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a b s t r a c t   

The development of an electrocatalyst for the efficient catalysis of methanol or urea is essential for solving 
energy and environmental problems. This study successfully synthesizes nickel selenide and 3D nickel 
diselenide architectures on N-doped carbon using a NaCl-assisted method and selenization temperature 
regulation. The 3D architecture of the nickel diselenide with N-doped carbon obtained by selenization at 
450 °C (NiSe2/NC-450) is a useful electrocatalyst for the methanol oxidation reaction (MOR) and urea 
oxidation reaction (UOR). This NiSe2/NC-450 electrode displays good catalytic activity for MOR (high peak 
current density of ~164.68 mA cm−2, low oxidation potential of ~1.33 V at 10 mA cm−2) and UOR (high peak 
current density of ~136.04 mA cm−2, low oxidation potential of ~1.32 V at 10 mA cm−2). The strong methanol 
and urea reaction performance of NiSe2/NC-450 is attributed to the expanded electrochemically active area 
after selenization and the enhanced conductivity after N-doped carbon. This study provides a new way to 
prepare and utilize inexpensive transition metal-based materials as efficient and stable anodic oxidation 
electrocatalysts. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

With the advancement of technology and the depletion of fossil 
fuels, energy overuse and environmental degradation are already the 
most concerning global issues [1–3]. Hydrogen production by elec
trochemical water splitting and fuel cells are considered to be an 
efficient and safe clean energy device [4,5]. Numerous reports on 
electrochemical water splitting have found that the oxygen evolu
tion reaction (OER) process impedes efficient hydrogen production 
because of its complex reaction process, slow kinetics, and large 
overpotential [6–8]. The methanol oxidation reaction (MOR) can be 
used as a replacement reaction to accelerate anodic oxidation [9]. 
MOR is also a key half-reaction in direct methanol fuel cells (DMFCs). 
Methanol exhibits high energy density, superior activity, and rich 
source pathways as an energy carrier [10,11]. More importantly, 
methanol is a common pollutant in technical water used by in
dustrial facilities. The environmental pollution of methanol-rich 
wastewater is alleviated by the MOR. The use of a catalyst in the 
MOR is essential for achieving an optimal oxidation performance. Pt- 
based materials and alloys are excellent catalysts for methanol 

oxidation [10,12,13]. However, the high cost and low abundance of Pt 
hinder the commercialization of DMFCs [14]. Additionally, Pt has a 
low utilization rate and high toxicity during methanol oxidation  
[15–17]. Therefore, scientists have noted the availability of alter
native transition metal anode catalysts with lower costs and better 
methanol oxidation performance [18]. Among the transition metal 
catalysts, nickel-based materials are potential catalysts due to their 
strong surface oxidation properties [19,20]. For example, Ni and N- 
doped carbon complexes were prepared by pyrolysis and used as 
catalysts, and exhibited a high MOR activity and prolonged stability  
[21]. Crystalline Ni3B nanomaterials, with high catalytic perfor
mance, superior cycling stability, and a current density that could 
still be maintained at 87% after 1000 cycles, were prepared by dry 
powder annealing [22]. Mesoporous nickel phosphate nanotubes 
prepared by coprecipitation showed superior MOR activity and 
outstanding stability [23]. Recently, metal selenides displayed a 
higher electrical conductivity than sulfides and oxides because of 
their unique metallic properties [24,25]. Meanwhile, combining 
metallic selenides with carbon substrates containing heterogeneous 
atomic doping can reduce particles agglomeration and further im
prove the electrical conductivity [26,27]. Moreover, some studies 
have reported that selenization can improve the MOR activity 
(Table S1). 

