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ABSTRACT: Scanning electrochemical microscopy (SECM) and
scanning electrochemical cell microscopy (SECCM) were inte-
grated in a single bifunctional probe for simultaneous mapping of
the oxygen reduction current and the oxidation current of the
produced H2O2. The dual probe is fabricated from a double-barrel
θ capillary, comprising one open barrel filled with the electrolyte
and another filled with pyrolytic carbon. Pt is deposited with a gas
injection system (GIS) at the end of the carbon barrel. The probe
integrates the advantages of both SECM and SECCM by forming
an electrochemical droplet cell that embeds the Pt working electrode of the carbon barrel directly into the electrolyte meniscus
formed upon sample contact from the electrolyte barrel. The versatility of the dual probe is demonstrated by mapping the oxygen
reduction reaction (ORR) current and the H2O2 oxidation current of a Pt microstrip on a gold substrate. This allows simultaneous
localized electrochemical measurements, highlighting the potential of the dual probe for broader applications in characterizing the
electrocatalytic properties of materials.

■ INTRODUCTION
Electrocatalysis plays a crucial role in the energy transition
toward the establishment of a sustainable energy infrastructure
and reducing our reliance on fossil fuels.1,2 This requires a
rational development of suitable catalytic materials for
electrochemical energy conversion reactions, coupled with a
comprehensive understanding of the electrode/electrolyte
interface and the critical parameters that define the catalytic
properties of the materials, specifically activity, selectivity, and
long-term stability. In this context, scanning electrochemical
probe microscopy (SEPM) techniques have been used for local
investigation of the electrode/electrolyte interface and have
revealed valuable insights into surface and interfacial processes
in heterogeneous catalysis.3−12 These techniques include
scanning ion conductance microscopy (SICM),13−17 scanning
electrochemical microscopy (SECM),18−22 and scanning
electrochemical cell microscopy (SECCM).23−26 The working
principle and cell configuration of SICM, SECM, and SECCM
are schematically illustrated in Figure 1a−c, respectively.
In SICM, a nanopipette is employed to scan a substrate

bathed in the electrolyte, where an ionic current flows between
an electrode inside the pipet and an external electrode in the
bath solution.13 In SECM, an ultramicroelectrode (UME) is
immersed in the electrolyte and moved above the surface of
the substrate to scan its structural features and chemical

reactivity in feedback mode or generation collection mode.18

SECCM stands out among SEPM as a highly robust and
versatile technique.23−26 It involves the use of a nanopipette
probe to conduct local electrochemical measurements within a
confined meniscus cell that defines the sample electrode
surface and, with this, the spatial resolution of SECCM by the
wetted contact area.
Through the integration of an additional SECM tip

electrode to the end of a main SEPM tip, the capabilities of
SEPM techniques can be expanded to include simultaneous
detection of electrochemical responses from reaction products
or intermediates generated at the main SEPM tip or the
underlying working electrode surface. This type of integration
of a second tip has resulted in hybrid SEPM techniques such as
SICM−SECM for the simultaneous mapping of surface
topography and electrochemical reactivity of a solid sub-
strate,27−35 and multifunctional SECM−SECM probes for the
simultaneous local detection of locally generated species of an
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electrochemical reaction.36−38 Considering that SECCM
typically operates with a nano- to microdroplet-sized cell, the
integration of SECCM with SECM enables the simultaneous
visualization of both electrocatalytic activity and selectivity
across large sample areas without the need to continuously
immerse the sample surface into electrolyte solution as
common in SECM experiments.
Integrated SECCM−SECM has been so far reported for a

quad-probe setup comprising two diagonally opposite open
barrels filled with electrolyte and two carbon working
electrodes.39 The quad-probe system is controlled by a quad-
potentiostat along with an additional potentiostat for
measuring the substrate current. The stability of the
connecting droplet is provided by the two opposite electrolyte
barrels, ensuring that the droplet adequately covers both
working carbon electrodes within its confined volume.
However, the current configuration involves a complex five-
electrode setup, as well as porous carbon electrodes. Hence,
the challenge is to refine the SECCM−SECM quad-probe
configuration toward a simpler and more robust setup for
simultaneous mapping of activity and selectivity during
electrocatalytic reactions.
We introduce a comparatively simple and straightforward

