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The catalytic activity of low-dimensional electrocatalysts is highly
dependent on their local atomic structures, particularly those less-
coordinated sites found at edges and corners; therefore, a direct
probe of the electrocatalytic current at specified local sites with true
nanoscopic resolution has become critically important. Despite the
growing availability of operando imaging tools, to date it has not
been possible tomeasure the electrocatalytic activities from individual
material edges and directly correlate those with the local structural
defects. Herein, we show the possibility of using feedback and
generation/collection modes of operation of the scanning electro-
chemical microscope (SECM) to independently image the topography
and local electrocatalytic activity with 15-nm spatial resolution. We
employed this operando microscopy technique to map out the oxy-
gen evolution activity of a semi-2D nickel oxide nanosheet. The im-
proved resolution and sensitivity enables us to distinguish the higher
activities of the materials’ edges from that of the fully coordinated
surfaces in operando. The combination of spatially resolved electro-
chemical information with state-of-the-art electron tomography, that
unravels the 3D complexity of the edges, and ab initio calculations
allows us to reveal the intricate coordination dependent activity along
individual edges of the semi-2D material that is not achievable by
other methods. The comparison of the simulated line scans to the
experimental data suggests that the catalytic current density at the
nanosheet edge is∼200 times higher than that at the NiO basal plane.
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Synthesis and fabrication of material structures rich in cata-
lytic active sites is essential for developing more efficient and

less-expensive electrocatalysts. However, much of the progress in
this field is limited by the difficulty in pinpointing the active sites
particularly when their size is on the atomic scale (1–3). Nickel
oxide (NiO), for example, is an efficient oxygen evolution catalyst
for water electrolysis. Its oxygen evolution reaction (OER) activity
can be significantly improved by making it into nanostructures (4–
6), suggesting that the exposure of nanoscale facets/corner and
edge sites could be the key contributor to the enhanced activity,
but so far there is no direct operando microscopy tool that allows a
nanoscale mapping of the electrocatalytic currents on NiO or any
other types of electrocatalyst with single-edge, single-corner, or
single-nanofacet sensitivity. In particular, to date, the inferences
regarding the catalytic advantage of the undercoordinated edge
sites of electrocatalysts were typically drawn from bulk surface/
edge correlative measurements. This type of bulk inference ex-
periment works remarkably well for simple systems, such as single-
layered MoS2, where the surface area and the circumference
have well-defined and distinctive dimension scalings (7); however,
this method is inadequate for heterogeneous materials systems,

particularly those with multiple competing types of active sites/
areas. Therefore, a direct mapping of the electrochemical activity
with nanoscopic resolution and single-edge sensitivity is highly
desired.
Nanoscale maps of catalytic activity have previously been

obtained by in situ spectroscopic and single-molecule techniques (8–
12), scanning tunneling microscopy (7, 13), and various electro-
chemical scanning probe microscopy techniques, including scanning
electrochemical microscopy (SECM) (14), scanning ion conduc-
tance microscopy (SICM) (15), scanning electrochemical cell mi-
croscopy (SECCM) (16), and plasmonic-based electrochemical
current imaging (8). The spatial resolution of SECCM is currently
100–200 nm as limited by the size of the liquid meniscus contact
area with the sample surface (16, 17), and higher resolution (15) can
be attained in SICM with a nanopipette tip. It is worth noting that
both SECCM and SICM techniques only map overall activity of the
sample surface without measuring fluxes of specific products or
detecting intermediates (18) of electrocatalytic reactions. In SECM,
the reactivity of electrocatalysts is characterized by scanning a
miniaturized electrode tip very close to the catalyst’s surface (14,
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19–21). Due to the inherent selectivity of electrochemical experi-
ments, the nanoelectrode tip can be used to measure local fluxes
of the reactants and products and determine the rates of specific
heterogeneous reactions in the nanoscale domains (22–24). The
resolution is, however, limited by the tip size and diffusional
broadening. Therefore, using a sufficiently small and well-shaped tip
electrode is essential for nanoscopic imaging. Exploiting recent
advances in fabrication of SECM nanotips (22, 23, 25, 26), here we
used a well-characterized, polished nanodisk tip to directly image
catalytic activity toward the OER over a semi-2D nickel oxide
nanosheet with a sub-20 nm lateral resolution. (The word “direct” is
used here in a sense that the measured tip current provides un-
ambiguous quantification of the local electrochemical activity on the
substrate surface under the tip.) By using two modes of the SECM
operation, i.e., the feedback mode imaging with ferrocene methanol
redox mediator and the generation/collection mode mapping of
oxygen fluxes, it is possible to independently image the topography
and reactivity of the same defect area. Taking advantage of the high
spatial resolution of the nanotip and coupling the two SECMmodes
allowed us to establish that the catalytic activity for OER at the
edge of the nickel oxide nanosheet is significantly higher than that
of the basal plane, i.e., (111) surface of the nanosheet. To localize
the atomic-scale active sites that can account for the activity in-
crease at the edge, we interrogated the 3D atomistic details of the
edges using electron tomography. The tomography reconstruction
shows that the nickel oxide nanosheet is 10–20 nm thick and has an
obtuse-angle double-beveled edge shape. Using the experimentally
determined atomic structures as inputs, our ab initio calculations
show that the (002) nanofacet of the edge is far more active than
other components, such as the (111) facet and the (111)/(111)
corner sites, and thus gives the enhanced OER current when the
nanotip is scanned across the edge.
This work not only showcases the possibility of probing elec-

