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Abstract: The electrocatalytic nitrogen reduction reaction (NRR) provides a promising way for
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and highly active electrocatalysts. In this work, we demonstrate an iron-based metal-
organic framework (MIL-100) and molybdenum-based polyoxometalate (PMo 12 )
host-guest-assisted strategy for synthesizing nanostructured bimetallic sulfides through
a one-pot hydrothermal synthesis process. FeS 2 /MoS 2 particles are evenly
distributed on reduced graphene oxide (RGO) with high conductivity, forming a well-
defined nanoflower structure. Benefiting from the synergistic effect of FeS 2 , MoS 2
(with inherent rich catalytically active sites and uniform nanoflower structure) and RGO,
the as-synthesized FeS 2 /MoS 2 @RGO achieves electrocatalytic activity and
stability towards NRR in both basic and acidic solutions. The electrochemical results
show a high Faradaic efficiency (FE) of 38.6 % and NH 3 yield rate of 41.1 y gh -1
mg cat -1 at-0.2 V with respect to a reversible hydrogen electrode (RHE) in acidic
potassium sulfate, and FE of 9.62 % and NH 3 yield rate of 10.35 p gh -1 mg cat
-1 at-0.4V vs . RHE in alkaline potassium hydroxide solution at room temperature.
We develop a general and promising method for the design of efficient and low cost
pH-universal NRR electrocatalysts.
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Chemical Engineering Journal Editorial Board

Dear Editor,

We submit our manuscript titled “FeSa/MoS@RGO hybrid materials derived from
polyoxomolybdate-based metal-organic frameworks as high-performance electrocatalyst
for ammonia synthesis under ambient conditions” to Chemical Engineering Journal.

In this manuscript, the main features are the following:

1.The polyoxometalate-based metal-organic framework with host-guest-structure is
employed as self-template, the sulphuration process is confined within the POMs-based
MOF matrix, preventing the combination and growth of the in situ-generated sulfide
nanocrystallites, and promoting the formation of multi-interfacial iron and molybdenum
disulfides inserted the reduced graphene oxide composite (shorted as
FeS2/MoS:2@RGO).
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Scheme 1. The preparation of FeS2/MoS:2@RGO composites.

2. As shown from SEM and TEM images of PMoi@MIL-100(Fe)@RGO and
FeS2/MoS2@RGO in Figure l1a and 1b, the originally PMo1.@MIL-100(Fe) spherical
precursor have all been converted to flower cluster-like FeS>-MoS; uniformly dispersed
on RGO. The TEM image of FeS2/MoS:@RGO (Figure 1c and 1d) demonstrates the
flower cluster-like FeS2-MoS; consist of the interconnected and staggered nanosheets,

which would be beneficial for electron transfer and N. absorption. Elemental mapping
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images of FeS>-MoS@IF200 (Figure 1le) reveal that C, S, Fe, and Mo elements are
uniformly distributed on the whole particles surface.

Figure 1. (a) SEM image of PMo12@MIL-100(Fe)@RGO (15 % wt). (b) SEM image of
FeS2/MoS2@RGO (15 % wt). (c) TEM image of FeS2/MoS:2@RGO (15 % wt). (d)
HRTEM images of FeS2/MoS:2@RGO (15 % wt). (e) Elemental mapping of C, S, Fe and
Mo on FeS2/MoS2@RGO (15 % wit).
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3. The FeS2/MoS:@RGO (15% wt) exhibits an excellent NRR performance and stability
in acidic and alkaline media. Especially, the largest NH3 yield of 41.1 ug h* mgeat at —
0.2 V (vs. RHE) under ambient conditions (Figure 4) are excellent to many
transition-metal electrocatalysts in aqueous electrolytes (Table S1).
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Figure 4. (a) LSV curves of FeS2/MoS2@RGO (15 % wt) in Ar- or N»-saturated acidic
potassium sulfate (pH 3.5, 1.0 M of K%. (b) Amperometric i-t curves of
FeS2/MoS2@RGO (15 % wt) for NRR (c) UV-vis curves of Nessler’s reagent solutions
after keeping in darkness for 30 min at room temperature. (d) NHs yield rate and FE of
FeS2/MoS2@RGO (15 % wt) for NRR at different voltages. () The NHzyield rate of
FeS2/MoS:2@RGO (5, 10, 15 and 20 % wt) at -0.2 V vs. RHE. (f) The NH3 yield rate and
FE of FeS2/MoS:2@RGO (15 % wt) at -0.2 V vs. RHE during five interval's cycles.
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Table S1. Summary of part of representative NRR electrocatalysts reported in recent
years and their catalytic performance

