Aug. 2018

Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35 No. 4

CoS; Yolk-Shell Spheres Coated with Carbon Thin Layers as High
Active and Stable Electrocatalysts for Hydrogen Evolution Reaction

Wang Anliang s Tong Yexiang , Li Gaoren”

MOE Laboratory of Bioinorganic and Synthetic Chemistry, The Key Lab of Low-Carbon Chemistry & Energy

Conservation of Guangdong Province, School of Chemistry, Sun Yat-Sen University, Guangzhou 510275, P. R. China

(Received 1 June 2018; revised 4 July 2018; accepted 12 July 2018)

Abstract: Though water electrolysis is effective in generating high-quality hydrogen gas, it requires effective elec-

trocatalysts for hydrogen evolution reaction (HER). CoS, have been considered as a promising HER electrocata-

lyst because of its high ctalytic activity. However, the key limitation for CoS, nanomaterial as HER electrocatalyst

is its poor stability, which may be due to the structural breakdown of CoS, nanostructure or the evolution of S dur-

ing H; evolution in acid media. Coating porous carbon thin layer for protection from structural breakdown and evo-

lution of S is a good way to improve catalytic stability. In addition, coating carbon layer can change electronic

structure of CoS, for the moderated hydrogen adsorption energy, leading to enhanced catalytic activity. Here,

CoS; yolk-shell spheres coated with carbon thin layers exhibit superior catalytic performance for HER with low

overpotential, small Tafel slope, and excellent stability.
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0 Introduction

Hydrogen as a sustainable, secure, clean and
alternative energy source can ease the energy cri-
sis and environment pollution faced in the present

world™ %,

sidered as a highly effective method to produce

Electrochemical water splitting is con-
hydrogen*'. However, it needs electrocatalysts
to reduce overpotential due to low kinetics of wa-
ter splitting. Pt is at present the most active cata-
reaction

lyst  for the evolution

(HER)!M™,

and high cost greatly restrict the industrial pro-

hydrogen

However, its scarcity on the earth

duction of hydrogen. Therefore, it is necessary
and urgent to find cost-effective and earth-abun-
dant catalysts with high HER catalytic activity
and excellent stability to facilitate translation of
H, O to hydrogen.

Transition metal dichalcogenides with gener-
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alized formula of MX, (M refers to transition met-
al; X represents a chalcogen such as S and Se)
have received increasing interests due to their low

[6-10]

cost and high abundance Among them,

MoS, has been considered as a promising candi-
date because of its high activity and stability™*,
However, the experimental and computational
studies have concluded that the catalytic activity
mainly arises from the active sites located along
the edges of 2-D MoS, layers which are under-co-
ordinated and thermodynamically unfavorable,
and the basal planes are catalytically inert"'™'",
Although various methods have been adapted to
expose more edge sites or enhance the intrinsic
activity of the edge sites, the enhancement of
HER electrocatalytic performance of MoS, still

L820] - Another transi-

faces enormous challenges
tion metal dichalcogenides CoS,, which was often

utilized as electrode materials for supercapactiors,
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Li-ion batteries or electrocatalysts for oxygen re-
duction reaction (ORR)™"™*, also has shown ex-
cellent HER electrocatalytic activity, even higher
than MoS,. In addition, CoS,, which is an in-
triscally conductive metal in contrast to the other
MX, such as FeS,"*™ and NiS,"!, can improve
the electron transportation from catalyst surface
to the electrode, thus will reduce the overpoten-
tial needed to overcome the energy barriers and
decrease the energy consumption. What’s more,
CoS; can exhibit high HER activity after conver-
sion from thermodynamically favored semicon-
ducting phase to a metastable metallic polymorph
compared wih other transition metal dichalcogeni-
deis, such as MoS, and WS, However, the
key limitation for CoS, as HER electrocatalyst is
poor stability in acid media, which may be due to
the structural breakdown of CoS, nanostructure

or the evolution of S during H, evolution*:3%71,
The poor stability of CoS, materials has seriously
restricted their practical applications as high-per-
formance HER electrocatalysts. Therefore, it is
significant to develop CoS;-based electrocatalysts
with excellent stability as well as high catalytic
activity.

