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Experiments
1. Materials and chemicals

The cobalt foam (CF, thickness of 1.0 mm) was purchased from Willtek
Photoelectric Materials Co., Ltd. (Suzhou China). Nickel nitrate hexahydrate
(Ni(NOj3),-6H,0, >98%), hydrochloric acid (HCI, 36-38%), absolute alcohol
(C,H50H), and acetone (C3HqO) were purchased from Damao Co., Ltd. (Tianjin
China). Cobalt nitrate hexahydrate (Co(NO;),:6H,0, >99%), ammonium fluoride
(NH4F, >96%), urea (CO(NH,),, >99%), selenium powder (Se, >99.9%), methanol
(CH;0H, >99.9%), and formate (CH,0O,, >98%) were purchased from Aladdin Reagent
Co., Ltd. (Shanghai China). Potassium hydroxide (KOH, >95%) was purchased from
Macklin Reagent Co., Ltd. (Shanghai China). All the chemicals were used as received
without any further purification. Ultrapure water with a resistance of 18.2 MQ (ELix
advantage) was used throughout all experiments.

2. Electrochemical measurements

The electrochemical data was acquired by the Gamry Interface 5000E and
processed through the Echem Analyst software package. The working electrode was
the as-prepared self-supported electrode. Its exposed geometric area was strictly fixed
at 1 cm? with a platinum clip. A graphite rod and a saturated calomel electrode (SCE)
were employed as counter and reference electrodes, respectively. The accuracy of the
reference electrode was carefully checked before and after the tests to ensure precise
measurements. All the potentials were converted and referred to the reversible
hydrogen electrode (RHE) unless otherwise noted, E (RHE) = E (SCE) + 0.0591*pH +
0.24 V. The current density was reported by normalizing the current to the geometric
surface area of the electrode unless otherwise noted.

The SMOR measurements were tested in a typical three-electrode system. The
catalytic activity was evaluated by cyclic voltammetry (CV) with the potential range
from 1.03 Vto 1.73 V vs. RHE in 1 M KOH solution with and without 1 M methanol.
The scan rate was set as 0.1 mV s°! to minimize the interference of the double layer as

much as possible. The Tafel slope was calculated from the following equation: n=a +
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b log (j). The electrochemical impedance spectroscopy (EIS) was recorded at the
frequency ranging from 100 kHz to 50 mHz at 1.53 V vs. RHE with 12 points per
decade. The sinus amplitude potential signal was 5 mV. The obtained curves were
analyzed and fitted by the ZsimpWin computer program. The electrochemical surface
area (ECSA) was evaluated in terms of double-layer capacitance (Cq) by testing cyclic
voltammetry (CV) in a non-Faradaic potential region ranging from 1.03 to 1.13 V vs.
RHE at scan rates of 0.4, 0.6, 0.8, and 1 mV s'!. The Cgy was estimated by plotting the
Aj = (ja - jc)/2 against the scan rate, the slope of the fitting line represents the Cg (in
mF cm). ja and jc is the current density at 1.08 V vs. RHE of the positive and negative
scans of the CV curves, respectively. The ECSA was calculated from Cy by the
equation: ECSA = C4/C,, where the C; is the specific capacitance (C; = 0.04 mF/cm?,
based on typical value reported for metal foam in 1 M KOH aqueous solution).!

The SMOR-assisted water splitting was measured in a two-electrode system with
the NCS/CF as both anode and cathode electrode. The linear scan voltammetry (LSV)
curves were tested at a scan rate of 0.1 mV s! with the cell voltage ranging from 1.0 V
to 1.8 V in 1 M KOH solution with and without 1 M methanol. The CP curve was
recorded at a fixed current density of 100 mA c¢cm for continuous 100 h. Due to the
consumption of methanol during the test, the electrolyte was refreshed every 20 h.

3. Density functional theory (DFT) calculation method

All the calculations were performed in the framework of the density functional
theory with the projector augmented plane-wave method, as implemented in the Vienna
ab initio simulation package.>? The generalized gradient approximation proposed by
Perdew-Burke-Ernzerhof (PBE) was selected for the exchange-correlation potential.?
The cut-off energy for the plane wave was set to 480 eV. The energy criterion was set
to 1073 eV in the iterative solution of the Kohn-Sham equation. The electronic energy
was considered self-consistent when the energy change was smaller than 107 eV.
Geometrical optimization was considered convergent when the energy change was
smaller than 0.05 eV/A. The Brillourin zone was sampled with a gamma-centered grid

2x2x1 for NiCoSe, and NiCo-LDH. We constructed a NiCoSe, (210) surface with p
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(1x1) periodicity in the x and y directions and a NiCo-LDH (107) surface with p (1x1)
periodicity in the x and y directions. In the z-direction, a vacuum spacing of 20 A was
applied to separate the surface slab from its periodic duplicates. Here, we defined Ap =
pa+B - Pa -p as the charge density difference of A/B heterostructure, where, pa+s, pa,
and pg were the charge densities of A/B heterostructure, isolated A and B slabs,

respectively. We used the Bader charge to express the charge transfer quantity.
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Fig. S1. XRD pattern of the cleaned Co foam.
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Fig. S2. SEM images of the cleaned CF.
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Fig. S3. SEM images of CS/CF.
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STEM and elemental mapping images of CS/CF.
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Fig. SS5. SEM images of NS/CF.
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Fig. S6. STEM and elemental mapping images of NS/CF.

