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A superlattice interface and S-scheme
heterojunction for ultrafast charge
separation and transfer in photocatalytic H2
evolution

Sijie Wan1,2,4, Wang Wang1,2,4, Bei Cheng1,2, Guoqiang Luo1,2, Qiang Shen1,2,
Jiaguo Yu 3 , Jianjun Zhang 3 , Shaowen Cao 1,2 & Lianmeng Zhang1,2

The rapid recombination of photoinduced charge carriers in semiconductors
fundamentally limits their application in photocatalysis. Herein, we report that
a superlattice interface and S-scheme heterojunction based on Mn0.5Cd0.5S
nanorods can significantly promote ultrafast charge separation and transfer.
Specifically, the axially distributed zinc blende/wurtzite superlattice interfaces
in Mn0.5Cd0.5S nanorods can redistribute photoinduced charge carriers more
effectively when boosted by homogeneous internal electric fields and pro-
motes bulk separation. Accordingly, S-scheme heterojunctions between the
Mn0.5Cd0.5S nanorods and MnWO4 nanoparticles can further accelerate the
surface separationof charge carriers via a heterogeneous internal electricfield.
Subsequent capture of the photoelectrons by adsorbed H2O is as fast as sev-
eral picoseconds which results in a photocatalytic H2 evolution rate of
54.4mmol·g−1·h−1 without any cocatalyst under simulated solar irradiation. The
yields are increased by a factor of ~5 times relative to control samples and an
apparent quantum efficiency of 63.1% at 420 nm is measured. This work pro-
vides a protocol for designing synergistic interface structure for efficient
photocatalysis.

The limited separation efficiency of photoinduced charge carriers, in
both temporal and spatial dimensions, without any noble-metal or
noble-metal-free cocatalysts, remains a key challenge in the area of
semiconductor-based photocatalysis1–6. This persistent obstacle sig-
nificantly hampers the advancement of solar-to-chemical energy con-
version efficiency in photocatalytic processes, including
photocatalytic water splitting for H2 evolution (PHE). Despite the
development of various high-performance photocatalysts7–10, such as
binary sulfides11–13, sulfide solid solutions14–18, covalent organic frame-
works (COFs)19–21, metal organic frameworks (MOFs)22,23 and a range of

donor-acceptor conjugated polymers24–27, their photocatalytic activity
remains suboptimal. This shortfall is primarily attributed to the slug-
gish and localized separation of photoinduced charge carriers.
Therefore, achieving ultrafast and universal spatial separation of
photoinduced charge carriers within semiconductors is highly desir-
able and holds great potential for boosting photocatalytic redox
reactions.

To realize this goal, effective bulk separation of photogenerated
charge carriers within semiconductor photocatalysts is a crucial
prerequisite28,29.Moreover, it has beendemonstrated that step-scheme
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(S-scheme) heterojunctions can promote spatial charge separation at
the surface level30,31. However, if charge separation in the bulkmaterial
is inadequate, solely relying on S-scheme heterojunctions for surface
charge separation will not achieve the desired ultrafast and universal
spatial charge separation32, as displayed in Fig. 1. Superlattice struc-
tures, consisting of periodically or quasi-periodically alternating
homogeneous or heterogeneous lattices along the growth axis of the
material33,34, offer a promising solution. When these periodic alter-
nating homointerfaces or heterointerfaces are continuously dis-
tributed throughout the bulk of a photocatalyst with a superlattice
structure, they are likely to induce effective separation and ultrafast
transfer of photoexcited charge carriers within the bulk35–37. However,
bulk charge separation alone is insufficient if surface recombination
persists38,39, as also shown in Fig. 1. Hence, it is essential to further
redistribute the charge carriers to the surfaces of different semi-
conductor photocatalysts. Constructing S-scheme heterojunctions by
loading nanoparticles only a few nanometers in size is a viable strategy
that also enhances the photocatalytic redox capability of superlattice
structure and loadednanoparticles30,31. Ultimately, as depicted in Fig. 1,
ultrafast and universal spatial charge separation can be achieved
through the synergistic interaction between superlattice interfaces
and S-scheme heterojunctions, significantly improving the kinetics of
photocatalytic redox reactions.

In this study, we successfully synthesized zinc blende/wurtzite
(ZB/WZ) phase-transition-induced standard one-dimensional (1D) axial
superlattice Mn0.5Cd0.5S nanorods (SL-MCS NRs) via an in situ
precipitation-solvothermal method. Furthermore, fine MnWO4 nano-
particles (NPs) were in situ deposited onto SL-MCS NRs to form
S-scheme heterojunctions. The resulting photocatalyst exhibits a dis-
tinctive structure: superlattice interfaces between the ZB and WZ
phases are distributed periodically and alternately along the axial
direction of SL-MCSNRs, while abundantMnWO4NPs are anchored on
the surface to fabricate extensive S-scheme heterointerfaces. The
synergistic effect between the superlattice interfaces and S-scheme
heterojunctions in this nanorod composite (SL-MCS/MW NRs) sig-
nificantly accelerates the separation of photoinduced charge carriers
throughout the entire structure. Consequently, the optimal synergy
enables the SL-MCS/MW NRs to achieve an average PHE rate of
54.4mmol·g−1·h−1, accompanied by vigorous bubble formation, with-
out noble-metal or noble-metal-free cocatalysts under simulated solar
irradiation. The corresponding apparent quantum efficiency (AQE)
reaches 63.1% at 420 nm. Notably, the PHE performance of SL-MCS/
MW NRs is up to 4.8 times higher than those of systems with limited
charge separation and transfer. This interface synergy mechanism is
further validated by theoretical calculations, in situ illumination

characterizations, and ultrafast pump–probe detection techniques.
This work provides valuable insights into achieving ultrafast spatial
charge separation and transfer for efficient photocatalysis and other
photoelectric conversion applications.

