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Ultrathin nickel hydroxidenitrate nanoflakes branched on nanowire

arrays for high-rate pseudocapacitive energy storagew
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An ultrathin nickel hydroxidenitrate nanoflake–ZnO nanowire

hybrid array has been synthesized by a facile low-cost solution

route and has demonstrated high-rate energy storage in pseudo-

capacitor application with remarkable specific capacitance and

excellent cycling stability.

High-performance electrical energy storage technologies are

urgently needed in today’s mobile, information-rich and

energy-conscious society.1,2 Supercapacitors, which can deliver

electrical energy at high charging/discharging rates, have

potential applications in portable electronics, power back-up,

electrical vehicles and various microdevices.3,4 In particular, as

a supercapacitor using a reversible faradaic redox reaction

at the electrode surface, the pseudocapacitor has specific

capacitance (SC), which, in many cases, largely exceeds that

of most commercial supercapacitors made of carbonaceous

materials for double-layer charge storage.5 Transition metal

(Ni, Co, Ru, etc.) oxides and hydroxides are typical pseudo-

capacitive active materials.6–15 Using these active materials,

however, often results in a compromise between the power

performance and reversibility because redox kinetics is limited

by the rates of ion diffusion and electron transfer.5 Most metal

oxides/hydroxides have theoretical SC values larger than

1000 F g�1, but the experimentally observed values are very

low.9,10 This problem can only be partially resolved by using

nanostructured materials. The SCs of these materials in the

nanostructure form still drop dramatically at high rates.

Hydrous RuO2 is the state-of-the-art pseudocapacitor material

with a SC of 500–1300 F g�1.11,14 However, the high cost and

environmental toxicity of Ru limit it from practical applica-

tions. In recent years, some efforts have been made to improve

the performance of pseudocapacitive materials, for example, by

creating mesoporous structures6,10 and compounding with

conductive graphitic supports7b,c,10,12 or polymers,8,14 etc.

Despite this progress, a huge challenge still remains to search

for safe, low-cost, high SC, and long-lasting pseudocapacitive

electrode materials with good rate capability.

To address the above issue, herein, we present a novel electrode

material design, that is, active materials growing directly on a

three-dimensional (3D) nanowire array. Nickel hydroxidenitrate

is chosen as the pseudocapacitive material because nickel-based

compounds are attractive candidates in supercapacitor

applications,6,9,10,12,15 but this material has never been utilized

before for electrochemical energy storage, despite the fact that it

has a very high theoretical SC (B1500 F g�1) and possesses a

layered structure (even larger interlayer distance than nickel

hydroxide) that can potentially facilitate ion diffusion. We further

employ a ZnO nanowire array electrode as the 3D framework to

support the large-area nickel hydroxidenitrate growth. ZnO is a

versatile material that can be easily fabricated with extremely low

cost.16,17 Importantly, the ZnO nanowire has a relatively good

electrical conductivity,2 providing a natural pathway for electron

transport.11,18 By employing this cheap electrode design, we have

achieved very high SCs at high current densities.

The 3D hybrid electrode material was synthesized by

immersing a pre-grown ZnO nanowire array on a stainless

steel (SS) substrate16 into a 0.085 M Ni(NO3)2 aqueous

solution and maintaining at 85 1C for 5 h (also see ESIw,
Fig. S1). Fig. 1 shows the X-ray diffraction (XRD) patterns of

the products at two typical growth stages. In addition to the

peaks from the SS substrate and ZnO nanowire, all other

Bragg peaks (00l) can be well indexed to layered

Ni3(NO3)2(OH)4 (JCPDS no. 22-0752).19 EDS analysis further

confirms Ni and N elements with a molar ratio of 1.53. Fourier

transforms IR (FTIR) spectrum in Fig. S2 (ESIw) provides

evidence for the presence of intercalated NO3
�.

