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Figure S1. a) Low magnification SEM image of the Ni;P PHNs. (b) Diameter distribution of the NisP
PHNSs. The histogram shows the experimental results with a superimposed Gaussian curve-fitting. c)
EDX spectrum of the Ni;P PHNs. d) Low-magnification TEM image of the Ni;P PHNs. e) SAED
pattern recorded from a Ni;P PHN. The red framework illustrates the lattice pattern of the [3-15] zone

axis, and the white framework illustrates that of the [5-17] zone axis.
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Figure S2. a) Low-magnification SEM image of amorphous Ni-P nanoparticles. b) TEM image of an

amorphous Ni-P nanoparticle. ¢) Diameter distribution of the amorphous Ni-P nanoparticles. The
histogram shows the experimental results with a superimposed Gaussian curve-fitting. d) EDX spectrum

of the amorphous Ni-P nanoparticles. €) TEM image of an annealed Ni-P nanoparticle (500 °C, 1 h).

The arrows in e) indicate the darker phase.
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Figure S3. XRD patterns of the samples. With the aid of vertical broken lines it can be seen that the

crystalline nickel phase is removed after acidic treatment.
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Figure S4. A calculated binary diagram of the Ni-P system.!



of Ni-P-300. a2) and b2) TEM images of Ni-P-400-E. c2) HRTEM image of Ni-P-400-E.d2) TEM

image of Ni-P-400. a3) and b3) TEM images of Ni-P-600-E. ¢3) HRTEM image of Ni-P-600-E.d3)
TEM image of Ni-P-600. Arrows indicate the darker phase. The SAED patterns in c1) show that Ni-P-
300-E is amorphous. The SAED patterns in c¢2) can be indexed to that of the [-211] zone axis of
tetragonal phase NizP (JCPDS No 65-1605). 1/doa = d2-51y= 0.16 nm, 1/dog = d(9-22)= 0.20 nm, 1/doc =
di231y=0.22 nm, LAOB = 45°, Z/BOC = 83°. The SAED patterns in c¢3) can be indexed to that of the

[010] zone axis of tetragonal phase NizP (JCPDS No 65-1605). 1/doa = doo) = 0.23 nm, 1/dog = dor) =

0.20 nm, 1/d0c= d(001)= 0.44 nm, ZAOB = 270, ZBOC = 63°,
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Figure S6. XPS spectra of (a) Ni 2p window and (b) P 2p window. The Niz;P PHNs were store in
vacuum immediately after being freeze dried, and subjected to XPS measurement, avoiding long term

air exposure.
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Figure S7. Polarization curve of Ni;P PHNs measured with the scan rate of 2 and 5 mV s
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Figure S8. CV scan of NisP PHNs in acidic solution.




Table S1. Summary of HER performance of representative catalysts.

Catalyst Substrate Mass density Nio® M20° Tafel slope Jod Electrolyte
(mg/cm?) (mV) (mV) (mV/dec) (mA/cm?)
. . . 46,-25.125
Ni,P nanoparticle? Ti foil 1 117 130 33x102  0.50 M H,SO4
81.1-150-200
Ni,P nanoparticle? GCE 0.38 140 87 0.50 M H,S0O4
Ni;,P5 nanoparticle* GCE 3 141 0.50 M H,SO,
NiP, nanosheet on
Carbon cloth 43 99 51 0.26 0.50 M H,SO4
carbon cloth®
CoP nanoparticle® Ti foil 0.9 95 50 14 %101 0.50 M H,SO,4
CoP nanorod on
carbon cloth 0.92 100 51 2.8 x 101 0.50 M H,SO,4
carbon cloth’
CoP particle on carbon
GCE 0.285 122 54 1.3 x 10! 0.50 M H,SO,4
nanotube?®
Co,P nanorod® GCE 1 167 0.50 M H,SO,
FeP nanoparticles!” Ti foil 1 50 61 37 43 %107  0.50 M H,SO,
FeP nanorods!! Ti foil 32 72 38 42 %101 0.50 M H,SO,
Porous FeP
GCE 325 67
nanosheet!?
MoP nanoparticle '3 GCE 0.36 125 54 8.6x102 0.50 M H,SO,
MoP nanoparticle'* GCE 160 54 34x102  0.50 M H,SO,4
CusP nanowires on
copper foam 15.7 143 67 1.8 x 10! 0.50 M H,SO,
copper foam'?
Ni-Mo nanopowder!® Ti foil 1 70 2 M NaOH
Ni-Mo nanopowder!® Ti foil 3 80 0.5 M H,SO,
Ni-Mo nanopowder!¢ Ti foil 1 79 107 1 M NaOH
carbon paste
Bulk Mo,C!” 1.4 208 224 56,-100220 13%103  0.50 M H,SO,
electrode
carbon paste
Bulk MoB!7 2.5 212 227 550=140210 1.4 %103  0.50 M H,SO,4
electrode
Mo,C/CNT!8 carbon paper 2 149 55.2 1.4 x 102 0.1 M HCIO,
H,SO4(pH 1) +
Fe-WCN 19 RRDE 04 220 47.1 Na,SO04 (0.5
M)
Mo;Soy?° carbon paper 1.4 177 66.4 1.3x102 0.1 M HCIO,4
Mo,C?! GCE 0.357 200 210-220 55.8-64.5 0.50 M H,SO4
Porous Mo,C
GCE 0.21 150 53 0.50 M H,S04
nanowire??
Mo,C on Gr? GCE 0.285 ~160 54 0.50 M H,SO,4
MoWC nanowire?* GCE 1.28 ~160 56 34x103  0.50 M H,SO,4
Mo;Soy-RGO?° carbon paper 0.47 109 62.7 3.7x102 0.1 M HCIO,
Mo,C/C?° carbon paper 2 311 87.6 8.1 x103 0.1 MHCIO,
Cop Mo 4N,»25 GCE 0.243 202 267 23 x10% 0.1 M HCIO,




