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ARTICLE INFO ABSTRACT

Keywords: Rational design of highly efficient, acid-stable electrodes for oxygen production is crucial in the development of
Spinel oxides proton exchange membrane (PEM) electrolyzers. Spinel oxides have recently been discovered as effective cat-
Electrocatalysis

alysts for oxygen evolution reaction (OER), owing to their moderate adsorption energy of reaction intermediates.
In this study, we present our findings that the incorporation of oxygen vacancies (Oy) into spinel oxides could
enable a switch from the inefficient adsorbate evolution mechanism (AEM) to the highly efficient lattice-oxygen
oxidation mechanism (LOM) for OER. We show that oxygen vacancies promote OER mechanism transitions in
oxide electrocatalysts while maintaining stable catalytic performance. These results provide important insight
into the role of elemental doping in regulating reaction pathways under acidic conditions. The representative
Mn/Ru-Co304 catalyst can reach an impressive low overpotential of 230 mV to deliver a current density of
10 mA cm™2, which is ~ 48 % lower than the pristine Co3O4. Theoretical calculations reveal Oy around the active
sites could lower the energy barrier in the rate-determining step and prevent the formation of *OOH species. As a
result, this process disrupts the scaling relationship observed in traditional AEM mechanisms, leading to a
substantial enhancement in overall catalytic activity.

Oxygen vacancy
Acidic oxygen evolution reaction
Lattice oxygen

1. Introduction their potential, spinel oxides exhibit relatively weak intrinsic catalytic

activity, necessitating the incorporation of heavy loads of noble metals

The acidic oxygen evolution reaction (OER) remains a significant
bottleneck in proton exchange membrane water electrolysis (PEMWE),
which is a promising technology for future clean energy production due
to its low ohmic losses and high current density [1-5]. However, the
corrosive nature of the electrolyte restricts the selection of electrodes
and catalysts to noble metals such as Pt, Ir, and Ru, resulting in signif-
icantly higher production costs [6]. Recently, a new class of materials
called spinel oxides, including Co304, Mn3Oy4, and others, has emerged
as potential candidates for acidic OER electrocatalysts [2,7-9]. Despite

to achieve satisfactory catalytic performance (Table S1). To optimize the
catalytic mechanism of spinel oxides for acidic OER [10], a more
comprehensive analysis of the reaction mechanism is required.
Regarding acidic OER, a newly proposed lattice oxygen mechanism
(LOM) has recently proved to be more efficient than the widely accepted
adsorbate evolution mechanism (AEM) [11-13]. For the AEM, the OER
process involves multiple oxygen-containing intermediates, including
*QOH, *0O, and *OOH. Theoretical calculation results suggested that the
binding energies of the intermediates *OH and *OOH are correlated and
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follow the scaling relationship with the free energy difference of AG.ooun
= AG,on + 3.2 + 0.2 eV. This relationship implies that the optimiza-
tion of the adsorption of these two intermediate products on the cata-
lytic active site cannot be achieved individually, and the predicted
lowest overpotential (1) is ~370 + 100 mV [14-16]. In contrast, in the
LOM, after the deprotonation of the first adsorbed *OH, the *O inter-
mediate directly couples with the activated lattice oxygen around the
active sites. Since no *OOH species is formed, the scaling relationship
pathway is broken, which results in a lower 1 than the theoretical limit
in AEM mechanism [15,17,18].

With LOM proposed to be more efficient for acidic OER, there are still
critical challenges in the rational design of electrocatalysts that pre-
dominantly follow the LOM [19,20]. One of these challenges is related to
the stability of the materials. In the LOM, the lattice oxygen atom
actively participates in the catalytic process. As a result, the formation of
further oxygen vacancies (Oy) can occur, which may render the metal
active sites more susceptible to dissolution into the electrolyte, espe-
cially in acidic media [21]. The lack of stability poses a significant
obstacle in the development of electrocatalytic materials that can sus-
tain long-term performance under the harsh conditions of acidic OER.

Furthermore, the exact origin of the LOM remains unclear, and the
transition from AEM to the highly efficient LOM is uncontrollable. In
previous studies, elemental doping was often considered as a method to
enhance the stability of materials and facilitate the transition in catalytic
mechanisms. For instance, Mn, among the transition metal elements, is
known for its ability to remain stable during the acidic OER process [22,
23], and its self-repairing functionality is believed to contribute to
stronger metal bonding in catalytic systems, thereby enhancing their
overall stability. However, when used alone, Mn-based catalysts
[24-26] exhibit lower OER activity compared to Co-based catalysts [7,
27,28]. Therefore, Mn-based catalysts are often employed as stabilizers
in catalytic systems [29]. It is even possible to create a synergistic effect
between the enhanced stability from Mn and the improved OER activity
from Co-based catalysts [2,23]. Furthermore, the transition of catalytic
mechanisms through doping with heteroatoms has shown promise in
certain cases. However, doping may not consistently achieve a mecha-
nism transition, even within similar material systems [9,17,30-33].

In this work, we have developed a Mn/Ru co-doped Co304 (Mn/Ru-
Co304) spinel oxide catalyst for acidic OER, combining the stability of
Mn and the high catalytic activity of Ru. Detailed characterizations and
theoretical calculation results have revealed the distinct and synergistic
roles of Oy and elemental doping in promoting the acidic OER perfor-
mance of spinel oxides. We identified that Oy, as well as doping, are the
key factors for AEM to LOM transition in spinel oxides. Density func-
tional theory (DFT) calculation results further reveal that the transition
in the reaction mechanism stems from the increased difficulty in
generating OOH species, thereby effectively lowering the energy barrier
for the rate-determining step. As a result, the Co-doped Mn/Ru-Co304
demonstrated a relatively low overpotential (1110) of 230 mV vs. RHE to
deliver a current density of 10 mA em~2in 0.5 M H,SO4 and can steadily
operate for more than 120 h, which is superior to the majority of re-
ported spinel oxides used in acidic OER reactions. These findings will
provide valuable insights into the rational design of electrocatalysts and
enable controllable modulation of the catalytic mechanism for the acidic
OER.

