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Abstract: Co;0, nanocubes are evaluated concerning their
intrinsic electrocatalytic activity towards the oxygen evolution
reaction (OER) by means of single-entity electrochemistry.
Scanning electrochemical cell microscopy (SECCM) provides
data on the electrocatalytic OER activity from several individ-
ual measurement areas covering one Co;0, nanocube of
a comparatively high number of individual particles with
sufficient statistical reproducibility. Single-particle-on-nano-
electrode measurements of Co;0, nanocubes provide an
accelerated stress test at highly alkaline conditions with current
densities of up to 5.5 Acm ™, and allows to derive TOF values
ofupto2.8x10° s at 1.92 V vs. RHE for surface Co atoms of
a single cubic nanoparticle. Obtaining such high current
densities combined with identical-location transmission elec-
tron microscopy allows monitoring the formation of an
oxy(hydroxide) surface layer during electrocatalysis. Combin-
ing two independent single-entity electrochemistry techniques
provides the basis for elucidating structure—activity relations of
single electrocatalyst nanoparticles with well-defined surface
structure.

Introduction

Green energy storage becomes increasingly essential in
the field of the provision of sustainable energy. Nanoparticle-
based catalyst materials are comprised of a large number of
individual particles, which exhibit a considerable variation in
their individual size, shape, and surface structure.!'! Moreover,
they are embedded in a catalyst layer comprising additives,
leading to a high number of in-part dependent parameters, for
example, the local change of the pH-value and other
ensemble effects, which make the determination of intrinsic
electrocatalytic and materials properties impossible. Single-
entity electrochemistry (SEE) is employed to unravel intrinsic

parameters of an electrochemical system down to individual
electroactive sites.™ Since electrodes with nanometric di-
mensions became accessible, several tools at the single-entity
level were suggested, such as scanning electrochemical cell
microscopy (SECCM), nano-impact electrochemistry,>® or
the attachment of a specific nanoparticle to a nanoelectrode.”’
Their goal is to ultimately determine the intrinsic properties
of materials during specific electrochemical reactions.®! The
attachment of a single nanoparticle onto a nanoelectrode is
the crucial critical step and especially challenging to realize.”’
Recently, we reported a method to attach and investigate
well-defined hexagonal-shaped single Co;O, nanoparticles to
the tip of a carbon-based nanoelectrode (CNE) using a robotic
micromanipulator inside the scanning electron microscope
(SEM).'" SECCM has been employed for determining the
structure—activity correlation of different electrochemically
active surfaces and nanomaterials, offering a spatial resolu-
tion down to single nanoparticles.""'?! Investigating the
droplet landing areas of SECCM by means of SEM or TEM
allows to derive structure—activity correlation.>"! All SEE
techniques have their inherent benefits and drawbacks. On
the one hand, SECCM offers a high statistical reliability
concerning the intrinsic catalytic properties of nanoparticles
or substrates due to the large number of independent
measurements in a single SECCM scan. On the other hand,
SECCM measurements in highly alkaline media, as typically
used in industrial electrolyzers, are rather difficult due to
surface wetting issues. Nano-impact measurements provide
high statistical data and can be performed in high alkaline
conditions. However, the duration of the impact and thus that
of the electrochemical reaction is limited to a few milli-
seconds. Post-electrocatalysis characterization of structural
changes, for example, by means of transmission electron
microscopy (TEM), is impossible. Single particles attached to
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the tip of a carbon nanoelectrode (CNE) can operate under
high alkaline conditions and at high current densities, which
offers the possibility to perform accelerated stress tests to
induce structural changes. Moreover, the particle-at-the-stick
methodology is designed to allow identical location TEM
characterization of the nanoparticle before and after the
electrochemical stress test. However, the method is limited in
the number of possible measurements due to the challenges to
place a single nanoparticle on the surface of a CNE. There-
fore, we combine two SEE techniques to compensate for the
inherent limitations of the particular methods and to gain
a unique insight into the intrinsic structure—activity correla-
tion of a single Co;0, nanocube. Through the combination of
SECCM with the single-particle-at-the-tip approach, on the
one hand, a statistically relevant number of measurements of
the intrinsic electrocatalytic OER activity of a single Co;0,
nanocube at low alkaline conditions becomes accessible. On
the other hand, electrochemical and identical-location struc-
tural TEM data are obtained.

