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Experimental Section

Chemicals

All chemicals and reagents were utilized as purchased without any further purification. These
included trimesic acid-1,3,5-Benzenetricarboxylic acid (CoHgOg (H3BTC), >98%, Aladdin),
cerium(Ill) nitrate hexahydrate (Ce(NO;);-6H,O, >99%, Aladdin), nickel (II) nitrate
hexahydrate (Ni(NO3),-6H,0, >98 %, Aladdin), ruthenium trichloride (RuCl;-xH,0, >99%,
~40 wt.% Ru, Aladdin), commercial Pt/C (20 wt.% Pt), nafion solution (5 wt.%), N,N-
Dimethylformamide (DMF) and potassium hydroxide (KOH, AR, >95%, Aladdin). The
deionized water (18.25 MQ cm™!) from a water purification system (Ulupure) was used
throughout the whole experiment.

Preparation of NiCe-MOF

Specifically, 0.325 g Ce(NO;);-6H,0 and 0.218 g Ni(NOs3),-6H,0 were dissolved in 30 mL
DMEF. The solution was sonicated for 15 minutes and then 15 ml of DMF (containing 0.315 g
of H;BTC) was titrated. After remaining stirred for 30 minutes, the mixture was transferred to
a 100 ml Teflon lined reactor and holding at 160 °C for 24 hours. After cooling to room
temperature, the product was centrifuged, washed three times with DMF, and dried overnight
in an oven at 60 °C to yield NiCe-MOF. Except that Ce(NO;);-6H,0 or Ni(NOs),:6H,O was
not added in the preparation process, the syntheses of Ni-MOF and Ce-MOF were completely
identical.

Preparation of Ni-CeQO,

Annealing of the NiCe-MOF precursor at 700 °C (650, 750 or 800 °C) for 2 hours in an Ar

atmosphere at a heating rate of 5 °C min~!. After cooling naturally, the prepared sample was



named Ni-CeO, (Ni-Ce0,-650, Ni-Ce0,-750 or Ni-CeO,-800 °C). The Ni-MOF and Ce-MOF
were annealed identically and labeled Ni and CeQO,, respectively.
Preparation of Ru/Ni-CeO,
Generally, the synthesized Ni-CeO, (50 mg) was scattered in a mixture of deionized
water/glycol (40 ml, 1:3 v/v) and agitated to produce a homogeneous solution. Then, an amount
of 10 mg RuClj; (5 or 15 mg) was added to the above-mentioned suspension and reacted for 5
h at 120 °C in an oil bath. Afterwards, it was washed three times with deionized water and
ethanol, and dried overnight in an oven at 60 °C to obtain Ru/Ni-CeO,. The Ru content was
3.75 wt.%, confirmed by inductively coupled plasma (ICP-MS) measurements. For
comparison, we obtained other samples labeled Ru/Ni and Ru/CeO, following the same line of
approach.
Materials Characterization

Powder X-ray diffraction (XRD, Rigaku D/Max 2500V/PC, Japan, Cu Ka radiation over
the 20 range of 10-90° ) was measured to investigate the crystal structure and phase composition
of samples. Scanning electron microscopy (SEM, FEI Quanta 200 FEG) and transmission
electron microscopy (TEM, JEM-2100 F) were recorded to characterize the morphology and
elemental distribution of the catalysts. The chemical state and electronic structure of the
samples were analyzed by X-ray photoelectron spectroscopy (XPS, JPS-9010 Mg Ka). Metal
contents in the catalysts were examined using inductively coupled plasma mass spectroscopy
(ICP-MS, PerkinElmer corporation, FLexar-NexION300X). The specific BET surface area
(Brunauer—Emmett—Teller) and pore size distribution of the samples were used to measure the

specific surface area and pore size distribution, respectively. Raman spectra were obtained



using a Renishaw in Via with a visible laser (k = 532 nm).
Electrochemical Characterization

All the electrocatalytic measurements were performed in a standard three-electrode system
by the CHI 760E (Shanghai, China) electrochemical analyzer. In this work, glassy carbon
electrode (GCE, diameter: 5 mm, disk area: 0.196 cm?) was chosen as the working electrode,
graphite rod and saturated KCl-filled with Ag/AgCl were served as counter electrode and
reference electrode, respectively. Electrochemical impedance spectroscopy (EIS) was
measured using a multichannel potentiostat (Biologic VMP3) at the open circuit potential from
200 kHz to 10 mHz. All the measured potentials were converted relative to reversible hydrogen
electrode (RHE) and iR-corrected by the resistance of the electrolyte according to the following
equation: Exgaeci+0.197 +0.059 x pH —iR.
Preparation of Catalytic Electrodes

