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ABSTRACT: As affordable electrocatalysts for oxygen reduction reactions (ORR)
in metal-air batteries, nitrogen-carbon supported atomically dispersed single-atom
transition-metal electrocatalysts are emerging. Accurately modulating the first-
shell coordination of single-atom metal sites remains challenging, which impedes
the elucidation of geometric/electronic structures for optimizing ORR catalysts.
Aiming to tackle this challenge by rational design and constructing an asymmetric
coordination model catalyst Co-B/N-C, herein we unravel that asymmetric B-
coordination stimulates the generation of Co high spin state (t,;5e42). By using X-
ray absorption spectroscopy (XAS), we confirm Co active sites are atomically
dispersed with a first-shell coordination of boron and nitrogen atom (Co-B;N,).
Thus, the adsorption strength and electron transfer between the cobalt centers

and the reactants/intermediates were boosted for optimal ORR capacity (E;,, = 0.87 V). Our work will provide valuable new

perspectives on the strategic development of high-performance magnetic metal catalysts for ORR.

KEYWORDS: electrocatalysis, oxygen reduction reaction, single atom catalyst, spin state

1 Introduction

As emerging catalysts, single-atom catalysts (SACs) demonstrated
enormous potential in thermo-electrocatalysis due to distinctive
chemical surroundings and optimal utilization of central metal
[1-7]. Monometallic-modified amorphous carbon has been
experimentally and theoretically proven to be an outstanding
oxygen electrocatalyst [8-10]. Due to its outstanding catalytic
activity for oxygen reduction reactions (ORR), Fe-N-C stands out
among the numerous metal-nitrogen-carbon (M-N-C) catalysts, yet
it suffers from significant activity degradation attributed to the
Fenton effect [11-16]. Interestingly, Co-N-C emerges as promising
SACs for ORR, as predicted by the high theoretical activity of the
volcano diagram [17]. Hence, it is crucial to experimentally and
theoretically pinpoint the active sites of Co-N-C SACs towards
architecting superior ORR performance.

When designing high-performance SAC, it is essential to
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concurrently take both the central metals and local coordination
environment into consideration [18-23]. Reactant adsorption and
conversion into products on the catalyst surface are reaction
processes in heterogeneous catalysis [24-27]. Therefore, the
binding energy magnitude of the intermediate and a catalyst is
crucial to control the catalytic process. The former is governed by
the electronic configuration of the active site, and the alteration of
the local coordination environment enables an effective regulation
of the electronic structure [28—33]. The standard symmetric planar
four-coordination structure has been experimentally proven to
constitute the optimal active site for catalytic processes [34, 35]. For
the MN, part, the high electronegativity of nitrogen atoms
symmetrically adjacent to metal center results in adverse free energy
changes for intermediate adsorption [36-38]. Thus, it is essential
but challenging to accurately manipulate the geometry and
electronic properties of Co-N-C catalysts to optimize the binding
energy of those key intermediates. However, due to the good
thermodynamic stability of the Co-N, structure, it is a great
challenge for the introduction of heteroatoms in Co-N-C to replace
the first shell layer N ligand. In situ boronization was performed,
providing an opportunity to uniformly tailor the coordination
environment around metal atoms with B atoms. As a consequence,
such an approach can be used to alter the adsorption intensity of
ORR intermediates at the active site by adjusting the interfacial
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configuration of one central metal atom, yielding the boosted
catalytic activity [39].

Herein, a nuanced strategy was developed to meticulously tailor
the coordination milieu and electronic state of Co sites. A novel
catalyst, noted as Co-B/N-C, exhibits high potential for the ORR.
Boron incorporation induces electron delocalization in Co,
facilitating a spin state from low-spin (t,,6e,1) to high-spin (t,;5€,2)
configuration, which enhances m-orbital overlap with oxygen
antibonding orbitals. This results in enhanced ORR performance in
alkaline media. Moreover, density functional theory (DFT)
calculations reveal that asymmetric B can enhance the adsorption of
ORR intermediates on the Co site, which promotes the kinetic
process of ORR by reducing the theoretical overpotentials.
Ultimately, Co-B/N-C catalyst has demonstrated outstanding
performance in zinc-air battery (ZAB) applications.

