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Mesoporous Ni-Zn-Fe layered double hydroxide as an efficient binder-free 
electrode active material for high-performance supercapacitors 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� High capacitive binder-free Ni-Zn-Fe 
LDH was successfully prepared by SILAR 
method. 
� The LDH deposit film was fully identi-

fied by EDs, XRD, N2-adsorption, SEM 
and XPS. 
� At 5 mV/s Ni-Zn-Fe LDH on Ni foam 

shows a high specific capacitance of 
1452.3 F/g. 
� It shows long-term cycling stability due 

to its high specific surface area of 119.8 
m2/g. 
� AC//Ni-Zn-Fe asymmetric device shows 

95% capacitance retention after 1000 
cycles at 5 A/g.  
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A B S T R A C T   

Developing new, cost-effective and high-specific-capacitance electroactive materials is the main focus of current 
energy storage research. Herein, we report on successful one-step fabrication of binder-free nickel-zinc-iron 
layered double hydroxide (Ni-Zn-Fe LDH) using the successive ionic layer adsorption and reaction (SILAR) 
method. Energy-dispersive spectroscopy (EDS), X-ray diffraction (XRD), N2 adsorption/desorption, scanning 
electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) techniques are employed to characterize 
the as-prepared Ni-Zn-Fe LDH. The electrochemical performance of Ni-Zn-Fe LDH is executed by cyclic vol-
tammetry (CV), galvanostatic charging/discharging (GCD) and electrochemical impedance spectroscopy (EIS) in 
6 M KOH electrolyte. Ni-Zn-Fe LDH demonstrates high specific capacitance (1452.3 F/g) at 5 mV/s and excellent 
cycling stability. This can be attributed to its high specific surface area (119.79 m2/g) and mesoporous structure 
with a pore size of ~3.69 nm, that allow for the electrolyte ions to get in contact with the electroactive material 
surface to a great extent. High energy density (14.9 Wh/kg), high power density (1077.6 W/kg) and outstanding 
cycling stability (~95% capacitance retention after 1000 GCD cycles at 1.5 A/g) are obtained from the assembled 
asymmetric device (AC // Ni-Zn-Fe LDH). All these features make the proposed Ni-Zn-Fe LDH material a 
promising candidate for supercapacitor applications.   
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1. Introduction 

Recently, there has been an urgent necessity for developing efficient 
renewable sources of energy and electrical energy storage and conver-
sion devices. This is to mitigate the increasing environmental pollution 
issues caused by the excessive exploitation of natural conventional re-
sources of fossil fuels that are used in all life aspects from households to 
industrial purposes [1–4]. Consequently, many scientists have strongly 
focused on developing energy storage devices as promising and feasible 
approaches to manipulate the above-mentioned issues. Among these 
approaches, supercapacitors (SCs) exhibit outstanding high power 
density, high stability, unlimited life span, rapid charging-discharging 
capability, and affordable cost compared to batteries [5,6]. Albeit the 
previous advantages, one of the main problems which significantly 
limits their prevalent commercial application as efficient energy storage 
devices is their low energy density. So it is time to find out a smart 
strategy to boost their low energy density, without forfeiting their 
intrinsic high power density [7,8]. The performance of SCs depends on 
three factors: the electrode material, the electrolyte and the architecture 
of the assembled device. Among them, the electrode material structure 
has a crucial role in determining the performance of SCs, so it is sig-
nificant to develop novel and efficient electrode materials to satisfy the 
energy storage requirements for industrial applications [9]. Electrode 
materials based on transition metal (TM) oxides, sulfides, nitrides and 
layered double hydroxides (LDHs) exhibit high energy densities and 
relatively high cycling stability at affordable prices. Therefore, this 
category of materials has intensively attracted the attention of many 
researchers due to their advantages in comparison to conducting poly-
mers (showing relatively low cycling stability) and carbon-based ma-
terials (delivering low energy density) [10]. According to their charge 
storage mechanism, supercapacitors can be divided into electrostatic 
double-layer capacitors and electrochemical pseudocapacitors. The 
former store charges physically via charge accumulation at the elec-
trode/electrolyte interface through the reversible adsorption/de-
sorption of electrolyte ions. On the other hand, pseudocapacitors 
undergo faradaic redox reactions at the electrode active material surface 
to store energy [11–13]. Many TM oxides have been evaluated as active 
pseudocapacitive materials including unary oxides, such as NiO3 [14, 
15], ZnO [16], Fe2O3 [17], RuO2 [18] and CuO [19], and binary oxides, 
such as Mn-Fe oxide [20], Ni-Co oxide [21], as well as Ni-Mn oxide [22]. 
Despite the outstanding supercapacitive performance demonstrated by 
RuO2 (720 F/g), its high toxicity [23], rarity and high price [24] hinder 
its wide-scale and commercial applicability. On the other hand, mate-
rials based on earth-abundant, mechanically robust TMs such as Mn, Fe, 
Co, Ni, Zn, etc, cannot compete RuO2 due to their lower specific 
capacitance [25]. This significantly stimulated the researchers to un-
tangle such a paramount challenging problem. In this regard, layered 
double hydroxides (LDHs) have evoked increasing attention due to their 
potential academic and industrial use in catalysis, fire retardancy and 
electrochemistry [26]. Specifically, LDHs are efficient electrode mate-
rials for SC applications [27–30]. LDHs can be prepared as binary, 
ternary, quaternary or more combinations of metals species. Among 
such LDH materials, Liu et al. [31] reported on Ni-Mn LDH nanosheet 
that displayed a specific capacitance of 937 F/g at a current density of 
0.5 A/g. Despite this reported high specific capacitance, the low elec-
trical conductivity and high preparation cost of this material have de-
ferred its wide commercialization for SC applications [32]. From this 
standpoint, the preparation of low-cost LDHs as electrode materials with 
relatively high electrical conductivity is our focus. 

