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step of HOR, and the optimal H2O adsorption energy of Cu2O
expedited the Volmer step toward HER.

Conclusion

In summary, we have fabricated an efficient and durable
electrocatalyst by using a MOF-derived strategy, where Ru
clusters were confined in porous octahedral supports (Ru/
Cu� Cu2O@C). Structurally, this fine-tailoring strategy minimized
Ru surface blockage, effectively prevented Ru cluster aggrega-
tion, and supplied plenty of reactive centers for electrooxidation
of H2. The optimized Ru/Cu� Cu2O@C exhibited considerable
performance under alkaline conditions with higher mass activity
and specific activity toward the HOR process, excellent HER
activity with low overpotential at 10 mAcm� 2, and higher
stability, outperforming most reported electrocatalysts. Combin-
ing experimental results and DFT calculations revealed that the
electronic interaction between Ru clusters and Cu� Cu2O@C
support contributed to attenuated HBE and enhanced OHBE, as
well as the optimal H2O adsorption energy, which synergistically
accelerated the HOR and HER kinetics. This method would
provide a promising approach for the rational synthesis of cost-
effective and environmentally friendly bifunctional HOR/HER
catalysts.

Experimental Section

Materials

All chemicals and reagents were obtained from pharmaceutical
companies that could be used directly without any further
purification. Copper nitrate hydrate (Cu(NO3)2 · 3H2O, AR, 99.5%),
trimesic acid (H3BTC, AR, 99%), ruthenium trichloride (RuCl3·xH2O,
AR, 99%, ca. 40 wt% Ru], poly(vinylpyrrolidone) [(C6H9NO)n, AR,
99%, PVP], methanol (AR, 99.5%), commercial Pt/C (20 wt% Pt),
Nafion solution (5 wt%), deionized water (18.25 MΩcm� 1), potas-
sium hydroxide(KOH, AR, >90%).

Synthesis of Cu-BTC precursor

Based on previous studies, a Cu-based MOF (Cu-BTC) was
synthesized with minor modifications.[21,49] Briefly, of Cu(NO3)2 · 3H2O
(4 mmol) and PVP (0.8 g) were dissolved in methanol (50 mL)
through sonication to afford homogeneous solution A, and H3BTC
(2 mmol) was dissolved in methanol (50 mL) to afford solution B.
Solution B was then added to solution A with a dropper and stirred
for 30 min until a blue colloidal suspension was formed and aged
continuously for 24 h. After the reaction, the resulting blue
precipitate was collected by centrifugation with methanol and
deionized water, and finally dried in an oven at 60 �C overnight.

Synthesis of Ru/Cu� Cu2O@C nanocomposites

Typically, as-synthesized Cu-BTC (100 mg) was dispersed in a mixed
solution of deionized water/methanol (20 mL, 1 : 1 v/v) and stirred
to form a homogeneous solution. Afterwards, a given amount of
10 mM RuCl3 solution (1.11, 1.43, or 2.0 mL) was added dropwise to
the above suspension and further stirred for 24 h at room temper-
ature. The resulting product was collected by centrifugation with

anhydrous ethanol and deionized water. Subsequently, the brown
samples were dried overnight in an oven. Finally, the above as-
obtained hybrids were calcined (500 �C, 600 �C, or 700 �C) at a
heating rate of 5 �Cmin� 1 for 2 h to afford Ru/Cu� Cu2O@C nano-
composites. Unless specifically stated, the Ru/Cu� Cu2O@C was
obtained at 600 �C. The Ru content varied from 3.66 wt% to
5.59 wt% and the composites were named as Ru3.66/Cu� Cu2O@C,
Ru4.76/Cu� Cu2O@C and Ru5.59/Cu� Cu2O@C (Table S1). The sample
with 4.76 wt% exhibited the highest catalytic activity, which was
investigated in detail in this work (denoted above as Ru/
Cu� Cu2O@C).
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