To improve the electrocatalytic activity and
stability of CoS, for HER, carbon thin layer coat-
ing will be a promising method because of follow-
ing advantages: (1) the carbon thin layer can well
prevent CoS, from structural breakdown and the
evolution of S; (2) the electronic interaction be-
tween CoS, and thin carbon layer will change the
electronic structure of CoS,, which will be benefi-
cial for the improvement of electrocatalytic activi-
ty; (3) The carbon layer will provide “super-

highways” for electron transfer to promote HER

due to its high electrical conductivity. Based on
the above considerations, we devote our attention
to designing and synthesizing the novel CoS, yolk-
shell (YS) spheres coated with carbon thin layers
(CoS, YS@ C spheres) as highly efficient HER
electrocatalysts by a simple hydrothermal meth-
od. The CoS, YS@ C spheres own hollow struc-
ture and high specific surface area, and they ex-
hibit excellent catalytic activity with low onset
potential of only about 20 mV, small Tafel slope
of about 55 mV/dec, and small overpotential of
about 90 mV at 10 mA/cm? in acidic solution.
Especially, CoS, YS@C spheres also exhibit ex-
cellent stability at 10 mA/cm® for 10 h. This
work provides a new revenue for the development
of CoS;-based electrocatalysts with high catalytic

activity and excellent stability for HER.

1 Results and Discussion

Fig. 1 shows the schematic illustration of the
fabrication of CoS, YS@C spheres. SEM images
of CoS, YS spheres are shown in Figs. 2(a) and
(b), which clearly shows that the diameters of
CoS; YS spheres are about 2 um and the surfaces
of CoS, YS spheres are rough and made up of
many small spheres. From the broken CoS, YS
spheres, the YS structures are clearly seen as
shown in Fig. 2(b), and the shell thickness is
about 200 nm. This unique hollow and YS struc-
tures of CoS, will provide large surface areas, and
they will be beneficial for the transportations of
reactant and resultant and the enhancement of ac-
tive sites. Then CoS; YS spheres coated with car-
bon thin layers (CoS, YS@ C spheres) were a-
chieved via hydrothermal treatment of CoS, YS

spheres in glucose solution for 2 h. SEM image of

% ©

Oo‘:;og Carbon CoS

° o d . 05,
Sl </ coating

®e I Carbon

@ Co precursor

@ S powder CoS, YS sphere

CoS, YS@C sphere

Fig. 1 Schematic of fabrication of CoS, YS@C spheres
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(a) SEM image of CoS, Y'S spheres
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(d) TEM image of CoS, YS@C spheres

(b) SEM image of broken CoS, YS spheres

(e) HRTEM image of Area @ in Fig.2(d)
of CoS, YS@C sphere

(c) SEM image of CoS, YS@C spheres

(f) FFT pattern measured in Area @
in Fig.2(d)

(2) FFT pattern measured in Area @
in Fig.2(d)

Fig. 2 SEM image of CoS; YS spheres, SEM image of broken CoS, YS spheres, SEM and TEM images of CoS, YS@C
spheres, HRTEM image of Area in Fig. 2(d) of CoS, YS@ C sphere, FFT pattern measured in Area® in
Fig. 2(d), and FFT pattern measured in Area® in Fig. 2(d)

CoS; YS@ C spheres in Fig. 2(¢c) shows carbon
layers are unifromly coated on the surfaces of
CoS; YS spheres. Compared with those of CoS,
YS spheres, the surfaces of CoS, YS@C spheres
become smoother because of the coating of carbon
layer. To investigate the thickness of carbon lay-
er, HRTEM image of the edge layer of CoS; YS
@C is measured (Fig. 2(d)), which shows that
the carbon layer is uniform with thickness of
about 10 nm. Fig. 2(e) shows that the inner CoS,
owns clear lattice fringes of about 0.226 nm,
which corresponds to (200) plane of CoS,, and
fast Fourier transform (FFT) parttern in Fig. 2()
indicates the single crystal structure of CoS,. The
carbon layer is amorphous structure without lat-
tice fringe, and FFT parttern in Fig. 2(g) con-
firms the amorphous structure of carbon thin lay-
er. XRD pattern of CoS, YS @ C is shown in
Fig. 3(a), which shows that all the diffraction

