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As a prerequisite for future sustainable energy economy, designing earth-abundant MoS:
catalysts with comparable hydrogen evolution catalytic performance in both acidic and alkaline
environment is still an urgent challenge. Decreasing the energy barriers could enhance the
catalysts’ activity but is not often a strategy for doing so. Here, we present the first kinetics-
oriented design of the MoS:2 based heterostructure for pH-universal hydrogen evolution
catalysis by optimizing the electronic structure based on the simultaneous modulation of the
3d-band-offsets of Ni, Co and Mo near the interface. Benefiting from this desirable electronic
structure, the obtained MoS2/CoNi2S4 catalyst achieves an ultralow overpotential of 78 mV and
81 mV at 10 mA/cm?, and turnover frequency as high as 2.7 s and 1.7 s™! at the overpotential

of 200 mV in alkaline and acidic media, respectively. The MoS2/CoNi2S4 catalyst represents
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one of the best HER performing ones among the MoS:z-based catalysts reported to date in both
alkaline and acidic environments, and equally important is remarkable long-term stability with
negligible activity loss after maintaining at 10 mA/cm? for 48h in both acid and base. This work
highlights the potential to deeply understand and rationally design highly efficient pH-universal

electrocatalysts for future energy storage and delivery.

Establishing a global-scale sustainable hydrogen energy system to solve the global energy crisis,
climate change, and environmental problems is a pivotal challenge for the whole society
nowadays [!!. The electrocatalytic water-splitting reaction is emerging as the most attractive
green technology for affording hydrogen and oxygen by hydrogen evolution reactions (HER)
and oxygen evolution reaction (OER), where the electrocatalysts are vital in guaranteeing the
energy conversion'?!. Indeed, platinum is the best performing catalyst for HER, their broad
application in large-scale hydrogen generation is still constrained by the high cost and low
earth-abundance issues. Earth-abundant catalysts, especially transition metal chalcogenides,
carbides, nitrides, and phosphides have been wildly explored in recent decades and some of
them indeed show satisfied HER catalytic performancel®. Among them, molybdenum disulfide
(MoS2) has emerged as a promising non-precious-metal HER electrocatalyst in acidic
enviorment!*. Furthermore, great efforts have been devoted to building heterostructure
catalysts to facilitate the rate-determining water dissociation steps for the hydrogen evolution
catalysis in alkaline medial®!. However, few of these electrocatalysts exhibit competitive HER
catalytic performance in base as that in acid, even fewer show the pH-universal activity and
stability. Thus, developing the advanced earth-abundant electrocatalysts with enhanced HER

catalytic performance in both acidic and alkaline environment is an urgent issue.

At present, there is still no direct evidence for the mechanism responsible for the puzzling

difference of HER catalytic activity between in acid and base, let alone optimizing the HER
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catalytic performance based on such mechanism.l%) Beyond the limited ability to modulate
catalytic properties of the currently reported catalysts with random building heterostructure, the
kinetics-oriented construction of the well-designed interfacial composite catalysts will be a
potential new strategy that may maximize and multiply the advantages of heterostructure

catalysts towards the HER.

For HER, the formation of adsorbed hydrogen (Had) largely depends on the electronic
interactions with the catalyst surface which dictates the thermodynamics and kinetics of the
hydrogen evolution catalysis.!”) Regarding the promising noble-metal-free MoS: catalyst, the
kinetic analysis indicates much higher reaction barriers of the Tafel step than that of the
Heyrovsky step for HER in both acidic and alkaline electrolytes, suggesting the Volmer-
Heyrovsky pathway as the dominant HER mechanism on the MoS: surface (Supplementary
Note 1 and Figure S1).1° 7! Furthermore, the reaction barriers of the dominant Volmer and
Heyrovsky steps in alkaline media are much higher than those in acidic one based on the
kinetics analysis, leading to the inferior HER performance of MoS: catalyst in alkaline media
(Figure 1a, b and Figure S2-4). Our previous work demonstrated that the hybridization of
MoS: and layered double hydroxide (LDH) materials, which synergistically favored the
adsorption of intermediates (H and OH) near the interfaces, accelerating both the Volmer and
Heyrovsky steps of HER, and as a result, the overall HER kinetics in base will be significantly
improved.’® Unfortunately, the HER kinetics becomes more sluggish in acidic media on the
MoS2/NiCo-LDH surface because of the largely increased standard free energy of intermediate
adsorption (AG24), which reflects a weakened binding of the intermediates (Figure 1b) and as
a result the higher energy barriers of the rate-determining Volmer and Heyrovsky steps in acid
than those in base, leaving the search for catalysts with fast kinetics in both acid and base as a
huge challenge in the HER research.l® The key to such a goal will be the well-balanced

