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Abstract
Low cost, high-efficient catalysts for water splitting can be potentially fulfilled by developing
earth abundant metal oxides. In this work, surface galvanic formation of Co-OH on Ko.45sMnO»

(KMO) was achieved via the redox reaction of hydrated Co?* with crystalline Mn**. The synthesis
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method takes place at ambient temperature without using any surfactant agent or organic solvent,
providing a clean, green route for the design of highly efficient catalysts. The redox reaction
resulted in the formation of ultrathin Co-OH nanoflakes with high electrochemical surface area.
X-ray adsorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS) analysis
confirmed the changes in the oxidation state of the bulk and surface species on the Co-OH
nanoflakes supported on the KMO. The effect of the anions, chloride, nitrate and sulfate, on the
preparation of the catalyst was evaluated by electrochemical and spectrochemical means. XPS and
Time of flight secondary ion mass spectrometry (ToF-SIMS) analysis demonstrated that the layer of
CoOxHy deposited on the KMO and its electronic structure strongly depends on the anion of the
precursor used during the synthesis of the catalyst. In particular, it was found that Cl favors the
formation of Co-OH, changing the rate determining step of the reaction, which enhances the

catalytic activity towards the OER, producing the most active OER catalyst in alkaline media.

Key words: oxygen evolution reaction, surface galvanic synthesis, layered manganese oxide,

anion effect.



1. Introduction

Electrochemical oxygen evolution reaction (OER) is one of the most extensively studied
reactions in the last 10 years given its importance in the development of water splitting and
hydrogen storage technologies.[1-5] Since the OER is a complex four-electron transfer reaction
with slow kinetics, the development of highly active electrocatalysts is paramount to improve the
efficiency of water electrolyzers. The Ru and Ir oxides are, so far, the most active materials for the
OER, however the low abundance and consequently the high cost made the implementation of these
materials in broadly use technologies, impervious.[6, 7] Due to the abundance and cost limitation,
the use of other transition metal oxide (TMO) catalysts, such as Mn, Co and Ni based oxide
catalysts have been subject of extensive studies.[8] To our knowledge, the first to report the kinetics
of electrode oxygen evolution was Bockris,[9] and then other TMOs such as spinels, perovskites
and hydroxides have been widely studied.[10-14] Over the recent years, these investigations have
revealed the formation of surface oxo-hydroxide as the active species for the OER with turnover
frequencies (TOF) up to 20 times higher than the oxide counterpart.[15-18] Besides all the efforts,
one of the main limitations of metal oxide-based catalysts is the low number of active sites exposed
on the surface. Such limitation is directly linked to the morphology of the catalyst and the
preparation methods of the catalyst such electrodeposition,[19] co-precipitation,[20] cathodic
corrosion,[21] and impregnation-annealing.[22] To fulfil the goal of exposing more active sites,
tailoring surface chemistry is a feasible strategy.

Sorption of metal ions on manganese oxides from soils and rocks has long been known,
especially on layered birnessite which consists of Mn®" ions (§ = Mn*", Mn*", Mn?").[23, 24]
Inspired by the interaction between the transition metal ions with the layered manganese oxides,

highly active catalysts can be developed.[25-27] For example, our recent work reported a highly



efficient OER catalyst by intercalation of Ni** into K¢4sMnO> (KMO) via ion exchange. Our
previous work demonstrated that Mn** ions in KMO have an essential role in the ion intercalation
and that the valence of hydrated Ni(H20),2" ions with @® subshell remains unchanged during the
intercalation.[27]

