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Highlights 

•NiCo/NiCoMn-mixed hydroxides, ternary NiCo-MnO2 nanostructures were successfully 

synthesised. 

•The samples were used as electrodes for electrochemical supercapacitor in 1 M KOH. 

•The electrode materials exhibit good charge storage capability on both regions. 

•Assembled NiCo-MnO2/C-FP hybrid supercapattery displays high electrochemical 

performance. 

 

ABSTRACT 

NiCo /NiCoMn-mixed hydroxides and ternary NiCo-MnO2 electrode materials were successfully 

synthesised by a force-driven hydrolysis of hydrated nickel, cobalt and manganese nitrate salts at 

40 °C for 2 h with an additional annealing step adopted in producing the NiCo-MnO2 sample. 

The morphological, structural, compositional and textural characterization of the samples were 

obtained using scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

X‐ray powder diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), 

and N2 physisorption respectively. The initial sample characterization confirmed bigger material 

agglomeration of the as-prepared mixed hydroxides compared to the NiCo-MnO2 sample which 

had small stacked sheet-like and porous morphology. Further sample analysis also confirmed a 

high degree of crystallinity in both the mixed hydroxides and NiCo-MnO2 samples with the 

elemental constituents existing in different oxidation states. One of the mixed hydroxides sample 

namely, NiCo(OH)2 exhibited a specific surface area (SSA) of approximately 3.40 m
2
 g

-1
 as 

compared to the ternary NiCo-MnO2 material which exhibited a higher SSA of 153.94 m
2
 g

-1
. 

The ternary NiCo-MnO2 electrode exhibited the highest specific capacity of 132.1 mAh g
-1

, 

compared to NiCo(OH)2 and NiCoMn-triple hydroxide (NiCoMn-TH) electrodes which 

exhibited a specific capacities of 110.3 and 64.36 mAh g
-1

  respectively at a current density of 

0.5 A g
-1

. In addition, the ternary NiCo-MnO2 electrode exhibited a better cycling stability 

compared to NiCo(OH)2  electrode. Notably, an assembled NiCo-MnO2//C-FP hybrid 

asymmetric supercapattery, displayed a specific capacitance of 130.67 F g
-1

, high energy and 
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power densities of 48.83 Wh kg
-1

 and 896.88 W kg
-1 

at 1 A g
-1

 respectively. An excellent cycling 

stability with a coulombic efficiency of 99.98% and capacitance retention of 96.78 % was 

recorded for up to 10,000 cycles within an operating voltage of 1.5 V, at a 3 A g
-1

 current density 

KEYWORDS: Mixed hydroxides; NiCo-MnO2; Carbonized iron cations (C-FP); 

Electrochemical performance; Supercapattery; Energy density. 
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1. INTRODUCTION 

High-performance energy storage devices are in great demand in modern society due to the 

development of numerous portable electronic devices and the emergence of hybrid electric 

vehicles. However, most of these new inventions require high-performance energy storage units 

with both high energy and power densities [1–4]. Among common electrical energy storage 

devices in use are lead–acid batteries, nickel–metal hydride batteries, lithium ion batteries (LIBs) 

and supercapacitors. Batteries with high energy density and supercapacitors (SCs) with excellent 

power density are currently considered to meet the needs of increasing energy demand [5]. LIBs 

can store a large amount of energy as high as 150-200 Wh kg
-1

, but are confined to their low 

power density (below 1000 W kg
-1

) and poor cycle life (usually less than 1000 cycles) [6,7].  
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Supercapacitors also known as electrochemical capacitors are a class of energy storage devices 

with the capability of giving off high power with capability of delivering energy in short period 

of time unlike batteries. Their low cost, low maintenance, relative safety and long cycle life 

makes them even more desirable for high-power delivery applications. Supercapacitors are used 

mainly as the power source in electric/hybrid electric vehicles, backup memories, airplane 

emergency doors, micro-devices and portable electronics [8]. Nevertheless, they are 

disadvantageous from the perspective of their poor energy density when compared to lithium ion 

batteries [9,10].  

An assessment of various research studies related to energy storage device technology has shown 

an extensive efforts by many experts in the field to produce materials with desirable properties 

[11]. This led to the emergence of various syntheses techniques of new materials, most of which 

require high temperature reaction environments and a continuous power supply to obtain the 

final products. Presently, materials for energy storage devices with controlled morphology and 

properties are prepared using simple and low-temperature stirring technique [12–14]. The 

preparation technique is relatively simple, cost effective and relatively environmentally benign.  

Generally, transition metal hydroxides are plagued with a low electrical conductivity but high 

specific capacitance due to their characteristic redox reaction. As such, they do not yield a high 

performance under high-rate current densities [15,16]. On the other hand, transition metal 

hydroxides/oxides have been intensely studied with a view to overcome the above limitation and 

refine their properties to fit the desired use [17–19]. Transition metal hydroxides/oxides are 

semi-conductive materials among which Ni based oxides have been taken into account as a 

promising candidate as electrode materials for electrochemical capacitors owing to its cost 

effectiveness, natural abundance as well as adequate electrochemical performance [16,20]. The 

latest progress of NiCo-based application for supercapacitor and battery have been reported in 

the literature [21–23]. Nevertheless, the demonstrated electrochemical performances of the so 
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called supercapacitor electrodes are nonetheless not enough, particularly in terms of energy 

density. 

In this work, we report the synthesis of mixed transition metal hydroxides NiCo(OH)2, NiCoMn-

triple hydroxide (NiCoMn-TH) and ternary metal oxide (NiCo-MnO2) materials via a facile low 

temperature process and the characterization/electrochemical testing as potential SC electrode 

materials with a view to highlighting some unique features which make them useful in this 

regard. The electrode materials were synthesized by force-driven hydrolysis of hydrated nitrate 

salts of nickel, cobalt and manganese salt at 40 °C for 2 h. The electrochemical performance of 

the electrode materials were analyzed in a three-electrode cell configuration using 1 M KOH 

electrolyte. The ternary NiCo-MnO2 electrode exhibited the highest specific capacity of 132.1 

mAh g
-1

, compared to NiCo(OH)2 and NiCoMn-TH electrodes which exhibited a specific 

capacities of 110.3 and 64.36 mAh g
-1

 respectively at a current density of 0.5 A g
-1

. The 

complete asymmetrical cell displayed a specific capacitance of 130.67 F g
-1

, high energy and 

power densities of 48.83 Wh kg
-1

 and 896.88 W kg
-1 

at 1 A g
-1

 respectively. An excellent cycling 

stability with a coulombic efficiency of 99.98% was recorded for up to 10,000 cycles at a current 

density of 3 A g
-1

. 

2. EXPERIMENTAL DETAILS 

2.1. Preparation of materials 

2.1.1. Preparation of NiCo(OH)2  

All the reagents used in this work were of analytical grade and used as received without further 

purification. The NiCo(OH)2 sample was synthesised via a chemical precipitation process. 

Briefly, 1g of Ni(NO3)2∙6H2O together with 1g of Co(NO3)2∙6H2O were dissolved in 100 ml of 

deionised water. The solution was then stirred for 30 min to obtain a homogeneous mixture. 