Yield (NHz3) Potential
Catalysts Electrolyte FE (%) Ref.
(g ht mgearl) (V vs. RHE)

pH 3.5, 1.0 M K* 38.6 411 -0.2

FeSy/MoS,@RGO :

0.1 M KOH 9.62 10.35 -0.4 This

FeS;@RGO pH 3.5, 1.0 M K* 35.6 38.2 -0.3 work

MoS:@RGO pH 3.5, 1.0 M K* 255 27.1 -0.3
FeS» 0.1 M NazSO4 11.2 37.2 -0.5 5
Fe—N/C-CNT 0.1 M KOH 9.28 34.83 -0.2 6
Defect-rich MoS; 0.1 M NazSO4 8.34 29.28 -0.4 7
BNS 0.1 M NazSO4 4.04 13.22 -0.8 8
MoS,/BCCF 0.1 M Li2SOq4 9.81 434 -0.2 9
MoS2/C3N4 0.1 M LiClO4 17.8 18.5 -0.3 10
MoFe-PC 0.1 M HCI 16.83 34.23 -0.5 11
SA-Mo/NPC 0.1 M KOH 146+1.6 34.0£3.6 -0.3 12
Mo,C/C 0.5 M Li2SO4 7.8 11.3 -0.3 13
FeMo3Ss 0.5 M LiCIO4 19.2 65.3 -0.3 14
MosFesC 0.1 M LizSO4 27.0 1.232 -0.05 15
CoMoO4 Nanorods 0.1 M NazSOg4 22.76 4.70x103 -0.1 16
P-NV-C3N4 0.1 M NazSO4 22.15 28.67 -0.3 17
Cuz2-xS/M0S2-2.5% 0.1 M NazSO4 6.06 22.1 -0.5 18
Au-Fe304 NPs 0.1 M KOH 10.54 21.42 -0.2 19
BiM0Os 0.1 M HCI 8.17 20.46 -0.6 20
NiFe-nanomesh

0.1 M NazSO. 12.5 16.89 -0.35 21

array

This work provides an ingenious way towards excellent FeMo-based bimetallic sulfide

catalysts for nitrogen reduction.
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The polyoxometalate-based metal-organic  framework  with
host-guest-structure is employed as self-template.

FeS,/MoS, nanoflower particles are uniformly dispersed on reduced
graphene oxide matrix.

The interconnected and staggered nanosheets in FeS,/MoS, would be
beneficial N, fixation and ammonia synthesis.

FeS,/MoS,@RGO exhibits an excellent NRR performance and

stability in acidic and alkaline media
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Abstract: The electrocatalytic nitrogen reduction reaction (NRR) provides a promising way

for storage and sustainable utilization of ammonia. In order to reduce the cost of ammonia
synthesis and promote large-scale production, it is very important to develop stable and
highly active electrocatalysts. In this work, we demonstrate an iron-based metal-organic
framework (MIL-100) and molybdenum-based polyoxometalate (PMo12) host-guest-assisted
strategy for synthesizing nanostructured bimetallic sulfides through a one-pot hydrothermal
synthesis process. FeS,/MoS; particles are evenly distributed on reduced graphene oxide
(RGO) with high conductivity, forming a well-defined nanoflower structure. Benefiting from
the synergistic effect of FeSz, MoS: (with inherent rich catalytically active sites and uniform
nanoflower structure) and RGO, the as-synthesized FeS2/MoS:2@RGO achieves
electrocatalytic activity and stability towards NRR in both basic and acidic solutions. The
electrochemical results show a high Faradaic efficiency (FE) of 38.6 % and NHs yield rate of
41.1 ug h't mgear™ at -0.2 V with respect to a reversible hydrogen electrode (RHE) in acidic
potassium sulfate, and FE of 9.62 % and NH; yield rate of 10.35 g h* mgca® at -0.4 V vs.
RHE in alkaline potassium hydroxide solution at room temperature. We develop a general
and promising method for the design of efficient and low cost pH-universal NRR

electrocatalysts.