intermediates bonding and releasing abilities on the catalyst surface to decrease the energy
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barriers of the dominant Volmer and Heyrovsky steps. As has been demonstrated, both the
active edged sites and the inert basal plane on MoS: surfaces tend to bond Haa weakly, thereby
accelerating the kinetics of the rate-determining Volmer and Heyrovsky steps should facilitate
the intermediates adsorption. Indeed, Figure la reveals that the standard activation free
energies for Volmer step (AG:%) and Heyrovsky step (AG:%) have positive correlation with the
standard free energy of adsorption for the reaction intermediate (AGQ;) on the MoS:2 and
MoS2/NiCo-LDH surfaces, indicating that the intermediates adsorption capability plays a key
role in tuning the HER kinetics on the earth-abundant MoS: surfaces. Herein, we document the
synergistic MoS2/CoNi2S4 heterostructure catalyst in actualizing the exceptional pH-universal
HER performance for the first time. Through the rational theory design and synthesis, the
obtained MoS2/CoNi2S4 catalyst with remarkable activity has achieved the ultra-low
overpotentials as 78 mV and 81 mV at 10 mA/cm? in alkaline and acidic media, respectively,
which are superior to those of most newly reported highly active pH-universal catalysts. The
kinetic investigations with theoretical calculations reflect the interfacial activation of the
optimal electronic distribution on MoS2/CoNi2S4 will lead to the substantial energetic benefit

for efficient HER in a universal environment.

Design of MoS,/CoNi,S4. Our kinetics analysis suggests that the kinetically favorable HER
catalysts should possess facilitated intermediates adsorption capability for efficient Volmer and
Heyrovsky steps and optimal adsorption energy of Had to balance the under-binding and over-
binding effect. In this light, it is instructive to build the MoS2/CoNi2S4 composite, which
possesses a heterostructure for efficient both H and OH intermediates adsorption and optimal
electronic structure for modulating the binding strength of Haa. We further applied the density
function theory (DFT) to analyze the electronic structure. The local structure of the
electronically active interface (IF) is constructed by the close connection between MoS2(002)

and CoNi2S4(400) (Figure 1b). The strain has induced evident distortion of the structure that
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leads to surface reconstruction, especially in the IF region. The uniform distribution of bonding
and anti-bonding orbitals near the Fermi level (Er) endows the surface a good charge transfer
capability. To gain more insight into the origin of the electroactivity, we further interpret the
electronic contributions to different regions in MoS2/CoNi2S4. We find the evolution of the
projected partial density of states (PDOS) from Mo in the MoS2/CoNi2S4 displays a feature in
a very broad range from -6 eV below Er to across the Er, which is similar with the PDOS of
the metal phase (Figure 1c¢). In contrast to the pristine MoS:2 bulk, the introduction of CoNi2S4
also largely attenuated the gap between eg and t2g of Mo-4d. Such high electronic activities will
not only contribute to the HER process but also exhibit as a wide-range modulator to boost the
inter-sites electron transfer based on activation of the local electronic structures of Ni and Co

from CoNi2Sa.

