
Applied Catalysis B: Environmental 343 (2024) 123480

Available online 7 November 2023
0926-3373/© 2023 Elsevier B.V. All rights reserved.

Constructing molybdenum vacancy defect for MoP with optimized p-band 
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A B S T R A C T   

Vacancy engineering has been widely used to enhance the hydrogen evolution reaction (HER) performance due 
to its effective electronic modulation effect. Herein, the molybdenum (Mo) vacancies were introduced into 
molybdenum phosphide (MoP) towards high-efficiency hydrogen evolution for the first time. Benefiting from the 
charge redistribution around the Mo vacancies, the exposed P sites can serve as ideal catalytic sites with a free 
energy of hydrogen adsorption close to zero. Meanwhile, an internal polarization field from terminal Mo atoms to 
exposed P atoms can offer a more efficient “H delivery” mechanism, achieving fast HER kinetics with a dominant 
Volmer-Heyrovsky mechanism at a wide range of current density and ultimately exceeding the commercial Pt/C 
catalyst for high-efficiency hydrogen evolution. More importantly, we first report that the P p-band center can be 
used as an alternative descriptor to evaluate the HER performance of the electrocatalysts which utilize P atoms as 
the main active sites. Furthermore, this work also demonstrates that metal vacancies provide an effective tactic to 
optimize catalytic activity for metal compound-based electrocatalysts.   

1. Introduction 

Vacancy, distinguished as a sort of unique catalytic active sites, has 
been widely investigated in the hydrogen evolution reaction (HER), due 
to its efficient electronic modulation effect over a broad range [1–6]. At 
present, numerous vacancy engineering tactics, such as low-temperature 
hydrothermal growth [7–9], gas plasma bombardment [10–13], etching 
[1,4,14,15], and heteroatom doping [16–18], have been proposed to 
optimize HER performances. Specifically, as regards to the 
molybdenum-based materials, recognized as promising HER electro
catalysts, the prevalent strategy is etching. Sulfur (S) vacancy has been 
widely utilized to activate the inert basal plane of molybdenum disulfide 
(MoS2). Wang and Zhang et al. used hydrogen peroxide as a mild 
chemical etchant for introducing single S-vacancies onto the MoS2 
nanosheet surface, and the S-vacancy state can be systematically 
modulated by tuning the etching duration, temperature, and solution 
concentration [1]. Besides, oxygen (O) vacancy has been introduced into 
the catalytically inactive molybdenum trioxide (MoO3) to achieve 
remarkable HER performance. Luo and Suib et al. employed poly
ethylene oxide-b-polystyrene (PEO-b-PS) as soft template as well as 
reducing agent for etching O-atoms from MoO3, and the O-vacancies not 

only served as electron acceptors reducing the HER kinetic barrier, but 
also enhanced the electrical conductivity [19]. For the low oxidation 
state molybdenum-based materials, cation vacancy is preferable for the 
acceleration of HER because of the strong Mo–H bond. Li and Baek et al. 
utilized silicon dioxide as the hard template to create Mo vacancies on 
the surface of molybdenum carbide (Mo2C) during template etching, 
and the Mo vacancies would weaken the Mo–H bond as confirmed by the 
density functional theory (DFT) calculations [14]. Molybdenum phos
phide (MoP) is acknowledged as the most efficient HER electrocatalyst 
among molybdenum-based materials on account of its high intrinsic 
activities [20], but there is few research on the vacancy-rich MoP elec
trocatalyst. Since Xiao and Wang et al. discovered molybdenum phos
phides as promising HER electrocatalysts for the first time [21], P atoms 
have been considered as active sites with optimal Gibbs free energy of 
hydrogen adsorption (ΔGH*, − 0.03 eV at 2/4 mL), whereas Mo atoms 
exhibited too strong binding to H. However, when the H coverage was 
increased to 3/4 mL, the ΔGH* of P terminated surface reached a much 
higher value of 0.34 eV, it meant that high surface H coverage as well as 
corresponding fast Heyrovsky reaction kinetics were difficult to be 
achieved. Based on the above discussion, constructing Mo vacancy 
defect for MoP may be a rational and effective strategy to expose more P 
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active sites as well as increase the H coverage of defective surface. 
Herein, the molybdenum vacancies were introduced into MoP 