Keywords: polyoxometalates, metal-organic frameworks, bimetallic sulfide, electrocatalysts,
nitrogen reduction reaction
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Introduction

NHz is an important chemical materials for the production of dyes, explosives, and
fertilizers, and is an promising non-carbon energy carrier.[1-4] So far, the main way of
synthetic NHz is the energy consuming Haber—Bosch (HB) method.[5] People pay increasing
attention to finding more effective and mild nitrogen fixation pathways such as nitrogenase
catalysis,[6,7] plasma-induced method,[8] photocatalysis[9] and electrochemical
catalysis.[10,11] Electrocatalytic N2 reduction reaction is a promising way for
electrochemical synthesis of NHz in these methods. The electrocatalysts based on noble
metals, such as Au,[12] Pt,[13] Ru,[14] and Rh,[15] show favorable activities towards NRR.
However, these noble metal-based catalysts hinder further development due to their low
reserves. Considerable attention has been focused on earth-rich materials as high-effective
electrocatalysts for reducing N2 to NH3z under ambient conditions,[16] in order to develop
low-cost and high-performance NRR electrocatalysts, such as VN,[17] BisV2011/Ce0O>,[18]
Mo.C/C,[19]...

The transition metal disulfides are one of the promising studied materials. The 2D phase
of MoS> possesses a tri-layer S-Mo-S configuration with hexagonal symmetry, where the
positively charged Mo atoms at the edge of MoS: are favorable for N2 adsorption and capable
of activating N> bonds for hydrogenation.[20] Nevertheless, the NRR performance with
single MoS; is still very low due to the limited conductivity within the layers, poor activation
of intermediates, low charge carrier density, and competitive Hz evolution activity.[21] To fix
these limitations, some other materials compounded with MoS; can improve NRR catalytic
activity. For example, Chu et al.[22] reported a NRR catalyst composed of MoS; and C3N4
that shown a surprisingly improved NRR performance with an NHs yield of 18.5 ug h* mg*
and a high Faradaic efficiency (FE) of 17.8 % at -0.3 V versus reversible hydrogen electrode
(RHE). This performance is much better than those of the single C3N4or MoS; components.
Suryanto et al.[23] reported a highly selective Ru/MoS, NRR catalyst with a NHz yield rate
of 1.14x10° mol cm? st and FE of 17.6 %. Han et al.[24] demonstrated a MoS;
nanodots-reduced graphene oxide hybrid (MoS2 NDs/RGO) with a high FE of 27.93 % and
corresponding NHjs yield rate of 16.41 ug h™* mget. Even if some improved MoS,-based
electrocatalysts of N2 reduction as mentioned above have been obtained, the relative FE is
still unsatisfactory and, therefore, the development of MoSz-based composite electrocatalysts
with high activity for the NRR, still remains a challenge.

The nitrogenase of biological nitrogen fixation in nature contains Fe-Mo related
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proteins.[25] Meanwhile, the catalytic site of many enzymes (such as hydrogenase) is the part
formed by Fe.[26] Hence the combination of Fe-based materials and MoS; could simulate
natural systems effectively. Compared with the iron atom in natural nitrogenase, the
earth-abundant and nontoxic FeS; has a similar coordination field structure [27] suggesting a
great application potential as an active component to build less expensive and high-activity
NRR catalysts. After modification and regulation, the synthesized FeS; with smaller size have
better designability and better electrochemical properties. Therefore, combining MoS; and
FeS> to form FeS,-MoS;-based bimetallic sulfide composites with a heterointerface should be
a possible effective strategy to develop excellent NRR catalyst, where possible synergistic
effects between Fe and Mo may boost the NRR performance. The MOFs structures offer
particular benefits for the manufacture of metal-based nano materials and the MOFs-derived
strategies are easy to obtain with controllable morphology. Therefore, many MOFs-derived
metal-based materials have been reported (for instance, Co, Ni, and Zn).[28] In contrast to
most of the previous reports, in this work we present a flexible synthetic strategy consisting
in the confined sulphuration reaction of a MOF with guest polyoxometalates (POMSs) located
in its pores.

POMs are a well-defined class of early transition metal (TM)-oxido clusters (TM = Mo,
V, W, etc.) with many possible compositions and structures that display good redox
properties.[29-32] The early transition metal sulfides can be easily synthesized by introducing
POMs into MOF as co-precursors.[33-35] Furthermore, the POMs are uniformly distributed
and surrounded by the MOF frame in a confined nanoscale space, thereby guaranteeing the in
situ sulphuration reaction and generating uniform nanocrystallites. Moreover, the
sulphuration process is confined within the metal-organic matrix, preventing the combination
and growth of the in situ-generated sulfide nanocrystallites, and promoting the formation of
multi-interfacial composites. This strategy based on POMOFs-derived materials has been
recently extended to MoO.@PC-RGO,[36] FesC/M0o.C@NPGC,[37] MoP@PPC,[38] etc.
Only very recently, we have started to use Fe-based MOFs containing POMSs as precursor to
prepare FeMo-based electrocatalysts (Fe1.ssM04.1107/FeS.@C) and achieved an atomic-scale
mixture of Mo and Fe.[39] We can, therefore, conclude the POMOFs are expected to be ideal
precursors for the design and synthesis of metal-based electrocatalysts.

