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Coordinated Adsorption/Desorption Kinetics Enabled by
Surface Sulfur Decoration Over Mo,C for Boosted Hydrogen

Evolution Reaction

Ting Guo, Hao Fei, Ruoqi Liu, Fangyang Liu, Dezhi Wang, and Zhuangzhi Wu*

Maintaining a consistently high current density growth rate in the hydrogen
evolution reaction is highly challenging because the limited mass transfer rate
at the electrode/electrolyte interface will make the adsorption reaction as the
rate-determining step associated with a low hydrogen coverage, exhibiting a
Tafel slope >120 mV dec'. Therefore, maximizing the current density range
in which the desorption reaction is the rate-determining step, can significantly
reduce the overpotential. Herein, a surface sulfur decoration strategy is
presented to modify the molybdenum carbide electrocatalyst and achieve
coordinated adsorption/desorption kinetics, leading to a dominant
Volmer—Heyrovsky mechanism across a wide range of current densities. Both
experimental and theoretical results validate the surface charge redistribution
induced by sulfur decoration, which subtly optimizes the Gibbs free energy of
hydrogen adsorption and enhances the in-plane polarization field. As a result,
the as-obtained surface sulfur-decorated molybdenum carbide electrocatalyst

while the mass transfer rate at the elec-
trode/electrolyte  interface is limited,
leading to a very low hydrogen coverage
on the electrocatalyst surface. At this
time, the Tafel slope is >120 mV dec
and will continue to increase rapidly.®!
Therefore, maximizing the current density
range in which the desorption reac-
tion (i.e., Heyrovsky or Tafel reaction)
is the rate-determining step can signifi-
cantly reduce the overpotential, thereby
saving electric energy consumption.

At this stage, platinum (Pt) and its al-
loy are the most effective electrocatalysts
for HER due to the coordinated adsorp-
tion/desorption kinetics.**! As shown in
Figure 1a,b, Pt exhibits an ideal Gibbs

exhibits coordinated adsorption/desorption kinetics and efficient hydrogen
delivery, ultimately surpassing the commercial Pt/C electrocatalyst for

high-efficiency hydrogen evolution.

1. Introduction

Hydrogen production by the electrocatalytic hydrogen evolution
reaction (HER) is a dramatic electric energy conversion strategy
and may convert surplus renewable electric energy (e.g., solar
and wind power) into chemical energy in the format of hydro-
gen fuel (H,) which can be stored, transported, and consumed
at will without any pollutant.[*) However, maintaining a consis-
tently high current density growth rate in HER is highly challeng-
ing, because as the overpotential increases, the adsorption reac-
tion (i.e., Volmer reaction) will become the rate-determining step,
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free energy of hydrogen adsorption (AGy;.)
value slightly less than zero at various hy-
drogen coverages, ensuring a sufficient sup-
ply of hydrogen intermediates and fast des-
orption reaction kinetics, thereby making
desorption reaction the rate-determining
step at the initial stage of HER. When
the hydrogen coverage further increases to nearly 100%, the
Tafel reaction becomes the rate-determining step, with an ultra-
low Tafel slope of ~#30 mV dec™!. The current density continues
to increase rapidly until the limited mass transfer rate causes
the adsorption reaction to become the rate-determining step
once again, ultimately demonstrating that the desorption reac-
tion maintains the rate-determining step over a wide range of
current density. Nevertheless, the scarcity and high expense hin-
der the industrialization of Pt-based electrocatalysts for HER, and
exploiting efficient non-noble-metal-based electrocatalysts is cru-
cial for sustainable and scalable H, production.[®]
Molybdenum-based electrocatalysts, particularly molybdenum
carbides are widely recognized as potential substitutes for Pt
in the electrocatalytic HER."7] However, the most active beta-
molybdenum carbide (f-Mo,C) typically exhibits a AG;. value
that is too negative, ranging from —-0.67 to —0.31 eV at different
coverages (Figure 1b), which benefits the adsorption of hydrogen
intermediate but restricts the desorption step. This leads to unco-
ordinated adsorption/desorption kinetics, resulting in a narrow
current density range where the desorption reaction dominates
and a slow growth rate of current density, as shown in Figure S1a
(Supporting Information). Fortunately, the AG. of Mo,C can
be effectively optimized through charge redistribution, as
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Figure 1. a) Schematic representation of H coverage-dependent Tafel slope with ideal AGy«. b) AG. for various typical models at different H coverages.
c—e) Relative energy diagram for Heyrovsky, Tafel, and Volmer reactions on P-Mo,C and SSD-Mo, C.

illustrated by several optimization strategies such as
doping,[®®! defect engineering,’! and the construction of
heterostructures.’”) Nevertheless, the primary focus of current
research on Mo,C-based HER electrocatalysts is still on weak-
ening the Mo—H bond to optimize desorption kinetics, but the
importance of coordinating adsorption/desorption kinetics is
often ignored.

