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Abstract 

Nickel-based hydroxides with excellent electrochemical performance have been 

considered as cathode materials for Ni/MH batteries. In this paper, a Ni/Al layered 

double hydroxides (Ni/Al LDHs) material with three-dimensional (3D) spherical 

structure is synthesized by a facile stable dual complexation–precipitation method. 

SEM images show that the obtained Ni/Al LDHs possess 3D spherical structure 

composed of nanosheets. XRD and CV tests indicate that doping of Al increases the 

distance between Ni–Al layers, greatly improving the specific capacity of the obtained 

materials. The electrochemical tests show that the specific capacity of the obtained 

material with 18% Al is up to 383.4 mAh g−1 at a current density of 1 A g−1. In 

addition, when the current density is further increased to 10 and 20 A g−1, the specific 

capacity of this material still maintains 345.0 mAh g−1 and 307.9 mAh g−1, 

respectively, which implies that this cathode material can provide remarkable power 

densities. Moreover, the material composed of Ni/Al LDHs keeps 97.6% initial 

capacity after 5,000 cycles at a current density of 10 A g−1, showing an excellent 

cycling stability and durability. 

 

Keywords: Ni/Al LDHs; Ni/MH battery; 3D nano structure; cathode material; high 

charge–discharge speed 
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1. Introduction  

In order to reduce the emission of CO2 by the combustion of fossil fuels, such as 

coal and gasoline, it is imperative to develop environmentally friendly power sources 

for the mitigation of climate warming [1–9]. Ni/MH batteries with high power density 

and good durability are considered as an emerging power source for hybrid electric 

vehicles. Their extraordinary power capability makes them very promising and 

suitable for hybrid electric vehicles under heavy load, such as starting and uphill 

driving. Compared with the existing rechargeable batteries, such as Li-ion batteries, 

the Ni/MH batteries are limited by their energy density due to low specific capacity of 

Ni(OH)2 cathode in practical application [10-12]. Thus they are not suitable to be used 

as an independent power source for the devices that require a large energy supply. 

Now, Ni/MH batteries are usually used as an auxiliary power source for hybrid 

electric vehicles (Prius Hybrid), or as a power source for short-distance buses. 

Nickel hydroxide and its derivatives with typical layer structure applied as 

rechargeable active cathode materials which possess α and β crystal forms. It is also 

found that some high-valence metal ions (such as Al3+, Co3+ and Fe3+, etc.) replace 

some of the nickel ions to form new stable layered double hydroxides (LDHs), 

resulting in maintaining the specific capacity and greatly improving cycle life [13-16]. 

Zha et al. reported that the specific capacity of Co/Ni LDHs is up to 250.69 – 339.58 

mAh g−1 at a current density of 0.5 A g−1 [17–22]. Aluminum (Al) is an element of 

high abundance in Earth crust and can significantly stabilize the structure of Ni/Al 

LDHs, so it becomes one of the most attractive elements for substitution [19–47]. 
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Many researchers synthesized Ni/Al LDHs with different structures and morphologies 

by using different methods. Mizuhata reported that the specific capacity of Ni/Al 

LDHs synthesized by liquid phase deposition was up to about 383.3 mAh g−1 at 1 A 

g−1 and retains 95.1% of the initial value after 300 cycles [23–26]. Li et al. reported 

that the specific capacity of Ni/Al LDHs by using a self-assembly method is up to 

128.5–218.9 mAh g−1 at 1 A g−1 [27–29]. Liu and Huang reported a Ni/Al LDHs 

synthesized by hydrothermal method has a specific capacity of 268.6 and 294.8 mAh 

g−1 at 1 A g-1, respectively [30, 31]. In addition, the composites of Ni/Al LDHs with 

porous carbon, nickel foam or graphene have attracted lots of researcher’s attentions 

[32–36]. Yang et al. have reported Ni/Al LDHs/C composite possessing a specific 

capacity of 127.1–282.5 mAh g−1 at 1 A g-1 with a cycling life of 1,000 cycles [32–35]. 

Wang also reported a Ni/Al LDHs grown on nickel foam possessing a specific 

capacity of 110.4 mAh g−1 with a cycle life of 1,000 cycles [36].  

