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Supplementary Methods:

Synthesis of Pt/rGO and Pt;Ir/rGO benchmark catalysts: Such catalysts here were synthesized via
the similar strategy mentioned above when replacing the CoP support by the commercial reduced gra-
phene oxide (rGO, Sigma-Aldrich).

Theoretical derivation of the Tafel slope for the Pt:Ir;/CoP catalysts: Referring to the pre-
vious reports,'” the HER pathway of Pt,Ir,/CoP is described by the following equations:

Pt,Ir;/CoP + H' + e <> H*-Pt,Ir;/CoP (1)
H*-Pt,Ir/CoP < PtyIr/CoP-H* (2)
Pt,Ir;/CoP-H* + H' + ¢ > H,+ Pt,Ir;/CoP 3)

The reaction velocity of hydrogen evolution could be written as 7 = k3Ocop_+Crr, Where r is the re-
action rate; k is the rate constant; @ is the hydrogen coverage of on active sites; and Cy; is the concentra-
tion of hydrogen ion.

In the steady state,

db, p .-
C;]I; H* _ kzePtzlrl *H*(l — QCOP—H*) - k729C0P,H*(1 — Hptz,rl —H*) — ](3000137[_1*6'[1,+

de 1o I —H*
% = kl (1 - 9Pz21r1 —H* )C + k—lePzzlrl —H* k—z 01’[21;1 —H* (1 - 6C0P—H*) + k—z 0C0P—H* (1 - 9P121r1 —H*)

At the low overpotental,

FA
0 _ kzeptzfrrH* _ k2 9 *}TT(/’
o g, vk, k0, Ak C. k., e
2Y Pty I —H* -2~ " aYpu 1 —m+ 3~ gt -2
FAp
. P
v k1CH+ tho +ky k000 s =k Ocp e K "
Thus,
k k k _(2+a)FAg
r=k;0cp ;+C,. = #Cfﬁe T
A2 “
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k k k _(2+a)FAg
1Moy

—j:Fr:—FCIZre RT
—lk—z
_(2+0¢)FA

lg(—)) = Constant +2IgC .
8(=/) = Constant +20gC,.. =2 0 v r 9 (5)

2+a)F

Therefore, the derived Tafel slope for Pt,Ir;/CoP catalysts is: > 303RT =0.023 V/dec (assuming o =

0.5, F'is the Faraday constant, R is the Rydberg gas constant and 7 is the absolute temperature).
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Supplementary Figure 1. Work function estimation for various PtM alloys by DFT calculations, where

M = Pt (a), Ir (b), Rh (¢), Pd (d), Ag (e) and Au (f).
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Supplementary Figure 2. Work function estimation for CoP by UPS analysis.
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Supplementary Figure 3. Characterizations of Co(OH); precursors. (a) XRD pattern. (b) High-
resolution XPS spectra in Co 2p (b) and O 1s (¢) region. (d) TEM image. XRD pattern of the product is
consistent with that of Co(OH), standard (JCPDS #02-0925), suggesting the successful synthesis of
Co(OH); precursors. In the high-resolution XPS of the product, the typical signals of Co and O species
in Co(OH), were identified, further confirming the formation of Co(OH), precursors.” TEM image

clearly demonstrates the morphology of nanosheet for the Co(OH), precursors.
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Supplementary Figure 4. Characterizations for CoP. (a) XRD pattern. (b) High-resolution XPS spec-
tra in Co 2p (b) and P 2p (c) region. (d) TEM image. XRD pattern of the product is consistent with that
of CoP standard (JCPDS # 29-0497), suggesting the successful synthesis of CoP. In the high-resolution
XPS of the product, the typical signals of Co and P species in CoP were identified, further confirming