Motivated by these considerations, here we report a novel composite of iron and
molybdenum disulfides inserted in the reduced graphene oxide matrix (shorted as
FeS2/MoS2@RGO). This composite was prepared with a polyoxomolybdate-based
iron-based MOF@RGO (PMo12@MIL-100@RGO) through a feasible hydrothermal strategy.
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The resulting FeS2/MoS2@RGO electrocatalyst has two main characteristics: (1) An atomic
homogeneous distribution of Fe and Mo atoms with a multi-interface structure, formed
thanks to the homogeneous mixture present in the precursor PMo@MIL-100(Fe) (the
mesoporous cage of MIL-100(Fe) contains PMoi2 POMS); (2) An increased electronic
conductivity and surface area, thanks to the inclusion of the graphene substrates into these
materials, resulting in a much easier electron transfer. Benefiting from the multi-component
and multi-interface composite structure, the as-prepared FeS2/MoS:2@RGO hybrid
electrocatalyst exhibits a NHs yield rate of 41.1 xg h™ mgear? with a FE of 38.6 % at -0.2 V vs.
RHE in acidic potassium sulfate and a NH3 yield rate of 10.35 ug h™ mge? with a FE of
9.62 % at -0.4 V vs. RHE in alkaline potassium hydroxide solution at room temperature.
Furthermore, this FeS2/M0oS:2@RGO hybrid electrocatalyst also exhibits a high
electrochemical stability. This facile strategy is also suitable for the synthesis of other early
transition metals-based composite materials with W and V.

2. Results and discussion
2.1 Preparation of FeS2/MoS:2@RGO catalytic materials

The FeS2/MoS:@RGO composite was synthesized via a two-step method as shown in
Scheme 1. Firstly, the precursor PMo1.@MIL-100(Fe)@RGO (with GO loadings of 5, 10, 15
and 20 % wt) is synthesized in situ by a hydrothermal method. Then
PMo12@MIL-100(Fe)@RGO and thiourea are transferred to a Teflon-lined autoclave and
heated in an oven at 200 °C for 24 h, leading to the formation of RGO that acts as a
self-standing substrate for the growth of the FeS,/MoS> nanoflowers (relevant information in
the Supporting Information). The presence of Mo and Fe intimately mixed in the precursor
PMo1@MIL-100(Fe) facilitates the formation of the composite FeS2/MoS:2@RGO with a
multi-interface structure. The presence of the conductive graphene substrate into
FeS2/MoS»-based material not only improves the conductivity but also increases surface area,
and thus accelerates the electron transfer and facilitates the NRR. As a contrast, MoS:2@RGO
and FeS:2@RGO were also prepared, as shown in the supporting information.

Scheme 1. The preparation of FeS2/MoS:@RGO composites.
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Material characterization

The morphology and composition of as-prepared FeS:/MoS:2@RGO are analyzed by
field-emission scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). The SEMs images (Figure S1) of FeS2/MoS:@RGO composites derived from
different precursors with 5, 10, 15 and 20 % wt GO, show that the composite with 15 % wt
GO exhibits the most homogeneous distributions. Additionally, the SEMs images of
PMo12@MIL-100(Fe)@RGO (15 % wt) and FeS2/MoS2@RGO (15 % wt) show that the
PMo1@MIL-100(Fe) precursor forms spheres with a diameter around 1 pm scattered in
RGO (Figure 1a). After sulfurization at 200 °C, these PMo1.@MIL-100(Fe) spheres give rise
to FeS2/MoSz nanoflower-like particles uniformly dispersed on RGO (Figure 1b). The TEM
images of the final FeS2/MoS2@RGO (15 % wt) composite shows the microstructure feature
of its nanoflowers (Figure 1c). Furthermore, high-resolution TEM (HRTEM) images reveal
well-defined fringe spacings of 0.62 nm corresponding to the (002) lattice plane of MoS,, and
0.31 nm belonging to the (111) plane of FeS; (Figure 1d). The elemental mapping images of
the FeS2/MoS2@RGO (15 % wt) (Figure 1e) show the homogeneous distribution of C, S, Fe
and Mo over the whole flower-like structure and further proves the composition of the
FeS2/MoS2@RGO composite.

