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Metal-organic frameworks (MOFs) are attractive porous materials for electrocatalytic applications associated
with carbon-free energy storage and conversion. This type of material usually requires a post-treatment to be
used as electrocatalyst. The present work comprehensively investigates the electrochemical activation of a
cobalt-MOF@Nafion composite that produces outstanding electrocatalytic performance for the water oxidation
reaction at neutral pH. A detailed electrochemical characterization reveals that the electroactivation of the
composite requires the participation of the oxygen evolution reaction (OER) and leads to a significant increase in
the electroactive population of cobalt centers. It is shown that an increase of the applied activation potential in
the OER region results in a faster electroactivation of the Co-MOF without affecting the intrinsic electrocatalytic
properties of the active cobalt centers, as evidenced by the unique linear correlation between the electrocatalytic
OER current and the population of electroactive cobalt. In addition, at structural level, it is shown that the
electrochemical activation causes the partial disruption of the Nafion adlayer, as well as morphological changes
of the Co-MOF particles from a compact, rounded morphology, before electrochemical activation, to a more
open and expanded structure, after electroactivation; with the concomitant increase of the number of surface-
—exposed cobalt centers. Interestingly, these cobalt centers retain their coordinative chemistry and their laminar
distribution in the nanosheets at the nanoscale, which is consistent with the preservation of their intrinsic
electrocatalytic activity after potential-induced activation. In this scenario, these results suggest that only the
electroactivated cobalt centers with good accessibility to the electrolyte are electrochemically active. This work
provides a better understanding of the processes and structural changes underlying the electrochemical acti-
vation at neutral pH of a Co-MOF for boosting the electrocatalytic water oxidation reaction.

Structural evolution

Advance microscopy techniques
Electrocatalytic oxygen evolution reaction
2D-Cobalt-MOF

1. Introduction

Water electrolysis has been widely considered to be a feasible and
clean process related with energy storage and conversion.[1-3] The
overall water splitting process includes both hydrogen evolution reac-
tion (HER) and oxygen evolution reaction (OER), among which the OER
is an uphill energy transformation process involving four-proton and

four-electron transfers per oxygen molecule.[4] Therefore, many efforts
in the electrochemistry and material science fields are focused on the
development of efficient electrocatalysts for the thermodynamically and
kinetically impaired OER reaction.[5].

Metal-Organic Frameworks (MOFs) are emerging as novel porous
materials with appealing characteristics to be applied as electro-
catalysts, due to their large surface area, highly ordered structure, large
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porosity, controllable arrangement of isolated active sites and high
design flexibility.[6-9] However, this type of materials has typically
suffered from low conductivity and low electrocatalytic activity.[10]
Strategies reported to overcome these limitations have focused on the
improvement of charge transport across the MOF and the modulation of
their electronic environment via pre- or post- synthetic methods. For
instance, by tuning the synthetic protocol, the electronic conductivity of
MOFs has been improved by introducing donor-acceptor type in-
teractions,[11-13] mixed valent states of the node/linker,[14,15] and
n-n stacking or m-conjugation into the framework. Furthermore, incor-
poration of missing linker and missing node defects[16-20] have been
shown to enhance the catalytic activity of MOFs by modulating the
electronic structures of their building units. Besides, other strategies
have focused on the increase of the accessibility to the active sites by
designing hybrid MOF heterostructures containing two or more different
kinds of metal ions or organic linkers.[21-23] On the other hand, post
synthetic approaches are mostly intended to optimize coordinative un-
saturated metal sites of MOFs and include solvent assisted ligand ex-
change,[17] plasma engraving[24,25] or electrochemical activation.
[26-28].