through an etching process for the first time. As shown in Fig. 1, Co2P/ 
MoP nanorods were obtained firstly by the phosphorization of the 
CoMoO4 precursor, during which abundant Co− P− Mo bonds were 
established at the interface between Co2P and MoP. Afterwards, the 
Co2P crystalline phase was etched by the hydrochloric acid easily, 
resulting in a large number of molybdenum vacancies derived from the 
destruction of Mo− P− Co linker. DFT calculation results indicated that 
the molybdenum vacancies not only facilitated the exposure of P atoms 
giving a ΔGH* close to zero for hydrogen evolution, but also constructed 
an internal polarization field from terminal Mo atoms to exposed P 
atoms, enabling a higher surface coverage of H as well as corresponding 
faster Heyrovsky reaction kinetics. As expected, the Mo vacancy-rich 
MoP exhibited accelerated HER kinetics with an ultralow Tafel slope 
of 41 mV dec–1. Moreover, we further probed the correlation between P 
p-band center (εp) and ΔGH* of a series of molybdenum phosphide-based 
electrocatalysts, and first reported the P εp could be used as an alter
native descriptor to evaluate the HER performance. This work not only 
paves a new avenue for the rational design and construction of 
phosphide-based HER electrocatalysts, but also provides an efficient 
tactic to optimize catalytic activity for other metal compound-based 
electrocatalysts which rely on non-metal atoms as main catalytic sites. 

2. Experimental section 

2.1. Synthesis of CoMoO4 nanorods 

The CoMoO4 nanorods were synthesized via a hydrothermal method. 
In brief, Co(NO3)2⋅6 H2O (2 mmol) and Na2MoO4⋅2 H2O (2 mmol) were 
dissolved in deionized water (40 mL), and then transferred into a Teflon- 
lined stainless-steel autoclave (100 mL) and maintained at 180 ◦C for 
12 h. After being cooled to room temperature, the purple CoMoO4 
powder was collected by filtration and washing with water and ethanol 
as well as being dried at 70 ◦C overnight. XRD and SEM characteriza
tions were conducted for the as-obtained CoMoO4 precursor (Fig. S1). 
The XRD pattern of precursor synthesized by the hydrothermal reaction 
can be indexed as the phase for CoMoO4⋅3/4 H2O. After one hour of 
calcination at 500℃, the diffraction peaks matched well with the 
monoclinic CoMoO4 (PDF#21-0868) [22]. And SEM images revealed a 
typical nanorod structure. 

2.2. Synthesis of Co2P/MoP nanorods 

The Co2P/MoP nanorods were prepared via a high temperature 

phosphorization method. In brief, the as-obtained CoMoO4 nanorods 
(50 mg) and NaH2PO2⋅H2O (125 mg) were dispersed into two porcelain 
boats with the latter on the upstream side. Then, the furnace was heated 
at 600 ◦C in the Ar gas flow for 1 h with a ramp rate of 10 ◦C min− 1. 

2.3. Synthesis of Mo vacancy-rich MoP porous nanorods 

The Mo vacancy-rich (Mov) MoP porous nanorods were obtained 
through HCl etching of the Co2P/MoP nanorods. In brief, the Co2P/MoP 
(20 mg) nanorods were dispersed into 1 M HCl solution (100 mL) under 
vigorous stirring for hours, and the final sample was collected by 
filtration and washed with water and ethanol, named as Mov-MoP-t (t is 
the etching time). 

2.4. Synthesis of pristine MoP nanorods 

The pristine MoP (P-MoP) nanorods were obtained through the same 
method as for Co2P/MoP nanorods but replacing CoMoO4 nanorods with 
MoO3 nanorods and increasing the calcination temperature to 700 ◦C. 
The obtained P-MoP nanorods were also subjected to an 18-hour acid 
etching with 1 M HCl, named as P-MoP-18. 

2.5. Characterizations 

XRD patterns were obtained by a D/max 2500 system with a Cu Kα 
radiation source. Zeiss Sigma 300 scanning electron microscope (SEM) 
and FEI Tecnai F20 transmission electron microscope (TEM) were uti
lized to observe the morphology and microstructures. The contact angle 
was determined by Lauda Scientific LSA100. The surface elemental 
valence states were measured by both X-ray photoelectron spectrometer 
(XPS, Thermo Fisher Scientific K-ALPHA) and electron paramagnetic 
resonance spectrometer (EPR, Bruker EMXplus-6/1). The valance bands 
were measured by ultraviolet photoelectron spectroscopy (UPS, Kratos 
Axis Ultra HSA). 

