
Journal of Electrochemical Science and Technology
Vol. 4, No. 1, 2013, 19-26 

http://dx.doi.org/10.5229/JECST.2013.4.1.19

Journal of Electrochemical Science and Technology
Remarkable Stability of Graphene/Ni−Al Layered Double Hydrox-

ide Hybrid Composites for Electrochemical Capacitor Electrodes

Jeong Woo Leea, Su-Il Inb, and Jong-Duk Kima,†

aDepartment of Chemical and Biomolecular Engineering, Center for Energy and Environment Engineering,  

Korea Advanced Institute of Science and Technology (KAIST), Daejeon 305-701, Republic of Korea 
bDepartment of Energy Systems Engineering, Daegu Gyeongbuk Institute of Science and Technology (DGIST),  

Daegu 711-873, Republic of Korea

ABSTRACT : 

Graphene/Ni−Al layered double hydroxide (LDH) hybrid materials were synthesized by a hydro-

thermal reaction. Hexagonal Ni−Al LDH particles nucleated and grew on graphene sheets, thus pre-

venting restacking of the graphene sheets and aggregation of the Ni−Al LDH nanoparticles upon 

drying. Electrode made from the graphene/Ni−Al LDH hybrid materials showed a substantial 

improvement in electrochemical capacitance relative to those made with pure Ni−Al LDH nano-

particles. In addition, the graphene/Ni−Al LDH hybrid composite materials showed remarkable sta-

bility after 4000 cycles with over 100% capacitance retention. These materials are thus very 

promising for use in electrochemical capacitor electrodes.
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1. Introduction

The growing energy needs of the global economy, 

combined with concerns about the environmental and 

geopolitical impact of increasing fossil fuel use, are 

driving a 21st century revolution in green energy 

materials. Electrochemical capacitors or supercapaci-

tors have received increasing attention as next-genera-

tion devices for backup, transportation and other 

power-intentsive applications.1) Carbon-based super-

capacitors are characterized by high power density and 

long cycle life. Various types of metal hydroxides,2)

metal oxides,3) and polymers4) have been reported with 

high energy density arising from redox reactions, but 

due to their limited conductivity they typically have 

low power density and poor cyclability. Composites of 

carbon materials and metal oxides combine the high 

energy density of metal oxides with the high conduc-

tivity of carbon, and thus can have a synergistic effect 

for electrochemical capacitor applications.

Among carbon materials, graphene and graphene 

oxide have recently emerged as especially promising 

materials. Two-dimensional sheets of graphene have 

high electric conductivity,5) optical transparency,6) and 

elasticity.7) Individual sheets of graphene can be pre-

pared by simple mechanical exfoliation of graphite 

(the scotch tape method), but this method is not easily 

scaled to bulk quantities.8) Macroscopic amount of 

graphene can be obtained by reaction of exfoliated 

graphite oxide with strong reducing agents such as 

hydrazine or sodium borohydride. However, the 

graphene sheets tend to restack in this process because 

of the strong van der Waals force and of π-π stacking. 

An effective strategy for preventing the loss of surface 

area upon restacking is to co-precipitate a metal oxide 

in situ. Many papers about graphene/metal oxide com-

posites including graphene/Ni(OH)2,
9) graphene/lay-

ered double hydroxide,10) graphene/Co(OH)2,11)

graphene/RuO2,
12) graphene/MnO2,

13) and graphene/
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Co3O4
14) have taken advantage of this strategy for 

energy storage devices.

Layered double hydroxides (LDHs) are composed 

of positively charged metal hydroxide layers separated 

by charge-balancing anions and intercalated water 

molecules.15) LDHs can be represented by a general 

formula M2+
1–xM

3+
x(OH)2(A

m–)x/m·nH2O, where M2+ is 

Mg2+, Ni2+, Ca2+, Co2+, Cu2+, Zn2+, or Cd2+ and M3+ is 

Fe3+, Al3+, or Cr3+. A is a counter ion with –m charge. 

