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Abstract

Using a combination of dark-field microscopy and fluorescence electrochemical
microscopy, we follow electrochemical reactions at catalytically active Au@Pt core-
shell nanoparticles. Their catalytic activity for oxygen reduction reaction and the
associated local decrease of pH at particle surfaces is exposed by a pH-sensitive
fluorescence indicator. Simultaneously, the localized surface plasmon resonance was
utilized to localize active catalyst particles under operation, and identical location SEM
measurement revealed their individual sizes and shapes. We observed how the growth
and collapse of the proton depletion zone depend on the size of the active nanoparticle
structure, highlighting the fact that electrocatalytic activity is largely dictated by size
and nanoscale arrangement of the catalytic nanoparticles. Our approach is universally
applicable to reactions involving pH changes and can provide high-throughput
screening of catalytic activity with sub-micrometer resolution and will provide
systematic single-particle-based insight into the structure-reactivity relationship of
catalytic surfaces.

The performance of catalysts relevant
for many heterogeneous reactions, for
example, electrochemical water
splitting, largely depends on their micro-
and nanostructure, which affects
catalytic activity, mass transport rates,
and sorption of reactants and
products.’™3 The rational design of
efficient catalysts can be achieved by
specifically  tailoring the surface
structure.*5 This, however, requires
prior knowledge of the effects of
nanoscale structure on catalytic activity.
To deduce these structure-activity
relationships, suitable analytical
methods capable of resolving local
activity differences on nanoscale
catalysts are indispensable.

While many different descriptors can be
used to evaluate catalytic activity, our
approach exploits the fact that many

catalytic reactions release or consume
protons. This includes, among others,
the reduction of carbon dioxide
(CO2RR)*, nitrogen (N2RR)E, or oxygen
(ORR)’, the evolution of hydrogen
(HER)&0 or oxygen (OER)", and the
conversion of biomass to value-added
compounds.'213 Accordingly,
nanoparticles catalyzing one of these
reactions can be identified by the local
change of the electrolyte pH in their
direct vicinity. Here, we demonstrate a
time-resolved method of characterizing
the local catalytic activity at noble metal
nanoparticles (NPs) by exploiting local
changes of the electrolyte pH due to the
proceeding catalytic reaction, revealing
a size-dependent consumption of
reactants.

Techniques able to resolve the structure
of heterogeneous catalysts at the



nanoscale and simultaneously assess
activity under reaction conditions are
rare. On the one hand, the applicability
of liquid cell electron microscopy to
investigate electrocatalytic reactions is
limited by the interactions between the
electron beam, the liquid, and the
catalyst under study.''®  Purely
electrochemical approaches involving
statistical collision events of
nanoparticles with ultra-
microelectrodes, on the other hand,
yield information on the electrocatalytic
activity of individual nano-entities,
unblurred by the polydispersity found in
any nanoparticle  ensemble.!.16-18
However, this method often fails to
provide structural information about the
specific particle that caused a given
electrocatalytic response. In contrast,
the immobilization of a single NP on a
nanoelectrode makes the ex situ
structural characterization by electron
microscopy possible, and therefore, the
assessment of the catalytic activity of
the same NP, yet at the cost of statistical
explanatory power, given the ultra-low
throughput of this approach.9-22

Another approach is to use spatially
resolved electrochemical methods,
such as scanning electrochemical
microscopy, to image the diffusion layer
of reactants/products around a
catalytically active nanoscale feature.?%-
25 Again, high-resolution imaging of a
statistically  relevant number  of
nanoscale features is challenging and
time-consuming.  Finally, scanning
electrochemical cell microscopy
followed by identical location electron
microscopy can yield correlated
structure-activity data related to
individual active nanoscale features,
again  with ex situ structural
information.?” Nevertheless, structural
changes during the reaction, as
provided by operando measurements,
are out of the scope of these
techniques. For this reason, we present
a combination of two optical
microscopic techniques capable of

assessing the reactivity of individual
NPs with an inherent possibility of high-
throughput data extraction to elucidate
structure-activity  correlations  with
statistical significance.

