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The exploration of efficient and stable composite-materials as nitrogen reduction photocatalysts featuring
wide spectrum absorption and nitrogen fixation active sites has become specifically significant. In this
work, a series of mixed-addendum PMoV-based organic—inorganic hybrid materials coupled with rich
sulfur vacancy 1T MoS, (Sv-1T MoS;) through a hydrothermal growth strategy are presented towards
green NH3z production. The intervalence electron transfer of the reduced polyoxometalates, as well as the
construction of a Ni-trinuclear cluster-based framework, is responsible for the capable light-harvesting
performance of the well-defined PMogVe—Ni crystalline material, and Sv-1T MoS, which serves as a coca-
talyst can facilitate electron—hole separation of the light absorbers, which further promotes the ammonia
production capacity of the composite materials. As expected, the ammonia generation rate of Sv-1T
MoS,/PMogVe—Ni (80.6 umol h™ g™ is much higher than that of either PMogVe—Ni (9.7 pmol h™ g™) or
Sv-1T MoS; (8.6 pmol h™ g™) component. Such a noble-metal-free system therefore shows an apparent
quantum efficiency (AQE) of 0.368% at 550 nm. The "working-in-tandem” mechanism established by
sulfur vacancies as nitrogen active sites and polyoxometalate crystalline photosensitizers are extremely
crucial for facilitating N, chemisorption and NH3z formation. This work provides a fresh perspective for the
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sesses broad application prospects in view of its energy and
environmental advantages.”'® A suitable NRR catalyst, the

1. Introduction

Ammonia plays an irreplaceable role in the global chemical
economy and agricultural development. At present, most of
the ammonia manufacture worldwide still depends on the
Haber-Bosch method that usually employs iron-based catalysts
to fixate nitrogen with hydrogen under harsh reaction con-
ditions." The hydrogen in the reaction process was derived
from steam-methane reforming, which discharges a large
amount of carbon dioxide into the atmosphere.>™ With the
rapid development of social civilization, seeking an efficient,
sustainable, and green strategy is essential for the nitrogen
reduction reaction (NRR).>”® The photocatalytic NRR operated
under ambient pressure at room temperature in water pos-
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core of such a photocatalytic process, needs considerable
visible-light absorption and enough active sites, whereas the
state-of-the-art photocatalysts have always suffered from short-
comings, such as narrow range light absorption and high
recombination of charge carriers.'”° The development of fire-
new highly efficient and stable photocatalysts remains impor-
tant for the conversion of N, into ammonia under mild
conditions.

