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Facet-Dependent Intrinsic Activity of Single Co;0,
Nanoparticles for Oxygen Evolution Reaction

Zhibin Liu, Hatem M. A. Amin, Yuman Peng, Manuel Corva, Rossitza Pentcheva,*

and Kristina Tschulik*

Deciphering the influence of nanocatalyst morphology on their catalytic activity
in the oxygen evolution reaction (OER), the limiting reaction in water splitting
process, is essential to develop highly active precious metal-free catalysts, yet
poorly understood. The intrinsic OER activity of Co;0, nanocubes and sphe-
roids is probed at the single particle level to unravel the correlation between
exposed facets, (001) vs. (111), and activity. Single cubes with predominant (001)
facets show higher activity than multi-faceted spheroids. Density functional
theory calculations of different terminations and reaction sites at (001) and (111)
surfaces confirm the higher activity of the former, expressed in lower over-
potentials. This is rationalized by a change in the active site from octahedral

to tetrahedral Co and the potential-determining step from *OH to *O for the
cases with lowest overpotentials at the (001) and (111) surfaces, respectively.
This approach enables the identification of highly active facets to guide shape-
selective syntheses of improved metal oxide nanocatalysts for water oxidation.

which is the sluggish anodic half-cell reac-
tion of the water-splitting process.l! Co;0,
materials can be synthesized in various
shapes by morphological control, e.g. as
spheres,? cubes,’l sheets,¥ and wires.P!
In the pursuit of higher catalytic activities,
these various shapes allowed to explore
the possible correlations between crystal
facets (e.g. (111), (001), (110), and (112))
and enhanced OER activity.’! Extensive
efforts have been exerted to identify the
most active facet for OER on Co;0,"
However, experimentally quantifying and
properly correlating the effect of exposed
facets on OER activity, though important,
is indeed a challenge due to the difficulty
in selectively altering only this particle

1. Introduction

The spinel Co;04 has been widely reported as an active and
low-cost catalyst toward the oxygen evolution reaction (OER),
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property (i.e., shape) while maintaining all

others, e.g., sizes or capping agents of the

synthesized particles. Previous attempts to
synthesize and compare the activity of shape-controlled Co;0,
catalysts are summarized in Table S1 (Supporting Information).
The existing literature shows a controversy, reporting different
activity correlations of either (001) or (111) being the more
active facet of Co;0, toward catalyzing the OER./1®! None
of the previous works, however, have fulfilled the criterion of
having the same size, crystal structure and capping agent but
distinctly different surface facet. This requisite is fulfilled in
the present study ensuring that only one parameter, that is the
exposed surface planes, is changed while convoluting effects of
other nanoparticle properties are suppressed to a minimum.
For example, in Ref. [10] the activity of four different crystal
planes of Co;0, were compared to explore their facet effects.
However, these particles featured also different particle sizes
(300 nm for cubes, 10 um length for belts, 100-200 nm for octa-
hedra and 8x4 um sheets), prohibiting an unambiguous decon-
volution of morphology effects from other contributions.[%)
Additionally, the OER activity of Co;0, measured on ensem-
bles can be disturbed by many external factors,'? e.g., the use
of binders and conducting supports, different catalyst loadings
and non-optimal iR corrections. Furthermore, during nano-
particle synthesis, exploitation of different capping agents!!’!
or reactant concentrations®l is often required to obtain specific
shapes. The contributions of such additives on catalyst proper-
ties (e.g., defect density™) and, hence, on the OER activity of
nanocatalysts are yet unknown in most of the cases. Therefore,
to get an in-depth understanding of the Co;0, facet effect and
establish intrinsic structure-activity relationships, a direct com-
parison is necessary that tries to avoid the external complexity
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in ensemble measurements and the uncontrolled intrinsic
unknowns arising at the particles during different synthesis
procedures.

To overcome ensemble limits, single-entity electrochemistry!’®!
has been applied in electrocatalysis to probe the intrinsic
activity of nanoparticles (NPs) at the individual particle
level.*19 Especially, the nano-impact approach is a powerful
tool to assess the current response of individual NPs.”] In a
typical nano-impact measurement, a biased microelectrode
is inserted into a suspension of NPs. Due to their Brownian
motion, for example, particles can randomly collide with the
microelectrode and establish electrical contact. Consequently,
a perturbation in the measured current occurs, typically being
spike-like in transformative or capacitive impacts or step-like in
the case of catalytic nano-impacts. By quantitatively analyzing
these current steps, information such as NPs size, aggregation
behavior, electrical double-layer capacitance and catalytic reac-
tivity can be extracted.® Recently, we demonstrated the use of
the nano- impact method to evaluate the intrinsic OER activity
of spherical CoFe,0, NPs at the single particle level,'”! thereby
ruling out external effects originating from ensemble studies
using catalyst-binder composites.? Moreover, simulating the
diffusional flux toward single nanocubes allowed for assessing
their turnover frequencies and interference-free activities.?!

