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Interfacial engineering of Co5.47N/Mo5N6 nanosheets with rich active sites 
synergistically accelerates water dissociation kinetics for Pt-like 
hydrogen evolution 
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G R A P H I C A L  A B S T R A C T  

A heterostructured Co5.47N/Mo5N6 catalyst on carbon cloth is created through a dip-etching and vapor nitridation process. It showcases Pt-like HER activity, reaching 
a potential of 44 mV at 10 mA cm− 2. When used as a cathode in high-current overall water splitting, it requires only a cell voltage of 1.81 V to reach 200 mA cm− 2, 
making it a promising candidate for industrial use. The catalyst’s unique nanosheet structure with a rough surface and the synergistic effect of Co5.47N and Mo5N6 
contribute to its enhanced HER performance.  
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A B S T R A C T   

The development of highly efficient hydrogen evolution electrocatalysts with platinum-like activity requires 
precise control of active sites through interface engineering strategies. In this study, a heterostructured Co5.47N/ 
Mo5N6 catalyst (CoMoNx) on carbon cloth (CC) was synthesized using a combination of dip-etching and vapor 
nitridation methods. The rough nanosheet surface of the catalyst with uniformly distributed elements exposes a 
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Hydrogen evolution 
Density functional theory 

large active surface area and provides abundant interface sites that serve as additional active sites. The CoMoNx 
was found to exhibit exceptional hydrogen evolution reaction (HER) activity with a low overpotential of 44 mV 
at 10 mA cm− 2 and exceptional stability of 100 h in 1.0 M KOH. The CoMoNx

(− )||RuO2
(+) system requires only 

1.81 V cell voltage to reach a current density of 200 mA cm− 2, surpassing the majority of previously reported 
electrolyzers. Density functional theory (DFT) calculations reveal that the strong synergy between Co5.47N and 
Mo5N6 at the interface can significantly reduce the water dissociation energy barrier, thereby improving the 
kinetics of hydrogen evolution. Furthermore, the rough nanosheet architecture of the CoMoNx catalyst with 
abundant interstitial spaces and multi-channels enhances charge transport and reaction intermediate trans
portation, synergistically improving the performance of the HER for water splitting.   

1. Introduction 

The drive to decarbonize in response to climate change is increas
ingly motivating the widespread deployment of hydrogen energy. Low- 
carbon, clean hydrogen is seen as a key factor in achieving carbon 
neutrality [1,2]. Renewable hydrogen is typically produced through an 
alkaline water electrolysis process [3,4], but the slow kinetics of the 
hydrogen evolution reaction (HER) in alkaline media results in low 
electrolysis efficiency [5]. Platinum-based materials are highly effective 
but their scarcity and high cost limit their use [6,7]. Therefore, devel
oping non-noble metal HER electrocatalysts with abundant reserves and 
platinum-like activity is crucial for advancing the hydrogen economy, 
but remains challenging due to limitations in activity and durability [8]. 
To overcome these limitations and advance the practical application of 
hydrogen energy, the development of HER electrocatalysts with high 
activity and stability through novel design methods is necessary. 

Recently, the development of efficient non-precious metal electro
catalysts for HER has been a topic of significant interest [9]. Researchers 
have focused on enhancing the catalytic activity and durability of these 
catalysts through various strategies such as heteroatom doping [10], 
strain engineering [11], and interface engineering [12]. Despite these 
advances, a major challenge in the use of high-performance HER cata
lysts is their poor interfacial stability [13,14]. During stability tests, the 
electrode surface often experiences a significant amount of mechanical 
resistance, causing the catalyst to fall off the electrode and making it 
difficult to maintain stability [14]. To address this challenge, re
searchers have explored in-situ assembly of the catalysts on high surface 
area, conductive substrates such as nickel foam, carbon cloth, and car
bon paper [15,16]. This approach can effectively increase the adhesion 
between the catalyst and substrate and reduce the mechanical resistance 
during electrocatalysis, leading to improved stability of the electrode. 

