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Cobalt (Co)-based catalysts have emerged as one of the most promising alternatives to ruthenium-based 
materials for oxygen evolution reaction (OER). However, they suffer from dissolution of cobalt active sites 
during OER operation, which leads to structural degradation and deactivation of catalytic centers. Here, 
we present a carbon (C) and nitrogen (N) co-doping strategy to construct a novel Co/Co4(C,N) electrocat-
alyst, in which the interstitial C-N solid solution can effectively stabilize the Co active sites through 
metal–C/N bonding interactions, enabling efficient and durable OER in alkaline media. The Co/Co4(C,N) 
catalyst exhibits exceptional OER performance, achieving an overpotential of only 203 mV at 
10 mA cm−2 and maintaining stability for 300 h, outperforming the benchmark RuO2. Ab initio molecular
dynamics (AIMD) simulations reveal that the interstitial C-N solid solution structure effectively increases
the dissolution energy of Co sites, thereby improving the structural stability of the catalysts. X-ray
absorption spectroscopy, in situ spectroscopy, and theoretical calculations reveal that the incorporation
of interstitial C and N atoms effectively regulates the electronic structure of Co sites and strengthens the
adsorption of OER intermediates, which further anchors Co active centers and enhances the catalytic sta-
bility. This work provides critical insights into stabilizing metal centers through a co-doping strategy to
develop highly active and durable electrocatalysts for energy conversion.
© 2026 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by 

Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, AI
training, and similar technologies.
1. Introductio n

Exploring efficient oxygen evolution reaction (OER) electrocata-
lysts is crucial for advancing renewable energy conversion tech-
nologies [1–5]. However, the OER occurring at the anode involves 
the transfer process of four electrons with sluggish kinetics, which
limits the overall efficiency of electrochemical water splitting [6– 
9]. Currently, Ru-based precious metal materials are widely con-
sidered as benchmark OER electrocatalysts due to their exceptional 
intrinsic activity, yet their practical application is severely hin-
dered by high cost and poor stability [10,11]. Therefore, the
rational design and development of advanced electrocatalysts is 
crucial for achieving sustainable OER applications.

Cobalt (Co)-based catalysts, such as oxides, phosphides, 
nitrides, carbides, and fluorides, have attracted significant atten-
tion as promising OER alternatives owing to their earth abundance,
tunable electronic configurations, and rich structural diversity [12– 
17]. However, the electrochemical stability of Co-based catalysts is 
compromised by the leaching and dissolution of metal cations dur-
ing the OER process [18,19], leading to undesirable structural dis-
integration and subsequent deactivation of the catalytic centers. 
Hence, employing effective strategies to stabilize Co active sites 
under oxidative conditions is essential to achieve durable alkaline 
OER electrocataly sis. Recent studies suggest that metal doping can
modulate the electronic properties of OER catalysts, optimizing the
adsorption and desorption of oxygen intermediates while enhanc-
ing catalyst durability [20,21]. For instance, Yu et al. reported that 
Mn doping into the LaCoO3 to form perovskite oxide LaCo1−xMnxO3
reserved,

https://doi.org/10.1016/j.jechem.2026.04.058
mailto:jxguo1012@163.com
mailto:a.oganov@skoltech.ru
mailto:jdz@xju.edu.cn
https://doi.org/10.1016/j.jechem.2026.04.058
http://www.sciencedirect.com/science/journal/20954956
http://www.elsevier.com/locate/jechem


 

J. Min, H. Li, X. Wu et al. Journal of Energy Chemistry 119 (2026) 53–63
achieves a dynamic dissolution-deposition equilibrium of cobalt 
species. The self-catalysis of Mn promotes the redeposition of lea-
ched Co as CoO2, which ensures the long-term stability [22].  Li
et al. demonstrated that doping Ru single atoms into cobalt nitride 
lattices facilitates surface reconstruction and suppresses irre-
versible cobalt dissolution under OER conditions [23]. Beyond 
metal doping, non-metallic elements with high electronegativity 
(such as B, C, N, F, and P) have also been introduced into transition 
metal lattices to enhance the hybridization of d-p orbitals and
strengthen the bonding interactions, thereby tuning the adsorption
strength and stabilizing the catalytic sites [24–29]. For example, Ji 
et al. found that fluorine doping into the CoFe2O4 electrocatalyst 
induced charge redistribution and accelerated CoOOH formation,
improving the reaction kinetics and catalytic activity of OER [27]. 
Furthermore, simultaneous doping of multiple elements can lever-
age the synergistic effect of species with distinct electronic config-
urations to further stabilize metal centers for superior OER
efficiency [30–32]. For instance, Huang et al. co-incorporated N 
and P dopants into MoS2 nanorods, which occupy partial S-
vacancies and trigger phase transformat ion, regulating the elec-
tronic structure and d-band center of MoS2@NPC and enabling
enhanced OER performance [28]. Therefore, adopting the co-
doping approach represents a promising strategy can effectively 
modify the electronic structure of the anchored metal centers 
and modulate the adsorption strength of the intermediates, ulti-
mately enhancing both the electrocatalytic performance and sta-
bility under harsh operating conditions.

