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Preparation of Pt@MG NWs.

The working electrode was prepared in a standard three-electrode single cell system,
using MG nanowires as the working electrode, a platinum wire as the counter
electrode, and a saturated calomel electrode (SCE) as the reference electrode. The Pt
electrode was oxidized from Pt to Pt*" dissolved in the electrolyte, and then deposited
on the working electrode through electrochemical reduction. Before the platinum ion
deposition, the activation of working electrode was cleaned by 50 cycles Cyclic

voltammetry (CV) with a scan rate of 100 mV s-! from 1.2V to -0.2 V in 0.5 M H,SO,.

Flectrochemical measurements.

Electrochemical double-layer capacitance measurements were used to determine the
electrochemically active surface areas (ECSA) of the electrocatalysts at non-faradaic
overpotentials. The ECSA value was calculated based on the equation of ECSA =
Ca/Cs, where Cg4 is the electrochemical double-layer capacitance and Cs is the
specific capacitance. The C; for a flat surface was generally found to be in the range
of 20 to 60 puF cm2. In this work, we used a value of 40 uF cm2. A durability test for
the Pt@MG NWs catalysts were carried out under static overpotential of 200 mV in

0.5 M H,SO, for 210 h. The elemental valence of the catalyst was compared after



HER. 5 mg of the 10 wt% Pt/C was dispersed in a 0.9 mL solution of ethanol and 0.1
mL Nafion solution (5%) using ultrasonic treatment to produce with 30min. Then, the

10 pL ink was drop-cast onto the GCE, which was then air-dried at room temperature.

XPS analysis.

We performed X-ray photoelectron spectroscopy (XPS) to investigate the surface
chemical state of as-obtained Pt@MG NWs (noted as 0 h) and that activated after
electrochemical measurements for 210 h. In the high-resolution spectrum of Pt4f (Fig.
S9 (a)), Pd3d (Fig. S9 (b)) and Cu2p (Fig. S9 (c)), the peaks at 74.3 and 70.9 eV are
indicative of metallic Pt(0) 4f;, and 4fs/,, respectively, the peaks at 340.8 and 335.5
eV are assigned to metallic Pd(0) species, the peak at 951.9 and 932.1 eV corresponds
to Cu (0) 2py, and 2p3),, respectively. Owning to the strong dealloying tendency, no
Ni2p and P2p peaks are observed in the XPS spectrum.! The as-obtained Pt@MG
NWs is mainly composed of Pt, Pd, Cu in their metallic forms. There are also minor
oxidized Pt and Pd chemical states on the surface from oxidation during sample
transfer, the oxidized Cu species is invisible owning to its small fraction. The Pd3d
peaks of Pt@MG NWs exhibit an obvious positive shift of 0.5eV towards higher
energy compared with pure Pd (3d;, and 3ds, at 340.3 and 335 eV), the shift
increases to 0.7 eV after 210 h electrochemical measurement. The Pt4f and Cu2p
peaks present a 0.1 eV negative shift and a 0.6eV when compared with pure Pt (4f5/2
and 417/2 at 74.4 and 71 eV) and pure Cu (2p3/2 and 2p1/2 at 952.5 and 932.7 eV),
suggesting charge transfer from Pd to Pt and Cu. After 210 h electrochemical
measurement, the negative shift of Pt4f increase to 0.2 eV, while that of Cu2p peaks
remains unchanged. The obviously changed electronic states of Pt, Pd, Cu results
from strong electronic coupling among them, which has been observed in other PtPd-
based catalysts.>*

The surface composition change can be obtained by using XPS shown in Table S2. In
Pt@MG NWs, Ni and P entirely disappears from the surface, and an obvious decrease
of Cu content can be identified (Pd:Cu=1:0.23) compared with the nominal

composition (Pd:Cu=1:0.75). After 210 h electrochemical tests, the Pt content



increases from 16.75% to 62.63%, indicating that selective dealloying of Pd and Cu
happens during the electrochemical testing process. As a result, the surface becomes

Pt and Pd abundant, which is crucial to the high catalytical performance.

