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Experimental Section

Chemicals: Co(NOs), 6H,0O, Cu(NOs;),-3H,0, Ce(NO;);-6H,0O, C;sH3,BrN were acquired
from Aladdin Industrial Co., Ltd. CH3;0H was required from Comiou Reagent Co., Ltd. KOH
was purchased from Fuchen (Tianjin) Chemical Reagent Co., Ltd. The reagents were utilized

without additional purification.

Synthesis of Co-NS: A solution containing 0.036 M of Co(NO;),6H,O was prepared by
dissolving it in 50 mL of deionized water. The carbon cloth that underwent treatment was
utilized as the working electrode, while the Pt wire served as the counter electrode, and the
saturated calomel electrode functioned as the reference electrode. The three-electrode setup was
submerged in the Co(NO3),-6H20 solution. The chronopotentiometry approach was employed
to set the operating voltage to -0.98 V (vs. RHE) for 360 seconds. The sample was dried at a
temperature of 60°C for a duration of 720 minutes after being washed, resulting in the formation

of Co-NS.

Synthesis of CoCu-NS: Dissolve 0.241 g copper nitrate in 25 mL deionized water and stir
thoroughly. Co-NS was placed in a solution at an ambient temperature of 25 °C and
impregnated for 120 minutes. CoCu-NS was produced by the process of natural drying once it

was finished

Synthesis of CoCuCe-NS: A solution was prepared by dissolving 0.06 M Ce(NO3);-6H,0 and
0.01 M C;sH34BrN reagents in 50 mL of methanol, followed by stirring until complete

dissolution. Subsequently, a three-electrode system consisting of CoCu-NS, graphite paper, and
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Ag/AgCl as was immersed in the solution and deposited at a current density of -20 mA c¢cm- for

3 minutes. Wash after finishing and dry naturally to obtain CoCuCe-NS.

Synthesis of CoCe-NS: The preparation of CoCe-NS is similar to that of CoCuCe-NS. Co-NS
as a working electrode was inserted into a mixed solution containing Ce(NO;);-6H,0 and

CysH34BrN regrants, other conditions remained unchanged.

Physical characterizations of prepared catalysts

The morphology of samples was determined by scanning electron microscopy (SEM, FEI
Nova NanoSEM450, 10 kV) and high-resolution transmission electron microscopy (HRTEM,
JEOL-2100Plus, 200 kV). The HAADF images, EDX mapping, and structural information of
the sample morphology were completed by spherical aberration-corrected transmission electron
microscopy (AC-TEM) equipment (Thermo Scientific Themis Z), and the acceleration voltage
was 200 kV. Crystal structural analysis was conducted using X-ray diffraction (XRD) with a
D8 ADVANCE instrument. To further verify the structural information and chemical
compounds, X-ray photoelectron spectroscopy (XPS, ESCALab250Xi, Thermo) was used. The
Raman spectroscopy was performed on materials using a Horiba HR Evolution system
instrument with a wavelength of 532 nm.. The underwater bubble contact Angle was completed
by Lauda Scientific LSA100. The Co and Cu L2,3-edge X-ray absorption spectra (XAS) of the
samples were measured at the 4B9B beamline at the Beijing Synchrotron Radiation Facility

(BSRF).

Electrochemical characterizations



Electrochemical measurements are conducted at ambient temperature using a multi-
channel electrochemical workstation (Biologic, VMP-3). A conventional three-electrode
system was used for testing in 1M KOH solution, consisting of the prepared sample as the
working electrode, graphite paper as the counter electrode, and Hg/HgO as the reference
electrode. The entire overpotential was transformed into reversible hydrogen electrodes (RHE)
using the following formula:

E rig)=0.059*pH+0.098+E 101150y (1)

Polarization curves for the hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) were produced using linear sweep voltammetry (LSV) at a scanning rate of 1
mV sl with 85% ohmic resistance (iR) correction. The electrochemical impedance spectra
(EIS) were obtained at an external bias of 0.7 V and the frequency range was 700 KHz-100
mHz. The double layer capacitance (C) is determined using cyclic voltammetry using various
sweep speeds during the non-Faraday region in order to evaluate the electrochemical active area
(ECSA).

