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ABSTRACT: Designing cost-effective and durable bifunctional electrocatalysts with high activity for the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) is crucial for large-scale hydrogen production through water splitting.
However, many electrocatalysts undergo surface or bulk reconstruction, leading to an unstable catalytic activity. In this study, we
present a facile N2 plasma strategy to enhance the electrocatalytic activity of cobalt-fluoride-oxide (CoFO, herein NCoFO)
nanosheets while maintaining reasonably stable performance. The optimized NCoFO nanosheets grown on carbon cloth through a
60 s N2 plasma treatment (NCoFO/CC-60) exhibit remarkable performance with low overpotentials of 203 mV and 230 mV at 10
mA cm−2 for the HER and the OER, respectively. Density functional theory calculations revealed that the enhanced catalytic
performance is attributed to the regulated local electronic configuration resulting from plasma treatment. Furthermore, the
assembled alkaline electrolyzer NCoFO/CC-60||NCoFO/CC-60 requires an extremely low voltage of 1.48 V to attain 10 mA cm−2

for over a 150 h operation, which is superior to the values obtained for Pt/C||RuO2 (1.50 V) and CoFO/CC||CoFO/CC (1.55 V).
KEYWORDS: metal−fluoride oxides, N2 plasma, bulk reconstruction, electronic structure reformation, water splitting

1. INTRODUCTION
Electrochemical water splitting, powered by renewable energy
sources, is a promising method for scalable production of green
hydrogen.1 However, its competitiveness compared to gray
hydrogen generation, which relies on coal or natural gas steam
reforming, is hindered by high fabrication costs and low
efficiency, resulting from sluggish reaction kinetics at both the
cathode for the hydrogen evolution reaction (HER) and the
anode for the oxygen evolution reaction (OER). To overcome
these challenges and enhance energy conversion efficiency, it is
crucial to develop efficient and cost-effective electrocatalysts
that can accelerate half-reactions at the electrodes. These
catalysts play a vital role in advancing the widespread
application of water splitting in the hydrogen generation
industry. At present, platinum (Pt)- and ruthenium (Ru)-based
materials are considered the leading catalysts for the hydrogen
evolution reaction (HER) and oxygen evolution reaction
(OER), respectively. However, their practical application is

hindered by their scarcity in the Earth’s crust and high cost.
Therefore, there is significant interest in developing cost-
effective nonprecious metal electrocatalysts to address the cost
and efficiency challenges associated with water splitting.2

Typically, different electrocatalysts are used for the HER at the
cathode and the OER at the anode due to their distinct
reaction mechanisms and pathways. However, the fabrication
and maintenance costs can be significantly reduced by
developing bifunctional catalysts that can facilitate both
reactions. This enables the fabrication of symmetric cells,
where the same catalyst material can be used for both the HER
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and the OER, further enhancing the cost-effectiveness of the
water splitting process.

Extensive research efforts have been dedicated to investigat-
ing Earth-abundant bifunctional electrocatalysts for efficient
water splitting. Various materials have been explored, including
transition-metal-based alloys,3 oxides,4 phosphides,5−7 ni-
trides,8 heterostructure,9 and carbonate hydroxides.10 Among
these, cobalt fluoride oxides (CoFO) have emerged as
promising candidates due to their excellent electronic
conductivity and high activity in the OER. This is attributed
to the presence of both Co−O and Co−F bonds, which
facilitate electron abstraction from neighboring metals, leading
to the availability of abundant coordinatively unsaturated
sites.11,12 The Sabatier principle states that catalysts should
establish intermediate-strength bonds with atoms or molecules.
Too weak interactions hinder reactant activation, while overly
strong interactions impede product desorption.13 In the case of
CoFO, the presence of highly electronegative F and O atoms
results in strong binding forces with absorbed intermediates.
This strong binding can lead to a decline in catalytic activity
and hinder the utilization of specific active sites.12,14 To
address this issue, the electronic regulation of the active sites
through heteroatom doping (N,15,16 S,17 O,18 and Se19) has
been recognized as a powerful strategy to enhance the intrinsic
activity of materials.16,20 This enhancement arises from the
induced subtle lattice distortion and redistribution of electron
density at the atomic-level active sites.18,21 Therefore,
incorporating N dopants, which have relatively low electro-
negativity, offers an opportunity to reconfigure the coordina-
tion structure and adjust the electronic density of CoFO.22

