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Abstract: Tremendous efforts have been devoted to develop low-cost and highly active
electrocatalysts for oxygen evolution reaction (OER). Here, we report the synthesis of mesoporous
nickel oxide by the template method and its application in the title reaction. The as-prepared
mesoporous NiO possesses a large surface area, uniform mesopores, and rich surface electrophilic
Ni3+ and O− species. The overpotential of meso-NiO in alkaline medium is 132 mV at 10 mA cm−1
and 410 mV at 50 mA cm−1 , which is much smaller than that of the other types of NiO samples.
The improvement in the OER activity can be ascribed to the synergy of the large surface area and
uniform mesopores for better mass transfer and high density of Ni3+ and O− species favoring
the nucleophilic attack by OH− to form a NiOOH intermediate. The reaction process and the
role of electrophilic Ni3+ and O− were discussed in detail. This results are more conducive to the
electrochemical decomposition of water to produce hydrogen fuel as a clean and renewable energy.
Keywords: oxygen evolution reaction; mesoporous NiO; water splitting; nucleophilic attack;
electrophilic Ni3+ and O−

1. Introduction
Nowadays, since clean energy is playing an increasingly important role in environmental
protection, hydrogen production by water decomposition has been a hot research topic all along [1].
The research and development of catalysts with high activity and stability has important theoretical
significance [2] and application value in the fields of renewable resources for hydrogen production
by electrolysis. Hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) are the two
half-reactions in electrochemical water that split to produce hydrogen. The OER process has slow
reaction dynamics, which consume much more energy in practical applications, and has attracted a
great amount of attention from researchers. Currently, the most widely used and efficient catalysts
for OER are RuO2 and IrO2 . However, these catalysts are scarce in resources and are also expensive,
which impeded the large-scale application for commercial purpose. Therefore, in order to overcome
these difficulties, it is our goal to develop advanced catalysts with high-stability and low-cost.
The studies on first-transition metals, especially Mn, Fe, Co, and Ni-based materials have a growth
spurt owing to the good OER performance approaching that of noble metals.
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It has been found that in addition to Pt, Pd, and other precious metals, nickel-based electrocatalysts
have emerged as outstanding OER catalysts owing to their low price, stability in alkaline solution,
relatively low overpotential, and ease of being doped or modified with guest elements. For example,
Ni-Fe-CNTs [3] and Cox Niy Sz [4] octahedral nanocages showed the overpotential of 247 mV and 362 mV
at 10 mA cm−2 , respectively. Among them, NiO is easily available, and possesses a high specific
capacitance that is suitable in electrochemical reaction. It was reported that a NiO/Ni heterojunction [5]
showed highlighted performance, with the overpotential reaching 1.5 V (versus Reversible Hydrogen
Electrode, RHE) at 20 mA cm−2 . It was reported that the Ni-Co oxide hierarchical nanosheets with a
Ni3+ rich surface benefits the formation of NiOOH, which promotes the OER as the main active site [6].
Since electrochemical processes with electron gain or loss are interfacial phenomena, the electrode
materials should possess a high specific surface area with a suitable pore size distribution to enhance
the charge–storage capability. The activity of a catalyst depends in part on its surface area [7].
Thus, mesoporous morphology is one of the most important design parameters for making an electrode
material. Recently, the synthesis of metal oxide porous electrodes was greatly reported. Compared with
micro or macroporous materials, mesoporous materials have unique advantages, such as the larger
mesopores increase the internal transmission efficiency of electrons, facilitate contact with active sites,
are stable in alkaline solution, have a pore size that is adjustable to control better selectivity, and have
a regular pore structure for particles in the rapid proliferation of channels [8]. It is well known that
mesopores with sizes in the range of 2 nm to 50 nm are highly desirable for electrochemical reactions,
since the mesopores facilitate ionic motion easily. There have been a lot of reports using mesoporous
first-transition metal oxides in electrochemical processes, especially in supercapacitors [9–12] and
rechargeable batteries [13]. Mesoporous NiO [14] possessed a high surface area, good surface redox
reactivity, and consequently a high capacitance of 124 F g−1 . The mosoporous structure provides OH−
accessible pores and a very high surface area (477.7 m2 g−1 when calcined at 250 ◦ C) for charge storage.