The most typical anions are Cl–, NO3
–, SO4

2–, CO3
2–, 

OCN–, and CH3COO–. In recent years, LDHs have 

received attention due to their diverse applications as 

photocatalysts,16) bioactive nanocomposites,17) and 

electrochemical capacitors.18,19)

Recently, we reported hierarchical microspheres 

composed of wrinkled α-Ni(OH)2 nanosheets2) and 

graphene/α-Ni(OH)2 hybrid composites.9) While α-

Ni(OH)2 showed high initial capacitance, it degraded 

rapidly because of the instability of the α-Ni(OH)2

phase. In this study, to stabilized α-Ni(OH)2 as an 

electroactive Ni−Al LDH, some of the Ni2+ was sub-

stituted by Al3+. Ni−Al LDH nanoparticles were 

nucleated and grown on graphene sheets in a hydro-

thermal reaction. When an appropriate mass ratio of 

transition metal oxide or hydroxide and graphene is 

used, graphene-based composites normally show high 

specific capacitance.9,11) A series of graphene/Ni−Al 

LDH hybrid composites (GNA) with different mass 

ratios were analyzed by the cyclic voltammetry and 

galvanostatic charging-discharging methods in order 

to optimize their electrochemical properties. The 

resulting graphene/Ni−Al LDH hybrid composites 

showed remarkable stability over 4000 cycles without 

degradation of the capacitance.

2. Experimental Section

2.1. Synthesis of samples

Graphite oxide (GO) was obtained from natural 

graphite (Sigma-Aldrich) using the modified Hum-

mers method as in previous reports.20) GO was exfoli-

ated in water by ultrasonication. The concentration of 

the resulting graphene oxide dispersion was 0.9 mg/

mL. For GNA-1, the graphene oxide dispersion 

(80 mL) was reduced to graphene dispersion with the 

use of ammonium hydroxide (1 mL) and hydrazine 

hydrate (1 mL) in an oil bath at 95oC for 2 h. After the 

reaction, the graphene dispersion was filtered, washed 

with water several times, and redispersed in 80 mL of 

water. NiSO4·6H2O (2 mmol) and Al2(SO4)3·18H2O 

(0.5 mmol) were dissolved in the graphene dispersion 

and the pH was subsequently set to 10.5 by addition of 

ammonium hydroxide (about 15 wt%) with vigorous 

magnetic stirring. The solution was transferred into a 

Teflon-lined autoclave. The autoclave was heated to 

180oC for 12 h. After the reaction, the autoclave was 

cooled naturally to room temperature. A precipitate 

was washed with excess water, and dried by lyo-

philization. GNA-2 was synthesized in the same man-

ner using 4 mmol of NiSO4·6H2O and 1 mmol of 

Al2(SO4)3·18H2O. Pure Ni–Al LDH and reduced 

graphene oxide (rGO) were also obtained by the same 

procedure for comparison.

2.2. Sample characterization

X-Ray Diffraction (XRD) analysis was performed 

on a Philips X’Pert MPD powder X-ray diffractometer 

(Cu Kα, 40 kV, 40 mA). Raman spectra were obtained 

using a LabRAM HR UV/vis/NIR (Horiba Jobin 

Yvon, France) with an Ar ion CW laser (514.5 nm) as 

an excitation source. Fourier transform infrared spec-

troscopy (FTIR) was carried out on an IFS66V/S & 

HYPERION 3000 spectrometer (Bruker Optics, Ger-

many). X-ray photoelectron spectroscopy (XPS) spec-

tra were recorded with a Thermo VG Scientific Sigma 

Probe spectrometer. Transmission electron micros-

copy (TEM) images were taken on a JEOL 2010F.

2.3. Preparation of electrodes

To evaluate the electrochemical properties of GNA 

hybrid composites, working electrodes were prepared 

as follows: GNA hybrid composites, carbon black as a 

conducting material, and polyvinylidene fluoride 

(PVdF) as a binder were mixed in a weight ratio of 

85:10:5, respectively, using N-methyl-2-pyrrolidone 

(NMP) as the solvent, yielding a paste. This paste was 

incorporated into nickel foam (1 × 1 cm). The mass of 

active materials in the working electrode was 2 mg. 

