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ABSTRACT: A key process in electrochemical energy technology is
hydrogen evolution reaction (HER). However, its electrochemical properties
mainly depend on the catalytic activity of the material itself. Therefore, it is
important to find efficient electrocatalysts to realize clean hydrogen
production. As a typical kind of catalytic materials, transition metal
dichalcogenides (TMCs) play important roles in the field of energy catalysis.
As a representative of TMCs, cobalt disulfide (CoS2), recently has raised
much research interest owing to its abundant reserves, environmental
friendliness, and excellent electrochemical stability. Meanwhile, given the fact
that doping is one of the effective methods to improve the electrochemical catalytic property, various means of doping have been
researched. Here, we report for the first time that porous-like Se−CoS2‑x (or Se:CoS2‑x) nanorod can be facilely synthesized via a
controllable two-step strategy. It is demonstrated that doping Se can greatly improve the catalytic performance of CoS2 electrode.
The electrode can obtain a current density of 10 mA cm−2 at overpotential of only ∼260 mV. And the current changes with the
applied bias voltage in an obvious stepped pattern, in the chronopotential (CP) curve of Se−CoS2‑x, indicating its outstanding mass
transfer property and mechanical stability.

■ INTRODUCTION

When it comes to the current energy problem, conventional
energies such as coal, petroleum, natural gas fail to provide a
feasible solution for their shortcomings of being nonrenewable,
pollutional, and harmful during the combustion process.1−3

That is why it is necessary to seek new renewable clean energy
sources, among which, hydrogen may act as a perfect
candidate. The most direct approach to obtain hydrogen is
splitting water.4 However, a certain amount of energy (such as
additional bias voltage) is required during this process.
Therefore, to realize clean hydrogen production, high-
efficiency catalysts have been researched in recent years, e.g.,
platinum- (Pt-) based alloys.5−7 Nevertheless, although high-
performance, the expensive cost and limited reserves of Pt
metals have restricted its application for industrial hydrogen
production. Thus, synthesis of a catalyst composed of earth-
abundance, eco-friendly, and inexpensive elements is essential.
Over the past 2 decades, TMCs MX2 (M = Mo, W, Co, Ni,
etc.; X = S, Se, etc.) have been widely used in electrochemical
devices. For example, MoS2,

8−10 MoSe2,
11,12 WS2,

13,14

CoS2,
15−19 and other catalysts,20−23 among which is cobalt

pyrite (CoS2, CoSe2), a typical pyrite-type transition metal
dichalcogenide,24−30 have already been widely used in the field
of electrochemistry due to their unique advantages. Mean-
while, the properties of electrochemical devices are closely
related to the structure of materials. Therefore, in recent years,
scientists have been trying to develop new techniques for

synthesizing different structures such as nanoparticles,31

nanosheets,32−34 nanocrystals,35 nanoboxes,36,37 nanowires,38

and so on. Nonetheless, the performance of pure CoS2 is still
insufficient due to lack of active sites and low conductivity. For
this reason, it is quite important to adopt a novel strategy to
develop electrochemical devices with high-efficiency, super-
stability, and superior electrochemical performance.
Previous studies have shown that moderate doping can

effectively improve the electrochemical catalytic activities, e.g.,
N,39−45 P,46−50 Ni,51 Fe,52,53 Al,54 Se,55 Mn,56 and so on.
Therein, the performances of selenide products are much
better than those of other products (e.g., sulfur), which may be
ascribed to the following reasons: (i) the Se atom has larger
electronegativity than the S atom, and the Se atom can
substitute the S atom during a high temperature reaction
process; (ii) Se (compared to S) forms a new bond with
another element, which causes the lattice spacing to change,
facilitating electron conduction at the solution interface, and
finally improves the catalytic performance. Therefore, selenium
doping is one of the most important means to improve
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performances of electrochemical catalytic devices. However, as
far as we know, the Se dopants are rarely reported, possibly
attributed to their uncontrollable preparation process and
relatively high cost.
In this work, the porous-like Se−CoS2‑x nanorod is

successfully synthesized via a simple two-step method. The
first step is to synthesize umbrella-type Co(OH)Cl nanorods
(Co(OH)Cl UNs) as precursor by low temperature hydro-
thermal reaction. The second step is sulfuration/selenylation at
400 °C for 1h. Specific reaction processes are as follows:

