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ABSTRACT: Electrocatalysis of water is a scalable and easily available source of the production of hy-

drogen (H2), the future energy carrier. This drive for clean energy inspired us to develop an inexpensive, 

readily producible, highly active, and stable catalyst to replace current state of the art platinum catalysts. 

Building on the promising hydrogen evolution reaction (HER) activity of many pyrites, their structural 

tuning by different metal/non-metals has been found to be effective in several instances. We present 

here one such effort by partial surface selenization of mesoporous cobalt sulfide material which displayed 

long-term operational stability (for at least 25 hours) besides attaining a current density of 100 mA cm-

2 at an overpotential of 160 mV versus the reversible hydrogen electrode (RHE) (in acidic media). A low 

Tafel slope (of 52 mV dec-1) and high exchange current density (j0) (of 70 µA cm−2) make our catalyst 

better to most existing systems. More importantly, using a variety of analytical techniques, electrochem-

ical measurements, and theoretical calculations, we have analyzed the morphology of the material, and 

rationalized the key to the enhanced intrinsic activity (as compared to the meso-CoS2) per active site. 

This study is expected to explain similar systems and modify approaches to enhancing the electrochem-

ical activity of metal chalcogenides. 

Keywords:    Cobalt sulfide, selenide, sulfoselenide, hydrogen evolution reaction, electrocatalysis, Gibbs 

free energy.

The electrochemical hydrogen evolution 

reaction (HER) from water is believed to be the 

cleanest and most sustainable approach for hydro-

gen (H2) production to meet future terawatt en-

ergy demands.1,2 To produce hydrogen in a facile 

way for industrial applications, a highly active 

and robust catalyst is required which minimizes 

the energy barrier, here represented by the over-

potential (ƞ) of this process.3 To date, platinum 

(Pt) and its alloys are considered to be the most 

active HER catalysts due to their high stability and 

lowest overpotential (~25-35 mV of overpotential 

to achieve a geometrical current density of 10 mA 

cm−2).4 However, the scarcity and high cost of 

platinum (Pt) limit its widespread application.5,6 

Hence, to replace platinum (Pt), the development 

of a highly active (close to Pt), sustainable, and 

cost-effective catalyst is in urgent need. Inspired 

by this rising demand, scientists across the world 

have started exploring possibilities of developing 

a hydrogen economy. This has led to various bi-

nary (such as metal oxides,7,8 nitrides,9 sulfides,10-

26,  selenides,27-31 phosphides,32-36 carbides,9,37 and 

borides.37) and ternary transition metal com-

pounds (such as  MoPS,38 WPS,39 CoPS,40 WSSe,39 

MoSSe-NiSe2,41 and bimetallic alloys.42-44) as HER 
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catalysts. Among them, pyrite-type transition 

metal dichalcogenides (MX2, where M = Fe, Co, or 

Ni and X = O, S or Se) have gained significant at-

tention due their high natural abundance, excel-

lent stability (under both acidic and basic solu-

tions), and outstanding HER performance, which 

makes them attractive for industrial applica-

tions.45 

Transition metal pyrites are also known 

for various energy-related applications due to 

their metallic and semiconducting properties.46 

However, in HER the electron donating property 
of chalcogenides is suggested to be a primary re-

quirement.40 This requires the tuning of the elec-

tronic feature of X2
2- dumbbells in metal pyrites 

by varying the atomic ratio of elements, which is 

considered to be highly crucial to enhancing the 

hydrogen adsorption process.47 A recent study on 

cobalt phosphosulfide (CoPS) has successfully 

showcased how the replacement of sulfur by phos-

phorus tune the electronic structure of the cata-

lyst to aid the hydrogen evolution reaction.40 Fol-

lowed by this, various selenium doped or alloyed 

ternary metal pyrites such as WS2(1-x)Se2x, CoS2(1-

x)Se2x, and MoS2(1-x)Se2x were prepared, which 

exhibited excellent enhancement of HER activity 

compared to WS2 and MoS2, respectively.39,44-46 In 

CoPS, phosphorous (P) doping converted S2
2- to 

(SP)3- dumbbells.40 This was shown to increase the 

surface electron density of the material which 

caused better adsorption of thermoneutral 

hydrogens. However, this enhancement of the 

negative charge of the anionic site is not possible 

in the selenium doped system, as the electronic 

nature of sulfur and selenium are comparable. 

Therefore, in the rush of unraveling the source of 

enhanced activity of rarely studied selenium 

doped metal pyrites, we initiated investigations. 