Details of calculations.

All density functional theory (DFT) calculations were performed using the Vienna ab
initio simulation package (VSAP) with the projector augmented wave (PAW)
method.> The generalized gradient approximation (GGA) with the Perdew, Burke, and
Ernzerhof (PBE) functional is chosen for exchange-correlation potential.® A cut off
the energy of 550 eV was used for the plane-wave basis set and the Monkhorst Pack
mesh of 2 x 2 x 1 k-points was employed for the Brillouin zone integrations ensuring
the accuracy of geometry optimizations. The lattice constants and positions of the
atoms were optimized until the forces on each atom are less than 0.01 eV/A, and
energy converge is converged to 10 eV per atom. For Pd,Pt(4.x) model, a four-layer
4x4x1 supercell with a 15 A vacuum region was considered, the vacuum region was
applied to prevent periodic images from interacting with each other, and the lattice
parameter in z-direction was fixed. Fixing the underlying mimic substrate (bottom
layer) of PdsPt4.x) model, further geometry optimization was performed so that the

geometry was constructed precisely for investigating the realistic reaction process.

The adsorption energy (AEad) describes the energy needed to increase the coverage

by an adsorbed hydrogen atom, which is calculated as follows:

1

AEad:ESlab+nH_ESlab+(n—1)H_EEHZ (1)

where Esiab +nn and Esiap + (n-1)H represent the total energy of the PdPts4.) system

with n and n-1 adsorbed hydrogen atoms on the slab surface, respectively, while "
represents the total energy of a gas phase H, molecule. Gibb’s free energy (AG) of
species adsorbed on a catalyst is considered as a good description of catalytic activity’.

AG of the adsorption system is obtained by:



AG = AE .y + AE ;pp — TAS )

1 H
_ nH -1H 2
AE,pp=Ezpp + E (nZPE) - EEZPE 3)

1 0
ASy= - 2ASy) (4)

AE, AE

where ZPE, T and AS are reaction energy, zero-point energy correction,

temperature (300K) and entropy difference, respectively. The calculated AEzpe is

0
simplified as 0.11 eV. 2 is the entropy of H, in the gas phase under standard
0
conditions, and the gas phase value can be obtained from reference ( H2 ~ 130 J-mol-

I'K-")8. The PH and the potential impact on the free energy change could be

neglected.’
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Fig.S1. Differential scanning calorimeter (DSC) curve of PANiCuP MG. The glass transition
temperature (7,) and crystallization temperature (7y) are 570.7 K and 644.1 K, respectively.

Supercooled liquid region (4T, = T, — Ty) is calculated to be 73.4K.
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Fig.S2. (a) TEM image of a single MG nanowire of Pd4oNi;oCu;oPy. (b) HRTEM image of MG
nanowire. The inset shows the selected area electron diffraction pattern. (c) EDX elemental

mapping of MG nanowire.
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Fig.S3. Polarization curves of the MG plate, MG NWs, Pt@MG NWs and Pt/C catalysts with
current density normalized to the geometry area in 0.5 M H,SO, electrolyte at room temperature.
The current density normalized to the geometric area of Pt@MG NWs is larger than that of 10%

Pt/C with an overpotential larger than 70 mV.
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Fig.S4. (a) The HER polarization curves for Pt@MG NWs and Pt/C catalysts acquired by linear
sweep voltammetry with a scan rate of 2mVs! in 1 M KOH. (b) Corresponding Tafel slope

derived from polarization curves.
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Fig.S5. Cyclic voltammograms (CVs) of Pt/C. The CVs were performed at various scan rates (10,

20, 40, 60, 80,100, and 120 mV s'") from 0.1 to 0.2 V vs RHE.
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Fig.S6. Cyclic voltammograms (CVs) of Pt@MG NWs. The CVs were performed at various scan

rates (10, 20, 40, 60, 80,100, and 120 mV s!) from 0.1 to 0.2V vs RHE.
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Fig.S7. LSV curves of Pt@MG NWs and Pt/C catalysts with current density normalized to the (a)