MoS;(33%)/MWCNT-  silver
s ostrode 0.255 206 226 40, 135174 135% 104 1 MH,S0,
Core-shell MoOs-
MoSumanowires®” FTO 254 272 50-60,1-300 0.5 M H,80;
Efxfggltlerg?zy 051 GCE 0.285 190 214 50,-20050 891103 0.5 M H,S0,
MoS,@Au? Aucelectrode  0.00103 226 69 93x10°  0.5MH,S0,
%n\}?(fphous MoS;- GCE 211 229 40,-170.200 13x104 1 MH,SO,
MoS,/RGO hybrid?! GCE 0.285 154 176 41 0.5 M H,S0,
MoS,/MGF32 GCE 021 146 159 42, 90120 0.5 M H,S0,
MoS,/CNTs* glassgisclfrb‘m 0.136 184 230 44.6 0.5 M H,80,
Cu;MoS4* GCE 0.0425 321 95 pH 0 H,80,
WS,/RGO3 GCE 0.4 265 292 58 0.5 M H,80;
0.0001-0.0002
WS, nanosheets? GCE 233 275 55 0.5 M H,S0,
layer
WS, nanosheets3’ GCE 0.285 151 177 72 2.5%x103 1 M H,SO0,
Cobalt-sulfide 1.OMpH7
catalyst FTO 165 227 93 bBS
NiWS, FTO 373 430 964-120-150 10266 pH 7 PBS
CoWS,» FTO 271 311 78, 120-150 10223 pH 7 PBS
CoMoS,® FTO 241 282 85120-150 1028 pH 7 PBS
FeS,* GCE 192.6 62.5 7x10%  0.5MH,S0,
FeSe GCE 65.3 35x10%  0.5MH,S0,
Feo.43C00.575:% GCE 264 55.9 13%10% 0.5 M H,S0,
CoS,* GCE 232 44.6 6.5%105  0.5MH,S0,
CoSe,* GCE 0.037 231 424 6.5%105  0.5MH,S0,
C00.56Nip 44Se,% GCE 250 49.7 63x10%  0.5MH,S0,
C0p.32Nig 6552 GCE 66.8 3.0x10%  0.5MH,S0,
NiS,* GCE 416 14x104  0.5MH,S0,
NiSe,* GCE 250 56.9 57x10%  0.5MH,S0,




