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Experimental section

Materials: TM was provided by Hangxu Filters Flag Store, Hengshui, Hebei. Pt/C (20 

wt% Pt on Vulcan XC-72R), was purchased from Alfa Aesar (China) Chemicals Co. 

Ltd. Ce(NO3)3·6H2O, CO(NH2)2, KMnO4, MnSO4·H2O, oxalic acid and KOH were 

purchased from Sigma-Aldrich Chemino) benzcal Reagent Co., Ltd. Hydrochloric 

acid (HCl) and ethanol were purchased from Aladdin Ltd. (Shanghai, China). Nafion 

115 membrane (DuPont) was purchased from HESEN Co., Ltd. (Shanghai, China). 

Ultrapure water used throughout all experiments was purified through a Millipore 

system.

Preparation of MnO2-CeO2 and np-CeO2: (1) A certain amount of MnO2 and CeO2 

with a mass ratio of 7.6:1 were mechanical mixed and grinded in agate mortar. Such 

composite was named as MnO2-CeO2; (2) 30 mL mixture of Ce(NO3)3·6H2O and 

CO(NH2)2 and 30 mL suspension liquid of MnSO4·H2O and KMnO4 were mixed. The 

following processes were the same as those of CeO2. The prepared sample was 

denoted as MnO2-CeO2; Then the solution and a piece of Ti mesh (1 cm × 4 cm in 

size) were put into a Teflonlined autoclave and kept at 120 °C for 5 h. When the 

autoclave cooled down naturally, the resulting sample was dried 2 h at 60 °C in air 

and followed by calcination at 300 °C under Ar atmosphere for 120 min. To prepare 

np-CeO2/TM, the resulting MnO2-CeO2/TM was put in 0.6 M oxalic solution for 1.5 h 

and then dried for 4 h at 60 °C.

Preparation of Pt/C based work electrode: Pt/C ink was prepared by dispersing 20 

mg of catalyst into 490 µL of water/ethanol (v/v = 1:1) and 10 µL of 5 wt% Nafion 

using sonication for 30 min. Then 11.5 µL of the Pt/C ink (containing 452 µg of Pt/C) 

was loaded onto a bare TM of 0.25 cm-2 in geometric area.

Preparation of RuO2 loading on TM (RuO2/TM): RuO2 was prepared in 

accordance with reported work. Briefly, 2.61 g of RuCl3·3H2O and 1.0 mL KOH (1.0 

M) were added into 100 mL distilled water and stirred for 45 min at 100 °C. Then the 

above solution was centrifuged for 10 minutes and filtered. The precipitates were 

collected by centrifugation and washed with water for several times, followed by 
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drying at 70°C. Finally, the product was annealed at 300°C for 3 h under air 

atmosphere. RuO2 ink was prepared by dispersing 20 mg of catalyst into 490 µL of 

water/ethanol (v/v = 1:1) and 10 µL of 5 wt% Nafion using sonication for 30 min. 

Then 11.3 µL of the RuO2 ink (containing 452 µg of RuO2) was loaded onto a bare 

TM of 0.25 cm-2 in geometric area.

Characterizations: XRD patterns were obtained from a Shimazu XRD-6100 

diffractometer with Cu Kα radiation (40 kV, 30 mA) of wavelength 0.154 nm (Japan). 

SEM images were collected from the tungsten lamp-equipped SU3500 scanning 

electron microscope at an accelerating voltage of 20 kV (HITACHI, Japan). TEM 

images were obtained from a Zeiss Libra 200FE transmission electron microscope 

operated at 200 kV. XPS measurements were performed on an ESCALABMK II X-

ray photoelectron spectrometer using Mg as the exciting source. The absorbance data 

of spectrophotometer were measured on SHIMADZU UV-1800 ultraviolet-visible 

(UV-Vis) spectrophotometer.

Electrochemical measurements: Electrochemical measurements are performed with 

a CHI 660D electrochemicalanalyzer (CH Instruments, Inc., Shanghai) in a standard 

three-electrode system, using np-CeO2/TM as the working electrode, a graphite plate 

as the counter electrode and a SCE as the reference electrode. In all measurements, 

the SCE reference electrode was calibrated with respect to reversible hydrogen 

electrode (RHE). In 1.0 M KOH, E (RHE) = E (SCE) + 1.068 V.

