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Figure S1. (a) XRD patterns, (b, ¢) SEM images, and (d) TEM image of ZIF-67 precursors.



Figure S2

Figure S2. (a) STEM, and (b-d) TEM-EDXS elemental mapping images of hollow

Co03S,@MO0S, heterostructures.
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Figure S3. (a) XPS spectrum of Co3S;@MoS; heterostructures. High-resolution XPS spectrum
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of (b) Co 2p, and (c) Mo 3d.
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Figure S4
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Figure S4. (a) XRD pattern, and (b) SEM image of the intermediate product obtained after

hydrothermal reaction at 120 °C for 4 h.
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Figure S5. (a,b) XRD patterns, and (c,d) SEM images of individual hollow CosS, polyhedrons

(a,c) and MoS; nanosheets (b,d).
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Figure S6. XRD patterns of synthesized Co3S;@MoS,-low and Co3S;@MoS,-high. Blue
vertical lines indicate the reference pattern of CosS; (JCPDS card no. 47-1738), and green

vertical lines indicate the reference pattern of MoS, (JCPDS card no. 75-1539).



Note for Figure S6: As shown in Figure S6, Co3S;@MoS,-low and Co3S;@MoS,-high both
exhibit XRD patterns similar to those of hollow Co3S;@MoS; heterostructures (Figure 3a),
which proves the existence of hexagonal MoS; and cubic Co03Ss. C03Ss@Mo0S;-high shows
stronger intensity at diffraction peaks of 14.1°, 32.9°, and 58.8° (indicated by green triangles in
Figure S6) that are indexed, respectively, to the (002), (100), and (110) planes of hexagonal
MoS;, as compared with Co3Ss@MoS;-low. In contrast, Co3Ss@MoS;-low shows more obvious
diffraction peaks located at 26.7°, 31.5°, and 55.1° (indicated by blue stars in Figure S6) that
belong, respectively, to the (220), (311), and (440) planes of cubic CosS, phase, as compared
with Co3S,@MoS,-high. These results imply that the relative ratio of MoS, to Co3S,4 increases

from the Co3S;@MoS,-low sample to the Co3S;@MoS,-high sample.



Figure S7

Figure S7. SEM images of (a,b) Co3Ss@MoS,-low and (c,d) Co3S;@MoS,-high.

Note for Figure S7: It is clear that Co3S,@MoS,-high (Figure S7c¢) consists of many more

MoS; nanosheets as compared with Co3S,@MoS,-low (Figure S7a).
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Figure S8. Polarization curves of Co03S;@MoS;-low, Co3S;@MoS;, and Co3S;@MoS,-high

electrodes in (a) 0.5 M H,SO4 and (b) 1 M KOH. All results shown are corrected by iR

compensation. LSV scan rate: 5 mV-s™.
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Note for Figure S8: The electrochemical activities of Co3S;@MoS; would be influenced by the
thickness of MoS; nanosheets. As described in Figure S8, Co3S;@MoS,-low displays the worst
performances for both HER and OER. When the ratio of MoS; to CosS;, is increased to a mediate
ratio, Co3Ss@MoS; exhibits increased catalytic activities for both HER and OER, as compared
with Co3S;@MoS,-low. However, the excessive MoS; do not favor the catalysis of HER and
OER. The Co3S;@MoS,-high sample possesses a similar catalytic activity for HER but worse
catalytic activity for OER, as compared with Co3S,@MoS,. The results demonstrate that the
electrocatalytic performance of Co3S;@MoS; heterostructures for HER and OER can be adjusted

and optimized by tuning the thickness of MoS; nanosheets.

According to the previous reports and discussion, MoS, and Co3S, are active for catalyzing
HER and OER, respectively. The worst HER and OER performance of Co3S;@MoS;-low may
be ascribed to its thin MoS, nanosheets or less active sites on the interfaces of C03S4 and MoS,.
When excessive MoS, is coated on the surface of Co3S4, the inferior OER activity of
Co3S,@MoS;-high may be due to the fact that thicker MoS, nanosheets impede the activity of
the inner CosS, layer. This result proves that the electrocatalytic performance of Co3S;@MoS;
heterostructures for HER and OER can be modulated by tuning the thickness of MoS,

nanosheets.
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Figure S9
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Figure S9. Nyquist plots of Co3Ss@MoS,, M0S,, and Co3S, collected at (a) -0.15 V vs. RHE in

0.5M H,SO4 and (b) at 1.5 V vs. RHE in 1 M KOH.
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Note for Figure S9: As shown in Figure S9, the Nyquist plot of Co3S,@Mo0S, has a much
smaller semicircle in the high frequency region than do CosS,; and MoS,, indicating the lower
intrinsic ohmic resistance of the Co3S;@MoS; electrode and electrolyte. This mainly contributes
to the increased electrical conductivity of Co3;Ss@MoS; heterostructures, as compared with pure
Co3S, and MoS;. The possible electronic interaction between cobalt sulfide and molybdenum
disulfide has been investigated by other researchers. Ramos et al.®*! proposed a model for
CogSg/MO0S;, interface based on density functional theory analysis and showed the creation of
open latent vacancy sites on Mo atoms interacting with cobalt and the formation of Co-Mo
bonds. The strong electron donation from Co to Mo also occurred through the intermediate sulfur
atom’s bonding to both metals; thus, an enhanced metallic character is observed. The intrinsic
electrical conductivity of the CogSg/M0S; heterostructure is, therefore, increased. Furthermore,
some reportst®>¥! have proved that the doping of transition metal atoms (e.g., Co, Ni) could
modulate and optimize the electronic structure of molybdenum disulfide and lead to increased

electrical conductivity.
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Figure S10
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Figure S10. Cyclic voltammograms of (a) Co3S:@MoS;, (b) MoS;, (c) CosS, with various scan
rates in 0.5 M H2SO4, and (d) Co3Ss@MOoS,, (e) Co3Sy4, and (f) MoS, with various scan rates in 1

