape distributions, leading to an incomplete picture
of the impact of spectral overlap. Here, we isolate the effect of nanoparticle-emitter spectral overlap for a model ECL system, coreaction of
tris(2,2’-bipyridyl)dichlororuthenium(ir) hexahydrate and tripropylamine, at the single-particle level while minimizing other factors influenc-
ing ECL intensities. We found a 10-fold enhancement of ECL among 952 gold nanoparticles. This signal enhancement is attributed exclusively
to spectral overlap between the nanoparticle and the emitter. Our study provides new mechanistic insight into plasmonic enhancement of
ECL, creating opportunities for low concentration ECL sensing.
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I. INTRODUCTION such as Raman or fluorescence spectroscopy, ECL has relatively low

background because external light is not required to drive emis-

Electrogenerated chemiluminescence (ECL) is a versatile ana- sion. Recent ECL studies have focused on the synthesis of emitters

Iytical technique for detecting trace materials such as heavy met- with improved quantum yields and larger spectral tuning ranges, "

als in water,"” the Zika virus in biological fluids,” and ketamine in discovery of novel applications,1 15 and enhancement of the ECL
hair." ECL is the emission of light due to redox chemistry from signal."* '

applied external potentials, promoting an emitter to an excited One promising method for ECL signal enhancement is cou-

state.”® The intensity of emission from the excited state is propor- pling ECL emitters with gold nanoparticles.'”'”** The interac-

tional to the amount of analyte present. Compared to techniques tion of an emitter with a gold nanoparticle’s coherent oscillation
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of conduction band electrons, or localized surface plasmon reso-
nance (LSPR),” leads to quenching and enhancement of ECL. While
intensity enhancement occurs for Raman scattering,” *° both emit-
ter enhancement and quenching are seen for fluorescence.”” '
Surface enhanced electrogenerated chemiluminescence (SEECL)
behaves similar to fluorescence.”” Emitter quenching is in gen-
eral attributed to fluorescence resonance energy transfer from the
emitter to the nanoparticle,” while enhancement occurs through
the modulation of the environment’s local density of optical
states.”””*”" Control of the spatial separation between the nanopar-
ticle and the emitter minimizes ECL quenching and increases the
ECL enhancement by the LSPR."** Quenching occurs at short
distances (1-5 nm), while the enhancement maximizes at inter-
mediate distances and then falls off again (5-20 nm)."” Addition-
ally, enhancement of ECL has shown dependence on nanoparticle
shape'® and on electric field hotspots at either sharp tips®' or in the
junctions of at least two nanoparticles.”’

Early studies of SEECL relied primarily on ensemble tech-
niques to observe the impact of the LSPR on ECL intensity.'”'"'*
Ensemble techniques cannot, however, resolve the heterogeneity in
charge transfer, local environment, reactivity, or intrinsic differ-
ences in nanoparticle morphology in a spectroelectrochemical study
of SEECL. This heterogeneity can be addressed with single parti-
cle techniques. Pan et al.”® first used single particle spectroscopy to
study SEECL driven on electrodeposited gold nanoparticles, observ-
ing not only heterogeneity in SEECL signal caused by nanoparticle
size but heterogeneity of local conductivity in the indium tin oxide
(ITO) coated substrate. The differences in conductivity resulted in
a larger distribution of SEECL intensities from nanoparticles of the
same size. Following this study, Wilson et al.”’ investigated the sta-
bility and activity of individual gold nanowires coated in a poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) and
poly(vinyl alcohol) (PVA) polymer that prevented nanoparticle oxi-
dation and dissolution. Finally, Zhu et al. " demonstrated het-
erogeneity in electrochemical activity between Au, Pt, and Au-Pt
Janus nanoparticles. While no single particle study has reported the
effect of spectral overlap, ensemble SEECL studies have inferred
that the SEECL enhancement can be related to the spectral
overlap between the nanoparticle scattering and the ECL spec-
tra.*"** However, no single particle or ensemble SEECL studies,
thus far, have comprehensively isolated the impact of spectral
overlap by minimizing all other sources of heterogeneity in the
system.

