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Abstract: Urea, a prevalent component found in wastewater, shows great promise as a substrate for
energy-efficient hydrogen production by electrolysis. However, the slow kinetics of the anodic urea
oxidation reaction (UOR) significantly hamper the overall reaction rate. This study presents the design
and controlled fabrication of hierarchically structured nanomaterials as potential catalysts for UOR.
The prepared MnO,@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 hierarchical 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 2, representing a state-of-the-art performance in UORs. 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 (H;) has gar-
nered significant attention as a potential substitute for fossil fuels in future energy sys-
tems [1,2]. The electrochemical water splitting reaction (2H,O — 2H; + O,) 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 water electrolysis is significantly impeded
due to 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, CO(NH;), + 60H~ — N, + 5H,O + CO, + 6e7), with
a favorable thermodynamic potential of only 0.37 V, has therefore attracted considerable
research interest [8]. Urea, which occurs in abundance in human urine and/or industrial
wastewater, serves as an 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 compounds have been extensively exploited as potential catalysts for the
UOR [10-18]. Among them, Ni—Co binary hydroxides stand out as particularly attractive
options due to their abundant availability in nature and remarkable catalytic performance
for UORs [17,19,20]. Despite great promise, there remains a considerable requirement for
further enhancing performance to meet the demands of practical applications, calling for
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the implementation of innovative material design strategies. Catalytic reactions take place
at the catalyst’s surface, which underscores the importance of reducing its size to maximize
the availability of active sites. However, size reduction often results in increased boundaries
that impede electron conduction. To strike a balance, the implementation of hierarchical 3D
nanostructures arises as the superior choice, as they can offer exceptionally large surface
areas while preserving well-connected networks for effective charge carrier conduction.

In this article, we present the design and fabrication of hierarchically structured
MnO,@NiCo-LDH nanosheet arrays supported on nickel foam (NF) and their applications
as an efficient UOR electrocatalyst. Ultrathin MnO, nanosheet arrays were first formed on
NF via hydrothermal growth, which served as a conductive substrate for the electrodeposi-
tion of a (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.
The formation of the hierarchical nanostructure was confirmed by microscopic investiga-
tions, and remarkable enhancement in electrocatalytic performance for UOR was validated
by leveraging the advantages of its unique architecture.

2. Materials and Methods
2.1. Preparation of MnO,@NiCo-LDH Nanosheet Arrays

Commercial nickel foam (NF, 1 mm in thickness) 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 for 15 min to remove the naturally formed oxide layer
at the surface.

The cleaned NF pieces were utilized as substrates for the growth of ultrathin MnO,
nanosheet arrays via hydrothermal synthesis by adopting our previously reported method [21].
Typically, a piece of cleaned NF was placed in a 50 mL polytetrafluoroethylene (PTFE)-lined
stainless steel reaction vessel that was loaded with 30 mL of 50 mM aqueous solution of
KMnOy, and the reaction was then held at 180 °C for 2.5 h in an electric oven. Electrodepo-
sition was employed to form NiCo-LDH nanosheets over the primary MnO; nanosheet
arrays from aqueous solutions of the metal nitrate salts, with the MnO,-coated nickel
foam as the working electrode, a piece of platinum (Pt) foil as the counter electrode, and a
saturated calomel electrode (SCE) as the reference electrode. The electrolyte was an aque-
ous solution that contained 0.1 M Ni(NO3),-6H,O and 0.1 M Co(NO3),-6H,0. Typically,
the deposition was carried out at a constant current density of —20 mA cm~2, and the
NiCo-LDH loading amount was controlled by tuning the deposition time (50 s, 100 s, 150 s,
200 s).

