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ABSTRACT: In this study, we report a nonprecious metal catalyst for high-
efficiency hydrogen evolution reaction (HER). A self-organized S-doped MoP
nanoporous layer (S-MoP NPL) is achieved through a facile electrochemical
anodic process and a two-step chemical vapor deposition treatment, which was
directly used as a binder-free catalyst for HER in pH-universal electrolytes. S-
MoP NPL exhibits HER behavior with a low overpotential of 86 mV at 10 mA
cm−1 and low Tafel slope of 34 mV dec−1 in acidic solution. Moreover, S-MoP
NPL also shows high HER activity in basic and neutral electrolytes. Density
functional theory (DFT) computations were carried out to support our
experiment. The calculations show that the H2 formation (via Volmer−
Heyrovsky mechanism) from the reaction of a metal (Mo) absorbed hydride
with a solvated proton is favored over S-MoP than MoS2. Both experimental and
computational studies demonstrate that the extraordinary HER activity and
stability performance displayed by a MoP catalyst can be enhanced by S-doping,
opening up a promising paradigm for the conscious design of high-performance
nonprecious metal catalyst for hydrogen generation.

KEYWORDS: MoP, S-doping, nanoporous, pH-universal, hydrogen evolution

■ INTRODUCTION

Research development of advanced materials for renewable
energy applications has recently attracted considerable
attention.1−4 As a clean energy, hydrogen shows great promise
as an alternative to fossil fuels because it is environmentally
friendly and has high energy density. Currently, water
electrolysis is a viable way to generate high-purity hydrogen,
compared with traditional ways to produce low-purity hydrogen
by means of methane oxidation and pyrolysis of hydrocarbons,
which require further purification. However, developing high-

efficiency and low-cost catalysts toward the hydrogen evolution
reaction (HER) still remains a great challenge. By far, Pt is well-
known as the most effective catalyst for HER and delivers very
small overpotentials in an acidic electrolyte, but the large-scale
application is impeded by the scarcity and high cost associated
with precious metals.5 Therefore, it is highly desirable to replace
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precious metal catalysts with inexpensive and high-efficiency
nonprecious metal catalysts in pH-universal electrolytes for
HER.
Transition-metal phosphides (TMPs), for example, MoP,

present high electronic conductivity, which is beneficial for
promoting many electrochemical reactions such as hydro-
genation, hydrodenitrogenation, and hydrodesulfurization
(HDS). Essentially, HER and HDS undergo similar kinetic
processes that reversibly bind hydrogen to the catalyst;
therefore, it is conceivable that MoP can act as a catalyst for
HER.6 Recent studies show that anion doping plays a critical role
in further enhancing the electrocatalytic HER performance of
MoP.7,8 For example, an enriched number of electrochemically
active sites can be achieved by coordinating MoP with a more
electronegative S dopant, which ultimately renders a higher
positive current density on the adjacent MoP catalyst.9

Additionally, recent investigations suggest a synergic effect
between P and S anions within catalysts, further demonstrating
S-doped MoP as a promising high-performance HER catalyst.

Jaramillo et al. introduced S into the surface ofMoP to produce a
MoP|S catalyst, which is more active than those of pure S or pure
P, owing to synergistic effects between S and P,10 but in this
report the S content was unknown. Similarly, Tour et al.
reported an improved HER activity through the formation of a
MoS0.94P0.53 solid solution, which shows that the HER activity
can be further enhanced by increasing the surface area of the
solid solution.11 Furthermore, Fu et al. designed hierarchical
flower-like MoS2@MoP core−shell heterojunctions as HER
catalyst, showing excellent electrocatalytic activity over a broad
pH range. The as-prepared electrode exhibited varying HER
catalytic activities by tuning phosphatization (P/S ratio).12 The
presence of S dopants could enhance catalyst−electrolyte
interactions, reducing the work function and improving the
electron transfer from the catalyst to electrolyte.13−15 Above all,
HER activity can be significantly promoted by doping S into
MoP. Thus, the previous results showed excellent performance
with either high S content or composite of MoS2 and MoP.
However, the small amount of S content (under 10 at%) doping