2. Results and discussions
2.1. Characterizations

Co304 is a typical cubic phase spinel oxide (space group: Fd3m) with
two kinds of Co ions: one Co®" ion is embedded into a tetrahedral site,
while two Co®" are located in the center of octahedral sites (denoted as
Coret, and Cogqet, respectively) [28]. As shown in Fig. 1a, the Co atoms
are connected with two different styles, i.e., the corner-shared
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Coret-Copct (with a distance of ~3.35 A) and the edge-shared Coqct--
Cooct (with a distance of ~2.85 10\). These diverse coordination struc-
tures provide Co304 and other similar spinel oxides with a wide range of
controllable spaces when serving as OER electrocatalysts [34].

In this study, we successfully synthesized spinel Co304 and its doped
variants, namely Mn-Co304 (Mn doped sample), Ru-Co304 (Ru doped
sample), and Mn/Ru-Co304 (Mn/Ru co-doped sample) (see Methods).
The crystal structures of the as-prepared samples were first thoroughly
investigated with transmission electron microscopy (TEM) techniques.
The high-resolution TEM (HRTEM) image of the Mn/Ru-Co304 nano-
sheets (NSs) demonstrated two noticeable lattice fringes belonging to
the (111) plane (4.66 f\) and (220) plane (2.89 A), respectively
(Figure Sla). The corresponding selected area electron diffraction
(SAED) pattern clearly demonstrated the polycrystalline nature of the
synthesized sample (Figure S1b). High-angle annular dark-field scan-
ning transmission electron microscope (HAADF-STEM) image and the
corresponding energy dispersive spectroscopy (EDS) mapping of the
representative Mn/Ru-Co3O4 NSs exhibited hexagonal porous
morphology, with all elements uniformly distributed within the NSs
(Figure S1c). The doping amount of Mn and Ru were 2.9 at% and 8.1 at
%, respectively, according to the EDS spectra (Figure S2 and Table S2).

Since the electrocatalysis process is basically a surface reaction, the
exposed surfaces would demonstrate significant influence on the final
catalytic performances and the explanation of the corresponding
mechanism. In order to understand the precise atomic structures of the
exposed crystal facets, we conducted a statistical analysis of the poten-
tially exposed crystal facets using the aberration-corrected HAADF-
STEM technique. Some typical images of different positions of the Mn/
Ru-Co304 NSs are demonstrated in Figure S3. After performing statistics
on the length of the exposed surfaces, we have determined that the
{022}, {113} and {111} planes are the three dominant planes that
exposed on surfaces (Figure S4). These surface planes will serve as the
basis for further analysis.

The integrated differential phase contrast scanning transmission
electron microscopy (iDPC-STEM) technique was employed for further
confirmation of the doping sites of the heavy Ru atom and the presence
of Ov. Atomic-resolution iDPC-STEM images were acquired along the
[211], [233], and [110] zone axes, with {022}, {113}, and {111} being
the observed exposed surfaces, respectively (Fig. 1b to 1d). The line
profile analysis of each zone axis demonstrated relatively strong in-
tensity at specific atom sites, which should be attributed to the heavy Ru
atom (Fig. le to 1g). Based on further analysis using the crystal structure
characteristics of different zone axes and the simulation results from
HAADF-STEM images, it was found that Ru tends to occupy the octa-
hedral cobalt (Coo.y) sites as the preferred substitution site (Figure S5).
Regarding the doped Mn atoms, as both HAADF-STEM and iDPC-STEM
techniques rely on atomic weight (atomic number) for imaging, those
atoms with similar atomic numbers (such as Mn and Co) do not exhibit
significant intensity differences. Therefore, additional characterization
techniques were employed to determine the doping position of Mn,
which will be presented and discussed in the following analysis.

We further analyzed the presence of Oy according to the iDPC-STEM
image obtained from the [110] zone axis (Fig. 1h). Line profile along the
O atom columns from P1 to P8 was demonstrated in Fig. 1i. According to
the variation in line profile intensity, it could be concluded that Oy
existed at the positions P5-P7, which demonstrated that Oy was
commonly present in samples prepared with liquid-phase reactions
involved synthesis strategies. For other samples (Co304, Mn-Co304, and
Ru-Co304), the corresponding HRTEM images, SAED patterns, and EDS
spectra were exhibited in Figure S6 to S11, which showed that all the
samples were well-crystallized, and the content of each single doped
component is consistent with the specific component content in the co-
doped samples.

Next, electron energy loss spectroscopy (EELS) was employed to
probe local electronic structure variations at the surface and near-
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Fig. 1. Atomic-scale structural analysis of Mn/Ru-Co304 sample. a Schematic illustration of the crystal structure of spinel Mn/Ru-Co304. Atomic-resolution iDPC-
STEM images were captured along b [211], ¢ [233], and d [110] zone axis and the corresponding line profile in e, f, and g, which clearly confirmed the Ru atoms
were doped into the octahedral sites. h iDPC-STEM image obtained along [110] zone demonstrated the presence of Oy. i Intensity line profiles alone the dashed box in
h, and the lower intensity at Ps-P; indicated the presence of Oy. j HAADF-STEM image of Co304, and k the corresponding EELS mapping of the peak position
difference for peak a and peak b. 1 The intensity line profile along the line in k. m HAADF-STEM image of Mn/Ru-Co304, and n the corresponding EELS mapping of
the peak position difference for peak a and peak b. o The intensity line profile along the line in n.
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surface regions. For Mn/Ru-Co304, the Co L-edge EELS line-scan reveals
a slightly increased L3/Ly intensity ratio at the surface compared with
the bulk region (Figure S12), whereas pristine Co30O4 exhibits nearly
identical Lg/Ly ratios across the entire particle (Figure S13). Such a
surface-localized increase in the Lg/Ly ratio indicates a reduced average
Co valence state, which is commonly associated with oxygen-deficient
environments [35,36]. To further examine oxygen-related electronic
structure changes, spatially resolved O K-edge EELS mapping was per-
formed. Compared with pristine Co304 (Fig. 1j-1), the Mn/Ru- Co304
sample shows a reduced energy separation between peak a (~531 eV)
and peak b (~543 eV) in the near-surface region (Fig. 1m-o). This
contraction of the O K-edge feature separation reflects weakened
metal-oxygen hybridization and a reduced oxygen coordination envi-
ronment, consistent with enhanced oxygen deficiency at the surface [37,
38]. These results further proved that elemental doping can facilitate the
formation of Oy, which may have some significant influence on the
overall electrochemical activities of Mn/Ru-C0304.