Fig. 1 XRD patterns of the hybrid arrays after 2 and 5 h growth.
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After 5 h growth, ZnO nanowires (needle-like with the tip

and bottom diameters of B15 and 90 nm, respectively) are

covered densely by nickel hydroxidenitrate nanostructures

with the overall diameter increased to 400–600 nm (scanning

electron microscope (SEM) image, Fig. 2a). The nanowires

seem to support many nano-‘‘umbrellas’’ on their tops

(Fig. 2b). A close examination of the exposed profile

(Fig. 2c) reveals that nickel hydroxidenitrate grows in the

form of ultrathin nanoflakes with a thickness of less than

10 nm. They branch on the ZnO nanowire stems, forming

numerous pendulous ‘‘leaves’’ that fill up the empty space

between the nanowires. The very small thickness of nickel

hydroxidenitrate is also reflected by broad diffraction peaks in

XRD and is revealed clearly in a transmission electron micro-

scope (TEM) image (Fig. 2d). By analyzing the (001) XRD

peak, the crystallite size is estimated to be only B4.1 nm. A

cross-sectional SEM image in Fig. 2e demonstrates the

uniform branching of ultrathin flakes along the entire length

of each nanowire. Considering that the nanowires are directly

aligned on current collectors, the as-prepared hierarchical

array will provide both large active surface area and good

electrical connection for fast redox kinetics, which are

expected to boost high-power energy storage (Fig. 2f).

We thus tested the capacitive performance of the hybrid

array electrode in a three-electrode configuration (see ESIw for
experimental details). Cyclic voltammograms (CVs) for the

array after 5 h nickel hydroxidenitrate deposition at various

scan rates from 5 to 40 mV s�1 were first recorded to evaluate

faradaic processes that may be present (Fig. 3a). While the

pristine ZnO nanowire array with the SS substrate demon-

strates a negligible CV background (Fig. S3, ESIw), the hybrid

electrode presents well-defined redox current peaks, which are

characteristic of typical pseudocapacitors and in line with the

reversible reactions of Ni2+/Ni3+.6,10,15,20–22 Our control

experiments indicated that in general the CV integrated area

increases with increasing the reaction time since more nickel

hydroxidenitrate can be deposited on the nanowire surface,

however, it begins to decrease if the deposition time is longer

than 5 h. This can be attributed to the decrease in electrical

contact between nickel hydroxidenitrate and ZnO and slowing

down of mass transport as the loading amount increases. Five

hours was thus considered as an optimal condition for the

following discussions. Fig. 3b illustrates a set of galvanostatic

charge–discharge curves in the first cycle for the 5 h-grown array

electrode. At each current density, the electrode charges and

discharges rapidly with good electrochemical reversibility. The

SC valueCspec can further be estimated according to the following

equation:6 Cspec= It/(DVm), where I is the current density, t is the
charge/discharge time, DV is the potential window, and m is the

mass of active material. The corresponding plots of discharge

capacitance versus current density are shown in Fig. 3c. Note that

all the tested current densities are in the high-current density range

when referring to the literature. The hybrid array shows a SC as

high as 1310 F g�1 at a charge–discharge current density of

15.7 A g�1, approaching the theoretical value and even being

comparable to the SC of Ni(OH)2 nanoplates grown on graphene

discharged at 5.7 A g�1.12 A capacitance of 982.5 F g�1 can be

obtained at a high current density of 39.3 A g�1. Even though the

SC decreases gradually with the increase of the current density

(Fig. 3c) because of the limited rate of solid-state diffusion, the

array electrode still has a high SC of 632 F g�1 at a very large

current density (157.2 A g�1; charge and discharge within 2.2 s).

This means that the SC can retain 48.24% of its initial value when

the current density increases by B10 times. The delivery of high

SC at such a large rate has rarely been demonstrated previously

for Ni-based pseudocapacitive materials12 and other oxides/

hydroxides such as MnOx
23,24 and Co(OH)2.

13 It is obvious that

even at high current density (high power demand), considerable

active materials can be electrochemically utilized. The first

ten charge–discharge curves of the array electrode at 23.6 A g�1

Fig. 2 (a–c) General SEM images, (d) TEM image and (e) cross-

sectional SEM image of the NiHN-ZnO hybrid structure.

(f) Schematic diagram showing the kinetic advantages of the hybrid

array in electrochemical energy storage.

