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Methods

Instruments

XRD analysis of the synthesized metal oxides was performed using a diffractometer
(MiniFlex 600, Rigaku Corporation, Akishima, Japan; Cu Ka radiation, > = 1.5405 A, 40 kV,
15 mA) equipped with a high-speed one-dimensional detector (D/teX Ultra, Rigaku
Corporation). Diffraction data were collected in the 20 range of 10°-90° at 0.02° steps and a
scan rate of 20° min .

The specific surface areas of catalyst particles were determined through nitrogen sorption
isotherms at 77 K recorded using a Micromeritics Tristar II automatic surface area and
porosimetry analyzer (Micromeritics Instrument Corporation, Norcross, GA, USA), and the
Brunauer-Emmett—Teller (BET) surface areas (Sger) were calculated based on the relative
pressure (P/P0) range of 0.05-0.30. Physisorbed water on the samples was dried by heating
at 423 K for 2 h in vacuo prior to the measurements.

Scanning electron microscopy (SEM) images were obtained using a Hitachi S-5500 (Hitachi
High-Technologies Co., Tokyo, Japan) at an acceleration voltage of 5.0 kV.

Transmission electron microscopy (TEM) images were obtained using a Hitachi H-8100

(Hitachi High-Technologies Co.) at 200 kV.
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High-angle annular dark-field scanning TEM (HAADF-STEM) images were obtained using
a Hitachi HD-2700 instrument (Hitachi High-Technologies Co.) with an accelerating voltage
of 200 kV.

Energy-dispersive X-ray (EDX) spectroscopic elemental mappings were conducted using an
EMAX Evolution system (HORIBA, Ltd., Kyoto, Japan).

Inductively coupled plasma—atomic emission spectroscopy (ICP-AES) analysis was
performed using an ICPS-8100 spectrometer (Shimadzu Co., Kyoto, Japan).

Raman spectroscopy was conducted using a confocal Raman microscope (LabRAM HR
Evolution, HORIBA Ltd.) equipped with a micro-Raman spectrometer (Renishaw In) in the
backscattering geometry using a 532 nm excitation laser. The spectra were recorded with a

resolution of 0.2 cm™! using a 600 gr/mm grating at ambient temperature.

DFT calculations

In the DFT calculations, electronic exchange-correlation interactions were included using the
generalized gradient approximation method with a Perdew—Burke—Ernzerhof functional
(GGA-PBE).! For the on-site Coulombic interactions on the d electrons of Ni, the GGA + U

method was applied with the Hubbard U parameter of 6.2 eV. The U value was chosen
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according to the literature.> * Spin polarization was allowed in all calculations. An energy
cutoff was set to 520 eV, and projector augmented wave pseudopotentials were used for all
elements. Convergence thresholds for electronic state calculation and geometrical
optimization were setto 1.0 x 10 eV and 2.0 x 102 eV A ™! in energy and force, respectively.
The Monkhorst-Pack scheme k-point grid sampling for the Brillouin zone was adjusted to
maintain a k-point spacing of approximately ~0.025 A™! in each direction, as shown in Table
S1, except for the surface calculation of Ni2P4O12 (10 —1) and NiO (100) in which 4x3x1 and

4x4x1 k-points were used, respectively.
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Supplementary Figures and Tables
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Fig. S1 Measured (upper) and theoretical (lower, ICSD: 64701) XRD patterns of Au.
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Fig. S2 Measured (upper) and theoretical (lower, ICSD: 28834) XRD patterns of NiO.
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Fig. S3 Measured (upper) and theoretical (lower, ICSD: 27162) XRD patterns of NioP.
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Fig. S4 Schematic representation of the setup for electrochemical OER measurements using

RDE.
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Fig. S5 (a) Unit cells and (b) surface slab models of the Ni-based phosphates and NiO used
for DFT calculations, with O, Ni, and P atoms depicted as red, gray, and purple spheres,

respectively.
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Fig. S6 Measured (upper) and theoretical (lower, ICSD: 153159) XRD patterns of Ni3(PO4)s.
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Fig. S7 Measured (upper) and theoretical (lower, ICSD: 30433) XRD patterns of Ni2P2O7.
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Fig. S8 Measured (upper) and theoretical (lower, ICSD: 409092) XRD patterns of Ni2P4O1o2.
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Fig. S9 Polarization curves showing OER-specific activity for the Ni3(PO4)2/CNT and

Ni3(PO4)2 without CNT in 1 M KOH.
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Fig. S10 Normalized polarization curves by CNT loading amount for the Ni3(PO4)2/CNT and