the formation of CoP.* TEM image demonstrates the morphology of nanosheet for the CoP support.
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Supplementary Figure 6. CO stripping voltammetry of the Pt/CoP, Pt,Ir;/CoP and Ir/CoP catalysts in
0.5 M H,S0Oy at scan rate of 20 mV/s. The CO was pre-adsorbed at 0.05 V vs. RHE for 15 min in each
experiment. The CO stripping currents were normalized to each other. Thus, all of the peaks have the
same magnitude to compare the CO stripping peak characteristics. For Pt/CoP and Ir/CoP, the CO strip-
ping peaks were centered at 0.83 and 0.93 V vs. RHE, respectively, consistent with the previous report.’
The much more positive CO stripping peak and much larger full width at half maximum (FWHM) for
Ir/CoP over those for Pt/CoP could be explained as arising from the higher desorption activation energy
of CO from Ir (22 kcal/mol) compared to that from Pt (13 kcal/mol).® If no Pt-Ir alloy is formed in the
Pt,Ir;/CoP catalysts, the CO stripping voltammograms should show two clear peaks, centered at the po-
tentials seen for the Pt/CoP and Ir/CoP catalysts alone.” Herein, the single CO stripping peak at 0.88 V
vs RHE with moderate FWHM for the Pt,Ir;/CoP clearly demonstrated the formation of alloyed Pt,Iry
with the regulated overall CO adsorption strength rather than the formation of only individual Pt and Ir.”
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136 Supplementary Figure 13. TEM images of the (a) Pt,Ag;/CoP, (b) Pt;Rh;/CoP, (¢) Pt,Au,;/CoP and (e)
137 Pt,Pd;/CoP catalysts at the metal loading of 1.0 w#%. The insets show the size distributions of the load-

138 ed metal nanoparticles.
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Supplementary Figure 15. High-resolution XPS spectra in (a) Pt 4f, (b) Ir 4f, (¢) Co 2p and (d) P 2p

810 125

region for the fresh and spent Pt,Ir;/CoP catalysts.

—_
o

Pt

electrolyte (ppm)
£ (o] (o]

Leached metal ion in
N

0

Co

130 135 140
Binding energy (eV)

Supplementary Figure 16. Durability analysis for the Pt,Ir;/CoP catalysts. The ICP (left) and TEM

(right) results show the negligible leaching of catalyst composition and morphology change during HER

operation.
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Supplementary Figure 18. Characterizations of Pt,Ir;/rGO. (a) High-resolution XPS spectra in Pt 4f
and Ir 4fregion. (b) TEM image. Inset is the size distribution of Pt,Ir;. (c) STEM images, EDX mapping
and line scan. (d) ICP-MS analysis.
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Supplementary Figure 19. Catalytic contribution analysis in Ar-saturated 0.5 M H,SO4. (a) HER
performance of Pt/CoP, Pt,Ir;/CoP, Pt/rGO and Pt,Ir;/rGO. (b) HER performance of Pt/CoP and
Pt,Ir;/CoP catalysts in the presence or absence of SCN™ probe.
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Supplementary Figure 20. Electrochemical impedance spectra analysis in Ar-saturated 0.5 M
H,S04. Nyquist plots for (a) bare CoP, (b) Pt/CoP, (c) Ir/CoP, (d) Pt,Ir;/CoP, (e) Pt/rGO, (f) Pt,Ir;/rGO,
(g) SCN-Pt/CoP and (h) SCN-Pt,Ir;/CoP catalysts at various HER overpotentials. Zoom-in parts were

correspondingly presented as inset. The scattered symbols represent the experimental results, and the

solid lines are simulated fitting results. The inset also shows the equivalent circuit for the simulation.

