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Abstract: New hybrid nanostructured electrodes for supercapacitors made by combination of electrical double 13 
layer and faradaic supercapacitors based-nanomaterials within a single hybrid composite has a great potential 14 
on expanding the range of use of these devices and increase their electrochemical performance. In this work, 15 
we developed several hybrid nanostructured composites with combinations of such types of materials with 16 
potential applicability as electrodes in supercapacitors. In particular, these composites were obtained by easy, 17 
cost-effective and scalable procedures, and were composed by NiCo2O4 nanocores as the main faradaic-based 18 
nanomaterial and either the conductive polymer polyaniline (PANI), multiwall carbon nanotubes (MWCNTs), 19 
or reduced graphene oxide (r-GO) as the electrical double layer-based carbonaceous-based nanomaterials in 20 
order to enable the combination of both type of energy storage processes within a single nanostructured device. 21 
These constructions allowed us to obtain specific capacitance as large as 1760 F/g, 900 F/g and 734 F/g at a 22 
current density of 1 A/g for NiCo2O4/PANI, NiCo2O4/MWCNT, and NiCo2O4/r-GO hybrid nanocomposite 23 
electrodes, respectively. Besides, the stability of NiCo2O4/MWCNTs and NiCo2O4/r-GO-based electrodes was 24 
outstanding, with capacity losses below 10% after long periods of operation (> 500 cycles). 25 

Keywords: NiCo2O4 nanocores, hybrid nancomposite, carbon-based materials, electrochemical capacitance, 26 
supercapacitor  27 

 28 

 29 
Scheme 1. Graphical abstract 30 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 May 2019                   doi:10.20944/preprints201905.0068.v1

©  2019 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints201905.0068.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 16 

 

1. Introduction 31 

In the last decades, energy has become one of the most important bottlenecks to further improve 32 
human wellbeing. In order to break the excessive energy dependence from fossil fuels, significant 33 
progresses on renewable energy technologies such as solar and wind power, hydroelectricity, and 34 
biomass have been extensively done [1]. Nevertheless, the dependence of renewable sources and 35 
related energy production on environmental conditions together with the increasing use of these 36 
“clean” energies effectively require a strong development of energy devices to store and deliver the 37 
produced energy on demand. Although different types of storage devices to harvest renewable 38 
energy such as fuel cells, lithium-ion batteries, and solar cells to cite a few, are already available even 39 
in the market this type of energy devices still need further development to fulfill a plethora of suitable 40 
operation conditions as large efficiencies, storage capacities, and charge/discharge powers [2].  41 

Supercapacitors have recently attracted a great deal of interest in various applications including 42 
the development of hybrid electric vehicles, large industrial equipment, memory back-up devices 43 
and renewable energy power plants thanks to their high power density, fast charge/discharge rates, 44 
and long cycle life times [3]. There exist two main classes of supercapacitors, which include electrical 45 
double layer (EDLCs) and faradaic supercapacitors (FSs) or pseudocapacitors, respectively. EDLCs 46 
bridge the gap between batteries, which offer a high-energy storage capacity (energy density, ED) 47 
but a slow charge−discharge, and conventional capacitors that comparatively possess larger power 48 
densities (PDs, that is, faster charge−discharge processes) but hold a much lower energy storage 49 
capacity. EDLCs typically are made of carbon-based materials bearing high surface area and porosity. 50 
They store energy by forming an ionic double layer which diffuses very quickly, hence, providing a 51 
very rapid discharge profile as well as high power densities [4]. However, EDs and charges which 52 
can be physically stored within EDLCs are still quite low in aqueous as well as organic electrolytes 53 
[5]. To overcome these issues, relatively new carbon-based nanomaterials such as one dimensional 54 
carbon nanotubes (CNTs) and two-dimensional graphene have been increasingly used to provide 55 
higher charge−discharge rates; however, they exhibit a lower volumetric capacitance compared to 56 
that of traditional porous carbons [6].  57 

Conversely, FSs use reversible Faradaic reactions to store electrical charges, which allows to 58 
achieving higher capacitance and energy densities by at least one order of magnitude than those 59 
obtained by EDLCs. Materials sustaining such redox reactions on their surfaces include, for example, 60 
conducting polymers and transition metal oxides [7-9]. Conducting polymers have been also used in 61 
FSs as a result of their highly π-conjugated polymeric chains, environmental stability and 62 
outstanding electrochemical properties [10, 11]. In this regard, polyaniline (PANI) is one of the most 63 
significant conductive fillers because of its easy synthesis, low cost, high electrical conductivity and 64 
reduced ecotoxicity [12, 13]. On the other hand, ternary metal oxides are another new class of 65 
electrode materials for supercapacitors with excellent electrochemical performances, which provide 66 
additional free space to enhance the mobility of active species, and reduce the structural strain of 67 
electrodes [14]. In particular, metal oxide-based spinel structures are able to provide much larger 68 
mobilities of the active species with outstanding electrochemical stability [15]. Amongst spinel 69 
ternary metal oxides, nickel cobaltite (NiCo2O4) has been considered as a very interesting, cost-70 
effective and scalable material thanks to its low cost, abundance, environmental friendliness, and 71 
larger electrical conductivity compared to pure nickel and cobalt oxides [16,17]. As a consequence, 72 
nickel cobaltite is expected to display much more effective redox reactions than the respective pure 73 
oxides thanks to the larger density of active sites and its open structure, which favor an enhanced 74 
mobility of charge carriers [15].  75 