Figure 1. Schematic illustration of the synthesis process and morphological characterization. (a) Schematic illustration outlining S-doped MoP
nanoporous layer (NPL) fabrication. The green, red, and yellow balls denote Mo, P, and S, respectively. (b) Cross-sectional SEM image of NPL after
anodization. (c,d) Top-view SEM images of MoP-500 and 3.4 at% S-MoP NPL, respectively. (e,f) HRTEM image of 3.4 at% S-MoP NPL. Yellow-
dashed areas indicate distorted basal planes. (g−j) Fast Fourier transform (FFT) was conducted on (f) and selected area, respectively. The scale bars in
(b−d,e,f) denote 200, 2, and 5 nm, respectively.
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in MoP has not been investigated in-depth yet. Generally, HER
catalysts are derived from powder materials that need to be fixed
onto a glassy carbon electrode or conductive current collector
for catalysis. This can cause negative interactions between the
catalyst and support constituents that will greatly affect catalytic
performance and interfere with the identification of electro-
catalytically active materials in a composite system. As a solution
to the aforementioned issues, a binder-free Mo-based electrode
combined with P and S anions could serve as an ideal
interference-free platform for in-depth experimental, spectros-
copy, and theoretical/computational studies of S-doped MoP
catalyst for HER. This can serve as a basic comprehension of the
catalytic mechanism and develop the next generation HER
catalysts.
In this work, a facile electrochemical anodic treatment was

combined with a two-step chemical vapor deposition (CVD)
process to develop S-doped MoP nanoporous layer (S-MoP
NPL), which was directly used as a binder-free catalyst for HER
in pH-universal electrolytes. The porous morphology created by
anodization treatment promotes proton transport and hydrogen
adsorption, enhancing electron transfer efficiency. For an in-
depth understanding of the synergic effects between S and P in
S-MoP NPL, experimental, spectroscopic, and computational
studies were performed to investigate the S-doping (concen-
tration under 10 at%) effect on the HER activity of MoP. The
presence of S dopant decreases the free energy of hydrogen
adsorption and the hydrogen binding energy in electrolytes with
different pH.Moreover, the presence of S dopant could enhance
the interaction between catalyst and electrolyte, improving
electrochemical activity. The 2D layer structure of MoS2, MoP,
and S-doped MoP (i.e., MoSP) materials and their band
structure and density of states (DOS) are investigated by
employing the periodic dispersion-corrected DFT (i.e., DFT-D;
here B3LYP-D2). The HER electrocatalytic performance was
further explored by hybrid DFT-D method considering a model
system. The present computational or theoretical study verified
the HER kinetics mechanisms by simulating the activation
barrier energies, and the relevance of their band gap and DOS to
theHER in the presence of the aforementionedMoS2, MoP, and
S-doped MoP 2D layer structure materials. Particularly, we have
theoretically analyzed and investigated the reaction mechanism
of how the S-doped MoP’s HER activation energy barrier is
reduced after reducing S atoms doped in the MoP layer.

■ RESULTS AND DISCUSSION
A representative synthesis process is schematically displayed in
Figure 1a (for more details see Experimental details in
Supporting Information). Molybdenum foil was employed to
anodically grow the MoO3 NPL with a thickness of less than 1
μm (Figure 1b), which is rationally designed to minimize
electrode resistance and facilitate the electron/ion diffu-
sion.16−18 To convert MoO3 NPL to S-doped MoP NPL,
subsequent phosphorylation and sulfuration treatments were
carried out. From the scanning electron microscopy (SEM)
images (Figures 1c,d, S1), a self-organized NPL can be found
without fracture and collapse after a two-step CVD treatment,
where nanopore diameter is distributed between 50 and 80 nm,
revealing a hierarchically macroporous structure. As exhibited in
Figure S2, it is found that P and S uniformly distributed across
the entire layer.
The morphology and structure of S-doped MoP NPL were

investigated by transmission electron microscopy (TEM, Figure
S3). A porous architecture, similar to the structure detected by

