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Experimental section
Chemicals and materials

Hexaammonium heptamolybdate tetrahydrate ((NH4)sMo0,0,4-4H,0) was obtained from
Loba Chemie. Thiourea (H,NCSNH;), Iron nitrate nonahydrate (Fe(NO;);-9H,0), Cobalt
nitrate hexahydrate (Co(NOj3),-6H,0), and 5 wt% Nafion were purchased from Alfa Aesar. All
the chemicals were used as received without further purification. Millipore water (deionized

water, DI) with >15 MQ-cm resistivity is used throughout the experiments.

Synthesis of Fe-Co doped MoS; nanoflowers

4.0 mmol of (NH4)sM070,4 and 132 mmol of thiourea were dissolved in 30 mL DI water
under vigorous stirring. To this solution, a total of 2.0 mmol of Fe(NOs3); and Co(NO;), at
various Fe:Co molar compositions (0.2:1.8,0.5:1.5, 1.0:1.0, 1.5:0.5, 1.8:0.2 mmol) were added.
The dopant intake ratio was, therefore, Mo:S:(Co+Fe) =28:132:7.14. The reaction mixture was
further stirred for one hour to form a homogeneous solution. Then, the mixture was transferred
into a 50 mL Teflon-lined stainless-steel autoclave and maintained at 180 °C for 24 h. After
cooling down to room temperature, the final products were collected by centrifugation, washed
thrice with DI water and absolute ethanol, dried at 60 °C for 24 h, and collected for further use.
The samples were denoted as Fe,Co,-MoS; (x:y = 0.10:0.90, 0.25:0.75, 0.50:0.50, 0.75:0.25,
0.90:0.10). The synthesis of Fe-MoS, and Co-MoS, were the same, except that 2.0 mmol of
Fe(NO;); and Co(NO;), were added separately. For undoped MoS, synthesis, the same

procedure is followed, except for the addition of Fe and Co precursors. To demonstrate the
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reproducibility of the MoS, synthesis, we compared two MoS, batches using two different
XRD instruments. The XRD patterns of these two MoS, samples are identical; compare Fig.

S1 and Fig. S2b.

Synthesis of Fe and Co sulfides

FeS, and CoS, were synthesized as control samples. 2.0 mmol of Fe(NO;); or Co(NO;),
were mixed with 10 mmol of thiourea in 30 mL DI water under vigorous stirring. The reaction
mixture was transferred into a 50 mL Teflon-lined stainless-steel autoclave and maintained at
180 °C for 24 h. After cooling down to room temperature, the final products were collected by

centrifugation, and the post-treatment was done the same as the above procedure.

Characterization Methods

The X-ray diffraction (XRD) pattern was recorded in the 20 range of 5-80° (step size 0.02°
and 5.0 s per step time) by Panalytical X’Pert Pro X-ray powder diffractometer with Cu Ka
radiation (A = 0.154 nm). High-resolution scanning electron microscopy (HR-SEM) images
were obtained from a Tescan MAIA3 instrument equipped with an energy dispersive
spectrometer (EDS) detector. Samples for transmission electron microscopy (TEM) were
prepared by drop-casting well-sonicated solutions containing the nanoparticles in the propanol-
water mixture on 300 mesh Cu grids. The samples were allowed to dry overnight at room
temperature before analysis. Electron microscopy images and selected area electron diffraction
(SAED) patterns were acquired using a Tecnai 12 microscope (FEI) TEM and a JEM 2100,
JEOL (200 kV) High-resolution TEM (HR-TEM). The Fe and Co content and the samples’
composition were determined by inductively coupled — plasma-optical emission spectrometry
(ICP-OES) analysis using Spectro Arcos optical emission spectrometer. XPS data were
collected using an X-ray photoelectron spectrometer ESCALAB — 250 ultrahigh vacuum (1 x
10 bar) apparatus with an Al Ka X-ray source and a monochromator. The X-ray beam size
was 500 pm, survey spectra were recorded with pass energy (PE) of 150 eV, and high energy
resolution spectra were recorded with pass energy (PE) of 20 eV. Before XPS analysis, the
powder samples were spread on the Indium (In) foil, placed on a sample holder, and sent for
analysis. No special preparation was done for all the samples. No Ar-etching was not performed
on the sample surfaces. The smart background was subtracted according to AVANTAGE data.
The charging effect was corrected by calibrating all the spectra relative to a carbon C 1s peak

at 284.8 eV.