Inspired by the “working-in-tandem” mechanism of nitro-
genase enzymes, the design and fabrication of bicomponent
composite-materials might offer a promising photocatalyst
family towards the nitrogen conversion.?° This strategy is well-
established in CdS/MoFe protein complexes.”"** In the CdS
nanorod/MoFe protein biohybrid photocatalyst’ reported by
Wilker et al. in 2016, semiconductor nanocrystals served as
a light absorber driving the enzyme (natural N, active sites)
for effective NRR.>' Similar composite-materials are widely
used to explore the photocatalytic NRR performance, typical
examples including Pt-SACs/CTF,>® Ru/n-GaN nanowires,”*
Ru-K/B-g-C;N,,>* etc. As expected, the synergistic effect of these
photocatalytic NRR materials is originated from light absorber
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species as well as cocatalysts (e.g. expensive enzymes and
noble metals) featuring nitrogen fixation active sites. There is
no doubt that the large-scale applications of such cocatalysts
are severely impeded by the high costs and rare resources.”®?”
Fortunately, Sv-1T MoS, materials as ideal non-noble metal
cocatalysts could be designed for NRR photocatalysis. Its
sulfur vacancies may not only engineer the band or electronic
structure of the overall catalyst, but also bring superior
impacts on the photocatalytic NRR process through offering
extra sites for nitrogen fixation activation and adsorption®® as
confirmed by density functional theory.”® To our knowledge,
the current NRR catalysts based on Sv-1T MoS, cocatalysts are
mainly focused on the electrocatalysis model.**~** The explora-
tion of more efficient and stable composite NRR photocatalysts
based on Sv-1T MoS, cocatalysts will be a significant topic.
Polyoxometalates (POMs), a critical class of metal-oxygen
clusters, can act as promising candidates for the efficient util-
ization of light to combine with Sv-1T MoS, cocatalysts,
because: (1) the elementary composition and electronic struc-
tures of POMs can be modulated at the molecular level. Their
oxygen-rich surface can be easily activated and modified,
which is beneficial for preparing accessible POM-based com-
posite-materials. (2) Reduced POMs (also called heteropoly
blues, a reductive state of POMs) are famous for wide and
strong spectral absorptions in the UV-visible region and some-
times in the near-IR region on account of their intervalence-
charge transfer, indicating a new type of light absorber species
that can drive the nitrogen fixation process. (3) POMs possess
a nanometer size, robust redox stability, and excellent thermal
and acid-base stability.>® The cheap raw materials, and green
and simple synthesis method endow POMs with broad appli-
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Scheme 1 lllustration of the Sv-1T MoS,/PMogV¢—Ni preparation process.
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cation prospects. In this stage, the reduced PMoV system dis-
plays a wide photoabsorption spectrum, thanks to the incor-
poration of low-valance Mo or V elements (Mo**/V*") featuring
d-d transfer.>* Such light absorption can be further broadened
through building POM-metal-organic hybrid architectures so
as to satisfy the energy provision of NRR. Herein, three
organic-inorganic hybrid materials based on the Keggin PMoV
cluster and classical Ni-trinuclear metal organic skeletons
have been obtained, from the [H,bpyl,[H;PMoy'VYO,,]
6H,0 (bpy = 4,4-bipyridine) (PMogVe) cluster to the
[Ni,(trz);5(H,0)s][PMoy Moy VY. 0,,]-12H,0 (PMo;,V; s-Ni) and
[Ni,(trz);2(H,0)s[HPMoy'VY VIV O,,]-17H,0 (trz = 1,2,4-triazole)
(PMogVe-Ni) frameworks. The reduced Mo-V centers with
different element composition proportions as well as photo-
active Ni-trinuclear cluster-based frameworks give rise to
different light absorption performances of such structures.
Consequently, a combination of Sv-1T MoS, and PMoV-based
hybrid materials under a hydrothermal growth strategy is
expected to be efficient nitrogen reduction photocatalysts
(Scheme 1). It is demonstrated that Sv-1T MoS,/PMogV¢-Ni dis-
plays the best photocatalytic N, activity with the optimal NH;
generation rate of 80.6 pmol h™ g™, which holds an AQE of
0.368% at 550 nm.

2. Results and discussion
2.1. Crystal structures of PMoV-based hybrid frameworks

The formation conditions of the three compounds are shown
in Fig. 1. PMogV, remains an isolated cluster while PMo,,V; 5—
Ni and PMogVe-Ni are isomorphous POM-based organic-in-
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Fig. 1 Illustration of the PMoV-based hybrid materials preparation process (color code: C gray, N drak blue, O red, P pink, Mo blue, V yellow, Ni

indigo, Mo/V light blue).