The plasma treatment method, which offers the advantages
of low energy consumption and no chemical waste, has been
recognized as an effective and straightforward approach to tune
the surface electronic structures of high-performance catalysts

by creating vacancies on the material’s surface. Huang et al.
utilized an Ar-plasma-assisted strategy to fabricate hierarchical
spinel Co3O4 porous nanoneedle arrays with heteroatom Mo
substitution and oxygen vacancies, in situ grown on carbon
cloth.23 This approach significantly improved the OER
performance, achieving a low overpotential of only 276 mV
at 10 mA cm−2. The enhanced OER performance can be
attributed to the efficient regulation of the atomic ratio of
Co3+/Co2+ and the increased number of oxygen vacancies
induced by the presence of Mo with variable valence states.
Furthermore, another study reported that the monolayer MoS2
exhibited a greatly enhanced HER performance after a 20 min
N2 plasma treatment. The treated MoS2 displayed an onset
overpotential of approximately 210 mV at 10 mA cm−2 along
with a Tafel slope of approximately 89 mV/dec.24 However,
developing a plasma-based approach to fabricate vacancy-
assisted bifunctional electrocatalysts with high performance in
both the HER and the OER, while maintaining operational
stability, remains a challenge.

Here, we present the development of highly active and
durable bifunctional electrocatalysts based on CoFO for both
the HER and the OER by employing a facile nitrogen plasma
treatment technique to obtain N-doped CoFO (NCoFO)
nanosheets (NCoFO). The plasma treatment process simulta-
neously introduces nitrogen doping into the CoFO lattice and
creates fluorine vacancies, effectively regulating the surface
electronic structure of the material. The optimized NCoFO
nanosheets grown on carbon cloth through a 60 s N2 plasma
treatment (NCoFO/CC-60) exhibit remarkable performance
with low overpotentials of 203 and 230 mV at 10 mA cm−2 for
the HER and the OER, respectively. The altered electronic
structure also facilitates bulk reconstruction during electrode
reactions, leading to changes in the morphology and
composition of the electrocatalyst. Surprisingly, these changes

Figure 1. (a) Illustration of the fabrication route of NCoFO/CC-60. (b) XRD pattern of CoFO/CC and NCoFO/CC-60 samples. (c, d) SEM
images of NCoFO/CC-60 sample (the inset is enlarged SEM images).
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do not affect the apparent activity for the HER and the OER,
resulting in consistent catalytic performance over time. In
contrast, the catalytic performance of CoFO without plasma
treatment rapidly deteriorates. Therefore, this study introduces
a novel strategy for the development of highly active and
durable bifunctional electrodes for water splitting. These
findings have significant implications for accelerating the
commercialization of water splitting technologies and achiev-
ing a zero-carbon energy future.

2. RESULTS AND DISCUSSION
2.1. Synthesis of NCoFO/CC. Figure 1a depicts the two

approaches employed to obtain NCoFO porous nanosheets on
carbon cloth (NCoFO/CC): vapor fluorination and nitrogen
plasma. Initially, hierarchical Co(OH)2 nanosheets were
electrodeposited onto a carbon cloth. Subsequently, the
nanosheets were calcined at 400 °C in an Ar atmosphere for
1 h in the presence of NH4F powder, generating an HF
atmosphere. This conversion process resulted in the formation
of CoFO/CC nanosheets. Following the N2 plasma treatment,
the resulting sample was thoroughly rinsed with deionized
(DI) water. Four different plasma durations were employed: 0,
30, 60, and 90 s. The resulting samples were labeled as
NCoFO/CC-0, NCoFO/CC-30, NCoFO/CC-60, and
NCoFO/CC-90, respectively. A comprehensive set of
characterizations was conducted to examine the morphology
and crystal structure of the synthesized samples. As shown in
Figure S1, the X-ray diffraction (XRD) patterns of the
precursor well matched the orthorhombic Co5(O9.48H8.52)NO3

structure (JCPDS: 46−0605).25 After calcination at 400 °C in
HF, new diffraction peaks at 2θ values of 26.7, 34.0, 39.1, 52.0,
and 55.1° appeared in the XRD patterns of the CoFO/CC-60
sample (Figure 1b), suggesting the conversion (decomposi-
tion) of Co5(O9.48H8.52)NO3 precursor into hexagonal CoF2-
type phase (JCPDS#33−0417).26 Compared to the standard
XRD pattern of CoF2, both the CoFO/CC and NCoFO/CC-
60 samples exhibited no noticeable changes, indicating that the
introduction of oxygen and nitrogen atoms did not influence
the morphology of CoF2, as they were successfully doped onto
its surface. In addition to the electronic structure, the impact of
nitrogen plasma treatment on the morphological structure of
the samples was also studied. Figure S2 illustrates that the
CoFO/CC sample exhibited a hierarchical nanosheet
morphology similar to that of the Co(OH)2/CC precursor.
Therefore, the calcination process primarily induced a phase
transformation with minimal impact on the morphology.
However, notable differences were observed in the surface
characteristics between the CoFO/CC nanosheets and the
Co(OH)2/CC precursor. The surface of the CoFO/CC
nanosheets appeared significantly rougher, which can be
attributed to the dehydration and release of gases from the
precursor during the calcination process.27 No substantial
morphological changes were observed in the NCoFO/CC-60
sample (Figure 1c,d) after 60 s of N2 plasma treatment when
compared to the CoFO/CC counterpart (Figure S2c,d). This
observation indicates that the nitrogen plasma treatment did
not significantly alter the morphological structure of the
samples. Further support for this conclusion was obtained from

