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Abstract

Urea oxidation reaction (UOR) has been known as a viable method for renal/liver disease diagnostic
detection. Here, we reported a three-dimensional (3D) nickel oxide nanoparticles dressed carbonized
eggshell membrane (3D NiO/c-ESM) as a modified electrode toward urea detection. Several common
physical measurements were employed to confirm its structural and morphological information. NiO/c-
ESM maodified electrode exhibits an outstanding performance for urea determination with a linear range
from 0.05 to 2.5 mM, and limit detection of ~20 uM (3c). This work offered a green approach for
introducing 3D nanostructure through employing biowaste ESMs as templates, providing a typical example
for producing new value-added nanomaterials with urea detection.
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Introduction

Urea (CO(NHy>).) is the main nitrogen-containing substance from the urine of human/animal, which
is also an effective and critical indicator in evaluating various metabolic disorders.(1-3) Urea can
decompose naturally to toxic ammonia and nitrates permeating into groundwater, then cause environmental
problems and even health issues.(4-6) Therefore, the detection of urea concentration and decomposition of
urea-rich sewage is vitally important in the human health and environmental industries.(7-12) The
electrochemical urea oxidation reaction (UOR, CO(NH,) ; + 60H — N, + CO; + 5H,0 + 6¢’) was
developed recent years that making urea electrolysis easier, consuming much less energy (0.37 V)
compared to the electrochemical process of water splitting (1.23 V) in terms of hydrogen production (3,
13), and also utilizing this reaction for electrochemical sensor towards urea.(14-16) Gupta and co-authors
reported several electrochemical sensors toward metal ions(17-20), uric acid(21), dexamethasone(22), and
corticosteroid triamcinolone(23) via voltammetry and amperometry. Electrochemical measurements are
regarded as favorable for quantitative analysis due to their fast response and high sensitivity.(17, 24-32)

Eggshell membrane (ESM), is derived from the eggshells of industrial egg processors are regarded
as biowaste.(33) ESM is mainly comprised proteins which form interwoven fibrous structures and has a
strong adsorption capacity to bind and confine metal ions.(34) Besides, it also can keep stable structure in
aqueous and alcoholic media and undergo pyrolysis.(35) Interestingly, these biowaste ESM as support
could effectively immobilize and disperse nanoparticles that the reason of the unique three dimensional
(3D) porous network and plenty of functional groups such as amines, amides and carboxylic surface
functional groups and the resulting nanocomposites have been reported to display enhanced catalysis and
sensing activity such as CoFe,0,@C(36), NiO-Ni@C(37), FeS@C(38) and Au network(39), etc.(40, 41)
The unique network structure of ESM composed of biomacromolecular fibers provides a novel template
for the functional groups, also with superior porosity and specific surface area, which can offer multiple
transport pathways for both electrons and ions.

In this work, ESM was utilized here as a bio-template for the rational design of the electrode
material, furthermore, nickel ions can be absorbed on its surface to form the precursor (Ni(OH)./ESM).
Consequently, we reported an integrated 3D network composed of NiO nanoparticles anchoring on the
carbonized ESM using a mixed method of hydrothermal and pyrolysis. The NiO nanoparticles anchored
3D carbonized network of the catalyst provides more catalytic active sites and enables easy access of
reactants to the catalyst surfaces. Experimental results confirmed synergetic effect between NiO
nanoparticles and the c-ESM with higher exposed active sites, and faster electron transport, ensuring its
superior performance of urea detection. It is worth mentioning that the biowaste ESM can convert into a
useful support for the as-prepared sensor. This work also shed light on the great potential for further
applications in “trash to treasure”.



Experimental

Chemical and reagents. All reagents were of analytical reagent grade, purchased from Fisher Scientific Co
LLC and Alfa Aesar Chemical Reagent Co, Ltd., and used as received without further purification. Fresh
eggs were bought from the local market.

Preparation of c-ESM. Eggshell membrane was processed first by removing the eggshell, then rinsed with
large amounts of de-ionized water (DIW, 18.4 MQ cm™, Milli-Q) to remove excess yolk and egg white and
dried at room temperature, followed by calcination at 500 °C for 2 h under a heating rate of 10 °C/min in
N, atmosphere. The carbonized ESM (named as c-ESM) was collected after washing with DIW and drying
at room temperature.