In this work, we have taken advantage of the stronger reduction ability of hydrated Co(H20).>"
ions (d”) to promote the surface redox reaction with Mn*" in KMO nanoparticles to form Co
oxohydroxides (Fig. 1). The oxidation state and coordination of Co on KMO was analyzed by
X-ray absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS) in order to
understand the catalytic activity towards the OER. Moreover, we report on the effect of the anion,
chloride, nitrate and sulfate, during the catalyst preparation as well as their effect on the catalytic

activity.
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Figure 1. Schematic graph of hydrated Co?" reacting with crystalline Mn*" at room temperature.
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2. Results and discussion
2.1 Synthesis and characterization of Co@ KMO-CI
Co@KMO samples were prepared by mixing synthesized K-rich Birnessite (Ko.4sMnO;) with
different Co salt solutions at ambient temperature (details of the synthesis are given in the SI). The

morphology and chemical analysis of the products by electron microscopy are shown in Fig. 2.



Scanning electron microscopy (SEM) images show the Co@KMO-CI nanoparticles prepared using
0.5 M CoClz as a precursor in Fig. 2a. Distinct differences in the morphology can be found
compared to pristine KMO nanoparticles (Fig. S1). In contrast to the flat and smooth surface of
KMO, the Co@KMO-CI nanoflakes show a surface densely covered with a porous structure (Fig.
2b). The EDS spectrum in Fig. 2¢, confirms the incorporation of a significant amount of Co into the
KMO framework. High-resolution transmission electron microscopy (HR-TEM) and high-angle
annular dark field scanning transmission electron microscopy (HAADF-STEM) confirmed the
formation of poorly-crystalline CoOOH nanoflakes at the interface of the layered-structure KMO
(Fig. 2d and e). In order to try to address such concern, we have performed TEM measurements on
Co@KMO-CI nanoparticles as a function of time, in which the regions of the sample rich on
CoOOH were exposed to the electron beam (dose rate: ~500 e/A%/s), the images were recorded in
different intervals of time for 50 s. If the lattice fringes are induced by the electron beam, it would
be expected to observe changes on the lattice as a function of time. Figure R1 shows the
representative images after 1 s, 10 s, 20 s, 30 s, 40 s and 50 s. The lattice fringes of the COOH are
indicated with yellow circles in the figure. As can be seen, the “crystalline” structure of the
CoOOH nanoflakes remain unchanged during the 50 s of exposure to the electron beam of the TEM,
thus we believe that the crystallization is not beam induced. To exclude the possibility of electron
beam induced lattice fringe observed in the Fig. 2f, consecutive exposure of Co@KMO-CI
nanoparticles under electron beam was performed to confirmed the poor crystallinity nature of
CoOOH nanoflakes (Fig. S2). The elemental distribution of Co, O, Mn, shown in Fig. 2g,
unambiguously demonstrates the layered KMO support being coated by a Co-OH shell. Noteworthy
is the heterogeneous distribution of Cl on the Co@KMO-CI nanoparticles. Further discussion of the

presence of chloride is presented later in the manuscript.
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Figure 2. (a) (b) SEM images, (¢) EDS, (d-e) TEM images of Co@KMO-CI nanoplates. (f)
enlarged area of COOH on the surface of Co@KMO-CI, (g0 HAADF-STEM image of a

Co@KMO-Cl nanoplate with corresponding EDS elemental mapping.

In order to gain a better insight of the details of the structure and chemical composition of the
Co@KMO-CI nanoplates, X-ray diffraction (XRD), Raman spectroscopy, time-of-flight secondary
ion mass spectrometry (ToF-SIMS) and X-ray absorption spectroscopy (XAS) were performed.
XRD patterns in Fig. 3a show that the layered structure of Co@KMO-CI retained the peaks at 12.4°

and 24.8° associated to the (001) and (002) planes of KMO (monoclinic structure with C2/m space