Here, we demonstrate that combining SECCM and the
single-particle-at-the-tip approach, the intrinsic electrocata-
Iytic activity and structural changes during an accelerated
stress test of well-defined Co;04 nanocubes concerning the
OER can be assessed.

Results and Discussion

First, SECCM with subsequent SEM visualization of the
droplet landing sites is used to obtain the voltammetric
activity scans of a statistically significant number of single
Co;0, nanocubes to derive a first estimate of the OER
turnover frequency (TOF). The TOF is a direct measure of
the electrocatalytic turnover of an individual active site at the
nanoparticle surface towards the OER. Unlike our previous
study using Co;0, hexagons,”! the cubes are ideally exposing
exclusively the (100) surface plane of the Co spinel and hence
the TOF values represent the catalytic turnover of Co atoms
at a single lattice plane. In the following step, we perform
single-particle-at-the-tip measurements under the same con-
ditions as used for the SECCM measurements (Scheme 1).
Finally, a voltammetric scan is performed at the Co;0,
nanocube-modified CNE to an anodic potential of 1.9 V vs.
RHE to achieve the highest possible current from the catalyst
particle without deteriorating the integrity of the underlying
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carbon nanoelectrode. At these high current densities in
highly alkaline electrolytes, the single catalyst particle expe-
riences an accelerated stress test to elucidate the stability of
the spinel-type Co;O, cube at current densities far above
those relevant for industrial applications. This provides the
opportunity to investigate the same Co;0, cube electro-
chemically, structurally and concerning its compositional
changes imposed by the accelerated stress test employing
TEM and EDX. The cube-shaped Co;0, nanoparticles of
varying sizes (80-360 nm), with an average size of 207 nm,
were synthesized using a hydrothermal method in the absence
of any structure-directing agents (details in Section 2, ESI,
Figure S1-S5)."! The corresponding XRD pattern were
assigned to phase-pure Co;0, devoid of any traces of
crystalline secondary phases such as hydroxides, as demon-
strated by the Rietveld refinement (Figure S1).
Nanopipettes for the SECCM measurements were pulled
quartz capillaries with diameters between 400 to 500 nm
(Figure S7) filled with 50 mM KOH solution, which contains
0.1 mM of an Os-complex [(Os (2,2'-bipyridine),(N,N’-di-
methyl-2,2'-bisimidazole)] as free-diffusing redox mediator.
A Pt wire with a diameter of 0.25 mm serves as quasi-
reference/counter electrode. The Os-complex exhibits a pH-
independent reversible Os**/Os”" redox conversion which is
used as a stable reference potential to convert the applied
voltage to the RHE scale (details in Section 3, EST)."! The
Co;0, cubes were dispersed in toluene containing oleylamine
using a tip sonicator for 15 min for improved particle
separation (Figure S6). The well-dispersed solution was
drop-coated onto a polished glassy carbon plate and sub-
sequently heated for 2 h at 200°C in an oven under ambient
atmosphere to remove the oleylamine from the particle
surface." After installing the filled nanopipette and the
glassy carbon plate with the Co;O, nanocubes in the SECCM
set-up (Figure S8), a hopping-mode SECCM scan was per-
formed over an area of 100 x 100 um?* with a hopping distance
of 7 to 10 um resulting in at least 100 measurements per scan
and in total 2,300 landing sites. At each landing site of the
nanodroplet, a series of cyclic voltammograms was recorded
in a potential range from 0 to 0.6 V vs. Pt quasi-reference
electrode. This potential range covers the Os*'/Os*" redox
reaction. The obtained voltammograms were later used for
the conversion of the potential to the RHE scale.
Afterwards, one linear sweep voltammogram (LSV) in the
potential range from 0 to 0.9V vs. Pt quasi-reference

current density

——C0,0,@CNE
——SECCM
~——SECCM

Co,0,@CNE
OH O,

potential

Scheme 1. Combination of SECCM and the particle-at-the-stick technique provides a unique approach to elucidate electrocatalytic properties as