Nevertheless, the former two types of materials also display a series of drawbacks as, for 76 
example, their poor ion/electron conductivity which limits attainable high capacities at high 77 
charge/discharge rates [18, 19] and, in the particular case of metal oxides, the distortion and volume 78 
change-induced stress of their microstructure stemming from the continuous supported redox 79 
reactions [20], which severely limit the attainable theoretical capacity at high charge/discharge rates. 80 
One strategy to improve the electrochemical performance of FSs supercapacitors while avoiding 81 
some of the aforementioned drawbacks involves the construction of hybrid nanostructures, which 82 
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combine EDLCs and FSs materials in a single nanocomposite. This type of nanostructures not only 83 
expands the potential range of use and the effective performance of an active FS nanomaterial as a 84 
metal oxide, but also improves the electronic conductivity and charge/discharge rates of the resulting 85 
hybrid nanomaterials by using conductive EDLCs carbonaceous materials such as porous carbon, 86 
CNTs, graphene, graphene oxide (GO) sheets, etc [21-23]. Moreover, these hybrid nanocomposites 87 
possess the capability of preserving the structural integrity of the active metal oxide material, thereby, 88 
allowing an enhanced cyclability and rate capacity [24].  89 

Hence, we here report the fabrication of different nanocomposites composed of NiCo2O4 90 
nanocores as the main FS nanomaterial and carbon allotropes. The combination of NiCo2O4 91 
nanoparticles (NPs) with carbon-based nanomaterials gives the opportunity to exploit the excellent 92 
electrical conductivity and large activated surface areas of the latter as well as the ultrahigh specific 93 
capacitance of the former [25]; that is, carbon materials with large contact areas make possible to 94 
transfer fast electrons and allow a deeper penetration of electrolyte ions into the hybrid storage 95 
nanocomposite. Therefore, the resulting hybrid nanostructured materials including NiCo2O4 and a 96 
carbon allotrope can improve the capacitance of energy storage supercapacitors by sharing the 97 
advantages of both classes of materials, which have a synergistic positive effect in the device 98 
operation and performance [26]. In addition, the nanostructuration of NiCo2O4 in the form of NPs 99 
should allow a better accommodation of induced mechanical stresses [27, 28], shorten the electron 100 
transport lengths, and provide a larger electrode surface. Therefore, NiCo2O4 nanocores obtained 101 
through a solvothermal method [2, 25] were combined with either PANI or multi-wall CNTs 102 
(MWCNTs) since these fillers improve the electrical conductivity and activated surface areas of the 103 
resulting composite nanostructured materials. In the case of NiCo2O4/MWCNTs composite, a simple 104 
solution mixing methodology was followed to obtain the nanocomposite, which facilitates large scale 105 
production while ensuring outstanding electrochemical performances at much lower electrolyte 106 
concentrations than commonly used [29,30]. In an alternative configuration, NiCo2O4 NCs were also 107 
deposited on top of a nickel foam substrate and combined with reduced-graphene oxide (r-GO) to 108 
improve the electrochemical properties of the metal oxide while avoiding the use of other carbon 109 
active materials or isolating binders as polyvinylidene fluoride (PVDF). This procedure for 110 
NiCo2O4/r-GO production is easy, binder free, affordable and more efficient than previously 111 
developed, allowing the obtaining of very high capacitances (up to ca. 1760 F/g at 1A/g) thanks to the 112 
improvement of the contact between r-GO nanosheets with the metal oxide [31-34]. X-ray 113 
diffraction (XRD), Raman spectroscopy, field emission scanning electron microscopy (FESEM), 114 
transmission electron microscopy (TEM), and Brunauer-Emmett-Teller (BET) techniques were used 115 
to structurally characterize the resulting hybrid nancomposites. Furthermore, the electrochemical 116 
performances of the prepared NiCo2O4/PANI, NiCo2O4/MWCNT, and NiCo2O4/r-GO derived 117 
nanoelectrodes were characterized by cyclic voltammetry (CV), galvanostatic charge/discharge and 118 
electrochemical impedance spectroscopies (EIS). To analyze the obtained impedance experimental 119 
data, Zview software was used to design the equivalent theoretical circuit. According to the 120 
equivalent circuit elements of NiCo2O4 nanocores, NiCo2O4/PANI, NiCo2O4/MWCNT and NiCo2O4/r-121 
GO composites, the electrochemical behavior of the constructed supercapacitor electrodes was 122 
deciphered. 123 

2. Experimental section 124 

 2.1 Materials 125 

Co (NO3)2·6H2O and Ni (NO3)2·6H2O were purchased from Sigma Aldrich. 2-isopropanol and 126 
glycerin were purchased from Merck. Multi-walled carbon nanotubes (MWCNTs, outer diameter 20–127 
30 nm, average length ~50 µm, specific surface area ~110 m2 g-1 and purity > 95 wt%) were purchased 128 
from Neunano, Iran. Aniline, sodium dodecyl sulfate (SDS) and ammonium per sulfate (APS) were 129 
also purchased from Sigma Aldrich. 130 

 131 
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2.2 Synthesis of materials 132 

2.2.1 Synthesis of NiCo2O4 nanocores 133 
NiCo2O4 nanocores were prepared based on a previously reported methodology with little modifications 134 

