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Electrochemiluminescence Imaging Hydrogen Evolution Reaction on
Single Platinum Nanoparticles Using a Bipolar Nanoelectrode Array
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Abstract: A high-density (5.7 x 108 cm?) nanoelectrode array with the electrode diameter of 200 nm and the interelectrode dis-
tance of 450 nm were fabricated. The nanoelectrode array consisted of gold nanowires embedded in a porous anodic aluminum ox-
ide (AAO) matrix, having regular nanoelectrode distribution and highly uniform nanoelectrode size. The gold nanoelectrode array
was used as a closed bipolar nanoelectrode array combined with electrochemiluminescence (ECL) method to map the electrocatalytic
activity of platinum nanoparticles toward hydrogen evolution reaction (HER) by modifying the catalysts on single nanoelectrodes.
Results show that HER on single bipolar nanoelectrodes could be imaged with the sub-micrometer spatial resolution. The present
approach offers a platform to image local electrochemical activity of electrocatalytic materials, energy materials and cellular pro-
cesses with high spatial resolution.

Key words: nanoelectrode array; bipolar electrode; electrochemiluminescence imaging; electrochemical imaging; single plat-

inum nanoparticles; hydrogen evolution reaction

1 Introduction

Electrochemical analysis aims to qualitatively and
quantitatively understand the evolution of electro-
chemically active species over time and space, and
has been extensively used in a wide range of research
fields including energy storage and conversion™4, life
science®™”, and electrocatalysis®. The local electro-
chemical information is of great importance to under-
stand the processes occurring at molecular and/or
atomic levels, for instances, it can provide valuable
perspectives on micro-nano scaled objects, like single
cells and nanostructured materials. In the past several
decades, various electrochemical methods have been
developed to obtain local electrochemical informa-
tion. These techniques based on scanning probes, in-
cluding scanning electrochemical  microscopy
(SECM) ' scanning ion conductance microscopy

(SICM ) 1 and scanning electrochemical cell mi-
croscopy (SECCM)E3914 have encountered the same
inevitable problem of limited scanning speed, and
thus, time-consuming acquisition process. To over-
come this issue, optics-related electrochemical meth-
ods have recently gained highly attraction, e.g., elec-
trofluorochromism (EFC)™* and electrochemilumi-
nescence (ECL)!8?1 have been developed to image
local electrochemical reactions. However, all these
approaches are restricted in a particular class of reac-
tions, namely, EFC reactions or ECL reactions, and
powerless to map other redox reactions.

In order to extend the application fields of these
optics-based electrochemical methods, Zhang’s
group has recently established a novel electrochemi-
cal imaging strategy through which a closed bipolar
electrode array is introduced to couple an interested
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redox reaction with an EFC reaction® or an ECL reac-
tion®, which converts electrochemical signals to opti-
cal ones that can be simply recorded by an EMCCD
camera. Thus, any electrochemical process occurring
at one side of the bipolar electrode array can be moni-
tored through optical signals on the other side of the
bipolar electrode array. However, the spatial resolution
is limited by the micro scaled size of the individual
carbon fibers (6 wm in diameter) or carbon UMEs (8
pm in diameter) in the arrays. Although gold wires
(300 wm in diameter) array embedded in an epoxy
resin® and a gold electrode array (8 wm in diameter)
embedded in a track-etched membrane®! have been
used as closed bipolar electrode arrays for electro-
chemical imaging, the spatial resolution is yet con-
strained by large size of bipolar electrodes. These re-
ports demonstrate that when nanoelectrode arrays are
used, much improved spatial resolution for imaging
can be achieved. Recently, we have fabricated
high-density and superuniform nanoelectrode (60,
140, and 200 nm in diameter) arrays used for bipolar
nanoelectrode arrays®!. Coupled with an EFC reac-
tion, a redox reaction on one side of the bipolar nano-
electrode array could be monitored by fluorescence
on the other side. However, due to the rapid diffusion
of fluorescence molecules, the spatial resolution for
imaging was limited and the advantage of nanoelec-
trode array could not be exactly utilized.