To fabricate a thin-film working electrode, 2 mg of sample and 5 pL of nafion solution (5
wt.%), were ultrasonically dispersed in deionized water-isopropanol solution (volume ratio, 1:
1) to form a homogeneous ink. Afterwards, 10 uL. well-dispersed catalyst ink was suspended
onto the pre-polished glassy carbon electrode, drying ink prior to measurement. The amount of
Ru loading was 12.6 ugr, cm=, which was calculated by ICP-AES data.
Hydrogen Oxidation Reaction (HOR) Measurements

Before HOR measurements, the 0.1 KOH electrolyte was bubbled with UHP H, gas for
30 min to gain H,-saturated 0.1 M KOH solution. Cyclic voltammetry (CV) curves were
recorded between 0 V and 1.0 V vs. reversible hydrogen electrode (vs. RHE) in pre-made N;-

saturated 0.1 M KOH electrolyte until the stable curves were obtained. HOR polarization curves



were collected at a sweep rate of 10 mV s™! ranging from -0.05 V to 0.5 V (vs. RHE) under
1600 revolutions per minute (rpm) of the rotating disk electrode (RDE) rotation rate. The
stability was assessed by repeating the potential scan from 0 V to 1.0 V (vs. RHE) for 1000
cycles at the scanning rate of 100 mV s™!. Chronoamperometric characterization was performed
at 50 mV vs. RHE.

Koutecky-Levich equation was used to calculate the kinetic current density [1]:

1 1 1

4T
Where jq is the diffusion current density [mA cm™2], ji is the kinetic current density [mA cm™2],
and j is the measured current density [mA cm™].
Levich equation [2]:

ja=0.62nFD3> v Cyw!? = BCyw'?
In the formula, n, F, D correspond to the number of electrons transferred in the HOR, the
Faraday constant (96485 C mol™') and H, diffusivity in the electrolytes (3.7 x 107> cm? s7!),
respectively. B is the Levich constant, C is the solubility of H, (7.33 x 10™* mol L™!) and w is

the rotating speed.

Butler-Volmer equation [3]:

aF -(1-a)F
nRT K RT

Je=Jjo[¢ € ]
Exchange current density (jy), often used to evaluate the intrinsic activity of a catalyst, it could
be evaluated from the Bulter-Volmer equation’s micro-polarization regions, where #, o is the
overpotential and transfer coefficient respectively, R, T represent the gas constant (8.314 J mol-!

K-) and the testing temperature (303 K) respectively.

Mass activity (MA) was normalized by using ji and the mass active metal dripped onto the



RDE [4].
Jk
MA M
The specific activity (SA) was normalized by the electrochemically active surface area (ECSA)
of active metals deposited on the RDE surface [5].
i
SA ~ ECSA

CO stripping voltammetry measurements was performed by holding the potential of working
electrode at 0.1V (vs. RHE) for 10 min in the UHP CO to fully adsorb CO on the metal surface.
Following, N, was bubbled for 40 min to completely remove residual CO in the electrolyte. CO
stripping current was obtained by cycling between 0 V and 1.2 V (vs. RHE) at 0.02V s™! without
any extra CO. The 1% CV is the stripping of the monolayer CO, where the CO oxidation peak

can be noticed. The 2" CV represented the background [5].

QCO
ECSAaCtive metal — 042 mC cm -2 * M

where Qco is the total charge of adsorbed CO oxidation, 0.42 mC cm™ corresponds to
monolayer CO adsorption and M represents the total loading of active metal on the working

electrode.
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Fig. S1 XRD patterns of (a) Ru/CeO, and (b) Ru/Ni.
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Fig. S2 EPR spectra of Ru/Ni-CeQO, for (a) different calcination temperatures and (b) different

Ru loading.
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Fig. S3 N, adsorption-desorption isotherms with the corresponding pore size distribution of (a)

Rw/Ni and (b) Ru/CeO,.
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Fig. S4 XPS survey spectra of Ru/Ni-CeO,
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Fig. SS High-resolution XPS spectrum of Ru 3d + C 1s.
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Fig. S6 HOR polarization curves without compensation of Ru/Ni-CeO,; in Hj-saturated 0.1 M
KOH at the rotating speed of 1600 rpm for (a) different calcination temperatures. (b) Different

