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Abstract 

Here, we reported a strategy of using an eggshell membrane to produce hierarchically porous 

carbon as a low-cost substrate for synthesizing nano nickel oxide catalyst (C@NiO), which can 

effectively turn biowaste - urea into energy through an electrochemical approach. The interwoven 

carbon networks within NiO led to highly efficient urea oxidation due to the strong synergistic 

effect. The as-prepared electrode only needed 1.36 V versus reversible hydrogen electrode to 

realize high efficiency of 10 mA cm-2 in 1.0 M KOH with 0.33 M urea and delivered an even 

higher current density of 25 mA cm-2 at 1.46 V, which is smaller than that of the porous carbon 

and commercial Pt/C catalyst. Benefiting from theoretical calculations, Ni(III) active species and 

the porous carbon further enabled the electrocatalyst to effectively inhibit the “CO2 poisoning” of 

electrocatalysts, as well as ensuring its superior performance for urea oxidation.  

 

Keywords: nickel oxide; eggshell membrane; porous carbon substrate; urea oxidation; density 

functional theory. 

  



Introduction 

In recent years, there has been a fast-growing trend in developing urea (CO(NH2)2) as a 

substitute H2 carrier in energy conversion due to its high energy density, nontoxicity, stability and 

non-flammability.1 Urea, a byproduct in the metabolism of proteins and a frequent contaminant in 

wastewater, is an abundant compound that has demonstrated favorable characteristics as a 

hydrogen-rich fuel source with 6.7 wt.% in gravimetric hydrogen content.1-4 Also, there is 2-2.5 

wt.% urea from mammal urine, therefore, 0.5 million tons of additional fuels will be produced per 

year just from human urine (240 million tons each year).5-8 Electrochemical oxidation has been 

recognized as an efficient strategy for urea conversion and wastewater remediation.9-11 Thus, the  

chemical energy harvested from urea/urine can be converted to electricity via urea oxidation 

reaction (UOR).12-14 Moreover, the removal of urea from water is a priority for improving drinking 

water quality and presents an opportunity for UOR.15 However, the transition of UOR from theory 

and laboratory experiments to real-world applications is largely limited by the conversion 

efficiency, catalyst cost and the feasibility of wide-spread usage.16 

Primarily, the electrooxidation of urea has relied on cost-prohibitive rare metals such as 

ruthenium, platinum, tantalum, or iridium for urea catalysis.14, 17 Recent studies implementing 

common transition metals and their oxides, particularly nickel, have found similar success while 

having much lower material costs.18-20 For instance, Luo et al. prepared ultrathin and porous nickel 

hydroxide nanosheets for efficient UOR, and found that 1.82 V (vs. RHE, Reversible Hydrogen 

Electrode) was needed to achieve a large current density of 298 mA cm-2.21 Qiao et al. reported a 

two-dimensional nickel-based metal-organic framework (2D Ni-MOF) nanosheets by 

coordinating nickel ions and benzenedicarboxylic acid. The electrochemical results showed better 

UOR performance and smaller overpotential compared to Ni(OH)2 and the commercial Pt/C.13 



Similarly, Ma et al. investigated Ni-MOF with different morphologies such as, nanowires, neurons, 

and urchins, and found that the Ni-MOF nanowires requires ~0.8 V (vs. Ag/AgCl) to obtain a 

current density of 160 mA cm-2.22 Thus, based on the previous studies, the nickel-based materials’ 

electrocatalytic behavior is well understood, making them ideal candidates for UOR.23, 24 However, 

there is still a sluggish kinetics of UOR at the anodic area owing to the multi-electron transfer and 

multiple gas-adsorption/desorption procedures.23-27 To address this key issue, the coordination of  

high surface area and, conductive materials are considered beneficial.28-30 Expanding the 

electrochemically active surface area. The bio-derived carbons doped nickel can provide the 

electrochemically active high surface area and conductivity in the material selection, resulting in 

efficient substrates.31 Innovations with UOR from organic and bio-derived compounds have 

yielded substantial improvements in energy production efficiency.32, 33 

Biomass-derived carbon materials have been increasingly implemented in electrochemical 

energy conversion and detection owing to their low-price, porous structure and high 

conductivity.34 Hierarchical porous activated carbons are favored in particular due to their variety 

in pore size and volume, the potential for modification, and synthesis from waste biomaterials.35, 

36 One promising material that has demonstrated notable electrochemical properties is the eggshell 

membrane (ESM). ESM is a thin, protein-based membrane functioning as a gas-exchange interface 

for the embryo within the egg to the outside world via its abundant micro- and nano-sized pores. 