Where j is current density (A cm-2) at defined overpotential of the electrochemical 

measurement in 1 M KOH; A is the geometric area of the testing electrode; 2 

indicates the mole of electrons consumed for evolving one mole H2 from water; F is 

the Faradic constant (96485 C mol-1); m is the number of active sites (mol), which can 

be extracted from the linear relationship between the oxidation peak currents and scan 

rates by the equation (2):

                        slope = n2F2AΓ0/4RT                     (2)

where n is the numbers of electron transferred; m = AΓ0; Γ0 is the surface 

concentration of active sites (mol cm-2); R and T are the ideal gas constant and the 
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absolute temperature, respectively.

TOFavg calculations:

The electrochemical active surface area (ECSA) is calculated using the following 

formula:

𝐴
𝐶𝑒𝑂2
𝐸𝐶𝑆𝐴 =

𝐶𝑑𝑙

40 𝜇𝐹 𝑐𝑚 ‒ 2 𝑝𝑒𝑟 𝑐𝑚 2
𝐸𝐶𝑆𝐴

𝑇𝑂𝐹𝑎𝑣𝑔 =

(3.12 ×  1015 ×
𝐻2

𝑐𝑚2
𝑝𝑒𝑟

𝑚𝐴

𝑐𝑚2
) × 𝑗

1.24 × 1015 × 𝐴𝐸𝐶𝑆𝐴
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Fig. S1. XRD patterns for MnO2
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Fig. S2. The SEM image of MnO2-CeO2/TM
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Fig. S3. FTIR spectrum of np-CeO2



8

Fig. S4. XPS analysis spectrum for np-CeO2.
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Fig. S5. XPS spectra for np-CeO2 in the (a) Ce 3d and (b) O 1s regions.
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Fig. S6. XPS spectra for MnO2-CeO2 in the Ce 3d.
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Fig. S7. The SEM image of np-CeO2 after the long-term test.
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Fig. S8. The XPS spectra for np-CeO2 after the long-term test.
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Fig. S9. TOFavg calculation of np-CeO2/TM.
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Fig. S10. The amount of gas theoretically calculated and experimentally measured 

versus time of overall water splitting for np-CeO2||np-CeO2.
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Table S1. Comparison of HER performance for np-CeO2/TM with other non-noble-

metal electrocatalysts in alkaline electrolytes.

Catalyst
loading (mg 

cm-2)
j (mA cm-2) η (mV) Electrolyte Reference

1.9 10 91
np-CeO2/TM

1.9 20 112
1.0 M KOH This work

NiCo2S4 NA/CC 0.43 20 228 1.0 M KOH 2

Co-NRCNTs 0.28 20 ~360 1.0 M KOH 3

Mo2C 0.80 20 ~360 1.0 M KOH 4

FeP NAs/CC 1.50 20 ~370 1.0 M KOH 5

CoOx@CN on GCE 0.42 20 ~393 1.0 M KOH 6

PCPTF 0.10 20 ~807 1.0 M KOH 7

Ni2P 0.28 20 205 1.0 M KOH 8

WP2SMPs 2 10 153 1.0 M KOH 9

MoS2/Mo 1.2 10 184 1.0 M KOH 10

Ni3S2 nanosheet/NF 1.6 10 223 1.0 M KOH 11
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Table S2. Comparison of OER performance in alkaline electrolytes for np-CeO2/TM 

with some reported non-noble-metal OER electrocatalysts.

Catalyst loading (mg cm-2) j (mA cm-2) η (mV) Electrolyte Reference

1.9 10 279
np-CeO2/TM

1.9 20 323
1.0 M KOH This work

Co3O4 NCs 0.35 20 ~360 1.0 M KOH 12

Co-P 1 20 ~370 1.0 M KOH 13

NiCo LDH 0.23 20 ~393 1.0 M KOH 14

NiCo2O4 NNs 0.53 20 ~807 1.0 M KOH 15

Co-S/Ti mesh -- 10 340 1.0 M KOH 16

CoMn LDH -- 10 324 1.0 M KOH 17

CoCo LDH 10 393 1.0 M KOH 18
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Table S3. Comparison of overall water splitting performance in 1.0 M KOH for np-

CeO2/TM with some reported non-noble-metal bifunctional electrocatalysts.

Catalyst j (mA cm-2)
Voltage

s (V)
Reference

np-CeO2/TM 10 1.57 This work

NiMo HNRs/TM 10 1.64 19

NiCo2O4 microcuboid 10 1.65 20

EG/Co0.85Se/NiFe-LDH 20 1.71 21

Ni-B/Ni foam 15 1.69 22

CoOx@CN 20 1.70 23

NiCoP NSAs 50 1.77 24

TiN@Ni3N/Ti foil 10 1.67 25

NiFe/NiCo2O4/NF 10 1.67 26

CP/CTs/Co-S 10 1.743 27
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