In this work, we report a carbon (C) and nitrogen (N) co-doping 
strategy to fabricate a novel Co/Co4(C,N) electrocatalyst, compris-
ing metallic cobalt and interstitial C-N solid solution with metal– 
C/N bonding interactions, for efficient alkaline OER. Specifically, 
the C and N co doping was performed via chemical vapor deposi-
tion (CVD) using melamine as the carbon and nitrogen source. 
The Co/Co4(C,N) catalyst exhibits exceptional OER activity with 
an overpotential of only 203 mV to reach 10 mA cm−2 and main-
tains stable operation for 300 h, outperforming most reported 
Co-based catalysts as well as the state-of-the-art RuO2. Ab initio 
molecular dynamics (AIMD) simulations demonstrate that the 
interstitial solid solution structure increases the dissolution energy 
of Co sites, thereby imparting enhanced stability. The incorpora-
tion of interstitial C and N atoms effectively modulates the elec-
tronic structure of Co centers, as evidenced by X-ray absorption
spectroscopy, in situ spectroscopy, and theoretical calculations,
leading to strengthened adsorption of OER intermediates. Specifi-
cally, integrated crystal orbital Hamilton population (ICOHP) and
d-band center analyses indicate that the interstitial atoms bolster
the binding strength between active Co atoms and adsorbed oxy-
gen intermediates, which immobilizes surface Co sites and thus
improves catalytic stability. This work innovatively explored the
interstitial solid-solution structure to stabilize cobalt active sites
during OER electrolysis, offering crucial insights into the design
of future catalysts for water electrolysis.

2. Experimen tal

2.1. Materials 

Cobalt (II) chloride hexahydrate (CoCl2 6H2O, ≥98.0%), ammo-
nium fluoride (NH4F, ≥98.0%), urea (CH4N2O, ≥99.5%), melamine 
(C3N6H6, 99%), and potassium hydroxide (KOH, 95%) were 
purchased from Energy Chemical. Nafion solution (5 wt%) and 
ruthenium (IV) oxide (RuO2, 99.9%) were purchased from Sigma-
Aldrich. Carbon cloth (CC) was purchased from Taiwan Carbon
Technology Co., Ltd. CC substrates were typically cleaned by
sequential ultrasonication in 3 M HCl solution, deionized water,
and ethanol for 30 min each to eliminate impurities. All the chem-
54
icals were directly used as received without any further
purification.

2.2. Sample preparation

2.2.1. Synthesis of Co-based precursors
The Co-based precursor Co(CO3)0.5OH (denoted as CoCH) on CC 

was synthesized via a simple hydrothermal method. First, 1 mmol 
of CoCl2 6H2O, 2 mmol of NH4F, and 5 mmol of CH4N2O were dis-
solved into 15 mL of deionized water and ultrasonicated for 30 min 
to obtain a well-dispersed solution. The above mixed solution was 
then transferred to a 25 mL Teflon-lined stainless-steel autoclave 
containing a clean CC substrate (2 cm×3 cm). Subsequently, the
sealed autoclave was heated at 120 °C for 6 h to facilitate in situ
growth of the CoCH precursor on the CC substrate. After the reac-
tion, the obtained CoCH/CC precursor was sequentially rinsed sev-
eral times with deionized water and subsequently dried at 60 °C.

2.2.2. Synthesis of interstitial solid solution Co/Co4(C,N)
The interstitial solid solution Co/Co4(C,N) was prepared via the 

CVD method. Specifically, 1.5 g of C3H6N6 and the CoCH/CC precur-
sor were placed at the upstream and center in a tubular furnace, 
respectively. Then, the tube furnace was heated to 800 °C for 5 h 
with a ramping rate of 5 °C min−1 under the N 2 atmosphere to
obtain Co/Co4(C,N). Moreover, the loading amount of as-prepared
Co/Co4(C,N) on CC catalyst was ∼1.7 mg cm−2. For comparison,
the Co/Co4(C,N)-8h sample was synthesized using the same proce-
dure, except that the heat treatment time was increased to 8 h.

2.2.3. Synthesis of RuO 2 electrode
Commercial RuO2 powder (5 mg) was dispersed in 1 mL of a 

mixture containing 980 lL of ethanol and 20 lL of Nafion solution 
(5 wt%). After ultrasound for at least 30 min, a homogeneous cata-
lyst ink was achieved. Then, 240 lL of the ink was uniformly
dripped onto CC substrate with a size of 0.35 cm2, resulting in a
catalyst loading of 1.7 mg cm−2.

3. Results and discussion

3.1. The design of interstitial C-N solid solution

The structural design pathway for interstitial C-N solid solution

Co4(C,N) is illustrated in Fig. 1(a). The a-Co with the Fm m space 
group features large [Co6] octahedral interstices, which are suffi-
ciently spacious to accommodate a N or C atom, forming [NCo6]
or [CCo6] octahedra. According to the Hagg’s rule [33,34], carbon 
atom has an atomic radius similar to that of nitrogen (RC = 0.77 
Å, RN = 0.74 Å). Moreover, the radius ratios of both C and N to 
the Co atom (RC/RCo = 0.616, RN/RCo = 0.600) slightly exceed the 
critical threshold of 0.59. Consequently, only one of the four octa-
hedral interstitial sites in the a-Co lattice is occupied by a C or N
atom, forming the cubic antiperovskite structure with the C or N
atom located at the body center, thereby resulting in the chemical

formulas Co4C or Co4N and a reduction in symmetry to the Pm m 
space group.