37 Aside from the traditional methods of waste management, ESM has been used in the production 

of clean energy where it replaces coal, oil or natural gases to generate electricity through fuel cell 

devices. ESM collected from waste eggshells has demonstrated excellent electrochemical behavior 

on its own in energy storage and conversion 38, 39 as well an ability to be infused with different 

transition metal oxides for sensing purposes.40, 41 



In this work, we reported a low-cost UOR electrocatalyst (C@NiO), composed of nickel 

oxide nanoparticles anchored on the porous carbon derived from the biowaste eggshell membrane 

via hydrothermal synthesis and pyrolysis strategy. Benefiting from the strong synergistic effect 

between nickel oxide and the porous carbon, the as-prepared electrode only needs 1.36 V versus 

RHE to realize 10 mA cm-2 in 1.0 M alkali solution containing 0.33 M urea, and delivers 25 mA 

cm-2 at 1.46 V. In addition, in the viewpoint of the theoretical calculations, its intermediate 

(C@NiOOH), which formed from C@NiO in alkaline solution, made this electrocatalyst 

possessing the ability to effectively hinder “CO2 poisoning”, as well as ensuring its superior 

performance for UOR. This work also presented the low-cost urea oxidation electrocatalyst design 

with the porous structure to solve the previous problems we described (source and cost) and 

promote the catalyst’s potential application in energy conversion based on the concept of “trash to 

treasure”.  

Experimental 

Preparation of the porous C@NiO nanocomposites 

Before obtaining C@NiO nanocomposites from the biowaste eggshell membrane, the ESM 

received pre-treatments to remove the left egg white and other organic chemicals. C@NiO 

nanocomposites were prepared through a smart approach that the eggshell was not only employed 

as a reactor, but also the eggshell membrane as a filter membrane here, as presented in Fig. 1. First, 

the eggshell filled with Ni(NO3)2 aqueous solution was transferred into a beaker with urea, then 

kept at 70 ℃ for 6 h. In this process, Ni(OH)2 was synthesized on the interface of the eggshell 

membrane as OH- ions (outside of ESM) were reacted with Ni2+ ions (inside of ESM). Then, the 

eggshell membrane was stripped from the eggshell reactor by tweezers after the reaction system 

was naturally cooled down. The stripped ESM was washed thoroughly with deionized water. 



Completely, black powder was received after calcination at 500 ℃ for two hours in N2 

environment. The calcined black powder with a metallic color was washed and collected for further 

characterizations.  

 

Figure 1. Scheme of the formulation process of the porous C@NiO nanocomposites: (a) dried NiO/ESM after the 

hydrothermal process, (b) pyrolysis treatment, and (c) final product after the pyrolysis.  

 

Physical characterizations 

The scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

were both employed to observe the as-prepared samples’ morphological information, equipped 
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with high-resolution TEM (HRTEM) and select area electron diffraction (SAED). Scanning 

transmission electron microscopy energy dispersive X-ray (STEM-EDX) spectroscopy was 

employed for analyzing the elements’ distribution. The pyrolysis process was investigated to 

indicate the synthesis of C@NiO nanocomposites through the thermogravimetric analysis (TGA) 

measurement in the nitrogen gas environment. TGA was performed by an integrated thermal 

analyzer with a ramp rate of 20 °C min-1 under N2 protection. Furthermore, X-ray diffraction (XRD) 

was used for analyzing the crystalline structure of the as-obtained sample. X-ray photoelectron 

spectroscopy (XPS) spectra were carried out to analyze the surface compositions and chemical 

valence information for the as-prepared sample. All binding energies were referred to as the C 1s 

peak of the surface adventitious carbon at 284.8 eV. 

