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Abstract

Designing cost-effective electrocatalysts with fast reaction kinetics and high sta-

bility is an outstanding challenge that needs to be resolved to enable green hydrogen

generation through overall water splitting (OWS). Layered double hydroxide (LDH)

heterostructure materials are promising candidates to catalyze both oxygen evolution

reaction (OER) and hydrogen evolution reaction (HER), the two half-cell reactions of

OWS. This work develops a facile hydrothermal route to synthesize hierarchical het-

erostructure MoS2@NiFeCo-Mo(doped)-LDH electrocatalysts, which exhibit extremely

good OER and HER performance as witnessed by their low overpotentials of 178 mV
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and 64 mV, respectively, at a current density of 10 mA cm-2 under light assistance.

The MoS2@NiFeCo-Mo(doped)-LDH‖MoS2@NiFeCo-LDH OWS cell demonstrates a

low cell voltage of 1.46 V at 10 mA cm-2 during light-assisted water electrolysis. The

experimental and computational results demonstrate that doping of high-valence Mo

atoms within and the deposition of MoS2 quantum dots on the LDH matrix improves

the electrocatalytic activity by 1) enhancing electron transfer, 2) making the elec-

trocatalyst metallic, 3) increasing the number of active sites, 4) lowering the ther-

modynamic overpotential, and 5) changing the OER mechanism. Overall, the facile

synthesis method enables the design of highly active MoS2@NiFeCo-Mo(doped)-LDH

heterostructure electrocatalysts.

Introduction

Modern societies are powered by fossil fuels but the extensive use of these resources has unin-

tentionally caused substantial harm to our environment. In future, we need to cut down the

carbon emissions and shift to renewable, clean, and sustainable energy technologies.1–3 Green

hydrogen produced through overall water splitting (OWS) catalysis has become the preferred

choice due to its low of carbon emissions and high energy efficiency.4 However, the produc-

tion of hydrogen through water splitting relies on the use of noble metal electrocatalysts to

achieve low overpotentials and rapid kinetics in the oxygen evolution (OER) and hydrogen

evolution reactions (HER). Currently, the most successful commercial catalysts for OER

and HER are based on noble metal oxides, such as IrO2/RuO2 and Pt-based compounds,

respectively. However, their limited availability and high cost hinder their widespread use in

large-scale applications. Hence, there is a large demand for cost-effective, stable, and efficient

water splitting catalysts, which are made of earth-abundant elements and which exhibit low

overpotentials and high reaction kinetics towards OER and HER.5–9

In the pursuit of more efficient OWS, a plethora of different types of transition-metal-

based materials to catalyze OER and HER have been synthesized and designed over the past
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decade, including oxides,10,11 sulfides,12,13 borides,14,15 phosphides,16,17 carbides,18,19 and ni-

trides,20,21 as well as metal-organic frameworks (MOFs)22,23 and layered double hydroxides

(LDHs).5,6,9,24 Besides new materials, it has also been shown that morphological control is

an effective way of improving electrocatalytic activity. For instance, amorphous materials

often exhibit increased electrocatalytic performance as compared to their crystalline coun-

terparts due to structural and chemical disorder, the presence of defects, dangling bonds,

and structural flexibility.25,26 In general, the amorphization of crystalline materials has been

viewed as a powerful way to improve HER and OER kinetics and the overall performance

towards electrochemical water splitting.25,26

One realization of the combined material development and amorphization strategies is

the design of transition metal-based LDHs, which have attracted considerable attention due

to their high (photo)electrocatalytic activity for various reactions.27–30 In particular, LDHs

containing nickel (Ni), cobalt (Co), and iron (Fe) have exhibited very promising electro-

catalytic performance, low overpotential, and long-term durability for the OER.31–34 LDHs

are, however, less used in the HER due to the weak hydrogen adsorption on these materi-

als, which induces a substantial energy barrier for HER and consequently leads to sluggish

water splitting kinetics.35–37 Therefore, various physical and chemical strategies have been

designed and explored to improve the catalytic properties of LDH, including morphology

control38,39 and the creation of defects and vacancies40,41 Nevertheless, LDHs still encounter

issues regarding sluggish reaction kinetics and slow mass transfer, a low concentration of

electroactive sites, and limited electronic conductivity.42–45

The electrocatalytic activity of Ni/Fe/Co-LDHs remains constrained by two crucial fac-

tors: intrinsic reaction kinetics and mass transfer.28,33,34,46 To overcome these issues, different

catalyst design strategies have been employed. One approach involves the introduction of

transition metal cations or non-metal atoms to modify the electronic structure, the presence

of structural defects, and the local reaction or coordination environment at the LDH sur-

face.27,47–49 Additionally, the insertion of various anions or molecules between LDH layers
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can induce alteration in their the spacing, charge density, and hydrophilicity.27,48,49 Another

strategy entails controlling the mesoscopic structure through atomic vacancies or pores within

the LDHs to increase their surface area, to expose more active sites, and to facilitate mass

transfer.27,48,49

LDHs can also be interfaced and combined with other conductive materials or sub-

strates to enhance their electrical conductivity and stability in a synergistic manner to boost

the water splitting activity.6,50 Some notable choices include metal clusters and molybde-

num compounds, for instance.3,37,48–52 The incorporation of 2D molybdenum sulfide (MoS2)

sheets, which are active HER electrocatalysts, has been shown to activate LDHs towards

HER by introducing new active sites.53,54 Moreover, as the electronic properties of MoS2

nanostructures depend sensitively on their size, they have also been used to improve the

(photo)electrocatalytic activity by introducing narrow and tunable band gaps.51,55–59 The

size- and morphology-dependent electronic structures55,58,60 make the MoS2 nanostructures

highly appealing as co-catalysts for (photo)electrocatalytic HER.51,55,59,61–64

After carefully considering the above aspects, we hypothesized that 1) NiFeCo LDHs are

an ideal materials class for OER, 2) the introduction of large, high-valance metal atoms (Mo)

will lead to more pronounced amorphization of the LDH crystal structure, 3) the incorporat-

ing MoS2 nanostructures on the LDH surface can enhance the HER (photo)electrocatalytic

activity by introducing more HER active sites, and 4) the mass transfer, conductivity, and

electrocatalytic active surface area to electroactive sites can be improved by depositing the

catalyst material on a highly porous conducting substrate.

To test these hypotheses, we synthesized a series of hierarchical heterostructures of

MoS2@NiFeCo-Mo(doped)-LDH andMoS2@NiFeCo-LDH using a straightforward hydrother-

mal method and electrodeposition approach on nickel foam (NF). The as-prepared catalyst

MoS2@NiFeCo-Mo(doped)-LDH demonstrated exceptional performance in HER and exhib-

ited a low overpotential of 64 mV at 10 mA cm-2 under light illumination, which is lower

than that of the benchmark Pt/C (91 mV). The MoS2@NiFeCo-LDH electrodes exhibited
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very good OER performance and have a low overpotential of 178 mV at 10 mA cm-2 under

light illumination, which is lower than that of the benchmark RuO2 catalysts (327 mV) at 10

mA cm-2. Furthermore, we used MoS2@NiFeCo-Mo(doped)-LDH and MoS2@NiFeCo-LDH

as the HER and OER electrodes, respectively, in a two-electrode water-splitting system.