Results
Synthesis and characterization of interface structure
The synthesis process of SL-MCS/MW NRs is illustrated in Fig. 2. Initi-
ally, both OH− and anhydrous ethylenediamine (EDA) act as strong
Lewis bases, co-precipitating Mn2+ and Cd2+ to create abundant
nucleation sites before the solvothermal reaction. At lower sol-
vothermal temperature, the thermodynamically stable ZB phase
dominates40, leading to the in situ growth of Mn0.5Cd0.5S (ZB-MCS)
crystal nuclei along the [111]ZB direction from the nucleation sites. As
the temperature and pressure increase, lattice distortion centers
appear in ZB-MCS NRs. These centers facilitate the phase transition
from ZB to WZ, equivalent to stacking faults from the cubic AbBcCa
pattern to the hexagonal AbBaAbBa pattern, caused by the glide of
Shockley partial dislocation a/6<11�2> in ZB (where ‘a’ represents lattice
constant)41,42. As the phase transition progresses, ZB/WZ superlattice
interfaces form along the [0001]wz direction, resulting in the creation
of SL-MCS NRs. The host lattice also transforms from ZB to WZ in this
process (see Supplementary Note 1 for details on the formation
mechanism of SL-MCS NRs). To construct S-scheme heterojunction,
MnWO4 NPs are grown in situ on the as-prepared SL-MCS NRs through
ahydrothermalmethod. It is observed thatMn2+ fromthe surfaceof SL-
MCS NRs can enter the [WO6] octahedral interspaces, forming fine
MnWO4 NPs without additional Mn2+. Finally, an intimate and robust
SL-MCS/MnWO4 heterojunction is successfully fabricated.

The phase structures of the as-prepared catalysts were investigated
using powder X-ray diffraction (XRD), as shown in Supplementary Fig. 1
and Supplementary Fig. 2a, b. Supplementary Fig. 1 clearly shows the
absence of any secondary phases, such as rocksalt MnS (RS-MnS), in the
as-prepared SL-MCS solid solution NRs. As displayed in Supplementary
Fig. 2a, the XRDpattern of SL-MCSNRs resembles those of standardWZ-
CdS (JCPDSNo. 41-1049),WZ-MnS (JCPDS No. 40-1289) and pristineWZ-
MCS (without anymodified interfaces), indicating that the host lattice of
SL-MCS NRs isWZ rather than a ZB segment. All diffraction peaks of the
as-prepared samples in Supplementary Fig. 2a present a shift toward
higher 2θ values compared to standard WZ-CdS, which is attributed to
the substitution of Cd2+ (ionic radius 0.97Å) with Mn2+ (ionic radius
0.80Å)16. Importantly, no diffraction peaks corresponding to ZB seg-
ments are observed in the XRD pattern of SL-MCS NRs, suggesting that
the incomplete ZB/WZ phase transition results in relatively narrow
spatial sizes of the ZB segments in the superlattice structure.
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Fig. 1 | Schematic illustration of proposed layout. According to the consecution
of universal spatial charge separation, only synergy of superlattice interface and
S-scheme heterojunction can achieve the ultrafast and universal spatial separation

and transfer of charge carriers. The red and green marks represent unsatisfactory
and satisfactory separation efficiency, respectively.
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In addition, only Mn0.5Cd0.5S solid solution can extend and grow
in situ into nanorods with a high aspect ratio, as seen in the field
emission scanning electron microscope images (FESEM, Supplemen-
tary Fig. 3), which promotes the expansion of ZB/WZ coherent inter-
faces as quasi-periodic superlattice interfaces along the axial direction.
It is noticeable in Supplementary Fig. 2b that the in situ loading of
[WO6] octahedrons and the diffusion of Mn2+ allow the fine MnWO4

NPs to attach tightly to the surface of SL-MCS NRs, forming S-scheme
heterojunctions. These loaded MnWO4 NPs, with an average size of a
few nanometers, are too small to be distinguished from the corre-
sponding composites (Supplementary Fig. 4). The actual Mn/Cd ratios
in SL-MCS NRs, WZ-MCS and the weight percentage of W element (W
wt%) in the as-prepared composites were measured using inductively
coupled plasma optical emission spectrometry (ICP-OES, Supplemen-
tary Table 1). The Mn/Cd ratios in both SL-MCS NRs and WZ-MCS are
close to 1, and the Wwt% values in SL-MCS/MWNRs andWZ-MCS/MW
composites are nearly identical. Moreover, as the content of Na2WO4

increases under the same synthetic conditions, the W wt% value in the
SL-MCS/MW-x composite also increases, consistent with their XRD
patterns.

The detailed interface structure of SL-MCS/MW NRs was thor-
oughly examined using transmission electron microscope (TEM) and
high-angle annular dark-field scanning transmission electron micro-
scope (HAADF-STEM). As shown in Supplementary Fig. 5a, b, SL-MCS/
MWNRs exhibit a nanorodmorphology with a high aspect ratio. Upon
randomly magnifying the sample (Supplementary Fig. 5c) to achieve
atomic-scale resolution of the superlattice interface structure in SL-
MCS, as shown in Fig. 3a, the close-packed positions of Mn/Cd atoms
display an alternating tendencybetweenABABandABC stackingmode
along the [0001] direction, which aligns well with the alternating WZ
and ZB segments, respectively. In addition, the corresponding inte-
grated atomic arrangement is illustrated by the structural model
below, showing that SL-MCS NRs consist of ZB with cubic AbBcCa
stacking andWZwith hexagonal AbBaAbBa stacking. Furthermore, the
number of atomic layers in WZ segments is significantly greater than

that of the ZB, indicating that the host lattice of SL-MCS NRs is pre-
dominantly WZ, as observed in the XRD pattern (Supplementary
Fig. 2a). Besides, the alternating and coherent ZB/WZ superlattice
interfaces extend laterally to the surface of the nanorods and long-
itudinally along the [0001] direction of the entire nanorod. This
arrangement facilitates the transfer of charge carriers to the surface of
SL-MCS NRs and the heterointerfaces between SL-MCS NRs and
MnWO4NPs.Moreover, the d-spacing of the close-packed planes in SL-
MCSNRs ismeasured tobe0.331 nm forboth theWZ and ZB segments.
This value lies between 0.323 nm (d(0002) of WZ-MnS, JCPDS No. 40-
1289) and 0.336 nm (d(0002) ofWZ-CdS, JCPDS No. 41-1049). Based on
the atomic number contrast distribution (Supplementary Fig. 6) in
Fig. 3b, the localized atomic arrangement, showing the co-existence of
Mn and Cd atoms, is depicted in Fig. 3c. This evidence confirms the
formation of the SL-MCS solid solution, consistent with its XRD pat-
terns (Supplementary Figs. 1 and 2a). In the regional fast Fourier
transform (FFT) patterns (Fig. 3d) of Fig. 3a, two sets of diffraction
spots can be identified, corresponding to ZBwith a zone axis of [�110]ZB
and WZ with a zone axis of [�2110]wz. In addition, geometric phase
analysis (GPA) simulation was conducted on Fig. 3a to determine the
strain distribution in SL-MCS NRs43. As presented in Fig. 3e, the long-
itudinal and transverse normal strains (εzz and εyy) of SL-MCS NRs are
slight and uniform throughout both the ZB and WZ segments due to
the [0001]WZ-[111]ZB orientation attachment38. The shear strain (εzy)
varies between −0.1 and0.1, with amaximum lattice shear deformation
of ~5.7°. This minimal lattice distortion highlights the satisfactory sta-
bility of ZB/WZ superlattice interfaces in SL-MCS NRs.

