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ABSTRACT 

Highly uniform composites composed of NiCo-layered double hydroxide (NiCo-LDH) 

and reduced graphene oxide (RGO) were successfully fabricated through a facile 

one-pot solvothermal method. The resulting composites (NiCo-LDH/RGO) display 

nanosheet architecture with tunable content of NiCo-LDH. By virtue of the greatly 

enhanced rate of electron and mass transfer as well as the improved specific surface 

area, the as-obtained NiCo-LDH/RGO composite electrodes exhibit excellent 

supercapacitive properties, and deliver a maximum specific capacitance of 1911.1 F 

g-1 at the current density of 2.0 A g-1. Moreover, at the high current density of 20 A g-1, 

the specific capacitance of NiCo-LDH/RGO nanocomposite still remains as high as 

1469.8 F g-1, indicating an extraordinary rate capability. Good cycling stability with 

the capacitance retention of 74% is obtained after repeating the charge-discharge 

measurements for 1000 cycles at the current density of 20 A g-1. The combination of 

the high capacity of pseudocapacitive double hydroxides and good conductivity of 

RGO make the NiCo-LDH/RGO composites promising candidates for electrode 

materials in energy storage and conversion devices. 

 

Keywords: Nickel cobalt layered double hydroxide; reduced graphene oxide; 

nanosheet; synthesis; supercapacitors 
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1. Introduction  

In recent years, supercapacitor, as a promising energy storage and conversion 

device, has received intense attention due to its high power density, rapid 

charge/discharge rate, excellent cycle stability and high reliability [1,2]. Electrode 

materials, the main contributor of electrical energy storage of supercapacitors, have 

become the research hotspot in the energy storage field [3,4]. At present, three types 

of electrode materials have been widely utilized for supercapacitors: carbonaceous 

materials [5], metal oxides/hydroxides [6] and conducting polymers [7]. 

Carbonaceous materials store energy through charges adsorption in the electric 

double-layer of electrode/electrolyte interfaces, which suffer from the low energy 

density due to the inherent limitation of the electrostatic surface charging mechanism 

[8]. In contrast, metal oxides/hydroxides and conducting polymers conduct fast and 

reversible faradaic reactions at the interface of the electrode and the electrolyte, which 

contribute to better supercapacitive properties than carbonaceous materials [4]. 

However, conducting polymers in the long period of charge and discharge often 

produce the volume expansion and shrinking, which results in poor cycle stability [9]. 

In order to meet the demand for high performance energy storage and conversion 

devices, more and more researchers have focused on developing advanced 

pseudocapacitive materials based on transition-metal oxides/hydroxides. 

Layered double hydroxides (LDHs) are a class of inorganic multi-metal clay 

materials that consist of metal cations in the host layer and ionic species in the 

interlayer space. LDHs can be expressed by a general chemical formula of 
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[M2+
1-xM

3+
x(OH)2]

x+[An-
x/n]

x-
·mH2O, where M2+ and M3+ are divalent and trivalent 

cations and An- is charge-balancing anions of n valance [10,11]. Due to the large 

surface area with all atoms exposed and multiple oxidation states for reversible 

faradaic reactions, LDHs are regarded as the good candidates for supercapacitor 

electrode materials. Recently, transition-metal LDHs with excellent redox activity, 

flexible ion exchange ability, low cost and environmentally friendly nature have 

achieved significant progress for supercapacitor applications [12,13]. Especially, 

NiCo-LDHs with large interlayer spacings exhibit excellent electrochemical 

performances [14-19]. For instances, Hsu et al. prepared porous Ni-Co 

oxy-hydroxides with a specific capacitance of 636 F g-1 at current density of 2 A g-1 

through a microwave-assisted hydrothermal annealing method [16]. Liu et al. 

synthesized nanostructured CoxNi1-x(OH)2 composites onto nickel foam with a 

specific capacitance of 1464.7 F g-1 at current density of 1 A g-1 [18]. However, due to 

the hydrogen bonding interactions between the layered structures, NiCo-LDHs 

materials often show a low specific surface area resulting from the particle 

aggregation, which deteriorates the supercapacitive performance [19]. Moreover, the 

poor intrinsic electrical conductivity of NiCo-LDHs is also disadvantageous to its 

electrochemical performance [4]. To overcome these disadvantages is a key step to 

the practical application of NiCo-LDHs materials. 