Herein, this approach is applied to elucidate the influence
of the surface-exposed crystal facet of a Co;0, nanocatalyst on
its OER activity. The correlation between surface properties
and any measured electrocatalytic response is complex. There-
fore, combining advanced experimental and theoretical studies
is crucial to unravel the factors controlling the activity. In this
aspect, DFT simulations can provide useful insights into the
energetics of the intermediate steps and extract overpotentials
for different surface orientations and terminations.?? Addition-
ally, the role of solvation and the surface coverage of the specific
intermediates or reactants have been shown to have a major
contribution on the OER activity.[?>%4

Considering these points, we herein investigate Co;04
spheroids and cubes toward their OER catalytic activity. These
particles were successfully synthesized with similar size, using
the same reactants and capping agents. This crucially impor-
tant prerequisite is not fulfilled in reported works on facet-
dependence of OER performance (see Table S1, Supporting
Information), making it difficult to separate morphology from
other (simultaneously altered) catalyst properties like their size
or surface terminating ligand. The very similar synthesis condi-
tions used for both types of particles utilized herein, allow us
to directly measure the influence of the surface-exposed Co;0,
facet on the OER performance of otherwise nearly identical
catalysts. The activity of both types of Co;0, NPs was probed at
the ensemble level as well as at a single particle level. The elec-
trocatalytic responses reveal the (001)-exposed cubes to show
a better OER activity than spheroids (exposing both (001) and
(111) facets). Furthermore, DFT calculations with a Hubbard U
term (DFT + U) explore the OER activity at the (001) and (111)
surfaces and indicate that overpotentials at the former are gene-
rally lower than at the latter, consistent with the experimental
findings. Solvation contributions have also been included, and
a range of possible terminations and reaction sites has been
considered. For the majority of the different investigated crystal
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terminations, either parallel to the (001) or (111) planes, the
calculated energetics of the intermediate states and overpoten-
tials support the (001) plane as the most active surface: For the
(001) surface, the lowest overpotential is found to be 0.4-0.46 V,
whereas for the (111) orientation the lowest value is 0.56 V.

2. Results and Discussion

The adopted synthesis methods for both Co;0, spheroids
and cubes have been designed to be as similar as possible,
resulting in the successful synthesis of distinct shapes with
similar particle sizes thanks to an identical precursor solu-
tion (Co?* acetate) and capping agent (triethylene glycol, TEG).
Details on the synthetic procedure are given in section SI-I
(Supporting Information).

The obtained NPs are monodispersed, as shown in trans-
mission electron microscopy (TEM) images and by the
corresponding monomodal size distribution histograms
(Figure 1ab,ef). Co3;0, cubes reveal an edge length of
8.7 £ 1.2 nm, while spheroids show an average diameter of
about 9.6 + 1.4 nm. Deduced from the selected area electron
diffraction (SAED) patterns (Figure 1c), Co;0, NPs exhibit
a clear spinel structure (JCPDS no. 42-1467). Notably, high-
resolution TEM (HR-TEM) images (Figure 1d) show that, while
the Co30, cubes possess a well-defined shape, the nanometric
spheroid particles are better modeled as complex polyhedra
instead of perfect spheres. The resolved spheroid NPs expose
both (001) and (111) facets on their surface (as derived from the
0.20 nm lattice fringe ascribed to the (400) plane). Thus, a model
for this particle shape is presented in the inset of Figure 1d,
which is a truncated octahedron possessing eight (111) and six
(001) facets, matching well with the shape observed in HR-TEM
bright-field imaging and consistent with previous reports.[?’]