Figure 2. (a, b) HRTEM images of NCoFO/CC-60 sample. (c) Numerous dislocations and distortions marked with “T” were observed and
retained the original phase arrangement with a nanodomain structure. (d) Defects on the material surface. (e) Lattice disorder of materials, which
was attributed to N incorporation. (f−j) EDX mapping of various elements in the porous NCoFO/CC-60 nanosheet.
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the analysis of NCoFO/CC samples subjected to different
plasma treatment times, as depicted in Figure S3.
2.2. Characterizations of Materials. To gain further

insights into the morphology and structural characteristics of
NCoFO/CC-60, high-resolution transmission electron micros-
copy (HRTEM) was employed. The HRTEM analysis, as
depicted in Figure S4, clearly displayed distinct contrasts in
various regions of the image, providing evidence of the
abundant nanoporous structure within the NCoFO/CC-60
nanosheets. The presence of numerous pores in the NCoFO/
CC-60 catalyst is advantageous for facilitating efficient mass
transfer, which, in turn, is believed to enhance the overall
catalytic properties of the material.28 Figure 2a,b reveals the
presence of a partial amorphous layer on the edge of the CoFO
nanosheet structure in NCoFO/CC-60, resulting from the N2
plasma treatment.29 This amorphous nature is evident from the
absence of diffraction rings in the fast Fourier transform
(Figure 2b1), contrasting with the clear diffraction dots
observed in the CoFO nanosheet area (Figure 2b2).
Furthermore, a detailed analysis of the high-resolution
transmission electron microscopy (HRTEM) image revealed
well-defined lattice fringes with a d-space of 0.326 nm (Figure
2b). Remarkably, this d-spacing corresponds precisely to the
(110) diffraction plane of the NCoFO/CC-60 CaF2-type
phase.

The HRTEM images (Figure 2a−e) revealed an intriguing
observation of numerous defects and lattice dislocations within
the NCoFO/CC-60 nanosheets. Notably, the nanodomain
regions in Figure 2c exhibited a high density of dislocations
and distortions, which were conveniently marked with “T”.
Furthermore, some locations exhibited distinct defects with
noticeable distortions of the lattice fringes, as illustrated in
Figure 2d. Considering the subsequent XPS results, these
observed defects are likely attributed to the presence of
fluorine vacancies (VF). The observed defects and dislocations
are believed to have originated from the incorporation of
extraneous nitrogen, which introduced additional catalytic sites
to enhance the reaction kinetics.6,30 This is supported by the
energy-dispersive X-ray spectroscopy (EDX) mapping images

(Figure 2f−j) and compositional line profiles (Figures S5 and
S6), which demonstrated the presence of nitrogen (in addition
to cobalt, fluorine, and oxygen) uniformly distributed
throughout the NCoFO/CC-60 sample. These findings
suggest that nitrogen doping occurred, indicating a doping
mechanism rather than the formation of a composite material.
The influence of nitrogen plasma treatment on the electronic
structure of the samples was investigated by using X-ray
photoelectron spectroscopy (XPS), and a survey spectrum is
provided in Figure S7. The Co 2p core−level spectra of the
NCoFO/CC-60 and CoFO/CC samples are displayed in
Figure 3a, and the full-width at half-maximum (fwhm) values
of Co are listed in Table S1. Two peaks at 782.6 and 797.9 eV
were observed, corresponding to the spin−orbit effects of the
metallic Co 2p3/2 and Co 2p1/2 peaks, respectively.12,26

Notably, the Co 2p3/2 peak of NCoFO/CC-60 exhibited a
lower binding energy compared to that of CoFO/CC. This
shift in the peak position can be attributed to the incorporation
of low-electronegativity nitrogen atoms into the CoFO
structure. The presence of fewer electrons involved in Co−N
bonding, as compared to Co−F bonding, due to the weaker
electron-withdrawing ability of nitrogen compared to fluorine,
led to a lower oxidation state of cobalt in NCoFO/CC-60.21,22