Thereafter, 14 ml of 1M NaOH aqueous solution was added dropwise to maintain a pH of 10 for 

polarization, which changed the colour of the homogeneous mixture kept at 40 °C from brown to 
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bluish dark while magnetically stirring for 2 h. The resulting greenish dark precipitate was 

collected by centrifugation, washed several times with deionised water and ethanol, with the 

recovered solid particle put in an oven to dry at 60 °C overnight. 

The following equation (1) below summarizes the reaction route to obtain NiCo(OH)2. 

  (   ) ( )     (   ) ( )        (  )       ( )       (  ) ( )      (   ) (  )     ( )  (1) 

2.1.2. Preparation of NiCoMn-triple hydroxide (NiCoMn-TH) and ternary NiCo-MnO2 

composites 

Using the same procedure as in 2.1.1., 0.67 g of Mn(NO3)2∙4H2O, Ni(NO3)2∙6H2O and 

Co(NO3)2∙6H2O precursor salts were completely dissolved in 100 ml of deionized water whilst 

magnetically stirring the mixture. Subsequently, 14 ml of 1 M NaOH was added dropwise the 

homogeneous mixture kept at 40 °C for 2 h upon magnetic stirring. The resulting greyish-cream 

mixture was left to stand for about 10 h for complete precipitation. It was then centrifuged and 

washed several times with deionised water and ethanol. The solid precipitate was collected and 

dried in an oven at 60 °C for 12 h. The interim solid ternary nickel cobalt manganese triple  

 

 

Scheme 1: Schematic of the synthesis process of NiCo-MnO2 composite. 

hydroxide (NiCoMn-TH) material was then annealed in air at 650 °C for 1 h at a ramping rate of 

2 °C/min to obtain a more stable ternary NiCo-MnO2 composite as shown in scheme 1 above: 
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2.1.3. Preparation of C-FP negative electrode material 

Pyrolysis of the iron-containing mixture, denoted as C-FP was achieved by complete dissolution 

of iron (III) nitrate nonahydrate salt in ethanol, and mixed with PANI. The resulting mixture was 

sonicated for several hours to have slurry which was then coated onto nickel foam. The coated 

nickel foam was then transferred into a Quartz tube under N2 atmosphere at 850 °C to enhance 

the adsorption of iron cations (Fe
3+

) onto the PANI film (C-FP) which was deposited on a nickel 

foam template (see Supplementary information for more details). 

2.2. Characterization of the samples 

Scanning electron microscope (SEM) micrographs, energy dispersive X-ray (EDX) spectra and 

the transmission electron microscopy (TEM) micrographs of the as-prepared samples were 

obtained on a Zeiss Ultra Plus 55 field emission scanning electron microscope (FE-SEM) 

operated at 1.0 KV and a JEOL-2100F high-resolution transmission electron microscope 

(HRTEM FEI Tecnai-F30) alongside 200 KV acceleration voltage respectively. The structural 

analysis (X-ray diffraction (XRD)) was carried out using an XPERT-PRO diffractometer 

(PANalytical BV, Netherlands) with reflection geometry at 2θ values (18–90°) with a step size 

of 0.01°, operating with a Co Kα radiation source (λ = 0.178901 nm) at 50 kV and 30 mA. A 

T64000 micro-Raman spectrometer (HORIBA Scientific, Jobin Yvon Technology) with a 514 

nm laser wavelength and spectral acquisition time of 120 s was used to characterize the as-

prepared samples. The Raman system laser power was set as low as 5 mW in order to minimize 

heating effects. Fourier transform-infrared (FT-IR) spectra of the samples were obtained using a 

Varian FT-IR Spectroscopy in the wavenumber range of 400 - 4000 cm
-1

. X-ray photoelectron 

spectroscopy (XPS) measurements of the samples were conducted using a Physical Electronics 

VersaProbe 5000 spectrometer operating with a 100 μm monochromatic Al-Kα exciting source. 

N2-absorption/desorption isotherms were obtained on a Micromeritics TriStar II 3020 system 
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operated in a relative pressure (P/Po) range of 0.01–1.0 with pre-degassing of the samples at 100 

°C for 18 h under vacuum prior to the measurement. The Brunauer-Emmett-Teller (BET) and 

Barrett–Joyner–Halenda (BJH) models were used to determine the surface area and the pore size 

distribution (PSD) of the samples respectively. XRF measurement of the pressed powder 

composite sample was performed using the ARL Perform’X Sequential XRF instrument with 

Uniquant software for analysis. 

2.3. Electrochemical measurements 

The electrodes were prepared by mixing the active material (80 wt%) with conductive acetylene 

carbon black (10 wt%) as a conducting agent and a PVDF binder (10 wt%), with a small amount 

of N-methyl-2-pyrrolidone (NMP) solvent added to the mixture with low-speed stirring to form a 

uniform slurry. The slurry was then coated onto nickel foam and dried at a temperature of 60 °C 

for 10 h. The capacitive performance of nickel foam-supported electrodes was investigated using 

a Bio-Logic VMP300 potentiostat (Knoxville TN 37,930, USA) controlled by the EC-Lab® 

V1.40 software in a three-electrode configuration. The electrochemical measurements were 

performed with a glassy carbon counter electrode, Ag/AgCl reference electrode, and the as-

prepared mixed hydroxide materials as the working electrodes. All the electrochemical 

measurements for this study were performed in a 1 M KOH electrolyte at room temperature. The 

mass loading of the active material was estimated to be ca. 2.5 mg, 2.34 and 2.3 mg for the 

NiCo(OH)2, NiCoMn-TH and NiCo-MnO2 electrodes respectively. The cyclic voltammetry (CV) 

of the as-prepared samples were carried out at different scan rates from 1 to 50 mV s
-1

 within a 

potential window range of -0.1 to 0.4 V vs. Ag/AgCl. The galvanostatic charge-discharge (GCD) 

measurement was carried out at different current densities in the range of 0.5 to 5.0 A g
-1

 in a 

potential window range of -0.1 V to 0.4 V. The electrochemical impedance spectroscopy (EIS) 

of the samples was conducted in an open-circuit potential and in a frequency range of 10 mHz to 

100 kHz.  
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The gravimetric specific capacitance,    (Fg
-1

) of the half-cell was derived from the  CV curves 

according to the formula stated in equation 2 below [24]:  

     
 

     
∫    
  

   
          (2) 

where,    and     are the vertex potential of the potential range, I is the current response (mA), 

   is the cell voltage (V) for the single electrode,    is the scan rate (mVs
-1

) and m is the loading 

mass (g) of the single electrode. 

The specific capacity,    (mAh g
-1

), energy efficiency of the materials using GCD curves were 

calculated according to the following relations [8, 9][11]: 

     
  

    
                      (3) 

   
  

     
               (4) 

where I is the discharge current in mA, m is the mass loading of the electrode in mg, and t is the 

time in seconds taken for a complete discharge cycle.    ,    and    are energy efficiency, 

discharge energy and charge energy from the integral of the area under the charge-discharge 

curve of the electrode respectively. 