Here, we fabricated highly uniform nanoelectrode
arrays with very high nanoelectrode density of 5.7 x
108 cm? as bipolar nanoelectrode arrays to map elec-
trochemical heterogeneity. The nanoelectrode arrays
are composed of gold nanowires embedded in anodic
aluminum oxide (AAO) matrix with 200 nm of elec-
trode diameter and 450 nm of interelectrode distance.
Since ECL is a surface-confined processt™®®, the ECL
signal will be confined within the electrochemical ac-
tive region of the nanoelectrode. We used this ECL
reaction (Figure 1A) as the reporter to reflect the elec-
trochemical reaction occurring on the other side of
the bipolar nanoelectrode arrays, e.g., the reduction
reaction of the target occurring at the cathodic pole of
the bipolarnanoelectrodearray, Ru (bpy)*/TPrA will be
accordingly oxidized at the anodic pole to generate

ECL signals that can be recorded by an EMCCD
camera. We then monitored hydrogen evolution reac-
tion (HER) on single platinum nanoparticles to de-
monstrate the high spatial resolution of the present
electrochemical imaging platform.

2 Experimental Section

2.1 Chemicals and Materials

Porous anodic aluminum oxide (AAQ) was pur-
chased from Shenzhen TopMembranes Inc. (Shen-
zhen, China). Hydrogen tetrachloroaurate (111) trihy-
drate (HAuUCI,-3H,0) was purchased from Alfa Aesar.
Sodium sulfite (Na,SOs), triammonium citrate, ethyle-
nediamine tetraacetic acid (EDTA), potassium ferri-
cyanide (KsFe (CN)e), potassium ferrocyanide trihy-
drate (K,Fe(CN)s- 3H,0), potassium dihydrogen phos-
phate (KH,PO,) and dipotassium hydrogen phosphate
trihydrate (K,HPO,-3H,0) were obtained from Sino-
pharm Chemical Reagent Co., Ltd. Sodium borohy-
dride (NaBH,) and cysteamine hydrochloride were
purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Hexaammineruthenium (1)
chloride (Ru(NH3)sCly), tris(2,2'-bipyridyl)dichloror-
uthenium(Il) hexahydrate (Ru(bpy)sCl,-6H,0), chloro-
platinic acid hexahydrate (H,PtCl,-6H.,0), sodium cit-
rate, citric acid, L-ascorbic acid, tripropylamine (TPrA)
and resazurin sodium salt were purchased from Sig-
ma-Aldrich. All reagents were used as received with-
out further purification. Milli-Q system purified wa-
ter was used throughout all experiments.
2.2 Fabrications of Bipolar Nanoelectrode

Arrays

A template-based electrodeposition method %"}
was employed to prepare bipolar nanoelectrode ar-
rays. The experimental details are demonstrated in
the Supporting Information (Figure S1). Briefly, a
silver layer (~ 1 wm) was coated on one side of porous
anodic aluminum oxide (AAO) template by E-beam
evaporation (Kurt J. Lesker, USA), serving as the
working electrode for the electrodeposition process.
A platinum disk and Hg/Hg,SO, electrode acted as
the counter and the reference electrodes, respectively.
The electrolyte containing 25 g-L* gold, 150 g -L*
Na,;SO;, 80 g -L* triammonium citrate and 60 g -L™*
EDTA in aqueous solution was adjusted to pH =~ 7.
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Figure 1 (A) Schematic illustrating the principle of electrochemical imaging. (B) Top view SEM image of the nanoelectrode array
with 200 nm diameter and 450 nm pitch. The scale bar is 2 wm. (C) Cross-section SEM image of the nanoelectrode array. The scale
bar is 1 um. (D) Voltammetric responses of the array at different scan rates. The electrolyte contained 1 mmol - L* K,Fe(CN); and

0.1 mol-L* NaCl. (color on line)

Then, a pulse electrodeposition method (CHI 1140,
CH Instruments) with 50 mA -cm? for 0.02 s and 0
mA -cm? for 0.98 s was used to perform the gold de-
position process. In order to ensure that most pores of
the AAO template were fully filled with gold, the
gold nanowires were overgrown until a layer of Au
was formed on the top of AAO membrane. Finally,
the silver layer was dissolved with HNO,. The over-
grown gold film was polished with 3 um, 0.5 pm di-
amond grinding discs, and 0.05 wm diamond suspen-
sion (Buehler, USA) successively. Then, the AAO
membrane was thoroughly washed with water and
stored in pure ethanol for use as a bipolar nanoelec-
trode array.
2.3 Patterning the Bipolar Nanoelectrode
Arrays and Pt Deposition