For comparative purposes, we have prepared MoS:@RGO and FeS:@RGO by
sulphuration of PMo12@GO (15 % wt) and MIL-100(Fe)@RGO (15 % wt) (Figures S3a),
respectively (for synthesis details, see the supporting information). Their SEM, TEM,
HRTEM and elemental mapping images are shown in Figures S2 and S3. The M0S,/RGO
composite shows well-defined nanoflower morphology (Figures S2a and S2b), whereas
FeS2@RGO exhibits a cauliflower-like morphology formed by the assembling of
nanoflakes (Figures S3b and S3c). Their HRTEM shows the lattice fringes with distances of
0.62 nm in MoS2@RGO, indexed as the (002) facet of MoS: (Figure S2c), and 0.27 nm in
FeS2@RGO, assigned to the (200) plane of the FeS, phase (Figure S3d). Their elemental
mapping images (Figures S2d and S3e) prove the presence of C, S and Mo in the nanoflower
of MoS2@RGO and C, S and Fe in FeS2@RGO.
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Figure 1. (@) SEM image of PMo12@MIL-100(Fe)@RGO (15 % wt). (b) SEM image of
FeS2/MoS2@RGO (15 % wt). (c) TEM image of FeS2/MoS:2@RGO (15 % wt). (d) HRTEM
images of FeS2/MoS:@RGO (15 % wt). (e) Elemental mapping of C, S, Fe and Mo on
FeS2/MoS2@RGO (15 % wt).

The X-ray power diffraction (XRPD) patterns were also recorded to check for the crystal
phase and composition of the different samples. As shown in Figure 2a, the XRPD pattern
shows that the FeS2/MoS:@RGO composite contains a mixture of the individual FeS;and
MoS: phases, with diffraction peaks at 28.51°, 33.08°, 37.10°, 40.78°, 47.41°, 50.49° and
56.28°, attributed to the (111), (200), (210), (211), (220), (221) and (311) lattice planes of the
FeS> phase, respectively (JCPDS, no. 42-1340), and diffraction peaks at 14.38°, 29.03°,
32.67°, 33.51°, 35.87°, 39.54°, 58.33° and 60.14° corresponding to the (002), (004), (100),
(101), (102), (103), (110) and (008) lattice planes of the crystalline MoS; phase, respectively
(JCPDS, no. 37-1492). As can be seen in Figure 2b, all the FeS2/MoS2@RGO samples
derived from the PMo12@MIL-100(Fe)@RGO precursor show similar XRPD patterns, with
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all the characteristic diffraction peaks matching the standard diffraction patterns, confirming
that all the composites contain a mixture of FeS; and MoS; pure phases. Additionally, we
have also measured the XRPD pattern of the two samples prepared for comparison purposes
(FeS2@RGO and MoS:2@RGO). These diffractograms show that they contain the pure FeS»
and MoS: phases, respectively (Figure S4).

-
=y

— FeSy/MoS;@RGO
- — FeSy PDF#42-1340 —_ FeS,/MoS,@RGO 20%
:E MoSs> PDF#37-1492 =
& s
[ >
= X FeS,/MoS,@RGO 15%|
= £
& - WMM
= =
— — FeS,/MoS,@RGO 10%
|
FeS,/MoS,@RGO 5%
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
2 Theta (degree) 2 Theta (degree)

Figure 2. (a) XRPD patterns of FeS2/MoS:2@RGO. (b) The comparative X-Ray powder
diffractogram of FeS2/MoS2@RGO with different amounts of GO (5, 10, 15, 20 % wt) in the
precursors.

