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Electrocatalytic N2 reduction to ammonia is a fascinating alternative to Haber-Bosch process and also
considered as an energy storagemethod. Thiswork, Fe dopedMoS2/carbon cloth (CC) has been studied on
the electro-catalysis fix nitrogen indicating the doped Fe can indeed enhance the MoS2 material ability.
Compared with MoS2/CC, Fe-Mo-S-3/CC not only increases 10 times in the rate of production ammonia,
but also 5 times in Faraday efficiency.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Ammonia has been playing a critical role in fertilizers chemical
feed stock and also considered as an efficient energy carrier in
recent years [1–4]. Consequently, chemical and biology nitrogen
fixation aremainly twoways to obtain ammonia, which differ from
reaction process and mechanism [3]. The industrial Haber-Bosch
process needs rigorous reaction condition (�500 �C and�250 atm)
to accomplish the nitrogen fixation process, which leads to
tremendous energy consumption and massive CO2 emission
[5–8]. Instead, the efficient biological nitrogen fixation urges to
be mimicked for N2 conversion to NH3 under room temperature
and atmospheric pressure [9–11]. Being environmentally benign,
occurring undermild conditions and utilizing renewable sources of
energy, electrocatalytic N2 reduction reaction (NRR) is outright
attractive and significant in the sustainable development of
modern society.

Great efforts have beenmade to fabricatematerials to imitate the
biologically accomplishing nitrogen fixing Mo or Fe-centered cluster
[3,12]. For example, (TPB)Fe(N2[Na(12-crown-4)2] (TPB = tris(phos-
phino)borane), (CAAC)2Fe(CAAC = cyclic(alkyl)(amino)carbene][13],
and [Fe(N2)(depe)2] (depe = Et2PCH2CH2PEt2) materials can active
dinitrogen and reduce it to ammonia [3,14]. However, these nitrogen
fixation processes were completed at extremely low temperature
(�78��95 �C) and needs strict water-free and oxygen-free con-
ditions. Recently, the nitrogenase-mimic amorphous iron-containing
chalcogenide (Mo2Fe6S8�Sn2S6) was built by the self-assembling of
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double-cubane [Mo2Fe6S8(SPh)3] and [Sn2S6]4�clusters demonstrat-
ed photocatalytic N2 conversion to 12mmol NH3 (�1.5mmol of
catalyst, Mo2Fe6S8�Sn2S6) under ambient temperature and pressure
conditions [15–18]. Molybdenum-free chalcogels containing only
Fe4S4 clusters are also capable of accomplishing the N2 fixation
reaction. However, the poor conductivity and amorphous nature of
these materials restrains their photocatalytic and electrocatalytic
activity [16].

Molybdenum disulfide (MoS2), a typical layered chalcogenide,
has attracted much attention in electrochemical energy storage,
owingto its largesurfaceareaderivedfromuniquesingle-andmulti-
layered nanosheets. MoS2 has been thoroughly investigated in
different electronic and photovoltaic disciplines because of its
layered structure, good conductivity and special physio-chemical
properties [19,20]. Theoretical calculation and experimental results
have shown that MoS2/CC could be used as an efficient electro-
catalytic agent forNRR [20–22]. Recently, a DFTcomputationalwork
predicted that Fe atoms grafted to S atoms on 2H-MoS2 materials
could facilitate spontaneously capture and electrochemical reduc-
tion of N2 at mild conditions [23]. Our simulation indicated Fe
substituted Mo in S-Mo-S layer also shown same actions (Table 1).
However, it has not manifested experimentally yet.

Currently, MoS2 works on chemical nitrogen fixation still exist
disputes in N-source’s identification owing to the fabrication
process of catalyst always contains ammonia ions, which are
released from the typical precursors, such as ammonium molyb-
date, thiourea and thioacetamide [22,24–26]. Nevertheless, it is
hard to completely reassure that ammonia is from N2 reduction
during electro-catalytic process owing to its insufficient research
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



Table 1
Determined adsorption energies for MoS2 and FMS-3(2H- Fe1Mo8S2) materials.

