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In this paper, a novel core-shell structured Fe3O4@C@Ni-Al LDH composite containing carbon-coated 

Fe3O4 magnetic core and a layered double hydroxide (LDH) had been successfully prepared by a 

combination of the hydrothermal method and a facile in situ growth process. The Fe3O4@C@Ni-Al LDH 

microspheres were characterized by X-ray diffraction (XRD), scanning and transmission electron 

microscopy (SEM and TEM), high-resolution transmission electron microscopy (HRTEM), Fourier 10 

transformed infrared (FT-IR), X-ray photoelectron spectra (XPS), and N2 adsorption/desorption methods. 

Owing to the unique layered feature, the composite displays core-shell structure with flower-like 

morphology, ultra high surface area (792 m2/g) and specific pore size distribution. Moreover, the as-

synthesized Fe3O4@C@Ni-Al LDH microsphere as an electrode material was fabricated into a 

supercapacitor and characterized by cyclic voltammetry (CV), electrochemical impedance spectroscopy 15 

(EIS), and galvanostatic charge-discharge measurements. It turned out that the Fe3O4@C@Ni-Al LDH 

exhibits specific capacitance of 767.6 F/g, good rate capability, and remarkable cycling stability (92% 

after 1000 cycling). Therefore, such novel synthetic route to assemble the high-performance 

electrochemical capacitor may open a new strategy to prepare other materials with largely enhanced 

electrochemical property, which can be of great promise in energy storage device applications. 20 

1. Introduction 

Considering the increasing energy and environmental demands, 

energy storage device with sustainable, renewable and efficient 

properties has become a pressingly essential need in both 

scientific and technological area.1–5 Electrochemical capacitors 25 

(ECs, also known as supercapacitors or ultracapacitor), which are 

considered as a promising candidate to power the next generation 

of energy storage device,6–8 have been widely investigated to 

meet the increasing requirements owing to their high power 

density, long cycling life and high rate capacity compared to 30 

secondary batteries.9–11 On the basis of the energy storage 

mechanism, there are three major types of electrode materials 

reported for ECs: carbonaceous materials, metal 

oxides/hydroxides, and conduction polymers. Among them, 

transition metal oxides, the typical pseudocapacitive materials 35 

such as RuO2,
12 Co3O4

13 and some kinds of amorphous hydrated, 
14–16 have been explored to be excellent electrode because of their 

ideal pseudocapacitive behaviours and good reversibility. 

However, the applications have been hindered due to high costs 

and environmental toxicity. Thereby, it is obvious that alternative 40 

transition metal oxide with low cost, common and environmental 

properties is more suitable for the development of metal 

oxides/hydroxides supercapacitors. 

As a kind of desirable pseudocapacitive material which has 

advantages of low cost, natural abundance and low environment 45 

impact, Fe3O4 has been extensively studied as alternative 

electrode material for supercapacitors.17–21 It also has a relatively 

high theoretical Li storage capacity,22,23 suggesting Fe3O4 can 

offer high pseudo charge capacitance through redox reaction. To 

extend the use of Fe3O4 in the area of electrochemistry, several 50 

techniques have been employed to prepare Fe3O4 with controlled 

morphologies and structures,24–26 including electroplating,27 

hydrothermal,20,28 the sol–gel route17 and microwave method.29 

Nevertheless, low surface area and gravimetric capacitance of 

Fe3O4 particles, which results from its high material density and 55 

mild redox reaction with ions in electrolyte, restrict their 

application as electrode of supercapacitor.17,30–32 Despite the 

disappointing gravimetric capacitance, Fe3O4 can be exploited 

with considerable areal capacitance through some surface 

modification and coating procedure to address the shortcomings 60 

mentioned above.  