the top-view SEM image, was observed. High-resolution TEM
(HRTEM) was employed to verify the lattice fringes within the
NPL, as shown in Figure 1e. Two different lattice structure with
d-spacings of 0.32 and 0.28 nm were found, corresponding to
(001) and (100) planes of MoP.19,20 Presence of a MoS2 lattice
fringe (100) with d-spacing of 0.27 nm was bordered by MoP
lattice fringes.21 In selected yellow-dashed areas in Figure 1e,
distorted basal planes were observed, indicating the lattice
distortion of MoP introduced by the P/S substitution. Because
of a similar d-spacing for the (100) plane of MoP and (100)
plane of MoS2, Fast Fourier transform (FFT) was performed to
distinguish the two planes. As observed in Figure 1f, the
corresponding FFT image exhibited a high crystalline structure
indexed to MoS2.

22,23 While in Figure 1g, the FFT pattern
matched well with the hexagonal MoP phase.24 TheMoS2 phase
is interconnected with the MoP phase seamlessly, facilitating
electron transfer across the interfaces, leading to an excellent
catalytic performance. In addition, the difference in electro-
negativity between P and S prompts local charge density and
yields the surface charge state.25,26

X-ray diffraction (XRD) profiles were collected to analyze the
physical structure of the as-prepared samples (Figure S4). The
diffraction peaks at 27.9°, 32.2°, 43.1°, 64.9°, 67.0°, 67.8°, and
74.3° are ascribed to (001), (100), (101), (111), (200), (102),
and (201) planes of the hexagonal MoP phase (JCPDS 24-
0771).10,27,28 Noticeably, there are no S-related peaks observed
from XRD, which can be explained by the low S-doping content.
Raman spectroscopy was employed to analyze the MoS2 phase
in the composite. The MoO3 peaks are absent from the Raman
spectra, indicating a complete conversion of MoO3 to MoP after
CVD treatment. As presented in Figure S5a, E2g

1 and A1g modes
are detected at 376 and 402 cm−1 in S-dopedMoP samples. The
E2g
1 mode donates the opposite in-plane vibration of S atoms

regarding to the Mo atom.29 The A1g mode is caused by out-of-
plane vibration of S atoms in opposite directions.30 With an
increased CVD treatment duration, the intensities for E2g

1 and
A1g modes also increase, indicating more MoS2 phase in the
composite. However, the full-width at half-maximum of E2g

1 and
A1g modes increases with an increase in S content, which is
probably due to structure deformation.31 Moreover, both E2g

1

and A1g modes show a red-shift, revealing that structural changes
may play a major role in altering atomic vibrations.30 Raman
mapping of the S-MoP NPL provides spatial intensity maps of
the A1g mode, as shown in Figure S5b, reflecting that S is
uniformly distributed throughout the NPL. The chemical states
were examined by X-ray photoelectron spectroscopy (XPS).
Mo, P, and S were detected during the survey spectrum in Figure
S6a, demonstrating that a S-doped MoP composite was
obtained. The concentration of S can be tuned by adjusting
the CVD treatment time. The S contents are estimated to be
about 1.2 at%, 3.4 at%, and 6.3 at% in the S-doped MoP NPL at
sulfuration times of 15, 30, and 60 min, respectively. The
chemical states were investigated by high-resolution XPS, as
exhibited in Figure S6b−d. In the Mo 3d spectrum, peaks
located at 231.1 and 228.5 eV are indexed with Mo4+ in MoP,
coinciding with previous reports.32−35 The binding energy peaks
located at 232.2 and 229.3 eV were indexed to Mo4+ 3d3/2 and
Mo4+ 3d5/2 in MoS2 phase.

36 In the P 2p profile, peaks at 129.6
and 130.5 eV are consistent with P4− in MoP.19,32,37 For the S 2s
profile, peaks with binding energies of 161.8 and 163.1 eV are
ascribed to S2− in MoS2 phase.