As displayed in Supplementary Fig. 7 and Fig. 3f, an intimate and
distinct heterointerface is observed between SL-MCS NRs and the
anchoredMnWO4NPs. The d-spacing of (020) planes inMnWO4NPs is
measured tobe0.279 nmand0.284 nm, slightly smaller than0.288nm
(d(020) of MnWO4, JCPDS No.13-0434), likely due to limited Mn2+ dif-
fusion into the [WO6] lattice interspaces (Fig. 2). The corresponding
FFT patterns (Fig. 3g) clearly display additional diffraction spots of
MnWO4 in SL-MCS/MW NRs. One contact facet in this heterointerface
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is approximately identified as (01�11) of SL-MCS NRs and (020) of
MnWO4 NPs. The energy dispersive X-ray (EDX)mapping images of all
elements (Fig. 3h–l) further confirm that SL-MCS solid solution has
been synthesized, withMnWO4NPs uniformly adhering to the surfaces
of the SL-MCS NRs. These findings reaffirm that the design of the
synergistic interface structure has been successfully achieved, incor-
porating both superlattice interfaces and S-scheme heterojunctions
into SL-MCS/MW NRs. Moreover, the small specific surface area,
similar pore structure and hydrophilicity across all catalysts (Supple-
mentary Figs. 8, 9 and Supplementary Table 2) contributeminimally to
the observed differences in their PHE performances.

PHE performance
As shown in Fig. 4a, pristine WZ-MCS NPs without any interfacial
modulation, achieve a relatively low PHE rate of 11.4mmol·g−1·h−1

among all the catalysts. By fabricating single S-schemeheterojunctions
on the surface of WZ-MCS NPs through loading MnWO4 NPs, the PHE
rate of WZ-MCS/MW NPs improves to 15.2mmol·g−1·h−1, an increase of
1.3 times. However, due to the limited bulk charge separation in WZ-
MCS NPs, surface charge separation through S-scheme heterojunc-
tions inWZ-MCS/MWNPs showsonlymodest improvement. To further
optimize bulk charge separation in MnxCd1-xS solid solutions, the PHE

performance of a series of MnxCd1-xS solid solutions (x = 0, 0.25, 0.5,
0.75, 1) was investigated (Supplementary Fig. 10). SL-MCS NRs (x =0.5)
exhibit a notable PHE rate of 33.3mmol·g−1·h−1 (also shown in Fig. 4a),
benefiting from the regulation of the electronic band structure
through the solid solution effect between Mn and Cd (Supplementary
Fig. 11) within the MnxCd1-xS solid solutions16. This PHE activity of SL-
MCS NRs is 2.9 times higher than that of pristineWZ-MCS NPs, mainly
due to the pivotal ZB/WZ superlattice interfaces that enable effective
bulk charge separation.

Furthermore, when the superlattice interface and S-scheme het-
erojunction work in synergy in SL-MCS/MWNRs, a high PHE activity of
54.4mmol·g−1·h−1 is achieved, 4.8 times higher than that of pristineWZ-
MCS NPs. This is accompanied by the emergence of numerous H2

bubbles (Supplementary Movie 1) under simulated solar irradiation,
without any noble-metal or noble-metal-free cocatalysts. The synergy
between the superlattice interface and the S-scheme heterojunction
promotes ultrafast, universal spatial charge separation and transfer,
which significantly enhances PHE performance. The highest AQE of
63.1% at420 nmdemonstrates the efficient utilizationof visible light by
SL-MCS/MW NRs for PHE (shown in Fig. 4b, with calculation details in
Supplementary Table 3). Regarding cycling stability (Fig. 4c), the PHE
performance of SL-MCS/MW NRs initially increases due to the activity
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induction process and then fundamentally remains stable after 7
cycles, over a total of 21 hours24. The corresponding synergistic
interface structure maintains relative stability after cycling test (Sup-
plementary Fig. 12a, b). As summarized in Fig. 4d and Supplementary
Table 4, the SL-MCS/MWNRs exhibit significantly higher PHE rates and
AQE compared to many reported representative interfacial modifica-
tion structures. This impressive PHE performance is attributed to the
synergistic effect between the ZB/WZ superlattice interface and the
S-schemeheterojunction. Under natural sunlight irradiation, abundant
H2 bubbles are alsoobserved escaping from the surfaceof SL-MCS/MW
NRs (Supplementary Movie 2), highlighting their potential as a pro-
mising candidate for solar-to-H2 applications through water splitting.

Qualitative analysis of band edge
According to ultraviolet−visible diffuse reflectance spectra (UV-Vis
DRS, Supplementary Fig. 13a), the steady-state optical absorption band
edge of SL-MCSNRs shows a slight blue shift compared to pristineWZ-
MCS NPs. As indicated by the corresponding Tauc plots (Supplemen-
tary Fig. 13b), the optical bandgaps of WZ-MCS NPs and SL-MCS NRs
are 2.39 eV and 2.56 eV, respectively. This increase is primarily due to
the modulation of the electronic band structure by the coherent
ZB/WZ superlattice interface. After constructing S-scheme hetero-
junctions with a modest amount of fine MnWO4 NPs, the absorption
band edge of SL-MCS/MW NRs shows almost no change compared to
that of SL-MCS NRs. Similarly,WZ-MCS/MW NPs with single S-scheme
heterojunctions exhibit little variation, as MnWO4 NPs with a wide
bandgap of 2.79 eV do not significantly affect the optical absorption.
Based on Mott-Schottky plots (Supplementary Fig. 14a), it can be
inferred that WZ-MCS, SL-MCS NRs, and MnWO4 are typical n-type

semiconductors. The flat-band potential as an energy level can be
approximately equivalent to the conduction band minimum (CBM)
energy level relative to the same reference electrode. When combined
with the optical bandgap, the band alignment of the catalysts is illu-
strated in Supplementary Fig. 14b. The CBMenergy level (vs. SHE, pH =
7) of SL-MCS NRs is −0.85 V, which is more negative than that of the
other samples and the reversible hydrogen electrode (RHE) potential
of −0.41 V (vs. SHE, pH = 7). This indicates that the photogenerated
electrons in SL-MCS NRs are thermodynamically more energetic for
the photoreduction of H2O molecules44–46.