2.2. Characterizations

Scanning electron microscopy (SEM) was acquired in a secondary electron collection
mode with an accelerating voltage of 5 KeV by using an APREO-S field emission scanning
electron microscope (Thermo Fisher Scientific Inc., Waltham, MA, USA). Transmission
electron microscopy (TEM) investigations were conducted on an accelerating voltage of
200 KeV on the JEM-F200 scanning transmission electron microscope (JEOL Ltd., Akishima,
Tokyo, Japan). A ESCALAB X-ray photoelectron spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA) was used for collecting X-ray photoelectron spectroscopy (XPS)
data and all spectra were calibrated by aligning the C 1s peak at 284.8 eV. X-ray diffraction
(XRD) patterns were obtained using a RIGAKU Miniflex X-ray diffractometer (Applied
Rigaku Technologies, Inc., Akishima, Tokyo, Japan), with Cu-K« radiation, at a scan rate
of 5° per minute. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
analysis was performed on an iCAP 7000 Series spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA) to assess the possible dissolution of the catalyst component after
the prolonged electrochemical stability test. For the analysis, 2 mL of the electrolyte was
taken and then acidified using 4 mL of 1 M HCI. The solution was further filtered through
a 0.22 um nylon filter before being sent for the ICP-AES test.
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2.3. Electrochemical Measurements

All electrochemical measurements were performed by using a Interface 1010E poten-
tiostat (Gamry Instruments, Warminster, PA, USA). The OER tests were carried out in a
standard 1 M KOH (pH = 13.6) solution. For the UOR tests, 0.5 M urea was added to the
alkaline solution. Linear sweep voltammetry (LSV) curves were recorded with a scan rate
of 5mV/s, and iR-correction was applied using the current interrupt (CI) method. Elec-
trochemical impedance spectroscopy (EIS) measurements were conducted in the potential
static mode, using 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). The stability
of the electrocatalyst was tested using chronopotentiometry at a constant current density
of 100 mA cm~2 for a duration of 20 hours. To account for the pH effects, the potentials
were converted to the reversible hydrogen electrode (RHE) scale using the Nernst equation
(E vs. RHE = E vs. ref + 0.059 x pH + 0.114 V). The potential of the Hg/HgO electrode was
also calibrated against a Pt | H; (g) electrode in the 1 M KOH electrolyte using a multime-
ter [21], which showed a potential of 0.916 V (Figure S1), consistent with the calculation
mentioned above.

3. Results and Discussion

Ultrathin MnO, 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
half-metallic electronic properties, easy synthesis, and large accessible surface areas [22,23].
SEM images (Figure 52) confirm the formation of vertically aligned MnO, nanosheets on
the surface of NF, which was consistent 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 an increase in local
pH at the electrode’s surface as a result of the electrochemical reduction in nitrate ions [24].

NO; +7H,O+8e” — NH, +10OH™ 1)

x Ni** +y Co®* +2(x +y) OH™ — Ni,Coy(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 cm~?2
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).

With a hierarchical structure, the MnO,@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 conducting
further analysis using high-resolution transmission electron microscopy (HRTEM), distinct
lattice fringes were observed, with a measured spacing of 0.46 nm (Figure 2b). 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). No-
tably, the selected area electron diffraction (SAED) pattern (Figure 2c) exhibited exclusive
diffraction rings that matched the -MnO, phase (PDF#80-1098), with no indication of
NiCo-LDH signals observed, suggesting the low crystallinity of the hydroxide deposits.
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Moreover, the high-angle annular dark field (HAADF) scanning transmission electron
(STEM) image, combined with the energy-dispersive X-ray spectroscopy (EDS) mapping
images (Figure 2d—g), provided compelling evidence of the homogeneous distribution of
the Mn, Ni, and Co components 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).

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

Mn Kal . Co Kal

Figure 2. (a) TEM, (b) HRTEM, (c) SAED pattern, and (d-g) HAADF STEM images and the corre-
sponding EDS elemental mapping images of MnO,@NiCo-LDH.