Synthesis of 3D NiO/C nanocomposites. Briefly, 3D NiO/C nanocomposites were fabricated through a
simple two-step method, as illustrated in Scheme 1. (i) eggshell with a top hole was rinsed with large
amounts of DIW in order to obtain a clean container, then 0.1 M Ni(NOs), solution was transferred into a
cleaned eggshell, and 20 mL urea solution was added into a beaker. (ii) eggshell with nickel nitrate aqueous
was immersed into urea solution in a beaker and maintained at 70 °C for 6 h. In this process, a large amount
of Ni** ions were absorbed on the microporous network of ESM, and hydroxyl (OH") ions were producing
from urea while heating. (iii) the reaction system was cooled to room temperature naturally, and the
Ni(OH)2/ESM precursor was peeled from eggshell reactor. The stripped precursor was rinsed thoroughly
with DIW. (iv) Ni(OH)2/ESM was calcined at 500 °C for 2 h in the protection of Ny, the final product
(NiO/c-ESM) was then cooled to room temperature with N, protection. The resulting black powder of 3D
NiO/c-ESM nanocomposites was collected for further use. Pure NiO particles were synthesized with the
same procedure except for the absence of ESM as for comparison.

Physical characterization. Structural information of the samples was carried out on X-ray diffraction (XRD,
Rigaku, A= 1.5418 A). The scanning electron microscopy (SEM, Hitachi S-3400N) was used to observe the
surface morphologies of the as-prepared samples. Transmission electron microscopy (TEM, JEOL JEM-
2100F) and high-resolution transmission electron microscope (HRTEM) were operated under an
accelerating voltage of 200 kV. STEM-EDS (Oxford) was used for confirming the elements of the as-
prepared sample.

Electrochemical characterizations. All electrochemical tests were carried out on an electrochemical
workstation (CHI 760E, Austin, Texas) with a typical three-electrode system. A catalyst-modified glassy
carbon electrode (3 mm in diameter), Pt foil, and Ag/AgCl with saturated KCI solution were selected as the
working electrode, counter electrode, and reference electrode, respectively. The details of electrode
preparation and electrochemical setup were set up according to our previously reported. The loading mass
of the as-prepared catalyst (4 pL, 1.33 mg mL™) on the electrode surface is ca. 0.075 mg cm? All
electrochemical tests were also performed with the same setting as previous reported(30). Square wave
voltammetry (SWV) was chosen as primary technique for detection. Here, all tests were performed at 25 °C
and all potentials were converted versus a reversible hydrogen electrode (RHE) based on the Nernst
equation: (Erxe = Eagiagar+ 0.059xpH + 0.21 V, 25°C) unless otherwise specified.
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Scheme 1. lllustration of synthesis procedure of NiO/c-ESM

Results and Discussion

3D NiO/c-ESM nanocomposites were prepared through a simple two-step method, as schematically
demonstrated in Scheme 1. The mechanism for preparation of NiO/c-ESM nanocomposites can be
expressed as follows (Equation.1-4):

CO(NH,), + H,0 — CO, + NH, (1)
NH; + H,0 - NH} + OH™ (2)
Ni** + 20H™ + ESM - Ni(OH),/ESM (3)
Ni(OH)zESM carbonization NiOC_ESM + H20 (4)

X-ray diffraction has been applied to study the structural information of the as-prepared samples.
Fig. 1a reveals that the XRD pattern of NiO/c-ESM nanocomposites. A series of typical diffraction peaks
(26: 37.2°,43.2°, 62.8°) corresponding to (111), (200) and (220) crystal planes, indicating the formation of
pure nickel oxide (JCPDS No0.47-1049). Furthermore, the broad peak at 20 of 24.8° corresponds to an
experimental d spacing of 3.37 A indicating presence of graphite-like carbon (JCPDS No. 41-1487). Fig.
1b presents that the SEM image of NiO/c-ESM nanocomposites with an obvious network-like morphology.
TEM images (Fig. 1lc-d) further confirmed the c-ESM and NiO/c-ESM with the crosslink-like
morphological feature and its pore lateral size of ~200 nm, while the transparent characteristic of the c-
ESM indicates its ultrathin thickness. In the Fig. 1e, NiO nanoparticles (size: ~15 nm in diameter) were
anchored on the surface of c-ESM with high and even dispersion identified by TEM observation, their
morphology appears good dispersion. Fig. 1f presents the nitrogen adsorption/desorption isotherm and pore
size distribution of NiO/c-ESM nanocomposites. The BET specific surface areas of NiO/c-ESM was found



to be 79.6 m2 g*. The isotherms resemble to the type 1V classification. The hysteresis loop starts at the
relative pressure (P/Pg) of about 0.45 and expends almost to 1, indicating that NiO nanoparticles are
mesoporous, which is associated with the c-ESM with the filling of the mesopores. The inset of Fig. 1f also
confirmed NiO nanoparticles is with the average diameter of ~15 nm, keep consistent with TEM
observation.
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Figure 1. (a) XRD pattern and (b) SEM image of NiO/c-ESM, TEM image of (c) c-ESM and (d) NiO/c-
ESM, (e) selected area TEM from (d), (f) BET analysis of NiO/c-ESM, inset: pore size distribution of
NiO/c-ESM corresponding to (f).