group). However, their intensities were significantly weakened when compared to the pristine KMO,
suggesting a reduced degree of crystallinity. Fig. 3b shows the comparison between the Raman
spectra of pristine KMO and Co@KMO-CI (Fig. S3). The fingerprint signals at 634 cm™ and
578 cm™ (A modes) are associated with the typical layered structure of Mn oxides. The signal at
634 cm! corresponds to out-of-plane Mn-O stretching vibrations perpendicular to the layers and the
signal at 578 cm™ corresponds to in-plane Mn-O vibration along the layers.[28-30] With surface
modification of Co-OH species, the Raman spectra of the Co@KMO-CI show a red shift of 14 cm’!
at 564 cm™! and a blue shift of 22 cm™! at 656 cm™, as well as a reduced intensity and broadened
band width. In addition, the bands observed for KMO at wavenumbers lower than 450 cm™
disappeared after the surface modification with Co. Pure CoOOOH commonly present two peaks at
503 and 635 cm’![31, 32], which are perfectly overlapped with the KMO signals. The Raman
spectra of Co@KMO-Cl is a combination of signals associated to CoOOH (503 cm™ and 635 cm™)
attributed to pristine CoOOOH and the signals of distorted KMO (564 cm™! and 656 cm™). These
results are in agreement with the observations of the XRD patterns indicating the layered features of

KMO were significantly weakened due to Co-OH species formation.
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Figure 3. (a) X-ray diffraction patterns, (b) Raman spectra of pristine KMO and Co@KMO-CI, (c¢)

X-ray photoelectron spectra of Co@KMO-CI1 with fit, left Co 2p32, right Cl 2p.

XPS and XAS were performed to probe the electronic environments of Co@KMO-CI. The Co



2p32 and CI 2p XPS spectra and fits to the data are shown in Fig. 3c. The coexistence of bivalent
and trivalent Co is indicated by deconvolution as well as the satellite features (at 785-793 eV).
Detailed analysis is presented in below. Moreover, the Cl 2p detail spectrum shows the binding
energy of 2ps3»2 at 198.8 eV and 2pi2 at 200.4 eV, with AE = 1.6 eV, which can be assigned to a
typical lattice Cl bonding with metal atom instead of adsorbed or interlayer Cl species at 198.0
eV.[33, 34] This observation was also supported by ToF-SIMS 3D reconstructed elemental
distribution within the Co@KMO-CI system (Fig. 5a). As can be observed, during sputtering of the
nanostructure the signals of the Co and CI species appear to be homogeneously distributed in the
same x-y plane. The combination of the STEM-EDS (Fig. 2g), XPS, and ToF-SIMS suggests the
presence of a strong chemical bond O---Co---Cl on the Co@KMO-CI.

The changes of the electronic structure and oxidation state were evaluated by XAS. Fig. 4a
shows the XANES spectra at the Co K-edge for Co@KMO-Cl and the oxides, which were used as
standard reference compounds. A linear correlation between the K-edge edge position (defined as
the maximum of the first derivative) and the metal oxidation state was previously established.[35]
The average Co valence of Co@KMO-Cl was estimated to be 2.75+ (Fig. S4). Fig. 4b shows the
spectra collected at the Mn K-edge, and the comparison with the pristine KMO. In this case, the
analysis is significantly more complex due to the wide pre-edge feature (inset of Fig. 4b) and the
influence of Mn coordination on the main edge.[36-38] For this reason, we performed X-ray
emission spectroscopy (XES) characterization to determine quantitatively the ratios of
Mn?"/Mn**/Mn*" in KMO before and after the Co incorporation (Fig. S5 and Table S1). The results
indicate that 78% of the Mn*"ions in KMO were converted to Mn**, leading to a clear decrease of
mean oxidation state of Mn from 3.9+ on KMO to 3.1+ on Co@KMO-CI. This change of the

reduced Mn*" is consistent with the percentage of oxidized Co®>" and demonstrates the proposed



reaction pathway in Eq. (1):

6C02+ (liq.) + Ml’l4+ (cryst.) — 8C03+ (cryst.) + Ml’l(4-6)+ (cryst.) (0 <o < 1) (1)

