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Abstract: Urea, a prevalent component found in wastewater, shows great promise as an alternative
substrate to water for energy-efficient hydrogen production by electrolysis. However, the sluggish
kinetics of the anodic urea oxidation reaction (UOR) significantly hampers the overall reaction rate.
To address this challenge, this article presents a comprehensive study focusing on the controlled
fabrication of hierarchically structured nanomaterials as potential catalysts for UOR. The prepared
MnO:2@NiCo-LDH hybrid catalyst demonstrates remarkable improvements in reaction kinetics,
benefiting from synergistic enhancements in charge transfer and efficient mass transport facilitated
by its unique three-dimensional architecture. Notably, the catalyst exhibits an exceptionally low
onset potential of 1.228 V and requires only 1.326 V to achieve an impressive current density of 100
mA cm? representing a state-of-the-art performance in UOR. These findings highlight the
tremendous potential of this innovative material-designing strategy to drive advancements in
electrocatalytic processes.

Keywords: urea oxidization; hierarchical nanostructure; nickel cobalt hydroxide

1. Introduction

As a promising and environmentally-friendly energy carrier, hydrogen (Hz) has garnered
significant attention as a potential substitute for fossil fuels in future energy systems [1,2]. The
electrochemical water splitting reaction (2H20 — 2H: + Oz2) provides an eco-friendly and sustainable
pathway for hydrogen production, enabling the efficient conversion of surplus or low-quality
electricity into chemical energy stored in the form of hydrogen gas [3-6]. Regrettably, the efficiency
of the water-splitting process is significantly impeded by the high theoretical reaction potential of
1.23 V and the sluggish kinetics of the oxygen evolution reaction (OER) occurring at the anode side
[7]. In order to address this limitation, several novel reaction schemes have been proposed as
alternatives to the OER. The urea oxidation reaction (UOR), with a favourable thermodynamic
potential of only 0.37 V, has therefore attracted considerable research interest [8]. Urea, which
naturally occurs in abundance in human urine, serves as an abundant resource for this reaction.
Despite its great promise, the UOR still encounters significant kinetic barriers that hinder its
efficiency [9,10]. Therefore, the development of active catalysts is imperative to overcome these
challenges. Numerous transition metal-based compounds have been extensively investigated as
potential catalysts for the UOR [10-18]. Among the various catalysts investigated for UOR, Ni-Co
binary hydroxides stand out as particularly attractive options due to their abundant availability in
nature and remarkable catalytic performance [17,19,20]. Despite advancements, there is still
considerable scope for enhancing performance to meet the demands of practical applications,
necessitating the implementation of innovative material-design strategies.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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In this article, we present the design and fabrication of hierarchically structured MnO2@NiCo-
LDH nanosheet arrays supported on nickel foam (NF) and their applications as an efficient UOR
electrocatalyst. Ultrathin MnO2 nanosheet arrays were first formed on NF via hydrothermal growth,
which serves as a conductive substrate for the electrodeposition of (Ni,Co)-based layered double
hydroxide (NiCo-LDH) nanosheet. The NiCo-LDH loading density was readily controlled by tuning
the deposition current density and time. Remarkably, the hierarchical MnO.@NiCo-LDH exhibited
dramatically enhanced catalytic performance for UOR, showing an onset potential of only ~1.228 V
and over doubly increased current densities over a wide potential range.

2. Materials and Methods

2.1. Preparation of MnO:@NiCo-LDH Nanosheet Arrays

Commercial nickel foam (NF), with a thickness of 1 mm, was cut into pieces measuring 1 cm x 3
cm for subsequent use. These nickel foam pieces underwent an initial treatment in a 1 M hydrochloric
acid solution to remove the naturally formed oxide layer at the surface.

Ultrathin MnO:z nanosheet arrays were grown on the surface of the cleaned NF via hydrothermal
synthesis by adopting our previously reported method. For the preparation of MnO:@NiCo-LDH,
electrodeposition was carried out in a three-electrode system. The MnO:-coated nickel foam acted as
the working electrode, a piece of platinum (Pt) foil served as the counter electrode, and a saturated
calomel electrode (SCE) was utilized as the reference electrode. An aqueous solution containing 0.1
M Ni(NO3)26H20 and 0.1 M Co(NOs)26H20 served as the electrolyte. By adjusting the
electrodeposition current density, samples with varying NiCo-LDH loading ratios were obtained.

2.2. Characterizations

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
investigations were conducted on the FEI APREO-S field emission scanning electron microscope and
the JEOL JEM-F200 scanning transmission electron microscope, respectively. X-ray photoelectron
spectroscopy (XPS) data were acquired using a Thermo Fisher Scientific ESCALAB X-ray
photoelectron spectrometer, with all the spectra calibrated to align the C 1s peak at 284.8 eV. X-ray
diffraction (XRD) patterns were collected on a RIGAKU Miniflex X-ray diffractometer, with Cu-Ka
radiation, at a scan rate of 5° per minute.