Carbon modifications, especially carbon coating process have 

been frequently employed in electrochemical capacitors.33–35 

Compared with composites incorporated with one-dimensional 

carbon nanotubes or carbon nanofibers, carbon-coating is facile, 65 

cost-effective and environment-friendly. Moreover, the 

advantages of high surface availability, good electrical 

conductivity and excellent chemical stability of carbon layer can 

significantly enhance the electronic conductivity of the electrode 

materials and increase the surface area of electrode so as to allow 70 

more sites for charge storage, which results in high 

electrochemical performance.1, 36–39 
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Scheme 1 Schematic illustration for preparation of Fe3O4@C@Ni-Al 

LDH microspheres. 10 

Meanwhile, layered double hydroxides, especially Ni-Al LDH 

have been widely used in catalysis, anion exchange, acid 

absorbents, electrode for electrochemical sensors and alkaline 

secondary batteries due to their large-area uniform films.40–44 The 

structure of Ni-Al LDH contains positively charged host layers 15 

with two kinds of metallic cations and exchangeable hydrated 

anions located in the interlayer gallery for charge balance. And 

Ni-Al LDH has been explored as electrode material of ECs due to 

its low cost, high pseudocapacitance, long cycle life and high 

oxidization potential.45–48 The improvement of specific 20 

capacitance and high rate capability of Ni-Al LDH modificatory 

composites are mainly ascribed to the specific nanostructure with 

large surface area, which offers effective diffusion channels for 

the electrolyte ions (OH−).49–54 What’s more, the abundant 

mesopores in Ni-Al LDH structure can act as an “ion reservoir”, 25 

which guarantees a steady supply of OH− ions as well as high 

current density of the faradic reaction for energy storage just like 

the carbon layer.55–57 Therefore, it makes great significance for 

combining carbon coating layers and LDH to improve the 

electrochemical performance. 30 

Motivated by the above analysis, we present a facile and 

efficient method to synthesize Fe3O4@C@Ni-Al LDH through 

carbon coating process and an in situ growth technique, which 

was depicted in Scheme 1. Fe3O4@C microspheres with good 

electrochemical property are prepared via hydrothermal reaction 35 

and subsequent calcination under high-purity Ar procedure. The 

modification of carbon layer plays an important role in the 

preparation of the sample and the connection between Fe3O4 and 

Ni-Al LDH for enhancing electrochemical property. On one hand, 

carbon layer can provide a support for anchoring LDH layer. On 40 

the other hand, porous carbon has excellent electrical 

conductivity and can offer better access for electrolyte into the 

entire structure. In the process of LDH coating, it is noteworthy 

that the use of in situ growth method enables LDH nanoplatelets 

to adhere on the surface of the Fe3O4@C core strongly, and the 45 

emerging of the mesopores on LDH surface can initiate a more 

reversible faradic redox reaction, which plays a key role in 

enhancing pseudocapacitance property. With the elegant 

combination of the carbon and Ni-Al LDH layers, the 

microspheres can not only improve the conductivity of Fe3O4, but 50 

also avoid the loss of cyclability during repetitive incorporation 

extraction processes. As a result, the Fe3O4@C@Ni-Al LDH 

composite gives a maximum specific capacitance of 767.6 F/g, 

much higher than that of pure Fe3O4 reported before. In addition, 

this composite exhibits high cycle performance and good rate 55 

capability. This novel modification route towards Fe3O4 is a 

convenient and potential way for producing a secondary 

emerging material, which is expected to be applicable in 

fabrication of other metal oxide supercapacitors materials. 

2. Experimental section 60 

2.1. Synthesis 

Synthesis of Fe3O4 microspheres. The Fe3O4 microspheres were 

prepared according to the previous report.58 Briefly, 2.70 g of 

FeCl3·6H2O and 7.20 g of sodium acetate were dissolved in 100 

mL of ethylene glycol to form a clear solution under magnetic 65 

stirring. Afterwards, the mixture was stirred vigorously for 30 

min, then sealed in a Teflon-lined stainless-steel autoclave and 

heated at 200 °C for 20 h. After the autoclave was cooling down 

to room temperature, the resulting black magnetite particles were 

washed several times with ethanol and dried in vacuum at 60 °C 70 

for 6 h. 