So far, there is no report on the use of Ni-Zn-Fe LDH as a super-
capacitor electrode material. In this paper, we demonstrate a very fast 
and facile method for the preparation of binder-free Ni-Zn-Fe LDH thin 
film using the successive ionic layer adsorption and reaction (SILAR) 
method. Unlike the other traditional powder preparation methods such 
as co-precipitation, hydrothermal method, reconstruction and ion- 
exchange processes, which requires a higher operating temperature, 

the SILAR method is simple involving successive layer-by-layer deposi-
tion of metal species and provides fine control on the thickness of the 
deposited film over the substrate surface rapidly and uniformly [33]. A 
thin film can be grown directly onto the selected substrate without 
needing to add additives like binders or conductors. Binders addition 
results in decreasing the resistance at the synthesized thin film/substrate 
interface while conductors addition raises the total cost [34,35]. Herein, 
the modified SILAR technique was used for assembling nanostructured 
Ni-Zn-Fe LDH binder-free material directly on nickel foam (NF) sheet as 
a substrate to improve the electrical conductivity of our electrode. 
Nickel foam as a current collector has several advantages necessary for 
high performance devices such as efficient electron transfer, high 
physical strength and 3D macroporous structure [36]. The super-
capacitive performance of the prepared material has been scrutinized 
using cyclic voltammetry (CV) and galvanostatic charging/discharging 
(GCD). The long-term stability was studied via CV and electrochemical 
impedance spectroscopy (EIS). Furthermore, the fabricated electrode 
active material was employed as a positive electrode with active carbon 
(AC) as a negative electrode for constructing the asymmetric super-
capacitor device (AC // Ni-Zn-Fe LDH) to further investigate the po-
tential practicability of the prepared Ni-Zn-Fe LDH electrode material. 

2. Experimental 

2.1. Material synthesis and characterization 

Anhydrous zinc chloride (ZnCl2), Nickel chloride (NiCl2⋅6H2O), 
ferric chloride (FeCl3⋅6H2O) and KOH were supplied by Fisher Chemical. 
Ethanol (99.0%) and other reagents were purchased from Merck. All 
reactants and chemicals were used without further purification and so-
lutions were prepared from deionized water. The nickel foam (NF) 
substrate was thoroughly pre-treated with 4 M HCl, acetone, and abso-
lute ethanol and then deionized water (each for 20 min). For the suc-
cessive deposition of a thin film of Ni-Zn-Fe LDH via the modified-SILAR 
method, three beaker systems were used. The modified method here 
meant that the precursor cations are included in a single mixed solution 
instead of using separate cationic solutions. The first beaker (A) con-
tained 50 mL of the mixed cationic precursors solution, i.e. 0.1 M NiCl2, 
0.1 M ZnCl2 and 0.1 M FeCl3. The second beaker (B) contained 50 mL of 
the hydroxide-source solution (1 M KOH), while the third beaker (C) 
contained 100 mL of deionized water. For each complete deposition 
cycle, the Ni foam substrate was successively immersed in beaker (A), 
then beaker (C), then beaker (B) and then beaker (C) again, each for 10 s 
for 5 consecutive cycles to form a thin film. The number of SILAR cycles 
was optimized where the fifth deposition cycle has led to obtaining an 
evenly uniform film. The temperature of the beaker (B) was kept at ~ 80 
�C during the deposition process, while both beakers (A) and (C) were 
kept at room temperature. To obtain a uniform, thin and compact film, 
the substrate was carefully rinsed in the beaker (C) at the end of each 
cycle to remove the loosely adso rbed cations. The obtained film was 
dried in the oven at 80 �C. Reactions between pre-adsorbed cations 
(Ni2þ, Zn2þ and Fe3þ) and newly adsorbed anions (OH ــ ) lead to the 
formation of thin films of the desired Ni-Zn-Fe LDH material. Dubal and 
Holze [37] have stated the detailed chemical reactions taking place in 
the modified SILAR method. The synthesized film was fully character-
ized for its structure and elemental composition by means of EDS, XRD, 
XPS and FT-IR analyses, while the structural morphology was recorded 
by FE-SEM imaging. XRD analysis was performed using PANalytical 
X’pert PRO diffractometer (with a Cu Kα radiation). XPS analysis was 
carried out using Thermo Scientific K-Alpha which is a fully integrated, 
monochromated small-spot X-ray photoelectron spectrometer (XPS) 
system. FT-IR spectrum was recorded on Perkin Elmer Spectrum One 
Spectrophotometer. FE-SEM imaging was performed using the FE-SEM 
instrument QUANTA FEG 250, while the elemental composition was 
scrutinized via EDS analysis (through a unit attached to the FE-SEM 
instrument). Ni-Zn-Fe LDH surface area was investigated via N2 
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adsorption/desorption analysis using the Ni-Zn-Fe LDH powder 
scratched from Ni foam via Quantachrome NOVA Station A (version 
11.03). 