Relative to solely optimizing AGy., utilizing the polarization
field to construct a better hydrogen delivery mechanism is also an
effective means of coordinating adsorption/desorption kinetics,
as explored in several noble metal systems such as Ptlr/CoP,[!]
Pt/NiOOH,?2l MoO,Rh,[?*] and Ru/Mo,C.***] Noble metals
and substrates function as adsorption or desorption active sites,
respectively, coupled with the polarization field established by
charge redistribution, a rapid increase in current density over a
prolonged period is achieved. However, the polarization field ef-
fect in non-noble electrocatalysts has been overlooked.

In stark contrast to Mo,C, as shown in Figure S1b (Support-
ing Information), molybdenum sulfide (MoS,) exhibits a too pos-
itive AGy. value,?*28] which leads to fast desorption kinetics
but insufficient hydrogen coverage. It is reasonable to coordinate
the adsorption/desorption kinetics of Mo, C through charge re-
distribution induced by sulfur (S) atoms. Inspired by the afore-
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mentioned insights, this work proposes a surface sulfur decora-
tion strategy to regulate the surface electronic structure of Mo, C,
optimizing desorption kinetics and hydrogen delivery mecha-
nisms. Both experimental and theoretical results validate the
surface charge redistribution, which subtly optimizes the AG.
and enhances in-plane polarization fields, leading to coordinated
adsorption/desorption kinetics and efficient hydrogen delivery,
which ultimately surpasses the commercial Pt/C electrocatalyst
for high-efficiency hydrogen evolution.

2. Results and Discussion

The feasibility of S atoms modifying the Mo, C electrocatalyst to
coordinate the adsorption/desorption kinetics is verified by den-
sity functional theory (DFT) calculations first. Figure 1b displays
the AGy,. at different hydrogen coverages of three typical S/Mo,C
systems, namely SSD-Mo,C (surface sulfur-decorated molybde-
num carbide), BSD-Mo,C (bulk sulfur-doped molybdenum car-
bide), and Mo, C/MoS, heterostructure. Additionally, the data for
P-Mo, C (pristine molybdenum carbide) and Pt (111) are provided
as references. (Detailed model structures and DFT calculations
are provided in the Supporting Information). P-Mo,C exhibits
a AGy,. ranging from —0.67 to —0.31 eV at different coverages,
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indicating that the adsorption process of hydrogen intermediates
is facile. However, the desorption process is hindered, leading to
the accumulation of hydrogen intermediates on the electrocata-
lyst surface during the initial stages of the HER, both adsorption
and desorption reactions are very slow, resulting in a low current
density growth rate. For BSD-Mo, C, the AGy;.. is almost identical
to that of P-Mo,C, indicating that bulk sulfur doping has mini-
mal effect on the surface charge distribution of Mo, C which may
be attributed to the fact that the electronegativity of sulfur (2.58)
is very close to that of carbon (2.55). Mo,C/MoS, demonstrates a
much better optimization effect, with AGy;. ranging from 0.23
to 0.33 eV. Both adsorption and desorption reactions can pro-
ceed relatively faster at a relatively high overpotential. However,
the corresponding HER onset overpotentials will also be high, as
observed in the previous research.[?! Inspiringly, SSD-Mo, C ex-
hibits a variation trend of AG;. similar to that of Pt (111). The
AGy;. of —0.38 eV at lower coverages will be highly beneficial
to the supply of hydrogen intermediates in the initial stage of
HER. As the hydrogen coverage gradually increases, the AG.
approaches zero and is completely comparable to Pt (111), in-
dicating that the sulfur decoration can effectively coordinate the
adsorption/desorption kinetics.

To further investigate the HER kinetics of SSD-Mo,C, tran-
sition state calculations were also conducted, as shown in
Figure 1c—e. SSD-Mo, C exhibits much lower energy barriers than
P-Mo, C for both Heyrovsky and Tafel mechanisms, which evi-
dences the optimized desorption kinetics. At the same time, there
is only a negligible increase (0.04 eV) in the energy barriers of
the Volmer mechanism for SSD-Mo, C, thus preserving the bene-
fits of adsorption of hydrogen intermediates derived from Mo, C.
The preferable HER reaction kinetics of SSD-Mo,C indicate the
potential for coordinating adsorption/desorption kinetics with a
high current density growth rate over a prolonged range.