Another promising strategy is the construction of functional nano
composite heterostructures, as they offer great potential for regulating 
the physicochemical properties of the composites and enhancing the 
performance of hybrid electrocatalysts [17]. Heterogeneous interfaces 
play a crucial role in this process, as they allow for synergistic effects 
between different components, favorable electronic structure, and bet
ter chemical environments at the interface, leading to an increased 
exposure of active sites and enhanced intrinsic activity and stability of 
the catalytic sites for the HER [17,18]. Transition metal nitrides are 
particularly attractive due to their excellent electrical conductivity and 
corrosion resistance [19]. For instance, Jiao et al. demonstrated that Co- 
Mo5N6 can manipulate the electron redistribution between the nitrogen- 
rich phase and cobalt to lower the dissociation energy barrier and 
optimize the intermediate H* adsorption, thereby improving HER ac
tivity [20]. Similarly, Jiang et al. reported that the Co/CoMoN/NF 
heterostructures exhibited excellent HER activity in 1.0 M KOH solution 
with a low overpotential of 173 mV at 100 mA cm− 2 [21]. The improved 
performance was attributed to the role of cobalt sites with a low-valent 
state as efficient water dissociation promoters, while the CoMoN sub
strate reduced hydrogen adsorption energy, thereby enhancing the HER 
activity. 

The present study describes the preparation of heterostructured 
CoMoNx nanosheets as a highly efficient and stable HER electrocatalyst. 

The catalyst was formed in situ on a carbon cloth substrate via a facile 
dip-etching method and vapor nitridation treatment. Microstructural 
and chemical analysis confirmed the presence of Co5.47N and Mo5N6 
crystals, as well as heterogeneous interfaces. Electrochemical evalua
tions showed that the CoMoNx catalyst exhibited exceptional HER ac
tivity (44 mV at 10 mA cm− 2) and stability (100 h in an alkaline 
medium). Additionally, the catalyst demonstrated high specific and 
intrinsic catalytic activity, outperforming the commercial Pt/C catalyst 
in terms of cell voltage required to reach a current density of 200 mA 
cm− 2 (1.81 V for CoMoNx compared to 1.86 V for Pt/C). Density func
tional theory calculations revealed that the heterostructured interface of 
Co5.47N and Mo5N6 lowered the energy barrier for water dissociation, 
promoting the formation of H* and boosting the HER activity. 

2. Experimental section 

2.1. Chemicals and materials 

Cobalt nitrate hexahydrate (Co(NO3)2⋅6H2O, 99.0%), 2-methylimi
dazole and RuCl3 were purchased from Shanghai Aladdin Biochemical 
Technology Co., Ltd. Sodium molybdate dehydrate (Na2MoO4⋅2H2O, 
99.0%) was acquired from Xilong Science Co., Ltd. Commercial Pt/C 
(20 wt% for platinum) was purchased from Alfa Aesar. Carbon cloth 
(CC) was obtained from Suzhou Sinero Technology Co., Ltd. These 
chemicals were analytical grade and utilized without additional purifi
cation. Deionized (DI) water (resistivity ≥ 18.2 MΩ, Millipore Milli-Q) 
was used for the preparation of the electrolytes. 

2.2. Synthesis of ZIF-67/CC 

All chemicals used were of analytical grade and detailed information 
can be found in the Supporting Information. The synthesis of ZIF-67 
nanosheets on carbon cloth (CC) was performed following a modified 
version of a previously reported method [22]. The CC was first cleaned 
ultrasonically in 0.5 M H2SO4, DI water, and ethanol for 15 min each. 
Then, 1.6 mmol of Co(NO3)2⋅6H2O and 8 mmol of 2-methylimidazole 
were dissolved in 20 mL of DI water and mixed under stirring. The 
pretreated CC was then placed in the mixture for 6 h. Finally, the 
resulting ZIF-67 modified CC (ZIF-67/CC) was taken out, washed with 
DI water, and dried naturally. 