Interestingly, an optimal local electronic structure is achieved via the simultaneously converse
modification of 3d bands of Ni and Co. The relatively less active Ni near IF has been activated
by the electronic modulation from Mo (Fig. 1d). As getting closer to the IF region, the Ni-3d
bands monotonically migrating from deep localization positions (Er-2.25 eV) to the high-lying
position with a positive band offset around 1.25 eV, indicating an optimized under-binding
effect induced by Ni in the IF region of MoS2/CoNi2S4. On the contrary, the PDOS of Co in
bulk CoNi2S4 is staying at a higher position near Er, however, its position in MoS2/CoNi2S4 has
been gradually suppressed to a lower position towards the IF region with a 1.25 eV negative
band offset (Fig. 1e). This suppression will optimize the over-binding effect induced by Co for
better efficiency of H2 generation. The DFT calculations unraveled an evident modification to
the Ni and Co concurrently by the electronic modulator Mo, which not only activates the Ni but
also balances the over-binding effect from Co. The optimized interfacial electronic properties

guarantee the desired high HER performance in both the acidic and alkaline environment.



Synthesis and structural characterization of MoS,/CoNi:S4. Guided by the design strategy
and the theoretical calculations, the MoS2/CoNi2S4 composite was fabricated using a two-step
hydrothermal process. In our experiment, Co-Ni hydroxides nanowires were directly grown on
carbon fiber paper substrate as the precursor (Figure S5). Then, MoS2/CoNi2S4 composite was
synthesized by simultaneous sulfurization of Co-Ni hydroxide precursor and generation of
MoS: (see Supporting Information for details). As control samples, bare MoS2, CoNi2S4, and
MoS2/NiS2, MoS2/Co3S4 composites were prepared by a similar procedure (Figure S6-8). The
microstructure of MoS2/CoNi2S4 composite was directly imaged by field-emission scanning
electron microscopy (FESEM). The FESEM images of MoS2/CoNi2S4 show MoS:2 nanosheets
fabricated microrods are uniformly covered with a smooth surface as illustrated in the inset
picture of Figure 2a (Figure 2a and Figure S9). This similar covered morphology can be also
seen for the MoS2/NiS2 and MoS2/Co3S4 composites as shown in Figure S10. Elemental
mappings evidence the uniform distribution of Mo, Co, Ni and S on the MoS2/CoNi2S4 surface
(Figure S11). The transmission electron microscopy (TEM) images show that the CoNi2S4 is
mainly covered on the edges of MoS2 nanosheets as illustrated in Figure 1a and Figure S12.
The good covering of CoNi2S4 onto MoS:2 nanosheets suggests not only plenty electrocatalytic
active sites on the surface but also a potential interfacial reaction, which would benefit long-

term durability.

Further high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) analyses manifest the heterostructure nature of
the MoS2/CoNi2S4 composite. In Figure 2b, HRTEM image of MoS2/CoNi2S4 shows a clear
heterojunction between the MoS: (002) and CoNi2Ss (400) phases. The fast Fourier
transformation (FFT) pattern in area i marked by the white dashed square in the HRTEM image,
shows clear reflections of (220), (440), (400) facets of CoNi2S4 crystallites, which is consistent

with the FFT pattern of the pure CoNi2S4 crystallites as shown in Figure S13. In the dark dashed
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marked area ii of Figure 2b, the FFT pattern reflects the (220), (440), (400) facets of CoNi2S4
as well as the (002) and (110) facets of MoS2, confirming the interface construction between
MoS> and CoNi2Ss. The heterostructure of the MoS2/CoNi2S4, MoS2/NiS2 and MoS2/Co3S4
composites is further justifying by XRD (Figure 2¢ and Figure S14-15). All diffraction peaks
of the MoS2/CoNi2S4 composite sample match well with the corresponding standard patterns
of 2H-MoS2 and CoNi2S4 (JCPDS No. 75-1539 and 24-0334, respectively) and are well
consistent with the FFT patterns. The Mo 3d, Ni 2p and Co 2p XPS spectra in Figure 2d-f and
Figure S14-15. reveal the chemical compositions and surface electronic states of these elements
in the MoS2/CoNi2S4, M0S2/NiS2 and MoS2/Co3S4 composite samples. Peak deconvolutions
were carried out to fit these spectra. The typical Mo*" peaks are located at 228.9 eV and 232.1
eV for Mo 3ds/2 and 3d3p2, respectively. Peaks with higher energies for Mo®" 3ds. at 232.8 eV
and MoO3 3ds2 at 230.7 eV are also observed in the MoS2/CoNi2Ss sample (Figure 2d)!'”). In
addition, the Ni 2p and Co 2p XPS spectra (Figure 2e-f) reveal the oxidation states of Ni*",
Ni** for Ni element and Co*" and Co®" for Co element are mainly exist in the MoS2/CoNi2S4
composite with the Ni/Co ratio of 2.28:1. There are slight shifts of the binding energies for Mo
3d in MoS2/CoNi2S4 comparing with the pure MoS2, and for both Ni 2p, Co 2p in
MoS2/CoNi2S4 comparing with the pure CoNi2S4 sample, providing important evidence for the