38−40 No peaks corresponding to
theMo−Owere observed. (Note that the surface of S-MoPNPL
is very easy to be oxidized, so the sample should be stored in the
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glovebox or inert gas before testing.) The compilation of these
results reveals that the S-dopedMoP composite was successfully
fabricated by a two-step CVD treatment.
To determine the optimal fabrication condition for MoP

NPL, linear sweep voltammetry (LSV) was employed to
evaluate the HER performance of various NPL samples (Figure
S7) employing a homemade reactor in 0.5 M H2SO4 electrolyte
(pH = 0). It should be noted that iR-correction was performed
for all LSV data. The MoP NPL fabricated by CVD treatment at
500 °C (MoP-500) exhibited the favorable electrocatalytic
activities with an onset-overpotential (ηonset) of 89 mV and
overpotential (η10) of 117 mV at 10 mA cm−2, which were lower
than MoO3 NPL and MoP NPL. Moreover, MoP-500 NPL
presented the largest exchange current density of 0.21 mA cm−2,
about 3−4 times larger than that obtained from MoP-400
(annealed at 400 °C) and MoP-600 (annealed at 600 °C),
revealing outstanding hydrogen evolution activity and fast
charge transfer. Therefore, the following research was performed
based on the MoP-500 NPL.
As illustrated in Figure 2a, 3.4 at% S-doped MoP (S-MoP in

the following discussion denotes 3.4 at% S-doped MoP) NPL
showed a prominent larger current density and lower onset-

overpotential in the acidic electrolyte as compared to other S-
dopedMoPNPL with 1.2 at% and 6.3 at% doping contents. The
S-MoP NPL requires 86, 104, and 145 mV to deliver 10, 20, and
100, respectively, which is much lower than the state-of-the-art
metal sulfides and metal phosphides HER catalysts (Table S1).
As generally accepted, HER mechanism can be ascribed to the
following three possible pathways in the acidic electrolyte:34

Volmer step: H e Hads+ →+ −
(1)

Heyrovsky step: H H e Hads 2+ + →+ −
(2)

Tafel step: 2H Hads 2→ (3)

where Hads donates an adsorbed hydrogen atom on the catalyst
surface. Therefore, H2 can be generated via Volmer−Heyrovsky
reaction or the Volmer−Tafel reaction.
The Tafel slope of S-MoP NPL was computed to 34 mV

dec−1, which can be comparable to the Tafel slope for a Pt/C
catalyst (30 mV dec−1) and much lower than those of 95 mV
dec−1 for 1.2 at% S-MoP NPL and 114 mV dec−1 for 6.3 at% S-
MoP NPL, as shown in Figure 2b.39 A lower Tafel slope
indicates better electron transfer within the S-doped MoP NPL.

Figure 2. Electrochemical performance of NPL. (a,b) iR-corrected polarized curves for HER measured at 5 mV s−1 and corresponding Tafel slope in
0.5 MH2SO4 electrolyte. (c,d) iR-corrected LSV curves measured at 5 mV s−1 and corresponding Tafel slope in 0.5 MH2SO4, 1.0 M KOH, and 1.0 M
PBS aqueous solution, respectively. (e) Overpotential and Tafel slope of 3.4 at% S-MoP NPL. (f) The long-term electrochemical stabilities of HER
with a constant current density of 10 mA cm−2 in different electrolytes.
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The Tafel slope obtained here suggests that a Volmer−Tafel
reaction occurs in the S-MoPNPL and that the Tafel step is rate-
determining during the HER process. While a typical Volmer-
step-determined, the Volmer−Heyrovsky reaction route was
revealed for 1.2 at% and 6.3 at% S-MoPNPL.36,37 Moreover, the
exchange current densities (j0) were calculated to be 0.35, 0.76,
and 0.21 mA cm−2, presenting excellent intrinsic catalytic
activities of the as-prepared S-MoP NPL under equilibrium
conditions. The S-MoP NPL exhibits higher exchange current
density (0.76 mA cm−2) and lower overpotential/Tafel slope
(34 mV dec−1), which contributes to superior catalytic activity
(for details see Table S1).
To develop a pH-universal catalytic electrode, the HER

activities ofMoP and S-MoPNPLwere evaluated in 1.0MKOH
electrolyte (pH = 14). Figure 2c illustrates the LSV curves after
iR-correction. As shown in Figure S8, S-MoP NPL shows much
higher cathodic current densities and lower overpotentials,
exhibiting very good HER activity in a basic electrolyte (more
details see Table S2). The S-MoP NPL required 104 mV to
deliver 10 mA cm−2 in 1.0 M KOH electrolyte, while 182 mV
was needed for pristineMoPNPL to deliver 10mA cm−2. The S-
MoP NPL presents Tafel slopes of 56 mV dec−1 in Figure 2d,
which is smaller than that of pristine MoP (178 mV dec−1) in
KOH electrolyte. Moreover, the catalytic behavior in 1.0 M PBS