M KOH.
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Figure S11
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Figure S11. Linear slopes were plotted from the cyclic voltammograms (Figure S10) of
C03S4@M0S;, MoS;, and Co3S,4 in (a) 0.5 M H2SO4 and (b) 1 M KOH. The linear slopes are

equivalent to twice the double-layer capacitance (Cq)).
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Figure S12
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Figure S12. (a, b) SEM images of powder Co3S;@MoS, after long-term grinding and
ultrasonication, and polarization curves of powder Co3S,@MoS; in (c) 0.5 M H,SO4 and (d) 1 M

KOH. All results shown are corrected by iR compensation. LSV scan rate: 5 mV-s™.
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Figure S13
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Figure S13. LSV curves of (a) C03Ss@MoS; and (b) MoS, obtained from the first and the 500™

cycles, (c) CosS, obtained from the first and tenth cycles in 0.5 M H,SO,4; LSV curves of (d)

C03S4@MO0S; and (e) CosS,4 from the first and 500" cycles in 1 M KOH.
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Figure S14
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Figure S14. SEM images and XRD patterns of Co3S;@MoS; after 500 cycles of continuous CV

measurements in (a,c) 0.5 M H,SOy, and (b,d) 1 M KOH.
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Note for Figure S14: As observed in Figure S14a-b, although some cracked particles can be
observed, Co3S;@MoS; almost maintains its original morphology after stability tests for both
HER and OER, demonstrating its structural stability in both acid and alkaline electrolytes.
However, after the OER process, some nanoplates are also observed on the polyhedrons. XRD
measurement was also carried out to further determine the composition of the catalysts after
stability tests in both acid and alkaline environments. Figure S14c shows that Co3S,@MoS;
keeps the identical phase structure after 500 cycles of continuous CV measurements in 0.5 M
H,SO,. As seen in Figure S14d, CosS, and MoS; phases are still visible, and they are the main
components in the composite after the OER stability test. Some new peaks indexed to the
Co(OH), (JCPDS card no. 30-0443) and CoOOH (JCPDS card no. 07-0619) phases are also
observed, which probably can be attributed to the new nanoplates on the Co3S;@MoS;

polyhedrons (Figure S14b, d).
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Figure S15
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Figure S15. Chronoamperometric responses (i—t) recorded on the Co3S;@MoS; electrode (a) at
a constant applied potential of -0.21 V vs. RHE over 10 h in 0.5 M H,SO,4 and (b) at a constant

applied potential of 1.59 V vs. RHE in 1 M KOH
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Table S1. Comparison of HER performance of Co3S4@MoS, with other electrocatalysts

Catalysts Current density y at corresponding Tafel slope Electrolytes
(j, mA cm?) j (mV) (mV-dec™)

C0;S,@MoS, (this work) 10 210 88 0.5 M H,S0,
Mo0O;-MoS,**! 10 ~310 50-60 0.5 M H,S0,
MoS, microboxes'”! 10 475 134 0.5 M H,S0,
MoN/C!5%! 2 290 54.5 0.1 M HCIO,
Nanoporous Mo,C nanowire!>” 60 200 53 0.5 M H,SO,
Double-gyroid MoS,/FTO"! 2 190 50 0.5 M H,SO,
Defect-rich MoS,"”! 13 200 50 0.5 M H,S0,
MoS, ;@NPGS'"! 10 210 41 0.5 M H,SO,
C0uSs@MoS,/CNFs!S'! 10 190 110 0.5 M H,SO,
CoMoS; hollow prism®' 10 171 56.9 0.5 M H,SO,
Co-NRCNTs™! 10 260 69 0.5 M H,S0,
FeCo@NCNTs-NHS' 10 320 72 0.1 M H,SO,
CoNi@NC®"! 10 140 104 0.1 M H,SO,

21



Table S2. Comparison of OER performance for Co3S;@MoS; with other electrocatalysts

Catalysts Current density 7 at corresponding Tafel slope Electrolytes
(j, mA cm?) j (mV) (mV-dec™)
CosS4@MoS, (this work) 10 310 59 1 M KOH
CoO@N/S-CNF®'®l 10 251 95 0.1 M KOH
C0304/NiCo0,0,5" 10 340 88 1 M KOH
NiCo-NSB*! 10 334 41 1 M KOH
Co-P Film™®" 10 345 47 1 M KOH
C0oSs@Mo0S,/CNFs*!! 10 361 61 1 M KOH
MoS,/Ni;S,52 10 218 88 1 M KOH
Ni;S,/Ni foam!S*! 10 187 159 0.1 M KOH
n-NiFe LDH/NGF®*! 10 337 45 0.1 M KOH
Co;0,/grapheme!>* 10 ~310 67 0.1 M KOH
Carbon Paper/Carbon Tubes/Cobalt- 10 306 72 1 M KOH
Sulfide!>*!
Nanoporous hollow CosS, 10 363 90 0.1 M KOH
Nanosheets>**!
NiCo LDHs*! 10 367 40 1 M KOH
PNG-NiCo,0,5*" 10 ~349 156 0.1 M KOH
Co-P/NCIS* 10 354 52 1 M KOH
Co-CNT/PCE?! 10 315 74 0.1 M KOH
C03ZnC/Co@CNI* 10 366 81 1 M KOH
CoSe,**! 10 430 50 1 M KOH
NNCNTAs!®* 10 460 65 0.1 M KOH
Zn-Co-LDH nanosheets'>*” 10 ~480 101 0.1 M KOH
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