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a b s t r a c t

Highly efficient catalysts for electrolysis of water are crucial to the development of hydrogen energy

which is helpful to carbon neutralization. Recently, high temperature shock (HTS), with advantage of rapid

speed, universality and scalable production, has been a promising method in synthesis of nanomaterials.

In this paper, HST was used to treat low Pt loading Mo6S8 for enhanced water splitting performance. Im-

pressively, the optimized MoS2/MoO2/Mo6S8 nano-composite with low Pt mass loading (∼4%) displays

well hydrogen evolution reaction (HER) electrochemical performance. The overpotential is 124mV to

reach 10mA/cm2 and the corresponding Tafel slope is 88mV/dec in acidic electrolyte. Its mass activity

is 6.2mA/μgPt at -124mV vs. RHE, which is almost 2 times relative to 20% Pt/C. Moreover, it presents

distinguished stability even after 2000 cycles. This work will broaden the way of catalysts preparation

and the application of hydrogen evolution.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

It is more urgent to deal with the climate change problems and

reduce carbon dioxide emissions [1]. Carbon peak and carbon neu-

trality have received more attention in recent years. Hydrogen has

become one of the most promising alternative clean sources which

is comparable with fossil fuels without any carbon dioxide emis-

sion [2,3]. Electrolysis of water has become one of the most effi-

cient ways in hydrogen and oxygen energy production [4,5]. In the

process of electrolysis of water, catalysts with highly electrochem-

ical activity and stability are crucial for water splitting [6,7]. For

now, Pt is deemed to be the most efficient catalyst for HER. How-

ever, the scarcity and high costs have hindered the application of

Pt [8,9]. Therefore, exploitation of catalysts without Pt or using lit-

tle Pt has become research hotspot [10–12].

Chevrel phase compounds are a group of inorganic materials

that can play important roles in electrochemical energy storge and

electro-catalysis due to the unique crystal structure and properties.

Different kinds of electrochemical reduction reactions can be found

on Cheverl phases (CPs, Mo6×8) [13,14]. The structure of CPs is

highly tunable [15], in which the electronic structures are versatile

with different charge transfer performance (Fig. S1a in Supporting

information). Moreover, the biggest characteristic of CPs is its high
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electronic conductivity, which is because the delocalized metallic

bonds in the Mo6 cluster, resulting in the metal-like properties

[16]. The metal-like properties of CPs are favorable for the electro-

chemical reduction reactions, which is similar to 1T MoS2 [17,18].

Meanwhile, low-coordinated Mo-S in MoS2 (Fig. S1b in Support-

ing information) exhibits low hydrogen adsorption free energy [19],

of which the HER performance can be close to Pt in acidic me-

dia in theory [20]. Nevertheless, the rate-determining step is af-

fected by the energy barrier during the process [21]. A large num-

ber of researches show that the energy barrier of water dissocia-

tion on MoO2 (Fig. S1c in Supporting information) is relatively low

[22–24]. Considering the low hydrogen adsorption free energy of

MoS2, low water dissociation of MoO2 and high electroconductibil-

ity of Mo6S8, the combination of the abovementioned materials

seems to be a feasible mean for improving HER performance. In

addition, the highly efficient catalytic performance of Pt is unde-

niable [25]. Therefore, preparation of catalysts with low Pt load-

ing or Pt-free is a desired orientation in developing HER perfor-

mance [26]. Commonly, the preparation of nano-size Pt or large

surface area and high stability carrier with low Pt is the main

means to reduce the application amount of Pt [27,28]. Various sub-

strates such as carbon [29], MXenes [30], sulfide [31], and hetero-

junction [32]. Besides, different kinds of metal sulfide [33–35], ox-

ide [36–38], cobalt-based compound [39] and metal-free catalysts
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Fig. 1. Schematic illustration of preparation and action mechanism of

Pt/MoS2/MoO2/Mo6S8.