Then, the geometry optimization of Co4C and Co4N were first 
performed using density functional theory (DFT) calculations, and 
the lattice geometry was fully relaxed with respect to both the unit
cell and atomic positions. The resulting optimized structures with
lattice constants found that the two phases exhibit nearly identical
lattice constants of = 3.73 Å and = 3.72 Å, indicating 
that the two compounds are capable of forming a continuous solid 
solution Co4(C,N). As the parent phases of this continuous solid
solution, Co4N is a known compound, whereas Co4C remains
experimentally unreported. Herein, we conducted crystal structure
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Fig. 1. (a) Schematic illustration of the design of interstitial C-N solid solution Co4(C,N). (b) Convex hull diagram for the Co-C binary system. Dissolution energy for surface Co 
atoms for (c) Co, (d) Co4C, and (e) Co4N using the slow-growth approach, and (f–h) the corresponding structural models and the schematic diagram of the dissolution
pathways.
prediction (CSP) using USPEX to evaluate the Co4C phase. Initially, 
fixed-composition CSP was performed for Co 4C at a Co:C ratio of
4:1, which resulted in 24 distinct predicted structures. Fig. 1(b) 
presents the obtained convex hull of the Co–C system to evaluate 
thermodynamic stability. The compounds located at the convex 
hull have formation enthalpies equal to zero, implying that they 
are thermodynamically stable. In contrast, the compounds posi-
tioned above the convex hull are thermodynamically metastable, 
with their formation enthalpies corresponding to the vertical dis-
tance from the convex hull. The red square markers represent
the reported Co-C binary compounds, among which only two
cobalt carbide phases, Co2C and Co3C, have been found thus far.
Based on the CSP results, the lowest-energy phase of Co4C is pre-
dicted to be about 0.13 eV atom−1 above the convex hull, while

the targeted Pm m structure lies over 0.22 eV atom−1 in energy. 
The high formation enthalpy of cobalt carbide signifies its meta-
stable nature, posing a significant thermodynamic challenge for 
the synthesis of bulk Co4C. Nevertheless, such metastable com-
pounds could be stabilized on appropriate surfaces. Yue et al.
reported the copper boride formed on Cu crystal surfaces despite
the absence of bulk copper boride phases [35]. This result revealed 
the feasibility of experimentally synthesizing cobalt carbide on the
Co surfaces.

To evaluate the stability of surface Co sites after introducing 
interstitial atoms in a pure water environment, we performed con-
strained AIMD simulations on the parent phases (Co, Co4C, and 
Co4N) using the slow-growt h approach with an explicit solvent
model. The resulting dissolution energy profiles along the reaction
path for Co, Co4C, and Co4N were used to simulate the dynamic

3
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process and free energy of surface Co atoms dissolved into water. 
A higher dissolution energy value signifies that the Co atoms are
less prone to detach from the surface, implying a lower dissolution
tendency and higher stability. As illustrated in Fig. 1(c–e), the Co4C 
(8.22 eV) and Co4N (8.39 eV) exhibit more positive dissolution 
energy of surface Co atoms than the Co (7.91 eV); the higher disso-
lution energy suggests that the surface Co atoms in Co4C and Co4N 
are more difficult to dissolve out. Moreover, the structural config-
urations of the initial state (IS) and final state (FS), along with the
corresponding dissolution pathways of Co atoms for Co, Co4C, and
Co4N, are presented in Fig. 1(f–h). Based on the above analysis of 
kinetic stability in aqueous environments, interstitial C-N solid 
solution Co4 (C,N) demonstrates enhanced stability relative to
metallic Co and thus emerges as a potential alternative.

