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Abstract
The exploration of high-efficiency and reliable non-precious metal electrocatalysts for overall water splitting is greatly vital 
and challenging for scientists to explore the physical structure effects with OER catalysts. Herein, we firstly developed 
three-dimensional ɑlpha-nickel hydroxide as an advantageous electrocatalyst for OER by a simple solvothermal method. 
By controlling the solvent, two kinds of regular and one kind of irregular pure ɑlpha-nickel hydroxide were successfully 
synthesized. Two regular catalysts’ catalytic activity can be enhanced by the level of regularity increasing. Interestingly, with 
the increase of irregularity, compared with nanosphere-like Ni(OH)2, nanoparticle-sphere-like Ni(OH)2 sample’s specific 
surface areas, the number of ion transport channels, and reaction kinetics performance also raise, which actually enhances 
catalytic activity. In a word, the most irregular Ni(OH)2-NPS has the best electrocatalytic activity (η = 250 mV) and the 
lowest Tafel slope (73.9 mV  dec−1), and the outstanding constancy (8 h) at 1.48 V (vs. RHE) could be achieved, meanwhile, 
the benchmark  RuO2 (340 mV and 87.4 mV  dec−1) is also inferior to Ni(OH)2-NPS. By comparing three Ni(OH)2 samples, 
this work provides a new single transition metal system for about 3D materials and facilitates the development of highly 
efficient water oxidation catalysts.
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Introduction

Facing the rapidly growing global economy and ris-
ing energy demands, major global groups have to face 
critical energy and environmental crises by developing 
clean and promising high cost-effective energy storage 
technologies [1–5]. Electrochemical oxidation of water 
 (2H2O →  2H2 +  O2), which is the only truly plentiful and 
attractive candidate, can convert electrical energy and pro-
vide fuel cells with an environmental and sustainable to pro-
duce hydrogen  (H2) and oxygen  (O2) to achieve the storage 
of clean energy from renewable but unsustainable sources, 

such as wind power, solar power, and tidal power [6–12]. 
Therefore, water splitting is a significant way of generating 
oxygen and hydrogen as clean and environmentally friendly 
fuel sources to solve the world energy crisis issue. Water 
splitting has two parts of reaction, in which oxygen evolution 
reaction (OER),  4OH− →  O2 +  2H2O +  4e−, is an enabling 
process for many energy storages and conversion options, 
such as water-splitting and rechargeable metal-air batteries 
[13–15]. However, OER requires a high overpotential to 
overcome the sluggish kinetics. An efficient and appropri-
ate catalyst for OER is crucial to reduce the overpotential 
and kinetically accelerate the reaction of electrolytic water. 
Presently, many high-performance OER catalysts have been 
proposed, and most of them are precious-metal-based ruthe-
nium (Ru) and iridium (Ir) oxides in acidic or alkaline solu-
tions, which are the benchmark catalysts for OER but the 
scarcity and the low economic efficiency of precious metal 
severely hinder their applications widely [16, 17]. Thus, it 
is urgent to develop non-noble metal catalysts, including 
high activity and good stability for OER. Fortunately, many 
transition-metal-based especially abundant 3D metals (Fe, 
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Co, Ni, and Mn) [18–21] show great potential as alternative 
catalysts for OER and have been developed deeply.

Among many reported non-precious transition metal-
based oxygen evolution reaction catalysts, Ni-containing 
have caught extra attention due to their excellent water 
oxidation potential and cost-efficient. As shown in many 
works, the general strategy for high OER catalyst materi-
als has been achieved with, for instance, Ni-containing 
doped heteroatoms such as  NixCo3xO4, [22] FeNi layer dou-
ble hydroxides(LDH)/3D carbon network, [23] Ce-NiCo 
LDH/CNT [24], etc., as well as nonmetal, such as sulfide 
[25], phosphides [26], borides [27], nitrides [28], etc., Ni-
containing hybridized conductive substrates such as carbon 
fiber paper [29], graphenes [30], carbon nanotube (CNT) 
[31], Ni foam [32], etc., Ni-containing polymetallic oxides 
(hydroxides) [33, 34], and Ni-containing perovskites [35]. 
The Fe–Ni system has the most potential as a candidate 
in alkaline electrolyte solutions among these nickel-based 
electrocatalysts, and actually lots of research on Fe–Ni-based 
catalysts have been reported, such as NiFe LDH/C dot [36], 
NiFe LDH/Cu3P [37], and NiFe/MoO4