Many metals used for electrocatalysis,
such as Au, Ag, or Cu, exhibit plasmonic
properties. NPs consisting of these
metals provide localized surface
plasmon resonance (LSPR) within the
visible range of the electromagnetic
spectrum, which can be probed by dark-
field microscopy (DFM) for the
localization of NPs, as well as the
assessment of shape-related features
via the respective LSPR spectra.
Furthermore, the low-cost and high-
throughput nature of DFM and the
operation under ambient conditions
make DFM investigations suitable for
numerous plasmonic NP investigations.
By coupling DFM with electrochemical
setups, changes of single NP entities
have been tracked and interpreted for
the elucidation of NP transformation
mechanisms, such as the formation of
AgCl or AgSCN from Ag NPs? or
revealing the effect of chloride ions
present near Au NPs during H202
oxidation catalysis.?’” Also, adsorbate
formation during hydrazine oxidation at
Au NPs was tracked alongside the
oxide formation for elucidating the
mechanism  of this  reaction.?®
Furthermore, atomic layer deposition,
strong adsorption processes, or
refractive index changes via, e.g.,
surface oxide formation have been
tracked with DFM.102%-33  However,
important regions for the evaluation of
catalytic activity, such as the diffusion
layer, indicating the formation of
products or depletion of reactants, lie
outside the scope of conventional DFM.

Conversely, high sensitivity for the
determination of even small amounts of
product is provided by fluorescence or
electrochemiluminescence microscopy,
even allowing the detection of single
product molecules in reactions.3438



Concerning the detection of pH
changes during electrochemical
reactions, fluorescent pH indicators,
such as fluorescein, quinine, or 8-
hydroxypyrene-1,3,6-trisulfonic acid
(HPTS), have been utilized due to their
high quantum yields, chemical stability,
and water solubility.3*#*" The general
principle of this detection method,
known as fluorescence electrochemical
microscopy (FECM), is reported for
various macroscopic setups.*? Until
now, FECM has not been applied to
catalytically active NP structures,
although it holds great potential in
understanding structure-activity
relationships. Especially in combination
with DFM, the localization of plasmonic
structures and thus identical location
SEM investigations are facilitated,
which is crucial for correlating the
catalytic behavior of active structures
with morphological features.

In this work, we resolve local catalytic
activity on NP structures, which is made
possible by the combination of DFM
and FECM. The high-throughput nature
of the optical microscopy approach will
allow a rapid accumulation of large
datasets, while probing active areas
with nanometer sizes and readily assign
activity to the catalyst structure.

Results
Opto-Electrochemical Measurements

We initially investigate the catalytic
activity of Au@Pt core-shell NPs (60 nm
diameter, see Figure S1) via fluorescent
pH probing. These NPs provide both
high catalytic activity towards ORR, as
well as plasmonic features in the visible
range. Indium-tin-oxide (ITO) was used
as the electrode material due to its
optical transparency. The DFM allows to
probe the LSPR of structures with sizes
below the diffraction limit very
sensitively, as the blocking of the
transmitted light provides a dark
background (compare Figure 1). This
also makes it suitable for probing

DFM-CCD
02

= Nanoparticles

o -
)
2

SEM

Identical Location

Figure 1: Schematic representation of the dark-field
microscope. Partially blocked white light is focussed
on the transparent electrochemical cell. Herein
transmitted light is blocked, whereas scattered light
(orange) and fluorescence (green) can be detected.
Fluorescent regions during electrochemical pulses
indicate electrocatalytic activity, whereas the LSPR
of the NPs facilitates localization and thus identical
location SEM studies.

fluorescence, either by imaging using a
CCD detector or by hyperspectral
analysis using a hyperspectral imaging
(HSI) detector. Our measurement
approach is illustrated in Figure 1 for
imaging  catalytic  processes at
plasmonic NP catalysts immobilized on
a non-catalytic ITO-electrode. Local
electrocatalytic activity due to the
presence of catalytically active NPs will
cause local pH changes, which are
visualized using the fluorescence
response of the pH-sensitive
fluorescein dye.

To evaluate the activity difference of
Au@Pt NPs compared to untreated
ITO, a CCD detector was used to record
videos at a selected part of the
electrode during reductive linear sweep
voltammetry (LSV) measurements
before and after Au@Pt NP
modification. With increasing ORR
turnover during the reductive sweep,
the pH near the electrode surface
increases due to the consumption of
protons, leading to the deprotonation of
fluorescein, which results in strong
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Figure 2: a) Opto-electrochemical linear sweep voltammograms (scan rate 5 mV/s) of Au@Pt NP modified
(green) and blank ITO (black) surfaces, where the solid curves represent the current and the dashed curves
represent the averaged G-channel intensity of the respective CCD video frame (500 ms exposure time). The scan
direction is indicated via grey arrows. The used electrolyte was adjusted to pH 5.1 and contained 40 uM
fluorescein, and 125 mM K2SO4. The images below the graph show CCD images of the monitored region at
different potentials. b) Spectral responses of a single Au@Pt NP, which were recorded with a hyperspectral
camera. The inset shows the CCD image of the same NP. c) “Coffee Ring” of dropcast Au@Pt NPs as example

of highly populated NP regions.