Nevertheless, most of the reported MOFs are poorly stable both in
chemical and electrochemical environments because of the complexity
of MOFs structures and their possible conversion paths during electro-
catalysis, thereby acting as mere precatalysts for electrocatalytic appli-
cations.[29] Indeed, most of the reported MOF electrocatalysts for OER
operate more effectively in strongly alkaline media, where they are
typically unstable. Under these conditions, organic fragments of the
MOFs decompose and mostly convert into an open framework oxide-
based structure.[26,30] In this context, several works have recently
monitored the electrochemical activation of MOF-modified electrodes
under strongly alkaline conditions and reported a phase transformation
into oxy(hydroxide) species, with concomitant loss of the structural
integrity of the MOF framework.[31-36] This common, and often
overlooked, structural reconstruction of MOFs within alkaline media
should be carefully considered when stablishing the feasibility and ef-
ficiency of these materials as real OER electrocatalysts. On the other
hand, under electrochemical conditions with a voltage bias applied, the
MOF reconstruction in alkaline media has been also ascribed to changes
in the local pH at the interface, to redox reactions involving extensive
chemical bond breaking/formation on the metal sites, and to linker
degradation by radical intermediates during electrocatalysis.[27,37-41]
Only few works have reported on stable MOFs where the material is
likely to be stable and robust, but most of them require an electro-
chemical activation to boost the OER.[4,17,42,43] However, this acti-
vation process has been poorly addressed, so it is not well understood
yet. Thus, understanding this phenomenon is key to rationalize it and to
establish structure-activity relationships. In a recent work,[43] we re-
ported that the electrochemical activation of the composite formed by a
cobalt MOF and Nafion promotes the formation of the electrocatalyti-
cally active cobalt species for an efficient oxygen evolution reaction.
This activation process parallels the enhancement of the charge trans-
port across the MOF film. However, the origin of the electrochemical
activation is unknown and the possible structural and morphological
changes on the bulk MOF accompanying the activation process is
unclear.

To get more insights into the factors underlying the electrochemical
activation, here we have studied the effect of the applied potential on
the electroactivity of a double nanosheet cobalt MOF (2D-CoMOF)
combined with a deep structural characterization by using a variety of
complementary techniques, including X-ray diffraction (XRD), Raman
spectroscopy, high resolution high-angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM), energy-dispersive
X-Ray spectroscopy-scanning transmission electron microscopy
(STEM-XEDS) and electron energy loss spectroscopy (EELS). In this
context, microscopy techniques are valuable to probe the structural
evolution of the MOF at microscopic scale during the potential induced
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activation. However, the high electron beam-sensitivity of the MOFs
limits their use. In this work, this limitation has been overcome by using
the innovative integrated Differential Phase Contrast scanning trans-
mission electron microscopy technique (iDPC-STEM), that allows
recording structural images at very low electron dose and low voltages.
Additionally, when used in aberration corrected microscopes, this
technique allows obtaining novel high-resolution images of activated
MOF composite.

Herein, we show for the first time that the electrochemical activation
of a composite of 2D-MOF@Nafion at neutral pH is boosted by the
oxygen evolution reaction (OER) and results in a significant increase in
the number of electroactive sites, with the concomitant enhancement of
the catalytic current intensity. The linear correlation between the cat-
alytic current and the number of the generated electroactive cobalt
centers reveals that the electrochemical activation does not affect the
intrinsic electrocatalytic activity of the material, but only the number of
the electrochemically active sites. It is also shown that an increase of the
activation potential into OER region accelerates the activation process,
without affecting this abovementioned linear correlation. In addition,
the structural characterization showed that the electrochemical activa-
tion leads to morphological changes of the composite caused by the
dissemination of the Nafion adlayer and the concomitant decompaction
of the 2D-MOF@Nafion particle aggregates, resulting in an increase of
the active metal centers exposed to the surface. More interestingly, and
in contrast with the typically reported phase transition in the alkaline
electroactivation of MOF, it is also demonstrated that both the coordi-
nate bonding between metal nodes and organic linker and the crystal-
linity are preserved at nanoscale. This finding matches with the
preservation of the intrinsic electroactivity of this material during their
potential-induced activation.

