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ABSTRACT: By partially overcoming the diffraction limit, super-localization techniques have extended the applicability of optical
techniques down to the nanometer size-range. Herein, cobalt oxide-based nanoparticles are electrochemically grown onto carbon
nanoelectrodes and their individual catalytic properties are evaluated through a combined electrochemical-optical approach. Using
dark-field white light illumination, edges super-localization techniques are applied to quantify changes in particle size during elec-
trochemical activation with down to 20nm precision. It allows the monitoring of (i) the anodic electrodeposition of cobalt hydroxide
material and (ii) the large and reversible volume expansion experienced by the cobalt hydroxide particle during its oxidation.
Meanwhile, the particle light scattering provides chemical information such as the Co redox state transformation, which comple-
ments both the particle size and the recorded electrochemical current and provides in operando mechanistic information on particle

electrocatalytic properties.

Efficient heterogeneous catalysis is a long-sought milestone
on the way towards cleaner sources of energy. In this context,
electrochemical water splitting to generate hydrogen fuel has
drawn much attention lately owing to the possibility of being
coupled to solar energy. Particularly, cobalt-oxide-based mate-
rials have received special attention over the past years' due to
their ability to perform highly efficient long-term catalysis of
the oxygen evolution reaction (OER) and to their self-healing
capability.? If pure electrochemical approaches based on the
careful reading of voltammograms®* can unravel the redox and
chemical aspects of the catalytic reactivity of these systems,
their correlation, under operating conditions, to in situ struc-
tural complementary observations such as SEM,? STM>” or X-
ray spectroscopies is a real asset.”*° This is mainly performed
on thin layers; however, the electrodeposition of cobalt-oxide-
based materials through Co®* oxidation leads to films nucleat-
ed from globular particles with characteristic sizes ranging
from a few tens of nanometers to micrometers.”** Since the
size and morphology of transition metal catalysts,"*** such as
cobalt,"® may drastically affect their activities, the coupling of
in operando complementary monitoring to single nanoparticle
electrochemistry is particularly promising.

Recent developments in electroanalysis allow interrogating
electrocatalytic reaction mechanisms at the single nanoparticle
level, "™ from purely electrochemical strategies such as elec-
trochemical nanoimpacts,? by using nanosized electrochemi-
cal cells,”>* from the controlled deposition of the nanoobject

on a nanoelectrode, >’

electrochemical nanoprobes.

Electromagnetic waves (e. g. visible-light, X-ray) microsco-
pies can allow fast full-field imaging. Electron microscopies
and nano X-ray techniques®* provide the highest resolution
in situ imaging of nanoparticle electrochemistry, although
their radiations can induce chemical side effects.®® Several
groups, including ours, are suggesting that super-localization
optical microscopies®*' are easier to implement to image
electrochemical processes at individual nanoobjects in the 20-
100 nm range, in two or three dimensions, with high temporal
resolution and negligible material damage. The super-
localization capacity of these microscopies has already been
used, mainly, to track the position of single particle,**" while
complementary chemical information was extracted from the
recorded optical signature of the particle.******* These optical
microscopies have mainly addressed the electrochemistry of
individual plasmonic particles, such as noble metals®>*" or
recently Co-oxides to monitor (i) their formation during ca-
thodic Co electrodeposition,®® or (ii) Li* ion insertion during
battery cyclability.*

