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Experimental Section
Materials

All chemicals are of analytical grade and were used as received without further purification.
Cobalt (IT) acetate (99.99 %), nickel (II) nitrate hexahydrate (99.99 %), potassium
ferricyanide (99.95 %), trisodium citrate dehydrate (99 %), sublimed sulfur (99.95 %),
ammonium tetrathiomolybdate (99.95 %) and DMF (99.8 %) were purchased form Aladdin
Industrial Corporation.
Synthesis of CoNi-Fe PBA particles

Cobalt (IT) acetate (53 mg), nickel (II) nitrate hexahydrate (87.5 mg) and trisodium citrate
dihydrate (264.3 mg) were dissolved in water (20 mL). Potassium ferricyanide (131.1 mg)
was dissolved in water (20 mL). The above two solutions were mixed uniformly after

ultrasonic treatment (30 min) and then reacted in a Teflon-lined stainless-steel autoclave at 28
C for 20 h. The precipitate was then washed with water and ethanol for three times.
Synthesis of yolk-shell structured PBA-S particles

CoNi-Fe PBA (28 mg) and sublimed sulfur (8.8 mg) were dispersed in DMF (12 mL), then
sealed in a Teflon-lined stainless-steel autoclave and reacted at 190 “C for 20 h. The product
was washed with ethanol for three times.
Synthesis of YS-MoS and H-MoS particles

Y S-MoS was prepared as following: PBA-S (28 mg) and ammonium tetrathiomolybdate
(16.2 mg) were dispersed in a mixture of water (5 mL) and DMF (10 mL), then sealed in a

Teflon-lined stainless-steel autoclave and reacted at 190 °C for 20 h. H-MoS was prepared

through the same procedure except that the PBA-S was replaced by CoNi-Fe PBA (26.5 mg)

and the reacting temperature was 210 “C. For comparison, pristine MoS, were prepared by

putting ammonium tetrathiomolybdate (20 mg) into the mixture of water (5 mL) and DMF

(10 mL) and reacted at 210 “C for 20 h. The above three products were washed with ethanol
for three times.
Characterization

Morphologies of the products were tested by using a JEM-2100 TEM and a FEI apreo SEM.
EDS spectroscopy was performed on the TEM equipped with EDXA. Element distribution on
the PBA-S nanoparticles was achieved by using a Tecnai-G2-F30 S-TWIN, which was
equipped with a HAADF detector. HRTEM and HAADF-STEM of H-MoS and YS-MoS
were tested on a Talos F200x G2. The element in the near surface layers was demonstrated

with XPS, which was carried out on an ESCALAB 250Xi system. The PXRD spectrum of the
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samples were obtained on a X’Pert PROM MPD (Panalytical) system with a CuK o X-ray
sources (A = 1.54006).
Preparation of samples for HER and OER electro-catalysis

The catalyst slurry was prepared by mixing active material (5 mg) with pure carbon
(Vulcan XC72, 2.5 mg) in a mixture of water (0.65 mL), ethanol (0.3 mL) and Nafion (5 %
w/w in water and 1-propanol, 50 um) with stirring.! A drop of the mixed solution (9 uL) was
transferred onto a rotating disk electrode (RDE, 0.196 cm?) with a pipette. After drying in
airflow, the electrode was used for HER and OER test. As to the carbon paper electrodes, the
slurry was repeatedly daubed onto a piece of carbon paper (1x1 cm?). The net weight of the
catalyst on the carbon paper was 2.8 mg. After drying in airflow, the carbon paper electrodes
were used as both anode and cathode for the overall water splitting test.
Electrochemical characterizations