This electrolytic cell was shown to be stable and to achieve a low cell voltage of 1.46 V for

OWS at a current density of 10 mA cm-2. Density functional theory (DFT) calculations

allowed us to rationalize how and why each component of the complex, hierarchical LDH

heterostructure contributes to the HER and OER activity. Overall, our work provides a

facile and rational way to fabricate and design highly efficient and low-cost heterostructure

catalysts for (photo)electrocatalytic water splitting. Given the modular synthesis approach

of the LDH heterostructure, we expect that the design principles applied herein can be used

for optimizing LDH-based electrocatalysts for various electrocatalytic processes.

Results and discussion

Structural Characterization

The LDH-heterostructures were synthesized under relatively mild conditions using a hy-

drothermal approach depicted in Figure 1a. In the first step, an LDH matrix with varying

ratios of Ni, Fe, and Co (NiFeCo-LDH), and possibly doped with Mo (NiFeCo-Mo(doped)-

LDH), was synthesized on a nickel foam (NF) substrate using a one-pot hydrothermal

method. In the next step, MoS2 QDs were immobilized on the LDH using a facile and rapid

electrodeposition approach. The synthesis produces the self-supporting electrode materials

of interest, MoS2@NiFeCo-LDH and MoS2@NiFeCo-Mo(doped)-LDH.

The surface morphology of the synthesized samples was examined using field-emission

scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM). Fig-

ures 2a-d and Figures S1-2 present the FE-SEM images of the materials at various magnifi-

cations. The NiFeCo-LDH structure exhibits a flower-ball-like structure of uniformly grown
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ultrathin nanosheets (thickness 16-20 nm) on the NF(Figure 2a). Mo doping in NiFeCo-LDH

resulted in thicker and denser nanosheets (thickness 18-24 nm) as shown in Figures 2b and

S1. Moreover, Figures 2c, 2d, and S1 illustrate that the incorporation of MoS2 QDs through

electrodeposition onto the LDH host induces only minimal morphological changes in the

underlying LDH. Further TEM analysis in Figures 2e-h shows that MoS2 deposition leads to

the formation of MoS2 QDs on the LDH surface and does not lead to e.g. Mo-doping of the

underlying LDH. The deposition of MoS2 QDs onto NiFeCo-LDH and NiFeCo-Mo(doped)-

LDH also reduces the LDH thickness (thickness 10-14 nm).

Figure 1: Schematic synthetic process of CoNiFe-LDH, CoNiFe-Mo(doped)-LDH,
MoS2@CoNiFe-LDH, and MoS2@CoNiFe-Mo(doped)-LDH electrocatalysts on NF substrate.

The energy-dispersive X-ray spectroscopy (EDS) shows that all the deposited metals

remain on the catalyst. This can be seen in the EDS spectra in Figure S3 which shows dis-

tinct elemental peaks corresponding to Ni, Co, Fe, Mo, S, and O in NiFeCo-LDH, NiFeCo-

Mo(doped)-LDH, MoS2@NiFeCo-LDH, and MoS2@NiFeCo-Mo(doped)-LDH. Moreover, the

SEM-EDS elemental mapping of MoS2@NiFeCo-Mo(doped)-LDH validates the uniform dis-

tribution of constituent elements throughout the catalyst structure (Figure 2i). The SEM-

6

https://doi.org/10.26434/chemrxiv-2024-7cs2z ORCID: https://orcid.org/0000-0001-7111-1603 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-7cs2z
https://orcid.org/0000-0001-7111-1603
https://creativecommons.org/licenses/by/4.0/


EDS maps for other heterostructures are presented in Figure S4 and affirm a uniform element

distribution within the LDH structures.

Figure 2: SEM images a) NiFeCo-LDH/NF, b) NiFeCo-Mo(doped)-LDH/NF, c)
MoS2@NiFeCo-LDH/NF, and d) MoS2@NiFeCo-Mo(doped)-LDH/NF. TEM images
e) NiFeCo-LDH, f) NiFeCo-Mo(doped)-LDH, g) MoS2@NiFeCo-LDH/NF, and h)
MoS2@NiFeCo-Mo(doped)-LDH. Elemental mappings of i) MoS2@NiFeCo-Mo(doped)-
LDH/NF.

XRD analyses were conducted to assess the phases and structures of the LDH mate-

rials with and without NF support. Figure 3a reveals distinct peaks at 44.8◦ and 51.9◦,

corresponding to the (111) and (200) crystal planes of the NF substrate, respectively.3,28

Additionally, diffraction peaks at 11.47◦, 23.04◦, 34.44◦, 38.93◦, 46.22◦, 59.95◦, and 61.30◦
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align with the crystal planes (003), (006), (012), (015), (018), (110), and (113) of the NiFeCo-

LDH phase.65–67 Notably, no distinct diffraction peaks related to Mo doping or MoS2 QDs

can be observed on the NF-supported materials. This is potentially due to their low content

compared to the Ni substrate, which suggests that they are present in trace amounts. How-

ever, the above SEM-EDS elemental mapping and EDS analyses clearly confirm the presence

of Mo and MoS2 in the LDH samples, we assume that the prominent peaks originating from

NF overshadowed the diffraction peaks of Mo and MoS2 species.

Figure 3b shows that without the NF substrates the introduction of Mo or MoS2 QDs

leads to changes in phases of the Bragg reflections of NiFeCo-LDH. In particular, new phases

characterized by modified diffraction patterns and diminished peak intensities can be seen.

The XRD analyses of NiFeCo-LDH and NiFeCo-Mo(doped)-LDH without NF substrate re-

veal that Mo doping reduces the diffraction peaks intensity, increases peak width, and shifts

them to a higher angle; together these observations imply that Mo doping decreases the LDH

crystallinity and thereby makes the LDHs more amorphous.

X-ray photoelectron spectroscopy (XPS) analysis of MoS2@NiFeCo-Mo(doped)-LDH, be-

fore and after long-term HER, OER and OWS electrocatalysis, was conducted to gain com-

prehensive understanding on the surface chemical composition and electronic properties of

the catalysts. The results in Figures 3 and S5 show the full XPS spectrum of MoS2@NiFeCo-

Mo(doped)-LDH. Figure 3 confirms the presence of Ni, Fe, Co, Mo, S, and O in the catalyst.

Furthermore, the high-resolution XPS spectra in Figures 3d, e, f, g, S5 reveal the Ni, Fe, Co,

and Mo valence states in MoS2@NiFeCo-Mo(doped)-LDH. In Figures 3d, 3e, and 3f, the de-

convoluted Ni 2p spectrum shows peaks at 852.42 and 855.86 eV, while the Co 2p spectrum

has peaks at 776.56 and 780.23 eV. The core-level Fe 2p spectrum exhibits peaks at 707.75

and 719.19 eV, along with two shakeup satellites, indicating the presence of Ni, Fe, and

Co in both their elemental and oxidized states (Ni2+, Co3+, and Fe3+, respectively).9,68–75

After prolonged electrocatalysis, only minor shifts in the positions of the metal 2p peaks

towards lower binding energies of the XPS spectra were observed (Figure S5). The small
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shifts indicate the high durability of the catalyst during the electrocatalysis.