organic hybrid frameworks. X-ray crystallography diffraction
showed that the main difference in both frameworks is derived
from the Mo/V molar ratios in similar Keggin PMo,,V,, clusters
(m =11 and n = 3.5 for PMo;,V35-Ni, m = 8 and n = 6 for
PMogVe-Ni, respectively). In practical terms, PMogVs—Ni con-
sists of two [PMogV,0,40(VO),]>~ units, three Ni atoms, three
deprotonated Trz ligands, and eight water molecules
(Fig. S17). The classical Keggin PMoV clusters capped by two
crystallographically independent V** cations (V1 and V2,
Fig. S2t) at the two “pit positions” of opposite {Mo,0;5} tetra-
mers give rise to the final [PMogV,040(VO),] units.
Interestingly, such units had also been isolated with the
cocrystallization of bpy ligands in PMogV; (Fig. S31). Moreover,
three crystallographically independent nickel atoms with hexa-
coordination geometries in PMogVe-Ni exhibit different
coordination environments. The Nil atom (Fig. S2t) linked
one N atom on the Trz ligand and two O atoms from two oppo-
site V cap centers. Ni2 and Ni3 atoms (Fig. S2f) were co-
ordinated with six Trz ligands and four water molecules to
form classical linear metal trinuclear clusters as reported by
Lan et al®® In all, the formations of unexampled Keggin
PMo,,V,, clusters and Ni-Trz linkers are important for the
assemblies of these compounds. All three POM-based hybrids,
from the isolated cluster to cluster-based frameworks, exhibit
attainable photochemical activities in terms of the interva-
lence-charge transfer in the reduced PMo,V, units and its
integrations with photoactive Ni-trinuclear clusters.

2.2. Morphology and characterization of composite-materials

The as-prepared PMoV-based hybrids and Sv-1T MoS, formed
in situ were combined successfully through a hydrothermal
growth strategy. The morphology and microstructures of Sv-1T
MoS, and Sv-1T MoS,/PMoV-based hybrid composite-materials

3830 | /norg. Chem. Front., 2022, 9, 3828-3838

were explored using SEM and TEM. The morphology of Sv-1T
MoS, presents flower-like morphologies as shown in Fig. 2a
and such a structure is further confirmed by TEM analysis
(Fig. 2c). After integrating with the PMoV-based hybrid
materials, the flower-like morphologies of Sv-1T MoS, had
been maintained (Fig. 2b and d). The high-resolution TEM
(HRTEM) image of composite-materials, as displayed in
Fig. 2e, provides information about the interface between Sv-
1T MoS, and PMoV-based hybrid materials, which showed
that Sv-1T MoS, nanoflowers were closely attached to the
PMoV-based hybrid materials, and such combination may
boost the charge transfer efficiency. In detail, the lattices with
d spacing of 0.70 and 0.27 nm are attributed to the (002) and
(100) planes of 1T MoS,, which are equal to those in the
literature.*®*” The S vacancies in the structure of the compo-
site-materials were observed, typically consisting of cracks and
misaligned basal planes (Fig. 2f and S4t). The energy disper-
sive X-ray (EDX) result and elemental mappings show that Mo,
S, V, Ni, and O are uniformly distributed on the composite-
materials (Fig. 2g and S57).

The FTIR spectra of Sv-1T MoS,, PMoV-based hybrid
materials, and Sv-1T MoS,/PMoV-based hybrid composite-
materials are shown in Fig. 3a and S6.f The maintenance of
classical POM stretching vibration in PMoV-based hybrid
materials at 750-1600 cm™" verifies the combination of Sv-1T
MoS, and PMogVe-Ni. In this connection, the peak positions
display a slight shift, which may be caused by the interaction
between Sv-1T MoS, and PMoV-based hybrid materials.>® The
XRD patterns of 1T MoS, and Sv-1T MoS, display two charac-
teristic diffractions of (002) and (004) that are moved to 9.0
and 18.5°, which manifest the existence of the 1T phase
(Fig. 3b and S71).*° Similarly, the change of peak intensity
indicates the difference in crystallinity, which shows that

This journal is © the Partner Organisations 2022


https://doi.org/10.1039/d2qi01003h

Published on 08 2022. Downloaded on 01/11/25 15:04:47.