Electrode preparation and Electrochemical measurements

Before the electrochemical measurements, the 3 mm glassy carbon (GCE) working
electrode (0.071 cm? surface) was first polished with 1 pm Al,O; to remove any deposited
material, followed by polishing with 0.05 pm Al,O; to make a smooth surface. Then, it was
sonicated in water for 30 s using an ultrasonic bath to remove any particles from the surface.
A three-electrode cell was used for the electrochemical measurements using an EmStat?
PalmSens instrument. Impedance measurements were measured using a PalmSens4
potentiostat. A glassy carbon electrode with a diameter of 3 mm was used as the support for
the working electrode, with Hg/HgO (KOH, 1.0 M) as the reference electrode and a graphite
rod or a platinum wire as the counter electrode. Since Pt wire may dissolve under oxidative
conditions and its ions migrate to the working electrode and catalyze the electrochemical
reaction, we verified that it does not happen, Fig. S13. The potential mentioned in this work is

referenced to the reversible hydrogen electrode (RHE), Eqn. S1.
E (vs. RHE) = E (vs. Hg/HgO) + 0.059+pH + 0.098 V (S1)

Linear sweep voltammetry (LSV) was recorded at a scan rate of 5 mV s!in 1.0 M KOH
solution (pH ~13.8) as an electrolyte to obtain the polarization curves. During the
measurements, the headspace of the cell was continuously purged with Ar at a slow flow rate
to prevent atmospheric oxygen from diffusing into the solution. The Tafel slope was calculated
from the logarithmic relationship between overpotential and current density based on the LSV
curve. Chronoamperometry experiment was performed at a constant overpotential of 390 mV
in 1.0 M KOH solution on carbon cloth substrate and further characterized before and after the
stability study. Electrochemical impedance spectroscopy measurements were performed at an
overpotential of 340 mV from 10 kHz to 0.1 Hz (14 points per decade) with an amplitude of
the sinusoidal perturbation fixed at 10 mV. The ECSA measurements were done according to
a procedure described elsewhere.!? Cyclic voltammograms scanning in a non-Faradaic region
were recorded at different scan rates ranging between 10 to 200 m Vs! (Fig. S10) to estimate
the double-layer capacitance (Cy) by plotting the Aj= (J,-J.) at 1.025 V (vs. RHE) as a function

of the scan rate, where J, and J. are the anodic and cathodic current densities, respectively.



Computational methods

All calculations reported in this article were accomplished using plane-wave DFT
employing periodic boundary conditions as implemented in the Vienna Ab initio Simulation
Package (VASP 5.4.4).3* The generalized gradient approximation Perdew-Burke-Ernzerhof
(PBE) functional was used for the exchange-correlation potential.> The spin polarization
formalism with an energy cutoff of 500 eV for the plane-wave basis was set for all the
calculations. Thresholds of 300, 400, and 600 eV were also tested for a selected system to
validate that 500 eV was well-off. A 4x4x1 (16 Mo & 32 S atoms) monolayer supercell was
used for MoS, surface modeling, and a 6x6x1 Monkhorst—Pack k-point grid was applied for
the sampling of the Brillouin zone. Calculations at different grid sizes have shown that this
number of k-points is enough to derive reproducible results. In calculations, the positions of
the ions were relaxed, while the volume and shape of the cell were kept constant. The standard
PAW potentials with valence configurations of 4s?4p%5s24d* for Mo (Mo_sv_. GW), 3s%3p* for
S (S_GW), 4524p®4d’5s! for Fe (Fe sv. GW), 4524p®4d85s! for Co (Co_sv. GW), 2s*2p* for O
(O_GW _new), and ls' for H (H new) were described for electron-ion interactions. The
convergence criterion for the self-consistent electronic loop was set to 1x10- ¢V, and 0.01
eV/A was used for the maximum force. For simplicity, in this study, we restricted pH 0. As a
first approximation, the solvation effects were neglected, as they are likely to be low in this
case. Periodic boundary conditions were applied in all directions, and a 15 A vacuum was
imposed to ensure no significant coupling between periodic slab replicas in the Z-direction.
Zero-point energy correction (ZPE) in free energy of all the adsorbates is calculated by
assuming an approximation of the quantum harmonic oscillator implemented in the VASP