This work establishes a detailed study of nanoparticle-emitter
spectral overlap in SEECL by measuring the variation in sin-
gle particle dark-field scattering (DFS) spectra and SEECL inten-
sities caused by changing nanoparticle shape and size. Gold
nanospheres (AuNSs), with diameters between 72 and 112 nm,
and gold nanotriangles (AuNTs), with edge lengths between 90
and 120 nm, were coated with PEDOT:PSS/PVA to protect
against oxidation and dissolution.””** Possible sources of hetero-
geneity in the system were minimized through background cor-
rection, using O, plasma cleaning, studying nanoparticles with
similar crystal faceting, and normalizing for the surface area
of individual nanoparticles. The SEECL intensities, expressed as
photon flux, of 962 individual nanoparticles were then com-
pared based on spectral overlap. A 10-fold enhancement of
SEECL intensity was found for both AuNSs and AuNTs, where
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nanoparticles with larger spectral overlap showed stronger signal
enhancement.

Il. EXPERIMENTAL METHODS

A. Nanoparticle sample preparation
and characterization

ITO coated glass coverslips (Evaporated Coatings Inc., ECI#949
56 Q/sq., 22 x 22 mm) were sequentially sonicated in dilute deter-
gent (Liquinox@®)), deionized (DI) water, acetone (Fisher Chemical,
99.7%), and DI water for 15 min each. Nanoparticles, either AuNSs
(nanoComposix, 72 + 26 nm and 99 + 6 nm citrate capped and
Nanopartz'™, 82 + 9 nm and 112 + 28 nm citrate capped) or AuNTs
(lab synthesized cetyltrimethylammonium chloride capped),” were
spin cast (Laurel WS-650Mz-23BNPPB) onto coverslips that had
been O, plasma cleaned for 2 min. The average diameters of the
AuNSs and edge lengths of the AuNTSs were measured with trans-
mission electron microscopy (TEM) (Fig. S1). Ensemble sample
quality was further confirmed with UV-Vis extinction spectroscopy
(Fig. S1). AuNSs and AuNTSs were selected to span a wide range of
resonance wavelengths while minimizing effects arising from differ-
ent crystal facets.””"” AuNSs have a primary crystal facet of {111},
while the AuNT's used also have a primary crystal facet of {111} for
both the planar and lateral faces of the bifrustum geometry."

B. Electrochemical cell preparation

120 uL of PEDOT:PSS (Sigma-Aldrich Co., 3.0%-4.0% in
H,O, high-conductive grade) was added to 680 uL of 3% (1.5
g/50 mL DI water) PVA (Sigma-Aldrich Co., Mw 146 000-186 000,
99+% hydrolyzed). A prepared nanoparticle/ITO sample was O,
plasma cleaned for 2 min to remove surface ligands. Then,
PEDOT:PSS/PVA was vortexed for 30 s’ before spin casting onto
the prepared nanoparticle/ITO sample at 500 RPM for 6 s fol-
lowed by 3000 RPM for 60 s. Coverslips were dried on a hot-
plate at 100 °C and then the spin casting sequence was repeated.
Samples were finally dried overnight in an oven at 60 °C before
use. Polymer thickness was measured using profilometry (Veeco
Dektak 6m) and found to be 380 nm (Fig. S2). The addition of
the PEDOT:PSS/PV A polymer layer improved the reproducibility of
ECL signal through slowing the diffusion of Ru(bpy)s;*" and decreas-
ing the depletion of available Ru(bpy);** at the gold nanoparticle
surface.”

