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Urea holds promise as an alternative water-oxidation substrate in electrolytic cells. High-valence nickel-
based spinel, especially after heteroatom doping, excels in urea oxidation reactions (UOR). However,
traditional spinel synthesis methods with prolonged high-temperature reactions lack kinetic precision,
hindering the balance between controlled doping and highly active two-dimensional (2D) porous struc-
tures design. This significantly impedes the identification of electron configuration-dependent active
sites in doped 2D nickel-based spinels. Herein, we present a microwave shock method for the preparation
of 2D porous NiCo2O4 spinel. Utilizing the transient on-off property of microwave pulses for precise
heteroatom doping and 2D porous structural design, non-metal doping (boron, phosphorus, and sulfur)
with distinct extranuclear electron disparities serves as straightforward examples for investigation.
Precise tuning of lattice parameter reveals the impact of covalent bond strength on NiCo2O4 structural
stability. The introduced defect levels induce unpaired d-electrons in transition metals, enhancing the
adsorption of electron-donating amino groups in urea molecules. Simultaneously, Bode plots confirm
the impact mechanism of rapid electron migration caused by reduced band gaps on UOR activity. The pre-
pared phosphorus-doped 2D porous NiCo2O4, with optimal electron configuration control, outperforms
most reported spinels. This controlled modification strategy advances understanding theoretical
structure-activity mechanisms of high-performance 2D spinels in UOR.
� 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY license (http://creati-

vecommons.org/licenses/by/4.0/).
1. Introduction

Electrochemical oxidation reactions involving nitrogen-
containing nucleophiles, such as urea, ammonia, and amine as sub-
strates, play a pivotal role in nitrogen cycle electrocatalysis [1–8].
These reactions are particularly significant for the degradation
and transformation of recalcitrant nitrogen compounds. Substitut-
ing oxygen evolution reactions (OER) with more oxidizing anodic
reactions, with urea oxidation reactions (UOR) being a prominent
example, has emerged as a promising strategy for reducing the the-
oretical overpotential required for water splitting [9–12]. UOR
holds a distinct advantage due to its lower equilibrium potential
of 0.37 V in comparison to the 1.23 V associated with OER, render-
ing it a subject of considerable interest within the scientific com-
munity (Fig. 1a) [13,14]. The reaction process for UOR is as
follows [15].

Anode : COðNH2Þ2 þ 6OH� ! N2 þ 5H2Oþ CO 2 þ 6e� ð1Þ

Cathode : 6H2Oþ 6e� ! 3H2 þ 6OH� ð2Þ

Overall : COðNH2Þ2 þH2O ! N2 þ 3H2 þ CO2 ð3Þ
Notwithstanding UOR possesses a lower theoretical electrode
potential, the complex six-electron transfer mechanism inherent
to this process leads to sluggish reaction kinetics [16]. To address
the limitation of reaction kinetics and efficiency, it becomes imper-
ative to devise electrocatalysts that exhibit both high activity and

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jechem.2023.12.017
http://creativecommons.org/licenses/by/4.0/
mailto:huiyujiang@wtu.edu.cn
mailto:xiaminggui@wtu.edu.cn    
mailto:huanyu.jin@adelaide.edu.au
https://doi.org/10.1016/j.jechem.2023.12.017
http://www.sciencedirect.com/science/journal/20954956
http://www.elsevier.com/locate/jechem


Fig. 1. (a) Advantages of reactions using urea as a nucleophile substrate instead of oxygen evolution reactions. (b) Identification for the active sites of heteroatom-doped
spinel. (c) Diagram of factors affecting the electronic configuration.
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enhanced stability. Among a range of catalysts used for UOR, nickel-
based spinel oxides have emerged as promising candidates [17].
Their applied promise arises from the intricate interplay of spin,
charge, and coordination degrees of freedom in 3d transition metal
[18]. Especially the NiCo2O4, denoted by the chemical formula
AB2O4, consists of an octahedrally coordinated A point and tetrahe-
drally coordinated B point, with the flexibility to accommodate the
same or different transition metals [19–21]. Despite NiCo2O4 spinel
has showcased remarkable catalytic property, its insufficient elec-
trical conductivity significantly impedes further development
[22,23]. To address this constraint, the introduction of appropriate
heteroatoms into the parent material represents a widely employed
and effective strategy [24–28]. For example, the formidable ionic
character inherent in the metal hydroxy fluoride (M–(OH)F) bond
signifies that the substitution of fluorine ions is recognized as a
potent technique for enhancing the catalytic property, surface
polarity, and kinetic characteristics of metal hydroxides [29]. Simi-
larly, the introduction of oxygen in MoS2 can promote the
hybridization between Mo d-orbitals and S p-orbitals, resulting in
a smaller band gap, heightened conductivity, and lower energy bar-
riers compared to the original 2H-MoS2 [30]. Despite extensive
research into the effects of heteroatom doping on conductivity, its
precise influence on the intrinsic mechanisms of urea oxidation
remains inadequately understood. The lack of a comprehensive elu-
cidation, particularly from the perspective of electronic configura-
tions, constitutes a notable gap in the investigation of urea
oxidation mechanisms within heteroatom-doped nickel-based spi-
nel oxides. Consequently, there is a pressing need to devise innova-
tive experimental strategies for the precise incorporation of
heteroatoms and to conduct in-depth structural-activity relation-
ship analyses.