Ru loading. (¢) Different of catalysts.
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Fig. S7 (a) HOR polarization curves of Ru/Ni-CeO, in H,-saturated 0.1 M KOH at the rotating
speed of 1600 rpm for different calcination temperatures. (b) Tafel plots. (c¢) Linear fitting
curves in micropolarization region. (d) Summarization of j, and j, of Ru/Ni-CeO, at different

calcination temperatures.
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Fig. S8 (a) HOR polarization curves of Ru/Ni-CeO, in H-saturated 0.1 M KOH at the rotating
speed of 1600 rpm for different Ru loading. (b) Tafel plots. (c) Linear fitting curves in

micropolarization region. (d) Summarization of j, and j, of Ru/Ni-CeO, at different Ru loading.
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Fig. S9 Polarization curve of Ru/Ni-CeO, in N,-saturated and H,-saturated 0.1 M KOH at the

rotating speed of 1600 rpm.
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Fig. S10 HOR polarization curves of Ru/Ni-CeO, in H,-saturated 0.1 M KOH before and after

5000 CVs.
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Fig. S11 CO stripping curves of (a) Ru/Ni-CeO,, (b) Ru/Ni, (¢) Ru/CeO,, and (d) commercial

Pt/C in CO-saturated 0.1 M KOH.

Fig. S12 SEM image of Ru/Ni-CeO, after 1000 cycles of cyclic voltammetry stability test for

HOR.
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Fig. S13 High-resolution XPS spectra of (a) Ru 3p, (b) Ni 2p, (c) Ce 3d, and (d) O ls after

long-term stability test toward HOR.

Table S1. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) of different

materials

Catalyst Ru (wt.%)
Ru/Ni 3.72
Ru/CeO, 3.62
Rus/Ni-CeO, 2.77
Ru,;¢/Ni-CeO, 3.75
Ru;5/Ni-CeO, 4.85

Note: In this process, about 2.0 mg samples were dissolved in aqua regia solution, and then

diluted into 2.0 mg/L catalyst solution. Before ICP testing, the prepared solution was further

diluted into about 200 pg/L catalyst solution. The standard solution of Ru was bought from

commercial company and used directly.



Table S2. Summary of ECSA, MA, SA, ji, and j, of different catalysts in this work

Catalysts ECSA MA [mA  ji [mA cm™?] jo[mA cm2] SA [mA cm™2
[m?g™]| ng'| @=50mV
Ru/Ni-CeO, 62.1 1.93 22.2 3.27 0.32
Ru/CeO, 19.2 0.75 8.3 2.07 0.37
Ru/Ni 30.5 0.47 5.4 1.65 0.16
Pt/C 35.7 0.22 7.8 2.23 0.054

Note: MA: mass activity at 50 mV. SA: specific activity. ji: kinetic current density at 50 mV.
Jo: exchange current density from the micro-polarization region (-5 to 5 mV) by linear fitting

through the Butler-Volmer equation.

Table S3 Electrochemical performances of Ru/Ni-CeO, on HOR compared with other catalysts

Catalysts Electrolyte MA@ 50mV [mA pg el Reference

Ru/Ni-CeQO, 0.1 M KOH 1.93 This work
Ru-Ru,P/C 0.1 M KOH 1.26 !
RuFe 0.1 M KOH 0.93 2
Mo-Ru-1/C 0.1 M KOH 1.73 3
Ga-Ru/C 0.1 M KOH 0.59 4
di-Ru/Ni 0.1 M KOH 1.79 3
MoO,-Ru hep 0.1 M KOH 1.16 6
Ru-Ir/C-20 0.1 M KOH 0.61 7
Mo-Ru-3/C 0.1 M KOH 1.25 3
Ru/XC 0.1 M KOH 0.374 8
Ru/PEI-XC 0.1 M KOH 0.423 8
O-RuNi@C 0.1 M KOH 0.601 ?
Ru/Ru0,-180 0.1 M KOH 0.92 10
Ir,Pd;Rug 0.1 M KOH 1.26 1
Ruyg 20Pdg g0/C 0.1 M KOH 1.02 12




Ir/Ni-NiO/CNT 0.1 M KOH 1.56 13

hcp Ru NAs 0.1 M KOH 0.74 14

Sn-Ru/C 0.1 M KOH 1.79 4

IO-Ru-TiO,/C 0.1 M KOH 0.907 15

PtysRug 75/NC 0.1 M KOH 1.65 16

Pb; 04-Rug,Cug/C 0.1 M KOH 1.10 17
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