Guided by the predictions from DFT calculations, the SSD-
Mo, C electrocatalyst was synthesized by a sacrificial template
method, as illustrated in Figure 2a. The in situ sulfurized Cu,O
nanocubes (Cu,O@CusS) served as both a sulfur source and tem-
plate, the polydopamine (PDA) was a reduction agent and car-
bon source. During the high-temperature carbonization process,
the surface of Mo,C was decorated by the side H,S gas. The
Cu,O@CusS template was reduced to inert copper nanoparticles
and finally eliminated through Fe3* etching treatment. Through-
out the entire synthesis process, the nanocubic structure has
been well inherited in SSD-Mo, C products, with a uniform distri-
bution of Mo, C, and S elements, as illustrated in Figure S9 (Sup-
porting Information). Additionally, Figure S10 (Supporting In-
formation) shows the X-ray diffraction (XRD) patterns and X-ray
photoelectron spectroscopy (XPS) spectra of various intermediate
products, confirming the presence of S species in Cu,O@Cus,
as well as the complete elimination of all Cu species after Fe3*
etching. Finally, the atomic ratio of Mo/S in SSD-Mo,C was esti-
mated as 6.9 based on the wide-scan survey XPS spectrum.

The XRD patterns of SSD-Mo,C and P-Mo,C are shown in
Figure 2b, and all the diffraction peaks are consistent with the
hexagonal f-Mo,C (P63/mmc, JCPDS 35-0787),03%31 implying
that the H,S gas is insufficient to synthesize fine MoS, crys-
tal, but decorates S atoms on the surface of f-Mo,C merely. To
investigate the surface electronic structure changes of Mo, C af-
ter surface sulfur decoration, XPS and ultraviolet photoelectron

Adv. Funct. Mater. 2024, 2407406

2407406 (3 of 10)

www.afm-journal.de

spectroscopy (UPS) were performed. The high-resolution Mo 3d
spectra are depicted in Figure 2c, and the signals located at 228.6
and 231.8 eV should be assigned to the Mo?* species relevant to
Mo—C bond.”3#33] The well-retained Mo—C bond of SSD-Mo,C
demonstrates the S decoration on f-Mo,C surface rather than
inserting into lattice, in agreement with the XRD analysis. The
Mo*+ and Mo®* species are related to the characteristic of Mo—O
bonds over MoO, and MoO;, respectively,®34! which are com-
monly observed in transition-metal carbide-based materials on
account of surface oxidation.['*] The most significant difference is
the new emerging peaks between Mo?* and Mo** species, named
the C—Mo-S linker in this work, which can be attributed to the
charge transfer from Mo to S or C atoms induced by S decoration,
leading to a shift of partial Mo?* species to higher binding energy.
Simultaneously, the C 1s spectra (Figure 2d) exhibit a shift of the
C—Mo bond toward lower binding energy, in agreement with the
results of Mo 3d spectra. Similar conclusion can also be inferred
from the UPS spectra (Figure S1la, Supporting Information),
in which SSD-Mo,C exhibits a larger work function (®) than P-
Mo, C, indicating that the electrons from Mo,C surface prefer
to transfer to the decorated S atoms.[?] Additionally, the surface
charge density was evaluated by measuring the Zeta potential.l®]
As shown in Figure S11b (Supporting Information), after surface
sulfur decoration, the average Zeta potential increased from —
21.67 to —27.12 mV, indicating the increased charge density due
to surface charge redistribution. To further elucidate the interac-
tion between S atoms and Mo, C, we conducted electron param-
agnetic resonance (EPR) analysis. As shown in Figure 2e, a sig-
nal at g = 2.003, corresponding to a non-metallic radical species,
was observed in SSD-Mo,C. This signal is similarly observed
in molecular-based coordination polymer amorphous molybde-
num sulfide.[®! In summary, we believe that the S atoms in SSD-
Mo, C interact with the terminal Mo atoms of Mo, C, existing in
a form similar to the non-metallic radical species found in amor-
phous molybdenum sulfide. These differences in surface prop-
erties demonstrate that the surface electronic structures of Mo, C
can be regulated by S decoration, ultimately having a significant
influence on the adsorption/desorption kinetics in the HER.