Traditional methods for non-metal element doping typically
require hydrothermal or calcination reactions [31–35]. While these
techniques have demonstrated their ability to successfully intro-
duce heteroatoms, they often suffer from a lack of precise control
over the doping procedure, its extent, and structural characteris-
tics. For example, a notable reduction in the onset potential was
achieved through sulfur atom doping [36]. But the introduction
and extent of heteroatoms were challenging to control due to the
protracted nature of the liquid-phase reaction, which did not per-
mit instantaneous initiation and termination. Similarly, doping
phosphorus atoms can improve the intrinsic catalytic activity,
but it is difficult to avoid the occurrence of side reactions and the
agglomeration of the nanostructures due to the prolonged high-
temperature reaction [37]. So, it becomes apparent that the
complexities inhibiting in-depth investigations into the influence
of heteroatom doping on the urea oxidation mechanism in
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nickel-based catalysts (especially in NiCo2O4) are twofold. (1) Con-
ventional reactions are difficult to initiate and terminate instanta-
neously, making it challenging to control the doping process. (2)
Singular doping rarely exhibits differentiation at high-
performance levels, and it is often arduous to balance fine-tuned
control of heteroatoms with the design of high-activity sites and
nanostructures using traditional methods. Assuming instanta-
neous initiation and termination of the reaction and accurate con-
trol over heteroatom incorporation, a deeper investigation
becomes possible. Taking non-metal atom doping (boron, phos-
phorus, and sulfur) as an example, the influence of different elec-
tronegativities and atomic radii on bonding properties and
strengths can be explored, thereby enhancing the electronic struc-
ture, conductivity, and active sites (Fig. 1b and c). Enhancing cata-
lyst performance hinges on optimizing intermediate adsorption/
desorption behaviors on the catalyst surface, principally through
adjustment to the electronic structure of active sites [38–40]. Vari-
ations in ion radius, electronegativity, ionization potential, and
electron affinity present opportunities for electronic structure
adjustment. Non-metallic heteroatom doping strategies introduce
non-metallic heteroatoms, thereby changing the type or number
of coordinating atoms, which can lead to significant changes in
the oxidation state, electronic structure, and local space configura-
tion of the central metal atom [41]. From the perspective of molec-
ular orbitals in an octahedral ligand field, metal atomic orbitals
possessing t2g symmetry exhibit weak overlap with O 2p orbitals
of the ligand, thereby forming p bonds and p antibonds. On the
other hand, metal atomic orbitals characterized by eg symmetry
engage in strong interactions with oxygen orbitals, culminating
in the formation of r-bonds and r*-antibonds that display mixed
metal-oxygen characteristics. The O 2p orbitals that do not partake
in interactions with d-orbitals give rise to r-O non-bonding orbi-
tals that possess an energy level identical to that of the original
atomic orbitals [42]. Upon the introduction of heteroatom doping,
the antibonding orbitals are likewise populated, which results in
the strengthening of the bonds between the metal and the ligand,
thereby further augmenting the system stability. Therefore, the
development of a method allowing instantaneous initiation and
cessation of heteroatom doping is crucial for systematically reveal-
ing the impact of electronic configuration on the UOR mechanism
in NiCo2O4 spinel.

Recently, microwave technology, owing to its low thermal
inertia, has been increasingly applied to highly controllable
reaction processes. For example, Hu et al. demonstrate a controlled
thermal shock synthesis method based on microwave irradiation,
which finds applicability in the expeditious fabrication of uniform
nanoparticles on graphene [43]. Wan et al. demonstrate the
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exceptional tunability of various microwave modes concerning
electron configurations [44,45]. Leveraging the transient high-
temperature and high-energy attributes of microwave discharge
and microwave shock facilitates the prompt initiation and cessa-
tion of reactions, achieving precise control over the integration of
foreign atoms within the parent structure [46–49]. These rapid
heating and cooling characteristics effectively circumvent side
reactions stemming from temperature gradients. Moreover, in situ-
ations where the inherent structure demonstrates low activity, the
intricate performance variations arising from diverse heteroatom
doping may not distinctly identify active sites or elucidate reaction
mechanisms. Conversely, variations introduced under the premise
of high initial activity can provide more accurate insights into
specific structural-activity mechanisms. Fortunately, the transient
high temperature and high-energy characteristics of microwaves
can be synergistically employed with other reaction mechanisms,
thereby achieving a harmonious equilibrium between the precise
regulation of electronic configurations and the intricate design of
specialized structures. For instance, the two dimensional (2D) por-
ous architecture not only amplifies the actual exposed active area
but also facilitates ion transport and reactions [50]. Nonetheless,
due to the conventional protracted high-temperature reaction pro-
cess, the simultaneous realization of 2D porous NiCo2O4 structures
alongside meticulously controlled heteroatom doping configura-
tions remains a considerable challenge. Consequently, although
the synthesis of 2D porous NiCo2O4, precisely doped with heteroa-
toms via microwave technology, holds significant promise in
advancing the comprehension of the UORmechanism in doped spi-
nel, several nuanced aspects warrant further examination.