+ →+ − +Co Cl CoCl2 (1)

+ → + ++ −CO(NH ) 3H O 2NH 2OH CO2 2 2 4 2 (2)

+ →+ −CoCl OH Co(OH)Cl (3)

+ − → −xCo (2 )S CoS x2 (4)

+ − + → −x yCo (2 )S Se CoS Sex y2 (5)

The result indicates that the Se−CoS2‑x catalyst effectively
improves the speed of electron transfer, showing much better
electrocatalytic performance than that of CoOx and CoS2‑x
catalysts.

■ RESULTS AND DISCUSSION
The fabrication of Se doped CoS2‑x electrodes is schematically
depicted in Scheme 1. The electrodes are prepared via a
sequential two-step approach: (i) Co(OH)Cl UNs are
synthesized through a simple hydrothermal growth process;
(ii−1) CoOx electrode is obtained by calcination of the
Co(OH)Cl UNs precursor; (ii−2) CoS2‑x electrode is obtained
by low-temperature sulfuration of the Co(OH)Cl UNs
precursor; (ii−3) Se−CoS2‑x electrode is obtained by low-
temperature hybrid sulfuration−selenylation of the Co(OH)Cl
precursor.
The formation of the product (CoOx) may derive from the

excessive decomposition of the Co(OH)Cl precursor during
the reaction process. Figure 1a−f and Figure S1 present the
SEM images of the CoOx nanorods with the annealing
temperature 400 °C. As shown in parts a and b of Figure 1,
CoOx exhibits a stone-like nanorods structure, with diameter of

about 200−500 nm and a length of about 2−10 μm. Figure 1c
reveals the energy dispersive X-ray (EDX) spectrum of the
annealing product, where the ratio of Co to O is about 1:1.28,
confirming the existence of CoOx (x = 1.28). Distribution of
different elements in the CoOx nanorods is analyzed through
elemental mapping. Uniform distribution of Co, O, and C
elements can be observed in the product, as illustrated in
Figure 1d−f.
Parts a and b of Figure 2 are SEM images of the CoS2‑x

electrode, showing 2−10 μm porous-rod-like structure stacked
by nanoparticles, with some gaps exist between blocks and
blocks. The EDX spectrum in Figure 2c reveals an atomic ratio
of Co to S less than 1:2, namely CoS2‑x, confirming that some
Co−S bonds in the product may break off or some sulfur

Scheme 1. Schematic Diagram of Preparation Procedures of Different Samples

Figure 1. (a) SEM images of the CoOx nanorods; (b) SEM images of
the CoOx nanorods in other regions; (c) EDX spectrum of the CoOx
nanorods, and elemental mapping of (d) Co, (e) O, and (f) C.
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vacancy is formed,39 as later explained in Figure 3. Similar to
the CoS2‑x electrode, SEM images of Se−CoS2‑x electrode as
shown in parts d and e of Figure 2 also display a porous-rod-
like structure, with diameter of about 200−500 nm and length
of about 2−10 μm. As reference, the precursor Co(OH)Cl
exhibits umbrella type nanorods structure, with a diameter of
about 200−500 nm and a length of about 2−10 μm (Figure
S2). For the microstructure of the Se−CoS2‑x, transmission
electron microscopy (TEM) images are obtained as shown in
Figure 2f−h. The TEM images in parts f and g of Figure 2
show that the Se−CoS2‑x catalyst is about 2 μm in length and
about 200 nm in diameter. The high-resolution transmission
electron microscopy (HRTEM) image (Figure 2h) reveals that
the interplanar spacing of Se−CoS2‑x catalysts is 0.240 and
0.276 nm, corresponding to the (2 1 0) and (2 0 0) planes of
CoS2‑x. In addition, no interfacial spacing of CoSe2 is detected
from HRTEM, indicating that Se has been successfully doped
into CoS2‑x. Figure 2j−l and Figure S3 show EDS line scan
mapping results of the Se−CoS2‑x nanorod. From the selected
points, the atomic number ratio of Co and S fluctuates around
1:1.5, which may be caused by the sulfur vacancy or the