Working electrodes prepared in this way were dried at 

room temperature for 1 day, and then in a vacuum 

oven for 1 day, in that order.

2.4. Evaluation of electrochemical properties

Electrochemical studies were carried out by mea-

surement of cyclic voltammetry (CV) and galvano-

static charging-discharging of half cells using an 

EZStat potentiostat/galvanostat (Nuvant Systems 

Inc.). A beaker type three-electrode cell was equipped 
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with the GNA hybrid composite on nickel foam work-

ing electrode, an Ag/AgCl electrode (BASi) reference 

electrode, and platinum wire as a counter electrode. 

For all electrochemical characterization experiments, 

1 M KOH was used as the electrolyte solution at ambi-

ent temperature. The specific capacitance was calcu-

lated by intergrating the area under the CV curve to 

obtain the charge (Q) and then dividing by the mass of 

electroactive material (m), the scan rate (v) and the 

potential window (∆V = Va – Vc) according to follow-

ing equation:

(1)

In addition, the specific capacitance can be calcu-

lated from the galvanostatic charging-discharging 

function according to Eq. (2):

(2)

In this equation, C is specific capacitance, I is the 

current, ∆t is the discharging time, ∆V is the potential 

window, and m is mass of electroactive material.

3. Results and Discussion

The synthetic route to GNA hybrid composites are 

shown schematically in Fig. 1. A graphene dispersion 

reduced by hydrazine was used as the precursor for 

synthesis of GNA hybrid composites. Subsequently, 

nickel and aluminum salts were dissolved in the 

graphene dispersion solution, and Ni−Al LDH nano-

particles were precipitated by addition of base. In a 

subsequent hydrothermal reaction, Ni−Al LDH hexag-

onal plates were nucleated and grew on the dispersed 

graphene sheets.

The XRD patterns of GO, rGO, Ni−Al LDH, and 

GNA-2 are shown in Fig. 2. In the case of GO, a 

strong peak at 10.3o was found, corresponding to the 

(002) reflection of graphite oxide. This corresponding 

d-spacing (0.86 nm) is much larger than that of pris-

tine graphite (0.34 nm) due to the introduction of oxy-

gen-containing functional groups on the basal plane of 

the carbon sheets and intercalation of water. For rGO 

prepared by reduction with hydrazine, weak reflection 

at 24o and 42o (0.37 and 0.21 nm) were observed, indi-

cating that graphite oxide was reduced to partially 

restacked graphite. The XRD pattern of the Ni−Al 

LDH nanoparticles shows (003), (006), (012), (015), 

and (110) reflections, which are similar to those 

observed in earlier reports.21) For GNA-2, the XRD 

pattern was similar to that of pure Ni–Al LDH, which 

indicates that the graphene/Ni–Al LDH hybrid com-

posites contains nanocrystalline inclusion of that 

phase.

Raman spectroscopy can be used to assess the 

degree of crystallinity of carbonaceous materials. 

Raman spectra of GO and GNA-2 are shown in Fig. 3. 

The spectra show two broad peaks at 1350 and 

1590 cm1 in both samples, attributed to the D and G 
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Fig. 1. Schematic representation of the steps in the synthesis of graphene/Ni−Al LDH hybrid composites.
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band, respectively. The D band at 1350 cm1 arises 

from the breathing mode of κ–point phonons with A1g

symmetry and the G band at 1590 cm1 is assigned to 

the E2g phonon of sp2 carbon.22) The peak intensity 

ratio of the D and G band (ID/IG) was used to deter-

mine the degree of order and average size of the sp2

domains. The intensity ratio for GNA-2 and rGO is 

increased relative to that of GO, which indicates 

greater disorder, possibly due to the formation of 

localized sp3 defects within the sp2 carbon network 

during reduction of GO.23)

