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Experimental part

Experimental chemical reagents

The nickel powder (Ni, 99.5%), tetrabutylammonium perchlorate (TBAP,

99%), nickel chloride hexahydrate (99.9%), potassium hydroxide (ACS grade),

and urea (99%) used for material synthesis and electrochemical testing were

purchased from Aladdin Reagent Company. Dichloromethane (DCM, 99.5%),

thiophene (98%), and relatively hydrophilic carbon cloth (model W0S1011)

were sourced from Shanghai Titan Scientific Co., Ltd., TCI (Shanghai)

Chemical Industry Development Co., Ltd., and Suzhou Sinero Technology Co.,

Ltd., respectively. Chemical reagents required for material characterization,

including sulfuric acid (98%), hydrogen peroxide (30%), hydrochloric acid

(31%), nitric acid (68%), and ammonium fluoride (99.8%), were supplied by

Sinopharm Chemical Reagent Co., Ltd.

Preparation of working electrodes

Four types of working electrodes were prepared. The first type was

prepared by compressing 50 mg of nickel powder into a pellet (8 mm in

diameter), which was directly employed as the working electrode. The second

type, designated as Ni2+@CC, was prepared by dissolving 30 mg of nickel

chloride hexahydrate in 30 mL of secondary water to obtain a nickel ion

solution. A piece of carbon cloth (1 × 1 cm2) was immersed in this solution

using an electrode clip and stirred for 20 hours to obtain the Ni2+@CC working

electrode. The third working electrode, designated as Ni2+@PTh@CC, was

synthesized using an electrochemical workstation (CHI660e, Shanghai

Chenhua Instrument Co., Ltd.) via an electrochemical polymerization process

within a nitrogen-filled glove box. Initially, a 0.4 mol/L thiophene solution was

prepared by dissolving 1.7095 g of tetrabutylammonium perchlorate (TBAP) in

a portion of dichloromethane (DCM), adding 3.2 mL of thiophene, and diluting

the mixture to 100 mL with DCM. Electropolymerization was carried out using a

standard three-electrode system, with carbon cloth (1 × 1 cm2) as the working



electrode, a platinum sheet (1 × 1 cm2) as the counter electrode, and a

saturated calomel electrode (SCE) as the reference electrode. Cyclic

voltammetry (CV) scans were performed within a potential range of 0 V to 2.0

V (vs. SCE) at a scan rate of 5 mV/s for 40 consecutive cycles to obtain

polythiophene (PTh@CC). Finally, the prepared polythiophene (PTh@CC)

was fixed with an electrode clip, immersed in a nickel ion solution, and stirred

for 20 hours to obtain the Ni2+@PTh@CC working electrode. The fourth

working electrode, denoted as PTh@CC, was prepared by using the third

electrode as the working electrode without Ni2+ adsorption.

Additionally, three other different types of working electrodes were

prepared: first, working electrodes based on PTh@CC adsorbed with 0.001 M

Ni2+ and 0.1 M Ni2+, respectively; second, working electrodes utilizing nickel

foam of varying thicknesses; and finally, working electrodes fabricated by

synthesizing Ni(OH)2@CC via a hydrothermal method.[1]

Characterization

The crystal structure, phase distribution, and crystallinity of the prepared

working electrode materials were analyzed using powder X-ray diffraction

(PXRD, Bruker D8 Advance, Cu kα1: 1.54056 Å) with a scanning range of

20–60° and a scanning rate of 5°/min. The valence states of the corresponding

elements (C, N, O, Ni, S) in the working electrode materials were analyzed by

X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi).

The main functional groups involved in the reaction were detected using an

in-situ Fourier transform infrared spectrometer (Thermo ScientificTM NicoletTM

iS50 FTIR) and a Nicolet iS20 FTIR spectrometer, and their evolutionary

behavior and formation mechanisms were investigated. Intermediate products

generated during the reaction process were detected using an

ultraviolet-visible spectrophotometer (UV-1280).

Electrochemical measurement

The electrochemical tests in this work were conducted using



electrochemical workstations from Jiangsu Donghua Analytical Instrument Co.,

Ltd. (model DH7006) and Shanghai Chenhua Instrument Co., Ltd. (model

CHI660e). A standard three-electrode system was employed, with a platinum

sheet electrode as the counter electrode and a saturated calomel electrode as

the reference electrode. All electrochemical tests were performed in 1.0 M

KOH and 1.0 M KOH containing 0.33 M CO(NH2)2 electrolytes. The three

prepared working electrodes were tested for the oxygen evolution reaction and

urea oxidation reaction. The measured potentials were converted to the

reversible hydrogen electrode (RHE) scale and compensated for 90% of the

ohmic voltage drop (Rᵤ).

ERHE= Eref + 0.05916 * pH - 0.9 * I * Ru

Cyclic voltammetry (CV) tests were performed within a voltage range of

0.1 V to 0.15 V (vs. SCE). Five CV curves were obtained at different scan rates

(20 mV/s, 40 mV/s, 60 mV/s, 80 mV/s, and 100 mV/s), enabling the calculation

of the roughness factor (RF) and electrochemical active surface area (ECSA)

for different materials, thereby eliminating the influence of electrode surface

area on performance.