The bipolar nanoelectrode array was patterned

with photoresist as a model to demonstrate the capa-

bility of electrochemical imaging. Arrays were spin
coated with a thin layer of AZ 5214 photoresist
(AZ Corporation) and prebaked at 85 °C for 90 s, fol-
lowed by exposing the samples with a customized
mask and a MAGB-SCIL lithography system (SUSS,
Germany). Then, the reversal baking was performed
at 95 °C for 120 s to get a negative pattern of the
mask. Patterning was accomplished by developing
the sample in AZ developer solution, yielding a pattern
with selectively exposed gold nanoelectrodes. Platinum
(~ 50 nm) was deposited on the exposed gold nanoelec-
trodes using E-beam evaporation (Kurt J. Lesker, USA).
The photoresist layer was removed by immersing the
samples in N-Methy! pyrrolidone, which gave rise to se-
lectively deposited platinum on partial gold nanoelec-
trodes, and the othersremained exposed.
2.4 ECL Measurements and Imaging

A sample cell for bipolar ECL measurements and
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imaging was designed as shown in Supporting Infor-
mation (Figure S2). Bipolar voltage was applied us-
ing an electrochemical workstation (CHI 660E, CH
Instruments) with two Ag/AgCl quasi-reference elec-
trodes. ECL measurements were performed using a
photomultiplier instrument (Remex Electronics Co.
Ltd., China). A Nikon Eclipse Ti inverted micro-
scope equipped with a 60 x oil immersion objective
(Nikon, Japan) and an electron multiplying charge
coupled device (EMCCD, Princeton Instruments, USA)
were used for ECL imaging. The exposure time for
each image acquisition was 200 ms. A scan rate of
0.2 V -s* was used throughout the experiments. A
home-made electronic device was used to synchro-
nize the signals of EMCCD and electrochemical
workstation.

For ECL imaging at single bipolar nanoelectrodes,
the nanoelectrode array was modified with cys-
teamine to immobilize platinum nanoparticles. After
assembling the sample cell, platinum nanoparticles
solution was injected into the cathodic pole of the
bipolar electrode. The imaging system was assembled
with a Nikon Eclipse Ci upright microscope, a 60 x
water immersion objective (NA 1.0, Nikon, Japan)
and an EMCCD with 1000 ms exposure time. A 2.4
V constant potential was applied across the bipolar
electrodes to drive ECL at single nanoelectrodes.

3 Results and Discussion
3.1 Fabrication and Characterization of
Bipolar Nanoelectrode Arrays

It is noticeable that there are three main factors re-
stricting the spatial resolution of our system: diame-
ter and pitch of nanoelectrodes, diffusion of lumines-
cent molecules and resolution of optical detection. In
order to obtain electrochemical imaging with high
spatial resolution, we first fabricated high-density na-
noelectrode arrays by a template-based electrodepos-
tion process. Porous anodic aluminum oxide (AAO)
membrane with 200 nm pore diameter and 450 nm
pore pitch was used as the template to fabricate bipo-
lar nanoelectrode arrays, which yielded nanoelec-
trode arrays with 200 nm electrode diameter and 450
nm electrode pitch. Combined with a mechanical

polishing process after electrodeposition®, we fabri-
cated the nanoelectrode array embedded in the AAO
matrix with extremely flat surface. Figures 1(B) and
(C) show the top view and the cross-section SEM im-
ages of the nanoelectrode array, respectively. It can
be seen that almost all the pores of AAO membrane
were completely filled with gold nanowires. Each
gold nanowire embedded in the AAO membrane
would serve as an independent closed bipolar nano-
electrode in the next electrochemical imaging experi-
ments.

The electrochemical response of the gold nano-
electrode array was examined by cyclic voltammetry
(CV). A gold layer was deposited on one side of the
nanoelectrode array, serving as the working elec-
trode. Figure 1D depicts the CVs of the nanoelec-
trode array in a solution of 0.1 mol-L* NaCl contain-
ing 1 mmol -L* K,Fe(CN); at scan rates ranging from
0.01to 2 V-s™. As expected, owing to the high densi-
ty of the nanoelectrode array, the CVs display
peak-shaped characteristics at all scan rates, which
indicates total overlap of the diffusion layers of adja-
cent nanoelectrodes!®!. This result also demonstrates
that the nanoelectrodes in the array are electrochemi-
cally active and very suitable for electrochemical
imaging on account of high density.