The specific capacitance, Cs, energy and power densities of the full hybrid asymmetric 

supercapattery (composed of the ternary NiCo-MnO2 and C-FP selected as both positive and 

negative electrode respectively), with respect to the current density of the device were evaluated 

from the slope of the discharge curve according to following equations: 

      
      

      
 [F g

-1
]         (5) 

           ∫    [Wh kg
-1

]       (6) 

                [kW kg
-1

]        (7) 
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where .Cs is the specific capacitance of the electrode based on the mass of the active material, I is 

the discharge current in Amperes (A), m is the mass loading of the active material in grams (g). 

ΔV is the operating potential window in volts (V), Δt in seconds is the electrode discharge time 

respectively,        , are the energy and power densities respectively with their specified units. 

The maximum constant-current discharge power density,      of the hybrid cell was predicted 

using the effective solution resistance, Rs (ohm) determined from the Z’-intercept of the Nyquist 

plots of frequency analysis according to the following equation [27,28] 

       
  

    
           (8) 

Where V (V) and m (g) are the potential window as well as the mass loading of the active 

material respectively. 

The fabricated hybrid asymmetry SC could operate in a wider potential window, ca. 1.50 V. For 

optimal performance of the hybrid asymmetry device, the mass on each electrode was balanced 

using the charge balance equation,        ,with the charge stored on each electrode expressed 

as [29]: 

                      (9) 

where Q (C) is the stored charge on the electrode, CS (F g
-1

) is the specific capacitance of the 

electrode based on the mass of active material, m (g) is the mass of active material, and  V (V) is 

the potential window. 

The mass balancing between the positive and negative electrodes was accurately determined by 

further considering [30]: 

  

  
   

         

         
           (10) 
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3. RESULTS AND DISCUSSION 

3.1. Morphological, structural and composition characterization  

Fig. 1 shows the SEM and TEM morphologies of the as-prepared materials. Fig. 1 (a) and (b) 

represent low and high magnifications SEM images of NiCo(OH)2. It can be seen that the as-

prepared NiCo(OH)2 has an agglomerated larger flake-like morphology compared to the NiCo-

MnO2 sample which shows a singly stacked porous sheet-like as shown in Fig. 1 (c and d). The 

morphology of the samples was further analyzed by TEM technique as shown in Fig. 1 (e and f). 

The TEM micrographs clearly show the agglomerated flake-like particles of NiCo(OH)2 (Fig. 1 

(e))  and the singly stacked porous sheet-like structures of the NiCo-MnO2 (Fig. 1 (f)) in 

accordance with SEM results.  

Fig. S1 in the supporting information displays the SEM micrographs of the NiCoMn-TH 

electrode material at low and high magnifications and the TEM micrograph to further observe 

the material morphology. It can be seen from the microscopy images that NiCoMn-TH material 

is composed of stacked flake-like nano structures which is further confirmed by the TEM image 

as shown in Fig. S1 (c). Visible flakes are clearly seen in the TEM micrograph overlapping each 

other in different orientations. 

Fig. S2 shows the SEM and TEM micrographs of the as-synthesized C-FP negative electrode 

material of the hybrid NiCo-MnO2//C-FP supercapattery. It can be observed that the material 

mainly composed of orthorhombic nano grains at low and high magnifications respectively. 

These microstructures were further confirmed by TEM as shown in Fig. S2 (c-d). The TEM 

micrographs clearly show the nano sized particles of the material. 

The purity and phase structure of the as-prepared materials were observed using X-ray 

diffraction (XRD). Fig. 2 (a) shows the powder XRD spectrum of the samples with the matching 

inorganic crystal structure database (ICSD) card no. 28101 for Ni(OH)2 crystal system: (trigonal; 

space-group: P-3m1; cell parameters: a = 3.1300 Å, c = 4.6300, b = 3.1299 Å), ICSD card no. 

88940 for Co(OH)2 crystal system: (trigonal; space-group: P-3m1; cell parameters: a = 3.186 Å,  
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Fig. 1. (a, b) SEM images of the as-prepared NiCo(OH)2 at low and high magnifications respectively. (c, d) SEM 

images of the as-prepared NiCo-MnO2 at low and high magnifications respectively. (e, f) TEM images of the 

NiCo(OH)2 and NiCo-MnO2 respectively. 

 

c = 4.653 Å, b = 3.1859 Å), and ICSD card no. 20227 for MnO2 crystal system: (tetragonal; 

space-group: I4/m; cell parameters: a = 9.8151 Å, c = 2.8471 Å, b = 9.8154 Å). The XRD 

spectrum of NiCo(OH)2 sample shows the typical diffraction of the transition metal hydroxide 
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phases and matches well with the patterns of the Ni(OH)2, ICSD card no. 28101 and Co(OH)2, 

ICSD card no. 88940 standards, except, for peaks indicated by X which could be possibly due to 

defects. Using equation ES2 (see supplementary information), the NiCo-MnO2 electrode material 

has an average crystallite size of 8.62 nm compared to 15.45 nm observed for NiCo(OH)2 

material, suggesting that the NiCo-MnO2 with smaller particle size is more nanocrystalline in 

nature, which accounts for the material’s enhanced electrochemical results. Fig. 2(b) is a 2×2×2 

cell of Ni(OH)2, Co(OH)2  and MnO2 viewed along y-axis based on Crystallographic Information 

Files (CIF) of above-mentioned ICSD cards. The Ni(OH)2 has an O‒H distance of 1.06 Å, with 

Ni
2+

 ion-ion interaction taking place via the oxygen ions since the Ni‒Ni distance (4.63 A) is 

much greater than the sum of ionic radii of Ni‒Ni [31]. These indirect interactions, including 

interaction via Ni‒OH‒OH‒Ni ions could be responsible for the magnetic nature often seen in 

Ni(OH)2 as well as in Co(OH)2 [31,32]. Also, Fig. 2 (a) shows the XRD spectrum of NiCo-MnO2 

with broader diffraction peaks matching well the MnO2 (ICSD 20227) standard. The peak 

broadening can be attributed to the sample’s reduced crystallites size, which agrees well with 

SEM and TEM results. This can be attributed to the high surface area-to-volume ratio of the 

material which would lead to an increase in the amount of interfaces and enhanced electron and 

mass transport yielding electrode with much higher electrochemical performance. The MnO2 

structure is composed of more oxygen atoms with most manganese atoms located in the center of 

the structure (Fig. 2 (b)). Hence, XRD results affirm further the synthesis of the materials. 

A representative XRD spectrum and the matching ICSD card of the as-prepared C-FP material 

indexed using the matching Inorganic Crystal Structure Data-base (ICSD) card no. 16593 with 

chemical formula Fe3C is displayed in S3 (a) of the Supplementary information, with well-

defined diffraction peaks and identified crystal planes of Fe3C phase respectively. The expected 

broad but weak diffraction peak around 30° corresponding to the (002) plane of graphitic carbon 

is observed, indicating presence of particular graphitic structures. A diffraction (320) peak  
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Fig. 2. (a) The X-ray diffraction of the as-prepared NiCo(OH)2, NiCoMn-TH and NiCo-MnO2 samples, and the 

matching ICSD cards for Ni(OH)2, Co(OH)2 and MnO2. (b) 2×2×2 cells of Ni(OH)2,Co(OH)2  and MnO2 viewed 

along y-axis. 
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around 52.5° is due to presence of metallic Fe and Ni. The two peaks at around 44.2° and 64.3° 

can be attributed to the (110) and (200) reflections of α-Fe, respectively (JCPDS, No. 870722). 