The Co K-edge EXAFS Fourier transform (FT) of Co@KMO-Cl and reference samples are
shown in Fig. 4c. The first peak at around 1.50 A (not phased shift corrected) can be assigned to the
first coordination shell Co—O, whereas the second peak at 2.50 A is due to Co—Co and Co—Mn
scattering (Fig. S6 and Table S2). Fig. 4d shows the FT of the synthetized Co@KMO-CIl and KMO
samples collected at the Mn edge, as well as the reference compounds. The first peak at ~1.5 A (not
phase shift corrected) is due to the Mn-O scattering and the second peak at ~ 2.5 A (not phase shift
corrected) is due to Mn-Mn and Mn-Co scattering (Fig. S7 and S8 and Table S3 and S4). Nearly
identical distances between Mn and its closest neighbor atoms for Co@KMO-Cl and KMO
demonstrate the local coordination environment of Mn is largely maintained in the bulk. The
Co-Mn redox reaction did not erase the KMO structure, consistent with the HRTEM image in Fig.
2e but induced point defects in the lattice that lead to the loss of crystallinity, as confirmed by the

XRD results.
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Figure 4. Normalized XANES spectra at the (a) Co K-edge, (b) Mn K-edge of the synthetized
electrocatalysts. Spectra for reference compounds have been included as a comparison. Insets show
the pre-edge region. Structure in Fig. 4b represents the structure of edge shared M-O octahedra
from KMO where the red atoms are O, the dark blue atoms are Mn. EXAFS FTs of & y(k) functions

for the materials from Fig. 4a at the (¢) Co K-edge, and (d) Mn K-edge.

2.2 Effect of the anions on morphology and electronic structure of Co@KMOs
We extended the investigation to the preparation of Co@KMO to explore the effects of the anion,
examining both (NO3)™ and (SO4)*, denoted as Co@KMO-NO and Co@KMO-SO.
The SEM and TEM images of Co@KMO-NO and Co@KMO-SO show similar morphologies to
Co@KMO-CI with the main feature as the formation of densely packed ultrathin Co-OH nanoflakes
on the surface of the KMO nanoparticles (Fig. S9). The EDS in Fig. S9g-h and XRF spectra in Fig.

S10 confirmed the incorporation of Co into the KMO particles. Interestingly, the signals associated



to S or N elements on the Co@KMO-NO and Co@KMO-SO were absent in both the XRF and EDS,
in contrast to the observation of a considerable contribution of Cl in the spectra of the
Co@KMO-CI. Since the sensitivity of nonmetal on XPS is better than the XRF/EDS techniques,
fairly weak N and S signals were detected in Fig. S12f, which contrast to the sharp peak of Cl. The
XRF, EDS and XPS deliver consistent results, although slight difference due to the measuring

resolution.

The presence or absence of the anions in the catalyst was further evaluated by ToF-SIMS 3D
reconstruction (Fig. SA). As can be seen in the ToF-SIMS depth profiles (Fig. SB), the Co-O is the
dominant etched species in the three catalysts. With regards to the Co-anion species, the spectra
indicate coordination of the Co-Cl and Co-NOs in the corresponding catalysts. However, the
correlation of Co to SO4 species is very poor. On the other hand, the signal of the SO4 is significant
when detected as MnSOs. These results suggest a stronger interaction of Cl" and NO; with Co,
while the SO is interacting more strongly with Mn rather than with Co. It should be noted that the
sensitivity of XPS/ToF SIMS is higher than the sensitivity of XRF and EDS.. Therefore, XPS/ToF

SIMS provide more accurate information of anions CI, N, S than the XRF and EDS.
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Figure 5. (A) ToF-SIMS positive ions 3D data reconstruction on the Co@KMO-Cl, Co@KMO-NO
and Co@KMO-SO catalysts supported on glassy carbon. ToF-SIMS data were acquired using the
CBA (“collimated, burst, alignment”) mode.[39, 40] The 3D overlay images are reconstructed with
the Co" fragments (m/z= 59) in green and the anion (Cl, NO3 and SO4) fragments in red respectively.
Each system was acquired with a different field-of-view (FoV); 50 x 50 um? for the Co@KMO-Cl
and Co@KMO-SO systems and 20 x20 pm? for the Co@KMO-NO system. (B) ToF-SIMS
negative ions depth profiles using the spectrometry mode (high-current bunched mode) on the
Co@KMO-Cl, Co@KMO-NO and Co@KMO-SO catalysts. Information about the acquisition and

sputtering is given in the SI file.

