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Figure S1 Home-made experimental setup for carrying out the thermal shock high temperature treatment by applying a current or voltage through the samples. 

 
Figure S2 A schematic to show the nanoparticle roll-to-roll manufacturing process induced by thermal shock. As the film passes through the radiation heating zone 
at a suitable speed, the salts hosted in the RGO matrix are transformed into nanoparticles.  
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Figure S3 Intensity profile on the 853 nm channel accompanied with temperature in the ultra-fast synthesis process. 

 
Figure S4 EDX spectra of cobalt-sulfide nanoparticle. 

 
Figure S5 XPS survey spectra of CoS-RGO. 

 
Figure S6 High-resolution N 1s XPS spectrum of CoS-RGO. 
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Figure S7 (a) and (b) Statistical particle size distribution and SEM image of CoS nanoparticles loaded on RGO after 7 ms thermal shock treatment. (c) and (d) 
Statistical particle size distribution and SEM image of CoS nanoparticles loaded on RGO after 5 min thermal shock treatment, which confirms the importance of the 
short duration in the synthesis of nanoparticles with a small size.   

 
Figure S8 Nanoparticles synthesized by slow heating and cooling rates. (a)–(c) Slow heating profile (10 K/s) and SEM images of the resulting CoS nanoparticles. 
(d)–(f) Slow cooling profile (10 K/s) and SEM images of the resulting CoS nanoparticles. Scale bars, 1 μm (b, e), 500 nm (c, f). 

Figures S10(a) and S10(b) shows the polarization curve and Tafel plot of the CoS-RGO electrocatalyst with a mass loading of 0.5 mg cm-2 
in 0.5 M H2SO4 solution. The CoS-RGO exhibits excellent HER activity with the lowest onset overpotential of 0 mV versus reversible 
hydrogen electrode (RHE), approaching the performance of commercial 40 wt.% Pt/C and much higher than RGO decorated with Co 
nanoparticles or nitrogen and sulfur doped RGO, as shown in Figure S10a. Small overpotentials of 17 mV, 74 mV and 149 mV are required 
for the CoS-RGO electrocatalyst to reach -1, -10 and -100 mA cm-2 cathodic currents, respectively, which are among the most active for 
non-noble material based electrocatalysts (Table S1). In contrast, N- and S-doped RGO need an applied potential of ~540 mV to achieve  
10 mA cm-2 of cathodic current, and pure RGO film shows negligible activity in the measured voltage range, confirming that such high 
electrocatalytic performance mainly comes from the synthesized CoS nanoparticles. The corresponding Tafel plot, as depicted in Figure S10(b), 
shows a small Tafel slope of ~ 56 mV dec-1 for CoS-RGO, which is higher than 30.7 mV dec-1 for 40 wt% Pt/C electrocatalyst, suggesting a 
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Volmer-Heyrovsky reaction mechanism. The exchange current density of the CoS-RGO electrocatalyst is obtained as 0.5035 mA cm-2 by 
extrapolating the Tafel plot (Figure S11), which is larger than that of Pt/C with a value of 0.39 mA cm-2. Furthermore, the catalyst exhibits a 
high turnover frequency (TOF) of 0.1 s-1 per active site at 149 mV overpotential (100 mA cm-2), indicating the excellent intrinsic catalytic 
activity of the as-synthesized CoS-RGO electrocatalyst (Figure S12). Stability is always a critical aspect in catalyst evaluation for long-term 
application. To assess the durability of the CoS-RGO electrocatalyst in acidic conditions, accelerated linear potential sweeps were carried out 
continuously at a scan rate of 50 mV s-1 (Figure S10c). The polarization curve shows a negligible decay after 500 repeated potential sweeps, 
which implies that the catalyst is highly stable without any obvious corrosion. Furthermore, the stability of the electrocatalyst is evaluated by 
electrolysis at fixed potentials over prolonged periods. A stable current density of ~ 20 mA cm-2 was observed after 10 h testing at an 
overpotential of 120 mV (Figure S10(d)). The catalytic current exhibits little loss in the first 2 hours and then fully stabilizes for the rest of 
the electrolysis. 