2-, [38] have shown 
the most advanced OER performances (the overpotentials are 
195–400 mV). It is worth noting that these excellent catalysts 
not only have two/three dimensional or porous structures but 
also have appropriate composition, single or multiple metal 
oxides, phosphides, nitrides, etc. Meanwhile, Ni(OH)2-based 
electrocatalysis has also received wide attention, Stern and 
Hu successfully synthesized  NiOx and Ni(OH)2 nanoparticles 
and demonstrated that nanostructures play an important role 
in catalytic activity [39]. Agoston et al. prepared Ni(OH)2 
by electrodeposition and demonstrated the formation of NiO 
species after the OER reaction [40]. Lee et al. investigated 
the principle of OER reaction of Ni(OH)2 on low- and high-
density carbon paper and proposed a two-stage degradation 
mechanism for cyclic voltammetric (CV) cycling [41]. Kim 
et al. synthesized β-Ni(OH)2 nanoplates by hydrothermal 
method, revealing that the excellent OER properties and 
stability result from the abundant oxygen vacancies and 
well-defined hexagonal structure [42]. At present, through 
different combinations and a large number of experimental 
studies, the composition effect of the active site can be clearly 
clarified in most cases, these works could provide reasonable 
guidance for devising catalyst components in the future. The 
work of electrocatalyst design seems to have taken a sin-
gle path. Compared with the composition effect, there are 
few studies about OER catalyst materials based on the effect 
of 3D structure, because the theoretical calculation cannot 
simulate the whole reaction process, such as diffusion and 
adsorption, but illustrate the electrochemical reaction from 
the atomic level and evolving different structures with invari-
ant compositions is a huge experimental challenge. There-
fore, we have only known that structures with a large surface 
and active sites, and so on are beneficial to the activity of 

OER catalysts, while the understanding of structural effects 
is superficial and often relies on an accidental discovery.

Herein, we report that 3D nanostructured Ni(OH)2 are 
stable, highly active, low overpotential catalysts for OER, 
which show better performance in alkaline electrolyte than 
ruthenium oxide  (RuO2), and the synthetic process of 3D 
nanostructured Ni(OH)2 is plain, environmentally friendly 
and easy to be popularized. Additionally, by comparing 
Ni(OH)2-nanoparticle (Ni(OH)2-NP), Ni(OH)2-nanosphere 
(Ni(OH)2-NS), and Ni(OH)2-nanoparticle-sphere (Ni(OH)2-
NPS) through lots of professional morphological, spectro-
scopic, and electrochemical characterizations, the mecha-
nism of the improvement of 3D Ni(OH)2 electrocatalytic 
performance is revealed. This result strongly demonstrates 
the prospect of high-performance, credible, and cost-effective 
OER electrocatalysts based on Ni(OH)2 Scheme 1 Illustration 
for synthesizing α-Ni(OH)2 samples via the solvothermal 
method Scheme 1 Illustration for synthesizing α-Ni(OH)2 
samples via the solvothermal method Scheme 1 Illustration 
for synthesizing α-Ni(OH)2 samples via the solvothermal 
method

Experimental Section

Reagents and Chemicals

Nickel nitrate hexahydrate (Ni(NO3)2·6H2O) (99%, GR), 
potassium hydroxide (KOH) (99.99%, GR), oleylamine 
(90%, GR), and ethylene glycol (99%, GR) were purchased 
from Adamas. Ethanol (95%, GR) and deionized water 
were purchased from Greagent. Nafion (5 wt%) and ruthe-
nium (IV) oxide  (RuO2, 99.95%) were all purchased from 
Shanghai Titan Scientific Co., Ltd. All chemical reagents 
were analytically pure and were used as received without 
further purification.

Synthesis of Three Nanostructure α‑Ni(OH)2

A total of 0.582 g of Ni(NO3)2·6H2O was added into a 
mixed solution (40 mL of ethanol, 4 mL of oleylamine, 
2 mL of deionized water, and 20 mL ethylene glycol), 
and kept stirring for about 30 min to produce a uniform 
green solution, and then transferred it into a 100-mL 
Teflon-lined autoclave and heated at 180 ℃ for 2  h. 
After the Ni(OH)2-NPS was cooled naturally, samples 
were washed with both deionized water and ethanol and 
dried at 80 ℃ for 12 h. For Ni(OH)2-NP, everything is 
the same except that 10 mL of deionized water was used. 
For Ni(OH)2-NS, everything is the same except without 
deionized water.
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Materials Characterization

The powder X-ray powder diffraction (XRD, Rigaku Ultima 
IV, Cu Kɑ radiation, λ = 1.5418 Å), and X-ray photoelec-
tron spectroscopy (XPS, Thermo Scientific K-Alpha) were 
carried out to probe the composition of the samples. The 
scanning electron microscope (SEM, JSM-7800F), transmis-
sion electron microscopy (TEM, FEI G2 600–300), atomic 
force microscope (AFM, Bruker Dimension ICON), and  N2 
adsorption/desorption isotherms (ASAP 2460 2.01, −195.8 
℃) were used to explore the structure of the samples.

