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Urea-assisted water electrolysis offers a promising route to reduce energy consumption for hydro-
gen production and meanwhile treat urea-rich wastewater. Herein, we devised a shear force-involved
polyoxometalate-organic supramolecular self-assembly strategy to fabricate 3D hierarchical porous
nanoribbon assembly Mn-VN cardoons. A bimetallic polyoxovanadate (POV) with the inherent structural
feature of Mn surrounded by [VOg] octahedrons was introduced to trigger precise Mn incorporation in VN
lattice, thereby achieving simultaneous morphology engineering and electronic structure modulation. The
lattice contraction of VN caused by Mn incorporation drives electron redistribution. The unique hierarchi-
cal architecture with modulated electronic structure that provides more exposed active sites, facilitates
mass and charge transfer, and optimizes the associated adsorption behavior. Mn-VN exhibits excellent ac-
tivity with low overpotentials of 86 mV and 1.346V at 10 mA/cm? for hydrogen evolution reaction (HER)
and urea oxidation reaction (UOR), respectively. Accordingly, in the two-electrode urea-assisted water
electrolyzer utilizing Mn-VN as a bifunctional catalyst, hydrogen production can occur at low voltage
(1.456 V@10 mA/cm?), which has the advantages of energy saving and competitive durability over tra-
ditional water electrolysis. This work provides a simple and mild route to construct nanostructures and

modulate electronic structure for designing high-efficiency electrocatalysts.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Faced with severe energy crisis and environmental pollution,
significant efforts have been dedicated to exploring renewable and
eco-friendly energy sources [1]. Hydrogen has emerged as a com-
pelling energy carrier because of its high energy density, envi-
ronmental friendliness, and sustainability [2,3]. Compared with
traditional industrial hydrogen production methods (coal gasifica-
tion and steam methane reforming), electrocatalytic water splitting
technique that can produce “green hydrogen” has garnered signifi-
cant research attention [4,5]. Unfortunately, the energy efficiency
of water electrolysis is limited by the slower kinetics of oxygen
evolution reaction (OER) [6,7]. Recently, more thermodynamic fa-
vorable oxidations of small organic molecules (e.g., methanol, hy-
drazine, and urea) have been investigated as alternatives to re-
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duce energy consumption [8,9]. Among these, urea oxidation re-
action (UOR) with the low theoretical potential of 0.37V is com-
pelling, because UOR-assisted water electrolysis can theoretically
achieve 70% energy saving, while alleviating the dilemma of urea-
rich wastewater pollution [10,11]. Nevertheless, UOR still faces
challenge in higher potential input requirements, mainly due to its
complex and slow six-electron transfer process involving the ad-
sorption/desorption of multi-step intermediates [12,13]. Although
noble metal catalysts (e.g., Pt, Ru, and Au) shows catalytic activity
toward UOR, their high cost and limited reserves are the incentives
to develop cost-efficient and durable electrocatalysts [14].
Transition metal nitrides (TMNs) have become one of the
promising alternatives to noble-metal catalysts in various cataly-
sis fields, because of their Pt-like electronic structure, high con-
ductivity and chemical stability [15]. Especially, vanadium nitride
(VN) with the characteristic of multiple oxidation states, superior
electrical conductivity (1.17 x 106 S/m), and excellent electrochem-
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ical durability has attracted extensive attention in electrochemi-
cal energy storage and conversion [16]. However, unitary VN usu-
ally exhibits inadequate HER/OER activity, on account that large
density unoccupied d-orbital of V (3d34s?) induces strong charge
interactions between VN and reaction intermediates. The absorp-
tion energy of different intermediates can be optimized by ad-
justing the electronic structure [17]. In this regard, the integra-
tion of electron-rich late transition metals into VN has emerged as
an effective way to trigger electronic redistribution based on “3d
orbital electron complementarity effect” [18]. Our previous work
has indicated that V-Co (Ni)-based bimetallic compounds have ex-
cellent HER and OER performances where synergistic effect reg-
ulates the adsorption energy of intermediates [19-21]. Recently,
manganese (Mn) is deemed as an ideal modulator for customiz-
ing electronic structures owing to its variable valence states, abun-
dant reserves and low cost [22]. Especially, Mn3* in t3;5elg elec-
tronic configuration with Jahn-Teller distortion has been proposed
to favor water adsorption, and function as an important active site
for water oxidation [23-26]. For UOR, it was verified that Mn-
doping promoted the adsorption of urea and the desorption of CO,
[27,28]. Motivated by this point, incorporating Mn atom into VN is
predicted to simultaneously achieving high activity towards UOR
and HER, but is relatively unexplored. Beyond electronic struc-
ture modulation, morphology engineering is also a pivotal tool
to improve catalytic activity [29]. Two-dimensional (2D) porous
nanosheets with largely exposed surface atoms can increase the
number of active sites and facilitate mass transfer [30-32]. Espe-
cially, three-dimensional (3D) hierarchical architectures assembled
from nanosheets inherit the structural advantage and related cat-
alytic activity from nanosheets while guaranteeing durability dur-
ing electrocatalysis [33,34]. Accordingly, constructing 3D porous hi-
erarchical structured Mn-doped VN is highly desirable but chal-
lenging, considering that VN tends to aggregate into large particles
during high-temperature treatment [35].