Electrochemical measurements 

All electrochemical measurements of urea oxidation were performed on a CHI (760E, 

Texas, USA) electrochemical analyzer. The conventional three-electrode testing configuration was 

used in all electrochemical measurements. A glassy carbon electrode (Ø 3 mm) was used as the 

working electrode (WE) and would receive catalyst modification, Pt electrode and Ag/AgCl 

(within saturated KCl solution) were selected as counter and reference electrode (CE and RE), 

respectively. Considering different concentrations of urea used for oxidation, such as 0.1 M, 0.33 

M and 0.5 M, 0.33 M urea was selected for oxidation measurements in this study to match the 

concentration in mammal urine.42, 43 Cyclic voltammetry (CV) and linear sweep voltammetry 

(LSV) or polarization measurements were both carried out in a 1.0 M alkali solution within/without 

0.33 M urea. Electrochemical impedance spectroscopy (EIS) spectrum was also investigated in 0.1 

M potassium ferricyanide solution (frequency range: 100 kHz-0.1 Hz, AC perturbation: 5 mV, 

applied potential: open-circuit potential). Electrochemical double-layer capacitance (Cdl) tests 



were performed through a series of CV tests using a series of scan rates (2-10 mV s-1) in 1.0 KOH 

with a similar potential range (0.06-0.16 V vs. Ag/AgCl). Chronoamperometry (CA) 

measurements were carried out at a constant potential of oxidation peak potential vs. Ag/AgCl for 

1800 s in 1.0 alkali media with 0.33 M urea.  Here, the loading mass of the catalyst on the working 

electrode was calculated as 0.075 mg cm-2, and all potentials mentioned in this study were 

converted versus a reversible hydrogen electrode (RHE): (ERHE = EAg/AgCl + 0.21 V + 0.059×pH, 

25℃) unless otherwise specified, and iR compensation was performed for all linear LSV results.  

DFT calculation methods 

To study the source of the highly electrocatalytic performance of C@NiO nanocomposites, 

calculations were carried out using spin-polarized density functional theory (DFT), equipped with 

the CASTEP package with the Perdew-Burke-Ernzerh (PBE) of generalized gradient 

approximation (GGA) exchange-correlation functional.44 The adsorption of urea and CO2 on the 

C@NiO was studied compared with that on C@NiOOH, and the heterojunctions were chosen as 

our theoretical models. The core electrons were treated with Ultrasoft Pseudopotentials.45 The 

cutoff energy for the plane wave expansion was 340 eV, and the Monkhorst-Pack k-point sampling 

was generated with a 2×2×1 grid. The convergence criterion for the structural optimizations was 

a maximum force of 0.05 eV/Å and a maximum displacement of 0.002 Å. A vacuum layer of 15 

Å thickness was used along the z-direction to totally eliminate the interactions between different 

surfaces. The adsorption energy of urea or CO2 over C@NiO and C@NiOOH was calculated 

according to the Equation.1:  

Eads= Etotal – (Eslab + E adsorbate)        (1) 



Where Eads is the adsorption energy, Etotal is the total energy for the adsorption state, Eslab is the 

energy of the optimized surface of C@NiO or C@NiOOH and Eadsorbate is the energy of mono urea 

or CO2 molecule. 

Results and discussion 

Physical characterizations of the porous C@NiO nanocomposites 

 

Figure 2. (a-b) TEM images of the porous carbon. (c-d) TEM images and (e-h) STEM-EDX images of the C@NiO 

nanocomposites. 

 



There is a hierarchical structure of the porous carbon with transparent layers between 

carbon frameworks (Figs. 2a-b), indicating that it can provide a large surface area for active sites.46 

As depicts in Fig. 2c, NiO nanoparticles are anchored on the porous carbon frameworks. The color 

of carbon layers tends to dark (Fig. 2d) which differs from Fig. 2b. This phenomenon may be due 

to the introduction of NiO nanoparticles. STEM-EDX mapping was further applied to verify the 

composition of the as-prepared sample. The element distribution of Ni, O and C without other 

impurities on the transparent layers is observed well with higher magnification (~100 nm) in Figs. 