2. Results and discussion
2.1. Potential induced activation

First, the pristine 2D-CoMOF was dispersed onto an alcoholic solu-
tion of Nafion. The influence of Nafion on the morphology and elec-
tronic structure of the initial n-stacked 2D-CoMOF has been studied by
means of FESEM, PXRD, Raman spectroscopy and XPS (Fig. S1). Then,
the resulting composite 2D-CoMOF@Nafion was deposited onto a
graphite electrode to study the effect of the applied potential on its
electrochemical activation. The voltammetric response of the 2D-
CoMOF@Nafion-modified electrode was measured in an aqueous 0.1 M
sodium phosphate buffer solution at pH 7 and 25 °C. As seen in Fig. 1a,
the voltammetric response consists of a poorly defined voltammetric
wave, located at 0.80 V (vs. Ag/AgCl/NaCl sat.), which corresponds to
the Co(II)/Co(IIl) redox conversion, superimposed to a subtle rising
background current, which is ascribed to the electrocatalytic oxidation
of water. Contrary to what is expected, this result indicates that the MOF
composite is almost electrochemically “silent”, and the population of
electrocatalytically active sites is low. However, it was found that
cycling the electrode with 1000 potential scans within the 0.1-1.1 V
potential window, both the incipient voltammetric wave and the elec-
trocatalytic branch progressively increased (Fig. S2), delineating a
potential-induced process that promotes the generation of electroactive
cobalt sites that boost the electrocatalytic water oxidation.

For a better control and follow-up of the activation process, a
sequence of activation potential pulses (at 0.95 V for 10 min) with in-
termediate voltammetric interrogation was applied (inset in Fig. 1b-c).
Voltammograms were measured by using both a stationary electrode
(Fig. 1b) and a rotating disk electrode (RDE, Fig. 1c), the latter being
used to quantify the OER electrocatalytic current under steady-state
conditions for mass transport. As shown in Fig. 1b-c, an increase in
the number of activation pulses results in an increase of both the Co(II)/
Co(II) voltammetric wave and the electrocatalytic current associated
with the OER, both findings being consistent with an increase in the
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of a pyrolytic graphite electrode modified with Nafion (grey dashed line) or with non-activated 2D-

CoMOF@Nafion (Cyan line); (b) Cyclic voltammograms recorded at 0.02 Vs~ ! of 2D-CoMOF@Nafion at different times during electrochemical activation at 0.95 V.
Inset plot: Illustration of the pulse method used for monitoring the electrochemical activation. (c) Their corresponding rotating disk voltammograms for OER
recorded at 5 mVs ™! and 1500 rpm. Other experimental conditions: 0.1 M SPB solution pH 7 at 25 °C. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

electroactive population of cobalt centers. The surface concentration of
electroactive cobalt I" can be determined from I" = Q/(nFA), where Q is
the faradaic charge under the baseline-corrected voltammetric wave
preceding the electrocatalytic branch, n is the number of electrons
transferred per cobalt center, A is the geometric surface area of the
graphite electrode, and F is the Faraday constant. Fig. 2a shows how I
increases non-linearly with the activation time, following the typical
logarithmic growth pattern that ends in a limiting plateau value for
sufficiently long times.

To probe whether the increase of the electrocatalytic current during
the potentiostatic activation of the MOF is merely due to an increase of
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Fig. 2. (a) Variation of the electroactive cobalt surface concentration along
electrochemical activation at the indicated applied potentials, and (b) the
corresponding variation of the electrocatalytic current at a fixed potential (1.15
V) with the amount of cobalt centers of a pyrolytic graphite electrode modified
with 2D-CoMOF@Nafion. Other experimental conditions: 0.1 M SPB solution
pH 7 at 25 °C.

the electroactive population of cobalt centers or to an additional
improvement of their intrinsic electrocatalytic properties, we have
plotted in Fig. 2b (red symbols) the electrocatalytic current at a fixed
potential of 1.15 V against surface concentration of electroactive cobalt.
The observed linear correlation reveals that the enhancement of the
electrocatalytic current is solely due to the increase of the number of
electroactive cobalt centers, since otherwise a non-linear dependence is
expected.