well as structural changes of individual Co;0, spinel nanocubes.
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electrode was recorded at a scan rate of 1 Vs™! to determine
the OER activity of the individual site, which is wetted by the
nanodroplet. Specific spots which showed higher current
responses were analyzed with SEM to visualize the presence,
the number and the size of the Co;0O, nanocubes at each
individual measurement area. Approximately 80-100 landing
sites with one or more Co;0, nanocubes in the spot were
investigated and 17 spots with one particle were selected.
Among the single particle spots, only those spots had been
finally selected which had perfect adjacent carbon measure-
ments assuring the integrity of the capillary. From the size of
the nanocube, the surface area and current density can be
derived (Figure 1). The shown electrochemical response from
a selection of those spots with a single particle was corrected
by the baseline current obtained from adjacent bare carbon
spots, which is the reason why the redox wave of the Os-
complex is barely visible in the LSVs (Figure S9 and S10). All
spots, which contain a single Co;O, nanocube of varying size,
show a very similar activity towards the OER when normal-
ized to the geometric surface area (Figure 1). Table 1 lists the
particle sizes and the respective calculated TOF values. The
highest obtained current density at 1.9V vs. RHE is
275 mAcm™2, and the corresponding TOF value, which
considers only the surface Co atoms assuming an exposed
(100) surface plane (Figure S11), is 884 286 s™'. The edge-
length dependent TOF values are shown in Figure S12.

For cubes with an edge length exceeding approximately
300 nm, a decrease in the slope of the LSV is observed at
higher anodic potentials resulting in a steady-state-like
current response. This is attributed to the confinement in
the nanodroplet and is likely due to the depletion of OH ™ ions
or O, saturation within the droplet. Limited diffusion of OH™
towards the catalyst particle or local oversaturation of O,
impacts the reaction rate at high potentials.'l Therefore, the
single-particle-at-the-tip approach, which is not affected by
a limited electrolyte volume in the direct vicinity of the single
nanoparticle was applied to verify the results obtained from
the SECCM measurements and extend them to higher current
densities. Carbon nanoelectrodes were fabricated by pulling
quartz glass capillaries with a laser puller and filling the

Table 1: Edge lengths of the Co;O, nanocubes and corresponding
calculated TOF values derived from the SECCM measurements shown in
Figure 1.

Spot  Edge length TOF @ 1.8V vs.RHE TOF @ 1.9V vs. RHE
[nm] [s7] [s7]

1 100 414 1396

2 175 232 1087

3 203 212 598

4 205 174 675

5 308 457 1019

6 310 404 901

7 313 223 531

8 331 349 863

nanometer-sized tips with carbon by pyrolysis as described
previously."” The as-fabricated CNEs were further processed
using focused ion beam (FIB) milling inside the SEM to
obtain a disc-shaped electrode surface with a typical diameter
of 300 to 500 nm (Figure S13). The surface of the FIB-
processed CNEs was functionalized employing electrochem-
ical oxidative grafting of N-BOC-ethylenediamine, yielding
an amino-group functionalized surface after acid-cleavage of
the BOC group (see ESI).'! The functionalization is neces-
sary to provide stronger interaction between the CNE surface
and the Co;0, nanocubes, which increases the chance that the
particle sticks firmly on the surface. For the pick-up process of
the single Co;O, nanocube, the sample was dispersed in
ethanol containing 0.03 vol. % of oleylamine for nanoparticle
separation. The dispersion is sonicated and immediately drop-
coated onto a flat gold-covered silicon wafer surface. Several
CNEs, the gold wafer with the Co;0O, nanocubes, and the
micromanipulator are installed in the SEM chamber for the
placement process.

A single well-defined Co;0, nanocube is selected under
SEM control, picked up with the tip of the micromanipulator
system, and placed onto the top of the CNE to obtain
a Co;0,@CNE nanoassembly (Figure 2a-d). The single-
particle modified CNEs are heated to 200°C for 2 h in air to
remove the oleylamine from the nanoparticle surface.'*!
Before the activated Co;0,@CNE nanoassembly was electro-
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Figure 1. a) SEM images showing selected droplet-landing spots from a SECCM scan with a single Co;0, spinel nanocube located within the
droplet. The residues are due to dried KOH electrolyte. The scale bar equals 1 um and the color code of the micrographs corresponds to that of
the linear sweep voltammograms in b). Bare landing spot corrected linear sweep voltammograms recorded in 0.05 M KOH containing 0.1 mM