Fig. S11 and S12 show the survey and fine-scan XPS spectra of Co modified samples. For the



Co 2p spectra, previous reports have shown that the separation of the peaks (A) associated to Co
2p32 and 2p1.2 can provide useful information of the electronic structure of the material. It has been
suggested that the for high spin Co?" the separation between the two peaks is 16.0 eV and for low
spin Co*"is 15.0 eV.[41, 42] The separation of the peaks for Co@KMO-Cl is 15.3 eV, whereas this
separation for Co@KMO-NO and Co@KMO-SO is 15.0 eV. The oxidation state of Co on
Co@KMO-Cl suggests that it has a lower oxidation state in comparison with the other two samples.
The oxidation of Co on Co@KMO-Cl is accordance with the XAS analysis. Detailed deconvoluted
spectra of the Co 2p with fits of 2p3/2. are presented in Fig. 6a. The changed electronic structure can
be attributed to the Cl incorporation, since the Mn shows identical chemical state of all Co modified
samples (see SI). Partial Cl bonding with Co changes the electron density, leading the Co easily
bonding with OH (as shown in the following O 1s spectra analysis). This result provides solid
support to the formation of O...Co...Cl bonding (Fig. S13).

The detail XPS spectra of the O 1s convolution and fitting curves for the unmodified and
Co-modified materials are presented in Fig. 6b. The band assigned to the lattice-O component
(oxygen-metal interaction) shifted positively from 529.4 eV on KMO to 529.9 eV for all the
Co-modified samples due to the new contribution of O-Co or the mixed interaction of O-Mn/O-Co.
The branch at around 531.1 eV can be assigned to an OH contribution,[43] and this component
increased markedly in all Co-modified samples while the lattice-O branch simultaneously decreased.
It is important to notice that the highest gain was observed on the Co@KMO-Cl compared to
Co@KMO-NO and Co@KMO-NO. This strongly suggests that the presence of Cl favours the
adsorption of OH, which is the active phase towards the OER. The small convoluted peak at ~532.5
eV can be assigned to adventitious carbon contaminations.[44] Fig. S14 displays the multiplet

fitting curves of Mn 2p32 of KMO and Co@KMOs and the details of the fitting are presented in the
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Figure 6. High resolution XPS spectra of different Co-modified KMOs: (a) Co 2p, (b) O 1s.

To systematically study the surface redox reaction taking place on KMO, Co@KMO-CIl samples
were prepared in varying CoClz concentrations. Fig. S15-16 shows the SEM, TEM images of KMO
modified with different CoCl> concentration (0.5 M, 0.25 M, 0.05 M and 0.01 M). It is clearly
observed that the density of Co-OH nanoflakes on the surface is proportional to the CoClx
concentration. Thus, the electrochemically available surface area (ECSA) as a function of the
concentration of chloride for the samples Co@KMO-Clps and Co@KMO-Clo 1 were evaluated by
measurement of the double layer capacitance as described in the SI. As shown in Fig. S17, the
sample synthesized using a concentration of 0.5 M shows larger ECSA of 6.3-fold higher than that

of 0.01 M.