Herein, we propose to use the super-localization strategy to
monitor with sub-100nm resolution the variation of particle
size while it is actuated electrochemically. This in operando
optical nanoscopy approach is illustrated in the electrochemis-
try of a single cobalt-oxide particle during its growth and
during electrocatalytic performance, but can also be applied to
various systems showing deformation. Here, a carbon nanoe-
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lectrode scaffold is used as a unique means to grow, support
and electrochemically interrogate’>***® single cobalt-oxide
particles of sizes in the 0.5-3um range. These particles are
comparable to the ensembles of particles usually studied in
films,""*** with the added advantage of keeping the particle
under study in a fixed position, at the apex of the nanoelec-
trode. Single particle electrochemistry is complemented by the
optical monitoring of size variations through super-
localization of particle edges and light scattering intensity. We
first present how to adapt the superlocalization strategies to
assess particle size accurately. Three examples related to Co-
oxide electrochemistry of increasing complexity are used to
case proof the proposed approach. In particular, the oxidation
of Co-oxide is accompanied by a strong (reversible) volume
expansion, which is quantitatively interpreted. When Co®* is
present in solution a further Co-oxide electroprecipitation
growth is demonstrated. Since the optical response of the
particle carries quantitative mechanistic information related to
the change in redox state of the catalytically active Co species,
we finally use the technique to gain further insight into elec-
trocatalytic OER.
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Figure 1. Experimental setup to monitor particle growth and
electrochemistry. Images on CCD allow estimating: particle size
from super-localization of pattern (along orange dotted line)
formed at nanoelectrode, and particle light scattering intensity S
by averaging optical intensity I, over particle region (blue).

EXPERIMENTAL SECTION

Dark-field optical microscopy was used to monitor the elec-
trochemical reactions on a single particle supported by the
apex of a nanoelectrode. The description of the principle can
be found in our previous report. * Briefly, a quartz capillary is
axially pulled during laser-heating (laser puller, P-2000, Sutter
instruments), giving rise to nanopipettes. Each nanopipette is
subsequently filled with butane gas and heated in an inert
atmosphere, triggering pyrolysis of the carbon precursor inside
the nanopipette and generating a layer of conductive carbon on
the internal glass walls that seals the nanopipette and forms a
rigid carbon nanoelectrode.” The nanoelectrode is positioned
in a droplet cell mounted on a thin glass slide (1 mm thick-
ness) on top of an inverted microscope, mounted onto an air
mattress anti-vibration stage, and equipped with a long work-
ing distance objective (x60, Numerical Aperture, NA=0.7).
The nanoelectrode apex is illuminated under dark-field condi-
tions (Fig.1) using a nearby multimode optical fiber (Imm
core diameter, NA=0.2) coupled to a broadband high-intensity
xenon arc lamp, and oriented perpendicularly to the objective
axis. The incident illumination is not collected, but the light
scattered by the nanoelectrode and particle is imaged on a

camera (CCD) at a frequency of at least 2 images per second.
As discussed below, two types of information were extracted
from such wide-field optical images. First, edge super-
localization allowed deducing the particle size. Second, the
averaged scattered light, recorded locally at the ensemble
formed by the nanoelectrode apex and the particle, Sy, gave
access to both the particle size and its chemistry.

Particle Sizing by Super-localization. Scattering essentially
derives from refractive index discontinuities. Assuming a
uniform and smooth object larger than the Point Spread Func-
tion (PSF) of the microscope, dark field illumination provides
images of object edges, which can be described in a first ap-
proximation as the lateral spatial derivative of the refractive
index. In addition, according to the Rayleigh criterion, the
resolution of optical microscopy is reached when small objects
are separated by a distance equal to the lateral radius of the
PSF, usually defined as the distance between the center of the
Airy disc and its first zero. Under non-coherent illumination,
this resolution limit corresponds t0 Rpge =~ 1.22A/2NA~480nm
for a central wavelength A=550nm. The dark field image of a
simple object can therefore be described as the convolution of
the spatial derivative of the index with the PSF of the micro-
scope (see Fig.2a).

A dark field image where two edges of a small object are
too close (d < Rpse) cannot be resolved, and attempts to quanti-
fy directly the object size through imaging below this limit is
unfruitful. We discuss here strategies to overcome this limita-
tion for the monitoring of the dynamic size variations of an
object, depending on the relative values of its size and Rpgy.

