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HIGHLIGHTS

e Sheet-like N-Co3V,03@NF is con-
structed by an impregnation-thermal
nitridation strategy.

e The catalyst exhibits supernormal HER
(110 = 63 mV) and OER (1710 = 256 mV)
activity.

e The overall water splitting exhibits
ultra-low cell voltage (1.97 V@500 mA
cm’z).

e The conductivity, hydrophilicity and
formed Co-N/V-N dual active sites
dominate the superior performance.
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ABSTRACT

Developing affluent dual-metal active sites bifunctional electrocatalysts for hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) is essential to achieve large-scale water electrolysis, whereas still remains
challenging. Herein, a novel nitrogen-doped cobalt-vanadium oxide with abundant Co-N and V-N dual active
sites supported on nickel foam (N-Co3V203@NF) is constructed by a controllable impregnation-thermal nitri-
dation strategy. The staggered nanosheet structure ensures optimal exposure of active sites. More importantly, N
doping effectively regulates the electronic structure of the metal centers and induces the formation of Co-N and
V-N dual active sites, which is conducive to improving the conductivity and hydrophilicity, thus synergistically
enhancing the electrocatalytic efficiency. Consequently, the optimized N-Co3V20s@NF exhibits prominent HER
(63 mV@10 mA cm‘z) and OER (256 mV@10 mA cm_z) activities, surpassing most contemporary bifunctional
electrocatalysts. In practical application, the assembled N-Co3V205@NF( ) electrolyzer consistently achieved
ultra-low cell voltages of 1.97 and 2.03 V at 500 and 1000 mA cm 2, respectively, superior to the benchmark
RuO,@NFH) || Pt/C@NF" and showcasing robust durability. This paves the way for its prospective adoption in
industrial water electrolysis applications.
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1. Introduction

Urgently developing efficient, clean and sustainable alternative en-
ergy sources to alleviate global energy and environmental problems
remains a significant challenge. Electrocatalytic overall water splitting
(OWS) technology is a promising and attractive approach to tackle the
energy crisis [ 1], where the cathodic hydrogen evolution reaction (HER)
and the anodic oxygen evolution reaction (OER) are two critical half-
reactions [2,3]. Nevertheless, the catalytic efficiency of these catalysts
is severely impeded by sluggish reaction kinetics and complex multi-
electron reaction pathways [4], necessitating a substantial over-
potential for both HER and OER [5]. The creation of a bifunctional
electrocatalyst with superior performance not only simplifies production
processes by reducing the need for different catalysts, but also prevents
cross-contamination between the two reaction electrodes [6,7].
Designing such a bifunctional electrocatalyst is a formidable challenge
due to the distinct reaction mechanisms of HER and OER. Therefore, the
development of efficient bifunctional electrocatalysts is crucial for
accelerating reaction rates and reducing overpotential [8]. Currently,
noble-metal Pt/Ru-based materials are considered the benchmark cat-
alysts for HER and OER, respectively, but their high cost, scarcity, and
insufficient stability immensely restrict their widespread applications
[9]. Therefore, it is extremely eager to design efficient and durable non-
precious metal-based bifunctional electrocatalysts to improve the effi-
ciency of OWS.