fluorescence signals at catalytically
active NPs.3%40 We extracted the
averaged and normalized fluorescence
intensities from the recorded videos and
plotted the fluorescence traces in
addition to the simultaneously obtained
current response (see Figure 2 a)).
Here, the normalized fluorescence
intensity is displayed as dashed lines,
the current response as solid lines, the
fluorescence onset (herein defined as
the potential at which 5% of the
maximum fluorescence intensity was
reached) is indicated by the brown line.
Black indicates unmodified ITO, and the
green curves correspond to the NP-
modified ITO. The fluorescence onset of
the NP-modified sample can be
observed at significantly less cathodic

potential (0.77V vs RHE) than for
unmodified ITO (0.40V vs RHE),
confirming the higher catalytic activity of
the NPs compared to the substrate.
Selected frames of the video in Figure 2
a) show that regions of high NP
population, such as the “coffee-ring” of
a region where NP were dropcast.
(compare Figure 2 c)) exhibit
fluorescence significantly earlier
(0.76 V vs RHE) than the rest of the
modified region (0.67V vs RHE). At
more reductive potentials, the diffusion
of the fluorescent layer is responsible
for the intensity increase and eventual
detector saturation, which can be seen
in the corresponding video (see video
S7-2).



Hyperspectral Investigations

The possibility of probing pH changes
and the NP LSPR simultaneously is
illustrated in Figure 2 b), where a
spectral time series was recorded
during a reductive LSV from 0.9V to
0.2 V vs RHE using the HSI detector at
a Au@Pt NP surrounded by the
fluorescent electrolyte. With decreasing
potential, the time series clearly shows
an increasing fluorescence signal at a
wavelength of around 520 nm. The
large signal at around 600 nm
corresponds to the LSPR spectrum of
the Au@Pt particle, which remains
unchanged by potential. Notably, the
LSPR portion of the spectrum contains
structural  information  about the
observed NPs themselves since the
LSPR frequency depends on particle
size and shape. This suggests that
within our measurement conditions, the
NP does not undergo significant
morphological or compositional
changes. As the increase of the
fluorescence band occurs at < 0.4 V vs
RHE, which is the same potential at
which the ITO substrate shows pH
changes (see Figure S5 in the SlI), we
attribute the emerging fluorescence
mainly to reactions at the underlying
substrate and not to reactions at the NP
itself.

Activity monitoring of small structures

After successfully monitoring the
activity of a large area modified with the
Au-based NPs during electrocatalysis
(see Figure 2) we explored the catalytic
activity of smaller structures. For this,
Au@Pt NPs were dropcast on an ITO
electrode. Figure 3 A1 and B1 shows
DFM CCD images of two differently
sized, representative NP clusters
(named A and B), which were further
studied using local fluorescence pH
indication.

To observe the electrocatalytic reaction
by the local pH shift, we used short
cathodic potential pulses to trigger the

reaction. This ensures a low
background fluorescence intensity and
avoids local depletion of protons.
Instead, the initial conditions are
restored a few seconds after the end of
each potential pulse. Figure 3 A3 and
B3 show the increase of fluorescence
intensities (dark yellow color) of two
active NP structures during the 300 ms
long potential pulses to 0.0V vs RHE
compared to the background (teal
color). Herein, the background-
corrected intensity (purple color) is the
difference between the fluorescence
intensities at an active Au@Pt region
and fluorescence intensity at the ITO
background. The background-corrected
intensity of cluster A shows a slow
increase of fluorescence intensity
during the pulse, whereas NP cluster B
exhibits a steady state behavior. We
reason this behavior of smaller
structures is due to a quicker
emergence of a steady-state diffusion
layer compared to larger structures.

The DFM images allow us to localize
active NP structures and recognize
them in identical-location @ SEM
experiments to further elucidate
structural features. As can be seen in
Figure 3 A2, the large structure A
consists of several NP clusters over an
extension of a few micrometers. The
smaller structure B, marked with the
yellow arrows in Figure 3 B2, has an
average extension of roughly 500 nm.