3.2 ECL on a Bipolar Nanoelectrode Array

To investigate the feasibility of the conversion
from electrochemical signals to optical signals by a
bipolar nanoelectrode array, we first utilized the na-
noelectrode array to demonstrate the electrochemical
coupling between the reduction of several model tar-
gets and the oxidation of Ru(bpy)s*/TPrA. The ca-
thodic pole was placed in an aqueous solution of 5
mmol - L™ Fe(CN)¢, 5 mmol - L* Ru(NH,)¢* or 100
mmol - L* phosphate buffer (pH = 7.4), while the ECL
solution of 100 mmol - L* phosphate buffer (pH = 7.5)
containing 1 mmol - L* Ru(bpy)s and 50 mmol - L*
TPrA was injected into the anodic pole. A cyclic
driving voltage was applied on the bipolar cell to re-
duce the targets and oxidize the Ru (bpy)s*/TPrA
couple to generate ECL. In the previous studies®*2,
the ECL intensity of Ru(bpy):*/TPrA system on gold
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electrodes dramatically decayed with the increase of
potential cycles, particularly on gold nanoelectrodes,
owing to the anodic dissolution of gold in the ECL
solution containing chloride ions from Ru (bpy):Cl,
and the formation of surface oxides on gold nano-
electrodes. Hence, we removed chloride ions from
the ECL solution to circumvent the etching of gold
and a nonionic fluorosurfactant, Zonyl FSN-100 3,
was used to modify the gold nanoelectrodes. The ad-
sorbed surfactant layer renders the gold nanoelec-
trodes more hydrophobic and the access of H,O
molecules to the electrode surfaces can be precluded,
therefore the formation of surface oxide is inhibited
and the oxidation of TPrA will be facilitated, result-
ing in significant enhancement of the ECL intensity.
In order to obtain stable and strong ECL signals,
the upper-limit potential of cyclic driving voltage was
optimized. For the reduction of Fe(CN)¢*, the optimal
upper-limit potential is 1.2 V, at which the ECL sig-
nals show excellent stability and high intensity (Fig-
ure S3). Besides, the optimal upper-limit potentials
are 1.7 V and 2.3 V for the reduction of Ru(NHa)s**
and water, respectively. Figure 2A shows the ECL in-
tensity-potential curves of three different targets.
Strong ECL signals were observed when the driving
voltages were greater than 0.8 V, 1.2 V and 1.6 V for
Fe(CN)s*, Ru(NH,)¢* and water, respectively. Figure
2B further shows the ECL responses with different
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concentrations of Fe(CN)¢>. The ECL intensity in-
creased with the increase of Fe(CN)s> concentration,
showing a direct linear correlation of the increased
ECL intensity with the concentration of Fe (CN)¢*
(Figure 2B, the inset).
3.3 Electrochemical Imaging Using a Bipo-
lar Nanoelectrode Array