Recently, investigations on efficient, low-cost, and abundant elec-
trocatalysts, especially transition metal oxides [10,11], nitrides [12],
and phosphides [13] have drawn great attention to superseding Pt/Ru-
based electrocatalysts due to their robust durability in alkaline media
[14]. Among these, Co/Fe/Ni-based monometallic oxides have shown
promising catalytic capabilities in OWS. Unfortunately, their catalytic
activity is still insufficient due to the limited number of available active
sites. In contrast, bimetallic oxides offer enhanced catalytic properties
due to the combination of multiple active species [15]. Vanadium, being
abundant and having multiple oxidation states, exhibits commendable
electrochemical performance [16,17]. Co/V-based electrocatalysts,
although efficacious for OER, are less explored for HER and OWS.
However, the unsatisfactory catalytic activity of bimetallic oxides due to
poor conductivity is a significant bottleneck in meeting the demand in
practical applications [18]. Therefore, effective strategies for heteroat-
om doping (nonmetal doping, metal doping, and co-doping) [19], and
morphology tuning (0D, 1D, 2D, 3D, and free-standing) have been
developed [20,21], which have been used to further promote the
rational electronic structure design. Nitrogen (N) is one of the most
commonly used nonmetal dopants. On the one hand, N element can
adjust the electronic structure of metal centers, thus reducing the charge
transfer resistance and accelerating the reaction kinetics [22,23]. On the
other hand, the formation of metal-nitrogen (M—N) bonds not only
holds considerable electrical conductivity but can also serve as active
sites for overall water splitting, thereby improving the catalytic perfor-
mance [24,25]. However, achieving compatibility between HER and
OER remains a challenge, and the use of binders (such as Nafion) to
anchor powered catalysts onto conductive substrates may result in weak
adhesion, high interfacial resistance, and poor stability at high current
densities, thus hindering efficient water splitting [26,27]. To overcome
these drawbacks, it is ideal to construct a self-supporting heteroatom-
doped bifunctional catalyst with superior conductivity and abundant
active sites for industrial applications.

Herein, we present a self-supported N-doped cobalt-vanadium
bimetallic oxide catalyst (N-Co3V20g@NF) for both HER and OER, as
well as OWS. Nitrogen incorporation can modulate the electronic
structure of metal centers that generate Co-N and V-N dual active sites,
and significantly enhance the conductivity and hydrophilicity, further
impressively improving the catalytic activity. Specifically, the obtained
N-Co3V20g@NF delivers the current density of 10 mA cm~2 at ultra-low
overpotentials of 63 and 256 mV for HER and OER, respectively.
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Furthermore, the assembled two-electrode electrolyzer of N-CosVs.
Og@NF can achieve 10/100 mA cm~2 at low cell voltages of 1.54/1.86
V, while maintaining long-term stability at 100 mA cm 2 for 60 h
without degradation, demonstrating its broad prospects for large-scale
industrial applications.

2. Experimental section
2.1. Synthesis of ZIF-67 @NF nanosheets

All experiments employed by deionized water and all reagents were
of analytical grade and used directly without further purification.
Following a slightly modified methodology from a previous study [28],
Co-based zeolitic imidazolate framework (ZIF-67) nanosheets were
fabricated. To eliminate surface impurities, a piece of NF (1 cm x 1 cm)
was ultrasonically cleaned with 0.5 M H3SO4, ethanol, and deionized
(DI) water for 15 min, respectively. Subsequently, separate solutions of
1.6 mmol Co(NO3)2-6H50 and 0.8 mmol 2-MIM were prepared in 20 mL
of DI water and stirred at 25 °C for 10 min. These were then combined
and stirred for an additional 10 min. After immersing the NF into the
above solution for 6 h. Finally, the purple ZIF-67 modified NF (tagged as
ZIF-67 @NF) was drawn out, washed with DI water, and vacuum-dried at
60 °C for 12 h.

2.2. Synthesis of Co3V203@NF nanosheets

The Co3V20g@NF nanosheets were produced using the impregnation
method. Briefly, ZIF-67@NF was immersed in 40 mL of 15 mg !
NaVOg solution for 4 h. After the reaction was complete, the product was
taken out and dried at 60 °C for 12 h. The mass loading of Co3V2Og is
approximately 6.3 mg cm ™2,

2.3. Synthesis of N-CosV20g@NF nanosheets

The N-doped Co3V203@NF (denoted as N-Co3Vy0g@NF) was syn-
thesized via thermal nitridation. Specifically, a piece of Co3V20g@NF
was positioned at the center region of a tube furnace and subsequently
heated at 400 °C for 3 h with a ramp rate of 5 °C min~! under NH; at-
mosphere. For comparison, the Co3V.Og@NF was annealed at different
nitridation temperatures of 300, 350, 450, and 500 °C (labeled as N-
Co3Vo08@NF-300, N-Co3V2,0g@NF-350, N-Co3V,0g@NF-450, and N-
Co3V20g@NF-500), while keeping other conditions remaining constant.