2.2. Electrochemical measurements 

The supercapacitive activity of the prepared Ni-Zn-Fe LDH was 
scrutinized by different electrochemical methods in a three-electrode 
system containing Ni-Zn-Fe LDH deposited on a strip of Ni-foam (with 
an area of 1 cm � 2 cm, and mass loading of 6 � 0.1 mg/cm2) serving as 
the working electrode, Ag/AgCl used as the reference electrode, and a 
platinum coil utilized as the counter electrode. All measurements 
including cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS) and galvanostatic charging/discharging (GCD) were 
conducted in 6 M KOH solution using the electrochemical workstation 
IM6e Zahner electric, Kronach, Germany, controlled by Thales software. 
CV measurements were executed at the potential window from 0.0 V to 
0.45 V (vs. Ag/AgCl) at different scan rates (5–20 mV/s) and GCD 
measurements were conducted at various current densities (1.7–10 A/ 
g). EIS measurements were undertaken at the open-circuit potential 
(0.224 V vs. Ag/AgCl) within a frequency range from 100 kHz to 10 mHz 
and a sinusoidal wave with a 10 mV amplitude. The resultant impedance 
parameters were extracted from EIS spectra using EC-Lab (V10.40) 
software. 

The performance of the prepared Ni-Zn-Fe LDH material in terms of 
the specific capacitance (Csp, F/g) was calculated from CV measure-
ments using Eq. (1) [38,39]: 

Csp ¼

R
IðdVÞ

mυΔV
(1) 

Since the GCD curves show a non-linear behavior, the specific 
capacitance was also calculated from GCD measurements according to 
the following equation (Eq. (2)) [40,41]: 

Csp ¼
2I
R

VðdtÞ
mΔV2 (2)  

where m is the mass of deposited Ni-Zn-Fe LDH (g), Δt is the discharge 
time (s), I is the applied current (A) and ΔV is the potential window (V). 

The coulombic efficiency (η%) was obtained from galvanostatic 
measurements as follows [38]: 

η% ¼
td

tc
� 100 (3)  

where td and tc are the discharging and charging times at the same 
current density, respectively. 

2.3. Fabrication of the AC // Ni-Zn-Fe LDH device 

In order to test the applicability of the as-prepared materials, an 

asymmetric supercapacitor device (AC//Ni-Zn-Fe LDH) was constructed 
using AC (standing for activated carbon) as the negative (anode) elec-
trode, Ni-Zn-Fe LDH as the positive (cathode) electrode, and a piece of 
filter paper (Whatman 8 μm) as a separator, all soaked in 6 M KOH 
electrolyte. The negative AC electrode was prepared by mixing AC 
powder, carbon black, and polyvinylidene difluoride in N-Methyl-2- 
pyrrolidone (NMP) solvent in a mass ratio of 8.5 : 1 : 0.5 to make a 
homogenous slurry. Subsequently, the slurry was coated onto a clean Ni 
foam chip and dried at 80 �C overnight. To balance the charges stored 
(Q) on each electrode, the mass ratio between the two electrodes was 
balanced as follow [40,41]: 

Qþ
Q�

¼
mþ � Cspþ � ΔVþ
m� � Csp� � ΔV�

(4)  

where m is the mass (g) of the active material, Csp is the calculated 
specific capacitance (F/g), and ΔV is the potential range (V) for the 
charge/discharge process. 