https://doi.org/10.1016/j.jallcom.2021.160919 
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Urea is considered to be a powerful alternative energy source 
because of its high hydrogen content, nontoxicity, stability, and low 
cost [28–30]. Additionally, urea can be obtained from human and 
animal urine, overused fertilizers, and wastewater from urea-pro
ducing industries [31,32]. The energy conversion technologies for 
urea, including urea electrolysis and direct urea fuel cells (DUFCs), 
offer at least three advantages, namely, urea is solid at room tem
perature, which makes it easy to transport and store; electro
catalytic urea reduces energy consumption and indirectly promotes 
the production of cheap hydrogen [33,34]; and the theoretical 
open-circuit voltage of DUFCs (1.15 V) is lower than that of hy
drogen fuel cells (1.23 V) [35,36], demonstrating its promising fu
ture. These advantages mean that urea is an ideal fuel for fuel cells. 
However, an excellent catalyst is required to optimize the urea 
oxidation reaction (UOR) performance. Relatively inexpensive 
nickel-based electrocatalysts, such as Ni nanowire arrays [37], 
nickel phosphide nanoflake arrays [38], NiCo layered double hy
droxide [30], and porous ultrathin Ni(OH)2 catalysts [39], have been 
developed as effective materials for electrocatalytic urea oxidation 
under alkaline conditions. There are also some selenium-based 
materials that exhibit excellent catalytic activity in the UOR 
(Table S2). 

Herein, nickel selenide and nickel diselenide nanoparticles were 
designed and synthesized through NaCl-assisted method and sele
nization at different temperatures, and the 3D architecture of nickel 
diselenide on N-doped carbon (NiSe2/NC-450) was demonstrated to 
be a highly reactive and reliable catalyst for MOR and UOR. The peak 
current density of NiSe2/NC-450 reached 164.68 mA cm−2, and the 
potential was merely 1.33 V (corresponding to 10 mA cm−2) in the 
MOR. For urea electrolysis, the peak current density of NiSe2/NC-450 
reached 136.04 mA cm−2, and the potential was 1.32 V (corre
sponding to 10 mA cm−2). The excellent performance of NiSe2/NC- 
450 as MOR and UOR electrocatalysts is attributed to the interface 
between the N-doped carbon and nickel diselenide. N-doped carbon 
as a conductive carrier can accelerate electron transport and gen
erate more reactive sites by limiting the growth of NiSe2 on the 
carrier. Thus, this work offers a facile, extensible, and en
vironmentally friendly approach to prepare low-cost, highly active, 
and easily accessible electrocatalysts, which is valuable for further 
research on MOR and UOR. 

2. Experimental 

2.1. Catalysts synthesis 

NiCl2•6H2O (0.3565 g, 1.5 mM), 0.50 g of glucose, 3.51 g of NaCl, 
and DI (deionized) water were combined. The solution was lyo
philized in a freeze dryer for 24 h. The solid product was pyrolyzed 
at 800 °C for 180 min in a quartz tube under an Ar atmosphere. The 
resulting black material was treated with DI water to eliminate 
NaCl and then dried under vacuum. Subsequently, the dried pro
duct was mixed with dicyandiamide and heated at 800 °C for 
180 min under an Ar atmosphere. Finally, the synthesized product 
was burned in air at 300 °C for 2 h. The synthesized precursor was 
labeled Ni/NC. 

Nickel nanoparticles as obtained above and selenium powder 
(volume scale = 1:5) were placed into separate porcelain boats in a 
tube furnace. A selenium powder-filled porcelain boat was placed 
upstream by heating for 180 min at 450 °C in an Ar atmosphere, 
yielding NiSe2/NC-450. Finally, NiSe2/NC-350, NiSe2/NC-550, NiSe/ 
NC-650, and NiSe/NC-750 were obtained by adopting the same re
action parameters, only changing the temperature of selenization. 
NiSe2/NC-450-no template (without NaCl) and NiSe2/C-450 (without 
N) were synthesized using the same preparation method and used to 
compare the effects of NaCl and N doping. 