[40] have been developed over wide pH values. Meanwhile differ-

ent technologies for overall water splitting have also been carried

out [41–43]. Studies in recent years have shown that the MoO2

and MoS2 based composites are mainly prepared by hydrothermal

or high temperature solid sintering methods, which require high

temperature and long duration [23,44,45]. However, the traditional

methods are hash and dangerous which is not fitting the condi-

tions of industrial manufacturing [46]. Chen et al. first reported an

ultra-fast and simple synthesis method for nanomaterials by Joule

heating [47–50], which provide a new horizon in nanomanufactur-

ing [51–54]. Herein, we demonstrated our findings on low loading

of Pt as decoration to Mo6S8. The following ultra-fast HTS method

(Fig. S2 in Supporting information) was introduced to obtain nano-

composites of Pt/MoS2/MoO2/Mo6S8 for the first time with en-

hanced HER performance, which provide a fast synthetic method in

nano-composites. Schematic illustration of preparation and action

mechanism was presented in Fig. 1. Pt/MoS2/MoO2/Mo6S8 nano-

composite was derived from Pt/Mo6S8 by one-step HTS, which was

used in the following tests.

As shown in Fig. S3a (Supporting information), the crystalline

phase of Mo6S8 was characterized by XRD. The peaks of XRD pat-

tern matches well with space group of R3 ̅ space group (PDF#24–

0319) with a= b=9.1833(3) Å and c=10.8716(5) Å [55]. And it

displayed a size of several hundred nanometers (200–1000nm) in

length width (Fig. S3b in Supporting information). After Pt load-

ing (the loading amount described in the figure is feed ratio rather

than practical loading, which will be identified by ICP), the diffrac-

tion peaks also can be well matched to PDF#24–0319, while with

broadening of peaks as shown in Fig. S4a (Supporting informa-

tion), which indicating the declining in particles sizes. It also can

be found in Fig. S5 (Supporting information) that after loading Pt,

the size of Mo6S8 becoming smaller and Pt particles can be de-

tected in SEM with uniform element distribution and trace Pt can

be detected in mapping. 10% Pt/Mo6S8 was selected to be treated

by HTS. As shown in Fig. S4b (Supporting information, the MoO2

(PDF#32–0671), MoS2 (PDF#37–1492) and Mo6S8 (PDF#27–0319)

can be observed, indicating the synthesis of MoS2/MoO2/Mo6S8
composite in the system.

The SEM and HRTEM images of Pt/MoS2/MoO2/Mo6S8 catalyst

were showed in Figs. 2a and b. The feed ratio of 10% Pt nanopar-

ticles decorated on MoS2/MoO2/Mo6S8 (Pt/MoS2/MoO2/Mo6S8) can

be seen and a number of ultra-fine Pt nanoparticles can be seen

which has been distributed uniformly on the base. After HTS, the

particles are mostly reduced into 100nm, the size of which is

smaller compared to the ones in Fig. S5a. The HRTEM image in

Fig. 2c proves the heterostructure of MoS2 and MoO2 with two

clear diffraction lattice stripes 0.202nm and 0.240nm, attributing

to (006) lattice plane of MoS2 and (200) lattice plane of MoO2.

And Pt particles can be clearly seen anchoring on the base. The

lamellar structure can be observed in Fig. 2d and the diffraction

lattice stripes is about 0.64nm, corresponding to Mo6S8 with a

characteristic plane of (101). The selected regions in the HRTEM

image were further analyzed by Fast Fourier Transform and In-

verse Fast Fourier Transform (inset), which reveals clear diffrac-

tion lattice stripes with 0.23nm, which is corresponding to (111)

diffraction lattice stripe of Pt. Meanwhile, the defect of Mo6S8 and

ultra-thin lamella loading nano Pt particles can be observed in the

edge of the bulk materials (Figs. 2e–h). The EDX elemental map-

ping images in Fig. 2i indicated the homodisperse of Mo, S, O and

Pt elements in Pt/MoS2/MoO2/Mo6S8 catalyst. Especially, Pt parti-

cles distribution on the base is clear. The results in Fig. S6 (Sup-

porting information) showed that the mass fraction of Pt is about

6.73%, which is close to the result of ICP-OES result of ∼4%.

These valence states of Pt/MoS2/MoO2/Mo6S8 were estimated

by XPS. The elements of Mo, S, O and Pt can be detected on the

surface of catalyst in Fig. S7a (Supporting information). While in

Fig. S8a (Supporting information), the element of O is not found,

which is consistent to the results of XRD. Figs. S7b and c (Sup-

porting information) were the XPS spectra of Mo 3d and S 2p.