2.2. Characterizations on macro-scale

To achieve a complete understanding of the as-synthesized samples,
X-ray absorption spectroscopy (XAS) was applied to further analyze the
coordination structure of the representative Mn/Ru-Co304. X-ray ab-
sorption near edge structure (XANES) spectra of Co K-edge demon-
strated that, after Mn/Ru co-doping, the adsorption edge of Co slightly
shifted to higher energy, indicating a slightly higher oxidation state of
Co atom compared with pristine Co3O4 (Fig. 2a). Further fitting showed
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that the average oxidation state of Co atom in Mn/Ru-Co304 is about
+ 2.88, while the theoretical average valence state (+2.67)
(Figure S14a). Similar analysis for Mn and Ru (Fig. 2b and 2c¢) indicated
the oxidation state of Mn and Ru were +3.72 and +3.43, respectively
(Figure S14b and S14c).

The local coordination structure is of crucial importance for eluci-
dating the origin of catalytic activity. As mentioned earlier, the precise
doping position of Ru atoms has been identified as the octahedral sites
according to the HAADF-STEM images. However, it is challenging to
determine the exact position of Mn atoms from the atomic resolution
STEM images. Thus, we further investigated the local coordination
structure of the metal cations in Mn/Ru-Co304 with extended X-ray
absorption fine structure (EXAFS) spectroscopies. The EXAFS spectrum
of Co K-edge demonstrated three distinct peaks, belonging to Co-O
scattering (1.53 }o\), Co-Mo scattering (Mot response to Co, Mn, or
Ru atoms at octahedral sites, with a distance of about 2.49 A), and Co-
Mre; scattering (Mret response to Co, Mn, or Ru atoms at tetrahedral
sites, with a distance of about 3.1 10\) (Fig. 2d). For the Mn K-edge EXAFS
spectra, there are also three characteristic peaks located at 1.47 A,
2.49 A, and 3.2 Z\, which belonged to the Mn-O scattering, Mn-Mo¢
scattering, and Mn-Mr.; scattering (Fig. 2e). As mentioned in Fig. 1a,
there are two different coordination structures in spinal Co30j4. If the Mn
atom was doped into the tetrahedral sites, it would result in a corner
shared coordination structure with the neighboring coordinating metal
atoms, and the distance was about 3.3 10\, which clearly contradicted our
EXAFS results of Mn K-edge. Considering the existence of the strong Mn-
Mo scattering peak and the relatively weak Mn-Mre; signal, it could be
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concluded that the doped Mn atoms preferentially substituted the
octahedral sites in the Co304 matrix. Ru K-edge EXAFS demonstrated
two prominent peaks located at 1.6 A and 2.4 A, which belonged to the
Ru-O and Ru-Mo,; scattering (Fig. 2f), which consisted well with the
fitting results (Figure S15 and Table S3). Therefore, based on the com-
bined results of HAADF-STEM and XAS, it could be concluded that Mn
and Ru atoms would both primarily substitute the Cog; sites in Co3O4,
which is further proved by the wavelet-transform (WT)-EXAFS analyses
for Co, Mn and Ru (Fig. 2g to 2i).

To further characterize the crystal and chemical state of the as-
prepared samples, various spectroscopic techniques were employed,
including Powder X-ray Diffraction (PXRD), Raman spectroscopy,
Electron Paramagnetic Resonance (EPR), X-ray Photoelectron Spec-
troscopy (XPS), PXRD patterns demonstrated that all samples were
typical cubic phase Co304 (JCPDS #71-0816), indicating the doping of
heteroatoms does not significantly affect the crystal configuration of the
matrix CozO4 (Fig. 3a). Raman spectra of different samples demon-
strated similar five characteristic peaks located at around 189.7 cm™*
(Fzg), 468.4cm™ (Ey), 511.4cm ! (Fay), 606.7 cm™! (Fz), and
674.5 cm™! (A1g) (Fig. 3b) [7]. Compared with pristine Co304, the
modified samples display a slight redshift of the A;; mode from
674.5 cm™! to 669.2 cm™}, indicating oxygen-related local structural
evolution within the spinel lattice. Such a shift can be attributed to the
combined effects of oxygen vacancy formation and subtle Co-O bond

Nano Energy 149 (2026) 111731

perturbations associated with lattice oxygen activation, reflecting a
modified local oxygen coordination environment. In addition to the
peak position shift, a moderate broadening of the A;; mode is also
observed after vacancy engineering and elemental doping. The slightly
increased full width at half maximum (FWHM) suggests the introduction
of localized structural disorder, which is consistent with the formation of
oxygen-defective regions and heteroatom-induced lattice perturbations.
Notably, the extent of peak broadening remains limited, indicating that
the induced disorder is confined and does not lead to severe lattice
distortion or phase transformation [39,40]. The increase of Oy concen-
tration after heteroatom doping was further confirmed by the EPR
spectra (Fig. 3c). The characteristic signal at g=2.002 appeared in the
spectra of all samples, indicating the presence of unavoidable Oy during
the synthesis process. However, after doping heteroatoms, the signal
intensity gradually increased, in consistent with the trend observed in
the Raman spectra.

Then, XPS spectra were applied to investigate the surface chemical
state of each sample. For Co atoms in matrix Co304, the Co 2p3,» could
be deconvoluted into three different peaks located at ~779.4 eV (Co3+),
~780.9 eV (C02+), and ~780.0 eV (satellite peak), as demonstrated in
Fig. 3d [8,31]. It exhibited that doping with Mn and Ru would slightly
increase the oxidation state of Co, which indicated the redistribution
around Co atoms (Fig. 3d). However, when Mn and Ru were co-doped
into Co304, the oxidation states were reduced to levels close to the
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pristine state. This suggested a more vital interaction between Mn and
Ru, leading to a reduction state of Co atoms at the surfaces, which is in
accordance with our previous EELS results. Dual atom doping allowed
for the increase of active sites while also ensuring that the matrix Coz04
maintained a lower oxidation state. This not only guarantees catalytic
activity but also preserves the stability of the matrix material, reducing
the activity decay caused by Co leaching [29].