Electrocatalytic Study

A CHI760E electrochemical workstation (CHI Instruments, 
CHN) was applied to conduct electrochemical using a stand-
ard three-electrode system. A glassy carbon electrode (with 
3 mm in diameter) was used as a working electrode, an Hg/
HgO electrode with 1.0 M KOH filling solution was used 
as a reference electrode, and a graphite rod was used as a 
counter electrode throughout the experiment. A 0.1 M KOH 
solution was used as an electrolyte. The potentials measured 
in our work were referenced to the reversible hydrogen elec-
trode (RHE) through the Nernst equation:

To produce the ink, we took 2 mg of catalyst powder and 
1 mg carbon black into a 1.0 mL mixed solution (750 μL of 
deionized water and 250 μL of isopropyl alcohol), with 25 
μL of Nafion solution into the above solution at the same 
time. Then, the mixture was ultrasonicated for at least 0.5 h. 
To prepare  RuO2 ink, we also took 2 mg of  RuO2 catalyst 

E(RHE) = E(Hg∕HgO) + 0.865V

powder into a mixed solution (750 μL of deionized water, 
250 μL of isopropyl alcohol, and 25 μL of Nafion solution), 
and the solution was ultrasonicated for at least 0.5 h. After-
ward, the homogeneous ink was coated on the surface of 
the working electrode (0.2 mg  cm−2). Then, the as-prepared 
catalyst film was dried at room temperature.

The 0.1 M KOH electrolyte was saturated with pure 
oxygen. The linear sweep voltammetry (LSV) curves were 
recorded in the potential range between 1.1 and 1.9 V vs. 
RHE with a sweep rate of 5 mV  s−1 at room temperature. 
We have measured 30 cycles of CV to stabilize electrodes 
between 1.0 and 2.0 V vs. RHE with a scan rate of 50 mV  s−1 
before the OER test. Tafel slopes were calculated based on 
the LSV curves by plotting overpotential against log (cur-
rent density). The electrochemical impedance spectroscopy 
(EIS) measurement was carried out at the open circuit poten-
tial with a frequency range from  10−2 to 10 [5] Hz and an 
amplitude of 0.01 V. Chronopotentionmetry measurement 
was performed to evaluate the long-term stability. Other 
electrocatalyst samples were measured with electrochemi-
cal tests under similar conditions.

Results and Discussion

We successfully synthesized phase-controllable α-Ni(OH)2 
in a simple solvothermal system. The morphologies of 
the samples were investigated by scanning electron 
microscope (SEM). It can be seen that these pure phase 
α-Ni(OH)2 samples have nanosphere-like (Ni(OH)2-NS) 
(Fig. 1a), nanoparticle-like (Ni(OH)2-NP (Fig. 1d), and 
nanoparticle-sphere-like (Ni(OH)2-NPS) (Fig. 1g) mor-
phology, respectively. The microstructures of as-prepared 

Scheme 1  Illustration for synthesizing α-Ni(OH)2 samples via the solvothermal method
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phase-controllable samples were further carried out by 
transmission electron microscopy (TEM). TEM images 
show that the Ni(OH)2-NPS (Fig. 1h) is constructed by 
countless ultrathin nanosheets. Selected-area electron dif-
fraction (SAED) pattern extracted from a single nanoparti-
cle/sphere shows that the nanosheets have polycrystalline 
properties due to their nanostructures (Fig. 1c, f, and i). 
In addition, the high-resolution TEM (HRTEM) was also 
used to reveal lattice fringes of α-Ni(OH)2 (015), (018), 

and (012) planes (inset Fig. 1b, e, and h), respectively. 
To compare the diverse structures of the above samples 
more persuasively, we also tested the most irregular sam-
ple (Ni(OH)2-NPS). The diameter of single Ni(OH)2-NPS 
nanospheres was tested with a large variation, interest-
ingly, both 4–5 μm and 1–2 μm exist, which was con-
firmed by TEM images. From the atomic force microscope 
(AFM) measurement (Supplementary Fig. S1), the thick-
ness was 4.6 nm. What is more, it is clearl to observe that 

Fig. 1  Representative a SEM, b TEM, and c SAED images of 
Ni(OH)2-NS, representative; d SEM, e TEM, and f SAED images 
of Ni(OH)2-NP, representative; g SEM, h TEM, and i SAED images 

of Ni(OH)2-NPS, representative. The upper right insets of (b), (e), 
and (h) are the HRTEM images of Ni(OH)2-NS, Ni(OH)2-NP, and 
Ni(OH)2-NPS with scale bars of 5 nm, respectively
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many nanoparticles (200–500 nm in diameter) cling to 
the large nanospheres, like stars around the planet, we 
define this phenomenon as the star effect. Noteworthies are 
the nanospheres and nanoparticles, which possess a more 
average diameter (average diameter 1–2 μm) and exhibit 
a better regularity.