2 Results and discussion

2.1 Preparation of Co-B/N-C
Co-B/N-C was produced via chemical co-precipitation followed by

(@)

>

B absorption

ZIF-67 precursor

(b)

200 nm

pyrolysis (Fig. 1(a)). It is noteworthy that Zn was evaporated
(> 907 °C) [40, 41], suggesting a minimal influence of Zn species on
catalytic activity [42]. As comparisons, Co-N-C, N-B-C, and N-C
were derived from a comparable approach. Details are given in the
Electronic Supplementary Material (ESM).

2.2 Morphological and structural analysis of Co-B/N-C

To verify that the introduction of source B exists as discrete
molecular species, X-ray diffraction (XRD) test was conducted on
the samples. The XRD curve reveals that the introduction of B did
not disrupt the original crystal structure (Fig. SI in the ESM).
Thermogravimetric analysis also showed that the catalyst exhibited
excellent thermal stability after the introduction of B (Fig. S2 in the
ESM). By transmission electron microscopy (TEM), Fig. 1(b)
showed that Co-B/N-C roughly maintained the polyhedral shape
with a diameter of ~ 500 nm. High-resolution TEM (HRTEM)
image and selected area electron diffraction (SAED) demonstrate
the absence of Co particles (Fig. 1(c)). Hence, the Co species are
likely dispersed as isolated atoms on the amorphous NC substrate.
Distinct graphitic carbon layers in the porous skeleton can be
observed, which contributes to the improvement of the electrical

>

Ar pyrolysis
JC @Co

Co-B/N-C ON OB

Figure1 Preparation and electron microscopy of Co-B/N-C. (a) Schematics of preparation procedure. (b) TEM image, (c) HRTEM image and corresponding SAED
(inset), and (d) HAADF-STEM image for Co-B/N-C, indicating single-atom loading on the carbon support. The inset shows a 3D intensity surface plot and intensity
range displayed for the yellow region in (d). (¢) EDS elemental mapping images of Co-B/N-C.
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conductivity [43, 44]. The low crystallinity post-pyrolysis suggests a
high density of defects within the carbon matrix (Fig. S3 in the
ESM), which promotes the immobilization of isolated metal ions.
Raman analysis (Fig. $4 in the ESM) was involved by applying the
correlative Raman/scanning electron microscopy (SEM) technique
[45]. Further results support the existence of widespread defective
disordered carbon [46]. Defective-to-graphitic carbon band
intensity ratio (D/G) for Co-B/N-C is similar to all the control
samples, indicating that the carbon substrate has not been
destroyed. High-angle annular dark-field scanning TEM (HAADEF-
STEM) images display the uniform scattering of bright spots on the
substrate (Fig. 1(d)), which indicate atomic-level dispersion of Co
atoms marked with red circles [47]. Meanwhile, the inset shows the
three-dimensional (3D) intensity of Co atoms. Nevertheless, the B
atom is not distinctly resolved because of its low atomic number.
Energy-dispersive X-ray spectroscopy (EDS) (Fig. 1(e)) indicated
the uniform presence of C, N, Co, and B throughout the
architecture. Due to superior mechanical strength and thermal
stability, the catalyst maintained its structure after heat treatment,
with control samples exhibiting similar outcomes (Figs. S5-S7 in
the ESM). Based on the inductively coupled plasma mass
spectrometry (ICP-MS) results, the Co-B/N-C contained 1.37 wt.%
Co and 0.15 wt.% B, respectively. The control sample presents a
similar weight percentage (Table S1 in the ESM). The surface area
and pore size characteristics of Co-B/N-C and Co-N-C were
obtained by isothermal nitrogen adsorption-desorption
measurements (Figs. S8 an S9 in the ESM). Brunauer-Emmett—
Teller (BET) results show that the introduction of B contributes to
the formation of defects, thus increasing the specific surface area
[48]. The large surface area of Co-B/N-C is predicted to increase
active sites exposure, and the mesopores are able to improve mass
transfer during catalysis, which leads to the enhancement of
catalytic activity [49].