The mass loading of N-Co3V30g on NF is approximately 6 mg em ™2

2.4. Synthesis of N-ZIF-67 @NF and N-NaVO3@NF

As a comparison, N-ZIF-67 @NF was synthesized using a method akin
to N-Co3V20g@NF synthesis, but ZIF-67@NF was the nitridation pre-
cursor. For N-NaVO3@NF production, a precleaned NF was submerged
in a 40 mL solution of 15 mg L~ NaVOj for 4 h. Subsequently, the in-
termediate product was treated using the identical nitriding procedure
to obtain N-NaVO3@NF. The mass loading of N-ZIF-67 and N-NaVOj; are
approximately 5.8 and 4.1 mg cm 2.

2.5. Synthesis of RuO2 and Pt/C electrodes

2.0 mg of RuOy powder or commercial Pt/C was dispersed in the
mixed solution embracing 200 pL DI water, 200 pL ethanol, and 10 pL 5
wt% Nafion. After ultrasound for 30 min, 200 pL of the above mixture
was drop-casted onto the NF surface (1 cm x 1 cm) and dried in air at
ambient temperature.



M. Gao et al.

3. Result and discussion
3.1. Synthesis and structural analysis

As clarified in Fig. 1a, the N-Co3V20g@NF nanosheets were syn-
thesized through impregnation and thermal nitridation. Initially, hex-
agonal ZIF-67 nanosheets were formed through in situ growth on the NF.
Subsequently, the obtained ZIF-67@NF was immersed in a NaVOs so-
lution, triggering an ion exchange reaction between Co?' and VO3
resulting in the formation of Co3Vo,Og@NF. The last step introduces the
N element into Co3VoOg@NF in an NHj3 atmosphere to acquire N-
Co3V203@NF nanosheets. X-ray powder diffraction (XRD) was utilized
to probe the crystalline structure of as-prepared catalysts. Fig. 1b dis-
plays patterns that closely align with the standard Co3V,0g card (JCPDS:
16-0675). Besides, the structure of Co3V,0g remains intact after N
doping. A noticeable feature is the more pronounced diffraction peak
intensities in N-Co3V30g, hinting at enhanced crystallinity due to ni-
trogen doping. This increased crystallinity stems from the weaker elec-
tronegativity of nitrogen compared to oxygen, allowing nitrogen to
replace some of the oxygen atoms in Co3V20g during gas phase nitri-
dation [29]. Additionally, the changes in XRD spectra of ZIF-67 and
NaVOsg after nitridation further underscore the impact of N doping
(Fig. S2). Raman spectroscopy offers insight into the surface chemical
bonds of the catalysts. As shown in Fig. 1c, the peaks at 327 and 807
cm™! are assignable to the stretching vibrations of Co-O and V-O,
respectively [30,31]. Post nitrogen incorporation, two new peaks
emerge at 507 and 617 cm ™%, corresponding to Co-N and V-N bonds,
respectively [32,33], which further proves the triumphant doping of N
and the formation of Co-N and V-N dual active sites. Moreover, the
surface area and pore size of N-Co3V,Og@NF were calculated using the
N; adsorption—desorption isotherm. In order to perform the Brunauer-
Emmett-Taylor (BET) surface area test, approximately 100 mg of N-
Co3V90g was stripped from the nickel foam substrate. As depicted in
Fig. 1d, the N-Co3V,0g@NF has a specific surface area of 36.3 m? g}
and an average pore size distribution of 3.8 nm. This large BET surface
area, combined with its unique mesoporous structure, which promotes
the electrolyte transport and accelerates the mobility of catalytic re-
actants to HER/OER active sites, thereby reducing mass transfer resis-
tance [34].