The reduction of the oxygen-containing functional 

groups of GO and the formation of Ni−Al LDH are 

clearly analyzed by the FT-IR spectra (Fig. 4). The GO         

shows multiple peaks in the range of 1000-1750 cm1, 

indicating that oxygen-containing functional groups 

are founded such as hydroxyl, epoxy, carbonyl, and 

carboxyl groups.24) In addition, a broad band at 

3450 cm–1 can be observed, corresponding to the O-H 

vibration of graphene oxide. After reduction, these 

peaks disappear. Also, the band at 1587 cm–1, which 

can be ascribed to the skeletal vibration of the 

graphene sheets, appears during the reduction process 

of graphene oxide to graphene by hydrazine.25) The 

FT-IR spectra of Ni−Al LDH and GNA-2 are similar 

to each other, although the bands attributed to the 

LDH phase are stronger in the former. A broad peak 

around 3450 cm–1 can be assigned to O-H groups in 

transition metal hydroxides.26) The broad band around 

1640 cm–1 is assigned to the δH2O vibration of water 

molecules intercalated between Ni−Al LDH layers.2)

The band at 1140 cm–1 is assigned to SO4
2– ions in the 

interlayer space of Ni–Al LDH.2) Bands at 1340 cm–1

can be assigned to the presence of CO3
2– ions formed 

from atmospheric CO2, as the positively charged Ni−

Al LDH layers have a strong affinity for CO3
2– ions.27)

Complementary information about the surface 

chemical composition of the graphene/Ni−Al LDH 

composites can be obtained from XPS spectra, which 

are shown in Fig. 5. For GNA-2, a survey scan (0-

1200 eV) shows mainly carbon (C 1s), oxygen (O 1s), 

nickel (Ni 2p), aluminum (Al 2p), sulfur (S 2p), and 

oxygen (O 1s) species. Deconvolution of the C 1s 

peak of GNA-2 shows different oxygen functional 

groups of non-oxygenated C at 284.5 eV, carbon in C-

O at 285.7 eV, carbonyl carbon (C = O) at 286.6 eV, 

and carboxylate carbon (O – C = O) at 289.1 eV. The 

intensities of these peaks are smaller than in GO, con-

sistent with reduction of GO. In the Ni 2p region (850-

890 eV), the 2p spectrum shows Ni 2p1/2 and Ni 2p2/3

as well as their satellites. The binding energies of Ni 

Fig. 2. XRD patterns of GO, rGO, Ni−Al LDH, and GNA-

2.

Fig. 3. Raman spectra of GO, rGO, and GNA-2.

Fig. 4. FT-IR spectra of GO, rGO, Ni–Al LDH, and GNA-2.
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2p2/3, Ni 2p2/3 (s), Ni 2p1/2, and Ni 2p1/2 (s) are 856.3, 

862.1, 874.0, and 879.4 eV, respectively, consistent 

with spectra of Ni−Al LDH.28) A very weak S 2p was 

observed at 168.5 eV, which can be explained by the 

fact that SO4
2– ions are intercalated into the interlamel-

lar space of Ni–Al LDH, which was also indicated by 

FT-IR.

To elucidate the morphology and structure of the 

graphene/Ni−Al LDH composites, a TEM analysis 

was conducted. TEM images of GNA-1 were shown 

in Fig. 6(a). Hexagonal plates of crystalline Ni−Al 

LDH particles decorate the larger graphene sheets. 

The lateral sizes of the Ni−Al LDH crystals are 50-

200 nm. The synthesis of Ni–Al LDH as hexagonal 

plates by the slow and continuous hydrolysis of urea in 

a hydrothermal reaction has been reported.21) This 

study shows that the coprecipitation method with 

ammonium hydroxide followed by a hydrothermal 

reaction yields very similar hexagonal Ni−Al LDH 

particles. The particle size of Ni−Al LDH in GNA-1 is 

similar to that of free Ni−Al LDH (Fig. 6(b)).

Electrochemical properties of Ni–Al LDH, GNA-1, 

and GNA-2 determined by CV and galvanostatic 

charging-discharging methods. Fig. 7 shows CV 

curves of pure Ni–Al LDH, GNA-1, and GNA-2 at a 

scan rate of 5 mV/s. All CV curves have two peaks. 

One peak is anodic (positive current density) corre-

sponding to the oxidation of Ni2+ to Ni3+, and the other 

Fig. 5. XPS spectra of (a-b) GO and (c-d) GNA-2.

