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Experimental section

Chemicals. Palladium (II') acetylacetonate (Pd(acac),, 99%) was purchased from Sigma-Aldrich.

Copper (II) acetylacetonate (Cu(acac),, 97%), ruthenium (II) acetylacetonate (Ru(acac);, 97%),
commercial Pt/C (20 wt.%), commercial/C (10 wt.%), and Nafion (5 wt.%) were all obtained from
Alfa Aesar. L-ascorbic acid (AA, AR.) and isopropyl alcohol were supplied by J&K Scientifc. Iron

(I') chloride hexahydrate (FeCl;-6H,O, AR.), potassium dihydrogen phosphate (KH,PO,4, AR.), di-
potassium hydrogen phosphate trihydrate (K;HPO,4-3H,0, AR.) and perchloric acid (HC1O4, GR., 70%-
72%) were all bought from Sinopharm Chemical Reagent Co. Ltd. Potassium hydroxide (KOH, GR.,
95%) and acetic acid (36%) were obtained from Aladdin. Ethanol and cyclohexane were provided by
Beijing Tongguang Fine Chemicals Company. All the reagents and chemicals were used as received
without purification. Besides, the ultrapure water (18.2 MQ cm) used in all experiments was
prepared by passing through an ultra-pure purification system.

Synthesis of PACuRu nanocrystals. In a typical synthesis of Pd4sCusgRu;¢ nanocrystals, Pd(acac),
(0.025 mmol), Cu(acac), (0.05 mmol), Ru(acac); (0.0175 mmol), FeCl;-6H,0 (0.02 mmol), AA (0.2
mmol), and OAm (5mL) were put in a sealed vial (volume: 20 mL). The mixture was ultrasonicated
for 1.0 h to obtain a transparent solution. The vial was then transferred into an oil bath at a
temperature of 180 °C, and maintained this temperature for 12 h before being cooling down to room
temperature. The resulting black colloidal products were collected by centrifugation with an
ethanol/cyclohexane mixture, and then dispersed in 8 mL cyclohexane for further use. PdsoCus
nanocrystals were obtained by using the similar procedure except for the absence of Ru precursors.
PdCuRu nanocrystals with different compositions could be prepared by changing the amount of
Ru(acac); to 0.006 mmol, 0.0125 mmol, 0.025 mmol, and 0.05 mmol, respectively, and keep the
other reaction conditions unchanged.



Preparation of PACuRu/C. The obtained nanocrystals dispersed in cyclohexane (8 mL) and Ketjen
Black-300 J carbon supports (15 mg) dispersed in ethanol (50mL) were mixed under sonication for 3
h, and then the black products were collected by centrifugation. The remained organic impurities on
nanocrystals were removed by being subject to heating at 60 °C in acetic acid (36%) for 2 h under N,
atmosphere. The products were separated by centrifugation and washed with ethanol for several
times and dried at 60 °C for the next step.

Preparation of Pd45Cll39Rll16/C-350, Pd45Cll39Rl116/C-400, Pd45CU39RU16/C-450, Pd45Cll39Rll16/
C-500. The as-prepared PdssCuszgRu,6/C was annealed at 350 °C, 400 °C, 450 °C, and 500 °C under
a 5% Hy/95% Ar for 1 h with a heating rate of 5 °C min’!, respectively. The final samples were
denoted as Pd45CU39RL116/C-350, Pd45CU39RU16/C—400, Pd45CU39RL116/C—450, and Pd45CU39RL116/C—500,
respectively.

Characterization. Transmission electron microscopy (TEM) images were conducted on a HITACHI
H-7700 transmission electron microscopy with an accelerating voltage of 100 kV and the high
resolution TEM (HRTEM) images were obtained on a FEI Tecnai-G2 F30 at an accelerating voltage
of 300 kV. Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) spectra
were performed on a JEOL JSM-6360 scanning electron microscope with an accelerating voltage of
200 kV. X-ray diffraction (XRD) patterns were collected on a PANalytical-XRD instrument using
Cu Ko radiation X-ray source (A = 0.15406 nm) at the voltage of 40 kV as well as the current of 30
mA. Inductively coupled plasma atomic emission spectrometry (ICP-AES) analysis was determined
using an Agilent 8800 instrument. X-ray photoelectron spectroscopy (XPS) tests were carried out
with Thermo Scientifc Escalab 250Xi using a monochromated Al-Ka (1486.5 eV) X-ray radiation.

