
Electronic Supporting Information (ESI)

Co-CeOx Nanoparticles Anchored on Nitrogen-Doped Carbon Nanosheet: 

Synergistic Effect for Highly Efficient Hydrolysis of Sodium Borohydride

Longhua Yao,a Xiugang Li,a Wenfan, Peng,a Qilu Yao,a Jianhui Xia,*b Zhang-Hui Lu*a

 aInstitute of Advanced Materials, College of Chemistry and Chemical Engineering, 

Jiangxi Normal University, Nanchang 330022, China 

bNational Engineering Research Centre for Carbohydrate Synthesis, Jiangxi Normal 

University, Nanchang 330022, China 

＊Corresponding author: E-mail: luzh@jxnu.edu.cn

Electronic Supplementary Material (ESI) for Inorganic Chemistry Frontiers.
This journal is © the Partner Organisations 2020

mailto:luzh@jxnu.edu.cn


Table of Contents
Experimental section

Figure S1 HRTEM and SAED pattern of Co-CeOx/NCNS.

Figure S2 X-ray diffraction patterns for the as-synthesized catalysts.

Figure S3 EDX pattern of Co-CeOx/NCNS.

Figure S4 the survey XPS spectrum and XPS spectrum of N 1s of Co-CeOx/NCNS.

Figure S5 NaBH4 hydrolysis over Co-CeOx immobilized on different supports.

Figure S6 NaBH4 hydrolysis over Co-CeOx immobilized on NCNS synthesized by 

varying different temperatures and precursor mass ratios.

Figure S7 NaBH4 hydrolysis over Co-CeOx/NCNS with different NaOH 

concentration 

Figure S8 NaBH4 hydrolysis over Co-CeOx/NCNS with different Ce/(Co+Ce) ratio and 

Co loadings.

Figure S9 NaBH4 hydrolysis over different catalysts. 

Figure S10 NaBH4 hydrolysis over Co-CeOx/NCNS with different concentration of 

catalyst and NaBH4.

Figure S11 Stability test of NaBH4 hydrolysis over Co-CeOx/NCNS.

Table S1 ICP-AES results for the as-synthesized catalysts.

Table S2 Comparison of HGR and Ea with previous studies.

References



Experimental section

Materials and Reagents

Cerium nitrate hexahydrate (Ce(NO3)3·6H2O, Aladdin, 99.95%), cobalt chloride 

hexahydrate (CoCl2·6H2O, Aladdin, AR), potassium citrate monohydrate 

(C6H5K3O7∙H2O, Aladdin,99%), 2-Methylimidazole (C4H6N2, Aladdin,98%)， zinc 

nitrate hexahydrate (Zn(NO3)2∙6H2O, Macklin, 99%), sodium hydroxide (NaOH, 

Tianjin Fuchen Chemical Reagent, >96%), sodium borohydride (NaBH4, Acros 

organics,98%), nickel chloride hexahydrate (NiCl2·6H2O, Aladdin, 99.9%), iron(II) 

sulfate heptahydrate (FeSO4·7H2O, Sinopharm Chemical Reagent Co., Ltd., 99%), 

copric chloride dehydrate (CuCl2·2H2O, Aladdin, 99.99%), lanthanum(Ⅲ) nitrate 

hexahydrate (La(NO)3·6H2O Aladdin, 99%), neodymium(Ⅲ) nitrate hexahydrate 

(Nd(NO)3·6H2O Aladdin, 99.9%), yttrium(III) nitrate hexahydrate (Y(NO)3·6H2O), 

and praseodymium(III) nitrate hexahydrate (Pr(NO)3·6H2O) were used as received.

Characterization

Powder X-ray diffraction (XRD) patterns were carried out with X-ray diffractometer 

of Rigaku RINT-2200, using graphite monochromatized Cu Kα radiation (λ = 1.54 Å) 

at a scanning rate of 4°/min. An inductively coupled plasma (ICP) spectrophotometer 

(Varian, 725-ES) was used to determine the chemical components of the as-

synthesized catalysts after the sample digested by microwave. Organic element 

analysis (OEA) was carried out on an EA3000 elemental analyzer (Euro EA3000, 

Euro Vector, Milano, Italy). The Brunauer-Emmett-Teller (BET) equation method 

was used to analyze the specific surface areas, on the basis of nitrogen adsorption-

desorption isotherms which was recorded on a BELSORP-mini II at 77 K. X-ray 

photoelectron spectroscopy (XPS) analyses were carried out on an ESCALAB 250XI 

X-ray photoelectron spectrometer using an Al Kα source. Transmission electron 

microscopy (TEM) and scanning transmission electron microscopy (STEM) images 

and energy-dispersive X-ray spectroscopy (EDS) mapping analyses were recorded on 

SU-8020 and JEM-2100 with Super-X EDS system under operating voltages of 300 
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kV.