The high-resolution XPS spectrum in Figure 3g shows the Mo 3d and S 2s regions of

MoS2 QDs and the Mo 3d region. The observed peaks at 231.62 eV (Mo 3d5/2) and 235.6

eV (Mo 3d3/2) correspond to the Mo6+ oxidation state.47,76 The peaks at 229.01 and 233

eV are indicative of Mo 3d5/2 and Mo 3d3/2, respectively, which indicate that the deposited

MoS2 QDs have the 2H phase .59,74,77 Furthermore, the comparison of high-resolution XPS

spectra before and after extended electrocatalysis reveals a minor shift in the Mo peak, which

suggests that deposited QDs are highly durable under electrocatalytic conditions. However,

the peak position of MoS2 QDs in the XPS spectrum Mo 3d shifts to 228.54 and 232.12 eV,

suggesting the transformation of MoS2 QDs from the 2H to the 1T’ during electrocatalysis.74

This QD-induced shift has previously been correlated with increased electrical conductivity

of the electrode and higher density of electrocatalytic active sites.74

The S 2p high-resolution XPS spectrum after electrocatalytic activity reveals distinct

peaks at 160.0 and 161.74 eV, corresponding to the S 2p3/2 and S 2p1/2 binding energies of

S2- in MoS2 QDs, respectively (Figure 4h).59,74,77 Noticeably, the S 2p XPS plot peaks posi-

tion confirms the conversion of the 1T’ phase from the 2H phase in MoS2 QDs after prolonged

electrocatalysis.77 The O 1s XPS spectrum (Figure 2i) can be deconvoluted into three sub-

peaks at 529.13, 531.69, and 534.26 eV, representing metal-oxygen bonding, defect sites with

low oxygen coordination, and adsorbed hydroxy or H2O, respectively.3,9,29,78 The O 1s XPS

peaks of MoS2@NiFeCo-Mo(doped)-LDH exhibit a minor shift towards more negative values

after a prolonged electrocatalysis, highlighting the high stability of the catalyst (Figure S5).

The high-resolution XPS spectrum of MoS2@NiFeCo-Mo(doped)-LDH following extended

electrocatalysis exhibits minor alterations in peak positions for all elements, suggesting high

durability of the hierarchical MoS2@NiFeCo-Mo(doped)-LDH heterostructure.

Overall, the above structural analyses confirm the successful assembly of MoS2@NiFeCo-

Mo(doped)-LDH. These structures feature tight integration of MoS2 QDs deposited on the

NiFeCo-LDH surface and Mo doping in the NiFeCo-LDH matrix.
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Figure 3: XRD pattern of a) NiFeCo-LDH, MoS2@NiFeCo-LDH, NiFeCo-Mo(doped)-
LDH, and MoS2@NiFeCo-Mo(doped)-LDH on NF substrate. b) NiFeCo-LDH and NiFeCo-
Mo(doped)-LDH without NF substrate. c) Survey XPS spectra of the MoS2@NiFeCo-
Mo(doped)-LDH/NF. XPS spectra d) Ni 2p, e) Co 2p, f) Fe 2p, g) Mo 3d, h) S 2p, and i)
O 1s of MoS2@NiFeCo-Mo(doped)-LDH/NF.
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Electrocatalytic performance

The (photo)electrocatalytic performance of the LDH heterostructures towards HER and

OER in 1.0 M KOH was assessed using a standard three-electrode cell. Initially, the

Ni/Fe/Co ratio was evaluated and optimized to identify the most active NiFeCo-LDHs. The

optimization was based on electrocatalytic performance, which was evaluated through linear

scanning voltammetry (LSV) at a scan rate of 5 mV s-1 (Figure S6), and then by analyzing

the corresponding Tafel plots and overpotentials at current densities of 10 and 50 mA·cm-2

(Figures S7, and S8) Afterwards, the best-performing electrodes with the high current den-

sities, smallest Tafel slopes, and lowest overpotentials were further functionalized with Mo

and MoS2 to fabricate the NiFeCo-LDH, NiFeCo-Mo(doped)-LDH, MoS2@NiFeCo-LDH, and

MoS2@NiFeCo-Mo(doped)-LDH electrodes.

The hydrogen evolution reaction

The electrocatalytic performance of NiFeCo-LDH, NiFeCo-Mo(doped)-LDH, MoS2@NiFeCo-

LDH and MoS2@NiFeCo-Mo(doped)-LDH electrodes towards HER in 1.0M KOH was eval-

uated under both light illumination and dark conditions. The results were compared with

NF and the benchmark Pt/C catalyst. The LSV polarization curves presented in Figure

4a show that at a current density of 10 mA cm-2 the overpotentials for Pt/C, NF, NiFeCo-

LDH, NiFeCo-Mo(doped)-LDH, MoS2@NiFeCo-LDH, and MoS2@NiFeCo-Mo(doped)-LDH

as 91, 591, 222, 161, 203, and 104 mV respectively. Under light illumination the overpo-

tential to achieve the 10 mA cm-2 current density on MoS2@NiFeCo-Mo(doped)-LDH and

MoS2@NiFeCo-LDH decreased from 104 to 64 mV and 239 to 203 mV, respectively.

The overpotentials at 10 and 50 mA cm-2 HER current densities on the studied materials

both under light irradiation and dark conditions are shown in Figure S9 of the Supporting and

Table S1, where the HER performance of MoS2NiFeCo-Mo(doped)-LDH is compared with

other recently developed catalysts. The comparison shows that the hierarchical MoS2NiFeCo-

Mo(doped)-LDH heterostructure exhibits very high electrocatalytic HER activity; under
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dark conditions at 10 mA cm-2 the overpotential of MoS2@NiFeCo-Mo(doped)-LDH is 104

mV, which is only marginally higher than that of the Pt/C benchmark (91 mV) (Figure

S9). Under light irradiation, the MoS2@NiFeCo-Mo(doped)-LDH photoelectrode exhibits

an overpotential of 64 mV at a current density of 10 mA cm-2. Overall, the results in Figure

S9 clearly show that i) the deposition of MoS2 QDs increases the (photo)electrocatalytic HER

activity more on NiFeCo-Mo(doped)-LDH than on NiFeCo-LDH and ii) Mo doping and MoS2

significantly improve the electrocatalytic HER activity as compared to the NiFeCo-LDH.