electronic interactions between MoS2 and CoNi2S4 (Figure S16)1%.

The HER catalytic behavior. We examined the HER catalytic behavior of the MoS2/CoNi2S4,
MoS2/NiS2 and MoS2/Co3S4 composite catalysts with the representative linear sweep
voltammograms (LSVs) in both alkaline and acidic electrolytes summarized in Figure 3a,d.
For comparison, the bare MoS2, CoNi2S4, NiS2, Co3S4, and commercial Pt/C catalysts were also
studied under the same conditions. In H> saturated 1 M KOH solution, the MoS2/metal sulfide
composites show much decreased overpotential and significantly improved current density,

indicating the HER electrocatalytic performance of the MoS2/CoNi2Ss, MoS2/NiSz and
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MoS2/Co3S4 composite catalysts are substantially better than those of the bare MoS2, CoNi2Sa,
NiSz, Co3S4 catalysts, and even better than the commercial Pt/C catalyst at high current density
range. Among them, MoS2/CoNi2S4 exhibits the best HER electrocatalytic activity with the
smallest overpotential of 78 mV at 10 mA/cm? and the highest catalytic current density across
the entire potential range, which is superior to the overpotential of 111 mV for MoS2/NiS2 and
152 mV for MoS2/Co3Sa4, revealing the pivotal effect of electronic structure modulation of
electrocatalytic active sites. The Tafel slope of MoS2/CoNi2S4 is measured as 67 mV/dec, which
is much smaller than the bare MoS2 (95 mV/dec) and CoNi2Ss (145 mV/dec) catalysts,
indicating superior HER kinetics for MoS2/CoNi2S4 (Figure 3b). In addition, the Tafel slopes
for MoS2/CoNi2S4, MoS2/NiS2 and MoS2/Co3S4 composite catalysts are all within the range of
39 to 116 mV/dec, suggesting the rate-determining step of the hydrogen evolution catalysis is
the charge-transfer-induced water dissociation step on these catalysts surfaces, where the

Volmer step and Heyrovsky step are kinetically comparable!®!.

The hydrogen evolution catalysis behavior was further investigated by electrochemical
impedance spectroscopy (EIS). The EIS results further justify the exceptional HER kinetics of
MoS2/CoNi2S4, where the Nyquist plots (Figure S17) show the smallest charge transfer
resistance for MoS2/CoNi2S4 among the tested catalysts at the overpotential of 200 mV,
indicating the superior interfacial charge-transfer kinetics. To access the intrinsic activity of the
MoS2/CoNi2S4, MoS2/NiS2 and MoS2/Co3S4 composite catalysts, it is vital to eliminate the
contribution derived from the electro chemically active surface area (ECSA) and calculate the
turnover frequency (TOF). As shown in Figure S17-20, the double-layer capacitance (Ca),
which is expected to evaluate the ECSA for transition metal compounds!!!!, of MoS2/CoNi2S4
(122.1 mF/cm?) is close to that of bare MoS2 (123.3 mF/cm?), indicating that the enhancement
does not originate from the ECSA but the introduction of CoNi2S4 onto MoS: surface which

intrinsically changes the hydrogen evolution catalysis. Assuming that all the Mo sites were
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electrochemically active in the HER process!™ 2], the calculated turnover frequency (TOF) for
MoS2/CoNi2S4 composite reaches 2.7 s, which is 13 times higher than that of MoS2 (0.2 s™)
at the overpotential of 200 mV (Figure 3c¢), demonstrating the synergistic catalytic effect

manifest on the MoS2/CoNi2S4 heterostructure.

