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Surface engineering of a 2D CuFe-LDH/MoS, photocatalyst
for improved hydrogen generation

We have showcased the synthesis of S-type heterojunctions
in CuFe-LDH/MoS, composites with 2D/2D architectures
through hydrothermal processes, with significantly enhanced
photocatalytic hydrogen production performance.
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Creating effective heterostructure photocatalysts with S-scheme-based charge-transfer dynamics
enables efficient electron transfers, thereby enhancing visible-light-induced photocatalytic hydrogen
production. In this report, we investigate a series of CuFe-LDH/MoS, composites synthesized by
employing MoS, with CuFe-LDH through a self-assembled chemical method and an in situ
hydrothermal process. The morphological features illustrate a consistent stacked nanosheet-like
structure. The enhanced electronic and optical properties of the as-prepared CuFe-LDH/MoS, and their
improved photocatalytic hydrogen evolution execution is credited to the S-scheme heterojunction
preventing the recombination of photogenerated charge transporters and improving the fast charge
transference and utilization. The CuFe-LDH/MoS, photocatalyst exhibits a superior photocatalytic H,
creation rate of 3.4 mmol g~* h™ and an AQY of 1.3% compared to CuFe-LDH (1.3 mmol gt h™%;
AQY:0.5%). DFT studies reveal that the synergistic effects of the CuFe-LDH/MoS, interface effectively
enhance both the thermodynamics and kinetics of the rate-determining step for the hydrogen evolution
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reaction, which aligns with the experimental results. This design approach paves the way for creating
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Introduction

Solar energy stands as an endless, environmentally friendly,
and sustainable energy source on our planet. Generating hydro-
gen from water using solar energy is often considered one of
the cleanest forms of energy production.'™ Under solar irradia-
tion, a photocatalyst instigates the activation of water mole-
cules, leading to the generation of hydrogen and oxygen, thus
efficiently transmuting solar energy into hydrogen.*® Never-
theless, the realm of photocatalysis presents numerous exigen-
cies necessitating further investigation, including strategies for
mitigating electron-hole pair recombination and addressing
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highly efficient photocatalysts for future research in this promising domain.

photocatalyst photo-corrosion.’®* Consequently, the impera-
tive remains to cultivate a resilient and highly efficient
photocatalyst.

LDH is categorized as a two-dimensional material (2D),
characterized by positively charged layers where the positive
charge is counterbalanced by different anions residing between
the layers. Consequently, LDH as a whole remains electri-
cally neutral and retains a contingent presence of H,0O
molecules.”*™* The structural chemical formula for LDH can
be expressed as [M;_,>"M,*>*(OH),][X" A,]" ""H,0, encompass-
ing divalent metal cations such as Ni**, Mg®", Cu®>*, and Zn**
(with a valence of +2), and trivalent metal cations including
APP*, Fe**, Cr**, and Sc*" (with a valence of +3)."®"” Owing to the
advantageous characteristics of variable elemental composi-
tion, a substantial precise surface area, and robust stability
exhibited by LDHs, their structural features can be readily
tailored and controlled. Consequently, LDHs find extensive
applications in the fields of photocatalysis and electro-
catalysis.’®2° However, owing to the sluggish transference rate
of photogenerated transporters produced by individual LDHs
upon photo excitation; LDHs alone lack a pronounced impact
on H, evolution.”’® Hence, various strategies have been
devised to enhance the H, evolution efficiency, such as the
construction of heterojunctions or the reinforcement of coupling
between two semiconductors. For instance, NiAl-LDH/CdS
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promotes H, evolution by establishing S-schemes that consume
superfluous e~ and h*.>* The synthesis of CoAl-LDH/RGO
nanocomposites through a solvothermal method effectively
facilitates the transfer and separation of photogenerated charge
carriers, thereby enhancing the composite properties.>>?°

In the field of photocatalysis, molybdenum sulfides (Mo
sulfides), notably MoS,, have become the most prospective
platinum (Pt) substitutes.”””*® In contrast, MoS, is an intrinsi-
cally n-type semiconductor containing a sandwich-like stacked
S-Mo-S fashion in a stack of planes that are closely filled in a
hexagonal arrangement and have a van der Waals interaction
between two adjacent planes. The indirect and direct band gaps
are 1.2 eV, but MoS, lies within 1.9 eV, which is mostly
employed in photocatalysis.>® This material has garnered sub-
stantial attention within the photocatalysis community due to
its wide availability, favorable electrical conductivity, and facile
synthesis.*® Moreover, MoS, exhibits exceptional photocatalytic
performance attributed to its robust light absorption capabili-
ties within the visible spectrum, chemical stability, and narrow
band gap.*' MoS, has found extensive utility in photocatalysis,
with notable examples including the TiO,/Mo0S,,>> M0S,/g-C;N,,*
and CuO@Zn0>** systems, which leverage heterojunction con-
struction to expedite the separation of photoinduced charge
carriers and enhance H, production. To bolster the efficiency of
photocatalytic water splitting, various heterojunction types,
such as type Z, type I, and type II, can be engineered. The
S-scheme heterojunction encompasses considerations of band
bending, electrostatic interactions between semiconductor
materials, and the creation of intrinsic electric fields, thus
enriching the model conditions relative to alternative hetero-
junction configurations.**™” Within this context, the S-scheme
heterojunction achieved by combining CuFe-LDH and MoS,
serves to not only suppress the recombination of photoinduced
charge carriers but also enhance the production of H, gas.
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In the current study, we have constructed an S-scheme
photocatalyst by combining 2H-MoS, and CuFe-LDH, which
act as the building blocks for constructing type-II CuFe-LDH/
MosS, electrostatic heterostructures through hydrothermal pro-
cesses, as detailed in Scheme 1. Initially, LDH exhibits limited
charge carrier conductivity. Nevertheless, the establishment of a
heterojunction with MoS, substantially elevates their conductivity
by facilitating charge carrier transport. This enhancement proves
advantageous for the promotion of more effective photocatalytic
redox reactions. The persistent coverage of CuFe-LDH nanosheets
with MoS, nanosheets reveals a highly efficient pathway for the
transfer of holes from CuFe-LDH to the scavenger in the oxidation
reaction, and the transfer of electrons from MoS, for the reduction
reaction, as observed in the S-scheme charge separation mecha-
nism. Furthermore, we investigated the photocatalytic efficacy of
various composite catalysts, and it was established that the CuFe-
LDH/MoS, photocatalyst exhibited superior photocatalytic perfor-
mance. The formation of an S-scheme heterojunction reduced the
recombination of photogenerated carriers, resulting in a notable
enhancement of the transfer of photogenerated charges at the
catalyst interface. Additionally, an in-depth investigation of the
photochemical properties and intrinsic mechanisms of CuFe-
LDH/MoS, was carried out. This research has effectively enhanced
the photocatalytic hydrogen production capabilities of the catalyst
through straightforward methods, thereby increasing its potential
for significant advancement in the realm of photocatalytic hydro-
gen production.