Herein, we present a rapid synthesis of heteroatom-doped 2D
porous NiCo2O4 spinel employing a microwave shock method,
achieving precise control of electron configuration while balancing
the design of the 2D porous structure. The use of microwave pulses
with their transient start-stop characteristics has enabled precise
control of non-metallic doping, represented by boron, phosphorus,
and sulfur, which exhibit significant disparities in extranuclear
electron distribution. Thorough analyses of electron configuration,
band structure alterations, and electrochemical impedance spec-
troscopy (EIS) demonstrate that these catalysts can facilitate the
formation of NiOOH via autooxidation. Subsequently, these cata-
lysts achieve efficient UOR performance following proton removal,
intramolecular nitrogen coupling, hydration, and molecular rear-
rangement. The resulting phosphate-doped 2D porous NiCo2O4

exhibits outstanding attributes, with a mere 1.27 V potential at a
current density of 10 mA cm�2 and impressive cyclic stability of
up to 25 h. This strategy of controlled electron configuration regu-
lation stands to advance the comprehension of the theoretical
structure-activity mechanisms and practical utilization of high-
performance 2D spinel materials in UOR applications.
2. Experimental

2.1. Materials

All chemicals utilized in this study were of analytical grade and
did not undergo further purification. Specifically, nickel nitrate
hexahydrate (Ni(NO3)3�6H2O), cobalt nitrate hexahydrate (Co
(NO3)3�6H2O), ammonium nitrate (NH4NO3), boric acid (HBO3),
sodium sulfide (Na2S�9H2O), sodium hypophosphite (NaH2PO2),
and glucose were sourced from Sinopharm Chemical Reagent Co.
Ltd., China. Additional materials such as carbon nanotubes (desig-
nated as CNT-010-0) were procured from Suzhou Tianfeng Gra-
phene Technology Co., Ltd., China. Quartz reaction units were
purchased from Lianyungang Zhongqi Quartz Products Co., Ltd.,
China. Deionized water was consistently employed throughout
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the experimental procedures to ensure the absence of confounding
variables.

2.2. Synthesis of heteroatom-doped 2D porous NiCo2O4

A series of spinel oxides, specifically NiCo2O4, were synthesized
employing a microwave shock method. Doping variants were real-
ized through the introduction of boric acid, sodium sulfide, and
sodium hypophosphite, resulting in the modified samples denoted
as B-NiCo2O4, S-NiCo2O4, and P-NiCo2O4, respectively. These sam-
ples were subsequently utilized as catalysts in UOR. Initially,
0.297 g of Ni(NO3)2�6H2O and 0.291 g of Co(NO3)2�6H2O were dis-
solved in 10 mL of deionized water. This solution underwent ultra-
sonication to achieve homogeneous mixing. Subsequently, the
proportionally allocated mixture was subjected to a freeze-drying
process for 24 h to remove water content. The freeze-dried com-
posite was then meticulously ground in combination with 0.5 g
of ammonium nitrate and 0.4 g of glucose. The resultant mixture
underwent four cycles of pulsed microwave heating within a reac-
tor to yield the undoped NiCo2O4 sample.

For the doped variants, the synthesis procedure paralleled the
undoped samples up to the freeze-drying stage. During the grind-
ing phase, specific dopants were introduced: 1.8 mg of boric acid
for B-NiCo2O4, 2.34 mg of sodium sulfide for S-NiCo2O4, and
2.64 mg of sodium hypophosphite for P-NiCo2O4. These dopant
quantities were carefully calibrated to maintain a consistent
atomic ratio across all samples. Following the incorporation of
dopants, the mixture was subjected to identical microwave heating
cycles to finalize the synthesis of the doped NiCo2O4 samples.

2.3. Physical characterization

The structural and compositional characteristics of the synthe-
sized samples were exhaustively investigated through a variety of
analytical techniques. X-ray diffraction (XRD) analysis was con-
ducted using an Ultima IV X-ray powder diffractometer equipped
with Cu Ka radiation to elucidate the crystalline structure of the
as-synthesized samples. Morphological features were probed via
field-emission scanning electron microscopy (FESEM, JSM-7800F,
Japan), supplemented with energy-dispersive X-ray spectroscopy
(EDX) for elemental mapping. Transmission electron microscopy
(TEM, EM2100F) was also employed in tandem with EDX to pro-
vide further insights into the sample morphology at higher
resolutions.

Surface compositions and their corresponding chemical states
were assessed through X-ray photoelectron spectroscopy (XPS),
utilizing a Thermo Scientific K-Alpha instrument. In addition, the
specific surface area and pore size distribution of the samples were
determined using the Brunauer-Emmett-Teller (BET) method, exe-
cuted on a Micromeritics ASAP 2460 instrument via nitrogen
physisorption isotherms. To monitor the real-time temperature
of the catalytic reactions, an infrared detector (Raytek M13) was
employed. Employing this comprehensive set of analytical meth-
ods, the aim was to obtain a holistic understanding of both the
structural and compositional attributes of the undoped and doped
NiCo2O4 samples, thereby allowing for a nuanced interpretation of
their catalytic behavior in UOR.

2.4. Electrochemical measurements

A catalytic ink was prepared by dispersing 7 mg of the active
material and 3 mg of conductive carbon black in 1 mL of a mixed
solvent. This solvent comprised 20 lL of 5 wt% Nafion, water,
and isopropanol, where the volume ratio of water to isopropanol
was 7:3. The mixture was subjected to ultrasonic treatment to
ensure a homogeneous dispersion. Subsequently, 5 lL of this cata-
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lyst ink was deposited onto a mirror-polished glassy carbon elec-
trode. Each electrode was precisely controlled to have a mass load-
ing of 1 mg cm�2.