To further explore the structure and morphology of SSD-Mo, C,
transmission electron microscope (TEM) characterization was
performed, as shown in Figure 2f,g. The size of a single SSD-
Mo, C hollow nanocube is ~#800 nanometers, with a wall thick-
ness of #25-50 nanometers. The hollow structure not only pro-
vides sufficient exposed active sites to be occupied by S atoms and
utilized for efficient HER, but also promotes mass transfer, fur-
ther increasing the current density growth rate. High resolution
TEM (HR-TEM) image shows an interplanar spacing of 0.26 nm,
which is attributed to the (100) plane of hexagonal -Mo,C, con-
sistent with the XRD results. The corresponding atomic model
representing the (001) plane of hexagonal §-Mo,C is inserted in
the image. Based on the DFT calculation results, the hollow site
consisting of three Mo atoms on the (001) plane is preferable for
the occupation of S atoms. Therefore, larger light spots within
the same hollow site in the HR-TEM image may be attributed to
the decoration of S atoms.3’]

To validate the optimization of surface sulfur decoration for
Mo, C in HER kinetics, the electrochemical HER performance of
SSD-Mo,C and P-Mo,C was studied. The linear sweep voltam-
metry (LSV) with Pt/C as a benchmark, as depicted in Figure 3a
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Figure 2. a) Schematic illustration for the synthesis process of SSD-Mo,C. XRD patterns; b), Mo 3d XPS spectra; c), C 1s XPS spectra d), and EPR
spectra; €) of SSD-Mo,C and P-Mo,C. f,g) TEM and HR-TEM images of SSD-Mo,C.

and P-Mo, C requires 181 mV to reach a current density of 10 mA
cm™2 (n,,), which is consistent with previous reports.[3] After
surface sulfur decoration, SSD-Mo,C exhibits a smaller #,, of
130 mV as well as a remarkably faster current density growth rate,
even surpassing Pt/C after 332 mV. A clearer variation trend of
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current density growth rate can be observed from the Tafel slope
(Figure 3b). SSD-Mo,C exhibits a significantly lower Tafel slope
of 50 mV dec™' compared to P-Mo,C, implying that the Hey-
rovsky reaction is the rate-determining step, consistent with the
results of most Mo, C-based electrocatalysts.**#11 Although the
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a) Polarization curves. b) Tafel slope plots. c) Plots of current density versus

Tafel slope. d) Nyquist plots. €) Plots of capacitive currents versus scan rate. f) Polarization curves normalized by ECSA. g) Comparison of SSD-Mo,C

with other reported Mo, C-based electrocatalysts.

lowest Tafel slope value is higher than that of Pt/C, SSD-Mo,C
maintains a Tafel slope of 50-120 mV dec™! with the dominant
Volmer—Heyrovsky mechanism across a larger current density
range until 60 mA cm™2, as shown in Figure 3c. In contrast, the
current density range for the Volmer—Heyrovsky mechanism of
P-Mo,C is only 31 mA cm~2, indicating that surface sulfur deco-
ration can effectively enlarge the current density range in which
the desorption reaction is the rate-determining step due to coor-
dinated adsorption/desorption kinetics.
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Electrochemical impedance spectroscopy was carried out to
further probe the charge-transfer properties during the HER pro-
cess. Figure 3d displays the Nyquist plots fitted with the corre-
sponding equivalent circuit as shown in the inset. SSD-Mo,C
exhibits much lower charge transfer resistance values (39.3 Q)
than that of P-Mo,C (1449 Q), suggesting faster adsorp-
tion/desorption kinetics in HER process, in accordance with the
Tafel slope plots. Moreover, the electrochemically active surface
area (ECSA) of SSD-Mo,C and P-Mo,C samples were estimated
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via the electrochemical double-layer capacitance (Cy) (detail cal-
culation given in the Supporting Information). As displayed in
Figure 3e, evident decrease can be observed over the Cj val-
ues of SSD-Mo,C comparing with P-Mo,C, which should be at-
tributed to the occupation of S atoms, reducing partial available
active sites for hydrogen. Therefore, the Cu,O@CuS templates
with different sulfurization time were used to further optimize
the electrocatalytic activity. Figure S12 (Supporting Information)
depicts the plots of LSV, Tafel slope, and capacitive currents ver-
sus scan rate of SSD-Mo,C employing various Cu,O@CusS tem-
plates. And with the increase of sulfurization time, the HER
performance initially improves significantly, followed by a sub-
sequent decline. The optimal sulfurization time is found to be
120 s, indicating that appropriate surface sulfur decoration can
achieve the optimal balance between active sites and reaction ki-
netics. Despite the degradation in active sites triggered by sur-
face sulfur decoration, the overall HER performance of Mo,C
has been significantly enhanced, indicating that the decorated S
atoms improve the intrinsic catalytic activity of Mo, C by induc-
ing charge redistribution. The polarization curves normalized by
ECSA further confirm this conclusion, as shown in Figure 3f,
in which SSD-Mo,C consistently exceeds P-Mo,C by several or-
ders of magnitude in ECSA-fitted current density. The electro-
chemical performance characterizations demonstrate the supe-
riority of surface sulfur decoration in optimizing the HER ki-
netics of Mo, C, as further evidenced by the comparison with re-
ported Mo, C-based electrocatalysts in Figure 3g. From a practi-
cal perspective, the HER electrocatalysts are evaluated by the re-
quired overpotential to achieve a particular current density, i.e.,
111, which is ultimately decided by both the initial potential and
Tafel slope. Hence, we compared the #,,, 7,4y, and Tafel values of
the reported Mo, C-based electrocatalysts, SSD-Mo,C, and Pt/C
in a single graph. Some interesting phenomena can be observed,
and most of the HER electrocatalysts require an overpotential
ranging from ~100—200 mV to increase the current density from
10 to 100 mA cm™2, even for Pt/C with an ultra-low Tafel slope
of 34 mV dec™!, also requiring 99 mV. The main reason is that
with the increase of current density, the limited mass transfer
rate at the electrode/electrolyte interface leads to the adsorption
reaction becoming the rate-determining step, as well as low hy-
drogen coverage, resulting in slow HER kinetics.®! In this work,
coordinated adsorption/desorption kinetics achieved by surface
sulfur decoration enable SSD-Mo,C to maintain the desorption
reaction as the rate-determining step over a wide current den-
sity range, significantly reducing the required overpotential to in-
crease the current density from 10 to 100 mA cm~ to be 98 mV,
which is comparable to Pt/C and surpasses most reported Mo, C-
based electrocatalysts.

