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Hierarchical NiO nanosheets@nanorods have been rationally designed and constructed for efficient urea
electrooxidation in an alkaline solution. The critical synthetic strategy, engaging the one-step anion-
competitive reaction, precisely integrates two nickel-based materials into a heterostructure with Ni(OH),
nanosheets and NiC,04 nanorods. Benefiting from the hierarchically porous structure and high specific
surface area, the NiO NNs can improve the escape efficiency of gas in electrochemical reactions and main-
tain sustainability. Furthermore, this distinctive structure can expose highly dispersed active sites for en-
hancing urea molecules’ adsorption, surface-dependent redox reactions, and electrical conductivities. As
a result, these hierarchical NiO nanosheets@nanorods exhibit superior activity with a low overpotential
of 156 mV at 10mA/cm?, and a slight Tafel slope of 40.7 mV/dec, and high stability with almost no decay
of 12,000s for urea electrooxidation. This work promotes the application of well-designed hierarchical
structure in electrooxidizing urea and provides a possibility for highly efficient electrolysis of alkaline

urea wastewater.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hierarchical nanostructures possess the apparent structural
virtues over their ordinary single counterparts such as accessible
and connected porous constructions, high content of exposed ac-
tive sites, and the exquisite molecular structure is beneficial to the
study of growth mechanism and the extendable design of cata-
lyst [1,2]. Moreover, as the composition and complex hierarchically
nanocomposites are highly related to their electrochemical prop-
erties, rational design of hierarchical nanostructures has attracted
interest. Different from the traditional methods of regulating metal
ions and ligand types, the design of hierarchical nanostructures
has attracted special attention in recent years [3,4]. Concretely, the
nanosheets@nanorods hierarchical architectures possess shortened
electron transport path, large surface area and high stability, which
will speed up transmission between species, improve reactant cap-
ture/adsorption, and promote reaction dynamics [5,6]. Therefore,
construction of nanosheets@nanorods hierarchical catalysts is an
effective strategy to improve the catalytic properties. For exam-
ple, Lou et al. reported that a hierarchical double-shelled struc-
ture could expose abundant active sites, remarkably enhancing gas
adsorption and surface-dependent redox reactions [7]. Hierarchi-
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cal structures with various morphologies also showed outstanding
durability through the continuous formation and release of gaseous
catalytic products [8-11].

Currently, the endless demands for energy have caused a se-
ries of problems about energy depletion and environmental pol-
lution [12-14]. Seriously, urea-rich wastewater may be discharged
into nature through industrial and agricultural production, and sci-
entific development of technology can make urea, a small organic
molecule with hydrogen content up to 6.67 wt%, turn waste into
treasure [15-17]. Besides, hydrogen fuel, regarded as one of most
promising energy resource, has been valued most by its high-effect
and environment friendly [9]. Notably, in many urea-involved en-
ergy devices, including urea electrolysis, photoelectrochemical urea
splitting and direct urea fuel cells, the urea oxidation reaction
(UOR) come to the spotlight recently as promising semi-reaction
[10,16]. Moreover, UOR has been referred to as an attractive alter-
native to oxygen evolution reaction (OER) due to its much lower
theoretical overall voltage (0.37V vs. RHE), faster reaction rates,
and safer hydrogen production [18-20]. However, similar to the
high thermodynamic barriers of OER, UOR is hampered mainly by
the slow 6 electron transfer process [21-23]. To promote the devel-
opment of urea energy conversion, developing efficient UOR elec-
trocatalytic materials is highly impending.
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Recently, Ni-based catalysts possess invincible electrocatalytic
performance for UOR. Among them, nickel oxide (NiO), regarded as
a representative electrocatalyst for urea splitting due to its high ef-
ficiency in converting into the active site of NiOOH, has been well-
studied as promising candidate [24-26]. However, for undesigned
NiO, most of the metal active sites are enclosed firmly inside the
materials and they are hard to release into the alkaline electrolyte,
resulting in the dismal sustainability of UOR catalytic activity [27-
29]. To address the above issue, extensive efforts have been de-
voted to searching for strategies to modify NiO. Besides the hier-
archical well-designed structure construction, techniques including
material surface structure design, electronic properties optimiza-
tion, and metal substitution, have been demonstrated to improve
the intrinsic activity of NiO [8,30-33]. For example, doping metal
or nonmetal elements has been proved as an acceptable way to
boost the catalytic performance of NiO [34-36]. Thus, it is highly
satisfying to integrate this thinking into a design idea to improve
the UOR performance of NiO.