HER and OER electro-catalysis tests were performed in a typical three-electrode
configuration with a PGSTAT-302N instrument. RDE with active sample was used as the
working electrode, Hg/HgO as the reference electrode and a Pt foil (1.0 cm?) as the counter
electrode. All of the polarization curves were measured in 1.0 M KOH solution using RDE
with 1600 r.p.m. at a scan rate of 5 mVs-!. Chronoamperometric responses (i-t) were recorded
on YS-MoS using RDE with 1600 r.p.m. for 1800 s at a constant over-potential of 285 mV
(vs. RHE) for HER and 178 mV (vs. RHE) for OER. The electrochemical double-layer
capacitance was used as an indicator for ECSA. One cycle of potential sweeping was carried
out using RDE at 1600 r.p.m. at six different scan rates (10, 20, 40, 80, 120 and 1600 mVs™').
Absolute value of the measured capacitive current densities at the average potential in the
selected range were added and plotted as a function of the scan rates, the slope of the linear fit
was used as an indicator for ECSA. Overall water splitting was tested in a two-electrode
system using the carbon paper electrodes with active samples as both the cathode and anode.
For the gas production measurements, the hydrogen and oxygen produced at 10 mA cm™
were quantitatively collected by the drainage method at 298 K for 180 min. The faradic

efficiency was calculated with the following equation:?

mxnxF
T Ixt

FE X 100%

Where, m is the moles of hydrogen or oxygen, mol; n is the electrons transfer for gas, 2 for

hydrogen and 4 for oxygen; F is the Faraday constant; I is the current, A; t is time, s.



Fig. S1. SEM of CoNi-Fe PBA at different magnifications. The as-obtained CoNi-Fe PBAs

are dominantly polyhedral shape with rough edges and corners



Fig. S2. TEM images of CoNi-Fe PBA at different magnifications. All the particles are
polyhedral shape and below 150 nm.
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Fig. S3. EDS spectra of CoNi-Fe PBA and the corresponding composition. The atomic ratios
of Co, Ni and Fe are 43.99 %, 33.13 % and 22.06 %, respectively.



— PBA

Intensity (a.u.)
L
1

‘ ‘ e 20-0915|K2FeNi(CN)5
I

I L 1
31-1000 K,CoFe(CN),

: : —
| | 51-1897 KNiFe(CN),
| L
T . I . 1 . T

20 40 60 80
2 Theta

Fig. S4. XRD spectra of CoNi-Fe PBA. Nearly all the peaks can be assigned to the
compounds of of K,CoFe(CN)g, K;FeNi(CN)g and KNiFe(CN)g.



Fig. S5. SEM images of PBA-S, that was obtained by reacting CoNi-Fe PBA with sulfur
powder in DMF at 190 °C. The yolk-shell structure can be observed from some cracked
particles. The PBA-S particles preserved polyhedral shape and have similar size with PBA

precursor, but much rougher surface.
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Fig. S6. TEM images of PBA-S, that was obtained by reacting CoNi-Fe PBA with sulfur
powder in DMF at 190 °C. Nearly all the particles are yolk-shell structure. The yolks with an
average diameter of 30-40 nm are enclosed by the separated shells with an average thickness

of 20-30 nm.
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Fig. S7. EDS spectra and the corresponding composition of PBA-S, that was obtained by
reacting CoNi-Fe PBA with sulfur powder in DMF at 190 °C. The atomic ratio of S increased
up to 27.62 %.
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Fig. S8. (A) HAADF-STEM image and the corresponding elements mapping of PBA-S

particles, Co (cyan), Fe (yellow), Ni (purple), S (red). (B) EDX cross-sectional compositional
line scanning profile. The S content in the shell is slightly lower, which might be attributed to

the existence of metal oxide formed during the sulfuration process.
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Fig. S9. HRTEM of PBA-S. (A) and (B) HRTEM of PBA-S particles, (C) and (D) enlarged

region of (C). The red lattice fringes are assigned to CoyQOyg, the blue fringes are assigned to