CNT in 1 M KOH.
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Fig. S11 Zoomed polarization curves for (a) NiO and (b) Ni2p in 1 M KOH.
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Fig. S12 Derivation of i, from Tafel plots for the Ni-based phosphates, NiO, and Ni,P
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Fig. S13 (a, ¢, and ) STEM-EDX images and (b, d, and f) Raman spectra of the pristine and
recovered catalysts after OER measurements for Ni3(PO4)2, Ni2P207, and NixP4O12,

respectively.
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Fig. S14 (a) SEM image of the Au nanopowder. (b) Polarization curves in 1 M KOH for

Ni3(PO4)2/Au and Au without Ni3(POs)s.
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Fig. S15 (a) Chronoamperometric curve of Ni3(PO4)2/Au at 2 V vs. RHE in 1 M KOH. (b)
STEM-EDX image and (c¢) Raman spectrum of Ni3(PO4),/Au after 10 hat2 V vs. RHE in 1

M KOH.
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Fig. S16 (a) Chronoamperometric curve of Ni3(PO4)2/Au at 2 1.9 V vs. RHE in 0.01 M

K>CO:s. (b) STEM-EDX image and (c) Raman spectrum of Ni3(POs)2/Au after 1.9 V vs. RHE

in 0.01 M K>COs.
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Fig. S17 Comparison of the trend between OER specific activities at 1.55 V as a function of
the minimum M—-O bond length for the Ni-based compounds and Fe-based oxides. The data

for Fe-based oxides were adapted with permission from ref 4 Copyright 2022 John Wiley &

Sons, Inc.
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Table S1 Number of k-points and unit cell sizes of the calculated Ni-based phosphates and

NiO.
Lattice vector length? [A]
Catalyst k-point
a b c
Ni3(PO4)2 5.82400 4.69400 10.10100 7x8x4
Ni2P,0O7 6.50100 8.23900 4.48000 6x5x%x8
Ni2P4O12 11.61100 8.21800 9.82600 3x5x%x4
NiO 4.17000 4.17000 4.17000 9x9x%x9

aExtracted from included structures in each ICSD code.
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Table S2 Peaks observed in the Raman spectra of the Ni-based phosphates in Fig. 2c¢

compared with literature values.

Raman shift [cm™']

Catalyst Ref.
Expt. in this study Reported
1027 , 948 (vp_o-p), 917 (vp_o-p),
Nia(pOg, 49970890555, (;vm;) . (E;P © P). ) 2(;’ ? P? .
13 4)2 412, 277, 233 PO3), PO3, VNi-O), VNi—
0, ONi-0), 245 (VNi-0, ONi-0)
HO7, 1050, =912, 30 1000 (veos). 990-920 (vp-o.9)
Ni:P,O, 822, 736, 532, 490, VPo3), YPop), 6
870-670 (vb_o-p), 600-350 (Jpo3)
425
1318 , 1289 , 1154 s
1314, 1289, 1153, 686 (5(vpo)3)618 (0 (v;O35)77 (o ()vpgjl)Z
_ 685, 614, 572, 539, PO posJ: pos)
Ni2P4012 (0r03), 456 (0r03), 441 (0r03), 407 (Op- 7

455, 437, 405, 354,
338, 288

o-p), 353 (dp-0-p), 338 (dp-o0-r), 291
(VNi-0, ONi-0)
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Table S3 Comparison of OER-specific activity in 1 M KOH with the other state-of-the-art

nonprecious metal-based crystalline catalysts and IrO».

Specific activit 1.55V [mA
Catalyst P _zy @ : Ref
cm particle]

Ni2P4O12 (current study) 56 -
Contracted microcrystal NiFe-LDH 4.6 8
microcrystal NiFe-LDH 2.5 8
IrO; 2.0 9

NizP-F 1.7 10

BaNiO; 1.4 11

NisP4 1.3 12

BSCF 1.1 13
NiFe-ODS-LDH 1.1 14
Laj.6Sr0.4NiO4 1.0 15
CaFex04 1.0 16
LiCoo.sFe0202 0.97 17

La1 67S10.33Ni103 8 0.80 15
NisP> 0.80 12
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Table S4 DFT-calculated occupied Ni 3d band centers for the Ni-based phosphates and NiO,

which were extracted from Fig. 8a.

Occupied Ni 3d band center
Catalyst

[eV]

Ni3(PO4), ~3.96
NizP,0- ~4.08
NizP4O12 ~3.58
NiO —4.47
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