Inorganic Chemistry Frontiers

View Article Online

Research Article

Fig. 2 (a) SEM and (c) TEM images of Sv-1T MoS;; (b) SEM, (d) TEM, and (e), (f) HRTEM of the Sv-1T MoS,/PMogVs—Ni composite-material; (g) EDX
mapping of Mo, S, V, Ni, and O in the Sv-1T MoS,/PMogVe—Ni composite-material.
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Fig. 3 (a) FT-IR spectra, (b) XRD patterns, and (c) UV-vis diffuse reflec-
tance spectra of Sv-1T MoS,, PMogVe—Ni, and Sv-1T MoS,/PMogVs—Ni
composite-materials, and (d) EPR spectra of 1T MoS; and Sv-1T MoS,.

sulfur vacancy treatment boosts 1T MoS, crystallinity. By com-
paring the experimental and simulated diffraction peaks, the
XRD analysis of PMoV-based hybrid materials matches the key
peak positions, which manifests the phase purity of hybrid
materials. As for the composite-materials, the observed charac-

This journal is © the Partner Organisations 2022

teristic peaks of Sv-1T MoS, and PMoV-based hybrid materials
suggest that both components exist simultaneously in the
composite-materials. Thermogravimetric analysis (TG) mani-
fested that three PMoV-based hybrid materials possess suit-
able thermostability (below 250 °C) for combination with Sv-1T
MoS, under hydrothermal conditions (Fig. S8t). The UV-vis
diffuse spectra were recorded in order to validate the visible-
light-enrichment capability. As shown in Fig. 3c, it can be pre-
cisely observed that Sv-1T MoS, possesses a flat plot with a
high absorption coefficient over the UV-vis region, indicating
that Sv-1T MoS, displays a metallic character.’’>**° The
absorption spectra of PMoV-based hybrid materials are shown
in Fig. S9. PMogVe-Ni possesses better absorption intensity
than PMo,,V;5-Ni at 500-800 nm, which may result from the
intervalence-electronic transition or metal-to-metal charge
transfer from the low-valance V to high-valance Mo or V
centers, respectively.*>*" The introduction of the metal cluster
as bridging units endows PMogVe-Ni and PMo,,V;5-Ni 3D
polymers with better light absorption than that of the isolated
PMogV, cluster (Fig. S10f). Thanks to the combination of
mixed-addendum PMoV building blocks and framework archi-
tecture construction; PMogVe-Ni exhibits outstanding light
absorption capacity. Overall, Sv-1T MoS,/PMoV-based hybrid
composite-materials have a wide absorption range so as to
enhance the utilization of light, which holds a great advantage
for driving NRR in the form of light as the energy source. The
electron paramagnetic resonance (EPR) spectrum was verified

Inorg. Chem. Front,, 2022, 9, 3828-3838 | 3831
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to estimate the concentration of S vacancies.”>**** The S
vacancies can provide unsaturated sites for facilitating the
generation of a great number of unpaired electrons (Fig. 3d).
The intensity of the EPR signal is proportional to the concen-
tration of dangling bonds from the S vacancies in MoS,. The
high EPR signal corresponds to a high concentration of S
vacancies in Sv-1T MoS,, which proves that Sv-1T MoS, pos-
sesses more S vacancies than 1T MoS,.