interstitial doping of selenium in the process of sulfuration or
selenization.
Formation of CoS2‑x and Se−CoS2‑x polyporous nanorods

may be attributed to the defects, interstitial doping or atomic
bond breaking during the sulfuration/selenization process
(Figure 3). As shown in Figure 3a, the precursor Co(OH)Cl
first forms CoS2 during the sulfuration process at high
temperature. Then sulfur vacancy or sulfur interstitially doping
is generated as the reaction goes on, finally forming CoS2‑x.
Similarly, as shown in Figure 3b, in the process of high
temperature sulfuration/selenization, the precursor Co(OH)Cl
is easy to form Se−CoS2‑x through random selenium doping
(may be interstitial doping or in situ substitution). And sulfur
vacancy or sulfur interstitially doping will be generated soon,
leading to the formation of Se−CoS2‑x. According to the above
analysis and Figure 3c, the formation mechanism can be
explained based on the different reaction rates of Co2+, OH−,
S, and Se: According to the molecular dynamics principle, the
Co2+ peak makes it easy to form CoS2 with S powder. After the
formation of CoS2, sulfur vacancy and sulfur bond fracture will
occur during the reaction, thus forming CoS2‑x. In addition,

Figure 2. (a, b) SEM images, (c) EDX spectrum of the CoS2‑x sample; (d, e) FESEM, (f) TEM, (g, h) HRTEM images of the Se−CoS2‑x sample;
(i) insert figure of HRTEM; (j−l) EDS line scan mapping of the Se−CoS2‑x sample.
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selenium also participates in the reaction. At high temperature,
selenium atoms are very easy to replace sulfur atoms, or exist in
the form of interstitial doping, thus forming Se−CoS2‑x. The
increased numbers of active sites due to the effect of selenium
doping make important contribution to subsequent electro-
chemical performance improvement.
The XRD patterns of CoS2‑x and Se−CoS2‑x catalysts are

shown in Figure 4a, where the peaks at 27.2°, 32.3°, 36.3°,
55.1°, and 62.2° are indexed to (111), (200), (210), (311),
and (321) planes of CoS2 (JCPDS 41-1471),16 respectively.
Peak value of the obtained product CoS2‑x does not change
significantly, indicating that the structure of the product is not
damaged under this condition. In addition, slight shift of peaks
can be observed after doping Se, with no Se-related new
phases, indicating the successful doping of Se element into the
structure of CoS2‑x. Parts b−f of Figure 4 display XPS survey
spectra of Co, S, Se, and O elements, respectively. The Co 2p
can be divided into five peaks as indicated in Figure 4b, where
two obvious peaks at 778.7 and 793.9 eV, corresponding to Co
2p3/2 and Co 2p1/2, are consistent with the previous report.42

In addition, The peaks at 778.5 and 793.8 eV may correspond
to the CoOx bonding of the surface oxide in air, consistent with
previous report.26 Se doping leads peak shift to higher binding
energy for about 0.4 eV, implying the formation of new Co−Se
bonds, and indicating that Se doping effectively modifies the
electronic structure of Co. In Figure 4c, peaks located at 55.7
and 54.2 eV are attributed to Se 3d3/2 and Se 3d5/2,
respectively, close to the previously reported values of Se
doped CoS2.