Electrochemical measurements. The obtained catalysts were dispersed and sonicated in a mixture
of isopropyl alcohol, ultrapure water and Nafion solution (volume ratio is 1 : 1 : 0.008) to form a
homogeneous ink (1 mg mL!). A 1 mg mL" ink of Pt/C (JM, 20 wt.%) was prepared and a 2 mg mL-
Uink of Pd/C (JM, 10 wt.%) was also prepared. Then, 10 pL of the mixture ink was deposited on a
polished glassy carbon (GC) working electrode (5 mm, 0.196 cm?) and dried at ambient conditions.

The electrochemical tests were measured in alkaline (0.1 M KOH), neutral (0.5 M PBS), and acidic
(0.1 M HCIO,) solutions on a CHI 660¢ clectrochemical workstation (CH Instruments, Inc.,
Shanghai) with a typical three-electrode system, consisting of a GC working electrode (Pine
Instruments, 5 mm of diameter), saturated calomel electrode (SCE), and carbon rod served as the
working, reference and counter electrodes, respectively. Before measurements, the electrolyte was
bubbling by N, for at least 30 minutes to remove residual O,. The polarization curves were tested at
a scan rate of 5 mV s, and obtained with 95% iR compensations. All recorded related potentials
were converted to the reversible hydrogen electrode (RHE).
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Figure S1. The size distribution of Pd,sCuscRu,4 nanocrystals.
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Figure S2. The representative TEM images of (a) Pds;;CusgRug, (b) PdyCusgRuy;, (¢) Pdy;CussRuy; and (d)
Pd,;Cus;Ruy6 nanocrystals (the insets are the corresponding size distributions).
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Figure S3. The representative TEM image of Pd4sCuzgRu,6/C.
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Figure S4. The SEM-EDS spectra of (a) Pd50Cll43Rll7/C, (b) Pd47CLl42RL111/C, (C) Pd45Cll39Rll16/C, (d)

Pd44Cus7Ru;¢/C and (e) Pd;9CussRu,s/C nanocrystals. (f) The ICP-OES results of PdACuRu/C with different atomic
ratios.



Figure S5. The representative TEM images of (a) PdssCuzRu;6/C-350, (b) PdssCuzgRu;e/C-400,
Pd45C1139R1116/C-500 and (d) Pd45C1139R1116/C—500.
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Figure S6. The size distributions of (a) Pd4sCuszeRu;6/C-350, (b) PdysCuszeRu;6/C-400, (c) PdssCuzoRu;6/C-450 and
(d) Pd45Cuj9Ru,¢/C-500. (e) The average diameter of Pd;sCujoRu,¢/C with different annealing temperature.
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Figure S7. The SEM-EDS spectra of (a) PdysCuzgRu6/C-350, (b) PdssCuzgRu;6/C-400, and (c) PdssCuszoRu;6/C -
500.
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Figure S8. Elemental line-scan analysis across the red arrow in the inset of the single Pd4sCusgRu;6 nanocrystal.

Figure S9. (a) The representative TEM image of PdsoCusy nanocrystals (the inset is the corresponding size
distribution). (b) The representative TEM image of PdsoCuso/C.
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Figure S10. XRD pattern of PdsoCus,/C.




400- @ 10 mA cm™

N w
o [=]
o o
1 1

Overpotential (mV)
(=]
o

&0 o\)@ e Q.\y\" Q& o
¥ P RW 3P
S A ad
Qb be‘ QM de"

Figure S11. (a) Overpotentials at a current density of 10 mA ¢m2, and (b) Tafel slopes of PACuRu/C with different
compositions and the commercial Pd/C electrocatalysts.
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Figure S12. The polarization curves of (a) Pd4sCusgRu,6/C and (b) commercial Pt/C before and after 5000 potential
cycles in 0.1 M KOH.

Figure S13. The representative TEM images of (a) Pd4sCuzoRu;¢/C and (b) commercial Pt/C after S000 cycles.
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Figure S14. The chronopotentiometry measurement at a current density of 10 mA c¢cm™2 of PdysCusoRu;¢/C-450 in

0.1 M KOH.
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Figure S15. The XPS spectra and deconvoluted peaks of PdsyCusy/C and PdssCuzgoRu¢/C in regions of (a) Pd 3d

and (b) Cu 2p.
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Figure S16. The XPS spectra and deconvoluted peaks of PdssCusgRu¢/C with different annealing temperatures
under Hy/Ar atmosphere in regions of (a) Pd 3d, (b) Cu 2p and (¢) Ru 3p.
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Figure S17. The XPS spectra and deconvoluted peaks of Pd4sCuzgRu,¢/C after HER durability test in regions of (a)
Pd 3d, (b) Cu 2p and (c) Ru 3p.
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Figure S18. (a) The electrochemical stability of different catalysts after 5000 potential cycles in 0.5 M PBS. The

polarization curves of (b) Pd4sCuszgRu;6/C, (¢) commercial Pt/C and (d) Pd4sCuszgRu,6/C-450 before and after 5000
potential cycles in 0.5 M PBS.
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Figure S19. (a) The electrochemical stability of different catalysts after 5000 potential cycles in 0.1 M HCIO,4. The
polarization curves of (b) PdssCujsRu;¢/C, (¢) commercial Pt/C and (d) Pd4sCusgRu,6/C-450 before and after 5000

potential cycles in 0.1 M HCIOy,.

