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The complexity of the intrinsic oxygen evolution reaction (OER) mechanism,
particularly the precise relationships between the local coordination geometry
of active metal centers and the resulting OER kinetics, remains to be fully
understood. Herein, we construct a series of 3 d transition metal-incorporated
cobalt hydroxide-based nanobox architectures for the OER which contain
tetrahedrally coordinated Co(ll) centers. Combination of bulk- and surface-
sensitive operando spectroelectrochemical approaches reveals that tetra-
hedral Co(ll) centers undergo a dynamic transformation into highly active
Co(IV) intermediates acting as the true OER active species which activate lat-
tice oxygen during the OER. Such a dynamic change in the local coordination
geometry of Co centers can be further facilitated by partial Fe incorporation. In
comparison, the formation of such active Co(IV) species is found to be hin-
dered in CoOOH and Co-FeOOH, which are predominantly containing [Co™Og]
and [Co"/Fe™O,] octahedra, respectively, but no mono-p-oxo-bridged [Co"04]
moieties. This study offers a comprehensive view of the dynamic role of local

coordination geometry of active metal centers in the OER kinetics.

Facilitating the kinetically demanding four-electron transfer process of
the OER is the key to improving the efficiency of hydrogen production
from water electrolysis'™. To date, catalysts that deliver the most
promising catalytic OER activities are restricted to the expensive pla-
tinum group metals, and should ideally be replaced with low-cost 3 d
transition metals. Among the currently developed catalysts, transition
metal-based oxides and (oxy)hydroxides display state-of-the-art cata-
lytic activity for the OER, which benefit from the similarity of their
active structural moieties to key OER intermediates®'®. However, a
comprehensive understanding of the structure-activity relationships
of oxide-based catalysts on the atomic level still remains to be
established.

OER operating under alkaline conditions proceeds via diverse
reaction pathways: (i) the adsorbate evolution mechanism (AEM)
involves a proton-coupled electron transfer (PCET) process to gen-
erate the key MOOH intermediate (M = active site) for activating O,,
however, the scaling relation of AGo - AGoy limits the theoretical OER
overpotential of about 0.37 V*''"™; (ii) the lattice oxygen mechanism
(LOM) features a non-concerted proton-electron transfer (PT/ET)
process and enables breaking of the AGo - AGoy scaling relation,
moreover, the lattice oxygen participation during the OER process
requires continuous structural stability of the catalysts. In some cases
the direct coupling of two metal-oxo species into superoxo-like (O;")
species was reported to lead to a dual-site mechanism (DSM) pathway
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for the OER**?, However, the dynamics of the local structural evo-
lution of active metal centers during the catalytic reaction process
render the establishment of clear OER pathways a great
Challeng63'16'17'22'23.

For example, Co-based catalysts have been widely investigated
for the OER, and their activities exhibit a strong correlation with the
local structural geometry of Co centers>****, Octahedrally coordi-
nated Co(lll) edge sites commonly emerge as the dominant catalyti-
cally active species to trigger the OER*’, but recent studies of
secondary metal-substituted Coz0, revealed that tetrahedrally coor-
dinated Co(ll) centers are more active than octahedrally coordinated
Co(lll) centers for the formation of active CoO(OH), species pre-
ceding the OER*. Additionally, combined experiments and theoretical
studies demonstrate that the construction of p,-OH-bridged Co(ll)-
Co(Ill) motifs is crucial for the catalytically active Co sites to drive the
OER*. Such a fundamental understanding of the true catalytically
active species and sites remains a complex analytical task that requires
operando time-resolved monitoring of the catalysts under operational
conditions. To this end, advanced in situ/operando spectroscopic
characterization techniques, such as X-ray absorption spectroscopy
(XAS), Raman spectroscopy, and UV-vis spectroscopy, enable
researchers to precisely capture more and more key reactive inter-
mediates during the catalytic reaction process>*****%, Among them,
in situ/operando XAS characterization is commonly implemented for
the monitoring of OER catalysts due to its unique sensitivity to the
local electronic structures and coordination environments of the
active metal centers”>°. Unfortunately, the time resolution of most
conventional XAS characterizations generally extends up to the level
of minutes or hours depending on the as-prepared sample quality, and
therefore fails to establish a full picture of the underlying OER
kinetics®*"3, Engineering complementary in situ/operando time-
resolved characterization techniques is thus essential for a better
understanding of the OER catalysts.

Herein, complementary in situ/operando time-resolved char-
acterization techniques, such as quick-XAS (time resolution down to
ca. 50 ms), Raman, UV-vis, electrochemical impedance spectroscopy
(EIS), and pulse chronoamperometry, were implemented for system-
atically investigating inexpensive transition metal-based OER catalysts
during the reaction process. These combined techniques allowed us to
in situ unravel and identify the true chemical nature of the catalytically
active species and sites. We started with nanostructured Co-based
hydroxide-like materials (Co-NBs) containing a significant fraction of
tetrahedral Co-based building blocks as model OER catalysts, followed
by incorporating a second 3d-transition metal (M: Mn, Fe, Ni, Cu, and
Zn) to adjust the local electronic structure and coordination environ-
ments of Co centers, resulting in a series of CoM-NB catalysts with
tuned OER kinetics. Among all these elaborate catalysts, the as-
prepared CoFe-NBs exhibit superior OER performance along with
robust electrochemical stability for at least 1000 h.

Our operando time-resolved monitoring results reveal that the
prepared Co-NBs (CoFe-NBs) undergo a dynamic local structural
evolution from the pristine mono-p-oxo-bridged Coec(I)-Cooc(I11)
(Coer(ID)-Feoec(IlI)) moieties into high-valent Coge¥-0-Coge™ (COoer-
O-Feo™) configurations, which account for the O, release. In com-
parison, such a kinetic evolution in the local coordination environment
of Co centers is found to be hindered in CoOOH and Co-FeOOH that
are rich in di-p-O(H) bridged [Co"O¢] octahedra and a mixture of
mono/di-p-oxo- and di-p-O(H)-bridged [Co"/Fe™O¢] octahedra,
respectively. Our combination of spectroscopic and pulse chron-
oamperometric investigations quantitatively unravels that partial Fe
incorporation in Co-NBs not only promotes the generation of more
OER active di-p-oxo-bridged Cooc"- Feo™ motifs but also stabilizes
the crucial Co(IV) species during the OER cycling process. Results of
pH-dependent and kinetic isotropic effect (KIE) investigations firmly
suggest that the activation of lattice oxygen into peroxo-like (0,%)

species accounts for the O, generation. This key finding is corrobo-
rated by operando Raman characterizations with a clear observation of
the according O,” vibrations. Most importantly, our systematic
exploration and comprehensive understanding of the dynamics of
active species and sites pave the way to the rational design of new
heterogeneous catalysts for the OER.

Results

Materials synthesis and characterization

Mn-, Fe-, Ni-, Cu-, and Zn-incorporated cobalt hydroxide-based nano-
boxes (CoM-NBs) were prepared through a self-templating strategy
(see Experimental Methods) and were thoroughly characterized using
a wide range of structural and morphological analysis tools (Supple-
mentary Figs. 1-20). As demonstrated by the powder X-ray diffraction
patterns (PXRD) (Supplementary Fig. 1), the observed significant dif-
fraction peaks of Co-NBs matched well with
C01.176(OH),Clg 348(H20)0 456 (COD-4343874)*%, In sharp contrast,
other CoM-NBs except for CoCu-NBs exhibit low-crystalline features
with the presence of two main broadened diffraction peaks at
20 =15.4° and 26.9° (Supplementary Figs. 5, 10, and 15), corresponding
to the (012) and (110) crystal planes of Coj176(OH),Clp348(H20)0.456-
Such a difference in PXRD patterns between Co-NBs and CoM-NBs
indicates that the partial incorporation of secondary metals into Co-
NBs is likely to induce local structure distortions (detailed structural
analysis: see section on ex situ XAS characterizations). Field-emission
scanning electron (FESEM) and transmission electron microscopy
(TEM) illustrate a representative nanobox architecture of the obtained
CoM-NBs (Fig. 1 and Supplementary Figs. 2, 6, 11, and 16-18). Note that
the synthetic parameters, i.e., reaction temperature, reaction solvents,
and concentration of the introduced secondary metal ions, play a
pivotal role in the construction of the Co-based nanobox architectures
(Supplementary Figs. 1-6, 10, and 11 and see details in Discussion I in
the SI). High-resolution TEM (HR-TEM) characterizations were further
carried out for the morphological and structural characterizations of
the prepared CoFe-NBs. The results (Fig. 1b and Supplementary Fig. 7)
exhibit a mixture of ordered and disordered domains in CoFe-NBs,
further uncovering its prevailing low-crystalline character. Addition-
ally, an interplanar spacing of 2.51 A was unraveled in CoFe-NBs, which
can be assigned to the main exposed (012) crystal plane. This matches
well with the corresponding selected area electron diffraction (SAED)
pattern (Supplementary Fig. 8). Energy dispersive X-ray spectroscopy
(EDX) elemental maps and line scan profiles (Fig. 1c and Supplemen-
tary Figs. 8 and 9) unravel a homogeneous elemental distribution of Fe,
Co, 0, and ClI signals throughout the entire nanobox particle. Similar
results were also evident from the HR-TEM and scanning TEM(STEM)-
EDX characterizations of CoNi-NBs (Supplementary Figs. 12 and 13). All
these results support the successful formation of nanobox archi-
tectures of low-crystalline CoM-NBs.