The energy density (ED, Wh/kg), and power density (PD, W/kg) were 
both calculated as follow [40,41]: 

ED ¼
1
2

Csp � ΔV2

3:6
(5)  

PD ¼
ED � 3600

td
(6)  

3. Results and discussion 

3.1. Characterizations of the Ni-Zn-Fe LDH 

The EDS spectrum of the as-deposited film (Fig. 1(a)) displays the 

Fig. 1. (a) EDS spectrum, and (b) elemental mapping of the as-synthesized Ni-Zn-Fe-LDH film.  

Fig. 2. XRD pattern of the powder scraped from Ni-Zn-Fe LDH.  
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peaks of Ni, Zn, Fe, and O elements. Also, the elemental mapping 
analysis demonstrates the uniform distribution of these elements in the 
sample matrix (Fig. 1(b)). XRD is generally a useful, non-destructive tool 
for the structural characterization and phase identification of crystalline 
materials. Fig. 2 depicts the typical XRD pattern of the powder, that was 
obtained by the sonication of many prepared samples in absolute 
ethanol to scratch off an adequate amount of the powder necessary for 
XRD analysis [42]. It is noted that the Ni-Zn-Fe LDH sample shows 
diffraction peaks at 2θ values of 11.65�, 23.01�, 34.1� and 37.1� which 
are coincident to the Miller indices (003), (006), (102), and (105) of the 
hydrotalcite structure, giving proof of the formation of LDH-like mate-
rial [43], where the hydrotalcite structure is the parent of any LDH-like 
materials [28]. Moreover, the well-defined doublet peaks appearing at 
2θ values of 60� and 61�, correspond to the (110) and (113) planes, 
respectively. This further confirms the hydrotalcite-like structure of this 
material, and that it is synthesized in the form of a layered double hy-
droxide (LDH) [28]. 

Fig. 3(a–d) depicts the high-resolution (HR) XPS spectra as a 
convenient analytical tool to further comprehend the valence state of 
each element in the as-deposited Ni-Zn-Fe LDH. Firstly, XPS scans cor-
responding to Ni 2p, Zn 2p, Fe 2p, and O 1s confirm the presence of Ni, 
Zn, Fe and O elements in the synthesized material. The XPS full survey 
indicates that the elemental ratio of Ni, Zn, Fe, and O is 1.0 : 1.1: 2.6 : 
7.1. Fig. 3(a) presents the curve-fitted high-resolution spectrum of Ni 2p, 
with two well-defined spin-orbit peaks located at the binding energy of 
855.4 eV and 873.5 eV assigned to Ni 2p3/2 and Ni 2p1/2, respectively. 
Moreover, two intense satellite peaks associated with Ni 2p also appear 
at 880.4 eV and 862.5 eV. Based on these two important observations for 
the binding energies of Ni 2p; viz. the main lines and the splitting due to 
the spin-orbit coupling and the energy gaps separating between the main 

lines and satellite peaks; one can conclude that both Ni(II) and Ni(III) 
cations coexist together in the Ni-Zn-Fe LDH structure. The intense 
satellite peaks suggest that Ni2þ is the major state of Ni element in this 
LDH [42,44,45]. Similarly, the Zn 2p spectrum (Fig. 3(b)) shows two 
well-resolved spin peaks at 1021.8 eV and 1045.5 eV corresponding to 
Zn 2p3/2 and Zn 2p1/2, respectively, as well as spin-orbit diverging en-
ergy of 23.7 eV which suggests the presence of Zn2þ species in the 
deposited film. Moreover, Fig. 3(c) exhibits two-defined peaks at 711.1 
eV corresponding to Fe 2p3/2 and at 724.7 eV corresponding to Fe 2p1/2 
with shake-up satellite peaks located at 716.6 eV and 732.4 eV con-
firming that Fe element was deposited as Fe3þ species. Finally, Fig. 3(d) 
displays the XPS spectrum of the O 1s with a weak satellite peak at 529.8 
eV, indicating that O element is present in the lattice structure of 
Ni-Zn-Fe-O-H and another single peak at 530.6 eV assigned to the water 
structure H–O–H [46]. To sum up, XPS data has confirmed the successful 
deposition of Ni-Zn-Fe LDH on nickel foam. 