The fitted parameters are summarized in Table S7.
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Supplementary Figure 21. Capacitance vs. voltage profiles obtained from cyclic voltammograms of (a)

bare CoP, (b) Pt/CoP and (c) Pt,Ir;/CoP catalysts with the scan rate from 50 to 850 mV-s" in Ar-

saturated 0.5 M H,SO,.
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181
182 Supplementary Figure 22. (a) Tafel curves of Pt,Ir;/CoP catalysts in Ar-saturated H,SO4 with pH

183 ranging from 0 to 0.68. (b) Tafel curves of Pt,Ir;/CoP catalysts in Ar-saturated 0.5 M H,SO, at different
184  temperatures ranging from 298 to 338 K.
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187  Supplementary Figure 23. High-resolution XPS spectra in (a) Pt 4f, (b) Ir 4/ and (c) Co 2p region of
188 the Pt/CoP and Pt,Ir;/CoP catalysts. Compared with Pt/CoP, the XPS peaks of Pt 47, and Pt 4f5,, for
189  PtyIr;/CoP shift to the low binding energy, while its XPS peaks of Co 2p3/, and Co 2p,/ shift to the high
190  binding energy. In addition, the XPS peaks of Pt 4/, (71.2 €V) and Pt 4fs,, (74.4 V) for Pt,Ir;/CoP is
191  close to the characters of the Pt° (Pt 477, =71.0 eV and Pt 4fs;, = 74.3 eV) in Pt/C benchmark, while its
192 XPS peaks of Ir 4f5> (60.6 V) and Ir 4fs, (63.8 ¢V) is close to the characters of the Ir” (Ir 4/, = 60.8
193 eV and Ir 4fs;, = 64.0 eV) in Ir/C benchmark.
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198 Supplementary Figure 24. Side and top view of Pt/CoP and Pt,Ir;/CoP surfaces.
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201 Supplementary Figure 25. The AGy values of site 4 on Pt/CoP surface in different cutoff energy and

202 k-point. The results show there are no obvious difference for the adsorption thermodynamics calculation
203 in different cases.
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206  Supplementary Figure 26. The cyclic voltammetry result of RHE calibration in 0.5 M H,SOs,

207 E(RHE) =E(SCE) + 0.281 V.
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Supplementary Table 1. ICP-MS analysis of series of Ptlr/CoP catalysts.

Catalyst Al::’)v);‘l(%;dmg lzxz(z)l/zllmg Ir loading [wt.%] tiolv([)(f)l;: ri‘;
PtIr,/CoP 1.03 0.77 0.26 297
Pt,Ir, /CoP 0.99 0.67 0.32 2.04
Pt Ir /CoP 1.01 0.51 0.50 0.99
Pt Ir,/CoP 1.05 0.34 0.71 0.48
Pt Ir./CoP 1.03 0.25 0.78 0.31

Supplementary Table 2. ICP-MS analysis of the Pt,Ir;/CoP catalysts with different metal loading.

Catalyst Al;:)v);l(;a]dmg I;Vltof/;l]l ne Ir loading [wt.%] tiolv([)(f)l;: rzll;
Pt,Ir,/CoP-0.5 0.47 0.32 0.15 2.09
Pt,Ir,/CoP-1.0 1.04 0.81 0.23 2.01
Pt Ir /CoP-1.5 1.51 1.0 0.51 1.97
Pt,Ir,/CoP-2.0 1.97 1.32 0.65 2.02

Supplementary Table 3. ICP-MS analysis of series of PtM/CoP catalysts.

Alloy loading

Pt loading

Foreign met-

Molar ratio of

Catalyst [Wt.%] [Wt.%] al{ xs‘(‘;{l"]‘g Pt :foreign metal
Pt,Rh,/CoP 1.05 0.83 0.22 (Rh) 1.98 (Pt : Rh)
Pt,Pd,/CoP 1.04 0.81 0.23 (Pd) 2.01 (Pt: Pd)
Pt,Ag /CoP 1.0 0.78 0.22 (Ag) 2.0 (Pt:Ag)
Pt,Au,/CoP 0.98 0.64 0.34 (Au) 2.06 (Pt: Au)
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228  Supplementary Table 4. Comparison of HER performance in acidic media for Pt;Ir;/CoP with the
229  earth-abundant and noble metal-based HER catalysts, especially the single-atom Pt catalysts.