3. Results and discussion 

To investigate the formation process of Mo vacancy, a series of Mo 
vacancy-rich samples were prepared via the phosphorization of as- 
obtained CoMoO4 precursors followed by HCl etching. As shown in  
Fig. 2a, the diffraction peaks of pristine Co2P/MoP (P-Co2P/MoP) match 
well with the standard Co2P (PDF#32-0306) and MoP (PDF#65-6487) 
[23,24], demonstrating the complete phosphorization of as-obtained 
CoMoO4 precursors. With the increase of etching time, the character
istic peak at 39.5◦ corresponding to the (201) plane of orthorhombic 

Fig. 1. Schematic representation for the preparation of Mo vacancy-rich MoP electrocatalyst.  
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Co2P is weakened gradually until disappears completely after HCl 
etching for 18 h. Moreover, no obvious shift is observed for the main 
diffraction peak at 43.0◦ corresponding to (101) plane of hexagonal MoP 
comparing with the standard pattern, implying that no Co atom is 
replaced or inserted into the MoP crystal. 

To further explore the changes of elemental chemical states after HCl 
etching, X-ray photoelectron spectroscopy (XPS) measurements were 
conducted. Fig. 2b shows the high-resolution Mo 3d spectra. For P-Co2P/ 
MoP, the Mo 3d spectrum can be deconvoluted into four doublet peaks 
with a fixed spin energy separation of 3.20 eV, and the main doublet 
located at 227.85 and 231.05 eV can be assigned to the Moδ+ (0 < δ < 4) 
species from MoP, the rest of Mo species with higher oxidation states 
(Mo4+ and Mo6+) should be attributed to the inevitable surface oxida
tion upon exposure to air [25]. With the continuous HCl etching, the 
ratio of Moδ+ species is decreased gradually (detailed information is 
provided in the Supporting Information, Table S1), indicating the 

breaking of Mo− P bonds derived from the destruction of Mo− P− Co 
linker in the etching process as shown in Fig. 1. Moreover, interestingly, 
a new doublet located between Mo4+ and Mo6+ denoted as Moε+ (4 <

ε < 6) can be observed. Because no obvious enhancement is observed for 
Mo4+ and Mo6+ species, the emerging Moε+ species should not be 
ascribed to more serious surface oxidation. Meanwhile, the 
high-resolution O 1 s spectra in Fig. S2 (Supporting Information) also 
prove that no evident increase of lattice oxygen (O2− ) or highly oxida
tive oxygen (O2

2− /O− ) species are detected for Mov-MoP-t [26]. Conse
quently, the new Moε+ species should be caused by constructing 
agglomerate Mo vacancies, forming localized Mo1− xP phase in the 
etching process. The high-resolution P 2p spectra (Fig. 2c) depict a 
doublet at 129.50 and 130.50 eV corresponding to the metal-P bonds 
[27,28], which shift to lower binding energy gradually with the for
mation of Mo vacancies, indicating that more electrons transfer to P sites 
from the emerging Moε+ species [29]. Finally, the high-resolution Co 2p 

Fig. 2. Composition, surface chemical and morphology characteristics of P-Co2P/MoP, P-MoP and Mov-MoP-t. (a) XRD patterns. (b) Mo 3d XPS spectra. (c) P 2p XPS 
spectra. (d) SEM images. (e-h) TEM and HR-TEM images of Mov-MoP-18. (i) EPR spectra. 
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spectra (Fig. S3) were also investigated to study the variations in Co 
element in the samples before and after etching treatment [4], as etching 
time increased, the peak intensity of the cobalt element gradually 
diminished, and no signal was observed in Mov-MoP-18, which suggests 
that most of the Co species were eliminated by the HCl etching treatment 
after 18 h. 

Ultraviolet photoelectron spectroscopy (UPS) was conducted to 
further confirm the surface electron transfer phenomenon resulting from 
Mo vacancies. Fig. S4 shows the UPS spectra of valance band near to the 
Fermi level (EF), and a new peak at 2.9 eV can be detected on the Mov- 
MoP-18 surface, indicating more electrons gathering around the EF [4, 
30]. In brief, with the construction of Mo vacancies, more electrons 
transfer to P sites and result in the increased valance electron concen
tration around EF, finally enhancing the chemisorption capacity toward 
H for P atoms [31]. 