solution (pH = 7) was assessed, as shown in Figure 2c. The S-
MoP NPL presents a lower cathodic current density than those
in 0.5MH2SO4 and 1.0MKOH electrolyte, but still higher than
that of pristine MoP NPL. The double-layer capacitance in
Figure S9 reveals the large electrochemically active surface area
(EASA) for the S-MoP, indicating more active sites for HER
were exposed after S doping.
Additionally, the S-MoPNPL requires 142mV to drive 10mA

cm−2, which is much lower than most other catalysts in PBS
solution (for more details, see Table S3). Tafel slopes of S-MoP
NPL andMoPNPL derived from LSV curves were computed to
be 98 and 205 mV dec−1, respectively.
The HER mechanisms under basic and neutral conditions are

ambiguous; however, Durst et al. have suggested that Volmer
and Heyrovsky steps do not change in accordance with changes
in pH. Although it is difficult to judge the rate-determining steps
in basic and neutral electrolytes, the establishment of Tafel
slopes can elucidate important information. Tafel slopes for S-
MoP NPL increased from 34 mV dec−1 in 0.5 M H2SO4
electrolyte to 106 and 148 mV dec−1 in 1 M KOH and 1 M
PBS solutions, respectively, because of the considerably lower
proton concentration.35 Therefore, the S-MoPNPL in basic and
neutral electrolytes still revealed a Volmer−Heyrovsky reaction,
and the Volmer step is rate-determining.

Figure 3. XAS spectra. (a) Mo M3-edge absorption spectroscopy shows the different 3p−3d hybridization states for MoP (black line) and S-doped
MoP (red line). (b) S K-edge normalized and (c) derivative X-ray absorption near edge structure spectra show theMoS2-like oxidization state of S that
is doped in MoP. The optimized structures of (d) MoS2, (e) MoP, and (f) S-doped MoP, with their respective (g−i) electronic properties, which
include the band diagrams and density of states (DOSs).
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The long-term electrochemical behavior toward HER (Figure
2e) was conducted in acidic (pH = 0), basic (pH = 14), and
neutral (pH= 7) electrolytes, where the S-MoPNPLmaintained
stabilities at 10 mA cm−2 for 30 000 s. As displayed in Figure
S10, surface morphology is preserved after long-term electro-
chemical stability testing, demonstrating that the stability of the
binder-free thin-film catalyst can be a significant alternative to
powder catalysts. Moreover, the cross-sectional SEM of the S-
MoP NPL, as shown in Figure S11, was performed after long-
term testing in 0.5 M H2SO4. It is observed that the thickness
and the morphology are consistent with those before testing,
indicating the excellent stability after testing.
Transition metal M-edge spectroscopy is a materials

characterization tool, using soft X-ray photons to investigate
3p−3d or 3p−4d transition.38 Because of Coulomb and
exchange coupling between 3d or 4d electrons and 3p core
holes, the M-edge line shape can reflect oxidation state, ligand
field, and spin state of the examined transition metal.39 Figure 3a
shows the Mo M3-edge X-ray absorption spectroscopy (XAS)
that represents the transitions from a 3p64d0 ground state to a
3p54d1 excited state. The well-resolved two main peaks of MoP
account for the electronic spin−orbital L−S interactions
between the ground and final state, which is very similar to
the spectrum observed in MoO4

2−.43 Interestingly, only one
dominant peak is observed for S-doped MoP, and the spectrum
is in consistency with that of MoS4

2−,40 suggesting the successful
doping of S. With the formation of Mo−S bonding, the
Mo4+(4d2) formation locates at the top of the S2−(3p6) band.
The Mo−Mo 4d electron bonding is constituted as zigzag
chains, which permits Mo−Mo bonding with the three t2
orbitals,41 as demonstrated by a molecular orbital study.42