To further verify the surface topology of the 3D NiO/c-ESM nanocomposites, the elemental
composition is illustrated by using scanning transmission electron microscopy-energy dispersive X-ray
spectroscopy (STEM-EDX) mapping. Fig. 2 presents EDX results of the 3D NiO/c-ESM nanocomposites,
they prove that the as-prepared nanocomposite is mainly composed of Ni, O and C (here, the existence of
Ca, Cr, and Cu is caused by the Cu mesh), and STEM-EDS mapping in Fig. 2c indicates that these elements
are dispersed uniformly. Based on the above observation (Fig. 1-2), it can be proposed that nickel ions are
adsorbed on the inner surface of ESM during the preparation of NiO/c-ESM nanocomposites, and hydroxyl
ion released from urea reacted with the adsorbed nickel ions, this kind of hybrid precursor kept the network-
like structure synergistically stable that prevents the shrinkage caused by thermal annealing.(37, 42)
Therefore, the surface of NiO/c-ESM nanocomposites become an obvious network-like morphology with
plenty of porous structure.
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Figure 2. (a) EDX spectra, (b) element contents and (¢) STEM-EDX mapping images of NiO/c-ESM.

The electrocatalytic performance of NiO/c-ESM toward urea is evaluated by CV employing a
typical three-electrode testing system. Fig. 3 displays CVs of NiO/c-ESM in 1.0 M KOH solution in the
absence and presence of 0.33 M urea, c-ESM was also tested for comparison. It could be seen that after
addition of 0.33 M urea, there was almost no change for c-ESM in terms of current density. In sharp contrast,
both NiO/c-ESM has obvious increase in oxidation peak current response due to the oxidation of Ni(ll) to
Ni(l1) in the presence of OH™ ions for NiO nanoparticles anchored on the c-ESM.(11) The electrochemical
kinetics of urea oxidation reaction was investigated in 1.0 M KOH solution containing 10 mM urea. (Fig.
4a). The relationship of peak current (I,) and scan rate is investigated and compared (Fig. 4b-c). The peak
current (Ip) plots were linearly proportional to the square root of scan rate with the higher correlation
coefficients (R?) of 0.998, suggesting a diffusion-controlled process (Fig. 4c). Furthermore, the results were



calculated from a straight-line plot of the current against minus square root of time (R? = 0.999), as shown
in Fig. 4d, further verifying that the mechanism of oxidation of urea is a typical diffusion-controlled
process.(43) Furthermore, the double layer capacitance (Ca) has been studied to measure the
electrochemical active surface area (EASA) of NiO/c-ESM and c-ESM modified electrodes (Fig. 4e) by
CV technique in a narrow potential range (0.06-0.16 V, nonfaradaic zone) with a series of scan rates.(41,
44-46) After calculation, the EASA of NiO/c-ESM electrode is ~70.1 cm? higher than NiO electrode (50.3
cm?) and c-ESM electrode (66.8 cm?), suggesting that the effective active sites of NiO/c-ESM for urea
oxidation is higher than that of c-ESM.(47) Electrochemical impedance spectroscopy (EIS) can be used to
analysis the electron transfer process and impedance changes on the surface of the working electrode. Fig.
4f displays Nyquist plots of NiO/c-ESM and c-ESM under a loading potential of 1.45 V. The semicircular
diameter of NiO/c-ESM (R¢, 4.8 Q) is smaller than that of NiO (Re, 8.2 Q) and ¢c-ESM (Ry, 6.4 Q),
revealing that NiO/c-ESM has a better charge transfer during urea oxidation. Combined EASA calculation

and EIS analysis, it demonstrated that NiO/c-ESM could be a potential electrode material for urea
determination.
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Figure 3. Cyclic voltammograms of NiO/c-ESM, NiO and c-ESM electrodes in the presence and
absence of urea in 1.0 M KOH solution.
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Figure 4. (a) Cyclic voltammograms of NiO/c-ESM in the presence of 10 mM urea in 1.0 M KOH at
different scan rate (20-120 mV s™). Comparison of calibration plot of peak current vs. function of scan rate:
(b) calibration plot of peak current vs. scan rate, (c) calibration plot of peak current vs. square root of scan
rate. (d) Amperometric response of NiO/c-ESM in 1.0 M KOH with 2.0 mM of urea at potential of 1.45 V
(vs. RHE), (inset) the plot of | vs. t'2 derived from the amperometric curve. () The double layer capacitance
of NiO/c-ESM, NiO and c-ESM electrode in a narrow potential range in 1.0 M KOH at different scan rates
(10-50 mV s™). (f) Nyquist plots of NiO/c-ESM, NiO and c-ESM electrode in 1.0 M KOH.
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Square wave voltammetry (SWV) measurement was employed to record the response of NiO/c-
ESM electrode with a series of urea concentrations. NiO(l1) nanoparticles were oxidized to NiOOH(III)
during the electrochemical process, then catalyzes the decomposition of urea. The functional Ni(lIl) which
worked as active species, are simultaneously oxidized in the process. Benefiting from efficient electron
transfer and reversible properties of the NiO nanoparticles and the porous c-ESM, the electrons generated
from Ni(H1)/Ni(Il) redox are transferred to the surface of electrode. The NiO/c-ESM electrode presents a
sensitivity of 0.462 uA mM™cm? in the inset of Fig. 5. The results show that the limit of detection (LOD)
is calculated to be ~20 uM from the SWV curves with the linear range from 0.05 to 2.5 mM with a
correlation coefficient of 0.988 (3c). This electrochemical sensor could achieve urea detection within 7 s
(single sample). Table 1 compares the data from the as-proposed sensor and other electrochemical sensors
based on the urea determination, the as-proposed sensor exhibits lower LOD and superior sensitivity. The
electrocatalytic activity and sensitivity toward urea for NiO/c-ESM could be attributed to the 3D network
of c-ESM and NiO nanoparticles configuration of this electrode, exposing more active sites and facilitating
enough transport of reactants and products.