The Tafel analysis in Figure 4b shows that the Tafel slope of MoS2@NiFeCo-Mo(doped)-

LDH is as low as 95 mV dec-1, which is lower than those of NiFeCo-Mo(doped)-LDH (139 mV

dec-1), MoS2@NiFeCo-LDH (175 mV dec-1), and NiFeCo-LDH (161 mV dec-1). Under light

illumination the reduces the Tafel slope of MoS2@NiFeCo-Mo(doped)-LDH further decreases

from 95 mV dec-1 to 65 mV dec-1. These slopes are rather close to those of commercial Pt/C

(49 mV dec-1). The Tafel slopes suggest that the HER likely follows the Volmer–Heyrovsky

mechanism79 with the Heyrovsky step as the rate-determining step (RDS). The spread of the

Tafel slopes between different materials is, however, rather significant, which indicates that

the HER mechanism may involve different RDSs and that the current density may depend

e.g. on the mass transfer efficiency.

Electrochemical impedance spectroscopy (EIS) measurements were conducted to provide

insights into the charge transfer kinetics during HER. The Nyquist plots depicted in Figure

4c show that the charge transfer resistance (Rct) of MoS2@NiFeCo-Mo(doped)-LDH (22

Ω cm−2) is smaller than that of the other considered catalysts. Under light illumination,

the charge transfer resistance decreases to less than 4 Ω cm−2. These observations imply

fast charge transfer kinetics towards HER under both dark and light conditions and clearly

illustrate the pivotal role of MoS2 QDs in expediting charge transfer under light illumination

We measured the double-layer capacitance (Cdl) in the non-Faradaic region using cyclic

voltammetry (CV) at various scan rates (Figure S10) to provide a semi-quantitative es-

timate of the electrochemical surface area (ECSA). Figure 4h shows the calculated Cdl
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values for MoS2@NiFeCo-Mo(doped)-LDH, MoS2@NiFeCo-LDH, NiFeCo-Mo(doped)-LDH,

and NiFeCo-LDH are 14, 13.4, 12.5, and 7.6 mF cm-2, respectively. This suggests that the

incorporation of MoS2 QDs on and Mo in NiFeCo-LDH leads to a larger ECSA and a higher

number of accessible active sites within the hierarchical heterostructure. Remarkably, the

deposition of MoS2 QDs onto NiFeCo-Mo(doped)-LDH and NiFeCo-LDH significantly in-

creases the effective ECSA to 24.3 and 21.5 mF cm-2 under light irradiation, respectively.

The increase in the effective ECSA indicates that the deposition of ceMoS2 QDs increases

the (effective) active surface area or improves the light absorption, both of which are crucial

for the (photo)electrocatalytic HER.

The durability of the catalyst under HER conditions was evaluated using chrono-potentiometry

(CP) with continuous current measurement at a current density of 10 mA cm-2 for over 48

h. As depicted in Figure 4g, the best performing HER electrocatalyst, MoS2@NiFeCo-

Mo(doped)-LDH exhibits a minimal change in the electrode potential, which indicates high

stability. This conclusion is supported by the minimal changes in the LSV curves (Fig-

ure S11a) recorded before and after 500-cycle voltammetry scans under dark conditions.

MoS2@NiFeCo-Mo(doped)-LDH maintains its high stability and (photo)electrocatalytic ac-

tivity even after is subjected to an additional 500 CV cycles under light illumination, as

shown in Figure S11b. This is rather surprising, as we initially assumed that the amorphiza-

tion due to Mo doping would reduce the catalyst stability; in contrary to our expectations,

MoS2@NiFeCo-Mo(doped)-LDH exhibited exceptional stability under (photo)electrocatalytic

HER conditions. Currently, we do not understand the origin of the increased durability but

it is clear that some complex synergistic effects between doped Mo, MoS2 QDs, and NiFeCo-

LDH result in a very stable (photo)electrocatalytic material.

Overall, our results indicate that introducing Mo and MoS2 QDs makes the NiFeCo-LDH

a highly active and stable HER (photo) electrocatalyst under alkaline conditions. The high

activity is tentatively attributed to both geometric and electronic modifications resulting

from the introduction of Mo in and MoS2 on the FeNiCo-LDH, which is also supported by
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the computational results below.

The oxygen evolution reaction

The OER performance of the LDH electrocatalysts was evaluated in 1 M KOH solution

under light irradiation and dark conditions, and compared to the benchmark catalyst RuO2.

As depicted in Figure 4d, the hierarchical MoS2@NiFeCo-LDH nanostructure exhibits the

best and remarkably high OER activity: as shown in Figure S9 and Table S2, the OER

overpotential of MoS2@NiFeCo-LDH at 10 mA cm-2 is only 217 mV and is even lower than

that of most the prior studies and benchmark RuO2, which has an overpotential of 327

mV at 10 mA cm-2. Under light illumination, the overpotential of MoS2@NiFeCo-LDH is

further reduced from 217 mV to 178 mV at a current density of 10 mA cm-2. For the

other LDH catalysts, the impact of light illumination is smaller and on e.g. MoS2@NiFeCo-

Mo(doped)-LDH the overpotential reduces from 227 mV to 225 mV at a current density of

10 mA cm-2. The results in Figures 4d and 4e clearly show the MoS2 QDs can significantly

enhance the OER photoelectrocatalytic activity of the different LDHs but the effect varies

on the underlying LDH matrix. Among the studied LDHs, MoS2@NiFeCo exhibits the best

photo- electrocatalytic activity towards OER. Interestingly, the Mo-doping seems to make

the materials less active towards OER whereas the opposite was observed for HER. Moreover,

the LSV curves depicted in Figure S12 indicate that doping of Mo does not affect the activity

of NiFeCo-LDH under light irradiation, highlighting the role of doping high-valence metals

or creating defects and deposition of MoS2 QDs in the (photo)electrocatalytic OER.

Besides the low overpotential observed for MoS2@NiFeCo-LDH, this material has a low

Tafel of slope 73 mV dec-1 as shown in Figure 4e. The concomitant Mo-doping and MoS2

incorporation lead to an even lower Tafel slope. The MoS2NiFeCo-Mo(doped)-LDH exhibits

a very low slope of 57 mV dec-1, which is lower than observed for MoS2@NiFeCo-LDH

and NiFeCo-Mo(doped)-LDH (126 mV dec-1). Both MoS2@NiFeCo-LDH and MoS2NiFeCo-

Mo(doped)-LDH have lower Tafel slopes than the commercial RuO2 catalyst (94 mV dec-1)
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but Tafel slope of NiFeCo-LDH (39 mV dec-1) is even smaller. The Tafel slope analysis also

indicates that the incorporation of MoS2 QDs and Mo doping changes the RDS;79 we ascribe

the decreases in the Tafel slopes from ∼60 to ∼40 mV dec-1 to a change in the RDS from

a chemical transformation after the first electron transfer to the second electron transfer

step, that is from *O to *OOH formation (Equation 3 and 4).79 Under light irradiation,

an extremely slow Tafel slope is observed for both MoS2@NiFeCo-LDH (32 mV dec-1) and

MoS2@NiFeCo-Mo(doped)-LDH (38 mV dec-1). Altogether, the alkaline OER activity of

MoS2@NiFeCo-LDH, under both light irradiation and dark conditions, surpasses that of most

state-of-the-art OER catalysts, as shown in Table S2 of the Supplementary Information.

