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ABSTRACT

Microwave heating has been widely used to enhance the fabricating rate of

nanomaterials in the past few decades. However, the application of interaction

between microwave and chemical reaction in tuning nanomaterials morphology

is yet to be explored, while strategies to manipulate material nanostructures are

of great importance for enhanced function. In this work, we demonstrate the

potential of microwave in tuning the morphology of nanostructured NiCo DHs

by accurate temperature control through the precise design of microwave

reacting system. We find that 200-W microwave irradiation gives yield to

unique flower-on-sheet hierarchical structure of NiCo DHs, while microspheres

are derived from oil-bath heating. Microwave power is found to play a vital role

in the tuning process. When microwave power decreases to 50 W, assembled

nanoflakes are obtained; when microwave power increases to 300 W, micro-

spheres are obtained. Further, fluid permittivity is monitored and field intensity

in the reacting region is simulated and found to increase with time. Taken

together, it is proposed that field-induced de-solvation possibly exists and is the

main tuning mechanism. When tested as electrode materials in supercapacitor,

products obtained from 200 W microwave treatment show enhanced storage

capacities, especially at high current density.

Introduction

Controllable fabrication of hierarchical nanostruc-

tures has received intensive research interest during

the past decades due to its crucial impact on

performance of functional nanomaterials in various

areas such as energy storage [1, 2], catalysis [3, 4],

sensor [5, 6]. Up to now, much effort has been

devoted to synthesize various hierarchical nanos-

tructures with enhanced performance, such as

nanochains [7, 8], nanosheets [9, 10], hollow
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microspheres [11, 12], inter-connected 3D network

[13, 14]. Generally, templates [15, 16] and surfactants

[17, 18] are effective strategies to direct the formation

of different nanostructures, which usually involve

either tedious template removing process or envi-

ronmental-unfriendly chemical reagents. More

importantly, there are some cases in which surfac-

tants are not desirable due to the consequent carbon

derived from their decomposition. Therefore, tuning

the morphology of nanomaterials in a simple and

green way without the use of any template or sur-

factant is highly desired, but yet remains challenging.

Microwaves (MW) are electromagnetic waves with

frequencies ranging from 0.3 to 300 GHz, which can

heat materials via dielectric loss other than heat

convection as in the conventional heating process.

This unique heating mechanism brings great advan-

tages in nanomaterials preparation such as reducing

the synthesis time (e.g., from hours or even days to

minutes), facilitating formation of nanoparticles with

smaller size and more homogeneous size distribu-

tion, enhancing the yield [19–24]. As such, with the

demand for green chemistry in both academia and

industry, microwave heating is emerging as a

promising heat source and has been widely applied

in synthesis of functional nanomaterials [25, 26]. In

particular, microwave heating has shown special

benefit for fabrication of electrode nanomaterials with

enhanced performance [27–30]. For example, Yan

et al. [31] reported microwave-assisted preparation of

LiCoO2 in 5 min, which gave yield to LiCoO2

nanoparticles with one-tenth diameter of those pre-

pared by conventional heating method, thus

exhibiting superior lithium storage capability. Liu

et al. [32] demonstrated that microwave heating can

hinder the formation of LiMnO2 or LiMn2O3, thus

favorable for getting LiMn2O4 with higher purity for

high-performance lithium storage. However, most of

these systems focused on effect of microwave on

particle size or phase purity, etc.; effect of microwave

on hierarchical nanostructure of electrode materials is

yet to be demonstrated.