Herein, we demonstrate the synthetic route of a 

unique surface selenized mesoporous cobalt 

sulfide electrocatalyst, its excellent HER activity, 

chemical stability, and the determination of its 

surface active sites. Formation of these active 

sites and their effects were evaluated by 

electrochemical impedance spectroscopy (EIS), X-

ray photoelectron spectroscopic (XPS) techniques, 

and active site blocking experiments. Moreover, a 

Density Functional Theory (DFT) computed study 
was used to support the stability of the material 

and our experimental findings. 

Since electrochemical HER is a surface 

phenomenon, it has been reported to be highly de-

pendent on the surface area of a material which is 

a direct measure of the number of active sites .51 

This makes materials with a higher number of ac-

tive sites of great interest. An increase in the num-

ber of active sites is believed to contribute to-

wards the higher catalytic efficiency of materials 

by raising their rate of charge transfer and prod-

uct diffusion.51 This led us to develop mesoporous 

cobalt sulfide and sulfoselenide materials, as mes-

opores are known to increase the surface area of 

a material. Consequently, a simple three-step syn-

thetic protocol was implemented. This involved 

the synthesis of mesoporous cobalt oxide (meso-

Co3O4) material by a soft template mediated sol-

vent evaporation induced self-assembly method, 

developed by our group,52 followed by its sulfuri-

zation to produce meso-CoS2. Finally, a controlled 

selenization of this meso-CoS2 material (at 250 °C 

for 12 hours) yielded the partially surface 

selenized meso-CoSSe-12h catalyst. The schematic 

Figure 1. a) Schematic representation of the catalyst synthesis, b) Schematic structural representations for H 

adsorption on {001} different surface elements: (I) on Co of CoS2, (II) on S of CoS2, (III) on Co of CoSSe, and 

(IV) on S of CoSSe. 
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representation of the synthetic protocol of these 

catalysts is shown in Fig. 1. a and thoroughly de-

scribed in the methods section. 

To comprehend the stability of the en-

larged lattice structure of meso-CoSSe-12h, we 

compared the total energies of both meso-CoS2 

and meso-CoSSe-12h. Hence, lattice structures of 

CoS2 and CoSSe were modeled using Density 

Functional Theory (DFT) calculations, assuming 

~25 % of surface selenium (Fig. 1. b. III, and IV) 

based on the SEM-EDX mapping, as metioned 

later.  
The surface morphology of resulting meso-

CoSSe-12h catalyst was analyzed by multiple char-

acterization techniques. To learn about the crystal 
structure of this material, powder X-ray diffraction 
(PXRD) was measured and compared with meso-CoS2 

(Fig. 2. a). The PXRD pattern of meso-CoSSe-12h 

was indexed as a sulfur-deficient pyrite (CoS2) 

system, identical with that of meso-CoS2 (space 

group Pa-3, a = 5.5385 Å, ICSD collection code 

#86351). Nevertheless, a minor increment (of 

0.0108 Å) of lattice constant (a = 5.5493 Å) was 
observed for meso-CoSSe-12h as compared to the 

meso-CoS2 (Fig. 2. b), depicting a small expansion 

of the unit cell. This could be due to the larger 

ionic radii of selenium than sulfur. Interestingly, 

this 0.2 % strain, accumulated during the 0.0108 

Å elongation of lattice constant upon selenium 

(Se) doping reflected a sudden drop in total en-

ergy (Fig. S1. a). A further increment of lattice 

strain of the system predicted an increase of the 

total energy, which supports the maximum 

stability of the system at 0.2 % strain (Fig. S1. a). 

Confocal micro-Raman spectra (Fig. S1. b) 

of meso-CoS2 displayed all five Raman active 

modes Eg (~295 cm-1), Tg (1) (~330 cm-1), Ag (~395 

cm-1), Tg (2) (~420 cm-1) and Tg (3) (~490 cm-1). 

Here, the Ag and Tg (2) modes correspond to the 

in-phase and out of phase stretching vibrations of 

sulfide (S2
2-) dumbbells of the pyrite lattice. Eg is 

the pure librational mode of the same, and Tg (1), 

Tg (3) modes are combinations of both stretching 

and librational vibrations.53 Interestingly, all 

these modes were observed to be redshifted for 

meso-CoSSe-12h as compared to meso-CoS2 (Fig. 

S1. b). This is attributed to a larger unit cell for 
meso-CoSSe-12h than meso-CoS2, validating our 

earlier findings from X-ray diffraction studies. 