To show the dynamics of the proton
depletion layer due to electrocatalytic
activity, the recorded videos (see S7-3
and S7-4) were processed by
difference-image analysis. The RGB
arrays of each pixel were converted into
grayscale, and difference images were
obtained by subtracting from each
frame a preceding frame (by 100 ms).
Note that the difference images show
an approximation of the derivative of the
fluorescence intensity with respect to
time and thus are a measure of growing
or shrinking proton depletion layers due



to electrocatalytic  activity.  For
visualization, at the positions of pixels
with positive differences (growth of
fluorescent layer), the difference values
were stored in the R-channel of the
output image. At the position of pixels
with negative intensity differences
(shrinking of the fluorescent layer), the
difference values were stored in the B-
channel of the output image.
Additionally, the grayscale-transformed
initial frame of the video before applying
any potential is stored in the G-channel
of the output image to keep the
information about the shape and size of
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the NP aggregates, as well as the
positions of individual nanoparticles in
the output image.

Figure 3 A4 and B4 show the positive
difference  (fluorescence intensity
increase) at the start of a potential
pulse, corresponding to the growth of
the fluorescent layer when protons are
depleted due to ORR. Figure 3 A5 and
B5 show the negative difference
(fluorescence intensity decrease) at the
end of the potential pulse,
corresponding to the shrinking of the
fluorescent layer when the catalytic
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Figure 3: DFM, SEM and FECM analysis of two differently sized active NP structures A and B: 1) DFM Images
recorded in electrolyte without fluorescein (50 ms exposure time, 100x magnification) and 2) the SEM image of
the same location. 3) Intensity values extracted via regions of interest functionality around the structures (dark
yellow) including background intensity (teal) and background-corrected intensities (purple). 4) Difference image
before the potential pulse at 0.0 V vs RHE and 5) difference image after the 300 ms pulse. The difference
images show positive differences as red pixels and negative differences as blue pixels, which represents the
growing and shrinking of the fluorescent region. Yellow arrows mark the position of the structure B.



reaction has ceased. These effects are
compared at a larger active structure of
individual particles combined to an
aggregate of several um in size (A1-A5)
and a smaller, nanoscale structure (B1-
B5). Interestingly, for agglomerate A,
the negative difference at the end of the
pulse (fluorescent layer shrinking)
shown in blue (Figure 3 A5) exhibits a
larger spatial extension than the
positive difference shown in Figure 3 A4
(fluorescent layer growth). This might
be explained by the rapid diffusion of
protons supported by the buffering of
the electrolyte after the catalytic
reaction (ORR), responsible for the pH
increase, is stopped. In contrast to that,
building up the fluorescent layer is a
slower process, leading to less
pronounced differences in Figure 3 A4
compared to the vanishing of the
fluorescent layer. This trend was found
for structures above 3 um in size, where
smaller structures showed no different
behavior between growing and
shrinking of the fluorescent region, as
shown in Figure 3 B4 and B5. This can
be explained by the time needed to
reach a steady state diffusional flux,
which is shorter for smaller active
structures.

Discussion

We describe the high potential of a
universal methodology based on DFM
and FECM to resolve local catalytic
activity at the nanoscale on
heterogeneous catalyst surfaces. The
method used for the study combines the
high sensitivity of DFM towards the
localization of plasmonically active NP
structures with the possibility of
assessing catalytic activity by FECM.
As one example, we analyzed the
activity towards the ORR at catalytically
active Au@Pt NPs using a pH-sensitive
fluorescent dye to visualize proton
depletion as a measure of
electrocatalytic turnover. We observe
that the depletion layer evolves at
different rates when comparing active

nanoscale catalysts to larger
aggregates. Having developed and
showcased this powerful approach for
the ORR at Pt nanoparticles, we note
that the methodology can be readily
exploited to investigate structure-
activity relations at nanocatalysts for a
broad range of proton-consuming
reactions, such as CO2RR, HER, and
N2RR. Jointly with the fact that local
LSPR spectra recorded by DFM contain
structural information about the size
and shape of individual NPs, this
approach holds great potential for high-
throughput studies linking the structure
of individual nanocatalysts to their
catalytic activity and thus elucidating
the link between these properties.