ECSA=C4/C; 2)
Where Cs represents the specific capacitance. The capacitance value of a metal oxide with a

flat surface is 0.04 mF-cm™2.[1]

Theoretical calculation method

OER calculation: The projector augmented wave (PAW) is implemented using the Vienna
ab initio Simulation Package (VASP) software inside the density functional theory (DFT)
framework. In this case, the Perdew—Burke—Ernzerhof (PBE) algorithm is used to compute the

exchange-correlation energy function. A cutoff energy of 500 eV is used for all calculations.
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The equilibrium lattice constants of CoOOH, CuO-CoOOH, and CeO,-CoOOH were
optimized. The k points of the Brillouin zone are 2x1x1, and the vacuum layer thickness of all
slab models is maintained at 15 A. Geometrically optimized energies converge to 1075 eV and
forces converge to 0.05 eV A-!
The activity of the oxygen evolution reaction was evaluated using the four-electron
mechanism proposed by Nerskov and collaborators:[?-4]
(1) H;O () + * OH* + H" + &
AG; = Eoy+«— Ex«+ 1/2-E(Hy) — E(H)O) + AE pp —TAS 3)
(2) HO* = O*+ H" + e
AG; = Eo«—Eoy+ + 1/2-E(Hy) + AEzpg —TAS 4)
(3) O*+ H,O () - OOH*+ H + ¢
AG; = Epopx— Eo+ + 1/2-E(H,) — E(H,0) + AEpp —TAS (5)
(4) HOO* — O, (g) + H+ e
AGy=E«— Epop+ + 2-E(Hy0) — 3/2-E(H,) + 4.92 + AE;pp —TAS (6)
The free energies for separating H, and H,O molecules are represented in the equation,
denoted by E(H,) and E(H,O, respectively. Es, Eop+ Eox, and Epop+ stand for the free energies
for the bare surface and adsorbed OH* O*, and OOH* species on the surface. Adapted from
the literature, the zero-point energy (ZPE) corrections AE,p; and T4S for various adsorbates at
298 K.[4]
HER calculation: It is consistent with the calculation parameters of OER. In the
calculation for HER, the model structures of Co(OH),, Cu-Co(OH),, and CeO,-Co(OH), were

optimized. The k point of the Brillouin zone 1s 1x1x1, and the vacuum layer thickness of all



slab models is maintained at 15 A. The Gibbs free energy of absorption H* (4Gy+) is calculated

with the following equation:

AGy= AEys+AE 7pp —TAS (7
Here, AEy+ represents the hydrogen adsorption energy, AEzpg denotes the difference in zero-

point energy between adsorbed hydrogen and hydrogen in the gas phase, and AS indicates the

hydrogen entropy difference between the adsorbed state and the gas phase. Norskov et al.

reported that the value of 4Epg —TAS is approximately 0.24 eV in the standard case.



CoCuCe-NS

Fig. S1 The underwater bubble contact angles of (a) Co-NS; (b) CoCu-NS; and (c) CoCuCe-
NS.



Fig. S2 The selected area electron diffraction pattern of CoCuCe-NS.
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Fig. S3 XRD patterns of (a) Co-NS; (b) CoCuCe-NS. (c) interval amplification XRD pattern in
Fig. (b).

Fig. S3c is a part of Fig. S3b. The peak segmentation is performed on the amplification interval,
and the Gaussian peak shape is adopted after deducting the baseline.
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Fig. S4 Raman spectrum of CoCuCe-NS sample. In the Raman shift region between 170 to 700

cml.

The peaks located at ca.185 cm! and 459 cm™! are identified as vibrational modes of CeO,, and
the three vibrational modes of CuO are assigned to A, B!, and B,? at 284 cm’!, 337 ecm!, and
620 cm™!, respectively.l> ] The characteristic peak appearing at 409 cm! is attributed to the
Cu-O model.["] In addition, the weak peak at 501 cm™! contributes to the vibration of CoOOH.”>
8]
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Fig. S5 The overpotential of Co-NS, CoCu-NS, CoCe-NS, and CoCuCe-NS catalysts at
different current densities (HER).
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Fig. S6 Behavior of interfacial water on catalysts. In situ Raman spectra of interfacial water at
(a) CoCuCe-NS and (c) Co-NS. The 4HB-H,O (blue area), 2HB-H,O (green area), and K*-
H,0 (yellow area) show three types of O-H stretching modes. Stark tuning rates of the vo.y of
interfacial water at (b) CoCuCe-NS and (d) Co-NS.