The other diffraction peaks present are characteristic of the crystalline planes of Fe3C species 

(JCPDS, No. 892867). A further description of the nature of the peaks is discussed in the 

supplementary information. 

It is observed that the NiCoMn-TH and NiCo-MnO2 exhibited similar crystal structure as shown 

in Fig. 2 (a). However, further sample characterization were focused on the NiCo(OH)2 and 

NiCoMnO2 due to the poor electrochemical performance recorded for the NiCoMn-TH sample 

since the main focus area of this present study is related to the electrochemical performance. This 

will be discussed at a later stage in Fig. 8 where the three electrode materials are compared. 

Fig. 3(a) shows the Raman spectra of the as-prepared NiCo(OH)2 and NiCo-MnO2 samples 

which were fitted to a combination of Lorentzian and Gaussian modes. In Fig. 3 (a), the Raman 

spectrum of the as-prepared NiCo(OH)2 sample shows modes at 310, 458, 558 and 649 cm
-1

. 

These modes were compared to those reported in earlier studies [33,34] for Ni(OH)2 and 

Co(OH)2. It is worth mentioning that a group theory analysis of the phonon modes in brucite-

type hydroxides (e.g., Ni(OH)2 and Co(OH)2) predicts that four Raman active modes are 

allowed, three of which are lattice modes in the range of 310-530 cm
-1

, and one is a symmetric 

OH stretching vibration at about 3581 cm
-1 

[35,36]. In addition, Co(OH)2 and cobalt 

oxyhydroxide, CoO(OH), show Raman active modes at 557 and 641 cm
-1

 respectively [37,38]. 

Therefore, the observed Raman modes of NiCo(OH)2 sample reveals the major vibrational 

features of the Ni(OH)2, Co(OH)2 and CoO(OH). The NiCo-MnO2 sample also displayed Raman 

active modes at 502, 584 and 625 cm
-1

 wavenumber, as shown in Fig. 3(a). These modes agree 

well with the three major vibrational features of the MnO2 previously reported at 500, 585, and 

625 cm
-1

 on similar materials [39,40]. Thus, this confirms MnO2 compound in the sample and the 
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relatively high intensity of these modes suggest that a relatively high MnO2 content is present in 

the NiCo-MnO2 sample.  

Fig. 3 (b) shows the FT-IR spectra of the as-prepared materials. As depicted in Fig. 3 (b), the 

band at about 3480 cm
-1

 is assigned to O‒H stretching vibrations and that at 1600 cm
-1

 is 

assigned to O–H bending vibrations, and both bands can be predominantly due to the  

 

Fig. 3. (a) The Raman spectra and (b) The FT-IR spectra of the as-prepared NiCo(OH)2 and NiCo-MnO2. Raman 

spectra were fitted to a combination of Lorentzian and Gaussian modes. 

 

complexation of metal-hydroxyl groups [41–43]. In fact, the IR band at ~1600 cm
-1

 is usually 

ascribed to H2O bending vibration features. The band at 2980 cm
-1

 is ascribed to the –C‒H 

vibration mode of –CH2 [42]. The IR band at 1350 cm
-1

 is assigned to CO3
2-

 asymmetrical 

stretching vibrations, while a band at 830 cm
-1

 is assigned to the bending vibrations of CO3
2-

 

[41–43]. The bands in the range of 500-640 cm
-1

 can be assigned to the M–O, O–M–O, and M–

O–M (M= Co, Ni and Mn) lattice vibrations [43,44]. In comparison between NiCo(OH)2 and 

NiCoMnO2, it can be seen that the broadband at 3480 cm
-1

 belonging to the O–H vibrations 

disappears confirming the transformation of NiCo(OH)2 to NiCo-MnO2. 
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Fig. 4 (a) and 4 (b) show the EDX spectra of the as-prepared NiCo(OH)2 and NiCo-MnO2 

respectively. In the figures, it is seen that both the NiCo(OH)2 and NiCo-MnO2 materials are 

composed of Ni, Co and O with an additional Mn peak in the NiCo-MnO2 spectrum. Both 

samples reveal traces of chlorine (Cl) which could be linked to the sample preparation, while the 

high C content arose from the carbon coating step adopted for measurements carried out by 

EDX-SEM system. 

 

Fig. 4. EDX spectra of the as-prepared (a) NiCo(OH)2 and (b) NiCo-MnO2 samples. 

 

The elemental and structural clarification analysis of the C-FP negative electrode material are 

shown in Fig. S3 (b). The analysis shows iron (Fe) and carbon (C) as the major elements with 

high content. The Sulphur (S) and Nitrogen (N) are linked to the PANI composition. A detailed 

description of the percentage weight of these elements is described in the supplementary 

information. 

In addition to the bulk elemental composition of the samples, the surface elemental composition 

of the as-prepared NiCo(OH)2 and NiCo-MnO2 samples was analyzed by XPS. Fig. 5 (a) shows 

the wide scan XPS spectra of the as-synthesized NiCo(OH)2 which displays the main elements 

(Ni, Co, and O) of the composition of the sample with fractional concentrations of 17.65 at% Ni 

2p, 20.90 at% Co 2p and 52.61at% O 1s. The sample shows traces of 6.24 at% C 1s and 2.60 at% 

Cl 2s which could be due to sample preparation and handling through air.  
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Fig. 5 (b) shows the core level spectrum of Co 2p of the NiCo(OH)2 sample which reveals the 

binding energy peaks at 780.4 eV and 785.5 eV which were fitted to Co 2p3/2, and other binding 

energy peaks at 795.9 eV and 802.5 eV which correspond to Co 2p1/2 core level. The fitted Co 

2p3/2 peaks suggests that the Co oxidation state of the as-synthesized NiCo(OH)2 is 

predominantly Co(II) (2+ valence state) with a fitted peak at 780.1 eV corresponding to CoO  

 

Fig. 5. (a) The wide scan XPS spectra of the as-received NiCo(OH)2 sample. The core level spectrum of (b) Co 2p, 

(c) Ni 2p and (d) O 1s of a NiCo(OH)2 sample. 

 

2p3/2 core level with a binding energy of 780.2 eV. The core level spectrum of Ni 2p of a 

NiCo(OH)2  sample reveals the binding energy peaks at 854.4, 861.0 corresponding to Ni 2p3/2 

core level, and 872.1 and 879.3 eV which correspond to Ni 2p1/2 core level. Similar to the fitted 

Co 2p3/2 peaks, the fitted Ni 2p3/2 peaks suggests that the Ni oxidation state of the sample is 
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predominantly Ni
2+ 

[45–47]. Additionally, a binding energy peak at about 854.1 eV suggests the 

presence of CoNi bond since the CoNi 2p3/2 core level has a binding energy peak at 853.09 eV. 