2.2. Physical characterizations 

Powder X-ray diffraction (XRD) measurements were conducted 
using a German Bruker D8 Advance instrument. X-ray photoelectron 
spectroscopy (XPS, ESCALAB 250Xi) was used to analyze the elec
tronic structures of the elements in the sample. Scanning electron 
microscopy (SEM, Japan Hitachi cold field emission S4800) and field- 
emission transmission electron microscopy (FE-TEM, Tecnai G2 F20) 
were used to study the morphology of the catalyst. X-ray spectro
scopy (EDS) analysis and elemental mapping were conducted using 
an FEI Tecnai G2 F20 instrument. Nitrogen adsorption-desorption 
measurements were measured to determine the Brunauer-Emmett- 
Teller (BET) specific surface areas of samples using a Micromeritics 
ASAP 2020 system. 

2.3. Electrochemical characterizations 

Electrochemical data was obtained using a CHI760E electro
chemical workstation at room temperature. The MOR and UOR 
measurements were evaluated in a conventional three-electrode 
configuration using carbon paper as the working electrode 
(0.5 × 0.5 cm2), platinum wire as the counter electrode, and an Hg/ 
HgO electrode as the reference electrode. A catalyst slurry for the 
electrochemical experiment was prepared by uniformly combining 
2 mg of the catalyst sample with 400 μL of a solution containing 
Nafion, DI water, and ethanol. Then, the carbon paper was uniformly 
coated with 25 μL of slurry and dried under infrared light. The 
measured MOR and UOR potentials were expressed as reversible 
hydrogen electrodes (that is, vs. RHE). All experimental data showed 
that no IR correction was performed. Linear sweep voltammetry 
(LSV) and cyclic voltammetry (CV) were employed to test the cata
lyst performance from 1.1 to 1.7 V. Electrochemical impedance 
spectroscopy (EIS) was performed at 1.35 V with a frequency range 
of 0.01–100 kHz. All electrochemical experiments were performed 
using an electrolyte consisting of KOH and KOH containing methanol 
(or urea). 

3. Results and discussion 

3.1. Physical characterizations 

In the synthesis process, nickel precursors were prepared by 
lyophilization and pyrolysis using NaCl as a template. Then, di
cyandiamine was added to the precursor as a nitrogen source and 
selenized at different temperatures to obtain nickel selenide and 
nickel diselenide. Finally, the obtained catalysts were used for MOR 
and UOR. Fig. 1a shows the catalyst preparation process. 

The morphology of the catalyst was characterized by SEM. First, 
the morphology of the catalyst without NaCl in the sample revealed 
that a large number of irregular carbon blocks were generated (Fig. 
S1a–c). However, after the addition of NaCl, all samples could gen
erate nanosheet structures, which proved that NaCl played a decisive 
role in the generation of the nanosheet structure (Fig. 1b–d and Fig. 
S1d-l). The morphologies of NiSe2/NC-350, NiSe2/NC-450, and NiSe2/ 
NC-550 were similar to those of Ni/NC, indicating that the seleni
zation process did not destroy the catalyst morphology. Ni/NC, 
NiSe2/NC-350, NiSe2/NC-450, and NiSe2/NC-550 exhibited some 3D 
columnar structures growing on the nanosheet layers. The 3D co
lumnar structure originates from the carbon catalyzing the growth 
of Ni under high-temperature conditions. The 3D architecture of 
NiSe2/NC-450 was more tightly arranged that of NiSe2/NC-350 and 
NiSe2/NC-550. The TEM image (Fig. 1e) further confirmed the pre
sence of the 3D architecture on the sheet carbon skeleton substrate. 
Additionally, the HR-TEM image (Fig. 1f) shows that the sample 
surface was covered by uniform stripes with a spacing of 0.298 nm, 
demonstrating the (200) lattice surface of NiSe2/NC-450. The 
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selected area electron diffraction (SAED) pattern of NiSe2/NC-450 
(Fig. 1g) revealed that NiSe2/NC-450 displays a high degree of crys
tallinity. The relationship between the content of NiSe and the car
rier was observed from the EDS spectra of NiSe2/NC-350, NiSe2/NC- 
450, and NiSe2/NC-550. The four elements, namely Ni, Se, N, and C, 
were obtained from the EDS spectra of NiSe2/NC-350, NiSe2/NC-450, 
and NiSe2/NC-550. It is noteworthy that the contents of Ni and Se in 
NiSe2/NC-450 were significantly higher than those in NiSe2/NC-350 
and NiSe2/NC-550, which may be the reason for the better MOR and 
UOR performance of NiSe2/NC-450 (Fig. S2 and Table S3). Moreover, 
the elemental mapping of NiSe2/NC-450 demonstrates that Ni, Se, N, 
and C were distinctly present and uniformly distributed in the 
composite (Fig. 1h). 