Recently, nanostructured carbon materials, mainly including carbon nanotubes 

(CNTs), carbon fiber and graphene, have been adopted to enhance the capacitive 

performance of LDHs materials [20-27]. For instance, Wang et al. fabricated 
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CoxNi1−x(OH)2 coated on hollow carbon nanorod array through a facile 

electrodeposition process with discharge areal capacitance of 0.14 F cm−2 at 1 mA 

cm−2 [21]. Warsi et al. prepared conformal coating of CoNi-LDHs nanoflakes on 

carbon fibers with good electrochemical properties [22]. Especially, LDHs/graphene 

nanocomposites have been demonstrated to be promising electrode materials for 

supercapacitors [23-27]. Graphene possesses many unique properties such as 

extremely large surface area, excellent electron conductivity, good mechanical 

flexibility and high thermal/chemical stability, which supplies a perfect substrate for 

the growth of electrochemical active materials, and acts as an efficient 

current-collecting component for supercapacitor. For example, Wang et al. prepared 

graphene nanosheet/NiAl-LDHs composite with a maximum specific capacitance of 

781.5 F g-1 at 5 mV s-1 [23]. Jin et al. fabricated CoAl-LDHs nanosheets attached on 

partial reduction of GO with a specific capacitance of 1204 F g-1 at 5 mV s-1 [24]. Hao 

et al. synthesized graphene/NiAl-LDH composite with a specific capacitance of 213.6 

F g-1 at current density of 1 A g-1 [25]. Ma et al. prepared CoAl-LDH/RGO and 

CoNi-LDH/RGO superlattice composites with the specific capacitances of 450 and 

650 F/g, respectively, at a current density of 5 A g-1 [26]. It was found that the 

combination of electrochemically active components with graphene to form 

graphene-based composites can effectively improve the capacitive performance due to 

the formation of conductive network and the increase of electrolyte contact area.  

In this work, we report the fabrication of NiCo-LDH/RGO composites with 

NiCo-LDH porous nanosheets attached on reduced graphene oxide (RGO) sheets 
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through a facile one-pot solvothermal method. Unlike previously reported methods of 

LDH/RGO composites [28,29], no adscititious alkali sources are needed in the 

synthesis. In addition, graphene oxide (GO) was converted to RGO with methanol as 

the reducing agent, and no hazardous or toxic reductants such as hydrazine hydrate 

were used. More importantly, the as-prepared NiCo-LDH/RGO composites exhibit 

ultrahigh specific capacitance up to 1911.1 F g-1 at the current density of 2.0 A g-1, and 

excellent rate capability with specific capacitance of 1469.8 F g-1 at current density of 

20 A g-1.  

 

2. Experimental 

2.1. Materials 

Natural flake graphite with a particle size of 150 µm (99.9% purity) was 

purchased from Qingdao Guyu Graphite Co., Ltd. All of the other chemical reagents 

used in our experiments are of analytical grade, purchased from Sinopharm Chemical 

Reagent Co., Ltd, and used without further purification. Graphite oxide was 

synthesized from natural flake graphite using a modified Hummers method [30,31].  

2.2. Synthesis of NiCo-LDH/RGO composites 

The NiCo-LDH/RGO composites were prepared by a simple one-pot 

solvothermal method as follows. Typically, 1.0 g of cetyltrimethylammonium 

bromide (CTAB) and 30 mg of graphite oxide were dispersed in a mixed solvent 

containing 15 mL of methanol and 3 mL of deionized water by ultrasonication for 30 

min to form a stable graphene oxide (GO) colloid. A solution of 0.84 mmol of 
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Ni(NO3)2·6H2O and 0.56 mmol of CoCl2·6H2O (the molar ratio of 

n(Ni(NO3)2·6H2O)/n(CoCl2·6H2O) = 3/2) dissolved in a mixed solvent of methanol 

(15 mL) and H2O (3 mL) was slowly added into the GO dispersion under vigorous 

stirring at room temperature. After stirring for 1 h, the as-obtained suspension was 

transferred to a 60 mL Teflon-lined autoclave, which was then sealed and heated at 

180 °C for 24 h. After being cooled to room temperature, the resultant products were 

centrifuged, washed with deionized water and absolute ethanol for several times to 

remove any impurities, and then dried in a vacuum oven at 45 °C for 24 h. For 

obtaining NiCo-LDH/RGO composites with different NiCo-LDH contents, the 

amount of Ni(NO3)2·6H2O used in the synthesis was changed from 0.84 to 0.42, 0.63 

and 1.05 mmol, respectively, and correspondingly the amount of CoCl2·6H2O was 

also changed to keep the molar ratio of Ni2+ to Co2+ to be 3:2. The final products were 

denoted as NiCo-LDH/RGO-1, NiCo-LDH/RGO-2, NiCo-LDH/RGO-3 and 

NiCo-LDH/RGO-4 for the initial feeding amount of 0.42, 0.63, 0.84 and 1.05 mmol 

of Ni(NO3)2·6H2O, respectively. For comparison, pure NiCo-LDH was synthesized in 

the absence of graphite oxide, and bare RGO was also prepared without 

Ni(NO3)2·6H2O and CoCl2·6H2O but with the other experimental parameters 

constant.  