To further highlight the OER performance metrics of engineered
nanoarchitecture and to gain in-depth insights into the OER kinetics
(detailed discussions: see section on operando characterizations), Co304,
Fe-Co304, CoOOH, and Co-FeOOH references were prepared and sys-
tematically characterized through morphological and structural analysis
(Supplementary Figs. 21-25). The results indicate that Cos;0, and Fe-
Co30, retain their nanobox architectures. CoOOH displays representa-
tive nanoplatelet morphologies, in agreement with a previous study®.
The as-prepared Co-FeOOH matches well with the Akaganeite-type phase
(FeOOH, PDF no. 34-1266), showing a nanoneedle morphology.

Electronic structure and coordination environment analysis

The local electronic structure and coordination environment of Co-/
CoFe-NBs and reference samples were analyzed through ex situ char-
acterization techniques, namely XAS, X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy, and neutron pair distribution function (PDF)
(Fig. 1d-g and Supplementary Figs. 26-32). As evident from the Co
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K-edge X-ray absorption near-structure (XANES) spectra, the spectral line
shape of Co-NBs overlaps well with that of CoFe-NBs, suggesting a similar
local structural geometry of Co centers. To obtain detailed insight into
the Co valence states, a linear exploration of the rising absorption edge
position derived from the investigated samples and reference cobalt
standards is provided (inset plot in Fig. 1d) [Note: the edge positions were
extracted from half-height of F/lo = 0.5]. From the results, the average Co
valence states in Co-NBs and CoFe-NBs were determined as +2.32 and
+2.25, respectively. This is consistent with the XPS results (detailed dis-
cussion in Supplementary Fig. 30), supporting the presence of a mixture
of Co(ll) and Co(lll) ions in the as-prepared Co-/CoFe-NBs. Analysis of Fe
K-edge XANES spectra and XPS results offer strong evidence for the
presence of Fe(lll) ions in the as-prepared CoFe-NBs (Supplementary
Figs. 28 and 31). Therefore, a slight decrease in the average Co valence
states of CoFe-NBs compared to that of Co-NBs can be attributed to the
partial replacement of Co(lll) by Fe(lll) centers.

Co and Fe K-edge extended X-ray absorption fine structure
(EXAFS) spectra were further explored to gain in-depth insights into
the local coordination environments of metal centers of the investi-
gated materials (Supplementary Figs. 27 and 28c). As depicted by Co
K-edge EXAFS spectra (Supplementary Fig. 27), Co-/CoFe-NBs exhibit
similar oscillation features in the k range of 0 to 6 A* compared to that
of Co-FeOOH. However, their high k oscillations feature obvious pro-
file differences either in the signal intensities or in the signal

wavenumbers compared to all Co-based standards, i.e., Co(OH),,
Co304, Co-FeOOH, and CoOOH, reflecting disparate coordination
environments of Co centers in Co-/CoFe-NBs compared to reference
samples. Fitting of Co K-edge FT-EXAFS spectra (Fig. 1e and Supple-
mentary Table 2) clearly indicated a 6-fold coordination environment
of the first Co shells in reference Co(OH),, Co-FeOOH, and CoOOH, in
agreement with the previous PXRD results (Supplementary Fig. 23).
The coordination number of the first coordination shell Co-O (CNc¢o.0)
in Co30,4 was calculated as 5.33 due to the presence of mixed tetra-
hedral and octahedral Co geometries. For Co-NBs and CoFe-NBs, the
CNco-01/02 (Supplementary Table 2) was calculated as 5.33 and 4.93,
respectively. Results obtained from the electron paramagnetic reso-
nance (EPR) characterizations firmly excluded the appearance of
oxygen vacancies in the prepared materials (Supplementary Fig. 30b).
Thus, the observed low CNco-01/02 (<6) values of Co-/CoFe-NBs can be
attributed to the co-existence of tetrahedrally and octahedrally coor-
dinated Co centers in the crystal structure. The results are also evident
from the wavelet transform (WT) of Co K-edge EXAFS spectra. As
expected, Co-/CoFe-NBs feature two similar intensity maxima at the k
values of 4.1 and 6.2 A™' compared to those of reference Co;0,4, which
correspond to the Coey/oc-O and Co-Co/Fe scatterings, respectively.
Raman spectroscopy characterizations were further conducted to
shed more light on the local structural geometries of the investigated
samples. The results (detailed discussions in Supplementary Fig. 32)
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again unravel the existence of both tetrahedral and octahedral Co
coordination environments in the investigated CoM-NBs.

Investigations of the Fe K-edge EXAFS spectra suggest a 6-fold
coordination environment of the first coordination shells of Fe centers
in CoFe-NBs, similar to that of Co-FeOOH (Supplementary Fig. 28 and
Supplementary Table 3). This is a piece of evidence to corroborate that
only Co ions can occupy the tetrahedral sites in the as-prepared CoFe-
NBs, while the octahedral sites are occupied by both Co and Fe ions. A
close inspection of the Fe K-edge FT-EXAFS spectra and the corre-
sponding WT contour profiles (Supplementary Fig. 28d, e) notably
evidenced a significant backscattering feature at R+ AR of ca. 3.3 A in
Co-FeOOH, associated with the backscattering of the mono-p-oxo-
bridged Fe-Fe pairs. Such a Fe-Fe backscattering can not be detected in
CoFe-NBs, manifesting that all the [FeOg] octahedra in CoFe-NBs are
constructed through di-p-O(H) bridges. From these results, one can
also conclude that the mono-p-oxo-bridged Coec(I)-Feoc(Ill) scatter-
ing in CoFe-NBs features a similar interatomic distance as the di-p-
O(H)-bridged Fe-Fe scattering (Supplementary Figs. 33 and 34 and see
details in Discussion Il in the SI).

Taking into account all the structural analyses, structural dia-
grams of Co-/CoFe-NBs and Co-FeOOH are depicted in Supplementary
Fig. 33. Evidently, the observed backscattering features within the
interval R+ AR=2 to 3 A in the Co(Fe) K-edge FT-EXAFS spectra of
CoFe-NBs arise from the second shell Co-Co/Fe scatterings that exhibit
5 different types of configurations (the second shell Fe-Co/Fe scat-
terings with 3 different types of configurations). We further performed
neutron pair distribution analysis (PDF) to unveil the nature of the
local structural geometry of the investigated catalysts. As one can see
from Fig. 1g, both Co-NBs and CoFe-NBs exhibit two scattering fea-
tures at 2.79 and 3.11 A. Accordingly, these two scattering features can
be identified as arising from the di-p-oxo-bridged Co(lll)-Co(lll) scat-
tering and the sum of diverse Co(ll)-Co(ll)/Fe(lll) scattering paths
(Supplementary Fig. 33a). At the same time, it is also noteworthy that
both Co-NBs and CoFe-NBs only feature prominent scattering signals
within r=0-8A, further pointing out the presence of short-range
orderings within a quite disordered structure, which is largely in
agreement with the previous PXRD and HR-TEM discussions (Fig. 1b
and Supplementary Figs. 1, 5, and 7).

Electrochemical OER characterization

The as-prepared CoM-NBs were assembled as anodic electrodes and
characterized in 1.0 M KOH for the OER (Supplementary Figs. 35-46).
We first explored the impact of the synthetic parameters, typically the
variations of atomic ratio of Co/Fe(Ni), on the OER activity of CoFe(Ni)-
NBs (Supplementary Figs. 35-38). From the results, a distinct change in
the OER performance of CoFe-NBs is observed when varying the
atomic ratio of Fe/Co. In sharp contrast, the OER performance of CoNi-
NBs is not sensitive to the changes in the atomic ratio of Ni/Co. A close
inspection of the Tafel plots unravels facilitated OER kinetics along
with an increase in the Fe content in CoFe-NBs (Supplementary
Fig. 35b), highlighting the crucial role of the construction of mono-p-
oxo-bridged Coge(ll)-Feoc(Ill) moieties in the OER. A comprehensive
understanding of the exact role of Fe incorporation in the OER kinetics
of Co-NBs will be discussed in the following section on operando
quick-XAS characterizations.

