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Abstract

Nickel foam-graphene (NF-G) was synthesised by chemical vapour deposition (CVD)

followed by facial in situ aqueous chemical growth of simonkolleite (Zn5(OH)8Cl2·H2O)

under hydrothermal conditions to form NF-G/simonkolleite composite. X-ray diffraction and

Raman spectroscopy show the presence of simonkolleite on the NF-G, while scanning

electron and transmission electron microscopies show simonkolleite micro-plates like

structure evenly distributed on the NF-G. Electrochemical measurements of the composite

electrode give a specific capacitance of 350 Fg-1 at current density of 0.7 Ag-1 for our device

measured in three-electrode configuration. The composite also shows a rate capability of

~87% capacitance retention at a high current density of 5 Ag-1, which makes it a promising

candidate as an electrode material for supercapacitor applications.
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Introduction

The energy and power densities of energy storage devices need to be improved significantly

to meet the growing power supply demand of a variety of applications such as cordless

electric tools, hybrid electric vehicles, day-night storage, and industrial energy management

[1]. In recent years, many researchers have focused on the development of electrode materials

to increase the energy density of electrochemical capacitors (also known as supercapacitors),

while retaining their intrinsic high power density. Furthermore, supercapacitors have

generally used carbonaceous materials with a large surface area (e.g. carbon nanotubes [2],

carbon [3] and graphene [4]) and transition metal oxides (e.g. Co3O4 [5,6], NiO [7], RuO2 [8],

SnO2 [9], MnO2 [10], V2O5 [11],  and so forth).  Recently,  graphene has been shown to be an

effective material for constructing supercapacitor electrodes due to its large surface area, high

mechanical stability and electrical conductivity [12,13]. Graphene electrode alone have been

found to have specific capacitance of up to 135 F/g [13,14]. On the other hand,

nanocomposites consisting of graphene and transition metal oxides have attracted wide

attention in the field of supercapacitors due to the synergistic effect arising from the

combination of the redox reaction of the metal oxides with the high surface area/conductivity

of graphene, which improves the electrochemical performance [15,16]. This has been

reported to be highly dependent on the quality and conductivity of the graphene [17].

Self-supporting graphene nanosheets (GNS), via chemical reduction of exfoliated graphite

oxide,  have  shown  great  potential  as  flexible  electrodes  with  excellent  mechanical  stiffness

and strength [18,19,20]. However, in most cases, these GNS were assembled into

macroscopic paper-like structures in a way that reduced the large accessible surface area of

the two-dimensional (2D) GNS. This usually results from irreversible agglomeration and

restacking of the individual GNS which hinders the potential applications of graphene

materials in supercapacitor devices. The resulting GNS also exhibit inferior conductivity due

to the abundant existence of defects and oxygen-containing chemical groups, and to

numerous non-ideal contacts between the nanosheets. In addition, the strong π–π interaction

between GNS leads to severe aggregation and a considerable decrease in its specific surface

area [21]. Both of these shortcomings seriously limit the performance of graphene-based

supercapacitors, sensors and other devices.
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Chemical vapor deposition (CVD) is an alternative method for synthesizing a three

dimensional (3D) network of graphene on a nickel foam template[22] which exhibits high

conductivity compared with that of  GNS [23,24]. This facilitates fast electron transport

between the active materials and current collectors in supercapacitors [15,17]. Furthermore,

CVD-grown 3D graphene networks have high conductivity due to the high intrinsic

conductivity of defect-free graphene and the absence of inter-sheet junction resistance in this

seamlessly continuous network [21]. In addition, the porous nature of this new graphene

material offers a large specific surface area (up to ~ 850 m2/g) [22] and is suitable for the

production of functional composites by filling the pores with metal oxide nanoparticles,

polymers or other functional materials [25].

Similar to metal oxides, Zn5(OH)8Cl2·H2O (simonkolleite) is also electrochemically active as

an electrode material for supercapacitors [26]. Most reports on simonkolleite deal with its

bulk properties, with a net focus on understanding the surface atmospheric corrosion products

on Zn plates [26,27]. Simonkolleite forms hexagonal microplatelet crystals with a perfect

cleavage parallel to the (001) direction [28]. It is a soft compound with a Mohs hardness of

~1.5 and a specific gravity of 3.2 [29]. The crystal structure of the synthesis analogue of

simonkolleite was reported by Nowacki & Silverman [30] and Allmann [31]. Simonkolleite

is electrically and chemically active due to the oxygen vacancies on its surface, as in the case

of ZnO. These vacancies may then function as n-type donors and thus significantly increase

the material’s conductivity [29].