[35]. Briefly, 70 mg of cobalt nitrate and 30 mg nickel nitrate were dispersed in 5 mL 2-isopropanol. Then, this 135 
solution was added to a mixture of isopropanol (30 mL) and glycerin (8 mL). The resulting solution was poured 136 
into a sealed Teflon stainless steel autoclave and put in the oven at 180 °C for 6 h. Then, the solution was 137 
washed with ethanol several times and dried at 70 °C. The resulting powder was put in the oven at 350 °C at a 138 
heating rate of 1°C/min for 2 h. 139 

2.2.2 Purification of MWCNTs 140 
To purify the MWCNTs, a combined heating an acidic treatment was used [36,37]. Firstly, MWCNTs 141 

were heated in an oven at 300°C for 1 h to remove amorphous carbon [38], and then refluxed with HNO3 for 142 
12 h at 120°C to remove other remaining impurities [39]. The resulting purified MWCNTs were washed several 143 
times with DI water to reach neutral pH. 144 

2.2.3 Preparation of NiCo2O4/MWCNTs, NiCo2O4/PANI and NiCo2O4/r-GO nanocomposites 145 
NiCo2O4/MWCNTs nanocomposites were prepared based on a previously reported method [38]. 146 

Briefly, both the starting metal oxide and carbonaceous material were firstly mixed at a weight ratio 147 
of 2:1. Then, the mixed powder was dissolved in 2-isopropanol and kept in an ultrasonic bath for 6 148 
h. Next, the dispersed solution was heated at 70 °C to evaporate the solvent. 149 

To prepare NiCo2O4/PANI nanocomposites, NiCo2O4 nanocores were dispersed in double-ionised (DI) 150 
water (50 mL). Then, SDS (0.08 g) and APS (0.01 g) were dispersed in the former solution, which was held at 151 
room temperature for 12 h. Then, aniline (8 µl) was added under stirring at 4 °C. An amount (50 µl) of hydroxide 152 
acid (1 M) was added to the previous solution to keep the pH at 3.0. The resulting solution was stirred for 24 h 153 
at 4 °C and, then, washed several times with DI water and ethanol [40]. To prepare the NiCo2O4 nanocores, 154 
NiCo2O4/PANI and NiCo2O4/MWCNTs electrodes, the obtained active hybrid nanocomposite materials (85 wt. 155 
%), carbon black (10 wt. %) and PVDF (5 wt. %) were dispersed in 2 mL acetone. The mixed solution was 156 
dropped on a nickel foam substrate, and then dried at 70°C for 7 h to evaporate the solvent. 157 

For the preparation of the NiCo2O4/r-GO electrodes, NiCo2O4 nanocores were dispersed in 158 
acetone. Then, this solution was slowly dropped onto a nickel foam substrate using a micro-sampler 159 
and left in the oven at 70°C for 7 h to evaporate the solvent. Next, graphene oxide was synthesized 160 
through a well-established methodology [41], and a solution of GO in DI water (1 mg/mL) prepared. 161 
To reduce and deposit GO onto the nickel foam the chronoamperometry method was used at a 162 
voltage of -1.6V, as previously reported [42,43].  163 

2.3 Physical characterization 164 

The crystallization of the metal oxide nanocores and the crystalline structure of the 165 
nanocomposites were analyzed by means of an X-ray diffractometer (X’pert model 1480 166 
manufactured by Philips) with CuKα radiation. The X-ray wavelength was 1.54056 Å, and the 167 
diffraction patterns were recorded at room temperature and over a 2θ range of 10- 80°, at a scanning 168 
speed of 2° per minute. Surface area and size distributions of the metal oxide nanocores were 169 
measured using a Micromeritics instrument 3020 under nitrogen atmosphere and determined 170 
following Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) methods. The 171 
morphology of the obtained nanocomposites was analyzed by field-emission scanning electron 172 
(FESEM) (ZEISS Sigma, manufactured by Germany) and transmission electron microscopies (TEM, 173 
Philips CM30). 174 

Finally, the electrochemical properties and performance of the obtained hybrid nanocomposites-175 
based electrodes were determined by cyclic voltammetry (CV), galvanostatic charge/discharge 176 
(GCD) curves and electrochemical impedance spectroscopy (EIS) using a SP-300 Bio-Logic 177 
potentiostats/galvanostats instrument at room temperature. All tests were performed using a three-178 
electrode setup in which nanocomposite samples, platinum, and Hg/HgO were selected as the 179 
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working, counter and reference electrodes, respectively. Electrodes were immersed in 3 M KOH used 180 
as the electrolyte. CV tests were repeated for all different types of electrodes at various scan rates 181 
ranging from 5 to 50 mVs-1 within the potential window of 0.1 to 0.5 V vs. Hg/HgO. GCD 182 
measurements were performed by chronopotentiometry (CP) at various current densities. EIS 183 
measurements were recorded within the frequency range of 100 kHz–0.1 Hz. 184 