2.3. Synthesis of CoMo(OH)x/CC 

The preparation of CoMo(OH)x nanosheets on carbon cloth (CC) was 
achieved through impregnation. 300 mg of Na2MoO4⋅2H2O was dis
solved in 20 mL of DI water and stirred continuously for 30 min. The ZIF- 
67/CC precursor was then immersed in the solution and stirred at room 
temperature for 4 h. After multiple washes and air-drying, the final 
product was named as CoMo(OH)x/CC. 

2.4. Synthesis of CoMoNx/CC 

The CoMo(OH)x/CC was subjected to annealing in a tube furnace at 
420 ◦C for 5 h with a heating rate of 5 ◦C per minute in a high purity NH3 
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atmosphere (99.99%). The resulting sample was referred to as CoMoNx/ 
CC. For comparison, the Co5.47N/CC was synthesized using the same 
nitriding procedure with the ZIF-67/CC precursor. 

2.5. Synthesis of RuO2 

RuO2 powder was synthesized by directly calcining RuCl3 in the air 
at 400 ◦C. The corresponding XRD pattern was indexed to RuO2 (JCPDS: 
40–1290), indicating that RuO2 was successfully prepared. Besides, The 
SEM image showed that RuO2 existed in the form of particles (Fig. S2). 

2.6. Electrochemical measurements 

The hydrogen evolution reaction (HER) activity was evaluated using 
a Biologic VMP3 electrochemical workstation with a standard three- 
electrode system in 1.0 M KOH. The as-prepared catalyst, graphite 
plate, and saturated calomel electrode (SCE) were used as the working 
electrode, counter electrode, and reference electrode, respectively. The 
HER activity was determined through cyclic voltammetry (CV) at a 
sweep rate of 10 mV s− 1 and a potential range of − 0.9 to − 1.5 V (vs. 
SCE). The polarization curves were obtained through linear sweep vol
tammetry (LSV) with a scan rate of 1 mV s− 1. The potential of the 
reversible hydrogen electrode (RHE) was calibrated through the equa
tion (Fig. S1) [23]:  

E(RHE) = E(SCE) + 0.241 V + 0.059 × pH(V vs. RHE)                     (1) 

The electrochemical impedance spectroscopy (EIS) was performed 
near the onset potential in the frequency range from 200 kHz to 10 mHz. 
The electrochemically active surface area (ECSA) was estimated by 
measuring the electrochemical double-layer capacitance (Cdl) through 
CV curves within a non-faradaic interval (− 0.9 to − 1.0 V) at various 
scanning rates (10, 20, 40, 60, 80 and 100 mV s− 1). The overall water 
splitting was tested using a two-electrode system with a voltage range of 
0 – 2.0 V and a scan rate of 5 mV s− 1 in 1.0 M KOH. 

2.7. Material characterizations 

Morphologies and microstructures of the designed materials were 

characterized by scanning electron microscopy (SEM, Quanta FEG 200, 
Holland) and transmission electron microscopy (TEM, JEOL, JEM- 
2100F). The electron energy loss (EELS) was acquired by a double 
spherical aberration-corrected transmission electron microscopy (FEI 
Titan Themis G2). X-ray powder diffraction (XRD) was investigated by a 
D/Max 2500 V PC with Cu Kα radiation. The chemical states of the 
catalysts were analyzed by X-ray photoelectron spectroscopy (XPS, 
model: JPS-9010 TR Photoelectron Spectrometer, Japan). The metal 
contents of the catalysts were determined by inductively coupled 
plasma-atomic emission spectrometry (ICP-AES, IRIS Intrepid II XSP). 
The specific surface area and pore size distribution were calculated ac
cording to the Brunauer-Emmett-Teller (BET, 3H-2000PS4) and Barrett- 
Joyner-Halenda (BJH) methods, respectively. Multiple experiments 
were conducted using BET, BJH and ICP-AES to ensure the accuracy and 
repeatability of the data. 