However, few attempts have been made to employ mesoporous NiO in OER reactions.
The oxygen species and lattice defects for transitional metal oxide may play an important role
in electrochemical reactions. However, the role of Ni3+ in the title reaction has been well recognized,
but the effect of oxygen species, especially the electrophilic O− active species, has been rarely
studied. In our previous work [15], we have reported that the mesoporous NiO prepared by a
surfactant-assisted route allowed efficient molecular transport by diffusion in the channels during
the oxidative dehydrogenation of propane reaction. The density of Ni3+ and O− species are much
higher for this mesoporous NiO than for other kinds of NiO. In this work, the same mesoporous nickel
oxide with rich Ni3+ and O− species was synthesized and tested in the oxygen evolution reaction.
For comparison, the conventional nano-sized NiO sample was synthesized by a modified sol–gel
method. The role of electrophilic Ni3+ and O− species in the formation of active NiOOH intermediate
was fully discussed.
2. Results and Discussion
2.1. Texture Characterizations
The mesoporous nickel oxide was prepared by a surfactant-templated method via urea
hydrolysis of metal nitrates followed by calcination in air, and denoted as meso-NiO. For comparison,
the traditional nano-sized NiO without the mesoporous structure was prepared by a modified sol–gel
method [16] using citric acid as the ligand, and denoted as bulk-NiO. The mesoporous structure and
surface properties of nickel oxide were characterized by XRD, N2 physical adsorption, O2 temperature
programmed desorption (O2 -TPD), X-ray photoelectron spectroscopy (XPS) techniques, and laser
Raman spectroscopy. From the XRD patterns shown in Figure 1a, their corresponding XRD patterns
indicated the information of pure NiO phase for both samples. The characteristic peaks (111), (200),
and (220) can be observed at approximately 2θ of 27◦ , 43◦ , and 63◦ . The crystal diffraction for meso-NiO
is much wider, indicating that the crystallite size for this mesoporous sample is smaller. By the Scherrer
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1b, the N2 sorption isotherm shows a type-IV adsorption–desorption behavior with a
in Figure 1b, the N2 sorption isotherm shows a type-IV adsorption–desorption behavior with a
well-defined pore-filling step at 0.45 P/P0, indicating the presence of mesopores for the meso-NiO
well-defined pore-filling step at 0.45 P/P0, indicating the presence of mesopores for the meso-NiO
sample. The mesoporous size distributions based on the Barrett–Joyner–Halenda (BJH) method are
sample. The mesoporous size distributions based on the Barrett–Joyner–Halenda (BJH) method are
confirmed by the corresponding pore size distribution curves. The Brunauer–Emmett–Teller (BET)
confirmed by the corresponding pore size distribution curves. The Brunauer–Emmett–Teller (BET)
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2.2. OER Activity
2.2. OER Activity
The OER catalytic activities of meso-NiO and bulk-NiO were tested using a typical three-electrode
The OER catalytic activities of meso-NiO and bulk-NiO were tested using a typical
system in 1.0 M of KOH electrolyte. The samples were deposited onto glassy carbon electrodes to
three-electrode system in 1.0 M of KOH electrolyte. The samples were deposited onto glassy carbon
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Figure 2. (a) Linear scanning voltammetry (LSV) curves over meso-NiO and bulk-NiO; (b) The
Figure 2. (a) Linear scanning voltammetry (LSV) curves over meso-NiO and bulk-NiO; (b) The
corresponding Tafel curves; (c) Cyclic voltammetry scans over meso-NiO with different scan rates; (d)
corresponding Tafel curves; (c) Cyclic voltammetry scans over meso-NiO with different scan rates;
Electrochemically active surface area estimated by double-layer capacitance measurements.
(d) Electrochemically active surface area estimated by double-layer capacitance measurements.

