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Experimental Section

Chemicals and Reagents

Sodium molybdate dihydrate (Na,MoO4-2H,0), iridium dioxide (IrO,) were
purchased from Shanghai Macklin Biochemical Industrial Co., Ltd. Nickel nitrate
hexahydrate (Ni(NOj3),-6H,0), polyvinylpyrrolidone (PVP, M, = 8000) and dimethyl
sulfoxide (DMSO) were purchased from Aladdin Industrial Co., Ltd. All above
chemicals and reagents were used as received without further purification. Ni foam
(NF, thickness: 0.2 mm) was purchased from Guangzhou Lige Technology Co., Ltd.,
and cleaned in 6 M HCI, acetone, ethanol, and water, respectively. The deionized water

(18.2 MQ cm) was used throughout the whole experiments.

Preparation of IrO,@NF electrode
5 mg of IrO, with 100 pL of 5 wt% Nafion solution were ultrasonically dispersed
in 900 pL of isopropyl alcohol, and the dispersion was drop-cast onto the treated NF

electrode to ensure the mass loading of 1.5 mg cm for comparison.
Calculation of ECSA

Based on the literature !, cyclic voltammetry (CV) was carried out in 1 M KOH
with 0.5 M urea to probe the electrochemical double-layer capacitance of the various
samples at non-Faradic overpotentials to estimate the effective electrode surface areas.
Accordingly, a series of CV measurements were performed at various scan rates (20,
40, 60, 80 and 100 mV s') in 1.05 — 1.15 V vs. RHE range, and the sweep segments of
the measurements were set to 10 to ensure consistency. By plotting the difference in
current density (J) between the anodic and cathodic sweeps (Janodic — Jeathodic) at 1.10 V
vs. RHE against the scan rate, a linear trend was observed. The slope of the fitting line
was found to be equal-to-twice the geometric double-layer capacitance (Cq ), which was
proportional to the effective electrode surface area of the materials. Therefore, the
electrochemical surface areas of different samples can be compared with one another
based on their Cy values. However, it should be noted that this comparison makes sense

only when the measurement of materials was carried out under the same condition.
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The electrochemically active surface area (ECSA) was calculated from the Cgy

value following the equations:

c
ECSA = a

40 pF cm™ 2 per cmECZSA
Calculation of apparent electrochemical activation energy (E,)

Given that the UOR can be accelerated by elevating the electrolyte solution, the
apparent electrochemical activation energy (£,) of UOR was determined by the

following Arrhenius relationship:

d(logiy) E,

s " 23R

where i; (mA) is the kinetic current of electrodes, 7 (K) is the solution temperature
controlled by a water bath, and R represents the universal gas constant. i, was selected
at 1.5 V (vs RHE) for all materials in 1 M KOH containing 0.5 M urea. The scan rate

was 5 mV s7! for polarization curves at various solution temperatures.
DFT calculation

Computational methods

First-principles calculations were performed within the density functional theory
framework 2. The projector-augmented wave (PAW) method * 4 and the generalized
gradient approximation (GGA) 3 for the exchange-correlation energy functional, as
implemented in the Vienna ab initio simulation package (VASP) ¢ were used. The
GGA calculation was performed with the Perdew-Burke-Ernzerhof (PBE) ? exchange-
correlation potential. Considered long-range interaction between
molecules/intermediates and surface, Van der Waals interactions were considered using
DFT-D3 correlation. A combined supercell slab model was built to simulate the surface
of a-NiMoQy (020), B-NiMoO, (002) and -NiMoO, (400). To avoid effects come from
other slabs, a vacuum of 20 A was added along z direction. The convergence criterion
of geometry relaxation was set to 0.01 eV-A~!in force on each atom. The energy cutoff

for plane wave-basis was set to 500 eV. The K points were sampled with 3x3x1 by
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Monkhorst-Pack method.

The change in free energy (AG) of per reaction step was calculated as following

AG = AE + AZPE -T-AS'+ AGy + AGpy
Where AE is the change of the total reaction energy obtained from DFT
calculation, AZPE is the change of the zero-point energy, T is the temperature (300K),
and AS is the change of the entropy. AGy = -eU, where U is the potential at the electrode
and e is the transferred charge. AGyy = kg'T % In10 X pH, where kg is the Boltzmann
constant and T = 300 K. In this work, the influence of pH was neglected.