peaks are attributed to the standard cubic phase of
CoS, (PDF 65-3322) and no diffraction peak of
carbon is seen, furtherly confirming the crystal-
line structure of CoS, and amorphous structure of
carbon layer. Here the thickness of carbon layer
of CoS, YS@ C sphere can be well controlled.
When the hydrothermal treatment time of CoS,
YS spheres in glucose solution is 3 h, the surface
of CoS; YS@C sphere is also uniform and the car-
bon layer is about 15 nm. When the hydrother-
mal treatment time of CoS; YS spheres in glucose
solution is 1 h, the unifrom carbon layer is about
6 nm. In order to investigate the effect of carbon
layer on the electronic structure of CoS,, XPS
measurements of CoS, YS spheres and CoS,
YS@C spheres were performed. In Co 2p region
(Fig. 3(b)), the peaks of Co 2p;;; and 2p;, of
CoS; YS@C spheres at 793. 9 and 778. 8 eV both

shift to lower binding energy compared with those
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of Co 2p;, and Co 2p;; of CoS; YS spheres at
795.0 and 779.9 eV, respectively, and the neget-
ive shifts are about 1.1 eV. In S 2p region (Fig. 3
(¢)), the peaks of S 2p,,» and 2p;,, of CoS, YS@
C spheres at 163. 14 and 164. 24 eV both shift to
higher binding energy compared with those of S
2p12 and S 2ps,, of CoS, YS spheres at 162. 70 and
163. 80 eV, respectively, and the positive shifts
are about 0. 44 eV. The negative shifts of Co 2p
peaks and positive shifts of S 2p peaks well con-
firm the change of electronic structure of CoS, be-
cause of the strong electronic interaction between
CoS; and carbon layers. XPS spectrum of C 1s of
carbon layers is shown in Fig. 3(d), and it can be
deconvoluted into three peaks at 284. 8, 285. 9
and 288.9 eV, which correspond to the bonds of
C—C, C—0O—C and O—C =C, respectively.
The existences of C—0O and O—C =C bonds in
carbon layers will make CoS, YS @ C spheres
more hydrophilic, which is beneficial for the ab-
sorption of H, O for HERP®,

measurements were used to investigate the effect

In addition, Raman

of carbon layer on the electronic structure of

CoS,, and Raman spectra of CoS, and CoS, YS@

26/(°)

(a) XRD patternof CoS, YS@C spheres

T AE=0.44 eV

Intensity / a. u.

——CoS,YS
~ i i —CoS,YS@C
160 161 162 163 164 165 166 167

Binding energy / eV

(c) XPS spectra of S 2p region of CoS, YS and CoS, YS@C spheres

C spheres are shown in Fig. 3(c). The peaks at
293. 5 and 398. 6 cm ! are observed for CoS,.
which correspond to the pure librational mode of
dumb-bells (E,) and in-phase stretching vibra-

tions of S atom in the dumb-bells (A,), respec-

[39]

tively*”, and they are in agreement with the data

12841 However, for CoS,

of CoS, single crysta
YS@C, there are about 6 cm ™!

E, and A, peaks (287.5 and 392. 6 cm ') com-

negative shifts of

pared with those of CoS; YS spheres, as shown in
Fig. 3(e), further confirming the change of elec-
tronic structure of CoS,because of the strong elec-
tronic interaction between CoS, and carbon lay-
ers. To determine the content of C in CoS, YS@
C sphere, TGA measurements of CoS, and CoS,
YS@C spheres were studied in the air and the re-
sults are shown in Fig. 3 (f). Compared with
CoS, , there is slow decrease among the tempera-
ture of 100—400 °C for CoS, YS@C, which cor-
responds to the lose of carbon in the sample. The
compositions of C and CoS, in CoS, YS @ C
spheres are determined to be about 6% and 94 %

in weight, respectively.

Intensity / a. u.

CoS, YS

i . ICoSZ YS@IC
780 790 800 810
Binding energy / eV

(b) XPS spectraof Co 2p regionof CoS, YS and CoS, YS@C spheres

Intensity / a. u.