Synthesis of Fe3O4@C microspheres. 0.2 g of magnetic 

microspheres was ultrasonicated for 10 min in 0.1 M HNO3, 

followed by washing with deionized water. Then, the treated 

Fe3O4 microspheres were introduced in 0.5 M aqueous glucose 75 

solution and ultrasonicated for another 10 min. Then the resulting 

black suspension was transferred to autoclaves, kept at 190 °C for 

12 h, and cooled to room temperature. The obtained microspheres 

were withdrew with the help of a magnet and washed with 

deionized water. After the mixture vacuum-dried at room 80 

temperature, a certain amount of as-obtained powder was loaded 

into a tube furnace and heated under high-purity Ar at 600 °C for 

4 h. 

Synthesis of Fe3O4@C@Ni-Al LDH microspheres. 

Fe3O4@C@AlOOH microspheres were formed through a layer-85 

by-layer (LBL) deposition process. And the preparation of 

AlOOH primer sol by sol–gel method has been described 

previously.40 Firstly, Fe3O4@C microspheres were dispersed in 

the AlOOH primer sol with vigorous agitation for 1.5 h. The 

obtained Fe3O4@C@AlOOH was withdrawn with a bar magnet 90 

and washed with ethanol. The resulting Fe3O4@C@AlOOH was 

dried in air for 30 min. The whole process (dispersion, 

withdrawing, and drying) was repeated ten times. 

Subsequently, 0.01 mol of Ni(NO3)2·6H2O and 0.015 mol of 

urea were dissolved in 70 mL of deionized water to form a 95 

solution. Fe3O4@C@AlOOH (0.2 g) was placed in the above 

solution in an autoclave at 100 °C for 48 h. Finally, the resulting 

Fe3O4@C@Ni-Al LDH microspheres were separated by a 

magnet, washed several times with ethanol, and dried in vacuum 

at 60 °C for 12 h. 100 

2.2. Characterization 

X-ray diffraction (XRD) was obtained in the 2θ range of 10–80°C 

using a Rigaku-Dmax 2500 diffractometer with Cu Kα radiation 

(λ = 0.15405 nm). The X-ray photoelectron spectra (XPS) were 

recording on a VG ESCALAB MK II electron energy 105 

spectrometer using Mg KR (1253.6 eV) as the X-ray excitation 

source. Fourier transform IR (FT-IR) spectra were measured on a 

PerkinElmer 580B IR spectrophotometer using KBr pellet 

technique. SEM images were obtained from a field emission 

scanning electron. TEM was carried out from a FEI Tecnai G2 S-110 

Twin transmission electron microscope with a field emission gun 

operating at 200 kV elucidate the dimensions and the structural 

details of the particles. N2 adsorption/desorption isotherm was 

performed at 77 K using a Micromeritics Tristar 30s0M 

instrument. The specific surface areas were determined by the 115 

Brunauer-Emmett-Teller (BET) method and the pore size  
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Fig. 1 XRD patterns of Fe3O4 (A), Fe3O4@C (B), Fe3O4@C@AlOOH (C) 

and Fe3O4@C@Ni-Al LDH  (D). 

distributions were calculated using Barret-Joyner-Halenda (BJH) 

method. All of the measurements were performed at room 20 

temperature. 

2.3. Electrode preparation and electrochemical 
characterization 

The as-prepared Fe3O4@C@Ni-Al LDH microspheres, acetylene 

black and polyvinylidene difluoride (PVDF) were mixed in a 25 

mass ratio of 80: 15: 5 and dispersed in ethanol to form slurry. 

Then the resulting mixture was coated on a piece of nickel foam 

current collector (1.0 cm × 1.0 cm) with a spatula, which was 

followed by drying at 90 °C for 12 h in a vacuum oven. 