ECSA and (b) mass of Pt in 0.5 M H,SO4 at 2 mV s°!.
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Fig.S8. Morphology of Pt@MG NWs (a) before and (b)
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Fig.S9. XPS spectra of (a) Pd4f, (b) Pd3d, (c) Cu2p for Pt@MG NWs before and after 210h
stability tests in 0.5M H,SO,.
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Fig.S10. Structural models for H* adsorption on (a) Pdg4, (b) PdsgPtis--Pd, (c) Pd;sPtys--Pd, (d)

Ptg4, (¢) PdysPtis--Pt and (f) Pd;¢Pt4ss—Pt cluster from the top view.
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Fig.S11. Projected density of states (PDOS) of H and Pd/Pt metal atoms on (a) Pdgg, (b) PdsgPti6--

Pd, (C) Pd16Pt4g--Pd, (d) Pt64, (C) Pd48Pt16--Pt and (f) Pd16Pt4g--Pt slab.
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Fig.S12. Structural models for HyO* adsorption on (a) Pdgq, (b) PdssPti6--Pd, (c) Pdi¢Ptss--Pd, (d)

Pt64, (e) Pd4gPt16--Pt and (f) Pd16Pt4g--Pt slab from the tOp view.

Table S1. Calculated adsorption energies 4Ey+and Gibbs free energies 4G+ of Pdgs, PdygPt 6--Pd,

Pd16Pt4g--Pd, Pt64, Pd48Pt16--Pt and Pd16Pt4g--Pt slab.

Model Pd4sPt16-- Pd48Pt16-- Pd16Pt4s-- Pd16Pt48--
Pdg4 Ptey
s Pd Pt Pd Pt
Egiab+n ) ) - ) - )
220024.18 46260.032 176589.44 89715.094
«(eV) 176588.821 89714.3158
4 4 5 3
Es a ’ ) - ) - )
fab 220008.49 46243.593 176573.10 89698.659
(eV) 176573.100 89698.6596
2 6 0 6
AEy-«
0.123 -0.623 0.094 -0.529 0.159 -0.619
(eV)
AGH*
0.435 -0.311 0.406 -0.217 0.471 -0.307
(eV)

AG s calculated by the equation of AG =AE



where

AE 4= Egigh +nn = Esiab + (n- 10 ~ EEHZ

1

b

1 H
_ onH “1)H 2
AE;pp=Ezpp + E (nZPE) - EEZPE

Table S2. Calculated adsorption energies 4E 0+ 0f Pdgs, PdssPti--Pd, Pd;cPtss--Pd, Ptgs,

Pd4gPt16—-Pt and Pd15Pt4g--Pt slab.

PdgPti—~  PdyPti—  PdyPtig—  PdcPtis-
Models Pd,, Pt 480t 48Pt 16148 16148
Pd Pt Pd Pt
Esa ] - - ) -
20 50047175 46707.25 17703636 -90162.065
(eV) A 177036.343 . 90162.107
Eqap - - ] - ]
+H,O(e 22047155  46706.82 177035.84  -90161.593
177035.847 90161.593
V) 3 4 7
AEg0+
-0.201 -0.428 -0.496 -0.521 -0.472 -0.514
(eV)

AE 20 is calculated by the equation ofAEHZO « =Esiab+ 120« = Esiap T Eppzo)

Table S3. ICP-MS results of the Pt@MG NWs catalysts

. Equipment
Volume Dilution
Elements results Concentration mg/kg
ml Factor
mg/L

Pt 50 1 0.1045 81.1155
Cu 50 50 6.7195 260852.0334

Ni 50 50 2.0615 80026.9268

P 50 50 2.0686 80302.8472

Pd 50 50 14.8986 578361.8865

The mass of the Pt@MG NWs catalyst is 0.24025 g and the geometric area is 0.442
cm?. Therefore, the load of Pt in Pt@MG NWs catalysts is 44.09 pg/ cm.

Table S4. XPS results of catalyst surface of MG NWs , Pt@MG NWs 0 h and 210 h.