3. Results and Discussion  185 

3.1 Structural characterization 186 
The crystalline phases of NiCo2O4 nanocores, NiCo2O4/MWCNT, NiCo2O4/PANI, and 187 

NiCo2O4/r-GO nanocomposites were investigated by X-ray diffraction. As illustrated in Figure 1a, the 188 
diffraction peaks of the spinel phase of NiCo2O4 nanocores are observed at 2θ values of 22°, 36.3°, 189 
42.8°, 44.9°, 52.3°, 69.8° and 77.1°, which can be indexed to (111), (220), (311), (222), (400), (511), and 190 
(440) planes in the face centered cubic spinel structure (JCPDS card No. 20-0781), and matched very 191 
well with previously reported data [35,44-47]. NiCo2O4 as a binary metal oxide has a cubic spinel 192 
structure in which all nickel ions occupy octahedral sites, whereas cobalt ions distribute on both 193 
octahedral and tetrahedral ones [2,25]. The obtained crystallite size of the nanocores using the 194 
Scherrer equation was ca. 256.3 nm. 195 

Regarding NiCo2O4/PANI nanocomposites, the presence of the conductive polymer does not 196 
affect the crystallinity of the metal oxide phase, and the soft slope observed in the XRD pattern (Figure 197 
1) can be assigned to the periodicity of the repeat units of PANI chains parallel to the polymer 198 
backbone [48]. A similar diffraction pattern for NiCo2O4/MWCNTs nanocomposites was also noted, 199 
but with additional peaks detected at 30º, 47º and 65º attributed to (002), (100) and (004) reflection 200 
planes of the carbonaceous phase, respectively, and related to the hexagonal graphite structures of 201 
MWCNTs (JCPDS card No. 41-1487) [47]. Finally, the XRD patterns of NiCo2O4/r-GO nanocomposites 202 
showed some sharp peaks at 45º, 52º, and 76º corresponding to the nickel foam substrate [49]; those 203 
corresponding to nickel cobaltite are much smaller but still present [50]. 204 

 205 

Figure 1: (a) XRD patterns and (b) Raman spectra of NiCo2O4, NiCo2O4/PANI, NiCo2O4/MWCNT and 206 
NiCo2O4/r-GO nanocomposites. (c) N2 adsorption–desorption isotherms of NiCo2O4 nanocores, 207 
NiCo2O4/PANI, and NiCo2O4/MWCNT nanocomposite and their corresponding BJH pore size 208 
distributions. 209 

Raman spectroscopy was additionally used to further complete the structural characterization 210 
of the obtained hybrid nanocomposites. The 100 to 2000 cm-1 regions of the Raman spectra of NiCo2O4 211 
nanocores, NiCo2O4/PANI, NiCo2O4/MWCNTs, NiCo2O4/r-GO nanocomposites are shown in Figure 212 
1b. Vibrational modes of NiCo2O4 nanocores are presented at 187, 459, 509, 656, and 1096 cm-1, 213 
respectively [44,51], which correspond to F2g, Eg, LO, A1g, and 2 LO modes of the NiCo2O4 spinel phase 214 
[34,52]. Raman spectra of NiCo2O4/PANI displays the PANI characteristic vibration peaks including 215 
the bands attributed to the C–N+ vibration of delocalized polaronic structures at 1330 cm-1, C=N 216 
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stretching at 1486 cm-1, and C–C stretching modes at 1590 cm-1, respectively [53-55]. For 217 
NiCo2O4/MWCNTs nanocomposite, bands at 191, 459, 468, 509 and 665 cm−1 attributed to the F2g, Eg, 218 
F2g, LO and A1g modes of NiCo2O4, respectively, are observed while peaks at 1352 and 1585 cm−1 219 
correspond to D and G bands of the carbon phase of MWCNTs [46,57]. Moreover, a single G peak at 220 
1585 cm-1 proved the multiwall nature of the used CNTs [58]. In Figure 1b also showed peaks at 1352, 221 
1594 cm−1 corresponding to D and G, bands of grapheme in NiCo2O4/r-GO nanocomposites. 2D and 222 
D+G bands are attributed to the substantial removal of oxygen-containing groups during the GO 223 
reduction process [59]. The reduction of GO nanosheets has a great influence on the electrical 224 
conductivity and should allow achieving much larger current discharge capacities [21]. Furthermore, 225 
the intensity ratio between D and G bands (ID/IG) for GO and NiCo2O4/r-GO nanocomposites (0.84 226 
and 0.94, respectively) confirms the reduction of GO to r-GO after the chronoamperometric treatment 227 
used for the nanocomposite production [60].  228 

BET specific surface areas of NiCo2O4 nanocores, NiCo2O4/PANI and NiCo2O4/MWCNT 229 
nanocomposites were determined by N2 adsorption/desorption isotherms at 77 K, and the 230 
corresponding pore size distributions calculated by the Barrette-Joynere-Halenda (BJH) method. For 231 
NiCo2O4/r-GO nanocomposites no adsorption data were obtained due to the different procedure 232 
followed for the production of this nanocomposite which impedes this type of measurement, that is, 233 
r-GO nanosheets completely covered and support NiCo2O4 nanocores on the surface of the nickel 234 
foam substrates precluding BET analysis. As shown in Figure 1c, the observed adsorption isotherms 235 
for both bare NiCo2O4 nanocores and NiCo2O4/PANI nanocomposites can be considered as type IV; 236 
the hysteresis loop can be related to the formation of a mesoporous material with pore widths with 237 
sizes between 2 and 50 nm. Based on the BET analysis, the specific surface area of NiCo2O4 nanocores 238 
and NiCo2O4/PANI nanocomposites were ca. 39.78 m²/g and 44.02 m²/g, respectively. Besides, 239 
according to the BJH analysis the center of both distributions was located at ca. 3 and 3.2 nm for 240 
NiCo2O4 nanocores and NiCo2O4/PANI composites, respectively [30,61,62]. Additionally, the profile 241 
and hysteresis loop of NiCo2O4/MWCNT nanocomposites also denote a type IV isotherm, with a 242 
specific surface area of 63.1 m2/g and pore size distribution of 3 nm and 39.7 nm, respectively, 243 
originated from NiCo2O4 nanocores and MWCNT respectively (see Figure S1)  244 