Electrochemical measurements were conducted in a three-30 

electrode arrangement in 6 M KOH electrolyte. A bright Pt 

plateand Hg/HgO electrode was used as the counter electrode and 

out on a CHI666D electrochemical workstation at room 

temperature. 

3. Results and discussion 35 

3.1. Material characterization 

To clarify the structure of the composites, XRD experiments were 

carried out. Fig. 1 shows the XRD patterns of Fe3O4, Fe3O4@C, 

Fe3O4@C@AlOOH, and Fe3O4@C@Ni-Al LDH composite, 

respectively. The diffraction peaks in curve A can be indexed to 40 

cubic Fe3O4 phase (JCPDS No. 19–0629). After coating with 

carbon layer, the diffraction pattern shows that Fe3O4@C 

microspheres have similar diffraction peaks to those of Fe3O4 

except for a weak broad peak assigned to amorphous carbon, 

suggesting that the magnetic cores are well retained in the carbon 45 

shell, which is accordance with the following TEM results (Fig. 

3E). The XRD pattern of the Fe3O4@C@AlOOH microspheres is 

much similar to that of Fe3O4@C, showing the amorphous nature 

of the AlOOH coating. As for Fe3O4@C@Ni-Al LDH, besides 

the obvious diffraction peaks of Fe3O4 phase, the typical 50 

reflections of Ni-Al LDH phase (JCPDS No. 48–0593) marked 

with � of (003), (006), (012), and (110) planes can be observed 

clearly. The obvious diffraction peaks of LDH material suggest 

the highly crystallinity and successful coating of Ni-Al LDH. 
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Fig. 2 FT-IR spectra (A) for Fe3O4 (a), Fe3O4@C (b), and Fe3O4@C@Ni-

Al LDH composite (c); XPS survey spectrum (B), Ni 2p (C) and C 1s (D) 75 

spectra of Fe3O4@C@Ni-Al LDH composite.  

Fig. 2A displays the FT-IR spectra of Fe3O4, Fe3O4@C and 

Fe3O4@C@Ni-Al LDH ranging from 4000 to 400 cm–1. In the 

spectrum of Fe3O4 powder, a peak at 580 cm−1 is assigned to the 

Fe−O bond vibration. For Fe3O4@C in curve b, the bands C=O 80 

(carboxylic acid) at 1718 cm–1 and C=C at 1617 cm–1 are the 

characteristic features of graphite oxide, resulting from the 

carbonization of glucose during hydrothermal reaction and 

calcination process. After a LBL deposition process followed by 

an in situ growth technique, successful formation of Ni-Al LDH 85 

has been confirmed by the presence of the bands at 1389 and 831 

cm–1, which are the vibration of CO3
2− corresponding to the 

interlayer anion of layered Ni-Al LDH. Meanwhile, the broad 

peak centred at 3469 cm–1 is attributed to the O–H stretching 

vibration of water molecules in the interlayer and hydrogen-90 

bonded OH groups, accompanied with the bendingmode at 1611 

cm–1.  In order to further characterize the formation of carbon and 

Ni-Al LDH layer, the composition of Fe3O4@C@Ni-Al LDH 

was analyzed by XPS. Fig. 2B displays the survey spectrum of 

Fe3O4@C@Ni-Al LDH, in which the peaks of Ni 2p (amplified 95 

lines in Fig. 2C) and Al 2p are obviously observed, suggesting  
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Fig. 3 SEM and TEM images of Fe3O4 (A, D), Fe3O4@C (B, E), 110 

Fe3O4@C@AlOOH composite  (C, F). Insets are their corresponding 

SAED images and enlarged TEM images. 
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Fig. 4 SEM image (A), TEM image (B), EDS (c) and HRTEM image of 25 

Fe3O4@C@Ni-Al LDH composite. Insets in panel A, B and D are their 

corresponding enlarged images and SAED image. 