In these work, we present a novel two-step approach for growing a nickel foam-graphene/

simonkolleite (NF-G/simonkolleite) 3D composite structure for electrochemical

supercapacitors.

Experiments and methods

Growth of graphene on nickel foam

Nickel foams (Alantum, Munich, Germany), 420 g m-2 in  a  real  density  and  1.6  mm  in

thickness, was used as 3D scaffold templates for the CVD growth of graphene. It was cut into

pieces of 1×2 cm2 and placed in a quartz tube of outer diameter 5 cm and inner diameter 4.5
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cm. The precursor gases were CH4,  H2 and Ar. The nickel foam was annealed at 800 oC in

the presence of Ar and H2 for 20 min, before the introduction of the CH4 gas at 1000 oC (Fig.

1). The flow rates of the gases CH4, H2 and Ar were 10, 10 and 300 sccm, respectively. After

15 min of deposition, the sample was rapidly cooled by pushing the quartz tube to a lower

temperature region.

Figure 1: Synthesis process scheme of the NF-G/simonkolleite composite

Growth of simonkolleite on garaphene/nickel foam

Simonkolleite microplatelets (Zn5(OH)8Cl2·H2O) were deposited directly on  the NF-G using

the aqueous chemical growth (ACG) technique (Fig. 1). A solution containing zinc nitrate

hexahydrate (Zn(NO3)2·6H2O), sodium chloride (NaCl) and hexamethylenetetramine (HMT)

(C6H12N4) was used for the deposition of simonkolleite plate-like structures. A 100 ml bottle

with autoclavable screw cap was filled with an equimolar (0.1 M) aqueous solution of

Zn(NO3)2·6H2O, HMT and NaCl. Subsequently, the NF-G samples fixed on glass slides were

immersed in the solution and subjected to hydrothermal treatment at 90 oC  for  16  h.

Thereafter, the autoclave was allowed to cool down to ambient temperature. The final NF-G/

simonkolleite composite was obtained after washing and drying.  The formation of

Zn5(OH)8Cl2·H2O is considered to proceed competitively in the solution following the

successive chemical reaction:

C6H12N4 + 6H2O 6HCHO + 4NH3 (1)

NH3 + H2O     NH4+ + OH－ (2)

NaCl + H2O   Na+ + Cl－ + H2O (3)
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Zn(NO3)2.6H2O + H2O Zn2+ + NO6- + 7H2O (4)

5Zn2+ + 8OH－ + 2Cl－ + H2O     Zn5(OH)8Cl2.H2O (5)

First,  C6H12N4 disintegrates into formaldehyde (HCHO) and ammonia (NH3)  as  shown  in

Equation (1). Ammonia tends to disintegrate water to produce OH－ anions (Equation 2).

Secondly, sodium chloride disintegrates in water forming sodium cations and chloride anions

(Equation 3). Furthermore, Zn(NO3)2.6H2O disintegrates into zincate ion Zn2+ and nitrate

NO3- (Equation  4).  Finally,  OH－ and Cl－ anions  react  with  Zn2+ cations to synthesize

simonkolleite nanoplatelets (Zn5(OH)8Cl2·H2O) (Equation 5).

Material characterization

The structural characterization of the NF-G/simonkolleite composite was investigated by

X-ray diffraction (XRD) using a Bruker D8 Advance X-ray diffractometer equipped with

Cu Kα radiation (λ = 1.5406 Å), employing a scanning rate of 0.2° s-1 and 2θ ranges from 20°

to 70°. The Raman spectra were recorded using a WITEC-Alpha 300R Plus confocal Raman

spectrometer  (WITEC  GmbH,  Ulm,  Germany).  The  excitation  source  was  a  532  nm  laser

(2.33 eV, 1 mW power) through a numerical aperture of 0.9 and with 100x magnification.