The crystalline structures of Ni/NC, nickel diselenide, and nickel 
selenide were characterized by XRD (Fig. 2a and Fig. S3). Nickel 
diselenide was synthesized at temperatures ranging from 350 to 
550 °C, while nickel selenide was synthesized at 650 °C and 750 °C. 
The characteristic peaks of nickel diselenide at 29.945, 33.579, 
36.893, 50.737, and 55.519 correspond to the (200), (210), (211), 
(311), and (023) crystal planes, respectively (JCPDS card no. 88-1711). 
The characteristic peaks of nickel selenide at 32.848, 44.373, 49.785, 
59.606, and 68.872 correspond to the (101), (102), (110), (103), and 
(202) planes, respectively (JCPDS card no. 75-0610). Meanwhile, the 
crystalline phase of the catalyst changed from a cubic crystalline 
phase (NiSe2) to a hexagonal crystalline phase (NiSe) as the tem
perature increased, indicating that the annealing temperature 

Fig. 1. a) Synthesis diagrams of NiSe2/NC and NiSe/NC; (b–d) SEM images of NiSe2/NC-450 at different magnifications; (e) TEM images of NiSe2/NC-450; (f) HR-TEM images of 
NiSe2/NC-450; (g) SAED images of NiSe2/NC-450; and (h) elemental mapping of NiSe2/NC-450. 
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significantly impacted the crystalline phase of the catalyst. The 
crystalline phase of nickel selenide is related to the atomic ratio 
between nickel and selenium. When selenization was conducted at 
350–550 °C, a cubic crystalline phase (NiSe2) was formed owing to 
the relatively stable selenium. However, at higher temperatures 
(650 °C and 750 °C), a hexagonal crystalline phase (NiSe) was ob
tained because of the evaporation of selenium, resulting in a de
crease in the selenium content [40]. 

Subsequently, the chemical components of NiSe2/NC-450 were 
determined using XPS. In the XPS spectra of the NiSe2/NC-450 used 
for surface measurements, Ni, O, N, C, and Se peaks were detected, 
suggesting that these elements were present (Fig. S4). Fig. 2b dis
plays the Ni 2p profile, clearly revealing the two primary peaks at 
855.98 eV and 873.69 eV associated with Ni2+ in NiSe2/NC-450  
[26,41]. There are also peaks at approximately 861.19 eV and 
879.80 eV derived from the satellite structure. Peaks at 55.5 and 
59.28 eV were detected in Fig. 2c, suggesting the existence of NieSe 
bonds and oxide species of Se [42–44]. In the C 1s spectrum (Fig. 2d), 
the four main constituents were CeC (284.60 eV), CeN/CeO 
(285.30 eV), C]O (286.40 eV), and OeC]O (289.46 eV) [45,46]. The 
N 1s spectrum (Fig. 2e) demonstrated the presence of pyridinic-N 
(398.69 eV), pyrrolic-N (400.10 eV), and graphitic-N (401.20 eV) [47]. 
NieO (530.60 eV), C]O (531.39 eV), and CeO (532.21 eV) bonds 
were detected in the O 1s spectra (Fig. 2f) [48,49]. 