FT-IR spectrum of the synthesized Ni-Zn-Fe LDH powder scraped 
from Ni foam surface has been recorded within the wave number range 
of 4000–400 cm� 1 as shown in Fig. 4(a). In this spectrum, the broad 
absorption band appearing at 3424 cm� 1 refers to the stretching vi-
bration of the –OH groups in the LDH composition, while the 1640 cm� 1 

band is attributed to the adsorbed interlayer water molecules. There are 
two obvious strong absorption bands below 1000 cm� 1. The presence of 
such low-frequency small peaks are ascribed to the stretching M� O 
bonds or bending M� OH bonds, which demonstrate the successful Ni- 
Zn-Fe LDH preparation [28]. Fig. 4(b) demonstrates the FE-SEM im-
ages of Ni-Zn-Fe LDH thin film deposited by the SILAR method on NF 
chip. The Ni-Zn-Fe LDH shows plenty of uniformly-distributed entities 
with ash-like structure and very small spherical aggregated nano-
particles with an average size between 40 and 80 nm. 

Fig. 3. HR-XPS spectra of (a) Ni 2p, (b) Zn 2p, (c) Fe 2p, and (d) O 1s in the as-synthesized Ni-Zn-Fe LDH sample.  
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The material surface area and pore diameter are paramount pa-
rameters for energy storage technology [28]. Fig. 5 displays the N2 gas 
adsorption/desorption curve of the prepared material and Bru-
nauer–Emmett–Teller (BET) analysis. The specific surface area was ob-
tained from the (BET) method, and the pore diameter (nm) was 
calculated from the isotherm’s desorption branch using the 
Barrett-Joyner-Halenda (BJH) analysis. According to the gas adsorp-
tion/desorption isotherms classification issued by IUPAC [47], the ob-
tained isotherm is of type IV, which demonstrates the mesoporous 

properties (pore size ¼ 2–50 nm) of the Ni-Zn-Fe LDH with a charac-
teristic hysteresis loop starting at ca. 0.41 (P/Po) and ending at ca. 1.0 
(P/Po). This loop is associated with capillary condensation properties 
within the mesopores. The congruency of both adsorption and desorp-
tion curve before the hysteresis loop refers to the monolayer-multilayer 
adsorption [38]. The approximate multipoint BET surface area is 
119.789 m2/g and the average pore size is 3.693 nm, as obtained from 
BJH pore size distribution (the inset in Fig. 5). The relatively high sur-
face area along with the mesoporous structure would facilitate the 
electrolyte/electrode interactions to a great extent. This stimulated us to 
investigate Ni-Zn-Fe LDH as a supercapacitor electrode material. 

3.2. Supercapacitive performance 

The electrochemical performance is the key evidence for the super-
capacitive activity of any envisaged electrode material. Fig. 6(a) shows 
the CV curves recorded for the as-fabricated Ni-Zn-Fe LDH in 6 M KOH at 
different sweeping speeds from 5 to 20 mV/s within a fixed potential 
window. The obtained CV curves involve broad and distinct redox peaks 
appearing at ca. 0.12 V and 0.38 V, and these are characteristic features 
for pseudocapacitive materials. The maximum calculated Csp at as slow 
sweep rate as 5 mV/s is 1452.3 F/g, while a lower value of 848 F/g is 
obtained at 20 mV/s. The increase in Csp at low scan rates can be 
explained on the basis that with decreasing scan rate the electrode 
surface becomes more accessible to many electrolyte ions, thereby full 
utilization of the electrode surface can be achieved at lower scan rates. 
On the other hand, the ohmic electrolyte resistance increases at the fast 
potential scans. Therefore, the synthesized material can efficiently store 
electrochemical energy at slow scan rates. The redox peaks observed in 
the CV curves within the potential range of 0.0–0.45 V originated from 
the redox process of Ni2þ/Ni3þ couple that may occur at the electrode/ 
electrolyte interface in KOH solution. Moreover, the presence of Fe in its 
3þ oxidation state can likely allow for easier OH� intercalation, thereby 
facilitating the nickel redox process based on the following reversible 
electrochemical reaction [48,49]: 

NiðOHÞ2 þ OH� ↔ NiOOH  þ H2O  þ e� (7) 

The role of Zn in the Zn-Ni-Fe LDH is mainly to assist the interaction 
between reactants and active sites during the faradaic redox reactions, 
but is hardly to provide any electrochemical active sites [50]. 

To better understand the mechanism of energy storage and charge 
storage contributions from the measured CV curves, the power law 

Fig. 4. (a) FT-IR spectrum of the as-deposited Ni-Zn-Fe LDH, and (b and c) FE- 
SEM images of the Ni-Zn-Fe LDH before and after 1000 CV cycle, respectively. 