X-ray diffraction (XRD) was firstly utilized to confirm the 
successful formation of pure α-Ni(OH)2 (JCPDS 380,715) 
phases (Fig. 2a). The sharp characteristic peaks of three 
samples at 2θ = 10.5° (003), 21.2° (006), 34.1° (101), and 
60.7° (110) strongly prove the high purity of the three sam-
ples. Notably, the diffraction angles at 2θ = 10.5° (003) and 
2θ = 21.2° (006) shift to lower angles compared with the 
blank α-Ni(OH)2, indicating the increase of distance along 
the c-axis stabilized by mutual calibration impurity ions 
intercalation. The asymmetrical reflection at 2θ = 34.1° was 
indicated to form pure α-Ni(OH)2, which was reported in 
other α-Ni(OH)2 electrocatalyst materials [43]. In addition, 
crystallographic analysis indicates that the average crystal-
lite sizes are 1 nm along the c-axis, which agrees well with 
the spacing of the (003) reflection of α-Ni(OH)2, demon-
strating that per crystallite of the hydroxides has one sheet 
(Table S1). According to Table S1, three typical α-Ni(OH)2 
samples were synthesized by a similar simple hydrothermal 
method, thus the thicknesses are similar, which is of great 
significance for studying the effect of structure on the prop-
erties of over with a single variable.

Next, we used X-ray photoelectron spectroscopy (XPS) 
to analyze the surface composition and electronic state of 
samples synthesized by the solvothermal method. Based 
on the XPS measurements spectrum of α-Ni(OH)2 surface, 
the characteristic peaks of Ni and O can be clearly seen 
(Fig. 2b), and these are the same results as the XRD spec-
trum. High-resolution spectra of Ni 2p and O 1 s were also 
presented in Fig. 2c and d, respectively. As shown in Ni 
2p (Fig. 2c), the peak located at 855.5 eV was assigned to 
 2P3/2 of the Ni–OH bonds and the binding energy peak at 
873.1 eV belongs to  2P1/2 of the Ni–OH bonds, meanwhile 
two satellite peaks were located at 861.1 eV and 879.2 eV. 
As for the O 1 s spectrum (Fig. 2d), the binding energy 
at 531.08 and 532.78 eV suggest the existence of  O2- in 
α-Ni(OH)2, indicating characteristic peaks of the Ni–O 
bonds and absorbed water, respectively. The electronic states 
of Ni and O were the best coincidence with the simulation 
model of nickel hydroxide molecules.

To probe the specific surface area and the surface physi-
cal properties, nitrogen adsorption–desorption isotherms 
were applied. Just as Fig. 2e shows, the results indicate that 
all the synthesized α-Ni(OH)2 samples own IV type iso-
therms and H3-type hysteresis loops, and the mesoporous 
sizes of three samples are narrow (Fig. 2f). Ni(OH)2-NPS 
exhibits a large (Brunauer–Emmett–Teller) BET-specific 
surface area of 132.7  m2g−1, while the BET-specific 

surface areas of Ni(OH)2-NS is only 89.1  m2g−1 and that 
of Ni(OH)2-NP is 122.9  m2g−1. Boiled reaction solutions 
(i.e., ethanol, ethylene glycol, oleylamine, and deionized 
water) can generate stable emulsions and bubbles under 
a solvent heat environment at 180 °C. The newly formed 
tiny α-Ni(OH)2 crystals attach to the gas–liquid interface, 
grow along with the generated bubbles, and finally form a 
nanosphere. Due to the addition of deionized water, the size 
and density of the bubbles generated during the boiling of 
the reaction solution vary. Ni(OH)2-NS without the addi-
tion of deionized water grows nanospheres with better mor-
phology but smaller diameter depending on the abundant 
fine bubbles. Ni(OH)2-NPS with the addition of moderate 
amounts of deionized water, the fine bubbles are more likely 
to aggregate into larger bubbles and finally form some nano-
spheres with a larger diameter, as well as nanoparticles. 
Adding a large amount of deionized water of Ni(OH)2-NP, 
it is difficult to form more complete nanospheres with the 
addition of more deionized water, and finally, presents the 
appearance of nanoparticles. The spherical shape has the 
largest specific surface area for the same mass, therefore, 
nanoparticle spheres with larger diameters have the largest 
specific surface area. However, nanoparticles own a larger 
specific surface area than that of nanospheres, although both 
of them have similar diameters, and this fact may indicate 
that nanoparticle plays an important role in the specific 
surface area. Actually, classical fracture pores formed by 
the approximate average physical size of the similar pores 
size distribution are similar, and Ni(OH)2-NPS owns a pore 
diameter of 6.7 nm, which is 0.88 and 1.48 times compared 
with that of Ni(OH)2-NS and Ni(OH)2-NP, respectively. In 
general, these significantly irregular α-Ni(OH)2 samples 
have similar physical characteristics, providing a perfect 
univariate condition for studying the relationship between 
structure (irregularity in diameter and morphology) and 
OER performance.