N> 824S,, the yellow fringes are assigned to Fey 50Nig 50S7.50.
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Fig. S10. TEM image of YS-MoS, that was obtained by reacting PBA-S with (NH4),MoS,in
a mixture of DMF and water at 210 °C for 20 h. All the particles are yolk-shell structured and
constructed by many randomly assembled MoS, nano-sheets on a solid core. The yolk-shell

structured MoS, particles demonstrates a water-saturated tremella configuration.?
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Fig. S11. EDS spectra and the corresponding composition of YS-MoS, that was obtained by
reacting PBA-S with (NH4),MoS, in a mixture of DMF and water at 210 °C for 20 h. The
atomic ratios of Fe, Co and Ni are slightly higher than H-MoS.
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Fig. S12. HAADF-STEM image and corresponding element scanning of an individual Y S-
MoS particle. (A) HAADF-STEM image and corresponding EDX mapping of Fe(green),
Co(red), Ni(blue), Mo(yellow) and S(pink). (B, C) EDX cross-sectional compositional line
scanning profile and the magnified compositional line without S showing that Mo is mainly

dispersed on the shell rather than the yolk.
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Fig. S13. TEM images of stacked MoS; nano-sheets at (A) low and (B) high magnifications.
The stacked MoS, were produced by putting tetrathiomolybdate (20 mg) into the mixture of
water (5 mL) and DMF (10 mL) and reacted at 190 °C for 20 h .
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Fig. S14. TEM image of H-MoS, that was obtained by reacting PBA with (NH4),MoS4in a
mixture of DMF and water at 210 °C for 20 h. All the particles are hollow structured and

constructed by many randomly assembled MoS; nano-sheets.
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Fig. S15. EDS spectra and the corresponding composition of H-MoS, that was obtained by
reacting PBA with (NH4);MoS, in a mixture of DMF and water at 210 °C for 20 h. The TM
atoms of Fe, Co and Ni are still existence in the hollow particles and the atomic ratio of S

increased greatly.
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Fig. S16. Morphologies and structure of hollow structure. (A, B) TEM and SEM

images showing the hollow structure and the tremella-like MoS; nanosheets. (C)

HAADF-STEM image and corresponding element scanning of several hollow particles.
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Fig. S17. HAADF-STEM image and corresponding element scanning of an individual
H-MoS particle. (A) HAADF-STEM image and corresponding EDX mapping of
Ni(orange), Co(red), S(blue), Mo(yellow) and Fe(cyan) showing the uniform elements
distribution on the H-MoS particle. (B, C) EDX cross-sectional compositional line
scanning profile and the magnified compositional line without S along with the

detecting line.
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Fig. S18. XRD spectra of YS-MoS, H-MoS, bare MoS, and PBA-S. XRD pattern

Intensity (a.u.)

indicates the existence of TM sulfides (PDF: CooSg: 02-1459, Ni3S,: 27-0343,
Fe4sNiy5S75: 51-0974) in PBA-S. Some diffraction peaks of TM sulfides appear in H-
MoS, illustrating the formation of TM sulfides during the growth of MoS,. In the XRD
pattern of pristine MoS,, the two peaks centered at 9.14° and 18.38° can be assigned to

the (002) and (004) diffractions.* Compared with the pristine MoS,, the diffraction
peaks of H-MoS shift toward smaller angles, suggesting the expanded interlayer
spacing of the lamellar structure probably arising from the intercalation of Fe, Ni, Co or
oxidized DMF into the MoS; layers.*% Other diffraction peaks of MoS, are very weak,
which may be due to the lack of long-range of atomic arrangement perpendicular to the

nano-sheets with few layers.>
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Fig. S19. HRTEM images of H-MoS. (A-D) HRTEM image of an individual H-MoS

particle and three local regions showing the exposed edges, expanded interlayer and the
layers number of the nano-sheets. The shell is constructed with many disordered and
interlaced nano-sheets, while every sheet is assembled by several curved MoS, layers.
The curvature and the not more than five layers revealed the ultrathin nature of the nano-
sheets. The interlayer space of MoS shell is in the range of 0.80-0.95 nm, much larger
than that of the pristine MoS,.® Such a larger interlayer space indicates the better

separation of MoS, layers.”
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Fig. S20. HRTEM image of pristine MoS,. The interlayer space is in the range of 0.60~0.75