The formation of porous structure in the HCl etching process was 
observed by the scanning electron microscopy (SEM), as shown in 
Fig. 2d. The monodisperse P-Co2P/MoP nanorod presents the same 
smooth surface as the CoMoO4 precursor (Fig. S1b). With the continuous 
etching treatment, the porous structure appears gradually on account of 
the elimination of Co2P nanoparticles during the etching process, which 
will promote the mass transfer significantly in HER. To further investi
gate the elemental distribution and content of Mov-MoP-18, energy- 
dispersive X-ray spectroscopy (EDS) analysis was performed. As shown 
in Fig. S5, both Mo and P elements were uniformly distributed 
throughout the Mov-MoP-18, but no significant cobalt element signal 
was detected, which is consistent with the XPS results. 

Besides the porous structure, the hydrophilicity affects the mass 
transfer behavior which determines the kinetics of HER [32]. Fig. S6 
shows the contact angles of P-MoP, Mov-MoP-18, and P-Co2P-MoP, and 
the P-Co2P-MoP exhibits the best wettability on account of the strong 
hydrophilicity of cobalt species [33]. Although Mov-MoP-18 shows 
inescapable decay due to the entire elimination of Co2P, the contact 
angle of 51.6◦ is obviously smaller than that of P-MoP (63.9◦). Based on 
the results of composition and morphology (Fig. 2a, d and Fig. S7a,e), 
the enhanced wettability should be mainly attributed to the inter
connected porous structures [34]. 

To further probe the presence of Mo vacancies visually, high- 
resolution TEM (HR-TEM) images of Mov-MoP-18 were captured. 
Fig. 2e depicts discontinuous lattice fringes as well as corresponding 
image intensity line profiles (along the white dash line, Fig. 2f), indi
cating the presence of point defects, which should be attributed to Mo 
vacancies base on the XPS results. Besides, Fig. 2h shows the vacancy- 
rich spot which contains agglomerate smaller and dimmer dots 
(marked by light yellow dash lines in the left heat map image Fig. 2g), 
and typical interplanar distance of 0.28 nm can be assigned to the (100) 
plane of hexagonal-phase MoP (the inset illustrates the atomic model), 
proving the existence of agglomerate Mo vacancies on the MoP (001) 
plane. In addition, TEM images of Mov-MoP with different etching times 
were shown in Fig. S8. Distinct penetrating pore channels can be 
observed in Mov-MoP-12 (Fig. S8f) and Mov-MoP-18(Fig. S8k), consis
tent with the SEM images. All the samples exhibited structural defects 
such as edge dislocations, lattice distortions, and twin crystals (Fig. S8b, 
c, g, h, l, m), which are commonly found in nanocrystalline materials, 
and these structural defects were also observed in P-MoP (Fig. S7b,c). 
Due to the residual Co2P phase in Mov-MoP-6 and Mov-MoP-12, 
Fig. S8d,i displayed the Co2P/MoP heterojunction interface. However, 
in Mov-MoP-18, no matching crystal plane spacing corresponding to 
Co2P could be found. Based on XPS results, even though the vacancy 
concentration was relatively low in Mov-MoP-6 and Mov-MoP-12, va
cancy-rich spots on the MoP (001) crystal plane in Mov-MoP-6 and Mov- 
MoP-12 could still be easily observed (Fig. S8e,j). In contrast, the MoP 
(001) crystal plane in P-MoP exhibited much more perfect crystallinity 
(Fig. S7d), indicating that Co2P etching was the key factor for con
structing Mo vacancies. 

To further verify the existence of Mo vacancies, electron 

paramagnetic resonance (EPR) was performed, as shown in Fig. 2j. No 
obvious signal is detected for P-Co2P-MoP, demonstrating its good 
crystalline property with negligible defects before etching. As to Mov- 
MoP-18, the broad signal at g = 1.92 should be ascribed to the Mo5+

species [35], which agrees with the XPS results. Besides, a thin char
acteristic signal corresponding to non-metallic radical species derived 
from the Mo− P dangling bonds can be clearly detected at g = 2.00 [35], 
which further confirms the successful construction of vacancy defects in 
Mov-MoP-18 [1]. 