The electrocatalytic capabilities of three Ni(OH)2 sam-
ples and benchmark metal  RuO2 toward OER in electrolyte 
with 0.1 M KOH were measured, and before electrocatalytic 
tests, 10 cycles of CV tests were used to stabilize electro-
catalysts’ electrochemical performances. The obtained lin-
ear sweep voltammetry (LSV) curves are shown in Fig. 3a, 
illustrating Ni(OH)2-NPS is the best catalyst among three 
samples synthesized by a simple hydrothermal method, 
because Ni(OH)2-NPS only requires a small overpotential 
of 250 mV at j = 10 mA  cm−2 (Fig. 3d), while the over-
potentials (j = 10 mA  cm−2) are 450, 500, and 340 mV for 
Ni(OH)2-NS, Ni(OH)2-NP, and  RuO2, respectively. To 
reach η = 250 mV, the current densities of Ni(OH)2-NPS 
is 10 mA  cm−2 (Fig. 3e). Ni(OH)2-NS (1.66 mA  cm−2) 
and Ni(OH)2-NP (1.11  mA   cm−2) have similar current 
density, both of them are lower than the current density 
of  RuO2 (4.32 mA  cm−2). The above results illustrate that 
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Fig. 2  a X-ray diffraction (XRD) patterns of the three samples. The 
lines correspond to standard XRD patterns of α-Ni(OH)2 (JCPDS 
380,715); b X-ray photoelectron spectroscopy (XPS) of three sam-

ples; high-resolution XPS spectra of Ni 2p (c), and O 1  s (d); e  N2 
adsorption/desorption isotherms and f pore-size distributions for the 
as-synthesized α-Ni(OH)2 samples
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Fig. 3  a LSV curves and b Tafel slopes of Ni(OH)2-NS, Ni(OH)2-NP, 
Ni(OH)2-NPS, and the benchmark  RuO2 catalyst; c mass activity and 
specific activity for the as-prepared α-Ni(OH)2 samples; d Overpoten-
tial at j = 10 mA  cm−2 and e Current density at η = 250 mV. All meas-
urements were performed in  O2-purged 0.1 M KOH (pH ~ 13) with a 

glass carbon electrode (GC). The catalyst loading was ~ 0.2 mg  cm−2. 
The current density (jgeo), specific activity (jBET), and mass activity 
(jmass) were normalized to their electrode geometric area, BET sur-
face area, and the mass loading, respectively. All LSV curves were 
recorded at a sweep rate of 5 mV s.−1. LSV curves were iR corrected

879Electrocatalysis (2022) 13:873–886
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Ni(OH)2-NPS just requires an assuredly low work voltage 
(1.48 V vs. RHE) to overcome the reaction energy barrier. 
Briefly, the nanoparticle-sphere structure may enhance OER 
performance.

For further assessing these samples, we distilled the 
kinetic parameters of the four catalysts from the Tafel slopes. 
Two regular samples deliver the similar Tafel slopes, and 
Ni(OH)2-NS (95.4 mV  dec−1) and Ni(OH)2-NP (97.1 mV 
 dec−1) are both larger than that of  RuO2 (89.2 mV  dec−1). 
However Ni(OH)2-NPS has a Tafel slope of about only 
74.1 mV  dec−1, showing that Ni(OH)2-NPS has favora-
ble kinetics of electrochemical oxygen evolution reaction. 
According to Tatsuya Shinagawa’s report, when the surface 
adsorbed species produced in the early stage of the OER 
remains predominant, the Tafel slope decreases as it is lower 
than 120 mV  dec−1. [44] In this work, the unexpectedly low 
Tafel slope of 74.1 mV  dec−1 was obtained for the Ni(OH)2-
NPS a value that is obviously lower than other samples, indi-
cating the ions transmission gets easier and easier as the 
shape irregularity increasing. Interestingly, as mentioned 
earlier, two regular catalyst samples have similar Tafel 
slopes. From term of theoretical calculation, the adsorp-
tion (kinetic) properties of sphere-like is exactly closed to 
particle-like, and both of them have regular sizes, however 
the size of Ni(OH)2-NPS is actually irregularity, and it owns 
a significantly lowest Tafel slope. As mentioned above, this 
subtle difference of Tafel slope clearly illustrates the deli-
cate relationship between the structure and their molecular 
reactions. The lowest Tafel slope of Ni(OH)2-NPS indicates 
that the particle-sphere-like nanostructure have the most 
favorable kinetic properties, which promote the process of 
the OER and enhance the activity.