3.2. Synthesis and structural characterizations

The interstitial solid solution Co/Co4(C,N) catalyst supported on 
conductive CC was synthesized through a two-step process
(Fig. 2a). First, cobalt-based CoCH nanowire precursors were grown 
hydrothermally on the CC substrate (Figs. S1–S4). Then, C and N 
co doping was performed via the CVD method under an inert 
atmosphere, where melamine served as both the carbon and nitro-
gen source, to obtain the final interstitial solid solution Co/Co 4(C,N)
catalyst. The crystallographic structure of the interstitial solid solu-
tion Co/Co4(C,N) was characterized by X-ray diffraction (XRD) with
a scan step of 0.01°, as depicted in Fig. 2(b). The weak diffraction 
peaks observed at 44.12° and 51.46° correspond to the (111) and
(200) facets of the cubic phase metallic Co (PDF#01-089-7093).
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Fig. 2. (a) Schematic illustration of the synthetic process of Co/Co4(C,N) solid solution catalyst. (b) XRD patterns of Co/Co4(C,N) and reference Co4N. Inset: the corresponding 
crystal structure models. Right: the corresponding local enlargement. (c) Normalized Co K-edge XANES spectra of Co foil and Co/Co4(C,N). The inset shows a local magnified
region. (d) FT-EXAFS spectra (circles) and corresponding fitting curves (lines) for Co foil and Co/Co4(C,N). (e) Co K-edge EXAFS fitting analyses for Co/Co4(C,N). WT-EXAFS
contour plots of (f) Co foil and (g) Co/Co4(C,N).
The standard pattern of the known Co4N phase (PDF#04 -021-
6262) was used as a reference [36,37]. The incorporation of inter-
stitial N atoms expands the Co lattice constant from 3.552 Å for a-
Co to 3.570 Å for Co4N, which in turn shifts the correspond ing
diffraction peak from 44.2° for Co to a lower angle of 43.9° for
Co4N, as clearly seen in the magnified pattern (Fig. 2b, right panel). 
Notably, it is observed that after doping with C and N, the 2h peak 
in the (111) direction of the Co/Co4(C,N) sample shows a clear shift 
of 0.6° toward a lower angle compared to that of Co4N. This shift
can be attributed to the entry of interstitial C and N atoms into
the Co lattice, resulting in a lattice expansion of the Co framework
(Table S1). As the reaction time was increased from 5 to 8 h, the 
(111) peak of the Co/Co4(C,N) catalyst slightly shifted to a lower 
angle from 43.31° to 43.26°, further confirming the successful for-
mation of an interstitial solid solution structure.

X-ray absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) spectroscopy were further 
performed to disclose the coordination environments of Co/
Co4(C,N). As seen in the normalized Co K-edge XANES spectra
(Fig. 2c), the absorption edge of the Co/Co4(C,N) shifts to higher 
energy compared to that of Co foil, which clearly reveals the pro-
nounced electron transfer from Co to C/N atoms. The Fourier-
transformed (FT) Co K-edge EXAFS spectra of samples in Fig. 2(d)
56
reveal distinct local structures for Co/Co4(C,N). The prominent peak 
at 1.45 Å is attributed to the Co–C/N first coordination shell, while 
the peak at 2.11 Å corresponds to a Co–Co scattering path, suggest-
ing the presence of metallic cobalt and an interstitial C-N solid 
solution Co4(C,N), consistent with the characteristics observed in 
the XRD results. In contrast, the Co foil reference exhibits a single
coordination peak at a distance of 2.15 Å, corresponding to metallic
Co–Co coordination. We have fitted the coordination environment
of Co atom in Co foil and Co/Co4(C,N) to analyze the structural dif-
ferences in more detail, and the fitting results are shown in Fig. 2 
(e) and Table S2, in agreement with the experimental spectra. 
The Co atoms in Co/Co4(C,N) have two coordination structures of 
Co–Co and Co–C/N, with the Co–C/N bond length of 1.92 Å with 
coordination number (CN) of 2.7. Meanwhile, the Co–Co bond 
length of 2.44 Å with CN of 8.8 proves the presence of Co/Co4(C, 
N) solid solution. In addition, the coordination environment can 
be further visualized by the corresponding wavelet transform 
(WT) analysis. The WT contour plot of Co/Co4(C,N) presents a dom-
inant intensity maximum signal at 4.12 Å−1, attributed to Co–C/N
coordination, along with a weaker feature at 6.92 Å−1 indicative
of Co–Co bonding. These findings confirm that Co species are pri-
marily in the form of Co–C/N and Co–Co bonds, which is distinctly
different from the reference Co foil (Fig. 2f, g). Therefore, the above
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results confirm the successful synthesis of interstitial solid solution
Co/Co4(C,N) composite.

3.3. Composition and morphologic al characterizations

X-ray photoelectron spectroscopy (XPS) was conducted to 
probe the surface compositions and chemical states of interstitial 
solid solution Co/Co4(C,N). The survey spectrum confirms the pres-
ence of Co, C, N, and O signals in Co/Co4(C,N) (Fig. S5). As displayed 
in Fig. 3(a), the high-resolution Co 2p spectra of Co/Co4(C,N) fea-
tures two main peaks corresponding to the Co 2p3/2 and Co 2p1/2 

spin-orbit doublets, along with their shake-up satellite peaks. 
Specifically, the dominant peaks at 779.6 and 795.4 eV are assigned 
to metallic Co (Co0 ), while the peaks at 781.7 and 797.2 eV and the 
peaks at 785.4 and 802.1 eV were ascribed to the Co–C/N bond and
satellite peaks, respectively. Meanwhile, the C 1s spectrum of Co/
Co4(C,N) can be deconvolved to the characteristic peaks of Co–C
(283.5 eV), C–C (284.8 eV), C–N (287.2 eV), and O–C=O bonds
(290.9 eV) (Fig. 3b). Additionally , Fig. 3(c) shows the spectrum of 
N  1s with three peaks corresponding to the Co–N (397.4 eV) [38], 
N–H (399.4 eV) [39], and N–O (402.1 eV) bonds for Co/Co4(C,N).
Fig. S6 exhibits the O 1s spectra of Co/Co4(C,N). The binding ener-
gies at 530.2 and 531.1 eV were assigned to lattice oxygen (OL) and 
oxygen vacancies (Ov), respectively. Raman analysis further con-
firms the characteristic peaks detected at 183, 457, 497, and
657 cm−1 in the spectrum of Co/Co4(C,N) (Fig. 3d). In addition, 
the scanning electron microscopy (SEM) image shows that intersti-
tial solid solution Co/Co4(C,N) displays carbon nanotubes (CNTs) 
morphology, in which the in situ grown CNTs intertwine to form
a three-dimensional interconnected conductive network (Fig. 3e). 
Subsequently, high-resolution transmission electron microscopy 
(HRTEM) images further verify its nanotubular morphology and
the crystal structure of solid solution Co/Co4(C,N) (Fig. 3f, g). The 
spacings of lattice fringes are measured to be 0.208 and 
0.145 nm, corresponding to the (111) and (211) crystal planes of 
Co/Co4 (C,N), respectively, indicating the in situ formation of inter-
stitial solid solution Co/Co4(C,N). The corresponding fast Fourier
transform (FFT) analysis (inset of Fig. 3g) exhibits two diffraction 