Further, the spheroidal and cubic nanoparticles were further
characterized using Xray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), and Raman spectroscopy, see
Supporting Information SI-III. The obtained data confirms
that both particles only differ in the exposed crystal facets, but
have the same crystal structure, capping agent, and very similar
size. Thus, these samples are uniquely suited to identify facet-
activity-correlations for OER catalysis at Co;O4 nanomaterials.
This comparison of 8.7 nm sized cubes and 9.6 nm sized sphe-
roids is expected to give valuable hints on the effect of different
exposed facets on the OER activity, as the only major differ-
ence is ascribed to the presence of (111) facets on the spheroids.
Firstly, classical rotating disc electrode (RDE) measurements
were conducted on ensembles of NPs of both types. Additional
details on the electrochemical measurements are presented
in SI-II (Supporting Information). Linear sweep voltammetry
(LSV) curves reveal that spheroids and cubes show similar OER
current density responses without (Figure S1, Supporting Infor-
mation) and with 95% iR-correction (Figure 2a). In Figure 2a,
although the measured currents were normalized to the
geometric area of the RDE electrode, as commonly adopted,
and the same nominal amount has been drop-cast in each
experiment, this comparison might still not be precise enough
due to the difficulty in the determination of the real number of
active sites involved in the OER process.[*°!
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Figure 1. Spheroidal and cubic Co;0, nanoparticles (upper and lower panels, respectively) are characterized by means of a,e) TEM, b,f) size distribution
(mean diameter + standard deviation), c,g) SAED pattern and d,h) HRTEM. The insets in (d) and (h) are a truncated octahedron and cube models,

respectively.

Alternatively, the Co*/* oxidation peak may be used to
roughly estimate the available Co atoms participating in the
OER process.””] Details about the evaluation of the exposed Co
atoms are presented in section SI-IV (Supporting Information).
The polarization curves were then normalized to the estimated
number of exposed Co atoms. The obtained LSVs are shown in
Figure 2b, and suggest a slightly higher activity of the cubes.
Additionally, Tafel analysis shows slightly lower Tafel slope
for the cubes than the spheroids (see Figure 2c,d), implying
a possibly altered mechanism at different facets, as suggested
also by the DFT results below and in agreement with previous
reports."™l In most of the previous ensemble studies, the
opposite conclusion was drawn, that is the (111) are more active
than (001) facets,”%1%%8 and thus, spheroids would be expected
to be more active than cubes. This conflicting observation could
be rationalized on the basis that previous works used different
particle sizes for the different facets, which does not necessarily
ensure the same activity trend. Nevertheless, only a very recent
work reported the higher OER activity of (001) over (111) facet."!
Hence, these measurements can easily be affected by other par-
ticle properties being altered simultaneously, such as the use of
different capping agents and supports in these cases to get spe-
cific shape and size during NPs synthesis or even comparing
shapes of different dimensions (see Table S1, Supporting Infor-
mation). Additionally, to potentially probe the change of several
properties at once, different catalyst wetting by the used binder
or other ensemble effects might have added to the observed
difference in activity in these studies. A table summarizing the
starting materials, shapes, facets, sizes and activity parameters
of different synthesized Co;0, particles is shown in Table S1
(Supporting Information). Although it is challenging, we suc-
cessfully managed to synthesize cubes and spheroid particles
having the same capping agent and the same diameter/edge
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length under nearly identical conditions, offering a proper
assessment of the facet-dependent activity.

For the herein investigated particles, as the difference
between the cubic and spherical particles nominally only lies in
their shape, we further investigated the morphological stability
of these particles. In particular, due to their well-defined edges,
a possible shape transformation during OER might induce the
nano cubes to adopt a more spherical shape, usually consid-
ered to be more energetically stable.?#?%] As this would result
in nominally identical particles, it would also explain the very
similar catalytic activity. Therefore, the nano cubes were char-
acterized by HR-TEM after OER test (Figure S2, Supporting
Information) and the images did not indicate changes in the
cubic particle shape.

To discuss the minute difference between the two facets in
Figure 2, the nature of the ensemble measurements can be
considered. As detailed in many works investigating single
entities, many external factors can affect the nanoparticle
activity in ensemble studies.?! Thus, nano-impact experiments
were performed to enable a more reliable comparison of the
intrinsic OER activity and to better correlate it to the respective
particle geometry.

These single-particle experiments were carried out for
Co30, spheroids by recording chronoamperograms at constant
potentials in the range of 1.78-1.98 V vs RHE (0.8-1.0 V vs Ag/
AgCl). Representative examples of the observed current steps
for each potential are displayed in Figure 3a and more data for
other potentials (Figure S3, Supporting Information) as well
as for the Co30, cubes (Figure S4, Supporting Information)
are presented. Obvious step-like signals are observed at 1.78 V
and above. Furthermore, step current histograms at various
potentials were established and fitted to get the corresponding
mean values for the step currents, as displayed in Figure 3b. By
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show slightly lower Tafel slopes, i.e. slightly faster kinetics.