An electrochemical cell [Fig. 1(a)] was prepared with nanopar-
ticle/ITO/PEDOT:PSS/PVA functioning as the working electrode
(WE), platinum wire (Sigma-Aldrich Co., 0.076 mm) as the counter
electrode (CE), and insulated platinum wire (A-M Systems, LLC.,
0.002" bare, 0.0040" coated) as the quasi-reference electrode (RE). A
clear and a red Silicone Isolator™ with SecureSeal adhesive (Grace
Bio—Laboratories©, 1 mm) were used to separate the counterelec-
trode and working electrode and to hold the electrodes in place. The
cell was then filled with an electrolyte solution containing the ECL
active reagents of 2.5 mM tris(2,2’-bipyridyl)dichlororuthenium(n)
hexahydrate (Sigma-Aldrich Co., 99.95%) [Ru(bpy)32+] and 25 mM
tripropylamine (Sigma-Aldrich Co., >98%) (TPA) in 7.4 pH phos-
phate buffer.””*”" The filled cell was pressure sealed with a glass
coverslip and aluminum plates and secured to the microscope
stage.
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FIG. 1. Single particle SEECL spectroscopy. (a) DFS and SEECL of Ru(bpy)s%*
and PEDOT:PSS/PVA coated nanoparticles were measured separately using an
electrochemical cell consisting of an nanoparticle/ITO working electrode (WE), Pt
counter electrode (CE), and insulated Pt quasi-reference electrode (RE). (b) DFS
(left) and single frame SEECL (right) images of 99 nm AuNSs were captured with
a hyperspectral CCD camera and an EMCCD camera setup, respectively. Scale
bar shown is 10 um. (c) Single particle DFS spectrum (yellow, left), Lorentzian
fit (dashed, left), and SEECL intensity time trace (black, right) of a representa-
tive nanoparticle [white circle in (b)]. The single particle DFS spectrum was fit
with a Lorentzian function to extract peak resonance wavelength. SEECL was
modulated using a square waveform from 0 to 1.1 V (blue, right) to turn ECL on
and off.

C. Electrochemical DFS, SEECL, and ensemble
Ru(bpy);%* emission measurements

DFS [Fig. 1(b), left] and SEECL [Fig. 1(b), right] were measured
on an inverted microscope (Zeiss AxioObserver M1) using an oil
immersion objective [Zeiss, PlanApochromat 63x, numerical aper-
ture (NA) = 0.7]. The SEECL detection pathway consisted of an elec-
tron multiplying charge coupled device (EMCCD) camera (Andor,
iXon Ultra 897). The DFS spectra were collected using a dark-field
condenser (NA = 0.7-1.4), while the detection pathway consisted
of a spectrograph (Princeton Instruments, SP2150i) equipped with
a CCD camera (Princeton Instruments, PIXIS 400BR) mounted on
a motorized translation stage.””” During SEECL measurements,
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a three-electrode potentiostat (CH Instruments, 630 D) controlled
potentials. While collecting SEECL on the EMCCD camera, the
working electrode potential was varied with a custom LabVIEW
(National Instruments) program.

Each SEECL measurement was acquired after a 30 min elec-
trolyte incubation to allow for Ru(bpy);*" and TPA to replenish
inside the polymer blend.”” DFS spectra of gold nanoparticles were
acquired during emitter and coreactant incubation with a 2 s integra-
tion time. Chronoamperometry was used to step the potential from 0
to 1.1 V with a pulse length of 6 s, repeated 10 times [Fig. 1(c), right].
The SEECL signal was measured with an integration time of 4 s for
72 and 82 nm AuNSs and 3 s for 99 nm AuNSs, 112 nm AuNSs, and
AuNTs.

The raw Ru(bpy)s** SEECL images measured for AuNSs and
AuNTSs were converted into photon rates (counts per second). After
a 1 h equilibration time, all frames when ECL was driven, i.e., apply-
ing 1.1 V, were summed to yield a photon rate. The conversion was
accomplished by subtracting the background of Ru(bpy)s** ECL at
the ITO surface and dividing by the integration time (4 or 3 s) and
the total number of summed frames (Fig. S3). Measurements were
started after a consistent ECL signal was obtained between measure-
ments [Fig. S4(a)]. Signal reproducibility was achieved across dif-
ferent areas of a given electrochemical cell [Fig. S4(b)] and between
individual electrochemical cells (Fig. S5). Single particle ECL inten-
sity and DFS spectra were collected for 962 individual nanoparticles
at arange of sizes and shapes (325 72 nm, 142 82 nm, 183 99 nm, and
135112 nm AuNSs and 177 AuNTs).