Mechanism of bulk charge separation via superlattice interface
The impressive PHE activity of SL-MCS/MWNRs arises from the highly
efficient charge separation. To investigate the mechanism of bulk
charge separation in SL-MCS NRs, density functional theoretical (DFT)
calculations were conducted to examine the role of the ZB/WZ
superlattice interface compared to pristine WZ-MCS (see Supplemen-
tary Fig. 15, SupplementaryData 1, 2 and Supplementary Tables 5, 6 for
details on the bulk models). No notable difference in the projected
density of states (PDOS, Supplementary Fig. 16) was observed between
WZ-MCS and SL-MCS. The S 3p and S 3s/Cd 5s hybrid orbitals pre-
dominantly contribute to the valence bandmaximum (VBM) and CBM
energy level, respectively, similar to typical direct-bandgap CdS with a
high photon-induced transition probability from VBM to CBM47.
However, the spatial distribution of frontier energy level, along with
the electrostatic potential distribution (Fig. 5a–d and Supplementary
Note 2) reveals intriguing differences between WZ-MCS and SL-MCS.
For WZ-MCS without ZB/WZ superlattice interfaces, the spatial dis-
tributions of the VBM and CBM are highly similar (Fig. 5a). Both
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interface), and 14: Cu1.8S-ZnS ASLNWs (quasi-superlattice interface).
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photoexcited holes and electrons are broadly distributed across all S
atoms in the bulk lattice of WZ-MCS, leading to inevitable rapid
recombination of charge carriers. This recombination is further exa-
cerbated by the weak spontaneously induced homogeneous internal
electric field (IEF, Fig. 5b).

In contrast, the abundant ZB/WZ superlattice interfaces in SL-MCS
NRs regulate not only the spatial distribution and concentration of
charge carriers but also the spontaneous polarization-induced homo-
geneous IEF. As shown in Fig. 5c, photoinduced holes on the VBM
accumulate primarily in theWZ segments, while electrons on the CBM
accumulate in the ZB segments, as further highlighted by the spatial
distribution images (insets of Fig. 5c). This represents the initial
ultrafast separation process in SL-MCS NRs, occurring within a fem-
tosecond timescale upon photoexcitation near the band edge. Sub-
sequently, the increased spontaneous polarization in SL-MCS NRs via
the ZB/WZ superlattice interfaces (Fig. 5d) generates a robust homo-
geneous IEF along the axial [0001] direction. Electric dipole centers are
located at the alternating ZB/WZ superlattice interfaces, driving pho-
toinduced holes and electrons to alternately redistribute at these
interfaces. This leads to a secondary ultrafast redistribution process.
As a result, the recombination of photoexcited electrons and holes
throughout the bulk phase of SL-MCS NRs is effectively suppressed.

Mechanism of surface charge separation via S-scheme
heterojunction
DFT calculations were initially conducted to predict the possible
directionof theheterogeneous IEF after forming an intimate interfacial
contact between SL-MCS NRs and MnWO4 NPs. According to the
contact orientation in Fig. 3f, corresponding surface and interface slab
models were constructed (Supplementary Fig. 17, Supplementary
Data 3–5 and Supplementary Tables 5 and 6). Theoretical work func-
tions of SL-MCS-(01�11) andMnWO4-(020)were calculated to be 5.70 eV
and 6.07 eV, respectively (Supplementary Fig. 18a, b), implying that
electrons are more likely to transfer from SL-MCS-(01�11) to MnWO4-
(020) after contact. The electron density difference line profile of

SL-MCS/MW clearly illustrates that 0.238 electrons transfer from
SL-MCS-(01�11) to MnWO4-(020) after forming a heterojunction (Sup-
plementary Fig. 18c, d). Consequently, this electron transfer generates
an IEF from SL-MCS NRs towards the attached MnWO4 NPs at the
heterointerface.

Similarly, in situ illumination X-ray photoelectron spectroscopy
(ISI-XPS, Supplementary Fig. 19a–f) reveals that the binding energies of
Mn 2p1/2 andMn2p3/2 (Supplementary Fig. 19b) in SL-MCS/MWNRs are
more positive than those in SL-MCS NRs. The same trend is observed
for Cd 3d (Supplementary Fig. 19c) and S 2p (Supplementary Fig. 19d).
In contrast, the W 4f spectra (Supplementary Fig. 19e) show that the
peaks corresponding to 4f5/2 and 4f7/2 in SL-MCS/MW NRs shift nega-
tively compared to pure MnWO4, a trend also seen for lattice oxygen
(Olattice) in the O 1s spectra (Supplementary Fig. 19f). These findings
strongly indicate that the tightly adheredMnWO4NPs accept electrons
from SL-MCS NRs in the dark state, forming a heterogeneous IEF from
SL-MCSNRs toMnWO4NPs. Upon illumination, the peaks ofMn 2p, Cd
3d, and S 2p attributed to SL-MCS NRs in the SL-MCS/MW NRs shift
negatively compared to the dark state. On the contrary, the peaks ofW
4f and O 1s of Olattice assigned to MnWO4 NPs in SL-MCS/MWNRs shift
positively.