2.3 Electronic interactions and atomic coordination

structure of Co-B/N-C

Coordination structure details were examined through X-ray
photoelectron spectroscopy (XPS) and X-ray absorption fine
spectroscopy (XAFS). XPS survey spectrum of Co-B/N-C displayed
in Fig. $10 in the ESM demonstrated the existence of C, N, O, Co,
and B elements. The C 1s spectrum (Fig. S11 in the ESM) is
distinctly categorized into three principal peaks of 288.4, 284.7, and
285.7 eV, corresponding to the C-C, C=C, and C=N bonds,
respectively [50-52]. This confirmed the graphene-like nature of
the carbon support for Co-B/N-C. Meanwhile, soft X-ray emission
spectrometer (SXES) spectra of C K -edge were obtained to reveal
the electronic structure of carbon (Fig. S12 in the ESM). After the
introduction of B, the C K -edge peak shifts towards higher energy
(139.26-139.42 V), indicating local electron acceleration of
graphitic layers [53, 54]. High-resolution N 1s spectrum (Fig. S13 in
the ESM) shows four main peaks of 398.3, 399.2, 400.9, and
403.7 eV, corresponding to pyridinic N, Co-N, pyrrolic N, and
graphitic N [55—-57]. Besides, a summary of the proportions and
quantities of the four nitrogen species is provided (Table S2 in the
ESM). The higher content of pyridinic N and pyrrolic N in Co-B/N-
C preferred the ORR reaction [58—60]. The B 1s spectrum (Fig. S14
in the ESM) of Co-B/N-C exhibits two major peaks: B-C species
(191.65 eV) [61] and B-Co species (188.15 eV) [62, 63]. The
presence of the B-Co bond indicates that the B atom prefers direct
coordination with Co atom. The Co 2p orbital (Fig. S15 in the

(B 7~ 2w | Sci@pen

94907278 (3 of 9)

ESM) can be assigned to two main peaks of Co 2p;, (780.8 eV) and
Co 2p,;, (796.5 eV). The positive shift of Co 2p;, in Co-B/N-C
signifies a high valence with Co.

XAFS analyses were conducted to elucidate the atomic-scale
chemical speciation and coordination sphere of Co. The K-edge X-
ray absorption near-edge structure (XANES) spectra of Co
(Fig. 2(a)) demonstrate that the near-edge absorption edge of Co in
Co-N-C and Co-B/N-C specimen situated between the Co foil and
Co;0,, illustrating the valence of Co is between 0 and +3
[64, 65]. The Co oxidation state was ascertained through the
analysis and fitting of K-edge XANES spectra (Fig. S16 in the ESM).
Critically, Co has higher binding energy in Co-B/N-C compared to
Co-N-C, which parallels the XPS and EXAFS conclusions. To
investigate the coordination configurations of the Co site, the k;-
weighted Fourier transform of Co K-edge extended X-ray
absorption fine structure (FT-EXAFS) spectra in R-space were
employed (Fig. 2(b)). Our analysis revealed a distinct FT peak at
1.44 A in the sample, primarily due to scattering from Co-N and
Co-B coordination. By contrast with other FT-EXAFS spectra, this
signal in Co-B/N-C was considered owing to Co-B scattering,
indicating the formation of Co-B bonding. The structural
parameters from the Co K-edge were quantitatively determined
using least-square EXAFS fitting (Fig. 2(c)). The results show that
the first-layer coordination number of the central atom Co is 4,
which is bonded to one B atom and three N atoms, with average
bond lengths of 1.91 and 1.83 A, respectively (Table S3 in the ESM).
The control samples also show good fitting results (Figs. S17-S21 in
the ESM). The Co K edge wavelet transform (WT)-EXAFS was
employed to characterize the atomic configuration of Co-B/N-C,
owing to its superior resolution in k and R spaces (Figs. 2(d)—-2(f)).
As displayed in Fig. 2(f), the WT result of Co-B/N-C exhibits a
single intensity maximum at ~ 5.5 A", which is close to the
Co-N-C. The absence of Co—Co coordination further confirmed
the discrete nature of Co species in Co-B/N-C (Figs. S22 and $23
in the ESM).

The electron spin configuration in Co-B/N-C was probed via
temperature-dependent magnetic susceptibility measurements
[66, 67]. The effective magnetic moments were calculated to be 4.12
and 2.15 g for Co-B/N-C and Co-N-C, respectively (Figs. 2(g) and
2(h)). Moreover, the number of unpaired d electrons (1) of the Co
ion was further obtained by the equation. Whereby the Co-N-C
has 1.3 unpaired d electrons, indicating that the Co ion is under low
spin (LS) with one e, filling. Unpaired d electron (1) of Co-B/N-C is
3.3, which has two e, filling under a high spin (HS) state. These
findings suggest that modifying the Co coordination environment
alters its electronic structure and spin state. The schematic diagram
of the atomic interface model for Co-B/N-C also corresponds to the
fitting results (Fig. 2(i)).