Scanning electron microscopy (SEM) was used to reveal the
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morphology of various catalysts. As shown in Fig. S3a, ZIF-67 @NF
precursor exhibits hexagonal nanosheets with uniform thickness and
independent dense growth. After impregnating NaVOs solution, the
nanosheet structure is well preserved (Fig. S3b). Noticeably, N-Co3Va.
Og@NF obtained through nitridation presents thinner and inter-
connected nanosheets (Fig. 2a), which potentially enhances the
exposure of active sites and hastens mass transfer [35]. Transmission
electron microscopy (TEM) was performed to in-depth investigate the
microstructure of N-Co3VoOg@NF. As presented in Fig. 2b, the TEM
image further reveals the nanosheet features of N-Co3V2Og@NF. The
high-resolution TEM (HR-TEM) image further reveals distinct lattice
fringes with interplanar spacings of 0.254 nm and 0.301 nm, aligning
with the (122) and (002) planes of N-Co3V,Og@NF, respectively
(Fig. 2¢). The selected area electron diffraction (SAED) image validates
the single crystalline nature of N-Co3VoOg@NF [36], with the (122) and
(002) planes being evident, aligning with the HR-TEM outcomes
(Fig. S5a). Moreover, atomic force microscopy (AFM) was used to
measure the thickness of N-Co3VoOg@NF nanosheets. As displayed in
Fig. 2d-e, the thickness of N-Co3V2Og@NF is approximately 13 nm,
which is advantageous to the transport of electrons and protons [37].
Additionally, the nanosheet structure is further verified by high-angle
annular dark-field scanning TEM (HAADF-STEM), and elemental map-
pings show that the Co, V, N, and O elements are uniformly distributed
throughout the entire nanosheet (Fig. 2f).

X-ray photoelectron spectroscopy (XPS) was employed to identify
the elemental composition and chemical valence states of the catalysts.
The XPS survey spectra obviously indicate the evident presence of Co, V,
N, O, and C elements in the N-Co3V,0g@NF aligns well with the
elemental mappings and EDS patterns showcased in Fig. S5b and
Fig. S6a. The C 1s spectrum of N-Co3zV20g@NF was calibrated as C—=C
(284.0 eV), C-C (284.8 eV), C—O (286.0 eV) and -O-C—=0 (288.0 eV),
respectively (Fig. S6b). As proved in the high-resolution spectra of Co 2p
(Fig. 3a), the peaks at 779.9 and 781.7 eV can be indexed to Co®" 2p3,5
and Co?" 2p3,», respectively [38,39]. Notably, a peak discerned at 777.9
eV in the N-Co3V,0g@NF is indicative of the presence of Co-N bonds
[40], validating the successful incorporation of nitrogen and the genesis
of Co-N active sites. In Fig. 3b, the V 2p spectra revealed the existence of
two double peaks at 516.2/523.6 eV and 517.3/524.7 eV, which
correspond to V** and V7, respectively [41]. Additionally, the new
peaks at 514.7 and 522.1 eV in N-Co3V2Og@NF represent the V-N bonds,
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Fig. 1. (a) Schematic illustration of the synthesis of N-Co3V,0g@NF. (b) XRD patterns of N-Co3V,0g and Co3V50g. (c) Raman spectra of N-Co3V,0g@NF and
Co3V,0g@NF. (d) N, adsorption-desorption isotherms and pore-size distribution curves of N-Co3V,0g@NF.
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Fig. 2. (a) SEM image of N-Co3V,0g@NF (inset: the lower magnification SEM image). (b) low-magnification TEM image, (c) HR-TEM and the corresponding lattice

spacing profiles of the dotted line regions, (d-e) AFM image and the corresponding height profiles, and (f) HAADF-STEM image and EDS elemental mappings of Co, V,
O and N of N-Co3V,0g@NF.
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Fig. 3. High-resolution X-ray photoelectron spectra (XPS) of (a) Co 2p and (b) V 2p of N-Co3V,03@NF and Co3V;0s@NF. (c) N 1s and (d) O 1s of N-Co3V,0s@NF,
respectively. (e-f) Contact angle images of N-Co3V,0g and Co3V50s.

