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Activating the lattice oxygen of catalysts can accelerate the oxygen evolution
reaction. However, a fundamental understanding of the lattice oxygen

dynamics remains insufficient, which ultimately impairs catalyst development.
Herein, we show that a COs?-containing electrolyte can substantially alter the
reactivity and redox stability of lattice oxygens. In particular, for CoOOOH and
NiCoOOH, which feature high lattice oxygen reactivity, higher degrees of CO5*
intercalation deactivate lattice oxygen, shifting the reaction pathway from the
lattice oxygen mechanism to the adsorbate evolution mechanism. Operando
spectroscopic and spectrometric analyses coupled with ®0 isotopic labeling
corroborate the decreased metal-oxygen bond covalency and hindered lattice
oxygen release caused by the intercalation of CO5*. Importantly, the catalysts
with a fine-tuned degree of CO5” intercalation maintain high activity and sta-

bility owing to the dynamic equilibrium between lattice oxygen release and
refilling, demonstrating negligible degradation in an alkaline water electro-
lyzer after 5000 h of operation at 0.5 A cm™. This work reveals the intricacy of
lattice oxygen dynamics, offering opportunities for designing high-
performance electrocatalysts for real-life applications.

Electrochemical reactions are essential for the storage and conversion
of renewable energy. The anodic oxygen evolution half-reaction (OER),
which plays a pivotal role in various scenarios, including green
hydrogen production, CO, electrolysis, nitrogen fixation and electro-
synthesis, is particularly important'*. However, this four-proton/elec-
tron transfer process is intrinsically sluggish, which often causes high
overpotential loss and impairs the energy efficiency of the device’™. In
many cases, a series of substeps involving multiple O-containing
intermediates must take place consecutively on the catalyst surface to
enable the generation of diatomic oxygen®’. The activity of catalysts
following such an adsorbate evolution mechanism (AEM) is heavily
limited by the scaling relationship. Theoretically, the minimum over-
potential (n) is ~370 mV when the binding energies of all intermediates
are ideal'>". This thermodynamic constraint can be overcome when

other reaction pathways are developed. For example, in the lattice
oxygen-mediated mechanism (LOM), where the lattice oxygens (LOs)
of catalysts participate in redox chemistry, higher intrinsic OER activity
(n«370 mV) is experimentally observed and well explained ™. These
advancements in mechanistic understanding offer compelling guide-
lines for the design and development of better OER catalysts.
Although high metal-oxygen bond covalency and strong hybri-
dization of oxygen nonbonding states are believed to be descriptors of
catalysts that activate the OER via LOM", the mechanistic under-
standing of the dynamic behavior of LOs remains inadequate. For
example, rapid LO exchange during the OER often creates an amor-
phous catalytic surface through reconstruction, which might be
heavily affected by, in addition to the intrinsic physicochemical
properties of catalysts, many extrinsic factors, such as the potential
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bias, pH value and ions in the electrolyte®*?°, In fact, intercalated
species such as PO4> and Se0,> have been reported to activate the
lattice oxygen of oxyhydroxide OER catalysts?*. This ill-defined sce-
nario makes the establishment of a structure-LO reactivity relationship
rather challenging. Discrepancies in the reaction pathways of various
metal oxide and hydroxide (e.g., Cos0, and NiFe hydroxide) OER
catalysts are thus noted in the literature®®* >, Another common chal-
lenge is associated with understanding the LO release and refilling
processes during LO exchange. The governing factors that manipulate
the rates of these substeps remain ambiguous. In many cases, the
much faster LO release rate leads to the generation of a substantial
number of oxygen defects and the sequential dissolution of adjacent
metal cations, eventually causing the collapse of the crystal structure
during catalysis®* ., Hence, state-of-the-art catalysts featuring LOM
often suffer from rapid performance deterioration within 100 h, which
is too far from industrial applications?”?°. Approaches such as weak-
ening the metal-O bond covalency by doping can indeed deactivate
lattice oxygens; however, the reaction pathway is then transformed to
an AEM with inherently greater polarization loss. The doping element
might also dilute the active site on the surface’**. Finding catalysts
with ideal lattice oxygen reactivity and stability remains an uneasy task.

In this work, we show that carbonate ions, which are common
anions in electrolytes, can greatly manipulate the reactivity and redox
stability of LOs during the OER in classic oxyhydroxide catalysts
comprising NiOOH, NiCoOOH and CoOOH. The distinct effects of
adsorbed and intercalated CO5? species are elucidated via customized
electrochemical looping experiments. The dynamic behavior and
mechanism of LOs in response to interfacial CO5* are revealed by
various ex situ and operando spectroscopic and spectrometric ana-
lyses coupled with ®0-isotopic labeling. This fundamental under-
standing enables the rational manipulation of LO stability via CO5*
intercalation, achieving a dynamic equilibrium between LO release and
refilling. The application of the fine-tuned OER catalyst in an alkaline
water electrolyzer is also discussed.

Results

Distinct responses to carbonate ions

The possible interactions between oxyhydroxide OER catalysts and
carbonate ions in the electrolyte are depicted in Fig. 1a, which might
include, among others, the chemisorption of COs* on the surface and
the intercalation of CO5* into the interlayer spacing of the catalyst***.
To probe this interfacial phenomenon, we selected three classic oxy-
hydroxide catalysts comprising NiOOH, CoOOH and NiCoOOH and
designed a “CO5*-looping” experiment (denoted as CL), where linear
sweep voltammograms (LSVs) were sequentially recorded in 0.1M
KOH with a stepwise increase in the CO5> concentration (O M, 0.01 M,
0.05M, 0.1M, 0.2M and 0.4 M, denoted as the “forward scan”) fol-
lowed by a stepwise decrease back to 0 M (denoted as the “backward
scan”; see Fig. S1 for the voltammograms with/without iR correction
and the experimental details in the SI). Figure 1b shows the relationship
between the COs* concentration (Cc,p) and the OER overpotential at
10 mA cm? (1710). For NiCoOOH and CoOOH, essentially identical ;0
values are maintained in both the forward and back scans, yet a higher
Cearb leads to a slight increase in r;0. Conversely, the ;o of NIOOH
clearly negatively correlates with C.,.,, which decreases rapidly in the
region with a low C.,, and then slowly stabilizes when C.,,, reaches
0.2 M. The maximum change in n;o (An,), which quantitatively shows
the maximum impact on OER activity caused by the looping test,
reaches 133 mV, suggesting that the introduction of COs* can sub-
stantially boost the OER activity. Interestingly, a hysteresis loop is
observed in all plots, as 17,0 cannot be fully resumed at the designated
Cearb in the backward scan. This results in the change in 150 in 0.1M
KOH measured before and after the looping test (An;). Thus, An, can
quantitatively reflect the electrochemical performance reversibility
during the looping test.