In the comparative analysis of Mn 2p3,5[41] and Ru 3ps/2[42]
spectra, it was found that the oxidation state of Mn atom would undergo
a reduction process (Mn®*/Mn*" ratio increased from 1.5 to 1.9), while
the oxidation state of Ru would increase accordingly (Ru®t/Ru*t
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increased from 0.4 to 0.6, 8>4). The valence variation of Mn and Ru
further revealed the pronounced interaction between Mn and Ru, and
the electrons would transfer from Ru to the nearby Mn (Fig. 3e and 3f).
Due to Mn being one of the few non-precious metal elements that exhibit
stability under acidic OER conditions, the interaction established be-
tween Mn and Ru is expected to contribute to stabilizing the Ru atoms
during the reaction process [2,24,43]. Simultaneously, with the
observed increase in the oxidation state of Ru, it becomes more prone to
oxidation to higher oxidation state states when acting as reactive sites,
thereby enhancing the overall reactivity [3,44,45].

The XPS deconvolution results indicate that the Oy content in the
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Mn/Ru-Co304 sample increased to 27.4 % compared to 20.0 % in
undoped Co304, consistent with Raman and EPR analyses. The detailed
distribution of oxygen species shows that lattice oxygen (0O;), oxygen
vacancies (O3), and adsorbed oxygen (O3) account for 68.5 %, 20.0 %,
and 11.5 % in Co304; 65.4 %, 21.1 %, and 13.5 % in Mn-Co304; 53.9 %,
26.0 %, and 20.1 % in Ru-Co304; and 57.9 %, 27.4 %, and 14.7 % in
Mn/Ru-Co304, respectively. These results further support that doping is
an effective strategy to increase the Oy ratio and tune the surface oxygen
chemistry (Table S4).

2.3. Evaluation of electrochemical activities

The acidic OER activities for different samples were evaluated in
0.5 M H3SO4 (see Methods for more details). The linear sweep voltam-
metry (LSV) curves of the four representative samples demonstrated
Mn/Ru-Co304 required an overpotential (119) of 230 mV to deliver a
current density of 10 mA em 2 (Fig. 4a, and Table S5), surpassing the
performance of the other control samples (Fig. 4b and Figure S16). Also,
Mn/Ru-Co304 exhibited minor charge transfer resistance (4 Q)
(Figure S17a) and Tafel slope (103 mV dec_l) (Figure S17b), indicating
the more efficient charge transfer process and faster reaction kinetics
process. Electrochemical double layer capacitance (Cqj) calculated with
CV test results showed Mn/Ru-Co304 had the largest Cgq; of 103 mF
cm™2, indicating a much larger electrochemically active surface area
(ECSA) (Figure S18).

ECSA was used to further normalized the geometric current density,
which showed that the normalized current density of Mn/Ru-Co304 (9.5
A cm~2) is 13.5 x higher than Co304 (0.7 pA cm™2) at 1.6 V vs. RHE
(Figure S19). Considering both the activity and stability of acidic OER,
the Mn/Ru-Co304 sample exhibited apparent advantages over other
representative materials with such a low noble metal content (Fig. 4c,
and Table S6).

Stability is another important factor in evaluating the electro-
catalytic materials. As indicated by the result, Co304, Mn-Co304, and
Ru-Co30;4 could only operate under 10 mA cm ™2 for about 10 h in acidic
media. However, the Mn/Ru-Co304 can operate for more than 120 h
without noticeable degradation (Fig. 4d). The sample maintained good
stability even under simulated practical operating conditions, such as
electrolyte replacement, pause, restart actions and high current density
(Figure S20).

Moreover, the Faradaic efficiency for all samples was nearly 100 %,
indicating OER dominates the reaction process rather than the material
corrosion (Figure S21). The crystal structure and components of Mn/Ru-
Co304 were further investigated after stability testing, which demon-
strated almost no change and further verified the stability of our acidic
OER electrocatalysts (Figure S22 to S24, and Table S7). Furthermore, we
also conducted the inductively coupled plasma optical emission spec-
troscopy (ICP-OES) to evaluate the leaching of Co, Mn, Ru during the
OER process, which demonstrate that Mn/Ru co-doping significantly
alleviated the leaching of the ions and enhance the stability of Mn/Ru-
Co0304. In contrast, Co304, Mn-Co304 and Ru-Co304 suffer from severe
ions leaching during the stability test. These results proved that the co-
doping effect would enhance the interatomic interactions, which is the
main reason for the observed long-term stability in the acidic medium
(Figure S25).

2.4. Mechanistic insights into the enhanced OER activities of Mn/Ru-
C0304

For the acidic OER process, one of the most vital issues is the
adsorption of *OH from deficient acidic environments. In situ EIS was
then measured to track the OER process and detect the adsorption sit-
uation of different samples. In situ Bode phase plots of the four repre-
sentative samples were demonstrated in Figure S26. There are two
different peak regions in the in situ Bode plot, located at the middle-
frequency region (between 10° ~ 10! Hz) and the low-frequency
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region (below 10° Hz), which could be associated to the double-layer
capacitance (DLC) induced by the accumulation of adsorbed interme-
diate (*OH), and the nonhomogeneous charge distributions caused by
the OER process [46-48]. It showed clearly that for Co304 and
Mn-Co304, no prominent peaks were observed, indicating the adsorp-
tion of *OH is not sufficient for the following OER step (Figure S26a and
S26b). However, the Ru-Co304 and Mn/Ru-Co304 exhibit significant
capacitive behavior, and the peaks belonging to DLC are more pro-
nounced, suggesting a stronger *OH affinity, which would benefit the
overall catalytic driving force.