reinforcing the successful nitrogen doping in Co3VoOg@NF during are ascribed to the V-N bonds, Co-N bonds, pyridinic N, and pyrrolic N,
nitridation and pointing to the genesis of V-N active sites [42]. The high- respectively [43,44]. The coexistence of V-N and Co-N bonds epitomizes
resolution N 1s spectrum (Fig. 3c) of N-Co3V203@NF can be deconvo- the effective coordination of nitrogen with Co and V [32,45], further
luted into four peaks located at 396.1, 397.6, 399.1 and 400.2 eV, which underscoring the dual active sites formed from Co-N and V-N [46].
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Meanwhile, the O 1s XPS spectrum of N-Co3V2Og@NF is presented in
Fig. 3d, the peaks located at 529.4, 530.7, and 532.2 eV of the obtained
electrocatalysts are ascribed to metal-oxygen (M—O) bonds, carbon-
-oxygen (C—O0), and adsorbed water molecules (H2O,4s), respectively
[47,48]. Compared with Co3VoOg@NF, the intensity of the surface
absorbed water molecules in N-Co3VoOg@NF apparently increases,
indicating an improved hydrophilicity after N doping. To further
confirm the hydrophilic feature, the contact angle (CA) test was per-
formed in Fig. 3e-f. Obviously, the contact angle is reduced by 5.90°
after N doping, indicating the improved hydrophilicity [49,50]. There-
fore, N doping adeptly regulates the electronic structure of CosVa.
Os@NF that generates Co-N/V-N dual active sites, and improves its
hydrophilicity, thereby enhancing the catalytic performance.

3.2. Electrochemical HER performance evaluation

The hydrogen evolution reaction (HER) efficiency of the devised
catalysts was assessed by employing a standard three-electrode setup in
a 1.0 M KOH medium. As described in Fig. S7-8, N-Co3V20s@NF ex-
hibits the optimal catalytic performance when nitrided at 400 °C. Hence,
all subsequent discussions and analyses are based on the optimal syn-
thesis condition.

Linear sweep voltammetry (LSV) curves of different catalysts with iR
compensation calibration are shown in Fig. 4a. The N-Co3V,03@NF
catalyst only requires a low overpotential of 63 mV to drive a current
density of 10 mA cm™2, which outperforms other comparative catalysts
and most HER catalysts in literature (Fig. 4b-c and Table S1). Tafel
slopes were calculated to gain insight into the reaction mechanism, and
the results indicate that N-Co3V,0g@NF exhibits the fastest HER reac-
tion kinetics among the mentioned catalysts (Fig. 4d). Furthermore, we
observed a lower Rt for N-Co3V20g@NF compared to all control sam-
ples, indicating a reduced resistance at the electrode-electrolyte inter-
face, facilitating rapid electron transfer kinetics (Fig. S9) [51].
Electrochemical measurements were evaluated the electrochemical
double-layer capacitance (Cq) in the non-faradaic region at different
scan rates (Fig. S10). It was observed that N-Co3Vy;0g@NF has
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significantly higher Cgq value (39.33 mF cm™2) than that of CosVy.
Os@NF (12.19 mF cm™2), N-NaVO3@NF (3.97 mF cm™2) and N-ZIF-
67 @NF (8.89 mF cm ?) (Fig. 4e), which illustrated that N-Co3V,0g@NF
was capable of exposing more active sites for HER [52]. This can be
attributed to the generation of Co-N and V-N dual active sites, which can
provide more active sites. Furthermore, the polarization curve of the N-
Co3V,03@NF catalyst after 1000 consecutive CV cycles almost overlaps
with the original one and demonstrates robust durability over 200 h at
current density of 10 mA em 2 (Fig. 4f inset and Fig. 4f). Meanwhile, the
morphology and surface chemical composition of N-Co3VoOg@NF were
scrutinized through SEM and XPS, respectively (Fig. S11 and Fig. S12).
The morphological structure and chemical state of N-Co3Vy0s@NF
remain unchanged after a long-term stability test, further demonstrating
its excellent stability for HER.