In Hz saturated 0.5 M H2SOs4 solution, the bare MoS: exhibits an overpotential of 166 mV at 10
mA/cm? and Tafel slope of 75 mV/dec, being close to those reported values for hydrothermal
synthesized Mo$S: in the literature (Figure 3¢.d)!!%). It is noted that the HER catalytic activity
of MoS: is significantly improved after fabricating the heterostructure. With MoS2/CoNi2Sa,
the HER activity is boosted with the overpotential as low as 81 mV at 10 mA/cm?. The Tafel
slopes of the tested catalysts are within the range of 39 to 116 mV/dec. The TOF for
MoS2/CoNi2S4 composite is 1.7 s at the overpotential of 200 mV in acid (Figure S21). Figure
$22-23 and Supplementary Table 1-2 summarized the overpotentials at 10 mA/cm? and Tafel
slopes for the most active molybdenum, nickel and cobalt-based compound catalysts in base
and acid, respectively. Obviously, these energetic metrics for MoS2/CoNi2S4 composite
outperform or at least comparable to those of the most active HER electrocatalysts in alkaline
or acidic electrolytes, making our MoS2/CoNi2S4 composite a superior catalyst to most
previously reported noble-metal-free HER catalysts. Furthermore, the MoS2/CoNi2S4
composite exhibits the lowest overpotentials in both acidic and alkaline electrolytes (81 mV in
0.5 M H2SO4 and 78 mV in 1 M KOH at 10 mA/cm?) among the tested catalysts, which are
even markedly lower than those of most newly reported highly active pH-universal catalysts,
suggesting that the HER electrocatalytic performance of MoS2/CoNi2S4 composite is among
the best range for the noble-metal-free pH-universal catalysts (Figure 3f and Supplementary

Table 3)14],



We combined the electrochemical measurements to verify the electrocatalytic durability of our
MoS2/CoNi2S4 catalyst. During the chronopotentiometry measurement, the overpotential of
Pt/C catalyst increases more than 150 mV at 10 mA/cm? for 48 h in the alkaline electrolyte and
15 mV 10 mA/cm? for 18 h in the acidic electrolyte (Figure 4 a.b). Interesting, the
chronopotentiometry measurement results manifest that the synthesized MoS2/CoNi2S4 catalyst
exhibits an outstanding long-term operational durability for 48 h at 10 mA/cm? with no
observed overpotential increase in both 1 M KOH and 0.5 M H2SOs4 electrolytes. In addition,
there is no difference in the ECSA of after 48 h at 10 mA/cm? (Figure S24). Moreover, the
HER catalytic performance of MoS2/CoNi2S4 catalyst shows no obvious difference between
initial and after the long-term durability test, indicating the striking electrocatalytic durability
of the MoS2/CoNi2S4 catalyst in both alkaline and acidic media. We further examined the
MoS2/CoNi2S4 catalyst using XPS characterization after the chronopotentiometry test in 1 M
KOH at 10 mA/cm? for 48 hours (Figure 4¢-f). The high-resolution Ni 2p and Co 2p spectra of
MoS2/CoNi2S4 composite manifest that the concentration of the higher valence component of
Ni (Ni**) decreases after the durability test, while that of the higher valence component of Co
(Co) increases, revealing the inter-sites electron transfer and charge redistribution on the
surface. Interestingly, the doublet peaks of Mo®" decrease and the doublet peaks of MoO3-x
disappear after the durability test, while the intensities of the doublet peaks for Mo*" increase,
which may be induced by similar electron transfer via interfacial chemical bonds. Regarding
the S 2p spectra, it is obvious that there is no difference in S components of the MoS2/CoNi2S4
composite after 48-hours durability measurement. The excellent HER electrocatalytic activity
and long-term durability of the MoS2/CoNi2S4 composite suggest the great promise to serving

as pH-universal platinum-like electrocatalyst for HER.