The surface area of the samples was measured using a nitrogen 
adsorption-desorption isotherm (Fig. S5). The surface areas of the 
NiSe2/NC-450-no template, Ni/NC, and NiSe2/NC-450 obtained by 
the BET method were 42.18, 95.47, and 108.14 m2 g−1, respectively. 
The significantly larger surface areas of Ni/NC and NiSe2/NC-450, as 
compared to the NiSe2/NC-450-no template, were attributed to the 
addition of NaCl as a template. The slight increase in the surface area 
of NiSe2/NC-450, as compared to Ni/NC, may be due to the collapse 
of the carbon substrate by the combination of Ni nanoparticles and 
Se powder under the effect of selenization. 

3.2. Electrochemical characterizations 

3.2.1. Electrochemical behavior of nickel-based catalysts in a pure KOH 
solution 

To investigate the reactive behavior of the previously fabricated 
nickel-based catalysts, bare carbon paper substrate and nickel-based 
catalysts were tested in a pure KOH solution (Fig. 3a). Compared 
with bare carbon paper, all nickel-based catalysts exhibited redox 
peaks, indicating the existence of redox reactions between Ni2+ and 
Ni3+. The electrochemical active surface area (ECSA) is regarded as a 
useful reference to gain a deeper understanding of the activity of 
nickel-based catalysts. ECSA can be gauged by calculating the 
double-layer capacitance (Cdl), as there is a positive correlation be
tween them [34,50]. The Cdl was identified from different catalysts in 
the non-Faraday region of the CV plots (Fig. S6). The Cdl of NiSe2/NC- 
450 (Fig. 3b) was higher than that of the previously prepared nickel- 
containing catalysts. Additionally, CV plots of all nickel-based cata
lysts in pure KOH from 5 to 80 mV s−1 were constructed (Fig. 3c and  
Fig. S7a–e). The anodic peak current density (Ip) and peak potential 
changed with an increasing scanning speed. The peak offset ema
nates from the limitation of the reaction kinetics [51]. Fig. 3d and Fig. 
S7f–j further investigate the relationship between the Ip and the 
square root of the scan rate (v1/2), and a linear relationship between 
Ip and v1/2 was identified [52]. This indicates that the redox process 
was mainly regulated by diffusion. Compared with the other pre
pared catalysts, NiSe2/NC-450 exhibited the largest electro
chemically active area, which can be ascribed to its unique 3D 
architecture. 

3.2.2. Electrocatalytical activity for MOR 
The MOR behaviors of the catalysts were evaluated using dif

ferent test methods. Fig. 4a presents the comparative CVs of NiSe2/ 
NC-450 before and after adding it to 0.5 M MeOH in a 1 M KOH 
electrolyte solution. After adding methanol, the peak current density 

Fig. 2. (a) XRD patterns of NiSe2/NC-350, NiSe2/NC-450, and NiSe2/NC-550; (b) XPS spectrum tests of (b) Ni 2p, (c) Se 3d, (d) C 1s, (e) N 1s; and (f) O 1s of NiSe2/NC-450.  
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of NiSe2/NC-450 reached 167.44 mA cm−2. The LSV measurements of 
NiSe2/NC-450 showed that the potential decreased significantly after 
the addition of methanol (Fig. S8a). To reach 10 mA cm−2, only 1.33 V 
was required. These measurements indicate that NiSe2/NC-450 ex
hibited a remarkable methanol oxidation performance. The seleni
zation temperature of the precursors had a significant effect on the 
MOR. The CVs of Ni/NC, NiSe2/NC-350, NiSe2/NC-450, NiSe2/NC-550, 
NiSe/NC-650, and NiSe/NC-750 (Fig. 4b) showed electrocatalytic 
activity in the MOR. Apparently, NiSe2/NC-450 shows higher MOR 
activity than other previously prepared nickel-based materials, and 
this may be because the catalyst acquires ample active sites during 
selenization at 450 °C. However, it should be noted that NiSe2/NC- 
350 and NiSe/NC-750 had similar current densities to Ni/NC, in
dicating that lower or higher selenization temperatures can lead to 
the destruction of the catalyst morphology and thus affect the cat
alytic performance. Additionally, LSV testing of all catalysts de
monstrated that NiSe2/NC-450 had the lowest potential (Fig. S8b). 
Generally, the active substrate of nickel-based catalysts in alkaline 
electrocatalytic methanol is NiOOH, which originates and oxidizes 
methanol, as shown below [50,53]. 