Consequently, the incorporation of N dopants effectively
regulated the atomic and electronic structure of NCoFO/CC-
60.6,22 A detailed analysis of this phenomenon is further
discussed in the theoretical discussion section. The atomic
percentages of the fitting peaks corresponding to Co−F and
Co−O bonds were calculated (Figure S8a). The observed
reduced concentration of Co−F bonding in NCoFO/CC-60
indicated that plasma treatment also led to the formation of VF
on the surface of the material. This conclusion is further
supported by the HRTEM observations (Figures 2a−e and
S8b). In the high-resolution N 1s spectra of the NCoFO/CC-
60 samples (Figure 3b), the Co−N bond peak at 401.5 eV
exhibited a slight negative shift of approximately 0.2 eV
compared to that of pure nitrogen.6,15 This shift confirms the
presence of Co−N bonds in NCoFO/CC-60, highlighting the
incorporation of nitrogen into the material. The high-

Figure 3. XPS spectra of (a) Co 2p, (b) N 1s, (c) F 1s, and (d) O 1s of CoFO/CC (top) and NCoFO/CC-60 (bottom).
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resolution F 1s XPS spectra of NCoFO/CC-60 are depicted in
Figure 3c. No significant shifts in the peak positions of the F 1s
spectrum were observed, indicating no apparent modulation of
electron density in the neighboring fluorine atoms.12,26,31 In
Figure 3d, the O 1s peak displayed a broad fitted peak at 531.9
eV, which can be attributed to Co−O bonds related to metal−
oxygen interactions12,26 (Figure 3d). The deconvoluted peak at
532.9 eV corresponded to surface-dominated oxygen species,
indicating the successful formation of cobalt-fluoride-oxide
complexes.12

2.3. HER and OER Electrocatalysis. The HER catalytic
performances of NCoFO/CC-60, CoFO/CC, Co3O4/CC, and
CC were evaluated using a three-electrode setup with
commercial Pt/C catalysts for comparison. Figure 4a illustrates
the linear sweep voltammetry (LSV) curves obtained at a
sweep rate of 10 mV s−1 in a N2-saturated 1.0 M KOH
solution. Notably, NCoFO/CC-60 achieved an overpotential
of 203 mV to attain a current density of 10 mA cm−2, which
was significantly lower compared to those of CoFO/CC (281
mV), Co3O4/CC (303 mV), and CC (521 mV). In
comparison, the state-of-the-art precious-metal-based Pt/C
catalyst exhibited an overpotential of 63 mV at the same
current density of 10 mA cm−2. This result clearly indicates
that the incorporation of nitrogen greatly enhanced the HER
activity of CoFO/CC. Furthermore, NCoFO/CC-60 also
demonstrated an ultralow overpotential of 298 mV to achieve a

current density of 100 mA cm−2, in contrast to those of
CoFO/CC (391 mV) and Co3O4/CC (425 mV). This
highlights the desirable HER performance of NCoFO/CC-60
even at high current densities. The HER performance of
NCoFO/CC-60 surpassed that of most reported non-noble-
metal-based HER electrocatalysts under the same conditions
(Table S2). Tafel slopes were examined to further assess the
HER activity. As depicted in Figure 4b, the Tafel slope of
NCoFO/CC-60 was measured to be 66 mV dec−1, significantly
lower than those of CoFO/CC (91 mV dec−1) and Co3O4/CC
(111 mV dec−1), and even comparable to that of Pt/C (55 mV
dec−1). Additionally, the time-dependent activities of NCoFO/
CC due to plasma treatment were investigated, as shown in
Figure S9. The optimum HER catalytic performance was
achieved at a plasma treatment time of 60 s. For comparison,
we also performed the HER performance test on a Co(OH)2
sample with a plasma treatment time of 60 s (N−Co(OH)2/
CC-60). The results revealed that NCoFO/CC-60 still
exhibited higher catalytic activity than N2 plasma-activated
N−Co(OH)2/CC-60 (Figure S10). The findings indicate that
the incorporation of fluorine into the lattice plays a crucial role
in enhancing the HER activity during the subsequent plasma
treatment. Moreover, NCoFO/CC-60 demonstrated a sig-
nificantly higher double-layer capacitance (Cdl) of 5.57 mF
cm−2 than that of CoFO/CC (4.33 mF cm−2), indicating more
abundant active sites after N doping (Figure S11).6 Therefore,

Figure 4. (a) LSV curves of NCoFO/CC-60 and the compared samples in 1.0 M KOH solution for HER at a scan rate of 10 mV s−1. (b)
Corresponding Tafel plots of NCoFO/CC-60 and the compared samples in 1.0 M KOH solution for HER. (c) LSV curves of NCoFO/CC-60 and
the compared samples in 1.0 M KOH solution for OER at a scan rate of 10 mV s−1. (d) Corresponding Tafel plots of NCoFO/CC-60 and the
compared samples in 1.0 M KOH solution for OER. (e) Overpotentials at 10 mA cm−2 for NCoFO/CC-60 and the compared samples in 1.0 M
KOH solution. (f) EIS plots of the NCoFO/CC-60 and CoFO/CC. Inset is the equivalent circuit, in which Rs, Rct, and CPE are solution resistance,
charge-transfer resistance between catalyst and electrolyte, and constant-phase element, respectively. (g) Chronopotentiometry responses of
NCoFO/CC-60, CoFO/CC, Pt/C, and RuO2 for HER and OER at a constant current density of 10 mA cm−2.
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it can be concluded that only the codoping of fluorine and
nitrogen in Co(OH)2 leads to an improvement in the HER
performance.