Bulk Ru(bpy);** emission was measured separately using the
DFS detection pathway. A cell was constructed using an ITO cover-
slip in the same way as for SEECL experiments but without nanopar-
ticles. The Ru(bpy)s;** emission spectrum was collected with an
integration time of 10 s and a slit width of 2 ym while applying
1.1V.

D. Data analysis

DFS spectra [Fig. 1(c), solid yellow line, left] were fit to a
Lorentzian function using a nonlinear least squares fitting algo-
rithm (MATLAB 2018a) from which the nanoparticle peak reso-
nance wavelengths were extracted [Fig. 1(c), dashed black line, left].
Only flat AuNTSs were selected to reduce the heterogeneity in the
ECL signal due to AuNT contact with the ITO surface, as differences
in substrate contact could impact the charge transfer capability to
the AuNT and to reduce possible polarization dependencies, as the
dipole modes of the AuNTs are degenerate when lying flat. Because
SEM could not resolve if the gold nanotriangles were lying flat, this
selection was achieved by eliminating AuNTs with multiple scatter-
ing peaks (Fig. S6), demonstrated by Smith et al. to indicate an incli-
nation in AuNTs.”” Aggregates were also excluded from the analysis
by rejecting spectra with maximum intensities more than twice the
mean scattering intensity.

Ill. RESULTS AND DISCUSSION

Reproducible SEECL is observed when Ru(bpy)32+ and TPA
are coreacted on gold nanoparticles [Figs. 1(b) and 1(c)]. Under the
electrochemical and reactant conditions used here, the ECL process
described by Miao et al. is depicted in Steps 1-4 of Scheme 1.°
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SCHEME 1. ECL reaction pathway for Ru(bpy)s?* and TPA coreaction.

A potential of 1.1 V was used because 1.1 V is beyond not only
the onset potential of Ru(bpy)32+ and TPA oxidation [Figs. S7(a) and
S7(b)], but also detectable ECL intensities [Fig. S7(c)], guaranteeing
large ECL intensities.

There are several explanations in Scheme 1 for the SEECL
in Fig. 1(b) at the gold nanoparticles relative to ECL at the ITO
electrode surface. First, ITO has been shown to be weakly active
for the oxidation of TPA in Step 1.”* Gold nanoparticles, however,
exhibit high TPA oxidation activity after modifying the nanopar-
ticle surface through plasma cleaning’”” and preventing surface
oxide passivation of the nanoparticle surface.”'"*® Differences in
TPA oxidation activity, along with the plasmonic enhancement of
Ru(bpy) 5**" emission in Step 4, resulted in the stronger ECL signal
near the gold nanoparticles relative to ITO.

The PEDOT:PSS/PVA polymer ensured that Ru(bpy)32+*
remained close to the surface of the AuNSs and the AuNTSs through
cation exchange.”’ Though distances likely varied significantly,
emitters within 1-5 nm experienced quenching due to energy trans-
fer from the emitter to the plasmon,‘;» while emitters 5-20 nm
from the nanoparticle surface were enhanced due to the modula-
tion in the local density of optical states.”” To estimate the reach
of Ru(bpy);>* oxidation reaction from the electrode, the current
data from the ECL experiments were used to calculate a concen-
tration profile of Ru(bpy)s** and diffusion layer thickness after 6 s
of potential polarization (Fig. S8). The diffusion layer thickness
was found to be 30 ym, confirming that there should be emitters
within the quenching and enhancement region. Because we did not
control nanoparticle-emitter distances here, the measured SEECL
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signal represents an average over both quenching and enhance-
ment. We assume a similar averaging for all nanoparticle sam-
ples. Both ECL quenching and enhancement should increase with
a larger spectral overlap,” *’ directly impacting the observed pho-
ton rate dependent on whether quenching or enhancement is more
dominant.