plotting the step current versus the applied potential (Figure 4a),
it is clearly seen that for both cubes and spheroids the step cur-
rent increases slightly from 1.78 to 1.83 V, while a much higher
value is obtained at 1.88 V. When the applied potential reaches
1.93 V, the step current reaches its maximum value and a
plateau appears. This suggests that at 1.93 V, Co30, NPs reach
the steady state condition.’”) The OER activity of spheroids
and cubes measured by single-entity electrochemistry are com-
pared and the result is summarized in Figure 4a. Although, the
potential required to observe obvious current steps (1.78 V) and
the potential to reach the steady state (1.93 V) are the same in
both cases, the step currents of cubes are significantly higher
than spheroids at various potentials, suggesting that cubes are
more active than spheroids. This observation emphasizes the
significance of the single particle measurement to reliably
probe the facet effects. However, considering the different
geometric surface areas (a sphere has a smaller surface area
of =289 nm? than a cube of =378 nm? for 5 exposed faces, see
section SI-V, Supporting Information), it is necessary to com-
pare the current responses at low overpotentials in terms of
step current densities to highlight kinetic effects that should
not depend on mass-transport.

Adv. Funct. Mater. 2023, 33, 2210945 2210945 (4 of 8)

alues are reported in (d). On the basis of this dataset, the cubic particles

Due to the efficient mass transport at the nanosized particles
(i-e. convergent rather than linear diffusion), the nano-impact
approach achieves high current densities and steady-state
step-like current response.>2!l At low applied overpotentials,
the particle surface area is relevant to evaluate the kinetics,
while at high overpotentials the diffusional mass transport
limits the reaction and a linear dependency of the steady state
current on the particle radius or edge length is expected, see
details in section SI-VI (Supporting Information). The step
currents were, thus, normalized to the surface area of the NPs
and are depicted in Figure 4b. After normalization, no clear
differences can be observed at 1.78 and 1.83 V, while at 1.88 V
(in the potential region of interest) a higher current density
is obtained for cubes than spheroids. In fact, the diffusion
limiting currents at a cube and a sphere of comparable sizes
differ only marginally (=2%),23% as discussed in SI-VI
(Supporting Information). Accordingly, the regions of steady
state (1.93 and 1.98 V) should not be taken into consideration,
as steady-state currents depend on the radius (edge length) of
NPs (see Supporting Information).? To further test the validity
of the results at 1.88 V, the two (for spheroids and for cubes)
step-current datasets were randomly divided into three subsets
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Figure 3. a) Representative current-time traces along with zoom-ins of a representative current step at various potentials (vs. RHE) and b) step current
histograms (mean step heights + standard errors and counting numbers of step peaks) of Co30, spheres at various potentials.

each and three novel and independent histograms were built
and fitted (see Figure S4, Supporting Information). The mean
value and standard deviation were calculated for the corre-
sponding current densities, and the results are consistent with
the previous estimate, that cubes show consistently higher step
currents than spheroids.

To rationalize the detected influence of exposed facets on
the intrinsic electrocatalytic activity, DFT+U calculations were
performed to determine the energetics of OER intermediates
and overpotentials at the Co3;0, (111) surface and to compare
them to previous results for the (001) orientation.’)l While
surface transformations of Co;O, under OER operando con-
ditions are reported to occur, we assume that the above-
considered terminations and sites still reflect the general
reactivity trend. Details of the DFT+U calculations can be
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found in SI-VII (Supporting Information). The bulk Co;0,
structure also showing the considered terminations for the
two surface orientations is displayed in Figure 5 and a top view
of the studied terminations of the (111) surface is displayed in
Figure S5 (Supporting Information). The reaction-free ener-
gies of OER intermediates and the resulting overpotentials at
different terminations and reaction sites at the (001) and (111)
surfaces of Co;0, are shown in Figure 6a,b, respectively. The
values are also listed in Table S2 (Supporting Information).

At the (001)-orientation both the B-layer with octahedral
Co (Co®°%Y and oxygen and the A-layer with additional tetrahe-
dral Co (Co™) sites are considered (see Figure 5; Figure S5,
Supporting Information), as well as different coverages with
functional groups to describe the surface under applied voltage
(for more details see Ref. [23]). Considering all these possibilities

—a@— Cube, 5 facets
- B= Cube, 6 facets
—#— Sphere
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Figure 4. Comparisons of a) step currents and b) corresponding surface-normalized current densities of Co;O,4 spheres and cubes at various potentials.
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Figure 5. Bulk Co30y structure showing also the planes of the termina-
tions considered for the (001) (A- and B-layer) and the (111)-surface ori-
entations (0.25 ML, 0.5 ML and O-covered).