The performance of MnO,@NiCo-LDH for urea oxidation reactions (UOR) was as-
sessed in the alkaline solution added with urea (0.5 M). 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 3a,b, respectively. It is evi-
dent that MnO,@NiCo-LDH possesses a significantly improved performance for UORs
compared to the reference catalysts. Notably, by enlarging the low current density range
of the LSV curves (Figure S5), the onset potential of MnO,@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), MnO, /NF (1.311 V), and NF
(1.377 V). Significantly, when subjected to an applied potential of 1.5 V vs. RHE, the current
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density of MnO,@NiCo-LDH impressively reaches 905 mA cm~2. This value surpasses
the current densities of NiCo-LDH/NF (398 mA cm~2) and MnO, /NF (337 mA cm~?)
by more than two-fold. Likewise, to attain current densities of 10 and 100 mA cm 2, the
MnO,@NiCo-LDH necessitates potentials of 1.261 and 1.326 V vs. RHE, respectively. These
values represent a considerable reduction compared to the potentials required by the refer-
ence 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 Tafel slope of only 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 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 (ECSA) of the catalysts were estimated by mea-
suring their double-layer capacitance (Cq;) at the non-faradaic region through CV scanning
at different rates. The definitive Cy; values were calculated as half the slopes of the plots
that depict the difference in current densities (Aj) between the anodic and cathodic scans
against the scanning rate (Figure 3d and Figure S6). The Cy; of MnO,@NiCo-LDH reaches
4.03 mF cm~2, which is almost twice that of MnO, /NF (2.16 mF cm~2) and 2.8 times that
of NiCo-LDH (1.44 mF cm~2). This significant increase in Cq; of MnO,@NiCo-LDH reflects
a much greater accessible surface area for the electrocatalytic reaction. EIS was utilized
to further explore the charge transport 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 (R¢t). MnO,@NiCo-LDH has the smallest
semicircle diameter, indicating a lowered R at the catalyst/electrolyte interface. In earlier
investigations, Botte et al. [25,26] suggested an indirect “electrochemical-chemical” (E-C)
mechanism for the UOR process on nickel-based catalysts. Based on this theory, electro-
chemically 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 critical 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 Ni** /Ni**
in MnO,@NiCo-LDH is shifted to a lower value compared to the pure nickel-based sample.
This shift indicates that urea oxidation on MnO,@NiCo-LDH can occur at a lower onset
potential, consistent with the results obtained from the LSV curves of UOR.

XPS was utilized to investigate any potential alteration in the chemical states of the
Ni and Co components during the electrolysis. Figure 4 shows the full XPS survey spectra
and the high-resolution spectra of the Ni 2p, Co 2p, and O 1s of the sample before and
after the UOR test, all of which were calibrated by aligning the C-C binding energy to the
standard value of 284.8 eV in the high-resolution spectra of C 1s (Figure S7). The full survey
spectra (Figure 4a) showed no significant change observed in the composition. In the high
resolution spectra of Ni 2p (Figure 4b), the initial sample exhibited typical features of 2p3,»
and 2p; /, and two satellites at binding energies of 855.4, 873.3 eV, 861.5, and 879.3 eV,
signifying that the Ni had a valence state of +2 [27]. Interestingly, after the UOR test,
the Ni 2p spectra exhibited no noticeable position shift, indicating little change of the Ni
valence. In the spectra of Co 2p (Figure 4c) of the original sample, the photoemission peak
of the 2p3/, components was located at 780.8 eV with noticeable satellite peaks emerging
at around 785.5 eV, which has been typically observed in Co(OH); [28]; however, after the
UOR test, the 2p3/, peak shifted to a lower binding energy of 780.3 eV, and meanwhile,
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the satellite peaks were depleted, indicating the formation of Co®* species by the UOR
test [29,30]. The O 1s spectrum (Figure 4d) of MnO,@NiCo-LDH demonstrated a dominate
peak at 510.0 eV, which was ascribed to the oxygen in the hydroxide group (OH™) [31].
The peak shifted slightly to the binding energy centered at 530.6 eV after the UOR test,
which was likely associated with the absorbed carbonate anions at the surface due to the
generation of CO, during UOR. During UOR tests at the high potential region, Ni>* and
Co?* ions undergo partial oxidation, forming Ni** and Co* species, respectively. However,
the Ni 2p spectrum of the sample after UOR revealed the absence of Ni**, indicating the
rapid backward reduction of these high-valency species to Ni?*. The results obtained
provide compelling evidence in favor 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**. The regenerated Ni** species
can actively partake in subsequent cycles of the electrocatalysis process.