Os-complex solution with a scan rate of 1Vs™'.
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Figure 2. SEM images of a) Co;0, nanocube particles drop-coated
onto a gold-covered silicon wafer surface, b) a selected well-defined
single Co;O, nanocube particle with the tip of the micromanipulator
tip in close proximity, c) a single Co;O, nanocube particle attached to
the micromanipulator tip close to the CNE surface, and d) a single
Co,;0, nanocube particle placed on the CNE. Linear sweep voltammo-

grams recorded from e) the single Co;O,@CNE nanoassembly (black)

and by means of SECCM (green and red) with a scan rate of 1Vs™' in

0.05 M KOH containing 0.1 mM Os-complex.

chemically investigated, it was inspected by SEM to confirm
that the nanocube is still firmly attached to the CNE surface.
To compare the measurements between SECCM and the
single-particle-at-the-tip approach, the same electrolyte was
employed (0.05 M KOH containing 0.1 mM Os-complex). A
LSV, which is corrected by the Os-complex redox current
contribution (Figure S14), is shown in Figure 2 (dark grey)
together with two LSVs obtained by single-particle SECCM
measurements (red and blue). Both SEE approaches show
similar results at lower current densities if the current was
normalized to the surface area of the Co;O, nanocube. The
current density at 1.8 V vs. RHE is in average 81 mA cm? for
the SECCM and 123 mA cm? for the Co;0,@CNE measure-
ment, leading to TOF values of 414s™' for SECCM and
626 s ! for the Co;0,@CNE experiment, respectively. With
increasing overpotential for the OER, the difference in
currents increases between both techniques, which is due to
the restricted electrolyte volume and diffusional constraints in
the SECCM configuration. A faster and unhindered diffusion
of OH ions towards the Co;O,@CNE nanoassembly is the
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basis for long-term measurements and overall higher currents
in the particle-at-the-stick approach (for details see ESI).

The benefit of the single-particle-at-the-tip approach lies
in the possibility of a detailed structural characterization of
the nanoassembly using TEM and TEM-EDS before and
after the electrochemical experiments. To enable identical-
location TEM with single nanoparticle-modified CNEs we
designed a specific CNE-TEM holder (Figure S15). Due to
the comparatively low current densities of approximately
1 Acm? and the short exposure time to high anodic potentials
at the fast scan rate of 1 Vs~ no morphological changes at the
particle surface were visible after the LSV sequence as also
used in the SECCM measurements. TEM images show
a homogeneous crystal lattice of the particle before and after
the LSVs (Figure S16). Co;0,4 nanocubes were investigated
concerning their stability under conditions that are by far
harsher than in industrial electrolyzers by performing accel-
erated stress tests at the level of a single catalyst particle.
After fabrication of the nanoassembly by placing a single
Co;0, nanocube particle on a functionalized CNE surface,
linear sweep voltammograms in 1 M KOH were performed at
a scan rate of 200 mVs~!. The achieved current densities of
5.5 Acm 2 under these conditions exceed industrial current
densities (0.5 Acm™) by about ten times."¥ The same is true
in comparison with the measurements performed in 0.05 M
KOH. The calculated TOF values considering just the surface
atoms at 1.9 V vs. RHE in 1 M KOH is 2.8 x 10* s ! and thus
several orders of magnitude higher than the ones reported
above for 0.05 M KOH. If all Co atoms (surface and volume)
of the nanoparticle are considered for TOF calculation, the
TOF is lower than that reported for the hexagon-shaped
Co,0, particles.”! However, normalized to the number of
surface Co atoms in the Co;O, nanocube considering (100)
surface planes, the TOF value is in excellent agreement with
that reported for hexagon-shaped Co;0, particles (2.7 x 10* +
5x10° s7).""Y Ensemble measurements propose a trend that
the activity towards the OER of the (100) lattice plane, which
is present on the Co;O, nanocube, has a lower activity than
the (111) or (110) lattice planes, which are constituting the
hexagon-shaped particles.!””’ Due to the comparatively low
number of Co atoms on the (100) plane, the current density of
the Co;0, nanocubes is roughly 5.5 A cm 2, which is less than
half of the current density that is obtained on hexagon-shaped
Co,0, particles (11.5 A cm™2). The activity of the nanocubes is
hence lower than the activity of the hexagon-shaped particles,
if the current is normalized to the surface area, which agrees
to ensemble measurements which were recently reported.””!
TEM analysis reveals significant changes in the particle
morphology after the high-current density OER challenge of
the single particle (Figure 3a,b). Prior to the electrochemical
measurement, the distribution of Co and O was uniform
across the whole particle, as shown by EDS analysis (Fig-
ure 4a—c). The nanoelectrode-attached Co;O, nanocube is
very homogeneous in terms of its element distribution before
the accelerated stress test as demonstrated by the homoge-
neous contrast of the STEM image in Figure 4a and the EDS
data shown in Figure 4 b,c. The lattice fringes run through the
particle as the whole (Figure S2).
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Figure 3. HR-TEM images of the same Co;O, nanocube a) before and b) after the electrochemical stress test. c) Linear sweep voltammograms of
two different Co;O,@CNE nano-assemblies and a bare carbon nanoelectrode (current density is normalized by their surface area). d) HR-TEM
image of the near-surface region of the particle shown in b) (the yellow line indicates the near-surface amorphous region).