The surface morphology of the obtained metal oxide nanocores and nanocomposites were 245 
additionally investigated by means of FESEM. NiCo2O4 nanocores appear highly uniform, with 246 
relatively smooth surfaces and diameters between 250-300 nm (Figure 2a), in agreement with derived 247 
sizes from XRD data. Besides, NiCo2O4 surfaces become rougher and more porous upon oxidation 248 
(see inset in Figure 2a) confirming the high surface area values obtained through nitrogen adsorption 249 
experiments. This nanostructuration should enable the formation of suitable channels for an effective 250 
ion/electron transfer. Regarding NiCo2O4/PANI nanocomposites it is clearly observed that NiCo2O4 251 
nanocores were uniformly covered by PANI (Figure 2b). Conversely, in the case of 252 
NiCo2O4/MWCNTs nanocomposite NiCo2O4 nanocores seem to be attached to MWCNTs walls and 253 
distributed uniformly (Figure 2c). Finally, Figure 2d confirms that r-GO sheets completely cover 254 
NiCo2O4 nanocores onto the surface of the porous nickel foam in NiCo2O4/r-GO nanocomposites.  255 
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256 

 257 
Figure 2: SEM images of (a) NiCo2O4 nanocores, (b) NiCo2O4/PANI, (c) NiCo2O4/MWCNTs, and d,e,f) 258 
NiCo2O4/r-GO nanocomposites. Inset in Figure 2(a): NiCo2O4 nanocores after the first hour (top) and 259 
at the end of the oxidation process (down).   260 

3.2 Electrochemical performance 261 
Cyclic voltammetry was performed to determine the electrochemical capacity and performance 262 

of NiCo2O4 nanocores, NiCo2O4/PANI, NiCo2O4/MWCNT and NiCo2O4/r-GO nanocomposites in a 263 
standard three-electrode cell configuration. As observed in Figure 3a, redox peaks are very clear 264 
during the cathodic sweeps as a result of faradic redox reactions related to M-O/M-O-OH (M 265 
represents Ni or Co) [30,35], which are the origin of the pseudocapacitive characteristics of the 266 
nanocomposite [35,63].  267 

 268 
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269 

 270 
Figure 3: Evaluation of the electrochemical performance of the hybrid nanocomposites in a three-271 
electrode configuration: (a) CV of NiCo2O4 cores, NiCo2O4/PANI, NiCo2O4/MWCNT and NiCo2O4/r-272 
GO nanocomposites at scan rates of 20 mVs-1 in an aqueous 3 M KOH electrolyte solution. (b)Specific 273 
capacitances of NiCo2O4 nanocores, NiCo2O4/PANI, NiCo2O4/MWCNT and NiCo2O4/r-GO 274 
nanocomposites derived from CV measurements, (c) potential difference of faradic oxidation and 275 
reduction peaks versus various scan rates. (d) Polt of ܫ௣ ⁄ଵ/ଶߥ  versus ߥଵ/ଶ ; the isent polt of ܭଵ/ܭଶ  276 

From the shapes of CV plots (see Figure S2) it can be inferred that the behavior of the developed 277 
nanocomposite materials is pseudocapacitive as confirmed by the presence of different redox peaks 278 
of both NiCo2O4 nanocores and nanocomposite electrodes from redox reactions in the alkaline 279 
medium, which would correspond to the reversible reactions of Ni2+/Ni3+ and Co3+/Co4+ transitions 280 
associated with OHି anions. As reported previously [16,17,25,35], the spinel structure of NiCo2O4 281 
nanocores shows a potential window of 0 to 0.5 V in alkaline conditions, and their pseudo-capacitive 282 
behavior can be described by the following equations: 283 

ଶ݋ܥ݅ܰ ସܱ +ଶܱܪ+ ݁ି ↔ ܪܱܱ݋ܥ2 +  284 (1)                                       ܪܱ݅ܰ
ܪܱܱ݋ܥ + ିܪܱ ↔ ݋ܥ ଶܱ 2ܱܪ+ + ݁ି                                            (2) 285 
ܪܱ݅ܰ ିܪܱ+ ↔ ଶ(ܪܱ)݅ܰ + ݁ି                                                 (3) 286 

The oxidation peak potentials of Ni2+/Ni3+ and Co3+/Co4+ transitions are so close one each other 287 
that is difficult to split them apart [17,64,65]. Even at high scan rates, CV plots show well-defined 288 
redox peaks, which points to the capability of the porous NiCo2O4 nanocores to sustain these fast 289 
redox reactions. It is also observed that the current density increases as the scan rate does and, 290 
consequently, the peak potential is progressively shifted in agreement with the low polarization and 291 
high power of the selected electrode nanomaterials [63]. As illustrated in Figure S2a, the cathodic 292 
peak is slightly shifted from 0.26 to 0.24 V as the scan rate increases from 5 to 50 mV s-1, that is, the 293 
NiCo2O4 electrode can sustain very fast redox reactions. In addition, it is worth mentioning that the 294 
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constructed nanocomposite-based electrodes have low resistivity and good electrochemical 295 
reversibility.  296 