3. Results and discussion 

3.1. Synthesis strategy and structural analysis 

The CoMoNx composite was prepared by a dip-etching and vapor 
nitridation treatment as illustrated in Fig. 1a. The process started with 
the growth of purple ZIF-67 precursor (Co(NO3)2 as metal source, 2- 
methylimidazole (2-MIM) as organic ligand) on CC using the impreg
nation method. The purple ZIF-67/CC precursor was then immersed in 
Na2MoO4 solution to produce peacock blue CoMo(OH)x nanosheets 
through etching. The ZIF-67 was unstable in water and etched to release 
Co2+ ions. Since the aqueous solution Na2MoO4 was weakly alkaline, 
these ions undergone a series of complex reactions with hydroxide ions 
to form corresponding hydroxides [24]. Subsequently, The CoMo(OH)x 
was further nitrided under NH3 atmosphere at 420 ◦C to generate the 
CoMoNx composite (Fig. S3). The possible reactions can be expressed as 
follows [25,26]:  

Mo5O8(OH)8 + NH3 → Mo5N6 + H2O↑+N2↑                                     (2)  

Co(OH)2 + NH3 → Co5.47N + H2O↑+N2↑                                          (3) 

The phase and chemical composition of the samples were analyzed 
using X-ray diffraction (XRD). The XRD pattern of the as-prepared ZIF- 

Fig. 1. (a) Schematic illustration of the synthesis process of CoMoNx. XRD patterns of (b) CoMo(OH)x and (c) CoMoNx.  
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67/CC is shown in Fig. S4a, while the CoMo(OH)x etched by Na2MoO4 
solution exhibits a mixed phase of α-Co(OH)2 (JCPDS: 46–0605) [27], 
Mo5O8(OH)8 (JCPDS: 09–0159), and a small amount of MoO3 (Fig. 1b). 
The diffraction peaks of CoMoNx correspond well to Mo5N6 (JCPDS: 
51–1326) [25] and Co5.47N (JCPDS: 41–0943) phases [28] (Fig. 1c), 
indicating that CoMoNx is composed of Mo5N6 and Co5.47N. As a com
parison, ZIF-67/CC was successfully converted to Co5.47N/CC after heat 
treatment in ammonia atmosphere (Fig. S4b) [28]. 

Scanning electron microscopy (SEM) was used to study the mor
phologies of ZIF-67/CC, CoMo(OH)x/CC, and CoMoNx/CC. The results 
showed that ZIF-67 nanosheets (approx. 20 nm thick) were densely 
packed and smooth on the CC substrate (Fig. S5a). CoMo(OH)x nano
sheets (ca. 7 nm) retained their nanosheet array structure after nitri
dation under NH3 atmosphere (Fig. S5b), while the surface of CoMoNx/ 
CC became rough with small nanoparticles (Fig. 2a-b) [21]. 

The microstructure of CoMoNx nanosheets was further analyzed by 
transmission electron microscopy (TEM). As illustrated in Fig. 2c, the 
CoMoNx nanosheets displayed a porous structure that could expose 
abundant active sites and facilitate charge transport, improving elec
trochemical performance sequentially [29]. As shown in the high- 
resolution HRTEM images (Fig. 2d), the heterostructure between 
Co5.47N and Mo5N6 was established. In addition, as marked by the yel
low dotted line in Fig. 2d, there are obvious interpenetrating connec
tions between the lattice atoms of Co5.47N and Mo5N6, indicating that 
the two domains are well coupled at the interface. The inverse Fast 

Fourier transform (IFFT) images showed that the lattice planes of (111) 
for Co5.47N and (110) for Mo5N6 are well exposed in the heterostructure 
(Fig. 2e-f). Interestingly, the apparent grain boundaries at high magni
fication were not reflected in the low-resolution elemental mapping, 
which was consistent with other reports [30,31]. Besides, the Co, Mo 
and N were detected in the CoMoNx domains from the high-angle 
annular dark-field scanning TEM (HAADF-STEM)-energy dispersive X- 
ray mapping images (Fig. 2g). The electron energy loss spectroscopy 
(EELS) line scanning of testing area (Fig. 2h) was shown in Fig. 2i-j. The 
EELS spectra presented a Co–L peak (around 779 and 794 eV), Mo–N 
peak (around 62 eV) and N-K peak (around 401 eV), which verified the 
even distribution of Co, Mo and N on the surface of CoMoNx. Subse
quently, the CoMoNx sample was characterized using an N2 adsorp
tion–desorption isotherm to determine specific surface area and pore 
size. As shown in Fig. 2k, the Brunauer-Emmett-Teller (BET) specific 
surface area and average pore diameter of CoMoNx were 48.0 m2 g− 1 

and 12.8 nm, respectively. The high specific surface area of CoMoNx 
could be attributed to the formation of abundant mesopores after 
nitridation [32]. Similar BET results have been reported in self- 
supported catalysts by many recent works [30,33–35]. 