nm, which is similar to the lectures.®
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Fig. S21. Magnified HRTEM image of Fig. 4B. The curved layers and irregular edges can be
clearly observed. Considering the weak MoS, signals in XRD and Raman spectra, the
abundance of segmented regions with distinct lattice fringe of ~0.27 nm on the MoS; planes
are probably assigned to the crystallized TM sulfide.? It has been reported that the charge
transfer may be heavily restricted because the electron and hole mobility between the sheets is
about 2200 times slower than along the basal plane.® The existence of TM sulfide with metal-
like conductivity may greatly increase the electronic conductivity and promote the HER

process.!?
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Fig. S22. Magnified HRTEM image of Fig. 4D. A lot of segments with distinct lattice fringe
of ~0.27 nm on the MoS, planes should be assigned to the crystallized transition metal sulfide.

The curved layers and irregular edges can be clearly observed.
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Fig. S23. Magnified HRTEM image of Fig. S19. A lot of segments with distinct lattice fringe
of ~0.27 nm on the MoS, planes should be assigned to the crystallized transition metal sulfide.

The curved layers and irregular edges can be clearly observed.
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Fig. S24. Magnified HRTEM image of Fig. S19. A lot of segments with distinct lattice fringe
of ~0.27 nm on the MoS, planes should be assigned to the crystallized transition metal sulfide.

The curved layers and irregular edges can be clearly observed.
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Fig. S25. Raman spectra of MoS,, H-MoS and YS-MoS. Two Raman peaks at 375 cm! and
401.5 cm™! in pristine MoS; are corresponding to the in-plane (E12g) and out-of-plane (Ag)
Mo-S modes of the layered structure, respectively.*>!! The two peaks can also be observed in
the very neighboring regions in H-MoS and YS-MoS. Compared to MoS,, the relative
intensity of Al,/El,, in H-MoS and YS-MoS is higher, suggesting the more edge-terminated
structure and the more defect sites in plane.*>4b112.12 However, the signals of the two peaks are
very weak, indicating that the quantity of crystalline MoS, is not predominant,'>-13 as also

suggested by the weak XRD peaks.
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Fig. S26. XPS Survey spectra of YS-MoS, H-MoS, bare MoS, and PBA-S.
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Table S1. The atomic ratio of YS-MoS, H-MoS, bare MoS, and PBA-S obtained from XPS

spectra.
Elem. Fe Co Ni Mo S
PBA-S 38.37 21.27 16.69 - 23.67
H-MoS 15.70 9.80 7.25 14.04 53.20
YS-MoS 15.32 8.53 6.47 15.58 54.10
MoS, - - - 26.46 73.54

