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Water spliting isitonsidered as a pollution-free and efficient solution to produce the

cr

hydrogen gnefgyW.ow-cost and efficient electrocatalysts for the hydrogen evolution reaction

3

(HER) an gen evolution reaction (OER) are needed. Recently, chemical vapor

U

deposition has been used as an effective approach to gain high-quality MoS,

P

nanosheet which possess excellent performance for water splitting comparable to

platinum. He 0S, NSs grown vertically on the FeNi substrates are obtained with in-situ

d

grown NS) at the interface during the synthesis of MoS,. The synthesized

Y

MoS,/ eNi foam exhibits only 120 mV at 10 mA cm™ for HER and exceptionally low

overpotential of 204 mV to attain the same current density for OER. Density functional

[

theory (DF culations further reveal that the constructed coupling interface between
MoS; and cilitates the absorption of H atoms and OH groups, consequently enhancing

the perforances of HER and OER. Such impressive performances herald that the unique

h

|

structur a novel approach for designing advanced electrocatalysts.

AU
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With the increasing concern on the exhausting of fossil fuel and pollution of
enviroW critical to search for cheap, clean and efficient energy resources in
order to mand of exploration of new materials, advancing technologies and
growirig pepul@ion. Hydrogen, which is expected to substitute the current energy
source, is a.coptamination-free fuel and the most promising energy carrier with high
gravimetri gy density.!"! Water splitting is considered as one of the most
promisin for hydrogen production.'** The electrochemical oxygen evolution
reaction (OER) And hydrogen evolution reaction (HER) are the two critical processes

for water . However, these two key reactions are still hindered by many

N

factors, in the activity of catalyst can’t be ignored.” Therefore, tremendous

ok

efforts ha made to find a proper catalyst to gain an efficient water splitting.

Platinum ne of the excellent catalysts, but the expensive price and scarce

M

conten imit its extensive application in water splitting.') Henceforth, it is in

urgent ne€d to explore efficient alternatives.

]

The 2-di @ al (2D) materials hold massive advantages including high specific

area and gpecial in-plane electron transfer mode.!”> ® Molybdenum disulfide (MoS,) is

n

consid a promising material for HER, which has been proved by both

{

experimental reSults and theoretical calculations.”'*! Particularly, the hydrogen

b

adsorption of the sulfur atoms at the edge of 2D MoS, NSs approaches zero,

A

indicating 1 nt application comparable to Pt."'* Generally, the active sites of
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MoS; NSs also contain sulfur vacancies in the basal plane according to recent

studiesmhermore, 2D MoS; NSs have been synthesized by several common

methods,ysical exfoliation,[7’ 71 chemical exfoliation,[7’ 17. 18] hydrothermal

process] ms¥isgtomic layer deposition (ALD)?!. Chemical vapor deposition (CVD)
, 13, 22-26]

is also re@d as an available method to gain high-quality MoS, NSs which others

don’t posscSs

Meanwhile, at the OER side, iron- and nickel-based compounds show an outstanding

LES

[27-31

performaneesmdOER according to the recent researches. ] With abundant active

sites, larg@ specific area and high electrical conductivity, iron-nickel alloy (FeNi) foam

q

can be a g candidate for efficient OER.

d

For bo

reactions towards water splitting, recent researches focus on various

]

metho ing integrating the superiorities of HER-efficient materials and

2]

OER-efficient materials, ™ ** increasing the conductivity,"”! and raising the surface

[

area,' etc efore, building novel heterostructures possessing coupling interfaces

O

of efficien and OER catalysts is a promising direction.

In this , demonstrate the heterostructures of MoS, and FeNi substrate as a

th

promisin de for bicatalysis of HER and OER. We found the in-situ grown FNS

U

layer ind strong couple interaction at the interface, which is responsible for an

extre overpotential of 120 mV for HER and 204 mV for OER at 10 mA cm™.

A
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The CVD synthesis of MoS, on different substrates (300 nm SiO,/Si, FTO, FeNi foam
and F eWillustrated as Figure S1. Herein, we use a three-temperature-zone

furnace te exact temperature of each precursor. Before CVD, 500 sccm N,

is pumPedili@@ieh the tube for 30 min to make sure the emission of air which is

essential for the next step.**!