More importantly, the presence of one set of these 
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(Ag, Eg, and Tg) peaks suggested that the surface of 

meso-CoSSe-12h has a single uniform phase rather 

than a binary mixture of two different solid 

phases.  

Scanning electron microscopy (SEM; Fig. 

2. c.) revealed the structural morphology of meso-
CoSSe-12h which was similar to cabbage-like lay-

ered nanospheres of meso-CoS2 (Fig. S2. a). 

Transmission electron microscopy was used to 

capture further details of these materials which 

revealed the presence of mesopores in both CoS2 

and CoSSe-12h catalysts (Fig. 2. e, and Fig. S2. b). 

Larger ionic radii of selenium (Se) as compared to 

sulfur (S) probably expanded the unit cells in 

meso-CoSSe-12h, which decreased the surface 

area and porosity (Fig. S3. a). Bar-

rett−Joyner−Halenda (BJH) pore size distribution 

methods, used to measure pore sizes, also de-
tected this decrease of pore diameter upon seleni-

zation (Fig. S3. b). To determine the uniformity 

of selenium in meso-CoSSe, high-resolution trans-

mission electron microscopy (HR-TEM) of meso-

CoSSe-12h was analyzed. These experiments 

showed the presence of similar lattice fringes at 

Figure 3. Characterization on the meso-CoSSe-12h. a) XPS spectra of Co 2p of meso-CoS2, and meso-CoSSe-
12h b) XPS spectra of Se 3d of meso-CoSSe-12h. c) XPS spectra of S 2p in meso-CoSSe-12h showing the effect

of Se on the surface of meso-CoS2.  

Figure 2. Morphology characterization. a) Wide angel Powder X-ray diffraction pattern (PXRD) of meso-

Co3O4, meso-CoS2, meso-CoSSe-12h catalyst, the JCPDS pattern for CoS2, and the JCPDS pattern for Co3O4. b) 

Close up view of PXRD patterns of meso-CoS2, and measure the XRD shift. c) SEM image of meso-CoSSe-12h
catalysts. Scale bar, 2 μm. d) SEM-EDX of meso-CoSSe-12h catalyst. e) HR-TEM image of meso-CoSSe-12h cat-

alyst with a scale bar of 20 nm, and f) Lattice fringes of meso-CoSSe-12h catalyst. 
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different areas. The elemental uniformity of Co, S, 

and Se in the meso-CoSSe-12h surface was further 

confirmed by SEM-EDX analysis as depicted in 

Fig. 2. d. 

To further understand the details of the 

surface properties of meso-CoSSe-12h, XPS was 

utilized. An increase in binding energy of Co 2p in 

meso-CoSSe-12h as compared to meso-CoS2 (Fig. 

3. a), was observed which implies the oxidation of 

Co. A decrease in the percentage of metallic Co 

(Co0) (XPS peak at 778 eV) (Fig. 3. a) further sup-

ported this phenomenon. Unlike the oxidation of 
cobalt (Co), a comparison of the 2p region of sul-

fur (S) displayed reduction upon selenization of 

meso-CoS2. The expansion of the 2p peak towards 

lower binding energy was assumed to happen due 

to the formation of a new species. To understand 

this, the S 2p regions of both materials were de-

convoluted (Fig. 3. c) and compared. This analysis 

shows formation of a new terminal sulfur-sele-

nium species (denoted as SSe2-) in meso-CoSSe-

12h, besides the two-pre-existing bridged (S2- and 

S2
2-) and one terminal sulfur species. In the meso-

CoSSe-12h catalyst only one type of selenium spe-

cies (present as selenide in the material) was 

found to form as revealed by the single peak at 

54.8 eV (Fig. 3. b). This supports the homogeneity 

of sulfur and selenium moieties on the catalyst 

surface. More importantly, the generation of this 

new sulfur species at lowest bind energy indicates 

the weakening of Co-S bonds and further supports 

the oxidation of Co (Fig. 3. a). Moreover, to know 

the surface composition of the material, SEM-EDX 

mapping was used, which yielded an empirical 

formula of CoS1.32Se0.67 (Fig. 2. d, and Table S1). 

This further supported the presence of all three 

elements (Co, S, and Se) on the surface of the ma-

terial. The aforementioned empirical formula was 

very close to that of the DFT computed model of 

meso-CoSSe (Fig. 1. b, CoS1.5Se0.5). 