2.3. Electrochemical Measurements

The OER tests were conducted in a standard 1 M KOH (pH = 13.6) solution, with the addition of
0.5 M urea in the alkaline solution for the UOR tests. To record the linear sweep voltammetry (LSV)
curves, a scan rate of 5 mV/s was employed, and iR-correction was applied using the current interrupt
(CI) method. Electrochemical impedance spectroscopy (EIS) measurements were performed in the
potential static mode, with frequencies ranging from 1 to 10° Hz and an oscillation amplitude of 10
mV at an overpotential of 450 mV vs. Hg/HgO (balanced with 1 M KOH). To account for pH effects,
potentials were converted to the reversible hydrogen electrode (RHE) scale using the Nernst equation
(E vs. RHE = E vs. ref + 0.059 * pH + 0.114 V). The potential of the Hg/HgO electrode was also
calibrated against a PtIHz (g) electrode in the 1 M KOH electrolyte by using a multimeter [21],
showing a potential of 0.916 V (Figure S1), which is consistent with the above calculation.

3. Results and Discussion

3.1. Fabrication and Electrocatalytic Performance of MnO2/NF

Ultrathin MnO:z nanosheet arrays supported on NF were utilized as a substrate for the deposition
of NiCo-LDH. These MnO: nanosheet arrays were selected because of their easy synthesis, large
accessible surface areas, as well as half-metallic electronic properties. SEM images (Figure S2)
confirm the formation of vertically aligned MnO:z nanosheets on the surface of NF, which is consistent
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with our previous report [21]. The bare NF and NF-supported MnO: nanosheet arrays were
employed as substrates for the electrodeposition of the NiCo-LDH active layer from solutions
containing nickel and cobalt nitrate salts. As depicted in Equations (1) and (2), the deposition was
triggered through the increase of local pH at the surface of the electrode as a result of the
electrochemical reduction of nitrate ions.

NO3 + 7H,0+8e~ —» NHf + 10 OH" (1)

x Ni** +y Co®* + 2(x + y) OH™ - Ni,Co, (OH), )

The formation of NiCo-LDH over the MnO: was investigated using SEM. As shown in Figure 1,
when the deposition was carried out at the current density of -20 mA c¢cm2 and kept for a short time
of 50 s, a uniform coating of LDH nanosheets was observed on the surfaces of individual MnO:
nanosheets. Importantly, there were still ample free spaces present among the MnO:@NiCo-LDH
hybrid nanosheets. However, as the deposition time increased, a continuous overcoating of LDH
occurred. For example, after deposition for 150 s, nearly all the available spaces between the primary
MnO: nanosheets were occupied with LDH, and concurrently, cracks started to form within the
overall deposition layer. These cracks became more pronounced as the deposition time was further
extended to 200 s. As a control, NiCo-LDH was also deposited on bare NF, and the SEM image reveals
that the LDH nanosheets were organized into close-packed microspheres (Figure S3).

Figure 1. SEM images of MnO:@NiCo-LDH with electrodeposition time of a) 50 s, b) 100 s, c) 150 s,
and d) 200 s.

With a hierarchical structure, the MnO2@NiCo-LDH fabricated with a deposition time of 50 s
was further investigated in TEM. The presence of vertically aligned NiCo-LDH over the MnO: sheets
was clearly demonstrated by the emergence of conspicuous black strips observed atop the bulk
nanosheets in the TEM image (Figure 2a). Upon further analysis using high-resolution transmission
electron microscopy (HRTEM), distinct lattice fringes with a measured spacing of 0.46 nm (Figure 2b)
were observed. These fringes are indicative of the interlayer spacing of the (001) atomic planes of the
hydroxide, as documented in the hydroxide's crystallographic database entry (PDF#73-1520).
Notably, the selected area electron diffraction (SAED) pattern (Figure 2c) exhibited exclusive
diffraction rings that matched the 8-MnO: phase (PDF#80-1098), suggesting the low crystallinity of
the hydroxide deposits. Moreover, the high-angle annular dark-field (HAADF) and energy-
dispersive X-ray spectroscopy (EDS) mapping images (Figure 2d-g) provided compelling evidence
of the homogeneous distribution of the Mn, Ni, and Co elements throughout the sample. The general
atomic contents of these elements were determined to be 16.41 % (Mn), 7.13% (Ni), and 4.81% (Co)
according to the EDS spectrum (Figure S4).
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Figure 2. a) TEM, b) HRTEM, c) SAED pattern, and d-g) HAADF STEM image and the corresponding
EDS elemental mapping images of MnO:@NiCo-LDH.