The HER performances of Mov-MoP-t electrocatalysts were evalu
ated systematically to investigate the impact of Mo vacancies on HER 
catalytic activity. Besides, P-Co2P/MoP and P-MoP were also evaluated 
for comparison. As shown in Fig. 3a and b, P-MoP exhibits the worst HER 
performance with a high overpotential of − 371 mV to reach the current 
density (j) of 100 mA cm− 2 (η100) as well as a large Tafel slope of 60 mV 
dec− 1 in 0.5 M H2SO4, in good agreement with the previous works [36, 
37]. Although P-Co2P/MoP shows a slightly better activity than P-MoP 
with a lower η100 of − 339 mV and a smaller Tafel slope of 57 mV dec− 1, 
the slight improvement of catalytic activity may be mainly attributed to 
the increased number of active sites beneficial from the heterostructure 
[38]. Surprisingly, Mov-MoP only requires a much smaller η100 of 
− 206 mV than P-MoP and P-Co2P/MoP, and the superiority is increased 
continuously because of its ultralow Tafel slope of 41 mV dec–1. Tafel 
slope is a pivotal parameter to investigate the reaction kinetics and 
rate-determining step (RDS) in the electrocatalytic process. Fig. 3b de
picts all the as-obtained electrocatalysts exhibiting Tafel slope values 
between 40 − 120 mV dec− 1, indicating that the Heyrovsky reaction 
(M− Hads + H3O+ + e− → M + H2 + H2O) is the RDS in this work [4]. The 
ultralow Tafel slope of Mov-MoP near 40 mV dec–1 implies a high 
hydrogen coverage on the active sites with a low current density (i.e., 
the initial stage of HER) [39], which may be ascribed to the enhance
ment of Volmer reaction (H3O+ + M + e− → M− Hads) at relative high 
hydrogen coverage resulting from the charge redistribution around the 
Mo vacancies. More detailed descriptions of the relationship between 
Tafel slope and current density are given in Fig. S9. The Tafel slope of 
Mov-MoP is not larger than 120 mV dec− 1 until the current density 
exceeds 100 mA cm− 2, that is to say, the Volmer reaction is fast enough 
thus the Heyrovsky reaction is always the RDS before the current density 
reachs 100 mA cm− 2. Furthermore, although the minimal Tafel slope 
value of the Mov-MoP is slightly higher than that of Pt/C (31 mV dec− 1), 
at the strong polarization zone (j = 100 mA cm− 2), Mov-MoP shows a 
smaller Tafel slope of 119 mV dec− 1 than that of Pt/C (176 mV dec− 1), 
which is also much lower than that of P-MoP (291 mV dec− 1) and 
P-Co2P/MoP (249 mV dec− 1). It means that the Mov-MoP electro
catalysts are capable of driving a high current density with a smaller 
overpotential as well as practical applications, just as revealed in Fig. 3a, 
and Mov-MoP has a much smaller overpotential than Pt/C to reach the 
current density greater than 450 mA cm− 2. 

In order to probe the main reason for the performance enhancement 
more accurately, XPS and electrochemical tests were conducted on both 
P-MoP and P-MoP-18 (Fig. S7f,g). Because MoP is not sensitive to acid 
etching, acid treatment did not affect the surface chemical states of MoP. 
In comparison to Mov-MoP-18, no Moε+ (4 < ε < 6) species could be 
observed for both P-MoP and P-MoP-18, indicating that no molybdenum 
vacancy was constructed, consistent with TEM results. Similarly, P-MoP- 
18 showed no significant difference in hydrogen evolution catalytic 
performance compared to P-MoP. Combining the results from XPS, TEM, 
and electrochemical tests, it can be concluded that Mo vacancies are the 
primary factor contributing to the significant improvement in hydrogen 
evolution catalytic performance for Mov-MoP-18, and the construction 
of Mo vacancies is closely associated with the etching process of Co2P. 

To further explore the optimization mechanism of vacancy engi
neering in this work, the Mov-MoP electrocatalysts with different 
etching time were also assessed and shown in Fig. S10a-d and Table S2. 
More visualized histogram is depicted in Fig. 3c, in which distinct 
improvement of electrochemical performance, including η100, Tafel 
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slope and ECSA, can be observed with the continuous increase of etching 
time, and the Mov-MoP-18 presents the optimal HER performance ul
timately. Specifically, the Mo vacancy not only can improve the intrinsic 
activity by accelerating the HER kinetics, but also maximize the active 
sites by promoting the exposure of active P atoms as well as constructing 
porous structures. Moreover, electrochemical impedance spectroscopy 
(EIS) gives the charge transfer resistance (Rct) fitted by the corre
sponding equivalent circuit (Fig. S11). Similar to the results of Tafel 
plots, the Rct values of Mov-MoP-t obviously show a downward trend as 
the increased HCl etching time, confirming the accelerated HER kinetics 

of Mov-MoP electrocatalysts again. As the etching time is further 
increased to 24 h, no significant change in the HER performance is 
observed (Fig. S12a). XRD, XPS and SEM were performed to investigate 
the difference of composition and morphology between Mov-MoP-18 
and Mov-MoP-24 (Fig. S12b-d), and it is found that continuous 
etching treatment will not cause any distinct modification over the 
sample if most of the Co2P particles have already been eliminated. 