 
Figure S9 SEM images of the synthesized CoS nanoparticles by 7 ms thermal shock at 1500 K (a) and (b) and 1000 K (c) and (d). Scale bars, 1 μm (a, c), 500 nm   
(b, d). Compared with thermal shock at 2000 K, a lower thermal shock temperature leads to larger sized particles, which is probably due to the lack of sufficient energy 
to highly disperse the materials. 

 
Figure S10 HER performance of CoS@ few-layer graphene core-shell nanoparticles. (a) The HER polarization curves of CoS-RGO compared with RGO, Co-RGO, 
N,S-RGO at 2 mV s-1 in 0.5 M H2SO4. (b) Tafel plot of CoS-RGO. (c) Polarization curves after continuous potential sweeps at 50 mV s-1 in 0.5 M H2SO4. (d) Time 
dependence of cathodic current density during electrolysis under η = 120 mV in 0.5 M H2SO4. 
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Table S1 Comparison of HER performance in acidic electrolytes for CoS-RGO with state-of-the-art cobalt chalcogenides.      

 

 
Figure S11 HER Tafel plot of CoS-RGO showing the extrapolation to zero overpotential. The exchange current density was determined to be 0.5035 mA/cm2. 

 
Figure S12 Turnover frequency (TOF) vs. potential in 0.5 M H2SO4. TOF = jM/2Fm, where j is the current density, F is Faraday’s constant (96485.3 C mol-1), M is the 
molar mass of CoS, m is the loading mass of CoS, and the number 2 refers to 2 electrons per mole of H2. According to the inductively coupled plasma emission 
spectroscopy (ICP) result, the loading mass of CoS is 0.27 mg cm-2 derived from the mass ratio of Co (35%).  

Table S2 Comparison of OER performance in alkali electrolytes for CoS-RGO with state-of-the-art cobalt chalcogenides and non-noble metal based compounds.      
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Table S3 Comparison of overall water splitting performance in alkali electrolytes for CoS-RGO with state-of-the-art cobalt chalcogenides and non-noble metal based 
compounds. 

 

 
Figure S13 Mass current activity of CoS-RGO compared with state-of-the-art non-noble metal based compounds, indicating the high mass activity of the 
as-synthesized CoS-RGO catalyst. 

 
Figure S14 HER polarization curve of CoS without graphene. The catalytic activity decays drastically after only 3 cycles. 
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Figure S15 (a) shows the top view and side view of a CoS Crystal cell. OA, OB, OC are the cell axes. The length of OA is 0.3367 nm. The 
length of OB is 0.3367 nm. The length of OC is 0.516 nm. Lattice vector and atom coordinates are displayed as below.  

Lattice Vector (Å) 
   A=     3.3670000000        0.0000000000        0.0000000000  
   B=     -1.6835000000       2.9159100000        0.0000000000  
   C=     0.0000000000        0.0000000000        5.1600000000  

Coordinates (Å) 
    S        0.0000000000        1.9439383560        1.2900000000 
    S        1.6835000000        0.9719691780        3.8700000000 
    Co        0.0000000000        0.0000000000        0.0000000000 
    Co        0.0000000000        0.0000000000        2.5800000000 

 
The red line in (a) shows the cutting plane to create the surface as used in Figure S15(b) to S15d and main text Figure 6. Figure S15(b) 

shows the slab model presented in an unit cell from different viewing perspectives (these viewing perspectives also apply to the remaining 
of this supplementary information). The unit cell has the following geometrical size: a (along OA direction) = 2.3569 nm, b (along OB 
direction) = 0.3367 nm, c (along OC direction) = 0.516nm; alpha = 90 degrees, beta = 90 degrees, gamma = 120 degrees. There are 9 water 
molecules filling up the vacuum space. The geometrical dimension of the vacuum space along OA direction is 1.6835 nm, giving a water 
density 1.0631 g/cm3. 1x7x5 Monkhorst-Pack k-points are used. Please note that all calculations are performed using the unit cell model but 
the presentation may be in a supercell for visual clarity as explained next. Figure S15(c) shows the slab model presented in a supercell. The 
grey box schematics shows the zoomed region for display in main text Figure 6. Similar definition of the zoomed view also applies to the 
remaining of this supplementary information. 

