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ABSTRACT: The advancement in nanoscale electrochemical
tools has offered the opportunity to better understand hetero-
geneity at electrochemical interfaces. Scanning electrochemical cell
microscopy (SECCM) has been increasingly used for revealing
local kinetics and the distribution of active sites in electrocatalysis.
Constant-contact scanning and hopping scanning are the two
commonly used modes. The former is intrinsically faster, whereas
the latter enables full voltammetry at individual locations. Herein,
we revisit a less used mode that combines the advantages of
hopping and constant-contact scan, resulting in a faster
voltammetric mapping. In this mode, the nanodroplet cell in
SECCM maintains contact with the surface during the scanning
and makes intermittent pauses for local voltammetry. The elimination of frequent retraction and approach greatly increases the
speed of mapping. In addition, iR correction can be readily applied to the voltammetry, resulting in more accurate measurements of
the electrode kinetics. This scanning mode is demonstrated in the oxidation of a ferrocene derivative on HOPG and hydrogen
evolution reaction (HER) on polycrystalline Pt, serving as model systems for outer-sphere and inner-sphere electron transfer
reactions, respectively. While the kinetics of the inner-sphere reaction is consistent spatially, heterogeneity is observed for the
kinetics of HER, which is correlated with the crystal orientation of Pt.
KEYWORDS: scanning electrochemical probe microscopy, polycrystalline Pt, electron back-scattered diffraction, Tafel analysis, iR drop,
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Electrochemical interfaces are fundamentally important in
many electrochemical energy storage and conversion

devices, including fuel cells, batteries, and electrolyzers.1,2

Functional electrochemical interfaces are inherently complex
and often show a high degree of heterogeneity in surface
structures, including different crystal facets, grain boundaries,
and heterojunctions.3−5 Elucidating the structure−activity
relationship at complex electrochemical interfaces is crucial
in designing better electrochemical devices.6,7 Unfortunately,
conventional bulk electrochemical techniques only measure an
averaged activity over an entire electrode with different surface
structures. The structure−activity information is lost during
the averaging, hindering elucidation of the active sites at the
electrochemical interfaces.
Nanoscale scanning electrochemical probe microscopies

have been developed to enable local electrochemical measure-
ments to reveal the structure−activity relationship without
ensemble averaging.8−11 Among them, scanning electro-
chemical cell microscopy (SECCM) can reveal the hetero-
geneity at the electrode surface in electrocatalysis, battery, and
other physical electrochemical interfacial processes.12−27

SECCM uses a droplet cell at the end of a glass pipet to
confine the electrochemistry to be local within the droplet.
Two SECCM scanning modes have been used in most of the

reports. One is the constant-contact mode, in which the
conductance between a dual-barrel pipet is monitored while
the droplet is directly raster-scanned on the substrate with
constant contact, as shown in Figure 1a.13,28,29 During the
scan, the substrate current is recorded continuously at a
constant electrode potential. While constant-contact raster
scanning is fast, repetition of the scan in the same area at
various potentials is needed to obtain an i−V relationship.
Therefore, the voltage resolution in the i−V relationship is
often low as it is limited by the number of repetitions.
Another mode is the hopping scan, in which a nanopipet

(often a single-barrel one) with the droplet cell is “hopped”
between different locations during mapping, as shown in
Figure 1b.30 When the droplet approaches and contacts the
substrate surface, a faradaic current or double-layer charging
current will flow, which serves as the feedback to pause the
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probe.17 Local electrochemical measurements, including cyclic
voltammetry (CV), can be performed when the pipet/droplet
is transiently landed at the surface. The pipet is then retracted
and hopped to a new location for the subsequent voltammetric
measurement. In this mode, the voltage resolution in the i−V
relationship is usually high, limited only by the voltammetric
scan rate and the data sampling rate. For example, a scan rate
of 2 V/s and 1.93 kHz sampling rate will result in a voltage
resolution of 1.03 mV. However, the hopping scan requires
retraction and approaching at each location, limiting the speed
of the overall mapping.
A rarely used mode developed by Güell, Kim, and co-

workers, called SECCM-CV, combines the advantage of
constant-scan and hopping scan modes.31 This mode is
shown in Figure 1c, and the feedback mechanism is the
same as the constant-contact scan mode. The pipet is
controlled to oscillate vertically, which causes a periodic
deformation of the nanodroplet cell significantly only when the
droplet contacts the substrate. This periodic deformation
results in a periodic conductance change between the two
barrels, which is sensitively measured by a lock-in amplifier and
used as feedback to maintain consistent droplet contact during
the probe scanning (Figure 1d). The nanopipet/droplets make
frequent pauses at predefined locations for local voltammetry.
In this mode, the voltage resolution in the i−V relationship is
high like in the hopping mode, but the overall scanning speed
is faster because the frequent approaching and retraction of the
nanopipet is eliminated. Additionally, we have recently
demonstrated that the solution resistance can be monitored
in the dual-barrel pipet setup, enabling iR correction for more
accurate electrode kinetics measurement.32 Herein, we apply
this faster scanning mode to study the heterogeneity of
electrochemical reactions on the electrode surface.
We first validate the SECCM-CV scan mode using an outer-