Results and discussion

The crystallographic structures of the powders were initially
synthesized via X-ray diffraction (XRD) analysis, as depicted in
Fig. 1(a). The intrinsic diffraction features corresponding to the

Hydrothermal N \:\ B \;% \/\j
210°C, 24 h \(j \;j\/ j Mos,

CuFe-LDH/MosS,

Scheme 1 Synthetic procedure of MoS,, CuFe-LDH, and the CuFe-LDH/MoS, nanocomposite.
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Fig. 1 (a) PXRD spectra, and FESEM images of (b) CuFe-LDH, (c) MoS,,
and (d) CuFe-LDH/MoS,.

hydrotalcite-like structure were discernible in the XRD pattern
of CuFe-LDH.*® Specifically, the peaks observed at 20 values of
13.1°, 23.7°, 34.2°, and 59.8° corresponded to the (003), (006),
(009), and (110) planes of CuFe LDH, respectively (Fig. 1(a)).
In the XRD patterns of MoS, and CuFe-LDH/MoS,, three dis-
tinct diffraction peaks at 14.41°, and 32.71° were associated
with the (002), and (100) crystallographic planes of MoS,,
respectively.’® The XRD patterns of the CuFe-LDH/MoS,-(x),
which were fabricated with different levels of MoS, loading
(x = 5, 10, 20, 30), are presented in Fig. 1(a). These profiles
exhibited concurrent diffraction peaks attributable to both
MoS, and CuFe-LDH, affirming that the introduction of MoS,
did not perturb the chemical composition of CuFe-LDH
throughout the synthesis of CuFe-LDH/MoS,. This observation
is consistent with the relatively trace amount of MoS,
nanosheets in the composite, as shown in Fig. S1 (ESIt).*° It’s
noteworthy that the diffraction peaks attributed to CuFe-LDH
maintained their clarity in the composite photocatalysts,
affirming that the initial introduction of MoS, did not interfere
with the crystalline structure of MoS,.

Fig. 1(b)-(d) presents typical field emission scanning elec-
tron microscopy (FESEM) images of CuFe-LDH, MoS,, and
CuFe-LDH/Mo0S,(20). In Fig. 1(b), it is evident that the un-
modified CuFe-LDHs exhibit a flaky nanosheet morphology,
which is a characteristic feature of exfoliated LDH materials, as
previously observed.*® Fig. 1(c) illustrates the sheet-like mor-
phology of MoS,. The morphology depicted in Fig. 1(d) for
CuFe-LDH/Mo0S,(20) reveals the successful growth of hexago-
nal, flaky MoS, nanosheets on the CuFe-LDH sheets, in accor-
dance with prior research findings.*® These results indicate
that CuFe-LDH effectively impedes the aggregation of MoS,
nanoplatelets within CuFe-LDH/MoS,(20), and conversely, elec-
trostatic interactions between LDH and MoS, preserve their
original nanosheet morphologies in CuFe-LDH/Mo0S,(20) (Fig. 1(d)).
In Fig. S3(a) and (b) (ESIt), the nitrogen (N,) adsorption and
desorption curves for the examined samples are presented.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Evidently, the CuFe-LDH/Mo0S,(20) composite exhibits a char-
acteristic type IV isotherm, accompanied by a specific surface
area of 125.4 m* ¢! and a pore diameter of 11.19 nm, falling
within the conventional mesoporous size range. Subsequently,
upon comparative analysis of the respective images, it becomes
apparent that CuFe-LDH/Mo0S,(20) outperforms CuFe-LDH and
MoS, in both specific surface area and pore diameter. This
observation signifies the utilization of two-dimensional materi-
als in augmenting the specific surface area of the composite
catalyst and promoting the rate of H, evolution during the
reaction.