Fig. 5. N2 adsorption/desorption isotherm, and BJH pore size distribution 
(inset) for the Ni-Zn-Fe LDH scraped powder. 
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expressed by Eq. (8) or Eq. (9) was used for the analysis [51]: 

IðVÞ ¼ aνb (8)  

log IðVÞ ¼ a þ b log ν (9)  

where IðVÞ is the voltage-dependent current value at a given scan rate 
(ν), a and b are two adjustable parameters. Both a and b values can be 
obtained from the relationship between log IðVÞ and log ν. If b equals 1, 
the charge storage mechanism is a surface-controlled process, and if b 
equals 0.5 it would be a diffusion-controlled process. Fig. 6(b) shows the 
plot of log I versus log v and the estimated b value was found to be 0.61 
at 0.41 V for the anodic (charging) process, and 0.71 at 0.16 V for the 
cathodic (discharging) process. The b value for the anodic or the 
cathodic scan is between 0.5 and 1, signifying that the charge storage 
mechanism is controlled by mixed surface and diffusion processes. 

To determine the capacitive and diffusion-controlled contribution in 
the three-electrode system we have used the following two equations 
[51]: 

IðVÞ ¼ K1ν þ K2ν0:5 (10)  

IðVÞ
ν0:5 ¼ K1ν0:5 þ K2 (11)  

where K1ν and K2ν0:5 represent the surface (capacitive) current contri-
bution and diffusion-controlled (intercalation-based) current contribu-
tion, respectively. The values of K1 and K2 are calculated by profiling the 

(IðVÞ
ν0:5 vs. ν0:5) curve. Fig. 6(c) shows the contribution ratio of capacitive 

and faradaic diffusion-controlled charge storage. It is clear that most of 
the charge storage is attributed to the diffusion process. For instance, at 
scan rate of 5 mV/s, only 7.35% capacitive contribution was demon-
strated to the system capacitance, whereas the remaining amount 
(92.65%) comes from the faradaic diffusion process. This validates the 
pseudocapacitive electrochemical property of the Ni-Zn-Fe LDH active 
electrode material. To further confirm the pseudocapacitive behavior of 
Ni-Zn-Fe LDH, GCD is known to be an important and commonly used 
technique usually employed to distinguish the predominant charge 
storage mechanism, whether intercalation, adsorption/desorption or 
pseudocapacitive battery-like behavior [34]. Fig. 6(d) shows the GCD 
profiles at different current densities observed for the Ni-Zn-Fe LDH 
electrode tested in 6 M KOH electrolyte. As clearly seen, Ni-Zn-Fe LDH 
material exhibits nonlinear, semi-triangular GCD platform regardless of 
the applied current density. This feature is likely attributed to the 
faradaic capacitive property emerged from the oxidation/reduction of 
the electrode constituents. The Csp value was calculated from Eq. (2), 
based on the area under the discharge time curve which was found to 
decrease with the increase in the current density. For instance, upon 
increasing the current density from 1.7 A/g to 10 A/g, the Csp decreases 
from 1585 F/g to 971 F/g. The decrease in Csp value could be associated 
with the poor ability of electrolyte ions to rapidly diffuse through the 
electrode/electrolyte interface and the slow rate of their interaction 
with the electrode surface at high applied current density [52]. The Csp 
values obtained from both CV and GCD measurements are in a close 
agreement. Interestingly, the LDH material has high rate capability even 

Fig. 6. Electrochemical characterization of the Ni-Zn-Fe LDH electrode in 6 M KOH electrolyte: (a) CV curves as a function of scan rate (inset: the calculated Csp at 
different scan rates), (b) The dependence of log current on log scan rate (power law) at 0.41 V(anodic) and 0.16 V(cathodic), (c) Contribution (%) of capacitive and 
diffusion-controlled charge storage, and (d) GCD profiles of the Ni-Zn-Fe LDH electrode at different current densities. 

Table 1 
A comparison between Ni-Zn-Fe LDH and the other LDHs reported in literature as supercapacitor electrodes.  

Electrode material Synthesis method Specific capacitance (F/g) Electrolyte Testing condition Ref. 

Mg-Co-Al LDH Coprecipitation 376.9 1.0 M KOH 1.0 A/g [53] 
Ni-Co LDH Electrodeposition 1000.0 1.0 M NaOH 5.0 mV/s [54] 
Co-Al LDH Electrodeposition 500.0 0.1 M KOH 10.0 mV/s [55] 
Ni-Al LDH Hydrothermal method 781.5 6.0 M KOH 5.0 mV/s [56] 
Ni-Al LDH Hydrothermal method 795.0 1.0 M KOH 0.5 A/g [57] 
Ni-Zn-Fe LDH SILAR 1585 6.0 M KOH 1.7 A/g present work  
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at higher current density (e.g. at 10 A/g) by retrieving 61.26% of its 
initial Csp value. In addition, the material maintains a high coulombic 
efficiency (η%Þ near to 100% at intermediate and high current densities 
(i.e. at 4–10 A/g). Table 1 summarizes other LDHs reported in the lit-
eratures as supercapacitor active electrode materials, indicating the 
outperformance of Ni-Zn-Fe LDH [53–57]. 