trochemical signals over individual material edges, but also dem-
onstrates that the strategy of combining ultrahigh-resolution
SECM, electron tomography, and ab initio calculations provides a
promising route for uncovering catalytic active sites on structurally
complex electrocatalysts.

Results
NiO Nanosheet OER Catalysts. To interrogate the potentially active
edge and corner sites, here we employ well-defined 2D NiO
nanosheets that were prepared by the hydrothermal method (SI
Appendix) (27). This synthesis method produces NiO nanosheets
that are essentially flat, single-crystalline slabs containing hex-
agonal defect holes with well-defined edges (SI Appendix, Fig.
S1). The thickness of the nanosheet is ∼10–20 nm, and the size of
defect holes ranges from tens to hundreds of nanometers.

High-Resolution SECM. In the SECM experiments, a small metal
electrode (tip) is scanned over the substrate surface to map its
topography and reactivity. Two complementary modes of the
SECM operation are employed in this study to directly image the
catalytic activity for the OER over a semi-2D nickel oxide nanosheet.
In the feedback mode experiment (Fig. 1A), a nanometer-sized
SECM probe was brought within a short distance from the NiO
nanosheet immobilized on a flat, highly oriented pyrolytic graphite
(HOPG) surface (SI Appendix). The electrolyte contained a redox
mediator (ferrocenemethanol; Fc) and the tip potential (ET) was
such that the mediator oxidation occurred at a rate governed by
diffusion. When the separation distance between the tip and sub-
strate (d) is small enough (i.e., comparable to tip radius, a), the
oxidized form of the mediator (Fc+) produced at the tip surface gets
reduced at the substrate, and the tip current increases with de-
creasing d (positive feedback; the tip current near the surface is
higher than its value in the bulk solution, iT > iT,∞). If no mediator
regeneration occurs at the substrate or the regeneration rate is slow,
iT decreases with decreasing d because of the hindered diffusion of

Fc (negative feedback; iT < iT,∞). Two experimental current vs. dis-
tance curves obtained over the NiO surface and over the HOPG
exposed through the defect hole are shown in SI Appendix, Fig. S2.
The defect holes in the NiO nanosheets could then be imaged based
on the different mediator regeneration rates at the NiO and the
underlying HOPG surface.
In substrate generation/tip collection mode (SG/TC mode;

Fig. 1B), the tip collects the redox species generated at the
substrate surface (e.g., O2 in Fig. 1B). In our experiments, oxygen
was produced at the catalytic NiO surface, but not at the inert
HOPG (SI Appendix, Fig. S3). Thus, the higher tip current is
expected above the NiO surface, and lower iT––over the defects,
which is exactly opposite to the feedback mode situation.
Fig. 2A shows a feedback mode image obtained by scanning an