To examine whether the lagging effect is caused by interfacial
nonequilibrium, we performed a modified looping experiment, named
“CO5*-CV-looping” (denoted as CCL, see Fig. S2 for the voltammo-
grams with/without iR correction and the experimental details in the
SI), where 100 cycles of cyclic voltammetry (CVs, 0.85~1.77 V vs. RHE
at 10 mVs™) were performed in each designated electrolyte before
recording the LSVs. The new plots in Fig. 1c show substantially altered
behaviors of all model catalysts compared with those in the CL test. In
the forward scan, Cear, has a much stronger influence on the 77,9 values
of CoOOH and NiCoOOH, where An,, exceeds 133 mV and 127 mV,
respectively. Its effect on NiOOH activity is similar to that observed in
the CL test. In the backward scan, the change in ;o becomes com-
pletely irreversible, resulting in prominent hysteresis loops for all
catalysts. The value of An is in the range of 118-125mV. A detailed
summary of the key kinetic parameters is included in Table S1. Notably,
the current density in all LSVs is normalized to the electrochemical
surface area (ECSA), which does not vary significantly during both
looping tests, as shown by the double-layer capacitance (Cq) in Fig. S3.

To understand the contrasting catalytic behaviors of oxyhydr-
oxides in CO5*-containing electrolytes, we characterized the spent
catalysts in detail. According to the X-ray diffraction (XRD) patterns in
Fig. S4, the crystallographic structure after both the CL and CCL tests is
sustained in comparison with that of the pristine sample. However, the
high-resolution transmission electron microscopy (HRTEM) micro-
graphs show expanded d-spacings along the c-direction for the sam-
ples after the CCL tests (see Fig. 2a-c and S5). As displayed in Fig. 2d,
the average interplanar spacings for pristine CoOOH (003), NiCoOOH
(006), and NiOOH (006) are 0.419 nm, 0.360 nm, and 0.340 nm,
respectively, which agrees well with the literature’®®. After the CCL
test, these d-spacings expand to 0.510 nm, 0.376 nm, and 0.367 nm,
respectively. We attributed this change to the intercalation of CO5>
into the interlayer spaces. This speculation is further supported by
elemental analysis via energy dispersive X-ray spectroscopy (EDX, see
Fig. S6), where the elemental mappings reveal that a carbon-rich shell
with a thickness of ~4 nm forms on the surface. In contrast, this carbon
shell is not observed in the TEM results of COOOH after the CL test,
reconfirming that CO5* intercalation is unlikely in this scenario (see
Fig. S7).

We then obtained the X-ray photoelectron spectroscopy
(XPS) depth profile of the spent catalysts after the CL and CCL tests.
Figure 2e shows the segments of C 1s signals in CoOOH after the CCL
test as a function of etching time. The carbonate peak, located at
~289 eV, weakens progressively with increasing depth. It completely
disappears at 5200s, which corresponds to a depth of -5nm (see
Fig. S1). Conversely, this carbonate peak of CoOOOH after the CL test
disappears much earlier at 1200 s. This depth corresponds to ~1.1 nm,
suggesting the presence of surface-adsorbed carbonate ions (see Figs.
S9 and S10). To understand the effect of potential bias on the surface
enrichment of CO;*, we carried out operando surface-enhanced
infrared absorption spectroscopy (SEIRAS, see Fig. S11 for experi-
mental details)*®. In 0.1 M KOH + 0.1 M CO5?, the peaks at 1500 cm™ and
1680 cm™ correspond to the C-O and C=0 stretching vibrations of
interfacial COs?, respectively”*®. They intensify gradually as the
potential increases from 1.22 to 1.62V vs. RHE (see Fig. 2f and S12).
Such electrosorption is also evident under potentiostatic conditions
even at low CO5”> concentrations (0.5mM), as shown in Fig. 2g and
S12b. These potential-dependent characteristics are also observed in
NiCoOOH and NiOOH, as shown in Fig. S13.

We thus can conclude that the anodic potential bias during the
OER accelerates CO5* electrosorption and interfacial intercalations in
all oxyhydroxide catalysts. The CL and CCL tests successfully separate
the influence of electrosorbed and intercalated CO5* species on the
OER activity. As shown by the CL test, the electrosorbed CO5> species
play a dominant role in manipulating the catalytic activity of NIOOH by
optimizing the electronic structure of the active sites and facilitating
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Fig. 1| Effect of carbonate-containing electrolytes on the OER activity of oxy-
hydroxide catalysts. a Schematic illustration showing the wide application of
carbonate-containing electrolytes in renewable energy conversion and storage and
the possible interaction of carbonate cations with the classic oxyhydroxide anode;
Mo (the overpotential at 10 mA cm™) of classic oxyhydroxide OER catalysts in

b “CO5*-looping” and ¢ and “CO5*-CV-looping” tests in 0.1 M KOH solutions with
varying CO5* concentrations. All measurements were conducted at 25 °C with a
scan rate of SmVs™. The error bars represent the standard deviations from six
independent experiments.

proton transfer among the adsorbed intermediates, as documented in
the literature***. These compounds have negligible effects on the
activity of CoOOH or NiCoOOH. A small or no hysteresis loop is
recorded, plausibly due to the reversible electrosorption—-deposition
of CO5%. In comparison, in the CCL test where CO5* intercalation
occurs, a large hysteresis loop is observed since the deintercalation of
CO;? takes much time. These intercalated species thus govern the
activity deterioration of CoOOH and NiCoOOH. Yet, the effects of
these species on the activity of NIOOH, which is superimposed on that
of the electrosorbed species, are negligible (see the summary in
Table S2). This seems to contradict most findings in the literature,
which show that the enlarged interlayer spacings of oxyhydroxide by
intercalated CO5* lead to enhanced OER activity due to increased
surface area and/or accelerated mass transport*®*', This discrepancy
occurs because the electrosorbed CO5* species are also present on the
surface, and the combined effect of these intercalated and adsorbed
CO05? remains strongly positive for the OER activity (vide infra).