In order to demonstrate the function of electro-
chemical imaging using the bipolar nanoelectrode ar-
ray, the nanoelectrode array was patterned with a lay-
er of photoresist on the cathodic side only. As shown
by the SEM image in Figure 3A, only the nanoelec-
trodes within the pattern were exposed to solution,
while the remaining nanoelectrodes were blocked by
photoresist without contact with the solution. The ca-
thodic side patterned with photoresist was placed in
100 pmol-L* KsFe(CN)s and the other side was placed
in the ECL solution of 100 mmol-L* PBS (pH =7.5)
containing 1 mmol - L* Ru(bpy)s*, 50 mmol - L™ TPrA,
and 0.05% FSN. Figure 3B illustrates five snapshots
at different potentials taken from a video recording
throughout the potential sweep process. The ECL im-
ages captured at the anodic pole of the bipolar nano-
electrode array had the same shape with the pattern at
the cathodic pole. The “NJU” pattern at the cathodic
side can be imaged and well resolved at the anodic
side of the bipolar nanoelectrode array. However, the
pattern in the ECL images showed broadening
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Figure 2 (A) ECL intensity-potential curves of Fe(CN)s> (Blue), Ru(NH,)s* (red) and water (black) in the bipolar configuration, re-
spectively. (B) ECL responses of Fe(CN),> with different concentrations. The inset shows the linear relationship between the logarithm
of ECL intensity and the logarithm of ferricyanide concentration. The ECL solution contained 1 mmol-L* Ru(bpy)s*, 50 mmol - L*
TPrA and 100 mmol - L* phosphate buffer (pH = 7.5) in the presence of 0.05% FSN. The scan rate was 0.2 V-s™. (color on line)
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boundaries as compared to the photoetching pattern
at the cathodic side, which is attributed to the diffu-
sion of luminescent molecules. To roughly evaluate
the influence of diffusion, strip-type patterns were
prepared on the array and the corresponding ECL
imaging was performed (Figure S4). The width of
strips imaged by ECL was ~ 12.8 um, which is much
larger than the size of 4.2 um in the SEM image.
This result implies that ECL molecules diffuse ~ 4.3
pm radially under the present experimental condi-
tions, and thus, the spatial resolution is restricted to
4.3 wm approximately. From the nanoelectrode array
itself, the theoretical spatial resolution should be
within 250 and 650 nm depending on the diameter
and pitch of the nanoelectrodes. Thus, in our ap-
proach, the diffusion of luminescent molecules will
lower the spatial resolution significantly. This can be
completely prevented by immobilizing luminescent
molecules on surface of the bipolar nanoelectrodes.
Nevertheless, the quantity of immobilized molecules
like monolayer modification is extremely limited and
the detection limit will decrease remarkably. Thus,
we propose to develop an effective method to immo-
bilize luminescent molecules as many as possible on-
to the nanoelectrode surfaces. For demonstration, a
fingerprint was created on a bipolar nanoelectrode ar-
ray by finger touching and the secretions from the
skin ridges of the fingerprint were transferred onto
the array surface. The regions with the secretions
blocked the electrochemical reaction of the redox
molecules and the rest regions remained active (Fig-
ure S5(A)). The latent fingerprint was imaged in the
ECL image as shown in Figure S5(B), ridges and fur-
rows are clearly displayed. The recognition of latent
fingerprints plays an indispensable role in criminal
investigation work and personal identification. This
powerful electrochemical imaging method shows
promising for the recognition of latent fingerprints.
Besides ECL reaction that can be coupled with the
redox reaction of interest by the bipolar na-
noelctrode arrays, electrofluorochromic (EFC) reac-
tion can also be used in the present experimental con-
figuration. For comparison, resazurin which is highly
fluorescent after reduction was used in the electro-

chemical imaging experiments. The same sample cell
with the “NJU” pattern as used in the experiment of
Figure 3 was employed to demonstrate the capability
of the fluorescence coupled electrochemical imaging
system. The ECL solution in the cathodic chamber
was replaced by an EFC solution of 100 mmol -L™
PBS containing 100 wmol -L* resazurin. While 100
wmol - L* K;Fe(CN)g was replaced by 100 pmol-L*
K, Fe(CN)s serving as the anodic solution. The fluore-
scence images (Figure S6) only show a gradually ex-
panding light spot rather than a “NJU” pattern as
demonstrated in the ECL images of Figure 3. Al-
though a high frame rate of 33.9 fps was used, no
spatial resolved “NJU” pattern could be captured in
the fluorescence images. Compared with fluores-
cence excited by external light source, the ECL excit-
ed by electrical stimulation on electrode surface in-
volves short-lifetime electrogenerated radicals, show-
ing the surface-confined characteristics that provides
much higher spatial resolution for imaging than fluo-
rescence.
3.4 Electrochemical Imaging of HER on
Platinum Film