The ECSA and EIS of P-MoP were also measured, as shown in Fig. 3d, 
e and Table S2. Detailed calculations about electrochemical surface area 
(ECSA) are shown in Supporting Information. P-Co2P/MoP possesses a 

Fig. 3. HER performances of P-Co2P/MoP, Mov-MoP and P-MoP in 0.5 M H2SO4. (a) Polarization curves (without iR-correction). (b) Tafel plots. (c) Comparison of 
Tafel slope, η100 and ECSA for Mov-MoP-t. (d) Measured capacitive currents plotted as a function of the scan rate. (e) Nyquist plots. (f) Polarization curves normalized 
by ECSA. (g) Comparison of Mov-MoP with other reported MoP-based electrocatalysts (The green and purple histogram represent the overpotential when the current 
density reaches 10 and 100 mA cm− 2 respectively). 
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slightly larger ECSA and faster charge transfer rate than P-MoP, con
sisting with the speculation that the heterostructure increases the active 
site density. As expected, Mov-MoP gets a much higher ECSA 
(58.65 cm2

ECSA) and lower Rct (18.4 Ω) than those of P-MoP 
(14.17 cm2

ECSA and 171.2 Ω, respectively), further confirming the supe
riority of Mov-MoP. To evaluate the specific HER activity precisely, the 
current density was normalized by the corresponding ECSA (Fig. 3f). 
Encouragingly, Mov-MoP still depicts the highest value, demonstrating 
the effective optimization of inherent activity by constructing Mo va
cancies. Whereas, P-Co2P/MoP only shows an inferior value similar to 
that of P-MoP, implying that the Co2P species are not very active for the 
acidic HER in this work. 

Fig. 3g and Table S4 depict the comparison of Mov-MoP with other 
reported MoP-based electrocatalysts. Evidently, most MoP-based elec
trocatalysts exhibit relatively sluggish HER kinetics with Tafel slopes 
greater than 50 mV dec− 1, which also consist with the electrochemical 
results of P-MoP in this work. Whereas the Tafel slope of Mov-MoP 
(41 mV dec− 1) is far smaller than those of MoP-based electrocatalysts, 
and its superiority of HER activity would further increase under higher 
potentials just as revealed in the discussion about Fig. S9. 

Besides in acidic media, the as-obtained electrocatalysts were also 
investigated in 1 M KOH (Fig. S10e-l and Table S3). Although Mov-MoP 
still possesses superior HER kinetics with an ultralow Tafel slope of 
41 mV dec− 1 as the same as that in acidic media, Co2P species play an 
important role in alkaline solution. Not only P-Co2P/MoP exhibits 
preferable HER electrocatalytic performance than P-MoP distinctly, but 
also the Mov-MoP-12 with both Co2P/MoP heterojunction and Mo va
cancies shows higher activity than Mov-MoP-18 in which most of the Co 
species have been eliminated, despite Mov-MoP-18 possesses higher 
density of active sites. The significant influence of Co2P on HER activity 
in alkaline solution should be ascribed to its strong hydrophilicity 
(Fig. S6) as well as low energy barrier of water dissociation on the Co 
atoms [40]. 