The chemical environment and valence states of the as-
prepared samples were further analyzed via X-ray photo-
electron spectroscopy (XPS) measurements. The Mo 3d spec-
trum of 1T MoS, is shown in Fig. 4a, and the four peaks
around 228.2/231.4 eV and 229.4/232.6 €V are ascribed to the
1T phase and 2H phase of Mo 3ds;, and Mo" 3dj,,
respectively,””** which are consistent with the XRD results.
The peaks at 225.6 eV and 235 eV came from the typical S 2s
and Mo-O bonds, respectively. The four peaks in the S 2p
spectrum around 161.1/162.1 eV and 162.5/163.7 eV are
ascribed to the peaks of the 1T phase and 2H phase of S
2pss, and S 2py,, respectively (Fig. 4b). A S-O peak is located
at 168.6 eV. The characteristic peaks of Sv-1T MoS, are
slightly shifted to high binding energies and their intensity is
weaker than that of 1T MoS, due to the impact of sulfur
vacancies on the crystallization degree.*>*® The Mo-O bond
signals in the Mo 3d spectrum and S-O bond signals in the S
2p spectrum confirm the incorporation of O. The results
further verify the existence of sulfur vacancies and O-doped.
Furthermore, Fig. 4c shows the S 2p peaks of all three compo-
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site-materials; obvious peak shifts could be observed when
compared to S 2p peaks in Sv-1T MoS,, which clearly indi-
cates that both PMoV-based hybrids and Sv-1T MoS, are com-
bined effectively with essential charge transfer at their inter-
faces rather than simple physical mixing.*”*® The Mo 2p, Ni
2p, and V 2p spectra of the composite-materials are also
observed which may be arisen from the reduction process of
PMoV-based hybrids in the presence of thiourea.”* The
binding energies at 232.9 and 235.7 eV imply the Mo""
centers (Fig. 4d). The characteristic peaks of nickel can be
apparently observed, which are centered at 874.5 eV of Ni
2ps1/, and 856.1 eV of Ni 2p3/,, and the corresponding satellite
peaks (879.8 and 861.6 €V) are also observed in the Ni 2p
spectra (Fig. 4e and S111).*® The high resolution V 2p XPS
spectrum features four peaks at 524.6/517.7 eV and 523.7/
516.3 eV, which are assigned to V' and V" (Fig. 4f and
$121).°° In total, all XPS spectra further offer strong evidence
for the successful combination of POMs and Sv-1T MoS,.

2.3. Photocatalytic nitrogen fixation studies

The design of the Sv-1T MoS,/PMoV-based hybrid composite-
materials possessing wide range light absorption allows for
the exploration of its photocatalytic NRR activity under illumi-
nation (Fig. 5a and S13t). The photocatalytic NRR activity of
Sv-1T MoS, is higher than that of 1T MoS,, thanks to the exist-
ence of S vacancies (Fig. S14at). The NRR activity of the Sv-1T
MoS,/PMogVs hybrid materials with different Sv-1T MoS,
amounts was evaluated (Fig. S13b}). The NRR activity
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Fig. 4 XPS spectra of (a) Mo 3d and (b) S 2p for Sv-1T MoS; and 1T MoS,. (c) S 2p spectra of Sv-1T MoS,/PMoV-based hybrid composite-materials.
(d) Mo 3d, (e) Ni 2p, and (f) V 2p spectra of Sv-1T MoS,/PMogV¢—Ni hybrid composite-materials.

3832 | Inorg. Chem. Front, 2022, 9, 3828-3838

This journal is © the Partner Organisations 2022


https://doi.org/10.1039/d2qi01003h

Published on 08 2022. Downloaded on 01/11/25 15:04:47.

Inorganic Chemistry Frontiers

View Article Online

Research Article

140 100 160
(a) —@— Sv-1T MoS,/PMogV -Ni (b) (C) I with Light, N,
120 { —@— Sv-1T MoS,/PMo,,V, :-Ni [ | wi,h Lighf, Ar
—— Sv-1T MoS,/PMogV, oo 801 - [ without Light, N,
100 4 - 120 - 28 without Light, Ar
E = -
= 80- Z 60 -
=] s S
= S £ 80
2 604 P g
<
= & 40 =
Z 40 =~, Zz
z 40
20 204
0 o 5
! . X : v N Ni - N N i
! ! Time(hour)z 3 v-IT MoSyPMET e MuszlvMOu"Ssv{\T MoS,PMOsV e AT Moszl\’M;:_‘sT oS PMOIVAE N s POV
8 150
(@) AF (e) ® Sv-1T MoS,/PMo,V -Ni
-— 6 3 -
~ 15, - P
| O 3 : )
B & = i !
g g A= . !
£ | standara "NH;* £ LS E : |
s ¢ s ~ =2 | 1
2 21 3 § 3 23 : |
= 2 3 < E 1 / !
o T o 1
N, 52 Hz = i / |
La . !
1 I
|
Standard “NH," | A A :/ :
T T T T T T T T 0 T T T T T T
7.0 2 7.4 7.6 400 450 500 550 600 650 700 0 3 6 9 12 15
3(ppm) Wavelength(nm) Time(hour)