sphere redox molecule: (ferrocenylmethyl) trimethylammo-
nium (FcTMA+). A dual-barrel nanopipet with a ∼960 nm
diameter opening was used (scanning electron microscopy
image shown in Figure S1). Figure 2a shows three examples of
local voltammograms during the constant-contact voltammet-
ric scan. As expected, the current increases as the potential
approaches the formal potential of FcTMA+, reaching a
limiting current at E > 0.4 V. We observe a small peak at
∼0.33 V in the voltammogram, and this peak is higher in some
locations. The presence of the peak cannot be attributed to the
transient diffusion behavior because a steady state is expected

with the dimension of the nanopipet at the experimental scan
rate.32 These peaks are attributed to FcTMA+ adsorption on
HOPG, as a previous study has shown that ∼10% of a
monolayer can adsorb on HOPG.33 Figure 2b−d shows the
current maps obtained at different potentials. At 0.33 V, ∼1 pA
current differences are observed (Figure 2b), likely reflecting
the different adsorption behavior of FcTMA+ on different
regions. The cause of this small different adsorption behavior is
not clear, likely due to the difference in the local defect density.
Nonetheless, the relatively consistent mass-transfer-limiting
current shown in Figure 2c suggests the integrity of the pipet is
consistent during the constant-contact voltammetric mapping.
The half-wave potential (E1/2) at individual locations is shown
in Figure 2d, which varies within 5 mV, further suggesting that
the voltammetric mapping is consistent for this fast electron
transfer redox molecule. These results are comparable to those
observed by Unwin and co-workers.31 The additional electro-
chemical current at ∼0.1 V in the voltammogram is due to the
impurity from the commercial FcTMACl (>98%), as can be
observed from the voltammogram using purified FcTMAPF6,
as shown in Figure S2. A voltammetric movie summarizing the
current map as potential continuously sweeps is included as
Movie S1.
After the validation, we applied the SECCM-CV mode in

mapping the activity hydrogen evolution reaction (HER) on
polycrystalline Pt, which serves as a model reaction for inner-
sphere electron transfer and electrocatalysis. One advantage of
using a dual-barrel pipet for SECCM mapping to study the
electrocatalytic activity is that the solution resistance can be
monitored experimentally, which allows the correction of iR
drop for more accurate kinetics measurement, as we have
shown recently.32 Specifically, the solution resistance (Rs) can
be calculated using the potential bias between the barrels (V2),
the current measured from the substrate (i1), and the current
measured from the common reference electrode (i2):

Figure 1. Schematics of different scan modes in SECCM: (a)
constant-contact scan mode; (b) hopping scan mode; (c) constant-
contact voltammetric scan mode. (d) Schematic of dual-barrel
SECCM setup.

Figure 2. Electrochemical imaging of FcTMA+ oxidation on HOPG
using constant contact SECCM-CV mode. (a) Example local cyclic
voltammograms acquired by SECCM-CV mode, and the correspond-
ing pixel positions were indicated as colored squares in (b,c). (b,c)
Current maps at different applied potentials. (d) Half-wave potential
(E1/2) map. Solution: 2 mM FcTMA+ and 10 mM KCl. Scan rate: 1
V/s.
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The solution resistance calculated using eq 1 during a local
voltammetric measurement of HER on Pt is shown in Figure
3a, and the corresponding i−V curves before and after the iR
correction are shown in Figure 3b. As the potential is swept
negative of −0.4 V vs Ag/AgCl, the local current increases due
to the proton reduction and reaches a mass-transfer-limiting
plateau of ∼1.7 nA. In the HER region, the solution resistance
increases as expected (Figure 3a) because the concentration of
H+ is lower near the electrode during HER, resulting in a
higher local solution resistance. The electrode potential at the
working electrode after iR correction (VWE) can be obtained as
we described previously via32
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Note that eq 2 not only corrects the iR drop but also corrects
the potential drop due to the applied bias between the barrel.
The corrected voltammogram is shown as the red curve in
Figure 3b. Further Tafel analysis using the iR-corrected
voltammogram is shown in Figure 3c, in which the kinetic
current is separated from the overall current using34

=
i i i
1 1 1

k total lim (3)

