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1. Experimental section

1.1 Synthesis of the pristine and Ce-incorporated ZIF-67 and Co-N-C

Typically, Co(NOs),"6H,O and CeCl57H,O with total amount of 3 mmol were
dissolved in 30 mL methanol, and 12 mmol 2-methylimidazole (2-Melm) was dissolved
in 10 mL methanol. Then, the solution of 2-Melm was subsequently injected into the
solution of metal salts. After stirring at room temperature for 24 h, purple precipitates
were collected by centrifugation, washed with methanol for several times and dried at
40 °C under vacuum. By simply controlling the content of the metal salts, pristine and
Ce-incorporated ZIF-67 can be obtained. The as-obtained ZIF-67 precursors were
heated to 650 °C in a tube furnace at a heating rate of 5 °C min™! under Ar atmosphere
and maintained for 2 h to obtain the pristine and Ce-incorporated Co-N-C.

1.2 Structural characterizations

The X-ray diffraction (XRD) was performed on a Philips X’Pert Pro Super
diffractometer with Cu Ka radiation (A = 1.54178 A). The Raman spectroscopy was
performed with a laser micro-Raman spectrometer (Horiba LabRAM HR Evolution,
532 nm excitation wavelength). The scanning electron microscopy (SEM) images were
taken on a JEOL JSM-6700F SEM. The transmission electron microscopy (TEM) was
carried out on a JEM-2100F field emission electron microscope at an acceleration
voltage of 200 kV. The high-resolution TEM (HRTEM), high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and corresponding
elemental mapping analyses were performed on a ThermoFischer Talos F200X TEM.
The nitrogen adsorption-desorption isotherms were carried out by using a Micromeritics
ASAP 2460 system, and all the gas adsorption experiments were performed at liquid-
nitrogen temperature (77 K) after degassed at 300 °C for 6 h. The Ce/(Ce+Co) values
were determined by the inductively coupled plasma optical emission spectrum (ICP-
OES) on a Perkin Elmer Optima 7300DV ICP emission spectroscope. The X-ray
photoelectron spectroscopy (XPS) were performed on a VGESCALAB MKII X-ray

photoelectron spectrometer with an excitation source of Mg Ka = 1253.6 eV, and the



resolution level was lower than 1 atom%.

1.3 Electrocatalytic study

All the electrochemical measurements for investigating were conducted using a three-
electrode system on an electrochemical workstation (Ivium Vertex. C. EIS) at room
temperature. All of the potentials were calibrated to a reversible hydrogen electrode
(RHE). Typically, 4 mg of catalyst and 50 pL Nafion solution (Sigma Aldrich, 5
wt%) were dispersed in 1 mL isopropanol by sonicating for at least 30 min to form a
homogeneous ink. Then 20 pL of the dispersion (containing 80 ug of catalyst) was
loaded onto a glassy carbon electrode with 3 mm diameter, leading to a catalyst
loading of 1.14 mg cm. The as-prepared catalyst film was allowed to be dried at
room temperature. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
with a scan rate of 5 mV s*! were conducted in the electrolyte containing 0.1 M KOH
and 0.1 M hydrazine without being purged with N, (the result is not affected by the
aeration of N,). A Hg/HgO electrode was used as the reference electrode, a platinum
gauze electrode (2x2 cm, 60 mesh) was used as the counter electrode. The
electrochemical impedance spectroscopy (EIS) measurements were conducted at 0.45

V vs. RHE with frequencies from 10-2 to 10~ Hz.



2. Additional physical and electrochemical characterizations

500 nm

Fig. S1 (A-B) SEM and (C-D) TEM images of the pristine ZIF-67 without Ce

incorporation.



Fig. S2 (A-B) SEM and (C-D) TEM images of ZIF-67 with 1% Ce incorporation.



Fig. S3 (A-B) SEM and (C-D) TEM images of ZIF-67 with 3% Ce incorporation.



Fig. S4 (A-B) SEM and (C-D) TEM images of ZIF-67 with 5% Ce incorporation.



Fig. S5 (A-B) SEM and (C-D) TEM images of the pristine Co-N-C without Ce

incorporation.



Fig. S6 Additional SEM (A) and TEM (B) images of 1%Ce:Co-N-C.



Fig. S7 (A-B) SEM and (C-D) TEM images of 3%Ce:Co-N-C.
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Fig. S8 (A-B) SEM and (C-D) TEM images of 5%Ce:Co-N-C.
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Fig. S9 Nitrogen adsorption/desorption isotherms with the BET specific surface area.
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Fig. S10 HRTEM image of the pristine Co-N-C without Ce incorporation confirms

the high crystallinity of the encapsulated Co nanocrystals without lattice disordering.
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Fig. S11 ICP-OES data of the products. The Ce concentrations per total metals are
0.88%, 2.57% and 4.50% for 1%Ce:Co-N-C, 3%Ce:Co-N-C and 5%Ce:Co-N-C,

respectively.
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Fig. S12 (A) Survey spectrum and (B-F) XPS spectra of Co, Ce, C, N and O in
1%Ce:Co-N-C.

