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1. Materials and Methods
Chemicals and materials:

Cobalt acetate [Co(Ac)2·4H2O, ≥99.5.0%], boric acid [H3BO3, ≥99.0%], sodium carbonate [Na2CO3, ≥99.8%], 

sodium bicarbonate [NaHCO3, ≥99.5%], acetylene black (AB), methyl alcohol [CH4O, ≥99.0%], absolute ethyl 

alcohol [C2H6O, ≥99.0%] and urea [CH4N2O, ≥99.0%] are all analytical grades purchased from Sinopharm Chemical 

Reagent Co. Ltd. Ethylenediamine [C2H8N2, ≥98.0%], 5 wt% of Nafion solution, and 50 wt% of polyethyleneimine 

(PEI) solution were purchased from Sigma-Aldrich, which were all used without any extra purification.

Synthesis of Co2Nb6:

The synthesis of K7H[Nb6O19]·13H2O (Nb6) was performed based on the reported literature.1 0.2828 g 

K7H[Nb6O19]·13H2O, 0.1151 g Co(Ac)2·4H2O, and 0.0584 g H3BO3 were dissolved in 8 mL of Na2CO3/NaHCO3 

buffer solution (pH = 10.5). Subsequently, 45 μL of ethylenediamine was added to the solution. The mixture was 

stirred for 1 h, and then heated at 100 ℃ for 96 h. After being cooled slowly to room temperature, the dark green 

rhombic crystals Co2Nb6 were obtained by further washing with distilled water and drying completely. 

Preparation of Co2Nb6&AB:

The mixture of 0.25 g of Co2Nb6, 0.7 mL of PEI, and 0.5 g of AB was uniformly dispersed in 50 mL of methanol. 

The mixture was stirred for 6 h, and washed with water to generate the final catalyst Co2Nb6&AB. For the 

comparison, CoO&AB, Co2Nb6/AB without PEI and Nb6&AB without Co atoms were synthesized using the same 

method. 

Characterization:

Field emission scanning electron microscopy (FESEM, Nova NanoSEM 230) was used to examine the samples’ 

morphological and microstructural properties. High-resolution TEM (HRTEM) together with its element mapping 

was carried out on the TEM (FEI Talos F200S G2) to further understand the microstructure details. X-ray 

photoelectron spectroscopy was used to analyze the samples’ surface composition (XPS, ESCALAB 250). Powder 

X-ray diffraction (PXRD) patterns were obtained on a Rigaku Ultima IV diffractometer, X'PertPRO with Cu-Kα 

radiation (λ = 1.54056 Å), and MiniFlex II. Infrared (IR) spectra (KBr particles) were obtained using a Nicolet IS 
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50 FT-IR spectrometer in the range of 4004000 cm1. Single-crystal X-ray diffraction data for Co2Nb6 was 

collected on the Bruker APEX II CCD diffractometer, using MoKα radiation with λ = 0.71073 Å, under nitrogen 

atmosphere, and at 175 K. The empirical absorption correction was based on equivalent reflections. The crystal 

structures were solved by the direct method and refined by the full-matrix least-squares method on F2, according to 

the SHELX and OLEX. The non-hydrogen atoms except some free O atoms are refined with anisotropic thermal 

parameters. Crystallographic data for the structures reported have been deposited in the Cambridge Crystallographic 

Data Centre with CCDC reference numbers 2267557 for the compound. These data can be obtained free of charge 

from the Cambridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data request/cif. The selected crystal 

parameters, data collection, and refinements are summarized in Table S1.

Electrochemical characterization:

Electrochemical measurements were performed in the standard three-electrode system of the Zennium-pro (Germany 

Zahner Instrument) electrochemical workstation. All the electrochemical tests were carried out at room temperature. 

Graphite rod and Hg/HgO (saturated 1 M KOH solution) electrodes were employed as the counter electrode (CE) 

and reference electrode (RE), respectively. A homogeneous aqueous solution of catalyst ink was formed by slowly 

adding 5 mg of sample and 40 µL of Nafion (5 wt% aqueous solutions) to 1 mL of ethanol and keeping it under 

sonication conditions for 30 min. The carbon cloth (CC) was first degreased by sonication in acetone solution, and 

then carefully washed with 0.5 M HCl in an ultrasonic bath for 20 min to remove the surface oxidation layer. A 

working electrode was made by dropping ink containing catalyst on the CC, the catalyst loading on the CC was 

about 0.5 mg cm2. In this work, the catalysis of UOR and OER was performed in 1 M KOH (pH = 13.82, 25 °C) 

with and without 0.33 M urea. All the potentials mentioned for this work were calibrated against the reversible 

hydrogen electrode (RHE) according to the equation: ERHE = EHg/HgO  0.098  0.0591 × pH. In particular, the CV 

tests were first performed at a scan rate of 50 mV s1 for 500 cycles to attain a stable state. Then, LSV curves of 