The microstructural characteristics, chemical composition,
and crystallographic features of the prepared MoS,, CuFe-LDH,
and CuFe-LDH/Mo0S,(20) materials were further elucidated
through transmission electron microscopy (TEM) and high-
resolution TEM (HR-TEM) analyses, as depicted in Fig. 2.
In Fig. 2(a), CuFe-LDH appeared as an aggregation of hexagonal
nanosheets, with an average diameter ranging from 20 to
30 nm. The HR-TEM image of CuFe-LDH shown as an inset
in Fig. S2(c) (ESIT) revealed distinct lattice fringes, signifying a
clearly defined crystal structure. The lattice spacing was mea-
sured at 0.25 nanometers, corresponding to the (012) plane of
hexagonal CuFe-LDH nanosheets, as reported previously.*® The
synthesized MoS, nanosheets exhibited interconnectivity, and
formation of a self-organized assembly of exfoliated nanosheets
with only a few layers, as illustrated in Fig. S2(a) (ESIT). The HR-
TEM image displayed interlayer lattice fringes with a lattice
spacing measuring 0.22 nm, corresponding to the (103) crystal-
lographic orientations of MoS,, as presented in Fig. S2(b)
(ESI$).*° In contrast to the LDHs, significant alterations in
the morphological characteristics of CuFe-LDH/MoS,(20) were
observed, as depicted in Fig. 2(c) and (d). Notably, LDHs were
effectively coated by MoS,. Fig. 2(c) and (d) present TEM images
of the heterostructured CuFe-LDH/Mo0S,(20) nanocomposite,
demonstrating uniform morphology across the heterostructure
nanocomposites. Fig. 2(d) highlights the self-assembly of MoS,
and CuFe-LDH nanosheets, leading to the creation of a struc-
ture with precise alignment in the opposing growth orientation
of CuFe-LDH and MoS,, resulting in heterointerfaces. More-
over, the HR-TEM image depicted in Fig. 2(c), which revealed
interplanar lattice spacings of 0.22 nm and 0.25 nm, was
associated with the (103) and (012) interplanar planes of a
few-layered MoS, and CuFe-LDH, respectively. The presence of
heterogeneous nanojunctions within the CuFe-LDH/Mo08S,(20)
nanocomposite was distinctly evident in the HR-TEM image.
This image clearly depicted the development of lattice fringes
in opposing directions and distinct barriers between MoS, and
CuFe-LDH layers. This observation suggests that few-layer
MoS,, characterized by an interlayer spacing of 0.22 nm, estab-
lishes close contact with CuFe-LDH facilitating the formation of
nanoscale interfaces, enabling efficiency for the separation and
transfer of photoexcited exciton pairs, thereby enhancing cat-
alytic performance. The elemental distribution of each metal
constituent within the electrostatic heterostructure CuFe-LDH/
MoS,(20) nanocomposite was quantitatively assessed through
EDX spectroscopy measurements (Fig. 2(d)-(i)). All elements,

Mater. Adv,, 2024, 5, 4159-4171 | 4161
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Fig. 2 TEM images of (a) CuFe-LDH, (b) CuFe-LDH/Mo0S,(20), (c) HR-TEM image of CuFe-LDH/MoS,(20) and (d)—-(i) HAADF-STEM and elemental

analysis of CuFe-LDH/MoS,(20).

including Mo, S, Cu, Fe, S, and O, exhibited high-intensity
signals, indicating a uniform distribution of each element
throughout the few-layered CuFe-LDH/Mo0S,(20) nanocompo-
site. During the growth process, the well-dispersed CuFe-LDH
nanosheets offered active surfaces for the nucleation and
expansion of MoS,, playing a pivotal role in shaping the
hierarchical structural arrangement. The development of het-
erostructures featuring edge-bound, thinly-layered MoS, and
CuFe-LDH nanosheets resulted in enhanced chemical and
physical characteristics, particularly in terms of photocatalytic

performance. The existence of additional basal edge sites,
which contain unsaturated sulfur ions, efficiently constrained
H" ions within the close interface between MoS, and CuFe-LDH
nanosheets, thereby enhancing exceptional redox reaction
capabilities.*

Assessing catalyst performance and its responsiveness to
visible light is a crucial aspect of catalytic studies. To investigate
their light absorption capabilities, we conducted UV-visible diffuse
reflectance spectroscopy (UV-vis DRS) on CuFe-LDH, MoS,,
and CuFe-LDH/Mo0S,(20). As illustrated in Fig. 3(a), CuFe-LDH
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(a) UV-vis DR spectral graph of the prepared samples and band gap energy values estimated through the Tauc plot of (b) CuFe-LDH, (c) MoS,,

(d) PL spectra, (e) TCSPS analysis of the MoS,, CuFe-LDH, and CuFe-LDH/MoS,(20) composites and (f) obtained band gap patterns of the materials.
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exhibited three absorption bands within the visible light range.
The absorption band in the 200-300 nm range can be attrib-
uted to ligand-to-metal charge transfer (from O 2p orbit to Cu
3d;y,), while the dual-band in the 300-500 nm range is asso-
ciated with the octahedral structure (d-d transition of Cu>"),
both characteristic of visible light absorption.** Both MoS, and
CuFe-LDH/MoS,-(x) exhibited comprehensive light absorption
throughout the visible light spectrum, a characteristic attributed to
the utilization of black MoS, in the preparation process and the
substantial proportion of MoS, content within the composite
catalyst. The band gap energies of CuFe-LDH, MoS,, and CuFe-
LDH/MoS, were calculated from the corresponding Kubelka-
Munk function and Tauc plot as follows (eqn (1)).*'

(2h)''™ = A(hw — E) (1

where ““a” represents the absorption coefficient and “hv” is the
photon energy. The band gap values for CuFe-LDH and MoS,
are 2.1 eV and 1.82 eV, respectively (Fig. 3(b) and (c)).*
As demonstrated in Fig. 3, the calculated optical band gap
energy, “E,” for CuFe-LDH was consistent with our previous
findings, at approximately 2.1 eV. Additionally, the optical band
gap of MoS, was established to be approximately 1.82 eV,
following the direct band gap model. This result suggests that
the MoS, heterostructure grown on CuFe-LDH more closely
resembles MoS, thin layers. This finding aligns with TEM
observations of the synthesized materials.