X-ray photoelectron spectroscopy (XPS) analyses were carried out to characterize
the composition and valence of 1%Ce:Co-N-C (Fig. S12). As shown in Fig. S12A, the
survey spectrum of 1%Ce:Co-N-C confirms the absence of contaminant elements
besides Co, Ce, C, N and O. The Co 2p spectrum in Fig. S12B displays two major
peaks assigned to the Co 2ps3,; and 2py, orbitals. The deconvolution of Co 2ps), region
shows triple peaks at 780.4, 782.7 and 778.4 ¢V, which can be ascribed to Co3*, Co**
and Co? species, respectively.!* Similarly, the deconvoluted peaks at 796.0, 797.7 and
793.8 eV in Co 2pj, region can be attributed to Co*", Co*" and Co° species.
Therefore, abundant Co>" and Co?" ions can be identified in 1%Ce:Co-N-C besides
metallic Co, which are located at the surface oxide nanolayers with disordered lattice.
Of note, the XPS signal of Ce in Fig. S12C is too weak to be clearly identified owing
to the low concentration of Ce below the sensitivity of XPS, while the content of Ce

can be quantitatively measured by means of ICP-OES as indicated in Fig. S11. In
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addition, the deconvolved C 1s peaks located at 284.6, 285.3, 286.2, 288.9 and 289.6
eV can be attributed to C-C, C=N, C-O, C=0 and C=C, respectively,> ® demonstrating
the sp?-hybridized N-doped carbon skeleton with oxygen-containing groups (Fig.
S12D). The XPS N 1s spectrum in Fig. S12E reveals three types of the nitrogen
dopant, namely, pyridinic N (398.7 eV), pyrrolic N (400.6 eV) and graphitic N (401.1
eV),% 7 and the pyridinic N species are dominant in 1%Ce:Co-N-C. The nitrogen
dopant in carbon support could facilitate the immobilization of the metal-based
nanocrystals.> 8 ° That is, considering the strong interaction between Co/Ce ions and
electrons, the metal ions may preferentially aggregate on the sp>-type nitrogen sites
and subsequently realize in situ nucleation and intimate anchoring of the metal/metal
oxide nanocrystals. Moreover, more electrons can be injected into the carbon skeleton
owing to the N doping, resulting in fast charge transport along the conductive
substrate during HzOR.!% ! Furthermore, the O 1s spectrum can be deconvolved into
four bands, corresponding to M-O bonds at 530.5 eV (M = Co or Ce), hydroxyl
groups or oxygen vacancies at 531.3 eV, C-O bonds at 533.7 eV and adsorbed water
at 532.3 eV (Fig. S12F),'>!4 further verifying the formation of the oxide nanolayers

induced by Ce incorporation.

Table S1 Comparison of the HzOR performance. The electrolyte is the mixed

solution with 0.1 M KOH and 0.1 M hydrazine.
jeeo@1.4V  Potential@

Onset
vs. RHE 10 mA cm? Stability Ref.
[V vs. RHE]
[mA cm?] [V vs. RHE]
104.3%@1000 cycles )
1%Ce:Co-N-C -0.05 55.8 0.225 this work
/94.5% @20 days
Cu nanocluster/C 0.71 25.0 1.110 - 15
activated carbon 0.96 11.0 1.360 - 15
Fe,MoC/N-C 0.35 - 0.570 ~70%@2000 cycles 16
Ni nanoparticles 0.05 - 0.158 - 17
Ni/carbon black 0.05 - - - 17
O-rich MoS, 0.30 <1.0 - 49.8%@5000 s 18
84.3%@3000 cycles
flower-shaped CuO 0.789 ~4.5 - 19

/11%@1000 s
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Fig. S13 (A-D) CV curves of the Co-based catalysts at non-redox region for the

calculation of electrochemical double-layer capacitance.

The estimation of the effective active surface area of the samples was carried out
according to literature.?” 2! Cyclic voltammetry (CV) was performed in O,-degassed
0.1 M KOH solution at various scan rates (20, 40, 60, 80 and 100 mV s!) in 0.3-0.4 V
vs. RHE region. The electrochemical double-layer capacitance (Cq) of various
samples can be determined from the cyclic voltammograms, which is expected to be
linearly proportional to the effective surface area (Fig. S13). The double-layer
capacitance is estimated by plotting the Aj (Janode-Jcathode) @t 0.35 V vs. RHE against the
scan rate, where the slope is twice Cq (Fig. 2C). The calculated values of double-layer
capacitance are as follows: 14.1 mF ¢cm?2, 8.8 mF ¢cm?2, 8.5 mF cm2, and 7.1 mF ¢cm?
for the pristine Co-N-C, 1%Ce:Co-N-C, 3%Ce:Co-N-C and 5%Ce:Co-N-C,

respectively.
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Fig. S14 LSV curves normalized by the BET specific surface areas of the catalysts.
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