In particular, for NiCo2O4/PANI nanocomposites, cathodic and anodic peaks progressively shift 297 
from 0.25 to 0.22 V and from 0.4 to 0.45 V at increasing scan rates, respectively, and the capacitance 298 
decreases thanks to the synergistic effect of the embedded pseudo-reactions and additional 299 
conductive pathways provided by PANI (Figure S2b). Similarity, anodic and cathodic peaks of 300 
NiCo2O4/MWCNT nanocomposites shift from 0.41 to 0.47 V and 0.31 to 0.28 V, respectively (Figure 301 
S2c). It has been demonstrated that porous MWCNTs networks and the subsequent stability of their 302 
electrical response greatly promote the due to from NiCo2O4 nanocores (Figure S2d). 303 

The capacitances of porous NiCo2O4 nanocores, NiCo2O4/MWCNT, NiCo2O4/PANI and 304 
NiCo2O4/r-GO nanocomposites can be calculated from CV plots at different scan rates by the 305 
following relationship [64]:  306 

ܥ = ∫ ூௗ௏
୫௩∆௏

                                                      (4) 307 

where C is the specific capacitance (F/g), ΔV is the potential window of CV (V),  I is the current 308 
intensity (A), ν is the scan rate (V/s) m is the mass of loaded material (g) [65] (see Supplementary 309 
Materials for further details). The calculated specific capacitance of porous NiCo2O4 nanocores, 310 
NiCo2O4/MWCNT, NiCo2O4/PANI and NiCo2O4/r-GO-based nanoelectrodes are given in Figure 3b. 311 
As mentioned above, capacitances decrease as the scan rates increase, which can be attributed to the 312 
lower diffusion of electrolyte ions. At higher scan rates only the outer surfaces can contribute to the 313 
charge-discharge processes, which result in a lower effectiveness of the electro-active materials. As 314 
shown in Figure 3c, the potential difference of oxidation and reduction peaks (∆ܸ = ைܸ௫ − ோܸ௘ ) [66] 315 
confirmed the pseudocapacitive behavior of the obtained hybrid nanoelectrodes This was 316 
additionally corroborated by analyzing the dependence of the electrical current with the scan rate as: 317 

௣ܫ = ߥଵܭ +  ଵ/ଶ                                            (5) 318ߥଶܭ

where ߥ[ܸିݏଵ] is the scan rate. ܭଵ and ܭଶ coefficients are related to fast surface processes and 319 
diffusion limited faradic reactions, respectively. By plotting ܫ௣ ⁄ଵ/ଶߥ  versus	ߥଵ/ଶ, ܭଵ and ܭଶ can be 320 
obtained and the kinetics of the reaction determined (Figure 3d) [67].  321 

In addition to specific capacitances (Csp) calculated from CV curves, these can be alternatively 322 
obtained from galvanostatic charge/discharge (C/D) measurements, allowing a comparison and 323 
evaluation of the quality of the measurements. Figure 4a shows C/D plots of the different constructed 324 
nanoelectrodes at a current density within the potential range 0-0.5 V at 1 A/g (see Figure S3 for 325 
additional C/D plots at other current densities). The shape of C/D plots is non-linear as a consequence 326 
of the ݋ܥଷା/݋ܥସା, ܰ݅ଶା/ܰ݅ଷା ions redox reactions with	ܱ327  .ିܪ 

 328 
Figure 4: (a) Galvanostatic charge/discharge plots at current density 1A/g and (b) rate capability of, 329 
NiCo2O4 nanocores, NiCo2O4/PANI, NiCo2O4/MWCNTs, and NiCo2O4/r-GO nanostructured-based 330 
electrodes  331 

 ௦௣ can be calculated by means of the following equation: 332ܥ
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௦௣ܥ = ܫ) × (ݐ∆ (݉ × ∆ܸ)⁄                                             (6) 333 

where I is the discharge current (A), ݐ߂ the discharge time (s), m the mass of loaded material 334 
(g), and ∆ܸ the window potential (V). The obtained values for the different electrodes are in fair 335 
agreement with those previously obtained from CV data. From these data, a superior performance of 336 
the NiCo2O4/MWCNTs nanocomposite-based electrode compared to the NiCo2O4/PANI one is again 337 
noted, which is related to the advantageous structural features of MWCNTs; that is, the carbon-based 338 
material provides a faster electron transfer and a larger contact area for electrolyte ions and their 339 
subsequent penetration inside the hybrid storage system. Nevertheless, NiCo2O4 cores supported on 340 
ultrathin r-GO nanosheets electrode exhibit the largest specific capacitances. This outstanding 341 
performance might be attributed to the advantageous nanostructuration of this electrode. 342 
Specifically, the ultrathin carbon nanosheets of r-GO could provide numerous electro-active sites for 343 
redox reactions thanks to its extensive surface area. Besides, the open space inside NiCo2O4 cores 344 
provided by their mesoporous structure can serve as a reservoir for ions, whereas the presence of r-345 
GO covering the NiCo2O4 cores would enhance the diffusion kinetics within the electrode; in other 346 
words, r-GO nanosheets may ensure an efficient contact between the surface of electroactive r-GO 347 
nanosheets and the electrolyte, which should allow a faster ion diffusion to the active sites for the 348 
redox reactions to proceed. Furthermore, the avoidance of binder and other conductive materials 349 
such as PVDF and carbon black powders in the compositions of this nanoelectrode, commonly added 350 
to prepare nickel foam-based commercial electrodes, can additionally improve the direct contact 351 
between r-GO sheets and NiCo2O4 cores, consequently, enhancing the intrinsic electrical 352 
conductivity.  353 