Moreover, it can also be seen clearly that Ru doping and Mn/Ru
doping would result in the low-frequency peak appearing earlier than
Co304 and Mn-Co304, indicating these two materials were more acces-
sible to be polarized to initiate the OER process even in the harsh acidic
condition (Figure S26¢ and S26d). The in situ EIS measurements indi-
cated that Ru dopant was an essential factor in enhancing the first
adsorption step of *OH as well as increasing the active sites in the cat-
alytic materials [49]. Moreover, Mn/Ru-co-doping will not only
enhance the adsorption process but also reduce the polarization poten-
tial to activate the acidic OER process.

The subsequent deprotonation process of the adsorbed *OH is
another essential step for OER. Methanol served as the molecular probe
to investigate the surface *OH coverage on different samples; since
methanol molecules were more prone to nucleophilic attack, the elec-
trophilic *OH, the methanol oxidation reaction (MOR) was more active
on *OH dominated surfaces [S0]. MOR and OER were competing re-
actions for the same intermediate (*OH), so when methanol was added
into the HsSO4 solution, both Co304 and Mn-Co304 demonstrated
relatively high MOR activities, which proved the adsorbed *OH domi-
nated the catalysts surface [51] (Figure S27a and S27b). However, when
it comes to Ru-Co304 and Mn/Ru-Co304, the MOR activities were close
to or even lower than the OER activities, which verified the adsorbed
*OH could be easily deprotonated (Figure S27c and S27d). Combined
with the previous in situ EIS results, it could be concluded that doping
with Ru or Mn/Ru co-doping could enhance both reactant adsorption
capability and deprotonation ability simultaneously, which could lower
the energy barrier of the rate-determining-step (RDS) in the reaction.

Although both Ru-doped and Mn/Ru co-doped Co304 exhibited
better intermediate adsorption capability and deprotonation ability than
the undoped Co304, the acidic OER activities of these two samples were
still different (10 for Ru-Co304 and Mn/Ru-Co304 were 380 mV and
230 mV, respectively). This suggests that there might be some differ-
ences in the catalytic mechanisms for the two samples. Considering the
theoretical limitation by a so-called scaling relation between the in-
termediates *OH and *OOH in the traditional AEM with the over-
potential limit of 370 mV [14], there were compelling reasons to believe
that when Mn and Ru were co-doped, the reaction pathway undergoes
significant changes, enabling it to surpass the overpotential limit. Based
on the above considerations, we further investigated the possible
mechanism of acid OER mechanisms in different samples. Previous re-
ports have proved that the OER activities of electrocatalysts with the
LOM pathway would demonstrate strong pH dependence at the RHE
scale due to the nonconcerted proton-electron transfer (NCPET) process
[11,52]. Fig. 4e and 4f demonstrated the proton reaction orders on the
RHE scale (pRHE = dlogi/dpH), obtained from the LSV curves at different
pH solutions (Figure S28). The Mn/Ru-Co304 demonstrated the stron-
gest pH dependence (pRE =-0.82) than other samples, which suggested
the LOM dominated the OER process, while other samples (Co30s4,
Mn-Co304 and Ru-Co304) would follow the AEM pathway.

To further validate the occurrence of LOM in Mn/Ru-Co304, we
further performed in situ %0 isotope labeling differential electro-
chemical mass spectrometry (DEMS) measurements. The Mn/Ru-Co304
was first labeled with 80 isotopes, and then the evolved O, during OER
was measured (See Methods section for more information). The DEMS
measurement detected a strong mass signal of m/z = 34 and a relatively
weak signal of m/z = 36 during the CV cycling process, indicating the
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presence of 160180 (3402) and 1802 (3602) in the gas production
(Fig. 4g). These results further proved that the activated lattice O atoms
participated in the OER process. Moreover, the intensity of 1600 is
10x higher than the '80,, further proving the LOM pathway would
dominate the whole OER process, while another possible pathway
involving the direct coupling of lattices O atoms (the so-called oxide
path mechanism, OPM) will not dominate the reaction [13,53].

In situ Raman spectra were used to detect local structure variation. It
could be seen that with the progress of the OER, there is a noticeable
redshift in the position of the A; peak, indicating that the Oy concen-
tration in the Mn/Ru-Co304 gradually increased with the applied po-
tential (Figure S29). The in situ and ex situ Raman results, combined with
the EPR result, provide compelling evidence of a shift in the catalytic
mechanism, which is closely associated with the presence of Oy.

Elemental doping was usually confided to be an efficient way to
modify the OER reaction pathway [8,9,53]. However, the precise un-
derlying mechanisms behind this phenomenon remain elusive. Even
among closely related doping systems, conflicting reports are suggesting
different OER mechanisms [9,13,54]. Considering the inherent
randomness and uncertainty associated with doping strategies, the
transition of the catalytic mechanism from AEM to LOM in the acidic
OER process might be likely driven by deeper underlying factors rather
than solely relying on elemental doping. In our experimental results,
besides elemental doping, the main difference among the as-prepared
samples lies in their distinct Oy concentrations, which showed an
apparent correlation between catalytic performance and mechanism
transition. Therefore, we have reason to speculate that the Oy in spinel
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oxides is the fundamental cause of the transition of the catalytic
mechanism.

To corroborate the above hypothesis, we further designed experi-
ments to validate the crucial role of vacancies in the transition of the
catalytic mechanism. To eliminate the influence of elemental doping, we
treated the Co3O4 NSs with NaBH,4 to create more Oy according to
previous report [55,56]. It showed that after NaBH4 treatment, the
overpotential of Co304 obviously decreased ~ 10 % and ~ 28 % at the
current density of 50 mAcm 2 and 100 mA cm 2, respectively
(Figure S30). Moreover, the acidic OER activities of NaBH, treated
Co304 (Co304-Oy) also demonstrated relatively stronger pH depen-
dence, indicating that Oy was the main reason for mechanism switching
(Figure S31).