2.3. Characterization 

Powder X-ray diffraction (XRD) was performed on a Bruker D8 Advance 

diffractometer with Cu Kα radiation (1.5406 Å) at a scanning rate of 7 °min-1. The 

composition of the products was determined by energy-dispersive X-ray spectrometry 
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(EDS) and X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250). The 

morphology and size of the products were examined by scanning electron microscopy 

(SEM, JSM-6480) and transmission electron microscopy (TEM, JEOL JEM-2100). 

Raman scattering was collected at room temperature using a DXR Raman 

spectrometer with 532 nm laser source. Fourier transform infrared (FT-IR) spectra 

were recorded on a Nicolet Nexus 470 spectrometer with KBr pellets. 

Brunauer-Emmett-Teller (BET) surface areas of the products were tested using a 

surface area and porosity analyzer (NDVA-2000e). 

2.4. Electrochemical measurements 

Electrochemical measurements were performed on a three-electrode setup using 

a CHI 760D electrochemical analyzer (Chen Hua Instruments, Shanghai, China) at 

room temperature. Platinum foil and saturated calomel electrode (SCE) were used as 

the counter and reference electrodes, respectively. The working electrodes were 

fabricated by mixing 80 wt% active materials (NiCo-LDH/RGO or NiCo-LDH), 10 

wt% acetylene black and 10 wt% poly(vinylidene fluoride) (PVDF) binder in 

N-methyl-2-pyrrolidone solvent to form a homogeneous slurry, and then the slurry 

was coated on the nickel foam substrates (surface area 1 cm2). After that, the nickel 

foam was placed into a vacuum oven and was dried at 80 °C for 48 h. The electrodes 

loaded with the active material were then pressed at 10 MPa. The masses of the 

electrodes are about 1.5, 2.0, 1.5, 2.0, 1.7 mg for NiCo-LDH/RGO-1, NiCo-LDH 

/RGO-2, NiCo-LDH/RGO-3, NiCo-LDH/RGO-4 and NiCo-LDH, respectively. The 

electrochemical properties of the as-prepared materials were evaluated by cyclic 
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voltammetry (CV), galvanostatic charge-discharge (CD) and electrochemical 

impedance spectroscopy (EIS) techniques in 3.0 M KOH aqueous solution at room 

temperature. The average specific capacitance was calculated from the galvanostatic 

CD curves according to the following equation [17,32]:  

Cs = I△t/(m△V)        (1) 

where Cs is the specific capacitance (F g-1) of the electrodes, I is the charge and 

discharge current (mA), ∆t is the discharging time (s), m is the mass of the 

electroactive material of the electrode (mg), and ∆V is the discharging potential drop 

(V).  

 

3. Results and discussion 

3.1. Synthesis of NiCo-LDH/RGO composites 

In this work, we prepared NiCo-LDH/RGO composites through a facile one-pot 

solvothermal method. As a result of oxygen-containing functional groups on the 

surface of GO sheets, GO is negatively charged, and therefore can adsorb positive 

ions and offer nucleation sites for the growth of nanoparticles [27]. When 

Ni(NO3)2·6H2O and CoCl2·6H2O were added into GO suspension, the positively 

charged Ni2+ and Co2+ ions were absorbed on the surfaces of GO sheets through the 

electrostatic interactions. Hydroxyl ions can be produced slowly by the following 

redox reaction at 180 °C: 4CH3OH + NO3
−
→4HCHO + NH3+ OH−+ 2H2O [33,34]. 

The hydroxyl ions reacted with Ni2+ and Co2+ ions to produce hydroxide monomers 

on the surface of GO, and then the monomers underwent olation reaction with each 
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other to form primary particles [35]. During this process, partial bivalent cobalt was 

converted to trivalent cobalt through high temperature oxidation [36]. As the primary 

particles aggregated gradually, they converted to nanosheets decorated on GO. The 

porosity of the nanosheets could be generated from the release of the ammonia gas 

during the synthesis. Meanwhile, GO was converted to RGO at the high temperature 

with methanol as the reducing agent [37]. Finally, NiCo-LDH/RGO composites with 

porous NiCo-LDH nanosheets attached on RGO sheets were obtained. The 

morphological evolution of the composite at different reaction time was investigated 

by SEM technique. It can be seen from Fig. S1 (see Supporting Information) that with 

the increasing reaction time, the product gradually evolved from flat nanosheets to 

highly wrinkled ones. We consider that in the hydrothermal process, the heat energy 

decreases the stability of the as-formed nanosheets, resulting in the crumpling of them 

so as to decrease the surface energy [38]. Meanwhile, the solvent deformation resulted 

from the high temperature and high pressure can also drive the collision, overlapping 

and cross-linking of the flexible nanosheets, which would contribute to the wrinkling 

of the nanosheets [38]. 