279 282 285 288 291 294
Binding energy / eV
(d) XPS spectra of C 1s region of CoS, YS@C spheres
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(e) Ramanspectra of CoS, YS and CoS, YS@C spheres
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(f) TGA curves of CoS, YS and CoS, YS@C spheres

Fig. 3 XRD pattern of CoS; YS@C spheres, XPS spectra of Co 2p region of CoS; YS and CoS, YS@C spheres, XPS
spectra of S 2p region of CoS, YS and CoS, YS@C spheres, XPS spectra of C 1s region of CoS, YS@C spheres,
Raman spectra of CoS, YS and CoS, YS@C spheres, and TGA curves of CoS; YS and CoS, YS@C spheres

The electrocatalytic activities of CoS, YS@C
spheres with different carbon layer thickness are
studied by linear sweep voltammetry (LSV) in
0.5 M H,SO, solution at 2 mV/s. When the car-
bon layer thickness is 10 nm, the electrocatalytic
activity of CoS, YS@C spheres reaches the high-
est level (the carbon layer thickness of CoS, YS@
C spheres was kept to be 10 nm in all the follow-
ing experiments). The electrocatalytic activities
of CoS, YS@C spheres, CoS, YS spheres and car-
bon with the same loadings (1. 02 mg/cm?®) were
compared and their polarization curves are shown
in Fig. 4(a). Obviously, the HER catalytic activi-
ty of CoS, YS@ C is much better than that of
CoS, YS spheres and the carbon almost has no
catalytic activity. The onset potential of CoS, YS
@C is about 20 mV, which is much lower than
those of CoS; YS spheres (85 mV), as shown in
Fig. 4 (b). The overpotential of CoS, YS@ C at
10 mA/cm?® is 89. 3 mV, which is much smaller
than 184.2 mV of CoS; YS spheres. In addition,
the current density of CoS, YS@C at a given po-
tential is much higher than that of CoS, YS
spheres, as shown in Fig. 4 (b). For instance,
when the overpotential is 200 mV, the current
density of CoS, YS @ C spheres is about
81.23 mA/cm?, which is about 6.5 times higher
than that of CoS; YS speheres, as shown in
Fig. 4(¢), suggesting the important role of carbon

thin layer for the enhancement of electrocatalytic

activity of CoS, YS@C speheres.

The linear portions of Tafel plots were fit to
Tafel equation (y=a+blogj, where j is current
density, b is Tafel slope), yielding Tafel slope of
about 55 mV/dec for CoS, YS@C spheres (Fig. 4
(d)), which is much lower than that of CoS, (77
mV/dec). The Tafel slope of 55 mV/dec for
CoS, YS@ C indicates Volmer reaction has been

L1121 and the process to convert the

taken place
protons into absorbed hydrogen atoms on CoS,;YS
@C surfaces becomes rate-determining step dur-
ing HER. The exchange current density (j,) of
the catalyst can be calculated by extrapolating the
As expected, j, of CoS, YS @ C
spheres is 0. 265 mA/cm? (Fig. 5(a)), which is
much larger than that of CoS, (0. 062 mA/cm?).
Therefore, the CoS, YS@ C spheres exhibit out-

standing HER activity with low onset potential,

Tafel plot.

high current density, low Tafel slope and high
exchange current density, which are superior to
most of the CoS,-based electrocatalysts that have
been ever reported in the acidic electrolyte.

In order to further provide the insight to
CoS; YS@C sphere electrocatalysts, the electro-
chemical active surface area (ECSA) and electro-
chemical impedance spectroscopy (EIS) measure-
ments were performed. Though it is difficult to
obtain the accurate value of ECSA owing to the
unclear capacitive behavior, it can be visualized