Pt Pd Cu Ni P
Sample
atom % atom % atom % atom % atom %
MG NWs
- 40 30 10 20

nominal




composition

0h 16.75 67.51 15.74

210 h 62.63 29.89 7.48




Table S5. The Tafel slope and overpotential@10mA cm2 of our catalysts were compared with

reported HER electrocatalysts.

Overpotential
Tafel slope . Refer
Catalysts at 10 mA ¢cm? Stability Electrolyte
(mVdec™) ences
mYV vs. RHE
Pd/Pt-nws 48.5 19.8 10000cv&500h 0.5M H,S04  This
10%Pt/C 36 36.8 10000cv&10h 0.5M H,S0, Work
IrpsNijTay, MG 99 35 1000CY 0.5M H,S0 10
155NizsTa .
250N133 1 a4, &10h 2904
Pdy 5sNigg 5Sis 5P MG
daosNlaaSlasPas 63 426 40000s 0.5M H,S0,
NRAs
11
Pdy 5sNigg 5Sis 5P MG
daoslaaSlasPas 138 73.6 - 0.5M H,S0,
plate
F€40C040P13C7 118 46 20h 0.5M HQSO4 12
Ni40Fe40on 193 65 20h 0.5M HQSO4 13
PdCuNi-S MG 48 35 5000cv&24h 0.5M H,S0, 4
. 10000cv&40000
Pd4oNi;CuzoPr0 MG 76 58 0.5M H,S04 !
s
Pd—Cu-S 58 35 3000cv&48h 0.5M H,S0,
Pt SASs/AG 12 29.3 2000cv&24h 0.5M H,S04 6
Ru SAs@PN 24 38 5000cv&24h 0.5M H,S04 V7
Pt;/N-C 19 14.2 20h 0.5M H,S04 '8
ALDPt/NGNs 50 29 1000cv 0.5 M H,S04 1?
Co-SAC 230 99 1000cv 0.5M H,S0,
Ni-SAC 530 167 -- 0.5M H,S04, 20
W-SAC 590 122 -- 0.5M H,S0,
Pt;/Mo00O;-x/C 23.3 29.1 -- 0.5M H,S0, %!
A-Ni-C 34 41 4000cv&25h 0.5M H,S0, 22




Pd NP 55 35 10000cv&100h  0.5M H,S04
23

Pd/C 170 121 48h 0.5M H,S0,
Pt/c 58 33 48h 0.5M H,S0,
CS-PdPt 26 33 1000cv&24h 0.5M H,S0, 24
rGO-Au48Pd52 130 149
rGO-Fe48Pd52 250 370 30s 0SMH:S0, =
PdMnCo alloy

39 31 80h 0.5M H80,
PA/C (30 wt%) 96 43 - 0.5M H,S0,
Pt@Pd NFs/rGO 56 39 1000cv&10000s  0.5M H,S0, 27
Pt,Pd/NPG 58 31 4000th&10000s  0.5M H,S0, 2
PtPd bimetallic 57 36 1000cv&10000s  0.5M H,S0, %°
PdCo alloy 80 31 :OOOOCV&4OOOO 0.5M HyS0, 3
PdCu-Pd 31 35 5000cv&48h 0.5M H,S0, 3!
Ni@Pd 54 54 1000cv 0.5M H,S0, 32
PdTe 97 90 1000cv&48h 0.5M H,S0, 33
PdCu, 50 34 10000cv 0.5M H,S0,
PdBi, 78 63 10000cv 0.5M H,S0, 33
PdPS 100 46 1000cv 0.5M H,S0, 36
Pd;-Seis 182 57 0.5M H,S0,
Pd;Ses 162 56 3000cv 0.5M H,S0, %7
Pd,Se 94 50 0.5M H,S0,
MoO,@PC-RGO 64 41 5000cv 0.5M H,S0, 38
WO2@C NWs 58 46 2000cv&10h 0.5M H,S0, %
Mo-W18049 NWs 45 54 5000cv&12h 0.5M H,S0, 40
WO02.9 70 50 1000cv&19000s  0.5M H,S0, ¢!
MoN-NC NPs 62 54 3000cv&15h 0.5M H,S0, 4
WN NA/CC 198 92 0.5M H,S0, 43
h-MoN @BNCNT 78 46 10000cv&24h  0.5M H,S0, #
Ni;N NSs 59 60 5000cv& 12h 0.5M H,S0, 45
Fe,N/NrGO 94 51 10h 0.5M H,S0, 4
P-WN/tGO 46 54 5000cv&20h 0.5M H,S0, 47
CuxNi,—xN NSs 52 59 65h 0.5M H,S0, 48
Pt-MoS, 35 25 30h 0.5M H,S0, 4
MosS, film 150 50 0.5M H,S0, 50
single-layer MoS, 185 45 1000cv 0.5M H,80, 5!
monolayer MoS, 226 98 1000cv&9h 0.5M H,S0, 2