For electrochemical characterization, a rotating disk electrode
setup from PINE Instruments (model AFMSRCE) was utilized. All
electrochemical tests were carried out on a CHI electrochemical
station (model CHI660E) in a three-electrode cell configuration. A
1 M KOH electrolyte and a 0.33 M urea solution were employed.
Platinum wire and mercury/mercuric oxide electrodes served as
the counter and reference electrodes, respectively. Linear sweep
voltammetry (LSV) was conducted at a scan rate of 10 mV s�1, with
potentials ranging from 0 to 1 V (vs. Hg/HgO). EIS was performed in
a frequency domain from 100 kHz to 0.01 Hz and potentials
between open circuit potential (ocp) and 1.60 V vs. reversible
hydrogen electrode (RHE). The conversion from the Hg/HgO to
RHE potential was accomplished using the equation:
EðRHEÞ ¼ EðHg=HgOÞ þ Eh ðHg=HgOÞ þ 0:0592pH

This rigorous electrochemical evaluation aims to shed light on
the electrocatalytic properties of the prepared NiCo2O4 samples,
elucidating both their catalytic activities and surface
characteristics.

2.5. Electrochemically active surface area (ECSA) and mass activity
calculations

The ECSA for each catalyst was quantified using the electro-
chemical double-layer capacitance (Cdl), which is anticipated to
be directly proportional to the ECSA. To acquire the electrochemi-
cal capacitance data, cyclic voltammetry (CV) scans were per-
formed over the potential window of 1.13–1.23 V vs. RHE at
varying scan rates (ranging from 2 to 20 mV s�1). Importantly, no
faradic processes were observed within this potential window, val-
idating the capacitive behavior. The ECSA was then calculated
using the following equation.

ECSA ¼ Cdl=Cs

where Cs is the specific capacitance of the catalyst. The general
specific capacitance of Cs = 40 lF cm�2 was used based on typically
reported values.

The mass activity (A g�1) values of the catalysts were calculated
from the catalyst loading (m) and measured current density (i).

mass activity ¼ i=m
3. Results and discussion

3.1. Material synthesis and characterization

Initially, simulations were conducted on a sealed microwave
reactor model using COMSOL Multiphysics by mapping computa-
tional fluid dynamics grid parameters onto a thermodynamic grid.
Specifically, our model integrates microwave heating within the
framework of electromagnetic thermal conditions, utilizing the
radio frequency (RF) module in COMSOL Multiphysics. The compu-
tations involve frequency-domain transient study steps, which are
essential for calculating electromagnetic wave interactions in the
frequency domain and concurrently addressing heat transfer in
the transient state. The calculations of the electromagnetic fields
are based on Maxwell’s equations, with electric and magnetic field
distributions being derived accordingly. In our simulation setup, a
rectangular waveguide port introduces power at 300 W, operating
in the TE10 mode, which is the dominant mode for rectangular
waveguides. The thermal aspect of the simulation involves specify-
ing a heat transfer coefficient of 5 W m�2 K�1 in the thermal flux
boundary conditions. Key material parameters are input, following
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which the mesh of the model is refined to optimize the resolution
of the results. The simulations are conducted at a frequency of
2.45 GHz, with the step size set to comprehensively capture the
dynamics over the duration of the process (0, 15, and 300 s). The
simulated outcomes are presented in Fig. 2(a), providing insights
into the temperature dynamics within the microwave reactor
under the influence of parameters like frequency and dielectric
constants. This simulation facilitates accurate control over temper-
ature and material dosage during the experiment. Following this,
real-time temperature monitoring during the microwave reaction
was performed using an infrared temperature measurement
device. The temperature readings closely match the simulation
outcomes. As depicted in Fig. 2(b), microwave heating induces a
transient temperature increase to approximately 443 �C. The
experimental setup involves pulsed heating, with each 5-min heat-
ing period followed by a 3-s pause, iterated four times, establishing
a stable and continuous heating platform. In summary, microwave
reactions progress through three distinct phases. Each microwave
pulse swiftly raises the temperature to the desired threshold
within just 10 s, a result of the notable efficiency of materials in
absorbing microwaves. This continuous heating regimen acceler-
ates the rapid decomposition of the precursor compound, while
the transient thermal effect effectively eliminates carbonaceous
layers. The brief 3-s inter-pulse pause aligns with a swift quench-
ing process, promoting the self-assembly of particles immediately
after the cessation of the microwave-induced reaction. It is this
momentary temperature fluctuation that enables the precise incor-
poration of heteroatoms. An inset presents internal images cap-
tured during the reaction. In Fig. 2(c), the dielectric loss factor of
the heating material, microwave power, and exposure time are
detailed, illustrating their combined influence on the rate of tem-
perature increase, peak temperature, and the transient tempera-
ture rising process during microwave heating. Accounting for
these factors, along with simulation results, the experiment was
devised, leading to the synthesis of 2D porous NiCo2O4 nanosheets
using the microwave shock method. After uniformly mixing the
nitrate precursor with ammonium nitrate glucose, the mixture is
placed into a quartz crucible containing carbon nanotubes. Under
pulsed microwave radiation, the Maillard reaction facilitates the
rapid redox reaction between the molten glucose and ammonium
nitrate, generating a large volume of gas [51]. The polymer matrix
undergoes swift expansion internally, and optimal conditions are
created for dopant incorporation combined with the characteristic
instantaneous temperature rise in the microwave reaction. Real-
time temperature variations within the microwave reaction setup
are precisely measured using an infrared thermometer. Through
four cycles of microwave pulsing, the 2D NiCo2O4 materials doped
with boron (B), phosphorus (P), and sulfur (S) are successfully syn-
thesized. Examining the magnified inset reveals the flexibility of
the synthesized 2D material. The detailed SEM images of pure
NiCo2O4 and the doped samples are exhibited in Fig. S1. Optical
images in Fig. S2 illustrate that the 2D nanosheets, distinguished
by their porous structure, undergo considerably volumetric expan-
sion compared to the precursor material. Detailed experimental
procedures are outlined in the corresponding experimental
section.