Enlighted by our previous work of constructing 2D Mo-based
nanosheet precursors based on polyoxometalate (POM) assem-
bly [36], a polyoxovanadate (NH4);[MnV,3035]-18H,0 ([MnV;3] for
short) is expected to trigger precise Mn doping in the VN lattice,
enabling morphology engineering and electronic structure regula-
tion of VN. Herein, we devised a shear force-involved molecular
self-assembly of melamine (MA) and [MnV;3] to construct a hi-
erarchical structure precursor (denoted as [MnV;3]-MA) composed
of nanoribbons. After controllable nitridation, a 3D hierarchical
nanoribbon-assembled flower-like Mn-doped VN (aliased as Mn-
VN) was fabricated. The incorporation of Mn into the VN lattice
resulted in lattice contraction, which is expected to tune the elec-
tronic structure of the VN for promoting the relevant adsorption
behavior. Remarkably, Mn-VN catalyst exhibited an enhanced elec-
trocatalytic performance in both HER and UOR, achieving 86 mV
and 1346V at 10mA/cm?, and its durability reached 100h and
60 h, respectively, due to the 3D porous hierarchical assembly ar-
chitecture that Mn-VN nanoparticles were embedded in thin car-
bon layers. Significantly, the assembled urea-assisted hydrogen
production electrolytic cell only needs 1.456V to reach 10mA/cm?,
underscoring its significant potential for energy-efficient hydrogen
production from urea-rich wastewater.

The synthetic procedure of 3D hierarchical nanoribbon-
assembled Mn-VN cardoon is schematically illustrated in Fig. 1a.
Briefly, shear-stress-modulated self-assembly of MA and [MnVq3]
yields a flower-like supramolecular precursor ([MnVi3]-MA) as-
sembled by spines. The [MnV;3]-MA precursor was then converted
to Mn-VN cardoon by nitridation treatment. [MnVy3] polyanion
was employed to assemble with the rigid ligand melamine (MA) by
hydrogen bond and electrostatic interaction due to its high nega-
tive charges up to 7 and more surface active oxygen atoms [37,38].
The [MnV;3] consists of thirteen [VOg] octahedrons surrounding a
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Fig. 1. (a) Schematic illustration of the preparation of Mn-VN cardoon. (b) SEM,
(c, d) TEM, (e) STEM images and the corresponding EDS elemental mappings of
[MnV;3]-MA precursor.