2e-h. That porous structure is derived from the biomacromolecule fibers of ESM38, with NiO 

nanoparticles dispersed well on the porous carbon, as presents in Fig. 2g.  

 

Figure 3. (a-b) TEM images with magnifications (20 nm and 10 nm), (c) HRTEM image and (d) SAED pattern of 

C@NiO nanocomposites. 

 



Several black dots with an average size of 6.5 nm are displayed in Figs. 3a-b, confirming 

the existence of NiO nanoparticles. Fig. 3c exhibits the average lattice spacing of 0.207 nm in the 

dark area, which corresponds to the (111) fact of NiO (JCPDS No.47-1049). Fig. S1 also presents 

several similar areas with the same lattice spacing from Fig. 3c. Meanwhile, NiO grains 

encapsulated on the porous carbon also can be confirmed by its lattice fringes using fast Fourier 

transform (FFT) of HRTEM image due to NiO having specified unit cell parameters of 0.418 nm 

with face-centered cubic (fcc) structures (inset of Fig. 3c). As a comparison, pure NiO particles 

were synthesized using the same method and their morphology appeared aggregation with 

different sizes (Fig. S2) due to no supports in hydrothermal treatment for good dispersion.47 The 

SAED result of C@NiO nanocomposites in Fig. 3d reveals the polycrystalline property with the 

feature of uniform central and diffraction spots. The diffraction rings have corresponded to the 

diffraction of the graphite-like carbon and the appeared spots are indexed to (111), (200), and (220) 

diffraction of pure NiO. All the above results demonstrated the porous C@NiO nanocomposite 

was successfully prepared with hierarchical structure and uniform dispersion.  

TGA result of the precursor Ni(OH)2/ESM is presented in Fig. S3. The precursor 

Ni(OH)2/ESM endured a four-step weight loss owing to continuous dehydration and 

decomposition. The first stage (20-100 °C) is related to the evaporation of the adsorbed and 

intercalated water molecules associated with the surface of Ni(OH)2/ESM. It is possible to estimate 

the water content (10 wt.%) of the precursor. ESM started pyrolyzing at ~200 °C and was 

completely pyrolyzed at 550 °C with a weight loss of 48 wt.%. Similarly, Zhai et al. found that 

decomposition of Ni(OH)2 into NiO occurs between 300 and 400 °C.48 For this step, the TG curve 

exhibits a sharp weight loss with 19 wt.%, which is in line with the theoretical weight loss value 

(19.4%) due to the decomposition of Ni(OH)2.
49 Organic components are completely removed in 



this stage, including gas like CO2, resulting in the uniformed NiO nanoparticles anchoring on the 

porous carbon. This result keeps consistent with previous TEM and SEM observations well. 

 

Figure 4. (a) XRD pattern, (b) XPS survey spectrum, and the high-resolution XPS spectra of (c) Ni 2p and (d) C 1s 

regions, of C@NiO nanocomposites. 

 

In Fig. 4a, the peaks appeared in 37.2°, 43.2°, 62.8° (2θ) are indexed to the crystal planes 

of NiO (JCPDS Card #47-1049) well. The peaks at 24.8° also confirmed the existence of carbon 

(JCPDS Card #41-1487). This XRD analysis identified the presence of NiO and C in the as-

prepared sample, which also keeps consistent with the HRTEM pattern. The XPS survey spectrum 

of C@NiO nanocomposites further confirms the existence of nickel, oxygen, and carbon species 
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in Fig. 4b. There are two apparent peaks located at 873.3 eV and 855.8 eV due to Ni 2p1/2 and Ni 

2p3/2, as depicted in Fig. 4c. As a result, the binding energy peaks at 880 eV and 861 eV are 

assigned to the satellite peaks of Ni 2p1/2 and Ni 2p3/2, respectively. The spin-energy separation of 

two main peaks (from 873.3 eV to 855.8 eV) is ~17.5 eV, which is the typical characteristic of  the 

Ni(OH)2 phase48, Nevertheless, all the Ni 2p peaks of the as-prepared sample shift to higher 

binding energies compared to Ni(OH)2, implying a higher oxidation state of Ni(II) ions in C@NiO 

nanocomposites.13 The C 1s can be further fitted to three peaks located at 286.4, 285.8, and 284.2 

eV, corresponding to carbonyl bond, carbon-oxygen bond, and carbon-carbon bond in Fig. 4d. 

