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Herringbone carbon nanofibers (CNFs) were efficiently produced by chemical vapor deposi-

tion on Ni nanoparticles derived from layered double hydroxide (LDH) precursors. The as-

obtained CNFs with a diameter ranging from 40 to 60 nm demonstrated herringbone mor-

phologies when they grew on Ni/Al LDH derived catalysts both in the fixed-bed and fluid-

ized-bed reactor. The Ni/Mg/Al, Ni/Cu/Al, as well as Ni/Mo/Mg/Al catalysts were also

effective to grow herringbone CNFs. The diameter and specific surface area of the as-

obtained CNFs highly depended on the catalyst composition and the growth temperature.

When CNFs were grown at 550 �C on Ni/Al catalyst, the as-obtained products had an outer

diameter of ca. 50 nm and a specific surface area of 242 m2 g�1, possessed a discharge

capacity of 330 mAh g�1 as the electrode in a two-electrode coin-type cell. With the

increase of the surface area, the discharge capacity increased at a rate of 0.90 mAh cm�2,

while the initial coulombic efficiency decreased gradually on nanocarbon anodes. This is

attributed to the fact that CNFs with higher surface area afford smaller sp2 carbon layer

that facilitated more Li ions to extract from the anodes.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Well arrangement of sp2 carbon layers leads to one-

dimensional (1D) carbon nanotubes (CNTs) or nanofibers,

two-dimensional (2D) graphene nanosheets and three-

dimensional (3D) nanostructured carbon with unexpected

properties for unique applications [1,2]. For instance, CNTs

and graphene are with excellent electronic, thermal, optical,

and mechanical properties, which renders their promising

high-end applications in the area of energy storage, hetero-

geneous catalysis, composites, as well as electronic devices

[1,2]. The key issue for the successful applications of
nanocarbon lies in the ability to pack the sp2 carbon layers

into the required nanostructures. When the sp2 carbon

sheets are packed into 1D nanocarbons, platelet carbon

nanofibers (CNFs) [3–5], herringbone CNFs [6–9], and cylin-

der CNTs [1,2] are available. The synthesis, properties, and

applications of CNTs have been widely explored during

the past two decades. Up to now, CNTs have been mass

produced by fluidized bed chemical vapor deposition

(CVD) [10] and thermal CVD [2]. The CNT conductive slurry

products are available in market to improve the perfor-

mance of Li ion battery [11]. The herringbone CNFs are also

a kind of promising nanocarbons [12] for the battery
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applications for the reason that the cavities, open tips, and

graphite platelets of the CNFs offer many exposed edges to

provide more extra space for Li ion storage and diffusion in

a Li-ion cell with high reversible capacity, high-rate perfor-

mance, and good cycling stability. For instance, Fan et al.

have fabricated 1D CNFs on 2D graphene sheets illustrating

high reversible capacity (667 mAh/g), high rate performance,

and cycling stability, which is superior to those of pure

graphene, natural graphite, and CNTs [13]. The CNFs with

a polygonal cross section afforded a first coulombic

efficiency of 63.1% and a reversible capacity of 198.4 mAh/

g at a current density of 3.7 A/g. After carbon coating, the

first coulombic efficiency increased to 78.4%, and the

reversible capacity was still around 197.4 mAh/g [7]. Be-

sides, compared with the p electron orbitals exposed by

CNTs, CNFs provide more edges, defects or strained regions

as active sites for heteroatom functionalization and hetero-

geneous catalysis [14]. When the edges of CNFs were

attached with ultrafine metal nanoparticles, the as-obtained

CNF composites demonstrated emerging reactivity for

energy conversion and storage [8,9].