central Mn atom (Fig. S1 in Supporting information), providing an
opportunity to induce Mn doping in VN. X-ray diffraction (XRD)
patterns (Fig. S2 in Supporting information) show the diffraction
peaks of [MnV;3]-MA are different from those of [MnVi3], MA
and the related mechanical mixture (named as Bulk-[MnV;3]-MA),
suggesting the formation of a new supramolecular assembly. In-
terestingly, several weak peaks belonging to melamine cyanurate
(JCPDS No. 05-0127) appear, indicating that melamine hydrolyzed
to generate cyanuric acid, and further reacted with cyanuric acid to
form melamine cyanurate [39]. The characteristic peaks of [MnV3]
were retained in the as-synthesized [MnV;3]-MA assembly (Fig. S3
in Supporting information), while a new adsorption peak of 1727
cm~! attributed to C=0, further proves the presence of melamine
cyanurate [39,40]. Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images clearly show [MnVq3]-
MA precursor has a novel 3D hierarchical spines-assembled flower-
like morphology (Figs. 1b and c). The transparent characteristic di-
rectly evidences the existence of thin layers (Fig. 1d). Energy dis-
persive spectroscopy (EDS) element mappings (Fig. 1e) indicate the
uniform distribution of V, Mn, N, C, and O elements, demonstrat-
ing the formation of a unique flaky flower [MnV;3]-MA precur-
sor. According to the EDS result, the atom ratio of Mn to V is
1.26:10.52, which is quite close to the theoretical ratio of V/Mn in
[MnVq3] (Fig. S4 in Supporting information). The [MnVy3] cluster
maintains structural integrity during the process, guaranteeing the
reliability of atomic proportion control. In sharp contrast, the pre-
cursor (Bulk-[MnV;3]-MA) synthesized by direct grinding presents
an ugly boulder morphology (Fig. S5 in Supporting information).
Also, when [MnV;3] was replaced by simple ammonium metavana-
date (NH4VO3), only irregular morphology precursor (V-MA) was
obtained (Fig. S6 in Supporting information). The above illustrates
the important role of [MnV3] in regulating the assembly process
and the final formation of nanoribbon-assembled flowers. As re-
ported, MA easily hydrolyzes to cyanuric acid in acid solution [39].
In this case, [MnV;3] solution (pH 5.42) provides an acid environ-
ment to promote MA hydrolysis. Then, MA combines with the cor-
responding hydrolyzed product cyanuric acid and [MnV;3], form-
ing spines via hydrogen bonding and m-m stacking interactions,
which are further assembled into flower-like [MnV;3]-MA under
shear stress induction. When there was no shear stress, irregu-
lar thick plates were formed (Fig. S7 in Supporting information).
As the stirring rate increases, the morphology changed obviously,
meaning that shear stress determines the formation of the assem-
bly structure. The role of shear stress has just been demonstrated
in our work to prevent melamine and cyanuric acid from assem-
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Fig. 2. (a) XRD patterns and (b) Raman spectra of VN and Mn-VN. (c) SEM and (d, e) TEM images of Mn-VN cardoon. HRTEM images of (f) Mn-VN and (g) VN. (h) STEM
image and the corresponding EDS elemental mappings of Mn-VN. (i) EDS spectrum and the relative content in atomic percent in Mn-VN. (j) N, adsorption/desorption

isotherms of different samples.

bling into blocky stacked structure by disrupting stacking interac-
tions between layers [39].

3D hierarchical porous Mn-VN cardoon was prepared by pre-
treatment with Ar at 350 °C and annealing with NH3 at 600 °C.
All characteristic peaks of Mn-VN are well indexed to the cubic
phase of VN (JCPDS No. 65-7236) (Fig. 2a), and no other identi-
fiable peaks associated with manganese species were detected, in-
dicating a complete conversion of [MnV;3]-MA precursor to Mn-
doped VN. Notably, the diffraction peaks of Mn-VN exhibit slight
shift towards higher angles compared to pure VN, due to the re-
placement of V atoms by smaller Mn atoms, which indicates that
Mn is successfully incorporated in the VN lattice. Compared with
bulk VN, the wider diffraction peaks of Mn-VN, can be ascribed
to the smaller size of Mn-VN. Raman spectrum (Fig. 2b) shows
that the characteristic peaks of VN in Mn-VN shift towards higher
wavenumber, due to Mn incorporation affects the stretching vibra-
tion of V-N bonds, further confirming Mn incorporation causes lat-
tice contraction of VN [16,41]. The SEM image shows Mn-VN in-
herits the [MnV3]-MA morphology with obvious volume shrink-
age (Fig. 2c). It is worth noting that the surface of Mn-VN cardoon
presents a rough texture, which is favorable for adsorption during
electrocatalysis. TEM images (Figs. 2d and e) show Mn-VN presents
coarse nanoribbons with abundant pores, which are composed of
well-dispersed small particles (the average size of ca. 6 nm). High-
resolution TEM (HRTEM) image of Mn-VN exhibits clear lattice
fringes with interplanar distances of 0.229 and 0.202 nm (Fig. 2f),
smaller than that of (111) and (200) in VN (Fig. 2g), respectively.
It indicates that Mn incorporation causes lattice contraction of VN,
mainly attributed to the smaller radius of Mn (1.79A) compared
with V (1.92 A) [26]. Significantly, a thin carbon layer derived from
melamine was observed, which is conducive to stabilizing the cata-
lyst and improving conductivity to accelerate electron transfer dur-
ing electrocatalysis [42]. STEM image and the corresponding EDX
element mappings manifest the uniform distribution of V, Mn, N,
and C elements in Mn-VN cardoons (Fig. 2h), further illustrating
the successful incorporation of Mn into VN. EDS analysis shows
the atomic ratio of Mn to V is approximately 1:9.61 (Fig. 2i), which
is almost identical to the ICP result (Table S1 in Supporting infor-