Mechanistic investigations

On the basis of the conclusions above, a fundamental question arises:
why do these classic oxyhydroxide OER catalysts have contrasting
responses to intercalated carbonate ions? To further understand the
specific behaviors among different oxyhydroxides, we created a well-
defined system by preparing a series of model catalysts with increased
degrees of intercalation (denoted as TMOOH-xCO5%, TM is Ni, Co or
NiCo). They are synthesized by soaking pristine TMOOH in 0.1 M KOH
aqueous solutions containing 0.01M COs*, 0.05M CO5%, 0.1M COs*
and 0.2 M CO,?, respectively, for 24 h, as shown in Fig. 3a. The XRD
patterns in Fig. S14 confirm successful and complete intercalation after
the anion exchange process, as the corresponding interplanar distance
increases progressively from that of the pristine samples to the most
heavily intercalated samples. The bulk properties are in accordance
with the surface characterization results revealed by XPS and Fourier
transform infrared spectroscopy (FTIR), as shown in Figs. S15 and S16.
For example, the surface concentration of carbonate (Fig. S15a),
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Fig. 2 | Characterization of TMOOH after testing in a carbonate-containing
electrolyte. a-c Inverse fast Fourier transform of HRTEM images of CoOOH,
NiCoOOH and NiOOH before and after the CCL test; d interplanar distance
obtained from HRTEM images; e segments of C 1s core-level XPS spectra as a
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function of etching time for CoOOH after the CCL test; operando SEIRAS spectra
obtained in (f) 0.1M KOH + 0.1 M COs? as a function of potential and (g) 0.1M
KOH + 0.5 mM CO5” as a function of time at a constant potential of 1.32V vs. RHE.

corresponding to a binding energy of ~289 eV from the deconvoluted
C 1s core-level spectra, is 0%, 3.3%, 5.2%, 8.8% and 9.6% for CoOOOH,
CoOOH-1C05*, CoOOH-2C0O5*, CoOOH-3CO5*> and CoOOH-4CO4%,
respectively. The same trend is also observed for NIOOH-xCOs> as
shown in Fig. S15b. The FTIR peaks corresponding to the C-O and C=0
stretching vibrations are also prominent among the model catalysts
after intercalation (Fig. S16).

The OER test is performed in a purified 0.1M KOH electrolyte
without carbonate. Figure S17 compares the LSVs and Tafel slopes of
various model catalysts. Owing to the potential window overlap
between the OER and metal oxidation, we also used differential elec-
trochemical mass spectrometry (DEMS) to accurately determine the
onset potential and Tafel slope from the MSLSVs, as shown in Fig. 3b
and S18. Notably, a higher degree of intercalation indeed worsens the
OER performance of CoOOH and NiCoOOH. Compared with those of
the pristine sample, the onset potential and Tafel slope of the most
heavily intercalated sample increase by >100 mV and -60 mV dec?,
respectively. Conversely, the OER performance of all intercalated
NiOOH catalysts is greatly improved compared with that of the pris-
tine. This is in fact, not due to CO5* intercalation but is attributable to
the presence of surface-adsorbed CO5* (see the FTIR spectra in Fig.
S16c¢ and the computational simulation below). Interestingly, the OER
activity manipulation by the intercalated CO* can be fully reversible.
Figures 3c-e and S19 show the recovery behaviors of model catalysts
after soaking in 0.1 M KOH aqueous solution (1) with bias at 1.6 V vs.
RHE for 12 h, which is fully irreversible, and (2) without bias at 1.6 V vs.
RHE for 12 h, which is fully reversible. This implies that potential bias
might suppress the deintercalation of CO5*.

To explore the OER pathway, we performed #0 isotopic labeling
for all model catalysts and carried out operando DEMS studies*>*. The
incorporation of 0 isotopes into the catalyst lattice is achieved

through galvanostatic electrolysis (4 mA cm?, 12 h) in 0.1 M KOH using
H,'®0 as the solvent. The subsequent DEMS study of these labeled
catalysts is carried out in 0.1 M KOH using H,™O as the solvent, where
the 0 from the evolved diatomic oxygen can be traced to the labeled
lattice oxygens. Figure 4a shows the MS signals when the catalysts are
biased between 0.86 and 1.66 V vs. RHE via cyclic voltammetry. In
NiOOH-xCO5?> and NiOOH, only the *?0, signal is recorded, suggesting
the AEM pathway of the OER. Its peak intensity increases gradually with
increasing degree of intercalation, which is consistent with the
increased OER activity shown above. In contrast, signals of both *0,
and **0, are recorded in the pristine and moderately intercalated Co
and NiCo samples including TMOOH-1CO5*, TMOOH-2COs* and
TMOOH-3CO?, implying the presence of reactive LOs for OER
catalysis***, This conclusion aligns with the pronounced pH-
dependent OER activity (Figs. S20-22)%*’. The progressively
decreased >*0,/*?0, ratio and proton reaction order in Fig. 4b reflect
the decrease in LO reactivity. Conversely, no 0, signal is observed in
TMOOH-4C05%, whereas the proton reaction order decreases to less
than 0.37. This proves that LO is completely deactivated with the dis-
appearance of the LOM pathway.