the formation of Ni-Al LDH layer. From the fine spectrum of Ni 

2p (Fig. 2c), the valence state of element Ni can be verified to be 

+2. By using a Gaussian fitting of the sp2 hybridised carbon 30 

atoms (C–C), which can further confirm the formation of carbon 

layer with graphite oxide character.19,59 Fig. 3 display the 

respective SEM image of Fe3O4, Fe3O4@C and 

Fe3O4@C@AlOOH composites, which all exhibit a well-

dispersed and near-spherical morphology without significant 35 

change, indicating the uniform outer coating layer. TEM image 

shows that the Fe3O4 particles possess a rough surface and have 

an average diameter of 350 nm (inset, Fig. 3D). After coating a 

carbon layer, the as-obtained Fe3O4@C microspheres exhibit a 

relative smooth surface with a thin layer about 3–5 nm (inset, Fig. 40 

3E). The selected area electron diffraction (SAED) pattern (insets 

in Fig. 3A, B and C)  reveals that these particles are magnetite 

Fe3O4 with a face-centered cubic crystal structure and carbon 

layer and AlOOH are amorphous. From the lattice fringes in the 

core is obvious, and the distance between adjacent lattice fringes 45 

(marked by the arrows) is 0.30 nm which is corresponding to the 

d220 spacing of cubic phased Fe3O4 (JCPDS No. 19–0629). The 

results provide the experimental proof that Fe3O4 core has 

successfully been encapsulated in the carbon shell. After further 

coating of AlOOH layer, the layer thickness of the as-prepared 50 

product is increased to 15 nm (inset, Fig. 3F), indicating the 

uniform coating after LBL deposition process. 

The representative SEM image of as-prepared flower-like 

Fe3O4@C@Ni-Al LDH are shown in Fig. 4A. After an in situ 

growth reaction between AlOOH and Ni2+ salt, the surface of 55 

Fe3O4@C was coated by a uniform Ni-Al LDH shell. The high 

magnification image of an individual microsphere (inset, Fig. 4A) 

verifies that the flower-like LDH is self-assembled by small 

nanopetals. In the TEM image (Fig. 4B), a compact core and the 

exterior flower-like hierarchical microstructure demonstrate that 60 

Ni-Al LDH shell is composed of abundant randomly assembled  
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Fig. 5 N2 sorption isotherms and pore size distribution (inset) of 

Fe3O4@C@Ni-Al LDH composite. 

irregular-shaped nanopetals with a thickness of about 80 nm. And 

it makes more sense that the nanopetals are interconnected with 

each other, which is necessary to energy storage performance. On 80 

the one hand, the relative high density of center thereby ensures 

good electrical conductivity for updating electrochemical 

property. On the other hand, the unique loose feature of the Ni-Al 

LDH on the surface of Fe3O4@C can increase the external 

surface of the microspheres so as to make more electrical contact 85 

with the current collector, which is beneficial for higher charge 

transfer kinetics and an improvement of electrochemical capacity. 

The HRTEM image in Fig. 4D reveals the obvious lattice image 

obtained at the edge of the particle. The typical lattice fringe 

spacing is determined to be 0.24 nm, which is consistent with the 90 

(012) plane of a Ni-Al LDH phase. The selected area electron 

diffraction (SAED) pattern exibits obvious hexagonally arranged 

spots of Fe3O4,  while the pattern of  Ni-Al LDH can not be seen 

due to the low crystallinity compared to Fe3O4. In EDS spectrum, 

the existence of Fe, Al, Ni, C, and O elements can further confirm 95 

the formation of the carbon shell and Ni-Al LDH flowerlike 

nanopetals on Fe3O4@C microspheres. It is worth noting that the 

ratio of Ni and Al is 6.5 in Ni-Al LDH, which is consistent with 

the result calculated from XPS. 