 To further support this finding, the over-
all percentage of each element was measured us-

ing X-ray fluorescence (XRF) spectrometry, where 

the catalyst was digested by a mixture of HNO3, 

HCl, and HF (9: 3: 8). XRF was used to detect the 

atomic ratio of different elements, to be 27 % of 

Co, 54 % for S, and 18 % for Se with an error bar 

of 0.5 % (Table S1). Consequently, this generated 

an empirical formula of CoS2Se0.67. The compari-

son between the empirical formulas generated by 

XPS and XRF validates the presence of a higher 

percentage of Se on the surface of meso-CoSSe. 

This supports our prior assumption of surface 

selenization.  

The percentages of surface elements (Co, 

S, and Se) were controlled by varying the seleni-

zation time (summarized in Table S1). Thus, to in-

vestigate the effect of Se content on meso-CoS2, 

Figure 4. Determination of HER activity. (a) LSV of meso-CoS2, meso-CoSSe-12h, and Pt/C in 0.5 M H2SO4 at 

scan rate of 5 mVs-1. (b) Tafel plots of all polarization curves mentioned in a. (c) Plot of TOF per active site 

under dynamic potential for meso-CoS2, and meso-CoSSe-12h, (d) Plot showing the extraction of the double-

layer capacitance (Cdl) for meso-CoS2 and meso-CoSSe-12h electrodes. (e) Hydrogen amount from theoretical 
calculations (black square) and experimental tests (red sphere) vs. time for the meso-CoSSe-12h catalyst at -

20 mA for 120 min. The straight line represents the theoretically calculated amounts of H2 assuming 100 % 

Faradaic efficiency, and the scattered dots represent the point where produced H2 were measured by gas chro-

matography. The overlapping of experimental data with that of the theoretical data indicates that nearly all of 
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meso-CoSSe catalysts with different amounts of 

Se were evaluated using their polarization (LSV) 

curves. A continuous increase of HER activity with 

increasing Se content was observed. However, in-

stead of obtaining a linear plot, a Gaussian curve 

with a saturation point at 12 hours was obtained 

(Fig. S5. a). Tafel slopes of these materials also 

showed similar Gaussian curves with a saturation 

point at 12 hours (Fig. S5. b). Increasing seleniza-

tion time not only increased the amount of Se but 

also separated the material into two separate 

phases CoS2 and CoSe2. The content of CoSe2 also 
increased with time. But due to our inability to 

achieve pure phase CoSe2, commercial CoSe2 was 

used to compare the activity of other materials 

(Fig. S6). However, the activity of this commer-

cial material was found to be extremely poor 

which can be attributed to the lack of active sites 

due to its bulk particles and lack of porosity.51  
All electrochemical characteristics related 

to the HER of both meso-CoS2 and meso-CoSSe-12h 

catalysts were measured using a three-electrode 

(rotating disc electrode, RDE) electrochemical cell 

having 0.5 M H2SO4 (aq.) solution (see methods 

section) as the electrolyte. A constant catalyst 

loading of 0.2 mg cm-2 on the graphite electrode 

(having resistance below 10 ohms) was used to 

compare the activity of different catalysts. The 

overpotential (ƞ) required to achieve a geometric 

current density of 10 mA cm−2 was selected as the 

target parameter for their comparison and was 

measured by linear sweep voltammetry at a scan 

rate of 5 mV s-1. The meso-CoSSe-12h catalyst 

achieved that (10 mA cm−2) current density at an 

overpotential (ƞ) of −110 mV (versus the reversi-

ble hydrogen electrode, RHE) which was signifi-
cantly lower (−358 mV vs. RHE) than that of the 

meso-CoS2 catalyst (Fig. 4. a, Table 1). This activ-

ity was further compared to the reference elec-

trode (Pt/ C), which required only ~35 mV (vs. 

RHE) of overpotential to reach to the 10 mA cm−2 

current density (Fig. 4. a, Table 1), under similar 

conditions. All data were iR corrected, and the 

ohmic losses of the system were always < 8 µ. To 

know the kinetics of the process, Tafel slopes 

were calculated from the extrapolation of the lin-

ear region of overpotential versus log J plot, 

where a lower slope symbolizes faster kinetics. 