Additional characterization was performed with X-ray photoelectron spectroscopy (XPS)
measurements to evaluate the surface elemental composition and chemical oxidation states of
FeS2/M0S2@RGO, MoS:@RGO, and FeS2@RGO. As can be seen in the XPS survey scan
spectrum, the surface of the FeS2/MoS:2@RGO (15 % wt) composite only contains C, S, O,
N, Fe, and Mo (Figure S5). The high-resolution spectrum of C 1s has a strong peak of
C=C/C-C species (284.6 eV) and two relatively weak peaks of C-N (285.7 eV) and C=0
(288.5 eV) (Figure 3a). Compared to the two S 2p peaks in XPS spectra of FeS2@RGO
(162.5 eV for S 2pzp and 163.7 eV for S 2p12) (Figure S6) and MoS:2@RGO (162.0 eV for S
2p32 and 163.1 eV for S 2p12) (Figure S7), the S 2p peak of the FeS:/MoS:@RGO
composite in Figure 3b splits into three peaks corresponding to Fe-S (162.1 eV), Mo-S 2paz»
(163.9 eV) and Mo-S 2p1 (165.3 eV), whereas the peak at around 169 eV can be attributed
to unsaturated S atoms. [40] It is noticeable the peak shapes changes for S 2p, that can be
attributed to the occurrence of interfacial electronic interactions in FeS2/MoS:@RGO.[41] In
the O 1s spectrum (Figure 3c) there are four peaks located at 530.7, 531.4, 532.2 and 533.3
eV, corresponding to the C=0, C-O-N/C-0O, Mo-0O and C-OH bonds, respectively. In the N 1s
region, there exists the pyridinic N (398.2 eV), graphic N (401.7 eV) and Mo 3p (394.7 eV)
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peaks (Figure 3d). [42,43] As shown in Figure 3e, the two peaks centered at 710.5 eV and
725 eV could be assigned to Fe 2psz and Fe 2p1sz,[44] respectively, and the two peaks located
at 707.3 eV and 719.9 eV correspond to (Fe-S) 2ps2 and (Fe-S) 2pu1s2, respectively. Figure 3f
shows one pair of peaks at 232.8 eV and 236.2 eV are assigned to Mo®* 3ds;2 and Mo®" 3day..
Besides, the Mo 3d region shows a weak peak of S 2s (227 eV). The four peaks related to Mo
3d located at 228.9, 232.1, 229.9, and 233.5 eV, corresponding to MoSz polymorphs with +4
oxidation states. Obviously, the Mo 3d peak with +4 oxidation states for the
FeS2/MoS2@RGO around 228 eV are split into two peaks (228.9 eV and 229.9 eV)
compared with that of MoS:2@RGO (228.8 eV), suggesting that the formation of the
composite materials changes the interfacial electronic structure and that the chemical
surrounding of the Mo atoms is changed due to the formation of the FeS>-MoS, composite.
Interestingly, this change in the Mo surrounding improves the activation and/or adsorption
process of nitrogen or its related species.[45]
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Figure 3. XPS spectra for FeS2/MoS:2@RGO (15 % wt) in (a) C 1s, (b) S 2p, (c) O 1s, (d) N
1s, (e) Fe 2p, and (f) Mo 3d regions.
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Electrochemical performances for NRR

We used an H-type electrolytic cell with a three electrodes device for NRR testing.[46]
The carbon cloth loaded with catalyst is immersed in the electrolyte (pH 3.5, 1.0 M of K* or
0.1 M KOH) as working electrode. We purified the N> feeding gas by a saturator of 0.1 M
HCI before introducing it into the electrolytic cell and each measured production of NH3 was
obtained from the corresponding fresh-prepared electrolyte. The purified N2 was constantly
bubbled into the cathode compartment with a flow rate of 30 cm® min™. We applied the
Nessler’s method[47] to analyze the generated NH3z (see more details in the Supporting
Information). The calibration curves for NHz are presented in Figures S8 and S9.

The linear sweep voltammetry (LSV) curves were measured in Ar- and N-saturated
acidic potassium sulfate (pH 3.5, 1.0 M of K") to test the electrocatalytic activity of
FeS2/MoS2@RGO for N2 reduction (Figure 4a). When the potential is below -0.2 V vs. RHE,
the current density of FeS2/MoS2@RGO (15 % wt) under N> clearly increases in comparison
with the potential sweep under Ar, suggesting that the catalytic reduction of N2 to NHs is
taking place in this system. Because the H> formation could be restrain the NRR, to avoid the
H> evolution, we have used potentials in the range -0.1 to -0.5 V for the electrochemical
nitrogen fixation at FeS:/MoS:@RGO (15 % wt) in order to achieve the optimal
performance in the NRR and no H: evolution. Figure 4b shows the chronoamperometry
curves of FeS2/MoS:2@RGO (15 % wt) after 2 h of the electrolytic reaction in the
N2-saturated solution at different working potentials. The Nessler’s analysis shows that the
highest yield rate and corresponding Faradaic efficiency (FE) of FeS2/MoS:2@RGO (15 % wt)
are achieved at -0.2 V vs. RHE, with values of 41.1 ug h™ mgca* and 38.6 %. It is remarkable
that the obtained NHz yield rate and FE are much better than many of the reported noble
metal-based catalysts, such as AusPd/NF (24.02 ug h™* mgeat and 18.16 %),[48] PdRu TPs
(37.23 ug h™t mgeart and 1.85 %), [49] RU@ZrO2/NC (3 ug h™* mgear and 15 %), etc.[50] and
many non-noble metal-based catalysts (For a more detailed and complete comparison see
Table S1 in the supporting information).