Figure S9. SEM images of Ni3P PHNs subjected to long-term potentiostatic electrolysis in acidic

solution.
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Figure S10. (a) Polarization curves of the intermediates during the formation of Ni;P PHNs. All

potentials were corrected for iR drops. (b) Isotherm plots of Ni-P and Ni;P PHNs (c) Polarization curves

of Ni-P and Ni;P PHNs normalized from surface area of catalysts.
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Figure S11. (a) Polarization curves of products corresponding to different annealing temperatures. After
annealing, all samples were etched with HCI. All potentials were corrected for iR drops. (b) Isotherm

plot of products corresponding to different annealing temperatures.
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Figure S12. HER performance of the Ni;P PHNs measured in basic solution (KOH, 1 M). (a)
Polarization curves and (b) Tafel plot of the Ni;P PHNs. (c) Theoretical and detected volumes of
hydrogen generated in a potentiostatic electrolysis experiment. (d) Current density of NizP in a
potentiostatic electrolysis experiment. The inset of (¢) shows the polarization curves corresponding to
the initial and 2000th scan in the CV experiments. The polarization curve of Pt/C loaded on GCE is
shown for comparison in (a). The loading amounts of the Ni;P PHNs and Pt/C are both 0.285 mg cm™.
Only the potentials in (a) were corrected for iR drops.



DFT calculations

The electronic properties of NizP were investigated by density functional theory (DFT) calculations
using the CASTEP (Cambridge Serial Total Energy Package) package.*! The wave functions of the
valence electrons were expanded in a plane wave basis set with k-vectors within a specified energy
cutoff (E.y). lonic cores were represented by an ultrasoft pseudopotential. Brillouin zone integration
was approximated by a sum over special k-points chosen using the Monkhorst-Pack scheme. The
exchange correlation contribution to the total electronic energy was treated in a generalized gradient
corrected (GGA) approximation, Perdew-Burke-Ernzerhoff functional. The structural parameters were
determined using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization technique. The
thresholds for the converged structures were set to: energy change less than 1 x 10 ¢V atom™!, the
maximum residual force less than 0.02 eV A-!, the maximum displacement of atoms less than 0.001 A,
and the maximum stress less than 0.05 GPa. An E . of 380 eV and a 5x5x3 Monkhorst-Pack k-point
mesh ensured convergence of the computed structures and electronic properties in the unit cell
optimization,. The calculated lattice parameters of NizP (a = 0.8966 nm, ¢ = 0.4393 nm) are in good
agreement with experimental data (a = 0.8954 nm, ¢ = 0.4386 nm).

Utilizing the optimized unit cell described above, a unit cell with a slab of four layers along the
(001) direction was applied in the calculation. The slab was repeated periodically with 13 A vacuum
regions between the slabs. A 2x2x1 Monkhorst-Pack k-point mesh was employed, because a larger
Monkhorst-Pack k-point mesh (3x 3x 2) induced no significant change in the calculated energies (less
than 0.01 eV cell'!). Because the slab terminated with a Ni surface has a higher energy than that
terminated with a NiP surface, only the slab terminated with the NiP surface was used to model

hydrogen adsorption.



The differential adsorption energy of H adsorption was chosen to describe the stability of
hydrogen, the equation being given below:
AE;, = E(NiyP + nH) - E(NiyP + (n - 1)H) - 1/2E(H,)
where E(VisP +1H) ig the total energy of Ni;P with the n hydrogen atoms adsorbed on the surface,
E(NizP + (0= DH) ig the total energy of Ni;P with (n-1) hydrogen atoms adsorbed on the surface, and
E(H3) is the total energy of a hydrogen molecule in the gas phase.
To evaluate the catalytic activity of Ni;P, we calculated the Gibbs free energy of hydrogen
adsorption as below:
AG = AEy, + AE ;. - TAS,

E

where 2EzpE is the difference in zero point energy between the adsorbed state and the gas phase and ASy

is the entropy difference between the adsorbed state and the gas phase. The overall corrections are taken

as:42’ 43
AGH = AE, +0.24 eV

The values of 2CH on the (001) surface of Ni;P were evaluated from 46 possible adsorption sites of H,

which included 8 top sites (Nil-Ni6, P1-P2: Figure S8a), 24 bridge sites (B1-B24: Figure S8b), and 14
hollow sites (H1-H14: Figure S8c). Twelve structures were obtained after relaxation, which are

illustrated in Figure S8d.



Figure S13. Possible absorption sites on the (001) Nis;P surface. (a) Top sites, (b) bridge sites, and (c)
hollow sites. (d) The absorption sites on the (001) Ni;P surface suggested by a geometry optimization.

The white square depicts a unit cell on the (001) NizP surface. (‘ : Ni; © :P)



Figure S14. Configuration of hydrogen absorbed at (a) P2, (b) P1, and (c) B18 sites. The white squares

depict unit cells on the (001) Ni3P surface. (_: Ni; ——: P; C. H)
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