According to the Bode cycle, the capacity of an Ni/Al LDHs material can reach 

an 1.67×X% electron capacity, where X% is the Ni content of the Ni/Al LDHs [39, 

42]. Therefore, the theoretical specific capacity of Ni/Al LDHs is 1.67×289×X% mAh 

g−1 (483×X% mAh g−1) in the working voltage range of 0.1–0.6 V. Obviously, the 

calculation indicates that the specific capacity of Ni-based LDHs materials still have 

enough room for improvement. Because the formation Ksp constant values of Al(OH)3 

and Ni(OH)2 are pH = 3.7 and 7.2, respectively, there is a large difference between the 

critical values of the precipitation of Ni2+ and Al3+ ions, i.e., a huge amount of Al3+ 

ions will firstly induce colloidal precipitate due to the super-saturation degree of the 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

5 

 

solution before the precipitation of Ni2+ ions at a high pH value. In these precipitation 

processes, colloidal precipitate of Al(OH)3 with the co-precipitated Ni(OH)2 will form 

disordered Ni/Al co-precipitated microcrystals or colloidal precipitates of 

Al(OH)3/Ni(OH)2 composite, resulting in poor electrochemical properties. In addition, 

these disordered LDHs lack sufficient crystallinity and thus their structures are easily 

changed during the cycling process, leading to a short cycling life. 

Fig. 1 shows the schematic diagram of the formation mechanism of the spherical 

Ni/Al LDHs with 3D nanostructure and nanosheets synthesized in this study. The 

obtained spherical particles with an open structure are self-assembled by Ni/Al LDHs 

nanosheets themselves through a dual complexation–precipitation method. The use of 

Al(OH)3 as a raw material makes the method have a higher atomic economy than 

other Al sources of traditional methods using Al compounds. For example, when 

Al 2(SO4)3 is used, a large amount of Na2SO4 is produced as a byproduct [40, 44, 45].  

In our process, Al(OH)3 firstly complexes with NaOH to form Al(OH)4
– ions, 

which will precipitate again due to the reaction with Ni2+ ions in a weakly alkaline 

solution (pH = 11.50). The new process avoids the formation of disordered 

crystallization of Al(OH)3 caused by Al3+ and OH– through the complex reaction of 

Al(OH)3 and NaOH. The experimental results show that the new structure is not only 

beneficial to transport of electrons and electrolyte between the nanosheets, but also 

propitious to alleviation of the structure damage caused by the expansion and 

contraction between the LDHs layers during charge and discharge processes. So the 

material with a new open structure consisting of nanosheets and good crystallinity 
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will support the applications in need of high specific capacitance with excellent 

durability. In the new process, two complexation precipitation equilibrium reactions 

take place as follows. 

(1) The balance between the precipitation of Ni2+ and OH– ions is controlled by the 

complex equilibrium between Ni2+ and ammonia.  

Ni2+ + 6NH3 +2OH− → [Ni(NH3)6]
2+ + 2OH– → Ni(OH)2 + 6NH3     (1-1) 

(2) The balance of the precipitation process of Al(OH)3 is controlled by the complex 

equilibrium between Al(OH)4
– and OH–: 

Al(OH)3 + OH– → Al(OH)4
– → Al(OH)3 + OH–                 (1-2) 

The total reaction is: 

(1–x)[Ni(NH3)6]
2+ + xAl(OH) 3 + (2–3x)OH– = [Ni1–xAl x(OH)2] + 6(1–x)NH3 

(1-3) 

In order to obtain homogeneous LDHs, the reactions should be carried out in a 

very stable surrounding with precisely controlled pH and temperature. In the process, 

the Ni/Al LDHs nanosheets gradually self-assemble via their own spatial orientation 

structure, meanwhile they slightly dissolve and precipitate again by the balance of the 

complexation–precipitation of Ni2+–NH3 and Al(OH)3–OH–. Finally, Ni/Al LDHs 

spherical particles with open structure of nanosheets are formed. Electrochemical tests 

show that the material provides a larger specific capacity and longer cycling life than 

the conventional Ni/Al LDHs reported in the literatures. 

 

2 Experimental Section 
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2.1 Synthesis of Ni/Al LDHs  

NH3•H2O, NaOH, and NiSO4 of AR grade were purchased from Beijing Jingxi 

Refined Chemicals Regent. 30 mL 1.2 mol L−1 NH3•H2O solution was added to a 100 

mL three-neck round-bottom glass flask and heated up to 50 °C for reaction by a 

super water bath (DF−101S, Beijing Sunny Science Instrument). The solution was 

stirred constantly at a stirring speed of 150 rpm. Then 8 mL NiSO4 solution (1.2 mol 

L−1), marked as solution A, and 8 mL Al(OH)3–NaOH–NH3 solution (0.25 mol L−1 of 

Al(OH)3, 2.4 mol L−1 of NaOH, 2.4 mol L−1 of NH3•H2O) containing 3 mol L−1 of 

DPE-3 (crystallization additive, Nanjing Europtronic Chemical), marked as solution B, 

were simultaneously pumped into the reactor at a rate of 0.25 mL min−1 by two 

peristaltic pumps separately (DH100B, Baoding Longer Pumps). The pH of the 

reaction mother solution was monitored by a HANNA pH meter (pH211) and 

controlled at 11.5 ± 0.03 by accurately adjusting the flow rate of solution A around 

0.25 ± 0.01 mL min−1. The reaction mixture was stirred continuously for 16 h at 50 °C 

as an aging process after finishing the pumping of the above solutions. The product 

was filtrated and washed with 50 °C deionized (DI) water till the washing liquid 

presents neutral, and finally dried in a vacuum oven at 60 °C for 3 h. For optimization 

and comparison tests, other samples with different contents of Al and without Al were 

also prepared using the same process. 