Morphological characterization was performed on a high-resolution Zeiss Ultra Plus 55 field

emission gun scanning electron microscope (FE-SEM) operated at 2.0 kV. Transmission

electron microscopy (TEM) micro-images and selected area electron diffraction (SAED)

observations were carried out with a JEOL JEM-2100F microscope operated at 200 kV. The

capacitive properties were investigated by the cyclic voltammetry (CV) method using an

Autolab PGSTAT Workstation 302 (ECO-CHEMIE, Metrohm Autolab BV) driven by the

GPES software. The as-prepared NF-G/simonkolleite composite served as the working

electrode, glassy carbon plate as the counter-electrode and Ag/AgCl (3M KCl) as the

reference electrode in 2.0 M KOH electrolyte. Electrochemical impedance spectroscopy

(EIS) was performed in the frequency range of 100 kHz to 10 mHz.
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Results and discussions

Figure 2: X-ray diffraction pattern of the NF-G/simonkolleite composite

Fig.  2  shows  the  XRD  pattern  of  the  as-synthesized  NF-G/simonkolleite  composite.  The

diffraction peaks in the 2q range 20˚–70˚ correspond to the characteristic reflections of

simonkolleite material. The identification of all Bragg diffraction peaks confirms the

crystallographic phase of the simonkolleite microplatelets and is ascribed to pure

rhombohedral simonkolleite (JCPDS No. 07-0155) with lattice constants a and c of about

∼6.337 Å and ∼23.643 Å respectively and space group R3m. The relatively higher and

sharper diffraction peaks observed are directly linked to the good crystallinity of the

simonkolleite  deposited  on  the  NF-G.  The  strong  diffraction  peaks  at  the  2q values 44.38˚

and 51.71˚ are associated with the Ni-foam and are indexed with an asterisk. In particular, the

sharp peak at the 2q  value of 26.43˚ corresponds to graphene formation [32], which indicates

a good crystalline structure with an interlayer spacing of 0.339 nm; this is consistent with the

layer spacing of normal graphite.

Fig.  3  shows  the  Raman  spectra  of  the  NF-G  and  the  NF-G/simonkolleite  composite

respectively. The Raman spectrum of NF-G shows two prominent peaks at ~1591 and

2726 cm-1, corresponding to the characteristic G and 2D bands of graphene [33]. The D band
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Figure 3: Raman spectra of the NF-G and the NF-G/simonkolleite composite, the inset shows a fitted
lorentzian for 2D peak.

(usually at ≈ 1350 cm-1), which is attributed to the disordered graphitic carbon and its

intensity, provides information about the density of defects in the as-grown graphene. The

fact that this band is not visible in the spectrum signifies that the sample is free of defects.

The intensity ratio I2D/IG (~ 0.71) indicates that the as-grown graphene is mainly few layered

(i.e. it has fewer than five layers) [34]. This is clearly distinguishable from the 2D signal as

shown in the inset in Fig. 3 [35]. The Raman peaks at 400, 488 and 732 cm−1 indexed by an

asterisk, which agree very well with what are found in the literature (390, 482 and 730 cm−1)

[36],  were  assigned  to  Zn5(OH)8(Cl)2·H2O  (simonkolleite).  A  peak  at  293  cm−1 was

attributed to the Zn–Cl bond and that at 358 cm−1 to Zn–O which had a vibration

characteristic of a simonkolleite structure. The O–H stretching bands are present at 2962 and

3019 cm−1 [36]. Several smaller peaks at ~592, ~926, ~969, ~1077, ~1154, ~1466 and

~1778 cm-1, also indexed by an asterix, result from the multiple-phonon scattering process in

the synthesized simonkolleite microplatelets.

The SEM micrographs in Fig. 4 clearly show the typical morphologies of the NF-G and the

NF-G/simonkolleite composite. It can be seen from Fig. 4(a) that the 3D Ni-foam is a porous

structure (pore size ~0.15–2 mm) with a smooth surface. Fig. 4(b) displays a representative

sample of the as-grown graphene on struts of Ni foam. After the CVD process, graphene
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Figure 4: SEM micrographs of (a) bare 3D Ni foam; (b) NF-G – the inset in (b) shows a high-
magnification view of the graphene deposited on the Ni foam; (c) NF-G/simonkolleite
composite; (d) high-resolution image of the simonkolleite microplatelets

layers with different wrinkles were coated on the surface of the Ni-foam (inset in Fig. 4 (b)).

The 3D configuration of the Ni-foam was preserved in all cases due to the structural template

effect. In the NF-G/simonkolleite composite, microstructured simonkolleite is densely

anchored onto both sides of the graphene surface (Fig. 4(c)). At higher magnification, it is

observed that the simonkolleite microstructures are hexagonal and platelet-like (Fig. 4(d)).