method for fabricating a novel type of bifunctional SECCM−
SECM probes. The dual probe is fabricated from a double-
barrel θ capillary, comprising one open barrel filled with the
electrolyte and another filled with pyrolytic carbon. Electrical
contact in the carbon barrel is established using a copper wire,
while a silver wire serves as a quasi-reference counter electrode
(QRCE) and is immersed in the electrolyte-filled barrel. The
probe integrates the advantages of both SECM and SECCM by
forming an electrochemical droplet cell that embeds the Pt

working electrode of the carbon barrel directly into the
electrolyte meniscus formed upon sample contact from the
electrolyte barrel. The multifunctional probe can be positioned
on a substrate using SECCM approach to droplet contact,
facilitating simultaneous localized measurements of activity
and selectivity at electrocatalytically active surfaces and
interfaces. The versatility of the technique is demonstrated
by simultaneous mapping of the oxygen reduction reaction
(ORR) activity and the H2O2 oxidation current generated
during the ORR on a platinum microstrip deposited on a gold
substrate.

■ EXPERIMENTAL SECTION
Fabrication of the Dual-Probe Nanopipette. The dual

probe is fabricated from quartz glass (OD = 1.2 mm, ID = 0.9
mm) double-barrel θ capillaries (Sutter Instruments) and
pulled to a sharp end using a P-2000 laser puller (Sutter
Instruments). The pulling parameters were set in a one-line
program: Heat = 840, Filament = 4, Velocity = 45, Delay =
130, and Pull = 90. By changing the pulling parameters, a wide
range of probe sizes can be obtained. Subsequently, the top
end of one barrel is sealed with a plug of “Blu-Tack” (Bostik) as
shown in Figure 2a (∼5 min). To deposit pyrolytic carbon
inside the pulled pipet, a gas mixture of propane (technical
grade) and n-butane (99.5%) is passed through the open
barrel, while the pipet tip is positioned in a ceramic capillary
under a counter-flow of argon (99.999%). Subsequently, the
pipet tip is subjected to heating with a surrounding coil that
moves along the pipet (Figure 2b), controlled by a two-stage,
in-house developed program regulating the coil movement and
heating current.40 In the first stage, pyrolytic carbon is

Figure 1. Schematic illustration of different electrochemical cell configurations in scanning probe techniques: (a) scanning ion conductance
microscopy (SICM), (b) scanning electrochemical microscopy (SECM), (c) scanning electrochemical cell microscopy (SECCM), and (d) the
proposed integrated SECCM-SECM configuration.
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deposited on the inner wall of the pipet, and in the second
stage, it extends in the entire heated volume of the pipet (∼3
min). The temperature profile of the two-stage pyrolysis is
depicted in Figure S1. After that, the obtained nanopipette
undergoes further processing with focused ion beam (FIB)
milling (∼5 min) and gas injection system (GIS) (∼2 min) in
scanning electron microscopy (SEM) to obtain a controlled
deposition of Pt on top of the carbon barrel, and to optimize
the surface of the pipet after deposition (Figure 2c). The used
SEM setup is an FEI Quanta 3D dual beam (SEM & FIB)
equipped with a (Ga+) source. For an effective FIB milling
process, a copper wire is inserted from the back end of the
capillary to prevent electrostatic charging.
Scanning Electrochemical Cell Microscopy (SECCM).

All electrochemical measurements were conducted using an in-
house-built SECCM setup controlled by an FPGA card (USB-
7855R, National Instruments�NI) and LabVIEW software
(National Instruments). The setup comprises a positioning
system and two ELC-03XS voltammetric amplifiers (npi
electronic). Precise positioning and movement of the probe
close to the substrate is ensured by an x−y−z micro-
manipulator (OWIS) and a nanocube piezo amplifier (Physik
Instrumente�PI) for coarse and fine movement, respectively.
The whole setup is placed inside a Faraday cage and mounted
on an active vibration-damping TS-140 table (Table Stable).

