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 Biomass-Derived Nitrogen-Doped Carbon Nanofi ber 
Network: A Facile Template for Decoration of Ultrathin 
Nickel-Cobalt Layered Double Hydroxide Nanosheets as 
High-Performance Asymmetric Supercapacitor Electrode 
   Feili    Lai     ,        Yue-E    Miao     ,   *        Lizeng    Zuo     ,        Hengyi    Lu     ,        Yunpeng    Huang     ,       and        Tianxi    Liu   *   

  1.     Introduction 

 The worsening energy crisis and environmental pollution 

have pushed forward the exploration on high-performance 

energy storage and conversion systems. Among them, super-

capacitors (also called as electrochemical capacitors) have 

attracted tremendous attention and been widely studied 
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 The development of biomass-based energy storage devices is an emerging trend to 
reduce the ever-increasing consumption of non-renewable resources. Here, nitrogen-
doped carbonized bacterial cellulose (CBC-N) nanofi bers are obtained by one-step 
carbonization of polyaniline coated bacterial cellulose (BC) nanofi bers, which not 
only display excellent capacitive performance as the supercapacitor electrode, but 
also act as 3D bio-template for further deposition of ultrathin nickel-cobalt layered 
double hydroxide (Ni-Co LDH) nanosheets. The as-obtained CBC-N@LDH 
composite electrodes exhibit signifi cantly enhanced specifi c capacitance (1949.5 F g −1  
at a discharge current density of 1 A g −1 , based on active materials), high capacitance 
retention of 54.7% even at a high discharge current density of 10 A g −1  and excellent 
cycling stability of 74.4% retention after 5000 cycles. Furthermore, asymmetric 
supercapacitors (ASCs) are constructed using CBC-N@LDH composites as positive 
electrode materials and CBC-N nanofi bers as negative electrode materials. By virtue 
of the intrinsic pseudocapacitive characteristics of CBC-N@LDH composites and 3D 
nitrogen-doped carbon nanofi ber networks, the developed ASC exhibits high energy 
density of 36.3 Wh kg −1  at the power density of 800.2 W kg −1 . Therefore, this work 
presents a novel protocol for the large-scale production of biomass-derived high-
performance electrode materials in practical supercapacitor applications. 
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due to their fast charge-discharge rate, high power density, 

and long-cycle lifetime. [ 1–3 ]  Typically, supercapacitors can be 

divided into two types on the basis of their charge storage 

mechanisms: [ 4 ]  (i) electric double-layer capacitors (EDLCs), 

mainly consisting of carbon-based materials, such as carbon 

nanotubes, [ 5 ]  graphene, [ 6 ]  graphene nanoribbon, and carbon 

nanofi bers, [ 7,8 ]  which possess extraordinary cycling/rate 
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stability but low specifi c capacitance; (ii) pesudocapacitors, 

mainly made up of metal oxides/hydroxides and conduc-

tive polymers, such as Co 3 O 4 , MnO 2 , Ni(OH) 2 , and polyani-

line, [ 9,10 ]  which generally possess high specifi c capacitance/

energy density but poor stability. Among various pseudoca-

pacitive electrode materials, nickel-cobalt layered double 

hydroxide (Ni-Co LDH) with a chemical formula of [M 2+  1−   x  
M 3+   x  (OH) 2 ]  x   + [A  n   −   x   /   n  ⋅mH 2 O]  x   −  (where M 2+  is a divalent metal 

cation, M 3+  is a trivalent metal cation and A  n   −  is the inter-

layer anion) is one of the most promising candidates for high-

performance supercapacitors, [ 11–14 ]  attributing to its unique 

lamellar structure with large interlayer spacing for enhanced 

anion exchange properties. [ 15 ]  Xu et al. reported the novel 

construction of hierarchical NiCoO 2  nanosheets nanotubes 

via a mild solution method by using polymeric nanotubes 

as the template, [ 16 ]  delivering a high specifi c capacitance of 

1468 F g −1  at the discharge current density of 2 A g −1 . Mean-

while, template-free Ni-Co LDH nanofl owers with con-

trollable sizes were also synthesized as potential electrode 

materials for pesudocapacitors. [ 17 ]  However, the reported 

capacities of pure nickel-cobalt hydroxides are still confi ned 

by their limited active sites for effective electrochemical reac-

tions which results from the severe agglomeration of Ni-Co 

LDH nanoparticles. In addition, due to the low electrical 

conductivity of inorganic materials, the electron-transfer pro-

cess is restrictedly localized near the surface of Ni-Co LDH 

nanoparticles which obviously limits the improvement of 

electrochemical property. In order to maximize the intrinsic 

properties of nickel-cobalt layered double hydroxides, it is 

vital to design Ni-Co LDH based electrode materials with 

hierarchical structures and multiple pathways for effective 

ion/electron transfer. 