UOR and OER were recorded at a scan rate of 5 mV s1. The Tafel plots were graphed using the Tafel equation, η = 

b (log |j|)  a, in which b is the Tafel slope, and j is the current density. For evaluating the electrochemically active 

surface area (ECSA), cyclic voltammetry (CV) was performed between 0.925 and 1.025 V at scan rates from 20 to 

120 mV s1. The Cdl values were estimated by plotting Δj = (ja  jc) at 0.975 V against the scan rates, where ja and jc 

are the anode and cathode current densities, respectively. Turnover Frequency (TOF) values were calculated using 

the TOF = j × Ageo / (n × F × Nsite) equation, where j is the current density at a potential, Ageo is the electrode area, n 

is the number of electrons (6 for UOR), F is the Faraday constant (96485 C/mol), and Nsite is the total number of 

metal sites. The EIS measurements were performed with an open-circuit potential using an AC voltage of 5 mV 

amplitude and a frequency range of 10 kHz to 0.01 Hz. In the end, the electrode stability was tested by the 

chronopotentiometry response.
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2. Additional tables
Table S1 Crystal data and structure refinement parameters for Co2Nb6.

Compound Co2Nb6

Empirical formula Co4Nb12Na4O87C16N16H166

Mr (g mol1) 3418.1

Crystal system triclinic

Space group P

a (Å) 14.4294(7)

b (Å) 17.1065(8)

c (Å) 20.2305(8)

α (°) 96.820(2)

β (°) 105.385(2)

γ (°) 97.235(2)

V (Å3) 4715.5(4)

Z 2

F (000) 2856

ρcalcd (g cm3) 2.121

Temperature (K) 175(2)

μ (mm1) 2.21

Refl. Collected 147546

Independent relf 16689

Parameters 1099

GOOF 1.046

R1 [I >2σ] R1
a = 0.0450, wR2

b = 0.1303

R1 (all data) R1
a = 0.0487, wR2

b = 0.1336
[a]R1 = ∑||Fo||Fc||/∑|Fo|, [b]wR2 = {∑[w(Fo

2Fc
2)2]/∑[w(Fo

2)2]}1/2
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Table S2. The bond valence sum calculations of the Nb and Co atoms.

Atoms code Bond Valence Valence state

Nb1 5.02844 5

Nb2 5.03478 5

Nb3 5.00460 5

Nb4 4.98679 5

Nb5 5.00075 5

Nb6 5.05271 5

Nb7 4.95857 5

Nb8 4.99939 5

Nb9 5.00131 5

Nb10 5.02053 5

Nb11 4.96600 5

Nb12 5.00898 5

Co1 3.12551 3

Co2 2.86734 3

Co3 2.86429 3

Co4 3.14381 3
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Table S3. Co2Nb6&AB and recently reported catalysts in alkaline electrolytes for overall urea electrolysis 

performance.

Catalysts Electrolyte

Voltage for urea 

electrolysis at 

corresponding j 

(V@mA/cm2)

Tafel slope (mV 

dec1)
Ref.

Co2Nb6&AB
1 M KOH  0.33 

M urea
1.378@10 58.7 This work

NiCo-WOx/NF
1 M KOH  0.33 

M urea
1.35@10 28 2

NCVS-3
1 M KOH  0.33 

M urea
1.35@10 30.31 3

NiFeCoSx@FeNi3
1 M KOH  0.33 

M urea
1.42@10 97 4

Co2Mo0.2CH
1 M KOH  0.33 

M urea
1.33@10 32 5

Co3Mo3N-400/NF
1 M KOH  0.33 

M urea
1.356@100 49.4 6

CoNiLDH-3
1 M KOH  0.33 

M urea
1.32@0 16 7

NCM/G 811
1 M KOH  0.33 

M urea
1.32@10 41 8

Mo0.05, Co-NSH
1 M KOH  0.33 

M urea
1.6@147.1 64.4 9

NiCoP/CC
1 M KOH  0.5 M 

urea
1.30@10 49 10

Co0.26-

Ni(OH)2NPs/CF

1 M KOH  0.5 M 

urea
1.27@10 34.1 11

a-MoS2/CoS/Co0.85Se 

HNTs

1 M KOH  0.5 M 

urea
1.38@50 73.9 12

Ni/Co-3
1 M KOH  0.33 

M urea
1.29@0 51.1 13

Co2Mo3O8
1 M KOH  0.5 M 

urea
1.40@100 51.6 14

RhSA-P-Co3O4
1 M KOH  0.5 M 

urea
1.28@10 24 15

CoWO4
1 M KOH  0.5 M 

urea
1.37@100 28 16

Mo-NiCoP@NiCoP

/NiXCoYH2PO2

1 M KOH  0.5 M 

urea
1.348@10 95.21 17

NC-FNCP
1 M KOH  0.5 M 

urea
1.37@100 35.79 18

AgCoPO4/CFP
1 M KOH  0.5 M 

urea
1.43@15 49.1 19
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Table S4. EIS performance parameters of each catalyst.