Identically, in the photo-irradiated Kelvin probe forcemicroscopy
(KPFM, Fig. 6a), a typical SL-MCS/MW nanorod was randomly selected
for the measurement. Upon illumination, the surface potential of the
entire SL-MCS nanorod decreasesmarkedly from 741.5mV to 712.2mV
(areas near point A in Fig. 6b, c and corresponding line profiles in
Fig. 6d), as also shown in Supplementary Fig. 20. Distinctly, a small
region assigned to MnWO4 NPs presents an increased surface poten-
tial, rising from732.7mV to 770.0mV compared to the dark state (area
near point B in Fig. 6b, c and corresponding line profiles in Fig. 6d).
Taking the band alignment into account (Supplementary Fig. 14a, b),
the phenomenon strongly supports the conclusion that photoinduced
electrons and holes extensively concentrate on the surfaces of SL-MCS
NRs and the attached MnWO4 NPs, both possessing vigorous photo-
redox capabilities. Fundamentally, the heterogeneous IEF in the
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S-scheme heterojunction extracts photoinduced holes from SL-MCS
NRs, which are then immediately quenched by photoinduced elec-
trons from the attached MnWO4 NPs within the depletion layer,
enabling surface charge separation (Fig. 6e). As a result, the average
lifetime of photoexcited electrons at the ZB/WZ superlattice interfaces
in SL-MCS NRs, with their enhanced reducibility, is significantly pro-
longed, allowing them to be captured by adsorbed H2O molecules on
the surface. Furthermore, only the heterogeneous IEF, which spans
both the top and side surfaces (whether near the superlattice inter-
faces or not) of SL-MCSNRs, can achieve ultrafast and universal charge
separation and transfer, facilitated by the synergy between the
superlattice interface and the S-scheme heterojunction (Supplemen-
tary Fig. 21 and Supplementary Note 3).

Validation of ultrafast charge separation and transfer in SL-
MCS/MW NRs
Given that the ultrafast and universal charge separation and transfer
mechanism in SL-MCS/MW NRs has been elucidated, femtosecond
transient absorption (fs-TA) spectroscopy was further employed to
provide deeper insights into this ultrafast process. It is noted that all
signals from the as-prepared samples originate from Mn0.5Cd0.5S,
particularly inWZ-MCS/MWand SL-MCS/MWNRs, due to the S-scheme
charge separation and transfermechanism (SupplementaryNote 4). As
shown in Fig. 7a–d and Supplementary Fig. 22a–d, two intrinsic signals
are prominently observed at ~440nm and ~475 nm in all catalysts
suspended in MeCN, corresponding to the ground-state bleach (GSB)
and excited-state absorption (ESA) near the band edge, respectively.
Both the GSB and ESA signals gradually intensify, fromWZ-MCS to SL-
MCS/MW NRs. This can be attributed to the extended spatial scale of
charge carrier separation, which enhances ground-state absorption
and excited-state reabsorption, while also suppressing the decay
kinetics of GSB and ESA signals. In addition, the decline of ESA signals

to negative values in all catalysts indicates that the higher excited
states gradually quench to the lowest excited state rather than
returning to the ground state48.

When suspended in water (Fig. 7e–h and Supplementary
Fig. 22e–h), the augmented GSB signals of all catalysts display red
shifts to ~450nm. Besides, the ESA signals near the band edge shift
positively to ~480 nm and rapidly quench to GSB signals, primarily due
to the solvent polarization effect of H2O molecules rather than the
capture of photoinduced electrons by adsorbed H2O molecules49,
because the positive ESA signal decay is not observed in any of the as-
prepared photocatalysts. As the CBM of all catalysts is close to the
equilibrium potential of H+/H2 (Supplementary Fig. 14b), the adsorbed
H2Omolecule-derived surface states (ADSS) significantly influence the
rapid decay of GSB signals. In particular, the kinetic decay of GSB
signals at ~450nm and ~480 nm (quenched from ESA signals) is nota-
bly accelerated in water for all catalysts, showing an opposite decay
trend from WZ-MCS to SL-MCS/MW NRs compared to that in MeCN
(Fig. 7a–d). This demonstrates that, with the extended spatial separa-
tion of charge carriers, the ADSS on Mn0.5Cd0.5S swiftly capture the
photoexcited electrons occupying the CBM, leading to an enhanced
charge transfer rate (also reflected in Supplementary Fig. 23a, b)50,51.

It is crucial to quantitatively compare the decay kinetics of the
excited states among all catalysts (Fig. 8 and Supplementary Table 7).
The intrinsic decay kinetics of GSB signals at 440nm for all catalysts
suspended in MeCN (Fig. 8a–d and Supplementary Table 7) can be
deconstructed into reabsorption (RA, τ1), vibrational relaxation &
internal conversion (VR&IC, τ2) of the excited state. The ESA signals at
475 nm are fitted by VR&IC (τ1), stimulated emission (SE, τ2) and non-
radiative relaxation (to the lowest excited state) of the higher excited
state (τ3).

From WZ-MCS to SL-MCS/MW NRs, both τ1 and the average life-
time (τave) of GSB signals are progressively elongated, from 0.2 ps
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(2.9%) to 1.3 ps (52.6%) and from 1.3 ps to 4.0 ps, respectively, which
reflects the significant concentration of photoinduced charge carriers
in SL-MCS/MWNRs due to ultrafast and universal spatial separation. In
terms of the decay kinetics of ESA signals in MeCN, τ2 for pristineWZ-
MCS (990.5 ps, 46.9%) and WZ-MCS/MW (986.8 ps, 43.1%) remains
similar, because a single S-scheme heterojunction cannot efficiently

extract photoinduced holes from the bulk WZ-MCS to quench photo-
excited electrons in the loaded MnWO4, thus promoting inherent
radiative recombination. Although the superlattice interfaces in SL-
MCS NRs improve bulk separation to generate numerous photo-
generated charge carriers, the absence of surface separation leads to a
noticeable tendency for radiative recombination (1224.9 ps, 36.7%).
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Conversely, in SL-MCS/MW NRs, the synergy between superlattice
interface and the S-scheme heterojunction significantly suppresses
radiative recombination (134.3 ps, 4.2%) compared to other catalysts.
Accordingly, τ3 and τave of ESA signal in SL-MCS/MW NRs reach the
longest lifetimes of 1857.0ps (92.6%) and 1727.7 ps, respectively,
indicating the prolonged excited-state lifetimes due to the synergistic
interfaces.