spots of (111) and (211) planes oriented along the [01 zone axis. 
Meanwhile, Fig. 3(h and i) presents the inverse FFT (IFFT) pattern
from the Fig. 3(g), and the corresponding intensity profile analysis
can be seen in Fig. 3(j). Energy-dispersive X-ray spectroscopy (EDS) 
mappings and the corresponding spectrum (Figs. S7 and S8) further 
indicate the uniform distribution of Co, C, N, and O elements in
interstitial solid solution Co/Co4(C,N) (Fig. 3k). Inductively coupled 
plasma-optical emission spectroscopy (ICP-OES) analysis revealed 
that the Co content in solid solution Co/Co4(C,N) was 3.25 wt%
(Table S3).

3.4. Electrocatalytic performance for alkaline OER

The OER performance of Co/Co4(C,N) was evaluated in the O2-
saturated 1.0 M KOH electrolyte by employing a conventional 
three-electrode setup. Before the measurements, the reference
electrode was calibrated relative to the reversible hydrogen elec-
trode (RHE) (Fig. S9). As shown in Fig. 4(a), the linear sweep 
voltammetry (LSV) curves at a current density of 10 mA cm−2 show 
that the overpotential of Co/Co4(C,N) catalyst was only 203 mV, 
much lower than that of CoCH (380 mV), commercial RuO2 (de-
noted as Com. RuO2) (316 mV), and blank CC (651 mV). In addition, 
the Co/Co4(C,N) exhibited the lowest Tafel slope of 74.9 mV dec−1

compared to the control samples, including Com. RuO2

(81.3 mV dec−1) and CoCH (102.6 mV dec−1), indicating more
favorable kinetics in the OER process (Fig. 4b). Meanwhile, the 
overpotentials of the studied samples at 10 and 100 mA cm−2,

1] 
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along with the Tafel slopes, were presented in a bar chart, revealing
its superior OER activity for Co/Co4(C,N) (Fig. 4c, Fig. S10). The 
kinetics of electrocatalytic reactions is primarily governed by inter-
facial charge transfer between electrocatalysts and adsorbates. The 
charge-transfer resistances (Rct) of the catalysts were obtained
from the electrochemical impedance spectroscopy (EIS). As shown
in Fig. 4(d), the Co/Co4(C,N) displayed the smallest Rct of 5.22 X 
compared to CoCH (50.04 X) and Com. RuO 2 (28.76 X), indicating
the fastest reaction kinetics. Cyclic voltammetry (CV) measure-
ments (Figs. S11–S13) were employed to assess the electrochemi-
cally active surface areas (ECSA) of the electrocatalysts, derived 
from their electrochemical double-layer capacitance (Cdl). Notably, 
Co/Co4(C,N) exhibited the largest Cdl value of 26.9 mF cm −2, which
was higher than that of the controls including Com. RuO2

(17.8 mF cm−2) and blank CC (1.1 mF cm−2) (Fig. 4e), suggesting 
a significant increase in the number of active sites. To assess speci-
fic catalytic activities, the current density at 1.53 V vs. RHE was 
normalized by the ECSA of Co/Co4(C,N) and Com. RuO2 catalysts. 
The results reveal that the value for Co/Co4(C,N) (0.056 mA cm−2)
is approximately 3.73 times higher than that of Com. RuO2