A comparison of the electrochemical outputs of the present NiCo2O4/MWCNT and NiCo2O4-rGO 354 
nanocomposite-based electrodes with others previously obtained by different methodologies is shown in Table 355 
S1. In this regard, the method followed to obtain the NiCo2O4/MWCNT composites is faster, cost-356 
effective and more reproducible than previous ones, and also leads to large capacitance of ca. 900 F/g 357 
at 1 A/g. For example, Liu et al. developed NiCo2O4/CNTs composites by a electrodeposition process 358 
and subsequent annealing treatment obtaining a capacitance of ca. 694F/g at 1 A/g and cycling 359 
stabilities of 79.6% [29]. Another multistep procedure including chemical co-deposition, calcination 360 
and thermal treatment was performed by Cai et al., in which a high concentration electrolyte 6M 361 
KOH was used to obtain a capacitance of 1038F/g at 0.5 A/g, with cycling stability of 100% [30]. On 362 
the other hand, Wang et al. developed NiCo2O4/r-GO composites by a self-assembled approach with 363 
capacitances of up to 835 F/g at 1 A/g and an outstanding cycling stability of ca. 100% but using much higher 364 
electrolyte concentrations (6 M KOH) [68]. Ma et al. reported a NiCo2O4/RGO (NCG) composite using a reflux 365 
method which delier a capacitance of 1186 F/g at 0.5 A/g, with a cycling stability of 97% [69]. In our case, 366 
using similar raw starting materials the simple and scalable manufacturing process here used 367 
allowed to obtain much larger capacitances of ca. 1760 F/g at 1 A/g with improved stability thanks to 368 
efficient contact between the electroactive material surfaces including r-GO nanosheets and the metal 369 
oxide NPs.  370 

Additionally, cyclic tests were performed at 2 A/g to evaluate the cycling stability of the 371 
electroactive nanomaterials constituting the electrodes for long operation periods. For NiCo2O4 372 
nanocores, a capacitance retention ability of 79% after 1000 cycles (Figure 5a) was measured, that is, 373 
the specific capacitance decrease from 376 to 317 F/g as a consequence of the deintercalation of the 374 
electrochemical species. Conversely, the cycling stability of NiCo2O4/PANI nanocomposites was 375 
larger, with slow decreases in capacitance after the first 500 cycles of operation from 648 to 504 F/g, 376 
with a total the capacitance retention of 77%. The cycling performance of the NiCo2O4/MWCNT-377 
based nanoelectrode impressively showed a very stable performance with a specific capacitance of 378 
860 F/g retained over 1000 cycles, corresponding to a loss of only 8% (Figure 5(a). This enhanced 379 
cycling stability is probably attributed to the uniform distribution of NiCo2O4 nanocores and 380 
MWCNTs along the electrode. Finally, the stability curve for the NiCo2O4/r-GO-based electrode 381 
showed that the specific capacitance decreased from 1560 to 1420 F/g (9% loss) due to the activation 382 
process resulting from the complete intercalation between NiCo2O4 nanocores and r-GO nanosheets 383 
with electrolyte ions.  384 
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 385 

Figure 5: (a) Long-term cycling stability over 1000 C/D cycles and (b) Nyquist plot of NiCo2O4 386 
nanocores, NiCo2O4/PANI, NiCo2O4/MWCNTs, and, NiCo2O4/r-GO nanocomposite-based electrodes.  387 

Electrochemical impedance spectroscopy measurements recorded in the frequency range from 388 
100 kHz to 0.01 Hz were also done (Figure S4). Based on EIS data, capacitors do not display an ideal 389 
behavior, indeed, they act as a constant phase element (CPE) [70], which is a typical behavior shown 390 
by double layer capacitors in real cells [71], In the present case, this is provided by the carbon-based 391 
nanomaterials present in the nanocomposite structures. CPE were applied in the equivalent circuit 392 
for the simulation of the experimental impedance data [72-74]. The impedance of a CPE is given by:   393 

ଵ
௓
= ܳ଴(݆߱)௡                                                (7) 394 

where ܳ଴ is the absolute value of the admittance (1/|Z|) at ߱ = 1 rad/s [75]. When the exponent 395 
is n = 1, the latter equation describes the impedance of a capacitor, so the constant ܳ଴ =  is the 396 ܥ
capacitance. In this manner, the present impedance spectra can be interpreted and modeled using 397 
equivalent circuits according to the structure of the nanocomposites and the different layers of the 398 
materials present within their structure. This modelization was carried out by means of Zview 399 
software. To do that, EIS data were fitted in a first step to a simple equivalent circuit model and, then, 400 
additional components were added until reaching the best outcome. These equivalent circuits are 401 
illustrated in Figure S4 (left column), the so-called Nyquist impedance plots, in which R1, L1 and L2 402 
are the solution resistance, the internal charge of electrode, and the charge transfer resistance, 403 
respectively. The value of R1 is attributed to the ionic and electronic resistance, the intrinsic resistance, 404 
and the diffusion and contact resistance of the electrode/current collector interface. Nyquist plots 405 
provide information about the resistance of electrolyte, pre-stored charge in the electrode, the 406 
capacitance and resistance of each nanomaterial within the nanoelectrode, and the capacitance of the 407 
resulting supercapacitor. Thus, the resulting electrical circuit was used to evaluate the equivalent 408 
capacitor. In this manner, it is possible to evaluate the capacitances of the resulting equivalent circuits 409 
(see Supplementary Materials for additional information) in order to compare the different 410 
nanocomposite electrodes. The fitting data based on the relevant equivalent circuits as equivalent 411 
capacitors are given in Table S2. 412 