The dual-pathway kinetic analyses and DFT calculations have been carried out for the insightful

understanding of the enhanced HER performance of MoS2/CoNi2S4 composite in the pH-
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universal environment. Following the procedure of Wang et al. and our previous work[6® 78],

we performed kinetic analyses by well-fitting the kinetic current density of MoS2/CoNi2S4
composite to evaluate the standard activation free energies for the three elementary reaction
steps (Volmer, Heyrovsky and Tafel steps) of HER in both acidic and alkaline media (Figure
5a). The fractional coverages () of the active reaction intermediate, Had, on the MoS2/CoNi2S4
surface in acid and base are similar and within a high level, indicating the high intrinsic activity
of the active sites. The free energy diagrams indicate a dominant Volmer-Heyrovsky (V-H)
pathway of HER on MoS2/CoNi2S4 surface in both acid and base, where the activation energy
of Heyrovsky step is much lower than that of Tafel step, which is in good agreement with the
Tafel slope analysis (Figure 5b and Figure S25). The relatively low values of AGY; in both
acid and base indicate an efficient adsorption of the intermediates on the MoS2/CoNi2S4 surface,
and as a result accelerating Volmer and Heyrovsky steps in both acid and base. Indeed, in acidic
environment, the activation energies of MoS2/CoNi2S4 for both Heyrovsky and Volmer steps
are slightly lower than those of our previously reported stepped edged terminated MoS:
nanosheet array, indicating even better HER kinetics of MoS2/CoNi2S4 than se-MoS: in acid.
Furthermore, the activation energies of MoS2/CoNi2S4 for both Heyrovsky and Volmer steps in
an alkaline environment are much lower than those of se-MoSz, justifying that the hybridization
of MoS:2 with CoNi2S4 accelerates the charge-transfer-induced water dissociation steps of HER

in the alkaline environment.

Based on the DFT calculations, the compensated modification of the 3d bands between Ni and
Co illustrates a charge redistribution on the surface that significantly optimizes the electronic
environment for the HER that achieve the preferred balance between reactivity and over-
binding effect of the surface. Thus, the optimized electronic structure of Ni promotes the
adsorption of H20 near IF region for the HER in the alkaline environment. The optimal

adsorption position of the H atom and H20 for both HER in acid and alkaline environment also
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demonstrate a high electronic activity near the IF region (Figure 5¢). The 3d bands of Ni mainly
locate from Er-6 eV below Er+2 eV that widely matched with the s,p bands of H20, illustrating
the stable adsorption with active charge exchange between the Ni and adsorbed H20 (Figure
5d). Moreover, the well overlap between Ni-3d and H20-2p between Er-7 eV and Er- 1 eV
representing a strong Ni-O c-bonding, which will reduce the binding strength of O-H for easier
dissociation of H20 in alkaline HER. Accordingly, the IF Ni-sites will perform the best initial
water adsorption and the following smooth desorption of OH will be ensured due to the limited
overlap between Ni-3d and O-2p near Er. Therefore, the efficient HER process without over-
binding effect will be expected based on the optimal electronic distribution near the IF region
in MoS2/CoNi2S4. Meanwhile, the HER process in the alkaline process also demonstrates a
continuous downhill reaction trend with energy releasement of -1.08 eV (Figure Se),
illustrating an energetically favorable pathway for HER. The adsorption of H20 near IF-Ni site
and the adsorption of H near the IF-Mo region will lead to the close-contacted H-adsorption for
the following efficient H2 generations (Figure Sc). The barriers of transition states in the
alkaline HER process are around the scale of 0.3 eV, which will be overcome with the assistance
of the local distorted structures. We further analyze the universal reactivity of MoS2/CoNi2S4
from an energetic perspective regarding the H-formation comparison and free energy pathway.
The formation energy which is related the adsorption of the H and Hz species is consistent with
the electronic properties (Figure 5f). All the adsorptions near-neutral adsorption line (E =0 ¢eV)
are located near the IF region. The chemisorption of H is reasonable that will not result in the
over-binding. The HER process in the acidic environment from 2H*—H> are energetically
favorable in downhill trend with the nearly negligible energy barrier. Therefore, these results
confirmed that the MoS2/CoNi2S4 could serve as a superior pH-universal electrocatalyst for