3.2. Chemical state analysis 

The elemental composition and surface chemical states of catalysts 
were investigated by X-ray photoelectron spectroscopy (XPS). In 

Fig. 2. (a-b) SEM images of CoMoNx/CC. (c) TEM image of CoMoNx. (d) HRTEM image of CoMoNx. IFFT images of (e) Co5.47N and (f) Mo5N6. (g) HAADF and 
corresponding elemental mappings of CoMoNx (color online). (h) High-resolution STEM image showing the EELS scanning pathway. (i-j) EELS spectra of Co L-edge, 
Mo M− edge and N K-edge, respectively. (k) Nitrogen adsorption–desorption isotherms with inset pore size distribution of CoMoNx. 
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Fig. S6a, the XPS survey spectra showed the presence of Co, Mo, O and N 
elements in CoMoNx. The high-resolution C 1 s spectrum of CoMoNx was 
assigned to C––C (284.0 eV), C–C (284.8 eV), C–O (286.0 eV) and 
C––O (288.5 eV) (Fig. S6b) [36]. For Co 2p spectra (Fig. 3a), the Co 2p3/2 
peaks with binding energies at 779.9 and 781.6 eV correspond to Co3+

and Co2+, respectively [37,38]. Unlike the CoMo(OH)x, the peak at 
778.0 eV for Co 2p3/2 in CoMoNx indicates the Co-N bond, implying the 
successful synthesis of cobalt nitride [30]. As shown in Fig. 3b, CoMo 
(OH)x demonstrated two peaks at 231.3 and 234.5 eV, assigned to Mo 
3d5/2 and Mo 3d3/2 of Mo6+ in the Mo 3d spectrum [39]. While for the 
CoMoNx heterostructure, the spectrum could be deconvoluted into Mo4+

and Mo6+, indicating the presence of Mo oxides on the surface of 
CoMoNx [40]. In addition, the peak at 229.7 eV corresponds to the Mo-N 
bond, which is beneficial to improving the HER activity [41]. Moreover, 
the high valence state of Mo is beneficial to corrosion resistance and 
intermediate adsorption during water dissociation [42]. As revealed in 
Fig. 3c, the N 1 s spectrum contains four peaks at 394.4, 396.4, 398.4 
and 400.0 eV, corresponding to Mo-N, Co-N, pyridinic N and pyrrolic N, 
respectively [43–46]. For the high-resolution spectrum of O 1 s for 
CoMoNx (Fig. 3d), the peaks located at 529.5, 530.6, and 532.2 eV are 
ascribed to metal–oxygen (M− O) bonds, carbon–oxygen (C–O), and 
adsorbed water molecules (H2Oads), respectively due to the catalyst 
oxidation in the air [47,48]. 

3.3. Electrocatalytic HER analysis 

The catalytic performance of CoMoNx heterostructures was evalu
ated through hydrogen evolution reaction (HER) measurements in a 
three-electrode system with a 1.0 M KOH solution. The results, as dis
played in Fig. 4a-b, showed that the CoMoNx heterostructures provided 
lower overpotentials at current densities of 10, 50, and 100 mA cm− 2, 
with values of 44, 101, and 145 mV respectively. Notably, CoMoNx 
outperformed Pt/C when the current density exceeded 50 mA cm− 2, 
because its unique nanosheet structure was conductive to electrolyte 
diffusion and gas release [49]. This indicates that the CoMoNx hetero
structures have a higher efficiency in the HER process. At high current 
density, the polarization curves fluctuate because of the effect of rapidly 
generated hydrogen bubbles on the connection between the electrode 
surface and the electrolyte. Additionally, the CoMoNx heterostructures 
showed a low Tafel slope of 55.6 mV dec− 1, which is significantly lower 
compared to other catalysts such as ZIF-67 (110.2 mV dec− 1), CoMo 
(OH)x (157.3 mV dec− 1), and Co5.47N (170.0 mV dec− 1). This low Tafel 
slope is also relatively close to that of Pt/C (27.9 mV dec− 1) (Fig. 4c), 