The electrocatalytic activities for the OER of NCoFO/CC-
60, CoFO/CC, Co3O4/CC, CC, and RuO2 were evaluated in a
1.0 M KOH solution. The LSV curves (Figure 4c) revealed
that the NCoFO/CC-60 catalyst exhibited the highest OER
performance, requiring an overpotential of only 230 mV to
achieve a current density of 10 mA cm−2. This overpotential
was significantly lower compared with CoFO/CC (340 mV)
and Co3O4/CC (358 mV) catalysts. Furthermore, NCoFO/
CC-60 demonstrated an exceptionally low overpotential of 300
mV at a current density of 100 mA cm−2, even outperforming
RuO2 (320 mV). These results highlight the remarkable
catalytic activity of NCoFO/CC-60 toward the OER, even at
high current densities. Additionally, when compared with other
nonprecious metal-based electrocatalysts reported in the
literature (Table S3), the measured overpotential of
NCoFO/CC-60 was also smaller, further emphasizing its
superior performance. Furthermore, NCoFO/CC-60 exhibited
the lowest Tafel slope of 62 mV dec−1 compared to those of
CoFO/CC (75 mV dec−1), Co3O4/CC (109 mV dec−1), and
RuO2 (88 mV dec−1), demonstrating its exceptional kinetic
activity for the OER (Figure 4d). However, it was observed
that the OER performance decreased with prolonged plasma-
treatment times of 30 or 90 s (Figure S12), indicating that the
optimal plasma-treatment time was 60 s. To gain insights into
the interfacial electron-transfer dynamics during the OER,
electrochemical impedance spectroscopy (EIS) was conducted.
The equivalent circuit (inset of Figure 4f) comprised an
electrolyte resistance (Rs) in series with a parallel combination

of a constant-phase element and a charge-transfer resistance
(Rct). The Nyquist plot revealed a smaller Rs of NCoFO/CC-
60 (2.0 Ω) compared to that of CoFO/CC (2.3 Ω), indicating
that NCoFO/CC-60 had a low internal and interfacial
resistance between its surface and the electrolyte. Furthermore,
NCoFO/CC-60 demonstrated a smaller charge-transfer
resistance (Rct) of 5.0 Ω compared to CoFO/CC (11.7 Ω),
indicating faster mass-transfer kinetics during OER.7 While
some catalysts may initially demonstrate high activity, they
often experience a rapid decay in performance due to surface
or bulk reconstruction.32 Remarkably, NCoFO/CC-60 dem-
onstrated a negligible change in the HER and the OER after
10 000 s of chronopotentiometry testing, surpassing the tested
samples (Figure 4g). In contrast, Pt/C/CC and RuO2
displayed a noticeable decrease in activity over the same
testing period, highlighting the exceptional durability of
NCoFO/CC-60 in both the HER and the OER.
2.4. Mechanistic Study on HER and OER of Materials.

In order to elucidate the enhanced activity of plasma-treated
NCoFO−CC samples for the HER and the OER, density
functional theory (DFT) calculations were conducted to
investigate the effects of nitrogen (N) doping on the atomic
and electronic structures of CoFO. Considering the exper-
imental results obtained from XRD and HRTEM, the high-
index (110) plane of the materials was selected as the active
surface. Adsorption sites of *H or *OH, *O, and *OOH
species on the pristine CoF2, CoFO, and NCoFO surface
(including N, Co, O, or F atom sites) were considered,
consistent with the experimental stoichiometry (Figure 5a).
The top view structures of CoF2, CoFO, and NCoFO (110)
with bond lengths are presented in Figure S13. Notably, the