Synthesis of ZIF-8

ZIF-8 is synthesized according to previous literature.47 Typically, 10 mmol 

Zn(NO3)2·6H2O and 80mmol 2-methylimidazole is dispersed in 40ml methanol 

respectively. The zinc nitrate solution was added dropwise to the 2-methylimidazole 

solution, standing for 24 hours at room temperature, The white precipitate was 

separated by centrifugation and washed with methanol several times. After drying in a 

vacuum oven at 333 K overnight, the resulting white solid powder is the ZIF-8. As 

shown in SEM, the as-synthesized ZIF-8 shows a uniform rhombic dodecahedron 

structure. 

SEM image of the as-synthesized ZIF-8.

Calculation methods

The Hydrogen generation rate (HGR) is based on the mass of Co, which was 

calculated from the equation below:

𝐻𝐺𝑅 =
𝑉𝐻2

𝑚𝐶𝑜𝑡𝑚𝑖𝑛

In the equation,  is the total volume of generated H2,  is the mass of Co  𝑉𝐻2 𝑚𝐶𝑜

atoms in catalyst, and  is the completion time of the reaction in minute.𝑡𝑚𝑖𝑛



Figure S1 HRTEM and corresponding SAED pattern of Co-CeOx/NCNS.



Figure S2 X-ray diffraction patterns for the NCNS, Co, Co-CeOx, Co/NCNS, Co-

CeOx/NCNS, and Co-CeOx/NCNS annealed at 773 K for 4 h under Ar in tube furnace.



Figure S3 EDX pattern of Co-CeOx/NCNS.



Figure S4 (a) the survey XPS spectrum and (b) XPS spectrum of N 1s of Co-
CeOx/NCNS. 



Figure S5 Time plots for hydrogen release from NaBH4 (200mM, 5mL) catalyzed by 
Co-CeOx/NCNS, Co-CeOx/NCP, and Co-CeOx/CNS respectively.



Figure S6 Time plots for hydrogen release from NaBH4 (200mM, 5mL) catalyzed by 
Co-CeOx/NCNS (a) synthesized by varying different temperatures and (b) different 
precursors of ratio (ZIF-8/potassium citrate) at 303 K (cNaOH=0.4 M, nCo=0.05 mmol).



Figure S7 (a) Volume of the generated hydrogen versus time and (b) corresponding 

HGR for NaBH4 dehydrogenation over Co-CeOx/NCNS catalysts with different 

NaOH concentration at 303 K.



Figure S8 Time plots for hydrogen release from NaBH4 (200mM, 5mL) catalyzed by 

Co-CeOx/NCNS with (a) different molar ratio of nCe/nCo+Ce, (b) different Co loadings 

at 303 K (cNaOH=0.4 M, nCo=0.05 mmol).



Figure S9 Time plots for hydrogen release from NaBH4 (200mM, 5mL) catalyzed by 

(a) Co-ROx/NCNS (R = Ce, La, Nd, Y, Pr) and (b) M-CeOx/NCNS (M = Co, Ni, Fe, 

Cu) at 303 K (cNaOH=0.4 M, nCo=0.05 mmol).



Figure S10 Time plots for hydrogen release from NaBH4 catalyzed by Co-

CeOx/NCNS with (a) different catalyst concentration, and (c) different NaBH4 

concentration. Plot of the hydrogen generation rate versus (b) metal concentration and 

(d) NaBH4 concentration, respectively, both in logarithmic scale.



Figure S11 Stability test for H2 release from NaBH4 over the Co-CeOx/NCNS 

catalyst with NaOH (cNaOH=0.4 M, nCo=0.05 mmol) at 303 K.



Table S1 ICP-AES results for the as-synthesized Co-CeOx/NCNS catalysts.

Catalysts loading Co (wt %) : Ce (wt %) Co : Ce (atomic ratio)

10%  Co-CeOx/NCNS 9.21 : 7.51 0.0467 : 0.0160

20%  Co-CeOx/NCNS 20.42 : 16.29 0.0493 : 0.0165

30%  Co-CeOx/NCNS 27.84 : 22.12 0.0497 : 0.0166

40%  Co-CeOx/NCNS 36.29 : 28.85 0.0498 : 0.0166



Table S2 Comparison of HGR and activation energy (Ea) in this study with those 
reported in previous studies.

catalyst reation 
temperature 

(K)

HGR (mLH2·min-

1·gM
-1)

 Ea (kJ∙mol-

1))
Ref.

Co@ZIF-8 303 14000 62.9 42

Co@C2N-h2D 303 31238b 66.174 13

Co-Mo/3DGO 298 7023 35.6 26

Porous Co3O4 298 19520b −a S2

Porous Co-B 
nanoalloy

303 6284b 30 S3

Co/PGO 298 5955 55.22 S4

Co-B/C 298 1127b 57.8 S5

Co@C-700 303 −a 56.9 S6

dandelion-like 
Co-Mo-B

303 20298b 51 S7

Co–Zn/Ni 298 576b 50.2 S8

Co–P 303 3300 60.2 S9

Ni-B–silica 
nanocomposite

298  1916b 60.7 S10

NiB/NiFe2O4 298  2999b 72.52 S11

Cu–B 303  6500b 23.79 S12

Co-CeOx/NCNS 303 28410 44.16 This work

a. Not reported or no detailed data are available.
b. HGR value is calculated according to the active component.
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