As shown in Fig. 8e–h and Supplementary Table 7, the decay
kinetics of GSB signals at 450 nm for all catalysts suspended in water
can be fitted by RA (τ1) of the excited state and VR&IC (τ2). However,
the GSB signals at 480 nm require fitting with different multi-
exponential decay models due to distinct decay characteristics

(Supplementary Note 5). From WZ-MCS to SL-MCS/MW NRs, all τave
for the GSB signals at 450 nm (which quickly quenches to zero) are
very similar, primarily due to the reabsorption at shorter wavelength
than 450 nm (Fig. 8e–h and Supplementary Table 7). Regarding the
decay kinetics of GSB signals at 480 nm near the band edge,
restricted ADSS capture (τ2, 180.3 ps, 16.2%) occurs in pristine
WZ-MCS due to limited charge separation, with a tendency toward
radiative recombination (τ3, 1093.8 ps, 83.2%). Surprisingly, this
decay course gradually accelerates from WZ-MCS (τave, 939.3 ps) to
SL-MCS/MW NRs (τave, 1.8 ps) with the acceleration of ADSS capture
(τ2) from 180.3 ps (16.2%) to several picoseconds. Therefore, the
synergistic interfaces between the superlattice and S-scheme
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heterojunctions enable boosted ultrafast charge separation and
transfer (also reflected in Supplementary Fig. 23a, b) and ADSS cap-
ture. In addition, the decay kinetics near the band edge (GSB signals
at 480 nm in water) of ADSS capture (τ2 in several picoseconds) is
closely linked to PHE activity. In other word, the photoinduced
electrons on the surface of SL-MCS/MW NRs can be effectively cap-
tured by the abundantly adsorbed H2O molecules with the fastest
kinetics, further validating the advantages provided by the synergy
between superlattice interfaces and S-scheme heterojunctions.

The overall process of ultrafast and universal spatial charge
separation and transfer in SL-MCS/MW NRs for productive PHE is
illustrated in Supplementary Fig. 24. ZB/WZ superlattice interfaces
create a homogeneous IEF throughout the bulk of SL-MCS NRs along
the [0001] axial direction, completely separating photoinduced
charge carriers at alternate superlattice interfaces. Simultaneously, a
heterogeneous IEF at the S-scheme heterojunctions between SL-MCS
NRs and loaded MnWO4 NPs effectively extracts photoexcited holes
from the superlattice interfaces, which are then swiftly quenched by
photoexcited electrons from MnWO4. As a result, the photoexcited
electrons with stronger reducibility at the ZB/WZ superlattice inter-
faces of SL-MCS NRs are retained and promptly captured by adsorbed
H2O molecules within several picoseconds. The photoinduced holes
with higher oxidizability on MnWO4 NPs are quickly trapped by the
sacrificial agents S2- and SO2�

3
16,52. Therefore, with synergistic interfaces

in SL-MCS/MW NRs, ultrafast and universal charge separation and
transfer are achieved, leading to high PHE activity.

Discussion
Building on the logical framework of universal spatial charge separa-
tion, SL-MCS/MW NRs with a synergistic interface structure were
carefully fabricated. The interfacial synergy, mediated by the robust
IEF in superlattice interfaces and S-scheme heterojunctions, success-
fully enables ultrafast and universal spatial charge separation and
transfer in SL-MCS/MW NRs, as thoroughly explained through DFT
calculations, in situ illumination characterization and fs-TA techniques.
In this context, compared to pristine WZ-MCS, SL-MCS/MW NRs
demonstrate a high PHE rate of 54.4mmol·g−1·h−1 under simulated solar
irradiation (up to ~4.8 times than that of pristineWZ-MCS) and AQE of
63.1% at 420 nm without any noble-metal or noble-metal-free cocata-
lysts. Notably, this work offers valuable insights into interfacial struc-
ture design for efficient photocatalysis and other photoelectric
conversion applications.

Methods
Materials
Mn(Ac)2 · 4H2O (AR, ≥99%), Cd(Ac)2 · 2H2O (AR, ≥98%), Na2WO4 · 2H2O
(AR, ≥99%), thioacetamide (TAA, AR, ≥99%), L-cysteine (AR, ≥99%) and
granular NaOH (AR, ≥99%) were purchased from Shanghai Chemical
Reagent Co., Ltd. Anhydrous ethylenediamine (EDA, AR, ≥99%) was
purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd.
Hydrochloric acid was purchased fromChengdu Kelong Chemical Co.,
Ltd. Anhydrous acetonitrile (MeCN, standard for GC, ≥99.9%) was
obtained from Aladdin Reagent Co. Ltd. All chemical reagents were
used without further purification and ultrapure water (18.25 MΩ·cm−1)
was used throughout the whole experiment.

Synthesis of MnxCd1-xS solid solution
MnxCd1-xS solid solution (x = 0, 0.25, 0.5, 0.75, 1) was prepared by
precipitation-solvothermal method, where Mn0.5Cd0.5S was termed as
SL-MCS NRs. Typically for CdS (x =0), 1.6 g granular NaOH was firstly
dissolved in 60mL mixture of EDA and H2O (v/v = 1:5, pH = 13 under
R.T.). Then, 10mmol (2.665 g) Cd(Ac)2·2H2O was added into above
solution with continuously and vigorously magnetic stirring of 30min
to produce plentiful dark brown precipitation, followed by adding
20mmol TAA. Typically for Mn0.25Cd0.75S (x = 0.25), 1.6 g granular

NaOHwas firstly dissolved in 60mLmixture of EDA and H2O (v/v = 1:5,
pH = 13 under R.T.). Then, 2.5mmol (0.613 g) Mn(Ac)2·4H2O and
7.5mmol (1.999 g) Cd(Ac)2·2H2O and were simultaneously added into
above solution with continuously and vigorously magnetic stirring of
30min to produce plentiful dark brown precipitation, followed by
adding 20mmol TAA. Typically for SL-MCSNRs (x =0.5), 1.6 g granular
NaOHwas firstly dissolved in 60mLmixture of EDA and H2O (v/v = 1:5,
pH = 13 under R.T.). Then, 5mmol (1.226 g) Mn(Ac)2·4H2O and 5mmol
(1.333 g) Cd(Ac)2·2H2O and were simultaneously added into above
solution with continuously and vigorously magnetic stirring of 30min
to produce plentiful dark brown precipitation, followed by adding
20mmol TAA. Typically for Mn0.75Cd0.25S (x = 0.75), 1.6 g granular
NaOHwas firstly dissolved in 60mLmixture of EDA and H2O (v/v = 1:5,
pH = 13 under R.T.). Then, 7.5mmol (1.838 g) Mn(Ac)2·4H2O and
2.5mmol (0.666 g) Cd(Ac)2·2H2O and were simultaneously added into
above solution with continuously and vigorously magnetic stirring of
30min to produce plentiful dark brown precipitation, followed by
adding 20mmol TAA. Typically for MnS (x = 1), 1.6 g granular NaOH
was firstly dissolved in 60mL mixture of EDA and H2O (v/v = 1:5, pH =
13 under R.T.). Then, 10mmol (2.451 g) Mn(Ac)2·4H2O was added into
above solution with continuously and vigorously magnetic stirring of
30min to produce plentiful dark brown precipitation, followed by
adding 20mmol TAA. Subsequently, the mixtures were transferred
into a 100mL PPL-lined autoclave alongwith steadilymagnetic stirring
of 1000 rpm and maintained at 180 °C for 18 h. After cooling down to
R.T., the products were obtained via centrifugation and washing with
ethanol and ultrapure water by three times at least, finally dried at
60 °C in vacuum oven overnight.