HER.
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In summary, we have presented the kinetics-orientedly designed MoS2/CoNi2S4 composite for
the first time as a low-cost, highly efficient and stable catalyst for the HER over a wide pH
range based on theory-calculation guidance and rational experimental design. DFT analysis
unravels an evident modification to the Ni and Co concurrently by the electronic modulator Mo
in MoS2/CoNi2S4, which not only activates the Ni but also alleviate the over-binding effect
from Co. Leveraging on the desirable electronic structure, the MoS2/CoNi2S4 composite
catalyst guarantee the efficient H and OH adsorption in alkaline environment as well as the
optimal binding strength of Had in acidic media, supporting the outstanding HER
electrocatalytic activity and long-term stability as a pH-universal electrocatalyst. The
remarkable energetic HER kinetics is further justified by the dual-pathway kinetic analysis and
the outstanding electrochemical performance with ultra-low overpotential and high TOF value,
which outperformed most recently reported pH-universal electrocatalyst. Our study
demonstrates the rational interfacial design strategy to promote the pH-universal HER process
that is applicable to a broad class of MoSz-based electrocatalysts. This work will open a new

direction in developing potential earth-abundant catalysts with competitive performance.
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Figure 1. Design of MoS2/CoNi.S4 composite for universal HER. (a) Kinetic polarization
curves for HER performance (up) and fitted linear relationship between the standard free energy
of adsorption for the reaction intermediate (AGJ,;) and standard activation free energy for
Volmer step (AG*9) and Heyrovsky step (AG%) (down) of stepped-edge terminated MoS> (se-
MoS:2) and MoS2/NiCo-LDH in both KOH (1 M) and H2SO4 (0.5 M) electrolytes. (b) Free
energy diagram of the dominate Volmer-Heyrovsky pathway of stepped-edge terminated MoS2
(se-MoS:2) and MoS2/NiCo-LDH in both KOH (1 M) and H2SOs4 (0.5 M) electrolytes. (¢) Side
view (left panel) and the real-spatial contour plots for the bonding (blue) and anti-bonding
(green) orbitals near the Er (right panel) of the MoS2/CoNi2S4 system. (d) The site-dependent
PDOSs of Mo from interface (IF) regions towards metal Mo. (e) The site-dependent PDOSs of

Ni from the interface (IF)" towards metal Ni. CNS represents CoNi2S4 bulk. (f) The site-
dependent PDOSs of Co from IF regions towards metal Co.
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Figure 2. Morphology and structure characterization of MoS2/CoNi2S4 composite. (a)
SEM image of the synthesized MoS2/CoNi2S4 composite. Insets are TEM image and schematic
illustration of the MoS2/CoNi2S4 composite. (b) High-resolution TEM image of the
MoS2/CoNi2S4. Insets are the corresponding fast Fourier transform pattern of the selected areas
marked by the dotted square in (b). (¢) Comparison of XRD patterns for the MoS2 and
MoS2/CoNi2S4. XPS spectra of (d) Mo 3d; (e) Ni 2p; and (f) Co 2p for bare MoS:z, CoNi2Ss and
MoS2/CoNi2S4 composite.