We further assessed the OER performance of Mn-/Fe-/Ni-/Cu-/Zn-
incorporated Co-NBs, with similar atomic M/Co atomic ratios (Sup-
plementary Fig. 20) vs. Co304, Fe-Co304,, CoOOH, and Co-FeOOH
references (Supplementary Figs. 39-46). Notably, to assess the
intrinsic catalytic activities, the currents were normalized by electro-
chemically active surface area (ECSA) to exclude geometric effects
(Supplementary Figs. 36, 38, 39, and 42)**""*. The overpotentials for
achieving a specific current density of 0.02 mA/cmgcss? are considered
for investigation of the intrinsic activity. Figure 2a presents the CV
curves of Co-/CoFe-NBs and Co-based references for the OER. To

achieve a current density of 0.02mA/cmgcsa?, @ minimum over-
potential of 213 mV is essential for CoFe-NBs, lower than that of Co-
FeOOH (296 mV), Fe-Co304 (300 mV), Co30,4 (312 mV), and CoOOH
(333 mV). The OER activity of CoFe-NBs also outperforms the most
recently studied CoFe-based OER electrocatalysts (Supplementary
Table 8), which highlights the benefits of engineering nanoarchi-
tecture catalysts for enhancing the OER activities'*™*. Tafel plots and
electrochemical impedance spectroscopy (EIS) measurements were
also conducted to shed light on the intrinsic OER kinetics of the
investigated catalysts. From the results, a Tafel slope value of
29.16 mV/dec with a charge transfer resistance of 6.95 Q is observed in
CoFe-NBs, which outperformed those of Co-NBs and other Co-based
references (Fig. 2c and Supplementary Fig. 43), indicating facilitated
OER kinetics with partial Fe incorporation into Co-NBs. To examine
whether the observed currents primarily originate from the OER, the
Faradaic efficiency was determined based on rotating-ring disk elec-
trode (RRDE) experiments'®>*°. The RRDE results (Fig. 2d) reveal
nearly 100% Faradaic efficiency at different disk currents for the
investigated CoFe-NBs, thus manifesting that the OER is the primary
reaction on the electrode surface.

Concerning the electrochemical OER stability tests, the investi-
gated catalysts were first characterized with a standard chron-
opotentiometry test protocol using a glassy-carbon (GC) electrode as
the working electrode (see experimental details and Supplementary
Fig. 44). The results corroborate that the elaborate nanostructured
CoM-NBs show negligible changes in their OER performance after 40 h
stability measurements. In addition, we further performed the multi-
potential step chronoamperometry tests to examine the electro-
chemical stability of the most promising CoFe-NB catalysts and the
results again feature a robust OER stability (Fig. 2e). Most importantly,
the elaborate nanostructured CoFe-NBs loaded on the carbon paper
exhibit superior OER stability at a geometric current density of 20 mA/
cm?, retaining their initial OER activity for 1000 h without any sig-
nificant changes (Fig. 2f). Such effective and robust catalytic activity
renders CoFe-NBs attractive OER candidates for practical water elec-
trolysis (Supplementary Table 8).

Post OER characterizations

To gain in-depth insights into the origins of the observed highly active
and robust OER activity of CoFe-NBs, ex situ characterizations were
carried out for the catalysts after the OER tests (Fig. 3 and Supple-
mentary Figs. 47-55) [Note: In the following section, discussions of the
post-OER characterizations refer to the catalysts loaded on carbon
paper after durability measurements for 1000 h, as shown in Fig. 2f.
Additionally, both CV cycling and chronoamperometry methods were
employed for exploring the catalysts after the durability test (Sup-
plementary Fig. 45)]. The morphological properties of the post-
catalytic CoFe-NBs were examined via both FESEM and TEM char-
acterizations. The results demonstrated the integrity of the initial
nanoscale cubic architectures in CoFe-NBs after the OER durability test
(Supplementary Fig. 47). However, analysis of HR-TEM results (Sup-
plementary Figs. 48-50) reveals an underlying phase transformation
into (oxy)hydroxides in the post-catalytic CoFe-NBs.

As the OER occurs at the interface between the catalysts and
electrolytes, the nature of the local structural geometry of active metal
centers plays a crucial role in their related catalytic reaction
stability**~'. Most importantly, recent studies have reported that ato-
mistic crystal phase or metal center segregation emerges as a con-
siderable factor in influencing both the catalytic activity and stability of
the OER catalysts, especially for Fe-containing catalyst systems®*54%,
This motivated us to explore the nature of Fe ions in CoFe-NBs after the
long-time OER stability measurements. STEM-electron energy loss
spectroscopy (EELS) elemental maps preliminarily allow for resolving
the underlying Fe separation from the structure®. Our results (Fig. 3a)
indicate homogeneous Co and Fe distributions throughout the entire
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Fig. 2 | Electrocatalytic OER performances of the as-investigated catalysts in
1M KOH (pH ~ 13.7) for the OER. a Normalized CV curves with a 90% iR drop
correction (currents were normalized by ECSA, scan rate =5 mV/s, mass loading = -
0.25 mg/cm?, and rotation speed = 1600 rpm). b Comparison of overpotentials at
0.02 mA/cmgcsa? (error bars represent the standard deviation). ¢ Tafel plots.

d Faradaic efficiency of CoFe-NBs tested in Ar-saturated 1.0 M KOH through RRDE
techniques. e Chronopotentiometry measurements of CoFe-NBs at different cur-
rent densities. f Long-time stability measurements of CoFe-NBs loaded on carbon
paper (Note: the electrolyte was refreshed after every 100 h).

nanocubic particle before and after the OER. Moreover, EELS analyses
unravel similar Co and Fe L-edge features of CoFe-NBs before and after
the OER, evidencing that no Fe separation occurred after the OER. The
results (Supplementary Table 1) are also evident from ICP-MS char-
acterization, and no significant amounts of Fe species can be detected
in the electrolyte. Combination of FESEM/STEM-EDX and surface XPS
characterizations shows that the atomic ratio of Co/Fe in CoFe-NBs
remains almost unchanged before and after the OER stability tests
(Supplementary Fig. 52). Examination of the second deconvoluted
peak of the Co 2p5,, XPS (Supplementary Figs. 29 and 51a) unravels that
the post-catalytic CoFe-NBs display an energy shift towards lower
binding energy compared to the pristine one, inferring the presence of
a large fraction of Co(lll) ions after the OER. Note that there is no
significant change in the valence state of Fe ions in CoFe-NBs after the
OER (Supplementary Figs. 31b and 51b), reflecting that the local
structural changes around the Co ions account for the OER.

To further unravel the local electronic structure and coordination
environments of CoFe-NBs after the OER stability measurements, Co
and Fe K-edge XAS characterizations were carried out (Fig. 3b-d and
Supplementary Figs. 53-55). Analysis of Co K-edge XANES spectra
(Fig. 3b) reveals an obvious positive energy shift of the white line feature
at ca. 7727 eV in all the post-catalytic CoFe-NBs compared to the pristine
one, correspondingly their average Co valence state increased to close
to +3 (+2.25 in the pristine sample) (Supplementary Fig. 53a). This again
points out an underlying local structural evolution that occurred on the
Co centers before the OER. Interpretations of Co K-edge EXAFS and FT-
EXAFS spectra (Fig. 3¢, d and Supplementary Fig. 53b) corroborated
that an irreversible structural transformation into CoOOH-like species
mostly contributes to the observed spectral feature changes of CoFe-
NBs before and after the OER. Other than for the Co K-edge XAS data,

we have also analyzed the Fe K-edge XAS data of CoFe-NBs before and
after the OER. From the results (Supplementary Fig. 54a, b), a slightly
positive energy shift can be still found in the white line features of Fe
K-edge XANES spectra for the post-catalytic CoFe-NBs, but the average
Fe oxidation state remains almost identical. This manifests that the
coordination environment of the Fe centers only undergoes changes
beyond the first coordination shell. Such a unique change can be con-
firmed by investigations of the Fe K-edge EXAFS and FT-EXAFS spectra
(Supplementary Figs. 54c, d and 55), in which a newly formed second
backscattering feature appears at R+ AR of ca. 2.3 A. Apparently, this
newly emerging spectral feature cannot be reasonably assigned to the
Fe-Fe backscattering, as demonstrated by the XAS analysis of reference
Co-FeOOH. To precisely unveil the nature of the active species and sites
of the investigated catalysts, operando time-resolved spectroscopic
monitoring is required. One can notice that the observed changes in the
local electronic structure and coordination environments of Co and Fe
centers in the post-catalytic CoFe-NBs are not relevant to the OER sta-
bility test time or the way for the stability test (i.e., CV cycling or
chronoamperometry). On the one hand, such a phenomenon suggests
that the investigated CoFe-NBs mostly undergo a fast restructuring
process during the OER, which is not easily captured by ex situ char-
acterizations. On the other hand, our results also strongly validate that
the in situ reconstructed species derived from pristine CoFe-NBs enable
a quite stable local electronic structure and coordination environments
during the long-time OER stability characterizations.