In order to further explore whether the electrochemical activation
requires the OER to take place, we studied the effect of varying the
applied potential along the whole voltammogram, in such a way that the
selected activation potentials cover both the non-faradaic and faradaic
regions of the voltammetric scan (Fig. 2a). As can be observed, the
electrochemical activation does not operate for applied potentials below
0.95 V, even at potentials where the Co(II)/Co(III) redox conversion
proceeds (i. e. 0.7 and 0.85 V), whereas, for activation potentials in the
OER region (>0.95 V), the rate at which the electroactive population
grows increases with the applied potential, as evidenced by the steeper
variation of I" with the activation time. This result clearly indicates that
the electroactivation of the composite is boosted by the oxygen evolu-
tion reaction (OER), so that it may involve the presence of some of the
reactive oxygen species as well as oxygen bubbles. Moreover, the in-
dependence of the limiting plateau value of I" with the applied potential
corroborates that it corresponds to the maximum electroactive popula-
tion of a completely activated electrode.

Interestingly, it was found that the activation potential does not
affect the correlation of the electrocatalytic OER current (at 1.15 V) with
the electroactive population of cobalt centers (Fig. 2b), as all ipgg vs. I
data obtained for the different applied activation potentials follow the
same linear trend. This finding corroborates that the potential-induced
enhancement of the electrocatalytic current is solely due to an in-
crease of the electroactive population of cobalt centers, without
affecting their intrinsic electrocatalytic performance. Accordingly, the
most plausible scenario involves a structural rearrangement of the
composite during the activation process triggered by the OER that im-
proves the accessibility of the electrolyte to the cobalt centers without
significantly affecting their coordination chemistry. To assess the role of
the Nafion on the electroactivation process, we performed electro-
activation experiments with different Nafion contents in the composite.
As can be seen in Fig. S3, a decrease of the Nafion content results in a
faster electroactivation, without significantly affecting the correlation
between the electrocatalytic OER current and the electroactive popu-
lation of cobalt centers. This indicates that the final phase of the com-
posite does not depend on the Nafion content, but rather exerts a
blocking effect. Moreover, the insensitivity of the initial amount of
electroactive cobalt centers to the Nafion content suggests that the
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increase of the electroactive population during electroactivation re-
quires structural rearrangement of the Co-MOF particles.

In addition, the stability of the activated MOF composite was
explored by performing a chronoamperometric experiment comprising a
first electrochemical activation step of the Co-MOF-modified electrode,
and a subsequent long-term water electrolysis, both at 1.15 V and pH 7
(Fig. S4). The latter is characterized by a constant current during the 10
h of operation, which reveals the high stability of this material. In fact,
the similarity of the cyclic voltammograms measured for the fully acti-
vated 2D-Co-MOF, before and after the water electrolysis experiment, is
consistent with the preservation of the electroactive cobalt population.

2.2. Probing coordinative changes

To probe whether the electrochemical activation of the MOF involves
coordinative and/or structural and morphological changes, an in—depth
characterization with spectroscopic and microscopy techniques was
performed. As shown in a previous work,[43] the pristine 2D-CoMOF is
composed of double nanosheets held together by n—r interactions be-
tween the axial pyridine ligands. In contact with an aqueous solution,
the pyridine ligands are displaced by water molecules leading to a more
disordered material. To explore the effect of the electrochemical acti-
vation on the coordinative chemistry of the cobalt centers, we have
measured the Raman and XPS spectra of the 2D-CoMOF@Nafion
composite before and after the application of the bias potential of 0.95
V. As shown in Fig. 3, no significant changes are observed in the Raman
bands after electrochemical activation. More specifically, the bands
associated with the organic linkers bipyridine (774, 1022 and 1278
em™!) and the carboxylic groups (1289, 1426, 1546 and 1615 cm™})
remain unchanged, indicating that the electrochemical activation has a
limited impact on the coordinative chemistry of the cobalt centers.