Fig. 5 (a) Ammonia production and (b) ammonia production rate of Sv-1T MoS,/PMoV-based hybrid composite-materials. (c) Catalytic perform-
ance of Sv-1T MoS,/PMoV-based hybrid composite-materials under a N, or Ar atmosphere. (d) *H-NMR spectra of Sv-1T MoS,/PMogVe—Ni. (e)
Wavelength-dependent AQE for N, photofixation with Sv-1T MoS,/PMogVe—Ni under monochromatic light irradiation. (f) Cyclic stability of Sv-1T

MoS,/PMogVe—Ni after five test cycles.

increases with the Sv-1T MoS, amount, reaches the highest
value of 77 pmol L™ with the Sv-1T MoS, amount of 40 wt%,
and then decreases probably due to the masking effect of
MoS,,>"**> which displays a nearly volcano-shaped reliance on
the Sv-1T MoS, amount. As a consequence, we select this ratio
as the best one for further study. The ammonia generation rate
of Sv-1T MoS,/PMogVe-Ni (80.6 pmol h™ ¢™') is higher than
that of either the PMogVe-Ni (9.7 pmol h™" g™') or the Sv-1T
MoS, (8.6 pmol h™ g™') component, indicating that the S
vacancies of Sv-1T MoS, as the adsorbed and activated nitro-
gen sites combined with PMoV-based hybrid materials as
photogenerated electron donors play key roles in the photo-
catalytic NRR. Under similar catalytic conditions, such hybrid
composite-materials can be comparable to Wang’s Au/TiO,—
OV®> with 78.6 pmol h™ ¢!, Zhang’s Au/end-CeO,*’ with
114 pmol h™ g7', Xiong’s AuRu core-antenna®® with
101.4 pmol h™" g™, etc. Moreover, Sv-1T MoS,/PMogV-Ni pos-
sesses a more superior ammonia production rate than the
other Sv-1T MoS,/PMoV-based hybrid composites, manifesting
that the Mo/V ratio variation of PMoV building blocks and the
introduction of hybrid frameworks into the PMoV-based
hybrid materials can affect the photocatalytic NRR activity
(Fig. 5a and b, and S14%). The ammonia signal was not
detected in the absence of any one of the following: the nitro-
gen source, pure water as proton sources, and illumination,
which are essential for the photocatalytic NRR (Fig. 5c¢ and
S15%). The parallel experiments indicated that the O, product
is not detected after using ethanol as the hole sacrificial agent

This journal is © the Partner Organisations 2022

(Fig. S16 and S1771), indicating that the holes are consumed by
the sacrificial agent and no N,H, is detected as a byproduct of
the photocatalytic NRR.