2.2 Morphology and Structure Characterizations  

The morphology of the synthesized samples was examined using a scanning 

electron microscope equipped with energy dispersive spectrometer (SEM/EDX, Zeiss 
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SUPRA 55) at an accelerating voltage of 20 kV. The crystalline structure was 

characterized by X-ray diffraction (XRD) on a Bruker D8 Advance X-Ray 

Diffractometer using a Cu Kα source at a scanning rate of 10° min−1 and a scanning 

angle (2θ) range from 5° to 90°. Spectrograms of X-ray photoelectron spectroscopy 

(XPS) were collected on a PHI 5000C ESCAESCALAB 250 instrument with Al Kα 

radiation. The binding energies were determined with adventitious carbon (C1s at 

284.6 eV) as the reference. Transmission electron microscope (TEM) images were 

obtained on a Philips CM200FEG Field Emission Microscope. 

2.3 Electrochemical Measurements 

A mixture of 200 mg sample, 60 mg expanded graphite (99.9%, Qingdao Laixi 

Fine Graphite), 50 mg PTFE (60 wt.%, Guangzhou Songbai Chemicals), and 100 µL 

DI water was mixed and ground in an agate mortar for 30 min. The obtained paste 

was roll-pressed into a 50 µm thick film as an electrode film. An electrode film 

sample with a size of 10 mm × 10 mm was then pressed on a same size nickel foam 

film (density: 550 ± 30 g m−2, pores per inch: 100 ± 30, thickness: 1.8 ± 0.1 mm, 

purchased from Changsha Liyuan New Materials) by using a powder pressing 

machine (YP−15A, Shanghai Jingsheng Instrument) at 10 MPa for 3 min to form a 

cathode sample.  

 Electrochemical measurements were carried out in 1.0 mol L−1 KOH in a 

three-electrode system cell at room temperature (around 298 K). An above prepared 

cathode was used as the work electrode. A 10 mm × 10 mm nickel plate and an 

HgO/Hg electrode were used as auxiliary electrode and reference electrode, 
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respectively. Charging/discharging (scan range: 0.1–0.6 V, current density: 1–20 A g−1) 

experiments were carried on a LAND–CT2001A battery test system. The experiments 

of cyclic voltammetry (CV, scan range: −0.25–1.05 V, scan rate: 1–50 mV s−1) and 

electrochemical impedance spectroscopy (EIS, frequency range: 0.01−105 Hz, AC 

potential: 5 mV) were carried out on an electrochemistry workstation (CHI 760D, 

Shanghai CH Instrument). 

3. Results and Discussion 

Fig. 2a-h show the morphology and mapping images of the obtained Ni/Al LDHs 

samples with different contents of Al. It can be seen that all the samples present a 

spherical shape with stack of nanosheets. The Ni/Al LDHs nanosheets become thinner 

as the Al content gradually increases in the range of 0 to 18%. It is beneficial to 

increasing specific surface area of the Ni/Al LDHs nanosheets, which increases the 

contact area of the sample particles and the electrolyte as well as shortens the proton 

and electron migration paths, resulting in the increase of charge and discharge speeds.  

When the Al content reaches 21%, Ni/Al LDHs presents agglomeration phenomenon 

between the nanosheets. The BET results in Table S1 also show that the highest 

surface area is observed when the Al content is 18%, so the optimal Al content should 

be controlled below 21%. The EDX mapping images of the samples with different Al 

contents verify the gradual increase of Al contents in the samples as expected.  