These features different from MoP make the p−d electron
transition an interatomic-like transition of a d−d band,
delocalizing in the Mo 4d state but not to an atomic-like
transition as that of MoO4

2− and MoP,41 which results in one
major peak in the spectrum. Note that S-dopedMoP has a lower
M3-edge XAS peak and broader spectrum compared to MoP. A
previous study has shown B-doped MoSe2 can induce strong
hybridization among Mo 3d, Se 2p, and B 2p orbitals,43 thus
creating more gap states at the Fermi level, which could be
responsible for the broader spectrum in S-doped MoP in our
case. In addition, the band alignment using XAS, X-ray emission
and XPS indicates the stronger hybridization leads to a smaller
band gap.44 This suggests that S-doped MoP could have a
smaller band gap that can increase the electrical conductivity and
facilitate electron movement and charge transfer. This is
consistent with previous works for B-doped MoSe2 and surface
modified MoS2.

43,45 To confirm the S chemistry in S-doped
MoP, the S K-edge X-ray absorption near edge structure
(XANES) measurements were conducted at beamline 9-BM of
the Advanced Photon Source. Because of the low concentration
of S, the XANES spectra have a high noise level. As shown in
Figure 3b,c, the S XANES of S-doped MoP is similar to that of
MoS2, suggesting the same oxidation state as MoS2. This
similarity can be better seen from the derivative of S XANES,
which is more reliable for oxidization state. S XAS results are
consistent with the XPS results and also support Mo M-edge
XAS. The Mo K-edge and L-edge XAS (Figure S12) were also
measured to check the change of Mo oxidization state and local
structure. However, because of the thick Mo substrate and the
bulk-sensitivity of the high energy hard X-ray compared to soft
X-ray, the Mo metal information is dominant.

The equilibrium structures of 2D layer MoS2, MoP, and S-
doped MoP are obtained by the B3LYP-D2 method and shown
in Figure 3d−f, respectively. The electronic properties were
computed at the equilibrium geometries. The present study
found that the monolayer MoS2 andMoP have a direct band gap
of about ∼2.18 and ∼2.07 eV, respectively; see Figure 3g−i.
When S atoms were doped in the pristine MoP, that is, S-MoP,
the electronic band gap became about 0.62 eV, and thus, S-
doping was able to decrease the band gap as described in the
band structures and DOSs computations (as presented in Figure
3i). In other words, this result not only supports the MoM-edge
XAS but also indicates that S-MoP is going to have low direct
band gap ∼0.62 eV compared with the pristine material, which
shows that S-doping is useful for HER. Thus, the S-doping
influences the electronic properties of the pristine and S-doped
MoP in this work. The addition of S atoms doped in MoP
rectifies the electron accumulation in the conduction and
valence bands as depicted in the DOSs implying high electron
mobility. Thus, we can say that S-doped MoP is a better catalyst
for HER compared to pristine MoS2 and MoP because of their
intrinsic electronic properties as well.
In order to model the surfaces of MoS2, MoP, and S-doped

MoP, we used cluster models following the approach employed
in recent computational studies (Figure S13).46,47 The cluster
models for MoS2, MoP, and S-doped MoP are named here as
MoS′, MoP′, and 5%-MoPS′ or 10%-MoPS′, respectively. In the
MoP′ and MoPS′ models, H atoms saturate the dangling bonds
of P along the edges. We studied several possible configurations
of 10%-MoPS′ to find the most efficient HER catalyst (Figure
S13). Although the cluster models used here may not capture all
effects of porous MoP and MoPS layers, they are useful to
understand the energetics of HER mechanisms over edge atoms
of the catalyst and the effects due to different S contents. Our
current experimental results and previous computational studies
indicate the Volmer−Heyrovski mechanism as the preferred
pathways for HER over MoS2, MoP, and S-doped MoP
materials.46,47 Therefore, we studied the kinetics and thermody-
namics for these steps over MoS2, MoP, and S-doped MoP
systems. The HER reaction is initiated by the absorption of a
hydride ion on energetically favorable S (or P) site. This follows
a hydride shift to the reactive, neighboring metal (Mo) site
(Figure S14). Subsequently, the H2 formation would occur
preferentially over theMo site via the reaction of a Mo-absorbed
hydride ion with a solvated proton (modeled here as H9O4