Fig. 6. TEM images of (a) GNA-1 and (b) pure Ni–Al LDH.
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is cathodic (negative current density) during the 

reverse process. These peaks come from fast and 

reversible redox processes that occur at the interface 

of Ni−Al LDH and the KOH electrolyte. These reac-

tions can be represented by Eq. (3):

Ni(OH)2 + OH– ↔  NiOOH + H2O + e– (3)

Since the specific capacitance is proportional to the 

area under CV curve, this quantity was determined 

through a comparison of CV curves. The area under 

the CV curves at 5 mV/s scan rate increased in the 

order of pure Ni−Al LDH < GNA-1 < GNA-2, and 

corresponding specific capacitances were 210, 565, 

and 710 F/g, respectively.

Galvanostatic charging-discharging is complemen-

tary method for measuring the specific capacitance of 

electrochemical capacitors at constant current density. 

Fig. 8(a)-(c) show the galvanostatic discharge curves 

of Ni−Al LDH, GNA-1, and GNA-2, and their corre-

sponding specific capacitances are plotted in Fig. 8(d). 

The specific capacitances increase in the order of Ni–

Al LDH < GNA-1 < GNA-2, consistent with the CV 

measurements. For GNA-2, the specific capacitance 

under 1, 2, 5, and 10 A/g current density was 1523, 

1265, 900, and 710 F/g, respectively.

Fig. 8. Galvanostatic discharge curves of (a) Ni−Al LDH, (b) GNA-1, and (c) GNA-2 at current densities of 1, 2, 5, and 10 

A/g, and (d) corresponding capacitance at current densities of 1, 2, 5, and 10 A/g.

Fig. 7. (a) CV curves of pure Ni–Al LDH, GNA-1, and GNA-2 at 5 mV/s scan rate and (b) corresponding specific 

capacitance.
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The specific capacitance of the GNA hybrid materi-

als was, as expected, higher than that of pure Ni−Al 

LDH. The difference may be attributed to two factors. 

First, the graphene sheets in the GNA composites 

impart higher electronic conductivity, and thus a 

greater fraction of the Ni sites are accessible for the 

fast Faradaic redox reactions of Ni2+ and Ni3+. The 

second factor is the dispersion of the Ni−Al LDH crys-

tals on the graphene sheets. The intimate mixing of the 

two phase prevents the restacking of graphene sheets 

and thus preserves electrolyte accessibility to the Ni−

Al LDH phase.

Endurance tests of GNA-2 were carried out by gal-

vanostatic charging-discharging at 10 A/g, which is a 

very high current density for electrochemical capaci-

tors (Fig. 9). The capacitance increased slightly in the 

initial 100 cycles and was then maintained at 100% 

until 4000 cycles. The initial increase can be ascribed 

to activation of a small fraction of the Ni−Al particles. 

By comparison, we recently reported the high capaci-

tance of graphene/α-Ni(OH)2, but the retention of 

capacitance was only 12.1% after 500 cycles.9) α-

Ni(OH)2 is known for its high capacitance, but it is not 

a suitable material for long cycle performance due to 

phase instability.2,9) Hybrid composites with Ni−Al 

LDH and graphene yield very high capacitance as well 

as extraordinary capacitance retention.

4. Conclusion

In summary, hexagonal Ni−Al LDH plates were 

nucleated and grown on graphene sheets in a hydro-

thermal reaction. The unstable α-Ni(OH)2 phase previ-

ously studied is stabilized by partially substituting Al3+

ions for Ni2+ ions to form Ni−Al LDH. The graphene 

sheets in GNA hybrid composites impart higher elec-

tronic conductivity, and the Ni−Al LDH particles 

inhibit re-stacking of the graphene sheets, thus pro-

moting electrolyte access to the electroactive Ni−Al 

LDH plates. The specific capacitance of the GNA 

hybrid composites was dramatically higher than that 

of pure Ni−Al LDH crystals, and showed remarkable 

stability after a brief break-in period with 100% capac-

itance retention over 4000 cycles. These composite 

materials are thus potentially very good candidates for 

electrochemical capacitor applications.
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