+ + +Ni(OH) OH NiOOH H O e2 2 (1)  

+ + + +NiOOH CH OH 1.25O Ni(OH) CO 1.5H O3 2 2 2 2 (2)  

To determine the charge transfer capability and electrocatalytic 
kinetics at the electrode interface, EIS tests were performed at 1.35 V, 
as shown in Fig. 4c. The spectra of all samples showed a single 

semicircle. The semicircular radius of NiSe2/NC-450 was clearly 
smaller than that of Ni/NC and the other catalysts synthesized at 
different selenization temperatures, indicating that NiSe2/NC-450 
had a smaller charge transfer resistance and faster electrocatalytic 
kinetics. NiSe/NC-750 prepared by selenization at 750 °C had the 
largest semicircle radius, implying that high temperature is un
favorable for the charge transfer and catalytic kinetic properties of 
nickel selenide nanoparticles. 

Durability is an essential indicator for determining the lifetime of 
electrocatalysts in practical applications. The durability of the syn
thesized catalysts was examined for 10,000 s using a chron
oamperometry test at 1.5 V (Fig. 4d). There was a sharp drop in the 
current density at all electrodes in the first few seconds. This drop 
was probably due to the active sites being occupied by the accu
mulated strongly adsorbed intermediate species, resulting in active 
site poisoning. Subsequently, the current gradually approached a 
steady state. After 10,000 s, the residual current density of NiSe2/NC- 
450 (74.36 mA cm−2) was 2.08, 1.53, 1.13, 1.27, and 2.85 times that of 
Ni/NC (35.672 mA cm−2), NiSe2/NC-350 (48.52 mA cm−2), NiSe2/NC- 
550 (65.8 mA cm−2), NiSe/NC-650 (58.48 mA cm−2), and NiSe/NC-750 
(26.12 mA cm−2), respectively. NiSe2/NC-450 was examined with 
TEM after the stability test, revealing that the electrocatalyst main
tained the sheet carbon skeleton structure (Fig. S9). These results 
indicate that NiSe2/NC-450 exhibited high stability in the MOR. 

By selenizing the precursors at different temperatures, it was 
found that selenization at 450 °C resulted in a better methanol oxi
dation performance. Subsequently, the impact of the template and N 

Fig. 3. Electrochemical performance in a 1 M KOH solution. (a) Comparison of CV plots for the bare carbon paper substrate and nickel-based catalysts (sweep speed: 50 mVs−1); 
(b) the Cdl of nickel-based catalysts with the potential at 1.15 V; (c) CV plots of NiSe2/NC-450 from 5 to 80 mV s−1; and (d) linear fitting of the anodic and cathodic peak current 
densities with the square roots of the scan rate in the scan rate range (5–80 mV s−1) for NiSe2/NC-450. 
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doping on the MOR performance at the optimal selenization tem
perature was measured. From the results of the LSV and CV tests, 
NiSe2/NC-450 had a lower onset potential and higher current density 
than the NiSe2/C-450 and NiSe2/NC-450-no template (Fig. S10a-b). 
Meanwhile, the EIS test results show that NiSe2/NC-450 had the 
smallest semicircular radius, while the NiSe2/NC-450-no template 
had a larger semicircle radius (Fig. S10c). The better electrocatalytic 
activity of NiSe2/NC-450, by comparing the MOR performance of the 
electrocatalyst at a selenization temperature of 450 °C, indicated 
that the N doping promotes electron transfer and increases 
the surface area after template addition, preventing particles 
agglomeration. 