Regime 1 - Particle Diameter Smaller than Rpge
(2Rp<Rps). Such nanoobjects cannot be resolved by optical
microscopy, and their image cannot be reliably distinguished
from the PSF of the microscope, regardless of their actual size
(Fig.2a left). However, their scattering cross section is driven
by the refractive indexes of the particle and its environment,
and by the size of the particle, Rp. Sizing can therefore be
directly obtained from the averaged intensity of the light scat-
tering, Sqy, Which is proportional to the scattering cross-
section if the shape of the scattering pattern is stable (varia-
tions may induce changes in the efficiency of the collection by
the objective). This cross-section can be related to particle size
using either optical models (Mie theory)®*"“° or experimental
cross-correlation by ex situ SEM analysis.***

A further strategy to estimate the size of particle below the
diffraction limit exploits, as discussed in Supporting Infor-
mation, S, section S1, the full visible spectrum of the light
scattering, Sqp. The spectrum of individual particle, obtained
experimentally (Fig.S1, SI) by splitting the scattered light into
two beam paths of equal intensity,*® is compared to Mie’s
theory allowing to further quantify CoOx particle size.

Regime 2 - Particle Diameter Comparable to Rpge
(2Rp~Rpse). Once the particle diameter nears Rpg, the edges of
the particle behave as objects, which gradually become distin-
guishable according to the Rayleigh criterion (Fig.2a left).
However, a broadening of the image of the particle compared
to the PSF of the microscope can already be detected even for
particles smaller than Rpge. In principle, deconvolution by the
PSF should lead to the actual size of the particle, but this is
impractical considering experimental signal-to-noise ratios. In
this case, the particle size variations are evaluated by fitting



the local scattering light intensity, Iy, profile passing through
the center of the particle by an individual Gaussian function.
The Full Width at Half Maximum (FWHM) of this Gaussian is
not an absolute measurement of particle size, but its variations
can reliably be identified with variations in the size of the
particle. This possibility is illustrated in Fig.2b for three suc-
cessive images of the same particle during its growth, showing
diffraction patterns of increasing width. In the profile associat-
ed to the third image, a shoulder near the center of the profile
indicates that the particle edges start to be resolved, although
the Rayleigh criterion is not fulfilled yet. This decreases the
quality of the single Gaussian fit used to treat the experimental
data as we approach regime 3. However, measuring the
FWHM of the fitted Gaussian is shown to be a robust (er-
ror<10%) indicator of the particle growth.

Regime 3 - Particle Diameter Larger than PSF (2R,>
Rese)- As discussed above, in this regime, the light-scattering
edges of the particle can be resolved by dark field microscopy
(Fig.2a right). A super-localization procedure can therefore be
applied to estimate the position of the edges very precisely.
An intensity profile, 1y, along a diameter of the particle was
fitted using two Gaussian functions. The position of each edge
corresponds to the center of each function (its maximum as in
Fig.2c), and the particle diameter corresponds to the distance
between these edges. The accuracy of such scattering-based
superlocalization is only limited by the signal-to-noise ratio of
the image, and routinely reaches the 10nm-range.*
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Figure 2. Super-localization sizing of particles. (a) Scheme of
PSF convolution in optical imaging for resolution of the edges of
an object (size: 2R). (b,c) Estimation of (b) size variation, (c) size
of particles when they are (b) comparable or (c) much larger than
the PSF: I,y profiles (blue line, taken along red dashed lines in
pictures) are fitted by Gaussian curves (red lines).

This discussion of three different regimes relies on strong
assumptions regarding the particle geometry (smoothness and
homogeneity) and the interpretation of the signals (direct
proportionality between collected dark-field intensity and
scattering cross section). However, as shown below, the conti-
nuity of the obtained measurements and the cross- comparison
of various techniques are strong indications of their validity,
and therefore of the applicability of the methods we propose
here. A first validation is provided from ex situ SEM imaging
of the electrodeposited particles, showing in Fig.S5a for ex-

amples 300nm and 2.9um particles their general spherical
shape. Noteworthy, harsh electrodeposition conditions (high
current density) may produce particle overall spherical but
presenting fractal features which can be imaged optically
(Fig.S5b).