The intensity of the photoluminescence spectrum (PL) peaks
serves as an indicator of the recombination rate of photogen-
erated electrons and holes within different catalysts. Notably,
when subjected to excitation at a 375 nm wavelength, the samples
exhibited maximum emission peaks at around 507 nm, as
illustrated in Fig. 3(d). Furthermore, it was noted that the
fluorescence intensity of the CuFe-LDH/Mo0S,(20) composite
was less pronounced in comparison to the pristine CuFe-LDH
and MoS,.** This reduction can be attributed to the efficient
separation and transfer of a significant number of electrons
and holes within CuFe-LDH/Mo0S,(20). Consequently, fewer
opportunities for recombination arise, resulting in weaker
fluorescence in CuFe-LDH/Mo0S,(20). This phenomenon, in
turn, facilitates photocatalytic reactions. The electron lifetimes
of the photogenerated electrons were determined by analyzing
time-resolved photoluminescence (TRPL) spectra, utilizing an
excitation wavelength above 385 nm, which resulted in a
pronounced emission peak at 578 nm. Additionally, photon
count data were extracted from the TRPL spectra. For all
photocatalysts examined, two distinct electron lifetimes were
observed, with shorter and longer durations associated with
surface emissions linked to defect generation and internal
electron transfer, respectively. The average lifetimes for CuFe-
LDH, MoS,, and CuFe-LDH/MoS,(20) were measured at 0.54 ns,
0.61 ns and 0.42 ns, as depicted in Fig. 3(e). These findings
indicate that the diminished lifetime of the heterojunction
photocatalyst is mainly attributed to non-radiative photo-
decay, representing a pathway for electron transfer from the
conduction band of MoS, to the valence band of LDH, effec-
tively inhibiting the recombination of electron-hole pairs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The arrangement of the heterojunction interface can impede
exciton pair recombination and accelerate surface chemical
reactions. The evaluation of junction properties is facilitated
through the examination of the alignment of energy bands and
energy states at the interface. To investigate these aspects, we
employed high-resolution X-ray photoelectron spectroscopy
(XPS) to examine the energy states of constituent elements
within the CuFe-LDH/MoS, heterojunction interfaces. The
XPS analysis revealed detectable signals corresponding to ele-
ments Mo, S, Cu, Fe, C, and O in a wide XPS spectrum, thus
confirming the formation of heterostructure nanocomposites
CuFe-LDH, MoS,, and CuFe-LDH/MoS, (Fig. 4(a)). Further-
more, the transfer of electrons from the MoS, to the CuFe-
LDH within the CuFe-LDH/MoS, system, facilitated through S-
scheme charge transfer, was substantiated by XPS analysis of
pristine MoS, and CuFe-LDH. In the pristine CuFe-LDH, the
Cu 2p3, and Cu 2p,j, spectrum (Fig. 4(b)) exhibited peaks at
931.2 and 951.0 eV corresponding to the primary Cu®* state,
along with two prominent shake-up satellite peaks observed at
940.2 and 960.5 eV, respectively.**** Additionally, the Cu 2p
spectrum of CuFe-LDH/MoS, was subjected to peak-fitting
analysis to elucidate the nature of the Cu phase and its
interaction with MoS, (Fig. 4(b)). Following the formation of a
heterostructure between CuFe-LDH and MoS,, the Cu 2p peaks
associated with CuFe-LDH/MoS, exhibited a noticeable blue
shift towards higher binding energy (BE), with an energy shift
of approximately 0.2 eV. The deconstructed Cu 2p XPS spec-
trum of CuFe-LDH/MoS, provided further validation of the
presence of Cu®" in the system. In Fig. 4(b), two pairs of
spin-orbit peaks, observed at BEs of 931.4 and 951.2 eV,
corresponded to Cu 2p;/, and Cu 2p,,,, respectively, and were
accompanied by two satellite peaks at 940.2 and 960.7 eV.
In the unmodified CuFe-LDH (Fig. 4(c)), distinctive peaks at
712.9 and 725.9 eV indicated the existence of Fe** species. In
contrast, CuFe-LDH/MoS, displayed a 0.2 eV shift to higher
energies in the Fe 2p peaks, with two primary peaks observed at
713.3 and 726.1 eV, corresponding to Fe 2ps, and Fe 2p,,,
respectively.”” The broader Fe 2p peaks observed in CuFe-LDH/
MoS,, as compared to pure CuFe-LDH, suggest a change in the
chemical environment of iron, likely induced by interactions
with MoS,. This alteration is evident in the shifted peaks
following the introduction of Fe into the CuFe-LDH matrix
(formation of CuFe-LDH/MoS,). The introduction of Fe signifi-
cantly influences the chemical environment of CuFe-LDH/
MoS,, it is crucial to determine the valence state of the Fe
species, as it could play a vital role in catalytic activity.*® This
observation suggests that Cu and Fe are present in the Cu** and
Fe®" oxidation states within the CuFe-LDH/MoS, nanocompo-
sites, respectively. Furthermore, the appearance of a satellite
peak and a higher BE shift in the Cu 2p primary line signifies
the existence of octahedral geometry, specifically the [CuOg]
entities in CuFe-LDH/MoS,. In the comparison of the decom-
posed O 1s spectrum of pure CuFe-LDH with that of CuFe-LDH/
MoS,, as demonstrated for pristine CuFe-LDH in Fig. 4(f),
the high-resolution O 1s spectrum disclosed two XPS peaks at
530.6 €V (O I) and 530.2 eV (O II), attributing them to lattice