Dynamics of active species and sites derived from operando
quick-XAS

The kinetics of local electronic structures and coordination environ-
ments of Co-/CoFe-NBs for the OER were explored through operando
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XANES and FT-EXAFS spectra of CoFe-NBs. d WT contour profiles of Co K-edge
EXAFS spectra of CoFe-NBs.

time-resolved quick-XAS characterizations, as well as reference
CoOOH and Co-FeOOH (Fig. 4 and Supplementary Figs. 56-75).
Compared to conventional XAS characterizations, the time resolution
of quick-XAS characterizations can be down to ms and thus enables
unraveling the dynamic role of the local coordination geometries of
the active metal centers in the OER mechanisms of the investigated
catalysts (Note: In this study, the time resolution of the operando
quick-XANES spectra was extended to 1.5 s per spectrum for achieving
a reasonable signal-to-noise ratio, as shown in Supplementary Fig. 56.
For the operando quick-EXAFS spectra, its time resolution was further
extended to 7.5s per spectrum.)”?*2, Moreover, in our study, the
operando time-resolved Co and Fe K-edge quick-XAS signals were
recorded simultaneously, which enables precise identification of the
actual role of Co and Fe in the OER. We first performed operando time-
resolved quick-XAS characterizations for Co-NBs to understand the
exact role of tetrahedrally coordinated Co centers in the OER (Sup-
plementary Figs. 57-60). Our results (see details in Discussion Il in the
SI) demonstrate that Co-NBs undergo a local structural transformation
into the di-p-oxo-bridged Cooc(IV)-Cooc(I1I/1V) motifs that act as the
real catalytically active sites to trigger the OER. Importantly, the for-
mation of such active sites primarily originates from the mono-p-oxo-
bridged Coy(II)-Co(ll/Ill) motifs, rather than the di-p-OH-bridged
octahedral Co(ll) or di-p-O(H)-bridged octahedral Co(lll) configura-
tions. To explore the crucial role of Fe incorporation in the OER
kinetics of CoFe-NBs, operando time-resolved quick-XAS character-
izations on the Co and Fe K-edges were further performed (Fig. 4 and
Supplementary Figs. 61-66). For the operando time-resolved Co
K-edge XANES monitoring (Fig. 4a), our results show a remarkable
profile change of the white line peak features at ca. 7727 eV, associated
with the dipolar transitions from Co 1s to 4p hybridized orbitals**°*,
In detail (Fig. 4b), from immersing into the electrolyte to the applied
potentials of 1.3 V vs. RHE, there are no obvious variations on the white
line features; however, an increase in the applied potentials from 1.3 to
1.45V vs. RHE leads to the white line profile changes towards lower
peak intensities and higher energy positions. After removing the
applied potentials, a slight increase in the white line peak intensity

along with a negative energy position shift can be observed. This
suggests that CoFe-NBs undergo a partially reversible local structural
evolution of Co centers to generate more active species for triggering
the OER. Importantly, these in situ-formed active species exhibit par-
tial redox reversibility and can partially convert into the OER resting
species again after the reaction. Analysis of the average Co valence
state (Fig. 4c) indicates that the aforementioned active species arise
from the in situ generated high-valent Co,.(IV) species, and the
Cooc(Ill) species emerge as the OER resting species. Note that the
average Co valence state of CoFe-NBs reaches its maximum value of
+3.28 at 1.45V vs. RHE, which is obviously higher than that of Co-NBs
(+3.07 at 1.55V vs. RHE) (Supplementary Fig. 57c). This suggests that
partial Fe incorporation facilitates access to the Coo(IV) species in
CoFe-NBs for the OER when compared to Co-NBs.

The local coordination environments of Co centers in CoFe-
NBs were further investigated with operando time-resolved EXAFS and
FT-EXAFS spectra (Fig. 4d, e and Supplementary Figs. 61a and 63). The
results show that the investigated CoFe-NBs undergo similar kinetic
changes in the local coordination environments of Co center com-
pared to Co-NBs (see details in Discussion Il in the SI). On this basis, at
the OER-related potential regions, the newly formed second shell
scattering at R+ AR of ca. 2.4 A in the Co K-edge FT-EXAFS spectra of
CoFe-NBs can be assigned to the backscattering of high-valent Co-Co/
Fe pairs (Fig. 4e and Supplementary Fig. 61b). The results are also
evident from the fitting of the operando Co K-edge FT-EXAFS spectra
(Supplementary Figs. 61b and 62 and Supplementary Table 5). Speci-
fically, with the anodic polarizations, we observe that both CN¢,.o; and
CNco.co1 €Xperience an obvious increase, and Rco.01 and Reo.co1 €xhibit
trends toward shorter interatomic distance correspondingly (Supple-
mentary Fig. 62). In sharp contrast, either CN¢o-02 0r CNco.coz displays
a continuous decreasing tendency from 1.3 to 1.5 V vs. RHE but they do
not completely vanish after the removal of the applied potentials,
suggesting that the di-p-oxo-bridged Co(ll) octahedra are not active
toward the OER in both Co-/CoFe-NBs (see details in Discussion Il in the
SI). Combining the operando monitoring results of Co-NBs and CoFe-
NBs points out that the in situ generated Co"-Co""/Fe" moieties
perform the role of the OER in CoFe-NBs. Mostly, tetrahedral Co(ll)
sites account for the formation of these high-valent moieties. To pre-
cisely distinguish the scattering difference between Co-Co and Co-Fe
pairs and to comprehensively understand the OER kinetics in CoFe-
NBs, operando time-resolved quick-XAS characterizations on the Fe
K-edge were carried out (Supplementary Figs. 64-66). Results from
operando time-resolved Fe K-edge XANES spectra (Supplementary
Fig. 64a-c) demonstrate that the oxidation states of Fe centers remain
almost identical, suggesting that underlying deprotonation of Fe(lll)-
OH into Fe(IV)-O species is hindered. However, analysis of the Fe
K-edge white line signature features slight profile changes on the
transitions from Fe 1s to 4p hybridized orbitals during the OER (Sup-
plementary Fig. 64a, b). This validates that the aforementioned Fe
K-edge white line profile changes can be thus ascribed to the under-
lying coordination environment variations of the second coordination
shell of Fe centers, namely the changes arising from the mono-p-oxo-
bridged Fe-Co configurations (Supplementary Fig. 34). As expected,
results from operando time-resolved Fe K-edge FT-EXAFS spectra
(Supplementary Figs. 64e and 65b) clearly evidence the appearance of
a prominent second scattering shell at ca. 2.3 A, associated with the
CooctV-O-Feo™ scattering in CoFe-NBs. Therefore, overall structural
dynamics that occurred on the Co and Fe centers are depicted in
Fig. 4e and Supplementary Fig. 64e together with the operando time-
resolved Co and Fe K-edge FT-EXAFS spectra, in which the [C0"Og] and
[Fe"O¢] octahedra are supposed to serve as OER modulators in CoFe-
NBs during the reaction process.

The plausible formation of the catalytically active Cogc"-O-
Cooct"/Feoc" moieties derived from the mono-p-oxo-bridged Coye(I1)
configurations in Co-/CoFe-NBs can be also evaluated from operando
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Fig. 4 | Operando time-resolved quick-XAS characterizations of CoFe-NBs in
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plots of Co K-edge EXAFS spectra; e 3D contour plots of Co K-edge FT-EXAFS
spectra and schematic diagram of the structural kinetics; f Schematic illustration of
the redox ability of diverse Co coordination geometries.

XAS characterizations of CoOOH and Co-FeOOH, which only contain
[Co"0¢] and [Co"/Fe"O4] octahedra, respectively (Supplementary
Figs. 67-75). Our operando investigations (see details in Discussion IlI
in the SI) distinctly show that the generation of di-p-oxo-bridged
COoct '-COoet™ (Cooct¥-Feoct™) configurations is found to be more diffi-
cult in COOOH (Co-FeOOH) when they are compared with that of Co-/
CoFe-NBs. With these results at hand, we propose that the redox
accessibility of diverse Co coordination geometries that enables the
formation of the catalytically active Co" species follows the order as
depicted in Fig. 4f, in which constructions of rich mono-p-oxo-bridged
Core(I1)-Feo (1) configurations are beneficial for facilitating the OER
kinetics. This conclusion is also accordant with the above electro-
catalytic characterizations of CoM-NBs for the OER (Fig. 2), where the
as-prepared Mn-/Ni-/Cu-/Zn-incorporated Co-NBs display worse OER

performance compared to Co-/CoFe-NBs due to their lack of Cog(Il)-
Moce(Ill)  moieties  (detailed discussion in  Supplementary
Figs. 30 and 32).