2.5. DFT calculations and the optimal reaction pathway

DFT calculations were conducted to provide insights into the reac-
tion mechanism and reaction pathway of different samples. The previ-
ous characterization results demonstrated that Mn and Ru readily
substitute the Cog, sites in the Co304 lattice, which was also verified by
the DFT calculation results (Table S8). We assume Ru atoms as the most
active catalytic sites [9,53], and considered two different Mn doping
sites (A site and B site in Figure S32) to determine the final calculating
models. The system exhibits more excellent stability at A site by 0.34 eV
compared to B site, thus the model in Figure S32a was selected as the
final calculation model for the co-doping Mn/Ru-Co304. Subsequently,
we conducted calculations to evaluate the Oy formation energies of
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Co304 and Mn/Ru-Co304. The results demonstrated that after Mn/Ru
co-doping, the Oy formation energy increased from the initial —1.34 eV
(Co304) to —0.48 eV (Oy around the Mn site in Mn/Ru-Co304) and
0.06 eV (Oy around the Mn site in Mn/Ru-Co304), indicating Mn/Ru
co-doping could make the system more prone to generate vacancies than
the Co304 (Figure S33), which consist with the EPR result in Fig. 3c.

According to the Gibbs free energy diagrams, the OER process on
pristine Co304 proceeds exclusively via the AEM pathway without the
involvement of lattice oxygen vacancies (Fig. 5a), which is consistent
with previous reports [28,31]. The rate-determining step (RDS) for the
AEM pathway on Cos0y4 is identified as the deprotonation of the first
*OH intermediate (*OH — *O), with an energy barrier of 2.15eV
(Fig. 5b). For the Mn/Ru co-doped Co304 models, oxygen vacancies
were introduced at two representative positions around the Ru active
site (Fig. 5c and Figure S34). Regardless of whether the oxygen vacancy
is located adjacent to the Mn site or in the vicinity of Ru, the calculated
Gibbs free energy profiles reveal a clear tendency for the OER to proceed
via LOM pathway, since the energy barrier of RDS for AEM pathway is
2.21 eV, which is much higher than that for LOM pathway (1.76 eV).
Notably, the corresponding energy barriers are significantly reduced
from 2.15 eV to 1.76 and 1.77 eV, respectively, compared with that of
pristine Co304 (Fig. 5d and Figure S34c).

Furthermore, the RDS for the Mn/Ru-Co304 models shifts to the
oxygen-oxygen bond formation step, indicating a facilitated deproto-
nation process relative to Co30O4. This mechanistic evolution is consis-
tent with the MOR results (Figure S27), further supporting the
dominance of the LOM pathway upon co-doping and oxygen vacancy
introduction.

To further investigate the origin of the catalytic reaction mechanism
transition, we proceeded to exclude the influence of doping factors. We
calculated the effects of different oxygen vacancy concentrations on the
catalytic reaction mechanism of undoped Co304. Three representative
configurations were considered, including two cases with a single oxy-
gen vacancy located near the active site (Figures S35 and S36) and one
case with dual oxygen vacancies in the vicinity of the active site
(Figure S37). The calculation results show that when only a single ox-
ygen vacancy is present, Co3zOy4 still preferentially follows the conven-
tional AEM pathway, with the deprotonation step (*OH — *O)
remaining the rate-determining step and energy barriers of 2.01 eV and
1.98 eV, respectively (Figures S35b and S36b). Notably, the persistence
of the AEM pathway indicates that a single vacancy does not sufficiently
weaken the metal-oxygen bonding or promote lattice oxygen oxidation,
highlighting that isolated defects alone are insufficient to trigger the
reaction pathway transition. The introduction of an oxygen vacancy
results in a progressively increasing energy barrier for OOH generation.
When introducing a dual Ov, this leads to the transition in the RDS for
*QOH formation, a prerequisite for LOM. A lower reaction energy bar-
rier of 1.93 eV is observed via LOM, compared to 2.15 eV for the pristine
(113) facet via AEM (as shown in Fig. 5b and Figure S37). Considering
the distinction between the undoped Co304 and Mn/Ru-Co304, as well
as the previous results of the MOR reaction, it could be concluded that
elemental doping, especially the doping of Ru atoms, is essential not
only for providing active sites for the reaction but also for facilitating the
deprotonation step, but the catalytic mechanism switch was mainly
originated from the existence of Oy around the active sites.

2.6. Back-to-back experiments validating the Oy induced LOM
mechanism

To further substantiate the universality of our hypothesis that Oy
triggered the mechanism switch from AEM to LOM, we further expand
the study to another typical spinel oxide Mn3O4 (Supplementary Note
1). The samples were also synthesized with electrodeposition methods
(See Methods section for details). After a series of optimization selec-
tions, the deposition duration was standardized to 30 min, ensuring an
equal loading of electrocatalysts across all samples (Figure S38-S40).
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We designed two different groups of samples according to the pres-
ence or absence of Ru doping in Mn3O4 (Ru-Mn3O4, and Mn304). To
generate Oy in Mn3Oy4, the samples were then treated with NaBH, so-
lution, resulting in the formation of samples rich in Oy (Ru-Mn304-Oy
and Mn304-Oy). PXRD patterns and the corresponding Raman spectra
demonstrated typical characteristics of Mn304, suggesting the reduction
process with NaBH4 would not significantly influence the crystal struc-
ture (Figure S41 and S42). TEM images demonstrated no oblivious lat-
tice distortion, which further proved the reduction process did not
obviously disrupt the crystal structure of the material. EDS spectra of all
samples showed that, after reduction with NaBH,, the elements would
remain close to their stoichiometric ratios, but there would be a slight
decrease in oxygen content (Figure S43-S50, and Table S9). The repre-
sentative Ru-Mn304-Oy sample was further characterized using atomic-
resolution iDPC-STEM image and the corresponding EDS mapping,
which revealed the uniform distribution of Ru in a single-atom state
throughout the sample (Fig. 6a and 6b). EPR spectra also clearly showed
that treatment with NaBH4 would increase the concentration of Oy
(Fig. 6¢). Surface chemical states of all samples were also characterized
with XPS. The results demonstrated that after the reduction process with
NaBH,4 solution, the oxidation state of metal cations was reduced in
Mn304-Oy and Ru-Mn304-Oy (Figure S51, S52 and Table S10). The
concentration of Oy on the surface was significantly increased
(Figure S53 and Table S11), which agrees well with the EPR results.