Mater. Adv,, 2024, 5, 4159-4171 | 4163
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oxygen and surface hydroxyl groups bonded to metal centers.
The spectra consisting of O 1s of MoS,/CuFe-LDH (Fig. 4(f))
disclose three different peaks ascribed to the lattice oxygen of
metal center-O; (529.6 eV), surface hydroxyl groups of metal
center-Oy; (530.8 eV), and oxygen vacancies in lattice absorbed
water Oy (531.3 eV . This is substantiated by the results of the
XPS analysis of Mo 3d presented above.?” These results reveal
the p—n heterojunction impact of CuFe-LDH with MoS,, and the
effect was observed by the shifting of the O 1s peaks of the
MoS,/CuFe-LDH composite photocatalyst toward higher BE.

In Fig. 4(d), we offer a comparative analysis of the resolved
Mo 3d spectrum, contrasting pure MoS, with the Mo compo-
nent within CuFe-LDH/MoS,. Within the Mo XPS peaks of
unaltered MoS,, we discerned a division into three peaks, with
the two principal peaks situated at 232.6 eV (3d3/,) and 229.5 eV
(3ds,,), signifying the Mo*" oxidation state. Additionally, peaks
at 232.3 and 229.2 eV were evident, indicating the presence of
the Mo*" oxidation state and the S 2s state. Furthermore, we
scrutinized the high-resolution S 2p spectra of pure MoS,
(Fig. 4(e)), which could be decomposed into two doublet peaks
at 161.7 and 163.2 eV, corresponding to the 2p;/, and 2p,,, spin
states of S 2p, confirming the S*>~ oxidation state. Likewise, the
high-resolution S 2p spectra of CuFe-LDH/MoS, displayed two
doublet peaks at 161.9 and 163.2 eV, attributed to the 2p;, and
2p1), spin states of S 2p, validating the S*>~ oxidation state.
Fig. S4(a) and (b) (ESIT), which depicts the C1s and N1s spectra,
provides compelling evidence for the establishment of a hetero-
junction between CuFe-LDH and MoS,. These spectra distinctly
reveal the presence of C-C and C-N moieties within the
structural composition of this heterojunction.!

The XPS spectral findings presented above reveal notable
shifts in the BE positions in both neat MoS, and CuFe-LDH
upon the establishment of an S-scheme charge transfer

4164 | Mater. Adv, 2024, 5, 4159-4171

Binding energy (eV)

Binding energy (eV)

The XPS spectra of CuFe-LDH, MoS,, and CuFe-LDH/MoS;: (a) survey spectra, (b) Cu 2p, (c) Fe 2p, (d) Mo 3d, (e) S 2p and (f) O 1s.

mechanism in CuFe-LDH/MoS,. Specifically, MoS, experiences
a blue shift in BE location, concurrent with a red shift observed
in the BE location of CuFe-LDH. These shifts are accredited to
the transference of electrons from CuFe-LDH to MoS,, followed
by the recombination of the gathered electrons from MoS,
with the h* within LDH. Consequently, this process leads to
an enrichment of the e~ density within MoS, in the nanocom-
posite, resulting in fewer BEs for Mo and S, respectively.
Simultaneously, the diminished e~ density within LDH in
CuFe-LDH/MoS, induces an upward shift in the BE positions
of Cu, Fe, and O. This reordering of the chemical environment
delivers a compelling indication for the presence of a charge-
transference-induced electric field and a vigorous electronic
interface between LDH and MoS,, facilitated by the creation of
an S-scheme mode of charge pair departure. Consequently, the
departure of photoinduced exciton pairs becomes more facile
at advanced reduction and oxidation potentials, ultimately
enhancing the photocatalytic performance.**™*! Moreover, fol-
lowing the hybridization of MoS, with CuFe-LDH, there is a
notable increase in the proportion of active sulfur sites, as
evidenced by Fig. 4. This observation aligns with the loading of
MoS, onto CuFe-LDH nanosheets, further supporting the aug-
mentation of sulfur active sites.

The photocatalytic generation of H, was evaluated in MoS,,
CuFe-LDH, and CuFe-LDH/MoS,-(x) by exposing them to aqu-
eous Na,S and Na,SO; solution (50 mL) under direct visible
light (1 > 400 nm), as represented in Fig. 5(a). In the absence of
a catalyst or light, no H, evolution was observed, underscoring
the dependence of photocatalytic H, creation on the synergistic
influence of both the catalyst and light.*”™*° CuFe-LDH and
MoS, exhibited H, formation rates of 1.3 and 0.6 mmol g~ " h™,
respectively. Notably, CuFe-LDH/MoS,-(x), operating through
the S-scheme charge-carrier-transference mechanism amid

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Histogram showing various photocatalysts' varying rates of H, creation, (b) reclaimable nature of CuFe-LDH/MoS,(20), (c) various sacrificial

agents employed to measure the H, creation rate for the CuFe-LDH/MoS,(20) semiconductor and (d) time on stream of hydrogen yield up to 4 hours of

CuFe-LDH/MoS,(20).