To compare the intrinsic activities of the above catalysts, 
the mass activity (jmass) and specific activity (jBET) (the pro-
cess of calculation is in support information) were calculated 
at η = 350 mV as well (Fig. 3c). From the curves, OER activ-
ity could be easily concluded, which is basically matched 
ignorable.

Electrochemically active surface area (ECSA) is also one 
of the most representative parameters for OER (Table 1). 
As is known to all, because of the proportional relationship, 
the catalyst’s electrochemical double-layer capacitance (Cdl) 
reflects ECSA [45, 46]. Cdl was performed by using cyclic 

voltammetry (CV) in a non-faradaic region. Specifically, 
cyclic voltammograms (CVs) in sweeping scan rates rang-
ing from 20 to 200 mV  s−1 were performed with a poten-
tial window of 1.01–1.05 V in the non-faradaic region to 
obtain the capacitive current associated (Figs. 4a and S2). 
Before testing, 50 cycles of CV between 1.0 and 1.1 V vs. 
RHE with a scan rate of 500 mV  s−1 were applied to keep 
the electrode surface stable. Accordingly, the capacitance 
of Ni(OH)2-NPS was estimated by CVs to be 4.1 mF  cm−2, 
which was much higher than that of Ni(OH)2-NS (0.27 mF 
 cm−2) and Ni(OH)2-NP (0.09 mF  cm−2), indicating a larger 
electrochemically active surface area of the nanoparticle-
sphere structure. The results imply that the optimal oxygen 
evolution reaction electrocatalytic activity of the Ni(OH)2-
NPS was relevant to the largest ECSA (Fig. 4b) due to the 
effective electrocatalyst-electrolyte contact interface area. 
By using the equation:

Cs = 0.040 mF  cm−2 is suitable for specific capacitance 
[47], the ECSA values of three samples actually differ 
greatly. The ECSA of Ni(OH)2-NPS is 102.5  cm2 , mean-
while, the ECSA values of Ni(OH)2-NS (6.75  cm2) are 
larger than that of Ni(OH)2-NP (2.25  cm2). Interestingly, 
Brunauer–Emmett–Teller areas and electrochemical surface 
areas own slightly different trends, and the BET areas of 
Ni(OH)2-NP are actually larger than that of Ni(OH)2-NS, but 
the ECSA of Ni(OH)2-NP is smaller than that of Ni(OH)2-
NS. Most of their values are mostly within reasonable range 
and error, which may be due to the difference in testing con-
ditions. That is because the nanoparticle-like powder is more 
easily exposed to the  N2 atmosphere than nanosphere-like 
powder. While for the estimation of ECSA, the inevitable 
particle–particle stacking of the nanoparticle could cause the 
ECSA to decrease, yet the nanosphere structure can avoid 
this decrease, due to the nanospheres owing many nanopores 
which take key roles for the ion to penetrate, so the ECSA 
value of Ni(OH)2-NS is much higher than that of Ni(OH)2-
NP. Another pivotal kinetic parameter of OER is the turno-
ver frequency (TOF), which reflects the intrinsic character-
istics of electrocatalytic activity (Supporting Information). 

(1)ECSA =
Cdl

Cs

Table 1  Comparison of OER 
activity data calculated from 
different catalysts

Catalyst η at j = 10 mA  cm−2

(mV)
Mass activity at 
η = 350 mV
(A  mg−1)

Specific activity at 
η = 350 mV
(A  m−2)

Tafel slope 
(mV  dec−1)

Ni(OH)2-NS 450 0.025 0.015 95.4
Ni(OH)2-NP 500 0.013 0.01 97.1
Ni(OH)2-NPS 250 0.113 0.085 74.1
RuO2 340 89.2
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According to the results (Table 2), Ni(OH)2-NPS catalyst 
exhibits the highest TOF of 38.4  s−1 at η = 350 mV, while 
the TOF values of Ni(OH)2-NS and Ni(OH)2-NP are 0.6 and 
0.1  s−1, indicating the structures of catalysts affect both kinet-
ics properties and intrinsic activities. From the calculation 
results based on ECSA, the most irregular-shaped Ni(OH)2-
NPS keeps the highest TOF value among the three different 
nanostructure samples, illustrating the specific shape (sphere-
particle-like) does increase the intrinsic activity.