The roughness factor (RF) is used to determine the ratio of the electrochemically active surface
The roughness factor (RF) is used to determine the ratio of the electrochemically active surface
areas (ECSA) to the geometric surface area of the electrode. To understand the origin of the better
areas (ECSA) to the geometric surface area of the electrode. To understand the origin of the better
OER activity of meso-NiO in comparison with bulk-NiO and estimate the ECSA and RF, we measured
OER activity of meso-NiO in comparison with bulk-NiO and estimate the ECSA and RF, we measured
the double-layer capacitance (Cdl) via a simple cyclic voltammetry (CV) method in a non-Faradaic
the double-layer capacitance (Cdl ) via a simple cyclic voltammetry (CV) method in a non-Faradaic
region at different scan rates [24], as can be seen from the CV curves recorded at different scan rates
region at different scan rates [24], as can be seen from the CV curves recorded at different scan rates in
in Figure 2c. Meso-NiO has a larger current density when the scan rate was the same. As
Figure 2c. Meso-NiO has a larger current density when the scan
rate was the same. As demonstrated
demonstrated in Figure 2d, the Cdl of meso-NiO 2(23.0 mF/cm2) was higher than that of bulk-NiO (8.9
in Figure
2d,
the
C
of
meso-NiO
(23.0
mF/cm
)
was
higher
than
that of bulk-NiO (8.9 mF/cm2 ),
mF/cm2), especiallydl when the scan rate was high. This indicated that meso-NiO had a greatly
especially when the scan rate was high. This indicated that meso-NiO had a greatly increased active
increased active site and higher efficient mass and charge transport capability due to the high
site and higher efficient mass and charge transport capability due to the high density of mesopores in
density of mesopores in the bulk of meso-NiO. The larger ECSA values and more active sites can
the bulk of meso-NiO. The larger ECSA values and more active sites can contribute to the better OER
contribute to the better OER electrocatalytic performance. It is important to note that the different
electrocatalytic performance. It is important to note that the different catalytic activity has relevance to
catalytic activity has relevance to the morphology. It seems that the lower overpotential of meso-NiO
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the morphology. It seems that the lower overpotential of meso-NiO than that of bulk-NiO results from
the better intrinsic activity of meso-NiO than bulk-NiO for OER under alkaline condition.
2.3. Characterizations
The composition and chemical valence states of the samples were probed by X-ray photoelectron
spectroscopy (XPS). Figure 3a,b show the XPS characterization of O 1s and Ni 2p3/2 for different nickel
oxide samples. As shown in Figure 3a, O 1s can be deconvoluted into two spectral peaks, one with a
lower binding energy peak (peak 1) at near 530 eV, and another with a higher binding energy peak
(peak 2) at about 532 eV, respectively. Peak 1 can be assigned to the surface lattice oxygen species O2− ,
while peak 2 can be assigned to the oxygen species O− , which can be attributed to the formation of
an oxygen–Ni3+ bond [25]. It was noted that the ratio of peak 2 to peak 1 in the meso-NiO sample is
significantly greater than that of bulk-NiO, showing that the O− species of the former is significantly
higher than that of the latter.
As shown in Figure 3b, Ni 2p3/2 can be deconvoluted into Ni2+ (855 eV) and Ni3+ (856 eV) and
shake-up satellite (~862 eV) for all of the samples. In the case of meso-NiO, the intensity of the Ni3+
2p3/2 peak was much stronger than that of the Ni3+ 2p3/2 peak. This may be related to the particle
size and the surface effect of the catalyst. Meso-NiO has a small particle size and a strong surface
effect resulting in a relatively high peak of the binding energy spectrum. In addition, the valence
and composition of Ni elements are also factors that determine the strength of the binding energy.
The non-stoichiometric meso-NiO contains more Ni2+ cation vacancies; part of Ni2+ is oxidized to
higher valence states to maintain electrical neutrality. Therefore, the presence of more high-valence Ni
cations indicates a higher density of non-stoichiometric nickel oxide.