The EIS analysis and Nyquist plots in Figure 4f illustrate the impact of QDs on charge

transfer resistance in the OER process. MoS2@NiFeCo-LDH has the lowest resistance (8.5

Ω cm−2) in the low-frequency regime. The resistance further decreases below 4 Ω cm−2

upon light irradiation. These observations suggest that MoS2@NiFeCo-LDH has very low

charge transfer resistance and fast OER kinetics. Furthermore, the photogenerated charge

carriers (electrons and holes) contribute to enhanced conductivity under light illumination

and accelerate electrochemical reactions.

Similarly to HER, the MoS2@NiFeCo-LDH catalyst demonstrates notable durability in

alkaline media at a current density of 10 mA cm-2. Indeed, the data in Figure 4g shows that

MoS2@NiFeCo-LDH remains very stable for over 48 h under OER conditions. Moreover, the

LSV curves before and after 500 cycles in Figure S11c provide evidence of MoS2@NiFeCo-

LDH’s excellent durability under OER conditions. The stability is not affected by additional,

500 cycles under light illumination, as shown in Figure S11d.

Overall, our results show that depositing MoS2 QDs on NiFeCo-LDH results in a very

stable and active OER (photo)electrocatalyst. The EIS results show that the MoS2 QDs

reduce the transfer resistance, which indicates that the QDs enhance the OER kinetics. The

addition of MoS2 QDs also reduces the Tafel slope and changes the RDS from *O to *OOH

formation.
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Overall Water Splitting

Inspired by the exceptional performance of MoS2@NiFeCo-LDH towards OER and MoS2@NiFeCo-

Mo(doped)-LDH toward HER, these materials were used as the anode and cathode, respec-

tively, in a two-electrode water electrolysis cell. Figure 4i shows the polarization curves in

1.0 M KOH solution for the assembled MoS2@NiFeCo-Mo(doped)-LDH‖MoS2@NiFeCo-LDH

electrolyzer under both light irradiation and dark conditions, along with the comparison with

Pt/C‖RuO2 as the benchmark cell. The results show that the MoS2@NiFeCo-Mo(doped)-

LDH‖MoS2@NiFeCo-LDH cell requires 1.54 V (1.85 V) voltage to achieve the current densi-

ties of 10mA cm-2 (100 mA cm-2) (see also Video S1 (under dark), S2 (under light)). Under

light irradiation, the voltage decreases to 1.46 V and 1.68 V at current densities of 10 and

100 mA cm-2, respectively. This performance surpasses the performance of Pt/C‖RuO2 and

most reported OWS electrolyzers, as shown in Table S3.

The MoS2@NiFeCo-Mo(doped)-LDH‖MoS2@NiFeCo-LDH cell also demonstrates remark-

able stability for at least 48 h as shown in Figure 4g. There are no significant changes from

the initial potential at a constant current density of 10 mA cm-2, reflecting high stability

of the overall cell and both electrodes. Even after prolonged electrocatalysis only negligible

changes in the structures and the ratio of elements at the surface were observed through

SEM and XPS(Figures S5 and S13). This high overall water splitting performance positions

MoS2@NiFeCo-Mo(doped)-LDH and MoS2@NiFeCo-LDH as one of the best Ni-, Fe-, and

Co-based electrocatalysts for HER, OER and OWS developed recently (see Tables S1, S2,

and S3).

Correlating (Photo)Electrocatalytic Performance with Structural and Morpho-

logical Features

The SEM and TEM analyses in Figures 2b and S1 clearly illustrate that Mo doping in

NiFeCo-LDH results in the formation of thicker and denser nanosheets. While decreasing

the LDH nanosheet thickness has been observed to improve the charge conductivity and
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to increase the electrocatalytic activity,3,28,80,81 our findings show that doping the NiFeCo-

LDH by Mo leads to both thicker sheets and increased HER activity. This discrepancy

between our and previous results can be explained by the XRD results shown in Figure

3b, which shows that Mo doping causes the amorphization of the crystalline NiFeCo-LDH

structures. Most notably, the higher degree of amorphization has been correlated with

enhanced electrocatalytic activity due to the increased number of active sites and structural

flexibility.25,26,28,29

On the other hand, the deposition of MoS2 QDs reduces the overall thickness of the LDH

sheets and improves the HER and OER activity. Correlating the TEM and SEM analysis

with electrocatalytic studies indicates the enhanced electrocatalytic activity following MoS2

deposition is not due to increased amorphization. Instead, the ECSA analysis shows that

the MoS2 increases the number of active sites. The combination of Mo doping and MoS2

QDs deposition both increases amorphization, decreases the sheet thickness and increases

the ECSA. It appears that the increased amorphization and thickness are both beneficial for

enhancing the (photo)electrocatalytic HER activity while for OER benefits only from the

increased ECSA.

The XPS analysis in Figure 3 and S5 show the peak positions of MoS2@NiFeCo-Mo(doped)-

LDH are not altered when used as a (photo)electrocatalyst for a prolonged time. However,

the surface composition of the components does exhibit some variation compared to the ini-

tial state in MoS2@NiFeCo-Mo(doped)-LDH following extended electrocatalysis (Figure S5).

Figure S11 also shows that both the HER and OER electrocatalytic performance remains

rather unaffected by 500 CV cycles. Under photoelectrocatalytic conditions, the perfor-

mance of MoS2@NiFeCo-Mo(doped)-LDH is slightly decreased but we were not able to cor-

relate this change in any structural or morphological changes. Altogether, the changes in the

composition, structure, morphology, and (photo)electrocatalytic activity of MoS2@NiFeCo-

Mo(doped)-LDH are modest, which underscores the high stability of the catalysts under

electrocatalytic conditions.
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Figure 4: HER and OER electrocatalytic performance of the as-prepared catalysts under
light irradiation and dark conditions. a) HER polarization curves. b) Tafel slope of the as-
synthesized electrocatalysts for HER. c) Electrochemical impedance spectroscopy for HER.
(The inset provides a magnified representation of the MoS2@NiFeCo-Mo(doped)-LDH cata-
lyst under light irradiation.) d) OER polarization curves. e) Tafel slope of the as-synthesized
electrocatalysts for OER. f) Electrochemical impedance spectroscopy for OER. (The inset
provides a magnified representation of the MoS2@NiFeCo-LDH catalyst under light irra-
diation.) g) Long-term stability test of MoS2@NiFeCo-Mo(doped)-LDH, MoS2@NiFeCo-
LDH, and MoS2@NiFeCo-Mo(doped)-LDH‖MoS2@NiFeCo-LDH electrolyzer for HER, OER,
OWS, respectively. h) Double-layer capacitance of as-synthesized electrocatalysts. i) Po-
larization curves of the MoS2@NiFeCo-Mo(doped)-LDH‖MoS2@NiFeCo-LDH heterostruc-
ture under light irradiation and dark conditions in a two-electrode system, compared to
Pt/C‖RuO2.
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Computational studies of OER and HER

Density functional theory (DFT) calculations were carried out to understand how and why

MoS2 QDs and Mo doping impact the HER and OER activity of NiFeCo-LDH. To achieve

this, we studied how the HER/OER thermodynamics depend on the Ni/Fe/Co ratio, nature

of the active site, Mo doping, and MoS2-QD deposition using the structures shown in Figure

S14. The activity was quantified by computing the reaction thermodynamics under alkaline

reaction conditions using the computational hydrogen electrode method82 and by studying

the electronic structure properties.