The above results further confirmed that the successful growth of NiO nanoparticles anchored on 

the porous carbon to prepare C@NiO nanocomposites. 

UOR performance of the porous C@NiO nanocomposites 

To assess the electrocatalytic performance of C@NiO nanocomposites for urea oxidation, 

electrochemical measurements were applied through a typical three-electrode setting. Urea 

electrolysis reaction in alkaline environmental can be expressed as following (Equations.2-4):  

Anode: CO(NH2)2 + 6OH- → N2 + 5H2O + CO2 + 6e-      (2) 

Cathode: 2H2O + 2e- → H2 + 2OH-        (3) 

Overall: CO(NH2)2 + H2O → N2 + 3H2 + CO2       (4) 

 

The electrochemical behaviours of the C@NiO electrode were evaluated by CV measurements in 

the alkaline medium in the absence/presence of 0.33 M urea, and the pure NiO sample and the 

porous carbon electrode were also tested for comparison, as shown in Fig. S4. As for C@NiO 

electrode, there is an obvious oxidation peak at ~1.32 V, which can be attributed to the formation 

of NiOOH species.25 However, C@NiO electrode presents an improved current density for urea 



oxidation after the addition of urea. Coincidentally, the onset potential of UOR is very close to the 

potential position where NiOOH species are generated, implying that the fresh NiOOH species 

acted as active sites for urea oxidation, which is in consistent with the reported Ni-based 

electrocatalysts.13, 41, 47, 50 Furthermore, the integrated area of the CV of C@NiO electrode is larger 

than the porous carbon electrode, indicating that NiO nanoparticles anchoring the porous carbon 

exposed more active species for urea oxidation and enhanced the electrocatalytic performance of 

UOR. Fig. 5a reveals the linear sweep voltammetry curves of C@NiO electrode compared with 

the porous carbon and commercial 20% Pt/C in the alkali media containing 0.33 M urea. The 

current density of C@NiO electrode increases with the potential move towards the positive side, 

while the other two samples only show minor changes. The UOR catalytic performance of C@NiO 

is estimated by Tafel curves in Fig. 5b. A more intuitional comparison of potential (the current 

density of 10 mA cm-2) and Tafel information among C@NiO electrode, the porous carbon and 

commercial 20% Pt/C could be found in the histogram (Fig. 5c), in which C@NiO electrode 

presents the lowest potential to attain 10 mA cm-2. The Tafel slope of C@NiO (87.2 mV dec-1) is 

also lower than those of the porous carbon and commercial Pt/C, implying faster UOR kinetics for 

C@NiO electrode. As presented in Table S1, UOR performance of several electrocatalysts was 

listed. The C@NiO electrode presents a smaller potential and lower mass loading than that of the 

porous carbon and commercial Pt/C, suggesting its favorable reaction kinetics for UOR. 

 



 

Figure 5. Electrochemical performance for UOR. (a) LSV curves of the porous carbon, 20% Pt/C and C@NiO 

electrodes in 1.0 M KOH containing 0.33 M urea, (b) Tafel plots of the above samples, (c) The histogram of a 

comparison of the potentials and Tafel slopes between the porous carbon, 20% Pt/C and C@NiO electrodes, (d) 

Nyquist plots of the porous carbon, 20% Pt/C and C@NiO electrodes in 1.0 M KOH with an open circuit voltage, (e) 

Linear plots of double-layer capacitance to assess the electrochemically active surface area, (f) Chronoamperometry 

curves of C@NiO and 20% Pt/C in the 1.0 M KOH containing 0.33 M urea at an applied potential of 1.3 V (vs. RHE). 
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Mechanism investigation via electrochemical measurements 