Consequently, the reaction kinetics of meso-

CoSSe-12h (Tafel slope of 52 mV dec-1) was found 

to be faster than the meso-CoS2 (Tafel slope of 116 

mV dec-1 by) (Fig. 4. b, Table 1). The benchmark 

Pt/C displayed faster kinetics due to its lower 

Tafel slope value of 36 mV dec-1 (see Table S2 and 

Table S3). These values of the Tafel slope sug-

gested a possible Volmer-Heyrovsky pathway dur-

ing the HER, where the electrochemical desorp-

tion of hydrogen (H) is the rate-determining 

step.24 The intrinsic activity of active sites of a 

material is measured from the geometrical ex-

change current density at zero overpotential (J0, 

geometrical ). This activity is calculated from the in-

tercept (at zero overpotential) of the fitting curve 

of the Tafel slope. Activities were 8 µA cm−2, 70 µA 

cm−2, and 890 µA cm−2 for meso-CoS2, meso-CoSSe-

12h, and Pt/C, respectively (Note S6, Table 1). A 

sharp ~9 fold increment of J0, geometrical for meso-
CoSSe-12h as compared to the meso-CoS2 revealed 

the enhancement of the intrinsic activity of meso-

CoS2 upon selenization. To understand more about 

the origin of this activity difference, their relative 

electrochemical surface areas were measured by 

extracting the double-layer capacitance (Cdl) us-

ing cyclic voltammetry (Fig. 4. d).22 This showed 

that the electrochemical surface area of meso-

CoSSe-12h (38.25 cm2) was ~2 times higher than 

that of meso-CoS2 (17.50 cm2 ). Therefore, we as-

sume, due to this higher electrochemically active 

surface area (~2 times) and geometrical exchange 

current densities (~9 times), meso-CoSSe-12h ex-

hibits better HER activity than meso-CoS2. To de-

termine the faradic efficiency of the meso-CoSSe-

12h catalyst, hydrogen gas was produced and 

quantified at an interval of 20 minutes for 2 hours 

using a pre-determined calibration curve obtained 

from GC-TCD (Fig. 4. e). The experimental plot 

obtained from this process displayed ~99 % fit to 

the theoretical graph, confirming an accurate con-

version of cathodic current to H2 production.  
To estimate the impact of Se doping in im-

provising the activity of meso-CoS2 in alkaline me-
dia (1 M KOH), the cathodic polarization curves of 

meso-CoSSe-12h and meso-CoS2 catalysts were 

measured using linear sweep voltammetry (Fig. 

S8. and Note S2). This study showed a similar 

trend as for acidic media, confirming the drastic 

improvement of activity of meso-CoS2 upon sele-

nium (Se) doping. Moreover, excellent activities 

of meso-CoSSe-12h in both acidic and alkaline 

electrolytes distinguish this system from most 

metal sulfide systems such as CoS2, MoS2, and 

some metal phosphides (for example, Ni2P), as 

they fail to perform under alkaline conditions.2,32 
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To evaluate the stability of the meso-

CoSSe-12h catalyst, an accelerated degradation 

study was performed under 0.5 M H2SO4 (aq.) so-

lution as shown in (Fig. 5. a). The  

cathodic polarization curve obtained after 1,000 

continuous cycles of voltammograms (scan rate: 

50 mV s-1) exhibited a negligible increase in ƞ re-

quired to reach the current density of 100 mA cm-

2 as compared to its 1st polarization curve. Moreo-

ver, the catalyst was capable of generating this 

current density for at least 25 hours (Fig. 5. b). 

This indicates excellent stability of the meso-
CoSSe-12h catalyst with acidic electrolyte. The 

unique design, the presence of earth-abundant el-

ements (Co, S, and Se), excellent acid-base stabil-

ity, and an outstanding HER performance of our 

pyrite-type material may have fundamental and 

applied importance. and is one of the best cata-

lytic systems reported so far for HER.  

To investigate the importance and contri-

bution of each element of the catalyst, a few con-

trol experiments were performed. Individual ac-

tive sites were blocked using specific reagents to 

measure the activity of remaining elements. HER 

polarization curves of these blocked materials 

were used to qualitatively estimate the role of in-

dividual active sites. To perform these experi-

ments, three different electrodes were prepared 

following methods mentioned in Note S8. The 

conjugate Histidine which is an amino acid was 

selected for its excellent complexation ability 

with both Co (II)54,55 and Co (III).56 These strong 

tetrahedral complexes are expected to inhibit the 

cobalt species from participating in the HER pro-

cess, which may help quantify the combined cata-

lytic activity of sulfur and selenium. Similarly to 

block sulfur, the electrode catalyst was incubated 

with HAuCl4
.3H2O, which is known to reduce the 

Au3+ species to Au clusters57 over sulfur atoms.58 

This phenomenon is anticipated to measure the 
combined catalytic effect of cobalt and selenium. 

However, when both Histidine and  HAuCl4
.3H2O 

were used to incubating the catalyst, only sele-

nium is expected to show catalytic activity.  