S10



0 A L - , & 500 nm
RO W &

— .

Fig. S7. SEM images of NCS/CF.
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Fig. S8. HRTEM images of NiCoSe4 nanoneedles.
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Fig. S9. SAED pattern of NiCoSe, nanoneedles.
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Fig. S10. STEM and elemental mapping images of NiCoSe4 nanoneedles.
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Fig. S11. EDS line scan images of NiCoSe, nanoneedles.
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Fig. S12. STEM and elemental mapping images of NCS/CF.
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Fig. S14. EDS pattern of NCS/CF.
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Fig. S15. The equivalent circuit used in EIS fitting.

R is a sign of the uncompensated solution resistance, R is a charge transfer resistance
arising from SMOR, Ry is associated with the contact resistance, and the constant phase

element (CPE; and CPE,) corresponds to the double layer capacitance.
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LDH/CF.

S21



Fig. S18. SEM images of NCS/CF-1.
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Fig. S$19. SEM images of NCS/CF-5.
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Fig. S20. Tafel slop of NCS/CF-1, NCS/CF, NCS/CF-5, and NiCo-LDH/CF.
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Fig. S21. CA curves of NCS/CF at different potential of 1.38, 1.43, 1.48, 1.53, 1.58,
1.63, and 1.68 V vs. RHE.
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Fig. S22. The calibration curve of IC made by chromatographic grade formate.

S26



Fig. S23. The digital photograph of NCS/CF||NCS/CF electrolytic cell.

S27



Intensity/a.u.

@10 1)

After reaction

GID 3

Before reaction

&) |

20 ' 25 30 35 40 45 50 55
20/degree
Fig. S24. XRD pattern of NCS/CF after SMOR reaction.
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Fig. S25. SEM images of NCS/CF after SMOR reaction.
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region (d) for NCS/CF after SMOR reaction.
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Fig. S28. The (a) front view, (b) side view, and (c) 3D view of the structural model of

NCS.
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Fig. S29. The differential charge density of NCS.
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Table S1. Element composition of NCS/CF based on the EDS.

Element Weight % Atomic %
Ni 19.02 17.05
Co 18.30 16.34
Se 53.59 35.71

8.16 26.83
0.93 4.07
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Table S2. The binding energy of Ni 2p for NCS/CF and NS/CF.

Binding energy/eV
Catalysts Ni 2p; Ni 2py
NiZ* Ni3* Satellite Ni2* Ni3*  Satellite
NS/CF 853.04 855.48 860.74 870.34 873.91 880.51
NCS/CF 853.29 855.59 860.08 870.59  874.13 880.27
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Table S3. The binding energy of Co 2p for NCS/CF and CS/CF.

Binding energy/eV
Catalysts Co 2p;; Co 2py
Co’* Co?*  Satellite Co’* Co?*  Satellite
CS/CF 778.64 780.71 784.58 793.64  797.00 802.35
NCS/CF 778.47 780.68 784.72 793.47 79698  802.63
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Table S4. The binding energy of Se 3d for NCS/CF, NS/CF, and CS/CF.

Binding energy/eV

Catalysts
Se-O Se 3d;); Se 3ds),
CS/CF 59.71 55.62 54.86
NS/CF 59.00 55.35 54.51
NCS/CF 59.62 55.58 54.76
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Table S5. The catalytic performance of the catalysts for SMOR and SMOR&HER in literatures.