As the behavior of interfacial water on the electrocatalyst decides the Volmer process, in situ Raman
spectroscopy was performed to analyze the catalytic mechanism of water dissociation for CoCuCe-NS (Fig.
S6). A Gaussian fitting was performed to the broad Raman band (3000-3700 cm!) attributed to the O-H
stretching mode (vo.y) of the interfacial water. As shown in Figs. S6a and 6c¢, it was decomposed into three
components representing different types of interfacial water: 4HB-H,O, 2HB-H,0, and K*-H,O. Resolving
the effect of the local electric field on the adsorption behavior of adsorbents by studying the vibrational Stark
effect. The Stark tuning values of CoCuCe-NS are 24.5 (K*-H,0), 7.3 (2HB-H,0), 22.2 cm™! V-! (4HB-H,0)
while those Co-NS are 11.6, 9.5, 7.9 ecm! V-1 respectively (Figs.S6b and S6d). The tuning rate value of K*-
H,0 in CoCuCe-NS is higher than that of Co-NS, which indicates that the interaction between CoCuCe-NS
and interfacial water is stronger and more conducive to O-H bond breaking. Therefore, Cu and CeO, can

accelerate the adsorption/dissociation process of water molecules at the Co sites.
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Fig. S7 Chronoamperometry measurements of long-term stability test of Co-NS, CoCu-NS, and
CoCe-NS catalysts under the current density of -100 mA cm-.
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Fig. S8 Polarization curves of CoCuCe-NS before and after the 50-hour CP test at a current
density of -100 mA cm™.
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Fig. S9 SEM image of CoCuCe-NS after long-term stability testing during HER.
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CoCuCe-NS

Fig. S10 The underwater bubble contact angle of CoCuCe-NS after 10 hours of long-term
stability testing during HER.
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Fig. S11 The overpotential of Co-NS, CoCu-NS, CoCe-NS, and CoCuCe-NS catalysts at
different current densities (OER).

17



E c
o O 5
< <
E E 1;
= =
.a 0 .a 0
c c
2z &2
= 5 St
o B 21
| - -1 —_
5 -104 100 mV s = iy
o e . L 4 a= e
1.04 1.06 108 110 112 1.14 1.16 1.04 1.06 1.08 1.10 1.12 1.14 1.16 1.18
Potential (V) Potential (V)
10
(C) &30 (d)“.‘ 8
5 S &
20- 1
: ge
\;10' '-; 2_ ------
3 0 2 %
%_10_ —40mV s & 2 —
E —60mV s E -41 Z40mvs!
E-EO- ——80mvs” E -6 1 —28::::1
o -1 -8 4 —_—
E ol 100 mV' s E 0 100mv s’
- ——120mV s’ QO -104 —— 120 mV s
1.04 106 1.08 110 112 1.14 1.16 104 1.06 1.08 110 1.12 1.14 1.16
Overpotential (V) Overpotential (V)

Fig. S12 Cyclic voltammetry curves of (a) Co-NS; (b) CoCu-NS; (c) CoCe-NS; and (d)
CoCuCe-NS for OER in 1 M KOH with scan rates in the range of 40-120 mV s
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Fig. S13 Chronoamperometry measurements of long-term stability test of Co-NS, CoCu-NS,
and CoCe-NS catalysts under the current density of 100 mA cm.
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Fig. S14 Polarization curves of CoCuCe-NS before and after 50-hour CP test at a current density
of 100 mA cm=2,
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CoCuCe-NS

Fig. S16 The underwater bubble contact angle of CoCuCe-NS after 10 hours of long-term
stability testing during OER.
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CeO, (111

Fig. S17 SAED diagram of CoCuCe-NS after 1 hour CP treatment under the current density of
-10 mA cm™.
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CeO, (331)

CeO, (114

Fig. S18 SAED diagram of CoCuCe-NS after 1 hour CP treatment under the current density of
10 mA cm™.
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Fig. S19 X-ray diffraction patterns of CoCuCe-NS after 1 hour CP under the current density of
-10 mA cm™.
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Fig. S20 Raman spectrum of CoCuCe-NS sample after 1 hour CP under the current density of
-10 mA cm.In the Raman shift region between 300 to 700 cm!.