■ RESULTS AND DISCUSSION
After fabrication of the dual SECCM−SECM probe, the dual
probe is used for electrochemical scanning measurements. The
micrograph in Figure 2k illustrates a typical dual probe
featuring an open channel for the electrolyte on the left side
and a smooth Pt surface on the right side for detecting reaction
intermediates and/or products.
A Ag-wire QRCE is inserted into the electrolyte-filled

SECCM barrel from the back, while a Cu wire is inserted into
the carbon barrel. The configuration of the dual probe
prepared for electrochemical measurements is depicted in
Figure 2d. The potential of the substrate (V1) and the Pt-tip
(V2) are controlled with respect to the ground, and the current
through the substrate (I1) and the Pt-tip (I2) are measured
independently in a bipotentiostat configuration as illustrated in
Figure 3. Subsequently, cyclic voltammograms (CVs) at the Pt-
tip within the dual-probe droplet cell were recorded in 1 mM
ferrocenedimethanol (Fc(MeOH)2) in 0.05 M KOH before
(in air) and after droplet contact (approached) with a gold
substrate electrode in a generator-collector mode config-
uration. In air (Figure 3a), the potential V2 of the Pt-tip was
scanned at a scan rate of 1 V s−1 with respect to ground, while
the potential of the QRCE was maintained at ground. The CVs
at the Pt-tip (W2) shows a typical Fc(MeOH)2/Fc+(MeOH)2
redox response, and evidently, the current of the Au substrate
is zero since the droplet cell was not yet formed. After SECCM
approach and formation of the droplet cell (Figure 3b), the

Figure 2. Schematic illustration of the fabrication steps of the dual-probe tip. After laser-pulling of the double-barrel capillary, one barrel is closed
using Blu-Tack (a), and a butane-propane mixture is passed through the open barrel. To deposit carbon pyrolytically, the tip of the pipet is heated
in a two-step process under an argon atmosphere (b). After pyrolysis, the probe is assessed with FIB-SEM and a GIS (c). Schematic of the
fabricated dual-probe (d): one working electrode of deposited Pt on pyrolytic carbon in the barrel of the probe connected with a Cu wire, the open
barrel is filled with electrolyte, and an Ag-wire QRCE is inserted from the back. The currents and applied voltages of each working electrode with
respect to ground are controlled separately. The pipet is assessed with FIB-SEM in the first step (e), then milled to prepare a platform for Pt
deposition on the carbon side (f). Pt deposition using GIS (g). FIB cutting after GIS (h). Corresponding SEM micrograph (side view) of the dual
probe before (i) and after (j) FIB cutting. SEM micrograph of the end of a dual-probe (k) showing deposited Pt (right) and open barrel (left).
Micrograph of the tip after Pt deposition and FIB milling (l).
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potential of the Au substrate (V1) was scanned between 0 and
0.4 V, while the potential of the tip (V2) was kept at 0 V for the
reduction of the Fc+(MeOH)2 generated at the Au substrate
back to Fc(MeOH)2. A clear Fc(MeOH)2/Fc+(MeOH)2
response was obtained also at the Au substrate, with a
simultaneous Fc+(MeOH)2 reduction at the Pt-tip confined
within the SECCM droplet, as shown by the black and red CVs

in Figure 3b, respectively. The collection efficiency which is the
quotient between the current at the sample and the current at
the SECM tip (Figure 3b) can be relatively small. Higher
values can be obtained with the probe positioned in very close
proximity to the substrate as shown in Figure S4. Overall, this
confirms the intended functioning of the dual-probe nano-
pipette and especially that the Pt-tip electrode could be

Figure 3. Schematic of the fabricated dual-SECCM−SECM probe in air (a) and when it approached to an Au substrate surface (b), with the
corresponding voltammetric responses for each case. The SECCM capillary is filled with 1 mM 1,1′-ferrocendimethanol in 0.05 M KOH. Current 1
represents the substrate current, while current 2 represents the tip current.