Herein, we have demonstrated a facile hexamethylenete-
tramine (HMT)-hydrolytic coprecipitation-oxidation strategy to fab-
ricate hierarchical structure NiO nanosheets@nanorods (NNs) as
electrocatalysts for UOR (Scheme S1 in Supporting informa-
tion). First, uniform NiC,04-2H,0 nanorods (NRs) are synthesized
through a regulated hydrothermal temperature-assisted method.
Next, NiC;04-2H,0 NRs are partially converted into hierarchi-
cal Ni(OH), nanosheets (NSs) by a controlled hydrothermal heat-
ing process. Subsequent oxidization treatment of the as-obtained
Ni(OH),@NiC,04-2H,0 by thermal annealing in air leads to hier-
archical NiO NNs. Consequently, the porous hierarchical NiO NNs
with nonmetal elements doped can catalyze the urea with excel-
lent activity and high durability. The resultant N-NiO/C-2 NNs elec-
trocatalyst delivers outstanding activity and cycling property in al-
kaline of urea electrolyte for UOR. Specifically, it only needs an
overpotential of 156 mV at 10 mA/cm? and exceptional stability (al-
most no decay after 12,000s at 10 mA/cm?).

The synthetic procedure of Ni(OH),@NiC,04 NNs as precur-
sors is depicted in Fig. 1a. First, HMT, which acts as the shape-
directing agent at low temperature (40 °C), is used to modulate
the growth of NiC,04 NRs. Field-emission scanning electron mi-
croscopy (FESEM) image (Fig. 1b) shows that the obtained NiC,04
NRs are uniform nanorods with distribution and smooth surface.
The sharp peaks in the X-ray diffraction (XRD) pattern in Fig. 1i
indicate the successful synthesis of NiC,04 NRs (PDF#01-0299).
A controlled hydrothermal treatment (90 °C) of the HMT leads
to the formation of OH-, which can react with Ni?*, and form
a competitive reaction with the C,042~. The SEM images in Fig.
1c show that uneven nanosheets are formed on the surface of
nanorods. The XRD pattern (Fig. 1i) shows two prominent peaks
at around 9.7 and 22.6, which is consistent with the characteris-
tic peak of «-Ni(OH),. In comparison to NiC;04, Ni(OH), is suc-
cessfully detected in Ni(OH),@NiC,04 NNs after the competitive
anion reaction [37,38]. According to the SEM and Transmission
electron microscopy (TEM) images (Fig. 1d), the nanorods have
been entirely covered by lamellar aggregates around them, form-
ing the hierarchical structure Ni(OH),@NiC,04-2H,0 NNs after 4h
of hydrothermal reaction, which is similar to that of the sample
reacting 2h. When the reaction time is 4h, the content of «-
Ni(OH), increases obviously, which can be attributed to the con-
tinuous generation of OH~ in the system with the constant hy-
drolysis of HMT, and thus steals a large amount of Ni%* in the
system Ni(OH),. Moreover, it can be observed in Fig. 1c that the
nanosheet and nanorods in the composite demonstrate a tight
binding, indicating that OH~ in the system can also partially trans-
form NiC,04 into Ni(OH),. Fourier transformed infrared spectra in
Fig. S1 (Supporting information) further confirms the formation of
Ni(OH),@NiC,04 NNs after the HMT-hydrolytic coprecipitation re-
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action [37,39]. The above experiments and analysis show that the
precursor nanomaterial Ni(OH),@NiC,0,4 with consistent morphol-
ogy can be prepared by designing suitable synthesis temperature
and time.

To verify the extensibility of the synthesis strategy in the prepa-
ration of composite materials with the hierarchical structure, the
same synthesis process is used to conduct co-precipitation reac-
tion in Co** and Cu2?t aqueous solutions with HMT participa-
tion, respectively. Co(OH),@CoC,04 and Cu(OH),@CuC,04 compos-
ites with the hierarchical structure are successfully prepared. As
shown in Fig. 1e, the morphology of the samples is that many
dispersed flower-like aggregates grow on nano-sheet sums. These
self-assembled flower spheres are distributed on the nanosheets
supports with distinct layers, and constructed hierarchical struc-
ture (Fig. 1f). Further, the XRD pattern of the obtained sample
(Fig. 1j) shows an unobtrusive peak at around 10°, which is con-
sistent with the characteristic peak of Co(OH), (PDF#51-1731). All
obvious diffraction peaks can be indexed to the phase of CoC,04
(PDF#01-0296). The morphologies of the Cu(OH),@CuC,04 com-
posites with hierarchical structure (nanosheets@nanoparticles) are
illustrated in Figs. 1g and h. XRD pattern of the composites (Fig.
1k) can be assigned to the phases of Cu(OH), (PDF#13-0420) and
CuC,04 (PDF#21-0297), indicating the synthetic methods can be
extended to copper- based materials.