Figure 3c is the Raman spectra of the two samples. A Ni–O stretching vibration peak at near
500 cm−1 appeared in the spectra [26]. The shoulder peak at about 375 cm−1 is related to the vacancy
concentration of Ni cations [27]. It can be seen from Figure 3c that the shoulder of meso-NiO is more
obvious than that of bulk-NiO. Therefore, it can be concluded that the concentration of Ni3+ cations or
Ni vacancy in the former is greater. This result is consistent with the results of XPS characterization.
The distinct difference of active oxygen species between these two NiO can also be proved
from the O2 -TPD tests, as shown in Figure 3d. The desorption oxygen species below 700 ◦ C are
non-stoichiometric oxygen, which is attributed mainly to the O2− and O− species. As can be seen from
Figure 3d, the amount of O− species in the meso-NiO sample is significantly higher than that of the
bulk-NiO sample. This result is consistent with the results of XPS.
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number of holes determines the number of O−. Meanwhile, the as-prepared meso-NiO in this work is
rich in nickel vacancies (holes), which will lead to the increasing of Ni 3+ for electric neutrality. The
holes derived from the vacancies of Ni cations, which depend on Ni 3+ and other high-valent Ni ions,
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3. Materials and Methods
3.1. Materials
Materials were purchased in the grade indicated and used as received: nickel hexahydrate
(NiCl2 ·6H2 O, AR, Sinopharm Chemical Reagent Co. Ltd., Shanghai, China), lauryl sodium sulfate
(SDS, 95%, Energy Chemical Reagent Co. Ltd, Shanghai, China), urea (CH4 N2 O, AR, Sinopharm
Chemical Reagent Co. Ltd., Shanghai, China), nickel nitrate (Ni(NO3 )2 , AR, Sinopharm Chemical
Reagent Co. Ltd., Shanghai, China), citric acid (C6 H8 O7 H2 O, AR, Sinopharm Chemical Reagent Co.
Ltd., Shanghai, China), caustic potash (KOH, 95%, Energy Chemical Reagent Co. Ltd., Shanghai,
China), and muriate (KCl, 99.5%, Sinopharm Chemical Reagent Co. Ltd., Shanghai, China).
3.2. Analytical Equipment
The equilibrium potential, stability, current density, etc. of the catalyst were determined by the
electrochemical workstation (CHI660E, A17104 Chenhua Co. Ltd., Shanghai, China). All of the testing
was done in a three-electrode system at 25 ◦ C.
3.3. Synthesis of Nano-Nickel Oxide
Nano-nickel oxide was synthesized by the sol–gel method [15,16]. 0.03 M Ni(NO3 )2 , and 0.03 M of
citric acid was added to 50 mL of ethanol and then stirred with a glass rod until completely dissolved.
The solution was placed in a water bath and heated to 80 ◦ C to allow it to evaporate. When one-third
of the solution remained, it was put in an oven and dried at 100 ◦ C for 24 h, and then put in a muffle
furnace, heated to 300 ◦ C, and calcined for 4 h to obtain bulk-NiO.
3.4. Synthesis of Meso-Nickel Oxide
The template method to synthesize mesoporous nickel oxide [14] takes the anionic surfactant
sodium dodecyl sulfate (SDS) as a guide agent structure. Urea slowly hydrolyzes to form NH3 ,
which reacts with Ni2+ to form a Ni(OH)2 precursor. In a typical process, NiCl2 , SDS, urea, and H2 O
were mixed at quality ratio of 1: 2: 30: 60 and stirred at 40 ◦ C for 1 h to obtain a clear solution. The clear
solution was poured into a reaction kettle and treated at 80 ◦ C for 20 h. The resulting material was
washed several times with water and ethanol and dried overnight at 60 ◦ C, thus obtaining a precursor
Ni(OH)2 . The precursor was calcined at 300 ◦ C for 4 h to give meso-NiO.