a o
w @10 mA cm’”
I
X 204
2
2 ] =
s
T -601
3]
it
<)
o
80 : r r .
0 3 6 9 12 15
Time (h)

Figure S20. The chronopotentiometry measurements at a current density of 10 mA cm™2 of Pd4sCuzgRu,;6/C-450 in

(a) 0.5 M PBS and (b) 0.1 M HCIO.
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Table S1. The composition percentage of different atomics of PdssCusgRu;¢/C electrocatalysts treated with
different annealing temperatures obtained from XPS and ICP-OES results.

XPS (%) ICP-OES (%)
Catalysts
Pd Cu Ru Pd Cu Ru
Pd4sCusoRu;¢/C-350 41.0 25.3 33.7 46.1 38.1 15.8
Pd4sCusoRu;6/C-300 47.3 24.2 28.5 47.1 35.6 17.3
Pd45CusoRu;¢/C-450 56.1 23.8 20.1 46.4 349 18.7
Pd4sCusoRu;¢/C-500 56.4 24.4 19.2 45.8 36.6 17.6

Table S2. Comparison of HER catalytic performance in alkaline/neutral/acid media for Pd4sCuszoRu;¢/C-450 with
other reported HER electrocatalysts.

Overpotential @y Tafel slopes
Catalysts Electrolytes References
(MmV@10 mA cm?2) (mV dec)
31 52 0.1 M KOH
Pd4sCuzoRu;¢/C-450 34 39 0.5 M PBS This work
19 22 0.1 M HCI1O4
PdCu nanosheets 106 123 1.0 M KOH [1]
PdCu nanoparticles 75 48 0.1 M H,SO, [2]
PdCu@Pd nanocubes 68 35 0.5 M H,SO,4 [3]
Pd/Cu-Pt nanorings 22.8 25 0.5 M H,SO, [4]
PdCu; nanoparticles 50 34 0.5 M H,SO, [5]
PdNiMo film 110 227 1.0 M NaOH [6]
97 90 1.0 M KOH
PdTe nanowires [7]

48 63 0.5 M H,SO4
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Cuy.S@Ru NPs 129 51 0.5 M H,S0,
Ru/GLC 35 46 0.5 M H,SO, [21]

PtRu nanoclusters 21.6 27.2 0.5 M H,SO4 [22]

NA: Not available

Table S3. The valence state ratios of Pd%Pd?", Cu%Cu?", and Ru%Ru*'obtained from XPS spectra of
Pd4sCusgRu;¢/C electrocatalysts treated with different annealing temperatures.

Catalysts Pd%/Pd** Cu®/Cu?* Ru®/Ru**
Pd,sCusgRu;¢/C 1.81 2.11 1.58
Pd4s5CusoRu;/C-350 2.08 2.30 2.59
Pd4sCusgRu;4/C-300 2.12 3.29 2.74
Pd4sCusgRu;4/C-450 2.33 3.47 3.16
Pd45CusgRu;4/C-500 2.77 17.40 3.67

Pd45Cll39Rll16/C-450 (After
HER tests)

3.03 4.72 4.49

Table S4. Summary of binding energies of Pd;sCuszoRu;¢/C electrocatalysts treated with different annealing
temperatures from XPS results, including Pd° 3ds,, Cu® 2p;,; and Ru® 3p;,; states.

Catalysts Pd° 3ds), Cu® 2p3p Ru 3p;,»
Pd,sCuzoRu;6/C (eV) 335.97 932.54 463.38
Pd;sCus9Ru;¢/C-350 (eV) 335.81 932.39 462.09
Pd,sCus9Ru;¢/C-400 (eV) 335.78 932.42 462.38
Pd,sCusz9Ru;6/C-450 (eV) 335.75 932.37 462.63
Pd,sCus9Ru;¢/C-500 (eV) 335.84 932.52 461.98
Pd4sCusgRu;4/C-450 (After HER tests) (eV) 335.84 932.34 462.15
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