Investigating the 2D morphology of the prepared materials
involved TEM characterization. As depicted in Fig. 2(d), the TEM
results illustrate that the synthesized material comprises an
aggregation of numerous nanoparticles with pronounced pores
between them, forming a visible porous structure. Additionally,
the existence of flake-like structures is apparent. This porous
architecture is widely recognized for exposing more active sites,
contributing to enhancing electrocatalytic activity. The inset
illustrates the pore size distribution of NiCo2O4. The lattice spacing
of the (3 1 1) crystal plane of nickel NiCo2O4 is 0.242 nm (Fig. S3).



Fig. 2. (a) Modelling of temperature and electric field distribution in a microwave reactor using COMSOL virtual simulation software. (b) Real-time temperature change of
samples heated by microwave pulse. Insert: Physical photographs of the experimental equipment during the reaction. (c) Effect of different parameters on microwave
reaction temperature and illustration of the synthetic process for 2D porous NiCo2O4 by microwave shock strategy. Insert: SEM images of NiCo2O4. (d) High-resolution TEM
images of 2D porous NiCo2O4. Insert: Pore size diameter distribution statistics of NiCo2O4. (e) SAED pattern for NiCo2O4. (f) EDX elemental mapping scanning from TEM of
NiCo2O4 and dopped-NiCo2O4.
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BET measurements in Fig. S4 indicate nearly identical specific sur-
face areas for all materials. It rules out variations in catalytic activ-
ity due to differences in the exposure of active sites, creating
favorable conditions for subsequent studies on intrinsic activity
through doping. The selected area electron diffraction (SAED) pat-
tern for NiCo2O4, as illustrated in Fig. 2(e), confirms accurate lattice
planes. Bright spot patterns in the SAED image show that NiCo2O4

has a high degree of crystallinity, represented by the (1 1 1),
(2 2 0), (3 1 1), and (4 0 0) planes [52]. EDX analysis verifies the uni-
form distribution of elements in the doped NiCo2O4, including Ni,
Co, O, B, S, and P, as shown in Fig. 2(f), corroborating the successful
doping.

Non-metallic doping typically influences the lattice constant
and bond length of the crystal structure. To examine the alterations
in NiCo2O4 after precise doping with non-metallic elements using
the microwave hot impulse method, the structural properties of
NiCo2O4 were analyzed through XRD. The XRD patterns of both
the synthesized NiCo2O4 and the atomically doped variants are
illustrated in Fig. S5, aligning with the standard XRD patterns for
NiCo2O4 (JCPDS 73-1702). The prepared NiCo2O4 exhibited peaks
at 18.9�, 31.1�, 36.7�, 38.4�, 44.6�, 55.4�, 59.1�, and 64.9�, which cor-
respond to the (1 1 1), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1),
and (4 4 0) planes of NiCo2O4, respectively [53]. The XRD peaks for
the doped NiCo2O4 showed no shift, indicating that the crystal
phase remained unchanged and maintained a cubic structure.
Through meticulous refinement of the original XRD data (GSAS
software) as depicted in Fig. 3(a), the lattice parameters of the syn-
thesized samples were calculated, revealing variations associated
with atomic doping. The lattice dimensions of B-NiCo2O4, S-
NiCo2O4, and P-NiCo2O4 were enlarged in comparison to the pris-
tine NiCo2O4. As illustrated in Table S1, the lattice parameter
(a = b = c) was increased from 8.091 to 8.108, 8.116, and 8.126 Å
for B-NiCo2O4, S-NiCo2O4, and P-NiCo2O4, respectively. This indi-
cates that various types of dopant atoms can be successfully incor-
porated into the spinel lattice of NiCo2O4. As illustrated in Fig. S6,
alteration in bond lengths between metal and non-metal atoms is
clearly observed with doping. Although this induces some degree
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of lattice distortion, it does not alter the cubic phase of the NiCo2-
O4 crystal structure. In the lattice, oxygen atoms form covalent
bonds with nickel and cobalt atoms. The electronegativity of phos-
phorus is lower than that of oxygen, resulting in a smaller elec-
tronegativity gap between non-metal and metal atoms compared
to that between oxygen atoms. Generally, the narrower the gap,
the stronger the covalent bond. Therefore, phosphorus doping
enhances the strength of the covalent bonds within NiCo2O4,
thereby improving its stability. The difference in radii between
oxygen and phosphorus atoms should also not be overlooked;
the radius of a phosphorus atom (0.123 nm) is greater than that
of an oxygen atom (0.074 nm) [54]. Consequently, the bond length
of P–Ni is compressed, attributed to the larger atomic radius of
phosphorus, inducing alterations in lattice parameters.