The polarization curves of these differ-

ently blocked catalysts were measured by linear 

sweep voltammetry (LSV) and compared with the 

previously acquired LSV of unblocked meso-

CoSSe-12h catalyst (Fig. 6. b). Expectedly, the cat-

alytic activity of all blocked electrodes was found 

be lower than that of the unblocked one. Among 

these active site blocked electrodes, the cobalt-

blocked electrode (Hist@meso-CoSSe-12h) exhib-

ited the best activity, indicating a comparatively 

significant role of sulfur and selenium in the pro-

Table 1. Summary of the electrochemical properties of meso-CoS2, meso-CoSSe-12h, and Pt/C electrodes. 

Catalyst 

Ƞ (mV vs. RHE) 

for 
J= −10 mA cm−2 

Tafel 
Slope 

(mV dec-

1) 

J0, geomet-

rical (µA 
cm−2) 

Cdl 

(mF 
cm−2) 

Rela-
tive 

sur-
face 

area 

TOF (s-

1) 

Active site 

density (at-
oms cm-2) 

meso-CoS2 358 116 8 0.70 1 
0.104×

|j| 
1.72 ×1015 

meso -CoSSe-

12h 
56 52 70 1.53 2.18 

0.047×

|j| 
1.71 ×1015 

Figure 5: HER stability tests. a) accelerated stability measurements by recording the polarization curves 
for the meso-CoSSe-12h catalyst before and after 1,000 cyclic voltammograms at a scan rate of 50 mV s-1

under acidic condition. b) The plot of ƞ vs. time for the meso-CoSSe-12h catalyst at a constant cathodic 

current density of 100 mA cm-2 under acidic condition. 

Figure 6: a) HER free energy diagram for {001} surface of meso-CoS2 and meso-CoSSe, with H2O adsorption 

at Co and H adsorption at S and Se sites. b) LSV polarization curves of meso-CoSSe-12h, Au@ meso-CoSSe-
12h, Hist@meso-CoSSe-12h, and Au&Hist@meso-CoSSe-12h in 0.5 M H2SO4 electrolyte at a scan rate of 5 mV 

s-1.  

 



8 

 

cess. Followed by this, the sulfur blocked elec-

trode (Au@meso-CoSSe-12h) yielded a compara-

tively poor HER activity, which further declined 

for the sulfur and cobalt blocked electrode 

(Au&Hist@meso-CoSSe-12h) (Fig. 6. b). This sig-

nifies a comparatively higher contribution by the 

combined effect of Co-Se (Au@meso-CoSSe-12h) 

than the sole contribution of selenium of the sys-

tem (Hist@meso-CoSSe-12h). This study identi-

fied S-Se to be most important, supporting our 

prior conclusion of newly developed super-active 

sulfur-selenium species (Fig. 3. c), in the CoSSe 
catalytic system. 

DFT predicted lattice structures (Fig. 1. b) 

were used to identify the most stable planes 

where adsorption can occur. These data suggest 

that the 1S layer of (001) planes of both materials 

are the most stable (Fig. 6. a). As mentioned be-

fore, the adsorption of hydrogen is the most prob-

able rate-determining step of this HER process. 

The determination of the free energy change of 

this step is very crucial. These free energies (∆𝐺ு) 

were calculated for all comparable surface sites. 

A reduction of free energy values for adsorption 

of hydrogen on both Co and S was seen in meso-

CoSSe as compared to meso-CoS2. Interestingly, a 

significant reduction of free energy was observed 

for sulfur (from 0.94 eV to 0.44 eV), as compared 

to the reduction on cobalt (from 0.33 eV to 0.22 

eV). The free energy associated with the adsorp-

tion on Se was found to be 0.67 eV. This signifies 

the importance of Se in meso-CoSSe and validates 

its superior electrocatalytic HER activity over 

meso-CoS2 as obtained experimentally. According 

to this DFT calculation, oxidation of Co sites was 

found to minimize the activation barrier, indicat-
ing faster kinetics for proton adsorption. 

These studies inspired us to conduct a cir-

cuit model fitting analysis for electrochemical im-

pedance spectroscopy (EIS) of both meso-CoS2 and 

meso-CoSSe-12h materials to learn about their 

rates of charge transfer and electrochemically ac-

tive interfaces (Fig. S9). This study revealed a de-

crease of ohmic resistance in meso-CoSSe-12h as 

compared to meso-CoS2, enhancing the charge 

transfer by ~100 times (Fig. S9). However, the 

hemisphere obtained for meso-CoSSe-12h was sig-

nificantly distorted as compared to that of meso-

CoS2. Therefore, to analyze them, we conducted 

simulation studies to generate equivalent circuits 

of experimentally obtained EIS spectra of both 

materials using various impedance elements (Fig. 