A prominent merit of the present method is that
one can map any important electrochemical reaction
with high throughput and high spatial-temporal reso-
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Figure 3 (A) SEM image of the “NJU” pattern created by pho-
toresist on one side of the array. (B) Five ECL snapshots record-
ed from a potential sweep experiment for detection of 100
pmol - L* Fe(CN)¢* in the cathodic pole using 1 mmol - L?
Ru(bpy)s*, 50 mmol - L* TPrA and 100 mmol - L* phosphate
buffer (pH = 7.5) in the presence of 0.05% FSN in the anodic
pole. Scale bars are 20 pm.
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lution. Hydrogen evolution reaction plays a key role
in the production of renewable fuel®™ *! and electro-
chemical imaging of HER is, thus, of great signifi-
cance for developing efficient electrocatalysts. To
demonstrate the electrochemical imaging of HER by
the bipolar nanoelectrode array, a platinum pattern
was created on one side of the nanoelectrode array,
which was served as the electrocatalyst for water re-
duction. As shown in the first panel of Figure 4A, a
“NJU” platinum film pattern with ~ 50 nm thickness
was deposited on the gold nanoelectrode array. The
patterned side of the bipolar nanoelectrode array was
used as the cathodic pole and was placed in a solution
of 100 mmol-L* PBS (pH = 7.4). The anodic pole was
filled with the same ECL solution as used above. As
shown in Figure 4(A), during the potential scanning
from 0 to 2.4 V, the increase of the cathodic current
for HER was accompanied with the generation of
more and more excited ruthenium molecules at the
anode, which gives rise to the gradual enhancement
of ECL intensity. The same “NJU” pattern as created
on the cathodic side was well resolved in the ECL
images at different potentials. The patterned platinum
film showed higher HER activity than a bare gold na-
noelectrode, as revealed by the appearance of the
higher ECL intensity within the Pt film patterned re-
gions. The variation of ECL intensity in two regions
of interested (ROI) were analyzed, ROI-1 located at
the region corresponding to the patterned platinum
and ROI-2 located at the region corresponding to
bare gold region as shown in the third panel of Figure
4(A). The resulting plots of the mean ECL intensity
versus applied potential (Figure 4(C)) show that the
ECL signals in ROI-1 emerge at lower potential and
show the higher intensity than the signals in ROI-2.

In order to verify that the pattern indeed resulted
from the electrocatalysis of platinum, water reduction
reaction was replaced with the reduction of 5 mmol -L*
Ru(NH:)s* in 100 mmol-L* PBS as a control. A volt-
age of 0 ~ 1.8 V was applied on the bipolar electrode
array for the reduction of Ru(NH,)¢**. Water was re-
duced by an inner-sphere mechanism, while Ru(NH;)s*
was reduced by an outer-sphere mechanism. That

means that the electrode material has a profound ef-
fect on the electron transfer kinetics of water reduc-
tion reaction, while little effect on the reduction of
Ru(NH,)¢*. As seen in Figure 4(B), the whole ar-
ray showed almost uniform ECL and the “NJU”
pattern could not be visualized within the applied po-
tential window. The variation of ECL intensity in the
same regions of interest, ROI-1 and ROI-2, were also
analyzed as shown in Figure 4D. The ECL signals in
ROI-1 and ROI-2 appeared at the same potential and
showed almost the same intensity. The voltammetric
responses of a Pt disk electrode and an Au disk elec-
trode in the same solutions of PBS or Ru(NH;)¢* are
shown in Figures S7(A) and (B), respectively. As
expected the reduction of water was strongly depen-
dent on the electrode material, while the reduction of
Ru(NHs)s* not. For the reduction of water, the Pt
electrode showed lower onset potential and greater
current response than the gold electrode. The Pt elec-
trode and gold electrode in Ru(NHs)s* responded al-
most the same.
3.5 Lighting up Single Bipolar Nanoelec-
trodes with Platinum Nanoparticles

As discussed above, although diffusion of lumines-
cent molecules lowers the spatial resolution dramati-
cally, it can be circumvented by activating sparsely
distributed single bipolar nanoelectrodes, as a conse-
quence, the influence of diffusion can be minimized.
Scattered platinum nanoparticles with ca. 100 nm di-
ameter (Figures S8 and S9) were modified on single
gold nanoelectrodes by cysteamine as the linker and
used to catalyze water reduction at single gold nano-
electrodes. As shown in Figure 5(A), those bipolar
nanoelectrodes modified with platinum nanoparticles
at the cathodic pole had higher electrocatalytic activity
toward water reduction. Thus, at the anodic pole, they
showed significantly higher ECL intensities than the
bare gold bipolar nanoelectrodes. Figure 5(B) shows a
representative ECL image of a single bipolar nano-
electrode. A typical 3D ECL intensity surface plot of
a single bipolar nanoelectrode is displayed in Figure
5C. To ensure the signals indeed from platinum
nanoparticles, the ECL images (Figure S10) before and
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Figure 4 A series of corresponding ECL images captured
from a video recorded during the potential sweep experiment
for the reductions of water (A) and Ru(NH,)s* (B). The inset in
(A) shows the SEM image of patterned Pt film on the cathodic
pole of the array. (C, D) ECL intensity-potential responses in Pt
film region (ROI-1, red curve) and bare gold region (ROI-2,
blue curve) extracted from the video recording of the reductions
of water (C) and Ru(NH,)¢* (D). All scale bars are 20 wm.