Generally, the ability of an electrode material to stay stable during 
long-term use is a paramount requirement for supercapacitor applica-
tions. For this reason, the long-term stability of Ni-Zn-Fe LDH electrode 
was tested using CV measurement subjected to 1000 CV cycles at a scan 
rate of 50 mV/s. Fig. 7(a) demonstrates seven CV curves (i.e. the 3rd, 
50th, 100th, 250th, 500th, 750th and1000th cycles) chosen among the 
1000 applied CV cycles. Obviously, the area under each CV curve as well 
as the correspondingly calculated capacitance increase significantly 
with cycling till the first 250 cycles and then gradually decrease, ending 
with a Csp higher than the initial value, however (Fig. 7(b)). For 
instance, the capacitance calculated from the 3rd CV cycle is 252.2 F/g, 
but it becomes 283.7 F/g after the 1000th cycle indicating that Ni-Zn-Fe 
LDH electrode maintains a very good cycling stability. Consequently, the 
as-prepared Ni-Zn-Fe LDH showed 112.5% capacitance retention over 
the 1000th cycles. The increase in Csp could be attributed to the 
continuous electrochemical activation of Ni-Zn-Fe LDH during the suc-
cessive redox processes at the electrode/electrolyte interface. The sur-
face morphology of the as-prepared Ni-Zn-Fe LDH after 1000 CV cycles 
was investigated by SEM imaging as shown in Fig. 4(c). The preservative 
uniform distribution of small aggregated nanoparticles of the as- 
prepared Ni-Zn-Fe LDH supports the high obtained capacitance reten-
tion value. The electrochemical performance and cycling stability of the 
as-prepared Ni-Zn-Fe-LDH electrode as a supercapacitor can be further 
confirmed by the EIS technique. EIS measurements were performed 
before and after the cycling stability test. From Fig. 7(c), it is quite 

obvious that the Nyquist plots display a very small depressed semi- 
circuit and a sloping semi-straight line at high- and low-frequency re-
gions, respectively. The semi-circuit is due to the capacitive behavior of 
this material based on charge-transfer reactions, and the sloping line is 
due to the Warburg impedance phenomenon associated with diffusion- 
controlled processes. The slight change in the shape of the impedance 
spectra before and after cycling indicates that the reaction mechanism 
(based on redox reactions) did not considerably change after cycling 
[38]. Based on the characteristic of the Nyquist plots in this case, EIS 
spectra were fitted to a suitable simple equivalent circuit (EC) as shown 
in Fig. 7(c) inset so as to get numerical values for the impedance pa-
rameters. The EC model invloves the internal resistance (Rs) which 
consists of the contact resistance at the interface between the electrode 
active material (Ni-Zn-Fe LDH) and the NF substrate, the intrinsic 
resistance of electrode active materials, and the ionic bulk resistance in 
the electrolyte solution (KOH), Rct which refers to the interfacial charge 
transfer resistance [44,58], Cdl standing for the double layer capacitance 
and W which is the Warburg impedance that points to the electrolyte ion 
diffusion resistance within the electrode material. As shown in Table 2, 

Fig. 7. (a) Cycling stability test using CV measurement conducted for 1000 cycles at a scan rate of 50 mV/s, (b) the calculated Csp and capacitance retention as a 
function of cycle number, and (c) EIS spectra (as Nyquist plots) recorded before and after 1000 CV cycles (Inset: the equivalent circuit used for modeling the 
EIS spectra). 

Table 2 
EIS parameters obtained by fitting EIS spectra of the fresh and cycled Ni-Zn-Fe 
LDH electrodes to a suitable equivalent circuit.  

EIS parameters Fresh electrode Cycled electrode 

Rs (Ω) 1.18 1.37 
Q (mF) 2.07 2.42 
n 0.87 0.83 
Rct (Ω) 68 72 
W (Ω s¡0.5) 145 176 
C (mF) 40.02 67.10  
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the negligible changes in Rs and Rct values even after 1000 CV cycles 
prove the outstanding electroactive conductivity and excellent capaci-
tive performance of the Ni-Zn-Fe-LDH electrode. Overall, CV, GCD and 
EIS techniques together confirm the durable electrochemical perfor-
mance and tremendous cycling stability of the Ni-Zn-Fe-LDH as an 
electrode material for high-performance supercapacitors. 