3.3. Electrochemical OER performance evaluation

The self-supported catalyst N-Co3V,0g@NF was directly used as the
working electrode to evaluate its OER catalytic activity in 1.0 M KOH.
Fig. 5a shows that N-Co3V,0g@NF achieves the lowest overpotential of
256 mV to afford a current density of 10 mA em ™2, which is superior to
Co3V205@NF (318 mV), N-NaVO3@NF (349 mV) and N-ZIF-67@NF
(354 mV). Intriguingly, N-Co3V2,Og@NF even outperforms the compar-
ative catalysts at 50 and 100 mA cm 2 (Fig. 5b). The N-Co3V,03@NF
exhibits the smaller Tafel slope (Fig. 5¢), demonstrating that N-Co3V.
Og@NF proceeds a faster OER kinetics. More importantly, the excep-
tional OER performance of N-Co3VoOg@NF precedes that of most
recently reported OER catalysts (Fig. 5d and Table S2). N-Co3V2Og@NF
exhibits the lowest charge transfer resistance (R.) (Fig. 5e), indicating
that N-Co3V20g@NF possesses the fastest electron transfer during OER
and that nitrogen incorporation is beneficial for improving electrical
conductivity. For assessing durability, a chronopotentiometry test was
conducted. As visualized in Fig. 5f, the polarization curves of the N-
Co3V20g@NF catalyst after 1000 consecutive CV cycles closely mirrored
the original curve, confirming its capability to maintain stability for an
extended period of 300 h at a current density of 10 mA cm™2. The
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Fig. 5. OER performance of different catalysts in 1.0 M KOH. (a) LSV polarization curves at a scan rate of 2 mV s~ . (b) Comparison of the overpotential at 10, 50,
and 100 mA ecm 2. (c) Tafel slope. (d) Comparison of overpotential at 10 mA cm™~2 and Tafel slope with previously reported catalysts. (e) Electrochemical impedance
spectroscopy (EIS) data for prepared catalysts. (f) Chronopotentiometry test of N-Co3V,0g@NF at 10 mA cm 2 (inset: polarization curves of N-Co3V,0Og@NF before
and after 1000 cycles).

morphological characteristics and surface chemical states of the catalyst OER process [53]. These findings emphasize that the synergy between
were characterized by SEM and XPS after the OER stability test. The SEM Co-N and V-N plays a pivotal role in fostering active sites during the
results show that the catalyst maintains its intact nanosheet structure OER.

(Fig. S13), demonstrating excellent stability. Interestingly, there are
slight changes observed in the chemical composition of the catalyst
surface. Fig. S14 displays that the disappearance of the Co-N and V-N
bonds in the catalyst, while the content of Co>* and V°' increases
significantly, which is attributed to the oxidation reaction during the