code. The results are collected in Table S5.

To account for the dispersion effect on the optimized geometries, Van der Waals (VDW)
corrections were applied based on the DFT-D2 approach proposed by Grimme® and
implemented in VASP by Bucko.” Moreover, we have optimized some selected systems
considering both DFT-D2 and DFT-D3 dispersions, while it shows minimal influences, both
in terms of geometry and energy (Table S6). Therefore, considering the calculation costs, we

maintain the method mentioned above.
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Fig. S1. XRD patterns of 2H-MoS,, Fe-MoS,, Co-MoS,, and Fe,Co,-MoS; (x,y = 0.10,0.90;
025,075, 050,050, 075,025, 090,010) NOtC, for the Feo,25C00.75-MOSZ, Feo‘50C00b50-MOSZ,
and Fe( 99Cog.10-MoS, additional very minor peak is observed at 28" along with some intensity
higher than the noise level at around 7°. These peaks may be attributed to residual from the
precursor.
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Fig. S2. XRD patterns of (a) Mo precursor ((NH4)sM070,4.4H;0), and (b) MoS, XRD pattern
(using a different instrument) showing the synthesis reproducibility.
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Fig. S3. XRD patterns of synthesized dopant sulfides (a) FeS,, and (b) CoS, catalysts.



Fig. S5. HR-SEM images of (a, ¢) Co-MoS,, and (b, d) Fe-MoS,.



Fig. S6. (a) HR-SEM image of Fe 10Cog.90-Mo0S,, (b) TEM image of Feg 10Cog 90-Mo0S, catalyst
with low magnification (¢) SAED pattern, and (d) High-resolution TEM image of Fe 19Co0g.9o-
MoS, catalyst.

Fig. S7. (a) HR-SEM image, (b) Low magnification TEM image, and (c¢) High-resolution
TEM image of MoS,.
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Fig. S8. XPS survey spectrum of MoS,.
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Fig. S9. XPS Mo 3d spectrum of Mo precursor ((NH4)sM070,4).4H,0).

(a) —10mV s

—20mVs’

—10mV 5"
—20mV s

(c) 0.6{=10mvs"

—20mVs”

) —
=
3

0.8{=—60mvs" —G0mV s’ —0 mV 5"
100 mV s 0.6 —100mvs" —100mV s
—140mV s’ —140mV 5" 0.44==140mvs"
160 mV s —160 MV 5" —160mV s
—200 mV 5" 0.4 ——200mvs’ 200 MV 5

o o i
E E E
o o o
< < <
E E E
SR ] 2 2 g2-
: g 0.24 E
S < 3
§ 0.0 § 0.04 § 0.0+
£ H £
3 = 3
(5] O 0.2 o
-0.24
0.4 F'n mcon.m'Mosz Feu.zacows'mosz Fen‘socnn‘sn'M"sz
0.95 1.00 1.05 110 095 1.00 1.05 110 095 1.00 1.05 110
Potential (V vs. RHE) Potential (V vs. RHE) Potential (V vs. RHE)

) — (e)

3

e 10 MV 5
——20mVs"
e 60 MV 5°!
044 joomvs’

—10 mV's”