The peaks of Mo 3d which were at 228.0 eV and 231.1 eV indicated

the delocalized metallic bonds (Mo-Mo). And Mo4+ and Mo6+ also

have been also detected, in which Mo4+ is corresponding to the

Mo in MoO2 and MoS2, while Mo6+ may be due to the surface ox-

idation. The characteristic peak of Mo-S for MoS2 can be detected

clearly at 226.1 eV in Fig. S7b, which is different from the Mo state

of the unshocked in Fig. S8b (Supporting information). The S 2p

XPS shows that there are two peaks at 163.1 eV and 161.8 eV go

with S 2p1/2 and S 2p3/2 corresponding to S2- (Fig. S7c). And be-

fore shocking, the S remains parts of the valence between −2 and

0, which mostly belongs to Mo6S8 phase (Fig. S8c in Supporting

information). The Pt 4f XPS was shown in Fig. S7d (Supporting

information). It can be seen that Pt 4f splits into two peaks at

71.25 eV (Pt 4f7/2) and 74.80 eV (Pt 4f5/2), corresponding to metal-

lic Pt0. Moreover, before shocking, another pair of peaks were de-

tected at 72.09 eV and 75.12 eV, which belongs to Pt2+ (Fig. S8d in

Supporting information), indicting after shocking, parts of Pt2+ has

been reduced to Pt0 [25].

The liner sweep voltammetry (LSV) curves was tested to evalu-

ate the overpotential of different Pt loading amount Mo6S8 in Fig.

3a. The overpotential at 10mA/cm2 was used to compare the ac-

tivity of the catalysts. The catalysts treated with different process

show different HER activity. When the feed ratio is 10% (practi-

cal amount of 4%), the Pt/Mo6S8 catalyst exhibits smaller overpo-

tential of 190mV than the Mo6S8 catalyst of 320mV. Then differ-

ent time of HTS treating was applied to treat the catalyst of 10%

Pt/Mo6S8. As shown in Fig. S9 (Supporting information), when the

treating time of HTS is 30 s, the HER performance has been im-

proved a lot compared with the other treating time of the cata-

lysts. As shown in Fig. S10 (Supporting information), lager gran-

ular sizes of the base and loading Pt particles are induced by

long HTS treating time, indicating decreased active specific sur-

face area, leading to severe activity loss. After 800 oC high tem-

perature shocking for 30 s (labeled as Pt/MoS2/MoO2/Mo6S8), the

overpotential has been further reduced to 124mV (Fig. 3b). More-

over, its mass activity is 6.2mA/μgPt at −124mV vs. RHE, almost

2 times relative to 20% Pt/C. The HER performance of different

Pt/substrates was investigated in Fig. S11 (Supporting information).

It can be seen that among three kinds of Pt/substrates with the

same initial feed quantity (10%), Pt/MoO2 exhibits lower overpo-

tential than Pt/MoS2 and Pt/Mo6S8. While Pt/MoS2/MoO2/Mo6S8
still exhibits the lowest overpotential, which may due to the de-

fects and MoO2/MoS2 heterostructure in the composite. Besides, as

shown in Fig. S12 (Supporting information), Pt/MoS2/MoO2/Mo6S8
exhibits lower overpotential of 150mV compared with the catalysts

of Mo6S8 and Pt/Mo6S8 under basic electrolyte. And the stability

under basic electrolyte is inferior to acid electrolyte.
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Fig. 2. (a) SEM image of Pt/MoS2/MoO2/Mo6S8. (b–h) HRTEM images of Pt/MoS2/MoO2/Mo6S8. (i) EDS-mapping of Pt/MoS2/MoO2/Mo6S8.

Fig. 3. (a) LSV curves of different Pt loadings of Mo6S8 catalysts. (b) Comparison of LSV curves of different catalysts. (c) Comparison of Tafel slope of different catalysts. (d)

LSV curve after 2000 cycles. (e) CV curves of Pt/MoS2/MoO2/Mo6S8 at different potential scanning rates. (f) Linear fitting of the currents of Pt/ MoS2/MoO2/Mo6S8 vs. scan

rates.