Calculation of the surface energies (o)

The surface energies (o) are calculated by the following equation '!:

sur
o=
28

Where Eg,r and Ey i are calculated of surface energy and unitcell bulk model energy,
respectively. n is the number of atoms in the surface model divided by the number of
atoms in the unit cell model. S is the area of the surface model. 2 indicates the two

surfaces of the slab model.
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Fig. S1 PXRD pattern of f-NiMoO,.
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As shown in Fig. S2, when PVP is not added to the reaction, the morphology of
a/B-NiMoO4@NF is separated from nanorods and nanosheets. Upon adding PVP as the
precursor, 2D B-NiMoO, nanosheets are attached to 1D a-NiMoO,4 nanorods array on

3D foam substrate, resulting into the formation of hierarchical o/B-NiMoOy

heterostructure array.
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Fig. S3 SEM images of o/B-NiMoO4@NF prepared with different volume ratio of

DMSO and H,O under different magnifications. (a, b) 1:3 and (¢, d) 3:1.
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Fig. S4 (a, b) SEM images of a-NiMoO4@NF at different magnification; (¢) TEM
image and (d-f) HRTEM image of a-NiMoO4@NF.
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Fig. S5 SEM images of o/f-NiMoO4@NF with different growth time.
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Fig. S6 The LSV curves of a/B-NiMoO4@NF.
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Fig. S7 CV curves of (a) NF, (b) IrO,@NF, (¢) a-NiMoO,@NF, (d) B-NiMoO4@NF
and (e) a/B-NiMoO4@NF; (f) The ECSA values.
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Fig. S8 Cg-normalized LSV curves of NF, IrO,@NF, a-NiMoOs@NF, B-
NiMoO4@NF and a/B-NiMoO4@NF.
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Fig. S9 In-situ Raman spectra of o/B-NiMoO4@NF during OER process test at 25°C.
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Fig. S10 Mo 3d XPS spectra for a/B-NiMoO4@NF electrode before and after OER and

UOR test.
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Fig. S11 LSV curves of (a) o/p-NiMoO4@NF, (b) a-NiMoO4@NF electrode tested at

25-65 °C.
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Fig. S12 The electrostatic potentials of a-NiMoOy4 (020), B-NiMoO, (002) and -

NiMoOy (400) surfaces.
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Fig. S13 The Gibbs free energy (AG) profiles calculated at the standard conditions
along the reaction pathways of UOR on the B-NiMoOQO, (400) surface.
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Table S1 Summary of the UOR activity of recently reported Ni and Mo-containing

oxides electrocatalysts

n for UOR@ An for UOR
catalysts electrolyte s Ref.
corresponding j
and OER
(mV@mA cm2)
1.0 M KOH+ 270 mV@
B-NiMoO4 250@100 12
0.5 M Urea 100 mA cm?
1.0 M KOH+ 380 mV@
1/NiMoO4/NF 213@100 13
0.5 M Urea 100 mA cm™
1.0 M KOH+ 210 mV@
NF/NiMoO-Ar 190@100 s
0.5 M Urea 100 mA cm?
1.0 M KOH+
NiMoO;S/NF 110@10 -- 15
0.5 M Urea
NiS@Ni;S,@ 1.0 M KOH+ 70@10 250 mV@ 6
NiMoOy4 0.5 M Urea 220@100 100 mA cm?
1.0 M KOH+ 130@10 210 mV@
Ni-Mo nanotube 17
0.1 M Urea 160@50 100 mA cm™
MS- 1.0 M KOH+ 220 mV@
210@10 L8
leP/NlogGS/NF 0.5 M Urea 100 mA cm
1.0 M KOH+
a-NiMoO4@NF 88 - 19
0.5 M Urea

/B-NiMoO,@NF

1.0 M KOH+
0.5 M Urea

130@100
262@500
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Table S2 The value of solution resistances (R,) and charge transfer resistances (R,,)

Surface Ry(Q) R.(Q)
o/B-NiMoO4@NF 3.1 3.2
B-NiMoO4@NF 6.0 3.9
a-NiMoO4@NF 34 6.8
IrO,@NF 3.3 4.6
NF 3.1 37.3
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Table S3 The content of Ni?*, Ni*" and O, in o/pB-NiMoO4@NF before and after UOR

Content Niz* Ni3* o,
Before 40.19% 24.5% 34.9%
UOR 39.71% 22.36% 39.7%
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