Methods
Chemicals

Fluorescein sodium salt (91.3 %) was
purchased from Sigma-Aldrich,
potassium sulphate (99.3 %) was
purchased from VWR Chemicals,
potassium hydroxide (86.7 %) and
sulphuric acid (95.6 %) were purchased
from Chempur. ITO-covered glass
slides were purchased from Sigma-
Aldrich (4 cm? area, 8-12 Q/sq surface
resistivity).  Au@Pt NPs  were
synthesized by our group; the synthesis
procedures can be found in S1.43

All solutions were prepared with
ultrapure water, deionized by a Thermo
Scientific Barnstead GenPure xCAD
Plus (conductivity < 0.055 uS-cm32 at
23 °C). A solution of 125 mM K2S0O4 and
40 yM Fluorescein was used for the
FECM experiments. For different
dilutions, a 125 mM K2SOs4 solution was
used as a diluting agent to maintain the
same ionic strength in all solutions. The
pH values of the test solutions were
adjusted with 0.1 M solutions of KOH or
H2SO4 by using a SevenCompact pH
meter S220 equipped with a LE410 pH-
electrode (Mettler Toledo).



Dark-Field Microscope

The DFM (Cytoviva Inc.) was based on
an Olympus BX43 Microscope
(Olympus Deutschland GmbH). We use
a 100-fold magnification oil immersion
iris objective (UPlanFL N 100x/0.6-1.30
Qil Iris) or a 10-fold magnification air
objective (10x Plan Achromat) and a
Retiga R1 OEM Camera as optical
detector. The immobilized NPs were
observed with 10-fold and 100-fold
magnification, and images were
recorded using OcularTM Scientific
Acquisition  Software. Furthermore,
hyperspectral imaging was performed
using a Specim ImSpector V10E
Spectrograph in combination with a
Cooke Pixelfly Spectral Camera.
Switching between the detectors is
possible by the use of a beam splitter. A
halogen lamp was used as a light
source. For the measurements, we
brought a custom-made spectro-
electrochemical cell into contact with
the DFM condenser using immersion oil
(Cargille, Type A, refractive index of the
sodium D-line of 1.5150 at 23 °C), see
Figure 1. For 100-fold magnification,
immersion oil was also placed between
the coverslip of the cell and the
respective objective.

Electrochemical measurements

Electrochemical measurements were
performed using a potentiostat
(OrigaFlex OGF500, Origalys). The
measurements shown in Figure 2 were
recorded using a Pt quasi-RE; the
measurement in Figure 3 was recorded
using an Ag/AgCl 3M KCI RE. For
experiments using a Pt quasi-RE, the
converted potentials against RHE might
be prone to some extent of uncertainty
due to possible potential drift of the Pt
quasi-RE.

Electrolyte preparation

We first optimized the electrolyte used
for the FECM approach using a Pt wire

as the working electrode (WE) (see
Figure S2 and Figure S3 in the SI).
Herein, pH values between 4.8 and 5.6
and dye concentrations of
approximately 40 yM provided a good
combination of sensitivity and signal
intensity for probing fluorescence
responses induced by pH changes.
Before analysis, NPs were dropcast on
an ITO electrode as indicated in Figure
1B.

Scanning Electron Microscope

For the SEM imaging, a JEOL IT800
device equipped with an EDAX Genesis
XM2i EDX system using the AZtec
analysis software was used. Herein, an
acceleration voltage of 15.00 kV was
used. The SEM image in Figure 3 A2
was recorded with a magnification of
1.9 k at a working distance of 9.3 mm,
and for Figure 3 A3, a magnification of
6.00 k at a working distance of 9.2 mm
was used.

Cell preparation

For the fabrication of the
electrochemical cells, ITO slides were
processed by electrically separating the
electrode regions by mechanical
scratching of the surface or masking the
ITO with patterned vinyl foil with
subsequent HCI etching (37 % HCI for
10 minutes). ITO always served as the
counter electrode (CE), whereas,
depending on the experiment, Pt-wire
or ITO was used as the working
electrode (WE) material. As the
reference electrode (RE), either a Pt
quasi-RE (QRE) was used, as indicated
in Figure 1 B, or the cell was connected
to an external tubing including an
Ag/AgCl 3 M KCI electrode.

The NPs were immobilized on the ITO
surface by dropcasting (0.3 uyL of
undiluted suspension) on the WE region
of the electrochemical cell (Figure 1 B).
For the targeted generation of small NP
agglomerates on the electrode, tilting



the ITO slide during the drying process
of the NP suspension ensured an
inhomogeneous distribution of the NP
entities over the modified region during
the drying process.
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