The crucial role of high-valent Co" species in the OER

To understand the pivotal role of the in situ formed high-valent Co(IV)
species in the OER kinetics of Co-/CoFe-NBs, operando Raman char-
acterizations were further performed. As shown in Fig. 5a and Sup-
plementary Fig. 76, pristine Co-/CoFe-NBs feature the two most
intense signatures at 522 and 689 cm™, corresponding to the vibra-
tions of Coger(I1)-O and Coo(11)-0****", With the anodic polarizations,
the vibration feature of Co(I)-O exhibits drastic profile changes and
completely vanishes in the OER region. In comparison, the Co(Ill)-O
variation retains its pristine spectral features almost during the entire
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operando monitoring, It is noteworthy that both in Co-NBs and CoFe-
NBs their operando Raman spectra feature newly formed vibration
features at ca. 464 and 566 cm™ at the OER-related potentials (Fig. 5a
and Supplementary Fig. 76). After removing the applied potentials,
these newly formed spectral features change their profiles toward a
lower peak intensity (Supplementary Fig. 76b, c). Based on previous
studies, it is safe to assign the aforementioned spectral features to the
vibration fingerprints of high-valent CoO, species®*>**%, This key
observation also supports that the dynamics of local geometric evo-
lution of the tetrahedral Co(ll) ions gives rise to the in situ generated
catalytically active Co(IV) species.

To quantitively probe the accumulations of the high-valent Co(IV)
species in Co-/CoFe-NBs for the OER, we conducted operando UV-vis
monitoring coupled with pulse chronoamperometry
characterizations**®>*’, Fig. 5b represents the normalized differential
absorption (AO.D.) spectra of CoFe-NBs for the OER (Co-NBs in Sup-
plementary Fig. 77a). With the anodic polarizations close to the OER
potentials, both Co-NBs and CoFe-NBs feature prominent peaks at ca.
500 nm, which undergo profile changes with a further increase in the
applied potentials. According to previous studies, the appearance of
newly formed absorption features within 500 to 600 nm is evidence
for the oxidation of metal centers®”*’, Combination of the above
operando quick-XAS, Raman, and UV-vis spectroscopic monitoring
(Figs. 4 and 5) clearly points out that the observed changes in the
absorption feature at ca. 500 nm are due to the oxidation of Cog(Il)
into the catalytically active Co(IV) species. We further recorded the
operando UV-vis spectra of the catalysts at fixed wavelengths (500
and 540 nm) along CV scans to gain in-depth insights into the OER
kinetics®”%, The results (Fig. 5c and Supplementary Fig. 77b) suggest
that three distinct processes contribute to the absorption variations
both at 500 and 540 nm. In detail, the absorbance in the first process (I)
from 0.8 to 1.0 V vs. RHE remains almost identical, indicating no redox

reactions occur in the Co-/CoFe-NBs. As the applied potentials increase
higher than 1.0 V vs. RHE (referred to as process II), an increase in the
absorbance at 500 and 540 nm is a sign of the oxidation of Coe(Il) into
Co(lll) species. In the OER-related potentials, the formation of active
Co(lV) species contributes to the observed absorbance changes in the
process (llI), which is mainly due to the difference in the extinction
coefficients between Co(lll) and Co(IV) species®*”%, In sharp contrast,
with the cathodic CV scan, only one process was involved in both Co-
NBs and CoFe-NBs, as confirmed by a similar decreasing absorbance
trend recorded at 500 and 540 nm. By combining our previous oper-
ando XAS and Raman discussions (Figs. 4 and 5a and Supplementary
Figs. 57-77), this decrease can be referred to as the reduction of Co(IV)
to Co(lll). These results altogether suggest that the in situ formed high-
valent Co.(IV) species are essential for the OER of the investigated
catalysts.

With the above operando spectroscopic results at hand, the
accumulated oxidized Co(IV) species can be quantitively determined
by integrating the reduction currents at specific applied potentials
based on the pulse chronoamperometry measurements (Supplemen-
tary Fig. 78)"**"*’. As shown in Fig. 5d, as the applied potentials
increase, the total charges stored in the Co-/CoFe-NBs increase
accordingly. Note that the variations of these accumulated total
charges against the applied potentials can be divided into two dis-
parate processes, correspondingly associated with the oxidation of
Co(ll) into Co(lll) at lower potentials and Co(ll/IIl) into Co(IV) at higher
potentials, respectively, as evident from our above complementary
operando monitoring (Figs. 4 and 5). Caution needs to be taken that
the accumulated total charges in CoFe-NBs are much higher than those
of Co-NBs, manifesting that the incorporation of Fe into Co-NBs
facilitates the formation of a high fraction of high-valent Co(IV) spe-
cies. This is consistent with our previous discussions on the dynamics
of active species and sites in Co-/CoFe-NBs during the OER (Fig. 4 and
also see details in Discussions Il and Ill in the SI). We further conducted
operando EIS tests to shed light on the critical role of Fe incorporation
in the OER kinetics of Co-NBs. As shown in Supplementary Fig. 79, the
Bode plots of Co-/CoFe-NBs are dominated by two distinct electro-
chemical processes, which correspond to the OER process at the low-
frequency region (<10 Hz) and the surface oxidation process at the
middle-frequency region (10?-10° Hz)'*?****7>° In our study, the sur-
face oxidation processes are assigned to the redox reaction process of
Co(lll) to Co(lV). From the results (Supplementary Fig. 79), partial Fe
incorporation not only shifts the OER process to a lower potential but
also moves the surface oxidation process to a higher frequency region,
highlighting the benefits of Fe incorporation in facilitating the OER
kinetics.

Investigation of the intrinsic OER mechanism

pH dependent studies of the OER activity can offer in-depth insights
into the reaction kinetics of the investigated catalysts™">¢>¢°""!, Typi-
cally, the conventional AEM pathway involves four PCET processes
with the formation of a key hydroperoxide intermediate, which is
independent of the variations of pH conditions. In comparison, the
generation of superoxo-like (0,7 or peroxo-like (0,%) intermediates
contributes to the 0-O bond formation in the LOM and the DSM
pathways and thereafter results in a PT/ET process, which can be
strongly affected by the pH variations. It should be also mentioned that
the interaction of two metal-oxo intermediates derived from the redox
reaction of individual metal centers contributes to the O-O coupling
process in the DSM*¢?°,  Our operando monitoring
results (Figs. 4 and 5 and Supplementary Figs. 57-79) offer strong
evidence for the dynamics of the local structural evolution of Co
centers from the initial Coge"-O-C0Ooc"/Feoe" into the in situ formed
active Co"-0-Co"/Fe" moieties in the investigated catalysts before the
OER, which excludes the DSM pathway therefore the OER primarily
proceeds via the LOM pathway. Previous studies demonstrated that

Nature Communications | (2025)16:580


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-55857-3

80 50
a~ ' T—r3s 13.1 b T—xkorm,0 C .
——135——12.8 CoFe-NBs KOD-D,0 CoFe-NBs ’
— 13.3—— 1256 e TMAOH-H,0
£60 1 g 200 om0 L foeen 689 VWS SFRWEY
£ ~20] o @5Vvs.RHE  © £ 5ol © KODDO Sl ey
§ N§’18 g _ TMAOH-H,0 : s M-00
£ " 13 IS 30 €220 %
: 40 ELG RHE ; E2 0 ; MW
24013 =1.17g" 2 521 ‘
k7 214 P q—“ D g = H,0
S 5., § 204 S0 gwww S W
S 15 A 2 £ [siank e
5 P ‘51'0 % 5 i ~ |KoH-H,0 @ 145V
= 1 So. = 1 T xR I ¥ LTVTY S NV
8 g gos é 8 10 e 02 oS dens Semnven®®y mw
og[Current density (mA/cmg,, lanl
0.6 12,6 12.8 13.0 13.2 13.4 13.6 1:/ KOH-H,0
oH ) INEURPPUPL TNy WY TV B Ly
I 01 : p— :
125 130 135 140 145 150 125 130 135 140 145 150 300 400 500 600 700 800 1000 1200
Potential (V vs. RHE) Potential (V vs. RHE) Raman shift (cm™)
o € 5]——LOM in Co-NBs (Co,)
.LO Co-NBs T
44——LOM in CoFe-NBs J— — ,‘l
3 +1.70eV ¢ ;
3 RS 1+4.20 eV
&2 I,’ (RDS)
g ]
w 14 _— '
® —_
o
L 0 4—— P
Pre-equilibrium
0000 4 —_—
Co Fe O CIH 2]
CoFe-NBs Y Co™ Co-OH Co0 Co~-00+0, Co+0,+0,;0H Co

