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Fig. S1 The EDS mapping of RuPt.
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Fig. S2 (a) TEM image and (b) corresponding size distribution diagram of supra-
nanometer-sized RuPt nanocrystals synthesized with a reaction time of 0.5 h. (c) TEM
image and (d) corresponding size distribution diagram of supra-nanometer-sized RuPt
nanocrystals synthesized with a reaction time of 1.5 h.
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Fig. S3 TEM images of (a) RuPt/C-180 and (b) RuPt/C-220.
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106 Fig. S4 XPS full spectra of RuPt/C, RuPt/C-180, RuPt/C-200, and RuPt/C-220.
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123 Fig. S5 HER polarization curves of commercial Pt/C, RuPt/C, RuPt/C-180, RuPt/C-
124 200, and RuPt/C-220 without iR correction in a N,-saturated 1 M KOH electrolyte
125 with a rotating speed of 1,600 rpm.
126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143



144
145
146
147
148
149
150
151
152
153
154

(a) 4 (b)
__ -4D- 3.1
& E7]
= 2
S 0] g
< " E 2]
£ g
=120 :
<
~— .3
- — Rug,Pt,¢/C-200 =~ — Rug,Pt,¢/C-200
- —— RugPt,,/C-200 —— RugyPt,,/C-200
-0.06 -0.04 0.02 0.00 4 506 004 002 0.00
E (V vs. RHE) E (V vs. RHE)

Fig. S6 (a) HER polarization curves of RugsPt;¢/C-200 (with less Pt) and RuggPt;,/C-
200 (with less Ru) in a Nj-saturated 1 M KOH electrolyte with a rotating speed of
1,600 rpm. (b) Corresponding Mass-normalized HER polarization curves in (a).
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Fig. S7 Chronoamperometry study of (a) Pt/C, (b) RuPt/C, (c¢) RuPt/C-180, (d)
RuPt/C-200 and (e) RuPt/C-220 at different applied potentials vs RHE for the HER in
1 M KOH solution (f) Tafel slopes derived from (a), (b), (c), (d) and (e).
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163
164 Fig. S8 (a) Tafel slopes of 12 pg and 24 pg Pt/C tested on a 0.196 cm? rotating disk

165 electrode. (b) Tafel slopes of 12 ug and 24 pg RuPt/C-200 tested on a 0.196 cm?
166 rotating disk electrode.(c) Tafel slopes of RuPt/C-200 (24 pg on a 0.196 cm? rotating
167 disk electrode) catalyst without iR potential compensation and with 100% iR potential
168 compensation. (The Tafel slope is calculated from the LSV curve unless otherwise
169 specified.)
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178 Fig. S9 XRD patterns of RuPt/C-200, CP, RuPt/C-200@CP before and after stability
179 test.
180

181

182

183

184

185

186

187

188

189

10



190
191

192
193

194
195

@) RuPtC-200 | i Pt 4f
N [o}t
L
AL R AN
iy & )3!
s i e R
: % Qﬁﬁﬁmﬁngn
1 I
- j i
3 RuPt/c-zoo@cj? i
s 3 s
it &1
o 5”%% 1 !ﬁ
—_— ) | 1 |
7 S | b ad | i
c ‘(\\,\(%I/\,‘ | 'b Q. g i &
L R W
1= i | R Rag
? |
RuPt/C-200@CP after stability test
d ;Ti%\
Sid i
Py Ii 3
&g rej' Py
S s g
oo, 4 e Y
L i | e
1 !

80 78 76 74 72 70 68

Binding energy (eV)

(b)

Intensity (a.u.)

RuPt/C-2p0 Ru 3p
|

%\ ;@Evf,\.as %{g’\‘, Wé{‘; (\?:\,\

RuPt/C-2p0@CP
i

A Qe

f 3

490 480 470 460

Binding energy (eV)

Fig. S10 High-resolution XPS spectra of (a) Pt 4f and (b) Ru 3p RuPt/C-200, RuPt/C-

200@CP before and after stability test.
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197 Fig. S11 (a) original and (b) magnified CO-stripping voltammograms of commercial
198 Pt/C, RuPt/C, RuPt/C-180, RuPt/C-200, and RuPt/C-220.
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220 Fig. S12 CVs and Cu-stripping voltammograms of commercial Pt/C, RuPt/C, RuPt/C-
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Fig. S13 HOR polarization curves and corresponding Koutechy-Levich plots of (a, b)
Pt/C, (c, d) RuPt/C, (e,f) RuPt/C-180, and (g, h) RuPt/C-220 at different rotation
speeds in an H,-saturated 0.1 M KOH solution with a scan rate of 5 mV s-!. The BC,
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values were derived from the Koutecky-Levich equation , where o is

the rotation rate, and BC, is a constant related to the number of electrons transferred
in a reaction, the gas concentration and diffusivity, and the electrolyte kinematic
viscosity.
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262 Fig. S14 HER polarization curves of commercial RuO, with 95% iR correction in a
263 Np-saturated 1 M KOH electrolyte with a rotating speed of 1,600 rpm.
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(b)