Synthesis of WZ-MCS and ZB-MCS
Both of WZ-MCS and ZB-MCS were synthesized by hydrothermal
methods53. As forWZ-MCS, 5mmol (1.226 g)Mn(Ac)2·4H2Oand5mmol
(1.333 g) Cd(Ac)2·2H2O were fully dissolved in 60mL ultrapure water
with magnetic stirring of 30min, followed by adding 20mmol
(2.423 g) L-cysteine till the solution turned yellow. Then, the mixture
wasmoved into a 100mL PPL-lined autoclavewithmagnetic stirring of
1000 rpm and maintained at 180 °C for 18 h. The operation of gath-
ering products was analogous to SL-MCS NRs. For ZB-MCS NPs, the
procedure was same as that of WZ-MCS, except the replacement of
20mmol (2.423 g) L-cysteine with 10mmol (0.751 g) TAA.

Synthesis of SL-MCS/MW-x NRs composites
All composites were fabricated by hydrothermal methods. Initially, 0.1 g
SL-MCS NRs was ultrasonically dispersed in 30mL ultrapure water for
10min, called suspension A. Then, the pH value of another 30mL
ultrapure water was adjusted to 2.3 at R.T. with diluted HCl (aq.), fol-
lowed by dissolving Na2WO4·2H2O of 0.0285g, 0.0711 g and 0.1423g,
respectively, named solution B. Finally, suspension A was blended with
solution B and themixture was stirred thoroughly for 30min, afterwards
transferring into a 100 mL PPL-lined autoclave with magnetic stirring of
1000 rpm and maintained at 160 °C for 4h. The operation of collecting
products was similar to SL-MCS NRs. According to the increasing dosage
of Na2WO4·2H2O referring to 0.0285g, 0.0711 g and 0.1423g, the as-
fabricated composites were recorded as SL-MCS/MW-x (x= 1, 2, 3), where
SL-MCS/MW-2 was specially abbreviated to SL-MCS/MW. Besides, WZ-
MCS/MW composites with single S-scheme heterojunctions were syn-
thesized in the same way with 0.0711 g Na2WO4·2H2O added.

Synthesis of pure MnWO4

3mmol (0.735 g) Mn(Ac)2·4H2O and 3mmol (0.990 g) Na2WO4·2H2O
were added into 60mLultrapurewater with pH = 1.0 at R.T. controlled
by dilutedHCl (aq.). The solutionwas kept stirring for 30min, and then
it was moved into a 100mL PPL-lined autoclave with magnetic stirring
of 1000 rpm and maintained at 160 °C for 4 h. The procedure of
gathering products was similar to SL-MCS NRs.

Article https://doi.org/10.1038/s41467-024-53951-6

Nature Communications |         (2024) 15:9612 10

www.nature.com/naturecommunications


Photocatalytic H2 evolution
The PHE performance was conducted to assess the photocatalytic
activity of as-prepared photocatalysts through the top-irradiation of
AM 1.5 G bandpass filter (100mW·cm−2, 300W Xe lamp, Beijing Per-
fectLight Microsolar300, Beijing) and all glass automatic on-line trace
gas analysis system (Beijing PerfectLight Labsolar-6A, Beijing). Speci-
fically, 10mg catalyst was ultrasonically dispersed in 50mL 0.35M
Na2S/0.25M Na2SO3 (aq., pH = 13.22 ± 0.03 under R.T.) solution con-
tained in aquartz reactor, followedby connecting thequartz reactor to
the Labsolar-6A on-line reaction system and continuous vacuumizing
to evacuate the air inside. Then, it was fed with Ar at ~80 kPa to create
inert reaction atmosphere inside. In addition, the Labsolar-6A on-line
reaction system was maintained at R.T., while the quartz reactor was
kept at 10 °C by circulating water cooling system to avoid the effect of
heating. It should be added that the vertical distance and irradiation
surface area of top irradiation were 10 cm and 25.5 cm2 for the eva-
luation of average PHE rate, respectively. Monochromatic bandpass
light irradiance was measured by a photoradiometer (Beijing Perfect-
Light PL−MW2000, Beijing). Finally, the average PHE rate and apparent
quantum efficiency (AQE) were both analyzed by an on-line gas chro-
matography system (GC-2030, Shimadzu, Japan, He as the carrier gas,
5 Å molecular sieve column, and BID detector). For the stability test of
as-prepared catalysts during the same reaction conditions, the
Labsolar-6A on-line reaction system was evacuated every 3 h and after
repeated 7 times to investigate the stability.

Characterizations
Powder X-ray diffraction (XRD) patterns were recorded by a Japan
Rigaku D/Max-RB X-ray diffractometer with Cu Kα radiation
(λ =0.15418 nm) with a constant scanning step of 0.15°/s. Micro-
morphology observation was taken on a field emission scanning
electron microscope (FESEM) (JSM 7500F, JEOL, Japan). High-
resolution transmission electron microscope (HR-TEM) images and
atomic-resolution scanning transmission electron microscope (STEM)
images were recorded by double aberration corrected TEM (Titan
Cubed Themis G2 300, FEI, USA) working at 300 kV to characterize
atomic-scale microstructure. Energy dispersive X-ray (EDX) mapping
images were obtained under the STEMmode. Brunauer-Emmett-Teller
(BET) specific surface area and Barrett-Joyner-Halenda (BJH) pore size
distribution were acquired by N2 adsorption-desorption test at 77.3 K
on aMicromeritics ASAP 2020 (USA) instrument. The powder samples
were degassed off-line at 100 °C for 24h under dynamic vacuum
(10−5bar) prior to measurement. Hydrophilicity and static contact
angle (CA) testwereperformedusing a drop shape analyzer (Theta Lite
Auto 1, Biolin Scientific, Sweden). Inductively coupled plasma-optical
emission spectroscopy (ICP-OES) (Prodigy 7, Leeman Labs) was uti-
lized for element content analysis of as-prepared catalysts. The ultra-
violet−visible diffuse reflectance spectra (UV-Vis DRS) were carried out
on a UV-Vis spectrophotometer (UV-2600, Shimadzu, Japan) with
BaSO4 as a reference. The transient photocurrent response (I–t),
electrochemical impedance spectra (EIS) and Mott-Schottky tests of
as-prepared samples were studied by an electrochemical workstation
(CHI660C Instruments, China) with a standard three-electrode system
in 30mL 0.5M Na2SO4 (aq.), where a Ag/AgCl (saturating KCl), a Pt
plate and indium tin oxide (ITO) glass coated with the sample worked
as the reference, counter electrode and working electrode, respec-
tively. Regarding the preparation of working electrode, firstly, 5mg
powder samplewas ultrasonically dispersed thoroughly in amixture of
200μL ethanol and 20μL 5% nafion solution (D-520, DuPont, USA).
Then, 20μL of the mixture was evenly spun onto the conductive sur-
face of ITO glass (0.5 cm×0.5 cm) and dried in an oven at 60 °C for a
moment. Besides, the potential was set as 0.5 V for the measurement
of I–t curves and EIS. The Mott-Schottky tests were obtained with
the potentials ranging from −0.8V to 0.5 V at different frequencies
(800, 1000, and 1200Hz). In situ illumination X-ray photoelectron