Furthermore, Fig. 5 (d) shows the core level spectrum of O 1s with fitted peaks at 529.6 and 

531.4 eV which could be ascribed to O 1s in Ni‒O and Co‒O compounds. The XPS of the as-

synthesized NiCo(OH)2 reveals two mixed oxidation states. The two states, Ni
2+

/ Ni
3+

 and Co
2+

 

/Co
3+

 are mixed in the materials since there is no obvious difference in the diffraction patterns of 

the hydroxides (Fig. 2). Both Ni
2+

/Ni
3+

 and Co
2+

/Co
3+

 redox couples ensure a major 

electrocatalytic effectiveness [48] based on the synergistic redox reaction involving the changes 

in oxidation states with OH
−
 present in KOH electrolyte. 

The wide scan XPS spectra of the annealed NiCo-MnO2 (as shown in Fig. 6 (a)), displays the 

main elements (Ni, Co, Mn and O) of the composition of the sample with fractional 

concentrations of 10.10 at% Ni 2p, 13.30 at% Co 2p, 21.15 at% Mn 2p and 50.60 at% O 1s. This 

sample also shows traces of 3.24 at% C 1s, 1.30 at% Cl 2s and 0.31 at% N 1s. The core level 

spectrum of Mn 2p of the NiCo-MnO2 sample reveals the binding energy peaks at 639.4 and 

651.0 eV which agree with Mn 2p3/2 and Mn 2p1/2 core levels, respectively, shown in Fig. 6 (b). 

The fitted Mn 2p3/2 peaks suggests that the Mn oxidation state of the sample is composed of both 

Mn
3+

 and Mn
4+ 

[49]. 

Similar to the core level spectra of Co 2p and Ni 2p of a NiCo(OH)2 sample, the core level 

spectra of Co 2p and Ni 2p of the NiCo-MnO2 sample reveal the oxidation states of Co and Ni 

(see Fig. 6 (c) and 6 (d)). However, the observed peaks are slightly shifted suggesting a change 

in the binding energy of a core electron of these elements predominantly due to a change in the 

chemical bonding of these elements (i.e., chemical change from NiCo(OH)2 to NiCo-MnO2). Fig. 

6(e) shows the core level spectrum of O 1s with fitted peaks at 526.9, 528.4 and 529.7 eV which 

could be ascribed to O 1s in Ni‒O, Co‒O and Mn‒O compounds. 
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Fig. 6. (a) The wide scan XPS spectra of the as-received NiCo-MnO2 sample. The core level spectrum of (b) Mn 2p, 

(c) Co 2p, (d) Ni 2p and (e) O 1s of a NiCo-MnO2 sample.  
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Fig. 7. (a) Pore size distribution and (b) N2 isotherms of NiCo(OH)2 and NiCo-MnO2 samples.   

 

Fig. 7 (a) shows the pore-size distribution curves of the as-prepared material, showing the 

presence of a mesoporous structure within the as-prepared material. The higher pore volume 

recorded is an order of magnitude higher for the NiCo-MnO2 sample as compared to the 

NiCo(OH)2 sample. The PSD results also confirms the observed enhancement in the SSA  

recorded with the NiCoMnO2 sample exhibiting a high BET specific surface area of 153.94 m
2
g

-1 

compared to the NiCo(OH)2 which exhibited 3.40 m
2
g

-1
 as shown from the absorption-

desorption isotherm in Fig. 7 (b). The textural properties could also be linked to the 

morphological characterization (TEM) results earlier discussed where an agglomerated flake-like 

sample morphology was seen for the NiCo(OH)2 material as compared to the porous non-

agglomerated stacked sheet-like  particles morphology for the NiCo-MnO2 sample. 

The molar ratio of Ni: Co: Mn in the ternary metal oxide was given by the XRF measurement as 

0.85:1:0.89 respectively as shown in Table S2 in the supplementary information. These 

measured Ni: Co: Mn ratios are in agreement with what was determined by the EDX analysis 

(Fig. 4 (b)). The ARL Perform'X Sequential XRF instrument with Uniquant software is used to 

analyze all elements in the periodic table between Na and U, but only elements found  above the 

detection limits are reported.  
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3.2. Electrochemical characterization 

3.2.1. Three-electrode electrochemical measurements of half-cell electrodes  

To investigate the electrochemical performance of the as-prepared electrode materials, initial 

three-electrode measurements were carried out in 1 M KOH electrolyte. Fig. 8 (a) shows the 

charge-discharge (CD) curves of the NiCo(OH)2, NiCoMn-TH and NiCo-MnO2 at a current 

density of 0.5 A g
-1 

in a potential window range of -0.1‒0.4 V. In comparison to the NiCo(OH)2 

and NiCoMn-TH electrodes, the NiCo-MnO2 electrode exhibited a longer discharge time. 

Therefore, the CD curves clearly show that the addition of manganese to the nickel cobalt 

hydroxide with further annealing step significantly improves the capacity of the material. In 

addition, the nonlinear CD curves of the electrodes show potential steps, corresponding to a fast 

drop in the potential range of about 0.4‒0.3 V and a slow drop in the potential range of about 

0.3‒0.2 V, suggesting faradic behavior of the electrode materials. Similarly, Fig. 8 (b) shows the 

associated CV curves of NiCo(OH)2, NiCoMn-TH and NiCo-MnO2 electrodes at a scan rate of 

20 mV s
-1 

in a potential window range of -0.1‒0.4 V which reveals that the NiCo-MnO2 electrode 

has a high current response suggesting a high specific capacity. Thus, as hinted earlier, there was 

no further need to analyze the intermediate NiCoMn-TH but rather focus on the annealed NiCo-

MnO2 material electrode. Fig. 8 (c) shows the CV curves of NiCo-MnO2 and nickel foam taken 

at a scan rate of 1 mV s
-1

 in the potential range of -0.1 - 0.4 V. It can be observed that the redox 

peaks of Ni-foam are negligible in comparison with that of as-synthesized ternary transition 

metal oxide. Nevertheless, it is believed that the redox peaks are substantively ascribed to 

electrode materials [50]. The two redox peaks can be ascribed to the electrochemical reactions of 

Ni-Co-Mn species according to the equations below: 

                           (11) 

               
            

        (12) 

       
             

         (13) 



22 
 

            
                                   

    (14) 

         
                  

        (15) 

Besides, the peak current of the NiCo-MnO2 is much higher than those of NiCo(OH)2 and 

NiCoMn-TH at the same scan rate. Also, it has been proven that the area under the CV curve 

reflects the electrochemical performance of the electrode materials. The higher the response 

current density is, the larger the specific capacitance of the material is delivered [51]. We can 

infer that the NiCo-MnO2 proved a better capacitance/capacity than those of NiCo(OH)2 and 

NiCoMn-TH. 

To further investigate the electrochemical performance of NiCo-MnO2 electrode material, the 

CD curves were obtained at different current densities (Fig. 9 (a)), while the CV curves were 

obtained at different scan rates (Fig. 9 (b)), in a potential window range of -0.1‒0.4 V. The 

nonlinear CD curves and the CV curves show oxidation and reduction peaks at approximately 

0.1 V and 0.3 V corresponding to anodic and cathodic peaks respectively. This is as a result of 

the reversible redox faradaic reaction of a mixed composition, containing Ni
2+

,Ni
3+

, Co
2+

, Co
3+

, 

Mn
2+

 and Mn
3+

 [52–54] confirming the faradic property of the NiCo-MnO2 electrode material. 