 Coincidentally, the hybridization of Ni-Co LDH/NiCo 2 O 4  

with carbon-based materials has been regarded as a simple 

but effective strategy to obtain composite materials that 

simultaneously exhibit outstanding EDLC and pseudoca-

pacitive performances, such as multi-walled carbon nano-

tube/nickel-cobalt binary metal hydroxide composites, [ 18 ]  

nickel cobalt oxide/reduced graphene oxide composite mate-

rials, [ 19,20 ]  cobalt and nickel double hydroxide nanosheets/

porous NiCo 2 O 4  nanowires/carbon fi ber paper, [ 21 ]  cobalt-

nickel LDH nanofl akes/carbon fi bers. [ 22 ]  Recently, Lou et 

al. successfully synthesized NiCo 2 O 4  nanorods/ultrathin 

nanosheets on carbon nanofi bers to form an excellent elec-

trode material with high power and energy densities, which 

is ascribed to its high electroactive surface area and porous 

feature, [ 23 ]  indicating the virtues of continuous carbon 

nanofi bers as a template for immobilization of metal oxides/

hydroxides. Compared with synthetic carbon nanofi bers 

(such as polyacrylonitrile-based carbon nanofi bers, poly-

imide-based carbon nanofi bers, and ordered mesoporous 

carbon nanofi bers), [ 24–26 ]  biomass-derived carbon nanofi bers 

have been considered as a more promising candidate 

for next-generation electrochemical electrode materials 

owning to their abundant resource, low cost, easy fabrica-

tion, and eco-friendliness. [ 27–29 ]  Bacterial cellulose is one 

kind of typical biomass precursors with 3D networks con-

sisting of superfi ne nanofi bers (≈50 nm in diameter), which 

is produced through microbial fermentation. [ 30 ]  Chen et al. 

fabricated a binder-free asymmetric supercapacitor using 

MnO 2  nanosheets decorated carbon nanofi bers deriving from 

bacterial cellulose as electrode materials, which surprisingly 

delivers high energy density and power density. [ 31 ]  Similarly, 

Ni 3 S 2 /carbon nanofi ber composites derived from bacterial 

cellulose via a hydrothermal method also present excellent 

specifi c capacitance and good cycle stability. [ 32 ]  In addition, 

the introduction of heteroatoms (such as nitrogen atom) 

into carbocyclic rings can adjust the valence orbital energy 

levels of the surface carbon to provide more electron transfer 

pathways, leading to largely improved electrochemical 

performance. [ 33–37 ]  

 Here, we prepared a novel composite of nitrogen-doped 

carbonized bacterial cellulose@nickel-cobalt layered double 

hydroxide (CBC-N@LDH) with hierarchical structures via 

undergoing in situ oxidative polymerization, high-temper-

ature carbonization and solution co-deposition processes 

consecutively ( Figure    1  a). This CBC-N@LDH composite dis-

plays an enhanced specifi c capacitance of 1949.5 F g −1  at a 

discharge current density of 1 A g −1  (based on active mate-

rials), a high capacitance retention of 54.7% even at a high 

discharge current density of 10 A g −1 , and excellent cycling 

stability of 74.4% retention after 5000 cycles, which is because 

of the uniform dispersion of ultrathin hydrotalcite-like Ni-Co 

LDH on the surface of nitrogen-doped carbon nanofi bers, 

the intimate contact between CBC-N nanofi bers and Ni-Co 

LDH nanosheets, and the highly conductive 3D network con-

sisting of nitrogen-doped carbon nanofi bers. Moreover, the 

asymmetric supercapacitor, with CBC-N@LDH composites 

as positive electrode materials and CBC-N nanofi bers as neg-

ative electrode materials, exhibits wide potential window of 

0–1.6 V and high energy density of 36.3 Wh kg −1  at a power 

density of 800.2 W kg −1 , demonstrating its potential applica-

tions in high-performance energy storage devices.   

  2.     Results and Discussion 

 The hydrogel consisting of bacterial cellulose nanofi bers 

(Figure  1 b) was cut into rectangular squares with the size 

of 4 × 5 cm 2  and freeze-dried to obtain spumescent bacte-

rial cellulose aerogel (as shown in the inset of Figure  1 b). 

In Figure  1 c, carbonized bacterial cellulose (CBC) aerogel 

(inset in Figure  1 c) shows a 3D network structure consisting 

of numerous intertwined carbon nanofi bers with diameter of 

30-60 nm. This unique structure is an ideal template for growth 

of polyaniline, which can signifi cantly minimize the severe 

aggregation of pure PANI particles (Figure  1 d). For CBC-N1 

nanofi bers (Figure  1 e), only sparsely distributed PANI nano-

particles are observed among the carbon nanofi ber networks. 

With the increase of ANI amount, uniform PANI coating is 

achieved for CBC-N2 nanofi bers (Figure  1 f) with diameter of 

≈200 nm to form uniform core-sheath nanostructure, which is 

attributed to the strong hydrogen bonding between the rich 

hydroxyl groups of bacterial cellulose nanofi bers and amine 

groups of aniline. [ 38 ]  Moreover, the well-reserved 3D porous 

network nanostructure of CBC-N2 nanofi bers is benefi cial to 

the ion diffusion into the inner space for further growth of 

nickel-cobalt layered double hydroxides on the coarse surface 
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of nanofi bers through solution co-deposition method. How-

ever, when the amount of ANI monomer is further increased, 

excessive growth of PANI with buried carbon nanofi bers 

emerges as shown in Figure  1 g, which would severely impede 

the ion diffusion process. Therefore, CBC-N2 nanofi bers are 

considered as the ideal nitrogen-doped carbon materials with 

good preservation of 3D interconnected 

networks and appropriate coverage of car-

bonized polyaniline layer. 