Doping did not induce apparent alterations in the crystal struc-
ture. Further insights into the chemical bonding configuration and
elemental composition of the material were sought. High-
resolution XPS was utilized to examine the chemical states on
the surface of NiCo2O4. The full XPS spectrum in Fig. S7 clearly indi-
cates the successful incorporation of heteroatoms into the parent
material. The Ni 2p spectrum of NiCo2O4 displays two main oxida-
tion states of Ni2+ at 853.9 and 871.1 eV and Ni3+ at 855.8 and
873.2 eV, The Co 2p XPS spectrum of NiCo2O4 shows peaks at
779.6 and 794.8 eV corresponding to Co 2p3/2 and Co 2p1/2, sug-
gesting the presence of Co2+ oxidation states. The deconvoluted O
1s XPS spectrum of NiCo2O4 features three peaks: lattice oxygen
species (O1) at 529.4 eV, oxygen combined with hydroxyl groups
(O2) at 531 eV, and a sub-surface or weakly adsorbed oxygen
(O3) at 532 eV, as shown in Fig. S8 [55]. XPS spectra for other ele-
ments are shown in Figs. S9–S11. It is also apparent that the ele-
ments phosphorus, boron, and sulfur have been successfully
doped. The concentration of these heteroatom dopants was
observed to be similar, affirming the attainability of precise doping
through this pulsed method.

In alkaline media, surface Ni2+ ions can adsorb hydroxide ions to
form Ni(OH)2, which can then be oxidized to NiOOH at higher
potential [56,57]. NiOOH is commonly considered as the active site



Fig. 3. (a) Difference patterns for the Rietveld refinement from the XRD of NiCo2O4, B-NiCo2O4, S-NiCo2O4, and P-NiCo2O4. (b) Statistics on chemical structure analysis of
surfaces using XPS. (c) Statistical table of the valence content of Ni and Co for each sample.
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for urea oxidation, making the intrinsic Ni3+ content a plausible
indicator of apparent urea oxidation activity [58–60]. If the forma-
tion potential of the active phase is too high, OER may compete
with UOR, thereby decreasing UOR selectivity. Maintaining a high
concentration of Ni3+ thus becomes critical for UOR activity. Based
on these observations, the valence state variations and concentra-
tion relationships of Co and Ni in these materials have been quan-
tified, as depicted in Fig. 3(b). As depicted in Fig. 3(c), P-NiCo2O4

exhibits the highest concentrations of Ni3+ and Co3+ among the var-
ious samples, constituting 77.5% and 42.4%, respectively. These
findings further indicate that doping with phosphorus leads to
enhanced intrinsic catalytic performance. This improvement is
attributed to the increase in the valence state of Ni, driven by the
differences in electronegativity. The incorporation of phosphorus
introduces new electronic states into the conduction band, narrow-
ing the band gap and speeding up electron transfer. In S-NiCo2O4

samples, the concentration of Ni3+ and Co3+ has decreased to
76.2% and 37.9%, respectively. S atoms possess a lower electroneg-
ativity compared to oxygen, and their incorporation into oxygen-
containing catalysts can increase electron density at metal sites.
The larger atomic radius of sulfur also promotes the formation of
weaker covalent bonds, facilitating electron delocalization [61].

In a typical NiCo2O4 spinel structure, O anions are stacked in a
face-centered cubic manner, while the transition metal Ni2+ is dis-
tributed in the octahedral interstices, as well as half of Co3+ is dis-
tributed in the tetrahedral interstices and the other half is
distributed in the octahedral interstice. The eg occupancy of cations
in the octahedral sites is considered to be an activity descriptor for
spinel oxides [62]. Principles laid out by Shao-Horn emphasize that
an optimized eg filling close to 1.2 should be an alternative strategy
for developing transition metal oxides as effective catalysts [63].
An eg electron occupancy close to 1.2 can enhance the hybridiza-
tion between the 3d-eg orbitals of transition metals and the 2p
orbitals of oxygen [64,65]. As shown in Fig. 4(a), these findings fur-
ther indicate that doping with phosphorus leads to the promotion
to the optimal eg filling. Based on this analysis, the electron orbital
distribution of NiCo2O4 after charge redistribution is shown in
Fig. 4(b). The valence electron configuration for Ni2+ is 3d8, with
t2g
6 eg

2 as the ground state. The filled t2g orbitals exert an e�-e� repul-
sion effect on the O2� bridge, indirectly promoting electron dona-
tion from O to Co [66]. In the high-spin state, more unpaired
electrons occupy the dz

2 orbitals, resulting in suboptimal electron
numbers in the eg orbitals. Upon doping, appropriate hybridization
occurs between Ni 3d orbitals and O 2p orbitals, facilitating a tran-
sition of Ni3+ to a low-spin state. This shift enables the attainment
of an optimal occupancy rate for the eg orbitals. In summary, the
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heteroatom doping strategy also optimizes the surface electronic
structure of NiCo2O4. Doping in the spinel structure introduces
new electronic states as defect levels, enhances the material con-
ductivity, and induces unpaired d-electrons in transition metals,
thereby strengthening the adsorption of electron-donating amino
groups in urea molecules. All photoemission spectra are referenced
to the Fermi level (EF) as zero. A shift of binding energies to lower
values indicates a shift of EF toward the valence band, a character-
istic behavior observed in semiconductor with p-type carrier dop-
ing [67].