Considering the electrodeposition of spherical particles, we
estimate that the growth of particles larger than 200-300nm in
radius with sensitivity in radius AR, between 10 and 50nm can
be monitored using this method. Typically, for the deposition
of Co-oxide onto a 300nm radius particle, this sensitivity
corresponds roughly to the direct detection of an amount of
deposited material, An=4n szARme, with V,, its molecular
volume (typically >20cm*mol for cobalt oxides), which
amounts to ca. 3amol (i.e. a sensitivity of ca. 2x10°Co atoms).

Translating Optical Signal into Chemical Information. In
addition to the electrochemical current and the particle size
variation, the optical particle signature can be derived through
the averaged intensity of scattered light intensity, S, We
have previously demonstrated that S, allows identifying the
transformation of Co(0) into Co(ll) species in particles ranging
from 40 nm to 1 um.* The optical signal, Sy, then provides a
direct estimate of the amount of optically addressable Co(ll)
material. Its redox transformation rate, or an equivalent optical
current, oy, is readily obtained from the derivative of Sy, with
respect to time according to:

i @

For visual comparison of iy, and igc, the convention adopted
in (1) is the same as that proposed for the reductive electro-
deposition of Co by reduction of Co*;* it yields a positive
optical current for the transformation of Co(ll) to Co(lll) and
therefore complements the anodic electrochemical current.

RESULTS AND DISCUSSION

Probing the Growth and Electrochromicity of Co-oxide
Particles.

Fig.3 illustrates the optical monitoring of the growth of Co-
oxide particles during potential cycling at a carbon nanoelec-
trode in a solution of Co®". In Fig.3a, a Co-oxide particle is
grown from a Co nucleus preformed on a carbon nanoelec-
trode upon Co®" reduction. It is detected at its earliest stage
from the abrupt change in Sy, (Reg.l in Fig.3a, from A and
approx. until 50s later), then its size variation is estimated
when it is comparable to the PSF (Reg.2, regions B-C) or of
micrometric dimension (Reg.3, region D). In Fig.3b, a 2um
particle is sized (Reg.3). In both figures, the particle apparent
size (FWHM or R;) is increasing while the nanoelectrode is
polarized between potentials of 0.6-1Vvs Ag/AgCl. This
on/off switching associated with the reversible transformation
between Co(ll) and Co(lll) within the electrodeposited particle
agrees with the higher absorption of the higher Co oxidation
states, explaining the known electrochromicity of metal oxides
such as iron* or cobalt oxides. These observations are in close
agreement with results reported for thin films™® or single dried
LiCoO, nanosheets,® where respectively increased UV-vis
light absorption or decreased SPR signals were detected dur-
ing Co(l1)/Co(111) oxidation.
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Figure 3. Growth of (a) diffraction limited or (b) micrometric Co-
oxide particles from carbon nanoelectrodes monitored by dark-
field microscopy during anodic cycles (black lines) at 20 mV/s in
4 mM CoCl, + 0.05 M KCI. (a) red line indicates time when the
particle is detected, later it becomes resolvable (Reg.2, size com-
parable to PSF, here 650nm). The particle size variation is ex-
tracted from the variation in the FWHM (see Fig. 2b); vertical
green guidelines correspond to E = 0.6 V. (b) edges of the particle
(see Fig. 2c, Reg.3) are resolved, and particle size, R, is estimat-
ed, along with Sy and igc during a cycle.
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Figure 4. Particle growth and optical response during repetitive
anodic cycles. (a) optical images. (b) Derivation of direct electro-
chemical data from the optical response of the particle (opCV)

and comparison to conventional eCV. (c) Comparison of opCVs
at different stages of particle growth. Particle radii (in um) are in
images (a) and opCVs (d) 0.3 (blue), 0.36 (orange), 0.70 (yellow),
0.98 (purple) and 1.36 (green).