(0.015 mA cm−2), emphasizing the superior intrinsic catalytic
activity of Co/Co4(C,N) (Fig. 4f). Furthermore, the stability of the 
Co/Co4(C,N) catalyst in OER was evaluated using a chronopoten-
tiometry test. As shown in Fig. 4(g), the co-doped Co/Co4(C,N) cat-
alyst maintained stable operation for 300 h at 10 mA cm−2 with no 
obvious activity degradation. In sharp contrast, the undoped Co 
sample and Com. RuO2 suffered from a rapid potential increase 
within just 30 h. This difference highlights that the co-doping of 
interstitial C and N plays an important role in inhibiting Co disso-
lution and enhancing catalytic stability under alkaline OER condi-
tions. To further investigate the structural and chemical stability
of Co/Co4(C,N) catalyst, XRD, HRTEM, and XPS characterizations
were conducted after the OER tests. No significant crystal structure
transformation of the Co/Co4(C,N) was observed, as shown by the
XRD in Fig. S14, indicating that the structure of Co/Co4(C,N) cata-
lyst was maintained. The XPS analysis for the catalyst, specifically 
the binding energy of Co 2p for Co/Co4(C,N) after the stability test,
exhibited a slight shift toward higher binding energy values
(Figs. S15, S16), suggesting partial oxidation of Co sites. Mean-
while, the HRTEM images revealed that the nanotubular morphol-
ogy of the Co/Co4(C,N) catalyst after the OER remains unchanged
(Fig. S17a). Notably, the lattice fringe corresponding to the (111) 
plane of the Co/Co4(C,N) was still visible in the HRTEM images after
the OER test (Fig. S17b). To investigate the composition change of 
the Co/Co4(C,N) electrode during the stability test, the metal ion 
dissolution in the electrolyte during OER electrolysis was moni-
tored using inductively coupled plasma mass spectrometry (ICP-
MS). Fig. S18 shows that the Co ions leached out of the Co/Co4(C, 
N) catalyst rapidly during the initial 2.5 h of the reaction, and the 
concentration of dissolved Co ions remained essentially stable dur-
ing the subsequent prolonged OER reaction, with no obvious 
increase observed thereafter. These results demonstrate that the
Co/Co4(C,N) electrocatalyst possesses excellent chemical and struc-
tural stability during long-term OER tests. In addition, a compar-
ison of the other reported Co-based counterparts is shown in
Fig. 4(h) (Table S4), further confirming the outstanding catalytic
behavior of Co/Co4(C,N).

3.5. Electrocatalytic mechanism analysis

In situ EIS measurements were conducted at different applied 
potentials to further elucidate the charge transport behavior at
the electrode-electrolyte interfaces. The Nyquist plots (Figs. S19 
and S20) and the fitted equivalent circuit parameters (Table S5) 
show that the Rct values of Co/Co4(C,N) are much smaller than 
those of CoCH at all applied potentials tested, confirming its faster
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Fig. 3. High-resolution XPS spectra of (a) Co 2p, (b) C 1s, and (c) N 1s for Co/Co4(C,N). (d) Raman spectra of Co/Co4(C,N). (e) SEM image of Co/Co4(C,N). (f, g) HRTEM images of 
Co/Co4(C,N) and the corresponding FFT pattern shown in the inset. (h, i) The IFFT patterns and (j) the corresponding intensity profile analysis. (k) EDS mappings of the Co/
Co4(C,N).
reaction kinetics during the alkaline OER process. In the Bode 
phase plots, the electron transfer response within the catalyst 
occurs in the high-frequency region of 102 –10 4 Hz, while the
charge transfer response at the catalyst-electrolyte interface is
observed in the low-frequency region of 10−2–102 Hz [40,41].  As
shown in Fig. 5(a and b), Co/Co4(C,N) displays relatively smaller 
phase angles in the low-frequency region of the Bode plots com-
pared with CoCH, with these peaks decreasing more rapidly as
the potential increases, further suggesting accelerated charge
transfer capability at the Co/Co4(C,N) interface and enhanced OER
rate.

To elucidate the OER catalytic mechanism of Co/Co4(C,N), the 
pH dependence of Co/Co 4(C,N) was investigated in KOH electrolyte
with different pH values (Fig. 5c) [42,43], which exhibited strong 
pH-dependent activity. As shown in Fig. 5(c) (top panel), the OER 
activity of Co/Co4(C,N) markedly decreases upon tetramethylam-
monium cation (TMA+ ) addition, indicating the strong binding 
between TMA+ and negatively charged oxygen species generated 
during the OER catalytic process. Combined with the pH-
dependent results, these findings confirm that the OER on Co/
Co4(C,N) primarily follows the lattice oxygen oxidation mechanism
(LOM) [44]. Furthermore, the surface coverage of the key OER 
intermediate, OH*, was assessed via competitive methanol oxida-
tion reaction (MOR) experiments [45,46]. Methanol molecules pre-
fer to nucleophilically attack the electrophilic OH; therefore, MOR 
can be applied to detect OH* coverage. We then applied a methanol
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molecular probe to measure the OH* coverage on Co/Co 4(C,N) cat-
alyst. As shown in Fig. 5(c) (bottom panel), Co/Co4(C,N) exhibits a 
more pronounced MOR current density enhancement, suggesting 
stronger OH* adsorption and higher OH* coverage on Co/Co4(C,N)
catalyst to motivate OER.