According to equation 2, the NiCo-MnO2 electrode has a maximum specific capacitance of 

1205.1 Fg
-1

 compared to 991.85 and 231.69 Fg
-1

 for the NiCo(OH)2 and NiCoMn-TH electrodes 

all at a scan rate of 5 mVs
-1

 respectively. Using equation 3, the specific capacities of the  NiCo-

MnO2 electrode material were calculated and plotted as a function of current densities as shown 

in Fig. 9 (c). 

For further comparison, the specific capacity of the NiCo(OH)2 electrode is shown in Fig. 9 (c) 

which is smaller compared to that of the NiCo-MnO2 electrode. In Fig. 9 (c), it can be seen that 

the specific capacity decreases with the increasing current density and this could be attributed to  
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Fig. 8. (a) CD curves of NiCo(OH)2, NiCoMn-TH and NiCo-MnO2 at a current density of 0.5 A g
-1

, (b) CV curves 

of NiCo(OH)2, NiCoMn-TH and NiCo-MnO2 at a scan rate of 20 mVs
-1

 and (c) CV curves of ternary metal oxides 

(NiCo-MnO2) and nickel foam at a scan rate of 1 mVs
-1

. 

 

the ion exchange mechanism [55,56]. In this case, if the current density is low, the OH
−
 has 

enough time to interact with the surface of electrode which will be intercalated/extracted into/out 

of the electrode when charging/discharging occurs and hence a high specific 

capacity/capacitance is obtained. However, if the current density is high, less charge is 

transferred between electrolyte and the surface of electrode and hence a low specific 

capacity/capacitance is obtained.  
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Fig. 9 (d) shows the specific capacity retention and energy efficiency of a NiCo-MnO2 electrode 

as a function of cycle number over 2000 charge-discharge cycles. The discharge capacity of 

approximately 66.3 mAh g
-1

 was retained for the half-cell electrode over 2000 charge-discharge 

cycles with an energy efficiency of about 93.3% compared to 48.2 % and 76.48 % respectively, 

for NiCo(OH)2 electrode as shown in Fig. 9 (e). The high capacity retention of 66.3% could be 

ascribed to the higher electronic conductivity, due to the low Rs value (0.98 Ω). Besides, the 

particular porous and stacked sheet-like structure of NiCo-MnO2 electrode makes the material 

much more accessible for ion diffusion in the interlayer sheets [57]. In addition, the 

electrochemical reactions usually depend on the insertion-extraction of OH
- 
from the electrolyte, 

while the porous structure is beneficial for the ions to diffuse into the electrode holes [58]. 

Moreover, compared with the previous studies available on the electrochemical performances of 

transition metal hydroxides-based electrodes and some manganese oxide-based electrodes 

evaluated in a three-electrode cell configuration [8,59,60], the NiCo-MnO2 electrode displays the 

highest specific capacitance as shown in bar chat in Fig. 10. 
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Fig. 9. (a) CD curves of NiCo-MnO2 at different current densities, (b) the CV curves of NiCo-MnO2 at 

various scan rates. (c) A plot of specific capacity against current densities for both NiCo(OH)2 and NiCo-

MnO2. (d and e) Variations of specific capacity and energy efficiency of NiCo-MnO2 and NiCo(OH)2 

electrodes as a function of cycle number measured at 5 A g
-1

 in 1 M KOH aqueous solution respectively. 
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Fig. 10. A comparison of the specific capacitance of transition metal hydroxides-based electrodes and manganese 

oxide electrode evaluated in a three-electrode cell configuration found in this work and previously published results. 

 

To further evaluate the electrical resistance of the NiCo(OH)2 and NiCo-MnO2 electrodes, the 

electrochemical impedance spectroscopy (EIS) at the potential of 0.0 V and the frequency range 

of 10 mHz –100 kHz was carried out. Fig. 11 (a) shows the Nyquist impedance plot of both 

NiCo(OH)2 and NiCo-MnO2. It can be observed that the Nyquist plots for both electrodes have 

distinct semicircle in the high frequency region which is attributed to the interfacial charge 

transfer resistance and mass transport through the material and is denoted by R1, R2 and R3 

respectively. In the Nyquist plot, the intersection with the real Z′ axis is ascribed to the total 

resistance of the ionic resistance of electrolyte, the intrinsic resistance of the active materials and 

the contact resistance at the interface between the active electrode material and current collector 

[61], denoted as RS. From the Fig. 11 (a), the RS values for both NiCo(OH)2 and NiCo-MnO2 

electrodes are 5.0 Ω and 0.98 Ω respectively.  
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Fig. 11. (a) Nyquist impedance plot of both NiCo(OH)2 and NiCo-MnO2 electrodes. (b) fitted Nyquist plot of NiCo-

MnO2 electrode and the equivalent circuit (insert). (c) CV curves of NiCo-MnO2 electrode before and after 2000 

charge-discharge cycles at a scan rate of 20 mVs
-1

 and (d) Nyquist plots of NiCo-MnO2 electrode before and after 

2000 charge-discharge cycles at a current density of 5 A g
-1

. 

 

Interestingly, the low RS value of the NiCo-MnO2 electrode suggests high electrical conductivity, 

which results in the good capacitive performance of the electrode material. Furthermore, the 

Nyquist plot for NiCo-MnO2 electrode was fitted (Fig. 11 (b)) using a ZFIT fitting program 

v11.02 with the equivalent circuit shown as inset to Fig. 11 (b). In the equivalent circuit, the RS is 

connected in series with three units within the circuit, namely; the constant phase element,   1, 

which is connected  in parallel with the charge transfer resistance, R1. The transition from high-

low frequency region is modeled by Warburg diffusion element and represented by W which is 
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in series with R1. The second and third branch composed of another constant phase elements  2 

and  3 which are non-intuitive circuit elements used in place of a capacitance in the series circuit 

with the resistance, and are connected in parallel with single resistance, R2 and R3 respectively. 

These two final branches represent the middle and low frequency region respectively. The 

incorporation of constant phase elements in the circuit can be ascribed to a distribution of the 

relaxation times owing to inhomogeneity occurring at the electrode/electrolyte interface, as well 

as the porous nature of the electrode material. Fig. 11 (c) shows the CV curves of NiCo-MnO2 

electrode before and after 2000 charge-discharge cycles at a scan rate of 20 mV s
-1

. It can be 

seen that the current response of the NiCo-MnO2 electrode after stability slightly decreased and 

this can be correlated to the increased resistance (i.e., semicircle in the high frequency region) as 

suggested by Fig. 11 (d). 

The electrochemical properties of the as-synthesized C-FP were as well investigated for its use as 

a negative electrode in the hybrid asymmetric NiCo-MnO2//C-FP supercapattery. The C-FP 

electrode was adopted as a potential negative electrode due to its ability to function effectively in 

the negative potential window. Fig. S4 displays the electrochemical performance of the C-FP 

electrode in 1 M KOH aqueous electrolyte at different scan rates in a three-electrode 

configuration. The C-FP -based negative electrode displayed no noticeable peaks in its curves, 

with an ideal rectangular CV curves, showing the material’s double-layer capacitive 

characteristics with good reversibility. The EIS deduction has been one of the requisite 

techniques in probing the electrochemical behavior of electrode materials for supercapacitor. Fig. 