mation) and close to the ratio in the [MnV;3] cluster, further em-
bodying the advantage of polyoxovanadates in precisely targeting
metal atomic ratio. In marked contrast to Mn-VN, Bulk-Mn-VN and
VN show bulk irregularity morphology with large size aggregated
particles (Figs. S8 and S9 in Supporting information), which fully
proved that the assembly structure formed by [MnV;3] and MA is
conducive to inhibiting the aggregation of nitrides. Such 3D hier-
archical nanoribbon-assembled cardoons endow Mn-VN with high
specific surface area (44.3 m?/g), significantly higher than Bulk-
Mn-VN (18.5 m2/g) and VN particles (4.3 m2/g) (Fig. 2j). The far
higher value of Mn-VN than that of VN reflects the indispens-
able role of [MnV;3] polyoxovanadate again. This porous hierarchi-
cal assembly structure can increase active surface area and facili-
tate rapid transport of reactants, thereby elevating electrocatalytic
activity. Additionally, appropriate synthetic conditions are critical
for the construction of 3D hierarchical assembly structured Mn-VN
(Figs. S10-S12 in Supporting information).

The elemental compositions and valence states of VN and Mn-
VN were analyzed by X-ray photoelectron spectroscopy (XPS) to
further probe the electronic structure regulation mechanism after
Mn incorporation. Survey spectra demonstrate the coexistence of
V, N, C, and O elements in both VN and Mn-VN (Fig. 3a), where
the O 1s signal originates from the surface oxidation of nitrides ex-
posed to air. While, the difference is that Mn signal appears in the
Mn-VN, further proving the successful doping of Mn. In the Mn
2p spectrum of Mn-VN (Fig. 3b), the deconvoluted peaks centered
at 640.0/651.7, 641.1/653.2, and 642.4/654.9eV are associated with
Mn?+, Mn3+, and Mn** [43]. Mn3+ with t3,4e!g electronic configu-
ration has been identified as the active species for water oxidation
[26]. High-resolution V 2p XPS spectrum of Mn-VN (Fig. 3c) shows
three pairs of peaks at 513.5/520.8, 514.7/522.0, and 516.4/523.8 eV,
corresponding to V3+, V4, and V5+, respectively [20,44]. A posi-
tive shift of 0.3eV is observed in Mn-VN relative to VN, indicat-
ing that the electron density on the V element decreases after Mn
doping, due to that the incorporation of Mn remodels the electron
environment of VN. As shown in Fig. 3d, the N1s spectrum can
be deconvoluted into four peaks centered at binding energies of
396.4, 397.9, 399.3, and 401.1 eV, which are assigned to N-V, pyri-
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Fig. 3. (a) XPS survey spectra, and high-resolution XPS spectra of (b) Mn 2p, (c) V
2p, (d) N1s and (e) C1s for VN and Mn-VN. (f) WF drawings of Pt black, VN and
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dinic N, pyrrolic N, and graphitic N, respectively [45]. The high-
resolution C1s XPS spectrum (Fig. 3e) reveals four peaks at 284.4,
285.0, 286.1, and 288.6eV, belonging to C-C/C=C, C-N, C-0, and
C=0 bonds, respectively [46]. Significantly, the N peaks in Mn-VN
shifts negatively compared to VN, evidencing the increased elec-
tron cloud density around N sites in Mn-VN [44]. The above sug-
gests the incorporation of Mn into the VN lattice and the resulting
lattice contraction manipulates electron redistribution. Specifically,
Mn with multiple valences can regulate the valence state and elec-
tronic structure of V element, enabling electron-rich V to trans-
fer electrons to N. Therefore, Mn doping would increase the elec-
tron loss of the V sites, and cause the electron accumulation on
the N sites. It is also consistent with the electronegativity order of