Stability is also crucial for evaluating electrocatalysts. As de-
picted in Figure S13a (Supporting Information), the polarization
curve of SSD-Mo,C shows a negligible decay merely after 2000
cyclic voltammetry cycles. With regard to chronoamperometry
test (Figure S13b, Supporting Information), after testing for 30
h at 100 mA cm~?, the current density remained above 85%, in-
dicating a good durability over SSD-Mo, C. Additionally, the XRD
pattern, SEM image, S 2p XPS spectrum, and Raman spectrum
after the stability test demonstrate the stable structure and com-
position of Mo,C and confirm the good stability of S species in
SSD-Mo,C (Figure S13c—e, Supporting Information).
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To further clarify the optimization mechanism of surface sul-
fur decoration comprehensively, additional experiments and DFT
calculations were also conducted. First, two other typical config-
urations of sulfur-modified Mo, C electrocatalysts as discussed
in Figure 1b, BSD-Mo,C and Mo,C-MoS, were synthesized and
characterized. The XRD patterns of all samples are compared
in Figure S14a (Supporting Information), no obvious differences
can be observed, and all the diffraction peaks match well with the
hexagonal f-Mo,C standard card (P63/mmc, JCPDS 35-0787).
Figure S14b,c (Supporting Information) further reveals the sur-
face chemical states under various sulfur modification condi-
tions. The XPS Mo 3d spectra of BSD-Mo, C are nearly the same
as P-Mo,C, which can be attributed to the similar electronega-
tivity of S and C, as discussed in Figure 1b. The S 2p spectra
show that S atoms only exist as low-binding energy bulk S2-,
indicating that most S atoms are within the lattice rather than
on the surface of Mo, C. After hydrothermal sulfuration, the sig-
nals of Mo®* species disappear entirely in Mo,C-MoS,, which
should be attributed to the sulfurization of MoO; species dur-
ing hydrothermal reaction as well as the excellent oxygen resis-
tance ability from MoS, shell on the surface.[*?] By contrast, the
signals of Mo** species are enhanced after hydrothermal sulfu-
ration. At the same time, two new peaks at 230.6 and 233.8 eV
are detected, indicating the existence of Mo>* oxidation state.3243
The emergence of Mo** and Mo>* species should be attributed
to amorphous MoS,, as indicated by the dominant typical signals
of bridging S,%~ or apical S*~ with higher binding energies in the
S 2p spectra.[*l SSD-Mo, C exhibits similar signals with higher
binding energies, which is consistent with the EPR results. Based
on the crystalline structure of Mo, C, the signals with higher bind-
ing energies should be mainly ascribed to the apical S?~ occupy-
ing the hollow sites of Mo, C surface.