Figure S2mted the scanning electron microscopy (SEM) images of pure FeNi

foam and FeNi foam/FesNisSg (FNS) with the unsmooth surface. Figure 1a and b
demonstr vertical growth mode and the uniform dispersity of MoS; array
depositetgn FeNi foam. The size and thickness of the MoS; NSs were 300-400 nm
and IO—Zm—ray diffraction shows the peaks at 43.6°, 50.79° and 74.67° for
Feo ¢4\d 29.32°,35.55° and 57.72° for FNS, respectively (Figure S3a). Due to
the high sj FeNi, the X-ray diffraction of MoS,/FNS powder (PXRD), which
was peeled off from the FeNi substrate by sonication, was carried out to reveal the
existence%z with the characteristic peak at 14.4° (Figure S3b), corresponding to
the (002)ith the spacing of 0.615 nm. The high-resolution TEM images of
MoSz/Iﬂ the lattice of 0.615 nm, which is consistent with the MoS, (002)
plane (W-c). At the interface, the lattice spacings of 0.206 nm and 0.505 nm
correspond to thg (422) and (200) facets of FNS, respectively, while the spacings of
0.228 nm, m and 0.273 nm were ascribed to the (103), (002) and (100) planar

of MoS,, re ively (Figure S4d-f). The MoS; (105) and the FNS (220) can also be
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observed by atomic-resolution high angle annular dark field scanning TEM
(HAAW imaging (Figure S4g-i). The interfaces of MoS,/FNS were also
revealed ADF-STEM (Figure 1d). The corresponding energy dispersive
X-ray (EDE@EgI@Ment mapping (Figure le-11) shows that Fe and Ni elements are
homogeneguslky distributed on the bottom while the Mo element is scattered on the
top, which rms the interface construction. The FFT patterns further indicate that
the interw/losz and FNS (Figure S5). The interfaces were also observed from
the EDX mappi¥ of the top view of MoS, on FNS (Figure S6). We observed this

MoSz/F\\ﬂace in various structural characterizations (Figure 1d, 11, S4d-f, S5,

and Figu&uggesting the widely existence of this interface coupling. It is worth

noting tha al growth behavior of MoS, on FeNi foam is quite different from that
on Si0O,/S1 , on which MoS, sheets only grew horizontally (Figure S7). These
differe wth behavior stem from the rough surface of FeNi foam with

numerou ucleatlon sites. > ?®) The MoS, NSs can further be modified through

control 00s1t10n time (Figure S8). We found that the MoS, NSs became larger

but thinn reaction time increased from 10 min to 60 min (Figure S8). The size
increa =350 nm to ~1 pm and the thickness decreased from ~15 nm to ~3 nm.
SEM-ED sis shows MoS, deposited FeNi foam consists of Mo, S, Fe and Ni

(Figure S9). Furthermore, elemental mapping was performed to verify that the Fe, Ni,
Mo an ents are found to be evenly distributed on the FeNi foam (Figure S10).
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Using the similar process, we also grew MoS; 2D sheets array on FeNi foil, which is

directhd by SEM (Figure S11). The Raman spectroscopy shows two

character at 383 cm™' and 405 cm™ (Figure S12). The two characteristic

peaks 8o1E@SP@AE to the in-plane vibration and out-of-plane vibration modes for MoS,

respective e gap between the peaks shows that the MoS, NSs are not monoatomic

layer, whi onsistent with the SEM results.!'* 2324

Figure 2 and l:liure S13 presented X-ray photoelectron spectroscopy (XPS) patterns

of MoS,/ i substrates. The bottom curve of Figure 2a showed two peaks of

Mo 3d Spgtra located at 230.1 and 233.2 eV, which can be assigned to the Mo 3d 5/2

and Mo onfirming the existence of Mo*" in MoS,/ SiOz.[13 ! For
MoS,/ 1 foam or foil, these two feature peaks shift negatively to 229.1 and
2323 eV ively, implying the strong electronic interactions between FNS and