80-nm-radius Pt tip over a NiO nanosheet. The size of the Pt tip
was determined by atomic force microscopy and cyclic voltammetry
(SI Appendix, Fig. S4). The slow reduction of Fc+ at the NiO
semiconductor surface resulted in negative SECM feedback (iT,∞ =
23.7 pA). Significantly higher iT can be seen over submicrometer-
sized defect areas due to the rapid mediator regeneration at the
exposed carbon surface. By contrast, the rate of the OER at the
NiO surface is expected to be higher than at the catalytically inert
HOPG. The SG/TC image of same substrate area (Fig. 2B) shows
the higher O2 reduction current over the portion of the substrate
covered with NiO and the lower iT over the defect holes exposing
HOPG. The obtained catalytic activity map (Fig. 2B) is in good
qualitative agreement with the feedback mode image (Fig. 2A),
although the apparent defect size in the SG/TC image is somewhat
larger because of the diffusional broadening effect (24). (The
nonzero tip current over the HOPG surface is due to oxygen pro-
duced by water oxidation at the NiO substrate and accumulated in

Fig. 1. SECM: schematic representation of (A) positive feedback produced
by oxidation/reduction of ferrocenemethanol (Fc) and (B) substrate gener-
ation/tip collection of dioxygen at NiO nanosheet. The figure is not drawn to
scale.
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solution.) The corresponding 2D color maps are shown in SI Ap-
pendix, Fig. S5.
More detailed images of the NiO/HOPG transition region

were obtained by using a smaller Pt tip (a = 20 nm) to zoom in
on the edge of a defect hole (Fig. 3; the corresponding 2D color
maps are shown in SI Appendix, Fig. S6). A 200 × 200-nm2 feedback
mode image (Fig. 3A) shows a smooth, continuous transition from
the higher current produced by the Fc regeneration at the carbon
surface to lower current over NiO (negative feedback), occurring
over ∼50–70-nm tip displacement along the x axis. In the SG/TC
image of the same substrate area (Fig. 3B), the transition between
the higher O2 reduction current over NiO and lower iT over the
HOPG surface occurs over approximately the same ∼50–70-nm
distance, as can be seen from the line scan extracted from that
image (Fig. 3C). However, unlike the smooth transition in Fig. 3A,
this image contains a pronounced peak (at x ∼ 130 nm), sug-
gesting a significantly higher catalytic activity of the NiO edge
toward oxygen evolution. The 10–20% current increase over the
nanosheet edge was reproducible in line scans obtained with
different tips and NiO samples (Fig. 3C and SI Appendix, Fig.
S7). It is worth noting that diffusion broadening is somewhat
reduced in Fig. 3C due to the shorter acquisition time. SI Ap-
pendix, Fig. S8 shows the analysis of the line scans over the
HOPG/NiO boundary from SI Appendix, Fig. S7 that can be
used to evaluate the lateral resolution of our reactivity maps.
The line scans were deconvolved into a linear combination of a
Gaussian function and a Z-shaped membership function. The
lower bound of our resolution can be calculated by measuring
the full width at half maximum of the Gaussian function. The
full width averaged over the four scans is 16.5 ± 0.3 nm. This
number is close to the 20-nm effective tip radius in Fig. 3 and SI
Appendix, Fig. S7. It should be noted that our instrumental
resolution is better than this number because the full-width

measurement includes the width of the underlying (100) facet.
Therefore, the attained spatial resolution is on the order of
15 nm.