spectroscopy (ISI-XPS) under 365-nm light excitation were tested on
an electron spectrometer (ESCALAB 250Xi, Thermo Fisher Scientific,
USA) with Al Kα radiation (hv = 1486.7 eV), and all binding energies
were referenced to the adventitious carbon C 1s at 284.8 eV. The
alteration of surface potential of as-synthesized samples under 420-
nm light excitation was tested by photo-irradiated Kelvin probe force
microscopy (KPFM) (SPM-9700, Shimadzu, Japan).

Computational methods
The density functional theory (DFT) was performed with Vienna Ab
initio Simulation Package (VASP)54. The projector augmented wave
(PAW) methods were applied to the interactions of valence electrons
with the atomic nucleus55. Specifically, Mn 3d64s1, Cd 4d105s2, W 5d56s1,
S 3s23p4, O 2s22p4, H 1s1 and a pseudohydrogenmodel H1.5 (containing
1.5 valence electrons to saturate dangling bonds) were used as the
valence configurations. The electron exchange correlation functional
used the Perdew–Burke–Ernzerhof (PBE) of the generalized gradient
approximation (GGA)56. In addition, spin polarization was considered
throughout the whole calculations. Due to the magnetic transition
metal Mn element involving in all the models and high 3d orbital
occupation number of Mn2+, while this hardly occurs in 5d orbital
of W6+, we selected GGA+U method to correct strong on-site
Coulomb interaction of Mn 3d-electrons under different chemical
environment57. The corresponding effective U value (Ueff) were adop-
ted as 5.0 eV and 3.9 eV in [MnS4] tetrahedron and [MnO6] octahedron,
respectively58. The k point sampling of Brillouin zone employed
4 × 4 × 1 and 5 × 2 × 1 Monkhorst-Pack scheme centered at gamma
point onbulkmodels (WZ-MCS and SL-MCS) and slabmodels (SL-MCS-
(01�11), MnWO4-(020), and SL-MCS/MW)59. The energy cutoff of the
wave function in the plane-wave basis was tested as 400 eV. The DFT-
D2 method was used to describe the Van der Waals interaction for all
calculations60. With respect to various slab models, vacuum layer
thickness was all set to 15 Å to avoid the interactions between neigh-
boring substrates. Furthermore, all the geometry structure optimiza-
tion calculations were terminated until the maximum force upon each
atom and energy were less than 0.02 eV/Å and 1.0 × 10−6eV. The
structure information of fully optimized bulk and surface model was
presented in Supplementary Data 1–5.

Femtosecond transient absorption measurement
The femtosecond transient absorption (fs-TA) setup utilized in this
investigation is centered around a regenerative amplified Ti:sapphire
laser system sourced from Coherent (800nm, 35 fs, 6 mJ per pulse,
and 1 kHz repetition rate), coupled with nonlinear frequency mixing
techniques and a pump–probe system (Helios Fire, Ultrafast System).
In brief, the 800 nm output pulse from the regenerative amplifier
underwent a beam splitter division. The transmitted portion was
employed to energize an Optical Parametric Amplifier (OPera Solo),
generating a pump beam with a wavelength centered at 340nm.
Simultaneously, the reflected 800 nm beam underwent further split-
ting. A segment was attenuated via a neutral density filter and focused
into a CaF2 crystal to produce a white light continuum (WLC) ranging
from 320 nm to 650nm, utilized as the probe beam. The probe beam
was then directed onto the sample via an Al parabolic reflector. Post-
sample interaction, the probe beam was collimated and subsequently
directed into a fiber-coupled spectrometer, with detection occurring
at a frequency of 1 kHz. The temporal separation between the pump
and probe pulses was modulated by a motorized delay stage. The
pump pulses underwent modulation by a synchronized chopper
operating at 500Hz, with absorbance changes deduced from the
juxtaposition of two adjacent probe pulses (pump-blocked and pump-
unblocked).

Quantitative samples were dispersed in MeCN and water respec-
tively with sameconcentration of 0.2 g·L−1. Themixturewas added into
quartz cuvettes with a path length of 2mm and evacuated by N2 flow
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for 5min to remove the air inside. All data were obtained using an
excitation wavelength of 340nm and optical power of 100 µW·cm−2.
The decay curves obtained from the fs-TA spectra (normalized in
[−0.5,0.5]) were fitted by the following multi-exponential Eq. (1):

I tð Þ = A0 +
X

i

Ai exp � t
τi

� �
ð1Þ

Where A0 represents the baseline correction value, and t is the
probe time delay. Ai and τi are amplitudes and decay lifetime, respec-
tively. The relative amplitude fi of according decay component and
decay average lifetime τave were calculated by Eq. (2) and Eq. (3),
respectively:

f i = Aiτi=
X

i

Aiτi × 100% ð2Þ

τave =
X

i

f iτi ð3Þ

Statistics and reproducibility
No statistical method is used to predetermine sample size. No data are
excluded from the analyses. The experiments were not randomized.
The Investigators were not blinded to allocation during experiments
and outcome assessment.

Data availability
Data can be obtained from the authors upon request. All data pro-
duced during this research are included in the Source data file. Source
data are provided with this paper.
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