In this work, through the precise design of micro-

wave reaction system, we report microwave-power-

enabled tuning of nickel cobalt double hydroxides

(NiCo DHs) hierarchical nanostructures. As typical

2D materials, NiCo DHs have attracted much atten-

tion for application as high-performance electrode

materials in supercapacitors or as precursors for

preparation of 2D nickel cobalt oxides for

lithium/sodium ion batteries [33–35]. We demon-

strated that unique NiCo DHs nanoflower-on-sheet

hierarchical structures were obtained when 200-W

microwave irradiation was applied, while micro-

spheres composed of nanosheets were derived from

oil bath with the same temperature program. When

the microwave power was adjusted to 50 W and

300 W, the nanostructure was tuned to assembled

nanoflakes and microspheres, respectively. De-sol-

vent effect that resulted from microwave-field-in-

duced vigorous vibration of polar molecules was

proposed to play key roles in the controllable syn-

thesis. When tested as electrode materials in super-

capacitor, the flower-on-sheet nanostructure showed

enhanced energy storage capacities.

Experimental

Materials

All the chemicals were purchased from Aladdin

Chemical Corporation, and of analytical grade.

Method

Synthesis of NiCo DH hierarchical nanostructure

In a typical procedure, 4.8 mmol of Co(NO3)2 and

2.4 mmol Ni(NO3)2 were dissolved in 72 mL DI

water, to which 48 mL EG was added. The mixture

was stirred vigorously for 30 min, and placed in a

self-designed microwave chemical reaction system.

The microwave heating chamber was equipped with

a microwave solid-state oscillator as the microwave

power source and a fiber optic thermometer to mea-

sure the system temperature. Urea was added when

the solution temperature reached 100 �C. Afterward,

the mixture was exposed to microwave irradiation

for 30 min at a power output of 50 W, 200 W, 300 W,

respectively. The system temperature was regulated

within 100 ± 0.3 �C by circulating cooling oil that is

transparent to microwave. Following the heat treat-

ment, the precipitation was harvested, washed by DI

water and ethanol for several times. The final prod-

ucts were dried in a vacuum at 60 �C for 24 h to

obtain the NiCo DH (named as NiCo DH-50 MW,

NiCo DH-200 MW, NiCo DH-300 MW, respectively)

powders for characterization and electrochemical

measurement. For comparison, oil-bath experiment
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was done with the same recipe and under the same

heating program with 200-W microwave irradiation.

The product was designated as NiCo DH-OB.

Materials characterization

The morphologies of the products were examined

under a field emission scanning electron microscopy

(FESEM, Hitachi, S3400, Japan) and a high-resolution

transmission electron microscopy (HRTEM, JEOL,

JEM-2010, Japan). X-ray diffraction on a diffrac-

tometer (XRD, Haoyuan, DX-2700, China) using Cu

Ka radiation at 40 kV and 30 mA was used to char-

acterize the crystalline structure of NiCo DH sam-

ples. The Brunauer–Emmett–Teller (BET) surface area

was determined from N2 adsorption/desorption

isotherm at 77 K using an automated surface area &

pore size analyzer (Quantachrome NOVA 1000e

apparatus).

Permittivity measurement and field simulation

The permittivity of the reaction fluid under different

reaction times was measured by the transmission

reflection method. Firstly, S11 and S21 values were

obtained from power meters. Afterward, permittivity

was deduced from S11 and S21 values based on neural

network, which were further applied to calculate

electromagnetic field distribution in the fluid during

multi-physical fields simulation.

Electrochemical measurements

The electrochemical tests were conducted on a CHI

660E electrochemical workstation (Shanghai Chen-

hua Instrument Co, China) under a three-electrode

configuration with a saturated Hg/HgO electrode as

the reference electrode, and a graphite rod as the

counter electrode in 6 M KOH aqueous solution. The

working electrode was fabricated by mixing NiCo

DH, acetylene black and poly (vinyldifluoride) in N-

methylpyrrolidinone at a weight ratio of 8:1:1. The

mixture was loaded on the Ni foam substrate

(1 cm 9 1 cm) and dried at 60 �C for 24 h. Then, the

electrode was pressed under 10 MPa for 30 s. The

mass loading of active material was around 3.8 mg.