Loading of Size of Tafel Suppl
Catalyst noble metal "o slope Durability PP
(ng /cmz] noble metal [mV] [mV/dec| Ref.
Ptylr;/CoP 0.6 ~ 1.6 nm 7 25.2 500 h This
work
Ni,P NPs 0 - 130 46 — Ref. 7
CoP NWs 0 — 100 51 22 h Ref. 8
Co-Fe-P
3D electrode 0 B 80 45 B Ref. 9
Mo-W-P 0 - 101 52 8h Ref. 10
Nip33C00.6752
NWs 0 88 44.1 <3h Ref. 11
CoSP/CNTs 0 — 65 55 24 h Ref. 12
CoPS NPs 0 - 65 56 35h Ref. 13
NiCoP/rGO 0 — 55 45.2 18 h Ref. 14
PANI/CoP 0 - 70 34.5 30h Ref. 15
CoP/Co-MoF 0 — 33 43 17 h Ref. 16
CoP, 0 - 53 32 36 h Ref. 17
Ptiipoas@PAA 79 ~4 nm 0 26 1.67h Ref. 18
Pt/MoS, 18 Atomic-size >150 96 5000 cycles Ref. 19
PtSA-NT-NF 140 Atomic-size 46 30 24 h Ref. 20
ALDS0Pt/NGNs 1.1 Atomic-size 54 29 1000 cycles Ref. 21
Pt-GDY2 4.65 Atomic-size 92 46.6 2.78h Ref. 22
Pt-MoS, 7.0 Atomic-size 47 25.0 35h Ref. 23
AL-Pt/Pd;Pb 1.6 Atomic-size 17 18 25h Ref. 24
Pt SA/m-WOs; 0.86 Atomic-size 76 45 10h Ref. 25
Pt SASs/AG 31 Atomic-size 19 29.3 24 h Ref. 26
Mo, TiCy T—Ptga 12 Atomic-size 43 30 100 h Ref. 27
Pt;/OLC 1.37 Atomic-size 55 36 100 h Ref. 28
Pt/Cog g5Se 204 Atomic-size 60 26 40 h Ref. 29
Rh-MoS, 24 Atomic-size 90 54 20 h Ref. 30
Pt-SA/MoOy 1.68 Atomic-size 18 123 20h Ref. 31
Pt-PVP/TNR 21.9 Atomic-size 27 27 44 h Ref. 32
Pt/PCM 113 Atomic-size 142 65.3 5h Ref. 33
RuCoP 60 Atomic-size 25 31 150 h Ref. 34
If@CON 500 ~2.29 nm 16 27.0 looc?gscy' Ref. 35

230
231
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232 Supplementary Table 5. Comparison of HER performance of Pt,Ir;/CoP with the previously reported
233 HSBB electrocatalysts in acid media.

Loading of Tafel

Catalyst noble meztal TholmV] slope Durability Sﬁzgl'
[pug/cm”] [mV/dec]
PtyIr;/CoP 0.6 7 25.2 500 h This work
Pt/RuCeO, 1.9 72 31 8h Ref. 36
Pt SA/m-WOs. 0.86 76 45 10 h Ref. 25
Pt-WO;3 - 52 32.9 5000 cycles Ref. 37
Rh/SINW 56 81 24 138 h Ref. 1
Ir/SINW 60 22 20 14 h Ref. 38
Rh/MoS, 16 47 24 22.2 Ref. 2
Pt/WOs3 16 42 73 19.4 h Ref. 39
WO,/WS, 0 100 54 3.1h Ref. 40
EG-Pt/CoP-1.5 1.5 21 42.5 100 h Ref. 41
234
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251
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252 Supplementary Table 6. Comparison of HER activity in Hj-saturated 0.5 M H,SO; electrolyte for
253 PtyIr;/CoP with the state-of-the-art HER electrocatalysts, especially Pt-based catalysts.