We also examined the dynamic behavior of TMOOH in response
to CO5*-containing electrolytes via DEMS, as shown in Fig. 4c. The
80-labeled CoOOH, NiCoOOH, and NiOOH catalysts are initially biased
at 1.66 V vs. RHE in 0.1 M KOH which is sequentially changed to the
ones including 0.01M CO5%, 0.05M CO5*, 0.10 M CO5%, and 0.20M
CO5? under operando conditions. The diatomic oxygen signal increa-
ses for NiOOH but decreases for CoOOOH and NiCoOOH when the
carbonate concentration in the electrolyte increases. This result is
consistent with that obtained in the CCL test. The *0, signal is only
observed in CoOOH and NiCoOOH, which gradually decreases upon
the introduction of CO5?, confirming the deactivation of the lattice
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outside the whiskers are defined as outliers.

oxygens. It recovers when the electrolyte is changed back to a pure
0.1 M KOH solution. This trend is further supported by the investiga-
tion of LO dynamics in different potential windows using '®0-labeled
model catalysts, as shown in Fig. S23a. Two model reactions were
selected: the sulfite (SO5?) oxidation reaction (SOR) features a direct
chemical reaction between the oxyhydroxide and SO (i.e., at the
open-circuit potential), which is an ideal process for studying the
chemical reactivity of LO; ethylene glycol oxidation (EGOR) occurs
simultaneously with Ni?*/Ni** conversion (-1.3V vs. RHE; see Fig.
$24-26 for more details), which is substantially lower than the OER
potential.

Structure-mechanism relationships and practical implications
To establish the relationship between the intercalated model catalysts
and the distinctive reaction pathway evolution, we used X-ray
absorption spectroscopy (XAS) to explore their electronic structure
changes upon intercalation. The X-ray absorption near-edge structure
(XANES) spectra of the Co and Ni K-edges, as shown in Fig. 5a, b, reveal
a negative shift in the photon energy upon carbonate ion intercalation,
suggesting a reduction in the average oxidation state of both Co and Ni
cations. Concurrently, the increase in white line intensity after inter-
calation suggests a decrease in geometrical distortion of the MOg
octahedron and Co/Ni 3d - O 2p orbital hybridization (M-O bond
covalency)***’, which is in accordance with the theoretical under-
standing of LO reactivity*"",

To discern the dominant factor influencing the electronic struc-
ture change and LO reactivity, we performed a detailed analysis of the
extended X-ray absorption fine structure (EXAFS) and wavelet trans-
form (WT). The Co and Ni K-edge k3x(k) oscillation curves in Fig. S27

show notable peak shifts, confirming the increase in the average M-O
bond length after intercalation. This is further corroborated by
the Fourier transform EXAFS (FT-EXAFS) spectra and WT analysis
(Fig. 5¢, d). Two peaks in the FT-EXAFS spectra located at -1.5 and -2.5 A
are assigned to the Co-O/Ni-O and Co-Co/Ni-M bonds, respectively.
A positive correlation between the Co-Co/Ni-M peak intensity and the
degree of ion intercalation is observed, confirming that the CoO4/NiOg
in CoOOOH/NiCoOOH-2CO5?* is the least distorted. The fitted Co-O/Ni-O
and Co-Co/Ni-M bond lengths of all the model catalysts are summar-
ized in Fig. 5e and Tables S3 and S4. Apparently, the longer Co-O and
Ni-O bond lengths in CoOOOH-2C05* and NiCoOOH-2CO5* and reduced
octahedral distortion might reflect the difficulty of forming covalent
bonds, pinpointing the decreased M-O covalency and eliminated LO
reactivity’>>.

On the basis of the characterization results, we established car-
bonate ion-intercalated TMOOH models and performed density
functional theory (DFT) calculations, with a focus on the oxygen
vacancy (Ov) formation energy (Eo,), which is a key descriptor of LO
reactivity*****. The results shown in Fig. 5f indeed show that Eq,
increases drastically upon the insertion of carbonate ions. Notably, the
adsorbed carbonate ions might be also detrimental to the LO reactivity
(see Fig. S28 for details). We also evaluated the M-O bond covalency of
model catalysts, which can be quantified by the charge transfer energy
between the unoccupied metal 3d- and occupied O 2p-band centers
(Ae)*. The schematic relationship between M-O covalency and LO
reactivity is illustrated in Fig. S29. Pristine CoOOH and NiCoOOH have
the lowest Ag, which is consistent with the highest degree of M-O
covalency and correlates with their high experimentally observed LO
reactivity during the OER (see Table S5). With increasing degrees of
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Fig. 4 | DEMS tests of TMOOH-xCOs. a Spectrometric signals of 20, and >0,
recorded in the cyclic voltammetric scan between 0.86 and 1.66 V vs. RHE for
various model catalysts in 0.1 M KOH solution with a scan rate of 1mVs™;

b comparison of >*0,/*?0, and proton reaction order among model catalysts;

¢ spectrometric signals of 20, and >0, recorded in pristine catalysts biased at
1.66 V vs. RHE; the CO5* concentration in the 0.1 M KOH electrolyte is sequentially
switched from O M to 0.01M, 0.05M, 0.10 M, and 0.20 M under operando
conditions.

intercalation, Ae rises up progressively, eventually leading to the
diminish of LO reactivity. In contrast, the intrinsically higher Ac of
pristine NiOOH aligns with the absence of LO reactivity. Carbonate
intercalation increases A¢ further, thereby disfavoring the activation of
lattice oxygens.

We then examined the effect of CO5? intercalation on the struc-
tural change of NiOOH. The XANES data in Fig. S30 and Table Sé6 reveal
that NiOOH undergoes similar electronic structure changes where
CO05? intercalation reduces the Ni oxidation state and the degree of
distortion in the NiOg octahedron. The free energy changes of the OER
elementary steps via the AEM for NiOOH, COs*-adsorbed NiOOH, and
COs%-intercalated NiOOH are also calculated (see Fig. S31). The
deprotonation of *OH serves as the rate-determining step (RDS) for all
catalysts. Both carbonate adsorption and intercalation lower the the-
oretical energy barrier of this step. The more substantial barrier
reduction in the adsorbed model suggests that adsorbed carbonates
are likely the primary contributor to the enhanced OER activity
observed in NiOOH, particularly when both adsorbed and intercalated
species are present>**’,

In light of the abovementioned results and analyses, the distinct
impacts of carbonate ions on different types of oxyhydroxide OER
catalysts are illustrated in Fig. S32. In principle, carbonate ions from
the electrolyte can be easily adsorbed onto the anode surface and
inserted into the interlayer spacings because of the fast ion exchange
rate®*°, For NiOOH without reactive LO, chemisorbed CO5?* is crucial
for increasing OER activity. Such activity modulation is reversible once
the carbonate anions are removed from the electrolyte. In contrast, for
oxyhydroxides with reactive LO, there is a strong negative correlation
between the OER activity and the degree of CO5” intercalation. When a
sufficient number of ions are inserted, the decreased metal-oxygen
bond covalency leads to suppressed LO reactivity, resulting in gradual
evolution of the OER pathway from the LOM to the AEM and worsening

OER activity. This transition, together with the LO dynamics, is also
fully reversible when COs? is removed from the interlayer spacings.

