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DFT calculation: Material studio within the local density approximation (LDA) was 

used to execute the DFT calculation of Pt6Ru-NCs and Pt-NCs. The plane-wave energy 

cut off was 400 eV with norm-conserving pseudopotentials. The Brillouin zone was 

inside a 2 × 2 × 2 Monkhorst-Pack grid. The structure was totally optimized until the 

force on each atom is less than 10−3 eV/Å. The height of vacuum layer was set as 25 Å. 

The free energy (G) was computed based on G = E + ZPE - T∆S. Total energy was 

expressed by E. The zero-point energy was expressed by ZPE. The entropy (∆S) of each 

adsorbed state were yielded from DFT calculation, and applied potential was expressed 

by ∆U. The thermodynamic corrections for gas molecules were from standard tables.

Figures

 

Fig. S1 TEM images of Pt6Ru-NCs without (a) PAH or (b) HCHO.

Fig. S2 TEM image of Ru nanoparticles.



Fig. S3 (a) EDX spectrum, (b) XRD pattern of Pt-NCs and PtxRu-NCs.

PtxRu-NCs with different Pt/Ru mole ratio can be easily synthesized by changing the 
feed amount of RuCl3. EDX spectra provide a convincing basis for the formation of 
PtxRu-NCs with different Pt/Ru mole ratios, which are consistent with their feed ratios 
(Fig. S3a). XRD patterns exhibit that the characteristic diffraction peaks of Pt in PtxRu-
NCs shift positively with increasing Ru (Fig. S3b). The diffraction peaks of the (111) 
plane of Pt8Ru-NCs and Pt4Ru-NCs are located at 2θ angles of 39.83° and 39.96°, 
respectively. According to Vegard's law, the Pt content of Pt8Ru-NC and Pt4Ru-NC are 
88.95% and 80.15%, respectively. Further indicate that more Ru are alloyed with Pt. 
TEM images show that both Pt-NCs, Pt8Ru-NCs and Pt4Ru-NCs are well-defined 
nanocubes. HR-TEM images reveal that Pt-NCs (Fig. S4a), Pt8Ru-NCs (Fig. S4b) and 
Pt4Ru-NCs (Fig. S4c) are highly crystalline with exposed (100) plane; the lattice plane 
show interplanar distances of 0.196 nm, 0.195 nm and 0.193 nm, respectively.

Fig. S4 TEM images of (a) Pt-NCs and (b) Pt8Ru-NCs and b) Pt4Ru-NCs.



 

Fig. S5 XPS images of Pt6Ru-NCs.

. 
Fig. S6 TEM image and corresponding particle size distribution histogram of Pt-
cNCs.

Fig. S7 (a) CV curves of various PtxRu-NCs in 1M HClO4 solution at 50 mV s−1. (b) 
Mass-normalized and (c) ESCA-normalized CV curves of various PtxRu-NCs in 1 M 
KOH + 0.1 M NH3 solution at 50 mV s−1. (d) AOR mass activity and specific activity 
of various PtxRu-NCs at 0.67 V.



Fig. S8 Pt 4f XPS spectra of Pt4Ru-NCs, Pt6Ru-NCs and Pt8Ru-NCs.

 

Fig. S9 (a) TEM image, (b) XPS spectrum of Pt6Ru-NCs, (c) STEM EDX line scan 
spectrum and (d) CV curves of Pt6Ru-NCs after the AOR stability test.

Fig. S10 HER polarization curves normalized by the total metal mass.



Fig. S11 (a) EDX spectrum and (b) TEM image of Pt6Ru-NCs after the 
chronoamperometry tests.

Fig. S12 Polarization curve of Pt6Ru-NCs||Pt6Ru-NCs electrolyzers (double loading) in 
1 M KOH solution with 1 M NH3 at 5 mV s-1.

Table S1 The atomic ratio of Pt and Ru in PtxRu-NCs by ICP and XRD. 