indicating that the CoMoNx heterostructures have a favorable reaction 
kinetics and follow a Volmer-Heyrovsky mechanism [50]. Furthermore, 
the results of the electrochemical impedance spectroscopy (EIS) on the 
CoMoNx heterostructures showed the smallest charge transfer resistance 
(Rct), revealing improved interfacial electron transfer (Fig. 4e). This 
supports the conclusion that the CoMoNx heterostructures have a high 
efficiency in the HER process. A comparison between the CoMoNx het
erostructures and other recently reported high-performance catalysts 
(Fig. 4d and Table S2) showed that the CoMoNx heterostructures have a 
lower overpotential and Tafel slope, further emphasizing their superi
ority in terms of catalytic performance. Overall, the results of the HER 
measurements provide strong evidence that the CoMoNx hetero
structures have exceptional catalytic properties, making them a prom
ising candidate for various electrochemical applications. 

Electrochemical measurements were used to calculate the electro
chemical double-layer capacitance (Cdl) in the non-faradaic region at 
different scan rates (Fig. S7). As shown in Fig. 4f, the CoMoNx reveals the 
maximum Cdl (51.8 mF cm− 2). Meanwhile, the electrochemically active 
surface area (ECSA) was estimated based on the corresponding Cdl. 
Remarkably, CoMoNx has the highest ECSA (863 cm2), exceeding those 
of the ZIF-67 (80 cm2), CoMo(OH)x (410 cm2) and Co5.47N (248 cm2), 
which manifests that the more active sites are exposed at the hetero
structure [21,51]. Besides, the CoMoNx exhibits the highest specific 
catalytic activity after normalization by ECSA (Fig. 4g), indicating high 
inherent activity [52]. The turnover frequency (TOF) calculated from 
the ICP results was used to evaluate further catalysts’ intrinsic activity 
(Table S1). As seen in Fig. 4h, the same trend was observed for the 
inherent performance measured through TOFs, where the CoMoNx 
possesses the highest TOF at different overpotentials compared to other 
systems, clearly indicating its excellent intrinsic activity. 

In addition to catalytic activity, stability is a crucial indicator for 
evaluating electrocatalysts in practical applications. The durability of 
CoMoNx was measured by cyclic voltammetry and chro
nopotentiometry. As presented in Fig. 4i, the potential increase is 
inappreciable after 3000 cycles, revealing the superior cycling stability 
of CoMoNx. Additionally, the potential hardly drops over 100 h under a 
current density of 10 mA cm− 2, attesting to excellent long-term galva
nostatic stability of CoMoNx. Additionally, the overpotential increased 
by only 10 mV after running for 36 h at a current density of 50 mA cm− 2. 
To further assess the morphology and chemical composition change, the 
post-HER catalyst was inspected by SEM and XPS. The negligible vari
ation of morphology and chemical state verifies the outstanding 
robustness of CoMoNx (Figs. S8-S9). 

Fig. 3. High-resolution XPS spectra of (a) Co 2p and (b) Mo 3d regions from CoMo(OH)x and CoMoNx, respectively; (c) N 1 s and (d) O 1 s regions from CoMoNx.  
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3.4. DFT calculation 