 For further construction of high-per-

formance electrode materials, ultrathin 

nickel-cobalt layered double hydroxide 

nanosheets are deposited on the surface 

of CBC-N2 nanofi bers through a facile 

solution co-deposition process. As shown 

in  Figure    2  a, the sparse distribution of 

Ni-Co LDH nanosheets on the surface of 

CBC-N2 nanofi bers for CBC-N2@LDH-

0.1 composite is because of the lack of 

Ni 2+  and Co 2+  sources in the mixed solu-

tion. The appropriate concentration of Ni 2+  

sources is fi xed at 0.4 mmol for CBC-N2@

LDH-0.4 composite (Figure  2 b), where 

porous structure consisting of continuous 

CBC-N2@LDH-0.4 nanofi bers with an 

increased diameter to about 600 nm is well 

maintained even after the growth of Ni-Co 

LDH nanosheets. The magnifi ed image in 

the inset of Figure  2 b and TEM images 

in Figure S3 (Supporting Information) 

further confi rms that ultrathin Ni-Co LDH nanosheets are 

uniformly anchored on the surface of nitrogen-doped carbon 

nanofi bers to form hierarchical core-shell structure compared 

with the severe aggregation of pure Ni-Co LDH nanoparti-

cles (Figure S1, Supporting Information), which is benefi cial 

to drastically increase the exposed electroactive sites for 
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 Figure 1.    a) Schematic for the preparation of CBC-N@LDH composites; b) Photographs of the pristine bacterial cellulose pellicle and freezing-
dried bacterial cellulose membrane (inset) with size of 30 × 40 cm 2  and 4 × 5 cm 2 , respectively; c) FESEM image and photograph (inset) of CBC 
membrane; FESEM image of pure d) PANI powder, e) CBC-N1, f) CBC-N2, and g) CBC-N3 nanofi bers.

 Figure 2.    FESEM images of a) CBC-N2@LDH-0.1, b) CBC-N2@LDH-0.4, and c) CBC-N2@
LDH-0.7 composites. d) X-ray diffraction patterns of CBC-N2 nanofi bers, CBC-N2@LDH-0.1, 
CBC-N2@LDH-0.4, and CBC-N2@LDH-0.7 composites.
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enhanced oxidation/reduction reactions between nickel-cobalt 

layered double hydroxides and OH − , and to accelerate the 

electron transport rate among ultrathin nanosheets by incor-

porating highly conductive nitrogen-doped carbon nanofi bers. 

The corresponding energy dispersive spectrum further dem-

onstrates the elementary composition of Ni, Co, C, and O in 

CBC-N2@LDH-0.4 composite (Figure S2, Supporting Infor-

mation). An increased dosage of Ni-Co LDH precursor is 

also investigated. However, CBC-N2 nanofi bers are totally 

buried by the excessive deposition of Ni-Co LDH nanosheets, 

leading to clogged 3D porous structure of CBC-N2@LDH-0.7 

composite (Figure  2 c). Additionally, Brunauer-Emmett-Teller 

(BET) analysis of CBC-N2@LDH-0.4 composite (Figure S4, 

Supporting Information) shows a high specifi c surface area of 

405.8 m 2  g −1  and a narrow pore size distribution in the range 

of 1-10 nm, which can be attributed to the natural porous 

structure of bacterial cellulose and the hierarchical core-shell 

structure of CBC-N2@LDH-0.4 composite.  

 The structures of various samples were recorded by XRD 

and XPS tests. As previously reported, [ 39 ]  bacterial cellulose 

possesses three sharp peaks at 2 θ   = 15.0°, 17.4°, and 23.3° 

(black line in Figure S5, Supporting Information), which 

can be assigned to the (11̄0), (110) and (020) planes respec-

tively, indicating its typical cellulose I allomorph structure 

with high crystallinity. [ 40 ]  After carbonization of BC/PANI, 

amorphous nitrogen-doped carbon nanofi bers are obtained 

with two broad peaks at 2 θ   = 25.1° and 45.1° (Figure  2 d), 

which is similar to the amorphous CBC nanofi bers (red line 

in Figure S5, Supporting Information). Importantly, the well-

defi ned diffraction peaks observed at 2 θ   = 11.7°, 23.3°, 35.0°, 

39.4°, and 60.5° for CBC-N2@LDH composite (Figure  2 d) 

can be indexed to the (003), (006), (009), (015), and (110) 

planes of hydrotalcite-like LDH phase. [ 11 ]  The unique hydro-

talcite-like structure is undoubtedly in favor of fast ion diffu-

sion among the enlarged interlayer space of layered double 

hydroxides. As shown in  Figure    3  a, the XPS spectrum of 

CBC-N2@LDH-0.4 composite exhibits fi ve peaks centered 

at the C, O, N, Co, and Ni core-level regions, which can be 

assigned to C 1 s, O 1 s, N 1s, Co 2p, and Ni 2p, respectively. 