Based on the above discussion, different configurations of
sulfur-modified Mo, C electrocatalysts exhibit distinctly different
surface chemical states, which will significantly impact the cat-
alytic activity in HER, as depicted in Figure S15 (Supporting In-
formation). BSD-Mo, C exhibits a slightly higher current density,
but there is no significant improvement in HER kinetics. The
current density range for the Volmer-Heyrovsky mechanism is
almost the same as that of P-Mo,C. The minor performance im-
provement may be derived from the boosted charge transfer abil-
ity of the electrocatalyst due to heteroatoms doping.[') Therefore,
the effective S species for coordinating adsorption/desorption ki-
netics in this work should be those with higher binding energies,
which account for 40% in SSD-Mo,C according to S 2p spec-
tra. Mo, C-MoS, shows relatively faster HER kinetics with a lower
Tafel slope of 48 mV dec! as well as dominant Volmer-Heyrovsky
mechanism over a longer period than P-Mo, C. However, the poor
charge transfer capacity and serious loss of active sites lead to un-
satisfactory overall HER performance for Mo,C-MoS, . In conclu-
sion, the superiority of surface sulfur decoration in optimizing
the HER performance of Mo, C is further confirmed by compar-
ing different configurations of sulfur-modified Mo, C electrocat-
alysts.

The different surface chemical states observed in various
configurations of sulfur-modified Mo, C imply distinct catalytic
activities and electronic structures. According to the d-band
center (g4) theory, the ¢, exhibits a strong correlation with
the adsorption characteristics of electrocatalysts toward reaction

© 2024 Wiley-VCH GmbH
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Figure 4. a) pDOS of the d-band and relative ¢4 of P-Mo,C, SSD-Mo,C, BSD-Mo,C, and Mo,C/MoS,. b) Charge density difference and the corresponding
plane-average profile after sulfur decoration, the red and blue contours represent charge accumulation and dilution, respectively. c) Linear relationship
between g4 and AG,y+. d) Plane-averaged potential of P-Mo,C and SSD-Mo, C along the Z-coordinate and illustration of the hydrogen diffusion pathway

under the influence of in-plane polarization field.

intermediates,[**) i.e., hydrogen adsorption in HER. Figure 4a
displays the projected density of states (pDOS) of the d-band, and
a shift down of the &, can be observed in SSD-Mo, C, which weak-
ens the Mo—H binding, consistent with the AGy;. calculation re-
sults. A minor uplift of the d-band center for BSD-Mo,C and a
noticeable downshift for Mo, C-MoS, are also observed. Further-
more, a well-fitted linear relationship between &; and AG. is
plotted in Figure 4c, indicating that £, can serve as an ideal de-
scriptor for evaluating the HER performance. More importantly,
the £, value of —1.35 eV corresponding to the AG. close to zero
can be utilized as a standard value to evaluate other transition-
metal-based electrocatalysts using surface decoration strategies
to optimize HER kinetics.

In brief, XPS and UPS reveal that the surface electronic struc-
tures of Mo,C can be regulated by surface sulfur decoration,
which is further confirmed by pDOS and &4 calculations. To gain
a comprehensive and more intuitive understanding of the surface
charge redistribution, the charge density difference and electro-
static potential were investigated. Figure 4b illustrates the isosur-
face of charge density difference and the corresponding plane-
averaged profile after sulfur decoration. It is evident that the elec-
trons primarily accumulate around S atom as well as adjacent
carbon atom and are diluted around the Mo atoms binding with
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S, in accordance with the XPS results. Surface charge redistri-
bution will further regulate the electrostatic potential, thereby af-
fecting the adsorption/desorption and diffusion of hydrogen in-
termediates. The plane-averaged potential of SSD-Mo,C and P-
Mo, C are depicted in Figure 4d, in which the enlarged ® con-
firms the UPS results. Furthermore, the introduction of surface
sulfur decoration leads to a negative shift in the surface potential
of Mo, C, facilitating the adsorption of hydrogen protons. More
importantly, an increased potential difference on the Mo,C sur-
face can be observed, as illustrated by the 2D slice mapping at a
z coordinate of 12.8 A, which corresponds to the average z coor-
dinate of hydrogen intermediates. The surface S reduces the po-
tential of adjacent active hollow sites, constructing an enhanced
in-plane polarization field. Based on the results of AG,,., the ac-
tive hollow sites away from S atom are more readily occupied
by hydrogen protons, under the influence of the in-plane polar-
ization field, sufficient hydrogen protons will be delivered to the
active hollow sites nearby S atoms for a more facile desorption
reaction.!*?! The possibility of hydrogen proton diffusion is fur-
ther confirmed by transition state calculations, which show that
the energy barrier for the diffusion process is significantly lower
than that for direct desorption. In conclusion, the surface poten-
tial variation induced by surface sulfur decoration facilitates the
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adsorption and delivery of hydrogen protons, ensuring high hy-
drogen coverage as well as coordinated adsorption/desorption ki-
netics in SSD-Mo, C.