The acidic OER performances were measured in 0.5 M HSO4. It
showed that creating Oy, regardless of Ru doping, can significantly
enhance catalytic activity. Moreover, Ru doping can further enhance
catalytic activity. Specifically, creating Oy can reduce the 17 for Mn3O4
and Ru-Mn3O4 from 540 mV and 360 mV to 440 mV and 230 mV,
respectively (Fig. 6d). The OER mechanisms were investigated by
checking the pH dependence of various samples (Fig. 6e; Figure S54).
Mn304-Oy and Ru-Mn304-Oy demonstrated strong pH dependence (pRHE
=-0.86 and —0.85, respectively), indicating the OER process on their
surface followed the LOM pathway. In contrast, Mn3O4 and Ru-Mn3Oy4
showed relatively weak pH dependence (pR™ =-0.22 and —0.32,
respectively), and this proved that Ru doping is not the main reason for
the OER mechanism switch from AEM to LOM.

DEMS spectrum was conducted to further prove the existence of the
LOM pathway in the representative Ru-Mn3Q04-Oy. Similar to the situa-
tion of Mn/Ru-Co30y4, the strong mass signal of m/z = 34 indeed proved
the OER process on the Oy abundant surface would undergo the LOM
pathway (Fig. 6f). It should be mentioned that the catalytic activities of
Mn304-Oy were relatively lower than the Ru-Mn3Og4, even though the
LOM was dominant for Mn3O4-Oy. This indicates that while the change
in mechanism can significantly promote the optimization of reaction
steps and energy barriers, it still requires the presence of additional
reactive sites to achieve the overall optimum catalytic activity of the
catalyst. We further sintered the Mn304-Oy and Ru-Mn304-Oy at 300 °C
for 2h to partially replenish the Oy in the samples, abbreviated as
Mn304-Oy-Anneal, and Ru-Mn304-Oy-Anneal (Figure S55). The OER
activities were slightly decreased in the sintered samples, further con-
firming the significant role of Oy in modulating the intrinsic OER ac-
tivities of spinel oxides (Figure S56).

3. Conclusion

In this study, we systematically investigated the vital roles of Oy and
elemental doping for the acidic OER mechanism switch in spinal oxides.
Theoretical and experimental results demonstrate that the transition of
the catalytic mechanism in the spinel oxide system primarily originates
from Oy near the active sites. Elements doping also showed an essential
role in enhancing the catalytic activities of Mn/Ru-Co304, which pri-
marily serves to stabilize the crystal structure, provide active sites, and
optimize specific reaction steps. However, in terms of the intrinsic cat-
alytic mechanism transition, doping does not play a decisive role in
inducing the change. By synergistically regulating Oy, doping elements,
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Fig. 6. Characterizations and electrochemical measurements for Mn30,4 based spinel oxides. a iDPC-STEM image of Ru-Mn30,4-Oy along [101] zone axis. Inset was
the simulation image (labeled with “S”) and the crystal structure image alone [101] zone axis. b The HAADF-STEM image and the corresponding EDS mapping of Ru-
Mn304-Oy NSs (Scale bar: 50 nm). ¢ EPR signal of Oy in Mn304, Mn304-Oy, Ru-Mn304-Oy and Ru-Mn304. d Acidic OER activities of different samples. e Current

densities and the pRtE
reaction products for 180.labeled Ru-Mn304-Oy in 0.5 M H,SO, in H3°O.

and their proportions, the acidic OER activity of Mn/Ru-Co304 was
significantly improved 48 % (110=230 mV) compared with the undoped
Co304 (110=440 mV) with low Ru doping (2.9 at%), and the stability
was enhanced to about 120 h in 0.5 M H3SO4 media. Furthermore, the
strategy of vacancy-induced acidic OER mechanism transition was also
confirmed in another spinel oxide system, MngO4, which demonstrated
its universality. Our results illustrate a route that can boost acidic OER
activities in spinel oxides without the significant consumption of noble
metals via synergistically modifying the coordination environment of
active sites and defect structures.

4. Experimental section
4.1. Materials

All of the chemicals and materials were purchased from Aladdin
Biochemical Technology Co., Ltd. in Shanghai, China, without further
purification. The carbon cloth (HCP 331 N) substrate was obtained from
Shanghai Hesen Electric Co., Ltd. Before use, the carbon cloth (CC) was
ultrasonically cleaned for 30 min with acetone, deionized water, and

10

of each sample obtained at 1.60 V vs. RHE plotted in log scale as a function of pH. f DEMS measurements of >*O and 2°0 signals from the

ethanol, respectively, to remove any residual surface contaminants.
4.2. Synthesis of Co304, Mn-Co304 Ru-Co304 and Mn/Ru-Co304

The corresponding studied electrocatalysts were directly prepared
on CC with the electrodeposition method. Co(NO3)s-6H20, Mn
(NO3)2-4H50, and RuCl3 were used to serve as sources of Co, Mn, and
Ru, respectively. After a series of optimizations, we have ultimately
chosen a concentration of 25 mM for Co ions in the electrolyte solution.
The doped Mn and Ru contents are controlled at 4 mg mL™!. For the
electrodeposition of Mn/Ru-Co304, a piece of cleaned CC
(2 cm x 2 cm), an Ag/AgCl electrode, and Pt wire was used to serve as
the working electrode, reference electrode, and counter electrode. The
deposition was carried out under a constant current of 40 mA (i.e., a
current density of 10 mA cm’z), and the deposition time was 30 min.
After that, the CC was thoroughly rinsed with deionized water and
ethanol and dried at 60 °C for 8 h for further use. After the drying
process was completed, the sample was sintered in air for 2 h at 350 °C,
and the Mn/Ru-Co304 was obtained. The preparation of Co304, Mn-
Co304 and Ru-Co304 were similar to Mn/Ru-Co304, except the
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reduction of the corresponding dopant component. Co304-Oy was pre-
pared by immersing Co304 in a NaBH4 solution (0.1 M) for 30 min, and
then thoroughly rinsed with deionized water. The final loading amount
of the electrocatalysts was about 1.5 mg cm 2