The performance of MnO2@NiCo-LDH for urea oxidation reaction (UOR) was assessed ina 1 M
KOH solution containing 0.5 M urea. NiCo-LDH/NF, MnO:/NF, and bare NF were used as reference
catalysts. The LSV curves and potential statistics required to achieve specified current densities are
presented in Figure 3ab, respectively. It is evident that the MnO:@NiCo-LDH possesses a
significantly improved performance for UOR compared to the reference catalysts. Notably, by
enlarging the low current density region of the LSV curves (Figure S5), the onset potential of
MnO2@NiCo-LDH was measured as 1.228 V vs. RHE. This value is below both the thermodynamic
redox potential of the OER (1.230 V) and the onset potentials of NiCo-LDH/NF (1.267 V), MnO2/NF
(1.311 V), and bare NF (1.377 V). Significantly, when subjected to an applied potential of 1.5 V vs.
RHE, the current density of MnO2@NiCo-LDH impressively reaches 905 mA cm=2 This value
surpasses the current densities of NiCo-LDH/NF (398 mA cm2) and MnO:/NF (337 mA cm2) by more
than two-fold. Similarly, to achieve current densities of 10 and 100 mA cm?, the MnO:@NiCo-LDH
requires potentials of 1.261 and 1.326 V vs. RHE, respectively. These values represent a considerable
reduction compared to the potentials required by the reference catalysts. Furthermore, they are on
par with the most superior UOR catalysts reported in the literature [20] (Table S1), underscoring the
exceptional electrochemical capability of MnO:@NiCo-LDH. In addition, Tafel plots (Figure 3c) were
generated based on the LSV curves for analyzing the kinetics of the UOR on the different catalysts.
MnO:/NF displayed a Tafel slope of 45.8 mV dec’, indicating a rapid UOR rate. However, its overall
performance was limited due to a high onset potential. On the other hand, NiCo-LDH/NF exhibited
a small Tafel slope of 42.2 mV dec! in the low potential region, but this slope significantly increased
to 111.5 mV dec? at higher applied potentials. This discontinuity is likely attributed to an increase in
mass transport resistance caused by an insufficient exposed surface area at high potentials. In
comparison to the aforementioned catalysts, MnO>@NiCo-LDH demonstrated a relatively larger
Tafel slope of 62.3 mV dec, but this value remained consistent across the displayed potential range.
These findings corroborate our hypothesis that the combination of high conductivity in MnO:
nanosheets and the low onset potential of NiCo-LDH work synergistically to enhance the activity of
the hybrid catalyst. The electrochemical surface areas of the catalysts were estimated by measuring
their double-layer capacitance (Car) at the non-faradaic region through CV scanning at different rates.
The definitive Ca values were calculated as half of the slopes of the plots that depict the difference in
current densities (Aj) between the anodic and cathodic scans against the scanning rate (Figures 3d
and S6). The Cai of MnO2@NiCo-LDH reaches 4.03 mF cm2, which is almost twice that of MnO2/NF
(2.16 mF cm?) and 2.8 times that of NiCo-LDH (1.44 mF cm?). This significant increase in Ca of
MnO:@NiCo-LDH reflects a much greater accessible surface area for the electrocatalytic reaction.
Electrochemical Impedance Spectroscopy (EIS) was employed to further explore the charge transport
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kinetics of the UOR. As shown in Figure 3e, all the samples exhibit typical semicircular curves in their
EIS, where the diameters of the semicircles reflect the charge transfer resistances (Ret). MnO2@NiCo-
LDH has the smallest semicircle diameter, indicating a lowered R at the catalyst/electrolyte interface.
In previous studies, Botte et al [23,24] proposed that the UOR process on nickel-based catalysts
follows an indirect “electrochemical-chemical” (E-C) mechanism. Based on this mechanism,
electrochemically generated Ni* ions act as the active species responsible for the oxidation of
adsorbed urea molecules. Therefore, the potential for the regeneration of Ni?* to Ni* plays a crucial
role in the catalytic process. Figure 3f illustrates the cyclic voltammetry (CV) curves of MnO:@NiCo-
LDH and bare NF, revealing that the redox potential of Niz*/Ni** in MnO2@NiCo-LDH is shifted to a
lower value compared to the pure nickel-based sample. This shift indicates that urea oxidation on
MnO:2@NiCo-LDH can occur at a lower onset potential, consistent with the results obtained from the

LSV curves of UOR.
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Figure 3. a) LSV curves, b) performance statistics, c) Tafel curves, d) double layer capacitance
calculation, e) EIS spectra of MnO2@NiCo-LDH and the references of NiCo-LDH/NF, MnO:/NF, and
NF tested in a solution containing 1 M KOH and 0.5 M urea. f) CV curves of MnO2@NiCo-LDH and
bare NF tested in 1 M KOH.