Three-Dimensional Characterization of the Edge Structures. Using
two modes of the SECM, we have independently mapped the
topography and catalytic activity of a 2D NiO nanosheet with a
nanoscale resolution. With the enhanced resolution and sensi-
tivity, we were able to determine that the catalytic activity of a
few-nanometer-wide area of NiO at the defect edge toward the
OER is significantly higher than that of the NiO (111) basal
surface. To understand the edge-enhanced activity with mecha-
nistic details, we need to retrieve information regarding the
atomic structures at these edges. We used electron tomography
to reconstruct the 3D structures at the edges (see Methods for
details). A tilt series of transmission electron microscopy (TEM)
images of the NiO nanosheets was recorded from −70° to +70°
with 1° tilt intervals and the tomograms were reconstructed with
a multiplicative simultaneous iterative reconstruction technique
(28). Fig. 4 shows the 3D rendition of such a semi-2D NiO with
3D complexities at the edges (also see Movies S1–S5). The NiO
nanosheets are flat slabs with hexagonal holes with obtuse-angle
double-beveled edges. With the help of aberration-corrected Z-
contrast scanning TEM (STEM), we are able to verify that the
top and bottom basal planes are a pair of {111} surfaces and the
projected norm of the defect hole edges points toward
the <112> direction (Fig. 4C, also see SI Appendix, Fig. S9). The
reconstructions show that the edges are faceted. By measuring
the angles between the facets and the basal planes, we determine
that the two terminating nanofacets are {111} and {100} sur-
faces (experimental reconstruction shown in Fig. 4B and Movies
S2–S5, and extracted atomic models shown in Fig. 4D and Movie
S6). Basically, the edges are terminated with three additional

Fig. 2. SECM imaging of NiO nanosheet with defect
holes: (A) Feedback mode and (B) SG/TC mode SECM
images of the same portion of the NiO nanosheet
with defect holes exposing the underlying HOPG.
Solution contained 0.001 M KOH, 0.001 M Fc, and
0.1 M KCl. ET = (A) 0.5 and (B) −0.6 (V vs. Ag/AgCl).
The substrate was either at (A) the open circuit po-
tential or (B) biased at ES = 0.9 V. a = 80 nm; d ∼ 80 nm.
Pixel density: 100/μm (x axis) and 25/μm (y axis).

Fig. 3. SECM imaging of an edge: (A) feedback
mode and (B) SG/TC SECM images of the NiO edge.
Pixel density: 330/μm (x axis) and 100/μm (y axis). (C)
Four experimental line scans across the NiO nano-
sheet edge recorded in the SG/TC mode. Tip radius,
a ∼ 20 nm. Solution contained 0.001 M KOH, 0.001
M Fc, and 0.1 M KCl. ET = (A) 0.5 and (B) −0.6 (V vs.
Ag/AgCl). The substrate was either at (A) the open
circuit potential or (B) biased at ES = 0.9 V.
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coordination exposures that the basal planes do not have—{100} facet,
the intersecting edge between {111} basal plane and {111} nano-
facet, and the intersecting edge between {100} and {111} nanofacets.

Ab Initio Calculations. Different from 2D materials, where the
edge structure can be simply interpreted as lower coordinated
sites, in the case of our NiO nanosheets, the edges consist of
more than one component that could contribute to the edge-
enhanced activity. To unravel which one(s) are responsible for
the higher activity, we employed the density functional theory
calculation using the generalized gradient approximation (GGA)
at the Perdew–Burke–Ernzerhof (PBE) level with spin-orbital
approximation. In our calculations, we considered the (100),
(111) plane, (111)/(111), (111)/(100) edge of NiO. A (2 × 2)
coverage for surface and (2 × 2) coverage for edge calculation
with a vacuum layer of 18 Å along the nonperiodic direction was
used to calculate the O*, HO*, and HOO* adsorptions on the
surfaces and edges (see Methods for details).
Fig. 5 B and C plot the calculated the free energy for each step

of the four-electron reaction pathway. Fig. 5B shows that among
the four types of surfaces/edge terminations, the (100) surface
has the lowest overpotential. When a bias of 1.57 V is applied
(the same potential was used in the SECM experiment), we find
that only on the (100) surface the reaction free energy con-
tinues in the downward direction, while reactions on the (111)
surface, the (111)/(111) edge, and the (111)/(100) edge meet a
significant upward barrier at the O* to HOO*, HO* to O*, and
the HOO* to O2 steps, respectively. Fig. 5D shows the OER
volcano plot which places the NiO (100) surface on the top of the
curve with the (111)/(111) and (111)/(100) edges following and
(111) surface performing the poorest among the three. Based on
this analysis, we can conclude, with a high degree of confidence,

that the (100) nanofacet at the edge is responsible for the cat-
alytic enhancement seen in the SECM measurement.
The above calculations predict that the OER overpotential at