Contst  wbleme et e e S
[pg/cm’]

Pt Ir;/CoP 0.6 ~ 1.6 nm 9 25.0 This work
Ni,P NPs 0 - 130 46 Ref. 7
Nio.zﬁf\lsgmsz 0 - 88 44.1 Ref. 11
CoPS NPs 0 - 65 56 Ref. 13
B-doped CoP 0 - 58 50 Ref. 42
CoP/Co-MoF 0 - 33 43 Ref. 16
CoP, 0 — 53 32 Ref. 17
AL-Pt/Pd;Pb 1.6 Atomic-size 17 18 Ref. 24
Pt SA/m-WOs5_, 0.86 Atomic-size 76 45 Ref. 25
Pt;/OLC 1.37 Atomic-size 55 36 Ref. 28
A-CoPt-NC 0.419 Atomic-size 32 31 Ref. 43
K,PtCly@NC-M 5.6 Atomic-size 15 21 Ref. 44
Pt;/MC 0.26 Atomic-size 32 26 Ref. 45
Pt-PVP/TNR 21.9 Atomic-size 27 27 Ref. 32
Mozl (0T 12 Atomic-size 43 30 Ref. 27
Pt-MoS, 7.0 Atomic-size 47 25.0 Ref. 46
Pt-WO; — Atomic-size 52 32.9 Ref. 37
RuCoP 60 Atomic-size 25 31 Ref. 34
RuP,@NPC 233 Atomic-size 59 38 Ref. 47
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256
257

Supplementary Table 7. The fitted parameters of the EIS data of bare CoP, Pt/CoP, Ir/CoP, Pt,Ir;/CoP,
Pt/rGO, PtyIr;/rGO, SCN-Pt/CoP and SCN-Pt,Ir;/CoP for HER.

Catalysts ylmV]  RQ] TIFs™'] RIQ] m  R9Q] C, [F
0 3.58 0.0041 211 0.86 9120 0.0018
-10 3.68 0.0039 21.0 090 7762 0.0024
20 3.63 0.0043 209 087 6310 0.0026
-30 3.61 0.0042 208 0.83 5370 0.0032

-40 3.64 0.0045 204 081 4266 0.004

-50 3.59 0.0044 198 090 3162 0.007

-60 3.65 0.0042 177 091 2512 0.010
CoP -70 3.61 0.0044 167 0.85 2138 0.0132
-80 3.66 0.0042 158  0.86 1549 0.0145
-90 3.57 0.0041 150 088 1191 0.0172
-100 3.61 0.0045 146 083 879 0.0203
-110 3.63 0.0046 139 089 616 0.0224

-120 3.60 0.0038 128 092 340 0.024

-130 3.54 0.0045 120 091 160 0.026

-140 3.61 0.0041 114 0.81 - -

0 3.58 0.0058 241 082 8912 0.0015
-10 3.62 0.0062 240 091 6310 0.0025

20 3.57 0.0061 237 087 4786 0.004
-30 3.56 0.0058 240 086 3715 0.0063
-40 3.55 0.006 231 09 3020 0.0093