According to equation (1), an opto-voltammogram (opCV),
iop-E, is derived characterizing this electrochromicity and
complementing the electrochemical voltammogram, eCV.
Fig.4b shows and example of opCV and eCV recorded at
nanoelectrodes cycled in a Co*" solution between 0 and 1V
during the successive anodic electrodepositions of Co-oxide
onto a single particle. The different opCVs and eCVs recorded
for the successive cycles are given respectively in Figs.4c and
S6 (pictures of the particle in Fig.4a). The opCVs in Figs.4b,c
show a bell-shaped curve characteristic of the reaction of a
surface-confined species. Both the opCVs and eCVs presented
in Figs.4b and S4 (SI) show remarkably similar features with a
forward anodic peak located at E, =0.68V (80-100mV half-
width). It suggests that both voltammograms have a common
underlying basis, the Co(Il)/Co(lll) transformation, generally
described as: **’

Co"(OH), — Co"™OOH + e + H* (2)
or
Co"(OH), +H,0 — Co"(OH); + e + H* )

While in the eCV the tail of the current signals for the
Co(Il) to Co (1) transition are convoluted with the onset of
current for the OER, the opCV shows only peaks for the
change of Co redox state (Fig.4b). Additionally, the reversibil-
ity of the Co(I1)/Co(lll) transformation is more clearly detect-
ed in the opCV from the reverse cathodic peak detected at E, =
0.63V (Fig.4b,c). Its absence from the eCV may be related to
the participation of the Co(lll) species into catalytic reaction
such as water splitting.

Thus, the opCVs provide complementary insight for elec-
trochemical reactions of the active species, particularly when
those signals are hidden in conventional CV. We then use
these complementary optical and size information obtained in
situ to depict mechanistic aspects of single Co-oxide particle
electrochemistry.

Electrochemical Breathing of Co-oxide Particles. The elec-
trochemistry of a Co-oxide particle was first addressed in KCI
electrolyte in the absence of Co® ions. Fig.5 provides the time
evolution, during a voltammogram, of igc, iy and R, for a
0.6pum radius particle. As the particle is oxidized, and concom-
itantly optically switched off, its size also increases by 8%.
Upon potential reversal the particle returns back to its original
size, but much more slowly. This breathing corresponds to a
ca. 25% volume expansion/shrinking during the potential
cycle. The instantaneous volume variation
de(t)/Vp(‘:O)dt:4an2dRp/VF(tzo)dt, normalized to the initial
particle volume denoted V,“%, is plotted in the lower panel of
Fig.5. It correlates well with iy (Or iec), suggesting that the
volume expansion is also related to the Co(Il)/Co(lll) charge
transfer process (2 or 2°).
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Figure 5. Particle size and optical response during anodic cyclic
votammetry performed in a solution of 0.05 M KCl in the absence
(purple, red, blue, black lines) or presence (orange line, opCV and
eCV given in Fig.S7 in SI) of 4 mM Co?" ions. A reversible vol-
ume change (breathing) of the particle is detected during the
particle oxidation. The normalized dynamic volume change (black
line) correlates with both opCV and eCV.

The correlation between both igc or ioy and dV,/dt can be
rationalized by Faradaic analysis according to (3), or mass
conservation and (1) according to (3°):

dV,/dt = igc AV,/F ©)
dVy/dt = AV, dneoquy/dt = AV, igpt (3"

where AV, corresponds to the change in molar volume dur-
ing the Co(I1)/Co(lll) transformation.