 
Figure S15 (a) An unit cell for the CoS crystal. The red line shows the cutting plane to create the slab model. (b) A slab model with three perspective views. This 
model is used for main text Figure 6. (c) The slab model presented in a supercell. The grey box schematics shows the zoomed region for display in main text Figure 6.   

Figure S16 shows the multiple rounds of Volmer reactions on the surface as shown in Figure 6 in main text from two viewing perspectives 
in a zoomed view. Figure S16(a) shows that two pairs of protons and electrons (two additional hydrogen atoms) are added to the unit cell for 
the starting round of simulation. Two H are adsorbed on Co and S respectively. Figure S16(b) shows that, after adding a new pair of proton 
and electron (one additional hydrogen atom), we don’t see the adsorption of the H on to the catalyst surface. Instead, we observe that the H 
that initially adsorbed on S has changed its adsorption site to Co. This also suggests that the H adsorbed on S is much more active than those 
adsorbed on Co. Figure S16(c) shows that, after adding a new pair of proton and electron (one additional hydrogen atom), a H is adsorbed 
on S. This is the last round of simulation before the production of hydrogen molecules occurs (see Figure 6 in main text) if further adding 
new pair of proton and electron. 

Figure S17 shows geometry-optimized structures of the slab model, without water molecules filling the vacuum. These are the structures 
used for DOS calculations as in Figure 6. Moderate changes on the surface morphology upon hydrogen adsorption are seen. 10x70x50 
k-points are used for calculating the DOS. 

Note that we do not observe the apparent Tafel reaction, which requires two adsorbed hydrogen atoms. Since an S site usually can only 
accommodate one hydrogen atom, at least one of these two hydrogen atom has to be from these adsorbed on Co. The fact that the Co site is 
less active could possible hinder the Tafel reaction. 

Figure S18(a) shows two other cutting planes to have only S or Co exposed for reaction. The slab models are created in a similarly way as 
shown in Figure S16. The unit cell of slab model has the following geometrical size: a (along OA direction) =0.3367 nm, b (along OB 
direction) =0.3367 nm, c (along OC direction) =2.58 nm; alpha=90 degrees, beta=90 degrees, gamma=120 degrees. There are 5 water 
molecules filling up the vacuum space. The geometrical dimension of the vacuum space along OA direction is 1.548 nm, giving a water 
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density 0.9843 g/cm3. 7x7x1 Monkhorst-Pack k-points are used. Figure S18b shows that after two rounds of AIMD simulations, the Co is 
hydrogenated with two H atoms. Figure S18(c) shows that further adding of H atom does not trigger the production of hydrogen molecule. 
The Co is still hydrogenated with two H atoms. Figure S18(d) shows that in a similar setup but using the S exposed surfaces, the HER could 
easily occur. The above also demonstrates that S is the active site. Figure S19 presents the DOS calculations on these two types of surfaces. 

 
Figure S16 Multiple rounds of Volmer reactions on the surface as shown in Figure 6 in the main text from two viewing perspectives in a zoomed view. 

 
Figure S17 Geometry-optimized structures of the slab model without water, which are used for DOS calculation.  

 
Figure S18 (a) Schematic showing the generation of new types of surfaces from CoS crystal. Red lines denote the cutting plane. (b) The Co is hydrogenated with two 
H atoms after two rounds of simulating Volmer reaction. (c) Further adding of H atom doesn’t trigger the production of hydrogen molecule on Co exposed surface.  
(d) HER could easily occur on S exposed surfaces.  
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Figure S19(a) shows the DOS calculated for the Co exposed surface with and without hydrogen adsorption. The calculation is performed 
in a similar way as in Figure S17. 70x70x10 k-points are used for calculating the DOS. It shows that there is no apparent peak of 
anti-bonding states of Co emerging above the Fermi level upon hydrogen adsorption. On the contrary, Figure S19(b) shows that there is an 
apparent peak of anti-bonding states of Co emerging above the Fermi level upon hydrogen adsorption. This supports that S is a more active 
reaction site than Co. 

 
Figure S19 (a) DOS calculated for the Co exposed surface with and without hydrogen adsorption. (b) DOS calculated for the S exposed surface with and without 
hydrogen adsorption. 
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