S4 (c) in the supplementary information shows the Nyquist plot of C-FP negative electrode used 

for the SC. The inset to the figure shows a low equivalent series resistance, Rs value of 0.92 Ω 

which is the intercept of the plot with the real Z’-axis at the high frequency region. 

Fig. S4 (d) displays the specific capacitance values as a function of varying gravimetric current 

densities. Different CS-values of 264.1, 224.1, 173.3, 155.0, 143.3, and 133.3 F g
-1 

at current 

http://www.sciencedirect.com/science/article/pii/S0925838815010026#f0020
http://www.sciencedirect.com/science/article/pii/S0925838815010026#f0020
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densities of 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 A g
-1 

respectively (see Fig. S4 (d)) were recorded for 

the C-FP negative electrode between -1.2 V to 0 V potential range.  

The unique coulombic efficiency improvement (102.6%) after being subjected to cyclic stability 

test shown in Fig. S4 (e) could be ascribed to a good electronic conductivity and the crystalline 

nature of the C-FP material. This is confirmed from the observed nanostructured morphology of 

the C-FP from the SEM micrograph (Fig. S2 (a-b)), the sample TEM micrographs (Fig. S2 (c-

d)), as well as the XRD analysis result of the carbon-based material (Fig. S3 (a)). The C-FP 

electrode also displayed good electrical conductivity as implied from EIS results (Fig. S4 (c)). 

 

3.2.2. Two-electrode electrochemical measurements of the hybrid asymmetric NiCo-MnO2//C-FP 

supercapattery 

As a result of the remarkable electrochemical performances of both the positive and negative 

materials in Section 3.2.1., a hybrid asymmetric supercapattery, SC was fabricated and 

designated as NiCo-MnO2//C-FP with mass balance ratio estimated according to equation 9, as 

2.0: 3.34 corresponding to a loading mass of approximately 2.2 and 3.6 mg cm−2 for both NiCo-

MnO2 and C-FP selected as positive and negative electrode materials respectively, since the 

heightened sensitivity of a three-electrode configuration could over-project the storage capability 

of an electrode material for practical supercapacitor use. The NiCo-MnO2 positive working 

electrode was prepared by mixing active material, carbon acetylene black as a conducting agent 

and polyvinylidenedifluoride (PVDF) as binder in a small amount of NMP solvent, in a weight 

ratio of 80:10:10 and was then coated onto the Ni foam current collector and dried overnight at 

60 
°
C under ambient environment. The total mass loading of both NiCo-MnO2 and C-FP active 

materials in the hybrid asymmetric SC electrodes was estimated to be approximately 5.8 mg/cm
-

2
,
 
with the electrode thickness of about 96 µm by means of micro balance. The electrochemical  



30 
 

testing of the asymmetric supercapacitor was carried out in two-electrode configurations using 1 

M KOH aqueous electrolyte. 

 

 

Fig. 12. (a) CV curves of NiCo-MnO2 and C-FP at 20 mVs
-1

, (b) CD profiles of NiCo-MnO2 and C-FP at 1 Ag
-1

, (c) 

CV curves of NiCo-MnO2//C-FP at various scan rates, (e) specific capacity/capacitance of NiCo-MnO2//C-FP 

determined at various current densities and (f) Ragone plots of the asymmetric device. 
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Fig. 12 (a) displays the individual CV profiles of the ternary NiCo-MnO2 and C-FP electrodes at 

a scan rate of 20 mVs
-1

 in a three electrode configurations. The C-FP electrode exhibits a quasi-

rectangular CV curve, which is quite close to the electric double-layer capacitive properties. It 

can be observed that the fabricated hybrid asymmetry SC could operate in a much wider 

potential window ~1.5 V based on the synergy of their respective operating potential limits. Fig. 

12 (b) shows the associated CD profiles of NiCo-MnO2 and C-FP at a 1 A g
-1

 current density. As 

expected, the CD profile for the ternary oxide is faradic in nature while the C-FP electrode 

displayed a much linear discharge characteristic confirming the double-layer capacitive trend.  

Fig. 12 (c) shows the CV curves of the hybrid NiCo-MnO2//C-FP asymmetric cell measured at 

various scan rates from 5 to 100 mV s
-1

. It can be observed that the CV curves at various scan 

rates displayed a mixed electric-double layer capacitance and faradic behaviors which is typical 

of hybrid asymmetric SC [30]. Fig. 12 (d) displays the charge–discharge profiles of the hybrid 

asymmetric SC at various current densities. The triangular profiles are considerably non-

symmetrical, indicating the contribution from the hybrid NiCo-MnO2//C-FP SC redox reaction 

[30,57]. This is in accordance with the CV curves of the hybrid asymmetric device (Fig. 12 (c)).  

Fig. 12(e) displays the hybrid asymmetric cell specific capacitance calculated using equation 5 

and plotted as a function of current density. At a current density of 1 A g
-1

, the hybrid cell was 

observed to deliver specific capacitance of
 
130.67 F g

-1
 corresponding to specific capacity of

 

54.45 mA h g
-1

. Fig. 12 (f) displays the Ragone plot for both energy density and power density as 

two crucial parameters to determining the electrochemical behavior of the hybrid SC. The 

corresponding energy and power densities of the device were determined according to equations 

6 and 7. The energy density of the hybrid SC was observed to reach as high as 48.83 Wh kg
−1

 

corresponding to a power density of 896.88 W kg
−1

 at a current density of 1 A g
-1

. Interestingly, 

at a power density of 6345 W kg
−1

, the energy density remained as high as 24.675 Wh kg
−1 

at a 
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current density of 8 A g
-1

. This hints that the fabricated asymmetric SC could dispense a high 

power density devoid of a considerable loss in the stored energy. This point addresses the 

important fact that as much as the goal in the supercapacitor research is improve its energy 

density to match that of batteries, this is not supposed to be done at the expense of a 

compromised power density of the SC. 

The energy densities recorded by the hybrid SC showed considerable improvement when 

compared to other asymmetric SCs in aqueous electrolyte. Such as, FeOOH//MnO2; 24 Wh kg
−1

 

at power density of 3700 W kg
-1

, at 0.5 A g
-1

[62], MnOx//graphene; 23.02 Wh kg
−1 

at power 

density of 947 W kg
-1

,
 
at 1 A g

-1
[63], MnS//EDAC; 37.6 Wh kg

−1 
at power density of 181.2 W 

kg
-1

,
 
at 1 A g

-1
[57], C7N3//AC; 34.9 Wh kg

-
1 at power density of 875 W g

-1
,
 
at 1 A g

-1
[50]; 

AEG//PAC; 24.6 Wh kg
-1

 at power density of 400 W kg
-1

, at 0.5 A g
-1

[64] and AC//RGO-CoO; 

35.7 Wh kg
-1

 at power density of 225 W kg
-1

, at 0.5 A g
-1

[65]. A maximum constant-current 

discharge power density of 440.83 kW kg
-1

 was recorded as determined according to equation 8 

for the hybrid asymmetric SC. 