0.6

"‘E |——100mVs* “E "'E
G 0d4{—ts0mys’ S e 140 MV s H
[ 160 MV 5™ e 160 mV 5" <
‘é ——200 mV 5. ‘é ——200 my 5 g 044
£ < 024 >
2z 02 z z
2 2 2 0z
3 3 5
- - -
e 0.0 £ 004 2
o 0.0+
g g E
E H
© a2 e %]
.2 -0.24
Fe,,,Co,,.-MoS, <029 Fe,,,Co, ,,-MoS, Co-MoS,
r v T r r r v v T T T T
0.95 1.00 1.05 1.10 0.95 1.00 1.05 1.10 0.95 1.00 1.05 1.10
Potential (V vs. RHE) Potential (V vs. RHE) Potential (V vs. RHE)
(g) —10 mV 5" (h) —10mVs"
—20mVs" —20mVs"
— —60mVs" o~ Od4d—eomvs’
€ 0.4{=—100mvs" lE —100mV s’
o ——140mVs" H —140mV s’
< —160 MV s < —160 MV s
E =200 mV g2 E o02{—200mvs’
z o2 z
w ]
c c
5] ]
s E 0.0
s 0.0+ s
g g
3 H]
& R 1T
0.2 Fe-MoS, MoS,
0.5 1.00 105 1.0 0.95 1.00 1.05 110
Potential (V vs. RHE) Potential (V vs. RHE)

Fig. S10. Cyclic voltammograms of all the catalysts recorded at different scan rates from 10 to
200 mVs!in 1.0 M KOH solution.
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Fig. S11. HER polarization curves performed in 0.5 M H,SO, at a scan rate of 5 mV s
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Fig. S12. A plot of LSV curves normalized by the electrochemical active surface area (ECSA).
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Fig. S13. OER performance of the Feg10Co¢90M0S,; catalyst using Graphite electrode and Pt
wire as the counter electrode. The scan rate was 5 mV s !. No change was observed (within the
experimental error).



Table S1. Summary of ICP-OES analysis of Fe,Co,-Mo;..yS,

Composition (at %)

Sample Fe Co Mo
MoS, - - 100
Co-MoS, 0 5.3 94.7
Fe-MoS, 10.1 0 89.9

Fep10Co0p90-MoS, 0.7 4.5 94.8
Fe(,5Cog.75-MoS; 2 4.8 93.2
Fey50Cog50-MoS, 2.6 2.4 95
Fep75Cogo5-MoS, 5.5 1.5 93
Fep90Cog10-MoS, 9.9 0.8 89.3

. . . S . 8
Note: Mo interferes with Co detection resulting in lower concentrations detected for Co.

Fig. S14. EDS spectrum of the Fe( 10Cog.9-Mo0S, catalyst.

Table S2. Elemental mapping of Mo, S, Co, and Fe as determined by EDS analysis.

Composition (at %)

Sample Fe Co Mo S
MoS, - - 393 60.7
Co-MoS, - 7.7 33.8 58.4
Fe-MoS, 4.4 - 36.8 58.8
Feo.10C00.90-

MoS, 0.6 3.7 35.5 60.2
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Fig. S15. The equivalent circuit diagram for the EIS.

Table S3. The fitting results of the EIS parameters of various samples.

Sample Rs Ret

«Q (€

MoS, 10.78 6619
Co-MoS, 7.83 72

Fe-MoS, 9.64 1394

Fe()_ 10C00_90'MOS2 9.24 24

R, represents the resistance of the electrolyte.
R, stands for the charge transfer resistance between catalyst-electrolyte interface, and

CPE signifies the constant phase element.

Table S4. The atomic % of Mo species as obtained from the XPS deconvoluted spectra.

Catalyst Area (a.u.) Species, at%
Mo* Mo*  Mo** Mo* Mo*s Mo™*®
MoS, 4584 1666 3096  49.0 17.8 13.5
Fe-MoS, 10421 7112 6891 42.7 29.1 20.9
Co-MoS, 12433 4950 7899 49.2 19.6 31.2

Fe().l()CO()_g()-MOSZ 16660 10744 6130 49.7 32 18.3



In order to understand the intrinsic activity of the potent electrocatalyst, we calculated its

turnover frequency (TOF), exchange current density, and Faradaic efficiency (FE).