4.3. Synthesis of Mn304, Mn3O4-Oy, Ru-Mn3Oy4, and Ru-Mn3O4-O

Mn304, Mn304-Oy, Ru-Mn3O4, and Ru-Mn304-Oy are also prepared
with the electrodeposition method. Typically, Mn3O4 was prepared on a
piece of CC (2 cmx 2 cm) using a 50 mM Mn(NOs), solution as the
electrolyte. The deposition was also carried out under a constant current
of 40 mA (i.e., a current density of 10 mA cm™?), and the deposition
time was 30 min. After drying for 8 h, the sample was sintered in air for
2 h at 350 °C, and the Mn304 was obtained. In order to further reduce
the influence of Ru on the determination of reaction mechanisms, the
concentration of Ru ion in the electrolyte was further reduced to
1 mg mL™!. The preparation of Ru-MnsO, was carried out using a
similar procedure as that of Mn3O4. To create oxygen vacancies, the
prepared MngO4 and Ru-Mn3O4 were immersed in a NaBH4 solution
(0.1 M) for 30 min, and then thoroughly rinsed with deionized water.
The final productions were Mn304-Oy and Ru-Mn304-Oy, respectively.

4.4. Characterizations

XRD patterns were conducted by a Rigaku SmartLab 9 kW X-ray
diffractometer with Cu Ka radiation (A = 1.5418 10\). The transmission
electron microscope (JEOL, JEM-2100F; acceleration voltage, 200 kV),
and double spherical aberration-corrected transmission electron mi-
croscope (Thermo Fisher Spectra 300, operated at 300 kV) were
employed to investigate the morphologies, microstructures, and ele-
ments distribution. Dr. Probe was used for simulating STEM-HAADF
images. Accelerating voltage, convergence semi-angle, and collection
angle were set the same as the imaging, which was 300 kV, 15 mrad, and
35-200 mrad, respectively. Raman spectroscopy was conducted on a
WITec, alpha300 R equipment (with a 532 nm laser). EPR spectra were
obtained on a Bruker A300-10-12 spectrometer. The XANES and EXAFS
measurements were carried out at the XAFCA beamline of the Singapore
Synchrotron Light Source (SSLS) and BLO1BO1 beamline at the SPring-8
at Japan Synchrotron Radiation Research Institute (JASRI). The XAS
data were analyzed using the Demeter package [57].

4.5. Electrochemical measurements

All electrochemical measurements in this project were conducted on
a CHI 760E electrochemical workstation (CH Instruments, Inc.
Shanghai) using a typical three-electrode cell. The as-systemized self-
standing electrodes, Ag/AgCl electrode, and a graphite rod were used as
the working electrode, reference electrode, and counter electrode,
respectively. Oz-saturated 0.5 M H3SO4 solution was used to serve as an
electrolyte at room temperature. Before the LSV test, all working elec-
trodes were activated by the cyclic voltammetry (CV) technique for 100
cycles to obtain stable LSV curves. LSV curves were then obtained with a
scan rate of 2 mV s L. In this work, all potentials were converted to RHE
with the equation Ergg=Eag/agci + 0.197 V + 0.059 xpH. EIS mea-
surements were carried out within a frequency range of 10° Hz to 1072
Hz, and the charge transfer resistance (R.;) obtained by fitting the EIS
data was used for the iR correction. The stability test was also conducted
in 0.5M HySO4, with the prepared samples serving as the wording
electrode, and Ag/AgCl electrode, and a graphite rod serving as the
reference electrode, and counter electrode, respectively. Meanwhile,
during the stability test, we replaced the electrolyte at the 65h and
randomly paused for two hours at the 95 h and 110 h to simulate the
stability of the electrode under actual working conditions.
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4.6. Differential electrochemical mass spectrometric measurements
(DEMS)

The in situ DEMS experiments were performed with an in situ dif-
ferential electrochemical mass spectrometer provided by Linglu In-
struments (Shanghai) Co. Ltd. The experiment is divided into two main
steps. The first step is labeling the sample with 10 isotope in 8O-
labelled 0.5 M H,SO4 solution with CV cycling (scan rate 10 mV s~ 7,
potential range 1.0-1.6 V vs. Ag/AgCl). After that, the resultant elec-
trodes were thoroughly rinsed with deionized water (H%ﬁo) for several
times to remove the residual H3%0. The second step is the DEMS mea-
surement. In this process, the potential of the CV range was also fixed at
1.0 - 1.6 V vs. Ag/AgCl, with a scan rate of 10 mV s~!. In the meantime,
gas products of different molecular weights generated during the OER
process were measured in real time by mass spectroscopy.

4.7. DFT calculations

To examine the structural configurations and electronic character-
istics of Mn- and Ru-doped Co304 materials, spin-polarized DFT calcu-
lations were carried out employing the Vienna ab initio Simulation
Package (VASP) software [58,59] suite with the projector augmented
wave (PAW) [60]. The exchange-correlation interactions were described
using the Perdew, Burke, and Ernzernhof (PBE) functional [61] with the
generalized gradient approximation (GGA) [62]. The kinetic energy
cutoff for the plane-wave basis set was established at 450 eV, and a
vacuum layer of more than 20 A was implemented to avoid interlayer
interactions. To account for van der Waals interactions on the surface,
the DFT-D3 scheme developed by Grimme was applied [63]. The elec-
tronic self-consistent field (SCF) convergence criterion was set to 1074
eV. Fully relaxed geometries were achieved by optimizing all atomic
positions until the forces reached a magnitude of less than 0.05 eV/A.
The structural optimizations were carried out using a gamma-centered
Monkhorst-Pack k-point sampling scheme [64] with k-point samplings
of 3 x 3 x 1. In our study on the thermodynamic stability of Co304, we
utilized the GGA+U method to account for the significant localization of
d-electrons. Specifically, we applied a Hubbard U value of 4.8 eV for Mn
p-states [65], 6.7 eV for Ru [66], and 2.8 eV for Co [67]. The corrections
to the Gibbs free energies originate from the calculated zero-point en-
ergy on Ru sites of doped Co304 and the entropic (TS) contribution, with
similar adjustments approximated for Mn and Co. The corrections for
OH, O, and OOH are 0.35, 0.05, and 0.35 eV at standard conditions
(298.15 K, 1 atm), respectively. The adjustments for Hy and H20 are
obtained from the National Institute of Standards and Technology
(NIST).
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