the elements, i.e., N (3.04) > V (1.63) > Mn (1.55) [25,47]. In this
view, Mn incorporation successfully modified the VN by adjusting
the crystal environment and electronic structure, thereby optimiz-
ing the adsorption behavior of the reactive intermediates, and thus
improving catalytic activity. In fact, in terms of pure VN, the higher
electronegativity of N than V makes the V atoms electron-deficient
(electrophilic). Interestingly, Mn incorporation induces V sites fur-
ther loss more electrons, making it more electrophilic and easier to
bind O-containing intermediates, which favors the OER/UOR pro-
cess. To further determine the effect of electron density on the
catalytic process, the work functions are calculated to be 5.70,
5.62, and 5.65eV for VN, Mn-VN, and Pt black, respectively, based
on scanning Kelvin probe measurement (Fig. 3f). Compared with
pure VN, the lower work function of Mn-VN, which is closer to Pt,
indicates the higher charge carrier concentration near the Fermi
level, responsible for its promoted electron transferability, and the
increased electrical conductivity [30]. Mn-VN possesses exclusive
ability to trap electrons like Pt black, perhaps accounting for the
increased HER catalytic activity.
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As previously mentioned, nanoribbon-assembled hierarchical
porous structure, and Mn-incorporation induced electronic struc-
ture regulation render Mn-VN cardoon a promising robust elec-
trocatalyst, which was further verified by experiments. The elec-
trocatalytic performances of Mn-VN, Bulk-Mn-VN, pure VN, and
Pt/C catalysts toward HER were evaluated in 1mol/L KOH using
a typical three-electrode system. Fig. 4a displays the polarization
curves obtained by linear sweep voltammetry (LSV) test after 95%
iR compensation. Mn-VN cardoon can achieve current densities of
10, 50, and 100mA/cm? with low overpotentials of only 86, 159,
and 191 mV, much lower than those of Bulk-Mn-VN (178, 256, and
293 mV) and VN (226, 305, and 355 mV), respectively. Noticeably,
the activity of Mn-VN is better than that of Pt/C, when current
density exceeds 260 mA/cm?. Fig. 4b visually compares the overpo-
tentials of various electrodes, in which the same potential trend as
above can be observed at higher current densities (Table S2 in Sup-
porting information), indicating the Mn-VN presents a significantly
enhanced HER activity compared to Bulk-Mn-VN and VN. More-
over, the electrocatalytic HER performance of the Mn-VN cardoon
surpasses that of most VN-based materials (Table S3 in Support-
ing information). To elucidate the electrocatalytic kinetic mecha-
nism, Tafel slope was analyzed by fitting the linear segment of
the Tafel plot. As presented in Fig. 4c, the Mn-VN cardoon pos-
sesses a Tafel slope of 58 mV/dec, which is much lower than that
of Bulk-Mn-VN (124 mV/dec) and VN (135mV/dec), indicating its
faster electrode reaction kinetics. The HER kinetic mechanism of
the Mn-VN cardoon follows the Volmer—Heyrovsky mechanism,
where electrochemical desorption is identified as the rate-limiting
step [5]. Compared with VN, the significantly reduced Tafel slope
indicates that the sluggish Volmer step of VN is greatly acceler-
ated after Mn incorporation, highlighting the advantage of Mn in-
corporation. The exchange current density (j,) of Mn-VN cardoon
is determined to be 0.741 mA/cm?2, much higher than that of Bulk-
Mn-VN (0.414mA/cm?) and VN catalysts (0.325mA/cm?), reveal-
ing the higher excellent kinetics characteristics of Mn-VN toward
HER (Fig. S13 in Supporting information). Such remarkable en-