Table 1. Sensing performance of the NiO/c-ESM electrode and recently reported electrochemical sensors
towards urea

Electrode Substrate Linear range  Sensitivity LOD/ References
/mM /UA mM*cm?  uM

Ur-NiO ITO? 0.99-11.50  22.39 N/A (48)

MWCNT® Silica 0.002-1.07 2.3 N/A (49)

NiCo,04/Graphene ITO 0.06-0.30 166 5 9)

Rh/Ur® Platinum 0.1-1.75 1.85 50 (14)

NiO/Ur ITO 0.83-16.65 21.3 830 (50)

MSA-QDs* Optical method  0.01-120 N/A 10 (51)

NiO/c-ESM Glassy carbon ~ 0.05-2.5 0.462 ~20 This work

a: Indium tin oxide; b: Multi-wall carbon nanotube; ¢: Urease; d: Quantum dots.

Selectivity and anti-interfering are another major index in evaluating the performance of
electrochemical sensor. As displays in Fig. 6a, the current responses to different interfering species, such
as Glucose (Glu), Na*ions, K" ions, and uric acid (UA) and the addition of urea was recorded. Those
interfering species have similar electroactive behaviours that are easy to be oxidized, so their influences are
non-negligible. It can be found that stair-like current response towards urea of the as-proposed electrode
when successive added urea, whereas no obvious responses to the other interfering species are also obtained,
suggesting the good selectivity of the electrochemical urea sensor in a diluted urea sample. The stability of
NiO/c-ESM electrode was also examined. The parameters of CV tests could be remained at constant values
upon 200 continuous CV scans over a potential window of 1.3t0 1.7 V in 1.0 M KOH (scan rate: 50 mV s’
. Fig. 6b displays that the current assigned to urea oxidation is 76.4% of the initial value after 200 CV
scans, thus suggesting good stability due to the stable structure between NiO nanoparticles and c-ESM.
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To evaluate the application of the NiO/c-ESM electrode, urea detection in real samples was
examined. 10 pL tap water sample was spiked with 1.0 M KOH to obtain the test water sample, as shown
in Table 2. The obtained recovery values for the determination of urea are between 92.8 and 105.2% for
the test water samples. The relative standard deviation (RSD) value of <5% was obtained for three
measurements of different spiked samples. Given the experimental results, this means the as-prepared
NiO/c-ESM electrode has good selectivity toward urea determination.

Table 2. Determination of urea in alkaline buffer and tap water samples

Samples Urea added Total found RSD% (n = 3) Recoveries %
/mM /mM (n=3)
KOH buffer 0.01 0.0982 1.83 98.2
1.0 1.021 1.92 102.1
2.0 1.994 2.06 99.7
Tap water 0.01 0.0965 3.20 96.5
1.0 0.928 1.76 92.8
2.0 2.103 2.41 105.2
Conclusion

In summary, 3D NiO/c-ESM nanocomposites were experimentally prepared by a simple two-step method
and employed as an electrocatalyst for urea detection. ESM as biowaste was used as precursor in this
synthesis and make full use it. c-ESM with the large surface area provided a possible place for anchoring
of the NiO nanoparticles uniformly. NiO/c-ESM modified electrode exhibits wider linear range (0.05 to 2.5
mM), low detection limit of ~20 uM (signal noise ratio is 3). Besides, the as-prepared electrochemical
sensor presented good selectivity and satisfactory results in real sample application. In this study, 3D NiO/c-
ESM nanocomposite electrode exhibits good performance and robust durability towards urea detection is
attributed to the synergistic effect of more active sites from NiO nanoparticles and the carbonized porous
eggshell membrane.
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