XPS was employed to probe the possible change in the chemical states of the Ni and Co
components during the electrolysis. Figure 4a shows the high-resolution spectra of Ni 2p before and
after the UOR test. The initial sample exhibit typical features of 2ps2 and 2p12 and two satellites at the
binding energy of 855.5, 873.3 eV, 861.5 and 879.3 eV, which signifies that the Ni has a valence state
of 2+. Notable, after the UOR test, the Ni 2p presents no noticeable change in the valence state. In
contrast, in the spectra of Co 2p (Figure 4b), the 2ps2 component was shifted to a lower binding
energy, and meanwhile, the satellite peaks were depleted, indicating the formation of Co®" species
after UOR [14]. During the UOR tests at the high potential region, both Ni** and Co?* ions undergo
partial oxidation, resulting in the formation of Ni** and Co%" species, respectively. However, the Ni
2p spectrum of the sample after UOR revealed the absence of Ni*, indicating the rapid reduction of
these high-valency species back to Ni*. The results obtained provide compelling evidence in favour
of the indirect electrochemical (E-C) mechanism of UOR, where the electrochemically generated Ni®*
species undergo a simultaneous reaction with urea molecules, leading to their reduction back to Ni%.
Importantly, the regenerated Ni** species can actively partake in subsequent cycles of the
electrocatalysis process.
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Figure 4. High-resolution XPS spectra of (a) Ni 2p and (b) Co 2p of the MnO2@NiCo-LDH before and
after UOR tests.

The samples obtained with longer deposition times (100 s, 150 s, 200 s) were also assessed as
catalysts for the urea oxidation reaction (UOR). However, their performances were found to be
subpar compared to the sample deposited for 50 s, particularly in the high-potential regions (Figure
§7). This outcome is to be expected due to the presence of additional NiCo-LDH over-coatings, which
exhibit poor conductivity and consequently impede the efficient transfer of electrons from the
supporting electrode to the catalytic sites. Furthermore, these over-coatings obstruct the available
space between the nanosheets, thereby impeding the mass-transport processes at the surfaces of the
electrodes. These results also demonstrate that the designed hierarchical structure can facilitate the
electrocatalysis.

Figure 5a shows a comparison of the LSV curves of NiCo-LDH deposited on MnOz/NF with or
without the addition of urea in the electrolyte. It is evident that the LSV curve for UOR (with urea)
emerges at a lower potential region with a shift of up to 300 mV compared to that of OER (without
urea). This finding suggests the great promise of adopting UOR as an alternative anodic reaction in
energy-saving hydrogen production. Constant-current chronopotentiometry measurement was
carried out to evaluate the stability of the catalyst. Figure 5b displays the potential recorded for a time
course of 20 h at the current densities of 10 and 100 mA cm2. As can be seen, the potential experienced
only a slight change at each current density, indicating that the MnO>@NiCo-LDH possesses excellent
catalytic stability for UOR.
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Figure 5. a) LSV curves of MnO:@NiCo-LDH for UOR and OER. b) Chronopotential curve of
MnO:@NiCo-LDH at 10 and 100 mA cm™.

5. Conclusions

In summary, this study focused on the development of a precisely engineered hierarchical
structure of MnO:@NiCo-LDH nanoarrays for effective electrocatalytic urea oxidation. The
synthesized hybrid catalyst showcased improved reaction kinetics, which can be attributed to the
combined advantages of the high electrical conductivity of MnO2 nanosheets and the intrinsic activity
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of the NiCo-LDH deposits. Additionally, the three-dimensional hierarchical architecture provided
ample space for efficient mass transport during the reaction. Remarkably, the resulting catalyst
exhibited an onset potential of only 1.228 V for UOR and required only 1.326 V to achieve a current
density of 100 mA cm2. Overall, the controlled fabrication of hierarchically structured nanoarrays
offers a potential pathway for efficient electrocatalytic urea oxidation and holds great promise for
application in energy conversion and storage systems.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Potential calibration of the SCE and Hg/HgO against a PtIHx(g)
electrode in 1 M KOH; Figure S2: SEM images of MnO: nanosheet arrays grown on nickel foam (NF); Figure S3:
SEM image of CoNi-LDH deposited on NF; Figure S4: EDS spectrum of the mapping area; Figure S5: Enlarged
view of the UOR LSV curves of different catalysts; Figure S6: CV curves of a) MnO2@NiCo-LDH, b) NiCo-
LDH/NF, ¢) MnO2/NF, and d) NF at different potential scan rates at the non-Faradaic region; Figure S7: LSV
curves of UOR by MnO:@NiCo-LDH with different deposition times; Table S1: Performance comparison of
UOR catalysts reported recently.
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