Understanding such effects has strong practical implications for
developing highly active yet robust OER catalysts featuring reactive
LO. We examined the performance of all model catalysts under
industrially relevant conditions in a zero-gap alkaline water electro-
lyzer (see Fig. S33)”. All electrolyzers show reasonable performance, as
demonstrated by the polarization curves in Fig. S34. For example, at
the benchmark voltage of 2V, the electrolyzer employed with a
CoOOH anode delivers a high current density of 766 mA cm™. How-
ever, their stability varies substantially under galvanostatic electrolysis
at 500 mA cm?in a 6 M KOH solution, as shown in Fig. 6a. No voltage
degradation is observed in either NIOOH or NiOOH-2CO5* cells. The
higher activity of the NIOOH-2CO5* electrode is indeed maintained in
the carbonate-free electrode under potential bias, which is in line with
the model catalyst study above. Neither the CoOOH nor the NiCoOOH
cell is stable, the performance of which deteriorates rapidly within
100 h. In contrast, both the CoOOH-2C0O5* and NiCoOOOH-2CO5* cells
have low electrolysis voltages with negligible voltage decay even after
5000 h (<0.16 mV per 100 h, see Fig. 6b).

Interestingly, adding 0.2 M CO;” to the electrolyte does not affect
the performance of the CoOOH-2C0O5* and NiCoOOH-2CO5* electro-
des, as shown in Fig. S35, suggesting that the potential bias might be
beneficial in suppressing carbonate deintercalation in a pure KOH
solution. A longevity test at 1A cm? is also carried out to examine the
catalyst stability at a higher anodic potential. No apparent perfor-
mance degradation is observed over the testing period (see Fig. S36).
The DEMS study, combined with the isotopic labeling of the spent
catalysts in Fig. S37 implies that the LO reactivity is sustained. The
electrocatalytic stability is also reflected by the structural integrity: the
inductively coupled plasma-mass spectrometry (ICP-MS) results in
Fig. S38 show the relatively low leaching rate of transition metals from
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Fig. 5| XAS spectra and Ov formation energy of the model catalysts. a, b Co and
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signals; e the fitting bond length data; f O, (oxygen vacancy) formation energy of
CoOOH and NiCoOOH with different degrees of carbonate ion intercalation.

the catalysts to the electrolyte. Thus, both COs*-intercalated oxy-
hydroxides are rather durable while featuring the LOM pathway in the
OER. A detailed comparison with the literature is shown in Table S7.

To understand the high stability of CO5*-intercalated TMOOH
with sustained LO reactivity, we designed an operando experiment by
combining Raman spectroscopy and ®0 isotopic labeling to investi-
gate the kinetics of LO release and incorporation. In the LO incor-
poration step, the spectrum is collected every 10 min while the catalyst
is biased at a constant potential of 1.6 V vs. RHE in the H,'®0 electrolyte.
After 80 min, an identical procedure is executed to examine the LO
release process while the electrolyte is replaced with H,'°O solution. As
shown in Fig. 6¢, in NiOOH, the peaks at 486 and 545 cm™ correspond
to £, bending and Ay stretching vibrations of Ni*-O vibrations,
respectively’®*. It does not show any shift throughout the entire
process, implying no incorporation of %0 into the lattice. Conversely,
the peaks of both the NiCoOOH and NiCoOOH-2CO;” catalysts clearly
redshift by 38 cm™ during the ®0 incorporation step, confirming the
formation of Ni**-*0 bonds®*®’. They blueshift during the ®0 release
step, suggesting the gradual removal of lattice 0. When the 0
exchange is complete, no further shift is recorded.

Therefore, the peak shift rate becomes a reasonable descriptor for
evaluating the kinetics of lattice oxygen release and refilling processes.
Figure 6d shows the plot of the shift in the Ni**-O Ay, Raman stretching
vibration as a function of time for both processes. CO5* intercalation
does not significantly affect the LO incorporation rate since the absolute
value of the slope in the linear region for NiCoOOH-2CO5* (0.76 cm™
min™) is similar to that of NiCOOOH (0.84 cm™ min™). However, the LO

release rate is greatly suppressed by CO5* intercalation, and the slope
drastically decreases from 1.40 cm™ min™ in NiCoOOH to 0.80 cm™
min™ in NiCOOOH-2CO5?. This results in essentially identical LO release
and refilling rates, which are beneficial for increasing the structural sta-
bility during LO exchange in catalysis. It also demonstrates that CO5*
intercalation has a stronger effect on suppressing LO release and the
sequential formation of oxygen vacancies, therefore enabling the
dynamic equilibrium between LO release and LO refilling (see Fig. 6e).
This dynamic equilibrium effectively inhibits the net production of
abundant oxygen vacancies and the sequential dissolution of metal
centers. Therefore, while catalyzing the OER via the LOM pathway,
NiCoOOH-2CO5? is more stable among the controls.