In addition, the electrocatalytic activity of FeS2/MoS:@RGO (5, 10, and 20 % wt)
at -0.2 V vs. RHE in acidic potassium sulfate were also explored (Figures 4e and S10). As can
be seen in Figure 4e, FeS2/MoS:@RGO composites with 5 %, 10 %, and 20 % wt GO
exhibit lower NHs; vyield rates (20.3, 25.3 and 35.7 ug h™* mgea?, respectively) than the
FeS2/MoS:2@RGO composite with 15 % wt GO. This fact is probably due to the more
uniform morphology and homogeneous distribution of the FeS2/MoS> nanoflowers observed
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in the FeS2/MoS2@RGO composite with 15 % wt GO (Figure S1). For low GO loadings, the
nanoparticles/RGO ratio is very high, resulting in particle aggregation that reduces the
catalytic surface and active sites. In contrast, when the GO loading is high, the
nanoparticles/RGO ratio is too low, and the particle concentration decreases, also reducing
the catalytic surface and active sites.
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Figure 4. (a) LSV curves of FeS2/MoS:2@RGO (15 % wt) in Ar- or Nz-saturated acidic
potassium sulfate (pH 3.5, 1.0 M of K*). (b) Amperometric i-t curves of FeS2/MoS:@RGO
(15 % wt) for NRR (c) UV-vis curves of Nessler’s reagent solutions after keeping in darkness
for 30 min at room temperature. (d) NHz3 yield rate and FE of FeS2/MoS:@RGO (15 % wt)
for NRR at different voltages. (e) The NHszyield rate of FeS2/MoS:2@RGO (5, 10, 15 and 20 %
wt) at -0.2 V vs. RHE. (f) The NH3 yield rate and FE of FeS2/MoS:2@RGO (15 % wt) at -0.2
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V vs. RHE during five interval's cycles.

Since the FeS2/MoS:2@RGO (15 % wt) exhibits the best NRR activity, we have selected
this composite to perform a complete electrochemical characterization and catalytic study.
For comparison, the NRR behaviors of the pure phases FeS:2@RGO and MoS:@RGO were
also evaluated. As can be seen in Figures S11, FeS:2@RGO presents a NHs yield rate of
38.2 ug h't mgear (FE = 35.6 %) at -0.2 V vs. RHE, whereas MoS:@RGO shows a NH;3
yield rate of 27.1 ug h mgea! (FE = 25.5 %) at -0.3 V vs. RHE (Figure S12). Both
composites exhibit lower NH3z yield and FE than FeS2/MoS:@RGO (15 % wt) (Figure S13).
These data clearly show that there is a synergy between FeS, and MoS; phases that increases
the catalytic NRR performance of the FeS2/MoS:2@RGO (15 % wt) composite.

Stability is one of the important indexes to evaluate the application performance of
electrocatalysts. The test results (Figure 4f) of FeS2/MoS:2@RGO (15 % wt) at -0.2 V vs.
RHE with 2 h NRR for different recycling experiment show that both, the FE and NH3 yield
rate have no apparent change during five consecutive cycles, and its FE for producing NH3
was always above 40.0 %. As depicted in Figure Sl4a, the durability test result of
FeS2/MoS:2@RGO (15 % wt) at -0.2 V vs. RHE shows that there is no obvious change in the
current density after 10 h of NRR. Moreover, after the cycling tests, the FeS2/MoS:2@RGO
(15 % wt) composite retains its initial morphology (Figure S14b), indicating a good structural
stability.