Figure 5. (a) Schematic of *H adsorbed on the O active site of NCoFO for HER and *OH, *O, and *OOH intermediates in the Co active sites of
NCoFO for OER. The symmetric parts of the optimized slabs at the bottom are excluded for clarity. (b) Electron density difference plot of the
CoFO and NCoFO. Electron density increased with the color change from blue to red. (c) Adsorption energies (eV) for *OH, *O, *OOH, and
O2(g) adsorbed on the Co active sites. (d) Calculated adsorption free energy of hydrogen on different active sites of CoF2, CoFO, and NCoFO,
respectively. (e) Free-energy diagram of OER at different voltages (indicated by different colors) on the Co active sites of CoFO (110) and
NCoFO (110) in the alkaline electrolyte.
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observed Co−F bond length (1.934 to 2.122 Å) in NCoFO
was greater than that in pristine CoF2 (1.972 to 2.050 Å) and
CoFO (1.972 to 2.099 Å), which can be attributed to the
weaker electronegativity of the N atom compared to that of the
F atom. Therefore, the substantial N incorporation effectively
regulates the electronic structure and adsorption energy of
active sites, subsequently weakening the ionicity in Co−F
bonds. In order to elucidate the relationship between N
dopants and the electron densities of active sites, we have
provided electron density difference maps of CoFO and
NCoFO in Figure 5b. The introduction of N dopants led to
the formation of VF sites due to electronic reconstruction
within the system. It is evident from the maps that in CoFO,
the majority of electrons were localized on F atoms near
oxygen atoms, as F atoms have higher electronegativity (3.98
Pauling scale) compared to that of the electrons on the O
atoms (3.44 Pauling scale). However, in NCoFO, the electrons
of the F atoms tended to migrate toward nitrogen atoms and
Co atoms, resulting in the formation of strong Co�N bonds.
This finding suggested that N dopants led to F vacancies and
greatly optimized the electronic structure. Furthermore, the
Bader charges of CoFO and NCoFO were examined to
investigate the charge density of atoms after N doping, and the
results are shown in Figure S14. After N doping, the number of
electrons lost by Co atoms near N atoms decreases, indicating
a decrease in the valence state of Co, which is consistent with
the XPS results (Figure 3).

To gain a deeper understanding of the impact of
incorporated N atoms on the HER, the proton adsorption
energy and energy profiles were investigated, as presented in
Figures 5c,d and S15. HER typically involves two steps in
alkaline conditions: (i) the generation of *H from adsorbed
H2O (*H2O) on the material’s surface and (ii) the
combination of another H from the HO−H bond with *H
to form adsorbed H2 (*H2), followed by the desorption of the
H2 molecule from the catalyst surface. The crucial factor
enabling favorable HER is typically the appropriate binding
energy of atomic hydrogen on the material, specifically the
adsorption of H atoms on the * and *H sites. To assess this,
we calculated the adsorption energies of *H in CoF2, CoFO,
and NCoFO, considering different active sites, as depicted in
Figure S15d. Considering the distinct coordination environ-
ments of each element on the surface, we identified the top F
atom, surface F atom, and surface Co atom as the active sites
for pristine CoF2. After the O element through doping, the
doped O atom was included as an additional active site for
CoFO (Figure S15e). Similarly, for NCoFO, the surface N
atom was chosen as an additional active site (Figure S15f).
Notably, the calculated lower adsorption energies of *H at the
O sites in NCoFO (−0.3 eV) compared to CoFO (−0.6 eV)
indicated more favorable HER occurrences at the neighboring
O sites within the NCoFO slab (Figure 5c). To gain further
insights into the improved HER activity, the Gibbs free energy
of the adsorbed *H (ΔG*H) on the catalyst surface was

Figure 6. (a) Optical photos of the coupled system: O2 evolution (left), electrolysis (middle), and H2 evolution (right). (b) LSV curves of the
NCoFO/CC-60||NCoFO/CC-60, CoFO/CC||CoFO/CC, and Pt/C||RuO2 electrodes in 1.0 M KOH solution at 10 mV s−1 with IR compensation
in a two-electrode system. (c) Chronopotentiometric curves of water electrolysis for NCoFO/CC-60||NCoFO/CC-60, CoFO/CC||CoFO/CC,
and Pt/C||RuO2 electrodes in 1.0 M KOH solution. (d) TEM image and (e) HRTEM image of NCoFO/CC-60 after HER test. (f) TEM image
and (g) HRTEM image of NCoFO/CC-60 after OER test. SEM images with the corresponding EDX mapping of various elements in the porous
NCoFO/CC-60 nanosheet after (h) HER test and (i) OER test.
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evaluated. As illustrated in Figure 5d, the CoFO (110) surface
exhibited a lower ΔG*H of −0.19 eV on the O sites, indicating
a more favorable adsorption of H. Interestingly, after N
incorporation, ΔG*H decreased to −0.06 eV on the O sites,
which was closer to that of Pt (111) (−0.09 eV). This
observation suggests the superior catalytic performance of
NCoFO on the O-top site, which is attributed to the surface
electronic modulation resulting from N doping.