Furthermore, in situ 18 O isotope-labeling differential electro-
chemical mass spectrometry (DEMS) measurement was performed 
to provide direct evidence for the lattice oxygen-participated LOM 
pathway in OER. The Co/Co4(C,N) catalyst was first subjected to 
LSV measurements for electrochemical pretreatment in 1.0 M 
KOH electrolyte with H2 

18 O as the solvent to label 18 O onto the sur-
face of catalysts. If the LOM governs the OER, 18O would be incor-
porated into and exchanged with oxygen atoms in the lattice
structure of the catalyst during this pretreatment. Subsequently,
the 18O-labeled catalyst was transferred to an H2

16O solution for
further LSV measurements, while DEMS continuously monitored
the gaseous products. The DEMS results (Fig. 5d) revealed that pro-
nounced periodic signals at m/z = 32, m/z = 34, and m/z = 36 were 
detected during the OER process for Co/Co4(C,N), suggesting the 
presence of 32 O2 (16 O16 O), 34 O2 (16 O18 O), and 36O2 (18O18O) in the
products. This result unambiguously implies the engagement of
lattice oxygen during OER for Co/Co4(C,N), confirming that the
LOM is the main OER pathway [42,47,48]. Specifically, the amount 
of 34 O2 evolved for Co/Co4(C,N), reflecting the participation of 
lattice oxygen (34 O2 originates from the combination of 18O in
the lattice and 16O in the water), is around 2.91%, which is
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Fig. 4. (a) LSV curves, (b) Tafel slopes, and (c) Bar charts of overpotentials at 10 mA cm−2 and Tafel slopes. (d) EIS Nyquist plots. Inset: equivalent circuit model. (e) Cdl plots. (f) 
ECSA-normalized current density values of Co/Co4(C,N), Com. RuO2, and CC at 1.53 V vs. RHE. (g) Chronopotentiometry stability tests of Co/Co4(C,N), Co, and Com. RuO2. (h)
Comparison of alkaline OER activity with other reported Co-based electrocatalysts.
significantly higher than the natural isotopic abundance of 18O in
water (≤0.2%) [49]. This evidence further confirms that lattice oxy-
gen in Co/Co 4(C,N) directly participates in the OER process.

We further carried out in situ attenuated total reflection-surface 
enhanced infrared absorption spectroscopy (ATR-SEIRAS) on the 
Co/Co 4(C,N) catalyst to monitor the reaction intermediates during
the OER. As illustrated in Fig. 5(e), no obvious peaks were found 
at the open circuit potential (OCP). Upon applying anodic poten-
tials, a relatively weak peak appeared at 1650 cm−1, corresponding
to the H–O–H bending vibration of water molecules [50]. Mean-
while, two pronounced absorption peaks appeared at around 
1084 and 1230 cm−1 , and their intensities increased with increas-
ing applied potential. These peaks can be assigned to the emer-
gence of the O–O stretching of surface-adsorbed OO*
intermediates during the OER [51,52], further supporting the con-
clusion that Co/Co4(C,N) follows the LOM pathway. This result pro-
vides direct evidence for the involvement of lattice oxygen of the
OER for Co/Co4(C,N), which is well consistent with the findings
from DEMS measurements.
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3.6. Theoretical insights into the OER mechanism

The Co/Co4(C,N) catalyst compositionally comprises two phases, 
namely metallic a-Co and interstitial C-N solid solution Co4(C,N). 
Moreover, Co4C and Co4N (the case of C-only or N-only doping) 
serve as counterparts maintaining an identical face-centered cubic 
cobalt skeleton. Therefore, to probe the effects of undoped, C-only, 
or N-only doped, and co-doped systems, separate slab models of 
Co, Co4C, Co4N, Co4(C,N), and Co/Co4(C,N) were constructed for the-
oretical calculations. The (110) surface of these models was built 
based on the exposed facets identified by HRTEM. DFT calculations
were then performed to provide insight into the alkaline OER
mechanism. Identifying the most stable surface termination under
actual reaction conditions is crucial. During the OER process in an
alkaline medium, the pristine surfaces of Co-based catalysts
undergo progressive oxidation to form active oxide/oxyhydroxide
layers. To determine the actual surface states of the Co, Co4C,
Co4N, Co4(C,N), and Co/Co4(C,N) catalysts under OER conditions,
we initially constructed surface models covered with one
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Fig. 5. Bode phase plots of (a) CoCH and (b) Co/Co4(C,N) for OER at different potentials. (c) Left: LSV curves of Co/Co4(C,N) in 1.0 M KOH with different pH values. Right: LSV 
curves of Co/Co4(C,N) in 1.0 M KOH with and without TMAOH (top) and CH3OH (bottom), respectively. (d) DEMS signals of 32O2, 34O2, and 36O2 from the gas products for 18O-
labeled Co/Co4(C,N) in 1.0 M KOH with H2

16O as the solvent. (e) In situ ATR-SEIRAS spectra of Co/Co4(C,N).
monolayer (1 ML) oxygen species (O* and OH*) (Figs. S21–S23). 
Subsequently, we present the surface Pourbaix diagrams [53] for 
Co, Co4C, Co4N, Co4(C,N), and Co/Co4(C,N) (110) facets at the stan-
dard hydrogen electrode (U = SHE, pH = 14) in Fig. 6(a–c) and 
Fig. S24, which exhibit three distinct regions, including pristine, 
OH, and O terminations. The results clearly indicate that all sur-
faces are pre-covered with approximately 1 ML O* under OER con-
ditions. The O*-terminated structure was identified as the most
stable among all compounds examined in this study. Consequently,
we selected the corresponding surface structure with the most
stable 1 ML O* coverage for further activity calculations.