Samples Rs/Ω CPE/mF Rct/Ω

CC 1.67 7.9 884

AB 1.72 3.59 161

Nb6O19&AB 1.69 4.51 136

Co(OH)2&AB 1.55 3.88 107

Co2Nb6&AB 1.41 4.0 81

CoSx/Co-MOF
1 M KOH  0.5 M 

urea
1.315@10 50 20

Co-Z/Se-2
1 M KOH  0.5 M 

urea
1.39@50 69.8 21

N-Ni1Co3Mn0.4O/NF
1 M KOH  0.5 M 

urea
1.399@100 143 22

S-Co2P@Ni2P
1 M KOH  0.5 M 

urea
1.36@100 44.5 23

Co3V@C/Co2VO4
1 M KOH  0.5 M 

urea
1.31@10 43 24

Ni-Co2VO4/NF
1 M KOH  0.5 M 

urea
1.28@10 46 25
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2. Additional figures

Fig. S1 a) Simulated and experimental PXRD patterns of Co2Nb6; b) IR spectrum of Co2Nb6; c) Solid UV diffuse 

reflection spectrum of Co2Nb6; d) TGA and DSC curves of Co2Nb6.

Firstly, the powder X-ray diffraction test was carried out for the sample of Co2Nb6 at room temperature 

(Fig. S1a†). The peak positions are consistent with the simulated diffraction peak, indicating that the powder 

sample of the compound powder sample is a pure phase. In addition, the structure of Co2Nb6 was 

characterized by Fourier transform infrared (FTIR) spectroscopy. As shown in Fig. S1b†, the broad 

absorption peaks in the range of 32003500 cm1 are attributed to the ν (OH) stretching vibration of water 

in Co2Nb6, as well as the matching (HOH) bending vibration peaks around 1630 cm1. The broad 

absorption peaks in the range of 30003200 cm1 are attributed to the ν (CH) and ν (NH) stretching 

vibrations of Co2Nb6, while the δ (CH) and δ(NH) bending vibration peaks are in the range of 15001600 

cm1. The peak around 840 cm1 corresponds to the ν (Nb=Ot) absorption peak, while the peaks at 653 cm1 

and 504 cm1 belong to the ν (NbObNb). The solid UV diffuse reflectance spectrum of the compound 

Co2Nb6 is shown in Fig. S1c†, The absorption peaks around 290450 nm are attributed to the O → Nb 

charge transfer transition (OMCT), while the absorption peak near 610 nm can be attributed to the d-d 

transition of the cobalt ion. The thermogravimetric analysis of the compound is shown in Fig. S1d†, from 

room temperature to 90 °C, the weight loss is 6.12 %, corresponding to 12 free water molecules, with a 

theoretical value of 6.31 %. When the first plateau was reached (600 °C), the weight loss was 24.92 %, 

corresponding to the loss of 22 free water molecules, 15 ligand water molecules, and 3 ethylenediamine 

molecules, with a theoretical value of 24.76 %. At 10001100 °C, the weight loss was 8.68 %, 

corresponding to the loss of all water molecules and 8 ethylenediamine molecules, with a theoretical value 

of 8.61 %.
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Fig. S2 TEM images of Co2Nb6&AB with different magnifications.

Fig. S3 a) TEM of Co2Nb6&AB and corresponding elemental distribution mapping images of b) C, c) N, d) O, e) 

Co and f) Nb.
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Fig. S4 EDX spectrum of Co2Nb6&AB.

Fig. S5 TOF values of CoO&AB and Co2Nb6&AB.
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Fig. S6 CV curves for UOR in 1.0 M KOH solution with 0.33 M urea at a scan rate of 20, 40, 60, 80, 100, 

and 120 and mV s1: a) Bare CC, b) AB, c) Nb6&AB, d) CoO&AB, e) Co2Nb6&AB; f) ECSA of each 

sample, respectively.
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Fig. S7 LSV curves of Co2Nb6/AB before and after 500 cycles of CV test.

Fig. S8 Chronopotentiometry curve at 10 mA cm2 of the Co2Nb6/AB anode towards urea electrolysis.
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Fig. S9 Powder XRD patterns of Co2Nb6&AB before and after 10 h UOR.
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