53 And the broad peak located at 59.7 eV
corresponds to the surface oxidation of the Se edges.26 High-
resolution spectra of S 2p shown in Figure 4d can be
decomposed into three peaks, locating at 162.8 and 163.9 eV,
assigned to S 2p3/2 and S 2p1/2, respectively, and locating at
168.9 eV, assigned to S surface oxide contamination in Se−
CoS2‑x. As shown in Figure 4f, elements Co, S, Se, and O exist

in a wide spectrum of 50−800 eV, where the detected O
element by XPS may mainly attribute to the absorbed oxygen
or hydroxyl group or adsorbed water in the samples. (Figure
4e).32 The XPS results confirm that Se doping significantly
influence the chemical state of Co and S.
In order to discuss the function of Se dopants on the HER

process, a series of electrochemical hydrogen evolution
experiment are carried out in 0.5 M H2SO4 solution using a
three-electrode system. Specific reaction processes are as
follows.
HER in acidic electrolyte gives52

+ + − ++ −Volmer process: H O X e X H H O3 ads 2 (6)

− + + + ++ −Heyrovsky process: X H H O e H X H Oads 3 2 2
(7)

− +Tafel process: 2X H 2X Hads 2 (8)

(*X stands for the surface active site, Hads stands for the
adsorbed hydrogen).
The LSV curve is an important measurement index in

electrochemical reaction. Results of LSV measurements, as
shown in parts a and b of Figure 5, reveal that Se−CoS2‑x
electrode performs the best catalytic activities among all
catalysts. Its overpotential of only ∼260 mV (under the current
density of 10 mA cm−2) is far lower than that of the CoS2‑x
electrode (500 mV) and CoOx (>500 mV). In all samples, it is
obvious that the overpotential value of CoOx is the largest,
indicating that the sulfuration or selenization product can
provide more active sites. The corresponding Tafel slope is
then calculated, as shown in parts c and d of Figure 5, via the
Tafel formula y = m + n log k (where y stands for the
overpotential, m stands for the Tafel slope, n stands for the
intercept, and k stands for the current density). The calculated
slope of Se−CoS2‑x electrode is 89.9 mV dec−1, implying faster

Figure 3. (a, b) Optimized atomic structures of CoS2‑x and Se−CoS2‑x, respectively. (c) Formation mechanism diagram of CoS2‑x nanorod and Se−
CoS2‑x polyporous nanorod.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03019
ACS Omega 2021, 6, 23300−23310

23303

https://pubs.acs.org/doi/10.1021/acsomega.1c03019?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03019?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03019?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03019?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


proton transfer kinetics, which is conducive to the rapid
progress of HER.
In addition, electrochemical impedance spectroscopy is

applied for the CoOx, CoS2‑x, Se−CoS2‑x electrodes,
respectively, as presented in Figure 5e and Figure S3. The
circuit in Figure 5e can be used to simulate the resistance in
HER, which may be related to the interface properties of the
electrolyte. Charge transfer resistance (Rct) value of prepared
catalysts can be subsequently derived according to the
diameter of the Nyquist plots in Figure 5e and Figure S4,
where Rct of Se−CoS2‑x electrode (78.9 Ω) is much smaller
than that of CoOx (∼1190 Ω) and CoS2‑x (∼300 Ω), reflecting
faster electrocatalytic kinetics and reaction rate. The stability
test result (Figure 5f) indicates that the as-prepared electrode
material has excellent stability, which can almost maintain its
current density even after 2000 cycles durability test.
The Cdl value is calculated to evaluate the electrochemical

active surface area (ECSA) of the catalysts,46 as shown in parts
a and b of Figure 6 and Figure S4. The Cdl value of the Se−
CoS2‑x electrode is calculated to be 2.66 mF cm−2, far more
than that for CoS2 (∼0.49 mF cm−2), suggesting that Se−
CoS2‑x has more exposed active sites and defects than CoS2‑x,
which can explain the enhancement of the HER activity after
Se doping. Herein, all of the as-prepared samples possess a