The DOS plots for NiFeCo-LDHs with varying metal ratios, and in the presence of Mo

dopants and MoS2 QDs, are presented in Figures 5a and S15. The semiconducting nature

of Ni4Fe1Co3, Ni7Fe4Co1, and Ni7Fe2Co1 LDHs is evident in Figure S15. These results also

show that by adjusting the metal ratio, one can influence the band gap and the electronic

structure, and thereby also the electrocatalytic performance of LDHs. Doping Fe/Ni/Co-

LDH with Mo or by incorporating MoS2 QDs on the LDH leads to the disappearance of the

band gap and makes the semiconducting LDH catalysts metallic, which could increase the

electrode conductivity. Furthermore, the charge transfer between MoS2 QDs and NiFeCo-

LDH or NiFeCo-Mo(doped)-LDH can be seen by analyzing the Bader charges (Figure S16),

which reveal a significant electron transfer from NiFeCo-LDH or NiFeCo-Mo(doped)-LDH to

the MoS2 QDs. Interestingly, the Mo doping of NiFeCo-LDH results in a slightly increased

electron transfer from LDH to the MoS2 QDs.

The hydrogen absorption energy (∆GH∗) is a widely used descriptor for the HER per-

formance of a catalyst. The optimal ∆GH∗ value has traditionally been taken as 0 eV but

more recent studies have shown that the optimal binding energy is slightly endothermic, ∼

0.1-0.2 eV, at zero overpotential.83 The free energies of the adsorbed H at different sites on

the top and edge sides of heterostructures are depicted in Figures 5b and S17-22. Variations

in the Fe, Ni, and Co ratios notably influence the hydrogen adsorption energy, as illustrated

in Figures S17-19. This indicates that control over the metal ratio efficiently tunes the LDH
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activity towards HER. Specifically, Ni7Fe2Co1 LDH has near optimal hydrogen binding en-

ergies at different sites whereas the other LDH compositions do not. This indicates that

Ni7Fe2Co1 is a near ideal and active HER catalysts; this is consistent with our experimental

findings in the previous sections.

As shown in Figures 5a and S20-22, doping, modifying the Ni7Fe2Co1 LDH by Mo doping

and/or MoS2 QDs have a significant impact on the hydrogen adsorption energy. Our results

show that the top site and Fe sites bind hydrogen weakly and are expected to be catalytic

inactive towards HER, while the other sites have near optimal hydrogen binding. In particu-

lar, the MoS2@Ni6Fe2Co1-Mo(doped) heterostructure catalyst has a near optimal hydrogen

binding energy of 0.32 eV on Co sites. Contrasting these computational results with the

electrocatalytic activity tests in Figure 4 a-c shows that the hydrogen binding energies can

be used as a reliable descriptor for the HER activity: the incorporation of Mo and MoS2-QDs

in the Fe/Ni/Co LDHs leads to near optimal hydrogen energies, which correlate with the

experimentally observed lower overpotentials, smaller Tafel slopes, and smaller charge trans-

fer resistances. The computational results show that both Mo and MoS2-QDs significantly

enhance the HER activity of the Fe/Ni/Co-catalysts.

The alkaline OER generally involves four proton-electron transfer steps and three main

intermediates, OH∗, O∗ and OOH∗, as shown in Figure 5c. We assume that the OER

follows the adsorbate evolution mechanism (AEM) identified as the most likely mechanism

on NiFe-LDHs under electrode potential conditions relevant for OER.84 In this work, we

quantify the OER performance using the concept of thermodynamic overpotential, which

measures the electrode potential needed for making all the steps thermodynamically feasible

as discussed in the methods section. Within this thermodynamic framework, the OER

efficiency is determined by the elementary step having the most endergonic reaction energy,

which is assigned as the potential-determining step (PDS). We carried out this analysis for

a range of experimentally studied catalysts with varying metal ratios and at different active

sites.
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The results in Figures 5d and S23-28 show the main computational results for the various

LDH heterostructure catalysts towards OER. Figure 5d shows that the Fe and Co sites of

the Ni7Fe2Co1 electrode have lowest thermodynamic OER overpotentials among the MoS2-

NiFeCo-LDHs, which in the experiments exhibited the were it was shown that the best OER

performance among the studied catalysts. Additionally, the formation of *O from *OH

was identified as the PDS for all sites in the Ni7Fe2Co1 LDH (Figure S25). However, the

comparison of Figures 5d and S23-27 shows that MoS2@NiFeCo does not have the lowest

thermodynamic overpotential among the studied structures; instead, the NiFeCo-LDH (Fig-

ure S25) structure is found to exhibit significantly lower thermodynamic overpotentials. This

computational finding is, however, not consistent with the experimental results in Figures

4d and 4e, which show that MoS2@NiFeCo is a better OER catalyst than NiFeCo.

To resolve the discrepancy between the experimental and computational results on the

OER activity, we need to consider which elementary steps determine the PDS. Without MoS2

incorporation and Mo doping, i.e. on Ni4Fe1Co3, Ni7Fe4Co1, and Ni7Fe2Co1), the formation

of O∗ from OH∗ is the PDS. This would indicate that the strong O∗ adsorption limits the OER

efficiency on these catalysts without Mo or MoS2. Furthermore, the computed overpotential

trend observed for Ni/Fe/Co LDHs align with those obtained in our experiments for LDHs

with various metal ratios, as illustrated in Figure S8. Interestingly, the QD addition and

Mo doping change the PDS from O∗ formation to OOH∗ formation on the Fe and Ni sites

(Figures 5d and S26-28); this change in the rate-determining step is also supported by the

experimental Tafel slope analysis for OER as discussed above. We attribute this change in

the PDS to the electronic interaction between LDH and MoS2 QDs which enhances OER

activity by reducing the ∆G on of the OOH* formation step. For instance, the introduction

of MoS2 on Ni7Fe2Co1 does not notable impact though the formation energy of *O but the

formation energy *OOH is facilitated at the Fe site, which changes the PDS from *O to

*OOH (Figure 5d).

In addition to changing the PDS from O∗ to OOH∗, MoS2 is also expected to change
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reaction kinetics. In particular, the constant potential DFT studies in Ref. 84 indicate that

the OOH∗ generation is the slowest and hence the rate-determining step of OER following the

AEM mechanism on NiFe-LDHs. This indicates that even if O∗ formation would determine

the thermodynamic overpotential and be the PDS, the OOH∗ formation would be the RDS

and determine the overall activity. Taking this into account and using the free energy

relations between reaction thermodynamics and kinetics, we are led to the conclusion that

facilitating the OOH∗ formation would also result in the largest increase in the reaction

kinetics and thereby OER efficiency. This in turn indicates that the introduction of MoS2

QDs onto LDH structures would lead to the most pronounced enhancements in the OER

efficiency because MoS2 QDs most significantly facilitate OOH∗ formation thermodynamics.