EIS measurement was also tested to obtain more information about the catalytic 

performance of C@NiO nanocomposites. The porous carbon, 20% Pt/C and the bare GCE were 

all received the same test as comparison. The results presented in Fig. 5d indicate that C@NiO 

electrode presents a much smaller Nyquist semicircle than that of the porous carbon, 20% Pt/C 

and the bare GCE under an open-circuit potential, revealing that it has a much faster charge transfer 

than other samples, which is well matched with the previous polarization curves. Electrochemical 

active surface area (ECSA) measurements were further performed to study the electrochemical 

double-layer capacitance (Cdl) among C@NiO, the porous carbon, 20% Pt/C and the bare GCE. 

As demonstrated in Fig. 5e, C@NiO electrode was calculated to be 4.82 mF cm-2, well above the 

values of the porous carbon (3.98 mF cm-2), 20% Pt/C (4.07 mF cm-2) and the bare GCE (4.02 mF 

cm-2). Calculation details can be found in Fig. S5. This means C@NiO electrode has larger active 

surface area with more active sites that promote UOR efficiently. In addition, the presence of urea 

increases the current density of the anode as the potential is also applied. As presented in Fig. S6, 

the current density of C@NiO electrode presents the increasing stepwise potential in 1.0 M alkali 

solution with/without 0.33 M urea. When the positive potential (0.1-0.4 V vs. Ag/AgCl) was 

applied, there are no redox cycles corresponding to the conversion of Ni2+ species to Ni3+ species 

before urea addition. When the potential (0.5-0.8 V vs. Ag/AgCl) larger than the onset potential 

was applied, a higher current density can be obtained owing to the OER effect. It can be inferred 

that the porous C@NiO nanocomposites induce a high electron transfer and mass transport due to 

their excellent electrical conductivity. 

Moreover, the stable multistep chronopotentiometry (CP) curves also suggest the better 

conductivity and mass transport of C@NiO electrode for UOR performance. The stability of 



C@NiO electrode during urea oxidation was further examined, as shown in Fig. 5f. It can be 

observed that the current density of C@NiO electrode only shows negligible degradation 

compared with the commercial 20% Pt/C after 1800 s testing under an applied potential of 1.3 V 

vs. RHE. This indicates that C@NiO electrode has good catalytic stability in alkali with urea. To 

further confirm the structural stability after long-term durability, the stripped sample from the 

working electrode was observed again by the TEM technique. It keeps the original layer structure 

with uniform NiO nanoparticles, as demonstrated in Fig. S7. Consequently, it can be concluded 

that C@NiO electrode shows excellent UOR performance owing to i) NiO nanoparticles directly 

anchored on the porous carbon could enlarge the electrochemically active surface area; ii) the 

transparent carbon layer could enhance its electrical conductivity, providing faster electron transfer 

and mass transport between nanoparticles and the carbon matrix, improving UOR electrocatalytic 

performance, reducing NiO nanoparticles contact with electrolyte directly, thereby enhancing the 

stability. 

Mechanism investigation via theoretical calculations 

To gain insight into the synergistic effect in C@NiO nanocomposites towards urea oxidation, 

spin-polarized DFT calculations were utilized to provide more details in this work. Generally, 

CO(NH2)2 is primarily adsorbed on the surface of electrocatalysts during urea electrooxidation. It 

indicates that the adsorption energy of urea plays an important function in determining the 

electrocatalytic urea oxidation51. It is noteworthy that our DFT calculations do not take all the 

experimental details into account, and the graphene was present as an alternative structure to 

simulate the porous carbon, qualitatively revealing the influence of the porous structure on the 

electronic structure of NiO nanoparticles. The graphene/NiOOH and graphene/NiO 

heterojunctions were chosen as the theoretical models in this work (Figs. 6a-b). According to the 



DFT calculations, the urea preferred to adsorb on the surface of C@NiOOH heterojunction and 

the adsorption energy is -1.53 eV, while the adsorption energy is only -0.97 eV on the C@NiO 

heterojunction (Fig. S8a).  Moreover, the electron density difference as shown in Figs. 6c-d, and 

the slice of electron density difference in Figs. 6e-f showed that a little bit more electrons from Ni 

transferring to the O atom of urea on the C@NiOOH heterojunction than that on C@NiO 

heterojunction, which means that the alkaline environment plays an important role in the UOR. 