In addition, electrochemical impedance spectroscopy 
(EIS) was performed to support further understanding of the 
reaction’s kinetics of as-prepared catalysts. EIS was measured 
in the electrolyte of 0.1 M KOH, Ni(OH)2-NPS exhibits the 
smallest semicircle diameter (Rct = 52.3 Ω), (Fig. 4c) which is 
much smaller than that of Ni(OH)2-NP electrode (109.5 Ω), 
Ni(OH)2-NS (81.2 Ω), and even benchmark catalyst  RuO2 
electrode (67.9 Ω), suggesting that the high conductivity of 
Ni(OH)2-NPS. Its unique nanostructure causes the syner-
gistic effects, thus nanoparticle-sphere-like Ni(OH)2 has a 
prominent advantage over other nanostructures-like Ni(OH)2 
on effective and abundant electrocatalytic active sites due to  
larger interfaces with the electrolyte and shorter ion diffusion 
pathways [48, 49]. These results confirm that the nanoparticle- 
sphere structure can significantly improve the electron  
transport performance between the electrolyte and electrode,  
which indeed boost the electrochemical process.

Based on the electrochemical measurements, the prominent 
advantages of Ni(OH)2-NPS, lower overpotential, lower Tafel 
slope, larger double-layer capacitance and higher intrinsic 
activity, confirmedly provide that nanoparticle-sphere does 
boost OER performance and overall water splitting. Accord-
ing to the results obtained, the excellent electrocatalytic 
properties of the as-prepared sample might be ascribed to the 
following three points: (i) nanoparticle-sphere structure gener-
ate adequate reaction sites, providing more areas to improve 
catalytic activity (larger Cdl); (ii) nanoparticle-sphere struc-
ture boost much closer contact with the alkaline electrolyte, 
causing to provide more active sites for ions to react (lower 
Tafel slope); (iii) nanoparticle-sphere structure is actually 
open, and gas  (O2) release and intrinsic activity (higher TOF) 
are both promoted; (iv) nanoparticle-sphere structure facili-
tates charge transport (smaller value of Rct), reduces resist-
ance and improves catalytic processes. All calculated data of 
three obtained samples are shown in Table 2. Comparing two 

regular samples, Ni(OH)2-NS has slightly higher oxygen evo-
lution reaction catalytic activity, mainly because nanosphere 
structure can provide more areas to improve catalytic activ-
ity, and has more reactivity of active sites and owns more 
open structure to release  O2. Significantly, the synergistic 
effect of three advantages does improve catalytic activity, so 
Ni(OH)2-NPS has more areas to improve catalytic activity, 
more active sites to boost the adsorption capacity of  OH−, and 
higher intrinsic activity than Ni(OH)2-NS (details in Table 2). 
As shown in Table 2, for these unique-like samples, the most 
irregular nanostructure (nanoparticle-sphere) could represent 
the highest OER activity by simultaneously improving the Cdl, 
Tafel slope, and TOF compared with sphere-like and particle-
sphere-like structures.

Without good stability, an excellent electrocatalyst is  
out of the question [50, 52, 53]. After 1000 cyclic voltammo-
grams (CVs) electrochemical tests with the sweeping scan 
rate of 250 mV  s−1 (Fig. 4d), the obtained LSV curve (blue) 
was close to the first one (red), with the ignorable current 
density loss and overpotential increase. The long-term dura-
bility of the Ni(OH)2-NPS was also performed by a chrono-
amperometry measurement (Fig. 4e) at 1.48 V (vs. RHE, 
j = 10 mA  cm−2). Clearly, because of the interference of  O2 
bubbles generated, the current density fluctuates slightly, 
and after the 8 h test, it maintains 95% of the current density 
of 10 mA  cm−2. This shows that Ni(OH)2-NPS has outstand-
ing long-term catalytic stability during oxygen evolution 
reactions. In fact, by comparing the SEM images before and 
after the long-term test (Fig. 4e inset), we can find that the 
Ni(OH)2-NPS maintains good morphology and structure. 
Meanwhile, no significant structural changes are discovered, 
indicating the excellent structural reliability of this sample. 
In fact, α-Ni(OH)2 is only stable on the electrode surface 
at low potentials region (below 0.5 V vs. RHE) in alkaline 
media, afterward converting to the more thermodynamically 
stable phase of β-Ni(OH)2. Additional HRTEM and XPS 
tests were performed to investigate the chemical composi-
tion of the Ni(OH)2-NPS after long-term durability test-
ing. From Fig. 5a, the lattice fringe of β-NiOOH is clearly 
observed, indicating that β-NiOOH is a real active species 
and plays an important role in the OER reaction. The XPS 
spectroscopy proves the presence of Ni, O, and Fe elements 
in the post-experiment Ni(OH)2-NPS (Fig. 5b). Because a  
small amount of Fe is present in KOH, the sample contains 

Table 2  The summary of OER 
data from As-synthesized 
α-Ni(OH)2 samples

Catalyst η at j = 10 mA  cm−2

(mV)
Cdl
(mF  cm−2)

ESCA  (cm2 ) TOF at 
η = 350 mV 
 (s−1)