Fig. 6 | OER Kkinetics investigations and DFT calculations. a pH dependence of
OER activities of CoFe-NBs. The inset plot shows the proton reaction order deter-
mined from the equation of p*t = (dlog(i)/0pH). b CV curves of CoFe-NBs for the
OER in 1M KOH in H,0, 1M KOD in D,0, and 1M TMAOH in H,0. ¢ Operando
Raman spectra of CoFe-NBs recorded in different OER conditions vs. black GC

Reaction coordinate

electrode. d Schematic illustration of the pre-equilibrium and the OER cycling
processes via the LOM pathways of CoFe-NBs (Note: the pre-equilibrium process
represents the transition of Coe, into Co,). € Calculated free energy diagrams of
OER intermediates adsorbed on Co-/CoFe-NBs via the LOM pathways.

the 0,7 species is thermodynamically more stable compared to O, >,
Most importantly, negatively charged oxygenated O,> species can be
identified through a chemical probing approach, such as with tetra-
methylammonium cations (TMA®)3141970.72,

As shown in Fig. 6a and Supplementary Fig. 80, it is apparent that
both Co-NBs and CoFe-NBs display enhanced OER activity from pH
12.6 to 13.8. In addition, the proton reaction order was calculated as
1.17 for CoFe-NBs and 1.08 for Co-NBs (Fig. 6a and Supplementary
Fig. 80a), respectively, suggesting that both catalysts undergo lattice
oxygen activation before the generation of 0,'*°*”2, When the OER was
characterized in 1M TMAOH, two catalysts featured a significant
decline in their OER activity along with increased Tafel slope values
(Fig. 6b and Supplementary Fig. 80b). This is because of the strong
electrostatic interaction between the TMA" ions and the O,> species,
thus leading to an inhibition in the OER. KIE characterizations of the
catalysts for the OER were performed in the 1M KOD dissolved in
D,0"7*"7, From the results (Fig. 6b and Supplementary Fig. 80b), a
negligible KIE was observed both in Co-NBs and CoFe-NBs, pointing
out that the cleavage of the O-H bond does not emerge as the rate-
determining step (RDS). We further performed operando Raman
characterizations of CoFe-NBs for the OER in 1M KOH and 1M KOD
(D,0) solutions. As demonstrated in Fig. 6¢, the use of KOD and D,0
features similar Raman fingerprints within 450-700 cm™ in CoFe-NBs
during the OER compared to the one characterized in 1M KOH solu-
tion, further supporting that the in situ generated CoO, species
accounts for the OER (Fig. 5a and Supplementary Fig. 76). A close
inspection of the operando Raman spectra reveals a newly formed
signature at ca. 1095cm™ in CoFe-NBs under the OER conditions,
which are associated with the vibrations of key 0,” intermediates
generated in the LOM pathway'?’%, Taking into account all

information from our complementary operando monitoring and
electrochemical characterizations, an overall electrochemically driven
restructuring process coupled with the OER cycling process is depic-
ted in Fig. 6d and Supplementary Fig. 81, where the RDS is attributed to
the 0-0 bond formation atop the Co sites of the in situ generated Co"-
0-Co"/Fe" moieties derived from the mono-p-oxo-bridged Coe"-
Cooc"/Feoe" configurations (Fig. 6e). For a better comparison, a
schematic illustration of the AEM pathway and the corresponding
calculated free energy diagrams of OER intermediates are provided in
Supplementary Figs. 82 and 83. The density functional theory (DFT)
results (Fig. 6e and Supplementary Figs. 82 and 83) apparently indicate
that the as-investigated catalysts are thermodynamically more favor-
able via a LOM pathway. We further calculated the Gibbs free energies
of OER intermediates adsorbed on the Co sites derived from the
octahedrally coordinated Co(ll/lll) centers in Co-NBs through both
AEM and LOM pathways. The results (Fig. 6e and Supplementary
Figs. 84 and 85) again manifest that the Coy, sites in Co-NBs are
thermodynamically more favorable catalytic centers active compared
with the Co,, sites. Notably, the above DFT calculations also suggest
that partial Fe incorporation enables faster OER kinetics for facilitating
the O-O bond formation (Supplementary Fig. 86), consistent with the
key observations on the crucial role of Fe in the OER derived from our
complementary operando time-resolved monitoring (Figs. 4 and 5).

Discussion

In summary, we present a convenient secondary metal incorporation
strategy to successfully construct a series of nanostructured
hydroxide-like CoM-NBs (M: Mn, Fe, Ni, Cu, and Zn) with a substantial
fraction of tetrahedrally coordinated Co(ll) centers. The as-prepared
CoFe-NBs were identified as highly active and robust electrocatalysts
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for O, generation, which retain a current density of 20 mA/cm?® with a
low overpotential of ca. 225mV over 1000 h without any obvious
changes.

To unravel the origins of the intrinsic high OER activities and to
elucidate the nature of electrochemically-driven restructuring of the
active species and sites, a combination of diverse operando time-
resolved spectroscopic monitoring techniques coupled with electro-
chemical characterizations was applied. Using operando time-resolved
quick-XAS characterization (time scale down to 50 ms) coupled with
operando Raman spectroscopy, we observed a kinetic structural evo-
lution in Co-/CoFe-NBs from the mono-p-oxo-bridged Coel"-COoct"/
Feoe" motif into the catalytically active Coger'-COoct"/Feoct™ config-
urations connected through di-p-oxo bridges during the OER. These
catalytically active moieties can be reversibly converted into the OER
resting state of the di-p-oxo-bridged Co™-Co"/Fe" motifs after the
OER. Correspondingly, the OER kinetics of CoOOH and Co-FeOOH,
which consist of [C0"O] and [Co"/Fe"Og] octahedra, were explored as
references with operando spectroelectrochemical monitoring. The
results indicate that these catalysts feature a high energy barrier to
trigger the generation of high-valent Co,." species derived from the
di-p-O(H)-bridged Co o"™-Coge™/Feoe" configurations compared to
that of Co-/CoFe-NBs with dominant mono-p-oxo-bridged Coge'
Cooct"/Feoe™ configurations. Based on these results, the overall redox
accessibility of the diverse local Co coordination geometries enabling
the formation of the catalytically active Co" species for 0-O bond
formation follows the order: Co'-Feo" moieties (mono-p-oxo
bridge) > Coer-COoc" moieties (mono-p-oxo bridge) > Coge"-COpe™
moieties (di-p-O(H) bridge) > Coc"-Coocr moieties (di-p-OH bridge) >
CO ot -Feoe" moieties (di-u-OH bridge). This highlights the impor-
tance of optimizing the local coordination geometries around the
metal centers to improve OER kinetics.

Operando UV-vis spectrochronoamperometry studies quantita-
tively unraveled a strong correlation between the accumulated high-
valent Co" species and the observed OER activity. At the same time,
partial Fe incorporation not only enables the formation of a high
fraction of Co" species but can also stabilize the Co" species during
the OER cycling process, thus offering high and robust OER activity.
Furthermore, operando Raman spectra coupled with pH-dependent
and KIE investigations demonstrate the formation of peroxo-like (0,%)
species in CoFe-NBs during the OER, suggesting that the generation of
0, proceeds via a LOM pathway. The results furthermore agree with
our DFT simulations. Most importantly, we provide a systematic
investigation into the crucial role of the oxidation states and metal
coordination geometries over extended OER periods (1000 h stability
tests). This will inspire future studies on OER catalysts via a kinetic
optimization of the reactive mono-pi-oxo coordinations, i.e., through
incorporation of different metal centers or tuning their oxidation
states to facilitate the formation of high-valent species with fast OER
kinetics. We expect that our comprehensive and mechanistic studies
into the structure-activity relationships of OER catalysts will expedite
the rational design of advanced water electrolysis electrocatalysts to
sustainably generate clean hydrogen as an energy carrier.

Methods

Chemicals

Ammonium fluoride (=98%), cetrimonium bromide (=99%), cobalt(ll)
acetate tetrahydrate (=98%), cobalt (Il) nitrate hexahydrate (>98%),
cobalt(ll) chloride (=98%), copper(ll) chloride (=99%), deuterium oxide
(299.9%), iron(ll) chloride, iron(lll) nitrate nonahydrate (>98%),
2-methylimidazole (=99%), manganese(ll) chloride (=99%), nickel(lI)
chloride (=98%), potassium deuteroxide solution (40 wt.% in D,0),
potassium hydroxide (=99.99%), zinc(ll) chloride (=98%), hydrogen
peroxide (=33%), sodium hydroxide (=97%), tetramethylammonium
hydroxide solution (25 wt.% in H,0), urea (=99.5%), and RuO, (99.9%)
were purchased from Sigma-Aldrich. All chemicals were used as

received without any further purification. Carbon paper (TGP-H-60)
was purchased from Alfa Aesar.