Besides S, nitrogen (N) and phosphorus (P) are also widely
used for electronic structure regulation of Mo,C electrocata-
lysts. Therefore, detailed DFT calculations on the surface N/P
decorated-Mo,C were conducted as shown in Figure S18 (Sup-
porting Information). First, the energy required for decorating
N or P on the Mo,C surface is higher than that for S, indicat-
ing that, in practice, decorating with N or P may not be as easy
as with S. Second, surface phosphorus-decorated Mo, C exhibits
coordinated adsorption/desorption kinetics with a AGy;. close to
zero at hydrogen coverages above 2/4. However, no improvement
can be observed for surface nitrogen-decorated Mo,C compared
to P-Mo,C. Finally, due to the P sites are widely recognized as
highly active sites in molybdenum phosphide (MoP)-based HER
electrocatalysts,|*’] further investigation of the AG;. for N, P, and
S non-metal sites was performed. The P site exhibited signifi-
cantly better hydrogen adsorption thermodynamics compared to
N and S. Therefore, surface phosphorus decoration indeed repre-
sents a potential strategy for optimizing Mo, C in HER, however,
the optimization mechanism may be different from that of SSD-
Mo, C fundamentally.

Also, the sulfur modification strategy is widely used for
optimizing HER electrocatalysts, especially Mo-based elec-
trocatalysts, i.e., MoP,[*0 molybdenum nitride (MoN),[5132]
molybdenum dioxide (Mo0O,),[*¢] and molybdenum selenide
(MoSe,),7~°I since the edge sites of MoS, are well-recognized
as highly active centers for the HER reaction. Therefore, for an
in-depth understanding of surface sulfur decoration on Mo-based
materials, detailed DFT calculations on the AGy,. for various sur-
face sulfur-decorated Mo-based electrocatalysts were performed
as shown in Figure S20 (Supporting Information). Obviously,
SSD-MoP and SSD-MoN exhibit significantly moderate AG.,
indicating that the surface sulfur decoration strategy can effec-
tively optimize the HER kinetics for MoP and MoN. This may
be because Mo,C, MoP, and MoN have similar hexagonal crys-
tal systems and strong Mo—H bonds on the Mo-terminated sur-
faces. SSD-MoO, exhibits negligible optimization because MoO,
itself lacks suitable active sites for HER. However, the good con-
ductivity of MoO, makes it an ideal substrate for constructing
MoS,/Mo0, heterostructures for highly efficient HER.[>>4] Sim-
ilar to MoS,, the edge sites of MoSe, are also highly active for
the HER reaction. The edge sites of SSD-MoSe, exhibit more op-
timal AGy,. at low hydrogen coverages, which can increase the
hydrogen coverage and facilitate the kinetics in the initial stage
of HER. We believe these results will provide a comprehensive
and in-depth perspective of surface sulfur decoration strategy for
various Mo-based electrocatalysts and facilitate its application for
other HER electrocatalysts.

3. Conclusion

A surface decoration strategy has been revealed to enhance the
HER performances of Mo,C by achieving coordinating adsorp-
tion/desorption kinetics, and the optimized SSD-Mo, C exhibits
the largest current density range with the desorption reaction as
the rate-determining step, ultimately surpassing the commercial
Pt/C electrocatalyst for high-efficiency hydrogen evolution. The
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high catalytic activity should be attributed to the surface charge
redistribution induced by surface sulfur decoration, which subtly
optimizes the AGy;. and enhances the in-plane polarization field,
thereby facilitating the adsorption/desorption kinetics and deliv-
ery of hydrogen protons. Furthermore, this work demonstrates
that coordinating adsorption/desorption kinetics provides an ef-
fective strategy to extend high current density growth rate range
in HER.