Fig. 2i shows the XRD patterns of the Ni/Al LDHs samples with different Al 

contents. When the Al content is 0, the peaks of the sample appear at 2θ = 19.26°, 

33.14°, 38.42°, 51.96°, 59.04° and 62.78°, corresponding to (001), (100), (101), (102), 
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(110) and (111) peaks of the standard card of β-Ni(OH)2 (JCPDS14–0117), 

respectively. The results demonstrate that the lattice parameters of the Ni/Al LDHs 

containing 0% Al are a = b = 0.3126 nm and c = 0.4638 nm, which are very close to 

the lattice parameters of pure β–Ni(OH)2 (a = b = 0.3126 nm, c = 0.4605 nm). This 

indicates that the Ni/Al LDHs sample (0% Al) has the same crystal structure as β–

Ni(OH)2 (phase β), i.e., a typical structure of layered hexagonal crystal brucite. When 

Al content continues to increase 6%, it is observed that two peaks occur on the XRD 

pattern at 2θ = 11.84° and 23.56°, corresponding to the characteristic diffraction peaks 

of (003) and (006) facets of α–Ni(OH)2, respectively, indicating that the crystal 

structure of the Ni/Al LDHs begins to convert into α–Ni(OH)2 (phase α). When Al 

content further increases to or exceeds 12%, only pure phase of α–Ni(OH)2 is 

observed. Therefore, Ni/Al LDHs samples with hybrid of phase α and β can be 

obtained by controlling the Al content between 3% and 12%.  

As seen from Fig. 2i, a typical sample with 15% or 18% Al shows two peaks at 

2θ = 11.84° and 23.56°, corresponding to the diffraction peaks (0 0 3) and (0 0 6) of 

α–Ni(OH)2 (JCPDS38–0715), respectively. In the 2θ region of 33~39°, two small 

diffraction peaks appear as the characteristic peaks of α–Ni(OH)2 with vortex lamellar 

structure.  

Table S2 presents the lattice parameters calculated from the XRD spectra of Fig. 

2 by Scherrer formula, where the value of parameter a depends on the distance 

between the metal atoms and the oxygen atoms, and value c depends on the distance 

between the NiO2 layers. It is observed that the value of a gradually decreases while 
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the value of c gradually increases as the Al content rises. The Al–O bond length 

(0.194 nm) is shorter than the Ni–O bond length (0.209 nm), so a part of the Ni atoms 

is replaced by Al atoms, leading to a tendency to gradually decrease of the value of a. 

At the same time, due to the difference of the charge number between Al3+ and Ni2+, 

the increase in Al content causes an excess positive charge on the NiO2 layers, which 

causes an insertion of a part of anions and water molecules into the interlayers, 

resulting inc-axis expansion. The increase in spacing between LDHs layers is 

beneficial to accelerating the diffusion of protons between layers and improving 

electrochemical performance of the sample during charge and discharge processes. 

However, excessive Al3+ ions can cause more anions to clog the LDHs interlayers, 

which will block the exchange of ions between the layers and electrolyte and in turn 

cause a decrease in electrochemical performance of the sample. Therefore, the Al 

content should not be too high in the Ni/Al LDHs samples for optimal performance.  

Fig. 3a shows the CV curves of the samples with an Al content from 0 to 21% at 

a scan rate of 10 mV s−1. It can be seen that when the Al content increases from 0 to 

18%, the redox peak current of the sample electrode rises. The sample with 18% Al 

provides the maximum redox peak current, indicating that it has the best 

electrochemical performance. When the Al content further increases to 21%, the 

redox peak current decreases, suggesting that extra high content of Al causes the 

decrease in electrochemical performance, which is consistent with the results from 

previous XRD analysis. 

Fig. 3b shows the charge and discharge specific capacities of the samples with 
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different Al contents during the above CV tests, and the calculation formula of the 

specific capacity is as follows: 

 Q =
�

��
� �(	)�	
�
��

                  (1-4) 

where m is the mass of active electrode material, s is the potential scan rate, Vf and Vi 

are the integration limits of a voltametric curve, and I(V) denotes the response current 

density. 

As seen from Fig. 3b, with increasing Al content, the specific capacity of the 

samples presents a gradual increase before the point of 18% Al, followed by a gradual 

decrease thereafter. When the Al content is 18%, the specific capacity reaches the 

maximum value (336.67 mAh g−1), suggesting that the optimum doping amount of Al 

is 18%. 

Fig. 3c shows the charge–discharge curves of the samples with Al contents from 

0 to 21% at 2A g−1. It can be seen that the curves appear relatively flat, indicating the 

Ni/Al LDHs have typical oxidation peak and reduction peak during the charge and 

discharge processes. The specific capacity of the samples can be calculated in 

according to the following formula (5): 

Q = i × t /m                     (1-5) 

where i, t, and m correspond to the discharge current, discharge time for 

charge/discharge, and mass of active electrode material, respectively.  

The calculated specific capacity of Ni/Al LDHs with Al contents of 0%, 3%, 6%, 

9%, 12%, 15%, 18% and 21% at 2 A g−1 are 268.8, 290.2, 311.6, 330.6, 345.7, 363.1, 

375.6 and 355.9 mAh g−1, respectively. The charge and discharge experiments show 
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that the specific capacity of Ni/Al LDHs rises with increasing Al content from 0 to 18% 

and decreases as Al content exceeds 18%. Therefore, the optimal Al content of Ni/Al 

LDHs with the maximum specific capacity is 18%. 