Synthesis of Co hydroxide-based nanoboxes (Co-NBs)

Co-NBs were prepared through a convenient self-templated approach
using ZIF-67 precursors as template*’. First, cubic ZIF-67 precursors
were obtained based on a room-temperature coprecipitation method.
In detail, a total of 580 mg of cobalt(ll) nitrate hexahydrate and 10 mg
of cetrimonium bromide were first dissolved into 20 mL of deionized
(DI) water (denoted as solution A). Solution B was prepared by dis-
solving 9.08 g of 2-methylimidazole into 140 mL of DI water. Then,
solution A was injected into solution B under magnetic stirring for
30 min at room temperature. ZIF-67 precursors were obtained through
centrifugation and washing with ethanol several times. Afterward, the
as-obtained ZIF-67 products were dried at 70 °C overnight for further
use. To prepare Co-NBs, 40 mg of ZIF-67 precursors were homo-
geneously dispersed into 30 mL of ethanol via ultrasonication. Mean-
while, a total of 15 mg of CoCl, was dissolved into 5 mL of DI water, and
the as-prepared CoCl, solution was then rapidly injected into ZIF-67
suspension under magnetic stirring for 20 min. The obtained Co-NB
precursors were centrifuged, washed with DI water and ethanol at least
three times, and dispersed into 30 mL of ethanol again. Finally, 5 ml of
DI water was injected into the as-prepared suspension of Co-NBs, and
the mixed suspension was heated to 75°C and refluxed for 30 min
under magnetic stirring. The obtained Co-NB precipitate was collected
by centrifugation, washed several times with DI water and ethanol, and
dried at 70 °C overnight. To explore the role of synthetic parameters
on the structural and morphological properties of the targeted pro-
ducts, Co-NBs products were synthesized by varying the synthetic
parameters, i.e., pure ethanol with refluxing at 75 °C, pure DI water
with refluxing at 75 °C, and ethanol/DI water of 30:5 (mL) with room
temperature stirring.

Synthesis of Co-NBs-OAc

The preparation of Co-NBs-OAc was similar to the synthetic strategy
for Co-NBs, except for replacing cobalt(ll) chloride precursor with
cobalt(ll) acetate tetrahydrate.

Synthesis of M-substituted cobalt hydroxide-based nanoboxes
(CoM-NBs; M= Mn, Fe, Ni, Cu, and Zn)

The preparation of CoM-NBs was similar to the synthetic strategy for
Co-NBs except for replacing CoCl, with MCl,. The products obtained
with different amounts of MCI, (5 mg, 10 mg, 15 mg, and 20 mg) were
denoted as CoM-NBs-1, CoM-NBs-2, CoM-NBs-3, and CoM-NBs-4.
(Unless otherwise mentioned, the abbreviation CoM-NBs refers to the
products prepared with the synthetic parameters of ethanol: water of
6:1 (volume ratio), 15 mg of MCl,, and refluxing at 75°C.)

Synthesis of Co;0,4 and Fe-Co30,

To prepare Cos0, and Fe-Co30,, the as-obtained Co-NBs and CoFe-
NBs-3 precursors were placed into a muffle furnace and calcined at
350 °C in air for 2 h with a ramping rate of 2°C min™.

Synthesis of cobalt oxyhydroxide (CoOOH)

CoOOH was prepared as follows: a total of 580 mg of cobalt(ll) nitrate
hexahydrate was dissolved into 40 mL of DI water. Then, 25 mL of
0.1M NaOH solution was added dropwise into the above Co-based
solution under magnetic stirring for 15 min and held at 45 °C for 15 min.
The obtained pink precipitate was collected by centrifugation, washed
several times with DI water, and dispersed into 20 mL of DI water.
Afterward, 5 mL of 8 M NaOH solution was added dropwise together
with 10 mL of 30 wt.% H,0, solution into the as-prepared Co-based
suspension. The mixed suspension was stirred at 45 °C for 24 h. In the
end, the as-obtained black precipitate was collected by centrifugation,
washed several times with DI water, and dried at 70 °C overnight.
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Synthesis of Co-substituted iron oxyhydroxide (Co-FeOOH)
Co-FeOOH was synthesized based on our previous study with a slight
modification*®. A total of 0.3 mmol of cobalt(ll) nitrate hexahydrate
and 0.25 mmol of iron(lll) nitrate nonahydrate were dissolved into
12 mL of DI water along with 2 mmol of urea and 1 mmol of ammonium
fluoride. Then, the obtained solution was sealed into a Teflon-lined
stainless steel autoclave (20 mL) and was reacted at 120 °C for 15h.
Finally, Co-FeOOH products were obtained by centrifugation and dried
at 70 °C overnight.

Materials characterizations

A STOE STADI P diffractometer (transmission mode, Ge mono-
chromator, Mo K radiation (0.7093 A), 50 kV and 40 mA) was used for
recording the PXRD patterns. FESEM (Zeiss Supra 50 VP) and TEM (FEI
Tecnai G2 Spirit) were used to characterize the morphological prop-
erties of the as-prepared products. The elemental compositions of the
investigated samples were analyzed using FESEM/TEM-energy-dis-
persive X-ray spectroscopy (EDX) (Note: a 5 nm thick Pt/Au overlayer
was coated on the samples to reduce the charging interference effect).
HR-TEM, HAADF-STEM, EELS, and STEM-EDX element mappings were
carried out on a FEI Titan Themis (300 kV) instrument. The instrument
is equipped with a hexapole-type aberration corrector for STEM (CEOS
DCOR) and a Super EDX system with a CEFID energy filter. Neutron
diffraction patterns were performed at the D4c instrument of the
Institute Laue-Langevin (Grenoble, France) using a Neutron wave-
length (A) of 0.4957 A in a sealed vanadium cylindrical container at
ambient temperature and pressure. The measurements were per-
formed in the Q range of 0.38-23.53 A™%. The PDF was analyzed based
on Fourier transformed S(Q) using standard software at the ILL. A
PerkinElmer PHI 1600 ESCA system with Mg K, radiation (1253.6 eV)
was used for the XPS studies. Room temperature EPR spectra were
characterized based on a Bruker MiniScope MS 5000 spectrometer.

Ex situ and operando Raman measurements

A Renishaw Raman scope or InVia Qontor (Ar+ laser, 532) was
employed for ex situ and operando Raman spectra studies’. Ex situ
characterizations were performed with a solid power sample pressed
on a quartz glass substrate. A screen-printed electrode system (SPCE,
Dropsens, DRP-110) was used for conducting the operando Raman
characterizations. To capture the OER intermediates, a thin layer of
Au@SiO, was covered on the surface of the investigated catalysts to
acquire the surface-enhanced Raman signals. During the tests, a step-
wise chronoamperometry method was applied to acquire the oper-
ando Raman signals.

Operando UV-vis measurements

Operando UV-vis spectra were recorded on a Lambda 650 S Perkin
Elmer UV-visible spectrometer in the range of 350-800 nm using a
HELLMA Quartz precision cell (10 mm). The operando measurements
were performed in an in-house designed electrochemical quartz pre-
cision cell equipped with fluorine-doped tin oxide (FTO) as the work-
ing electrode (loading amounts of catalysts is ca. 0.05 mg/cm?). During
the measurements, CV cycling and chronoamperometry with a step-
wise increase of the applied potentials were performed to accumulate
operando UV-vis spectroscopy signals.

Ex situ and operando XAS measurements

Ex situ and operando Co and Fe K-edge XAS experiments were per-
formed at the SuperXAS-X10DA beamline at the Swiss Light Source
(PSI, Switzerland) (ex situ sample of CoOOOH, and ex situ and operando
samples of Co-NBs and CoFe-NBs) and at the KMC-2 beamline at the
Helmholtz Zentrum Berlin (HZB) BESSY II (Berlin, Germany) (ex situ
and operando samples of CoOOH and Co-FeOOH). All the XAS data
were recorded via transmission (TR, SuperXAS-X10DA) or fluorescence
(FL, KMC-2) modes with a Si(111) double crystal monochromator

(DCM) cooled with liquid nitrogen. The experiments at the SuperXAS-
X10DA beamline were run in the quick-scanning extended X-ray
absorption fine-structure (QEXAFS) mode with the monochromator
oscillation frequency of 60 Hz, which allows for the collection of
120 spectra within the energy ranges from 7000 to 8450 eV per minute
(up and down modes with different energy scan directions). Therefore,
the time resolution of Co (7000 to 7650 eV) or Fe K-edge (7650 to
8450 eV) QXANES and QEXAFS spectra was determined as ca. 50 ms
and ca. 250 ms, respectively. To achieve a reasonable signal-to-noise
ratio of the collected QEXAFS spectra, several subsequently collected
spectra need to be averaged together, as shown in Supplementary
Fig. 56. Therefore, the resulting time resolution of QXANES and QEX-
AFS for Co-/CoFe-NBs was thus 1.5s and 7.5 s, respectively. Operando
experiments at KMC-2 were run in the conventional stepwise scan
mode with an acquisition time of 10 min per spectrum, and each
sample was measured three times.