To further prove the absence of coordination changes during the
electrochemical activation, we have also characterized the
2D-CoMOF@Nafion composite by XPS spectra (Fig. 4). Although the
binding energy value is typically used in XPS to determine the oxidation
number of a chemical element, for the 3d transition elements, the
spin—orbit splitting provides more information.[44] According to theo-
retical calculations,[45] the Co 2p;,2 — Co 2p3/2 spin — orbit splitting
increases with the number of unpaired 3d, being close to 16 eV for high-
spin Co(II) and to 15 eV for Co(III). For the current 2D-CoMOF@Nafion
composite before and after electrochemical activation the spectra show
characteristic values of the high spin cobalt(Il) compounds (Fig. 4a),
[46-51] indicating that the cobalt centers of 2D-CoMOF are mainly in
the Co(II) oxidation state. In addition, the O 1 s peak, for the composite
before and after electrochemical activation, was deconvoluted into four
components (Fig. 4b), corresponding to Co-O (528.7 eV) of the water
molecules coordinated to the cobalt center, O = C — O and C — O (531.5
and 532.9, respectively) associated to the carboxylate groups of the 2,2’-

[ After EA ] [Before EA]
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Fig. 3. Raman spectra of 2D-COMOF@Nafion composite before (black) and
after (red) electrochemical activation at 0.95 V in a 0.1 M SPB solution pH 7 at
25 °C. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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bipyridine-4,4'-dicarboxylic acid ligand, and FC-O-CF; (535.2 eV)
ascribed to the Nafion wrapping. Interestingly, after electrochemical
activation a decrease of the FoC-O-CF5 contribution can be observed,
which is due to the partial loss of Nafion (vide infra). Finally, the N 1 s
peak has only one contribution at 399.4 eV for both activated and non-
activated MOF, characteristic of pyridinic nitrogen from the 2,2'-
bipyridine-4,4’-dicarboxylic acid organic linkers (Fig. 4c). Overall, apart
from the loss of the Nafion content on the surface, these results point out
to a non-significant change of the surface structure of the MOF catalyst
film during the electrochemical activation (More information in
Table S1).

2.3. Probing structural changes

At the microscopic scale by FESEM (Field Emission Scanning Elec-
tron Microscopy), only small textural changes of the sample are
observed (Fig. S5). Therefore, to get a more detailed view of the struc-
tural and morphological changes undergone by the 2D-CoMOF@Nafion
composite during its electrochemical activation, an advanced charac-
terization at nanoscopic and atomic level was performed using the
combination of HR HAADF-STEM and iDPC-STEM imaging techniques,
with a current of around 0.5 pA (60 e’ﬁ’z) to minimize sample dam-
age. Fig. 5a and b show low and high magnification STEM-HAADF im-
ages, respectively, of the composite measured before its electrochemical
activation. As seen in the images, the composite is comprised of aggre-
gates of large, compact and rounded Co-MOF particles (200-370 nm).
The smooth HAADF profile (Fig. 5c) reveals a low surface roughness,
with the concomitant low population of surface-exposed cobalt centers
with respect to the inner population in the particle core.

HAADF images at higher magnification with their corresponding
elemental maps (Co, N, O, F) measured for an aggregate of three parti-
cles before electrochemical activation are depicted in Fig. 6. First, the
spatial correlation of Co, O and N maps (Fig. 6¢c—e) highlights the co-
ordination chemistry of the MOF. In addition, the superposition of the
Co and F maps (Fig. 5f) reveals that the MOF particles are surrounded by
a Nafion shell with a thickness of roughly 20-30 nm. The intensity
profiles of the Co and F signals (Fig. 6g) evidence the uniformity of the
Nafion adlayer and its accumulation in the interparticle space. On the
other hand, comparison of XEDS spectra recorded at the core of the
particle (location 1 in Fig. 6f) and at its shell (location 2 in Fig. 6f) re-
veals the absence of Co-leaching into the Nafion film during the prep-
aration of the composite. Bearing in mind that this thick Nafion layer
may partially block the access of the electrolyte component to the cobalt
centers, it might contribute to the initial low electroactivity of the
pristine MOF in the 2D-CoMOF@Nafion composite. It should be noted
that similar findings have been obtained from the STEM images obtained
for other representative samples of the MOF composite (Fig. S5).