And it can be deemed that the Ni(III) species presented its favorable active sites. 

Besides, CO2 adsorption on the surface or interface of catalysts is significant to the remarkable 

UOR performance52. Moreover, the rate-determining step in UOR is the adsorbed CO2 desorption 

from active sites53. Thus, the adsorption energy of CO2 on C@NiO electrode and C@NiOOH was 

comparatively studied with DFT calculations. As illustrated in Fig. S8b, it can be determined that 

the adsorption energy of CO2 on the C@NiO is -0.57 eV, while it becomes almost zero on the 

C@NiOOH surface, which means a much weaker CO2 adsorption over C@NiOOH. Furthermore, 

the calculated d band center of Ni in C@NiO is -1.97 eV, while it goes far from the Fermi level 

and decreases to -2.20 eV for the Ni in C@NiOOH (Fig. S8c). The lower d band center leads to 

the weaker adsorption for CO2. From this viewpoint, it enables to effectively retard the “CO2 

poisoning” of electrocatalyst, ensuring its superior UOR performance. 



 

Figure 6. The structural model of the porous C@NiO and urea under different views (a-b). The electron density 

difference of urea adsorbed on (c) C@NiO and (d) C@NiOOH, the red hooded face means enrichment of electrons 

while the blue one means the deficiency of electrons. Slice images of the adsorption of urea molecule on the surface 

of (e) C@NiO and (f) C@NiOOH heterojunctions and the corresponding slice of electron density difference. The 

contour around the atoms represents the electron accumulation (red) or electron deletion (blue). 
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Figure 7. The mechanism of UOR on C@NiO electrode. 

 

UOR performance enhancement mechanism discussion 

The improvement of UOR performance is mainly benefited from the synergistic effect between 

NiO and the porous carbon, as illustrated in Fig. 7. It can be ascribed to several reasons, as follows: 

i) NiO nanoparticles directly encapsulated onto the porous carbon enlarged the electrochemically 

active surface area with more active sites. For example, 3D interwoven-like structure could afford 

more active sites and enable gas release for reactions in the viewpoint of material preparation. ii) 

The transparent carbon layer could enhance its electrical conductivity, providing faster electron 

transfer and mass transport between nanoparticles and the carbon matrix, improving UOR 

electrocatalytic performance, reducing NiO nanoparticles contact with electrolyte directly, 

therefore enhancing the stability. iii) The synergistic effect in C@NiO nanocomposites could 

regulate the electron density to optimize active sites and promote electrocatalytic UOR 

performance efficiently in terms of theoretical calculations. 
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Conclusion 

In summary, we have reported the nickel oxide nanoparticles supported on the carbonized 

eggshell membrane with interwoven networks as low-cost electrocatalysts (C@NiO) toward urea 

oxidation. The resultant C@NiO electrode exhibited much better electrocatalytic urea oxidation 

performance than that of the commercial 20% Pt/C under the same test conditions. It can achieve 

a current density of 10 mA cm-2 at 1.36 V (vs. RHE) and 25 mA cm-2 at 1.46 V (vs. RHE) and a 

low Tafel slope of 87.2 mV dec-1. Such an excellent urea oxidation performance could be attributed 

to the synergetic effect in the porous carbon and NiO nanoparticles which provides excellent 

electrocatalytic activity and stability in the C@NiO nanocomposites. Moreover, benefiting from 

theoretical calculations, Ni(III) species and the porous carbon further enabled the electrocatalyst 

to effectively inhibit the “CO2 poisoning” of electrocatalysts, guaranteeing its superior UOR 

performance. This study may promote the low-cost UOR electrocatalyst design with porous 

structure and uniform composition and develop biomass-derived applications in urea conversion 

based on the concept of “trash to treasure”. 
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Synopsis 

A strategy of using the biowaste eggshell membrane to produce the urea oxidation electrocatalyst was 

put forward. 