In eq 3, the ik is the kinetic current, itotal is the total current, and
ilim is the mass-transfer-limited current. The Tafel analysis for
the voltammogram in Figure 3b yields a Tafel slope of 105
mV/dec.
A current map using the SECCM-CV showing the spatial

distribution of HER activity is displayed in Figure 4a,b, which
can be divided into four regions corresponding to different
grains as detected from the colocalized crystal orientation map
obtained via electron back-scattered diffraction (EBSD) in
Figure 4c. A voltammetric movie summarizing the HER local
current as a function of potential is shown as Movie S2. At high
overpotentials when HER is under mass transfer control (i.e.,
−0.7 V), the currents at all grains are similar, indicating the
consistency of the pipet during the constant-contact SECCM-
CV scan. The HER kinetics can be qualitatively assessed by
comparing the current at low overpotentials, where the
contribution of mass transfer is small. As shown in Figure
4d, the HER activity is followed by grain 1 > grain 4 > grain 2
≅ grain 3, as indicated by the currents at −0.45 and −0.55 V.
This trend can also be observed in the current map (Figure

4a,b). The higher activity from grain 1 is also exemplified by its
smaller Tafel slope, as shown in the map in Figure 4e,
suggesting a transition of rate-determining steps from the
Volmer step to the Heyrovsky step.35 The facet-dependent
HER activity on Pt has been studied using single-crystal
electrodes, which shows that Pt(110) has the fastest HER
kinetics in acid among all three low-index facets.36−38 All of the
grains we assessed here are high-index facets, but we observe
that the grains closer to the edge of the inverse pole figure, e.g.,
grain 3 in Figure 4c, show a lower HER activity. The
electrochemical mapping coupled with colocalized crystal
orientation mapping will allow accessing high activity facets
in this pseudo-single-crystal approach as first demonstrated by
Aaronson et al.39

The constant-contact SECCM-CV mode combines the
advantages of high voltage resolution of the hopping scan
and the high speed of the constant-contact scan. For example,
for the maps in Figure 2, which consist of 1156 local
voltammograms, 52 min would be needed using the hopping
scan mode with 2 μm/s approaching rate, 5 μm/s retracting
rates, 2 μm retraction, and 5 μm/s lateral scan rate. In the
SECCM-CV mode, 25 min was spent for the entire scan. This
decrease in scanning time would be even more significant
when a larger number of local voltammetric scans were to be
obtained. In the constant-contact SECCM-CV scan, 92% of
the total time is spent on the voltammetry in Figure 2, and the
total time can be further shortened by increasing the potential
scan rate. To increase the scanning speed, Unwin and co-
workers have demonstrated a spiral scan pattern to achieve

Figure 3. (a) Solution resistance during the voltammetric scan. (b) Voltammogram before and after the iR correction. (c) Tafel plot of the kinetic
current (ik) to obtain the Tafel slope from linear fitting (dashed line).

Figure 4. Electrochemical imaging of hydrogen evolution reaction at
polycrystalline Pt maps. (a,b) Current maps at −0.4 and −0.55 V (vs
Ag/AgCl). (c) Colocalized crystal orientation maps from EBSD. (d)
Histograms of current distribution on different grains. Solution: 10
mM HClO4, 10 mM KCl. Scan rate: 2 V/s. (e) Map of Tafel slope.
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rates approaching 4 s per frame.40 This scan mode can be
directly applied to the new scan mode reported here to
increase the scan speed further. Another benefit of the
constant-contact SECCM-CV mode, shared with the hopping
can mode, is that the scope of electrochemical techniques can
be readily extended beyond voltammetry, which can include
chronopotentiometry, differential pulse voltammetry, and
electrochemical impedance.41−43 One potential concern of
the constant-contact scan is that the droplet is dragged on the
substrate during the lateral scan, which might cause the
extension of the droplet to the residual electrolyte at the
previous locations. Note that the footprint of the constant-
contact scan in the scanning electron microscopy will not
reveal whether this droplet extension occurs during individual
voltammetric measurements. The fast rate of evaporation of
the nanodroplet is likely to break this extension of droplet
connection if any.
In conclusion, we demonstrated the constant-contact

SECCM-CV mapping mode in SECCM for faster electro-
chemical imaging in measuring the oxidation of FcTMA+ and
hydrogen evolution reaction on Pt. While the activity for
FcTMA+ oxidation is relatively consistent across HOPG, the
HER activity is highly correlated with the crystal orientation of
Pt. This rarely used SECCM-CV mode allows faster
voltammetric mapping than the hopping mode. The ability
to rapidly obtain high-density four-dimensional electro-
chemical data (current as a function of x, y, and potential)
offers opportunities for high-throughput electrocatalyst screen-
ing when combined with colocalized characterization of the
electrocatalysts.
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