For ex situ XAS characterizations, the solid powder samples were
mixed with cellulose and pressed into pellets to achieve an absorption
step of ca. 1. Energy was calibrated based on reference Co (7709 eV)
and Fe (7112 eV) foils. Operando XAS experiments were performed
with an in-house developed electrochemical cell, as reported in our
previous study*®. The operando XAS experiments were characterized
with a standard three-electrode system with Hg/HgO (1.0 M KOH)
reference electrode and graphite rod counter electrode. Carbon paper
loaded with the catalysts (ca. 2.0 mg/cm?) was used as the working
electrode. During the experiments, a chronoamperometry method
with a stepwise increase of the applied potential within 1.0 to 1.525V
was used. Importantly, the collected XAS signals at the constant
potential need to be repeated 3-5 times. The collected raw data from
the SuperXAS-X10DA beamline were analyzed using the ProQEXAFS
software, and the collected raw data from the KMC-2 were directly
analyzed using the ATHENA software packages. The k*weighted and
Fourier transform (FT) EXAFS data were analyzed in the k-range from O
to 12 A™ and R-range from O to 6 A, respectively. No phase correction
was applied in the EXAFS spectra. Fitting of FT-EXAFS spectra was
conducted with the R-range within 1t0 3.5 A. So> was obtained based on
the fitting of Co/Fe foil, which was determined as 0.9 (SuperXAS-
X10DA) and 0.75 (KMC-2), respectively.

Preparation of working electrodes using a rotating disk
electrode (RDE)

As a typical protocol for the preparation of the working electrode’®,
3.0 mg of catalysts were dispersed in 600 pL of ethanol with 1.2 mg of
carbon black and 30 pL of 5 wt% Nafion solution under ultrasonication
for 1h. Then, the 10 pL of the catalyst inks were loaded on a glassy
carbon rotating disk electrode (GC-RDE, Metrohm, diameter = 5 mm,
and loading mass ~ 0.25 mg/cm?). (Note: For the preparation of work-
ing electrodes of operando Raman, UV-vis, and XAS characterizations,
the catalysts inks were prepared without carbon black additive).

Electrocatalytic performance measurements

Electrochemical OER characterizations were carried out in O,-satu-
rated 1.0M KOH (pH=13.7 £ 0.02) at room temperature. The tests
were performed with a standard three-electrode system (Metrohm
Autolab PGSTAT302N potentiostat) with a reference Hg/HgO elec-
trode (1.0 M KOH), counter graphite rod electrode, and working GC-
RDE electrode, respectively (Note: The calibration of the reference Hg/
HgO electrode was performed in an H,-saturated 1 M KOH electrolyte,
where Pt rods served as both the working and counter electrodes. CV
scans were then performed at a scan rate of 1 mV/s, and the potentials
were determined at zero current. In this study, the reference Hg/HgO
electrode potential was determined as 0.095V vs. SHE (standard
hydrogen electrode)). During the measurements, 20 cycles of CV with
a fast scan rate of 50 mV/s were first applied without any rotations.
Then, the CV curve with a low scan rate of 5 mV/s was collected under a
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rotation speed of 1600 rpm. Tafel analysis was performed based on the
back scan of the CV curve with a low scan rate of 5 mV/s. All potentials
were normalized to RHE based on E(RHE) = E + 0.095 + 0.059 x pH. In
this study, a 90% iR-compensation was implemented for the collected
electrochemical data, where R is the uncompensated ohmic contact
resistance measured by EIS at the open-circuit voltage. As a typical
example, the R value of commercial RuO,-loaded GC-RHE was deter-
mined as 6.62+0.15Q. To ensure data reproducibility, all the tests
were repeated at least 3 times. EIS measurements were conducted
within a frequency range from 0.01 Hz to 10 kHz with a 5mV ampli-
tude. The ECSA was determined by CV methods in a non-Faradaic
region. Then, the ECSA was calculated as follows: ECSA=geometric
surface area x Cq/Co (Cq is the double-layer capacitance (Cq;) mea-
sured from CV cycling and Cy is a constant of 0.04 mF/cm?). Faradaic
efficiency was determined through rotating ring-disk electrode (RRDE)
characterizations as follows: Faradaic efficiency=liing/(lgisk*N). Iring and
lgisk represent the ring and disk currents, respectively. N is the current
collection efficiency of the RRDE with a constant value of 0.2. During
the measurements, the applied potential of the rising electrode was set
to a constant value of 0.3V vs. RHE to ensure the oxygen reduction
reaction. Durability tests were conducted with both GC-RDE (diameter
of 5mm, loading mass -0.25 mg/cm? and carbon paper electrodes
(1x1cm? loading mass -~ 1 mg/cm?) through chronopotentiometry
methods at 20 mA/cm? and CV cycling for 1000 cycles.

DFT calculations
All DFT simulations were performed using the CP2K package. The
Kohn-Sham DFT within the hybrid Gaussian and plane waves frame-
work was applied for the electronic structure calculations.
Goedecker-Teter-Hutter (GTH) pseudopotentials are used to
describe the interactions within the atomic cores and the molecular
orbitals of the valence electrons are expanded in Gaussian-type
orbitals”’. DZVP-MOLOPT-GTH basis sets were used for all the ele-
ments. The lane-wave cut-off energy was set up as 400 Ry. The main
exchange and correlation scheme is PBE with D3 correction for the
long-range dispersion interactions”®. The theoretical model was
constructed from the C01.176(0H)ZCIO.348(H20)0.456 (COD-4343874)
(012) -terminated surface. Notably, according to our operando
monitoring, all Cl atoms were replaced with O atoms, and the
interatomic distances of Co-Co/Fe pairs were also adjusted corre-
spondingly. Fe atoms were inserted afterward by substituting 1/2
octahedral Co atoms which are connected by the tetrahedral Co sites.
A built 5x5x1 supercell with a total of 126 atoms was used for all
simulations (Supplementary Data 1). Electronic structure optimiza-
tions are converged to an accuracy in energy of 5x 107 Hartree. All
proposed structures have been optimized with the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) scheme with a force threshold of 1x1073
Hartree/Bohr. A 15 A thickness of vacuum layer was added to the built
supercell (both above and below) to remove the interaction effects
arising from the surfaces.

Under alkaline conditions, the following equations (Eqs. 1-4) are
used for describing the AEM pathway:

*+OH™ — OH*+e~ @
OH*+OH™ — O*+H,0+e" 2
O*+OH™ — OOH*+e~ 3)
OOH*+OH™ — 0,+H,0+e" 4)

where * is active adsorption site, and OH*, O*, and OOH* represent the
OER intermediates.

Gibbs free energy changes (AG) of the individual elementary step
in the AEM pathway can be calculated as follows:

AG, =Eqy — E. — Eypo +1/2E,, + (AZPE — TAS), —eU  (5)
AG, =Eor — Egye +1/2E,,, + (AZPE — TAS), — eU (6)
AG; =Eooy — Eor — Eypo +1/2E, +(AZPE — TAS); —eU  (7)

AG,=4.92eV — E. +Egoy — Egy — 1/2Ey, — (AZPE — TAS), — eU
()]

Herein, the theoretical overpotential Neneory is calculated as:
Neheory = Max{AGy, AG,, AG;, AG, } /e — 1.23V ©)

In the above equations, Ey- is the binding energy for the OER
intermediates adsorption, AZPE is the difference in zero-point energy,
and AS represents the changes of entropy corrections. U is the addi-
tional bias for computing the reaction-free energy in each step. In this
study, the temperature effects are not considered, which is because all
the reactions occurred at room temperature.

In comparison, the LOM pathway can be described by the fol-
lowing equations.

*+OH™ — OH*+e~ (10)
OH*+OH™ — 0*+H,0+e" 1)
0*+0, — 00*+0, 12)
00*+0,+0H™ — O, — OH*+0, +e" 13)
0, — OH*+OH™ — *+H,0+e" (14)

In the above equations, O, is referred to as oxygen vacancy. The
AG of the individual elementary step was calculated as follows:

AG, =Eqyy. — E- — Eypo +1/2Ey, + (AZPE — TAS), —eU  (15)
AG, =Eqo: — Egys +1/2E,, + (AZPE — TAS), — eU (16)
AG;=Eoo — Eor — Eypo +Eyp + (AZPE— TAS); —eU  (17)

AG, =Eoy o — Eoor — 1/2E; +2E0,(AZPE — TAS), —eU  (18)
AGs=4.92eV — E. +Eo, ou — 1/2E,(AZPE — TAS)s —eU  (19)

Data availability

The authors declare that the data supporting the findings of this study
are available within the Supplementary Information files. Source data
are provided within the paper. The atomic coordinates of the opti-
mized computational models generated in this study are provided in
Supplementary Data 1. Source data are provided with this paper.
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