Discussion

In this work, we show that carbonate cations in an electrolyte can
greatly affect the LO dynamics of typical oxyhydroxide catalysts dur-
ing the OER. For NiOOH, which shows no LO reactivity, there is a strong
positive correlation between the amount of adsorbed COs* and the
OER activity, yet the intercalated COs> can hardly alter the activity. In
comparison, for CoOOOH and NiCoOOH, which feature high LO reac-
tivity, the adsorbed CO5* does not much affect the OER activity. Yet,
the increasing degree of CO5” intercalation progressively decreases
the LO reactivity and OER activity, shifting the reaction pathway from
the lattice oxygen mechanism to the adsorbate evolution mechanism.
CO5? intercalation offers a viable strategy for manipulating the release
rate of LO during the OER, enabling the development of robust and
active catalysts with sustained LO reactivity.
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Fig. 6 | Stability and mechanistic study of model catalysts. a Stability test of
alkaline water electrolyzers with different anode catalysts in a 6 M KOH solution at
25°C, the inset shows the photograph of an assembled zero-gap alkaline water
electrolyzer; b potential loss for different anode catalysts after the stability test;
c operando Raman spectra of model catalysts biased at 1.6 V (vs. RHE) in 0.1M KOH

electrolyte using H,®0 or H,'®0 as the solvent; d plots of the Ni**-O Raman peak
position as a function of time during the lattice-oxygen incorporation and release
steps; e schematic illustration of the dynamic equilibrium between the lattice-
oxygen release and refilling steps caused by COs? intercalation during OER catalysis
via the LOM pathway.

More studies should be conducted regarding the interplay
between the LO and the surrounding environment to deepen the
fundamental understanding. Besides, it is also likely that the synthetic
procedure and storage conditions might introduce impurities to the
catalysts in different ways (e.g, surface adsorption and intercalation),
altering the reaction pathways via manipulating the lattice oxygen
reactivity. This work offers an example that reveals the intricacy of LO
dynamics, demonstrating opportunities for designing high-
performance electrocatalysts for real-life applications.

Methods

Materials synthesis procedure

Materials and reagents. Chemical reagents, including Co(NOs),,
Ni(NO3),, NaClO, KOH, K,CO5, Na,S05, and ethylene glycol (EG), were

purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
with analytical grade purity and were used without purification. The
porous separator was the wet-laid nonwoven fabric offered by the
NewCom energy material store. The electrolyte for each catalytic
reaction was prepared by dissolving the corresponding reagents in
deionized (DI) water before each measurement.

Preparation of TMOOH. We first prepared transition metal (TM, Ni,
Co, and Nig9Coo 1) hydroxide via electrodeposition. For instance, to
prepare Co(OH),, the carbon cloth, Pt plate (1cm x 1 cm), and Hg/HgCl
electrode were used as the working electrode (cathode), counter
electrode, and reference electrode, respectively. The electrolyte was a
0.2M Co(NO3), solution. Electrodeposition was carried out at a cur-
rent density of 10 mA cm™ for 600 s. Then, the deposited Co(OH), was
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removed from the carbon cloth and washed with deionized water
several times. To convert hydroxide to oxyhydroxide, we followed a
well-established method via chemical oxidation®>®*, Specifically, 0.1g
of Co(OH), and 30 mL of NaClO (5wt%) solution were added to a
50 mL Teflon-lined stainless-steel autoclave, and the pH was adjusted
to 13 with a 0.1 M KOH solution. The autoclave was heated to 100 °C,
which was maintained for 9 h to yield a black powder that was retrieved
via centrifugation. The CoOOH powder was washed with DI water at
least three times and then dried in a vacuum drying oven. The synth-
esis of other TMOOHs followed the same procedure.

Preparation of CO3%-intercalated TMOOH. To obtain TMOOH-
1CO5*, TMOOH-2C0O5*, TMOOH-3CO5*> and TMOOH-4C0Os> model
catalysts, pristine TMOOH powder (0.1g) was soaked in 0.1M KOH
solutions with 0.01M, 0.05M, 0.10 M and 0.2 M K,CO;, respectively,
for 12 h. The retrieved powder was washed with DI water at least three
times and then dried in a vacuum drying oven.

Materials characterization

The X-ray diffraction patterns of the samples were obtained via a Cu-
Ka X-ray diffractometer (XRD, Rigaku Smartlab). X-ray photoelectron
spectroscopy (XPS) was performed with an ESCALab 250Xi (Thermo
Scientific) spectrometer. To obtain the depth profile, Ar* sputter
etching was used to remove the surface layer. Transmission electron
microscopy analysis was carried out via an aberration-corrected JEM-
ARM200CF microscope operated at 200 kV with a Schottky cold-field
emission gun. A high-angle annular dark field (HAADF) detector and an
energy-dispersive X-ray spectroscopy (EDX) detector were used to
obtain dark field micrographs and elemental information, respectively.
A Fourier transform infrared spectrometer (FTIR, Bruker, Invenior,
1200-4000cm™) equipped with a liquid-nitrogen-cooled MCT
(HgCdTe) detector was used to collect the FTIR spectrum. X-ray
absorption spectroscopy was performed using an easyXAFS300+
spectrometer.

Procedure of operando spectroscopic and spectrometric
studies

Operando surface-enhanced IR absorption spectroscopy (SEIRAS)
analysis was carried out using the same FTIR spectrometer. In the
homemade in situ electrochemical cell mounted on the PIKE VeeMAX
Il ATR accessory (see Fig. S11), the working electrode was a silicon
crystal (2cm diameter). For each experiment, the silicon crystal was
polished and then coated with a gold film via electroless deposition.
The catalyst was drop-casted onto the gold film via an ink containing
5mg of catalyst, 20 pL of 5wt% Nafion solution (DuPont), 320 pL of
ethanol, and 160 pL of DI H,O. The counter electrode was platinum,
and the reference electrode was Hg/HgO (in 0.1 M KOH). The volume
of used electrolyte was ~20 mL.

Operando Raman spectra were obtained with a confocal micro-
Raman system (XploRA Plus, Horiba). All measurements were con-
ducted with a He-Ne laser at a wavelength of 638 nm. A calibration
using the silicon wafer was carried out before each experiment. The
in situ electrochemical Raman experiments were carried out in a cus-
tom Raman cell (see Fig. S39), which employed a Pt wire as the counter
electrode and Hg/HgO (in 0.1 M KOH) as the reference electrode. The
electrolyte volume was ~5 mL.