similar nanorod morphology, and the greatly improved Cdl
results of Se−CoS2‑x may be ascribed to an increase in the
active sites arising from its polyporous-rod-like structure and
Se doping factors. Parts c and d of Figure 6 illustrate CP curves
of the Se−CoS2‑x electrode under varying overpotential. With
increasing overpotential, the current density of the Se−CoS2‑x
electrode rises accordingly and stabilizes soon, indicating
outstanding mass transfer performance and mechanical
stability of the Se−CoS2‑x electrode under acidic conditions.
The LSV curve in Figure 7a demonstrates the excellent HER

and OER characteristics of Se−CoS2‑x catalysts under alkaline
conditions. As shown in Figure 7b, the current density remains
unchanged at a bias voltage of −0.5 V, manifesting strong long-
term durability of the Se−CoS2‑x catalyst for HER. parts c and
d of Figure 7 illustrate CP curves of the Se−CoS2‑x under
varying overpotentials. Upon increasing the overpotential, the
current densities of the Se−CoS2‑x electrode rise and soon
stabilize. The results indicate that Se−CoS2‑x electrode has
outstanding mass transfer performance and mechanical
stability under alkaline condition.
The relative effective surface area is assessed to evaluate the

catalytic performance by comparing the above values of Cdl.
Table 1 shows that the addition of Se element into CoS2‑x
material can effectively increase chemical specific surface area,

Figure 4. (a) XRD patterns of CoS2‑x and Se−CoS2‑x with standard peaks of CoS2 listed. (b−f) XPS survey spectra of CoS2‑x and Se−CoS2‑x, Co
2p, Se 3d, S 2p, and O 1s, respectively.
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Figure 5. (a) LSV curves of CoOx, CoS2‑x and Se−CoS2‑x at a scan rate of 5 mV s−1 in 0.5 M H2SO4. (b) Summary of the overpotential at j = 10
mA cm−2 of prepared catalysts. (c) Corresponding Tafel slope of all catalysts. (d) Tafel slope diagram of different catalysts. (e) EIS Nyquist plots of
CoOx, CoS2‑x and Se−CoS2‑x at 0.8 V. (f) Initial polarization curve of the Se−CoS2‑x electrode and after 2000 cycles.

Figure 6. (a, b) Cdl of catalysts at 0.13 V versus RHE. (c, d) The multistep chronopotentiometric (CP) curve of Se−CoS2‑x catalysts under acidic
conditions.
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leading to better catalytic performance. From the chart below,
conclusions can be drawn that (i) sulfur and selenium play
significant roles in the HER process. Higher electrocatalytic
activity of Se−CoS2‑x electrode indicates that the contribution
of combined Co−Se−S is higher than sole sulfur during the
reaction process. (ii) When Se element is doped into the
CoS2‑x crystal, Se

2− will replace the part position of S2−, leading
to wider crystal surface spacing between Co−S−Se bonds,
which is conducive to the transfer of catalyst at the interface.
In order to better investigate the effects of Se doping in

CoS2, geometric and electronic structures of the system are
calculated via density functional theory (DFT). Parts a and b
of Figure 8 display the crystal structure models of pristine CoS2
and Se−CoS2. The introduction of Se leads to the substitution
of some S atoms by Se. Parts c and d of Figure 8 show band
structures and density of states (DOS) plots. The almost
identical distribution of CoS2 and Se−CoS2 means that Se
doping can keep the excellent electronic properties of CoS2.
Then, two possible sites on CoS2 and Se−CoS2 have been
examined, that is, the Co-site and the S-site. The Bader charge
is analyzed to investigate the electron transfer, as shown in
Figure 8e. It can be seen that for all the structure, the charge
transfer have a similar behavior before and after Se doping for
both the Co-site and the S-site, respectively. This means that
the mechanism of adsorption has not changed. Free energy
difference of H (ΔGH*) is then calculated (Figure 8f) to assess
the activity of the surfaces. It can be inferred that Co atoms in