The electronic structure of Co@KMO-Cly.s and Co@KMO-Cly.o1 were also investigated by XPS.
As can be seen in Fig. S18-20, significantly weaker Cl signal was detected in Co@KMO-Clo.o1.
Correspondingly, the binding energies of Co 2p and O 1s were negatively shifted for
Co@KMO-Cloo1 as compared to Co@KMO-Clos. The positions of the Mn 2p peaks remained
unchanged, suggesting that the CI ligand is bonded with Co, and thus has little effect on the Mn. As
discussed above, incorporation of Cl led to positive shift of Co 2p and O 1s binding energy. This
effect was weakened due to reduced Cl incorporation. XPS elements analysis in Fig. S19 shown the
ratio of Co/Cl of 0.24 in Co@KMO-Clos and 0.07 in Co@KMO-Clp1. Therefore, the tailoring
effect of Cl on electronic structure was confirmed.

In summary, it was found that to the use different anions, Cl with similar ion radius and
comparable electronegativity to oxygen, can participate in Co coordination, tailoring the electronic

structure of Co and enhancing the interaction of OH with Co.

2.3 Assessment of the oxygen evolution reaction on Co@KMOs

The electrocatalytic performance and durability of Co@KMOs were evaluated in Ar-saturated
1 M NaOH solution using a rotating disk electrode (RDE). Fig. 7a-¢ show the comparison of the
iR-corrected voltammetric profiles for all the Co@KMOs catalysts. The current density is reported
as mA cm?, where the area is the geometric area of the electrode. All the Co@KMO catalysts are
highly active towards the OER in contrast to the pristine KMO that does not show any catalytic
activity as demonstrated in previous works.[27] Amongst all the catalysts prepared, Co@KMO-Cl
exhibited the highest catalytic activity (7onset = 170 mV, 710 = 245 mV). Co@KMO-NO displayed
the second best performance (Honset = 220 mV, 710 = 338 mV) and Co@KMO-SO the lowest

catalytic activity ( Zonset = 230 mV, 5710 =377 mV).



A close look at the potential window between 0.9 and 1.5 V vs RHE, (Fig. 7b) shows a large
increase in the double layer capacity of the Co@KMO voltammograms. This increase is largest for
the Co@KMO-CI sample, which might be indicative of differences in the surface area. Common
practice in the literature is the utilization of the double layer capacity to determine the
electrochemical surface area of metal oxide catalysts, however this electrochemical double-layer
capacitance-based method involves empiric assumptions, which are certainly inaccurate.[45, 46] A
more tangible method of comparison of electrocatalyst is the normalization per mass of the active
center, which in the case of this work is the mass of cobalt. In order to be able to provide a result
that enables us to compare the catalytic activity of our catalyst with other reports in the literature we
provide the catalytic activity using both methods: i) normalization per ECSA and ii) normalization
per mass of Co. The determination of the ECSA based on the double layer capacitance (Cqai) is
described in the S/[13] and the results presented on Fig. S21. The largest increase in Cq and thus,
ECSA, was found for the Co@KMO-Cl compared to that for Co@KMO-NO and Co@KMO-SO.
Such an increase of the ECSA can be associated with the different material morphologies described
above (see HRTEM Fig. 2b, g).

The mass activity normalized by Co loading and the ECSA-normalized curves of Co@KMOs are
shown in Fig. S22. As can be seen, the catalytic activity of the Co@KMO-CI is larger than the
catalytic activity of the Co@KMO-NO and Co@KMO-SO independent of the normalization
method. Considering that our primary figure of benchmarking the catalyst against those in the
literature is the overpotential required to achieve a current density ECSA at 10 mA cm?, the
catalytic activity of the Co@KMO-Cl is comparable or better than the non-precious metals
state-of-art catalysts for the OER in alkaline media (Table S7).