Density functional theory (DFT) calculations were used to elucidate 
further the correlation between the HER performance and interfacial 
interactions of the heterostructured Co5.47N-Mo5N6 catalyst in an alka
line electrolyte. As shown in Fig. S10, correlative theoretical models are 
constructed to simulate the Co5.47N, Mo5N6 and Co5.47N-Mo5N6 cata
lysts. Fig. 5a shows the charge density difference of Co5.47N-Mo5N6. It 
can be found that the electrons are redistributed after forming the 
interface structure, and a large number of electrons gather at the 
interface of Co5.47N and Mo5N6, indicating that there is a strong inter
action between Co5.47N and Mo5N6 [53], which is conducive to water 
splitting. Subsequently, the density of states (DOS) was calculated to 
elucidate the electronic structure. Compared with Co5.47N and Mo5N6, 
the DOS near the Fermi level of Co5.47N-Mo5N6 is higher, indicating that 
the interaction of Co5.47N and Mo5N6 enhances the interfacial conduc
tivity [20], which is expected to improve the adsorption performance 
and reactivity during HER process. Besides, the d-band center of a 
catalyst is also calculated from their d-orbital density of states, and the 
value of εd is related to the metal-adsorbate interaction [54]. In Fig. 5b, 
the εd of Co5.47N-Mo5N6 is − 1.16 eV, which is closer to the Fermi level 
than those of Co5.47N (− 1.46 eV) and Mo5N6 (− 1.80 eV), implying that 
the Co5.47N-Mo5N6 electrocatalyst exhibits an improved electroactivity 
owing to the moderate adsorption and desorption effect toward the in
termediate products [55]. Moreover, the partial state densities of 3d 
orbitals of Co and 4d orbitals of Mo on Co5.47N-Mo5N6 are shown in 
Fig. S11. The Co-3d and Mo-4d orbitals are found to shift slightly 
downward after forming the interfacial structure, indicating their higher 
surface activity [21,56]. 

The free energy diagram and reaction pathways were further 
calculated to thoroughly investigate the intrinsic mechanism of the 
heterostructured Co5.47N-Mo5N6 catalyst in alkaline HER catalysis. The 
corresponding adsorption and dissociation configurations of water on 
Co5.47N-Mo5N6, Co5.47N and Mo5N6 are included in Fig. S12. Specif
ically, the rate-determining step is the activation of the H2O molecule in 
the transition state (TS), or the rate-determining step is Volmer step 
(H2O + e− + * → H* + OH− ) [57,58]. The water dissociation barrier of 
Co5.47N-Mo5N6 is only 1.36 eV, lower than that of Co5.47N (1.62 eV) and 
Mo5N6 (1.65 eV), implying that the interaction of Co5.47N and Mo5N6 
can significantly reduce the water dissociation energy barrier, accelerate 
the dissociation kinetics of H2O, and enhance the generation of H* atoms 
[59]. All these results contribute to the fast kinetics of HER. Subse
quently, in the Heyrovsky step of Fig. 5c, the Co5.47N-Mo5N6 surface 
(0.10 eV) exhibits a more suitable hydrogen binding energy (ΔGH*), 
which is closer to zero compared to that on the Co5.47N (-0.63 eV) and 
Mo5N6 (0.16 eV) surfaces, indicating that the Co5.47N-Mo5N6 hetero- 
catalyst has the optimal hydrogen adsorption/desorption capacity 
[53]. Based on experimental and theoretical results, an alkaline HER 
mechanism on Co5.47N-Mo5N6 heterostructures is proposed in Fig. 5d. 
Water dissociation readily occurs on the Mo5N6 to generate H* (H2O +
e− → H* + OH− ), and the H* adsorption and desorption easily take place 
on the Co5.47N-Mo5N6 interface (H* → 1/2 H2). The optimized adsorp
tion/desorption of H* intermediate on the Co5.47N-Mo5N6 is critical in 
promoting the HER activity. 