by double layer capacitance (Cy ). which is pro-
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portional to the electrochemical surface area. The
calculation of Cy by cycle voltammograms (CVs)
in 0. 5 M H,SO, is used to make comparison of
ECSA. The Cy4 of CoS, YS@C spheres is caculat-
ed to be 13.13 mF/cm? (Figs.5(b) and (c¢)),
which is much larger than that of CoS, YS
spheres (6.56 mF/cm?®), indicating that CoS, YS
@C spheres own much larger ECSA than CoS,
YS spheres. Nyquist plots of CoS, and CoS, YS@
C spheres are shown in Fig. 5(d). The semicircle
in the high frequency region is attributed to the
charge transfer resistance (R.). which is related
to the electrocatalytic kinetics, and a low value of
reaction

semicircle is consistent with a fast

ratel",

From Fig.5(d), it is clearly seen that
CoS, YS@ C spheres have much lower R, than
CoS; YS spheres, indicating much faster reaction
rate for CoS, YS@C spheres.

HER electrocatalytic activity of CoS, YS@C

spheres is significantly better than those of CoS,

0
. 201
E’ -40
2
E -60}—C
3; ——CoS,YS
g —go—CoS, YS@C
@]
-0.4 -0.3 -0.2 -0.1 0.0
E/V (vs RHE)
(a) IR-corrected polarization curves of CoS,
YS spheres, CoS, YS@C spheres, and C
in 0.5 M H,SO, at 2 mV/s
1n=200 mV
75+
 60F
g
o
o 451
g 30+
~

CoS, YS

CoS, YS@C

(c¢) Comparisons of HER current densities of CoS,
YS and CoS, YS@C spheres at the overpotential
of 200 mV

Fig. 4

Overpotential / V

Onset overpotential / V

and other CoS,-based electrocatalysts reported in
the litertatures. The enhancement of the catalytic
activity of CoS, YS@C spheres can be ascribed to
the rapid charge transfer based on analyses of EIS
results and the large ECSA with more exposed ac-
tive sites. Actually the better catalytic activity of
CoS, YS@C spheres as electrocatalysts for HER
is also due to the natural properties of CoS, YS@
C spheres. As we all know, HER activity is
strongly correlated with the chemisorption energy
of atomic hydrogen to the electrocatalyst surface,
and the hydrogen binding energy for an excellent
HER electrocatalyst should be neither too high

44-45]

nor too low" The positive hydrogen binding
energy on CoS, indicates a weak adsorption of H
on CoS, surface™ , which will be unfavourable to
the reduction of H' (i. e. » Volmer step). Thus,
an optimization of the electronic features is de-
sired. It is notable that the surrounding elements

have an important effect on the electron density

8o
60}
40t

20+

0 -

CoS, YS CoS, YS@C

(b) Comparisons of the onset overpotentials of
CoS, YS and CoS, YS@C spheres
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(d) Tafel plots of CoS, YS and CoS, YS@C spheres

77 mV/dec

CoS, YS@C
55 mV/dec

IR-corrected polarization curves of CoS, YS spheres, CoS, YS@C spheres, and C in 0.5 M H,SO, at 2 mV/s;

comparisons of the onset overpotentials of CoS, YS and CoS, YS@C spheres; comparisons of HER current densi-

ties of CoS, YS and CoS, YS@C spheres at the overpotential of 200 mV; and Tafel plots of CoS, YS and CoS,

YS@C spheres
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Fig. 5 Comparisons of exchange current densities of CoS, YS and CoS, YS@C spheres, cyclic voltammograms of CoS,

(@C spheres at various scan rates, capacitive current densities at 0. 04 V as a function of scan rate for CoS, YS

and CoS, YS@C spheres, and nyquist plots of CoS, YS and CoS, YS@C spheres

around Co active sites. As we all know, carbon
has a lower electronegativity compared with S, so
the electron density around Co will increase by
embedding carbon onto the surface of CoS,. This
phenomenon has been well demonstrated by XPS
and Raman results. XPS binding energy of Co 2p
of CoS, YS@C spheres obviously decreases com-
pared with that of CoS,, as shown in Fig. 3(b),
indicating that the valence of Co in CoS, YS@C
shperes is below +2 and the electronic density of
Co will increase. In addition, E, and A, peaks of
CoS, YS@C spheres shifting to low Raman shift
compared with that of CoS, YS spheres also con-
firms the strong electronic interactions between
CoS, and

Fig. 3(e). Therefore, the increase of electronic

carbon thin layer, as shown in
density of Co will consequently enhance the
strength of hydrogen binding energy to promote

H.. adsorption and thus will improve HER cata-

lytic activity of CoS, YS@C spheres.