In order to get more insight regarding the kinetics of the reaction and the rate determine step



(RDS), the Tafel slopes were extracted for all the samples (Fig. 7d). The smallest Tafel slope (faster
kinetics) was found for the Co@KMO-CI (42 mV dec™!); while the values of Co@KMO-NO and
Co@KMO-SO are 63 and 71 mV dec’!, respectively. The proposed proton-coupled electron-transfer
mechanism (water nucleophilic attack) for the OER in alkaline media on Co catalyst is as

follows:[47, 48]

Co*+OH — Co*OH +¢ (2)
Co*OH + OH™ — Co*O + H20 + ¢ 3)
Co*O +OH — Co*OOH + ¢ 4)

Co*OOH + OH" — Co* + Oy +H:0+e (5)

Based on the values of the Tafel Slope, we propose the RDS of the OER for the Cl-containing
sample is the second electron transfer step (Eq. 3, a theoretical value of 40 mV dec™!). On the other
hand, Tafel slopes of 60 mV dec™! observed on the Co@KMO-NO and Co@KMO-SO samples,
suggest a change of the reaction mechanism. In this case, Eq. 3 can be written as nonconcerted

proton-electron steps [49, 50]:

Co*OH + OH" — Co'O"+ Hy0 +

Co'O" — Co*O+e¢

In this case, the RDS is associated to the deprotonation step of Co*OH to Co O, which occurs prior
to the second electron transfer. As shown in Fig. 6, the electronic structure of Co@KMO-CIl was
tailored by the presence of CI. The positively shifted Co 2p binding energy and the enhancement of
OH adsorption on Co@KMO-CI suggest favorable interaction of the OH™ reactant with active sites,
which moved the RDS to second electron transfer step. This effect on Co@KMO-CI can be also
associated with the negatively shifted OER onset potential, where the adsorption step has finished
and subsequent electron-proton step is initialized.[50, 51] Furthermore, A possible explanation for
the higher catalytic activity of the chloride containing samples can be linked to the presence of a
higher density of defects on the surface of the catalyst as a results of the etching of cobalt

hydroxides by chloride ions.[52]
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Figure 7. (a) Stable cyclic voltammograms of Co salts reacted Co@KMO at pH=14 after 10
consecutive scans in NaOH electrolyte, with scan rate of 20 mV s™'. The profile of the glassy carbon
(GC) support is included for comparison. All the curves are iR-corrected. (b) Enlarged region
showing the double layer region of various Co@KMO. (¢) The onset overpotential (#onset) and
overpotential at j = 10 mA cm™ (5710) obtained from (a). (d) Tafel slopes for the OER on the

Co@KMO catalyst prepared with different anions.

Fig. 8 shows the voltammograms and Tafel plots of the OER on the Co@KMO-CI prepared with
different concentration of CoCl, precursor. When normalized by the geometrical area, the catalytic
activity of the OER increases as the concentration of CoCl, used in the preparation of
Co@KMO-Cl increases from 0.01 M CoClz to 0.5 M CoClz. Thus, we assume that the activity is

directly controlled by the Co-OH species generated on the surface due to the increase in



concentration of the CoCl, precursor. To confirm this assumption, the loading of Co on the catalyst

as a function of the concentration of the precursors was determine by XRF (Fig. S23) and the mass

activity (normalized by the Co loading) is shown on Fig. 8a. It is evident that higher Co loading

resulted in higher mass activity, following the same trend observed for geometrical activity. A

higher catalytic activity was observed on the Co@KMO-Clo s, which only requires an overpotential

0f 230 mV to reach 50 mA g,.
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Figure 8. (a) Stable cyclic voltammograms in 1 M NaOH solution of Co@KMO-Cl samples

synthesized with different concentration of CoCl, as indicated in different color, solid lines (left Y
axis): geometrical activity; (°) symbols (right Y axis): mass activity. The stable voltammogram was
recorded after 10 consecutive scans. The voltammogram of the glassy carbon (GC) support is

included for comparison. All the curves are iR-corrected. Scan rate v=20 mV s™'. (b) corresponding