Ni(OH)2-NS 450 0.27
0.09
4.1

6.75 0.6
Ni(OH)2-NP 500 2.25 0.1
Ni(OH)2-NPS 250 102.5 38.4
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Fig. 4  a Current density measured in non-faradaic potential from 1.01 
to 1.05 V at different scan rates, 20, 50, 100, 150, and 200 mV   s−1, 
for the Ni(OH)2-NPS sample; b the capacitive current as a function of 
scan rates for different catalysts; c EIS for the as-prepared α-Ni(OH)2 

samples; d stability tests of Ni(OH)2-NPS for 1000 cycles of a CV; e 
chronoamperometry test at 1.48 V (10 mA  cm−2) for 8 h. Insets are the 
SEM images of Ni(OH)2-NPS before and after the test.
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a certain amount of Fe (1.2%, Table S2) after the long-time 
reaction. What is more, the high-resolution XPS spectra of 
Ni 2p (Fig. 5c) exhibit  Ni3+ signal peaks attributed to the  
oxidation of  Ni2+ during the long-term durability test.  
This result is agreed with HRTEM, indicating that β-NiOOH 
plays an important role in the OER reaction.

In general, Ni(OH)2-NPS not only has enough specific 
surface areas to support active sites but also provides enough 
ions channels for  OH− to transfer, meanwhile avoiding the 
agglomeration of 3D materials through its stable nanostruc-
ture. As single metal hydroxide material, nanoparticle-sphere 
like Ni(OH)2 reaches the current density of 10 mA  cm−2 only 
requiring 250 mV overpotential, and maintains excellent 
performance stability (8 h) after long-term experiment just 
via design 3D structure. Of note, it is also superior to most 
polymetal hydroxide OER catalysts, for instance, P-Co2Cr1 
LDHs (285 mV) [51], Ni-FeLDH@MnCO3 (275 mV) [54], 
and Ni-Co hydroxide nanoplate (270 mV) [55], as well as 
other two/three-dimensional and polymetal-based OER cata-
lysts, as gathered in Table 3.

Conclusion

In summary, we successfully synthesized three different 3D 
nanostructures α-Ni(OH)2 samples via a controlling solvo-
thermal system. Three synthesized Ni(OH)2 samples have 
different 3D structures, similar BET-specific surface area, 
and average pore size, which provides a perfect single vari-
able platform for the study of the relationship between their 
unique structure and OER performance. From the results 
of systematic experiments and analyses, a more irregular 
nanoparticle-sphere-like structure (Ni(OH)2-NPS) has the 
best effectively OER catalytic activity, since it owns not 
only better favorable kinetics properties (Tafel slope), larger 
accessible surface area (Cdl), much higher intrinsic activity 
(TOF) to promote OER performance, but also reliable three-
dimensional nanostructures to ensure the durability. Profit 
by these unmissable characteristics, nanoparticle-sphere-like 
Ni(OH)2 has become a promising noble candidate catalyst 
for OER to popularize, indicating a method of manufactur-
ing improved catalysts from structural design was pointed 

Fig. 5  a HRTEM, b XPS, and c high-resolution Ni 2p XPS spectra images of post-experiment Ni(OH)2-NPS

Table 3  Summary of literature 
OER performances pf the most 
typical 2D/3D and polymetal 
hydroxide catalysts in alkaline 
electrolytes

Catalyst Electrolyte ηj = 10 (mV) Tafel slope (mV 
 dec−1)

Reference

NF@NiFe LDH/CeOx 1.0 M KOH 280 101 [50]
P-Co2Cr1 LDHs nanosheets 1.0 M KOH 285 45 [51]
NiMn LDH 1.0 M KOH 280 70 [52]
ZnCo LDH/RGO 0.1 M KOH 430 73 [53]
Ni-FeLDH@MnCO3 1.0 M KOH 275 45 [54]
Ni–Co hydroxide nanoplate 1.0 M KOH 270 59 [55]
Ni–Co LDH/carbon paper 1.0 M KOH 367 40 [56]
Layered Ni–Co silicate hydroxide 

nanosheets@MWCNTs
0.1 M KOH 440 96 [57]

α-Ni(OH)2 hollow spheres 0.1 M KOH 330 42 [58]
NiV LDH nanosheet 1.0 M KOH 318 50 [59]
α-Ni(OH)2-NPS 0.1 M KOH 250 73.9 This work
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out. By comparing three kinds of α-Ni(OH)2 samples, the 
conceptually 3D nanostructures α-Ni(OH)2 are presented 
and demonstrated to be good models for the design of elec-
trocatalysts to optimize OER and water splitting perfor-
mance. Our study proposes the star effect for the first time 
and provides a new guiding strategy for the design of effec-
tive electrocatalysts for OER by using high-cost performance 
and easily prepared ɑ-Ni(OH)2.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12678- 022- 00757-z.
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