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Oxygen evolution reaction (OER), occurring at the anode of electrochemical water splitting requires a
comprehensive understanding of oxygen electrocatalysis mechanism to optimize its efficiency. Atomically
dispersed transition metal supported by nitrogen-doped carbon is featured with excellent catalytic per-
formance. Herein, we report a Mg/Co bimetal site which utilizes Mg 3p electrons with strong binding
of *OH (the first key reaction intermediates in the free energy diagram) to trigger the OER reaction and
Co 3d itinerant character to regulate the binding strength of *O. Benefiting from the fine-tuned adsorp-
tion/desorption possesses, the optimized catalyst delivers superior OER activity with low overpotential,
ie, 310mV at a current density of 10mA/cm? and 455mV at 100 mA/cm?2. Moreover, the current density
is able to be maintained at 10 mA/cm? for 10h, consistent with the theoretical simulations for oxidiza-
tion process, which demonstrates stable configurations after multiple *OH modification, revealing robust

applicability in alkaline medium.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Energy conversion and storage technologies which consume
or produce hydrogen sparkle in addressing fossil fuels related
issues, with the virtue of high energy density and emission free
[1-4]. Electrochemical water splitting, as a paramount hydrogen
production technology, is a thriving strategy yet faces grand ob-
stacle which requires noble metal as the anodic electrocatalyst
to overcome the sluggish kinetics for oxygen evolution reaction
(OER) [5-8]. Tremendous endeavor has been devoted to explore
affordable and robust substitution for precise metal electrocatalyst,
and the so-called M-N-C single atom catalysts (M: transition
metal, SACs) have attracted enormous interest which not only
deliver comparable reaction activity as commercial catalysts but
also demonstrate advantage in alleviating market cost for large
scale application [9-19].

Additional benefit of M-N-C SACs includes the explicit active
site configuration, i.e., metal singlet coordinated with four nitro-
gen atoms (MN4 motif), an ideal model to rationalize reaction
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mechanism. Efforts to further improve the catalytic performance
is thus achievable via alternating central metal and its coordina-
tors, which, in return, demonstrates a structure-properties relation-
ship to guide catalytic design. However, the mono-atomic structure
suffers from some limitations [18-23]. For example, it is of grand
challenge for the singlet active center to break the linear scaling
relationships between the adsorption energies of reaction interme-
diates, which would jeopardize the multi-intermediate involved re-
actions from climbing to the limiting-potential (U;) apex [19]. In
the process of OER which involves 4e steps and various reaction
intermediates, obvious change of different key oxygen containing
reaction intermediates poses severe overpotential (1), causing in-
ferior catalytic activity [24]. A promising strategy to overcome this
dilemma is to introduce a second transition metal, forming dual
metal site catalysts (DMSCs) [25-30]. A typical example in M-N-C
family is the cooperation of Fe/Co [25], and following the pioneer
work, a combination of Fe/Ni had been proposed as promising OER
catalyst [26], whereby the conductivity is greatly improved com-
pared with that of its SAC counterparts. Moreover, bifunctional cat-
alytic performance for both oxygen reduction reaction (ORR) and
OER can be derived with OH self-binding on the Fe/Ni-N-C surface,
which demonstrates great aptitude to realize the excellent catalytic
performance [27].
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Transition metal combinations are the mainstream selections
for available DACs, including Fe/Co, Fe/Cu, Fe/Zn, Zn/Co, etc. [25-
30]. In comparison, main group metals with s/p block are mostly
applied for thermocatalysis, yet only a few of them have been ap-
plied in electrocatalysis [31-33]. It is aware that main group metals
usually have fewer valence electrons which endows them advan-
tages to effectively avoid side reactions, adding thriving opportu-
nities in engineering versatile SACs. In a recent study of Mg-N-C
[31], strong adsorption of *OH is revealed in the catalytic activity
volcano plot, despite coordination engineering can alleviate the in-
teraction to some extent. Appealingly, the formation of *OH from
water molecular is the first step for OER and an intense binding
can trigger facile cracking of H,O. On the other hand, to avoid
strong binding of *OOH (the last key intermediate to generate O,
by donating the proton), a cooperation with an adjacent transition
metal is proposed whereby both metals can be active sites, render-
ing smooth releasing of O,.