-50 3.51 0.0054 228 091 2042 0.013

peCop -60 3.56 0.0059 210 083 1514 0.016
-70 3.50 0.0064 207  0.88 1000 0.017

-80 3.51 0.0061 204 087 735 0.018

-90 3.49 0.006 198 093 588 0.019

-100 3.63 0.0064 192 091 410 0.02

-110 3.62 0.0058 188 090 299 0.021

-120 3.55 0.0051 183  0.87 201 0.022
-130 3.59 0.0065 180 0.86 109 0.0222
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-140 3.60 0.0062 173 0.82 - -
0 3.52 0.0040 244 083 8886 0.0019
-10 3.61 0.0042 241 091 6405 0.0025
20 3.62 0.0041 237 085 4766 0.0027
-30 3.60 0.0043 234 086 3691 0.0031
-40 3.62 0.0043 23.0 087 3002 0.0042
-50 3.57 0.0046 229 085 2112 0.0071
-60 3.58 0.0044 220 0.88 1466 0.0102
Ir/CoP -70 3.63 0.0041 217 082 999 0.0145
-80 3.51 0.0040 214 085 740 0.0190
90 3.54 0.0045 20.8  0.86 566 0.0218
-100 3.62 0.0043 202 0.88 406 0.0235
-110 3.60 0.0046 197 090 302 0.0245
-120 3.58 0.0040 190 0.83 198 0.0255
-130 3.57 0.0039 181 086 110 0.0266
-140 3.56 0.0042 175 0.88 - -
0 3.42 0.0025 352 090 5623 0.0001
-10 3.51 0.0031 347 081 3630 0.0002
20 3.50 0.0027 343 083 2570 0.0007
-30 3.55 0.0039 342 0.83 2089 0.0016
-40 3.53 0.0033 338 0.85 1380 0.0027
Pt/C -50 3.51 0.0031 333 0.82 1023 0.0037
-60 3.49 0.0028 329 085 676 0.0047
-70 3.46 0.0037 321 092 389 0.0055
-80 3.51 0.0036 316 091 239 0.0061
90 3.42 0.0035 3.0 090 125 0.0065
-100 3.44 0.0038 304 092 - -
0 3.61 0.0055 251 091 8912 0.0018
-10 3.58 0.0051 246 085 7244 0.0018
SCN-Pt/CoP -20 3.62 0.0057 242 086 5495 0.0020
-30 3.60 0.0049 241 086 4466 0.0028
-40 3.65 0.0053 237 0.88 3467 0.0033
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.50 3.62 0.0051 232 087 2570 0.0054
60 3.58 0.0058 28 081 1995 0.0097
270 3.54 0.0057 22 089 1479 0.014
-80 3.55 0.0056 217 088 1149 0.015
.90 3.66 0.0054 212 092 891 0.018
2100 3.67 0.0049 205 081 660 0.021
2110 3.60 0.0052 200 080 457 0.023
2120 3.59 0.0053 196 083 28l 0.025
1130 3.61 0.0058 192 086 141 0.026
-140 3.67 0.0056 187 080  — _
0 3.52 0.0060 249 090 43652 0.007
110 3.51 0.0054 242 092 2512 0.019
20 3.55 0.0055 236 081 16218 0.051
30 3.56 0.0056 235 080 8913 0.066
Pt,Ir;/CoP
40 3.61 0.0057 23.0 085 5129 0.081
50 3.62 0.0059 26 082 2632 0.088
.60 3.49 0.0062 20 081 776 0.096
270 3.50 0.0061 204 083 - _
0 3.51 0.0035 364 091 4677 0.0001
110 3.53 0.0030 359 0.82 3020 0.0007
220 3.54 0.0037 355 082 2188 0.0024
30 3.45 0.0029 354 082 1259 0.0037
40 3.46 0.0023 350 086 871 0.0048
PtIr,/C
.50 3.55 0.0035 345 083 646 0.0058
.60 3.57 0.0038 341 083 389 0.0065
270 3.53 0.0027 339 090 246 0.0069
-80 3.50 0.0034 328 093 100 0.0072
-90 3.47 0.0036 322 091 - -
0 3.42 0.0045 263 081 9549 0.0010
.10 3.51 0.0041 258 095 8511 0.0012
SEN-PLINCOP 3.52 0.0047 255 082 6918 0.0017
30 3.50 0.0039 253 081 5888 0.0020
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259

-50
-60

-80
-90
-100
-110
-120
-130
-140

3.55
3.52
3.49
3.44
3.45
3.56
3.57
3.50
3.49
3.51
3.57

0.0043
0.0055
0.0049
0.0047
0.0046
0.0044
0.0047
0.0051
0.0050
0.0052
0.0051

24.9
24.4
23.9
234
22.9
22.4
21.7
21.2
20.8
20.2
19.6

0.80
0.82
0.83
0.86
0.82
0.82
0.91
0.90
0.93
0.85
0.90

4786
3631
2951
2290
1659
1258
851
616
338
169

0.0038
0.0064
0.011
0.013
0.016
0.019
0.021
0.024
0.025
0.026
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264
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267
268
269
270
271
272
273
274
275
276
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