4. Experimental Section

Synthesis  of Cu,O@CuS@PDA-Mo  Nanocube  Precursor: The
Cu,O@CuS@DPA-Mo nanocubes were synthesized according to
the previous work with some modifications.[®0l In brief, for the first
step, 374.5 mg of CuSO4e5H,0 and 147 mg of Na;CcHgO;-2H,0 were
dissolved into 80 mL of deionized water. Subsequently, 20 mL of 1.25 m
NaOH solution was added into the above solution and stirred for 15
min to obtain a suspension. Then, 50 mL of 0.03 M C4gHgOg solution
was added to the above suspension and stirred for an additional 3 min.
The resulting orange mixture was aged for 1 h at ambient temperature.
The precipitates, namely Cu,O nanocubes, were collected by filtration
and washed several times with water and ethanol. For the next step,
100 mg of the as-obtained Cu,O nanocubes were dispersed in 60 mL
of deionized water. Then, 40 mL of Na,S aqueous solution (0.83 M,
0.2 mg mL~") was added to the Cu,O nanocube dispersion and stirred
for 2 min. The brown precipitates, namely Cu,O@Cu$S nanocubes, were
finally by filtration and washed several times with water and ethanol. For
the last step, 100 mg of the as-prepared Cu,O@Cu$S nanocubes, 50 mg
of CgH,CINO, (dopamine hydrochloride, DA), and 242 mg of Na,MoO,
were dissolved in 20 mL of deionized water. Then, 40 mL of ethanol was
added to the above mixture solution. After stirring for 5 min, 0.3 mL of
28-30% NH;-H,0O was quickly added to the mixture solution and stirring
for another 2 h. The black precipitates, namely Cu,O@CuS@PDA-Mo
nanocubes, were collected by filtration and washed several times with
water and ethanol.

Synthesis of SSD-Mo,C Electrocatalyst: The SSD-Mo,C electrocatalyst
was synthesized through a process involving calcination followed by acidic
etching. 100 mg of the as-obtained Cu,O@CuS@PDA-Mo nanocubes
were placed at the center of porcelain boats within a tube furnace and sub-
jected to calcination at 800 °C for 2 h under an argon atmosphere. Then,
hydrogen gas flow was introduced for an additional 20 min, followed by
natural cooling. The resulting black powder was dispersed ina 0.1 m FeCl;
aqueous solution, sonicated for 30 min, filtered, and washed several times
with water and ethanol to remove any remaining inert Cu species.

Synthesis of P-Mo,C Electrocatalyst:  The preparation process was sim-
ilar to that of SSD-Mo,C, except that the precursor of Cu,O@CuS@PDA-
Mo was replaced with Cu, O@PDA-Mo.

Synthesis of BSD-Mo,C Electrocatalyst: The preparation process was
similar to that of P-Mo,C, except that the precursor of Cu,O@PDA-Mo
was replaced by Cu,O@PPy-Mo-S. In brief, 100 mg of the as-prepared
Cu,0 nanocubes, 200 pL of C4,H4NH (pyrrole, Py), and 242 mg of
Na,MoO, were dissolved in 20 mL of deionized water. Then, 20 mL of
(NH,),S,04 aqueous solution (0.025 m) was added to the above mix-
ture solution and stirring for another 2 h. The black precipitates, namely
Cu, O@PPy-Mo-S nanocubes, were collected by filtration and washed sev-
eral times with water and ethanol.

Synthesis of Mo,C/MoS, Electrocatalyst: The Mo,C/MoS, electrocata-
lyst was synthesized according to the previous work.[?°! In brief, 100 mg of
the as-prepared P-Mo,C electrocatalyst was dispersed in 50 mL of deion-
ized water containing 73.5 mg of thioacetamide. The solution was trans-
ferred into a Teflon-lined stainless-steel autoclave (100 mL) and heated at
200 °C for 10 h, respectively. After cooling, the product was collected by
filtration and washed with water and ethanol for several times.

Characterizations: XRD analysis was conducted using a D/max 2500
system with a Cu Ka radiation source. Morphology and microstructures
were observed using a Zeiss Sigma 300 scanning electron microscope
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scanning electron microscope and a FEI Tecnai F20 transmission elec-
tron microscope. The surface elemental compositions were determined
using XPS (Thermo Fisher Scientific K-ALPHA), and the valence bands
were analyzed using UPS (Kratos Axis Ultra HAS with a He (1) photo line of
21.22 eV). EPR spectra were obtained using a Bruker EMX PLUS spectrom-
eter at the frequency of 9.411 GHz at T00K. Raman spectra were measured
using a Raman microscope (LabRam HR Evolution) with 532 nm wave-
length laser sources. The Zeta potential measurements were conducted
with a dynamic light scattering system (Malvern Zetasizer Nano ZS90).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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