Generally, CNFs are usually synthesized on metallic

nanoparticle (NP) catalysts by catalytic CVD. The Fe, Co,

Ni NPs distributed on supports have been employed to

grow CNFs. The metal catalysts as well as the growth

parameters are decisive to obtain CNFs with expected

structures. However, the formation of metal NPs on sup-

ported catalysts is quite complex due to the heterogeneous

nature of co-precipitation/impregnation catalysts. The use

of a homogeneous catalyst precursor is quite attractive

for controllable formation of metal catalyst and subsequent

nanocarbon deposition. Among various catalysts, layered

double hydroxides (LDHs) are considered as promising can-

didates for catalytic growth of 1D nanocarbons for the rea-

son that the composition of LDHs can be anticipated and

the metal can be dispersed in the framework of LDHs at

an atomic scale. Simple calcination and reduction of LDHs

give rise to their corresponding metal oxides or metal NPs

with excellent dispersion, which have been employed as

extraordinary catalysts for the growth of low dimensional

nanocarbons [15,16]. Meanwhile, the physicochemical prop-

erties of such metal oxides or metal NPs (such as size, sur-

face reactivity, composition, and the metal-support

interaction) have been well tuned through controlling the

calcination and reduction processes of LDHs and the

selection of metal cation combination [17,18]. Therefore,

ultrafine metal catalysts are available for single-/double-/

few-walled CNT [19] and carbon nanoring [20] formation,

while large metal catalysts derived from the LDH precur-

sors are also effective for controllable growth of large

diameter CNTs and CNFs [21,22].

In this contribution, herringbone CNFs were robustly

grown on the catalysts derived from Ni based LDHs by cat-

alytic CVD. The synthesis mechanism, structure character-

ization and modulation, as well as their use as anodes for

Li ion batteries were also investigated to provide new in-

sight on the materials chemistry used to produce carbon

nanomaterials and their bulk applications for energy

storage.
2. Experiment

2.1. Catalyst preparation

The Ni based LDH catalysts were synthesized through the co-

precipitation reaction by adding urea into aqueous solution of

nickel nitrate and aluminum nitrate similar to our previous re-

ports [23]. Ni(NO3)2Æ6H2O, Al(NO3)3Æ9H2O were dissolved in

250 mL deionized water with [Ni2+] + [Al3+] = 0.15 mol/L, n(Ni):-

n(Al) = 3:1. The urea was dissolved in the solution with [urea] =

3.0 mol/L. The as-obtained solution was kept overnight at 100

�C under continuous magnetic stirring (equipped with a reflux

condenser in ambient atmosphere) for 9.0 h in a 500.0 mL

flask, and then at 94 �C for another 12 h with the stir off. After

several steps of filtering, washing, and freeze–drying, the final

products of Ni/Al LDH catalyst were available. The other kinds

of LDHs were synthesized by similar procedures (Table 1).

2.2. Production of herringbone CNFs in a fixed-bed/
fluidized-bed reactor

The herringbone CNFs were synthesized from C2H4 over Ni/Al

LDH derived catalyst using a CVD method. When a fixed-bed

reactor was employed, the reactor with a quartz boat of Ni/Al

LDHs was inserted into an electrical furnace at atmosphere

pressure. During the synthesis of CNFs, the furnace was

heated to 900 �C at a heating rate of 20 �C/min in Ar

(100 mL/min), then the LDHs were reduced for 1 h by H2

(100 mL/min) to nucleate and form the large active Ni parti-

cles with well defined crystal surfaces for herringbone CNF

deposition. After that, H2 was stopped and the reduced cata-

lysts were cooled down to the growth temperature to synthe-

size CNFs in C2H4/Ar (100/100 mL/min). Then the reactor was

cooled down under Ar atmosphere. The growth temperature

was fixed at 500, 550, 600, or 650 �C.

When the fluidized-bed with an inner diameter of 20 mm

and a height of 500 mm was employed as the reactor, about

0.5 g Ni/Al LDH catalyst was fed in for CNF deposition. The

quartz fluidized bed reactor was heated to 900 �C in H2/Ar

(100/400 mL/min) atmosphere. After 1 h reduction, H2 was

stopped, and the fluidized bed reactor was set to the growth

temperature of 550 �C. Ar (500 mL/min) and C2H4 (100 mL/

min) were introduced into the fluidized bed to start the CNF

growth on the Ni/Al LDH flakes. The fluidized bed reactor

was cooled down under Ar atmosphere after CNF growth.

The as-obtained carbon products were then collected and

characterized. To obtain high purity CNFs, the as-obtained

samples were treated by NaOH (12.0 mol/L) aqueous solution

at 150 �C for 6 h and HCl (5.0 mol/L) aqueous solution at 80 �C
for 3 h, subsequently, to remove the LDO flakes. The high pur-

ity herringbone CNFs were available after filtering, washing,

and freeze–drying. The names of the as-obtained CNF prod-

ucts were defined based on their catalyst composition and

growth temperature (as shown in Table 2).

2.3. Characterization

The morphology of the LDH catalysts and the CNF products

were characterized by a JSM 7401F scanning electron



Table 1 – A summary of LDH catalyst precursors for CNF synthesis.