The nitrogen atom is successfully incorporated into carbon 

nanofi bers, with three well-fi tted peaks centered at 398.4, 

399.8, and 401.1 eV (Figure  3 b) corresponding to the pyri-

dinic-like, pyrrolic-like, and graphitic-like nitrogens, respec-

tively. [ 41 ]  As displayed in the Ni 2p spectrum (Figure  3 c), two 

spin-orbit doublets centered at 856.1 and 873.5 eV accompa-

nied with two shake-up satellites are identifi ed as Ni 2p 3/2  and 

Ni 2p 1/2  respectively, demonstrating the successful achieve-

ment of Ni 2+ . In analogy to Ni element, the peaks situated at 

781.4 eV and 874.0 eV with two pretty weak shake-up satel-

lites are assigned to Co 2p 3/2  and 2p 1/2  atomic orbitals, which 

indicates the co-existence of Co 2+  and Co 3+ . [ 42 ]  In order to 

investigate the mass loading of active materials (refer to 

Ni-Co LDH nanosheets) in various CBC-N2@LDH compos-

ites, TGA curves are shown in Figure S6 (Supporting Infor-

mation). Table S1 (Supporting Information) shows that the 

mass loading of Ni-Co LDH nanosheets are 15.6%, 19.9%, 

and 34.3% for CBC-N2@LDH-0.1, CBC-N2@LDH-0.4, and 

CBC-N2@LDH-0.7 composites, respectively. Further detailed 

analysis for TGA curves and the corresponding calculating 

process are appended in Supporting Information.  
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 Figure 3.    XPS spectra of CBC-N2@LDH-0.4 composite: a) the full survey scan, b) N 1s, c) Ni 2p, and d) Co 2p.
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 The obtained nitrogen-doped carbon nanofi bers and 

CBC-N2@LDH composites were respectively assembled as 

the negative and positive electrode materials for supercapac-

itor applications. As shown in  Figure    4  a, CV curves of various 

carbon nanofi ber electrodes (i.e., CBC, CBC-N1, CBC-N2, 

and CBC-N3) display near-rectangular shapes at a scan rate 

of 20 mV s −1 , demonstrating the ideal double-layer capaci-

tance behavior based on enhanced ion diffusion/adsorption 

processes. Compared with bacterial cellulose-derived carbon 

nanofi bers, nitrogen-doped carbon nanofi ber electrodes 

exhibit much higher capacitive performance due to more 

abundant active sites for electric double-layer formation 

and Faradic redox reactions which result from the effective 

nitrogen doping. [ 43 ]  Among various nitrogen-doped carbon 

nanofi ber electrodes, CBC-N2 nanofi ber electrode shows 

the most excellent capacitive performance, which can be 

attributed to the more rich nitrogen doping and well-main-

tained 3D porous structure originating from bacterial cellu-

lose. Linear and symmetrical galvanostatic charge-discharge 

curves of CBC-N2 nanofi bers at various current densities are 

shown in Figure  4 c, exhibiting a high specifi c capacitance of 

238.4 F g −1  at a current density of 0.5 A g −1 , which is com-

parable with many other carbon-based electrode materials, 

such as hierarchical porous carbons (214 F g −1  at a scan rate 

of 5 mV s −1 ), [ 44 ]  and metal-organic framework-derived car-

bons (251 F g −1  at a scan rate of 5 mV s −1 ). [ 45 ]  In addition, 

the rate stability is another signifi cant criterion for carbon-

based electrode materials, which is refl ected in Figure  4 b 

with good shape preservation of the CV curve for CBC-N2 

nanofi bers even at a high scan rate of 200 mV s −1 . As shown 

in Figure  4 d, a higher rate capability retention (69.3%) for 

CBC-N2 electrode materials is observed compared with 

that (49.7%) of CBC electrode materials without nitrogen 

doping at the maximal discharge current density of 20 A g −1 . 

The excellent cycling stability of above 95% retention after 

2000 cycles (Figure S7, Supporting Information) further indi-

cates nitrogen-doped carbon nanofi bers are expected to be 

one kind of possible alternatives of the existing carbon-based 

electrode materials for energy storage applications.  

 The specifi c capacitances of various CBC-N@LDH com-

posite electrodes are also investigated via a three-electrode 

system. As shown in  Figure    5  a, a pair of redox peaks with 

cathodic peaks at about 0.12 V and anodic peaks around 

0.23 V are observed for all CBC-N2@LDH composite elec-

trodes when the scan rate is 5 mV s −1 , indicating their good 

pseudocapacitive characteristics arising from the Faradaic 

redox reactions of M-O-OH (where M refers to Ni or Co). 