MoS,."?! This interaction has been demonstrated in the system of MoS»/Ni3S,.*! The

pink peal* the appearance of Mo®" and the orange peak at 226 eV belongs to S

9 128.33] 2p spectrum of Figure 2b, the fitted peaks of MoS,/Si0; located at

162.9 eVf@an 4.0 eV can be assigned to the S 2p 3/2 and S 2p 1/2, which indicates

n

the oxi e of S8 The presence of S 2p peaks at 168.5 eV of MoS, on FeNi

{

substrates demomstrates the substrates sulfurization and the presence of S 2p peaks at

Ul

161.9 and V shows the existences of bridging S,* or apical S*.1*** For the

A

Si10; substr e atomic ratio of Mo and S of M0S,/S10, is ~2:1 by comparing the
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total areas of the corresponding orbit proportioned to atomic sensitivity factor.** For
FeNi sWhe atomic ratios of Mo and S are 0.13 and 0.18 for foil and foam,
respectiv@(cess S can be attributed to the formation of FNS. Figure 2c¢ and
Figurci dssi@wmhe appearance of Fe?' after MoS, deposition on FeNi substrates.**
Meanwhilg, t inding energy of Ni 2p peaks shifts positively after the deposition of
MoS; on ubstrates meaning the electronic reciprocity between FNS and MoS,,

correspow the result of Mo 3d (Figure 2a), which strongly demonstrates the

existence of coESling interfaces between MoS, and FNS.[2 351

The HEREVities of MoS; grown on FeNi substrates and FTO were evaluated in 1.0
M KOH. m3a shows the HER performances of MoS, NSs on different

substr. 0S, sheets array on FeNi foam showed a supreme HER performance
compared 1 foam, FNS/FeNi foam and MoS,/FTO. Moreover, we dissolved the
samples containing MoS, for ICP tests. For MoS,/FNS/FeNi foam, even at a low mass

loading (hg cm™), the specific activity of MoS; can reach 252.7 mA mg™' at the

overpoteS 0 mV (Table S1). Among non-noble metal catalysts, the

MoS,/F g:Eesl foam showed low onset overpotentials of 30 mV (Figure 3a).

MoreoWZ mV overpotential at 10 mA cm™ of MoS,/FNS/FeNi foam is
extraordinarily S‘nall compared with FNS/FeNi foam (ca. 236 mV), pure FeNi foam
(ca. 299 m S,/FTO (ca. 615 mV), recently reported data (Figure 3b and Table

S2),B- 4% 2 2833 and even Pt/C/FeNi foam (ca. 127 mV). These results can
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demonstrate that the exposed edge sites of MoS; and the coupling interfaces between

MoS, We critical factors to this small overpotential for HER.

For HER& solution, water reduction is described by the following three
N

steps[36]: s

(Volmer @ H,O+e¢ +M <= M-H + OH
(Heyrovsw M-H+H,O+e = H,+OH +M
(Tafel st: 2M-H=H,+2M

where M C the surface empty site.

Tafel slomzo, 40 and 30 mV dec™ were observed for Volmer, Heyrovsky and

Tafel detcTmiming steps, respectively.®!

The Tafel curves (Figure 3¢) gained from the LSV curves of HER (Figure 3a) showed

a slope th dec™! for MoS,/FNS/FeNi foam, which is much smaller than 61.8

mV dec’l/FeNi foam, 76.8 mV dec™! for FeNi foam and 185.9 mV dec™! for

MoSz/lﬂx a Tafel slope of MoS,/FNS/FeNi foam suggests a combined

VolmeWy mechanism for hydrogen evolution.*

Furthermore: Dalso tested HER of MoS,/FNS/FeN:i foil (Figure S14). The

overpo of the MoS,/FNS/FeNi foil are substantially lower than that of
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FNS/FeNi foil, FeNi foil and MoS,/FTO at 10, 20 and 50 mA cm'z, exhibiting the
same tpM samples on foam (Table S1). These results demonstrate that
MoSz/F interfaces indeed enhance the HER reaction kinetics. In addition,
the elc@r@@@mical impedance spectroscopy (EIS) was conducted at the overpotential
of 250 mV:o :view the electrode kinetics of MoS,/FNS/FeNi substrates in the HER

process ( 15). Smaller charge transfer resistances (R.;) were obtained after

MoS, dem(from 6.0 Q to 4.0 Q for FeNi foam; from 41.2 Q to 24.3 Q for FeNi

foil), which indSates the faster electron transfer process was obtained after the MoS,

depositio@ HER.