Tafel plots in the potential range between 1.4 and 1.7 V vs RHE.
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2.4 Long term stability of Co@KMOs during the oxygen evolution reaction

The long-term stability also plays a pivotal role in the evaluation of an electrocatalyst,
especially for commercial applications. Fig. 9a shows the electrolysis in a 1 M NaOH solution at
1.48 V vs. RHE for 22 h using the Co@KMO-Clo;s as electrocatalyst. The chronoamperometric
curve shows stable j = 10 mA cm™ during the total duration of the experiment. HR-TEM and cyclic
voltammetry of the catalyst before and after the electrolysis were recorded in order to determine any
changes or degradation of the catalyst over time. HR-TEM image of Co@KMO-Clys after 22 h
electrolysis shows transformation of the edge of the Co-OH nanoflakes from a more crystalline
structure (Fig. 9b) to a more amorphous one (Fig. 9¢). Such changes during OER process have been
previously reported and have been associated to oxidation state evolution of active sites and its
coordinations.[53-55] Even though, structural changes were observed on the electron microscopy,
the cyclic voltammograms of the Co@KMO-CI before and after the electrolysis show negligible
differences (Fig. S24). No additional signals were found in the Raman spectra on Co@KMO-Cl

after a long-term stability test, while slight change in peak intensity of 578 cm’

clearly
demonstrated the surface reconstruction, as observed in TEM image. In order to confirm whether
the changes of the morphology of the catalyst changed at the start of the reaction or during the
whole chronoamperometry, high resolution SEM images where obtained after 10 cycles between
0.8 and 1.5 V (Fig. S25). It was observed that structure of the catalyst changed at very early stages
of the reaction. Thus, after the formation of this reconstructed morphology, the catalyst is stable not
only in terms of catalyst activity but also the morphology of the matrix. Despite of the local surface

reconstruction, the identical phase structure (Fig. S26) and homogenous element distribution

visualized by SEM-EDS (Fig. S27) confirm the observed stability.
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Figure 9. (a) 24 h chronoamperometry profile of Co@KMO-Clos at 1.48 V vs. RHE in 1 M
NaOH solution. HR-TEM images of Co@KMO-Clo s (b) before, and (c) after electrolysis.

3. Conclusion

In this work, we demonstrated that surface galvanic formation of Co-OH on Birnessite is a
clean, green route for the design of highly efficient catalysts for OER. This simple method
provides a route for the synthesis of ultrathin and high surface area CoOOH nanosheets with 3-4
nm thickness supported on KMO. The simple and clean synthesis method involves the surface
redox reaction of hydrated Co?" and crystalline Mn*" at ambient temperature, without use of
additional surfactants or capping materials. Thus, the resulting catalyst can be implemented
directly as catalyst without extra cleaning or high-temperature steps.

X-ray adsorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS) analysis
confirmed the changes in the oxidation state of the bulk and surface species Co'> = Co™*7”* and

Mn*? = Mn*!. The effect of the anions, on the Co precursor, CoClz, Co(NO3), and CoSOx4



was evaluated. It was found that the use of different anions in the preparation of the catalyst
results in changes to the coordination chemistry and electronic structure of the catalyst. These
changes influenced the activity of the catalyst with Co@KMO-CI being identified as the most
active for OER compared to the Co@KMO-NO and Co@KMO-SO catalysts. The presence of
Cl was found to favor the formation of Co-OH. Further, The kinetic analysis suggests that such
an increase in the catalytic activity on the Co@KMO-Cl is due to the change of the RDS from
the OH adsorption step to the coupled electron-deprotonation step instead. The Co@KMO-Cl
showed improved catalytic activity in comparison with non-precious metal state-of-the-art
catalyst for the OER in alkaline media with an overvoltage of only 245 mV to achieve 10 mA
cm,, (Table S7). Long-term stability tests demonstrated that the Co@KMO-Cl has an excellent

stability by showing steady current density during the OER for at least 20 h.
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