The TOF value was calculated using Eqn. S2.°

JN,
TOF = 4FnECSA (S2)

where J is the current density, 4 represents the stoichiometric number of electrons transferred
in the OER reaction, ESCA is the electrochemically active surface area of the electrode, F is
the Faraday constant (F = 96,485 C mol'), N, is the Avogadro’s number (N, = 6.022 x 1033
O, molecules/mole), and n is the number of active sites (n = 1.0 x 10'/cm?) in a flat 1 cm?
surface of wet-chemistry synthesized MoS, sample.!? The active sites are probably sulfur atoms
bound to Co or Fe and not all the Mo sites; hence, the calculated TOF is conservative and is

only a lower limit.

The ECSA was calculated from the CdlI value, assuming that the specific capacitance of a flat
surface is ~ 40 uF cm2 for 1.0 cm? of a real surface area. The ECSA is estimated using the

Eqn. S3.
ECSA = Specific capacitance (mF cm™2 )/40 uF cm™ per cm? (S3)
The calculated values for Fej 10Cog 9o-Mo0S, are ECSA: 48 cm? and TOF: 3.25 s

The exchange current density (ECD) describes the intrinsic charge transfer under equilibrium
conditions. A higher exchange current density means a greater charge transfer rate and a lower
reaction barrier. The ECD is calculated from the intercept of the X-axis of the Tafel plot Fig
3b. For Feg 10C0p.90-Mo0S,, the ECD is 1.14 x104.

The Faradaic effiency (FE) experiment was performed in a gas-tight H-cell connected to a
manometer on the anodic compartment. When a constant potential was applied by
chronoamperometry measurement, the change in the water level of the manometer was
observed with time. The data recorded are converted into moles of oxygen. The FE was
calculated by comparing the amount of oxygen produced by the potentiostatic anodic reaction

with the calculated oxygen assuming 100% FE.!! For Fe 10C0g.90-Mo0S,, the FE is ~80%.
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Fig. S16. LSV polarization curves of Fe, 10Cog9o-Mo0S; catalyst obtained at different CV
cycles.
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Fig S17. XRD patterns of Fe 10Cog.90-Mo0S; catalyst obtained after different CV cycles.
(Note: The peak at 25.6° belongs to ‘C’ from the carbon cloth)



Fig. S18. SEM images of Fe( 10Cog.90-Mo0S; catalyst (a) before, and (b) after 1,000 CV cycles.

The XPS characterization was used to investigate the chemical state changes of the catalyst
following 1,000 OER electrocatalytic cycles. The XPS survey spectra before and after the
electrocatalytic cycles are compared in Fig. S19 and the high-resolution XPS spectra in Fig.
S20. All the metals show downshifted binding energies indicating some catalyst oxidation,

while no significant change is observed in the sulfur spectrum.

Intensity (a.u.}

A
Before . IL-.A_...._____,.._,_

860 660 460 260 0
Binding Energy (eV)

Fig. S19. XPS survey spectra of Feg 10Cog.99-Mo0S; before and after 1,000 CV cycles.
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Fig. S20. High-resolution XPS spectra of (a) Fe 2p, (b) Co 2p, (c) Mo 3d, and (d) S 2p of
Fey.10Co0.90-Mo0S; before and after 1,000 CV cycles.

Table S5. Summarized ZPE and entropy contributions to Gibbs free energies of steps 1-4.

AGexP EDFT TASexp
a0 T ZPE ] ZPE-TAS
0.216
H,O(1) 2.46(1)  -1426 056  0.67(0.035 -0.11
bar)

Ha(g) - -6.718  0.35 0.403 -0.06
O* - - 0.08 0 0.08
*OH - - 0.38 0 0.38
*OOH - - 0.45 0 0.45

AZPE TAS AZPE-TA




S

H,0()—*OH+1/2H,  -0.01 -047  0.46
*OH—*0O+1/2H, 0.13 021  -0.33
H,O0(l)+0*—*00H+1/2H, -0.02 -047 045

*OOH—*+0,+1/2H, 0.17  0.73 -0.56

[al Experimental Gibbs free formation energies and entropic contributions at standard
conditions: T =298 K and P = 1 bar as listed in the CRC Handbook.!?
[b] The calculated DFT total energies are for a single molecule in the gas phase.!?