Fig. 3 (a) CVs, (b) charge–discharge curves and (c) SC versus current

density plots of the hybrid array. (d) The first 10 charge–discharge

curves of the array electrode at 23.6 A g�1.
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(25.2 s for a half cycle) are displayed in Fig. 3d, fromwhich a SC of

1100 F g�1 is obtained with a nearlyB100% coulombic efficiency.

To highlight the electrochemical performance of the 3D

hybrid nanowire array electrode, cycling response up to 8000

times was recorded at the programmed current density, as

shown in Fig. 4. During the first 5000 cycles at 23.6 A g�1, the

SC maintains at B1100 F g�1 without noticeable decrease.

Following these cycles, the array electrode was subjected to a

continuous cycling for 2000 times at both 39.3 and 157.2 A g�1;

it delivers a stable SC of B980 and 630 F g�1, respectively.

Upon switching the current density back to 23.6 A g�1, a SC of

1100 F g�1 can be fully recovered and can last for another

1000 cycles. This demonstrates the outstanding cycling stability

and rate capability of our array electrode.

For the Ni-based hydroxide supercapacitor system, the redox

process involves the reversible uptake and release of OH� from

solution associated with electron transfer from/to the current

collector.25 In the present work, the 2D flake structure will

make nickel hydroxidenitrate entirely exposed to the electrolyte

(OH�), and thus fully electrochemically accessible. The ultra-

thin feature can further shorten the OH� diffusion pathway,

ensuring fast redox reactions. It should be emphasized that this

beneficial effect is largely enhanced by the 3D ZnO nanowire

array. To confirm this assumption, we prepared a powder

sample of nickel hydroxidenitrate which consists of similar

ultrathin nanoflakes with comparable sizes and tested its thin-

film capacitive performance under the same electrochemical

conditions. It is found that the thin film made of nickel

hydroxidenitrate powder demonstrates worse cycling perfor-

mance and apparently lower SCs at high rates (Fig. S4, ESIw).
The ZnO nanowire array is most likely to have several

important roles (Fig. 2f) as follows: (i) It provides a 3D scaffold

to support the nickel hydroxidenitrate growth, preventing the

aggregation during the growth process and electrochemical test.

Previous work revealed that nickel hydroxidenitrate tends to

grow into microsized spheres at conventional aqueous condi-

tions.23 Our further experiment show that the nickel hydro-

xidenitrate film cannot grow directly on the SS foil without the

ZnO array even under the same condition (Fig. S5, ESIw). Thus,
ZnO presents an efficient template for hierarchical hybrid array

growth. Its hydrophilic surface26 is believed to have a good

affinity to Ni2+, which can hydrolyze under hydrothermal

conditions and lead to heterogeneous nucleation and growth

of the hydrotalcite-like nickel hydroxide structure intercalated

with the NO3
� group. The 2D flake morphology develops

naturally due to the layered crystallographic habit and the

thin thickness is ensured by using low Ni2+ concentration.

Benefiting from the nanowire scaffolding, the electrolyte can

penetrate into the whole electrode film in which the edge planes

of each flake are highly exposed and accessible by OH�. This is

in distinct contrast to the case in powder films in which many of

the nanoflake edges are hindered by organic binders. (ii) The

single-crystalline ZnO nanowire array bridges nickel hydroxide-

nitrate with the current collector, providing a 1D direct

pathway for electron transport. The intimate binding between

individual nanoflakes and underlying nanowires guarantees

rapid electron transfer, which does not happen in the case of

films of flake powders. This feature, combined with the ultrafast

ion diffusion, is key to high SCs, and responsible for the good

cycleability and excellent rate capability observed in our work.

(iii) As each individual flake is connected to the single-

crystalline ZnO nanowire, the need for binders or conducting

additives, which add extra contact resistance or weight, is

eliminated. Nevertheless, the possible corrosion in basic solu-

tion may be one drawback of ZnO and should be considered for

longer cycling than 8000 times.

To conclude, we have presented a new and cheap pseudo-

capacitor electrode material consisting of nickel hydroxide-

nitrate ultrathin nanoflakes directly anchored on ZnO

nanowire arrays for electrochemical energy storage.

This work is partially supported by the Clean Energy

Research Program (CERP, NRF2009EWT-CERP001-036).
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Fig. 4 Cycling performance of the hybrid array electrode.
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