The aforementioned experimental results confirmed that lattice 
oxygen in Co/Co4(C,N) directly participates in the OER. A complete 
reaction pathway for the LOM under alkaline OER conditions is
provided, as detailed in the schematic diagram of Fig. 6(d), which 
comprises four distinct electrochemical steps, including O–O cou-
pling, O2 release, and OH* recovery steps [54]. Moreover, the Gibbs 
free energy of the OER steps on Co, Co4C, Co4N, Co4(C,N), and Co/
Co4(C,N) through the LOM pathway was calculated, as shown in
Fig. 6(e). The optimized structure models with adsorbed oxygen
intermediates are detailed in the Figs. S25–S29. Notably, Co exhi-
bits a significantly lower energy barrier (0.676 eV) than Co4C 
(0.992 eV), Co4N (1.339 eV), Co4(C,N) (1.026 eV), and Co/Co4(C,N) 
(0.965 eV) under the equilibrium potential (U = 1.23 V). Mean-
while, we can find that the C and N co-doped Co framework exhi-
bits an energy barrier that lies between those of the C-doped and
N-doped counterparts. It is notable that the Co/Co4(C,N) exhibits
a significantly lower kinetic barrier than both singly doped and
co-doped phases, which rationalizes the enhanced catalytic perfor-
mance observed experimentally.

More specifically, the projected crystal orbital Hamilton popula-
tion (pCOHP) was used to analyze the bonding strength between
active metal centers and the oxygen intermediates [55]. The inte-
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grated COHP (ICOHP) was calculated to quantify the bonding 
strength of the active Co sites and adsorbed O intermediates. The 
higher the absolute values of the ICOHP, the stronger the bonding
interactions. As shown in the left panels of Fig. 6(f–h) and Fig. S30, 
compared with Co (−2.087 eV), the ICOHP values for Co4C, Co4(C, 
N), and Co4N were determined to be −2.515, −2.518, and 
−2.521 eV, respectively, indicating a progressive enhancement of 
the Co–O bonding strength upon the interstitial incorporation of 
C and N atoms. Meanwhile, Co4(C,N) shows a moderate Co–O 
bonding strength with simultaneous C and N doping, which lies 
between those of Co 4C and Co4N. Strikingly, Co/Co4(C,N) achieves
a ICOHP value of −2.106 eV, which is slightly stronger than that
of Co (−2.087 eV) and significantly weaker than that of the Co4C,
Co4N, and Co4(C,N), representing an optimized bonding strength
between the Co center and the oxygen intermediate.

Moreover, projected density of states (PDOS) was calculated to 
investigate the orbital interactions between Co 3d and O 2p states. 
Generally, the d-band center serves as a key descriptor of the bind-
ing strength between the metal active centers and adsorbates. The
d-band center closer to the Fermi level (Ef) will induce a stronger
binding strength with adsorbates [56]. As shown in the right panels
of Fig. 6(f–h) and Fig. S30, the d-band centers of Co4C  (−2.051 eV), 
Co4N  (−1.933 eV), and Co4(C,N) (−1.942 eV) are shifted to higher 
energies compared to that of Co (−2.286 eV), which signifies 
strengthened adsorption of the O intermediate species after incor-
poration of C and N atoms. Notably, the d-band center of Co/Co 4(C,
N) is shifted to −2.228 eV to achieve a desirable adsorption capac-
ity of O intermediates compared with that of Co (−2.286 eV) and
Co4(C,N) (−1.942 eV), which is beneficial for the OER process and
aligns with the COHP results.

The above findings suggest that the primary catalytic activity 
originates from the metallic Co, the interstitial C-N solid solution
Co4(C,N) reinforces the adsorption strength of OER intermediate
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Fig. 6. Calculated surface Pourbaix diagram as a function of potential vs. SHE for (a) Co, (b) Co4(C,N), and (c) Co/Co4(C,N). (d) LOM schematic illustration of OER mechanisms. 
The empty square represents the oxygen vacancy. (e) Gibbs free energy diagrams of the OER process for Co, Co4C, Co4N, Co4(C,N), and Co/Co4(C,N). The inset shows the
schematics of the structural models; the pink, grey, white, and red spheres represent Co, C, H, and O atoms, respectively. The pCOHP (left) and PDOS (right) for the (f) Co, (g)
Co4(C,N), and (h) Co/Co4(C,N).
species to anchor surface Co atoms. Thus, from the perspective of 
electronic structure, the optimized OER performance of Co/Co4(C,
N) is attributed to the optimal balance between high electroactiv-
ity and stability.

4. Conclusion s

In summary, we have successfully constructed a new interstitial 
solid solution Co/Co4(C,N) electrocatalyst by co-doping C and N to 
address the critical issue of Co sites dissolution in Co based OER 
catalysts. AIMD simulations reveal that the interstitial C-N solid-
solution structure can increase the dissolution energy of the Co 
active center. Moreover, COHP and d band center analyses demon-
strate that the incorporation of interstitial C and N atoms can effec-
tively modulate the electronic configuration of the Co active center,
thereby enhancing the adsorption of OER intermediates and fur-
ther anchoring Co sites to improve catalyst durability. This work
innovatively explores the utilization of an interstitial solid solution
for sustaining metal cobalt sites under OER electrolysis and
61
provides crucial insights into future catalyst design for water
electrolysis.
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