Material Typical (h k l)
surface

N2 adsorption energy
(Ead) / eV

MoS2 002 �0.078
Fe1Mo8S2 002 �0.14

[(Fig._2)TD$FIG]

Fig. 2. TEMof (a) FMS-1/CC, (b) FMS-2/CC, (c) FMS-3/CC and (d) FMS-4/CCmaterials.
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of N sources. Herein, 2H MoS2 (MS/CC) and Fe doped 2H MoS2
(FMS/CC) nanosheets were successfully grown on carbon cloth via
nitrogen-free process to avoid misleading. Subsequently, the
nitrogen electro-fixation investigations of these materials, Fe
doping can effectively enhance the rate of production ammonia by
10 times and 5 times in Faraday efficiency comparedwith 2HMoS2.

The SEM images of MS/CC shown in Fig. 1 indicate honey-
combed MoS2 layers composed of nanosheets are tightly and
uniformly anchored on the surface of carbon fibers. The doping of
Fe shows nearly no impact on the morphology of MoS2 layers
(Figs. 1 [5_TD$DIFF]b and c). The element mapping images (Fig. 1d) of FMS-3
material indicate that Fe, Mo and S are uniformly dispersed on the
surface of FMS/CC. The SEM of FMS-1/CC and FMS-2/CC are similar
to the FMS-3/CC (Figs. S1 and S2 in Supporting information).
However, FMS-4 material (Fig. S3 in Supporting information) is
composed of particles, which is different from other three
materials’ pattern.

TEM images of FMS/CC further show the FMS layer are 3D
flower-like porous structure composed with nanosheets in
thickness of �3 nm. And each MoS2 layer shows the arc-shaped
edge because the ultrathin nanosheets need to reduce specific
surface free energy, which also been directly uncovered in Fig. 2.
HRTEM images show clearly lattice fringes with interlayer spacing
of �6.5 Å, which is ascribed to the (002) plane of MoS2. One can
clearly found each single nanosheet are composed of around
6 S-Mo-S layers. What is more, the interlayer spacing of MS/CC,
FMS-1/CC, FMS-2/CC and FMS-3/CC are 0.59 nm, 0.60 nm, 0.63 nm
and 0.71 nm respectively (Fig. 2 and Fig. S4 in Supporting
information), which is more and more wide as the increasing
contents of doped Fe in FMS/CC system. Otherwise, the crystal
lattice fringes with 0.23 nm is corresponding to the (100) plane of
2H-MoS2 [27]. Obviously, the FMS-4 material shows the different
morphology comparing to other samples with ultrathin nano-
sheets, which further indicates the insufficient S can affect the
formation of FMS because of the increased Femolar contents in the
[(Fig._1)TD$FIG]

Fig. 1. (a-c) SEM of MS (MoS2/CC and FMS-3 materials (Fe-Mo-S-3/CC). (d)
Mapping of FMS-3 material.
process of hydrothermal synthesis. When more iron sources were
present in current system, the generation reactions of FeS were
also performed instead of co-precipitationwithMo. As a result, the
mixed phases of MoS2 and FeS were obtained instead of Fe-doped
structure. The failure of doping Fe resulted the interlayer distance
of S-Mo-S of sample FMS-4/CCwas similarwith un-doped samples,
which was smaller than doped samples, such as FMS-3/CC.

The XRD spectra of MS/CC and FMS/CC materials indicate the
lower crystallinity nature of obtained products (Fig. S5a in
Supporting information). MS/CC synthesized with water, Na2S2O3

and Na2MoO4 shows obvious strong diffraction peak at 14.7�

derived from (002) plane of hexagonal 2H type MoS2 (JCPDS card
No. 37-1492), which is in agreement with the result of SEM and
HRTEM results [28,29]. The weak diffraction peaks at 25.8� and
44.2� are ascribed to the graphitic carbon cloth. Additionally, the
diffraction peaks (about 28�, 47� and 56�) in FMS-4/CCmaterial are
ascribed to the FeS phase as shown in Fig. S6 (Supporting
information), which is in consistent with TEM result. The Raman
spectra (Fig. S5b in Supporting information) release that all
samples show strong and typical vibration E12g and A1g vibration
at �380 and 400 cm�1, respectively. A1g vibration mode releases
typical out-of-plane lattice vibration of S-Mo-S opposite direction
while E12g represents the in-plane vibration trigonal prismatic
(D3h) coordination of 2H MoS2. It is clearly indicating the obtained
MoS2/CC and Fe-Mo-S/CC materials are hexagonal 2H phase MoS2
in trigonal prismatic (D3h) coordination. And the Raman peak of
FMS-1/CC, FMS-2/CC FMS-3/CC and FMS-4/CC is also consistent
with that ofMoS2material demonstrating that the doped Fe hardly
change the coordination condition of 2H-MoS2 material.