3.2. Structural and morphological characterization 

XRD is conducted to characterize the phase structures of the as-synthesized 

materials. Fig. 1a shows the XRD patterns of graphite oxide, RGO, NiCo-LDH and 

NiCo-LDH/RGO-3. The diffraction pattern of graphite oxide exhibits a sharp peak 

centered at 2θ =10.3°, which corresponds to the (001) reflection of graphite oxide [39]. 

The disappearance of the (001) peak and the emergence of a new diffraction peak at 
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2θ = 24° in the XRD pattern of RGO demonstrates that graphite oxide has been well 

reduced. The broad and weak peak at 2θ of about 13° in the XRD pattern of RGO 

originated from the SiO2 substrate used in XRD measurement. The NiCo-LDH 

sample exhibits four characteristic diffraction peaks at 2θ values of 11.1°, 22.1°, 34.4° 

and 38.6°, which can be indexed to the (003), (006), (009) and (015) planes of 

hydrotalcite-like LDH phase [40]. The XRD pattern of NiCo-LDH/RGO-3 composite 

is similar to that of the pure NiCo-LDH, revealing the existence of NiCo-LDH in the 

composite. The disappearance of the peak at 24° suggests that in NiCo-LDH/RGO-3, 

the stacking of RGO sheets was well prevented due to the attachment of the 

NiCo-LDH nanosheets on them [41].  

The EDS spectrum of NiCo-LDH/RGO-3 composite is presented in Fig. 1b. The 

elements of C, O, Co, Ni, Pt, Cl and Br are detected. The Pt signal comes from the 

plated element for SEM measurement, the carbon element comes from RGO, and the 

oxygen element derives from the residual oxygen-containing groups on RGO. The Cl 

and Br elements could come from Cl- and Br- anions, which act as charge-balancing 

ions and exist in the interlayer space of NiCo-LDH [42]. The atomic ratio of Ni to Co 

is found to be about 3 : 2, which is consistent with the initial molar ratio of Ni2+ to 

Co2+ used in the synthesis. 

The chemical composition and surface chemical state of the NiCo-LDH/RGO-3 

composite were investigated by XPS technique. The XPS survey spectrum of the 

NiCo-LDH/RGO-3 composite not only exhibits C 1s and O 1s peaks, but also shows 

the peaks corresponding to Ni 2p and Co 2p (Fig. 2a), well consistent with the 
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composition of NiCo-LDH/RGO-3. The C 1s XPS spectrum (Fig. 2b) can be 

deconvoluted into three different peaks centered at 284.5, 286.1 and 288.5 eV, 

corresponding to C-C, C-O and O=C-O groups, respectively [27]. The intensities of 

C-O and O=C-O peaks are remarkably weaker than that of C-C peak, further 

confirming the effective removal of oxygen-containing groups and the well reduction 

of GO into RGO during the hydrothermal process [43]. Fig. 2c shows the Ni 2p XPS 

spectrum, besides two shakeup satellites (indicated as ‘‘Sat’’), there are two major 

peaks at 855.5 and 873.1 eV, corresponding to Ni 2p3/2 and Ni 2p1/2, respectively. The 

spin-energy separation of 17.6 eV is characteristic of Ni2+ in Ni(OH)2 [44]. The Co 2p 

spectrum (Fig. 2d) can be fittted with two spin-orbit doublets and two shake-up 

satellites (identified as“Sat.”) by using a Gaussian fitting method. One pair of binding 

energies centered at 780.2 and 795.6 eV corresponds to Co3+, while the other pair at 

the higher energies of 782.1 and 796.6 eV is ascribed to Co2+. These results indicate 

that there exist two kinds of cobalt oxidation state in the composite: i.e. Co2+ and Co3+ 

[15]. Based on the peak area calculation, the molar ratio of Co3+ to Co2+ is about 1:1, 

suggesting that about one half of Co2+ ions on the surface of NiCo-LDH/RGO-3 have 

been oxidized to Co3+. 