The specific capacitance (SC) was calculated from the

galvanostatic charge–discharge curves as follows:

C ¼ IDt
DVm

where C, I, Dt, DV and m are the SC (F g-1), the dis-

charge current (A), the discharge time (s), the dis-

charge potential range (V), and the mass of the active

material (g), respectively. The electrochemical impe-

dance spectroscopy (EIS) measurement was taken at

open-circuit potential with a frequency range from

0.01 to 100 kHz, and an alternating current voltage of

5 mv amplitude.

Results and discussion

To study the specific effect of microwave on the

hierarchical structure of nanomaterials, temperature

difference between reactions under microwave heat-

ing and oil bath should be avoided. Therefore, a self-

made microwave chemical reaction system was

applied for the synthesis, whose illustrating

scheme is shown in Fig. 1a. Generally, this micro-

wave reaction system has the following advantages.

Firstly, microwave solid-state oscillator was used as

the microwave source instead of magnetron, enabling

precise control of stable microwave power and fre-

quency output during the whole reacting period,

which is highly desirable for investigating the

mechanism of microwave-enhanced synthesis. Sec-

ondly, it is known that the performance of commonly

used thermometers such as thermocouple ther-

mometer would be influenced by microwave field

thus not suitable for temperature measurement under

microwave field. Hence, herein a fiber optic ther-

mometer was applied to measure the temperature

with higher accuracy. Thirdly, circulating cooling oil

that is transparent to microwave is introduced as a

new strategy to control the system temperature other

than tuning the microwave output power or work-

ing/resting time [21, 36]. As such, continuous

microwave irradiation at constant power and con-

stant reacting temperature was realized at the same

time. Due to the subtle design of microwave reaction

system, the temperature curves of samples exposed

to microwave heating at 200 W and oil bath could be

regulated to be almost the same, with data shown in

Fig. 1b.

After reacting for 30 min, precipitations were har-

vested from both microwave reaction system and oil-

bath reaction system. The yields were measured to be

of no significance difference, indicating that micro-

wave irradiation did not enhance the reacting rate.
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Figure 2 shows the XRD spectra of the as-synthesized

products. Characteristic peaks located at 12.1�, 24.5�,
33.1� and 59� corresponding to the (003), (006), (101)

and (110) diffraction planes of a-phase NiCo DH

were observed, indicating well-crystalized a-phase
NiCo DH were obtained, named as NiCo DH-

200 MW and NiCo DH-OB, respectively [12, 37].

Their morphologies were examined under FESEM

and TEM, with results of NiCo DH-OB shown in

Fig. 3a–c and results of NiCo DH-200 MW shown in

Fig. 3d–f. Obviously, the morphologies of the two

samples were totally different though the tempera-

ture programs in both reacting systems were the

same. Oil-bath method gave yield to NiCo DH-ag-

gregated microspheres composed of nanosheets,

which were like the morphologies of other NiCo DHs

derived from microwave synthetic methods reported

in the literature [38, 39]. Surprisingly, NiCo DH

obtained from 200-W microwave irradiation was

well-dispersed nanoflowers with diameter around

200–300 nm anchored on nanosheets of around

2–3 lm width. The surface areas of the NiCo DH-OB

and NiCo DH-200 MW were determined to be 32 and

57 m2 g-1, respectively, with pore size distributions

of both being centered at 4 nm (see BET data in the

supporting information, Fig. S1). The unique flower-

on-sheet hierarchical nanostructure combines the

advantages of 2D nanostructure and 3D nanostruc-

ture. The 2D nanosheets facilitate large surface area

and continuous electron transportation path, while

the 3D nanoflowers that anchored on the 2D

nanosheets could effectively prevent their aggrega-

tion, which were both very desirable for electrode

materials to show high storage capacity and good

stability.