3.4. Electrochemical OWS performance evaluation

As previously noted, N-Co3V20s@NF exhibits outstanding electro-
catalytic activity and durability for HER and OER, marking it as a

a b2400
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Fig. 6. (a) Schematic diagram of the two-electrode OWS system. (b) Polarization curves of N-C03V208@NF(+/ - and Rqu@NF(+) [l Pt/C@NF®. (¢) Comparison of
the cell voltages at current densities of 10 and 100 mA cm 2 with previously reported catalysts. (d) Chronopotentiometry curve at a current density of 100 mA cm 2
for N-Co3V,05@NF /7 (inset: a digital photograph of the two-electrode OWS system).
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potential catalyst for overall water splitting (OWS). To rigorously eval-
uate its performance in an OWS system, a two-electrode OWS setup was
carried out with N-Co3V,Og@NF as both the anode and cathode
(Fig. 6a). As presented in Fig. 6b, the N-C03V208@NFH/ - system (1.54
V@10 mA cm2/1.86 V@100 mA cm™2) achieves comparable perfor-
mance to RuO,@NF™P || Pt/C@NF" (1.54 V@10 mA cm %/1.86
V@100 mA cm™3). Notably, the assembled N—C03V208@NF(+/ 9 elec-
trolyzer exhibits remarkably low cell voltages of 1.97 V, 2.03 V, and
2.08 V at high current densities of 500, 1000, and 1500 mA cm 2,
highlighting its substantial potential for industrial applications. In a
broader context, when benchmarked against several documented cata-
lysts, the OWS efficiency of N-Co3VoOg@NF consistently emerges su-
perior (Fig. 6¢c and Table S3). A critical parameter for industrial viability
is the stability of the system. In this regard, the N-Co3V20g@NF(*+/)
system shines, demonstrating unwavering performance at a hefty 100
mA cm 2 for an extended period for 60 h, maintaining a consistent
voltage and continuously producing gas bubbles (Fig. 6d). This consis-
tent performance underscores its remarkable durability and positions N-
Co3V203@NF as a front-runner in the OWS system.

As noted earlier, the standout performance of N-Co3V2Og@NF across
HER, OER, and OWS operations can be attributed to a confluence of
strategic enhancements and material attributes. These key factors can be
ascribed to the following aspects: (1) Advanced nanosheet architecture:
The interlinked nanosheet structure can significantly increase the spe-
cific surface area, and facilitate efficient electrolyte transport and gas
emission [54,55]. (2) Bimetallic active sites: The bimetallic site combi-
nation of Co-N and V-N not only multiplies the number of active sites but
also synergistically boosts their individual catalytic activity efficiency
[41]. (3) Nitrogen doping and electronic modulation: N doping can
effectively modulate the electronic structure of the metal centers, which
is conducive to improving the electrical conductivity and optimizing the
adsorption of reaction intermediates, thereby improving the intrinsic
activity of the catalyst [56]. (4) Self-supporting electrode design: The
prepared self-supporting binder-free electrode can reduce the electrode
resistance and accelerate the electron transport during electrocatalysis
[57]. (5) Hydrophilicity enhancements: N doping can effectively
modulate the hydrophilicity of the electrocatalytic material, provide a
more potent capillary force stronger capillary force, promote contact
between the active site and reactants, and pave the way for faster re-
action kinetics [50,58].

4. Conclusion

In summary, we present the crucial promotion of Co-N and V-N dual
active sites on the HER and OER activity. The as-prepared N-CosV.
Og@NF achieves lower overpotentials of 63 and 256 mV at 10 cm ™2 for
HER and OER, respectively, with remarkable long-term stability. Addi-
tionally, the assembled N-C03V208@NF(+/ - electrolyzer demonstrates a
need for lower cell voltages to achieve higher current densities
(500-1500 mA cm ™), surpassing the performance of RuO,@NF™" || Pt/
C@NF®, thereby presenting significant potential for industrial appli-
cations. The superior electrochemical performance is attributed to the
staggered nanosheet structure, N-doping and the favorable Co-N/V-N
dual active sites, which endow N-Co3V,0g@NF with abundant active
sites, enhanced electrical conductivity, accelerated reaction kinetics,
and better hydrophilicity. This work provides an insightful blueprint for
future endeavors in the design of efficient and bifunctional electro-
catalysts with dual active sites, paving the way for next-generation in-
dustrial water electrolysis systems.
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