The morphology and microstructure of NiCo-LDH/RGO composites were 

characterized by TEM and SEM. Fig. 3 represents the typical (HR)TEM images of 

NiCo-LDH /RGO-3 composite. From Fig. 3a, it can be seen that the composite 

consists of numerous interconnected nanosheet, and the rippled and crumpled silk-like 

structure that RGO intrinsically own can be clearly seen. Fig. 3b reveals the perfect 
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combination of NiCo-LDH and RGO, in which NiCo-LDH nanosheets uniformly 

deposited on the surface of RGO sheets with a large contact area. NiCo-LDH 

nanosheets possess relatively rough surfaces, which make them easily differentiated 

from RGO sheets (Fig. 3b). The high-magnification TEM image (Fig. 3c) reveals the 

porosity of NiCo-LDH nanosheets, from which the pores can be clearly observed in 

the surface of the nanosheets. In addition, some small nanoparticles with dark contrast 

are also observed in the nanosheets. The inset of Fig. 3c shows the magnified view of 

a typical nanoparticle. The observed interplanar spacing of 0.23 nm matches well with 

the (015) lattice plane of NiCo-LDH, suggesting that the nanoparticles with dark 

contrast are NiCo-LDH. Fig. 3d shows HRTEM image of NiCo-LDH/RGO-3. The 

clear lattice fringes suggest the high crystallinity of the nanosheets, and the 

interplanar spacings of 0.26 and 0.23 nm match well with the (009) and (015) lattice 

planes of NiCo-LDH, respectively, further confirming the successful preparation of 

NiCo-LDH nanosheets. For comparison, TEM images of the as-synthesized pure 

NiCo-LDH product are presented in Fig. S2 (see Supporting Information). The pure 

NiCo-LDH product also shows porous nanosheet structure, which is similar to those 

observed in the NiCo-LDH/RGO composite. However, in the pure NiCo-LDH sample, 

the NiCo-LDH nanosheets show a severe agglomeration due to their strong stacking 

to decrease the surface energy. Nitrogen adsorption and desorption isotherms (Fig. S3, 

See Supporting Information) reveal that the specific surface areas of pure NiCo-LDH 

nanosheets and NiCo-LDH/RGO-3 composite are 7.5 and 27.4 m2/g, respectively. 

This result demonstrates that the integration with RGO can significantly improve the 
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specific surface area of NiCo-LDH materials. The large specific area is in favor of the 

improvement of electrochemical performance by virtue of the more active surface of 

the active component accessible by the electrolyte [24]. SEM images of RGO, 

NiCo-LDH/RGO composites with different loading amounts of NiCo-LDH, and pure 

NiCo-LDH are presented in Fig. S4 (see Supporting Information). It can be seen that 

pure RGO nanosheets show relatively smooth lamellar structure (Fig. S4a, see 

Supporting Information), while NiCo-LDH/RGO composites display highly crumpled 

silk-like morphology with interconnected nanosheets (Fig. S4b-e, see Supporting 

Information). With the increasing NiCo-LDH content in the composites, the 

nanosheets interconnect more compactly. For pure NiCo-LDH (Fig. S4f, see 

Supporting Information), the nanosheets show severe agglomeration, which is well 

consistent with the TEM observation. 

Raman spectroscopy is a powerful approach to characterize the structural 

properties of carbonaceous materials, such as the disorder and defect structures of 

graphene-based materials [23]. The typical Raman spectra of graphite oxide, RGO, 

NiCo-LDH and NiCo-LDH/RGO-3 composite are shown in Fig. 4. Except 

NiCo-LDH, all other samples display two prominent peaks at 1345 and 1596 cm-1, 

which can be ascribed to the well documented D and G bands, respectively. The D 

band arises from structure defects and disorders that can break the symmetry and 

selection rule, while the G band derives from the E2g phonon of C sp2 atoms 

corresponding to stretching vibrations in the basal plane of graphene [45]. The 

integrated intensity ratio of D to G band (ID/IG) is often used as a measure of 
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structural defects and disorder in graphitic structures [46]. After the reduction of GO, 

the oxygen-containing functional groups in GO nanosheets are removed, and the 

conjugated graphene network (sp2 carbon) with a smaller average size can be 

reestablished, which usually leads to an increment in the ID/IG value [47]. From Fig. 

4a, an increment in ID/IG (1.87) is obtained for RGO as compared with that of graphite 

oxide (1.54), indicating that GO has been well deoxygenated and reduced during the 

synthesis process [23]. For NiCo-LDH/RGO-3 composite, a further increased ID/IG 

value (2.30) is obtained due to the presence of NiCo-LDH nanosheets, which would 

induce more defects and disorders [30]. In addition, the Raman spectra of NiCo-LDH 

and NiCo-LDH/RGO-3 composite show two peaks at 450 and 520 cm-1, which 

correspond to Ni-O and Co-O vibrational modes, respectively [48,49]. Fig. 4b shows 

FT-IR spectra of graphite oxide, RGO, NiCo-LDH and NiCo-LDH/RGO-3 composite. 