Subsequently, to study the mechanism for micro-

wave-enabled tuning of NiCo DH nanostructure,

products harvested after reaction for 10 min were

examined under FESEM and TEM firstly. As shown

in Fig. 4 well-dispersed nanosheets were obtained

under 200-W microwave irradiation after 10 min,

while assembled nanosheet clusters were obtained in

oil-bath system under the same temperature condi-

tion, suggesting that microwave field played a vital

role in dispersing the NiCo DH nuclei at the initial

reaction stage. As known, under microwave field,

water molecules vibrated more vigorously than EG

molecules due to their higher polarity and smaller

weight. Attributed to this vigorous vibration, certain

water molecules would be removed from the nuclei

Figure 1 a Schematic illustration of the self-made microwave heating chamber; b sample temperature curves under microwave heating at

200 W and oil bath.

Figure 2 XRD spectra of the products obtained from different

microwave power irradiations and oil baths, respectively.
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and replaced by EG molecules, causing decrease in

hydrophobic force between nuclei and preventing

hydrophobic aggregation. Secondly, effect of micro-

wave power was investigated. Figure 5 shows

FESEM images and TEM images of NiCo DHs har-

vested from 50 W microwave irradiation and 300 W

microwave irradiation after reaction for 30 min,

respectively. As can be seen, the flower-on-sheet

Figure 3 FESEM (a, b, d, e) and TEM (c, f) images of the as-synthesized NiCo DHs harvested from oil-bath method (a–c) and 200-W

microwave irradiation (d–f), respectively.

Figure 4 FESEM images of

NiCo DHs harvested after

reaction for 10-min oil-bath

heating (a, b) or under 200 W

microwave heating (c, d).
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nanostructure as obtained from 200 W microwave

radiation was not observed. Instead, nanoflakes for

50 W microwave treatment and assembled micro-

spheres for 300 W microwave treatment were

obtained. This indicated that microwave power was

crucial for the fabrication of the unique flower-on-

sheet nanostructure; low microwave intensity was

responsible for the formation of 2D nanosheets, and

high microwave intensity caused the formation of

assembled 3D flower. It is probably that under higher

microwave power (e.g., 300 W), both water and EG

molecules were partly removed from nuclei, leading

to nuclei aggregation. Thirdly, field intensity in fluid

area during the reaction was monitored. Permittivity

values of the reacting fluid at different reaction times

were measured, with data shown in Table S1. As the

reaction went on, tangent loss value decreased due to

the larger decrease in real-part value than imaginary-

part value, indicating decreasing microwave

absorption, which further resulted in increased field

intensity in the fluid area during reaction, as shown

in Fig. 6. The average and maximum electric field

intensities at different reaction times under different

microwave powers are shown in Table S2 (see sup-

porting information). At the initial stage (t = 0 min),

for microwave irradiation at 50 W, 200 W and 300 W,

the average electric filed intensities were 321, 642 and

786 V/m, respectively. After reaction for 20 min

(t = 20 min), the values increased to 413, 826 and

1012 V/m, respectively. It is worth to note that the

field intensity under 200-W microwave irradiation at

t = 20 min was higher than that under 300 W at

t = 0 min, leading to the initiation of flower growing

on the 2D sheets.

Taken together, the mechanism for microwave-

enabled nanostructure tuning is proposed as follows,

with diagram shown in Fig. 7. In the absence of

microwave, since the ratio of water to EG was 6:4,

water overwhelmed in the solvation layer around

NiCo DHs nuclei, resulting in nuclei aggregation

driven by hydrophobic force. After further orientated

attachment growth, NiCo DHs microspheres com-

posed of nanosheets were obtained. However, when

microwave was introduced, de-solvation would

happen as both water and EG molecules are polar

which would vibrate vigorously with the alternating

microwave field. In the case of microwave irradiation

at 50 W and 200 W, water molecules were partially

removed, while the power was not strong enough to

remove EG molecules. This facilitated the formation

of a new solvation layer containing more EG than

water, dispersing the NiCo DHs nuclei and causing

the formation of 2D nanosheets after oriented

attachment growth. However, generation of NiCo

DHs brought an increase in microwave power

intensity in the reacting fluid area Thereby, de-EG

started to happen leading to the formation of bare

Figure 5 FESEM (a, b, d, e) and TEM (c, f) images of the as-synthesized NiCo DHs harvested from 50 W microwave irradiation

(a–c) and 300 W microwave irradiation (d–f), respectively.
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spots on the NiCo DHs 2D nanosheets, where for-

mation of nanoflower clusters was initiated.