Fig. 3d shows the specific capacity curves of the samples at different current 

densities. As Al content increases, the discharge capacity increases first, and the 

highest specific capacity of the samples is achieved when the Al content reaches 18%. 

The results also indicate that the sample with 18% Al offers higher rate performance 

than other samples with different Al contents under heavy load. When the current 

density is 1, 2, 5, 10 and 20 A g−1, the sample with 18% Al content provides specific 

capacity of 383.4, 375.6, 369.1, 345.0 and 307.9 mAh g−1, respectively, which are 

much higher than the corresponding figures of those LDHs materials reported in the 

literature [12–15, 30, 33–36]. 

Fig. S1a shows the Nyquist plots from AC impedance experiments of the Ni/Al 

LDHs samples with Al content from 0 to 18%. It can be seen that as Al content 

increases, the semi-circular arcs in the low frequency region gradually reduce, 

suggesting that the doping of Al is beneficial to reducing the polarization impedance 

of the electrochemical reaction. When the Al content goes up to 21%, the 

semi-circular arcs increase instead, implying that the best Al content is 18%. 

Fig. S1b shows the polarization curves from Tafel tests of the sample electrodes 

and the exchange current densities obtained from the polarization curves are listed in 

Table S3. The results show that the exchange current densities rise with increasing Al 

content from 0 to 18%. The exchange current densities of the samples with Al 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 

 

contents from 0 to 18% monotonically increase in the range of 16.85 mA cm–2 to 

21.07 mA cm–2. The results are well consistent with the results of the previous AC 

impedance tests, indicating that the sample with 18% Al has the highest 

electrochemical activity. 

According to the former XRD and electrochemical test results from in Fig. 2 and 

3, respectively, Fig. 4a shows the change in the average of parameter c (͞c) with 

increasing Al content. It is found that the distance of c rapidly rises as Al content 

increases in the range of 0–15%, and it becomes stable when Al content increases 

from 15% to 21%. As calculated from Fig. S1b, the increase in the distance of c (͞c) 

will weaken the interlayer bonding force of LDHs layers and significantly contribute 

to the increase in exchange current density and electrochemical performance of Ni/Al 

LDHs (Fig. 4a). This force can be considered as the positive effect for the increase in 

electrochemical performance (blue line in Fig.4b, denoting Positive forces 1). 

However, the excessive amounts of Al3+ replacing Ni2+ in LDHs lattice and the 

excessively positive charge will attract other anions or electronegative molecules from 

electrolyte around the Ni/Al LDHs, such as OH− or H2O, thus affecting the diffusion 

and exchange of proton and electrolyte (red line 1 in Fig.4b, standing for Negative 

forces 1).  

In addition, when the Al content exceeds 18%, extra longer distance between the 

layers is easy for the anions to insert, which will also block the discharge and charge 

processes of Ni/Al LDHs (red line 2 in Fig.4b, denoting Negative forces 2). Fig. 4c-d 

display the possible mechanism schematic of the doping of different amounts of Al 
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and its comprehensive results of the above three forces (Positive forces 1 + Negative 

forces 1 + Negative forces 2) on the structure and electrochemical properties of the 

Ni/Al LDHs samples. Obviously, the 18% Al–doped Ni/Al LDHs sample shows the 

best electrochemical performance.  

Fig. 5a shows the XRD patterns of the 18% Al–doped Ni/Al LDHs sample under 

different charge and discharge states. It can be seen that the initial state of the sample 

has a crystal structure of α–Ni(OH)2 (JCPDS38–0715). The metallic Ni peaks shown 

in the pattern are derived from the nickel foam in the electrode. As the charge process 

proceeds, it is found that characteristic diffraction peaks of (003) and (006) facets are 

weakened and the characteristic diffraction peak of (006) facet of γ–NiOOH at 2θ = 

26.2° appears at half charged state. When the sample is fully charged, the 

characteristic diffraction peaks of α–Ni(OH)2 disappear and the XRD pattern shows 

diffraction peaks at 2θ = 26.2°, 44.4°, 52.3° and 77.8°, corresponding to the 

characteristic diffraction peaks of γ–NiOOH, meaning that the Ni/Al LDHs is 

substantially oxidized into γ–NiOOH after fully charged. It can also be found that no 

other diffraction peaks appear during the charge process, suggesting that the α/γ phase 

cycle does not undergo a mesophase. Similarly, all the γ–NiOOH is converted into α–