3.5. Characterizations
The prepared sample was characterized by XRD (Model d/Max-C, Rigaku Corporation, Tokyo
Japan) [32]. The morphology of the sample was observed by SEM (LEO-1530, LEO Electron Microscope
Com., Berlin, Germany) and TEM (Phillps FEI, Tecnai 30, Thermo Fisher Scientific Com., Oregan, OR,
USA). The BET (AutoChem2920, Micromeritics Co. California, CA, USA) was used to test the particle
size and pore volume of the sample. Raman was used to test the relationship between the Ni cation and
vacancy concentration. O2 -TPD measurements were performed on a mass spectrometer and used to
test the presence of oxygen species. The catalyst sample (0.2 g) was pretreated in pure oxygen flowing
at 15 mL/min at the sample’s calcining temperature for 1 h, and then cooled to room temperature
under the oxygen flow. After the system was subsequently flushed with He to achieve a smooth
baseline, the sample was heated to 900 ◦ C at a rate of 15 ◦ C/min in He flow (30 mL/min). The reactor
exit was monitored online by a mass spectrometer. XPS was used to test the surface composition of the
catalyst and the change in valence of the surface element.
3.6. Electrode Preparation
The catalyst was made in a certain ratio of ink: 0.1 g of catalyst was mixed with 0.1 g of Ketjen
black; then, 800 µL of isopropanol and 200 µL of Nafion were added and ultrasound mixed to disperse
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evenly. The geometric surface area of glassy carbon electrode is 0.196 cm2 . Before the electrochemical
test, the working electrode was smoothed with α-AI2 O3 with different particle sizes in a three-electrode
system for testing at 25 degrees. The three-electrode system consisted of the glassy carbon electrode
as a working electrode, the Pt wire as an auxiliary electrode, and Ag/AgCl as a reference electrode.
The electrolyte solution was 1M KOH. We took 8 µL of ink drops on the working electrode, dried it at
room temperature, and maintained the test temperature at 25 degrees. Then, we passed O2 in the 1 M
of KOH for half an hour prior to testing, and then placed the oxygen tube above the liquid level to
isolate the air from creating a saturated oxygen condition.
3.7. Electrochemical Characterization
The electrochemical capacitance measurements were determined by cyclic voltammetry (CV).
The potential range was selected as the 0.1-V potential window, which had the system’s open-point
as the center. The test was first activated at a sweep rate of 50 mV s−1 for 5 min, aiming to clean
the surface of electrodes and enhance the number of oxygen-containing functional groups in the
catalysts [33]. The CV test was carried out in static solution. We set five different scanning rates for
scanning: 0.02 V s−1 , 0.04 V s−1 , 0.06 V s−1 , 0.08 V s−1 , and 0.1 V s−1 .
The electrochemical activity for OER was assessed by linear sweep voltammetry (LSV) in the
potential range of 0–0.8 V at a scan rate of 50 mV s−1 . During the test, the reaction process should be
continuously stirred in order to prevent the working electrode reaction bubbles from affecting the test
results. The scan rate was 0.05 V s− 1 .
4. Conclusions
In summary, the meso-NiO composed of uniform mesopores were synthesized via the
surfactant-assisted urea hydrolysis method. The as-prepared meso-NiO shows high-rich Ni3+ cations
and O− species on the surface, as well as a large surface area, which concurrently benefited the OER
reaction. An overpotential of 410 mV to generate a current density of 50 mA/cm2 were obtained for
meso-NiO compared with the value of 494 mV for regular bulk-NiO. The outstanding electrocatalytic
performance of meso-NiO can be attributed to the synergy of the large surface area offered by the
mesoporous structure to facilitate the mass transport and surface properties with a higher density of
Ni3+ and O− as the main active sites on the surface. The surface electrophilic Ni3+ and O− species are
prone to be nucleophilic attacked by OH− in the alkaline solution to form the reactive intermediate,
which is also facilitated to further react with OH− to generate oxygen. Although the performance of
mesoporous nickel oxide in electrocatalysis is superior to that of nano-nickel oxide, there is still room
for improvement in its performance.
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