+)
from the solution. Recent studies have predicted that for 1T
MoS2, theH2 formation can occur over S site without the need of
an initial H transfer.48,49 However, this process is energetically
unfavorable for 2H MoS2 modeled in the current study. The H2
formation step (also known as the Heyrovsky mechanism) has
been identified to be the rate-determining process for reactions
over MoS2. A rationale for modeling these processes may be
found elsewhere.46,47 Our calculations show that the hydride
migration from S to Mo over MoS′ is facile due to the presence
of a small activation barrier (ΔG‡ = 4.5 kcal/mol) and a large
exergonicity (ΔG = −23.6 kcal/mol). This step is favorable
when the whole system is negatively charged than when it is
neutral or positively charged. WhenMoP′ is used as the catalyst,
this step becomes unfavorable (ΔG‡ = 17.5 kcal/mol and ΔG =
9.9 kcal/mol) and the rate-determining process. Interestingly,
the Heyrovski step occurs more rapidly over MoP′ than MoS′.
Calculated free energy barrier (ΔG‡) and reaction free energy
(ΔG) are favored over MoP′ than over MoS′ by 7.1 and 1.8
kcal/mol, respectively.
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To understand the effects of S-doping, we studied the rate-
determining Volmer step over 5% and 10% S-doped MoPS
systems. Calculations predict a smaller activation free energy of
12.9 kcal/mol for HER over 5%-MoPS′ compared with 17.5
kcal/mol required over MoP′ (Figure 4), which is associated

with the experimental findings. Similarly, a more favorable free
energy of reaction is revealed for 5% S-doped system. When the
percentage of S-doping increased to 10%, both activation free
energy and reaction endergonicity are increased. These results
strongly suggest that small S-doping could accelerate HER over
MoPS′. Among different configurations studied for 10%-MoPS′,
the one with S-M-S bond along the edge is more HER active
than other systems. This suggests that HER might preferentially
occur on the edges along the boundaries of MoS2 and MoP
phases. However, more calculations would be required to
confirm this prediction, which is beyond the scope of the present
work. We also studied different mechanisms, where H absorbed
initially on Pmigrating toMo site via an intermediate absorption
over S sites. However, this step requires higher activation free
energy, and therefore, the step is discarded. To summarize, our
calculations of HER mechanisms confirm higher activity found
for S-doped MoP with small S concentration and explains
experimentally observed reactivity trends.
The superior HER activity of S-MoP NPL at pH-universal

electrolyte can be explained as follows: (1) S-MoP NPL can be
employed as a binder-free electrode for HER, minimizing the
electrode resistance and facilitating electron/ion diffusion. (2)
The porous morphology promotes proton transport and
hydrogen adsorption, therefore enhancing electron transfer
efficiently. S-MoP NPL exhibits a higher electrochemically
active surface area, owing to the boundaries between MoP and
MoS2 could act as catalytically active sites to improve
electrochemical performance. (3) The presence of S-dopant
decreases the free energy for Volmer step during the HER
reactions. The S-MoP NPL shows that the free energy of
hydrogen adsorption is approximately zero, which facilitates the
hydrogen atom adsorbed on the surface of the catalyst.
Additionally, S-MoP NPL presents with minimum hydrogen

binding energy above the valence band maximum, making it
easier to accept electrons from adsorbed hydrogen atoms.

■ CONCLUSIONS
In summary, a self-organized S-doped MoP NPL was
successfully prepared through anodization and a two-step
CVD treatment process. As a versatile electrocatalytic electrode
for HER, the S-MoP NPL presented an excellent catalytic
performance in all pH-universal electrolytes. The addition of S
atoms doped in MoP rectifies the electron accumulation in the
conduction and valence bands implying high electron mobility.
Calculations using cluster models indicate that the HER
reactions over MoPS with a small percentage of S-doping are
more favorable as compared with that over MoS2, MoP, and
MoPS with larger S-doping. This work not only provides a
versatile and high-activity electrode for hydrogen fuel generation
but also provides a better understanding of the synergic effects
on electrochemical reactions.
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