CuFe-LDH and MoS,, exhibited significantly enhanced H,
formation performance compared to the individual CuFe-LDH
and MoS,.>° As the weight percentage (wt%) of MoS, varied
from 5 to 30 in CuFe-LDH/MoS,-(x), the H, formation rate
increased from 1.5 mmol g ' h™' (CuFe-LDH/MoS,(5)) to
1.9 mmol g ' h™' (CuFe-LDH/M0S,(10)) and further to
3.4 mmol g~' h™! (CuFe-LDH/Mo0S,(20)), before decreasing to
2.4 mmol g~ h™" (CuFe-LDH/MO0S,(30)), functioning optimally
when exposed to visible light, indicating its high charge mobi-
lity (Table S1, ESIt). In contrast, single MoS, displayed negli-
gible photocatalytic H, creation, likely due to inefficient charge
separation or poor transport of charge transporters to the H,
creation active sites. The observed enhancements in photo-
catalytic performance can be attributed to several factors within
CuFe-LDH/Mo0S,(20), including the quantum confinement
effects, increased exposure of active edges, and light scattering
phenomena resulting from the nanolayered MoS,. These fac-
tors are thermodynamically favorable for promoting the H,
creation reaction. However, excessive filling of MoS, led to a
decline in photocatalytic performance. This decline can be
attributed to MoS, acting as a shield within CuFe-LDH/
MoS,(20), which hinders the absorption of photons. The overall
improvement in photocatalytic actions is primarily ascribed to
the establishment of an S-scheme charge flow, achieved
through the filling of MoS, onto CuFe-LDH, as exemplified in
the CuFe-LDH/MoS,(20) heterostructure.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Single MoS, exhibits a negligible amount of photocatalytic
H, production either because of inefficient charge separation or
because of the reduced transportation of the charge carriers to
the hydrogen evolution active edges. The incremental photo-
catalytic performances are due to the increase in exposed active
edges, quantum confinement, or light scattering effect of
nanolayered MoS, in CuFe-LDH/MoS,, which is thermodyna-
mically feasible for the hydrogen evolution reaction. However,
extra loading of MoS, resulted in the reduction of photocataly-
tic performance, which is owing to the shielding because of
MoS, in CuFe-LDH/MoS, that creates hindrance for photon
absorption.*’ The augmentation in photocatalytic activities is
attributed to the heterojunctions with the S-scheme charge
existence of flow obtained due to the incorporation of MoS,
on CuFe-LDH as in the CuFe-LDH/MoS, heterostructure.

The investigation of material recyclability is of paramount
importance, considering the common occurrence of reduced
catalytic effectiveness upon repeated utilization in a hydrated
medium under exposure to normal sunshine or visible light.
To assess the long-term photocatalytic constancy and recycl-
ability of a semiconductor, we subjected the CuFe-LDH/Mo0S,(20)
heterostructure to four successive cycles of catalytic reactions for
H, production. Additionally, Fig. 5(b) illustrates the results of
catalytic recyclability tests for H, evolution, conducted over four
distinct cycles. Notably, Fig. 5(b) highlights a consistent rate of
H, recyclability throughout the repeated fourth cycle, indicating
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the high stability of the CuFe-LDH/Mo0S,(20) material in its
photocatalytic H, evolution activity. This robust performance
underscores the material’s chemical stability and suitability for
clean reusability in the process of photocatalytic H, formation.
As revealed by the powder XRD, it (after the HER) shows weak
peak intensity but no significant local structural change in the
CuFe-LDH/Mo0S,(20) catalyst was observed; this could be attrib-
uted to the presence of Na in the sample, as Na,S and Na,SO; are
used as SEDs. The decrease in intensity may be related to the
occupation of oxygen vacancies by Na ions. XPS results® are
consistent with the XRD findings. As revealed by XPS, it shows
nearly the same peaks before and after activity. The additional
elemental peak of Na is observed at 1073 eV in the XPS result
after activity, as shown in Fig. S5 (ESIt). This data highlights the
long-term stability of the catalyst under experimental conditions.
To provide a comprehensive overview of the catalytic perfor-
mance, we present a comparative table (Table S2, ESIt) that
juxtaposes the performance of CuFe-LDH/MoS,(20) with materials
discussed in the existing literature. Fig. 5(c) illustrates the perfor-
mance of CuFe-LDH/Mo0S,(20) concerning H, production effi-
ciency when employing various sacrificial agents. The hydrogen
evolution efficiencies for CuFe-LDH/MoS,(20)/TEA, CuFe-LDH/
MoS,(20)/methanol, CuFe-LDH/MoS,(20)/lactic acid, CuFe-LDH/
MoS,(20)/Na,S/Na,S0O;, CuFe-LDH/Mo0S,(20)/Na,S, and CuFe-
LDH/Mo0S,(20)/Na,SO; were found to be 0.9 mmol g ' h™%,
1.9 mmol g ' h™', 1.1 mmol g * h™', 34 mmol g * h™",
2.9 mmol ¢ ' h™', and 1.6 mmol g~' h™", respectively. The
maximum effective combination for H, creation was CuFe-LDH/
MoS,(20) in conjunction with Na,S/Na,S0; is 3.4 mmol g~ " h™".
This outcome is thinkable attributable to the enhanced
charge transfer reactions within this system and a reduction
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in electron-hole recombination. The efficiency of the evolution
of H, was conducted over a time of four hours in Fig. 5(d).