hanced activity of Mn-VN cardoon is closely related to its inher-
ent characteristics. Electrochemical impedance spectroscopy (EIS)
tests (Fig. 4d) reveal that Mn-VN cardoon delivers a low charge
transfer resistance (R¢;) of about 4.5 2, much lower than the ref-
erence samples, Bulk-Mn-VN (~7.5 @) and VN (~12.0 2), suggest-
ing that Mn-VN cardoon possesses faster charge transfer with re-
actants/intermediates during the HER. Interestingly, both Mn-VN
cardoon and Bulk-Mn-VN show lower R¢ compared to VN, imply-
ing that Mn incorporation in VN significantly improves electrical
conductivity by adjusting the electronic structure. The catalytic ac-
tivity strongly depends on the number of the exposed active sites
and the inherent activity [29]. Therefore, the electrochemical active
surface area (ECSA) was further determined by measuring double-
layer capacitance (Cy) (Fig. 4e and Fig. S14 in Supporting informa-
tion), which can evaluate the number of accessible active sites. The
order of Cy values for different catalysts is Mn-VN cardoon (208.3
mF/cm?) > Bulk-Mn-VN (118.7 mF/cm?) > VN (31.4 mF/cm?). As
Cq; value is directly proportional to ECSA, the Mn-VN cardoon has
the largest ECSA (Fig. S15a in Supporting information), which is
approximately 6.6 and 1.8 times that of VN and Bulk-Mn-VN, re-
spectively, suggesting that Mn-VN could expose more active sites
during HER. The above implies that both Mn incorporation and
morphology engineering play important roles in creating/exposing
more active sites, and thus improving HER performance. What is
more, through careful comparison, the incorporation of Mn in the
VN lattice appeared to have even far more impact than morphol-
ogy engineering in increasing active sites. Furthermore, the ECSA-
normalized LSV curves (Fig. S15b in Supporting information) indi-
cate that the Mn-VN cardoon catalyst exhibits a higher jgcsa than
the others at the same potential, suggesting higher intrinsic activ-
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ity of the individual active site in Mn-VN cardoon, which benefits
greatly from morphology tailoring and electronic structure regula-
tion by Mn incorporation [36]. The superiority of Mn incorporated
VN for HER were further confirmed by density functional theory
(DFT) calculations (Fig. S16 in Supporting information). Long-term
stability is another key criterion to evaluate whether the electro-
catalytic performance of catalysts is suitable for practical applica-
tions. As displayed in Fig. 4f, the polarization curve of Mn-VN car-
doon after 3000 CV cycles is nearly identical to the initial one.
The chronoamperometric test shows that a slightly decay in cur-
rent density emerged after 100h operation. Moreover, multi-step
chronoamperometric curves of Mn-VN under various current den-
sity display each step remains nearly no notice change (Fig. 4g),
indicating a predominant mechanical robustness [48]. These re-
sults verify the excellent electrochemical stability of Mn-VN car-
doon for HER catalysis. Moreover, XRD, SEM, TEM images, and XPS
spectra (Figs. S17 and S18 in Supporting information) demonstrate
that the crystal structure, morphology and chemical state of Mn-
VN are well maintained after durability test. The dependence of
HER activity on [MnV;3] amount and calcination temperature were
also investigated (Figs. S19 and S20 in Supporting information). The
above results strongly confirm that the significant influence of hi-
erarchical structured morphology and electron structure regulation
induced by Mn incorporation on the catalytic activity.