Besides the HER electrocatalytic activity,
the stability is also one important criterion in e-
valuating the performance of electrocatalyst. The
long-term HER electrocatalytic stabilities of CoS,
YS spheres and CoS, YS@C spheres were tested
through continuous electrolysis at 10 mA/cm? in
0.5 M H, SO, for 10 h. As shown in Fig. 6(a), it
is clearly seen that the CoS, YS@C spheres ex-
hibit high durability with slight overpotential in-
crease of about 32 mV at 10 mA/cm? after 10 h,
whereas CoS; YS spheres exhibit very poor dura-
bility with obvious overpotential increase of about
517 mV after 8 h. To further gain insight into the
stability of electrocatalysts, CoS; YS spheres and
CoS, YS@C spheres after stability tests were fur-
ther studied by SEM and XPS. It is observed that
the surface morphology of CoS, YS@ C still re-

mains very well after stability tests, as shown in
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Fig. 6(b). However, for CoS, YS spheres, their
surface morphology is seriously damaged after
stability tests. So here the carbon thin layer plays
a very important role for the protection from
structural breakdown of CoS, YS@C spheres, as
illustrated in Fig. 6(e). XPS characterization was
also performed on CoS, and CoS, YS@C spheres
after stability tests. It is clearly seen that the

XPS peaks of Co 2p of CoS, YS@ C spheres al-

0.2
g 0.0F
E -0.2
>
= 04
.N
g
€ 061 —Cos,YS
£ — CoS, YS@C
g -0.8f Y58
o

- 1 '0 1 1 1 1
0 2 4 6 8 10
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(a) Stability tests of CoS, YS and CoS, YS@C
spheres at 10 mA/cm’
CoS, YS@C
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o

2

5

E

780 785 790 795 800 805 810 815
Binding energy / eV

(c) XPSspectra of CoS, YS and CoS, YS@C spheres
in Co 2p region after stability tests for 10 h

CosS, particle
CoS, YS sphere structure breakdown
HER test
10h
CoS,
CoS, YS@C sphere  CoS, YS@C sphere ' Carbon

most remain unchangeable compared with those
of CoS, YS@C spheres before stablity tests, sug-
gesting high chemical stability of CoS, YS@ C
spheres. However, for CoS, YS spheres, besides
the peaks at 778. 8 and 794. 0 eV of Co 2p, two
large new peaks appear at 783.1 and 799. 9 eV, as
shown in Fig. 6 (¢), which can be attributed to
other forms of Co because of the oxidation of

CoS,. In addition, for CoS, YS spheres, a large

(b) SEM image of CoS, YS@C spheres
after stability tests for 10 h

CoS, YS

Intensity / a. u.

CoS, YS@C

160 162 164 166 168 170 172 174
Binding energy / eV

(d) XPS spectra of CoS, YS and CoS, YS@C spheres
in S 2p region after HER tests for 10 h

3:"0: - A\ HER test 4
.... v b .

10h
. g%g&gg SorCoS2 YS sphere

CoS, particle

. structure breakdown
Carbonjcoating

HER test
COSZ ey
mmm Carbon 10h

CoS, YS@C sphere CoS, YS@C sphere

(e) Schematic of the advantage of CoS, YS@C spheres for long-term HER

Fig. 6  Stability tests of CoS; YS and CoS, YS@ C spheres at 10 mA/cm?’, SEM image of CoS, YS@C spheres after
HER test for 10 h, XPS spectra of CoS; YS and CoS, YS@C spheres in Co 2p region after HER tests for 10 h,
XPS spectra of CoS, YS and CoS, YS@C spheres in S 2p region after HER test for 10 h, and schematic of the ad-

vantage of CoS, YS@C spheres for long-term HER
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peak appears at 169. 2 eV in S 2p region, as
shown in Fig. 6(d), indicating the evolution of S
from CoS,. However, for CoS, YS@C spheres,
the oxidation of CoS, or the evolution of S are not
observed as shown in Figs. 6 (¢) and (d). There
fore, after coating carbon thin layers, CoS, YS@
C spheres can efficiently prevent from the struc-
tural breakdown, CoS, oxidation or S evolution,
which all are beneficial for the improvements of

catalytic activity and stability.