As expected, the FT-IR spectrum of graphite oxide reveals the presence of 

oxygen-containing functional groups. In detail, the absorption bands at 3425 and 1423 

cm-1 can be assigned to the stretching vibration and deformation vibration of O-H, 

respectively. The band at 1744 cm-1 belongs to the C=O stretching vibration of COOH 

groups. The stretching vibration peaks of C-OH and C-O are observed at 1235 and 

1069 cm-1, respectively. In addition, the band at 1622 cm-1 derives from the vibration 

of the adsorbed water molecules and/or the contribution of the skeletal vibration of 

unoxidized graphitic domains [30]. However, these peaks related with the 

oxygen-containing groups diminished or even vanished in the spectrum of RGO, 

which confirms the effective reduction of GO [30]. In the spectra of NiCo-LDH and 
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NiCo-LDH/RGO-3, the absorption peaks at 3583 and 1056 cm-1 can be ascribed to the 

stretching and deformation modes of MO-H (M represents Ni or Co) [49], and the 

absorption bands at 649 and 517 cm-1 derive from the stretching vibrations of Co-O 

and Ni-O, respectively [50,51]. In the spectrum of NiCo-LDH/RGO-3 composite, the 

absorption bands from the oxygen-containing groups almost disappear, further 

confirming the effective reduction of GO in NiCo-LDH/RGO-3 composite. 

3.3. Electrochemical properties of the NiCo-LDH/RGO composites 

The as-prepared NiCo-LDH/RGO composites were investigated as electrode 

materials for supercapacitors. We first carried out the CV measurements in a 

three-electrode system with 3.0 M KOH aqueous solution as the electrolyte. The 

shapes of CV curves (Fig. 5) clearly reveal the Faradaic characteristics of the 

as-prepared electrodes. Based on the CV curves, the specific capacitance of the 

electrodes can be calculated by the formula: Cs = (∫IdV)/(νm△V), where I is the 

response current, △V is the potential difference, ν is the potential scan rate, and m is 

the mass of the active materials in the electrodes [14]. It can be seen that the specific 

capacitance is positively correlated with the mathematic area of CV curve at a fixed 

scan rate. Fig. 5a shows the CV curves of the NiCo-LDH/RGO composites and 

NiCo-LDH nanosheets at a scan rate of 40 mV s-1. It can be seen that the mathematic 

areas of the CV curves of NiCo-LDH/RGO electrodes are larger than that of 

NiCo-LDH electrode, indicating that the NiCo-LDH/RGO electrodes possess higher 

specific capacitances. Fig. 5b exhibits the CV curves of NiCo-LDH/RGO-3 at 

different scan rates, ranging from 2 to 80 mV s-1. Each CV curve exhibits a pair of 
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cathodic and anodic peaks, indicating the existence of faradic redox reactions during 

the CV tests [18]. With the increase of the scan rate, the anodic peak shifts positively 

and cathodic peak shifts negatively, accompanying with increasing current densities. 

The specific capacitances of NiCo-LDH/RGO-3 at the scan rate of 5, 10, 20, 40 and 

80 mV s-1 are ca. 932.2, 834.8, 697.5, 551.8 and 411.1 F g-1, respectively. The specific 

capacitances decrease with the increasing scan rate can be attributed to the limited 

diffusion rate of the alkali ions. When the scan rate increases, the rate of alkali ion 

transfer becomes relatively slow, and thus only the outer active surface of the 

electrode material can be utilized for charge storage during the redox process, 

resulting in a drop in specific capacitance [27]. For comparison, the CV curves of 

NiCo-LDH electrode at various scan rates and the corresponding capacitance 

changing curve are presented in Fig. S5 (see Supporting Information). The specific 

capacitances of NiCo-LDH at the scan rate of 5, 10, 20, 40 and 80 mV s-1 are ca. 

444.7, 405.9, 342.9, 271.0 and 194.8 F g-1, respectively, which reveals that the 

NiCo-LDH electrode has much smaller specific capacitance values than 

NiCo-LDH/RGO-3 electrode under the same scan rate. 