24 ORR activity of Co-B/N-C

The ORR activity of Co-B/N-C was assessed in a standard three-
electrode system. Figure 3(a) displays the linear sweep voltammetry
(LSV) curves of various electrocatalysts. Co-B/N-C shows optimum
ORR performance (E, = 095 V, E;;, = 087 V, and j =
525 mA-cm?), exceeding 20% Pt/C and the majority of
documented electrocatalysts (Table S4 in the ESM). It is known that
half-wave potential is tightly linked to the catalyst’s inherent
activity. When contrasted with Co-N-C, Co-B/N-C exhibits
superior half-wave potential, proving that B doping substantially
improved catalyst intrinsic activity. The presence of both Co and B
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Figure2 Atomic configuration and spin states of Co-B/N-C. (a) Co K-edge XANES spectra. (b) FT EXAFS spectra. (c) FT-EXAFS fitting curves of Co-B/N-C. (d)-(f)
WT-EXAFS plots of different samples. Magnetic susceptibility of (g) Co-B/N-C and (h) Co-N-C. (i) Schematics of atomic interface model for Co-B/N-C.

improves electron transfer, leading to enhanced ORR performance.
The kinetics of the synthesized electrocatalysts were probed through
comparative Tafel analysis, as depicted in Fig. 3(b). Co-B/N-C
exhibits the lowest Tafel slope (754 mV-dec?), elucidating the
fastest ORR reaction kinetics [68]. Smaller values of electrochemical
impedance favor the mass transfer process (Fig. S24 in the ESM).
Furthermore, Co-B/N-C outperforms other catalysts across
multiple electrochemical metrics (Fig. 3(c)). To explore the
corresponding ORR mechanism, LSV curves obtained at various
rotation speeds were examined (Fig. S25 in the ESM). The ORR
selectivity of Co-B/N-C was clarified using rotating ring-disk
electrode (RRDE) polarization curves (Fig. 3(d)). The
corresponding H,0O, yield (H,0,%) and electron transfer number
(n) of Co-B/N-C confirm that ORR predominantly follows a four-
electron transfer mechanism (n = 3.9) (Fig. 3(e)).

Both stability and methanol tolerance are the pivotal descriptors
that determine the practical application of electrocatalysts. The
current density remains largely unaffected after methanol
introduction, indicating good methanol tolerance (Fig. S26 in the
ESM). Simultaneously, durability was assessed through an
accelerated degradation test (ADT). The as-developed Co-B/N-C
shows exceptional stability with minimal E;, loss after

Nano Research, 2025, 18, 94907278
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3000 continuous CV cycles (Fig. 3(f)). Larger electrochemical active
surface area (ECSA) offers more active sites thereby enhancing the
catalytic activity (Fig. 3(g) and Fig. S27 in the ESM). Co-B/N-C
showed extraordinary performance when compared to most of the
reported catalysts (Fig. 3(h)). The extremely high stability of Co-
B/N-C may be attributed to the high spin of Co (t,,5e,2) and the
stable architecture.

25 Electrochemical performance of the fabricated Zn-air
batteries

To showcase the practical energy device potential of Co-B/N-C
electrocatalyst, we evaluated a ZAB using it as the cathode.
Meanwhile, another ZAB containing Pt/C was used as a control
(Fig. 4(a)). The Co-B/N-C ZAB achieved an open circuit voltage
(OCV) of 143 V (Fig. 4(b)), and its ability to illuminate light-
emitting devices (LEDs) (inset) underscores its potential for
practical electronic applications. Furthermore, the Co-B/N-C based
ZAB delivered a specific capacity of 802.3 mAh-g, ™, adjacent to
theoretical value (820 mAh-g,, ", Fig. 4(c)). The peak power density
achieved 148.6 mW-cm?, surpassing the 20% Pt/C based ZAB
(Fig. 4(d)). The full discharge curves at various current densities
also validate its sustainability as practical electronic device (Fig. S28