Figure 4. Schematic illustration of different FIB cutting configurations: flat (a), V-shape (b), and semicircle (c) with their corresponding SEM
micrographs (d−f), respectively.
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confined within the droplet cell formed adjacently by the
SECCM pipet.
After electrochemical testing on a single spot with

Fc(MeOH)2/Fc+(MeOH)2 as free diffusing redox mediator,
the feasibility of the dual SECCM−SECM tip for continuous
electrochemical surface interrogation was assessed using a
SECCM hopping mode for the formation of an array of droplet
cells. The oxygen reduction reaction (ORR) activity of the Au
substrate and its selectivity concerning the formation of H2O
or H2O2 are investigated with the dual-probe tip filled with
0.05 M KOH electrolyte. The potential of the Au substrate
(V1) was scanned from 1 to −1.5 V to map the ORR activity,
while the potential of the Pt tip (V2) was maintained at 0.6 V
for the oxidation of any generated H2O2 back to O2.
Electrochemical ORR and H2O2 oxidation current maps
were obtained through a series of line scans over an area of
100 by 100 μm2, with a hopping distance between the SECCM
landing sites of 20 μm. For the flat FIB cut, the tip often
exhibits a typical CV response in air. However, the system is
turning to current overload immediately when the tip
approaches the substrate (Figure S2d, Supporting Information
(SI)). The current overload can be attributed to the instability
of the formed SECCM droplet. A comparable behavior was
noted during the optimization of the Pt deposition with GIS
when a small disk of Pt was deposited on the carbon side of the
probe, as depicted in the SEM micrographs of Figure S2. The
small difference in height between the Pt disk and the empty
barrel hinders the formation of a stable droplet that adequately

covers the Pt disk. Consequently, this condition leads to an
electrical short-circuit between the Pt disk and the Au
substrate. In contrast, the flat FIB cut (Figure 2h,k) enables
a proper electrochemical response of the Au substrate. Since
the response of the flat FIB cut cannot be guaranteed for the
whole scanned area, the FIB process needs further
optimization prior to the electrochemical mapping.
For the optimization of the FIB-cutting process, three

cutting configurations of the dual probe, illustrated in Figure 4,
were tested including the flat-cut, the V-cut, and the semicircle-
cut.
Among these, the semicircle-cut demonstrated the best

response, with nearly 100% of the SECCM landing points
exhibiting a proper electrochemical response of the Pt-tip and
the Au substrate currents, respectively. Scanning with the V-cut
probe was successful at approximately 33% of the landing sites,
while the flat-cut was successful in less than 10% of the landing
sites. Typical voltammetric responses of failed approaches are
shown in Figure S2d,e. For the semicircle-cut probe, typical
LSVs obtained in 5 × 5 landings (25 spots) arrays can be
found in Figures S5 and S6. The efficient performance of the
semicircle-cut dual-probe can be attributed to the stability of
the droplet in the confined volume. The semicircle-cut offers
an optimal geometry integrating the Pt surface within the
spherical droplet, and the entire droplet within the probe. This
confined volume serves to safeguard the droplet from damage
during the approach, retraction, and lateral movement of the

Figure 5. SEM micrograph of the Au substrate with the deposited Pt microstrip (a), EDX elemental mapping of Pt (b), Ga (c), and Au (d), and the
corresponding EDX map sum spectrum of Pt−Ga on Au (e). Digital microscope image of the dual-probe positioned on top of the sample at the
top-right side of the Pt strip (f). SEM micrograph where the landing points in the scanned area are marked in white circles (g). Typical LSVs for
one landing spot during the SECCM scan (h). The black LSV presents the response of the Au substrate (ORR), and the red LSV shows the
response of the Pt-tip (H2O2 detection). 2D oxygen reduction (j) and H2O2 oxidation (k) current maps of the scanned area constructed from a
series of line scans at a potential of −0.5 V.
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tip during the scan, while concurrently ensuring that the
deposited Pt surface remains immersed within the electrolyte.
After the optimization of the FIB-cut configuration,

electrochemical ORR and H2O2 oxidation current maps are
generated from a series of line scans, where the probe is moved
laterally in a 100 × 100 μm2 area with a hopping distance of 5
μm. The substrate is a 120 × 30 μm2 Pt microstrip deposited
using GIS on the flat Au substrate. An SEM image of the
microstrip is presented in Figure 5a, along with the
corresponding energy dispersive X-ray (EDX) elemental
mapping for Pt, Ga, and Au, in Figure 5b−d, respectively.
The dimensions of the microstrip are within the scanning area
(Figure 5g) and can serve as an ideal case study for
demonstrating simultaneous mapping of both oxygen reduc-
tion and H2O2 oxidation currents.
Typical LSVs obtained for one landing spot are shown in