Hence, if we account for the observation that OOH∗ formation determines the OER kinetics

and facilitating the thermodynamics of this step leads to the largest enhancements in the

OER efficiency, our computational results are in line with our experimental results showing

that the incorporation of MoS2 QDs leads to very efficient OER.

Overall, our computational results show that control over the metal ratio, Mo doping,

and MoS2 incorporation are efficient ways of controlling the electronic structure and elec-

trocatalytic properties of LDH heterostructures. The electronic structure analysis shows

that doping Mo into and the deposition of MoS2 QDs onto NiFeCo-LDH make the catalyst

metallic, which likely increases conductivity. The MoS2 deposition also leads to significant

electron transfer from the LDH to the QD and likely promotes electrocatalytic activity near

the QD. We also find that the thermodynamic overpotentials can explain the experimentally

observed HER activity across the studied materials; this indicates that the HER activity of

LDH heterostructures can be understood based on reaction thermodynamics and explains

why the MoS2-NiFeCo-Mo(doped)-LDH is such an active HER electrocatalyst. The OER is

significantly more complex and the experimental results cannot be understood without ac-

counting for reaction kinetics in addition to the thermodynamics. However, even for OER,

the thermodynamic analysis helps to identify how different modifications change the reaction
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mechanism and thermodynamics. In particular, when one considers that OOH∗ formation

determines both the thermodynamics and kinetics, it appears that one can explain the high

OER activity of MoS2-NiFeCo-LDH by considering the thermodynamics of the RDS only.

However, it needs to be stressed that the experimentally measured overpotential is kinetic

in nature, which means that accounting for reaction kinetics, incorporating solvent, cation,

and electrode potential effects, and coupling of DFT and microkinetic modeling are needed

to make reliable and self-consistent predictions on the OER activity.85

Figure 5: a) DOS profiles of NiFeCo-LDH, NiFeCo-Mo(doped)-LDH, MoS2@NiFeCo-LDH,
and MoS2@NiFeCo-Mo(doped)-LDH. b) Gibbs free energy diagram of MoS2@NiFeCo-
Mo(doped)-LDH for HER process on hollow, Ni, Fe, and Co sites. c) Schematic diagram of
the OER mechanism. d) Gibbs free energy diagram of MoS2@NiFeCo-LDH for OER process
on hollow, Ni, Fe, and Co sites.
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Conclusions

In this work, we have developed a facile and modular multistep procedure to synthesise hier-

archical LDH-based heterostructure electrocatalysts, MoS2@NiFeCo-Mo(doped)-LDH. This

synthesis involves the hydrothermal growth of trimetallic nanoflower-like NiFeCo-LDH onto

a nickel foam substrate, subsequent high-valence metal Mo doping into NiFeCo-LDH, and

final electrodeposition of MoS2 QDs on the LDH. The efficient and controllable approach for

functionalizing NiFeCo-LDHs with MoS2 quantum dots and Mo dopants allowed for a system-

atic study on the MoS2@NiFeCo-Mo(doped)-LDHs. We find that the best MoS2@NiFeCo-

Mo(doped)-LDH and MoS2@NiFeCo-LDH heterostructures exhibited very high activity to-

wards HER and OER under both light irradiation and dark conditions in alkaline media.

MoS2@NiFeCo-LDH and MoS2@NiFeCo-Mo(doped)-LDH were found to have very low

OER and HER overpotentials of 178 (217) mV and 64 (104) mV at 10 mA cm-2 under light

irradiation (dark condition), respectively. In comparison to NiFeCo-NF, the MoS2@NiFeCo-

Mo(doped)-LDH and MoS2@NiFeCo-LDH heterostructures demonstrated significantly en-

hanced reaction kinetics and improved light absorption efficiency; these experimental findings

are tentatively attributed to the large atomic radius of the high-valence Mo dopant and the

photo-responsive nature of MoS2 QDs, which together change the (photo)electrodes intrinsic

HER and OER activity, lead to catalyst amorphization, and increase the effective catalytic

surface area. Our DFT studies show that the incorporation of MoS2 increases the intrin-

sic electrocatalytic activity of NiFeCo-LDH and NiFeCo-Mo(doped)-LDH towards HER and

OER, respectively. The increased activities are due to changes in the electronic structure,

reaction thermodynamics, and the reaction mechanism. MoS2 makes the catalysts metallic

and hence enhances their conductivity. MoS2 QD deposition reduces the free energy barriers

of both HER; the incorporation of MoS2 QDs leads to a nearly ideal energy *H adsorption

energy. In OER, MoS2 changes and facilitates the rate-determining step of OOH∗ forma-

tion at smaller overpotentials; this is also supported by the experimental results. Finally,

theMoS2@NiFeCo-Mo(doped)-LDH and MoS2@NiFeCo-LDH electrodes exhibit remarkable
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activity and stability for the overall water splitting efficiency, resulting in potentials of 1.46

(1.54) V at 10 mA cm-2, under light illumination (dark) conditions

Overall, our work provides a facile, modular, and rational approach to design and syn-

thesize hierarchical LDH heterostructures with high (photo)electrocatalytic performance to-

wards OER, HER, and overall water splitting.

Experimental and Computational Methods

Materials

Cobalt(II) chloride hexahydrate (CoCl2·6H2O), Iron(III) chloride hexahydrate (FeCl3·6H2O),

Nickel(II) chloride hexahydrate (NiCl2·6H2O), trisodium citrate dihydrate (C6H9Na3O9),

urea (CH4N2O), ammonium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O), potassium hy-

droxide (KOH), potassium chloride (KCl), ammonium tetrathiomolybdate ((NH4)2MoS4),

platinum carbon (Pt/C), and ruthenium oxide (RuO2) were purchased from Merck. The

reagents were utilized without additional purification steps. Deionized water (DW) was

employed throughout the experimental procedures.

Synthesis of NiFeCo-LDH/NF and NiFeCo-Mo(doped)-LDH/NF

To prepare the NiCoFe-LDH catalysts supported on nickel foam (NF), a 2 × 2 cm2 piece

of NF was first subjected to ultrasonic pretreatment using ethanol and water. Next, the

NF was washed in 6.0 M HCl solution and dried at 60 °C. After this, a uniform solution

of CoCl2·6H2O (0.4 mmol), NiCl2·6H2O (2.4 mmol), FeCl3·6H2O (0.8 mmol), C6H9Na3O9

(0.5 mmol) and urea (8.0 mmol) dissolved into 30 mL of DW was prepared. The solution

was vigorously stirred for 15 minutes and purged with nitrogen (N2) for 5 minutes. The

pretreated NF was then immersed in this solution, and the entire mixture was transferred

to a 50 mL Teflon-lined stainless-steel autoclave, heated to 150 °C, and maintained for 48

hours. The resultant product was gathered and rinsed multiple times with DW and ethanol,
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and dried at 80 °C under vacuum.