It is well-known that the surface area and pore-size distribution 100 

are two dominating factors for the electroactive materials to 

accommodate superficial electrochemical active sites and reduce 

the mass transfer in the Faradaic redox reactions. Herein, the as-

prepared Fe3O4@C@Ni-Al LDH was further determined for the 

specific surface area and porosity by nitrogen sorption 105 

measurements. Fig. 5 displays the N2 adsorption/desorption 

isotherm and the corresponding pore-size distribution curve (inset) 

for the sample. The synthetic microspheres display a typical IV 

isotherm, indicating the presence of mesopores. Moreover, the 

shape of hysteresis loops is H3-type (P/P0 > 0.4) and does not 110 

perform any limiting adsorption at high P/P0 region, associated 

with aggregates of flower-like particles, giving rise to slit-like 

pores, which is well consistent with the SEM and TEM results. 

The pore-size distribution of the sample, derived from desorption 

data and calculated from the isotherm using the BJH model, 115 

exhibits unimodal porosity with an average of 4.0 nm, further 

confirming the existence of mesopores. Obviously, the measured 

pore size is within 2−5 nm, which is optimal for the behaviour of 

supercapacitors. The Brunauer-Emmett-Teller (BET) specific  
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Fig. 6 Cyclic voltammograms (A) of Fe3O4@C@Ni-Al LDH electrodes 25 

measured at scan rates from 5–50 mV/s, discharge curves (B) of 

Fe3O4@C@Ni-Al LDH composite measured at various discharge current. 

surface area of the sample calculated from N2 desorption is 792 
m2/g. From the above results, we believe that the large surface 
area and porous hierarchical coating structure can really enhance 30 

the electrochemistry property of Fe3O4, which makes potential 
use for modification of other metal oxides as supercapacitor. 

3.2. Electrochemical properties 

For exploring the potential application in high performance 

supercapacitor of Fe3O4@C@Ni-Al LDH microspheres, the CV 35 

curves with various scan rates between 5 and 50 mV s–1 are 

measured in 6 M KOH aqueous electrolyte. As shown in Fig. 6A, 

it is obvious that the current response shows corresponding 

increases with the increasing of the scan rate, indicating a good 

capacitive behaviour of the electrode which can be ascribed to the 40 

facile iondiffusion and good adsorption properties. The shape of 

the CV curves is not significantly influenced by the increase of 

the scan rate from 5 and 50 mV s–1 which should result from the 

improved mass transportation and electron conduction. Moreover, 

the anodic peaks shift toward positive potential and the cathode 45 

peaks shift toward negative potential due to the electrode 

polarization at larger scan rates, which demonstrate the good 

electrochemical reversibility and high power character of 

Fe3O4@C@Ni-Al LDH microspheres.43,47 Galvanostatic 

charging–discharging is a complementary method for measuring 50 

the specific capacitance of electrochemical capacitors at constant 

current. Plot of voltage versus time for this 

modificatorysupercapacitor at various current densities (1, 2, 3, 5, 

8, 10 A/g) is shown in Fig 6B. The discharge time decreases 

monotonically with the increasing current density, resulting in the 55 

kinetics of the redox reacting progressively to sluggish to keep 

pace with fast potential change. The specific capacitance can be 

calculated from the following equation: 

 
                Csp  =                                                             (1) 60 

Where Csp is the specific capacitance (F/g), I is the discharge 

current (A), t is the discharge time (s), V is the potential range 

during discharge (V), and m is the mass of the active material in 

the electrode. According to the equation, the specific capacitance 

of the composite can be calculated based on the discharge curves 65 

(Fig. 7B) and typical data is shown in Fig. 7C for comparison. In 

order to further stress the electrochemical capacitive performance 

of the Fe3O4@C@Ni-Al LDH microspheres, cyclic voltammetry 

and galvanostatic charge-discharge have been carried out at 

potential intervals from 0–0.37 V in 6 M KOH aqueous 70 

electrolyte. To compare the electrochemical performance of the 

products, Fig. 7A illustrates the CV curves for the products at the 

scan rate of 5 mV/s. It can be seen that the CV curve of pure 

Fe3O4 microsphere displays the pair of cathodic and anodic 

peaks, which is associated with the reversible reaction of Fe (II) 75 

� Fe (III). Compared with pure Fe3O4, both the internal area and 

the peak intensity of CV curve for Fe3O4/C spheres are apparently 

increased, implying that the specific capacitance of Fe3O4@C 

spheres is higher than that of pure Fe3O4. Furthermore, Fe3O4@C 

spheres have wider separation between anodic peak and cathodic 80 

peak, suggesting better electrochemical reaction reversibility. 