XPS spectra of S in 2HMS/CC and FMS/CCmaterials reveal the S
2p1/2 and S 2p3/2 at 169.7 eV and 162.3 eV (Fig. S7a in Supporting
information). Meanwhile, it clearly finds that S has shifted from
low binding energy to high binding energy vary fromMS to FMS-4/
CC materials resulting from the doped Fe changed the surrounding
coordinated structure. In addition, the Mo atoms at 232.2 eV and
228.8 eV (Fig. S7b in Supporting information) release Mo4+ 3d3/2

and Mo4+ 3d5/2 respectively, which also is in a similar condition
with S atoms that the corresponding binding energy has shifted
from FMS-1/CC to FMS-4/CC [30,31]. Otherwise, Mo��O bond was
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Fig. 3. Electrocatalysis nitrogen to ammonia performance at�0.6 V vs. Ag/AgCl. (a) The yield of ammonia for different samples during 2 h. (b) The yield of ammonia onMS/CC
and FMS-3/CC materials for long term. (c) Faraday Efficiency (FE) of NRR electrocatalysis for MS/CC and FMS-3/CC materials. (d) The rate of NRR electrocatalysis during 5
cycles.

J. Guo et al. / Chinese Chemical Letters 31 (2020) 2487–2490 2489
obvious in FMS-4/CC materials, which is derived from the
insufficient S source in preparation process. In all, the Fe doped
MoS2 were successfully grown on carbon cloth via a nitrogen-free
hydrothermal system and show nearly the same morphologies
with original MoS2. The doping of Fe can significantly affect the
chemical and electron structuresD3h coordination of MoS2, such as
chemical states of Mo and S and the stacking interlayer distance.
Owing to its limited content of less than 2% atomic, the weak high-
resolution spectra of Fe 2p was obtained as shown in Fig. S8
(Supporting information).

It is critical to perform the optimal potential during electro-
catalysis nitrogen fixation process. LSV (Linear sweep voltamme-
try) was carried out in pH 1 HCl electrolyte to ensure the onset
potential and the NRR electrocatalysis effective of doped-FeMS/CC
materials. Fig. S9 (Supporting information) confirmed the doped Fe
can enhance the ability of NRRwhichwas uncovered by comparing
the reductive current of MS/CC and FMS-3/CC materials. When
increase the contents of N2 in electrolyte under bubbling N2 gas, it
is obvious to find more negative current for MS/CC and FMS/CC
materials. Fig. S10 (Supporting information) shows the i-t curves at
�0.4 V, �0.5 V, �0.6 V, �0.7 V and �0.8 V vs. Ag/AgCl. UV–vis
(Ultraviolet–visible spectroscopy) can be conducted after the
different solutionswere reactedwithNessler regents, which can be
used to quantitative analysis the ammonia yield at various
[(Scheme_1)TD$FIG]

Scheme 1. Stimulate structure of MoS2 materials and Fe-Mo-S materials.
potentials. Meanwhile, the calibration curve of standard NH4Cl
solutions were obtained in Fig. S11 (Supporting information) to
determine the concentration of ammonia during the NRR process.
According to the absorbance of different solutions, the rate and
yield (Figs. S12-14 in Supporting information) of ammonia
production on FMS-3/CC materials, �0.6 V vs. Ag/AgCl was the
optimal potential for NRR process. Meanwhile, it should be noted
that the highest Faraday efficiency [6_TD$DIFF](10%) of NRR for FMS-3/CC
materials was performed at �0.4 V vs. Ag/AgCl which is also the
onset potential for the whole NRR process. As known to us all, the
higher potential can facilitate the yield of target productwhilemay
decrease the selectivity and Faraday Efficiency of catalytic in
electrocatalysis system. Hence, the highest FE (Faraday efficiency)
was near [7_TD$DIFF]10% when apply the potential of �0.4 V vs. Ag/AgCl.
Considering the yield and rate of ammonia production, the optimal
applied potential is �0.6 V vs. Ag/AgCl in current system.