Combined with the analysis of thermogravimetric curves (Fig.
S2 in Supporting information), Ni(OH),@NiC,04-2H,0 NNs are an-
nealed at different temperatures in the air, which are converted to
NiO NNs. As shown in Fig. S3a (Supporting information), the sharp
peaks attributed to (111), (200), (220) and (311) crystal facets in
the XRD pattern can be well indexed to the NiO phase (PDF#71-
1179), and the broad diffraction peak around 10° indicates the
amorphous C element doping. X-ray photoelectron spectroscopy
(XPS) analysis is further conducted to study the surface chem-
ical states of NiO NNs. The survey spectrum in Fig. S3b (Sup-
porting information) reveals the presence of Ni, O, C and N ele-
ments in the prepared samples. The XPS analysis of Ni 2p (Fig. S3c
in Supporting information) suggests that there are two spin-orbit
peaks, corresponding to Ni 2p;, at 870.0, 871.7eV and Ni 2ps),
at 852.7, 854.5eV, confirming the superiority of Ni2* [40-42]. The
0O 1s spectrum (Fig. S3d in Supporting information) can be subdi-
vided into two peaks, the peak at 528.3eV corresponding to the
Ni-O bonds, and the peak at 530.1 eV attributed to the surface ad-
sorbed H,0. The peak-fitting analysis of the N 1s spectrum (Fig.
S4 in Supporting information) shows two peaks, mainly at 399.1
and 401.5eV, corresponding to the Ni-N bonds and surface oxi-
dized N-O bonds, respectively. As revealed by the above results,
the main composition of the prepared samples is NiO doped with
non-metallic C and N elements [43-45].

To probe the morphology characteristic of the three sam-
ples obtained at different calcination temperatures (400, 450 and
500 °C), SEM and TEM images (Fig. S5 in Supporting informa-
tion) are conducted. For comparison, Ni(OH),@NiC,04-2H,0 NNs
are also prepared as the reference. Figs. S5a1-a3 show that the
as-prepared Ni(OH),@NiC,04-2H,0 NNs are multistage structural
characteristics of nanosheets grown in situ on nanorods. After a
calcination treatment (400 °C, 2 h), the nanosheets edges of sample
N-NiO/C-1 shrink with the appearance of pores, and uneven holes
are distributed at the edge of the nanosheet in Figs. S5b1-b3. No-
tably, significant shrinkage of the overall size of the sample can
be observed. When the calcination temperature is 450°C, it can
be observed in Fig. S5c1 that the nanorods grown on the surface
of N-NiO/C-2 sample begin to shrink comprehensively (Fig. S5c2)
and eventually appear uniformly distributed holes in the nanorods
(Fig. S5¢3). However, the multistage structure of the sample is con-
sistent with that of the precursor. It is observed in Fig. S5d1 that
the flake shrinkage and fragmentation on the surface of N-NiO/C-3
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Fig. 1. (a) Schematic illustration of synthetic process of Ni(OH),@NiC,04. (b-d) SEM images of NiC,04-2H,0, Ni(OH),@NiC;04-2H,0 (2 h) and Ni(OH),@NiC,04-2H,0 (4h).
(e-h) SEM images of Co(OH),@CoC,04 and Cu(OH),@CuC,04. (i) XRD patterns of NiC;04-2H,0, Ni(OH), @NiC,04-2H,0 (2 h) and Ni(OH),@NiC,04-2H,0 (4h). (j) XRD patterns

of Co(OH),@CoC,04. (k) XRD patterns of Cu(OH),@CuC,0,.

resulted in the exposed nanorods wrapped inside at 450°C As re-
vealed by Fig. S5d2, the collapse and fragmentation of the flake
structure can be observed. Even, the holes on the nanosheets are
of different sizes and are not evenly distributed in Fig. S5d3. As re-
vealed by the above results, the obtained samples can retain the
original hierarchical structure after different temperatures treat-
ment. The micromorphology of obtained samples by calcination
at different temperatures is different, such as uniform pore dis-
tribution and pore size of multistage morphology. Therefore, the
N-NiO/C-2 has a stable regular hierarchical structure, evenly dis-
tributed pores, and a uniform pore size, which can promote the
adsorption of urea molecule and OH~ in the reaction system and
provide an open channel for charge transfer of various gas prod-
ucts.