Ni(OH)2 after fully charged, showing that the charge and discharge processes of Ni/Al 

LDHs are stably reversible in the α and γ phase cycle. The Ni/Al LDHs provides 

higher specific capacity and longer lifetime because the electron transferal number of 

α-Ni(OH)2/γ-NiOOH can achieve up to 1.67 while that of the traditional β–

Ni(OH)2/β–NiOOH process is 1. 
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We also analyzed the change in valence of the Ni in 18% Al-doped Ni/Al LDHs 

during charge and discharge processes. As seen from the XPS spectra in Fig. 5b, the 

enlarged initial state shows Ni 2p XPS spectrum with two major peaks of Ni 2p3/2 

(856.5 eV) and Ni 2p1/2 (874.2 eV) as well as their corresponding satellite peaks. 

When the electrode begins to charge to the half charged state, the Ni 2p3/2 peak starts 

to be split into two peaks, namely, Ni peak of α–Ni(OH)2 at 856.7 eV and Ni peak of 

γ–NiOOH at 858.8 eV. And Ni 2p1/2 peak starts to be split into the Ni peak of 

α-Ni(OH)2 at 874.4 eV and Ni peak of γ–NiOOH at 877.7 eV.  

When the electrode is fully charged, the two split peaks of Ni 2p3/2 and Ni 2p1/2 

are completely transformed into the γ–NiOOH peaks. For example, the Ni 2p3/2 (856.5 

eV) peak of α–Ni(OH)2 is fully converted into the Ni 2p3/2 (858.9 eV) peak of γ–

NiOOH and the Ni 2p1/2 (874.2 eV) peak of α–Ni(OH)2 is also completely converted 

into the Ni 2p1/2 (877.6 eV) peak of γ–NiOOH. Similarly, it is observed that the Ni 

2p1/2 (877.6 eV) and Ni 2p3/2 (858.9 eV) peaks of γ–NiOOH are completely converted 

into Ni 2p1/2 (873.2.3 eV) and Ni 2p3/2 (856.3 eV) peaks of α–Ni(OH)2, respectively 

after the electrode is completely discharged.  

Fig. 5c and e show the TEM images of 18% Al-doped sample (Ni/Al LDHs) 

before charge and discharge with different magnifications. It can be seen from Fig. 5c 

that the shape of the Ni/Al LDHs sample is approximately spherical, which is 

consistent with the SEM images in Fig. 2. In addition, the lattice fringes in Fig. 5d 

indicate a single lattice spacing of 0.397 nm corresponding to the (006) facet of α–

Ni(OH)2. Fig. 5d and f are the TEM images with different magnifications for 18% 
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Al-doped sample (Ni/Al LDHs) after 5,000 cycles. Comparing Fig. 5e with f, the 

HR-TEM images of the two samples show that the structure of the Ni/Al LDHs keeps 

stable during charge and discharge processes.  

Fig. 6a shows the CV curves of the Ni/Al LDHs sample with 18% Al at different 

scan rates. The response current density of the CV curves increases with scanning rate, 

which indicates that the sample has good electrochemical performance. The charge 

and discharge specific capacity of the CV processes are calculated and the results are 

plotted in Fig. 6b. It can be seen that the specific capacity of the sample can reach 

375.2 mAh g−1 at 1 mV s−1. When the scan rate increases to 50 mV s−1, the specific 

capacity of the sample still retains 190.7 mAh g−1, indicating that the sample has 

excellent quick charge and discharge performance. 

Fig. 6c shows the durability of the sample with 18% Al under different current 

densities from 1 to 20 A g−1. The results show that the specific capacities of the 

electrodes are very stable. When the charge–discharge current density increases from 

1, 2, 5 to 10 A g−1, only about 0.2%, 0.3%, 1.2% and 2.4% of initial capacity decline 

are observed after 5,000 cycles, respectively, indicating the obtained samples have 

excellent durability under high rate performance. When the current density further 

increases to 20 A g−1, the discharge specific capacity remains stable during the first 

3,850 cycles, still providing 297.7 mAh g−1. Electrochemical tests show that the 

sample with spherical structure and open nanosheets not only benefits the transport of 

electrons and electrolyte, but also helps LDHs lattice and layers reduce the stress of 

expansion and contraction during the charge and discharge processes. Therefore, it 
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can provide higher specific capacity with excellent durability. 

Fig. 6d shows the comparison of the specific capacity of the Ni/Al LDHs sample 

containing 18% Al with the nickel hydroxide materials reported in the literature at 

different current densities. It can be seen that the Ni/Al LDHs sample has superior 

electrochemical properties to the reported materials in terms of capacity and power 

performance.  