The instantaneous volume expansion can reach up to 10%
per s. The fast expansion and slower shrinking of the particle
are also related to its faster oxidation and slower backward
reduction (more clearly detected on the backward iy signal).
It suggests that the Co(ll)/Co(lll) transformation is accompa-
nied by a limiting process such as phase transformation and/or
insertion/deinsertion, which is in favour of reaction (2”) where
water (or anion) is inserted in the particle to accommodate the
change in particle polarization or change between a compact
Co(OH), structure (V,=25.8cm*mol*?) and a less compact
Co(OH); structure (V,=36.8 cm*/mol*®, vyielding AV,=11
cm*/mol). For the 0.64pm radius particle depicted in Fig.5, the
peak in dV,/dt is about 0.025V,"*?, which is 0.028um®/s. The
Faraday law is difficult to estimate accurately as the Co(ll)
oxidation is convoluted with the OER. However, from the
estimate of the electrochemical current at the peak potential,
i,~0.2nA in Fig.5, an estimate of the instantaneous change in
molar volume of the material is obtained from (3). Its value
AV ,=FdV,fi,dt = 13cm*mol is in good agreement with the
value expected for the Co(Il)/Co(lll) hydroxide transfor-
mation. Such large deformation evidenced at the single parti-
cle level may also explain why the anodic electrodeposition of
Co-oxides generates particle arrays rather than homogeneous
films. Moreover, the chemical transformation and deformation
detected may be difficult to probe ex situ, owing to the fast
chemical reconstruction of Co-hydroxides in air.

Cobalt-oxide Electrodeposition. Next the electrochemistry
of the particle was addressed while Co®* ions are present in the
electrolytic solution. As observed in Figs.3b and 5 (orange
line), in addition to the reversible particle breathing, the parti-
cle is larger at the end of the potential cycle than at its begin-
ning. This means that the pure electrochemical transformation
of the particle (and its breathing) occurs concomitantly to the
anodic deposition of more cobalt material on it (particle
growth). This anodic electrodeposition of Co-oxide material is

aalso confirmed by (i) the enlargement of the particle observed

in pictures (Fig.4a) of the particle obtained at the end of each
repetitive potential cycle and, (ii) the dynamic super-resolved
R, variations during these cycles (Fig.S7, Sl). The electropre-
cipitation (4) of Co(lll) material from the direct oxidation of
Co” ions at the particle surface is suggested based on the poor
solubility of Co® ions:**

Co™ +3H,0 — Co"(OH); + e + 3H* 4)

As both particle breathing (2’) and electroprecipitation (4)
occur concomitantly, a dynamic Faradaic analysis during the
voltammograms is quite speculative. However, a global analy-
sis was performed by comparing the overall charge exchanged
and particle size variation between the end and beginning of
each voltammogram. This gives a molar volume of the depos-
ited material of V,,=30+2cm*/mol, suggesting that during the
overall CV (back and forth) a Co(OH),-like material is elec-
troprecipitated through a global 1 e transfer process.

Electrocatalysis of the OER

Combined optical and electrochemical signatures of the par-
ticles allows depicting their electrocatalytic properties toward
water splitting. Figures 6a and 6b describe the catalysis of
water splitting reaction at both the level of the Co(l11)/Co(IV)
and Co(I1)/Co(lll) transitions, respectively.
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Figure 6. Catalysis of the OER by (a) Co(IV) or (b) Co(lll) spe-
cies. (a) a Ry,=0.83pum particle is submitted to more anodic poten-
tial: both Co(Il)/Co(Ill) and Co(lIl)/Co(IV) transformation are
detected on the opCV (dashed blue lines) and eCV (with OER
catalysis inferred for the large igc increase). (b) Comparison of the
forward scan of the surface-normalized opCV and eCV for evalu-
ation of catalysis of the OER by Co(lll) on R,""=0.98um particle.
Integration of the opCV current density, jo, Yields the E-
evolution of Co(lll) species in the particle, T'coqipy, from which
OER catalysis contribution, jc.o, is obtained. Dashed lines: sum
of both contributions. Other particles in Fig. S6” (SI).

Electrocatalysis of the OER by Co(lll)/Co(IV) Species. If
the potential is scanned to higher anodic potential (Fig.6a), a
second peak is detected in the opCV, which is ascribed to the



transition of Co(lll) to Co(IV). The electrocatalytic properties
of Co material towards water oxidation was rationalized by
mechanisms” suggesting, based on the analysis of CV features,
that a complex electron-proton-coupled transfer occurs, imply-
ing Co(ll), Co(lll) and Co(IV) dinuclear species:

HOOC0"'Co™OOH — 0C0'Co" O + 2H" + 2¢ (5)
0,C0"C0"v0, + 2 H,0 — H,0,C0" Co"O,H, + O,  (5°)

