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A thin nanosheet of mesoporous cobalt carbonate hydroxide

(MPCCH) has been fabricated from a CoAl-LDH nanosheet

following removal of the Al cations by alkali etching. The basic

etched electrode exhibits enhanced specific capacitance (1075 F g�1

at 5 mA cm�2) and higher rate capability and cycling stability (92%

maintained after 2000 cycles).
Supercapacitors (SCs), also called electrochemical capacitors, are

currently receiving intense attention as potential candidates for use in

portable electronics, in hybrid electric vehicles (EV) and for industrial

scale power production because they possess a number of attractive

properties (e.g. high power density and long cycle life).1,2 Generally,

SCs store energy either using ion adsorption (electrochemical double-

layer capacitors, EDLC) or by fast surface redox reactions (pseu-

docapacitors). In order to improve the specific capacitance of SCs,

which is essential for practical usage, substantial effort has been

focused on investigating the pseudocapacitive performance of tran-

sition metal oxides and hydroxides (e.g. Ni(OH)2, Co(OH)2,

MnO2).
3–5 These materials produce capacitances exceeding those of

double-layer carbonaceous materials such as carbon nanotubes6 and

graphene.7

Layered double hydroxides (LDHs) are layered anionic clays

that are generally expressed by the formula

[M2+
1�xM

3+
x(OH)2](A

n�)x/n$mH2O, where M
2+ and M3+ are di- and

trivalentmetal cations, andAn� is a counter anion.8,9Recently, LDHs

containing transition metal elements have been reported to be

promising electrode materials for supercapacitors because of their

relatively low cost, high redox activity, environmentally friendly

nature and effective utilization of transition metal atoms.10 For

instance, Wang’s group found that electrodes consisting of NiAl-
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LDH coated on the surface of nickel foam andNiAl-LDH–graphene

composites could display specific capacitances of 701 F g�1 and 785

F g�1, respectively.10,11More recently, Jin et al. developedCoAl-LDH

andGO composites as high-performance supercapacitive materials.12

Although LDHs have been investigated widely, their electrochemical

behavior is usually not good enough to meet the demand of new

energy storage devices. The limited performance is mainly attributed

to the restriction of the architecture and structure.

Constructing the active material into nanoarray architectures

could improve electrochemical performance further, because these

architectures13,14 could prevent agglomeration, facilitate fast electron

transfer and ensure that all the individual crystallization participated

in the electrochemical reaction.15 These investigations were mainly

based on mesoporous transition metal oxides.16–18 There exist porous

metal carbonate hydroxides generated using sacrificial polystyrene

(PS) colloidal crystal templates,19 but the complicated preparation

procedure and high cost have limited industrial production. There-

fore, a simple, low cost and environmentally friendly method for the

preparation of metal carbonate or hydroxides with mesoporous

structures is sought after to deliver scalable and high-performance

electrodes.

Herein, we report a facile method to prepare a mesoporous cobalt

carbonate hydroxide thin nanosheet array supercapacitor electrode

with improved supercapacitance performance using a precursive

CoAl-LDH nanosheet array. The maximum specific capacitance

reached 1075 F g�1 at 5 mA cm�2, and 780 F g�1 (�72%) could be

maintained at a much higher current density (50 mA cm�2). Addi-

tionally, even after 2000 cycles of charge and discharge at 30 mA

cm�2, 92% of the initial capacitance can be preserved, indicating its

high stability.

The precipitation and conversion process was schematically shown

in Fig. 1. Firstly, a CoAl-LDH nanosheet array was synthesized by

co-precipitation under hydrothermal conditions, which resulted in

a pink coating on the surface of the nickel foam (inset of Fig. 2A).
Fig. 1 Schematic illustration showing the fabrication of the MPCCH

thin nanosheet array from a CoAl-LDH nanosheet array.
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Fig. 2 Low (A) and high (B) magnification SEM images of the CoAl-

LDH nanosheet array (inset: an optical image of the CoAl-LDH nano-

sheet array). (C) presents a typical TEM image of the CoAl-LDH. Also

provided are low (D) and high (E) magnification SEM images of the

MPCCH thin nanosheet array (inset: an optical image of the MPCCH

thin nanosheet array). (F) represents a typical TEM image of MPCCH.

Fig. 3 XRD patterns of the CoAl-LDH (black line) and MPCCH

nanosheet arrays (red line). Reflections marked # correspond to the Ni

foam on which the thin films are grown.