the NiO (111) surface is significantly higher than that at the NiO
edge; thus, a large difference in their reactivities can be expected.
However, only a modest (10–20%) increase in the tip current
over the NiO edge can be seen in Fig. 3B and SI Appendix, Fig.
S7. These experimental and theoretical results were reconciled
by finite-element simulations of the SG/TC SECM experiments
(see SI Appendix for details). Four line scans of the 20-nm-radius
tip over the NiO edge are simulated in Fig. 6 for different ratios of
the OER current densities at the basal plane and at the edge. From
Fig. 6, the current density at the edge has to be ∼200 times higher
than at the NiO basal surface for the maximum tip current increase
over the edge of 18% (green curve), similar to that observed ex-
perimentally. One should notice that the line scan simulated as-
suming no catalytic enhancement at the edge (black curve in Fig. 6)
exhibits a smooth, continuous transition from the carbon surface to
NiO without any peak over the edge. Thus, the peak observed in
the experimental images and line scans (Fig. 3 B and C) cannot be
attributed to the additional surface area at the edge due to the
finite thickness of the nanosheet (15 nm in Fig. 6).
All line scans in Fig. 6 were simulated with the current density

of 50 mA/cm2 at the NiO basal plane. This value is comparable
to that reported (30) for the NiO nanosheet at +1.57 V vs. re-
versible hydrogen electrode and corresponds to the tip current
over NiO in a reasonable agreement with the experiment.
However, some experimental issues, such as the nonzero back-
ground current due to the oxygen production at a macroscopic
NiO substrate and Fc contribution to SG/TC signal, have not
been included in these simulations. Another inevitable simplifying
assumption is a constant OER current density on the nanosheet

Fig. 4. Three-dimensional structures of the edge.
(A) Overview and (B) a close-up view of the NiO
nanosheet reconstructed by electron tomography
(also see Movies S1–S5). (C) Atomic-resolution Z-
contrast STEM imaging of the nanosheet when it is
laid down flat. The image shows the flat basal plane
of the nanosheet is a (111) surface and the edges
point toward the <112> direction which is in agree-
ment with the (001)/(−111) facet decomposition as
shown in B and C. (D) A computer-generated model
of the nanosheet and the 3D atomistic model of the
edges. (Scale bars in C are 1 nm.)
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edge, which should actually vary for different nanofacets (Figs. 4
and 5).
In addition, the simulation result allows us to estimate the

impact of the defects on the OER activity. Let us consider a
hypothetical 1-μm-diameter circular defect in a 15-nm-thick NiO
sheet. The current density of the OER on the basal plane is
∼50 mA/cm2, and the activity of the edge area is ∼10,000 mA/cm2.
Then, the total OER current produced by the 15-nm-thick edge
of this defect is ∼2π × 0.5 μm × 15 nm × 10,000 mA/cm2 = 4.7
nA. If no defect was present, the total OER current produced on
the same 1-μm-diameter circular area of the basal NiO sheet is
π × (0.5 μm)2 × 50 mA/cm2 = 0.39 nA. The additional current
due to the presence of a 1-μm-diameter circular defect is ∼4.3 nA,
corresponding to ∼12-fold increase in the effective OER rate. The
smaller the defect, the more significant the current increase per
unit area.

Conclusion
Discovering and understanding active sites on the surface of a
realistic/heterogeneous electrocatalyst is essential for the design
and synthesis of next-generation catalysts with optimized activity.
In this work, we show that by optimizing the electrodes and the
imaging method it is possible for SECM to visualize the OER
activity of a NiO catalyst with an unprecedented sub-20-nm
resolution and single-edge sensitivity. This allowed us to locate
the active sites at the NiO materials’ edges. Using electron to-
mography, which resolves the 3D complexities of the edges, in

conjunction with ab initio calculations, we found that the (100)
nanofacet is responsible for ∼200-fold enhancement of activity at
the edge. In addition to showing the possibility of probing elec-
trochemical signals over individual material edges, this work
demonstrated that combining ultrahigh-resolution SECM, electron
tomography, and ab initio calculation is a viable strategy for re-
vealing catalytic active sites on structurally complex electrocatalysts.