As the capacitance is directly proportional to the area of CV 

curves, the CBC-N2@LDH-0.4 composite is deduced to show 

the maximum capacitance, which can be associated with the 

appropriate growth of nickel-cobalt layered double hydrox-

ides on the surface of nitrogen-doped carbon nanofi bers to 

provide abundant pores for electrolyte penetration and more 

electroactive sites for electrochemical reaction. Furthermore, 

its signifi cantly increased property than that of pure Ni-Co 

LDH powder also proves that it is an effi cient strategy to 

enhance the specifi c capacitance of pseudocapacitive mate-

rials by immobilizing them on the surface of nitrogen-doped 
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 Figure 4.    a) CV curves of CBC, CBC-N1, CBC-N2, and CBC-N3 nanofi bers at a scan rate of 20 mV s −1 ; b) CV curves of CBC-N2 nanofi bers at various 
scan rates; c) Galvanostatic charge-discharge curves at various current densities for CBC-N2 nanofi bers; d) Specifi c capacitance of CBC-N2 and 
CBC nanofi bers at various current densities.
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carbon materials. To further explore the electrochemical per-

formance of CBC-N2@LDH-0.4 composite, CV curves at 

various scan rates are recorded in Figure  5 b. With a 20-fold 

increase in the scan rate from 5 to 100 mV s −1 , only slight shift 

of the anodic peak from 0.233 to 0.269 V is observed, indi-

cating the low resistance of the electrode material because of 

the highly conductive CBC-N2 nanofi bers and its good con-

tact with ultrathin Ni-Co LDH nanosheets. In addition, the 

symmetric shapes and voltage plateaus at 0.15–0.2 V in the 

galvanostatic charge-discharge curves of CBC-N2@LDH-0.4 

composite in Figure  5 c, reveal its typical pseudocapacitive 

behaviors as well. The calculated specifi c capacitance through 

Equation  ( 3)   is 1949.5 F g −1  at a discharge current density 

of 1 A g −1  (based on the active materials), which is consid-

erably higher than those of most previously reported values 

on nickel-cobalt oxides/hydroxides (Table S2, Supporting 

Information). Furthermore, even at a high current density 

of 20 A g −1 , 54.7% of the capacitance (1066.0 F g −1 ) is still 

retained for the CBC-N2@LDH-0.4 composite (Figure  5 d), 

which probably results from the uniform distribution of 

Ni-Co LDH nanosheets on the surface of nitrogen-doped 

carbon nanofi bers and thus generated 3D networks for 

enhanced penetration of OH − . The cycling life perfor-

mance is obtained in alkaline solution with a scan rate of 

100 mV s −1  (Figure  5 e). Interestingly, the specifi c capaci-

tance of CBC-N2@LDH-0.4 composite increases fi rstly and 

decays slightly after 100 cycles. Due to the merits of the 

nitrogen-doped carbon nanofi ber template, CBC-N2@LDH-

0.4 composite still remains high capacitance retention of 

74.4% after 5000 cycles, demonstrating its good conductivity 

and excellent cycling stability, which can be further demon-

strated by the almost overlapped impedance plots before 

and after 5000 cycles (Figure S8, Supporting Information). 

Figure  5 f compares the Nyquist plots of CBC, CBC-N2, and 

CBC-N2@LDH-0.4 composites at the open-circuit potential 

in the frequency range from 100 kHz to 0.01 Hz. No obvious 

semicircle is observed for all of the above electrodes in the 

high-frequency region, which is attributed to the high charge 
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 Figure 5.    a) CV curves of Ni-Co LDH powders, CBC-N2@LDH-0.1, CBC-N2@LDH-0.4, and CBC-N2@LDH-0.7 composites at a scan rate of 5 mV s −1 ; 
b) CV curves of CBC-N2@LDH-0.4 composite at various scan rates; c) Galvanostatic charge-discharge curves at various current densities for CBC-N2@
LDH-0.4 composite; d) Specifi c capacitance of CBC-N2@LDH-0.4 composite at various current densities; e) The long-term cycling performance of 
CBC-N2@LDH-0.4 composite at a scan rate of 100 mV s −1 ; f) Nyquist plots of CBC, CBC-N2, and CBC-N2@LDH-0.4 based electrode materials.
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transfer process. Furthermore, the vertical slopes in the low-

frequency region correspondingly indicate their low ion dif-

fusion and electron transfer resistance.  

 In conclusion, the enhanced electrochemical performance 

of CBC-N@LDH composites can be mainly ascribed to four 

reasons: First, the uniform dispersion of ultrathin nickel-

cobalt layered double hydroxide nanosheets on the surface 

of nitrogen-doped carbon nanofi bers can obviously increase 

their specifi c surface area and effi ciently enlarge the contact 

area between the electrode materials and electrolyte. Second, 

as shown in  Figure    6  , the unique hydrotalcite-like structure 

of Ni-Co LDH is benefi cial to the penetration of OH −  even 

into the inner spaces between two atomic layers of layer 

double hydroxides, which can dramatically enlarge their con-

tact area, and promote the following Faradaic reactions of 

Ni  x  Co  y  (OH)  z   
[ 46 ] : 

 x y zNi Co (OH) OH NiOOH CoOOH H O e2+ ↔ + + +− −
 
   ( 1)   

 CoOOH OH CoO H O e2 2+ ↔ + +− −
    ( 2)    

 Third, the generated electrons from Equations  ( 1)   and 

 ( 2)   can fi rst transfer during the atomic layers of Ni-Co LDH 

(Figure S9, Supporting Information), and then pass on to the 

highly conductive nitrogen-doped carbon nanofi bers due 

to the close contact between CBC-N nanofi bers and Ni-Co 

LDH nanosheets. Fourth, by the merits of the as-formed 3D 

networks, electrons can transfer among the inner structures 

of the electrode rapidly and directly. Therefore, this con-

trivable structure of CBC-N@LDH composites with easy-

fabrication processes puts forward a novel strategy for the 

design and fabrication of hierarchically structured composite 

electrode materials combining excellent electric double-layer 

capacitance and pseudocapacitance.  