Further, the as-synthesized NiCo DH-OB and NiCo

DH-200 MW were applied as electrode materials in

supercapacitors as a proof of concept. Figure 8a

Figure 6 Field strength

distribution in the reaction

system under different

microwave powers and

reaction times: a electric field;

b magnetic field.

Figure 7 Reaction mechanism of oil bath and microwave assistant.
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shows the Nyquist plots for NiCo DH-200 MW and

NiCo DH-OB. As can be seen, slope for NiCo DH-

200 MW presented no significant difference with that

for NiCo DH-OB, indicating similar ion diffusion

speeds which were probably due to similar pore size

distribution. Inset of Fig. 8a shows that the diameter

of the semicircle for NiCo DH-200 MW was slightly

smaller than that of NiCo DH-OB, suggesting smaller

charge transfer resistance of NiCo DH-200 MW. Also,

the intersection of the Nyquist plot with horizontal

axis was smaller for NiCo DH-200 MW than NiCo

DH-OB, implying the smaller solution resistance and

equivalent series resistance [40]. Figure 8b shows the

specific capacity values of both samples at different

current densities. As can be seen, NiCo DH-200 MW

exhibited higher specific capacity at all current den-

sities. At a current density of 10 A g-1, NiCo DH-

200 MW showed a value of 1067 F g-1, which is

about 10% higher than 989 F g-1 for NiCo DH-OB.

As the current density increased to 50 A g-1, the

specific capacity value of NiCo DH-OB decreased

significantly to 400 F g-1, while the value of NiCo

DH-200 MW was 50% higher (615 F g-1), indicating

that the microwave-enabled synthesis of flower-on-

sheet nanostructure was extremely favorable for

energy storage at high current density. The capaci-

tance values of the product are inferior to those of

some reported NiCo DHs, which could probably be

attributed to the lower Ni/Co ratio and the higher

loading of active material (3.8 mg cm-2 compared to

* 2.0 mg cm-2 usually loaded by others) [41, 42].

However, it still shows comparable or even slightly

higher storage capacitance than many reported Ni1-
Co1 DH and Ni1Co2 DH, even though the loading of

Ni1Co2 DH in this work is relatively high, indicating

the superiority of the unique flower-on-sheet

nanostructure [12, 37, 41]. It is likely that the 2D

substrate ensured a more directed electron transport,

while the 3D nanoflower clusters prevented the

aggregation of the nanosheets facilitating sufficient

interfacial contact between the electrode materials

and the electrolyte ions as indicated by the BET

results and the Nyquist plot; both factors led to

enhanced rate capability. Afterward, the cycling sta-

bility of the two samples was examined as shown in

Fig. 8c. After 1000 cycles, a capacity retention of 101%

and 104% was achieved for NiCo DH-200 MW and

NiCo DH-OB, respectively, demonstrating superior

stability of both architectures. Based on the above, it

can be concluded that microwave field was success-

fully applied to tune the morphology of NiCo DHs

nanostructure to get enhanced energy storage

performance.

Conclusion

In this work, we showed a microwave-enabled tun-

ing of NiCo DH morphologies. Unique flower-on-

sheet nanostructure of NiCo DH was obtained under

certain power of microwave irradiation, while the oil-

bath method gave yield to microspheres under the

same temperature program. Microwave field inten-

sity and its variation as reaction carried on are key

factors in facilitating the formation of the unique

nanostructure. When tested as electrode materials in

supercapacitor, the NiCo DH flower-on-sheet

nanostructure exhibited enhanced specific capacities,

especially at high current density.

Figure 8 Electrochemical performance of as-synthesized NiCo DH-OB and NiCo DH-200 MW as electrode materials in supercapacitor:

a the Nyquist plot; b the rate capability from 1 to 50 A g-1; c stability test at 10 A g-1.
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