SEECL intensities increased as the AuNS diameter increased,
as demonstrated by the photon rate images shown in the left col-
umn of Fig. 2. A combination of AuNSs of different diameters
[Figs. 2(a)-2(d)] and AuNTs [Fig. 2(e)] of different edge lengths
provided a range of LSPRs that sampled across the entire emission
spectrum of Ru(bpy);** from 563 to 646 nm for AuNSs and from
585 to 799 nm for AuNTs, while the ECL peaked at 624 nm. Specif-
ically, as the AuNS diameter increased, the AuNS peak resonance
wavelength shifted toward the Ru(bpy);** emission peak wavelength
resulting in a higher spectral overlap, represented in the right col-
umn of Fig. 2 by the difference in peak wavelength (A\max) between
the nanoparticle scattering and Ru(bpy);>* emission spectra.

In addition to the increase in spectral overlap, the surface area
of the AuNSs also increases with larger AuNS diameters. Nanopar-
ticles with larger surface areas have a higher number of Ru(bpy);**
and TPA molecules nearby, resulting in a higher Ru(bpy)s;*" emis-
sion intensity compared to nanoparticles with smaller surface
areas.” Because spectral overlap and surface area both change in the
same direction, with an increase in nanoparticle diameter leading to
more ECL photons collected per collection window, the photon rate
images in Fig. 2 are not sufficient to directly isolate the impact of
spectral overlap on ECL intensity.

Unlike the AuNSs, the impacts of A\max and surface area for
AuNTs are more noticeable due to the inverse relationship between
the surface area and AAmax for AuNTs. The single particle DFS
correlated photon rates of 785 AuNSs and 177 AuNTs were com-
pared to the Ru(bpy)s** emission spectrum to track photon rate
as both surface area and Almax change (Fig. 3). As the AuNS reso-
nance wavelength approached the Ru(bpy);** emission wavelength
(AAmax = 0), the photon rate increased, which correlated with
an increase in the surface area. Similarly, for AuNTs, the pho-
ton rate increased as AAmax decreased. The increased photon rate
did not correlate with an increased AuNT surface area because
as the AuNT edge length increased, the resonance wavelength red
shifted and Almax increased [Fig. $9(a)].”"*” If the photon rate for
AuNTs was solely dependent on surface area, then the opposite
trend would be expected. Therefore, the observed Almax depen-
dent trend confirmed that plasmonic enhancement dominated rel-
ative to the decreased number of emitters as the AuNT surface area
decreased.

To control for differences in surface area, or number of nearby
emitters, on SEECL, the photon rate was normalized by the cor-
responding surface area through correlating surface area with the
resonance wavelength. Note that correlated SEM was not possible
with these electrochemical devices because of the PEDOT:PSS/PVA
polymer. We used Mie theory to model the relationship between the
AuNS diameter and resonance wavelength (Fig. $10).%* The estab-
lished diameter and wavelength relationship was then converted to
a dependence of surface area on resonance wavelength and fur-
ther corrected for possible loss of surface area at the AuNS base
(see the supplementary material for details). Mie theory could not
be used to model the relationship between the AuNT edge length
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FIG. 2. Representative SEECL photon rate images (left) and single nanoparti-
cle DFS spectra (right) for (a) 72 (light blue), (b) 82 (green), (c) 99 (yellow), (d)
112 (purple) nm AuNSs, and (e) AuNTs (red). The Ru(bpy)s** emission spectrum
(black) is also shown. The surface areas shown in (a)-(e) are the total surface
areas for each nanoparticle size and shape. Scale bar corresponds to 2 um. Pho-
ton rate is scaled the same way between all images to allow for visual comparison.
The photon rate given by the white text in the image and the single particle DFS
spectrum are from the specific nanoparticle indicated by the white circle in each
panel.

and resonance wavelength because Mie theory does not model non-
spherical particles.”” This link was instead established experimen-
tally through DFS and SEM correlation for AuNTs not imbedded
in PEDOT:PSS/PVA and found to be linear [Fig. S9(a)], consistent
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FIG. 3. Photon rate dependence on resonance wavelength and A\max for AuNSs
(blue, circles) and AuNTSs (red, triangles). AAmax = 0 for 624 nm corresponding to
the emission maximum of the Ru(bpy)s2* ECL spectrum.