Methods
SECM. The Pt nanoelectrode tips were fabricated by heat-sealing commer-
cially available Pt microwire into the glass capillary, as described previously
(31). (See SI Appendix for details of tip preparation and characterization.)
NiO nanosheets were dispersed in methanol under sonication and then drop
casted on the HOPG surface. After drop casting, the voltammograms of the
substrate and the iT vs. ES curves were obtained to optimize the imaging
conditions (see SI Appendix for details).

The SECM experiments were carried out with a home-built instrument
described previously (32). To avoid crashing, the tip electrode was first po-
sitioned about 100 μm above the HOPG/NiO substrate using a long-distance
video microscope and then moved toward the substrate by the piezo scan-
ner. The tip current was collected during the subsequent fine approach or
imaging (see SI Appendix for further details). The outer-sphere redox me-
diator (Fc) was added to solution for feedback mode SECM imaging (Fig. 1A).
Due to the low density of drop-casted NiO, bare HOPG surface exposed to
solution constituted a significant fraction of the substrate. Thus, the open
circuit potential of the unbiased substrate was determined by the reduced Fc
species present in solution, and therefore was significantly more negative
than the standard potential of Fc (see ref. 18 for discussion). The concen-
tration of Fc was low (1 mM) to minimize its effect on SG/TC experiments.

Fig. 5. Ab initio calculation of the OER reaction
kinetics. (A) The four types of atomic terminations
calculated. (B and C) Standard free-energy diagram
for the OER at (B) equilibrium potential for oxygen
evolution (U = 1.23 V) and (C) the experimentally
applied potential (U = 1.57 V). (D) The activity volcano
plot. Data from ref. 29.
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Finite-element simulations were carried out using COMSOL Multiphysics
version 5.2 commercial simulation package (see SI Appendix for details).
TEM and electron tomography. The high-resolution annular dark-field STEM
imaging of the NiO thin slabs was performed using a probe-corrected cold-

field-emission dedicated STEM operated at 200 keV. TEM tomography tilt
series acquisition was performed in FEI Talos F200X operated at 200 keV.
Images were acquired from −70° to +70° with 2° tilt intervals. The 3D to-
mograms were reconstructed by a home-written MATLAB code imple-
menting the multiplicative simultaneous iterative reconstruction technique
and visualized by Avizo (28).
Ab initio calculations. First-principle calculations were carried out using the
density functional theory (DFT) implemented in the QUANTUM ESPRESSO
package (33). The GGA in PBE form and Ultrasoft pseudopotentials with
spin-orbital approximation are employed. The kinetic energy cutoff for
plane wave and charge density are 40 and 400 Ry, respectively. The (100),
(111) plane and (111&111), (100&111) edge of NiO were considered. A 2 × 2
coverage surface and edge with a vacuum space of 18 Å along the non-
periodic direction were used to perform the catalytic property calculation. In
addition, the Brillouin zone was sampled using a Monkhorst–Pack 4 × 4 × 1
for surface and edge calculation. The lattice constant of NiO was calculated
to be 4.157 Å.

The OER mechanism includes four electron reaction paths (34):

H2O+ * ⇋ HO* +H+ + e−, [1]

HO* ⇋ O* +H+ + e−, [2]

O* +H2O ⇆  HOO* +H+ + e−, [3]

HOO* ⇆ * +O2 +H+ + e−. [4]

The free energy for each step was calculated as μ= EDFT + ZPE− TS, where EDFT
is the total energy calculated by DFT and ZPE is the zero point energy esti-
mated under harmonic approximation by taking the vibrational frequencies
of adsorbates or molecules as calculated within DFT.
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Fig. 6. Schematic representation of the simulation of the OER at the NiO
basal plane and edge under SG/TC SECM conditions (A) and simulated line
scans across the NiO edge at different edge/basal plane activity ratios (B).
The thickness of the NiO nanosheet is 15 nm. The OER current density at the
basal plane, J1 = 50 mA/cm2. The edge current density values (J2) are shown
for each simulated curve. The 0-nm position (dashed line) corresponds to the
NiO edge. a = 20 nm; d = 20 nm.
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