 Then, an asymmetric supercapacitor (ASC) was assem-

bled using CBC-N2@LDH-0.4 composite as the positive 

electrode material and CBC-N2 nanofi bers as the negative 

electrode material as illustrated in  Figure    7  a, which was 

assigned as CBC-N2@LDH-0.4//CBC-N2. Attributing to 

the collective contribution of electric double-layer capaci-

tance and pseudocapacitance, a wider potential window 

from 0 to 1.6 V is applied for CBC-N2@LDH-0.4//CBC-N2 

as shown in Figure  7 b. The CV shape is well retained, 

even at a high scan rate of 200 mV s −1 , indicating the fast 

charge-discharge properties of the device. The galvano-

static charge-discharge curves collected at different current 

densities are shown in Figure  7 c, with the symmetric trian-

gular shapes revealing its rapid I-V response. Moreover, the 

rapid I-V response can further be verifi ed from the small 

variation of the IR drop (IR drop ) at different discharge cur-

rent densities (Figure S10, Supporting Information) (IR drop  

[ V ] = 0.0033 + 0.012
I
M[A g −1 ]), which favors a high discharge 

power delivery to meet practical applications. According to 

Equation  ( 3)  , the specifi c capacitances based on the total 

mass are calculated to be 101.9, 95.6, 90.9, 73, and 63.8 F g −1  

for the as-assembled ASC device at current densities of 1, 2, 

3, 5, and 10 A g −1  respectively (Figure  7 d). A high capacitance 

retention of 62.6% is observed even at a high current density 

of 10 A g −1 , which is closely related with the unique 3D struc-

ture constructed by nitrogen-doped carbon nanofi bers and 

nickel-cobalt layered double hydroxides nanosheets. More-

over, the energy and power densities are also calculated from 

the galvanostatic discharge curves (based on Equations  ( 4)   

and  ( 5)  ) and plotted on the Ragone diagram. As shown in 

Figure  7 e, the as-assembled CBC-N2@LDH-0.4//CBC-N2 

ASC device shows a maximum energy density of 36.3 Wh kg −1  

at the power density of 800.2 W kg −1  and a high power den-

sity of 8000 W kg −1  at the energy density of 22.7 Wh kg −1 . 

The result is higher than those of other previously reported 

values, such as Ni-Co hydroxide/graphene/nickel foam//acti-

vated carbon (20.84 Wh kg −1  at a power density of 7500 W 

kg −1 ), [ 47 ]  Ni 0.32 Co 0.68 (OH) 2 //graphene oxide (33 Wh kg −1  at 

a power density of 970 W kg −1 ), [ 48 ]  nickel-cobalt hydroxide 

nanofl owers//activated carbon (20.6 Wh kg −1  at a power den-

sity of 3930 W kg −1 ), [ 17 ]  nickel-cobalt hydroxides//activated 

carbon (19.1 Wh kg −1  at a power density of 7000 W kg −1 ), [ 49 ]  

and Ni  x  Co 1−   x   LDH-Zn 2 SnO 4 //activated carbon (23.7 Wh kg −1  

at a power density of 284.2 W kg −1 ). [ 50 ]  Meanwhile, the EIS 

experiment of the asymmetric supercapacitor was carried out 

to further investigate its electrochemical behavior with rapid 

electron-transfer and diffusion processes during charge-dis-

charge reaction (Figure S11, Supporting Information). Fur-

thermore, the durability of the as-assembled ASC device was 

also evaluated. After 2500 cycles, the ASC device still keeps 

a high capacitance retention of 89.3% (Figure  7 f), which is 

comparable to those of other ASC devices. [ 47 ]  The above per-

formance indicates that the CBC-N2@LDH-0.4 and CBC-N2 

electrodes are both promising candidates for the next-gener-

ation energy storage applications.   