3.5. Overall water splitting analysis 

Encouraged by the superior electrochemical activity of CoMoNx in a 

Fig. 4. Electrocatalytic HER performance. (a) LSV polarization curves, (b) comparison of overpotentials at 10, 50 and 100 mA cm− 2, (c) Tafel slopes, (d) comparison 
of CoMoNx with previously reported catalysts on an overpotential of − 10 mA cm− 2 and Tafel slope, (e) electrochemical impedance spectroscopy (EIS), (f) double- 
layer capacitance (Cdl) plots, (g) ECSA-normalized LSV curves (Inset: bar chart of the ECSA), (h) turnover frequency (TOF) value of ZIF-67, CoMo(OH)x, CoMoNx, 
Co5.47N and Pt/C, (i) durability test of CoMoNx for HER at − 10 and − 50 mA cm− 2 (Inset: Polarization curves before and after 3000 cycles of CV curves in 1.0 M 
KOH solution). 
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Fig. 5. Density functional theory (DFT) cal
culations. (a) Schematic diagram of differ
ential charge structure model. The blue, pink 
and silver balls represent the Co, Mo and N 
atoms, respectively. (b) Density of states 
(DOS) of Co5.47N, Mo5N6 and Co5.47N- 
Mo5N6. Dotted lines represent the d-band 
centers of the catalysts. (c) Free energy dia
gram of water dissociation and H* adsorp
tion on different catalysts. (d) HER 
mechanism illustration of Co5.47N-Mo5N6 in 
alkaline electrolyte. (For interpretation of 
the references to color in this figure legend, 
the reader is referred to the web version of 
this article.)   

Fig. 6. (a) Schematic diagram of overall water splitting for the two-electrode system, (b) LSV curves of overall water splitting for CoMoNx
(− )||RuO2

(+) and Pt/C(− )|| 
RuO2

(+), (c) comparison of the cell voltage of CoMoNx at 100 mA cm− 2 with previously reported catalysts, and (d) chronopotentiometry test at 100 mA cm− 2. 
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three-electrode cell, a two-electrode device was fabricated using 
CoMoNx and RuO2 as the respective cathode and anode to appraise the 
feasibility of overall water splitting (CoMoNx

(− )||RuO2
(+), Fig. 6a). As 

displayed in Fig. 6b, the CoMoNx
(− )||RuO2

(+) system only required lower 
cell voltages of 1.74 V and 1.81 V to reach the current densities of 100 
and 200 mA cm− 2, respectively, outperforming the Pt/C(− )||RuO2

(+) 

system (1.79 V and 1.86 V). The overall water-splitting performance of 
the CoMoNx-based system is superior to most recently reported elec
trocatalysts (Fig. 6c and Table S3). As shown in Fig. 6d, the chro
nopotentiometry curve of the CoMoNx

(− )||RuO2
(+) system displays a 

negligible degradation after continuous operation at 100 mA cm− 2 for 
60 h, verifying the excellent stability of CoMoNx during the water 
splitting. 

As discussed above, the superior HER performance of CoMoNx can be 
attributed to the following aspects: (1) The as-prepared self-supporting 
binder-free electrodes reduce electrode resistance and accelerate charge 
transfer, thereby facilitating electrode reactions. (2) The particular 
structure of ultrathin porous nanosheets is conducive to exposing 
plentiful active sites and accelerating the charge transfer, thereby 
facilitating the electrode reaction. (3) DFT calculations reveal that the 
strong synergy at the interface of Co5.47N and Mo5N6 reduces the water 
dissociation energy barrier and accelerates the dissociation of water 
molecules to generate H*, thereby enhancing the HER activity. 

4. Conclusion 

In summary, the preparation of a sheet-like CoMoNx hybrid catalyst 
on carbon cloth using a facile method was investigated for its potential 
in hydrogen evolution reaction and overall water splitting. The results 
showed that the ultra-thin nanosheets with a rich interface between 
Co5.47N and Mo5N6 can expose more active sites and accelerate charge 
transfer. This unique bimetallic composite structure also reduced the 
energy barrier for water dissociation and optimized the hydrogen- 
adsorption free energy. Consequently, the prepared CoMoNx catalyst 
exhibited prominent HER catalytic capability with an ultralow over
potential of 44 mV at 10 mA cm− 2, which outperformed most reported 
transition metal nitrides. Additionally, the overall water splitting test 
with the CoMoNx as the cathode produced a cell voltage of 1.57 V at 10 
mA cm− 2, a superior performance compared to most recently reported 
catalysts. This study provides a new and cost-effective strategy for the 
preparation of bimetallic nitride nanosheet catalysts for hydrogen evo
lution reactions. 
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