3.2.3. Electrocatalytical activity for UOR 
The catalytic behavior of different samples in the UOR was 

evaluated. Fig. 5a shows the CV curves of NiSe2/NC-450 before and 
after the addition of urea. The current density increased significantly 
after adding urea and the oxidation peak current density of NiSe2/ 
NC-450 reached 136.04 mA cm−2. The LSV test was further used to 
determine the effect of urea addition on the potential of NiSe2/NC- 
450 (Fig. S11a). NiSe2/NC-450 demonstrated excellent UOR electro
oxidation activity, requiring only 1.32 V of potential to achieve 
10 mA cm−2. The performance of the present work with recently 
reported nickel-based catalysts is summarized in Fig. S11c, showing 
that NiSe2/NC-450 has a low potential value [28,38,54–59]. The in
creased UOR activity of NiSe2/NC-450 may be due to the presence of 

additional reactive sites exposed in the unique configuration. Fur
thermore, the urea oxidation properties of NiSe2/NC-450, Ni/NC, and 
selenide obtained by selenization at different temperatures were 
compared. Fig. 5b illustrates the higher UOR activity of NiSe2/NC-450 
as compared to that of Ni/NC and the other prepared selenides. 
Meanwhile, LSV tests were performed on all catalysts in a 1 M KOH 
with 0.5 M urea solution (Fig. S11b). Compared with the other cat
alysts, NiSe2/NC-450 still had the lowest potential, demonstrating 
that NiSe2/NC-450 has faster oxidation kinetics for urea. All test 
results showed that NiSe2/NC-450 exhibited the best catalytic ac
tivity in the UOR process. Moreover, NiSe2/NC-350 exhibited elec
trocatalytic activity similar to that of Ni/NC during urea oxidation, 
while NiSe/NC-750 was considerably inferior to Ni/NC. This experi
mental phenomenon, as in the case of methanol oxidation, indicates 
that selenization at both high and low temperatures is not favorable 
for enhancing the electrooxidation activity of the materials. It is 
worth noting that NiOOH is also an active species in the UOR process 
under alkaline conditions. The electrochemical oxidation of urea is 
described below [28,58]. 

+ + +6Ni(OH) 6OH 6NiOOH 6H O 6e2 2 (3)  

+ + + +CO NH6NiOOH ( ) H O 6Ni(OH) CO N2 2 2 2 2 2 (4)  

To further study the effect of the selenization temperature on 
conductivity during urea electrolysis, EIS experiments were con
ducted at 1.35 V (Fig. 5c). The test results showed that NiSe2/NC-450 
has the smallest semicircle radius, indicating that NiSe2/NC-450 has 

Fig. 4. (a) CVs of NiSe2/NC-450 in different electrolytes (sweep speed: 50 mVs−1); (b) CVs of Ni/NC, NiSe2/NC-350, NiSe2/NC-450, NiSe2/NC-550, NiSe/NC-650, and NiSe/NC-750 in 
1 M KOH containing 0.5 M MeOH (sweep speed: 50 mVs−1); (c) EIS of Ni/NC, NiSe2/NC-350, NiSe2/NC-450, NiSe2/NC-550, NiSe/NC-650, and NiSe/NC-750 in 1 M KOH containing 
0.5 M MeOH at 1.35 V; and (d) chronoamperometry curves of Ni/NC, NiSe2/NC-350, NiSe2/NC-450, NiSe2/NC-550, NiSe/NC-650, and NiSe/NC-750 in 1 M KOH containing 0.5 M 
MeOH at 1.5 V. 
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a high conductivity and charge transfer rate during urea oxidation. In 
contrast, NiSe/NC-750 has a larger semicircle radius than Ni/NC, 
implying that selenization at high temperatures affects the kinetic 
behavior of the electrocatalyst. 