  3.     Conclusion 

 In summary, nitrogen-doped carbon nanofi bers were obtained 

by directly carbonizing polyaniline-coated bacterial cellulose 

nanofi bers, showing a high specifi c capacitance of 238.4 F g −1  

small 2016, 12, No. 24, 3235–3244

 Figure 6.    Illustration of the electrochemical processes for CBC-N@LDH 
composite.
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at a current density of 0.5 A g −1 . Moreover, nickel-cobalt lay-

ered double hydroxide nanosheets can be easily anchored on 

the surface of nitrogen-doped carbon nanofi bers by a simple 

solution co-deposition process to form CBC-N@LDH com-

posites with hierarchical structures. The uniform distribution 

of ultrathin hydrotalcite-like Ni-Co LDH nanosheets, the 

intimate contact between CBC-N nanofi bers and Ni-Co LDH 

nanosheets, and highly conductive 3D networks consisting of 

nitrogen-doped carbon nanofi bers jointly lead to the excel-

lent capacitive performance with a signifi cantly enhanced 

specifi c capacitance of 1949.5 F g −1  at a discharge current 

density of 1 A g −1  (based on active materials), a high capac-

itance retention of 54.7% even at a high discharge current 

density of 10 A g −1  and excellent cycling stability of 74.4% 

retention after 5000 cycles. The asymmetric supercapacitor 

assembled by using CBC-N@LDH composite as the posi-

tive electrode material and CBC-N nanofi bers as negative 

electrode material, can be operated under a wide potential 

window of 0-1.6 V with a high specifi c energy of 36.3 Wh kg −1  

at a power density of 800.2 W kg −1 . By integrating the high 

capacity of pseudocapacitive CBC-N@LDH composite and 

highly conductive nitrogen-doped carbon nanofi bers, the 

design in this work puts forward a promising approach for 

exploiting next-generation high-performance energy storage 

devices.  

  4.     Experimental Section 

  Materials : The bacterial cellulose pellicles (30 × 40 cm 2 ) 
were purchased from Hainan Yide Food Co. Ltd. Aniline (ANI), 
ammonium persulfate [(NH 4 ) 2 S 2 O 8 , APS], cobalt nitrate hexahy-
drate [Co(NO 3 ) 2 ⋅6H 2 O], hexamethylenetetramine (HMT), sodium 
hydroxide (NaOH), hydrochloric acid (HCl) and  N,N -dimethylforma-
mide (DMF) were all purchased from Sinopharm Chemical Reagent 
Co. Nickel nitrate hexahydrate [Ni(NO 3 ) 2 •6H 2 O] was purchased 

 Figure 7.    a) Schematic of the assembled structure of an asymmetric supercapacitor based on CBC-N2@LDH-0.4 composite as the positive electrode 
material and CBC-N2 nanofi bers as the negative electrode material; b) CV curves at various scan rates and c) galvanostatic charge-discharge curves 
at various current densities for the assembled asymmetric supercapacitor; d) Specifi c capacitance and the corresponding capacitance retention of 
the as-assemble CBC-N2@LDH-0.4//CBC-N2 ASC device at different current densities; e) Ragone plots of the as-assembled ASC device and recently 
reported values for comparison (Here, NCH, G, NF, AC, NCOH, and ZTO are denoted as Ni-Co hydroxide, graphene, nickel foam, activated carbon, 
nickel cobalt hydroxide nanofl owers, and Zn 2 SnO 4 , respectively); f) The long-term cycling performance of the device at a scan rate of 100 mV s −1 .
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from Aladdin Chemical Reagent Co. All chemicals were of analytic 
grade and used without further purifi cation. 

  Preparation of CBC-N Nanofi bers : CBC-N nanofi bers were pre-
pared according to our previous work. [ 36 ]  Briefl y, raw BC pellicles 
were cut into rectangular slices (4 × 5 cm 2 ) to be frozen in liquid 
nitrogen (−196 °C), and subsequently freeze-dried in a freezer 
dryer. After adequate immersion in 75 mL HCl solution (1 mol L −1 ) 
containing varied concentrations of aniline monomers (0.004  M , 
0.04  M , and 0.4  M ), the freeze-dried BC slices (100 mg) adsorbed 
enough aniline because of the strong hydrogen bonds between 
bacterial cellulose and aniline monomers. The oxidative polymeri-
zation of aniline monomers was taken out at an ice-water bath of 
0 °C by dropwise adding another 75 mL HCl solution (1 mol L −1 ) 
with different amounts of APS (34.2 mg, 342 mg and 3420 mg, 
respectively) to form polyaniline (PANI). After reacting for 5 h, the 
product was washed with deionized water for several times to 
obtain polyaniline coated bacterial cellulose (denoted as BC/PANI) 
composite membranes. Finally, the freeze-dried BC/PANI hybrid 
membranes were carbonized under Ar atmosphere at 700 °C for 
2 h with a heating rate of 5 °C min −1 , and named as CBC-N1, CBC-
N2, and CBC-N3 with increasing coverage of PANI, respectively. 

  Preparation of CBC-N@LDH Composites : The nickel-cobalt 
layered double hydroxides were synthesized through solution co-
deposition (SCD) method as previously reported. [ 37 ]  In a typical 
synthesis, 0.4 mmol Ni(NO 3 ) 2 ·6H 2 O, 0.8 mmol Co(NO 3 ) 2 ·6H 2 O and 
4 mmol HMT were dissolved into a mixed solution of 15 mL ethanol 
and 15 mL deionized water under stirring to form a transparent pink 
solution. Then, 20 mg of CBC-N2 nanofi ber powder was immersed 
into the above solution, heated up to 80 °C and kept for 8 h. Finally, 
the obtained products were washed with distilled water/ethanol for 
several times, and overnight dried at 70 °C in air, which was named 
as CBC-N2@LDH-0.4 composite. Furthermore, the loading mass 
of Ni-Co LDH was controlled by regulating the precursor dosages 
of Ni 2+  (i.e., 0.1 and 0.7 mmol Ni(NO 3 ) 2 ·6H 2 O) at a fi xed molar ratio 
of 1/2/10 for Ni 2+ /Co 2+ /HMT to obtain the corresponding compos-
ites, which were denoted as CBC-N2@LDH-0.1 and CBC-N2@LDH-
0.7, respectively. In addition, pure Ni-Co LDH powder was prepared 
via the same step for comparison. The overall synthesis procedure 
for CBC-N@LDH composites is shown in Figure  1 a. 