HER kinetics was evaluated by Tafel slope, which can be

got by fitting the Tafel equation (η = a+ blogj) [56]. The Tafel

slope of Pt/MoS2/MoO2/Mo6S8 (88mV/dec) is smaller than Mo6S8
(167mV/dec) and Pt/Mo6S8 (159mV/dec) in Fig. 3c. The smaller

Tafel slope of Pt/MoS2/MoO2/Mo6S8 compared with Mo6S8 and

Pt/Mo6S8 illustrates that the HER velocity of Pt/MoS2/MoO2/Mo6S8
was faster when the overpotential increases. There are three kinds

of reactions involved in hydrogen evolution mechanism. The mech-

anisms that affect the HER process are mainly Tafel reaction, Hey-

rovsky reaction and Volmer reaction, when the Tafel slope is 30,

40, 120mV/dec. The catalyst of Pt/MoS2/MoO2/Mo6S8 with Tafel

slope of 88mV/dec indicates that the HER was determined by the

Volmer-Heyrovsky mechanism, suggesting that the Volmer reaction

is the rate-determining step and in this reaction protons were con-

verted to the adsorbed hydrogen atoms [57].

Another important indicator to evaluate the electrochemical

catalysts is the stability. The HER performance after 2000 CV cy-

cles was shown in Fig. 3d. There is no attenuation in LSV curve of

the catalyst compared with the one before cycles, suggesting an-

choring of Pt is strong on the surface of MoS2/MoO2/Mo6S8 base.

The effective surface area (ECSA) test was also used to eval-

uate the activity of catalysts, which can be obtained by testing

CV curves under different scan rates. The corresponding CV curves

were measured under different scan rates ranging from 20mV/s
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Fig. 4. (a–c) SEM images, (d–f) HRTEM images, (g) EDS-mapping of Pt/ MoS2/MoO2/Mo6S8 after 2000 CV cycles.

to 120mV/s in potential range of 0.07–0.17V vs. SCE where no

Faraday reaction is reacted (Figs. 3d and e, Fig. S13 in Support-

ing information). Cdl can be calculated through the j obtained at

0.12V vs. SCE in CV and scan rates curves from Fig. 3f. The slope of

the curve j is twice of Cdl [58]. The Cdl of Pt/MoS2/MoO2/Mo6S8
is 7.8 mF/cm2, demonstrating the maximum amounts of active

sites, more than those of Pt/Mo6S8 (6.15 mF/cm2) and Mo6S8 (2.01

mF/cm2). Thus, it deems that the higher ECSA can be partly at-

tributed to the nanostructure, and the other reason is that the het-

erostructure and defects in Pt/MoS2/MoS2/Mo6S8 can facilitate the

electron transfer.

To further elucidate the properties of the catalysts, the mor-

phology and element distribution of Pt/MoS2/MoO2/Mo6S8 after

2000 cycles operation were analyzed. The SEM images shows that

Pt/ MoS2/MoO2/Mo6S8 catalyst has been distributed on the carbon

paper uniformly (Figs. 4a and b). The layered morphology of Pt/

MoS2/MoO2/Mo6S8 is still preserved, and the Pt nano particles can

be observed clearly (Fig. 4c). At the same time, the anchoring of

Pt nano-particles can be also detected in the HRTEM images (Figs.

4d–f). The results of EDS-mapping indicated that the elements dis-

tribution is homogeneous and clearly Pt particles can be detected

by mapping (Fig. 4g). The mass amount of Pt detected in EDS is

10.56% (Fig. S14 in Supporting information) without decreasing, in-

dicating the high stability of the catalyst. Moreover, as shown in

Fig. S15 (Supporting information), even after 100h electrolysis the

intact morphology of Pt/MoS2/MoO2/Mo6S8 is still preserved, and

the Pt nano particles can be observed clearly. And XPS of the cat-

alyst after cycling was carried out to confirm the valence change

during HER. As shown in Fig. S16 (Supporting information), it can

be seen that the valence states of S and Pt are remain the same.

While Mo6+ which may be due to the surface oxidation has been

disappeared during HER process, indicating the high stability of the

catalyst.

In summary, a novel MoS2/MoO2/Mo6S8 nano-composite with

low Pt loading (4%) was synthesized by ultra-fast HST for HER

performance. The obtained Pt/MoS2/MoO2/Mo6S8 nano-composite

displays well HER electrochemical performance with overpotential

of 124mV and a Tafel slope of 88mV/dec. Volmer reaction is the

main influence factor in the HER process. Strikingly, the mass ac-

tivity is 6.2mA/μgPt at −124mV vs. RHE, almost 2 times relative

to 20% Pt/C. Moreover, Pt/MoS2/MoO2/Mo6S8 exhibits high stabil-

ity with no decay in LSV after 2000 cycles and the integrity was

observed in morphology after cycles. The work in this study may

provide new avenues to develop highly efficient noble metal-doped

nano composites in electrochemistry.
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