3.3. Fabrication of AC // Ni-Zn-Fe LDH asymmetric supercapacitor 

An asymmetric supercapacitor device was constructed from Ni-Zn-Fe 
LDH as the positive electrode and AC as the negative electrode. The GCD 
curves for the single AC and Ni-Zn-Fe LDH electrodes at a current density 
of 2 A/g are shown in Fig. 8(a) over the potential windows from � 0.8 V 
to 0.0 V and from 0.0 V to 0.37 V, respectively. Thus, the AC // Ni-Zn-Fe 
LDH device could operate at a potential range of 1.17 V in 6 M KOH. The 
CV curves of AC // Ni-Zn-Fe LDH device recorded at various scan rates of 
10, 20, 50, and 100 mV/s (Fig. 8(b)), indicate a pair of redox peaks refers 
to the reversible redox reactions and feasible electrolyte ions insertion/ 
extraction processes [39]. Moreover, these curves show a direct de-
pendency of CV cycles on the scan rate. At various tested scan rates, the 
shape of the CV curves is reproducible confirming the reversibility of the 
processes in the fabricated device. Fig. 8(c) shows the GCD curves as a 
function of the current density over the domain 1.5–5 A/g. Despite the 
applied current density used, GCD curves obtained have almost sym-
metrical shapes, indicating the superior coulombic efficiency of the 
device. The voltage/time profile of each GCD curve is intermediate be-
tween that of the ideal triangular shape of the capacitive carbon 

materials and the distorted triangular shape of the pseudocapacitive 
materials, where the two types are incorporated into the assembled 
device. The nonlinear GCD platforms is due to the contribution of 
faradaic-type pseudocapacitance from the Ni-Zn-Fe LDH [43]. The Csp 
and η% values of the assembled device were calculated from the GCD 
results. Upon increasing the current density from 1.5 A/g to 5 A/g, the 
specific capacitance decreased from 88.9 F/g to 33.8 F/g and the η% 
value increased from 87.3% (1.5 A/g) to ~ 100% (5 A/g) (Fig. 8(d)). 

To evaluate the ability of the assembled supercapacitor for energy 
storage, the energy density (ED, Wh/kg) and power density (PD, W/kg) 
of the device were both calculated according to Eqs. (5) and (6), where 
the relationship between these two parameters were represented by the 
Ragone’s plot shown in Fig. 8(e). The stored ED reaches up to 14.9 Wh/ 
kg with a corresponding PD of 1077.6 W/kg at a charging current 
density of 1.5 A/g. However, when the device is charged at 5.0 A/g, its 
PD increases to 3817.9 W/kg with an ED of 5.6 Wh/kg. Additionally, we 
tested the cycling performance of the fabricated device at a current 
density of 5 A/g as shown in Fig. 8(f). Only a capacitance decay of ~5% 
is observed after 1000 cycles of the charging and discharging at 5 A/g, 
demonstrating the remarkable durability of the fabricated device. 
Moreover, the fabricated supercapacitor show excellent coulombic ef-
ficiency near to 100%, indicating that the stored energy can be effi-
ciently retained even after 1000 GCD cycles with outstanding cycling 
stability [38]. 

Fig. 8. Electrochemical characterization of AC//Ni-Zn-Fe LDH asymmetric supercapacitor device: (a) GCD curves of single AC and Ni-Zn-Fe LDH electrodes at a 
current density of 2 A/g, (b) Device CV curves as a function of the scan rate, (c) Device GCD profiles at different current densities, (d) The calculated Csp and η% 
values at different current densities, (e) Ragone’s plot, and (f) Capacitance retention curves recorded for 1000 GCD cycles at 5 A/g. 
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4. Conclusions 

Mesoporous Ni-Zn-Fe LDH was well-fabricated via the cost-effective 
facile SILAR method and used as a binder-free, electroactive material for 
supercapacitors. Ni-Zn-Fe LDH was characterized for its structure 
identification and morphology inspection by different physical tech-
niques (EDS, XRD, XPS, FT-IR and FE-SEM). N2 adsorption/desorption 
and BET studies confirmed its mesoporous structure and high surface 
area (119.789 m2/g). These properties enable the electrolyte ions to well 
interact with the electrode surface and efficiently show a high specific 
capacitance (1452.3 F/g at 5 mV/s). The fabricated asymmetric AC // 
Ni-Zn-Fe LDH device exhibits high power density of 1077.6 W/kg with 
an energy density 14.9 Wh/kg at 1.5 A/g. The preserved conductivity of 
the electrode material after 1000 CV cycles confirms that Ni-Zn-Fe LDH 
material possesses excellent stability making it a promising candidate 
for supercapacitor application. 
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