after the injections of platinum nanoparticles were
captured. Bright light spots appeared after the injec-
tion of platinum nanoparticles, which is the conse-
quence of coupling between water reduction on plat-

inum nanoparticles and ECL of Ru(bpy):?* on anode.
On account of diffraction limit, an optical microscop-
icsystem has a limited spatial resolution R =
0.61A/NA (A is the emission wavelength and NA is
the numerical aperture of the objective). Hence, in
spite of the effect of diffusion, the spatial resolution
is estimated to be ~ 370 nm under our experimental
conditions. Figures 5(D) and 5(E) show the enlarged
ECL images of three and two adjacent single
nanoparticles, respectively. Since only three or two
nanoelectrodes emitted light among lots of nanoelec-
trodes, diffusion of luminescent molecules had little
influence on the spatial resolution. Thus, three or two
adjacent single nanoparticles can be resolved as
shown in Figures 5(D) and 5(E), and the sub-microm-
eter spatial resolution could be achieved. Neverthe-
less, in this way only a small part of nanoelectrodes
was utilized. Solid-state ECL materials, such as quan-
tum dots® and luminescent complex filmB, might be
used to eradicate the influence of diffusion, which is
ongoing in our group.
4 Conclusions

The bipolar nanoelectrode arrays with high-density
gold nanowires have been fabricated by electrodepo-
sition of gold in AAO membranes. The gold
nanowires in the arrays had extremely uniform length
and the surfaces of the whole array were extremely
flat. Different patterns were created on one side of
the arrays and Ru(bpy):*/TPrA system was used as the
luminescent reagents to demonstrate the capability of
electrochemical imaging using the bipolar nanoelec-
trode array. In addition, the electrochemical imaging
of hydrogen evolution reaction on platinum catalysts
was performed, allowing monitoring electrocatalytic
heterogeneity. Furthermore, the platinum nanoparti-
cles were modified on the nanoelectrodes to light up
single bipolar nanoelectrodes. Accordingly, the
sub-micrometer spatial resolution could be achieved
by performing electrochemiluminescence (ECL) im-
aging at single bipolar nanoelectrodes. The presently
established electrochemical imaging platform pos-
sesses high spatial resolution. One can further im-
prove the spatial resolution through adjusting the size
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Figure 5 (A) Schematic of ECL imaging on single bipolar nanoelectrodes. (B) A representative ECL image of single bipolar nano-

electrodes. The scale bar is 20 um. (C) A typical 32x32 pixels 3D ECL intensity surface plot of a single nanoelectrode. (D, E) ECL

images of three (D) and two (E) adjacent nanoelectrodes and the corresponding intensity line profiles.

of the electrode arrays and by preventing the lumi-
nescent molecules from diffusion, which are being
carried out in our group. We believe that this is an ef-
fective and universal approach for electrochemical
imaging with high spatial-temporal resolution.
Supporting Information

The Supporting Information is available free of
charge on the website of Journal of Electrochemistry.

Schematic fabrication process of the nanoelectrode
arrays, schematic of homemade sample cell, opti-
mization of the ECL end potentials, the electrochemi-
cal imaging of the strip-type patterns, the electro-
chemical imaging of fingerprints, the electrochemical
imaging of fluorescence coupling, HER on a plat-
inum disk and a gold disk electrodes, synthesis of
platinum nanoparticles, TEM image of platinum
nanoparticles, SEM images of platinum nanoparticles
on single bipolar nanoelectrodes, ECL images before

and after the injections of platinum nanoparticles.
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