Clearly, the M (M=Fe, Co, Ni) content in the surface region is very high, confirming that Fe, Co, Ni are
well doped in the MoS, nano-sheets. Fe, Co and Ni doping can increase the surface area, promote the
growth and enhance the intrinsic catalysis of the highly active MoS;.!# The atomic ratio of Mo and S in the
pristine MoS, is close to 1:3, i.e. the dominance should be MoS; (MoS,S, S,> and S%).13:!5 The shoulder
peaks at ~161 eV and ~162 eV with a broad full width at the half- height of ~2.2 eV corresponding to the S
2p (Fig. S24B), indicating the existence of multiple oxidation states of terminal S*and S,%,'® which allows
superior HER activity'2-13.1517 and engenders more active sites number.'® The relative contents of S element
in H-MoS and YS-MoS are 53.20 % and 54.10 %, far lower than that in pristine MoS; (73.54 %). The low
S content is probably due to the formation of TM-sulfide (M= Fe, Co, Ni) with low S atomic ratio.
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Fig. S27. Define XPS spectra of (A) C for YS-MoS, H-MoS, bare MoS, and PBA-S, and (B)
S for YS-MoS, H-MoS, and PBA-S. All the peaks have been calibrated by setting the main C
peak at 284.8 eV.
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Fig. S28. XPS spectra of Mo for MoS,, H-MoS and YS-MoS. The peaks at ~226 eV
correspond to the S 2s.!%1° Compared with pristine MoS,, the Mo (VI) peaks in H-MoS and
YS-MoS are much higher, and the peaks for Mo 3d3/2 also show an increase at higher
binding energy. The weak peaks of 229.58 eV for YS-MoS and 229.70 eV for H-MoS could
be attributed to Mo (V).!2 The peaks at ~232 eV can be assigned to the MoS,(IV)?° and the
peak at ~236 eV should be Mo(VI).!213202 It is interesting that the contents of Mo(VI) in H-
MoS and YS-MoS are much higher than that in the pristine MoS,, and the relative intensity of
Mo 3d3/; to Mo 3ds); increases significantly in H-MoS and YS-MoS, which has been observed
in MoS,/Co¢Sg system.?!
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Fig. S29. Define XPS spectra of (A) Ni, (B) Co and (C) Fe for YS-MoS, H-MoS; and PBA-S.
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Fig. S30. SEM, TEM images, EDS spectra and the corresponding compositions of the
products obtained by reacting CoNi-Fe PBA (28 mg) with S powder (3 mg) in DMF at
various temperature. (A) 170 °C, (B) 190 °C and (C) 210 °C. The PBA surface reacted with
oxygen/S and formed a firm oxide/sulfide shell. In DMF, the outward diffusion of metal ions
was restrained, and S entered the polyhedra through the porous shell and formed a TMS yolk.
Simultaneously, the TMS yolk shrunk and separated with the firm shell due to the density

discrepancy between the sulfides and PBA precursor, and a yolk—shell structure eventually

formed. The yolk-shell products at 190 ‘C have regular polyhedral shape, suitable shell and
yolk, which were then applied for the generation of YS-MoS.
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Fig. S31. YS-MoS Products at different reaction time of (A) 3 h, (B) 6 h, (C) 9 h, (E) 15 h, (F)
20 h. Small nanosheets can be observed (3h) and grew larger (6h), at the same time, the shells
of PBA-S became thinner. At 9 h, the shells disappeared and the nanosheets grew larger
around the yolks and interlaced together. The nanosheets assembled as hollow boxes around

the yolks (15h, 20 h). The yolks preserved through the process.
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Fig. S32. H-MoS Products at different reaction time of (A) 3 h, (B) 6 h, (C) 9 h, (E) 15 h, (F)
20 h. The polyhedral PBA became rough (3h) and hollow (6h), at the same time, some small
nanosheets can be observed. The PBA etching and MoS, growth concurrently happened. The
etching speed of the center was faster than the shell. As the cavity in PBA became larger, the
shell became thinner. At the same time, the MoS, NS grew larger. The PBA became more
hollow and the nanosheets grew larger (15 h). At 20 h, PBA disappeared completely and the
products are hollow box assembled with nanosheets. During this process, amino groups
released from (NH4),MoS, adsorbed on PBA surface as nucleation sites for catching Mo
species. MoS; NS produced from solvothermal reaction of (NH4),MoS, and grew at these
nucleation sites. Meanwhile, the released TM (Fe, Co, Ni) ions met with MoS,?- on the as-
generated MoS; NS and formed crystal TMS, new phases of MMoS (M=Ni, Co, Fe) in-situ
formed as well. Eventually, hollow box of MoS, NS with TM (N1, Co, Fe) doping (H-MoS)

were obtained.
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Fig. S33. Nitrogen adsorption-desorption isotherms of YS-MoS, H-MoS and bare MoS.
Although core-shell or yolk-shell TM-MoS; has been synthesized via a one-pot template-

engaged precipitation process. Our product is much superior to the previously reported

hollow box, which assembled by MoS; particles with a very low BET of 24 m?g!.>
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Fig. S34. HER polarization curves of YS-MoS, H-MoS, MoS2 and PBA-S without IR-
correction. To avoid shedding and achieve maximum utilizations, all the catalysts were loaded
on carbon black and anchored onto the RDE with Nafion.!?* As expected, the PBA-S displays

the lowest activity with an onset potential of -305 mV. YS-MoS shows the smallest onset
potential of -186 mV, which is even less than those of pristine MoS; (-251 mV) and H-MoS (-