(c)eo
[—CK
—0K
01 —sik
- Co K
404
S
@©
o 304
=
>
o
O 204
10 +
0
50 0 50 100 150 200 250 300 350 400

Distance [nm]

G =

—O0K
304 !
—Si K
KK
25+
—— Co K
=
3 204
2
5 154
(o]
o
10 4
5
0+
-50 0 50 100 150 200 250 300 350 400

Distance [nm]

Figure 4. STEM micrographs of the same Co;O,@CNE nano-assemblies a) before and d) after the accelerated stress test. EDS analysis of the
shown Co;0,@CNE nano-assemblies b) before and e) after the accelerated stress test. Line profile c) before and d) after the accelerated stress
test obtained from the area marked with a red box in the corresponding EDS analysis. Scale bar is equal to 200 nm.

After the accelerated stress test, local agglomerations of  homogeneity. Especially the sharp edges of the nanocube
Co;0, are formed inside the particle which is losing its  disappeared during high current-density OER (Figure 3b and
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4) and concomitantly significant changes in the elemental
distribution across the particle were observed by EDS
analysis. The nanocube shows now regions with higher mass
concentrations of Co (Figure 4d.,e). The EDS analysis con-
firms that these denser areas consist of Co;0, due to the direct
correlation of the Co and O peaks in the line scan shown in
Figure 4 f obtained from the area marked in red in Figure 4e.
Further structural changes become visible in the HR-TEM
images (Figure 3b,d). In the inner part of the particle, the
homogeneous lattice spacing of d =2.04 A (400) Co,0, is still
intact, but an amorphization of the surface of the particle
occurs. Inside this mostly amorphous layer, small crystalline
areas with lattice fringes of d=2.18 A are observed, which
can be attributed to the lattice spacing of CoO, (002). Not
only the surface was undergoing a significant morphological
restructuration, but it also experienced oxidation and corro-
sive deterioration. This process is most likely due to the
formation of a mixture of CoOOOH, which is reported to be an
amorphous gel-like structure and known to be the active
species in the OER of Co;0,,?"! and CoO,, which can form
under these conditions.?

Conclusion

In summary, synthesis of shape-pure Co;0, spinel nano-
cubes combined with single-entity electrochemistry tech-
niques provide deeper insight into structure—activity relations
during high current-density OER electrocatalysis. SECCM
and single-particle-at-the-tip measurements yield comparable
results, especially at comparatively low current densities. The
data obtained by SECCM are suitable to determine size-
activity and structure—activity correlations over a higher
statistical number of experiments in the lower current density
area. The single-particle-at-the-tip approach provides intrin-
sic activity data at high current densities and gives access to
TOF values at high turnover (2.8 x 10*s™"), which is in good
agreement with our previous study (2.6x10*s7").l') The
determined TOF values are an order of magnitude lower
than those reported for CoFe,O, spinel particles shown
recently.’) However, most importantly the combination of
several single-entity electrochemistry techniques such as
SECCM and single particle at nanoelectrode assemblies pave
the way for deciphering intrinsic electrocatalytic activity data,
which provides a correlated understanding of structural
transformations during electrochemical processes by combi-
nation with identical-location TEM investigations.
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