is a requirement for fair comparison of this complex system,
where the energetics of each surface termination strongly
depend on the environment condition (see Figure S6,
Supporting Information). At the bare surface, the lowest
overpotential is found for an octahedral Co reaction site at
the B-layer (0.46 V), which is slightly higher if the surface is
oxygenated (0.50 V). In contrast, for the A-layer the overpotential
at an octahedral Co site is 0.63 V but is substantially reduced
to 0.40 V for the oxygenated case. Concomitantly, the potential-
determining step (PDS) switches from *OOH to *OH as in
the B-termination. Regarding the (111) surface, terminations
with a Co™ (0.25 ML) and with an additional Co® (0.5 ML)
were considered, as well as further coverage with oxygen or
OH groups to model the surface under reaction conditions. At
the (111) surface, the lowest overpotentials of 0.56 and 0.58 V
are found for the Co™ site at the 0.25-layer and for the
oxygenated surface, respectively, the PDS being in both cases
the *OH deprotonation to *O. For the hydroxylated (111) sur-
face, the overpotential rises to 0.70 V. Further cases with even
higher overpotentials are shown in Figure S7 (Supporting
Information) and listed in Table S2 (Supporting Informa-
tion). Considering solvation effects with an implicit solvation
modell®? leads generally to an increase of overpotential, which
is more pronounced for the (001) surface and is associated with
enhancement of binding energy.?3! However, the inclusion of

www.afm-journal.de

solvation does not change the PDS for all cases but the oxygen-
ated surface.

Overall, the overpotentials for the (111) orientation tend to
be higher than for the (001), consistent with the experimental
finding. This trend is visible also in the volcano plot in Figure 7.
The top of the ideal volcano stemming from the scaling rela-
tionship between AGloy and AGloonl*? is reached for a binding
energy difference of AGloy — AGloon = 1.7 eV. Some of the
calculated values, in particular for the (001) orientation, lie close
or even above the volcano and toward the weak-binding leg of
the volcano, indicating smaller deprotonation energies of *OH.
Side views of the optimized structures of the OER intermedi-
ates on different reaction sites at the (001) and (111) facets along
with the spin density are displayed in Figure 6 (further cases
are shown in Figure S8 in the Supporting Information). The
data indicate a strong variation of the magnetic moment at the
Co reaction site at the B-layer termination between 2.1 pp for
* and 0 pg for *OOH, indicating changes in the oxidation and
spin state. This variation is significantly reduced at the A-layer
(changes between 2.2-3.0 ug). Likewise, an enhanced fraction of
Co?" is found at the (111) surface (magnetic moment ~2.6 W) for
the octahedral sites, accounting for the observed higher activity
of the (111) surface, in agreement with the electrochemical
observation. At the 0.25 ML Co™ termination the subsurface
octahedral layer acquires a magnetic moment of 1.0 ug,
pointing to an intermediate spin state (compared to low spin
state for Co** in bulk Co30,).

3. Conclusion

In conclusion, the facet-dependent OER activity on spinel
Co30,4 was successfully probed at the ensemble and single
particle level by comparing the activity on spheroids ((001) and
(111) facets) and cubes ((001) facets only). In contrast to the
tentative differences in OER activity recorded on ensembles,
the single particle studies unambiguously reveal that Co;0,
cubes are more active than spheroids when both NPs have
otherwise identical parameters. DFT + U calculations confirm a
higher OER activity of the (001) compared to the (111)-oriented
Co30, surfaces. This may be attributed to the difference in the
reaction site with lowest overpotential (octahedral vs tetrahedral)
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Figure 6. Cumulative free energies YAG; of intermediates during OER for different terminations and reaction sites (in brackets) at a) the Co;0, (001)
surface (adapted from Ref. [23]), and b) Co30, (111). For (111) the four lowest overpotentials are shown (further cases are given in Figure S7, Supporting
Information). The dashed lines indicate calculations including solvation effects.
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Figure 7. Volcano plot of the overpotential for both surface orientations as a function of the binding energy difference between *O and *OH intermedi-
ates. The dashed line is the ideal volcano from the scaling relationship of *OOH and *OH shown in Figure S9 (Supporting Information), the symbols

are the calculated values for the different terminations and reaction sites.

and the change in potential determining step (*OH vs *O)
for the (001) vs (111) surface and an enhanced fraction of
Co?" at the latter. This study provides both, new experimental
and theoretical insights and a better understanding of the
facet-dependent electrocatalytic activity. Hence, it highlights
a promising novel approach for designing high-performance
catalysts for energy conversion technologies via the selective
synthesis of nanocatalysts with well-defined facets.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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