In order to probe the electro-catalytic NRR performance of FMS/
CC materials, yields of ammonia on Fe doped MoS2 materials with
different Fe contents were researched as shown in Fig. 3a.
Obviously, the MS/CC materials indeed show the lowest ability
during electro-catalysis process during current system. The FMS-3/
CC has the optimal performance not only in production but also FE.
Hence, it releases that doped-Fe can effectively affect the yield of
ammonia. The long life ofMS/CC and FMS-3/CCwere also probed in
Fig. 3b indicates that FMS-3/CC authentically has performed
greater electrocatalytic ability than MS/CC after 10 h. Also,
compared with the MS/CC materials indicating the rate of
ammonia production has an approaching platform, the one for
FMS-3/CC has continuously declined from 0.9mmol cm�2 h-1 to
0.4mmol cm�2 h-1. What is more, the FE (Fig. 3c) uncovers the
Fe can increase the FE of electro-catalysis conversion of nitrogen to
ammonia though it has decreased after 8 h, which is derived from
the irreversible transformation of Fe in FMS-3/CC. In order to delve
the repeatability and cyclability of FMS-3/CC electrode during
electro-catalysis process, 5 cycles were performed by changing the
electrolyte each 2 h. As shown in Fig. 3d, the rate of ammonia
production is almost 0.9mmol cm�2 h-1 though its fifth cycle has
little decreased owing to the peeling off of FMS-3 from the carbon
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cloth (Table S1 in Supporting information). Herein, the doped-Fe
can effectively enhance the ability of MS electro-catalysis reducing
N2 to ammonia in current system though its stability for long time
is needed to been further improved.

Based on the above analyses, the doped-Fe in 2H-MoS2 can
effectively improve the performance on N2 reduction electro-
catalysis. According to the phase and structure of MoS2, the doped-
Fe onto MoS2 are located in two ways, including Fe substitutes
Mo in S-Mo-S layer and Fe graft S in S-Mo-S layer. DFT calculation
had indicated the grafted Fe on MoS2 can facilitate the electro-
catalysis N2 to ammonia under ambient condition [23]. In this
paper, combining the experimental results, the structure of Fe
substituting Mo in MoS2 was built as Scheme 1 to calculate the
adsorption energies ofMoS2 and FMS-3(2H-Fe1Mo8S2)materials to
N2 by Material Studio. After surface was relaxed, the relaxed slabs
of MoS2, 2H-Fe1Mo8S2 (002) and the optimized adsorbate N2 were
allowed to interact using adsorption locator module found in the
material studio 2017 package. The determined adsorption energies
are summarized in the Table 1. One can find that N2 adsorption
energy on MoS2 is -0.078 eV while the 2H-Fe1Mo8S2 is -0.14 eV. It
releases that the 2H-Fe1Mo8S2 is superior in adsorption capacity
than the pure MoS2 on the surface. N2 adsorption is favored in
2H-Fe1Mo8S2 surface having lower energy of formation thanMoS2.
Herein, Fe doped MoS2 can perform great ability in electro-
catalysis no matter what position the doped Fe are located in.

In conclusion, the Fe doped 2H-MoS2 materials supported by
carbonclothsubstratewassuccessfully fabricatedviaanitrogen-free
hydrothermal process. Its improved performance on nitrogen
electro-fixation is obvious at -0.6 V vs. Ag/AgCl optimal potential
under ambient condition after several tests. Consequently, the Fe
doped 2H-MoS2 undoubtedly can realize the conversion of N2 to
NH3 and obviously precede the 2H-MoS2, which is consistent with
previous theoretical simulation results. Comparing with MoS2/CC,
Fe-Mo-S-3/CC not only increases 10 times in the rate of production
ammonia, butalso5 times inFaradayefficiency. ThedopingofFecan
significantly affect chemical states of Mo and S and the stacking
interlayer distance,whichmaybe facilitated to capture andelectro-
catalysis dinitrogen to ammonia at ambient condition.
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