293

294 Fig. S15 The Optimized configurations of (a) pristine RuPt (111) surface and (b)
295 partially oxidized RuPt (111).
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Fig. S16 The top (left) and side (right) view of differential charge density between Pt
and Ru for (a) RuPt (Ap;(RuPt) = p(RuPt) - p(Ru) - p(Pt)) and (b) oxidized RuPt
(Ap2(O-RuPt) = p(O-RuPt) - p(O-Ru) - p(Pt)). (c) Differential charge density between
O and Ru for oxidized RuPt (Ap3(O-RuPt) = p(O-RuPt) - p(O) - p(RuPt)). The value
of isosurface is 0.004 eV A-3. The cyan and yellow clouds represent electron depletion
and accumulation, respectively. The values in the figure represent the number of loss
electrons from Ru atoms.
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(b)

316

317 Fig. S17 Optimized atomic structure of RuPt with (a) H,O adsorption, (b) *H
318 adsorption on RuPt.
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347

348 Fig. S18 Optimized atomic structure of (a) H,O adsorption, (b) *H adsorption on
349 oxidized RuPt.
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373 Fig. S19 Adsorption energies of water on pristine RuPt and oxidized RuPt.

374

375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401

21



402
403

404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431

(a) %%mm (b)

OOO@OOOOOO Oocmooéﬁfo
0000000000 0000000000
0000000000 0000000000
0000000000 0000000000

Fig. S20 Differential charge density between H,O and (a) RuPt, (b) oxidized RuPt.
The dotted line represents the hydrogen bond between H in H,O and surface O. The
value of isosurface is 0.004 eV A-. The cyan and yellow clouds represent electron
depletion and accumulation, respectively. The values in the figure represent the
number of donated electrons from H,O.
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433 Fig. S21 The kinetic barrier for H,O dissociation to *H and *OH on (a) RuPt and (b)
434 oxidized RuPt. The insets are the snapshots of the transition states.
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466 Table S1. The Pt/Ru molar ratio of the corresponding nanocrystals determined by
467 ICP-MS.

Samples Pt (at.%) Ru (at.%)

RuPt/C 20.81 79.19
RuPt/C-180 20.90 79.10
RuPt/C-200 20.94 79.06
RuPt/C-220 20.93 79.07

Rug4Pt;¢/C-200
(with less Pt)
RuggPt;,/C-200
(with less Ru)

16.28 83.72

31.73 68.27
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490 Table S2. The values of 20(°), lattice spacing (d) and derived lattice strain (s) of Pt

491 (111) (JCPDS no. 04-0802), RuPt/C, RuPt/C-180, RuPt/C-200 and RuPt/C-220.

Samples 20(°) d S
Pt (111) JCPDS
39.763 2.2650 0
no. 04-0802)

RuPt/C 40.475 2.2268 1.69%
RuPt/C-180 40.435 2.2287 1.60%
RuPt/C-200 40.405 2.2305 1.52%
RuPt/C-220 40.427 2.2293 1.58%

492 According to a previous definition, the lattice strain of Pt (111) can be obtained by the

493 following equation':

dn_db
s= X 100%

494 b
495 Where d, is the lattice spacing of bulk Pt (that is, 0.2265; JCPDS no. 04-0802), and d,

496 is the lattice spacing of the corresponding RuPt nanocrystals. A positive value of
497 lattice strain (s) represents tensile strain, while a negative value represents
498 compressive strain.
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511

512 Table S3. The results of deconvolution of the Ru 3d5,,, Pt 4f'and Ols XPS spectra of

513 different catalysts.

514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537

Ru 3ds), Pt 4f O ls
Atomic .
BE/eV  Ratio(to  BE/eV BE/eV Area Ratio
Rud) (to Op)
280.58 1 7221 530.72 (Ora) 1
RuPYC  281.15 1.35 532.84 (Oy) 10
534.28 (Ope) 5.8
280.56 1 7213 530.51 (OLa) 1
RuPY/C-180 28131 1.34 532.89 (Oy) 4.35
53432 (Oap)  2.09
280.53 1 7202 530.48 (OLa) 1
RuPt/C-200 28121 2.14 532.79 (Oy) 3.13
534.25 (O o) 1.41
280.51 1 7199  530.05 (OLa) 1
RuPY/C-220  281.35 5.80 532.80 (Oy) 0.65
53446 (Opp) 435
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Table S4. Comparison of impedance of different catalysts.

Samples R (ohm) R (ohm)
Pt/C 5.61 15.3
RuPt/C 5.65 6.79
RuPt/C-180 5.51 4.73
RuPt/C-200 5.59 1.57
RuPt/C-220 5.31 2.43
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576 Table S5. Comparison of overpotential at 10 mA cm™ and Tafel plots of different

577 catalysts for alkaline HER in 1 M KOH electrolyte.

Catalysts n10 (mV) Tafel slope (mV dec™) Ref.
RuPt/C-200 4.4 18.4 This work
Ru-CrO,@CN 7 30.1 2
Ru-Gags/N-C 5 21.1 3
Ru@CQDs 10 47 4
Ru,P/WO;@NPC 15 18 5
RuMo,C@CNT 15 26 6
Pt-Ru/RuQ, 18 18.5 7
2DPC-RuMo 18 25 8
D-NiO-Pt 20 31.1 9
PtSA-Mﬂ3O4 24 54 10
2D-Pt ND/LDH 25 322 1
Ru/np-MoS, 30 31 12
CoPt-Ptgs 31 43.65 13
Vo-Ru/HfO,-OP 39 29 14
Ni5P4-Rl,l 54 52 15
578
579
580
581
582
583
584
585
586
587
588

589
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