SE-MoS, 104 59 24h 0.5M H,S0, 33
P-doped MoS; NSs 43 34 5000cv&20h 0.5M H,S0, 4
B-MoSe, NSs 84 39 10000¢cv&20h 0.5M H,S0, 33
FeS,-RGO film 139 66 1000cv&10h 0.5M H,S0, 3¢
MoS,/Ni3S, 98 61 1000cv&50h 0.5M H,S0, 57
CoMoS;3; NRs 143 78 10h 0.5M H,S0, 8
FePSes/NC 70 53 2000cv&24h 0.5M H,S0, *°
Ni—P NSs 98 59 1000cv&160h 0.5M H,S0, 9
Ni,Ps NPs 107 63 1000cv&10000s  0.5M H,S0, °©!
CoP NWs 67 51 5000cv&80000s  0.5M H,S0, 2
CoP NPs 75 50 0.5M H,S0,
500cv&24h _—
Co,P NPs 95 45 0.5M H,S0,
Fe P NRs 58 45 5000cv&20h 0.5M H,S0, ¢
FeP, NWs 61 37 8h 0.5M H,S0, 3
FeP NPs
49 67
Fe,P NPs 83 78 20h 0.5M H,S0, ¢
116 64
Fe,P NPs
FeP NPs@C 71 52 10000cv 0.5M H,S0, ¢7
Cuz;P NWs 143 67 3000cv&25h 0.5M H,S0, 8
MoP NPs 125 54 4000cv&24h 0.5M H,S0, ¢
WP NWs 130 69 5000¢cv&70h 0.5M H,S0, 70
Zl’l(mgCO()_gzP NSs 39 39 22h 0.5M HQSO4 71
Mo,C microparticles 225 56 48h 0.5M H,S0, 7
MoC@C NSs 153 75 1000cv 0.5M H,S0, 73
Mo,C@C NSs 78 41 1000cv&12000s  0.5M H,S0, ™
Zn—N—-MoC NSs 128 52.1 10h 0.5M H,S0, 7
WC@C NPs 51 49 5h 0.5M H,S0, 76
W,C/CNT 50 45 10000cv 0.5M H,S0, 77
N-WC NWs 89 75 20h 0.5M H,S0, 78




Fe-Ni;C@C NSs 178 36.5 1000cv 0.5M H,S0, 7
Ti;C, NFs 169 97 12h 0.5M H,80, 0
V5C,@GC NSs 37 34.5 100h 0.SM H804 g
VC@C NSs 98 56 10000cv 0.5M H,80,
0.5M H,S04
MoB microparticles 215 55 48h 72
Ni;B NPs 79 85 5000cv&24h 0.5M H,S04 83
Co,B NPs 328 92.4 5000cv 0.5M H,S0, 84
RuB, NPs 18 38.9 50h 0.5M H504 5
0.5M H,S0,
VB, microparticles 192 68 2000cv&12h 86
N,S-doped graphene 280 80.5 1000cv 0.5SMH;80; 4
EDA-CNTs 150 117 500cv&12h 0.5M H,S04 88
N,P-doped C NWs 163 89 4h 0.5M H,80;
0.5M H,S0,
3D graphene NWs 107 64 2000cv&Sh %
g-C;Ny/graphene 207 54 54000s 0.5M H,S04 !
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