 

4. Conclusions 

In this paper, a kind of Ni/Al LDHs materials are synthesized by a dual 

complexation–precipitation method at precisely conditions of controlled pH and 

temperature. The XRD results show that the Ni/Al LDHs sample with 18% Al has the 

best structure for charge and discharge processes. The CV and charge–discharge 

experiments also show that the sample with 18% Al has the optimal electrochemical 

performance with a high specific capacity of 383.4 mAh g−1 at 1 A g−1. The XRD and 

XPS analyses of the samples at various charge and discharge states indicate that the 

transformation between α–Ni(OH)2 and γ–NiOOH of the Ni/Al LDHs is stable and 

reversible during charge and discharge processes. Beneficial from the optimized 

layered structure with well–regulated nanosheets, the Ni/Al LDHs cathode offers 

superior specific capacity, rate performance, and cycle durability than the LDHs 

materials reported in the literature.  
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Figure Captions 

 

Fig.1 Schematic diagram of the formation mechanism of the nano Ni/Al LDHs 

(1, Nucleation process; 2, Growth process; 3, Migration process)  

 

Fig. 2 SEM and EDX mapping images of the Ni/Al LDHs samples with different Al 

contents (a, pure Ni(OH)2; b, 3% Al; c, 6% Al; d, 9% Al; e, 12% Al; f, 15% Al; g, 

18% Al; h, 21% Al) and their corresponding XRD patterns (̂ , α–Ni(OH)2; ●, 

β–Ni(OH)2). 

 

Fig. 3 a, CV curves of different Al-doped samples at a scan rate of 10 mV s−1; b, 

specific charge and discharge capacities of the above samples during the CV tests by 

integral method; c, galvanostatic charge–discharge curves of LDHs electrodes 

containing various Al contents at a current density of 2 A g−1; d, specific capacity of 

the LDHs electrodes containing various Al contents at different current densities. 

 

Fig. 4 Status of the Ni/Al LDHs samples with different Al contents (a, 0% Al; b, 

intermediate Al contents; c, extra high Al contents); d, interplanar spacing c of Ni/Al 

LDHs samples with different Al contents; e, exchange current density of Ni/Al LDHs 

samples with different Al contents. 

 

Fig. 5 a, XRD patterns of the Ni/Al LDHs (18% Al) electrode during charge and 

discharge processes (★, Ni/Al LDHs; ●, γ–NiOOH; ƹ, Ni;); b, XPS spectra of Ni 

element in the Ni/Al LDHs (18% Al) electrode during charge and discharge processes; 

c and e, TEM images of Ni/Al LDHs (18% Al) electrode before charge and discharge, 

respectively; d and f, Ni/Al LDHs (18% Al) after 5000 cycles.  

 

Fig. 6 a, CV curves of Ni/Al LDHs (18% Al) electrode a scan rate of 50 mV s−1; b, 

specific charge and discharge capacity of the Ni/Al LDHs (18% Al) electrode during 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

2 

 

the CV tests by integral method; c, cycling life curves of Ni/Al LDHs (18% Al) at 

different charge discharge rates; d, comparison of the specific capacity of the LDHs 

electrodes and the relevant Ni based cathode materials in the literature. 
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Fig.6 
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Highlights 

• Spherical Ni/Al LDHs with nanostructure is synthesized by a stable DCP method. 

• The doping of Al3+ effectively controls the distance of LDHs layer and its interior 

forces. 

• The optimal doping of Al3+ shows superior properties to other reported Ni/Al 

LDHs. 

• The obtained Ni/Al LDHs with 18% Al provides the maximum capacity of 383.4 

mAh g−1 at 1 A g−1. 
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Figure caption 

Fig. S1 a, Nyquist plots of the Ni/Al LDHs electrodes with different Al contents; b, 

polarization curves of the Ni/Al LDHs electrodes with different Al contents.   

(EIS frequency range: 0.1–105Hz; scan range of Tafel tests: 0.3–0.7 Vs Hg/HgO Ref. 

electrode; Electrolyte: 1.0 mol L−1 KOH) 

 

Table captions 

Table S1 BET surface areas of the Ni/Al LDHs samples with different Al contents. 

 

Table S2 Interplanar spacing values of Ni/Al LDHs samples with different Al 

contents. 

 

Table S3 Exchange current densities of Ni/Al LDHs samples with different Al 

contents. 

 

Table S4 Specific capacities of charge and discharge for the Ni/Al LDHs electrodes 

with different Al contents during the CV tests by integral method. 