To investigate interfacial transference and departure of
photon-generated charge transporters within the photocata-
lysts, we conducted PEC property tests on MoS,, CuFe-LDH,
and CuFe-LDH/Mo0S,(20). The curves for the transient photo-
current density of the composites are presented in Fig. 6(a).
Under irregular light irradiation, the photocurrent responses
of all catalysts exhibited variations, reflecting the inherent
characteristics of each semiconductor catalyst. Subsequently,
because of hole accumulation, the photocurrent density of the
composites steadily declined. The comparatively lower photo-
current density observed for MoS, and CuFe-LDH can be
accredited to the pronounced recombination of e~ and h'.
In contrast, CuFe-LDH/Mo0S,(20) exhibited the highest photo-
current response compared to MoS, and CuFe-LDH, indicating
that the joining of CuFe-LDH significantly enhances the
departure of photogenerated transporters on MoS,. Obviously,
the transient photocurrent of the MoS,/CuFe-LDH composite
was significantly enhanced. This was because the MoS,/CuFe-
LDH composite formed a direct S-scheme heterojunction,
which resulted in the CB electrons of MoS, that transferred
to the CuFe-LDH VB recombining with the holes under visible
light and realizing the effective separation of the photogener-
ated electrons and holes. In general, during the photogener-
ated electron transfer process, the impedance is inversely
proportional to the transient photocurrent.*® This was bene-
ficial to improve the photocatalytic H, evolution activity. This
enhanced separation of photogenerated charges, along with the
effective suppression of electron-hole recombination, can be
attributed to the type-II and S-scheme heterojunction architecture.
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(a) Response of transient photocurrent, (b) electrochemical impedance spectra of MoS,, CuFe-LDH, and CuFe-LDH/MoS,(20), (c), (d) Mott—

Schottky plots of MoS, and CuFe-LDH, (e) top view and (f) side view of the CuFe-LDH/MoS, heterostructure.
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CuFe-LDH/MO0S,(20) thus demonstrates excellent photocatalytic
H, creation activity.

The area of arcs observed in electrochemical impedance
spectroscopy (EIS) plots can serve as a valuable metric for
investigating the charge transference resistance occurring amid
the working electrode and electrolyte. In the context of open
circuit potential conditions, the Nyquist plots for our compo-
sites are depicted in Fig. 6(b). Notably, due to its limited electric
conduction, CuFe-LDH exhibits a bigger arc area in the Nyquist
plot. Conversely, CuFe-LDH/Mo0S,(20) displays a smaller circu-
lar arc area, indicative of its enhanced charge transference rate
and superior electrical conductivity.>® This improved charge
transference rate actively contributes to the acceleration of the
photocatalytic reaction rate.

The assessment of CB positions in semiconductor materials
is achieved using Mott-Schottky analysis. Both CuFe-LDH and
MosS, display characteristics consistent with n-type semicon-
ductors, as shown in Fig. 6(c) and (d). In contrast, the flat band
potentials for CuFe-LDH and MoS, are measured at —0.25 and
—0.83 V, respectively, relative to the standard calomel electrode
(SCE).*® The flat band potential (Vg,) of CuFe-LDH and MoS, is
calculated following the (eqn (2)).%®

1 2 kT
2= L] [P 7o =]

(2)
Typically, in the n-type semiconductors, the CB energy level
(Ecg) is positioned approximately —0.1 to —0.2 V more negative
compared to the flat band potential (Eg,). The theoretical Ecp
values for MoS, and CuFe-LDH are —0.45 and —1.03 V vs. SCE,
respectively. By applying (eqn (3)), the Ecg for MoS, and CuFe-
LDH can be crudely assessed as —0.21 and —0.79 V, respec-
tively, relative to the NHE. Comparing the conduction band
position of MoS, (—0.21 V) to that of CuFe-LDH (—0.79 V) with
respect to the standard hydrogen electrode, MoS, displays a

@+ @@ @+ e

Fig. 7
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relatively more positive nature.’® As a result, the combination
of CuFe-LDH and MoS, found an auspicious thermodynamic
path for the transference of photogenerated e™. These findings
line up with the data obtained from photoluminescence
spectroscopy.

Enue = Esce + 0.241 3)

In the realm of photocatalysis employing photocatalytic
materials, the route of electron transference is mainly governed
by the disparity in Fermi energy levels. MoS, features an energy
band gap (E,) of around 1.82 €V, along with CB (Ecp) and VB
(Evs) potentials of —0.21 and 1.61, respectively. Similarly, CuFe-
LDH exhibits an E, of around 2.1 eV, with corresponding Ecg
and Eyg values of —0.79 and 1.31, respectively.>>

To illuminate the synergistic influences arising from the
MoS,/CuFe-LDH interface on catalytic H, creation, the signifi-
cant reaction stages on the MoS, and CuFe-LDH catalysts as
well as on the MoS,/CuFe-LDH interface are investigated using
DFT calculations. Theoretical frameworks for MoS, and CuFe-
LDH were constructed, aiming to investigate the Gibbs energy
in the MoS,/CuFe LDH heterostructure, with their representa-
tions illustrated in Fig. 6(e) and (f). Fig. 7(a) provides a
representation of the HER kinetics, incorporating both the
initial H,O splitting process via a transition state and the
succeeding chemisorption of intermediates (H and OH). The
splitting of H,O into adsorbed H and OH on MoS, demands an
input of approximately 0.52 eV, rendering it energetically
endothermic and encountering a high energy barrier of 1.21 eV,
making pure MoS, thermodynamically unfavorable for this
process. In contrast to MoS,, the water dissociation energy
barrier decreases to 0.74 eV for CuFe-LDH and 0.45 for the
MoS,/CuFe-LDH interface, as shown in Fig. 7(b). This reduction
accelerates the sluggish Volmer step and subsidiary energy
barrier for OH-H bond breakage, ultimately facilitating water
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(a) Optimized structural configurations of the water dissociation process on the CuFe-LDH/MoS, heterostructure, (b) computed reaction energy