The diameter of the simonkolleite microplatelets is about 1.3–0.5 µm and the thickness is

about 60 nm. In addition, there is no net spatial orientation either perpendicularly or parallel

to the NF-G. The dense set of anisotropic microplatelets seems to grow faster along the basal

plane and slower in the transversal direction, as shown in Fig. 4(d). It seems from the SEM

results that the growth is denser in the basal direction at the very early stages, when the

particles can be observed to be more flake-like. This could imply a growth mechanism

similar to that of the ZnO nano/microscaled rods synthesized by a similar hydrothermal

procedure [29]. If so, the growth mechanism should be a Frank-van der Merwe-driven

process as well. Indeed, as supported by the high-resolution TEM image shown in Fig. 5(a),
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one can distinguish flake-like structures with quasi-sharp edges on top of each other within

the basal planes, as indicated by the arrows. Consequently, the growth mechanism is likely to

be  driven  by  a  Frank-van  der  Merwe  process.  Fig.  5(b)  shows  the  SAED  pattern  of  the

simonkolleite microplatelets. It indicates the very high degree of crystallinity of the platelets

with a net hexagonal symmetry and a possibly crystallographic preferential orientation. This

crystallinity indicates that the plate-like Zn5(OH)8Cl2·H2O possessed a smooth surface.

Figure 5: (a) Transmission electron micrographs (TEM) of a single simonkolleite microplatelet – arrows
show the flake-like simonkolleite; (b) corresponding selected area electron diffraction (SAED)
pattern of the simonkolleite microplatelets

To determine the electrochemical properties of the NF-G/simonkolleite composite we

performed cyclic voltammetry (CV) measurements using a three-electrode configuration.

Fig.  6(a)  compares  the  CV  curves  of  NF,  NF-G,  NF-simonkolleite  and  the

NF-G/simonkolleite composite (with mass ratio of graphene to simonkolleite 34:66)

measured  in  a  potential  window  of  0–0.5  V  at  scan  rate  of  25  mV  s-1 in  2.0  M  KOH

electrolyte. NF itself showed very poor CV measurements and the NF-G electrode measured

under the same conditions exhibited low-intensity current peaks due to the redox reaction of

the nickel foam in the electrolyte [37], and also to the quasi-super hydrophobicity which is

attributed to poor surface wetting and thus the reduced accessibility and utilisation of the

available surface area [38]. The CV curve of the NF-simonkolleite foam in Fig 6(a) has an ill-

defined shape. The reason for this could be two-fold: (1) there may have been an increase in

the particle size of the simonkolleite owing to aggregation, resulting in retarded transport of
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electrolyte ions, and (2) a fast scan rate may have induced a fast drop as a result of the high

resistance of the simonkolleite microplatelets. Compared with the curve of the NF-

simonkolleite, that of the NF-G/simonkolleite composite showed a much better mirror image

with respect to the zero-current line and a more rapid current response on voltage reversal at

each end-potential. These results indicate the much higher electrochemical reversibility of the

NF-G/simonkolleite composite between 0 and 0.5 V. This is probably due to the fact that

graphene becomes entangled with simonkolleite and provides unobstructed pathways for K+

transport during the rapid charge-discharge process. In addition, the high conductivity of the

graphene facilitates the transport of electrolyte ions during a rapid charge-discharge process.

Figure 6: (a) CV curves of bare Ni foam (NF), NF-G, NF-simonkolleite and NF-G/simonkolleite
composites  at  a  scan  rate  of  25  mV s-1 in  2.0  M KOH electrolyte;  (b)  CV curves  of  the  NF-
G/simonkolleite composite electrode at different scan rates; (c) galvanostatic charge-discharge
curves of the NF-G/simonkolleite composite at different current densities; (d) Nyquist plot of
the  NF-G/simonkolleite  composite  –  the  inset  in  (d)  shows  the  magnified  plots  in  the  high-
frequency region
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The CV of the NF-G/simonkolleite composite electrode (Fig.  6(a)) shows a pair  of Faradaic

redox peaks (~0.23 V and 0.39 V). These peaks result from the intercalation and de-

intercalation of K+ from the electrolyte into Zn5(OH)8Cl2·H2O:

From the CV curve of the NF-G/simonkolleite composite one reversible electron-transfer

process is observed. This is consistent with the reaction process mentioned above during the

potential sweep of the simonkolleite (Zn5(OH)8Cl2·H2O) electrode. It demonstrates that the

capacitance of the NF-G/simonkolleite composite is based on the charge storage mechanism

of (Zn5(OH)8Cl2·H2O)-based electrodes in mild electrolytes, which is ascribed to the rapid

intercalation of alkali metal cations K+ in the electrode during reduction and oxidation

processes [39]. Fig. 6(b) shows the CV curves of the NF-G/simonkolleite composite electrode

at different scan rates. The current response increased in accordance with increases in the

scan rate, while no significant change in the shape of the CV curve was observed, indicating

the good rate property of the NF-G/simonkolleite composite electrode.