(8) 27 wa | Sci@pen
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Figure3 Polarization curves for ORR of Co-B/N-C and reference samples. (a) Polarization curves for Co-B/N-C and the references. (b) Tafel plots. (c) Comparison of
Tafel, E, .., and E,, of different samples. (d) ORR curves of the electrocatalysts tested by RRDE. (e) H,O, yield and electron transfer number (1). (f) LSV curves of Co-
B/N-C before and after CV testing. (g) ECSA curve corresponding with catalysts. (h) Comparison of activity between target catalyst and most reported catalysts.

in the ESM). The rate performance of two ZABs was further
evaluated (Figs. 4(e) and 4(f)). The Co-B/N-C-based ZAB
demonstrated a stable and higher discharge voltage plateau than the
20% Pt/C-based ZAB at various current densities, demonstrating
enhanced rate capability and durability. The slight change in
potential difference after 400 cycles demonstrates extraordinary
cycling performance (Fig. 4(g) and Fig. S29 in the ESM). This result
demonstrates the excellent rechargeability and multiplier
performance with Co-B/N-C, primarily attributed to the favorable
catalytic performance and robust stability.

2.6 Theoretical study of Co-B/N-C on ORR

To delve into the atomic-level mechanisms behind the superior
ORR behavior of Co-B/N-C, we conducted DFT calculations to
analyze their electronic configuration, bonding characteristics, and
adsorption energy. DFT calculation model derived from the
previous analysis and the EXAFS fitting results (Fig. S30 in the
ESM). Figure 5(a) illustrates the atomic schemes and electronic
structures of Co-N-C and Co-B/N-C. The controlled modulation of
Co spin states from weak to strong styles is achieved by
manipulating the atomic substitution, regulating the Co spin state
from LS to HS. The disparity in charge density at the Co center in
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the presence and absence of B was examined to elucidate the
function of B. As shown in Fig. 5(b), after introducing B, the charge
density of the Co center rises, which is due to the lower
electronegativity of B (2.04) compared to N (3.04). For M-N-C
catalysts with weaker adsorption performance, the enhanced charge
density of the catalytic site facilitates the adsorption with ORR
intermediates. The central Co charge state is quantified using Bader
charge analysis (Fig. 5(c)). The AGy. decreases as the Bader charge
increases, suggesting a stronger interaction with adsorbed oxygen in
Co-B/N-C compared to Co-N-C, which may indicate improved
ORR catalytic activity. Gibbs free energy profiles for Co-B/N-C and
Co-N-C at U = 0 and 1.23 V are shown in Figs. 5(d) and 5(e),
respectively. Relative to Co-N-C, Co-B/N-C exhibits lower
adsorption energy for intermediates in the ORR process. This
suggests that B incorporation enhances the adsorption of ORR
intermediates on the Co site, resulting in a reduction of theoretical
overpotential. In addition, the presence of B reduces the
overpotential of the reaction by 0.56 V. Figure 5(f) shows the
projected density of states (PDOS) for d orbitals of Co-B/N-C.
Owing to the incorporation of the coordinated B, the Co atom in
the Co-B/N-C had more electrons that occupied the d.. . orbital
than that of Co-N-C (Fig. S31 in the ESM). Dramatically, the
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additional m bonds contributed from the Co d. . orbitals
strengthened the weak bonding of ORR intermediates (Fig. 5(g)
and Fig. S32 in the ESM), leading to an enhancement in ORR
performance of Co centers.

3 Conclusions

In summary, we synthesized a single-atom Co-based ORR
electrocatalyst featuring unsymmetrical Co-B/N-C complexes
within MOF-derived hierarchically porous carbon frameworks via
atomic interface engineering. Our thorough research reveals that
the spin-state configuration of 3d orbitals in transition metals is
crucial for enhancing ORR performance. Electron configuration
characteristics and theoretical calculations both indicate that the
adjacent dispersed B atoms can effectively activate the Co sites and
permits an ideal electron (ty5¢,2) filling, which facilitates easy
penetration of the antibonding n-orbital of oxygen, contributing to
the superior ORR performance of Co-B/N-C. The optimized
electronic structure and constrained charge behaviors aid in
modulating the adsorption of oxygenate intermediates, thus
enhancing oxygen electrocatalysis. Our work offers significant
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insights into orbital interaction and charge behaviors, which
provide valuable guidance for designing high-performance catalysts.

Electronic Supplementary Material: Supplementary material
(materials and methods, experimental section, characterization,
electrochemical measurements, computational details, and EXAFS
fitting) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907278.
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