Additionally, we have also studied the NRR activity of the FeS2/MoS:2@RGO (15 % wt)
composite in alkaline media (0.1 M KOH). From Figure 5a, the NRR electrolysis tests were
tested by using controlled potentials from -0.2 to -0.6 V vs. RHE for 2 h. A maximum FE of
9.62 % was achieved at -0.4 V vs. RHE and the corresponding NHz yield rate was 10.35 ug
h"t mgeart, as shown in Figure 5b and 5c. As observed in Figure 5d, the NHs yield rate and FE
of FeS2/MoS2@RGO (15 % wt) present no apparent changes during five continuous cycles
of N2 reduction under the given conditions, indicating the high stability of FeS2/MoS:2@RGO
(15 % wt) for NRR in alkaline conditions. As expected, the NHs yield rate and FE of
FeS2/MoS2@RGO (15 % wt) in the NRR in basic conditions are lower than those observed
in acidic potassium sulfate. This lower yield and FE can be attributed to the much lower
proton availability in basic medium, that is expected to limit the rate of the protonation steps
during the NHs formation in the NRR.[51]
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Figure 5. (a) Amperometric i-t curves of FeS2/MoS2@RGO (15 % wt) for NRR in 0.1 M
KOH. (b) UV-vis curves of Nessler’s reagent solutions after keeping in darkness for 30 min at
room temperature in 0.1 M KOH. (c) NHs yield rate and FE of FeS2/MoS:2@RGO (15 % wt)
for NRR at different voltages in 0.1 M KOH. (d) Corresponding NH3 yield rate and FE for
five consecutive electrocatalysis cycles at -0.4 V vs. RHE in alkaline media.

In order to understand their different catalytic performances, we have measured the
electrochemical active surface area (ECSA) of FeS2/MoS:2@RGO (15 % wt), FeS2@RGO
and MoS:@RGO. Figure S15 shows that the FeS2/MoS:2@RGO (15 % wt) composite shows
the double-layer capacitance value of 3.59 mF cm?, much higher than FeS2@RGO
(0.28 mFcm?) and Mo0S2@RGO (0.22 mF cm?). These values suggest that
FeS2/MoS2@RGO (15 % wt) possesses a much higher surface area with much more active
sites to catalyze the N2 reduction evolution reaction.[51] In addition, electrochemical
impedance spectroscopy (EIS) measurement of electrocatalysts was carried out to test the
electrocatalytic kinetics during the NRR process. The Nyquist plots in Figure S16
demonstrate that the FeS:/MoS:2@RGO (15 % wt) composite has the lowest electron
transport resistance among these catalyst materials, indicating that the charge redistribution at
the FeS2/MoS; interface could obviously boost charge transport and accelerate the NRR
Kinetics.

We have also measured the selectivity of FeS2/MoS:@RGO for NH3z formation by
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measuring the formation of N2Ha using the Watt and Chrisp method (Figure S17). This assay
shows that no N2H4 is detected at any used potential (Figure S18), indicating an excellent
selectivity of FeS2/MoS2@RGO for NH3 formation. In order to detect possible sources of
ammonia pollution, we did necessary controlling experiments on FeSz/MoS:2@RGO (Figure
S19 and Figure S20). The control experimental results demonstrate that N» gas, the
electrolyte solution, the Nafion carbon cloth electrode nor the catalysts mixture are free from
ammonia pollution over time. These experiments proved that the NHs in the electrolyte is
exclusively produced via the NRR process using N> as the only N resource and
FeS2/MoS2@RGO (15 % wt) as the catalyst.

Although the catalytic activity is better in acidic medium, the above measurements also
show a NRR performance of FeS2/MoS:2@RGO in a wide pH range. The following reasons
may explain this remarkable electrocatalytic performance: (i) The partially occupied d-orbital
of transition-metal species (Fe, Mo) in FeS2/MoS:@RGO can receive electrons from N>
o-orbital and offer electrons to the empty m*-orbital of N2, causing enhanced adsorption of
nitrogen species;[52] (ii) the strong interfacial interactions of both components (FeS, and
MoS>) can build many highspeed electron transport channels and lead an electronic coupling
effect, hence promoting the activity by speeding up the electron transfer and optimizing the
free energies of reaction intermediates[53]; (iii) the excellent electrical conductivity of
graphene further facilitates the electrons transmission and improved the stability of
electrodes.

Conclusions

In this work we have successfully constructed the heterostructure electrocatalyst of
FeS2/MoS2@RGO derived from a polyoxometalate-containing MOF: PMo12@MIL-100(Fe).
The FeS2/MoS:@RGO composite displays a high Faradaic efficiency for electrocatalytic
NRR due to the inherent electrochemical characteristics of the three components (FeS,, MoS>
and RGO) and to the efficient interface interaction and homogeneous distribution of the
nanoparticles in the final composite. In an acidic 1.0 M KjSOs electrolyte,
FeS2/MoS2@RGO (15 % wt) reached the best performance with a FE of 38.6 % and a NHz3
yield ratio of 41.1 ug h* mgea? at -0.2 vs. RHE. Moreover, this catalyst showed a strong
electrochemical durability for electrochemical NH3 production, ranking it at the forefront in
the field. This work may establish new possibilities to probe bioinspired multiple-component
FeMoS containing compounds for efficient NRR electrocatalysis.
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