The catalysts obtained with extended deposition times (100 s, 150 s, 200 s) were
also evaluated for their performances in the urea oxidation reactions (UOR). However,
their performances were found to be subpar compared to the sample deposited for 50 s,
particularly in the high-potential regions (Figure S8). 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.
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Figure 3. (a) LSV curves, (b) performance statistics, (c) Tafel curves, (d) double layer capacitance
calculation, (e) EIS spectra of MnO,@NiCo-LDH and the references of NiCo-LDH/NF, MnO, /NF,
and NF tested in a 1 M KOH solution added with 0.5 M urea. The inset shows the equivalent circuit of
the EIS data. Note: the Ry, Ret, and CPE represent the series resistance, charge transfer resistance, and
constant phase element, respectively. (f) CV curves of MnO,@NiCo-LDH and NF tested in 1 M KOH.
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Figure 4. (a) Full XPS survey spectra, (b—d) high-resolution XPS spectra of Ni 2p, Co 2p and O 1s of
the MnO,@NiCo-LDH before and after UOR tests.

The above analyses strongly support the idea that the strategic integration of MnO,
nanosheets and NiCo-LDH within a hierarchical architecture not only amplifies the expo-
sure and accessibility of active sites from the NiCo-LDH components but also promotes
effective electron and reactant transfer during the electrochemical process, and this remark-
able synergy leads to a state-of-the-art performance for UOR.

To showcase the advantages of UOR as an alternative anodic reaction to OER, a
comparison was made by measuring the LSV curve of MnO,@NiCo-LDH (deposited
for 50 s) in a pure KOH solution (1 M). As illustrated in Figure S9, the LSV curves of
UOR emerge at a much lower potential region, showing a negative shift (AE) of 274 mV,
compared to that of OER (1.60 V vs. RHE) for achieving a current density of 100 mA cm~2,
which corresponds to a 17.1% reduction in energy consumption by replacing the OER with
UOR. It is noteworthy that the shift is much larger than that of NiCoGe oxyhydroxide
(260 mV), the best reported catalyst of UOR [20]. Considering that the best reported OER
catalysts typically require an overpotential of about 250 mV (or a potential of 1.480 V
vs. RHE) to achieve the same current level [32], the energy saved still amounts to 10.4%.
This finding suggests great promise in adopting UOR as a replacement anodic reaction in
energy-saving hydrogen production.

A constant-current chronopotentiometry measurement was carried out to evaluate
the stability of the catalyst. Figure 5 illustrates the potential recorded over a time course of
20 h at a current density of 100 mA cm~2. It is evident that the potential experienced only
a minor change during the time course, demonstrating the excellent catalytic stability of
MnO,@NiCo-LDH for UOR. Additionally, an ICP-AES was performed to analyze the possi-
ble presence of dissolved metal cations resulting from the effect of urea complexation. The
concentrations of dissolved Co, Ni, and Mn cations were found to be 0.180 ppm, 0.045 ppm,
and 0.001 ppm, respectively. These remarkably low values provide further evidence of the
outstanding chemical stability of the electrocatalysts under the operational conditions.
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Figure 5. Chronopotential curve of MnO,@NiCo-LDH at 100 mA cm 2.

4. Conclusions

In summary, this study focused on the development of a precisely engineered hi-
erarchical 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 MnO,
nanosheets and the intrinsic activity 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 cm 2.
Opverall, 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.
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