Theoretical calculation

Atomic simulation environment (ASE) software with GPAW calculator was

used to simulate the adsorbed Ni2+ ion on PTh and to compute the adsorption

energy of cyanate anion (OCN-) on the surface of both Ni metal and imaginary

structure, Ni(OH)2-NiC, for Ni2+@PTh@CC.[2, 3] Slab with three atomic layers

was set to be the initial model and 15 Å vacuum spacing is inserted between

each slab. The top two layers and OCN- adsorbate were allowed to relax

during geometry optimization. The final structure was determined when the

maximum force of was lower than 0.05 eV•Å-1. The exchange-correlation

energies of the systems were calculated using the revised

Perdew-Burke-Ernzerhof (RPBE) functionals.[4]



Figure S1. The synthetic flowchart of Ni2+@PTh@CC composite electrode.

Characterization results such as SEM image, XPS and XAS were also

demonstrated to verify the synthetic process at each step.

Figure S2. SEM of (a) PTh@CC and Ni2+@PTh@CC (b) before and (c) after

UOR.

Figure S3. (a) LSV and (b) RF normalized LSV of 0.01M Ni2+@PTh@CC and

0.004M Ni2+@PTh@CC and 0.001M Ni2+@PTh@CC composite electrodes in

1.0 M KOH containing 0.33 M CO(NH2)2.



Figure S4. DFT calculation for the diagram of polythiophene adsorbing Ni2+.

Figure S5. (a) LSV and (b) RF normalized LSV of Ni, Ni2+@PTh@CC, Ni foam

(light gray: 0.1 mm thick and dark gray: 1 mm thick), Ni2+@CC, PTh@CC and

Ni(OH)2@CC composite electrodes in 1.0 M KOH containing 0.33 M

CO(NH2)2.

Figure S6. Cyclic voltammograms (CV) and linear regression slope derived

from CV of (a) Ni2+@CC, (b) Ni2+@PTh@CC and (c) Ni in 1.0 M KOH.



Figure S7. Cyclic voltammograms (CV) and linear regression slope derived

from CV of (a) Ni2+@CC, (b) Ni2+@PTh@CC and (c) Ni in 1.0 M KOH

containing 0.33 M CO(NH2)2.

Figure S8. Cyclic voltammograms (CV) and linear regression slope derived

from CV of (a) Ni foam (0.1 mm thick), (b) Ni foam (1 mm thick), (c) PTh@CC

and (d) Ni(OH)2@CC in 1.0 M KOH containing 0.33 M CO(NH2)2.

Figure S9. Cyclic voltammograms (CV) and linear regression slope derived

from CV of (a) 0.001M Ni2+@PTh@CC and (b) 0.01M Ni2+@PTh@CC in 1.0 M

KOH containing 0.33 M CO(NH2)2.



Figure S10. Nicolet iS20 FTIR spectra of Ni2+@PTh@CC with droplet solution

of 1.0 M KOH solution with 0.1 M KOCN without applied voltage.

Figure S11. In situ FTIR spectra of PTh@CC from 1.35 to 1.65 V (V vs RHE)

during UOR.

Figure S12. XPS spectra in the range of Ni 2p of Ni metal and Ni2+@PTh@CC

before/after UOR in 1.0 M KOH containing 0.33 M CO(NH2)2.



Figure S13. XPS in the regions of Ni 2p for Ni metal, Ni2+@CC and

Ni2+@PTh@CC composite electrodes before and after UOR. XPS of

Ni2+@PTh@CC was replaced with fitted curve for the readers’ convenience to

compare Ni valence state before/ after UOR.

Figure S14. Calculated adsorption energy of cyanate anion (OCN-) on the

surface of Ni metal and imaginary structure, Ni(OH)2-NiC, for Ni2+@PTh@CC.

Their theoretical models after structural optimization were also provided.

Table S1. The corresponding values of potential (j = 10 mA/cm2) and
Tafel slope of recent reported UOR electrocatalysts.

Samples
Potential/V
(j = 10
mA/cm2)

Tafel Slope
(mV/ dec)

Ref

Ni 1.345 31.3 This work
NiF3/Ni2P@CC 1.36 33 [5]
Ni2+@PTh@CC 1.368 34.4 This work
NiO–CrO@N–C 1.37 11.5 [6]

Fe3O4/NF 1.38 28 [7]



NiFe/NiFeCH/CC 1.39 / [8]
VOx/Ni/Ni3N 1.40 / [9]
CoS2 NA/Ti 1.40 80 [10]
NiTe-MoTe2 1.40 27.5 [11]
Ni2+@CC 1.41 102 This work

Ni2P/N-Cnanorods 1.41 36.7 [12]
NiCoP/CC 1.42 49 [13]

NiFe-LDH/CC 1.42 68 [14]
CoFe LDH/MOF-0.06 1.45 73.5 [15]

NiCo2O4/CC 1.45 75 [16]
CoSe2/MoSe2@CC 1.48 / [17]

Co3Mo1S-CC 1.50 / [18]
CrCoNiFe 1.62 74 [19]
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