233 mV). In addition, the cathode current of YS-MoS increased much sharply at more

negative potential than the other catalysts.
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Fig. S35. Cyclic voltammograms curves of various samples at the scan rate ranging from 10
to 160 mV s*! with an interval point of 20 mV s! in 1.0 M KOH upon HER catalysis for the
determination of the double layer capacitance: (A) H-MoS, (B) YS-MoS, (C) MoS; and (D)
PBA-S. (E) Plots of current densities versus scan rates. YS-MoS obtains the highest double

layer capacitance.
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Fig. S36. Electrochemical impedance spectroscopy (EIS) Nyquist plots for YS-MoS, H-MoS,
PBA-S and MoS, at open circuit voltage. All the electrodes can be modelled by using a
modified Randles circuit inclusive of a series resistance (R;), constant phase element (CPE),
charge transfer resistance (R¢¢) and a modified mass transport impedance element (Ma). The
semicircular arc assigned to CPE and R¢ impedance elements seen for MoS, significantly
decreased and almost disappeared in YS-MoS, mainly due to the faster charge transfer and the

larger surface area.?*
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Fig. S37. OER polarization curves of YS-MoS, H-MoS, MoS, PBA-S, RuO, and
MoS,+PBA-S without IR-correction. The sample of MoS,+PBA-S is the mixture of MoS,
and PBA-S. The performance of MoS,+PBA-S is inferior than PBA-S and H-MoS because

that 1) no synergetic effect between MoS, with PBA-S, ii) no transition metal doping in

MoS,+PBA-S sample.
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Fig. S38. Cyclic voltammograms curves of various samples at the scan rate ranging from 10
to 160 mV s*! with an interval point of 20 mV s! in 1.0 M KOH upon OER catalysis for the
determination of the double layer capacitance: (A) PBA-S, (B) YS-MoS, (C) MoS, and (D)
H-MoS. (E) Plots of current densities versus scan rates. YS-MoS obtains the highest double

layer capacitance.
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Fig. S39. (A) Demonstration of the two-electrode system for water splitting, (B) The gas
produced on the electrodes, (C) The I-t curve of the two electrode system at DC 2.0 V. (D)
The collected hydrogen and oxygen amount at a current density of 10 mA at 298 K, the two
electrodes were separated completely. The amount of hydrogen and oxygen shows a molar

ratio close to 2:1. The faradic efficiencies of HER and OER are 99 % and 95%, respectively.
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Table S2. HER and OER over-potential at 10 mA cm in 1.0 M KOH.

Over-potential (mV vs. RHE)

at 10 mA cm™

Catalysts Ref.

HER OER
YS-MoS 285 178 This work
H-MoS 329 228 This work
MoS, nano-sheets 354 512 This work
PBA-S 465 196 This work
CoySg@MoS, 143 342 21
CooySg 461 384 21
MoS, 202 486 21
Co09Sg&MoS, 389 - 21
CoNC@MoS,/CNF 143 350 %
MoS;-Ni;S,/CNF 98 249 26
MoS,/Ni3S, particles 110 218 19
C0S-Co(OH),@Mo0S:,/NF 143 380 27
NiS-Ni(OH),@Mo0S,.,/NF 226 417 27
Mo-N/C@MoS, 117 - 28
CoyOg/CNFs - 512 2
Co9S8@MoS2/CNFs - 430 29
Ni/graphene-MoS, - 214 30
Ni,P/MoO,@MoS, 159 280 31
Ultrafine MoS, on Co foam - 271 20a
Co covalent doping in MoS, 48 260 32
Amorphous Ni-Co hybridized with 1T- MoS, 70 235 3
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