The phase (߮)	was calculated as: 413 
tan(߮) = ܼ" ܼ′⁄                                                   (8) 414 

Bode plots (Figure S4c,f,i,l) show that the capacitance decreases as the frequency increases for 415 
all nanocomposite-based electrodes; each change in the slope corresponds to a layer of material 416 
within the supercapacitor structure. At high-frequencies all supercapacitors possess a pure 417 
resistance-like behavior indicating that electrolyte ions probably cannot penetrate into mesopores at 418 
high frequencies [7]. In addition, each maximum in the phase plots (Figure S4b,e,h,k) also represents 419 
a layer in the supercapacitor. Therefore, both Bode and phase plots confirm that the supercapacitors 420 
are also composed of an electric double layer provided by the presence of the carbon-based 421 
nanomaterials. 422 
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Figure S4a-c shows the existence of one slope and a smooth peak in Bode and phase plots, 423 
respectively, for the bare NiCo2O4-based electrode, that is, the nanoelectrode is only formed by one 424 
material layer. In Figure S4d, the Nyquist plot for NiCo2O4/PANI-based electrode represents two 425 
impedances connected in parallel, and the corresponding Bode and phase plots confirmed the 426 
presence of two layers of material for this supercapacitor (Figure S4e,f). For the NiCo2O4/MWCNT 427 
based-electrode, the Nyquist plot is indicative of two impedances connected in series, each one with 428 
a resistive and capacitive effect (Figure S4g). It is also observed from Bode and phase plots that 429 
MWCNTs provide a high-power electrode thanks to its good electrical conductivity and readily 430 
accessible surface area (Figure S4h,i). Finally, as shown in Figure S4j,l, Nyquist, Bode and phase plots, 431 
and the equivalent circuit for the NiCo2O4/r-GO nanocomposite-based electrode confirm the existence 432 
of a double layer structure. The charge-transfer resistance was assigned nearest the solution interface 433 
and the other resistance to the binder. Another possible reason for the observed enhancement of 434 
efficiency in this nanostructure can be originated from the interfacial properties between r-GO 435 
nanosheets and NiCo2O4 nanocores; in particular, the r-GO skeleton retains a high electrical 436 
conductivity even for very thick electrodes and prevents cycling-induced degradation [76].  437 

4. Conclusion 438 
Porous spinel NiCo2O4 nanocores were prepared by a simple and controlled solvothermal 439 

method. The advantages of using NiCo2O4 nanocores as the main electroactive material reside in their 440 
good electrical conductivity, rich electroactive behavior, stable spinel structure, and environmentally 441 
benign use. The introduction of carbon-based nanomaterials of different nature in the nanostructure 442 
of the developed electrodes allows incorporate the benefits of electrical double layer conductive 443 
materials to complement the action and performance of the redox reactions supported by the porous 444 
metal oxide core nanomaterial. In this manner, the incorporation of an organic conductive polymer 445 
such as PANI via in situ polymerization to obtain a NiCo2O4/PANI nanocomposite resulted in an 446 
important enhancement of the capacitance up to 734 F/g at 1 A/g, in comparison with the bare 447 
NiCo2O4 nanocore-based single electrode. When incorporating MWCNTs, the formed MWCNT 448 
network within the nanocomposite improves its electrical conductivity and consequently, the ion 449 
transfer speed, thus, giving rise to a NiCo2O4/MWCNTs supercapacitor with additional 450 
enhancements in specific capacitance (up to ca. 900 F/g at 1 A/g) and stable life cycles (91 % of 451 
capacitance retention) for long operation periods. Also, it was shown that the morphology of the 452 
electrode material has a substantial influence on the ion transfer speed and the capacity of charge 453 
storage. This was demonstrated when performed the electrochemical deposition of r-GO onto a 454 
modified nickel foam covered with NiCo2O4 nanocores to obtain a NiCo2O4/r-GO composite, which 455 
holds a maximum specific capacitance of 1760 F/g at 1 A/g. In this preparation two common materials 456 
such as carbon black and PVDF regularly used in the preparation of commercial supercapacitor 457 
electrodes were not required, which involves the reduction of the associated costs of production while 458 
avoids at the same time inefficient contacts between the electroactive and conducting materials. 459 
Therefore, the obtained superior properties of the present active nanoelectrodes make them an 460 
interesting alternative to those currently used, and the flexibility of the production methodologies 461 
should allow the fabrication of additional electro-active materials with even improved properties. 462 

Supplementary data: Supplementary data to this article can be found online at 463 
https://doi.org/10.1016/j.elecacta.2019. 464 
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