The various sources of contamination (for example,
nitrates, nitrites and nitrogen oxides) will affect the final
ammonia content. The rigorous protocols can ensure the nitro-
gen source of ammonia.® According to Andersen’s purification
method,® the feeding gases (high-purity Ar (99.999%), "N,
(99.999%) and "°N, (99 atom%)) were carefully purified to
further verify the origin of the ammonia generated from NRR.
The isotope labeling experiments were executed using the puri-
fied feeding gas as the nitrogen sources, which was confirmed
via the '"H-NMR spectrum. The triplet and doublet peaks
related to "NH," and "’NH," can be clearly emerged in the
"H-NMR spectrum, respectively. The coupling constants are
Jn-u = 52 Hz and Jy-u = 72 Hz, which reaffirms that the pro-
duced NH; indeed originates from NRR (Fig. 5d). To appraise
the light utilization efficiency, the wavelength-dependent
apparent quantum efficiencies (AQEs) of Sv-1T MoS,/PMogV¢—
Ni were evaluated by calculating at various wavelengths of
monochromatic light irradiation (Fig. 5e). The AQE spectrum
of Sv-1T MoS,/PMogVs-Ni matches its absorption spectrum,
suggesting that the ammonia synthesis is driven by light. The
AQE value of Sv-1T MoS,/PMogV—Ni reaches 0.368% at
550 nm, thanks to the synergistic effect of the nitrogen acti-
vation and light harvesting, which can be comparable to that
of classical materials reported recently, for example, Fe-TiO,/
Au (0.39% at 600 nm),>® Mo-W,;30,, (0.33% at 400 nm)*® and
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amorphous SmOCI nanosheets (0.32% at 420 nm)*’
(Table S1t). Sv-1T MoS,/PMogVe-Ni achieves a solar-to-
ammonia conversion efficiency value of 0.024% under simu-
lated AM 1.5G irradiation (Table S2f). The NRR activity
remains nearly unchanged after five runs of the photocatalytic
test, suggesting that the Sv-1T MoS,/PMoV-based hybrid com-
posite-materials possess good stability for the photo-driven
NRR (Fig. 5f and S18f). The sample characterization studies
(IR, XRD, SEM and XPS) after cycling tests do not undergo
obvious change in comparison with the fresh ones, indicating
the good reusability and stability of Sv-1T MoS,/PMoV-based
hybrid composite-materials for photocatalytic nitrogen
reduction (Fig. S19 and S20%).

2.4. Mechanism studies of nitrogen reduced reaction

Effective charge separation and transfer is an indispensable
process for activating nitrogen. To verify the separation and
transfer of electron-hole pairs, photoelectrochemical charac-
terization studies were performed including steady photo-
luminescence (PL), time-resolved PL spectroscopy, electro-
chemical impedance spectra (EIS), and photocurrent
responses. The separation and migration of photogenerated
electron-hole pairs can be demonstrated by steady PL. The
PMoV-based hybrid materials have obvious absorption peaks
at about 425-550 nm because of the quick recombination of
electrons-hole pairs. After the combination of Sv-1T MoS,, the
Sv-1T MoS,/PMoV-based hybrid composite-materials exhibit
rapid fluorescence quenching, and the intensity of the corres-
ponding fluorescence absorption peak becomes weaker
(Fig. 6a and S217). The electron-hole separation in the PMoV-
based hybrid materials is accelerated through injecting elec-
trons into Sv-1T MoS, as an electron acceptor. The time-
resolved PL spectra indicated that the average radiative life-
times (zay) of PM0gVs, PM0,4,V; 5-Ni, PM0gVe-Ni, Sv-1T MoS,/
PMo0gVe, Sv-1T M0S,/PM04,V;5-Ni, and Sv-1T MoS,/PMogVs-
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Fig. 6 (a) Steady PL spectra, (b) time-resolved PL spectra, (c) photo-
current responses, and (d) EIS Nyquist plots of PMogVe—Ni and Sv-1T
MOSZ/PMOQVG—NL
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Ni are 0.3297, 0.4095, 0.3711, 0.3029, 0.3456, and 0.2553 ns,
respectively, which indicated the presence of more efficient
nonradiative decay pathways in the Sv-1T MoS,/PMoV-based
hybrid composite-materials than in the PMoV-based hybrid
materials (Fig. 6b and S221). The photogenerated electron
transfer efficiency can be characterized via the photocurrent
responses measured in air and nitrogen, respectively (Fig. 6¢
and $23%). Sv-1T MoS,/PMogVe-Ni had a stable and stronger
photocurrent than PMogVs-Ni, which reflected the higher sep-
arating and transfer efficiency of photoexcited electron-hole
pairs in Sv-1T MoS,/PMogVe-Ni. Undoubtedly, Sv-1T MoS,/
PMogVe-Ni is beneficial for producing more photoexcited car-
riers for the photocatalytic NRR. The current intensity of the
same under nitrogen is marginally smaller than that in air,
indicating the existence of a certain degree of photogenerated
electron consumption to dissociate the N=N triple bond. The
EIS Nyquist change was in agreement with the photocurrent
results. Sv-1T MoS,/PMogV-Ni possesses a smaller arc than
PMogVs, indicating that Sv-1T MoS,/PMogVs-Ni displayed the
lowest charge-transfer resistance (Fig. 6d). Given the above dis-
cussions, the coupling of the S vacancy 1T MoS, with the PMoV-
based hybrid materials could enhance the charge separation
and transfer, further boosting the photocatalytic performance.