At the potential of the OER catalysis, the Co(lll) dinuclear
species is readily oxidized in two successive 1-electron trans-
fer processes then generating the Co'VCo' species (5). The
latter is involved in the oxidation of water (5°) regenerating, in
a redox catalysis fashion, the Co(ll) dinuclear species auto-
matically converted into the Co(lll) dinuclear at the potential
of OER catalysis. By further increasing the potential of the
anodic scan, beyond the Co(l1)/Co(lll) transition, as shown in
Figs.6a and S8 (SI) we access such catalysis. In Fig.6a, the
particle was not fully extinguished at the first Co(ll)/Co(lll)
stage and a second optical peak, ca. 3 times more intense, was
observed in the opCV at 0.3V more anodic potentials than the
Co(ll)/Co(lll) stage, indicating that the Co(lI1)/Co(IV) trans-
formation can also be monitored optically. Besides, the elec-
trochemical current at this second oxidation stage is about 10
times larger than at the first stage suggesting that a much
higher amount of electrons is involved, in agreement with
efficient catalysis of the OER through (5+5°).

When the particle scattering is fully extinguished at the first
Co(ll)/Co(lll) stage, as in Fig.S8 (SI), the second oxidation
stage is at optical noise level and cannot be detected in the
opCV. However, the catalysis reaction is detected in the eCV
by a steady-state wave with an E,;,, which is, in Fig.6a, 0.28 V
more positive than the Co(Il)/Co(lll) process revealed by the
opCV. This confirms again that the electrocatalysis may be
quantified by the complementary signals.

Catalysis by Co(ll)/Co(lll) Species. Co(lll) species are also
assumed to catalyze the OER, however at a much lower extent
than Co(IV).*® The comparison of opCV and eCV in Fig.4b
shows a reversible optical feature while the backward electro-
chemical signature is much less reversible. Indeed, while the
opCV directly addresses the reversible Co(l1)/Co(lll) trans-
formation during the potential cycle, the lack of reversibility
of the eCV is in agreement with a catalytic regeneration of
Co(ll) species, for example in the catalytic cycle:

H,0,C0"C0"0,H, — HOOC0"'Co"OOH + 2e + 2H* (6)
HOOC0"'Co"OOH + H,0 — H,0,C0"C0"OH, + %0,  (6”)

A quantitative analysis of this catalytic cycle was obtained
from the complementary inspection of the opCV.

the number of electrons exchanged over the whole process
(particle oxidation and electrocatalytic water splitting) is ex-
tracted from the eCV. In order to account for particle expan-
sion (breathing and electrodeposition), which is inherent to the
particle electrochemistry, the currents (electrochemical and
optical) are converted into current densities, iEc/4an2 and
iopt/4an2, provided through the instantaneous particle optical
sizing. For the range of particle sizes described in Fig. 4a, all
current density features (Fig.S6’, SI) overlap reasonably sug-
gesting that the electrochemical and optical activities of the
particle are determined by a surface process.

In this respect the optical and electrochemical current densi-
ties for the four particles, of size ranging from 0.6 to 3 um,
successively grown on the same nanoelectrode are compared
in Fig.6b and S6” (SI). A closer examination of those curves,
as in Figs.6 and S6” (SI), show several common features for
all particle sizes, described here in order of occurrence from
lowest to highest potential: (i) at 0.56V the eCV shows a
shoulder in igc before the onset of the opCV current; (ii) both
the optical and electrochemical peaks are rather large (160+10
mV for the FWHM peaks while Nernstian bell-shaped volt-
ammograms for surface processes are described by 96mV
FWHM) and, (iii) while iy returns to zero (for E>0.8V) igc
levels at a steady-state but non-null value. All these features
can be rationalized with respect to previous studies. (i) The
initial EC current shoulder can be attributed to a capacitive
contribution associated to the doping of the semiconducting
Co-oxide material.* (ii) The large EC and optical peaks is
consistent with previous observation of either two electro-
chemical contributions assigned from a spectroscopic peak-
splitting™ or a broad EC peak related to the intervention of a
broad distribution of different CoOx structures. (iii) Finally,
the zero-optical current value indicates that while the Co(ll)
material has been converted into Co(lll), constant regeneration
of Co(ll) species in a redox catalytic fashion explains the
steady-state electrochemical current value. This is indicative
of a redox catalysis loop, as depicted in (6+6’) where the
Co(ll1) species is involved in the oxidation of H,O by regener-
ation of the initial Co(ll).