Herein, a range of dual metal sites M'M"-N-C, M! from main
group elements and M" from forth period transition elements,
have been screened via density functional theory (DFT) calcula-
tions. It is found that the p-d coupling is able to improve the bind-
ing strength of *O relative to that of *OH and *OOH intermediates
and minimizing theoretical overpotential. Based on this line, the
Mg-Co couple is predicted to be promising for OER catalyst. More-
over, the Mg/Co-N-C is able to maintain a stable current density
at around 10mA/cm? for 10h consecutive operation, in well accor-
dance with the theoretical simulation. The durability and degrada-
tion mechanism has also been examined in harsh environment. It
is revealed that although the reaction center can be maintained in
acidic medium, the strong binding of *OH intermediate hampered
the formation of *O, limiting the reaction activity. On the contrary,
not only the reaction moiety can stand up the oxidation by OH™ in
alkaline condition, but also the reaction activity can achieve to the
theoretical limitation (0.37 V), underlining its robustness for alka-
line overall water splitting.

The reaction activity of Mg singlet has been firstly considered
in a typical OER procedure (Fig. 1a). Six models of MgNy (x=1-4)
involving possible configurations of N and C as coordinators are
simulated yet MgN; is unstable with positive formation energy. For
the other five motifs, it is revealed that the potential determining
step (PDS) is the *OH — *O procedure and due to large free energy
change of this step, which gives rise to a large overpotential of
150V for MgN4 reaction center. Although a smaller overpotential
of 0.77V can be achieved in MgN, (IlI) (Fig. S1 in Supporting
information), it is far from the satisfactory of commercial. To
better understand the interaction of the catalytic surface and the
adsorbates, partial density of states for the O 2p, Mg 3s/3p has
been evaluated. It is seen that the O 2p orbitals can well hybrid
with Mg 3s/3p orbitals in *OH intermediate (Fig. 1b), producing a
stable O 2p% full-occupied state (Fig. 1c) and generating a lower
level of the *OH step in the free energy diagram. However, in the
*Q species, finite O 2p orbitals are populated above the Fermi
level (Eg), forming electron-deficient state which lifts the *O step
in energy. As a result, severe overpotential is induced by the large
energy change for *OH — *O.

Following the clue above, the introduction of transition metals
is expected to tune the orbital interaction between oxygen and cat-
alytic surface. As a prototype, Co was selected to form adjacent
bimetal site with Mg, which featured with strong hybridization
with O valence state [34]. As shown in the bottom of Fig. 1b, it
is clear that the O 2p orbitals are resemble with that in its SAC
counterpart in *OH intermediate, but it behaves distinctively in
*0, which exhibits itinerant character when coupling with MgCoNg
fragment. Meanwhile, the shape of the density of states suggests
intense interaction between O 2p and Co 3d, beneficial to stabi-
lize the *O intermediate via virtual electron hopping. As a result,
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the free energy of *O is lowered and the overpotential is reduced
to be 0.55eV, smaller than that of Mg-N-C. To provide more con-
fidence for experiments, 32 MgCoNx bimetal motifs with x=1-6
along with MgMgNg are built. Formation energy calculation rules
out 16 of them (x=1, 2 and part of x=3, Fig. S2 in Supporting in-
formation). The data of free energy change for each step diagram
is listed in Table S1 (Supporting information) and the correspond-
ing intermediate configurations can be found in Fig. S3 (Support-
ing information). The derived reaction activity volcano plot is de-
picted in Fig. 1d. It is shown that, in contrast to the single reac-
tion site (hollow square) which exhibits weak *O binding, the lo-
cations of the dual metal sites move leftwards, reducing the differ-
ence from AG:g to AG«gy, accompanied with the decreasing over-
potential which climbs up to the vicinity of the volcano apex. As
demonstrated in Fig. 1e, whereby the dark blue region indicates
the theoretical minimum value for the overpotential (0.37V), a fa-
vorable (AG+g - AG+gy) around 1.5eV is required, corresponding
to the volcano apex in Fig. 1d. It is found that, this p-d coopera-
tion also work with other transition metals, i.e., Mn, Fe, Ni, but less
effectively, while other main group metals, including Ca, Sn and Al,
can not well couple with transition metals due to low energy level
of their p orbitals Fig. 1f.