  Characterization : Morphology of CBC-N@LDH composites was 
observed by fi eld-emission scanning electron microscope (FESEM, 
Ultra 55, Zeiss) at an acceleration voltage of 5 kV and transmission 
electron microscopy (TEM, JEOL-2010) at an acceleration voltage 
of 200 kV. The Brunauer-Emmett-Teller (BET) method was utilized 
to calculate the specifi c surface area, by using a Belsorp-max sur-
face area detecting instrument (Tristar3000). The pore size distri-
bution was obtained from the adsorption branches of isotherms 
by Barrett-Joyner-Halenda (BJH) method. Structure of the samples 
was tested by X-ray diffraction (XRD, X’pert PRO, PANalytical) with 
Cu K α  radiation ( λ  = 0.1542 nm) at an angular speed of 5° min −1  
(2 θ ) from 10° to 70° under a voltage of 40 kV and a current of 
40 mA. The chemical composition was examined by X-ray photo-
electron spectroscopy (XPS) on a RBD upgraded PHI-5000C ESCA 
system (Perkin Elmer) with Al K α  radiation ( h  ν  = 1486.6 eV). All 
XPS spectra were corrected according to the C1s line at 284.6 eV, 
while curve fi tting and background subtraction were accomplished 
using the RBD AugerScan 3.21 software provided by RBD Enter-
prises. Thermogravimetric analysis (TGA, Pyris 1 TGA, PerkinElmer) 
was performed in air from 100 °C to 700 °C at a heating rate of 

20 °C min −1  in order to measure the mass content of Ni-Co LDH in 
the composites. 

  Electrochemical Measurements with a Three-Electrode System : 
Electrochemical measurements were conducted in 6  M  KOH aqueous 
solution on an electrochemical working station (CHI600D, Chenhua 
Instruments Co. Ltd., Shanghai) with a standard three-electrode 
setup where Ag/AgCl and Pt wire were used as the reference and 
counter electrode, respectively. The working electrode was prepared 
by mixing the produced powder (milled using a quartz mortar), 
carbon black, and poly(tetrafl uoroethylene) in a mass ratio of 
80:10:10 to obtain slurry. Then, the slurry was pressed onto the 
nickel foam current collector and dried at 80 °C for 12 h with a fi xed 
mass loading of the electrode materials at 3 mg. Cyclic voltammo-
grams (CVs) under various scan rates were obtained from −1 to 0 V 
and 0 to 0.5 V for CBC-N nanofi bers and CBC-N@LDH composites, 
respectively. Galvanostatic charge-discharge (GCD) testing under dif-
ferent current densities was performed between −1 and 0 V, 0 and 
0.4 V for CBC-N nanofi bers and CBC-N@LDH composites, respec-
tively. The electrochemical impedance spectroscopy (EIS) measure-
ments were conducted by applying an AC voltage in the frequency 
ranging from 10 mHz to 100 kHz with an amplitude of 5 mV. Specifi c 
capacitance of the electrodes can be calculated from galvanostatic 
charge-discharge curves according to the following equation: 

 
= × Δ

×C
I t
m V  

   ( 3)  

 where  I  is the current (A),  V  is the potential (V),  m  is the mass of 
electroactive materials (g), and  Δt  is the discharge time (s). 

  Electrochemical Measurements of the Asymmetric Superca-
pacitors : The asymmetric supercapacitor (ASC) is constructed by 
using CBC-N2@LDH-0.4 composite as the positive electrode mate-
rial and CBC-N2 nanofi bers as the negative electrode material. The 
mass ratio of CBC-N2@LDH-0.4 composite to CBC-N2 nanofi bers 
was set as 1.7 according to their specifi c capacitances obtained 
from the three-electrode system, which can be estimated from the 
following equation: where  C  is the specifi c capacitance (F g −1 ),  V  is 
the potential (V), and  m  is the mass of the electrode (g). 

 Galvanostatic charge–discharge curves were measured at dif-
ferent current densities varied from 1 to 10 A g −1  to evaluate the 
energy density and power density of the asymmetric supercapac-
itor using the following Equations  ( 4)   and  ( 5)  : 
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m
m

C V
C V

= ×
×

+
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   ( 6)  

 where  C  is the specifi c capacitance (F g −1 ),  V  is the potential (V),  Δt  
is the discharge time (s),  E  is the energy density (Wh kg −1 ) and  P  is 
the power density (W kg −1 ).  
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 Supporting Information is available from the Wiley Online Library 
or from the author.  
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