Furthermmsz/FNS/FeNi foam holds the reduction of overpotential at the same
curren ] lative to that of MoS,/FNS/FeNi foil and MoS,/FTO. The modest
object gty of MoS,/FTO is an apparent bottleneck that inhibits the MoS,

achieving the inherently high mass activity observed on FeNi substrates (Table S1).

These re onstrate that the improved performance at lower MoS, loading can

be attribui @ e cooperation of high specific activity of MoS, and

highly-chuctlve substrates.

Amperonictric 1-t curves were performed to further evaluate the HER stability of
MoSz/FNEsubstrates (Figure 3d). The HER activity retained steady (72.6 %)

with 1 from 10 mA cm™ for MoS,/FNS/FeNi foam, which is remarkably better
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than the 63.2% after 10 hours for Pt/C/FeNi foam, indicating the strong coupling

interfaWR stability of MoS,/FNS heterostructures.

OER per&of MoS,/FNS/FeNi foam, FNS/FeNi foam, pure FeNi foam,

N
MoSz/FdeIrOz/FeNi foam were studied in 1M O;-saturated KOH electrolyte
through :®ltammetry (CV) at a scan rate of | mV s™' (Figure 4a). The backward
curves of GVgest showed that the MoS,/FNS/FeNi foam exhibits much lower
overpotentials at 10, 20 and 50 mA cm™ than those of other samples. Typically, as to
OER, we S and IrO, for active materials relative to MOSQ.[37] The actual mass
of FNS h@ confirmed by ICP results for MoS,/FNS/FeNi, and the specific mass
activity OMFNS/FeNi foam is 63 times larger than that of FNS/FeNi foam and
82 tim an that of [rO,/FeNi foam at the overpotential of 250 mV (Table S3).
Significa ching 10 mA cm™ requires extremely low overpotential of 204 mV
(Figure 4b), which outperformed FNS/FeNi foam (ca. 265 mV), FeNi foam (ca. 288
mV), Moh (ca. 674 mV), commercial IrO,/FeNi foam (ca. 308 mV) and the

previous works (see the details in Table S4).[>*2!-27:30- 38421 (Rioyre 4b). We

can dedugf that the MoS, deposition indeed improves the OER kinetics.

£

{

Figure Ustrates that the Tafel slopes of MoS,/FNS/FeNi foam is 28.6 mV dec™’,

U

which is an that of the FNS/FeNi foam (ca. 43.3 mV dec™), the FeNi foam (ca.

42.8 ) and the MoS,/FTO (ca. 100.9 mV dec™), implying a rapid OER

A
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reaction rate of MoS,/FNS/FeNi foam. These results demonstrate the coupling

interfaWe the water-oxidation reaction kinetics.' **!

The OER&C&: of MoS,/FNS/FeNi foil was also tested to give further

H
investigation (Figure S16). From the backward curves of MoS,/FNS/FeNi foil,

FNS/FeB@eNi foil and MoS,/FTO, the MoS,/FNS/FeN1 foil shows the lower
overpotengia an that of the others at 10, 20 and 50 mA cm™, which shows the same
trend as mm substrate. Meanwhile, MoS,/FNS/FeNi foam exhibits the lower
overpotents e same current density relative to that of MoS,/FNS/FeNi foil and
MoSz/FTEspeciﬁc activity of MoS,/FNS/FeNi foam shows 565.2 mA mg™ at
the overpm of 250 mV (Table S3). Therefore, we conclude that the growth of
MoS, Ltoam is critical for the improvement of OER performances. Moreover,
EIS meas t was carried out at 1.48 V to reveal that the charge transfer resistance
(R.;) values of MoS,/FNS/FeNi substrates (1.7 Q for foam and 3.5 Q for foil) are

lower tha*:eNi substrates (3.6 Q for foam and 7.0 Q for foil), which indicates

that the fctron transfer during OER after MoS, deposition (Figure S17).