Mott-Schottky curves were verified to study the conduction
band potential (Ecg) of materials. All the samples have positive
slopes of the plots, revealing that they were n-type materials.
The flat band potential (Erg) of PM0ogVe-Ni is —0.54 V versus
NHE (Fig. S24t). The corresponding Ecg could be approxi-
mated to be —0.44 V versus NHE. The bandgap energy (E,)
values of PMogVs, PM0,,V; 5—Ni, and PMogV¢-Ni were verified
using an UV-vis spectrometer (Fig. S25f). The VB potential
(Evs) can be obtained using Evg = Eg + Ecg; the Eyg of PMogVe—
Ni is calculated as 2.32 V. On the basis of the XPS spectrum of
the valence band of Sv-1T MoS,, the position is approximately
0 eV, demonstrating that Sv-1T MoS, appertains to the metal
phase (Fig. $261).***7*® From the above results, PMogVe-Ni
possesses a more negative potential than other hybrid
materials, resulting in a sufficient potential difference between
PMogVe-Ni and Sv-1T MoS, for facilitating the electron trans-
port. This bandgap range is fully compliant with the energy
requirements of the photocatalytic NRR. When PMogV-Ni
hybrid materials and Sv-1T MoS, are excited by illumination,
the electrons on the Lowest Unoccupied Molecular Orbital
(LUMO) level of PMogV¢-Ni hybrid materials transfer to the Sv-
1T MoS, cocatalyst for the photocatalytic NRR. Based on the
above experiments, we concluded that the photocatalytic NRR
of the Sv-1T MoS,/PMogV,-Ni hybrid composite-material can
be mainly split into three steps (Scheme 2): (1) the nitrogen fix-
ation active sites of Sv-1T MoS,/PMogV,-Ni are largely exposed,
so that N, is adsorbed on the S vacancies. (2) The photoexcited
electrons from the PMoV-based hybrid materials transfer into
the adsorbed nitrogen and convert it to the activated N, under
illumination. (3) The holes of PMoV-based hybrid materials
are consumed by the sacrificial agent; meanwhile, the protons
and photoexcited electrons combined with the activated N,
generate ammonia.
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3. Conclusions

In summary, a series of mixed-addendum PMoV-based
organic-inorganic hybrid materials as light absorbers were
designed and prepared to fabricate Sv-1T MoS,/PMoV-based
hybrid composite-materials via a hydrothermal growth strat-
egy, in which the S vacancies of Sv-1T MoS, act as activation
sites and PMoV-based hybrid materials play the part of the
light driving force for NRR. Sv-1T MoS,/PMo0gV¢-Ni (80.6 pmol
h™" g™") possesses wide range light absorption and exhibits
higher photocatalytic NRR efficiency than other Sv-1T MoS,/
PMoV-based hybrid composite-materials. The construction of
composite-materials can boost the charge separation and
transfer efficiency of the photoexcited electron-holes of photo-
catalysts, which distinctly enhances the performance of the
photocatalytic NRR. It’s worth noting that PMoV-based hybrid
materials have been first introduced into the field of photo-
catalytic NRR, which provides wide range light absorption for
the design of photo-driven NRR materials. Future work will
involve the design of other types of POM-based hybrid
materials and exploration of their photocatalytic NRR
applications.

4. Experimental

The materials preparation, characterization, and NRR
photochemical measurement of the as-prepared samples
are described in detail in the Experimental section of
the ESL.¥
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