Fig. 4 Electrochemical characterization of the MPCCH thin nanosheet

array. (A) CV curves of the MPCCH thin nanosheet array at different

scan rates (1–10 mV s�1); (B) galvanostatic discharge curves of the

MPCCH at various discharge current densities (5–50 mA cm�2); (C)

specific capacitance retention versus cycle number of the MPCCH at

a galvanostatic charge and discharge current density of 30 mA cm�2; (D)

comparison of the average specific capacitance versus charge and

discharge current density between MPCCH and CoAl-LDH.
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Fig. 2A and B show SEM images of the as-synthesized CoAl-LDH

nanosheet array taken at different magnifications. The SEM data

revealed that the array consisted of regular hexagonal nanosheets,

typically 0.5–1 mm in length and 50–80 nm in thickness, arranged as

a dense film on the nickel foam. The nanosheets grew vertically and

were cross-linked on theNi substrate. After immersion in 5MNaOH

solution, the color of the film changed to dark red (see inset of

Fig. 2D). SEM results indicated that it preserved its 3D network and

porous structure without collapse (see Fig. 2D), but the individual

nanosheets became thinner (with thicknesses of ca. 10 nm) after this

treatment (Fig. 2E), and showed extensive cracking (e.g. at the edges

and the centre). Small holes of several to tens of nanometres in size

were clearly observable in the cracked nanosheets (Fig. 2F), in

contrast to the well-crystallised CoAl-LDH nanosheets (Fig. 2C).

Compared with the highly crystalline CoAl-LDH nanosheet array,

the alkali treated array was expected to have a much higher specific

surface area. The Co : Al atomic ratio of the modified films was

determined by energy-dispersive X-ray spectroscopy (EDS; see

Fig. S1†). ACo : Al ratio of ca. 3 : 1 is calculated for the initial CoAl-

LDH electrode (Fig. S1A†), whereas only Co can be observed in the

basic etched electrode (Fig. S1B†), which indicates that the Al had

been almost extracted from these films by the highly concentrated

NaOH solution. Combining the EDS, SEM and TEM data it was

concluded that etching in the concentrated basic solution led to the

extraction of Al cations from the CoAl-LDH and the formation of

holes and cracks in the nanosheets, which resulted in mesoporous

cobalt carbonate hydroxide (MPCCH) nanosheets. The process

thinned the sheets, increased the surface area, and facilitated the

penetration of electrolytes into electrodes.

In contrast to the significant change in morphology, the extraction

of Al from the LDH precursor did not cause significant changes in

the crystal structure. The XRD patterns of the CoAl-LDH and

MPCCH films were shown in Fig. 3. XRD data of the CoAl-LDH

film showed a series of Bragg reflections in good agreement with the

well-known LDH Co6Al2CO3(OH)16$H2O (JCPDF: 51-0045; the

peaksmarked ‘‘#’’ denote the Ni substrate). No Bragg reflections due

to crystalline impurities were observed. The observed interlayer
This journal is ª The Royal Society of Chemistry 2012
separation of 0.75 nm (d003) indicated that CO3
2� ions and water

molecules occupied the interlayer galleries, which was confirmed by

FT-IRdata (see Fig. S2†). TheXRDpattern for theMPCCH (Fig. 3,

red line) still exhibited Bragg reflections at the same 2q values as the

CoAl-CO3 LDH, indicating that the layer structure was retained.

However, the overall intensity of the XRD pattern had decreased

while the relative intensities of the Bragg reflections were unchanged.

The peak widths at half maximum had increased, indicative of

decreased crystallinity.

The MPCCH thin nanosheet array was characterized by cyclic

voltammetry (CV), electrochemical impedance spectroscopy (EIS),

and galvanostatic charge/discharge measurements to assess its

potential for supercapacitor electrodes. The CoAl-LDH nanosheet

array was also investigated as a comparison. Fig. 4A showed the

cyclic voltammogram of the MPCCH array at scan rates of 1, 5 and

10 mV s�1 with a potential range of 0–0.5 V (vs. SCE) in 2MNaOH
Nanoscale, 2012, 4, 3640–3643 | 3641
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solution. For each curve, the set of redox peaks observed indicated

the existence of a faradic process which was ascribed to the inter-

conversion of Co(II)/Co(III), as previous research on CoAl-LDH had

indicated.20 Fig. 4B gave the results obtained for the MPCCH thin

nanosheet array electrode over the potential range of 0–0.45 V at

various current rates (5, 10, 20, 30 and 50 mA cm�2). The specific

capacitance was calculated to be 1075 F g�1 (8.6 F cm�2) at a low

current density (5 mA cm�2), and 780 F g�1 (6.24 F cm�2) at a very

high current density (50 mA cm�2). Hence, more than 72% of the

capacitance was maintained at elevated current densities (Fig. 4D,

dark line), indicating an excellent rate capability.

Cycling performance is another key factor which must be consid-

ered in developing supercapacitor electrodes for practical applica-

tions. The cycle charge/discharge testing was employed to examine

the cycling stability of the MPCCH electrode at a current density of

30 mA cm�2 (Fig. 4C). After 2000 cycles, the capacitance remains at

92% of its initial value. This demonstrated that, within the voltage

window 0.0–0.45 V, repeated charge and discharge processes did not

seem to induce significant structural changes to the MPCCH thin

nanosheet electrode, as expected for pseudo-capacitance processes.