Figure 5h, featuring an increasing reduction current on the Au
substrate due to increasing ORR (black LSV) and
concurrently, an increasing H2O2 oxidation current on the
Pt-tip (red LSV). This symmetry in the LSVs indicates that the
oxidation rate at the Pt-tip is dependent on the formation of
the products at the Au substrate, resembling an SECM
generator-collector experiment or a rotating ring disk electrode
(RRDE) system. The substrate and the tip currents at an
applied potential of −0.5 V are extracted from the LSVs
throughout the whole scan and used to generate an oxygen
reduction current map (Figure 5j) as well as a H2O2 oxidation
current map (Figure 5k). Maps covering the entire LSV
potential range are compiled in the form of ORR activity and
H2O2 oxidation movies and shown in the Supporting
Information (Supporting Movies M1 and M2, respectively).
Both maps illustrate a region characterized by high oxygen

reduction and H2O2 oxidation currents (yellow region), while
the rest of the scanned area exhibits low current values (blue
region). Given that the SECCM hopping distance during the
scan is 5 μm, the width of five scan lines directly correlates
with the 30 μm width of the Pt microstrip. In this case, it is
worth noting that the electronic properties of the Pt microstrip
are altered by the presence of Ga from the Ga+ ion source, and
the deposited microstrip is a Pt−Ga alloy (∼16% of Ga). This
can explain the higher ORR and H2O2 currents compared to
the Au surface, which is supposed to have a higher selectivity
toward the formation of H2O2 compared to pure Pt. These
experiments clearly demonstrate the versatility of the suggested
dual SECCM−SECM probe through its capability for
simultaneous visualization of ORR activity and H2O2
production of electrocatalytic surfaces offering a simple yet
powerful characterization tool for the electrochemical proper-
ties of materials. Most importantly, due to the confinement of
the electrolyte droplet in the semicircle-cut of the dual
SECCM−SECM probe, oxygen can rapidly diffuse into the
droplet and mitigate oxygen depletion as seen in generator-
collector SECM experiments. In addition, the sample is not
exposed to a prolonged immersion in the electrolyte and a
continuous polarization to an externally applied potential,
which brings the advantage of SECCM to SECM; generator-
collector experiments. The application of the suggested dual
SECCM−SECM probes can be extended beyond the detection
of H2O2 in ORR to include other electrochemical reactions of
interest, in which reaction intermediates and/or products are
simultaneously generated and detected with the integrated
SECCM-SECM dual probe.

■ CONCLUSIONS
In this study, a straightforward approach for fabricating a novel
type of dual SECCM−SECM probes is described. These
probes consist of one open barrel containing electrolyte and
another barrel filled with pyrolytic carbon, with a small
deposition of Pt at the carbon barrel’s end. The probe
integrates the advantages of both SECM and SECCM by
creating a droplet cell that incorporates the Pt working
electrode of the carbon-filled barrel directly within the
electrolyte meniscus of the electrolyte barrel. Optimal
geometry for embedding the Pt working electrode within the
meniscus of the droplet was achieved through FIB milling of
the tip in a semicircle shape, enabling efficient simultaneous
scanning of activity and selectivity of electrocatalytic surfaces.
The versatility of the dual-SECCM−SECM probe is
demonstrated by simultaneously mapping the ORR activity
and H2O2 production of a Pt microstrip deposited on a gold
substrate. In a broader context, the application of the dual
probe extends beyond the detection of H2O2 in ORR to
encompass other electrochemical reactions of interest. The
integration of SECM with SECCM in a single dual probe
enables the retrieval of more localized information from
electrocatalytic surfaces which is essential to our fundamental
understanding of heterogeneous electrocatalysis and offers
valuable insights for the development of electrocatalytic
materials in postscreening studies for future practical
applications.
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