S9). This revealed the co-existence of charge 

transfer resistance (Rct) and adsorption re-

sistance (Rad), for both cobalt and sulfur inter-

faces of meso-CoS2, representing the manifesta-

tion of Volmer-Heyrovsky steps (Fig. S9).59 Inter-

estingly, selenization caused a sharp decrease of 

the resistivities of all pre-existing interfaces (co-

balt and sulfur), besides the generation of another 
electrochemically active interface (Fig. S9). The 

agreement of this equivalent circuit with XPS 

studies confirm the development of a new sulfur-

selenide species in meso-CoS2 upon selenization 

(Fig. 3. c).  

These newly generated active sites or in-

terfaces increased the total turnover frequency 

(TOF) of the HER process due to the combined ef-

fect of its enhanced electrochemical surface area, 

exchange current density, and reaction kinetics 

(suggested by the lowering of Tafel slope). TOF 

indicates the number of gaseous hydrogen mole-

cules generated at unit time (per second). Hence, 

TOF is considered to be the most critical charac-

teristic of a catalyst which reveals its intrinsic 

catalytic efficiency. To quantify the TOF of these 

catalysts, the thermodynamic potential was calcu-
lated using the exchange current density (0 V vs. 

RHE). This yielded a TOF value of 3.34 H2 s-1 for 

meso-CoSSe-12h, which is approximately four 

times larger than the meso-CoS2 (0.83 H2 s-1) (see 

detailed calculation in Note S6.). Before this, we 

also calculated the electrochemically active sur-

face area (Note S5), and the active site density 

(sites per cm2) (Note S5, Table 1) of both meso-

CoS2 and meso-CoSSe materials. Despite the re-

duction of active site density, the TOF of meso-

CoSSe-12h increased as compared to meso-CoS2 

due to its higher (~9 times) intrinsic activity 

(Note S6) and electrochemically active surface 

area (ECSA). 

In conclusion, we successfully designed a 

readily producible surface selenized mesoporous 

cobalt sulfide with excellent stability in acidic me-

dia. This enhanced the HER activity of the meso-

CoS2 catalyst drastically. We confirmed that the 

development of new terminal sulfur-selenium 

species, besides the oxidation of Co, was respon-

sible for the enhanced HER activity of meso-

CoSSe-12h. This resulted in a decrease of reaction 

overpotential (from 358 to 110 mV, vs. RHE); and 
an increase of the Tafel slope (from 116 to 52 mV 

dec-1), intrinsic activity (geometrical exchange 

current density) (from 8 to 70 µA cm−2) and turn 

over frequency (TOF) (from 0.83 to 3.34 H2 s-1) 

(Figure 4). These combined effects resulted in the 

enhanced HER activity. The reaction kinetics of 

these systems were also supported by DFT calcu-

lations. A similar trend of reactivity of this earth 

abundant transition metal dichalcogenide catalyst 

was shown in basic media. Besides its excellent 
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catalytic performance, outstanding stability (for 

at least 25 hours) and reusability (up to at least 

1000 cycles), this system is fundamentally im-

portant for water splitting applications.  

 

Methods  

Materials Synthesis.  

All chemicals were purchased from Sigma-Aldrich 

unless otherwise specified. Mesoporous-Co3O4, 

synthesized by a soft template mediated solvent 

evaporation induced self-assembly method,52 was 

sulfurized to produce mesoporous-CoS2, which 

was selenized to produce the mesoporous-CoSSe 

material.  

Synthesis of meso-Co3O4  

In a typical synthesis 0.02 mol of cobalt nitrate 

hexahydrate (Co(NO3)2·6H2O) and 0.134 mol of 1-

butanol were added to a 120 mL beaker. To this 

solution 0.00034 mol of poly(ethylene glycol)-

block-poly(propylene glycol)-block-poly(ethylene 

glycol)(Pluronic P123, PEO20PPO70PEO20, molar 

mass 5800 g mol−1) and 0.032 mol of concentrated 

nitric acid (HNO3) were added successively and 

stirred at room temperature until the solution be-

came clear (purple). The resulting clear solution 

was then kept in an oven at 120°C for 4 hours to 

get a light pink dry powder. The product was col-

lected and washed with excess ethanol, centri-

fuged, and dried in a vacuum oven overnight to get 

rid of excess surfactants and remaining organics. 