To further illustrate the electrochemical performance of the as-prepared 

electrodes, galvanostatic charge-discharge measurements were conducted. Fig. 6a 

presents the typical charge-discharge curves of the NiCo-LDH/RGO composites and 

NiCo-LDH electrodes at the current density of 2.0 A g-1. The existence of plateaus at 

around 0.2 V suggests the pseudocapacitive feature arising from the redox process of 

the electrodes [52], which is in good agreement with the CV curves (Fig. 5). The 
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specific capacitance can be calculated according to equation (1), the calculated 

specific capacitance values are ca. 1501.3, 1784.7, 1911.1, 1623.6 and 898.3 F 

g-1 for NiCo-LDH/RGO-1, NiCo-LDH/RGO-2, NiCo-LDH/RGO-3, 

NiCo-LDH/RGO-4 and NiCo-LDH electrodes, respectively. The large difference in 

the specific capacitances between NiCo-LDH/RGO composites and NiCo-LDH can 

be attributed to the existence of RGO in NiCo-LDH/RGO electrodes. Though RGO 

alone exhibits a small specific capacitance [20], it can largely contribute to the 

improvement of electrochemical performance of NiCo-LDH/RGO composites. On 

one hand, RGO can improve the conductivity of NiCo-LDH/RGO electrodes, which 

could enhance the charge transfer and charge transport necessary for relevant redox 

reactions [27]. On the other hand, RGO can act as an effective matrix for anchoring 

the NiCo-LDH nanosheets, which prevent the aggregation of the NiCo-LDH 

nanosheets and make them effectively accessible by electrolyte ions. Therefore, RGO 

in NiCo-LDH/RGO composites serve dual functions as both conductive channels and 

active interface centers. In addition, the optimal specific capacitance can be obtained 

through adjusting the molar ratio of NiCo-LDH to RGO. With the gradual increase of 

NiCo-LDH content in NiCo-LDH/RGO composites, the specific capacitances 

increase first and then decrease, and the NiCo-LDH/RGO-3 exhibits the largest 

specific capacitance among these composites. The increment of the specific 

capacitance can be attributed to the increased content of active material (NiCo-LDH) 

for capacitance generation. However, the increase of the NiCo-LDH content in 

NiCo-LDH/RGO composites will accordingly reduce the content of RGO, which 
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deteriorates the conductivity of the composites, and thus contributes to the decrease of 

the specific capacitance. Moreover, too high content of NiCo-LDH in the composites 

could increase the aggregation of NiCo-LDH nanosheets since some of them cannot 

well attach on RGO sheets, which results in a decreasing material utilization for 

capacitance generation.  

Fig. 6b displays the charge-discharge curves of the NiCo-LDH/RGO-3 

composite at various current densities. It can be seen that the discharge time decreases 

with the increase of the current density from 2.0 to 20 A g-1. The specific capacitance 

values as a function of current density for NiCo-LDH/RGO-3 and NiCo-LDH 

electrodes are plotted in Fig. 6c. Both plots descend with the increasing current 

density. The specific capacitances of NiCo-LDH/RGO-3 electrode at 2.0, 3.0, 5.0, 10 

and 20 A g-1 are 1911.1, 1900.0, 1890.0, 1698.4 and 1469.8 F g-1, respectively. This 

suggests that almost 76.9% of the specific capacitance at 2.0 A g-1 is retained when 

the current density is increased to 20 A g-1, which is much higher than that of 

NiCo-LDH (55.7%), suggesting a better rate capability of NiCo-LDH/RGO-3 

electrode.  

Electrochemical stability was evaluated by repeating the galvanostatic 

charge-discharge measurement for 1000 cycles at a constant current density of 20 A 

g-1. Fig. 6d exhibits the specific capacitance as a function of cycle number and the 

inset displays the charge-discharge curves of the initial 10 cycles. It can be seen that 

the specific capacitance shows a gradual decrease at first and then it remains nearly 

constant after 400 cycles. At the 1000th cycle, there is still 74% capacitance retention 
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for the NiCo-LDH/RGO-3 electrode, indicating a good cycling stability. For 

comparison, the cycling stability of NiCo-LDH electrode is shown in Fig. S6 (see 

Supporting Information). It can be seen that the specific capacitance shows a 

continuous decrease and only 51% capacitance retention is obtained at the 1000th 

cycle, suggesting that the cycling stability of NiCo-LDH electrode is much poorer 

than that of NiCo-LDH/RGO electrode. This result demonstrates that the introduction 

RGO into NiCo-LDH can significantly improve the electrochemical stability of 

NiCo-LDH. 