Electrochemical activation promotes significant textural changes in
the 2D-CoMOF@Nafion composite. As seen in the STEM-HAADF image
at low magnification of an electrochemically treated composite
(Fig. 5d), the original aggregates of rounded particles transform into an
expanded and irregular composite, generating a more opened and
porous structure. Indeed, high magnification STEM-HAADF images of
dispersed particle aggregates activated potentiostatically (Fig. 5e),
clearly show wrinkles and corrugation, as well as faint contrast spots in
the aggregate that confer a sponge-like texture, with an increased
microporosity. The HAADF intensity profile of this electrochemically
activated composite (Fig. 5f) reveals a roughening of the surface, which
is consistent with the formation of micropores in the MOF. Generated
micropores of &~ 15 nm are clearly distinguishable in the HAADF-STEM
image and its corresponding intensity profile of a zoomed area of a MOF
particle after electrochemical activation (Fig. S6). The protuberances
resulting after electrochemical activation of the MOF composite increase
the number of surface-exposed metal centers, which is crucial to pro-
mote their redox conversion.

To probe whether these structural changes induced by the potential
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Fig. 4. XPS spectra of (a) Co 2p line, (b) O 1 s line and (c) N 1 s line of 2D-CoMOF@Nafion before (above) and after (below) electrochemical activation at 0.95 V in a
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Fig. 5. STEM study of the 2D-CoMOF@Nafion composite before (a-c) and after (d-f) electrochemical activation at 0.95 V in a 0.1 M SPB solution pH 7 at 25 °C. (a-b
and d-e) STEM-HAADF images; (c) Line profiles of the HAADF along the path marked with a red arrow in (b); and (f) Line profiles of the HAADF along the path
marked with a red arrow in (e). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

are restricted to the MOF shell covering the MOF particles or they are
also extended to the MOF matrix, the elemental maps for a typical
aggregate of electrochemically activated MOF particles were imaged
(Fig. 7). The elemental map of F (Fig. 7b) now reveals a spot-like dis-
tribution of fluorine which is consistent with a dissemination of the
Nafion shell, probably due to its partial disruption. Superposition of the
Co and F maps (Fig. 7f) and of their profile (Fig. 7g), together with the
presence of the F and Co signals on the XEDS spectrum along the whole
path (Fig. 7h) corroborates the significant loss of the initial Nafion shell.

On the other hand, the Co map (Fig. 7c) shows a more scattered
distribution of the cobalt centers in the electrochemically treated sample
than in its pristine state. This is supported by the extremely irregular
pattern of the cobalt HAADF signal profile, which agrees with a signif-
icant increase of the cobalt centers accessible to the electrolyte, so that
textural and morphological changes accompanying the electrochemical
activation of the composite are not only present in the Nafion adlayer
but also in the MOF particles. It should be noted that similar results were
obtained from the images and analytical characterization of other
representative MOF samples activated at a different potential of 1.1 V
(Fig. S7), indicating that the structural rearrangement occurring during
the electrochemical activation is independent on the applied potential
for values higher than 0.95 V, where OER occurs. Overall, STEM results
evidence that the electrochemical activation promotes much thinner and
smaller particle size of 2D-CoMOF aggregates, inducing the formation of

micropores into the composite, which translates into a more expanded
and accessible MOF, and thereby into a larger amount of electroactive
cobalt centers. It has been demonstrated that this structural evolution
improves the charge transport across the MOF, which strongly match
with our previous results on the impedance measurements of the acti-
vated MOF,[43] and promotes the formation of active sites, thus
enhancing the MOF catalytic activity.[52].

Interestingly, the perfect spatial correlation of Co, O and N maps of
the composite after electrochemical activation of a MOF aggregate
(Fig. 7c-e) clearly indicates that the MOF retains its coordinative
chemistry, in agreement with the spectroscopic results. The preservation
of the coordinate bonding between metal nodes and organic linkers is
envisaged to be critical for their outstanding OER activity at neutral pH.