The SEM image of the MPCCH thin nanosheet array (Fig. S3†)

retained its 3D network structure after repeated charge/discharge

cycles. The combination of high specific capacitance, excellent

kinetics and long-term stability implied that the MPCCH thin

nanosheet arrays could be used as an advanced electrode in

supercapacitors.

We carried out similar electrochemical measurements on the

precursor CoAl-LDH hexagonal nanosheet array (Fig. S4A and B†).

Fig. S4C† clearly showed that the resulting current from MPCCH

was much higher than that of the CoAl-LDH films at the same scan

rate, resulting in a larger area in the CV curve of the MPCCH elec-

trode. This indicated that the MPCCH thin nanosheet array exhibi-

ted a much higher specific capacitance than the LDH electrode.

Fig. 4D summarized the specific capacitance at different current

densities calculated from the discharge curves, and demonstrated that

the MPCCH electrode yielded an enhanced capacitance perfor-

mance, with a factor of �1.5 increase in specific capacitance

compared to the CoAl-LDH electrode. Furthermore, the capacitance

of the CoAl-LDH nanosheet array was decreased to 220 F g�1 upon

an increase in current density to 30 mA cm�2 (56.8% of the capaci-

tance at lower current density), indicating weaker rate capability.

Electrochemical impedance spectroscopy results (EIS, Fig. S5†)

further demonstrated that the MPCCH thin nanosheet array

provided lower resistance and smaller charge transfer resistance,

which was also beneficial to the rate capability of the electrode.15 Our

data indicated that the capacitive behavior of the MPCCH thin

nanosheet array was significantly improved compared to the corre-

sponding CoAl-LDH precursor. Therefore, we believe that after

basic treatment theMPCCH electrode had an increased contact area

between the electrode and the electrolyte, resulting in more efficient

utilization of the activematerial. The cycling stability was comparable

with that reported,10,12 but the specific capacitance was higher than

that of previously reported LDH-like pseudocapacitive materials

including CoAl-LDH, NiAl-LDH and their composites with gra-

phene (700–900 F g�1).10,11,20,21 The rate capability was even higher

than that of the composite of CoAl-LDH and graphene, indicating

the advantage of its mesoporous structure.12

Understanding the origins of the high-performance capacitive

behavior, including high specific capacitance, excellent rate capability,
3642 | Nanoscale, 2012, 4, 3640–3643
and long-term cycling stability, was important in order to fabricate

better and more practical devices. Since both MPCCH and its LDH

precursor had a 3D network and array-like architecture, uniform

crystallization size without agglomeration, and tight binding between

the active material and the substrate (or current collector),22,23 the

higher capacitive performance of theMPCCH electrode as compared

with the CoAl-LDH electrode was attributed to the high porosity

generated from the ‘‘holes’’ in the structure and the reduced thickness

of individual sheets. Compared with an intact nanosheet, the holey

mesoporous nanosheet exposed a larger contact area to the electro-

lyte and provided abundant OH� ion binding sites, resulting in

enhanced ion diffusion kinetics.24 The thin nature of the MPCCH

nanosheets was another important feature of the MPCCH electrode,

as the electrolyte had a penetration depth of approximately 20 nm.25

Hence, the very thin (�10 nm) MPCCH sheets effectively shortened

the proton diffusion distance and made more chemically active

material available for the redox reaction. BET (Brunauer–Emmet–

Teller) results indicated that MPCCH arrays had a higher surface

area per centimetre of Ni foam (0.502 m2 cm�2) than the CoAl-LDH

array (0.365 m2 cm�2), which was in accordance with our hypothesis.

Therefore, the larger capacitance for the MPCCH thin nanosheet

array can be easily understood by the combination of electric double-

layer capacitance generated by larger surface area and faradic pseu-

docapacitance resulting from efficient utilization of the electrode

material.

In summary, a simple, low-cost, template-free and environmentally

friendly method has been developed to fabricate a thin mesoporous

cobalt carbonate hydroxide nanosheet array by immersing a CoAl-

LDH thin film in highly concentrated NaOH solution. The unique

structure shows superior electrochemical performance (a maximum

capacitance of 1075F g�1 at 5mA cm�2, with almost 72% retention at

a very high current density of 50mA cm�2, andmore than 92% of the

capacitance preserved after 2000 charge/discharge cycles) compared

with a CoAl-LDH nanosheet array electrode. The excellent perfor-

mance is attributed to the mesoporous structure and reduced thick-

ness of theMPCCH nanosheets. The fabrication approach described

in this work should be applicable for the synthesis of other meso-

porous metal carbonates or hydroxides from LDH precursors.
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