Scan

Potential at a
Faradaic

Potential at 10 mA

certain current cm? for Stability/
Catal El 1 ffici f .
salys cctrolyterate Ty or OO o opemER s, b R
SMOR/V vs. RHE arerve RHE
1 M KOH +
NiCo,P@ NiCo-LDH/CC ' C(I){ ot 5 1.23@10 mA cm?2 ~100 1.43@10 mA cm? nig@gfn 92 4
. 3
1 M KOH +
Co,P@NiCo-LDH 0.5 M C(I){ OH 5 1.24@10 mA cm ~100 1.43@10 mA cm™ ni?\@cjnoz 3
. 3
1.274@10 mA cm™
1M KOH + 100100  This
. N 2
NCS/CF 1 M CH;OH 0.1 1.432@1020 mA cm 100 1.38@10 mA cm mA em?  work
1 M KOH +
Cuy33CoCo-LDH/CF M CI({) Ol / 1.28@10 mA cm ~100 / nii@?:rznoz 6
3
1 M KOH +
C0304,/NF-P | M CI({) OH / 1.318@10 mA cm? >95 1.54@10 mA cm Izlfgclr?lg 7
3
1 M KOH +
NiCu@Cu M CI({) Ol 5 1.32@10 mA cm / 1.45@10 mA cm nf\@crlnoz 8
3
1 M KOH +
FeRu-MOF AM CI({) Ol 5 1.32@10 mA cm >90 1.40@10 mA cm™ nii@crznoz ?
3
1 M KOH + 1.328 onset
F 10-NF > 10
e20:/NIO-N 1 M CH;0H > 1.654@500 mA om? 78 / /
. 1 M KOH + 1.33@10 mA cm 20@10
Nilr-MOF/NF 4 M CH,ON 5 o 1@%@1 0 OnlilAC(fll:ln'z ~100 1.39@10 mA cm2 mA@():m'z I
Ni33C00.67(0OH),/NF 1 M KOH + 5 1.33@10 mA cm? ~100 1.5@10 mA cm 12@20 12
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Table S6. The catalytic performance of the catalysts for OER in literatures.

Catalyst Electrolyte S/crz:;]rsz:t ¢ g;eg:genl;t‘iz ?{ég Ref.
O-MoNi-C/NF 1 M KOH / 190 25
Agsa-NiCo LDH/CC 1 M KOH 5 192 26
CeO4-NiCo0,04-U/NF 1 M KOH 5 219 27
N-NiCoFe 1 M KOH 2 220 23
NiFe LDH/Ni-NWN 1 M KOH 1 222 29
C-CoSe, 1 M KOH 5 227 30

NCS/CF 1 M KOH 0.1 227 This

work
CeO@NiCo,04/NF 1 M KOH / 238 3
5.0 Mn-NiFe LDH/tGO 1M KOH 5 240 32
NiCo-NR 1 M KOH 5 244 33
NiCo@Ni;S,/NF 1 M KOH 5 245 34
Ni NDC-Co/CP 1 M KOH 5 245 33
Mo-CoOOH 1 M KOH 5 249 36
NiCo-LDH/CoP/NF 1 M KOH 50 253 37
NiSe,@Fe-NiCo LDH 1 M KOH 5 260 38
NiCo@rGO 1 M KOH 10 261 39
NiCoO,@NiCo LDH 1 M KOH 1 272 40
0.5Mo0-NiCo0,04 3 M KOH 5 280 41
MoCo(OH),/CoP/NF 1 M KOH 1 287 42
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Table S7. EIS fitting parameters from equivalent circuit of the catalysts for SMOR.

Catalysts R,/Q CPE/Ss™ n/0<n<l R/ Q CPE/Ssm n/0<n<l Ry/Q

CF 0.98 5.344E-002 0.61 32.52 2.039E-002 0.98 7.99
CS/CF 1.00 6.780E-001 0.51 1.30 1.679E-000 0.77 0.33
NS/CF 1.06 3.906E-001 0.50 0.74 1.570E-000 0.64 0.16

NCS/CF 0.99 1.428E-000 0.35 0.49 6.456E-000 1.00 0.09
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Table S8. Element composition of NCS/CF based on the EDS after SMOR reaction.

Element Weight % Atomic %
Ni 35.24 24.52
Co 29.40 20.38
Se 16.75 8.67
O 17.88 45.67

0.73 0.77
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Table S9. The Bader charges of Ni and Co atoms in the NCS model.

Atom Number Bader charge
Ni 1 0.56
Ni 2 0.36
Ni 3 0.39
Ni 4 0.35
Ni 5 0.38
Ni 6 0.40
Ni 7 1.29
Ni 8 1.23
Ni 9 1.26
Ni 10 1.26
Ni 11 1.27
Ni 12 1.33

Total Bader charge 10.09
Co 1 0.47
Co 2 0.31
Co 3 0.32
Co 4 0.32
Co 5 0.39
Co 6 0.32
Co 7 0.87
Co 8 1.20
Co 9 1.22
Co 10 1.22
Co 11 1.16
Co 12 1.06

Total Bader charge 8.87

Positive/negative value corresponds to loss/gain of electron.*3
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Table S10. The Bader charges of Se atoms in the NCS model.

Atom Number Bader charge
Se 1 -0.13
Se 2 -0.12
Se 3 -0.18
Se 4 -0.15
Se 5 -0.27
Se 6 -0.24
Se 7 -0.21
Se 8 -0.18
Se 9 -0.13
Se 10 -0.19
Se 11 -0.28
Se 12 -0.12
Se 13 -0.33
Se 14 -0.16
Se 15 -0.16
Se 16 -0.27
Se 17 -0.02
Se 18 -0.19
Se 19 0.06
Se 20 -0.11
Se 21 -0.16
Se 22 -0.18
Se 23 -0.07
Se 24 -0.15

Total Bader charge -3.95

Positive/negative value corresponds to loss/gain of electron.*3
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