To further evaluate the electrochemical capacitive performance of the NF-G/simonkolleite

composite electrode, the galvanostatic charge–discharge curves were measured at different

current densities within the potential range 0–0.5 V (Fig. 6(c)). The shape of the discharge

curves does not show the characteristic of the pure double-layer capacitor but rather

pseudocapacitance; this is in agreement with the CV curves which show redox peaks. The

curves display two variations.  First  there is  a linear variation of the time dependence of the

potential (below ~ 0.19 V), indicating double-layer capacitance behaviour, which is caused

by charge separation taking place between the electrode and the electrolyte. The other

variation takes place in the potential range 0.5–0.19 V, indicating typical pseudocapacitance

behaviour resulting from the electrochemical adsorption/desorption or redox reaction at the

interface between the electrode and the electrolyte [40]. The specific capacitance value Cs can

be evaluated as:

Cs = It/ΔVm (6)

where I is the charge-discharge current (A), t is  the  discharge  time  (s),  ΔV is the potential

window (V), and m is the mass (g) of the active NF-G/simonkolleite composite.

( ) ( )discharge
5 2 2 surface δ 5 2 2 surface8 8charge

[Zn OH Cl ·H O] δK δe [K Zn OH Cl ·H O]+ - ¾¾¾¾®+ + ¬¾¾¾¾
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Based on Equation (6), the values of the specific capacitance calculated from the discharge

curves for the NF-G/simonkolleite composite are 350, 325.6, 212, 187 and 164 Fg-1 at

current densities of 0.7, 2, 5, 7 and 10 Ag-1 respectively. This demonstrates that the

NF-G/simonkolleite electrode obtained possesses a high and stable specific capacitance at

high charge-discharge rates. This feature is very important for electrode materials to provide

a high power density.

EIS is a very powerful tool used to investigate the electrochemical characteristics of the

electrode/electrolyte interface using a Nyquist plot, which is a representation of the real and

imaginary  parts  of  the  impedance  in  a  sample  [41].The  Nyquist  plot  of  the

NF-G/simonkolleite composite is shown in Fig. 6(d). The intercept on the X-axis in the high

frequency region represents the intrinsic ohmic resistance of the internal resistance or

equivalent series resistance (ESR) of the electrode material and the electrolyte [42]. The ESR

value that was obtained from Fig. 6(d) for the NF-G/simonkolleite composite was 2.1 Ω in 2

M KHO aqueous electrolyte, which is less than that of the NF-G (4.8 Ω). In the Nyquist plot,

the slope at low frequencies can be used to evaluate the capacitive behaviour of the electrode

[43]. The nearly vertical slope of the NF-G/simonkolleite composite suggests that it has

almost ideal capacitive behaviour.

For practical applications, the cycling/life stability of the NF-G/simonkolleite composite was

studied. Fig. 7 shows that ~87% of the initial specific capacitance is preserved after 500

continuous charge-discharge cycles at the high current density of 5 Ag-1. This is an indication

that the prepared NF-G/simonkolleite composite electrode material has long-term

electrochemical stability and a high degree of charge-discharge reversibility. The excellent

pseudocapacitive behaviour and high cycling stability can be attributed to the following:

(1) graphene can provide a high electrical conductivity and a high specific surface area,

allowing rapid and effective ion charge transfer and electron transport; (2) simonkolleite

(Zn5(OH)8Cl2·H2O) microplatelets with excellent electrochemical activity and reversibility

are grown directly on the graphene, and the chemical bonding that takes place between the

simonkolleite microplatelets and the graphene favours electrochemical stability; (3) the

graphene is deposited directly on the Ni-foam collector, which avoids increasing the contact

resistance between the electrode and the collector.
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Figure 7: Cycle performance of the NF-G/simonkolleite composite at the current density of 5 Ag-1 in 2.0
M KOH solution. The inset shows the charge-discharge profile for the NF-G/simonkolleite
composite

Conclusion

Simonkolleite (Zn5(OH)8Cl2·H2O) microplatelets were successfully deposited on Ni foam-

graphene by the aqueous chemical growth method. The composite material exhibits excellent

performance as an electrode for supercapacitors owing to its unique 3D architecture, the

electrochemical properties of simonkolleite, the extraordinary electrical and mechanical

properties of graphene, and the synergistic integration of the two types of nanomaterial. The

results discussed in this paper indicate that this nano-electrode possesses relatively high

specific capacitance and long-term cycling stability, which offers great promise for

applications in composite supercapacitors.
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