Stability is also an important performance indicator for the HER. It is 
well known that Co2P is soluble under acidic conditions. During the 
chronoamperometric test of Co2P/MoP under acidic conditions 
(Fig. S16), the current density gradually increased with the testing time. 
Based on the previous analysis, the enhanced HER performance should 
be attributed to the continuous dissolution of Co2P, leading to the con
struction of molybdenum vacancies and exposure of highly active P 
sites. Meanwhile, the structural stability issue arising from the contin
uous dissolution of Co2P is manifested after 6 h. The abrupt decrease in 
current density should be ascribed to the formation of numerous in situ 
pores on the surface of the working electrode caused by the dissolution 
of Co2P. Under the continuous impact of H2 gas bubble, the structure 
collapses and detaches, ultimately resulting in a reduction of the active 
mass. In contrast, the Mov-MoP electrocatalyst exhibits excellent sta
bility under both acidic and alkaline media (Fig. S17). After cyclic vol
tammetry for 2000 cycles, the as-obtained polarization curve is still 
similar to the initial one. Furthermore, during the 30-hour chro
noamperometric test, no significant decay in current density can be 
observed. The results of XRD, XPS, and SEM characterization of the Mov- 
MoP-18 undergoing 30-hour chronoamperometric test in 0.5 M H2SO4 
are shown in Fig. S17c-e, and no obvious changes in the composition and 
structure could be observed. These results demonstrate the excellent 
durability of Mov-MoP electrocatalysts, making them promising candi
dates for extended periods of HER applications. 

In one word, the remarkable enhancement of HER performance after 
HCl etching should be attributed to the synergistic effect of electronic 
modulation and exposure of more active P sites by constructing Mo 
vacancies, which optimizes the intrinsic activity and active site density 
at the same time. 

DFT calculations were then performed to unveil the optimization 
mechanism of Mo vacancies comprehensively. Firstly, P atoms have 
been acknowledged as main active sites in MoP for HER, and the degrees 
of phosphorization play a significant role in the HER activities [21]. 

Hence, the P εp was investigated as a significant descriptor to explore the 
adsorption/desorption kinetics in HER of MoP-based materials in an 
analogous role as the d-band center for noble metal catalysts [41,42]. To 
probe the influence of Mo vacancies on εp as well as the relationship 
between εp and phosphorization degree, four representative models with 
different phosphorus contents, namely, Mo3P, MoP, Mov-MoP and MoP2 
were constructed for projected density of states (pDOS) calculations 
(detailed model structures are provided in the Supporting Information). 
As shown in Fig. 4a, an uplifted εp value is observed for the Mov-MoP 
model in contrast with the MoP model, implying enhanced Mo− P hy
bridization with increased molybdenum oxidation, which is supported 
by the above-mentioned XPS and UPS analysis [43]. The enhanced 
Mo− P hybridization can be also reflected by the deformation charge 
density and corresponding plane-averaged electron density, as depicted 
in Fig. 4b. The calculated isosurface of deformation charge density in
dicates that the electrons mainly locate around Mo− P bonds, and with 
the construction of Mo vacancies, more electrons prefer to accumulate 
around the adjacent P atoms, leaving a higher bonding electron density 
nearby. To be precise, the enhanced bonding electron density can 
facilitate the hydrogen adsorption reaction, thereby increasing the H 
coverage [44–46]. 

Furthermore, Gibbs free energy of H* adsorption, one acknowledged 
descriptor for evaluating the catalytic activity, was calculated as well. 
For the MoP model, two different (001) surfaces, namely, MoP-Mo-t 
with Mo terminal surface and MoP-P-t with P terminal surface were 
selected [47]. It is well known that P terminal atoms from MoP play a 
crucial role in active sites via a hydrogen delivery mechanism, whereas, 
Mo terminal atoms show poor activity owing to its stronger binding to H 
[21]. Specifically, as depicted in Fig. 4c, the ΔGH* of MoP-P-t changes 
from − 0.53 eV to 0.45 eV when the H coverage is increased from 1/4 to 
full coverage, implying that P atoms could adsorb H+ spontaneously at 
the initial stage of HER (i.e., Volmer step) while release H* intermediate 
easily at relative high coverages (i.e., Heyrovsky step), which enables P 
atoms to serve as a competent H deliverer. However, a positive ΔGH* of 
MoP-P-t at relative high H coverages means no sufficient H* interme
diate for the Heyrovsky reaction, leading to large Tafel slopes (Fig. 3b). 
As expected, MoP-Mo-t possesses a strong Mo− H bonding with much 
more negative ΔGH* range from − 0.58 eV to − 0.50 eV at various H 
coverages, which are beneficial to adsorb H+, but at the same time 
hinder the desorption step. With the construction of Mo vacancies on the 
Mo terminal surface, although H+ is preferably adsorbed on Mo atoms 
firstly with even more negative ΔGH* than MoP-Mo-t, the exposed P 
atoms would serve as highly active sites with slightly negative ΔGH* 
when Mo atoms are covered with H*. More importantly, Mo vacancies 
would reduce the overall electron density of Mo terminal surface, 
resulting a top-down-direction internal polarization field (IPF) (Fig. 4d). 
Such an IPF would offer a proton spillover orientating from Mo terminal 
atoms (H+ adsorbed sites) to exposed P atoms (H* intermediate des
orbed sites) [48], thereby, constructing a novel hydrogen delivery 
mechanism which maintains a relatively high H coverage for exposed P 
active sites as illustrated in Fig. 4d, boosting the Volmer and Heyrovsky 
reactions simultaneously. 