A guantitative analysis of these different aspects is proposed
in Figs.6b and S6” (SI) by assuming that the optical current
density, jo, IS proportional to the derivative of the surface
concentration of the Co(lll) species I'coquyo (Without calibra-
tion in a.u./cm?):

. dr 0 i

Jope & 2 7)
Therefore the catalytic contribution of the current density,

jea» @ssociated to the regeneration of Co(ll) species through

(6”) with apparent water splitting rate ke (in ) is expected to

follow:

jcat,o = kcatFCo(III),O & Keqe fjopt dt (8)

This catalytic contribution, estimated from the integration of
the optical current (i.e. the filled area of the opCV in Fig.6b),
is represented as the sigmoidal-like black line in Fig.6b and
S6”. The sum of both contributions, joptjcao, given as the
dashed black line in Fig.6b and S6”, overlaps reasonably with
the electrochemical current in the eCV (red line) for all four
particles. This overlap is obtained with the same scaling pa-
rameter of iy, and a catalytic reaction rate Ky =0.12+0.065™.
This value, considerably lower than those observed for the
water splitting reaction by Co(lV) species, is actually in
agreement with that estimated from the interrogation mode of
scanning electrochemical microscopy (SECM) of thin Co(lll)
oxide layers.*

CONCLUSION

The concept of super-localization allowed monitoring size
variation of individual particles with up to 10nm precision.
The strategy was used during the dark-field optical imaging of
single particles of sizes from the diffraction limit to a few
micrometers (here from 0.6 to 3um). Such light-scattering



optical microscopy technique is generally used to gain chemi-
cal information carried by the intensity of light scattered by an
individual particle (here change in redox state). The super-
localization proposed herein complements the technique by an
indirect estimate of the particle size variation. This is demon-
strated for the in operando monitoring of the oxidation and
electrodeposition of single cobalt-oxide particles grown on a
nanoelectrode scaffold. The light scattered by the particle is
switched off and on reversibly during the Co(Il)-Co(lll) con-
version, as a result of the stronger light absorption by cobalt
oxides with higher oxidation states (and electrochromicity of
metal oxides). The indirect dynamic estimate of the particle
size shows that the Co(ll)-Co(lll) oxidation of cobalt-oxide
particle is accompanied by ~20% volume change. The same
particle breathing is observed during particle growth (when a
Co* solution is oxidized), which is also quantified. It is sug-
gested that the oxidation of Co?" solution most likely produces
cobalt-hydroxide material. The strong volume expansion
(breathing) is then attributed either to the change in cobalt-
hydroxide molar volume, or insertion of water or ionic materi-
al upon charge transfer. This reversible volume variation is
faster during the anodic than during the cathodic exploration,
which may be a limiting aspect of the use of such materials for
fast energy storage devices. Finally, the complementarity of
size, optical and electrochemical signature allowed character-
izing the electrocatalytic properties of such materials. While
Co(lV) species can be identified both optically and from
strong catalysis of the OER, the comparison of the optical and
electrochemical voltammograms of the Co(l1)/Co(lll) system
allows quantifying the catalytic strength of Co(ll1) species.

This work further highlights the benefits of correlated opti-
cal microscopy and electrochemistry for single particle stud-
ies. The super-localization approach demonstrated here for the
investigation of materials relevant to electrochemical energy
conversion, may also apply to a wide range of materials for
energy storage or presenting stimuli-responsive deformation.
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