The UOR performances of the as-prepared catalysts were eval-
uated in 1mol/L KOH with 0.5mol/L urea via a typical three-
electrode system without iR-correction. Fig. 5a exhibits the LSV
curves of the Mn-VN electrode in 1mol/L KOH with or with-
out 0.5mol/L urea. In sharp contrast to OER, the UOR plot ex-
hibits a rapidly rising anodic current density over applied potential,
and much lower applied potential than that for OER to reach the
same current density. Concretely, the UOR only requires 1.346 and
1.366V to reach the current density of 10 and 50 mA/cm?, respec-
tively, whereas OER needs much higher potential values (1.551 and
1.625V), indicating that UOR catalysis is more favorable than OER.
Moreover, the much lower Tafel slope of UOR (46 mV/dec) com-
pared to OER further supports the faster UOR kinetics (Fig. S21 in
Supporting information). Obviously, the greatly decreased poten-

tials of 205 and 259mV at 10 and 50 mA/cm? confirms the ad-
vantage of UOR over OER, which means that energy can be consid-
erably saved for hydrogen production through UOR. Similarly, the
UOR activities of pure VN, Bulk-Mn-VN and RuO, were also probed
for comparison (Fig. 5b). Mn-VN exhibits higher UOR activity than
Bulk-Mn-VN (1.367 V@10 mA/cm?), VN (1.393 V@10mA/cm?2), and
RuO, (1374 V@10 mA/cm?) (Table S4 in Supporting information).
At an applied voltage of 1.366V, the current density of the Mn-
VN is 17.2 and 5.1 times higher than that of VN and Bulk-Mn-
VN, respectively, suggesting both Mn incorporation and morphol-
ogy engineering play key roles in improving performance, and Mn
incorporation is the dominant factor. Similarly, the Tafel slope of
Mn-VN for the UOR process is calculated as 46 mV/dec, which
is lower than those of pure VN (157 mV/dec) and Bulk-Mn-VN
(91 mV/dec), suggesting the enhanced reaction kinetics of Mn-VN
for UOR (Fig. 5c). The kinetics superiority of this catalyst can be
further investigated via EIS measurement. According to the Nyquist
plot illustrated in Fig. 5d, the Mn-VN catalyst displays apparently
decreased Rt of 1.6 €2, compared to VN (5.1 ) and Bulk-Mn-
VN (3.2 ), signifying a faster electron-transfer capability of the
Mn-VN cardoons. In this case, Mn incorporation induces the im-
provement of electrical conductivity by electronic structure modu-
lation, while morphology engineering promotes charge transfer at
the electrode/electrolyte interface [49]. The Cy value of the Mn-VN
(8.18 mF/cm?2) catalyst is higher than that of VN (2.92 mF/cm?) and
Bulk-Mn-VN (3.85 mF/cm?) (Fig. S22 and Table S4 in Supporting
information). The ECSA values of Mn-VN, Bulk-Mn-VN and VN are
204.5, 96.3, and 73.0 cm?, respectively (Fig. S23a in Supporting in-
formation), which manifests that Mn-incorporation and morphol-
ogy engineering enable Mn-VN to dramatically expose more active
sites. Accordingly, Mn-VN delivers largest current density at the
same potential from the ECSA-normalized LSV curves (Fig. S23b
in Supporting information), implying the highest intrinsic activ-
ity of the Mn-VN cardoons. According to DFT calculations, the ad-
sorption energy of urea for the Mn site and V site of Mn-VN is
—0.639 and -0.301eV, respectively, which is more negative than
that of VN (—0.230eV) (Fig. S24 in Supporting information). It in-
dicates that Mn can serve as the center of catalytic activity. Urea
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Fig. 5. (a) LSV curves of Mn-VN with and without urea. UOR electrochemical tests of different samples in 1 mol/L KOH + 0.5 mol/L urea: (b) LSV curves, (c) Tafel plots, (d)
Nyquist plots, (e) comprehensive performance comparison, (f) I-t chronoamperometric curve of Mn-VN. Insert: LSV curves before and after 2000 cycles. (g) The magnified
photos of electrolyzer. (h) LSV curves of the Mn-VN couple in 1 mol/L KOH with and without urea in a two-electrode system. (i) I-t curves of urea-assisted water electrolysis

and traditional water electrolysis.

molecules can be easily adsorbed and activated on the surface of
the Mn-VN catalyst to further promote the UOR process. The com-
parison of the catalysts in Fig. 5e clearly demonstrates that Mn-
VN has the best electrocatalytic performance for UOR. In addition,
the remarkable UOR activity of Mn-VN in 0.5 mol/L urea also sur-
passes many reported materials (Table S5 in Supporting informa-
tion). Therefore, we can draw a conclusion that constructing Mn-
doped VN hierarchical porous structure not only increases the ac-
tive sites but also improves the intrinsic catalytic activity. Previous
XPS result validates that Mn incorporation plays a leading role in
electron structure modulation, which is expected to optimize urea
adsorption, as certified by theoretical calculations [27]. Stability is
another critical aspect of assessing the catalyst performance. The
long-term I-t curve in Fig. 5f exhibits no significant decrease in
the electrocatalytic UOR activity of Mn-VN over 60h. Simultane-
ously, a slight potential increase was observed in the LSV curves
after 2000 CV. The above illustrates its excellent stability. A series
of characterization examinations of Mn-VN after the UOR process
were carried out to further clarify the origin of the stability, con-
sidering that the reconstructed structure of the transition metal-
based catalyst is usually the true catalytic species [28,50]. No sig-
nificant change in XRD patten is indicative of the well-preserved
crystal structure before and after the UOR process. The hierarchi-
cal porous cardoon morphology of Mn-VN is basically maintained
after UOR, but the initial surface nanoribbons are slightly damaged,
resulting in more rough edges (Fig. S25 in Supporting information).
Such unique structure favors the exposure of more active sites and
provides a larger surface area, thereby accelerating mass transfer
and bubble release, which is conducive to UOR kinetics [12]. The
new lattice fringes of 0.221 and 0.249 nm belonging to (121) and
(021) planes of VOOH appear, demonstrating that VN transforms
into high-valence V-oxides during UOR [51,52]. The corresponding
EDS elemental mapping further confirms an increase in the con-
tent of O element from 0.40% (initial) to 3.35% (after UOR) (Fig. S26