To assess the durability of NiSe2/NC-450 in the urea oxidation 
process, chronopotentiometry curve and multistep chronopotentio
metric test were obtained. The chronopotentiometry curve of NiSe2/ 
NC-450 for the electrooxidation of urea was obtained at 10 mA cm−2.  
Fig. 5d shows that the potential of NiSe2/NC-450 essentially remained 
constant for 10 h, indicating that NiSe2/NC-450 shows good durability 
in long-term catalytic urea oxidation. The TEM analysis demonstrated 
that NiSe2/NC-450 also maintains the carbon skeleton structure after 
the stability test, demonstrating the remarkable stability of the elec
trocatalyst (Fig. S12). Subsequently, the multistep chronopotentio
metric bight of NiSe2/NC-450 was investigated in a solution containing 
1 M KOH and 0.5 M urea. The current density gradually increased from 
10 to 90 mA cm−2 with an increase of 10 mA cm−2 every 200 s (Fig. S13). 
The potential of each stage remained stable for its corresponding 200 s, 
indicating that NiSe2/NC-450 has outstanding mechanical strength, 
mass transportation, and electroconductive properties [58,60,61]. 

The effects of N doping and template on the UOR performance 
were measured by LSV, CV, and EIS tests (Fig. S14). All tests showed 
that NiSe2/NC-450 has a superior urea oxidation activity as com
pared to the undoped N and no-template electrocatalysts, demon
strating that the doping of N and the introduction of the template 
favor the oxidation of urea. This result is consistent with that of the 
methanol oxidation. 

The remarkable electrochemical activity of the NiSe2/NC-450 3D 
architecture for methanol and urea electrooxidation is largely driven 
by the following: (1) The unique 3D architecture provides good 
stability and allows for rapid access of electrolyte solutions to the 
surface for efficient oxidation of methanol and urea. (2) N-doped 
carbon enhanced the carbon matrix conductivity and accelerated 
electron transport at the catalytic interface. (3) An appropriate se
lenization temperature facilitates the expansion of the electro
chemically active region and the generation of additional positive 
reaction sites. The simple preparation, cost-effectiveness, and effi
cient electrochemical performance of NiSe2/NC-450 makes it a 
promising competitive electrocatalyst for practical methanol and 
urea anodic oxidation. 

4. Conclusions 

In summary, the nickel-based catalysts were successfully pre
pared using a simple and economical salt template pyrolysis and 
selenization. Compared to the Ni/NC and the catalysts obtained by 
selenization at different temperatures, NiSe2/NC-450 is a more ef
fective electrocatalyst in alkaline methanol and urea electrolysis. The 
enhanced electrochemical characteristics of NiSe2/NC-450 are 
mainly due to its distinctive 3D architecture, large electrochemical 
reaction area, and high electrical conductivity. Therefore, the ex
cellent methanol and urea oxidation performance of NiSe2/NC-450 
makes it a promising anode material. 

Fig. 5. (a) CVs of NiSe2/NC-450 in different electrolytes (sweep speed: 50 mV s−1); (b) CVs of Ni/NC, NiSe2/NC-350, NiSe2/NC-450, NiSe2/NC-550, NiSe/NC-650, and NiSe/NC-750 in 
1 M KOH containing 0.5 M Urea (sweep speed: 50 mV s−1); (c) EIS of Ni/NC, NiSe2/NC-350, NiSe2/NC-450, NiSe2/NC-550, NiSe/NC-650, and NiSe/NC-750 in 1 M KOH containing 
0.5 M urea at 1.35 V; and (d) chronopotentiometry curve of NiSe2/NC-450 in 1 M KOH containing 0.5 M urea at 10 mA cm−2. 
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