The investigation into the impact of doping involves studying
the variations in bandgap widths through UV-visible diffuse reflec-
tance spectroscopy, as depicted in Fig. 4(c). Undoped NiCo2O4 has a
bandgap of 1.9 eV, while B-NiCo2O4, S-NiCo2O4, and P-NiCo2O4

have a reduced bandgap to 1.79, 1.71, and 1.56 eV, respectively.
Fig. 4(d) illustrates the variation of bandgap, where the maximum
valence band and minimum conduction band correspond to the
frontier crystal orbitals of metal oxides. Their spatial distribution
determines the behavior of the oxides in adding or removing elec-
trons and in forming dangling bonds either in bulk or on the sur-
face [68,69]. As the bandgap narrows, the Fermi level shifts
towards the conduction band, thereby enhancing the material con-
ductivity. These results indicate better activity of P-NiCo2O4 in the
UOR. In summary, the influence of doping on the electronic struc-
ture has been explored, and it is these precise changes in electronic
configuration that result in variations in electrochemical
performance.

3.2. Electrochemical performance

To validate the electrocatalytic performance of NiCo2O4 for urea
oxidation, thematerials were employed as the coating on thework-
ing electrode, and the electrocatalytic activity was measured in an
electrolyte containing 1 M KOH and 0.33 M urea. The typical polar-
ization curves of the urea oxidation for undopedNiCo2O4 and doped
NiCo2O4 are displayed in Fig. 5(a). Additionally, we conducted LSV
tests in KOH electrolyte without urea addition to observe the
advantages of UOR over OER (Fig. S12). Notably, the anodic peaks
are enhanced with the doping of different heteroatoms, which is
accompanied by an increase in UOR activity. Specifically, only
1.27 V is required to drive a current density of 10 mA cm�2. The
kinetics of the UOR determined by the electron transfer process is
evaluated through Tafel slopes as shown in Fig. 5(b). For NiCo2O4,
B-NiCo2O4, S-NiCo2O4, and P-NiCo2O4, a linear relationship is
observed in the voltage window of 1.0–1.8 V vs. RHE, with Tafel
slopes of 88.3, 73.2, 67.4, and 61.7 mV dec�1, respectively. Due to



Fig. 4. (a) Electron occupation in the eg orbital. (b) Spin states of Ni ion at octahedral sites. (c) Kubelka-Munk spectra of NiCo2O4, B-NiCo2O4, S-NiCo2O4, and P-NiCo2O4. (d)
Schematic representation of the variation of the forbidden band width.

Fig. 5. (a) LSV curves of NiCo2O4 based catalyst supported on a glass carbon electrode in an N2-saturated 1 M KOH and 0.33 M urea solution. (b) Tafel plots extracted from LSV
curves. (c) Mass activity and specific activity of various spinel calculated at 1.3 V. (d) Plots of current density against scan rate. (e) Nyquist plots of as-prepared catalysts. (f)
Summary statistics of electrochemical properties.
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the high octahedral occupancy of Ni atoms in the spinel structure,
the fastest reaction rate is exhibited. An analysis on mass activity
and surface area activity was conducted, the results of which are
displayed in Fig. 5(c). Given the significant relevance of mass activ-
ity and area activity for practical applications, a comparison of these
parameters was conducted among different materials at a potential
of 1.3 V. This analysis offers insights into how doping impacts the
electrocatalytic properties of the materials.

The number of active sites on the catalyst can be characterized
by its ECSA, as depicted in Fig. S13. The double-layer capacitance
(Cdl), measured via CV, is proportional to the ECSA, as shown in
Fig. 5(d). The Cdl for NiCo2O4, B-NiCo2O4, S-NiCo2O4, and P-
NiCo2O4 is 6.36, 7.12, 9.39, and 14.8 mF cm�2, respectively, indicat-
ing that P-doping provides more active sites for urea oxidation and
exhibits enhanced UOR performance. To elucidate the correlation
between the catalytic activity and conductivity differences of the
catalysts, EIS was also performed at 1.4 V vs. RHE, as shown in
Fig. 5(e). In the Nyquist plot, the lowest charge-transfer resistance
(Rct) indicates the fastest charge transfer at the electrode/elec-
trolyte interface during the UOR process. Additionally, utilizing
an equivalent circuit model, the electrochemical response was fit-
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ted, pinpointing optimal parameters for EIS and enhancing the
comprehensive understanding of reaction kinetics and mecha-
nisms. Notably, P-NiCo2O4 exhibited a significantly reduced Rct of
5.1 X, suggesting that the incorporation of P atoms effectively
reduces electrode resistance. These results are in good agreement
with the Tafel plots. As seen in Fig. 5(f), P-NiCo2O4 not only outper-
forms other samples in various metrics but also exhibits a j0 value
of 1.11 mA cm�2, higher than the j0 values for NiCo2O4

(1.04 mA cm�2), B-NiCo2O4 (1.05 mA cm�2), and S-NiCo2O4

(1.06 mA cm�2), which further corroborates the enhanced electro-
catalytic performance of P-NiCo2O4.