Differential electrochemical mass spectrometry (DEMS) was car-
ried out via a PFEIFFER QASI00 Quadrupole mass spectrometer
equipped with a turbopump (HIPACE 80, PFEIFFER). The electron
energy and emission current were set at 70 eV and 2000 pA, respec-
tively. The homemade DEMS cell (see Fig. S40) contained a 40 pum-
thick gold-coated porous PTFE film (porosity of 50%, pore size of
20 nm; Shanghai LingLu Instrument Corp., Ltd., China) interface that
separates the aqueous electrolyte from the vacuum. The catalyst ink
was drop-casted on a porous gold film, which functioned as the

working electrode. A Pt wire and a Hg/HgO electrode were used as the
counter electrode and reference electrode, respectively. The electro-
lyte volume was ~2mL. To switch the electrolyte under operating
conditions, a circulating electrolyte system was applied.

Electrochemical measurement and procedure

Basic procedures. All the electrochemical measurements were carried
out with a CHI660 electrochemical workstation. In a typical three-
electrode setup, a platinum plate (1 cm x 1 cm) and a Hg/HgO electrode
were used as the counter electrode and reference electrode, respec-
tively. The Hg/HgO reference electrode was calibrated against a
reversible hydrogen electrode (RHE) in the same electrolyte. Briefly, a
clean Pt wire was used as the working electrode in H,-saturated 0.1 M
KOH, and the potential at which the hydrogen oxidation/reduction
current crossed zero was recorded. The potential of the Hg/HgO
electrode was then calculated via the equation E(Hg/HgO) = E(RHE) -
0.926V, and all reported potentials were adjusted accordingly. The
catalyst served as the working electrode and was fabricated by drop-
casting an ink onto a carbon cloth (1cm x 1 cm). The ink was prepared
by dispersing 5 mg of the catalyst in a mixture of 920 pL of ethanol,
50 pL of DI water, and 30 pL of a 5 wt% Nafion solution (DuPont). The
resulting catalyst loading was 2mgcm™. Other than specified, all
electrochemical measurements were conducted at pH =13+0.1 in a
0.1 M KOH solution. In the study of the sulfite oxidation reaction (SOR),
0.1M KOH + 0.1 M Na,SO; was used as the electrolyte, yet the reaction
was carried out at the open-circuit potential (OCP). For ethylene glycol
oxidation (EGOR), 0.1M KOH + 0.3 M EG was used as the electrolyte.
Electrochemical impedance spectroscopy (EIS) measurements were
performed at 1.46 V vs. RHE, employing a frequency range from 107 to
10°Hz under a sinusoidal potential perturbation with an amplitude of
5mV. In a typical voltammetric experiment, the scan rate was 5mVs™.
Post-iR compensation was applied at 90% of the solution resistance for
all reported potentials, which were converted to a reversible hydrogen
electrode (RHE) via the following equation:

Eprie = Egjrgo +0.0591x pH +0.098 N

The electrochemical active surface area (ECSA) calculation. The
ECSA was evaluated through double-layer capacitance (Cq;) measure-
ments. First, CV scans were conducted in a non-Faradaic potential
window (0.86-0.96 V vs. RHE) at 20, 40, 60, 80 and 100 mVs™. The
capacitive current at a central potential was subsequently plotted as a
function of the scan rate. The Cg4 was obtained from the linear fit of this
plot. Finally, the ECSA was calculated via the following formula:

Ca
CS

where C; is the specific capacitance per unit area. The Cs value is 0.040
mF cm™ in this work.

ECSA= )

The “CO3*-looping” experiment (CL). In the forward scan, linear
sweep voltammograms (LSVs) of pristine TMOOH were sequentially
obtained in 0.1M KOH solution with increasing carbonate ion con-
centrations (0 M, 0.01M, 0.05M, 0.10 M, 0.20 M, and 0.40 M). Then,
the backward scan started immediately, where the LSVs of the same
electrode were sequentially obtained in 0.1M KOH solution with
stepwise decreases in carbonate ion concentrations (0.40 M, 0.20 M,
0.10 M, 0.05M, 0.01 M, and 0 M). The corresponding K,COj3 solution
was used to adjust the carbonate ion concentration. For each catalyst,
the CL test was conducted >6 times with the materials prepared from 3
batches. All the obtained data points were used in the plot for statis-
tical analysis to minimize the effect caused by artifacts.

The “CO32-CV-looping” experiment (CCL). In the forward scan, lin-
ear sweep voltammograms (LSVs) of pristine TMOOH were also
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sequentially obtained in 0.1 M KOH solution with increasing carbonate
ion concentrations (O M, 0.01M, 0.05M, 0.10 M, 0.20 M, and 0.40 M).
However, before the LSV was recorded, 100 cycles of cyclic voltam-
metry (CV, 0.85~1.77V vs. RHE at 10 mV's™) were applied to the elec-
trode in each designated electrolyte. Then, the backward scan started
immediately, where the LSVs of the same electrode were sequentially
obtained in 0.1 M KOH solution with stepwise decreases in carbonate
ion concentrations (0.40 M, 0.20 M, 0.10 M, 0.05M, 0.01 M, and O M).
Again, 100 cycles of cyclic voltammetry (CV, 0.85-1.77V vs. RHE at
10 mV s™) were applied to the electrode in each designated electrolyte
before the LSV was recorded. For each catalyst, the CL test was con-
ducted >6 times with the materials prepared from 3 batches. All the
obtained data points were used in the plot for statistical analysis to
minimize the effect caused by artifacts.

Study of TMOOH-xCO3> model catalysts. LSVs of TMOOH-xCO5*
model catalysts were obtained in a 0.1 M KOH solution. For the soaked
samples, TMOOH-xCO5> model catalysts were first soaked in 0.1M
KOH solution with or without bias at 1.6 V vs. RHE for 12 h before the
LSVs were recorded in 0.1 M KOH solution. For each catalyst, this test
was conducted >6 times with the materials prepared from 3 batches.
All the obtained data points were used in the plot for statistical analysis
to minimize the effect caused by artifacts.