For the preparation of NiCoFe-Mo(doped)-LDH/NF, 0.02 mmol of (NH4)6Mo7O24·4H2O

was dissolved in 30 mL of DW through vigorous stirring until complete dissolution. Then,

CoCl2·6H2O (0.4 mmol), NiCl2·6H2O (2.4 mmol), FeCl3·6H2O (0.8 mmol), C6H9Na3O9

(0.5 mmol) and urea (8.0 mmol) were dissolved in the solution, stirred vigorously for 15

minutes and purged with N2 for 5 minutes. Subsequently, NF was immersed in the solution,

transferred to a 50 mL Teflon-lined stainless-steel autoclave, and subjected to heating at 150

°C for 48 hours. The resultant product underwent multiple rinses with DW and ethanol,

followed by drying at 80 °C under vacuum.

Synthesis of MoS2@NiFeCo-LDH/NF andMoS2@NiFeCo-Mo(doped)-

LDH/NF

The electrosynthesis of MoS2NiFeCo-LDH and MoS2NiFeCo-Mo(doped)-LDH was conducted

using a similar procedure for both electrodes in a three-electrode cell setup under ambient

temperature conditions, employing NiFeCo-LDH/NF and NiFeCo-Mo(doped)-LDH/NF (2

× 2 cm2) as the working electrodes, a platinum plate as the counter electrode, and an

Ag/AgCl reference electrode. MoS2-QDs were electrodeposited on NiFeCo-LDH and NiFeCo-

Mo(doped)-LDH in an electrodeposition electrolyte containing 0.5 mmol (NH4)2MoS4 and

0.1 mol KCl. Electrodeposition was carried out in the electrolyte under an applied bias

voltage of -0.96 V. The resulting samples were washed using DW and then dried at 60 ◦C

for 3 hours.

Electrochemical measurements

The (photo)electrochemical catalyst tests were conducted at room temperature using a con-

ventional three-electrode system. The catalyst (2 × 2 cm2), fabricated on an NF substrate,

was utilized as the working electrode, a platinum wire served as the counter electrode, and
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Ag/AgCl (3M KCl) was employed as the reference electrode. OER and HER tests were

conducted in a 1 M KOH electrolyte using the Metrohm potentiostat/galvanostat (Type

1.757.0010) electrochemical workstation. An LED lamp with an optical power of 9 W was

used as the illumination source in the photoelectrochemical experiments.

The linear-sweep voltammetric (LSV) polarization curves were measured to evaluate the

electrocatalytic performance of the materials. A scan rate of 5 mV s-1 was employed in all

LSV experiments. The applied potentials are reported on the reversible hydrogen electrode

(RHE) scale obtained by using the equation ERHE = EAg/AgCl+0.059pH+E0
Ag/AgCl, where

ERHE represents the potential of RHE. The reference electrode, Ag/AgCl, has a standard

electrode potential (EAg/AgCl) of 0.197 V and the overpotential (η) can be determined using

η = Evs.RHE−Etheoretical, where the theoretical potentials for OER and HER relative to RHE

are 1.23 V and 0 V, respectively. The Tafel slope (b) were calculated using the equation

η = a + b log10 j, where η denotes the overpotential, b the Tafel slope, and j the current

density.

Cyclic voltammetry (CV) measurements were carried at various scan rates ranging from

10 to 100 mV s-1 within the (non-Faradaic) potential window of -0.02 – 0.03 V vs Ag/AgCl.

The electrochemical surface area (ECSA) was estimated by evaluating the double-layer ca-

pacitance (Cdl) values using the equation Cdl = I/ν, where I represents the current density

(mA cm-2), and ν is the scan rate (mV s-1). Electrochemical impedance spectroscopy (EIS)

measurements were performed using a standard three-electrode system, employing a ZAH-

NER electrochemical workstation (model IM6ex, Germany). The frequency range of the

investigation spanned from 0.1 Hz to 10 kHz, with an applied amplitude of 5 mV. The OWS

process was conducted using a two-electrode cell setup, where the MoS2@NiFeCo-LDH and

MoS2@NiFeCo-Mo(doped)-LDH catalysts served as the anode and the cathode electrodes,

respectively.
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DFT calculations

The OER and HER mechanisms and free energies on the experimentally studied LDH-based

catalysts were studied using spin-polarized density functional theory (DFT) calculations

were performed as implemented in the GPAW code86 within the projector augmented wave

(PAW)87 method. The exchange-correlation effects were treated within the Generalized

Gradient Approximation (GGA) and the Hubbard +U correction by employing the Hubbard-

corrected Perdew-Burke-Ernzerhof (PBE+U) functional.88 The Hubbard U corrections were

applied to account for strong d-electron correlation with U values 4 eV for the Ni atom, 5

eV for the Fe atom, and 3.2 eV for the Co atom.89 The U corrections was not employed for

Mo due to its broad d bands.

The simulation model, depicted in Figure S14, is based on prior research90 showing that

the layer-layer interactions have no significant impact on the electronic structure and that

a single layer of LDH is a reliable model for the LDH catalysts. We simulated the LDH

with full OH coverage to resemble the alkaline OER reaction conditions.90 Further details

regarding the cell parameters are provided in the Supporting Information (Table S4). The

first Brillouin zone of the supercell was sampled using a 3× 2× 1 k point mesh for the top

side model and a 3 × 1 × 2 k point mesh for the edge side model. The electronic structure

convergence criteria was set to 10−5 eV. Atomic forces were converged below 0.1 eV/Å.

The plane wave cutoff was set to 450 eV. A vacuum region of 15 Å along the non-periodic

direction was included to prevent interactions between the periodic images.

The Gibbs free energy of intermediates involved in HER and OER processes, denoted as

*H, *OH, *O, and *OOH, as a function of the electrode potential were computed using the

computational hydrogen electrode method:82

∆G = ∆Eads +∆EZPE − T∆S − eURHE (1)

Here, ∆Eads represents the adsorption energy of the intermediate, ∆EZPE is the change in
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the zero-point energy, ∆S is the entropy change, T is the temperature (298.15 K), and eURHE

is the applied electrode potential on the RHE scale.

In the alkaline media, OER can proceed via through several reaction mechanisms.91 Here

we assume that the OER follows the adsorbate evolution mechanism (AEM) identified as

the most likely mechanism on NiFe-LDHs.84

OER mechanism:

∗+OH− → OH∗ + e− (2)

OH∗ +OH− → O∗ +H2O(l) + e− (3)

O∗ +OH− → OOH+ e− (4)

OOH∗ +OH− → ∗+O2(g) + H2O(l) + e− (5)

The HER follows the mechanism:

∗+H2O(l) + e− → H∗ +OH− (Volmer step) (6)

2H∗ → ∗+H2 (Tafel step) (7)

H∗ +H2O(l) + e− → ∗+H2(g) + OH− (Heyrovsky step) (8)

Here, the symbol * represents the adsorption site on the substrate. The Gibbs free ener-

gies for the OER and HER processes under alkaline conditions are given in the computational

details section of the Supporting Information.
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