In the end, the dried pink powder was subjected 
to a heating cycle of 150°C for 12 h and then to 

250°C for 4 hours. These steps are supposed to re-

move all surfactants and control the mesoporosity 

of the material.52 

Synthesis of meso-CoS2  

The black powder obtained from the previous step 

was then placed in the center of a standard 1.5-

inch (diameter) quartz tube using a ceramic boat. 
Another ceramic boat containing sulfur was 

placed next to the first boat. The quartz tube was 

kept inside a tube-furnace and Helium (He) gas 

was used to purge the reactor for 30 minutes to 

remove air. Then 5 % H2S was mixed on-line with 

95 % of Helium to pass through the tube furnace 

with a feeding speed of 50 s.c.c.m. for 12 hours 

with a ramp rate of 1 °C/min up to 250 °C. The 

system was brought to room temperature before 

taking the sample out for further use.  

Synthesis of meso-CoSSe-nh.  

The meso-CoS2 powder obtained from the step 

mentioned above was placed in the center of a 

standard 1.5-inch (diameter) quartz tube (differ-

ent than the one used for sulfurization to avoid 

contamination) using a ceramic boat. Another ce-

ramic boat containing selenium was placed next 

to the first boat. The quartz tube was then kept 

inside a tube-furnace and Helium (He) gas was 

purged through the system for 30 minutes to re-

move air at a feeding speed of 50 s.c.c.m. Then, 

the temperature of the furnace was set to increase 

up to 250 °C for nth hours with a ramp rate of 1 
°C/min. The furnace was allowed to cool down to 

room temperature to take the sample out for fur-

ther use.  

Characterization. A FEI Nova Nano SEM 450 was 

used to examine the sample morphology. A FEI Ta-

los F200x TEM was used to observe the morpho-

logic and structural characteristics of the sam-

ples. Chemical compositions and elemental oxida-

tion states of the samples were investigated by 

XPS spectra, using a PHI 595 Multiprobe XPS. X-

ray diffraction analysis was performed with a 

Rigaku Ultima IV-XRD (Rigaku Corporation). BET 

Surface area and BJH pore-size distribution of all 

synthesized materials were measured using a 

Quanta-chrome ASIQM 002-1 automated gas sorp-

tion analyzer. To analyze the Raman spectra of all 
reported materials, a Renishaw system 2000 was 

used at a wavelength of 514 nm. Rigaku ZSX Pri-

mus IV X-ray fluorescence was used for elemental 

analysis. 

Electrochemical measurements. All electro-

chemical measurements were performed in a 

three-electrode setup using a CHI 760E work-

station (US version). The catalyst was loaded on 

the working electrode (graphite electrode having 

a diameter of 0.48 cm) in the form of a gel (load-

ing amount of the gel = 10 μL, mass loading of the 

catalyst 0.2 mg cm-2) to measure its electrochem-

ical activity. The gel was made using 4 mg of the 

catalyst, 0.5 mg of Vulcan carbon, 40 μL of 5 wt % 

Nafion solution and 1mL of 1:1(v/v) water/ethanol 

(back ground current of Vulcan carbon was sub-
tracted for all electrochemical experiments per-

formed using it). The prepared mixture was soni-

cated for 1–2 h to get a nicely dispersed (Cole Par-

mer, model 08849–00) homogeneous suspension. 

The gel was dried after loading it on the electrode, 

prior to use. To select the counter electrode, a 

comparison between the Pt and the glassy carbon 

electrodes were performed which showed similar 

activity as the meso-CoSSe-12h material in both 

cases (Fig. S10. a). A small enhancement in the ac-

tivity in the presence of glassy carbon electrode 
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can be attributed to its higher surface area as 

compared to the platinum (Pt) electrode (Fig. 

S10.a). To ensure that the Pt counter did not dis-

solve or degrade during the hydrogen evolution 

reaction, SEM-EDX of the sample was measured 
after the 100th cycle of linear sweep voltammetry, 

which did not show the presence of Pt (Fig. S10. 

c). As a result, Pt wire was used as the counter 

electrode. The reference electrode was Hg/ HgCl2/ 

KCl (sat) for measurements in 0.5 M H2SO4, and 

Ag/AgCl/ KCl (sat) for measurements in 1M KOH. 

Both of these two reference electrodes were cali-

brated against a reversible hydrogen electrode 

under the same testing conditions immediately 

before the catalytic characterization (Fig. S11, 

and Note S7). A scan rate of 5 mV s-1 was used in 

the cyclic voltammograms of the HER activity un-

less otherwise noted. The electrolyte solution was 

purged with H2 for 30 min before each test. 
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