In light of the promising catalytic performance, Mg/Co-N-C cat-
alyst was synthesized by a simple one-step wet chemical method
(Fig. 2a), as referred from our previous studies [31]. The scanning
electron microscope (SEM) (Fig. 2b) images of Mg/Co-N-C sam-
ple displayed the typical flower-like morphology. The transmis-
sion electron microscopy (TEM) results exhibit an ultrathin sheet-
like structure of petals (Fig. 2c), and no metal nanoparticles were
found, which was consistent with in X-ray diffraction (XRD) pat-
terns (Fig. S4 in Supporting information). The high-angle annu-
lar dark-field scanning transmission electron microscopy (HAADF-
STEM, Figs. 2d and e) and elemental mapping (Fig. 2f and Table
S2 in Supporting information) images confirm the uniform distri-
bution of Mg and Co components without any metallic aggrega-
tion. The atomic pairs are circled by yellow (Fig. 2e), and statis-
tical analysis of 25 couples shows an average distance of atomic
pairs of 2.2A, underlining an intimate interaction between metal-
lic atoms (Fig. 2g). Moreover, the neighboring atoms show different
contrasts, suggesting that the atomic pair is composed of two dif-
ferent elements. Further elemental analysis with inductively cou-
pled plasma mass spectrometry (ICP-MS) reveals that the loading
contents of diatomic metals are 0.71 (Mg) and 1.67 (Co) wt%, re-
spectively, and the corresponding atomic ratio is about 1:1 (Tables
S3 and S4 in Supporting information).The Raman spectrum was
also conducted to characterize carbon material defects and graphi-
tization (Fig. S5 in Supporting information). The ratio of the D to G
peak (Ip/lg ~ 0.913) is deduced, which underlines a large amount
of defect site and low degree of graphitization [35-37]. Compared
with its SAC counterparts, Mg/Co-N-C possesses the largest specific
surface area (1237.64 m?/g), offering more active sites and ion dif-
fusion channels (Figs. S6 and S7 in Supporting information).

X-ray absorption near edge structure (XANES) and X-ray ab-
sorption fine structure (EXAFS) were conducted to disclose the
fine structure of local coordination environment of Mg/Co-N-C. As
shown in the K-edge XANES spectrum of Co (Fig. 3a), the adsorp-
tion edge of Mg/Co-N-C is located between those of Co foil and
Co0, indicating a mixed valence state between 0 and +2. It is also
noticed that the threshold of the near-side absorption is similar as
that of CoPc, demonstrating a similar coordination environment.
The Fourier transform (FT) k3-weighted x (k) function of the EXAFS
spectrum (Fig. 3b) presents a predominant peak around 1.32A for
Mg/Co-N-C, which is attributed to the first shell Co-N coordination
scattering. The typical peak of Co-Co at 2.2A (say in Co foil) is
absent but shifts to ~2.5A in Mg/Co-N-C, suggesting another type
metal-metal interaction. The coordination from the subsequent
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Fig. 1. Theoretical calculations. (a) The key reaction intermediates in the main elementary steps. (b) The density of states for *OH and *O. (c) Schematic illustration of the
interaction between O 2p and Mg 3s/3p orbitals. The reaction volcano plot relative to (d) the change of AG.o-AG.oy and (e) both AG.o-AG.oy and AG.oy. (f) Summary of
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Fig. 2. (a) Schematic illustration of the synthetic strategy for Mg/Co-N-C. (b) SEM
image. (c) TEM images. (d) HAADF-STEM and (e) the magnified images of Mg/Co-
N-C. (f) EDS elemental mapping images. (g) The corresponding Z-contrast analysis
in (e).