Table S6. Gibbs free energy changes (in eV) at different optimization methods.

Method * *OH *O *OOH *+ 0,
Optl! 0 0.55 0.82 3.75 4.92
opt_spl®! 0 0.46 0.75 3.6 4.92
opt_D2L¢] 0 0.46 0.74 3.6 4.92
opt_D3[dl 0 0.45 0.77 3.6 4.92

[alOptimization of the intermediates without dispersion correction
[bJAddition of D2-dispersion correction in single points on the optimized geometries
[clOptimization of the intermediates with D2-dispersion correction
[dJOptimization of the intermediates with D3-dispersion correction



< 30
2 2% — wos,
(]
:‘-5' 204 —— Fe-MOSZ
) —— Co-MoS,
%‘ 10 4 Fe2Co-MoS,
c ]
-15 -10 0 5
Energy (eV)
S 30
s — Mos,
D
E 204 ——— Fe-MOSz
2 —— Co-MoS,
%‘ 10{ —— Fe2Co-MoS,
c
Q
a 0 -
15 -10 0 5

Fig. S21. Upper panel: PDOS plot for d-orbitals of Mo, lower panel: PDOS plot for p orbitals

of S.

Relative energy [eV]

Fig. S22. The calculated relative energies (in eV) of the Fe-doped MoS, surface (3Fe- MoS;)
in the four possible arrangements. The purple, yellow, and brown spheres stand for Mo, S, and

Fe atoms.

Energy (eV)

Yo's

b
S

s
19,

AN



Table S7. Comparison of OER performance in alkaline media for Fe; ;oCog99-MoS, catalyst

with other non-noble metal electrocatalysts.

Catalyst l?ll; Ic)i)r(:)l;/e Electrolyte Tafel slope T Reference
[mV dec!] [mV]l
Co;04@Co0O SC RDE 1 M KOH 89 430 14
NPCN/CoNi-NCNT GCE 0.1 M KOH 165 360 15
NiCo/PFC RDE 0.1 M KOH 106 400 16
FeCo@NG/NCNT GCE 1 M KOH 77 450 17
CoP/CoP,@NPCN Ts Cp";r;e"rn 1 M KOH 50 300 18
FeCo@NC RDE 1 M KOH 50.19 270 19
MoS,@Ni(OH),/NF Ni Foam 1 M KOH 49 233 20
NCF-MOF GCE 0.1 M KOH 49 320 21
Feg,5-CoMoCH/NF Ni Foam 1 M KOH 46 232 22
MSQDs-AC GCE 1 M KOH 39 370 23
CoySg@MoS, GCE 1 M KOH 61 430 24
MoS,/Co-N-CN,-900°C GCE 1 M KOH 169 442 %
Co;S;@MoS,; GCE 1 M KOH 88 330 26
Co,Nb-MoS,/ TiO, HSs Ni Foam 1 M KOH 65 260 27
Co,Nb-MoS, NSs Ni Foam 1 M KOH 147.6 320 27
MoS,/CoB-Se/CC Carbon | MKOH 86 270 2
ggiigﬁﬁ@msm GCE 1 M KOH 68 380 2
CoA@CNC- 700 RDE 0.1 M KOH - 460 30
Co03;04,-MoS, Ni Foam 1 M KOH 46 298 31
Ni;S,@MoS,/FeOOH Ni Foam 1 M KOH 49 234 32
MoS,-NiS,/NGF Ni Foam 1 M KOH - 370 33
Fep 10Cog 99-MoS, GCE 1 M KOH 78 380 This work

lalrepresents the overpotential (#) current density of 10 mA ¢cm? vs. RHE.

*RDE- Rotating Disk Electrode, GCE- Glassy Carbon Electrode. Note that our result is comparable to or better than other works on GCE or

RDE; other supports show better activities due to the support properties.
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