in Supporting information). Moreover, the content of V element in
Mn-VN decreases, suggesting the dissolution of trace V species at
the surface, which is responsible for the collapse of the nanorib-
bons. XPS results (Fig. S27 in Supporting information) reveal V3+
tends to decrease along with a slight increase in V4+ and V°*, and
the Mn2t peak intensity is reduced, which means the surface re-
construction occurs during the UOR. Furthermore, the strong M-
0 and M-OH bonds in the O1s XPS spectrum further verify the
increase of metal valence caused from the conversion of VN into
VOOH. A conclusion can be drawn that the surface of Mn-VN was
corroded and partially oxidized to generate the corresponding ox-
ide/oxy(hydroxide) species, which could further optimize the ox-
idative activity. Thus, the surface oxidation reconstruction and the
produced high-valence V-oxides on the surface of Mn-VN are the
real active sites for UOR.

It is noteworthy to point out that the Mn-VN also exhibits ex-
cellent HER performances after adding 0.5 mol/L urea (Fig. S28 in
Supporting information). In this regard, a urea assisted water elec-
trolyzer for hydrogen production was configured by using Mn-VN
as both the anode and cathode (Fig. 5g). Urea-assisted water elec-
trolysis delivers higher current density than conventional water
electrolysis at the same cell voltage (Fig. 5h). The voltage required
for urea electrolysis is 160 mV lower than that of water electrol-
ysis when operated at 10mA/cm?2, implying that replacing OER
with UOR is a highly effective approach for energy-saving hydro-
gen production. The present Mn-VN(-)||[Mn-VN(+) system is also
highly competitive with the recently reported noble-free catalysts
for urea-assisted overall-water splitting (Table S6 in Supporting
information). The durability test of the urea-assisted water elec-
trolyzer and conventional water electrolyzer were conducted using
chronoamperometry at 10mA/cm? (Fig. 5i). It is worth noting that
the voltage change of urea-assisted water electrolyzer is negligi-
ble in the case of continuous electrolysis over 60 h, which empha-
sizes the distinguished durability of Mn-VN cardoons. Based on the
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abovementioned results, Mn-VN has a good application prospect in
the urea-assisted overall water splitting for sustainable H, produc-
tion, where replacing OER with UOR can effectively reduce energy
consumption.

In summary, we have triggered precise Mn incorporation in the
VN lattice by virtue of polyoxovanadate [MnVy3], in parallel with
constructing a special 3D porous hierarchical assembly architecture
Mn-VN cardoon, achieving synchronous morphology engineering
and electronic structure modulation. Accordingly, the as-obtained
Mn-VN catalyst can catalyze HER and UOR efficiently, in which
Mn incorporation cause the lattice contraction of VN, leading to
electron redistribution, as verified by the XPS and work function
analysis. Impressively, the electrolyzer composed of Mn-VN elec-
trodes for urea-assisted water splitting requires a low cell voltage
of 1456V at 10mA/cm?2, which can be reduced by 160mV com-
pared to the traditional overall water splitting electrolyzer. The
strategy is of great value for designing 3D hierarchical assembly
architecture catalysts with precise metal incorporation, and cor-
roborating the positive contribution of electronic modulation to
improving the electrocatalytic capacity for energy-saving hydrogen
production in urea-rich wastewater.
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