After the 450 °C annealing treatment in air, Ni(OH),@
NiC;04-2H,0 NNs are converted to N-NiO/C-2 NNs. SEM and TEM
images of N-NiO/C-2 NNs show that the NN morphology is well
maintained, and a hollow interior can be observed from the pro-
cessed NN (Figs. 2a-c). The well-defined NN structure with a
straightforward interface and porous characteristics facilitates the
exposure of more active sites. It benefits the release of gaseous
products in UOR, which can be further observed in Figs. 2c and
d. The N, sorption measurement further indicates that the N-NiO/
C-2 NNs possess a mesoporous structure (2-10nm) with the high-
est specific surface area of about 157.8 m2/g compared to the N-
NiO/C-1 (111.3 m?/g) and N-NiO/C-3 (84.5 m?/g) in Fig. S6 (Sup-
porting information). The high-resolution TEM (HRTEM) images of
the light and dark regions of N-NiO/C-2 NNs show corresponding

Fig. 2. N-NiO/C-2 NNs: (a) SEM, (b) TEM, (c, d) HRTEM and (e-h) SAED images at
different magnifications. (i-o) Images of element distribution.

lattice fringes in Fig. 2d. The clear lattice fringes with an inter-
planar distance of 0.21 nm (Fig. 2e), which can be ascribed to the
(200) plane of the NiO nanorods (Fig. 2f), indicating its polycrys-
talline nature. The interplanar spacings of 0.24nm (Fig. 2g), are
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Fig. 3. Electrochemical studies. N-NiO/C-2 NNs (a) CV curves in 1 mol/L KOH. (b) CV curves at different concentrations urea solutions. (c) The LSV curves of four samples in
1 mol/L KOH +0.33 mol/L urea. (d) Corresponding Tafel plots. (e) The electrochemical impedance spectra of N-NiO/C-2 NNs at different potentials. (f) The i-t curve under a

static overpotential.

readily assigned to the (111) plane of NiO nanosheets. The corre-
sponding SAED image (Fig. 2h) shows diffraction rings, revealing
that NiO nanosheets have polycrystalline properties. The elemental
mapping image shows the uniform distribution of Ni, O, C and N
elements in N-NiO/C-2 NNs (Figs. 2i-o0). The contents of C and N
elements in the above NiO NNs are determined by an elemental
analyzer, as shown in Fig. S7 (Supporting information). It can be
speculated that C and N elements may be absorbed in obtained
samples by the decomposition of HMT and NiC,04. This unique
configuration and diversity of exposed crystal faces endow the N-
NiO/C-2 NNs with affluent active sites for UOR.

To reveal the advantages of the N-NiO/C-2 NNs, the electro-
chemical UOR measurements were carried out in the alkaline so-
lution of urea (1mol/L KOH+0.33 mol/L urea) using a standard
three-electrode system, with Ni(OH),@NiC;04-2H,0 NNs, N-NiO/
C-1 NNs and N-NiO/C-3 NNs as references. Fig. S8 (Supporting in-
formation) reveals the cyclic voltammetry (CV) curves of the three
catalysts and the precursor of Ni(OH),@NiC,04-2H,0 NNs. A broad
redox peak is observed in all samples starting at around 1.35V rel-
ative to the reversible hydrogen electrode (RHE) in 1 mol/L KOH,
which is assigned to the oxidation of Ni(OH), to NiOOH in Fig.
S8a. Moreover, a significantly increased current density at about
1.5V can be assigned to OER, and 10 mA/cm? can be obtained at
157V (vs. RHE). To further understand the UOR potential range,
it can be observed in Fig. S8b that the N-NiO/C-2 NNs catalyst
shows a remarkably higher current density than the other three
samples. In the case of 1 mol/L KOH+0.33 mol/L urea, the reduction
peak is almost not observed in the CV curve, which is attributed
to the large consumption of NiOOH by urea molecules. However,
due to the occurrence of UOR, the oxidation current density of
the sample increased significantly, presenting a noticeable degree
of strength differentiation: N-NiO/C-2 > N-NiO/C-1 > N-NiO/C-3
> Ni(OH),@NiC;04. Therefore, the potential range can be consid-
ered 1-1.57V (vs. RHE), as shown in Fig. 3a, to investigate the UOR
performance. Fig. 3b shows the UOR effect of urea solution with
different concentrations on the N-NiO/C-2 NNs. Concretely, when
urea concentration was 0-0.33 mol/L, the potential shifted to the
right, and the overall oxidation current density increased. With the