51,62,64

with previous reports. Considering the resonance shift
between AuNTs with and without PEDOT:PSS/PVA [Figs. S9(c) and
S9(d)], the surface area of the AuNTs could then be determined
using the known bifrustum geometry shown in Fig. S9(b), exclud-
ing the bottom surface due to contact with the ITO substrate.”” As
a result, the plasmon resonance wavelength allowed us to assign the
surface area for each individual nanoparticle and to convert from the
photon rate (counts per second) to photon flux [count/s nm?], effec-
tively removing the impact of the number concentration of emitters
on the SEECL intensity. The resulting photon flux dependence on
the resonance wavelength and AAmax is illustrated in Fig. 4(a) for
all nanoparticles investigated. The A\ynax dependent trend for AuNS
and AuNT photon fluxes exhibited a similar shape to the Ru(bpy);**
emission spectrum after scaling the SEECL to the average photon
flux at the Ru(bpy)s** emission peak at 624 nm. Both nanostructures
had approximately a 10 times enhancement of photon flux as Alpax
decreased and approached zero, calculated by averaging the lowest
and highest 20 data points for each shape in Fig. 4(a). The photon
flux trend demonstrated that the smallest AAmax caused the largest
SEECL intensity for both AuNSs and AuNTs.

When factors that influence SEECL other than spectral overlap
were minimized, a positive correlation between the spectral overlap
and SEECL is observed in Fig. 4(b) and was not shape dependent.
Spectral overlap was quantified by taking the ratio of integrated
overlap between the normalized single particle DFS spectrum and
the ensemble Ru(bpy);>* emission spectrum to the integral of the
entire emission spectrum (Fig. S11). For AuNSs and AuNTs, photon
flux was enhanced by 2.3 + 1.3 times and 3.2 + 2.3 times, respectively,
when increasing the spectral overlap from 0.3 to 0.7 (Fig. S12). The
lack of shape dependence is contrary to previously reported stud-
ies.”’ The AuNTS are expected to have a higher enhancement due to
larger local electric fields at their tips. However, the AuNTs used in
these experiments had dull tips (Fig. S1), resulting in weaker electric
fields and lower SEECL relative to AuNTSs with sharp tips.””*° Fur-
ther considering that the AuNSs and AuNTs used here had the same
primary crystal facet of {111},"*" the observed shape independence
can be understood.

J. Chem. Phys. 151, 144712 (2019); doi: 10.1063/1.5118669
Published under license by AIP Publishing

151, 144712-5

£1:25'G1 ¥20Z AInF 92


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

(a) ANmax (nm)

-74 -24 26 76 126 176
NN L s
€ 0.06
< c
£ 0.05f 00q, A 1.8
3 L 2 A A N 4
8 0.04 0 oost Al LE
~ o AéA A _
X5 0.03f Jo) a 19
= 0 g a8 x
§ 0.02} st ongH 4 3
° o 9% afad
T 0.01 b AR

% PS SO0 4R A

550 600 650 700 _ 750 800
Wavelength (nm)

O-AUNS A -AUNT = [Ru(bpy)3]2*

b
( )0.06- a
N

E 0.05¢ &
o

£0.04

=

(o]

3 ;
[T | A{

= :

1] :