Conducting EIS measurements to unveil the complexity of reac-
tion kinetics in controlling UOR, Bode plots were employed to trace
the reaction process and explore its mechanism. In Fig. 6(a), the
NiCo2O4 samples exhibit a distinct phase peak response in the
low-frequency region, becoming noticeable only when the applied
voltage surpasses 1.45 V. In stark contrast, the doped samples
demonstrate a significant phase angle shortly after the voltage
reaches 1.3 V, followed by a rapid decrease. Meanwhile, Fig. 6(b)
reveals that at potential of 1.3 V, there are no substantial changes
in the phase angle. Nevertheless, an elevated voltage induces a



Fig. 6. The corresponding phase angle relaxation as a function of frequency at different potentials. The corresponding Bode plot of (a) NiCo2O4, (b) S-NiCo2O4, (c) B-NiCo2O4,
and (d) P-NiCo2O4.
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prominent phase response. As depicted in Fig. 6(c), a marked
reduction in the phase angle is observed when the potential is
increased from 1.4 to 1.5 V, implying the initiation of the UOR at
this voltage. Moreover, Fig. 6(d) illustrates that a distinct phase
response emerges just above 1.3 V, and further voltage increments
do not lead to additional phase responses. This supports the infer-
Fig. 7. (a) Schematic diagram of the urea oxidation process. (b) The E-t plot of NiCo2O4 at
(d) HRTEM images of NiCo2O4 after durability tests. (e) Lattice spacing of individual samp
P-NiCo2O4 and other transition metal oxide electrocatalysts at 1 M KOH and 0.33 M ure
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ence that UOR transpires at a lower potential. These behaviors,
potentially related to UOR, suggest that enhanced electron transfer
after doping facilitates the onset of UOR. Additionally, the phase
angle behavior in the low-frequency region could be associated
with the formation of NiOOH, which is hypothesized to be the
actual active site for the reaction.
the current density of 10 mA cm�2. (c) The accelerated durability tests of P-NiCo2O4.
les after cyclic testing. (f) Comparisons of potential @10 mA cm�2 and Tafel slope of
a.
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By analyzing the interface behavior, the speculated mechanism
of urea oxidation for doped nickel cobaltite is illustrated in Fig. 7
(a), where four active hydrogen atoms and four protons are alter-
nately abstracted from the two amine groups of urea by NiOOH.
When each amine group loses one active hydrogen atom and one
proton, the two electron-deficient nitrogen atoms form an
intramolecular N@N bond. Upon further loss of two active hydro-
gen atoms and two protons, an intramolecular N@N bond is gener-
ated within the CO(NN) intermediate. The CO(NN) intermediate
rapidly undergoes hydration, forming the C(OH)2(NN) intermedi-
ate. The C(OH)2(NN) intermediate loses two active hydrogen atoms
and two protons, leading to a C(OO)(NN) intermediate that fea-
tures two electron-deficient oxygen atoms and an intramolecular
N@N bond, which ultimately rearranges to form N2 and CO2.

Illustrated in Fig. 7(b), the polarization curves of P-NiCo2O4

exhibited no significant changes before and after 3000 cycles of
CV at a scan rate of 10 mV s�1 in an alkaline solution, confirming
its robust UOR durability. Stability was also evaluated at a current
density of 10 mA cm�2, revealing negligible decay after testing for
25 h, as depicted in Fig. 7(c). As shown in Fig. S14, the SEM images
reveal that the 2D porous structure is still preserved after undergo-
ing extensive stability testing over an extended period. This
implies that the material exhibits excellent stability, a crucial
parameter for long-term electrocatalytic application. As shown in
Fig. 7(d) after 3000 CV cycles, high-resolution TEM (HRTEM)
images show clear striations with a lattice spacing of 2.43 Å, indi-
cating the (3 1 1) plane of NiCo2O4. As shown in the TEM image in
Fig. S15, the material is coated with an amorphous layer of NiOOH,
whereas the XRD pattern reveals the original cubic crystalline
phase of NiCo2O4 (Fig. S16). TEM lattice fringe patterns reveal that
the crystalline phase of the sample remains unchanged after long-
term electrochemical reactions (Fig. 7e). Furthermore, the interpla-
nar spacing of the lattice fringes on a specific crystal face for each
sample remains consistent with pre-doping levels, showing negli-
gible change. The excellent UOR electrocatalytic activity of P-
NiCo2O4 is better than that of many transition metal oxides
(Fig. 7f) [70–82]. The corresponding references are shown in
Table S2.
4. Conclusions

In this work, a rapid microwave shock method is introduced for
the synthesis of 2D porous NiCo2O4 spinel. Utilizing microwave
pulses with transient start-stop characteristics, precise control
over non-metallic dopants (boron, phosphorus, and sulfur) with
distinctive extranuclear electron distribution is achieved. Com-
pared to conventional methods, this research, which balances pre-
cise electronic configuration control with the design of 2D porous
structures, allows for a clear analysis of the mechanisms governing
the impact of electronic configuration and band structure changes
on the intrinsic catalytic activity in UOR. The prepared
phosphorus-doped 2D porous NiCo2O4 exhibited a high perfor-
mance with a potential of only 1.27 V at a current density of
10 mA cm�2 and a remarkable cycling stability of up to 25 h. This
highly tunable microwave strategy for electronic configuration will
significantly advance the understanding of the theoretical
structure-activity mechanisms for high-performance 2D spinel
materials in UOR applications.
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