Finally, the crystallinity of the composite at the nanoscale after
electrochemical activation was examined by means of integrated dif-
ferential phase contrast (STEM-iDPC) imaging. Comparison of the
STEM-iDPC image of a zoomed area (Fig. 8) of the electrochemically
treated 2D-CoMOF@Nafion composite and the pristine 2D-CoMOF,
reveals that the opened and rougher 2D-CoMOF@Nafion structures
generated during the electrochemical activation still retain the crystal-
line structure of the pristine 2D-CoMOF. Concerning the starting ma-
terial (Fig. 8a), the analysis in the spatial frequency space of images
recorded on pristine 2D-CoMOF crystallites reveal the presence of lat-
tice spacings at 0.73 nm, 0.63 nm and 0.55 nm, close to those
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Fig. 6. STEM study at high magnification of the 2D-CoMOF@Nafion composite before electrochemical activation. (a) STEM-HAADF image, (b-e) F, Co, N, and O,
respectively, elemental maps, (f) overlayed Co-F maps, (g) Line profiles of the HAADF, F and Co signals along the path marked with a red arrow in (f). (g) XEDS
spectra corresponding to the locations 1 and 2 marked in (f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

corresponding to the (—111), (10-2) and (11-2) planes of this phase 0.82 nm, a distance slightly larger than that separating adjacent double

(inset in Fig. 4a). Additional images are included in the Supported In- nanosheets in the layered pristine 2D-COMOF structure (0.78 nm)
formation, where other lattice planes are also detected (Fig. S8). STEM- ((110) planes). This enlargement could be very likely associated with
iDPC images of 2D-CoMOF@Nafion after electrochemical activation, the volume expansion during OER. Indeed, the elongated pores observed

Fig. 8b, also reveal very large areas depicting lattice planes at roughly in the STEM-HAADF images run parallel to the direction of the double
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Fig. 7. STEM study at high mag of the 2D-CoMOF@Nafion composite after electrochemical activation at 0.95 V in a 0.1 M SPB solution pH 7 at 25 °C. (a) STEM-
HAADF image; (b-e) F, Co, N and O elemental maps, respectively; (f) Overlayed F-Co elemental maps. (g) Line profiles of the HAADF, F and Co signals along the path

marked with a red arrow in (f). (g) XEDS spectra corresponding to the path marked with a red arrow in (f). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 8. High Resolution STEM-iDPC images recorded on (a) the starting 2D-CoMOF material and (b) the 2D-CoMOF@Nafion composite after electrochemical
activation at 0.95 V in a 0.1 M SPB solution pH 7 at 25 °C. Digital Diffractograms (DDPs) are shown as insets in both Figures.



S. Gutiérrez-Tarrino et al.

nanosheets.
3. Conclusions

In the present work, we have identified the requirements and im-
plications of the potential-induced activation of a 2D-CoMOF@DNafion
composite to boost the oxygen evolution reaction at neutral pH. The
results obtained reveal that its electroactivation requires the occurrence
of the OER and leads to an increase in the electroactive population of
cobalt centers. It has been found that the electroactivation of the MOF
can be accelerated upon increasing the applied activation potential in
the OER region. The unique linear correlation between the electro-
catalytic current and the amount of electroactive cobalt centers,
regardless of the activation potential and time, indicates that the cata-
lytic enhancement is due solely to an increase in the number of elec-
troactive cobalt centers, without changing their intrinsic electrocatalytic
properties. Structural characterization with advanced techniques
revealed that the electrochemical activation produces the dissemination
of the Nafion adlayer and morphological changes of the 2D-CoMOF
particles that leads to an increase of the number of surface-exposed
cobalt centers accessible to the electrolyte. Interestingly, the electro-
chemical activation does not alter neither the crystallinity of the MOF at
the nanoscale nor the coordinative chemistry of the metal centers. This
finding is envisaged to be key for its outstanding electrocatalytic activity
for OER at neutral pH. Overall, this work provides a better under-
standing of the processes, and structural and morphological trans-
formation behind the electrochemical activation of a cobalt MOF for
boosting the electrocatalytic water oxidation.

Associated Content

Experimental details, additional electrochemical and microscopy
characterization of 2D-CoMOF@Nafion composite are available in the
Supporting Information of this article.
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