The adsorption behaviors of key intermediates (*OH, *O,
and *OOH) during the OER were investigated on the surface,
revealing that the Co sites were stable for the adsorption of the
OER intermediates. Subsequently, we examined various levels
of N doping in NCoFO, and the detailed descriptions are
provided in Figure S16. To further disclose the nature of the
difference in the level of the OER activity among CoF2, CoFO,
and NCoFO, we calculated the Gibbs free energy profiles. As
depicted in Figures 5e and S16, the rate-determining step for
the OER on the Co centers of CoF2, CoFO, and NCoFO was
the conversion of *O to *OOH. However, NCoFO exhibited a
significantly enhanced activity with a substantially lower
overpotential of 0.83 V, compared to 1.14 V for pristine
CoF2 (Figure S17) and 1.03 V for CoFO. These results clearly
indicate that N incorporation effectively reduces the over-
potential for the OER and promotes the catalytic activity.
2.5. Performance on Water Splitting of Materials and

Stability Test. Motivated by the enhanced HER and OER
activities, we conducted alkaline water splitting tests using
CoFO/CC and NCoFO/CC-60 electrocatalysts as bifunc-
tional electrodes. For comparison, commercially available Pt/C
and RuO2 (Pt/C||RuO2) were employed as the cathode and
anode electrodes, respectively. As the applied potential
increased, gas bubble formation (H2 and O2) was observed
at the electrodes (Figure 6a). The LSV curves of NCoFO/CC-
60||NCoFO/CC-60 demonstrated that an exceptionally low
overall voltage of 1.48 V was required to achieve a current
density of 10 mA cm−2 (Figure 6b), surpassing the
performance of Pt/C+RuO2 (1.50 V) and CoFO/CC (1.55
V) (Table S4). To evaluate the long-term stability of the
symmetrical cell utilizing NCoFO/CC-60 electrodes, we
conducted continuous water splitting experiments, as depicted
in Figure 6c. Following continuous operation at 10 mA cm−2

for 150 h, the potential of the NCoFO/CC-60∥NCoFO/CC-
60 assembled electrolytic cell demonstrated a minimal increase,
from 1.67 V initially to 1.69 V around the 54 h mark, after
which it remained stable. Notably, the NCoFO/CC-60||
NCoFO/CC-60 configuration exhibited a slight rise in the
OER overpotential, approximately 1.69%, throughout the 150
h operation period (see Figure S18). In contrast, the CoFO/
CC||CoFO/CC and Pt/C||RuO2 electrolytic cells exhibited a
notable increase in the potential over a short period of time.
This exceptional electrocatalytic activity and durability
observed in NCoFO/CC-60 highlight its potential as a
valuable alternative for HER and OER electrocatalysis,
surpassing those of commercial Pt/C and RuO2 counterparts.
This suggests that NCoFO/CC-60 could serve as a cost-
effective and energy-efficient alternative for water splitting
applications.

The stability of a catalyst’s structure is typically correlated
with its operational durability, while structural reconstructions
can impact the catalytic activity positively or negatively. To
investigate the exceptional catalytic durability of NCoFO/CC-
60, XPS spectra were obtained after HER and OER operations
(Figures S18 and S19, respectively). The survey spectra

revealed that the tested sample (Figure 6d−i and Table S4)
maintained the presence of Co, F, O, and N elements even
after the durability test as HER or OER electrocatalysts.
However, a significant change in the atomic percentage of F
and O was observed in the energy spectrum following the long-
term test. Significantly, the atomic percentage of F exhibited a
substantial decrease from 8.79 to 1.73 and 2.07% after the
HER and OER tests, respectively. This suggests that significant
F leaching occurred during HER and OER, leading to surface
reconstruction.33 Conversely, the atomic percentage of O
increased from 23.72 to 35.01 and 43.19%, respectively. The
XRD patterns of the tested electrodes indicated that NCoFO/
CC-60 underwent partial conversion into Co(OH)2 and
CoOOH after HER and OER operations (Figure S19).
However, the N 1s spectrum revealed no significant change
in its atomic percentage after the prolonged HER and OER
tests. Additionally, the atomic percentage of the Co 2p
spectrum slightly increased following the prolonged HER and
OER tests.

The SEM images were used to examine the morphology of
the NCoFO/CC-60 electrocatalysts after an extended test
period. Figures S20 and S21 illustrate the observed changes.
After the HER stability test, the original hierarchical porous
nanosheets underwent a smooth transformation, resulting in
thick nanoplates (Figure S20). Conversely, after the OER
stability test, the morphology transformed into porous
nanostructures (Figure S21). To gain further insights into
the morphology and structural reconstruction of the electro-
catalyst following the HER and OER performance tests, TEM
and HRTEM characterizations were conducted. The electro-
catalyst exhibited a nonuniform nanostructure after the OER
test. Additionally, a lattice fringe measuring 0.232 nm was
observed, corresponding to the (012) diffraction plane of
CoOOH. This observation suggests that there was a bulk
reconstruction in response to the changes in composition and
morphology, which likely contributed to the preservation of
the catalytic activity. Following the HER test, the electro-
catalyst exhibited a hexagonal nanosheet morphology, as
depicted in Figure 6f,g. The corresponding d-space was
measured to be 0.239 nm, aligned with the (101) diffraction
plane of Co(OH)2. Furthermore, EDS mapping analysis
revealed the presence of Co, F, O, and N elements in the
material, consistent with the findings from XPS character-
ization. These observations indicate that the prolonged test
induced a phase change in the material, leading to a modified
morphology while preserving its elemental composition.