least squares EXAFS fitting is ~4 (Fig. 3¢ and Table S5 in Sup-
porting information), consistent with the theoretical model (Fig.
2a). On the other hand, the K-edge XANES spectrum of Mg is also
similar for those of the Mg/Co-N-C to Mg-N-C and the small dis-
crepancy is understandable in view of the possible charger-transfer

for the bimetal site (Fig. 3d). Alike that of Co, the Fourier transform
(FT) k3-weighted x (k) function of the EXAFS spectrum (Fig. 3e) for
the first shell interaction of Mg-coordination shifts a small amount
for Mg/Co-N-C, compared with that of Mg-N-C, suggesting same
kind but different intense bonding. Meanwhile the second peak is
near but different from the Mg-Mg interaction in Mg foil, revealing
a Mg-Co bonding. The K-space oscillation, via FT-from the energy
space oscillation (Fig. 3f) with the R space data, provides a basis
for fitting the bond length and the coordination number. X-ray
photoelectron spectroscopy (XPS) was conducted to determine
the surface distribution of elements and their valence states of
the catalysts. The C 1s peak at 284.6eV was used to calibrate the
spectrum (Fig. S8 in Supporting information). Meanwhile, the peak
at 285.9eV assigned to the bonding of C-N, proves the formation
of N-doped carbon [38]. In Figs. 3g-i, the high-resolution N 1s
spectrum is measured . It is seen that five peaks of oxidized-N
(402.9eV), graphite-N (401.2 eV), pyrrolidine-N (400.5 eV), metal-N
(399.4eV) and pyridine-N (398.2eV), revealing that the Mg/Co
single atoms are coordinated with N atoms. The Mg 1s and Co 2p
spectrum of all the samples cannot be assigned to the apparent
peak due to the low content (Fig. S9 and Table S4 in Supporting
information), consistent with previous reports [39-41].
Electrochemical OER measurements are performed in a three-
electrode configuration under 1mol/L KOH aqueous solution for
Mg/Co-N-C, Co-N-C, Mg-N-C and commercial RuO,. The polariza-
tion curves as measured in linear sweep voltammetry interprets
the onset potential of Mg/Co-N-C (1.40V), which is close to that
of commercial RuO, (1.47V), yet smaller than those of Mg-N-C
(1.52V) and Co-N-C (1.54V) (Fig. 4a). Tafel plots of these catalysts
are plotted in Fig. 4b and it is seen that the Mg/Co-N-C exhibits
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the small Tafel slope of 118.47 mV/dec, comparable to that of com-
mercial RuO, (117.13 mV/dec), which is lower than its single atom
counterparts (128.49mV/dec for Co-N-C and 167.20mV/dec for
Mg-N-C). The overpotential at a current density of 10 mA/cm? and
100mA/cm? were calculated (Fig. 4c), which is superior to those
of the SAC and competent to those of commercial benchmark. The
electrochemical impedance spectroscopy (EIS) plots were shown in
Fig. 4d, whereby the Mg/Co-N-C exhibits the lowest charge transfer
resistance, in well accordance with the small Tafel slope. The dura-
bility of the catalyst was also assessed. As shown in Fig. 4e, Mg/Co-
N-C exhibited only 27mV increase in a prolonged chronopoten-
tiometry test at a constant current density of 100 mA/cm?2 for 48 h.
Moreover, the polarization curves of Mg/Co-N-C only showed slight
degradation after chronopotentiometry test, indicating promising
stability during long-term OER operations (Fig. 4f). The XRD and
HADDF-TEM showed no significant changes after OER tests, which
demonstrate promising structural stability of the catalyst (Fig.
S10 in Supporting information). Theoretical model with surface
group modification reveals that the dual metal site catalysts can
be stable in alkaline mediate because the multiple OH group
oxidation demands high free energy (Fig. 4g). Attractively, the
theoretical overpotential is reduced in the *OH and 2*OH modified
catalysts, which is as small as 0.43 eV and 0.37 eV (Fig. 4h), further
demonstrating its potential application in working condition.

In conclusion, we designed a p-d coupled bimetal site as poten-
tial oxygen evolution electrocatalyst in sustainable energy conver-
sion. The synergistic effect renders smooth adsorption/desorption
of the key intermediates which not only makes a good balance
between the interaction between *OH and *OH, but also exhibits
good tolerant for OH™ attacking, which guarantees superior perfor-
mance in both catalytic activity and durability. This work presents
a promising strategy of recognizing the roles of different metals
and regulating their synergy, leading the exploration towards econ-
omy affordable high-performance catalysts.
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