From Fig. 13 (a), it could be observed that the hybrid SC records an excellent coulombic 

efficiency of 99.98 % (using ES1) and as well preserves 96.78% of its incipient capacitance up to 

a 10000 constant charge-discharge cycle at a current density of 3 A g
−1

. Such impressive stability 

is mostly seen for EDLC and not supercapattery-type devices. This unique behaviour is due to 

the mesoporous structure that could play an important role in heightening the effective electrode 

surface area, facilitating electrolyte permeation, and shortening the electron pathway in the active 

materials [57]. The mesoporous structure of the ternary NiCo-MnO2 nanocrystal is better 

accessible for the reactant molecules cum cations via the interlayer space [66]. Moreover, the 

particular mesoporous structure could accommodate well the solvated ions (OH
−
), thereby 

contributing to capacitance enhancement owing to compact layers of ions residing on both 

adjacent hole walls [57,67].  
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The mesoporous structure could bring about ion and electron transfer, restraining the volumetric 

alteration of the electrode in the charge-discharge process [50]. 

Electrochemical impedance spectroscopy (EIS) analysis was used to further confirm the 

electrochemical behaviour of the device (Fig. 13 (b & d)). Fig. 13 (b) is a display of the Nyquist 

plot with a fit using the equivalent circuit inset to the Figure. The solution resistance, Rs and 

charge transfer resistance, RCT  were estimated to be 0.22  and 1.94 , respectively, which are 

significantly smaller compared with what is obtainable in the literature [57,64], indicating the 

desirable electrical properties of the materials used in the hybrid SC. The RCT  of NiCo-MnO2 

electrode portrays charge-transfer resistance, while the RCT of C-FP is liable for the self-

discharge process [13,57]. At the high frequency, the equivalent series resistance, Rs which is the 

intercept to the Z’-axis, includes the total resistance comprising the electrolyte resistance, and the 

resistance between the contact and the electrode materials. The calculated values of Rs, RCT, and 

Q using ZFIT program software are summarized in Table S1 in the supplementary information. 

At the mid-frequency region, a small semicircle, designated as RCT is noticed owing to the charge 

transfer resistance and mass transport across the framework of the material. At the low-frequency 

region, the curve portrays a line fairly perpendicular to the Z”-axis marking an ideal behavior of 

the hybrid SC. The device nevertheless, shows a divergence from this ideal behaviour owing to a 

resistive element, RL (leakage current resistance) associated and in parallel with constant phase 

element,  2.  
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Fig. 13. (a) cyclic performance, (b) EIS plot and fitting curve, (c) CV curves before and after cycling for the hybrid 

asymmetric SC respectively and (d) EIS before and after 10000 cycling of the hybrid NiCo-MnO2//C-FP asymmetric 

device at a current density of 3 Ag
-1

. 

 

The deviation from the perfect line perpendicular to the Z”-axis is as a result of a diffusion 

process which occurs at the electrode-electrolyte interface, mainly indicated by the existence of a 

Warburg impedance element, W [68]. By standard, the phase angle of the Warburg impedance is 

-45, being a representation of a vector of equal real and imaginary amplitudes. In practice, a 

deviation from that phase angle is noticed and is attributed to porous nature of the electrode 

materials with different pore dimensions which play an important role in the impedance analysis 

[69]. The transition from high to low frequency is represented by Warburg element (W) which is 
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in series with Rct. In principle, an ideal cell will give a vertical line parallel to the y-axis at a low 

frequency which is represented by constant phase element,  1 in the circuit diagram.  

Fig. 13 (c) shows the CV curves of the hybrid SC before and after 10000 cycling at a scan rate of 

20mVs
-1

. It can be seen that even after a very large number of cycles, the current response of the 

NiCo-MnO2//C-FP hybrid SC after stability slightly decreased while the shape is still preserved 

which shows the relative stability of cell for potential practical application. Fig. 13 (d) shows the 

Nyquist plot of the device before and after 10000 cycles. After cycling, the diffusion path length 

is observed to further deviate from the ideal vertical nature which can be ascribed to the repeated 

cycling effects such as polarization and less utilization or insufficient active material during 

redox reaction, probably owing to the high current density [11].  

Fig. S4 (f) displays the self-discharge (SD) profile of the hybrid NiCo-MnO2//C-FP symmetric 

SC carried out at room temperature in 1 M KOH electrolyte. The cell was charged to its peak 

voltage of 1.50 V at 0.5 A g
-1

 and then held at that voltage for about 1 h and later kept at open 

circuit potential to undergo self-discharge for more than 50 h with the SC’s terminals’ voltage 

being monitored. The SC was observed to maintain a substantial voltage of 1.11 V (over 74% of 

its operating voltage) which indicates a good practical application of the hybrid SC. The sudden 

fall of the hybrid SC voltage at the incipient stage of the self-discharge is perhaps as a result of 

the decomposition of water used as the solvent, as previously explained [70,71]. Concisely, when 

the cell is fully charged, the solvent could be abridged on the cathode, a reduction that could 

continue even after current cut-off, resulting in a sharp decrease in the cathode potential [64]. 

This procedure is influenced by the surface property of the electrode and is not diffusion 

controlled neither due to current leakage. Accordingly, any investigation of the self-discharge 

mechanism will exclude the potential drop [64,70]. 
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4. CONCLUSION 

Mixed transition meta hydroxides NiCo(OH)2, NiCoMn-triple hydroxide (NiCoMn-TH) and a  

ternary NiCo-MnO2 electrode materials were successfully synthesised by force-driven hydrolysis 

of hydrated nitrates of nickel, cobalt and manganese salt at a low temperature while C-FP 

electrode was synthesized via a complete dissolution of iron (III) nitrate and PANI in ethanol. 

The characterization of the samples confirmed that the as-prepared mixed hydroxides electrode 

materials have agglomerated flake-like particles which exhibited a small specific surface area 

compared to the NiCo-MnO2 with porous and stacked sheet-like morphology. It was also 

confirmed that the prepared samples are crystalline, and composed of Ni, Co, O (or O‒H bond in 

NiCo(OH)2 sample) and Mn in NiCo-MnO2 sample with Ni, Co and Mn existing in different 

oxidation states. The C-FP on the other hand, is composed of nano grains with some level of 

crystallinity. The electrochemical performance of the electrode materials evaluated in a three-

electrode cell configuration using 1 M KOH electrolyte showed a significant improvement on 

specific capacity of 132.1 mAh g
-1

 for NiCo-MnO2  compared to 110.3 and 64.36 mAh g
-1

 for 

NiCo(OH)2 and the unstable NiCoMn-TH at a current density of 0.5 A g
-1

 respectively. The C-

FP electrode showed a good and consistent capacitive performance with relatively high specific 

capacitance of 264.17 Fg
-1

 at a current density of
 
0.5 A g

-1 
in KOH aqueous electrolyte. A cost-

effective high-performance hybrid NiCo-MnO2//C-FP supercapattery in 1 M KOH electrolyte 

delivered a high energy density of 48.83 Wh kg
−1

 with a corresponding high power density of 

896.88 W kg
−1

 as well as excellent stability with 97.78% capacity retention up to 10,000 cycles 

similar to what is observed in classic EDLC devices. Even at high current density of 8 A g
-1

 the 

device maintained a high energy density of 25 Wh kg
-1

 with corresponding power density of 

6344 W kg
-1

 which shows that these are excellent materials for supercapacitor applications.  
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