After surface modification of LDH coating was employed 

towards pure Fe3O4, the CV curve consists of a pair of redox 

peaks, corresponding to the plausible redox of Ni2+/Ni3+ 

associated with OH−, which can clearly reveal that the 85 

capacitance of the material mainly results from contribution of 

Faradic preudocapacitor.45 From Fig 7A, we can see that the CV 

patterns of Fe3O4@C@Ni-Al LDH with largest separation 
between level anodic  and cathodic currents combined together to 

form a single intense anodic peak which is attributed to the 90 

synergistic effect among these three components mentioned 

above. Since the specific capacitance is proportional to the area 

surrounded by the CV curves, the area under the CV curves for 

the Fe3O4@C@Ni-Al LDH is much higher than those of other 

composites at the same scan rate, indicating high capacitance. In 95 

the Fe3O4@C@Ni-Al LDH composite, the conductive material  
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Fig. 7 Cyclic voltammograms (CVs) curves (A); galvanostatic (GV) 

discharge curves (B);  current density dependence of the specific 

capacitance(C); Nyquist plots of the EIS for pure Fe3O4, Fe3O4@C, 115 

Fe3O4@Ni-Al LDH and Fe3O4@C@Ni-Al LDH composite (D). 
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Fe3O4 spheres are encapsulated in carbon layer and LDH, which 

can not only improve the electron conductivity of the anodes but 

thus increase the surface area to provide better access for 

electrolyte into the entire structure. 

The specific capacitance of each sample is further confirmed 5 

by discharge curves at a current density of 1 A/g within a 

potential range 0 to 0.37 V in Fig. 7B. As shown, the discharge 

curves are not ideal straight lines and exhibit tow different 

sections, a fast potential drop followed by a slow potential drop, 

which also suggests the Faradic reaction is proceeding. The 10 

corresponding specific capacitance is 767.6, 405.4, 128.5, 78.7 

F/g at a current density of 1 A/g for Fe3O4@C@Ni-Al LDH, 

Fe3O4@Ni-Al LDH, Fe3O4@C, and Fe3O4, respectively (on the 

basis of eq 1), which is consistent with the result of CVs that 

Fe3O4@C@Ni-Al LDH has the highest specific capacitance. 15 

Obviously, carbon coating and LDH modification can 

collaboratively enhance the capacitive performance of the metal 

oxide. 