£ o0t i L
A%A ; A :l

057 0.7

0.6 0.8
Fractional Spectal Overlap

-72 nm AuNS -82 nm AuNS () -99 nm AuNS
(O-112 nm AuNS A -AuNT

@ -AuNS Mean A -AuNT Mean

70

FIG. 4. Shape dependent Ru(bpy)s?* SEECL photon flux and nanoparticle-emitter
spectral overlap. (a) Photon flux dependence on the peak resonance wave-
length for AuNSs (blue, circles) and AuNTs (red, triangles) overlaid on the scaled
Ru(bpy)s%* emission spectrum. (b) Photon flux dependence on normalized spec-
tral overlap for 72 (light blue, circles), 82 (gray, circles), 99 (yellow, circles), and
112 (purple, circles) nm AuNSs and AuNTs (red, triangles) where the spectral
overlap is defined as the area between the Ru(bpy)s?* emission spectrum and
each single nanoparticle DFS spectrum. This spectral overlap was calculated with
the method illustrated in Fig. S12. The black circles and triangles with error bars
represent the binned mean and standard deviation of photon flux for a wave-
length interval of 10 nm. For clarity, mean values are shown for every other
10 nm step to distinguish between AuNSs (black, circles) and AuNTs (black, tri-
angles). See Fig. S12 for the complete data set. AAmax = 0 is defined as in
Fig. 3.

While the photon fluxes matched the ECL spectrum well,
the largest AuNSs in Fig. 4(a) deviated giving higher values. This
discrepancy can be explained when considering that the surface
area is only an approximation. Ru(bpy);>* emission was quenched
and enhanced over the sensing volume of each nanoparticle, i.e.,
in a shell around the nanoparticle surface. The thickness of this
shell increased with increasing nanoparticle size as the electric field
strength decreases roughly exponentially away from the surface with
a decay length proportional to the nanoparticle radius.”” Larger
AuNSs, therefore, had larger sensing volumes, not accounted for
when normalizing by the surface area alone, while AuNTs had elec-
tric field distributions more localized at the tips, not accounted for
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in our analysis. Considering that we did not control nanoparticle-
emitter distances and hence recorded SEECL intensities averaged
over many Ru(bpy)s** molecules at different positions, normal-
ization by surface areas is a reasonable approximation, instead of
correction with simulated sensing volumes.

Another source of heterogeneity observed in the literature pre-
viously,”*"" local variations of the conductivity of the ITO substrate
and especially the contact with the gold nanoparticles, could not
be removed in this study but appears to have little effect. A dif-
ference in conductivity would result in different ECL intensities
between similarly sized nanoparticles on the same ITO substrate.
However, error propagation of the AuNS diameter and hence sur-
face area (Figs. S10(c) and S10(d)] almost completely account for
the spread in photon flux seen in Fig. 4(a). Therefore, we must con-
clude that heterogeneous conductivity could still have some impact
on the measured SEECL data, but this effect is small in comparison
with the variation in nanoparticle size.

IV. CONCLUSIONS

In summary, we carried out a comprehensive study of the
impact of spectral overlap on the enhancement of ECL for the
entire Ru(bpy);** emission spectrum while minimizing the effects
of other sources of ECL intensity heterogeneity. Increasing the
spectral overlap between the nanoparticle DFS spectrum and the
Ru(bpy);>* emission spectrum enhanced the single particle SEECL
of Ru(bpy)s>* up to 10 times. AuNSs and AuNTs, when corrected
for surface area, demonstrated statistically similar spectral overlap
dependences. The similar dependences indicated that there was no
effect of shape for SEECL. We attribute this result to the dull tips
of the AuNTSs and both nanoparticle shapes having the same crystal
facets. In order to maximize the absolute SEECL signal, structures
need both a large surface area, to allow for higher emitter concen-
tration within the enhancement region, and a fractional spectral
overlap close to unity.

SUPPLEMENTARY MATERIAL

See supplementary material for TEM, UV-Vis extinction,
and size distributions of AuNSs and AuNTs, profilometry of
PEDOT:PSS/PVA, analysis method of raw ECL data, reproducibil-
ity of the signal over time and multiple areas or cells, polarization
studies of AuNTSs, electrochemical characterization, emitter con-
centration calculation, surface area correlation with the resonance
wavelength of AuNTs, surface area correlation with the resonance
wavelength of AuNSs, fractional spectral overlap calculation, and
photon flux enhancement.
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