Atomic ratio Pt8Ru-NCs Pt6Ru-NCs Pt4Ru-NCs

ICP Pt (%):Ru (%) 89.05%:10.95% 85.76%:14.24% 80.33%:19.67%

XRD Pt (%):Ru (%) 88.95%:11.05% 86.11%:13.89 % 80.15%:19.85%

Table S2 The peak potential or peak current of AOR at various Pt-based 
electrocatalysts in alkaline solution.

Catalysts Electrolyte CNH3 (M) Scan rate 
mV s-1

Peak 
potential 

(V vs. 
RHE)

Mass 
current 

(mA mg-1)

Specific 
current 

(mA cm-2)
Ref. (year)

Pt6Ru-NCs 1 M KOH 0.1 M 50 0.67 V 192 1.02 This work

Pt-NCs 1 M KOH 0.1 M 5 0.66 V 135.25 20201

Au@Pt NPs 1 M KOH 0.05 M 5 0.68 V 1.03 20202



PtIrNi1/SiO2-
CNT-COOH 1 M KOH 0.1 M 20 0.67 V 122 20203

PtML on Au 1 M KOH 0.1 M 50 0.7 V 0.27 20194

Pt trigonal nano-
pyramid 1 M KOH 1 M 10 0.7 V 0.4 20195

annealed Pt6 
electrode

0.1 M 
KOH 1 mM 50 0.625 V 0.8 20197

Cu–Pt 1 M KOH 0.1 M 2 -0.1 V vs 
Hg/HgO 2.5 20198

Pt electrocatalysis 0.1 M 
KOH 1 mM 50 0.62 V 0.8 20189

PtIr/C 1 M KOH 0.1 M 20 0.65 V 46 201810

PtZn 0.5 M 
KOH 0.1 M 100 0.7 V 0.6 201711

Pt/Rh 1 M NaOH 0.1 M 10 -0.3 V vs. 
Hg/HgO 0.55 201712

Pt-Decorated Ni 
particles 1 M NaOH 0.1 M 10 0.7 V 75 201712

Y2O3-modified 
Ptnanofilm 1 M KOH 0.1 M 20 0.65 V 0.18 201613

Pt-NCs 1 M KOH 0.1 M 50 0.67 V 170 201614

Pt-decorated 
flower-like 1 M KOH 0.1 M 10 0.69 V 75 201615

Flower-like Pt 
particles 

consisting of Pt 
nanosheets

1 M KOH 0.1 M 10 46.8 201316

Pt nanosheets 1 M KOH 0.1 M 10 −0.35 
V(SCE) 70 201317

Table S3 The η10 of HER on various Pt-based electrocatalysts in alkaline solution.

Catalysts Electrolyte Sweep rate η10 value Ref. (year)

Pt6Ru-NCs 1 M KOH 5 mV s-1 37.6 mV This work

Pt-NCs 1 M KOH 10 mV s-1 45 mV 20201

Mo2C@NC@Pt 1 M KOH 5 mV s-1 47 mV 201918

Ni(OH)2

-Decorated Pt

Nanocubes

0.1 M KOH 50 mV s-1 69 mV 201919

Co–Pt/C-10 1 M KOH 10 mV s-1 50 mV 201820



PtO2–

CoOOH/TM
1 M KOH 5 mV s-1 40 mV 201821

Pt–Ni branched 

nanocages
0.1 M KOH 10 mV s-1 105 mV 201822

NiCoN/C 

nanocages
1 M KOH 103 mV 201823

Ni3[Fe(CN)6]2/Pt 1 M KOH 2 mV s-1 165 mV 201824

PtNi–Ni NA/CC 0.1 M KOH 5 mV s-1 51 mV 201825

Pt/Ni@NGNTs 1 M KOH 10 mV s-1 50 mV 201726

Ni3N/Pt 

nanosheets
1 M KOH 5 mV s-1 50 mV 201727

NiFe

LDH-Pt-ht/CC
1 M KOH 5 mV s-1 101 mV 201728

Pd−Pt-S 1 M KOH 5 mV s-1 70 mV 201729

PtCo/C 0.1 M KOH 100 mV s-1 50 mV 201730
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