To get a better understanding of the correlation between ΔGH* and p- 
band electronic structures of phosphide-based electrocatalysts, the ΔGH* 
of Mo3P and MoP2 with P terminal surface were also calculated. It is 
clear that the ΔGH* of P site in Mo3P and MoP2 models are variable at 
different H coverages, but Mo3P shows much larger values than zero, 
whereas MoP2 exhibits very negative ΔGH*. Inspiringly, a perfectly 
linear relationship between εp and ΔGH* at full coverages can be 
established (Fig. 4e). Mov-MoP shows a ΔGH* value close to 
0 (− 0.0148 eV), and the corresponding εp value of − 2.67 eV can serve 
as an ideal HER performance evaluation descriptor for the electro
catalysts in which P atoms are utilized as main active sites in an anal
ogous role as the d-band center for noble metal electrocatalysts [49]. 

According to the HER performances in alkaline electrolytes, a certain 
number of cobalt atoms can significantly improve the HER activity, 
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possibly due to the excellent water dissociation ability of cobalt atoms. 
Therefore, we performed transition state calculations for the water 
dissociation process of Mov-MoP and Co2P/Mov-MoP (Fig. 4 f). For 
Co2P/Mov-MoP, the Co site at the heterojunction interface was selected 
as the adsorption site for water dissociation, while for Mov-MoP, the Mo 
metal site was also identified as the adsorption site. P atoms near Mo 
vacancies served as active sites for hydrogen evolution in both cases. 
Obviously, the Co2P/Mov-MoP possesses much lower water dissociation 
energy barrier (0.28 eV) than Mov-MoP (0.88 eV), although it exhibits a 
more negative ΔGH* (− 0.25 eV). 

4. Conclusions 

In summary, the Mo vacancies were successfully introduced into 
MoP by a facile acid etching treatment on Co2P/MoP heterostructures, 
leading to porous structures as well as surface electronic modulation, 
which accelerated the mass transfer, and exposed abundant highly 
active P sites for the activity improvement towards HER. Especially, 
both the experiments and DFT calculation results confirmed the surface 
electron redistribution resulting from Mo vacancies, and more electrons 
transfer to P sites and result in the increased valance electron concen
tration around EF, making the exposed P sites serve as ideal catalytic 

Fig. 4. (a) pDOS and relative εp of Mo3P, MoP, Mov-MoP and MoP2. (b) Deformation charge density and corresponding plane-averaged electron density, the red and 
blue contours represent charge accumulation and dilution, respectively. (c) ΔGH* of Mo3P, MoP-Mo-t, MoP-P-t, Mov-MoP and MoP2 at different H coverages. (d) 
Plane-averaged potential of Mov-MoP and MoP along the Z-direction and illustration of a novel hydrogen delivery mechanism via internal polarization field. (e) 
Linear relationship between εp and ΔGH*. (f) Relative energy diagram of water dissociation on Co2P/Mov-MoP and Mov-MoP. 
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sites for hydrogen evolution with a ΔGH* close to zero. Meanwhile, an 
IPF from terminal Mo atoms to exposed P atoms can offer a more effi
cient “H delivery” mechanism than pristine MoP, which enabled higher 
surface H coverages as well as corresponding faster Heyrovsky reaction 
kinetics. As expected, the Mov-MoP electrocatalyst showed accelerated 
HER kinetics with an ultralow Tafel slope (41 mV dec–1) as well as a 
wide current density range (until 100 mA cm–2) of Volmer-Heyrovsky 
mechanism, achieving ultrafast current density growth and ultimately 
exceeding the commercial Pt/C catalyst for high-efficiency hydrogen 
evolution. More importantly, we first reported the P p-band center could 
be used as an alternative descriptor to evaluate the HER performance of 
the electrocatalysts utilizing P atoms as main active sites. Furthermore, 
this work also demonstrates that metal vacancies provide an effective 
tactic to optimize catalytic activity for metal compound-based 
electrocatalysts. 
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