To gain further insights into the structure−activity relation-
ship of the electrocatalyst concerning its performance in the
HER and OER tests, we conducted additional analysis by
calculating Bader charges using DFT. This approach allowed
us to qualitatively examine the changes in the valence states of
Co atoms in Co(OH)2 and CoOOH (Figure S22). The results
revealed that the Co atoms in Co(OH)2 exhibited a low-charge
state with only 0.68 e− (Co2+), while the valence state of the
Co atoms in CoOOH increased, showing an average positive
charge of 1.28 e− (Co3+). Notably, a higher valence state of Co
atoms in CoOOH was observed after the OER test. This
increase in the valence state may be attributed to the oxidation
of OH− to form O2, facilitated by the higher electronegativity
of the O atom, which tends to gain electrons. Upon the phase
transformation to CoOOH, there was a partial transfer of
electrons from the Co sites to the adsorbed intermediates
through the bridging O2− ions. This electron transfer increased
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the electron density of the Co sites and resulted in a partial
reduction in the valence states of Co. As a result, the bonding
strength between the Co sites and oxygen-containing
intermediates was subtly optimized, facilitating the release of
O2 from the Co site.34 It is important to note that the HER
involves the acquisition of electrons, and the HER performance
is primarily determined by the ΔG*H value. In our HER results,
we observed that *H preferentially adsorbed onto the O-site of
both CoFO and NCoFO catalysts, indicating favorable ΔG*H
values (−0.19 eV for CoFO and −0.06 eV for NCoFO; Figure
S15) close to zero, suggesting high catalytic activity. However,
after prolonged HER, the original NCoFO phase underwent a
transformation into Co(OH)2, where the saturated O atoms
were uniformly covered by *H, causing the active site to shift
from the original O-site to the Co-site. The calculated ΔG of
the Co site in Co(OH)2 was found to be −0.24 eV (Table S6),
which was still superior to those of the other active sites (Co,
N, and F) in NCoFO (Figure S16c). DFT results revealed the
significant change in ΔG*H value of the Co site in the
transformed Co(OH)2 phase compared to the original
NCoFO phase. This indicates that the phase transformation
from NCoFO to Co(OH)2 enhances the efficiency and
stability of the hydrogen evolution. The change in the valence
state of Co from Co3+ sites to Co2+ is attributed to hydrogen
adsorption at the Co site, leading to the reduction of Co3+ to
Co2+ and stronger chemical adsorption of *H.35 Consequently,
the low-charge-state Co atom in the transformed Co(OH)2
phase is favorable for the HER reduction process, promoting
H2 gas production.

3. CONCLUSIONS
A novel approach involving N2 plasma treatment was proposed
to weaken the high ionicity in Co−F bonds within CoFO
materials, leading to remarkable improvements in HER and
OER performance and enhanced stability in alkaline solutions.
The N-doped NCoFO/CC-60 electrocatalyst, with a N-doping
level of 3.04 atom %, exhibited impressive HER and OER
activities in a 1.0 M KOH solution, achieving overpotentials of
203 and 230 mV, respectively, at a current density of 10 mA
cm−2. Notably, an ultralow potential of 1.48 V was recorded for
NCoFO/CC-60||NCoFO/CC-60 electrodes during 150 h of
continuous operation for overall water splitting in a 1.0 M
KOH solution, surpassing the performance of a Pt/C||RuO2
electrode that achieved 10 mA cm−2 with a potential of 1.50 V
but only for 5.6 h. In-depth DFT calculations revealed that the
introduction of N atoms triggered coordinated adjustments in
the electronic structure of NCoFO, enhancing the electron
delocalization capacity of Co atoms, leading to improved
electrical conductivity, and optimizing the free energy of *H
desorption on O atoms. Furthermore, the calculations also
demonstrated the electronic state changes of the Co active
sites during bulk reconstruction, which contribute to
maintaining the high catalytic activities for both the HER
and the OER. This study highlights the effectiveness of the N2
plasma approach for introducing N dopants at the atomic level
and modulating the electronic structure of metal-oxide
electrodes to enhance their catalytic properties.
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