The characteristic peaks at 451 cm! and 658 cm! correspond to the active vibration mode of
F, of CeO, and the stretching vibration of Co?*-O, respectively.[]
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Fig. S21 (a) Co 2p and (b) O 1s high-resolution XPS spectra of CoCuCe-NS after 1 minute and
5 minutes CP under the current density of -10 mA cm.
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Fig. S22 Percentage of Co?"/Co*" and Ce*/Ce*" tested for CP at different times under the
current density of -10 mA cm.

The above percentage results are derived from fitting the XPS spectra of Co 2p and Ce 3d.
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Fig. S23 Raman spectrum of CoCuCe-NS sample after 1 hour CP under the current density of
10 mA cm2. In the Raman shift region between 360 to 700 cm™!.

The characteristic peaks at 585 cm™! correspond to the stretching vibration of O-Co-O.P]
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Fig. S25 (a) Co 2p and (b) O 1s high-resolution XPS spectra of CoCuCe-NS after 1 minute and
5 minutes CP under the current density of 10 mA cm™.
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Fig. S26 Percentage of Ce**/Ce* tested for CP at different times under the current density of
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The above percentage results are derived from fitting the XPS spectra of Ce 3d.
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Ce0,-Co(OH),

Fig. S27 The optimized model structure diagrams of Co(OH),, Cu-Co(OH),, and CeO,-

CO(OH)2
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Fig. S28 The differential charge density image of Co(OH),. The yellow and blue zones
represent the charge accumulation and charge consumption.
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Fig. S29 The differential charge density image of Cu-Co(OH),. The yellow and blue zones
represent the charge accumulation and charge consumption.
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Fig. S30 The differential charge density image of CeO,-Co(OH),. The yellow and blue zones
represent the charge accumulation and charge consumption.
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Fig. S31 The optimized model structure diagrams of CoOOH, CuO-CoOOH, and CeO,-
CoOOH.
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Fig. S32 The partial density of states plots of O-2p orbitals for CoOOH, CuO-CoOOH, CeO,-
CoOOH.
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Fig. S33 The differential charge density image of CoOOH.
the charge accumulation and charge consumption.
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Fig. S34 The differential charge density image of CuO-CoOOH. The yellow and blue zones
represent the charge accumulation and charge consumption.
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Fig. S35 The differential charge density image of CeO,-CoOOH. The yellow and blue zones
represent the charge accumulation and charge consumption.
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Table S1. Comparison of electrochemical activity of CoCuCe-NS to the other reported HER
catalysts or OER catalysts in alkaline electrolyte
Overpotential (1o /mV)

Electrocatalyst HER OER Reference

CoCuCe-NS 94 246 This work
CoOOH nanosheet 426 (10]
S-CoOOH 374 (]
y-CoOOH 300 (12]
Ru-CoOOH 264 (13]
CoOOH/Cu/Ni foam 260 (14]
Fe-CoOOH/G 330 [13]
Fey33C0067;00H PNSAs/CFC 266 1e]
LC-CoOOH NAs/CFC 294 (17
Mo-CoOOH 305 3]
Ce0,/Co(OH), 317 410 (18]
EO/C1 -doped Co(OH), 330 (19]
Ru/Co(OH), NWAS 96 [20]
Pt/Nb-Co(OH), 112 [21]
CoSe/Co(OH),-CM (AE) 207 299 (22]
Co(OH),/Ag/FeP 118 236 (23]
Fe(OH),@Cu-MOF 112 [24]
Cug3Co,7P/NC 220 190 (23]
CoNiFeCu 291.5 (26]
NiYCe-MOF/NF 136 245 (27]
Co,,Ce,Ox 320 (28]
Ce,-CoP 144 270 (29]
1

Ce/N-NiO 250 30
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