increase of urea concentration, the oxidation potential of the re-
action shifts, which can be explained by Nernst equation. Specifi-
cally, when urea concentration increases, the theoretical electrode
potential of electrochemical reaction will increase. When the con-
centration increased to 0.66 mol/L, the current density decreased
owing to the saturation of urea molecules on the electrode sur-
face. At low concentrations of 0.01 and 0.03 mol/L, the peak cur-
rent density decreased at high potential (>1.5V, vs. RHE), which
can be attributed to insufficient urea molecules diffused on the
electrode surface. Therefore, the optimal urea concentration of N-
NiO/C-2 NNs is 0.33 mol/L urea in 1 mol/L KOH alkaline solution.
Fig. S9 (Supporting information) represents the linear sweep
voltammetry (LSV) curves of the four electrodes in 0.33 mol/L
urea, 1 mol/L KOH and 1 mol/L KOH + 0.33 mol/L urea solution, re-
spectively. Almost no response is observed in 0.33 mol/L urea so-
lution. The current signal increases obviously with the change
of potential, which is attributed to the conversion of Ni** to
Ni3* on the electrode surface in 1mol/L KOH. The negative elec-
trode potential changes from 1mol/L KOH solution to 1mol/L
KOH + 0.33 mol/L urea solution are 135, 176, 191 and 174 mV. Ex-
cept for Ni(OH),@NiC;04, the corresponding peak current densi-
ties of the other three samples are 91.2, 167.1 and 47.9 mA/cm?.
It is found that the N-NiO/C-2 NNs show the best UOR perfor-
mance. From the LSV curves shown in Fig. 3c, the N-NiO/C-2
NNs offer better performance toward UOR with the lowest po-
tential at the same current density of 10mA/cm?2. Specifically,
only a tiny overpotential of 156 mV is required for N-NiO/C-2
NNs to 10mA/cm? (Table S1 in Supporting information), clearly
outperforming N-NiO/C-1 NNs (166 mV), N-NiO/C-3 NNs (177 mV),
and Ni(OH),@NiC,04 NNs (206 mV). Moreover, the current den-
sity of N-NiO/C-2 NNs could reach 160.3 mA/cm? at 1.53V, which
is much higher than that of the others at the same potential
(82.5, 47.7 and 24.2mA/cm?2). This indicates high UOR efficiency
for N-NiO/C-2 NNs relative to the others. The Tafel plots of the
four catalysts are further estimated based on the LSV curves. As
shown in Fig. 3d, the N-NiO/C-2 NNs exhibit enhanced UOR ki-
netics with the lowest Tafel slope of 40.7 mV/dec compared with
56.6 mV/dec (N-NiO/C-1 NNs), 63.2mV/dec (for N-NiO/C-3 NNs)
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Fig. 4. (a) The diagram of overall urea electrolysis model. (b) Polarization curves of the two-electrode systems with Pt/C||[N-NiO/C-2 electrode. Characterization after the
cycling test: (c-e) SEM images and TEM image. (f-i) Element mapping. (j, k) XRD patterns and XPS spectra of Ni 2p.

and 162.1 mV/dec (Ni(OH),@NiC,04 NNs) Electrochemically active
surface area (ECSA) of electrode materials in UOR can be calcu-
lated by using the principle of the double-layer capacitance (Cg).
The CVs at scan rates from 5mV/s to 100mV/s are tested in the
voltage range of 1.02-1.12V, while the N-NiO/C-2 NNs reveal the
highest Cdl of 5.22 mF/cm? (Fig. S10 and Table S3 in Supporting
information). The electrochemical impedance of N-NiO/C-2 NNs at
different potentials is further analyzed to evaluate the UOR kinetics
(Fig. 3e). The result indicates that N-NiO/C-2 NNs have promoted
UOR charge transfer ability. Besides the catalytic activity, the elec-
trochemical stability is also evaluated through measurement (Fig.
3f), in which N-NiO/C-2 NNs demonstrate substantial durability.
Hence, the N-NiO/C-2 NNs, which possess a low overpotential, con-
tinuous stability, and fast current density rise, reflects the impor-
tance of porous hierarchical nanostructure and nonmetal elements
doping for enhancing the UOR properties.