17



a .. 05 C
In 1M KOH b In 1M KOH In Alkaline Electrolyte
Mos, 65.4 mV/dec 34
044 ___co sz 125.5 mVidec m MoS;/Co,S,
~ 100 > by 145.1 mVidec = ——MoS,;/NiS,
Y = MoS,/Co,S, 94.9 mVidec o —— MoS,/CoNi,S,
5 8034~ -Nis, =
(8] —— Mos, =ha . ~ 24
2 UG s M 0S,/NiS, g
E 2001 cogs, 9., ~CoNizS, -
—~ MoS,/Co,S, % -2 ——Mo0S,/CoNi,S ) !
J w o1 4
Nis, 6 89.5 mV/dec [®] 1 \
MoS,/NiS, 0.4 775mvidec| !
3007 ---- coNi,s, 67.4 mVidec |
MoS,/CoNi,S :
S ' . T 0.0 y . . 0 T — T }
-0.6 -0.5 -0.4 -03 -0.2 0.1 0.0 1 10 5 100 0 50 100 150 200 250
E (V vs. RHE) J(mAfem?) Overpotential (mV)
d °qin 0.5M H,50 f Ni/p-Mo,C
N 0.5M 1,504 In 0.5M H,S0, z ipMoC.
.g O
i MoS, 79.4 mV/dec ;1 50 -1+ Ni;P/MoS/N-1GO Mo,N-Me,C/G0-~- 0
== =Cos8y ~ = O-—Pt@PCM
1007 MoS,/CoyS. G c
e 05,/0055, _~-7681 mVidec| & O-—CoP@NC
3] MoS, ; 3 == mNis, P > Ni2P@NPCNFs
< —PUC i ——MoS,NiS, P £ 4 O~ Co@N-CNTs@GO
E 2004 Co,S, i | == =CoNiS, Pl 100+ O-—Co@N-CNTs@GO
= MoS,/Co;S, /1 ! €7 =——=Mo8,/CoNi,5, 71.1 mV/dec § NiseMoS;CC_ ?
. ‘
“=-- NiS, ' //,4.‘ 4.7 mVidec c * ? Ni doped CoP
MoS,/NiS, 1 7 =] MoS,/CoNi,S;,  CoMoP@C
3004 ____ GoNi,S, 277752 mVidec 75.3 mVidec in
MoS,/CoNi,S, @_) 50
! T T = T T T
06 05 04 03 02 -01 00 01 1 0 100 50 100 150
E (V vs. RHE) J (mA/em?) n@j=10mA/cm? (mV) in 0.5M H,SO0,

Figure 3. Electrocatalytic performance of MoS2/CoNi2S4 catalyst in both base and acid.
(a.d) Polarization curves and (b.e) corresponding Tafel cures for commercial Pt/C, bare MoS2,
Co03S4, NiS2, CoNi2S4, and the MoS2/Co03S4, M0oS2/NiS2, MoS2/CoNi2S4 composite catalysts in
KOH (1 M) and H2SO4 (0.5 M) electrolytes, respectively. (e) Turn over frequency (TOF) of
MoS2/Co3S4, M0oS2/NiS2 and MoS2/CoNi2S4 composite catalysts in 1 M KOH electrolyte. (f)
Comparison of overpotential required to generate a current density of 10 mA/cm? on related
reported Ni, Co and MoSz-base compound catalysts in both acidic and alkaline electrolytes.
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Figure 4. HER stability evaluation of MoS:/CoNi;Ss catalyst. Chronoamperometric
responses recorded on commercial Pt/C and MoS2/CoNi2S4 catalysts in (a) 1 M KOH and (b)
0.5 M H2SO4 solutions. Insets are the polarization curves of ii. MoS2/CoNi2S4 and i. commercial
Pt/C before and after the durability test. High resolution of XPS (¢) Mo 3d spectra; (d) Ni 2p
spectra; (e) Co 2p spectra and (f) S 2p spectra for MoS2/CoNi2S4 composite before and after the
chronopotentiometry test in 1 M KOH at — 10 mA/cm? for 48 hours.
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Figure 5. Enhancement mechanism of MoS;/CoNi,Ss for universal HER. (a) Kinetic
current density with the best fitting (left panel) and fractional coverage of Had (right panel) as
a function of potential obtained from the dual-pathway kinetic mode fitting for MoS2/CoNi2S4
composite in both acid and base. (b) Free energy diagram of the MoS2/CoNi2S4 composite for
HER in both acid and base. (¢) The local structural configurations for illustrating adsorption of
optimal H and H20. Red Balls = O, Green Balls= H, Yellow Balls = S, Cyan Balls = Ni, Blue
Balls = Co and Olive Balls = Mo. (d) The PDOSs comparison of the adsorption of H20 on the
Ni site. (e) Free energy pathways for HER under the alkaline condition. (f) The formation
energies of H and H2 adsorbed in different sites for MoS2/CoNi2S4 system.



The rational design of the interfacial electrocatalyst heterostructure MoS2 guided by the
kinetics investigation. By optimizing the electronic structure based on the simultaneous
modulation of the 3d-band-offsets of Ni, Co and Mo near the interface, the superior pH-
universal hydrogen evolution performances are achieved, which opens new strategy in the
design of highly efficient electrocatalysts.
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