Fig. 7 shows the resistance characteristics of NiCo-LDH/RGO-3, NiCo-LDH and 

RGO electrodes investigated by EIS measurements. The equivalent circuit that 

employed to fit the EIS spectra is presented in the inset of Fig. 7, where Rs represents 

the resistance related to the ionic conductivity of the electrolyte and electronic 

conductivity of the electrodes and current collectors, Q is the constant phase element 

accounting for a double-layer capacitance, Rct is the charge-transfer resistance 

associated with the Faradic reactions, W is the Warburg resistance arised from the ion 

diffusion and transport in the electrolyte, and CL is the limit capacitance [21,23]. Rs 

can be valued from the intercept at the real axis in the high-frequency region. Based 

on the fitting values calculated from the equivalent circuit, the Rs (1.41 ohm) of 

NiCo-LDH/RGO-3 composite is lower than that of NiCo-LDH (1.67 ohm) and RGO 

(1.56 ohm). In addition, NiCo-LDH/RGO-3 and NiCo-LDH consist of a semi-arc in 

the high frequency region and a straight line in the low frequency region. The 

diameter of the arc corresponds to the charge transfer resistance (Rct). The larger 
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semi-arc diameter suggests the larger resistance of electrochemical reaction between 

the electrode and electrolyte [9]. The fitting Rct (0.24 ohm) of NiCo-LDH/RGO-3 

electrode shows much smaller value than that of NiCo-LDH (0.75 ohm), indicating 

that the charge transfer resistance for NiCo-LDH/RGO-3 electrode is much smaller 

than that for NiCo-LDH one. This result confirms that the electrochemical resistance 

of NiCo-LDH could be greatly reduced by incorporating with RGO sheets [27]. 

Besides, compared with NiCo-LDH electrode, NiCo-LDH/RGO-3 electrode has a 

more vertical line in the low frequency region, suggesting a lower Warburg 

impedance [27]. These results well coincide with the CV and discharge results, which 

confirm that NiCo-LDH/RGO-3 has much better electrochemical performance than 

NiCo-LDH.  

 

4. Conclusions 

Highly uniform composites with NiCo-LDH nanosheets attached on RGO sheets 

have been successfully fabricated by a facile one-pot solvothermal method. The 

as-synthesized NiCo-LDH/RGO composites exhibit excellent electrochemical 

performance with high specific capacitance and rate capability, good charge/discharge 

stability and long cycle life. The extraordinary electrochemical performance can be 

attributed to the porous layered architecture of NiCo-LDH/RGO composites as well as 

the effective combination between NiCo-LDH nanosheets and RGO sheets. It is 

revealed that RGO not only acts as conductive channel to improve the conductivity of 

the composites but also as an ideal matrix to prevent NiCo-LDH nanosheets from 
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agglomerating. This work provides a facile and effective route to fabricating 

graphene-based bimetallic LDHs electrode materials for supercapacitor applications.  
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Figure captions 

Fig. 1. (a) XRD patterns of graphite oxide, RGO, NiCo-LDH and NiCo-LDH/RGO-3 

composite; (b) EDS spectrum of NiCo-LDH/RGO-3 composite. 

Fig. 2. XPS spectra of NiCo-LDH /RGO-3 composite: (a) survey spectrum, (b) C 1s, 

(c) Ni 2p and (d) Co 2p. 

Fig. 3. (a-c) TEM images and (d) HRTEM image of NiCo-LDH/RGO-3 composite. 

Fig. 4. (a) Raman spectra of graphite oxide, RGO, NiCo-LDH and 

NiCo-LDH/RGO-3 composite. (b) FT-IR spectra of graphite oxide, RGO, NiCo-LDH 

and NiCo-LDH /RGO-3 composite. 

Fig. 5. (a) CV curves of NiCo-LDH/RGO composites and NiCo-LDH electrodes at 

scan rate of 40 mV s-1; (b) CV curves of NiCo-LDH/RGO-3 composite electrode at 

different scan rates. 

Fig. 6. (a) Charge-discharge curves of NiCo-LDH/RGO composites and NiCo-LDH 

electrodes at the current density of 2.0 A g-1; (b) Charge-discharge curves of 

NiCo-LDH/RGO-3 electrode at various current densities; (c) the specific capacitance 

values of NiCo-LDH/RGO composites and NiCo-LDH electrodes as a function of 

current densities; (d) the cycling performance of NiCo-LDH/RGO-3 electrode at a 

constant current density of 20 A g-1. The inset of (d) exhibits the charge-discharge 

curves of the initial 10 cycles. 

Fig. 7. EIS of NiCo-LDH/RGO-3, NiCo-LDH and RGO electrodes. 
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Figure 7 



  

39 
 

 

····Ni-Co LDH/RGO composites were synthesized through a facile solvothermal 

approach. 

····Porous Ni-Co LDH nanosheets decorated on RGO sheets homogeneously. 

····The Ni-Co LDH/RGO composite exhibits excellent capacitive performance. 

····Possible mechanism for the enhanced capacitive performance was proposed. 

 

 