To further assess the electrocatalytic properties of the hierar-
chical N-NiO/C-2 NNs in the same alkaline urea electrolyte for
overall urea electrolysis was constructed with a two-electrode cell
(Fig. 4a). The current density of 10mA/cm? is reached at 1.433V
compared to 1.615V in 1mol/L KOH (Fig. 4b). Besides, the two-
electrode cell shows good stability, with about 82.0% of the ini-
tial current density retained after the stability test of 12000 s (Fig.
S11 in Supporting information). The UOR activity and stability of
N-NiO/C-2 NNs also compared with those of electrocatalysts (Ta-
ble S2 in Supporting information). Moreover, the FESEM and TEM
images of the N-NiO/C-2 NNs in Figs. 4c-e after the CV test for

2000 cycles reveal that the hierarchical NNs structure is preserved.
However, the outer layer of the nanosheets thickens, which might
be induced by the transformation of the NiO on the surface into
amorphous NiOOH during the UOR. This tentative can be proved
by the XRD and XPS after cycling observation (Figs. 4j and k).
Considering the excellent enhancement of UOR performance,
we performed a hypothesis to reveal the mechanism of as-
prepared N-NiO/C-2 NNs during the UOR process: (1) Hierarchi-
cal NiO NNs constructed with distributed mesoporous pores and
large specific surface area can form Ni(OH), owing to the adsorp-
tion large quantities of OH~ and urea molecules in the electrolyte.
(2) The apparent redox peaks at about 1.32V vs. RHE can be as-
signed to the oxidation of Ni(OH), to NiOOH, indicating that the
surface of NiO NNs undergoes redox transitions before the occur-
rence of UOR. It can be observed that the N-NiO/C-2 NNs still
maintained the original morphological and structural characteris-
tics. Only the layered nanosheets become rough, which is con-
ducive to the continuous exposure of the active site (Figs. 4c-e).
Concretely, more and more NiOOH is enriched in the surface inter-
face of the nanosheets with the increase of potential. XRD patterns
after testing compared with the before, the (311) and (222) crys-
tal plane of NiO almost disappeared. In comparison, the diffrac-
tion peak intensity of the detected (111) and (200) crystal plane
become weak and shifted, which indicates the formation of amor-
phous form the crystalline surface in Fig. 4j. Moreover, Ni 2ps,
turned to a higher binding energy direction and widened, indicat-
ing the formation of Ni3* on the surface of nanomaterials after
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cyclic testing (Fig. 4k). The content of the O element in the sample
increases significantly after the long-term UOR, mainly due to the
generation of Ni(OH), and NiOOH species during the UOR (Figs.
4f-i). (3) At 1.386V vs. RHE, a sufficient amount of NiOOH is gen-
erated, and CO(NH,), is oxidized. Based on the high efficiency of
the NNs structure in adsorbing and desorbing gas, high-efficiency
UOR is continued at 1.53V vs. RHE, and the current density can
reach 160.3 mA/cm?.

In summary, we demonstrate that hierarchical structure NiO
nanosheets@nanorods (N-NiO/C NNs) as an electrocatalyst exhibit
remarkable activities for UOR. Starting from the NiC,04 nanorods,
hierarchical precursor Ni(OH),@NiC,04 NNs are first obtained by
using HMT as both nitrogen and alkali sources. Subsequently, hi-
erarchical structure NiO NNs doped with nitrogen and carbon
are formed through annealing treatment in air. The ultrathin
nanosheets and hierarchical structure can expose plentiful active
sites and facilitate a significant increase in stability. Importantly
this synthesis can be applied to the preparation of Cu-based and
Co-based hierarchical structure species. The obtained N-NiO/C NNs
have dramatically enhanced the intrinsic electroactivity of the UOR.
Significantly, the as-prepared N-NiO/C NNs show remarkable cat-
alytic activity toward UOR with an overpotential of 156 mV to
reach the current density of 10mA/cm?, a small Tafel slope of
40.7mV/dec, and exhibits excellent stability. This work may pro-
vide an insight into the design of a rational Ni-based UOR elec-
trocatalyst with hierarchical structure, whose composition, inter-
connected porous organization, and morphology features could be
exquisitely designed.
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