The st@oSZ/FNS/FeNi foam and foil were conducted at 204 mV and 251
mV fOLWespectively, and no apparent decay happened, which is comparable to
the IrOg/@m (Figure 4d), indicating the vertically grown MoS, array on FeNi

foam w4 pling interfaces is stable even after 10 h of oxygen release.
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We further elucidate the origin of constructed coupling interfaces of MoS,/FNS on

enhanWR and OER by DFT calculations (see the details in DFT methods of

SI). The energy for H on MoS, (103), Fe/Ni atoms doped MoS,

(FeNi-Wa8sm@03), OH on FeoSg (422), NisSs (422), Mo atoms doped FeoSg

(Mo-FeoS and Mo atoms doped NigSg (Mo0-NigSg) (422) were calculated
(Figure 53y™@8mpared to the chemisorption energy on the (103) of MoS, surfaces
4Gy =- ), the H atoms chemisorption energy of (103) surfaces at S edge sites

of FeNi-MoS; ifljust -1.575 eV, which results in the inclination to absorb the H atoms,

thereforeming the HER performances. Moreover, to investigate the

OH—chemwjl energy of MoS,/FNS, we studied the OH adsorption on binary

FeoSg (4229 a 19Sg (422) surfaces with and without Mo doping, rather than using a
disordere ic model of FNS, due to the massive calculations it would involve
(Figur . AS expected, the OH-chemisorption energy of undercoordinated Fe sites

is -2.921 for Mo-FeoSs, substantially lower than that of FeoSg (4Gor=-0.940 eV).

As for N OH-chemisorption energy of undercoordinated Ni sites shows the
same tren Sg, which decreases from -1.839 eV to -2.438 eV after Mo doping.
These Egest that the OH group is prone to absorb on the undercoordinated Fe
and Ni Singg and NiySg, respectively in the presence of Mo doping. Therefore,

we can deduce that the MoS,/FNS coupling interfaces can boost the absorption of OH
and ra ER performances. Consequently, we propose the mechanisms of HER
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and OER of MoS,/FNS (Figure 5b). As mentioned above, owing to the lower

chemiWergy, the H atoms are easier to absorb on the S sites of MoS,/FNS

interfacecreases the Gibbs free energies of corresponding intermediates,

eventudl | ¥fa@ilifating the HER performances. MoS,/FNS interfaces also exhibit the
advantages,of absorbing the OH groups, reducing the Gibbs free energies of

correspon termediates (OH, OOH and OH bonds of H,O) and therefore

enhancinwiR performances.

In summ:successfully synthesized vertical MoS, array grown on FNS/FeNi

[

foam andWther substrates with controlled arrangement by changing the reaction

conditio . Further investigations demonstrated the edge-riched MoS,

a

nanos an improved effect on the different substrates for the water splitting

efficienc g them, the MoS,/FNS/FeNi foam shows the best performance with

Vi

an overpotential of 120 mV at 10 mA cm™ in HER and 204 mV at 10 mA cm™ in

1

OER. Th ecific surface area, the ideal conductivity of FeNi foam, the coupling

interfaces @ n MoS, and FNS, and the exposed edges of MoS, have a combined

favorabl ect for the electrochemical water splitting. Therefore, all these factors

£

make t NS/FeNi foam be a promising material for water splitting with

t

ordinary synthess, inexpensive resources, and unmatchable properties, and these
coupling 1 es provide a valid direction for finding cheap, efficient and clean

electrodes ter-splitting.
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Figure 1. ogy characterizations of MoS,/FNS/FeNi foam. (a, b) SEM of vertically
grown Mo heterostructures with different magnification. (¢c) Low-magnification TEM
micrograpli of MoS,/FNS heterostructures. (d) Atomic-resolution HAADF-STEM image of
MoS,/FN§ interface. The inset in d indicates the atomic model of FNS, the yellow balls

represent ‘ﬁnd the purple balls stand for Fe/Ni atoms. (e-i) The high-resolution EDX

elements

FNS. <
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igure 1d. The dash white lines highlight the interfaces between MoS, and
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Fe2po »/FNS/FeNi foil. The black dots are original data, the brown curves are
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Strong coupling interfaces of vertical MoS; array and FesNisSs are in-situ formed by

chemical vapor deposition. The interfacial coupling of MoS; array on FeNi foam showed an

rpt

outstanding activity of both HER and OER: 120 mV @ 10 mA/cm? for HER and 204 mV @
10 mA/c

Keywords:gn-situ grown molybdenum disulfide nanosheets, coupling interfaces, hydrogen

evolution,foxygeevolution
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