 

Table S5 Specific charge and discharge capacities of Ni/Al LDHs electrodes during 

the CV tests by integral method at different scan rates. 
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Fig. S1 
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Table S1 

 

Al content  
(%) 

BET Surface Area 
(m²/g) 

Ni(OH)2 9.7 
3 14.0 
6 18.2 
9 22.6 
12 27.4 
15 32.1 
18 36.3 
21 31.3 
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Table S2 

 

Table S2 presents the lattice parameters calculated from the XRD spectra of 

Figure 2 by Scherrer formula, and the Scherrer formula is as follows: 

 

Al content 
(%) 

crystal 
form 

hkl 
2θ 
(°) 

d 
(nm) 

FWH 
(°) 

D 
(nm) 

a 
(nm) 

a 
(nm) 

c 
(nm) 

c 
(nm) 

0 
100% 

β 

001 19.124 0.4639 0.549 14.5057 
0.3126 0.3126 0.4639 0.4639 100 33.272 0.2707 0.303 27.0496 

101 38.422 0.2340 0.476 17.4707 

3 
95% β 

001 19.230 0.4612 0.641 12.4257 
0.3121 

0.3121 
0.4612 

0.5530 
100 33.112 0.2703 0.342 23.9550 
101 38.518 0.2335 0.557 14.9344 

5% α 003 11.54 0.7662 0.38 20.7709 —— 2.2985 

6 
71% β 

001 19.332 0.4588 0.733 10.8677 
0.3114 

0.3114 
0.4588 

0.9976 
100 33.194 0.2697 0.391 20.9574 
101 38.62 0.2329 0.632 13.1663 

29% α 003 11.449 0.7722 0.839 9.4068 —— 2.3167 

9 

28% β 
001 19.455 0.4559 0.661 12.0537 

0.3101 

0.3103 

0.4559 

1.7982 

100 33.337 0.2686 0.455 18.0163 
101 38.66 0.2327 0.751 11.0814 

72% α 
003 11.286 0.7734 0.87 9.0703 

0.3104 2.3202 006 22.485 0.3951 0.848 9.4417 
110 59.505 0.1552 0.682 13.2630 

12 
100% 

α 

003 11.388 0.7764 0.737 10.7081 
0.3088 0.3088 2.3291 2.3291 006 22.669 0.3919 0.777 10.3078 

110 59.855 0.1544 0.695 13.0377 

15 
100% 

α 

003 11.347 0.7792 0.441 12.3114 
0.3065 0.3065 2.3374 2.3374 006 22.732 0.3908 0.813 9.8507 

110 60.344 0.1533 0.464 19.5767 

18 
100% 

α 

003 11.143 0.7934 0.556 14.1911 
0.3053 0.3053 2.3801 2.3801 006 22.383 0.3969 0.834 9.5986 

110 60.61 0.1526 0.429 21.2026 

21 
100% 

α 

003 11.06 0.7883 0.592 13.3272 
0.3057 0.3057 2.3649 2.3649 006 22.239 0.3994 0.883 9.0636 

110 60.529 0.1528 0.488 18.6314 
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Where “K” is Scherrer constant, K = 0.89, “B” is half width is full width of half 

maximum (FWHM), θ is diffraction angle, λ is the X-ray wavelength, λ = 0.154 nm. 

Because the Ni/Al LDHs belong to hexagonal crystal system, its unit lattice 

parameters have the relationship of a = b ≠ c, α = β = 90 ° and γ = 120 °, and its lattice 

parameter calculation formula can be simplified as:  

 
Using the formula, the a, b and c can be calculated. 
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Table S3 

 

Al content 
(%) ka kc 

I0  
(A cm–2) 

E0  
(V vs. Hg/HgO) 

Ni(OH)2 10.014 4.292 0.01685 0.531 
3 7.814 3.911 0.01748 0.537 
6 8.367 4.532 0.01805 0.536 
9 8.201 4.650 0.01862 0.538 
12 7.764 4.637 0.01962 0.538 
15 7.232 4.011 0.02040 0.537 
18 7.646 3.904 0.02107 0.538 
21 7.673 4.596 0.02004 0.537 
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Table S4 

 

Al Content 
(%) 

Charge Capacity 
(mAh g–1) 

Discharge Capacity 
(mAh g–1) 

0 214.2 203.3 
3 219.9 208.8 
6 228.2 218.9 
9 228.1 221.4 
12 243.9 241.3 
15 314.8 300.3 
18 348.8 336.7 
21 311.2 291.7 
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Table S5 

 

Scan Rate 
(mV s–1) 

Charge Capacity 
(mAh g–1) 

Discharge Capacity 
(mAh g–1) 

1 380.6 375.2 
2 371.3 366.9 
5 342.4 332.0 
10 281.9 278.6 
20 234.9 230.6 
50 197.4 190.7 
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