CoS2 and Se:CoS2 are the active sites for HER, since the ΔGH*
of the Co-site is much closer to zero than that of the S-site.
The calculated values of the Co-site and the S-site both show
reduction after Se doping (0.44 and 0.86 eV for CoS2, 0.39 and
0.84 eV for Se-doped CoS2. Observing the lower ΔGH* of the
Co-site after doping with Se, it can be deduced that the Se
dopant can reduce the HER energy barrier and promote the
hydrogen evolution. Considering that the free energy is related
to the doping concentration and structure, another Se-doped
CoS2 system has been calculated (Figure S8). And it shows a
similar Bader charge value and lower free energy value (0.33
eV for the Co-site and 0.75 eV for the S-site), confirming that
the Se dopant can reduce the HER energy barrier and the
structure can effect the free energy. This signifies the
importance of Se in Se−CoS2 and validates its superior
electrocatalytic HER activity over CoS2 as obtained exper-
imentally.

■ CONCLUSIONS

In summary, the porous Se−CoS2‑x nanorod is successfully
synthesized by a facile two-step method. The as-prepared Se−
CoS2‑x electrode exhibits much improved catalytic activity,
which may be attributed to the reasons as follows: (i) Under a
high temperature reaction, the formation of defects in the
catalyst caused by Se doping may provide more active sites,
thus improving the performance of hydrogen evolution. (ii)
The larger electronegativity of Se atom than S atom makes
Co−Se bond easier to form. (iii) The synergic effects of Se
doping and CoS2 catalyst support are obseved. (iv) When Se
elements are doped into the CoS2 crystal, Se2− will partly
replace the position of S2− and the crystal surface spacing
between Co−S−Se bonds will be wider, which is conducive to
the transfer of catalyst at the interface. In this paper, the Se−
CoS2‑x catalyst shows excellent HER performance, such as low
overpotential (∼260 mV for current density of 10 mA cm−2),
low Tafel slope (89.9 mV dec−1), and outstanding mass
transfer property and mechanical robustness. The above results

Figure 7. (a) LSV curve of Se−CoS2‑x with scan rate of 1 mV s−1 in 1 M KOH. (b) Time-dependent current density of Se−CoS2‑x catalysts. (c, d)
Multistep chronopotentiometric curves of Se−CoS2‑x catalysts under alkaline conditions.

Table 1. Comparison Table of HER Performances of CoS2‑x
and Se−CoS2‑x Samples

electrodes η/mV Tafel slope/mV dec−1 Cdl
a/mF cm−2 Rct

b/Ω

Pt/C 29 29.03 − 29.3
Se−CoS2‑x 260 89.9 2.66 78.9
CoS2‑x 500 197.3 0.4 316.2
CoOx >500 221.4 0.03 1190

aDouble-layer (Cdl).
bCharge transfer (Rct).
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indicate that doping can greatly enhance the electrochemical
catalytic property, and this strategy may be applied to other
TMDs materials for energy storage-related applications.

■ EXPERIMENTAL SECTION

Synthesis of Co(OH)Cl UNs. Typically, 2 mmol of CoCl2
or CoCl2·6H2O, 7 mmol of NH4Cl, and 9 mmol of urea were
dissolved in deionized water (35 mL). After being fully stirred,
the obtained solution was transferred into a reaction vessel (a
50 mL autoclave) and then placed in an oven at 140 °C. After
6−12 h of constant temperature reaction, the autoclave was
taken out from the oven for cooling to room temperature. The
obtained product was then washed with absolute ethanol for
several times, and finally dried overnight under vacuum at 60
°C.
Synthesis of CoOx. The annealing process is as follows:

0.01 g of Co(OH)Cl UNs samples were located at the high-
temperature zone of a tube furnace, the heating zone was
heated to 400 °C with heating rate of 6 °C/min, the whole
process was carried out in Ar atmosphere, and the final product
was obtained after 1 h of reaction.
Synthesis of Porous Rod-like Cobalt Sulfides. The

sulfurization process is described as in our previous work:57

First 0.01 g of Co(OH)Cl UNs sample was located at the high-
temperature zone of a tube furnace, and S powder (0.1 g) was

located at the upstream side of the tube furnace, being about
15 cm apart. The upstream zone was heated to 250 °C with a
heating rate of 6 °C/min, and the downstream zone was
heated to 400 °C with a heating rate of 10 °C/min. The whole
process was carried out in an Ar atmosphere, and the final
product was obtained after 1 h reaction.