diagram of H,O splitting on MoS,, CuFe-LDH and the CuFe-LDH/MoS, complex, and (c) the associated free energy diagram of hydrogen evolution.
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dissociation. Consequently, the hybridization of MoS, with
CuFe-LDH effectively enhances both the thermodynamics and
kinetics of the rate-determining step for the H, evolution
reaction (HER), aligning with our experimental findings. In
addition to the energy barrier associated with the initial H,O
dissociation, the Gibbs free energy (AGy) of adsorbed hydrogen
holds significant importance. Fig. 7(c) illustrates the AGy amid
the adsorbed *H atom and gassy H,. It is evident that both
MoS, (1.91 eV) and CuFe-LDH (—0.93 eV) exhibit large AGy
values, suggesting an unfavorable condition for the release of
H, molecules. Meanwhile, CuFe-LDH/MoS, shows a smaller
AGy of 0.26 eV, approximate to the ideal 0 eV, indicating a
balanced adsorption strength of H on the surface neither overly
strong nor weak thus favoring the H-adsorption and subse-
quent release of H, molecules.*® Therefore, the interfacial
synergistic effect within CuFe-LDH/MoS, leads to an auspicious
energy barrier during the initial H,O dissociation step, ulti-
mately facilitating the H, creation.

Based on the findings, we were able to ascertain the CB and
VB energy levels for CuFe-LDH and MoS,, as presented in Fig. 8.
These two semiconductor materials, forming heterojunctions,
can be categorized as either type II heterojunctions or S-scheme
heterojunctions.?>*" For the hypothetical scenario of a type II
heterojunction, photogenerated e~ and h* would migrate to the
places corresponding to CuFe-LDH and the VB and CB of MoS,,
respectively. However, it’s worth noting that the CB energy
level of MoS,, is relatively low, approximately —0.21 eV, which
provides an adequate driving force for hydrogen production.
But the MoS, single unit cell possesses a negligible amount of
hydrogen generation efficiency due to the lower charge trans-
portation efficiency. Obviously, compared with that in MoS,,
the peak position of S 2p in CuFe-LDH/MoS, shifted to a higher
position, and the peak position of Cu 2p and Fe 2p in
CuFe-LDH/MoS, shifted to a lower position. These observations
confirm the formation of an S-scheme heterojunction, indicat-
ing favorable electron transfer from MoS, to CuFe-LDH.>*™’
In this S-scheme heterojunction, when the photocatalysts are in
near contact, e naturally transfers from CuFe-LDH to MoS,
due to coulombic forces. Owing to the differing +Ve and —Ve
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characteristics of the two photocatalysts, an internal electric
arena forms at the interface, leading to band bending resulting
from the transference and buildup of e”. When exposed to
visible light, the e~ in the MoS, CB is associated with the h* in
the CuFe-LDH VB, effectively eliminating surplus e~ and h'.
Consequently, the hydrogen creation process takes place at the
CuFe-LDH CB, with the reaction occurring at the MoS, VB.

According to the foregoing findings, the MoS,/CuFe-LDH
catalyst is suitable for photocatalytic activity. The following
factors contribute to the enhanced photocatalytic activity and
stability: (i) UV DRS and PL studies show that MoS, ions in the
CuFe-LDH catalyst boosted light absorption and decreased
photogenerated ion recombination, respectively.>**® (ii) The
sheet like-structure encourages interaction between the CuFe-
LDH and MoS, catalyst and the reaction solution, resulting in
rapid charge transport during the photocatalytic process. The
inclusion of CuFe-LDH to MoS, frames adds more active sites,
which helps with photocatalysis. (iii) DFT calculations also
show a decline in the band gap of MoS, following doping with
CuFe-LDH atoms, indicating increased electron conductivity
and photocatalytic activity of MoS,/CuFe-LDH. Overall, the
MoS,/CuFe-LDH hybrid has been considered a very efficient
and stable photocatalyst for hydrogen production due to the
synergetic effects of highly active CuFe-LDH and the sheet-like
constitution of MoS,.>>*® To gain further insights into the
mechanism of photocatalytic H, generation and the separation
of photogenerated electrons and holes in these MoS,/CuFe-
LDH heterostructures, we also performed EIS, PL emission
spectroscopy, and transient photocurrent measurements. In
that, EIS analysis was employed to evaluate the internal resis-
tance of the charge-transfer process of the samples.

Conclusion

The CuFe-LDH/MoS, composites was successfully synthesized
via a hydrothermal method, establishing an S-scheme hetero-
junction by the compatible band structures and electron trans-
fer properties of MoS, and CuFe-LDH. The intimate proximity
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Fig. 8 Mechanism of photocatalytic H, creation from the CuFe-LDH/MoS, system.
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of MoS, and CuFe-LDH results in efficient charge transfer and a
significant enhancement of photogenerated carrier transfer
rates due to the generated internal electric field. This successful
coupling not only expedites photogenerated carrier separation
but also minimizes electron transfer resistance, preventing
charge recombination between CuFe-LDH and MoS,, and ulti-
mately boosting hydrogen production efficiency. In comparison
to CuFe-LDH and MoS,, the CuFe-LDH/MoS, composite exhib-
ited the highest photocatalytic hydrogen production, yielding
3.4 mmol g * h™" in 4 hours and maintaining good stability
over a 16-hour cycling test. In summary, this study offers a
novel understanding of the building of S-type heterojunctions
in 2D/2D spatially structured photocatalysts.
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