Good rate performance is a key requirement for evaluating the 

power application of supercapacitors.59,60 As shown in Fig. 7C, 20 

the specific capacitances of the four samples were measured at 

different current densities (1, 2, 3, 5, 8, 10 A/g) for comparison 

purpose. Similarly, all specific capacitances of Fe3O4@C@Ni-Al 

LDH electrode are higher than those of other samples. The 

enhancement in specific capacitance can be attributed to the 25 

unique properties of carbon layer and the coating LDH. On one 

hand, those two layers can act as efficient electrically conductive 

networks. On other hand, these two materials can provide 

electrochemical capacitance, which results in synergistic effect 

between modificatory materials and Fe3O4. The maximum 30 

specific capacitance for the ternary-component composites 

reaches 767.6 F/g at 1 A/g, and maintains at 406 F/g when the 

scan rate is up to 10 A/g, indicating that the composite has a good 

rate capability, which is crucial for the electrode materials or 

supercapacitors to achieve both high power and energy densities.  35 

The enhanced electrochemical performance of the 

Fe3O4@C@Ni-Al LDH microsphere was further confirmed by 

the electrochemical impedance spectroscopy (EIS) measurements 

to reveal the conductivity of the samples. The EIS data for pure 

Fe3O4, Fe3O4@C, Fe3O4@Ni-Al LDH, and Fe3O4@C@Ni-Al 40 

LDH were analyzed by Nyquist as shown in Fig. 7D. For each 

electrode, its Nyquist plot consists of a semicircle in high-

frequency region followed by a straight line along the imaginary 

axis in the low frequency region. It is well accepted that the 

semicircle diameter of EIS equals to the electrochemical reaction 45 

impedance of the electrode, and the straight line indicates the 

diffusion of the electroactive species. A bigger semicircle means 

a larger charge transfer resistance, and a higher slope reflects a 

lower diffusion rate.61,62 Notably, we can observe from the figure 

that Fe3O4@C@Ni-Al LDH contains a much smaller semicircle 50 

and a smaller slope, corresponding to a smaller charge transfer 

resistance (Rf) and ion diffusion resistance, which results in the 

higher reactivity and faster reaction kinetics.63 This is probably 

due to the higher specific surface area of carbon and Ni-Al LDH 

layers, which facilitates the effective exposure of active sites.43 55 

The durability of Fe3O4@C@Ni-Al LDH as the electrode 

material of supercapacitor was examined by specific capacitance 

at different cycles. Fig. 8 shows the cyclic performance of the  
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Fig. 8 Cycling performance of Fe3O4@C@Ni-Al LDH composite 

measured at 8 A/g with a voltage window of 0–0.37 V. 

Fe3O4@C@Ni-Al LDH electrode carried out by galvanostatic 

charge-discharge tests at a current density of 8 A/g in the 75 

potential window from 0 to 0.37 V for 1000 cycles.  During the 

first 300 cycles, the specific capacitance is increased by about 

7%, which may be ascribed to the active materials which could be 

activated to produce available active sites and allows the trapped 

ions to gradually diffuse out at the initial stage. After 1000 80 

cycles, the Fe3O4@C@Ni-Al LDH electrode exhibits excellent 

cycle stability, which has only 8% decrease of the initial available 

capacitance. The excellent cycling stability of the composite is 

attributable to the network of the special porous structure of Ni-

Al LDH on Fe3O4, which effectively forms an open structure to 85 

improve the connection between the active materials during 

charge-discharge cycles, inhibits the capacitance loss, and 

exploits the full advantages of Fe3O4 electrode.64,65 Moreover, 

carbon layer after annealing treatment in Ar has a good electrical 

conductivity and serves as a conductive matrix to provide a 90 

conductive network for electron transport during the electrode 

reaction process, which is favourable for stabilizing the electronic 

and ionic conductivities, therefore leading to a higher specific 

capacity and life-cycle durability. 

4. Conclusions 95 

In summary, we have developed a new strategy to prepare 

Fe3O4@C@Ni-Al LDH composite by a combination of the 

hydrothermal method and a facile in situ growth process. When 

was employed as supercapacitor electrodes, the Fe3O4@C@Ni-Al 

LDH composite displayed much higher specific capacitance, 100 

superior capacitance retention upon cycling, lower charge-

transfer resistance and ion diffusion resistance than that of either 

pure Fe3O4 or pure Fe3O4 coated single layer. The composite 

electrode exhibits the specific capacitance as high as 767.6 F/g at 

1A/g in 6 M KOH solution. This composite also shows stable 105 

cycling performance with slight decrease in the specific 

capacitance after 1000 charge/discharge cycles. This novel 

synthetic route towards metal hydroxide is of highly potential for 

supercapacitor due to largely enhanced electrochemical property. 
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A novel core-shell structured Fe3O4@C@Ni-Al LDH microspheres were 

prepared by a hydrothermal method followed a facile in situ growth process. The 

as-prepared product exhibits high pseudo-capacitor (767.6 F/g), good rate capability, 

and remarkable cycling stability (92% after 1000 cycling). 
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