2 Conclusions

CoS; YS spheres coated with carbon thin lay-
ers (CoS, YS@C spheres) were designed and fab-
ricated as high-performance electrocatalysts for
HER in acid media. The unique YS structure pro-
vides large space for the reactant and resultant,
which is beneficial for the improvement of utiliza-
tion of active sites. The carbon thin layer coating
can efficently change the electronic structure of
CoS, for the appropriate hydrogen adsorption en-
ergy to promote the Volmer step of HER, and it
also can protect CoS, from the structural break-
down and can prevent the evolution of S from
CoS, for the improvement of elelctrocatalytic ac-
tivity and stability. Because of the above advanta-
ges, CoS, YS@C spheres exhibit superior catalyt-
ic activity with low onset potential of about
20 mV, small Tafel slope of about 55 mV/dec,
and 90 mV at
10 mA/cm?. Especially, CoS, YS@C spheres al-
so exhibit high durability with overpotential in-
crease of only about 8% at 10 mA/cm?® for 10 h.

small overpotential of about

This work provides a new avenue for the design of
high-performance electrocatalysts that are unsta-

ble during the catalysis process.
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Experimental Sections
The synthesis of CoS, spheres

CoS, spheres were synthesized according to
the previous study reported by Lifang Jiao and her
collabora-tors. ! The details are listed as follow-
ing: 1. 65 mmol of CoCl, 6H;O was dissolved in
absolute ethanol and then was transferred into a
40 mL Teflon-lined stainless steel autoclave, then
4.1 mmol of sulfur powder was added into above
solution. The Teflon-lined stainless steel auto-
clave was subsequently stirred for 30 min. The
sealed tank was maintained at 240 oC for 24 h.
After reaction was over, the autoclave cooled to
the room temperature naturally. The precipitati-
ons were washed by ethanol three times and by
distilled water one time and were collected by
centrifugation. Finally, CoS, yolk-shell (YS)
spheres were obtained after drying at 45 oC for 12
h.
The synthesis of CoS,@C spheres

The synthesized CoS, YS spheres (60 mg)
were added into 30 ml 0. 05 M glucose solution
and then were transferred into a 40 mL Teflon-
lined stainless steel autoclave and the sealed tank
was maintained at 180 °C for 2 h. After reaction,
the autoclave cooled to the room temperature nat-
urally. The precipitations were collected by cen-
trifugation and washed by ethanol and distilled
Finally, CoS, YS @ C
spheres were obtained after drying at 45°C for 12

water, respectively.
h. For comparisons, the different hydrothermal
time, such as 1 h and 3 h, was also used for the

fabrication of CoS,@C with different thickness of

carbon layer.

Material characterizations

The scanning electron microscope (SEM)
and transition electron microscope (TEM) were
undertaken on FEI Quanta 400 and FEI Tecnai
G2 F30. Energy dispersive spectrum (EDS) map-
ping was investigated by INCA 300. X-ray pow-
der diffraction (XRD) analysis was performed on
Bruker D8 diffractometer using Cu® radiation. X-
ray photoelectron spectroscopy (XPS) was pro-
cessed using an ESCALAB X-ray photo-electron
spectrometer. All XPS spectra were corrected u-
sing the C 1s line at 284. 6 ¢V, and curve fitting
and background subtraction were accomplished.
The Fourier transform Raman (FT-Raman) spec-
trum was achieved on the Nicolet NXR 9650.
Electrochemical tests

CoS, @C electrocatalysts were loaded on the
glassy carbon electrode (GCE, diameter: 5mm)
for testing in 0. 5 M H,SO, using three-electrode
system. Saturated calomel electrode (SCE) and
graphite rod were used as reference and counter e-
lectrodes, respectively. Typically, 10 mg cata-
lysts and 20 ul 5% Nafion solution were dispersed
in 0. 48 ml ethanol through 30 min ultrasound to
form homogeneous ink. For the tests, 10 pl cata-
lyst ink was loaded onto the surface of GCE
(loading 1. 02 mg * cm ). All the potentials in
this paper were referenced to a reversible hydro-
gen electrode (RHE) by following equation:

E(RHE) =E(SCE) +0. 24140. 059 pH @D)

Before measurements, the solution was
purged with N; for 10 min to pip out O, dissolved
in the solution. HER electrocatalytic activity of

CoS, YS@C spheres was studied by linear sweep
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voltammetry (LSV) at the scan rate of 2 mV -
s '. Double layer capacitance (Cy) was measured
by CVs using the same working electrode at the
potential window of 0.19—0. 27 V vs SCE. CVs
were obtained at different scan rates of 2, 4, 6,
8, 10, 20 mV « s7'. After plotting charging cur-
rent density difference (Aj=j, —j. at the current
density of 0. 23 V) vs the scan rates, the slope,
which is twice of Cy, is used to represent ESCA.
The chronopotentio-metry at 10 mA ¢ cm *
mesured to test the stability of CoS, YS @ C

spheres. The EIS measurements were conducted

was

at overpotential of 0. 24 V with the frequency ran-
ging from 100 kHz to 0.1 Hz. For comparisons,
bare C, CoS, and the physical mixture of CoS, +
C (with the same ratio of CoS, and C as that of
CoS; YS@C spheres) were also mixed with Na-
fion solution and ethanol to form homogenous
ink, respectively, and they were loaded onto the
surface of GCE with the same loadings of 1. 02
mg ¢ cm °. The same tests of C, CoS, and CoS,
+C as those of CoS,@C spheres were also meas-

ured.

0.27 nm

Fig. S1 (a) TEM image of CoS, YS sphere; (d) HR-
TEM image of CoS, sphere
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Fig. S2  XRD pattern of CoS; spheres

(a) SEM images of CoS, YS@C spheres with
different magnifications; (¢) TEM image of
CoS; YS@C spheres and (d) HRTEM image
of the wall of CoS, @C sphere

Fig. S4 TEM image of the wall of CoS, YS@C sphere
with carbon layer thickness of ~6 nm
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Table S1 Comparison of HER electrocatalytic activity of hollow CoS, YS@ C spheres in acid conditions vis-a-vis other reported

CoS; or CoS;-based HER electrocatalysts

Electrocatalysts

The

overpotentials
at 10 mA » cm ™ ?/mV

Exchange
current densities/

(mA + cm ™ )

Tafel slopes/
(mV «dec ') (mg+cm ?)

Loadings/

Electrolytes  References

CoS, YS@C 90 0. 265
CoS; films 190 0.00197
CoS; MWs 158 0.0188
CoS, NWs 145 0.0151

MoS, /CoS, /CC 87 N.
CoS,/CC 288 N. A.
Co(Sy.75Sep.27), NWs 104 N. A.
CoS; nanowires N. A.
CoS, /RGO-CNTs 142 N. A.
CoS, thin films 192 N. A.
CoS, /RGO nanosheets 143 N. A.
CoSuSez ) NWs 129.5 N. A.

arrays

CoS, NWs 253 0.47

P-doped CoS; 67 0. 20
nanosheets

CoS, nanosheets 98 N. A.

55 1.02 0.5 M H,SO, This work
51.4 N. A. 0.5 M H,SO, 2
58 25 =2 0.5M H,SO, 2
51.6 1.7 £ 0.3 0.5 M H,SO, 2
73.4 18.6 0.5 M H,SO, 3
210.7 16.5 0.5 M H,SO, 3
45.3 2.37 0.5 M H,SO, 4
47.1 2.24 0.5 M H,SO, 4
51 1.15 0.5 M H,S0O, 5
52 LA 0.5 M H,SO, 6
285 N. A. 0.5 M H,SO, 7
44 N. A. 0.5 M H,SO, 8
68.7 N. A. 0.5 M H,SO, 8
50 2.5+ 0.1 0.5 M H,SO, 9
58 2.0 £ 0.1 0.5 M H,SO, 9

N. A. represents the unknown data
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