Synthesis of Porous Rod-like Se-Doped Cobalt
Sulfides. The whole process was almost identical as described
in the previous procedure of synthesizing cobalt sulfides,
except for replacing the S powder (0.1 g) with a mixture of S
powder (0.08 g) and Se powder (0.02 g).

Characterization. Field emission scanning electron mi-
croscopy (FESEM, SU8010, Hitachi Japan and TESCAN
MIRA3) and field emission transmission electron microscopy
(FETEM, JEM2100F, 200 kV) were used to characterize the
microstructure and morphologies of samples. The chemical
components and elemental state of the samples were detected
via X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Al
Kα, USA). The crystallite structures of the products were
observed by using X-ray diffraction (XRD, Xpert Pro MPD
diffractometer, Cu Kα radiation).

Preparation of Electrode. The electrode was prepared
using the method we have reported before.62 The dispersion
solution composed of 4 mg of sample, 30 μL of Nafion
solution (5 wt %), and 1:4 mixed solution of water (200 μL)

Figure 8. (a, b) Crystal structures of CoS2 and Se−CoS2, respectively. (c) Electronic band structures of CoS2 and Se−CoS2. (d) PDOS plots of
CoS2 and Se−CoS2. (e) Calculated Bader charges of Co, S, and H atoms for CoS2 and Se−CoS2, respectively. (f) Gibbs free energy of CoS2 and
Se−CoS2 (Co-sites and S-sites).
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and ethanol (800 μL), was placed under ultrasonic vibration
for about 1 h to form a homogeneous catalyst ink. Then 5 μL
of the dispersion solution was loaded onto a working electrode
(glassy carbon electrode, diameter d = 3 mm). The catalyst was
about 0.285 mg cm−2.
Electrochemical Measurement. A three-electrode test

system was adopted (working electrode, glassy carbon
electrode; reference electrode, Ag/AgCl (saturated KCl)
electrode; and counter electrode, graphite rod). Electro-
chemical hydrogen evolution performance test of all samples
were completed by CHI660E electrochemical station and
ZAHNER pro electrochemical workstation. The Linear sweep
voltammetry (LSV) was performed in 0.5 M H2SO4 solution
(pure N2). The potential of reversible hydrogen electrode
(RHE) was calibrated as ERHE = EAg/AgCl + 0.217 V.28 The
HER stability of all catalysts were tested by an amperometric
i−t curve with a scan rate of 100 mV s−1. The double-layer
capacitances (Cdl) were estimated by CV in the range of 0.08−
0.19 V versus RHE region at various scan rates (5−100 mV
s−1). The electrochemical impedance spectroscopy (EIS) was
tested with an AC voltage of 0.8 V over the frequencies 0.1−
105 Hz.
DFT Calculations. The geometric and electronic structures

of systems were calculated via density functional theory
(DFT), and implemented in the Vienna ab initio simulation
package (VASP).58 The interactions between valence electrons
and ionic cores were described by the projector-augmented
wave (PAW) method, and the electron exchange and
correlation were described by generalized gradient approx-
imation (GGA) functional of Perdew, Burke, and Ernzerhof
(PBE).59 In the calculation, the force convergence criterion
and energy convergence criterion was set to be 0.01 eV/Å and
10−5 eV, respectively. The cutoff energy was set as 450 eV. The
Monkhorst−Pack grid was set to be 7 × 7 × 7 and 7 × 7 × 1 to
the first Brillouin zone for bulk and surface systems,
respectively.
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