'80 isotopic labeling experiment. Other than specified, 0 isotopic
labeling of the catalyst was carried out in 0.1 M KOH electrolyte using
H,'®0 (98% H,®0, Energy Chemical) at a constant anodic current
density of 4 mA cm™ for 12 h. After that, the catalysts were soaked in
H,'°0 DI water for 10 min before being washed with H,'°O DI water >3
times to remove the surface-adsorbed H,™®0.

OER experiment. The ®0-labeled catalyst was assembled into a
DEMS cell and subjected to cyclic voltammetry between 0.86 and
1.66 V vs. RHE to drive the oxygen evolution reaction. The ionic current
signals of the evolved oxygen species were monitored in real time by a
mass spectrometer. To distinguish the signal from the natural abun-
dance of 180, the ionic current signals of **O, and **0, were collected
for both the 180-labeled and unlabeled NiCoOOH and CoOOH cata-
lysts via DEMS. The resulting data, including the integrated area ratio
of 340, to 320,, are presented in Fig. S41.

SOR experiment. The ®0-labeled catalysts were soaked in 0.1M
KOH + 0.1 M K,SO; for 12 h with H,'O as the solvent to enable spon-
taneous SOR. No potential bias was applied in this chemical reaction.
The resulting electrolyte was heated to remove all water, and the
retrieved solid powder was analyzed by time-of-flight secondary ion
mass spectrometry (TOF-SIMS, Tescan AMBER).

EGOR experiment. The ®O-labeled catalysts were biased at a con-
stant potential of 1.45V (vs. RHE) in 0.1M KOH + 0.3 M EG electrolyte
for 24 h with H,'°0 as the solvent. After electrolysis, the electrolyte was
concentrated and acidified with an HCI solution. Finally, the acidified
solution was mixed with acetone for gas chromatography-mass
spectrometry (GC-MS, Agilent 8890 GC-7000E system, USA).

Lattice oxygen incorporation and release experiments. This
experiment was carried out via operando Raman spectroscopy. First,
the ®0 incorporation step took place by biasing the pristine catalyst at
1.65V vs. RHE in a 0.1 M KOH electrolyte with H,'®*0 as the solvent. The
spectrum was collected every 10 min. After 80 min, the electrolyte was
replaced with 0.1M KOH with H,'®0 as the solvent, and then an iden-
tical procedure was executed to obtain the Raman spectrum.

Alkaline water electrolyzer assembly and test

The alkaline water electrolyzer (AWE) used in this study features a
zero-gap configuration that comprises endplates, gaskets, Ti current
collectors, an anode electrode (1cm x 1cm), a 130 pm-thick porous
separator (3cm x 3cm, wet-laid nonwoven fabric by polyolefin,

purchased from NewCom Energy Material Store), and a cathode elec-
trode (see Fig. S33). Prior to use, the porous separator was immersed in
a 6 M KOH solution for 48 h. Transition metal hydroxyl oxides were
synthesized directly onto nickel foam (NF, 1cm x 1 ¢cm) as an anode via
electrodeposition. TMOOH was subsequently formed under an anodic
potential bias during the test. To prepare the carbonate ion-
intercalated electrode, the TMOOH electrode was soaked in the
designated solution for 12 h and then rinsed with DI water three times.
The circulating electrolyte was a 6 M KOH solution stored in a gas-tight
container. Electrolyte flow was enabled by a peristaltic pump.

Computational simulation procedure
Our density functional theory (DFT) calculation is based on the Cam-
bridge Serial Total Energy Package (CASTEP) module. Within this fra-
mework, the electron-ion interactions were modeled with ultrasoft
pseudopotentials, and the exchange-correlation effects were treated
using the Perdew-Burke-Ernzerhof (PBE) formulation of the general-
ized gradient approximation (GGA). A plane-wave basis set with a
kinetic energy cutoff of 400 eV was employed for all surface models.
The Brillouin zones for the CoOOH and NiCoOOH systems were sam-
pled at the Gamma point using a 1 x 1 x 1 k-point mesh. Structural
optimizations were considered converged upon meeting the following
criteria: an energy tolerance of 2.0 x 1075 eV/atom, a maximum force of
0.05eV/A, a stress below 0.1GPa, and a maximum displacement of
0.002 A%, The CoOOH (110) and NiCoOOH (110) surface models with
two-layer slabs were constructed on the basis of the optimized CoOOH
and NiCoOOH crystal cells. The surface model was constructed with a
substantial vacuum thickness of 15 A along the non-periodic direction.
This ensures that the interactions between periodic replicas of the slab
are negligible. The files of the optimized computational models in CIF
format are given in Supplementary Data 1.

The formation energy of an oxygen vacancy in charge state q was
calculated for the CoOOH, CoOOH-CO5?*, NiCoOOH, and NiCoOOH-
CO05? systems using the following equation:

Ep=Er(defect : q) — (Er(perfect) — o) +q(er + Eygy) 3)

In this equation, E (defect : ) and Ey(perfect) denote the total
energies of the charged defective and pristine supercells, respectively.
E ), represents the valence band maximum energy. p,, is the oxygen
chemical potential, and & is the Fermi energy referenced to the £ z,,.
We considered charge states q from O to +2 for the oxygen vacancy.
For charged defects, a compensating background charge was applied
to maintain overall supercell neutrality. To ensure consistent band
alignment, the electrostatic potential of atoms in the pristine supercell
was used as a reference for the defective supercell. The Fermi level &¢
was varied over the computational band gap to determine the ther-
modynamically stable charge state. Eygy, is evaluated via the following
equation:

— d
EVBM — E[[J/eé{/’ect + Vaelfect _ sz/rfect ( 4)
Eperect - £ (perfect : 0) — Ex(perfect : +2) 5

where E227€ refers to the valence band maximum energy of the perfect
supercell. The terms V2** and V27" correspond to the average
electrostatic potentials in the defect and perfect supercell, respectively.
E;(perfect : 0)and E(perfect : +2)represent the total energies of the
perfect supercell at neutral and +2 charge states, respectively.

Data availability

The data supporting the findings of this study are available within the
paper and Supplementary Information file, and are also provided in the
Source Data file. Other relevant data are available from the
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corresponding authors upon request. Source data are provided with
this paper.
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