LDH catalystsa Anticipated ratio Experimental ratiob Formula

Ni/Al 3:1 2.7:1 Ni0.73Al0.27(OH)2(CO3)0.135ÆmH2O
Ni/Mg/Al 2:1:1 1.4:1:1 Ni0.42Mg0.29Al0.29(OH)2(CO3)0.145ÆmH2O
Ni/Cu/Al 2:1:1 1.8:0.9:1 Ni0.49Cu0.24Al0.27(OH)2(CO3)0.135ÆmH2O
Ni/Mo/Mg/Al 2:0.2:1:1 1.3:0.08:0.8:1 Ni0.43Mg0.25Al0.32(OH)2(CO3)0.133(MoO4)0.027ÆmH2O
a The ratio of the elements is the molar ratio.
b The experimental ratio was determined by energy dispersive X-ray spectroscopy (EDX) results.

Table 2 – A summary of CNF products grown on the LDH derived catalysts.

LDH catalyst Sample IDa Growth temperature (�C) Surface area (m2/g)b Purity (%)c DTG-Peak position (�C)c

Ni/Al NA-500 500 148.7 97. 5 441
NA-550 550 242.4 98.3 454
NA-550F 550 184.2 97.7 424
NA-600 600 109.8 97.6 461
NA-650 650 112.9 / /

Ni/Mg/Al NMA-650 650 92.7 96.1 453
Ni/Cu/Al NCA-600 600 208.4 96.6 428
Ni/Mo/Mg/Al NMMA-650 650 88.2 93.9 446
a The NA-550F CNF sample was obtained in a fluidized-bed reactor, while the other samples were grown in a fixed-bed reactor.
b The specific surface area was determined by Brunauer–Emmett–Teller (BET) method.
c The results were obtained by Thermo gravimetric (TG) analysis.
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microscope (SEM) operated at 3.0 kV and a JEM 2010 high-res-

olution transmission electron microscope (TEM) operated at

120.0 kV. The EDX analysis was performed using an EDAX

apparatus to determine the composition of the as-synthe-

sized LDH catalysts. The level of CNF graphitization as well

as the structure of LDHs and the reduced catalysts were deter-

mined by X-ray diffraction (XRD) on a Bruker D8 Advance dif-

fractometer at 40.0 kV and 120 mA with Cu Ka radiation.

Raman spectra were collected on a Horiba Jobin Yvon LabRAM

HR800 Raman spectrophotometer. TG analysis was operated

by Mettler Toledo TGA/DSC-1 to collect the data of the purities

of CNFs. The N2 adsorption–desorption isotherms were ob-

tained using an N2 adsorption analyzer (Autosorb-IQ2-MP-C

system) by N2 adsorption at 77 K. The specific surface area

of all samples was calculated by BET method. The pore size

distribution plots were obtained by the non-linear density

functional theory method.

2.4. Li-ion storage performance of herringbone CNFs

The Li-ion storage performance of herringbone CNFs was

evaluated in a two-electrode cell configuration using standard

2025 coin-type cells. A homogeneously slurry was prepared by

mixing herringbone CNFs, CNT paste and polyvinylidene

difluoride (PVDF) binder in N-methylpyrrolidinone with a

mass ratio of CNF:CNT:PVDF = 80:10:10, followed by magnetic

stirred for ca. 24.0 h. The CNTs were added to improve the

electrical conductivity of the anode to illustrate the full po-

tential of Li storage on the CNFs. The slurry was coated onto

a Cu foil and dried in a vacuum drying oven at 60 �C for 6.0 h.

The as-obtained foil was punched into 13 mm disks as the

working electrodes. 1 mm thick Li metal foil was employed

as the counter electrode. An electrolyte of LiPF6 (1.0 M) in a

mixed solution of ethylene carbonate–dimethyl carbonate–
ethylene methyl carbonate with a mass ratio of 1:1:1 was

used. A microporous Celgard 2400 membrane was used as

the separator. The assembling of cells was conducted in an

Ar-filled glove box with oxygen and water content below

1 ppm. The coin cells were monitored in galvanostatic mode

within a voltage range of 0.01–3.0 V using Neware multichan-

nel battery cycler. The coulombic efficiency was calculated

based on the electrode without conductive CNT paste. The

cyclic voltammogram (CV) measurements were performed

on a Solartron 1470E electrochemical workstation at a scan

rate of 0.1 mV s�1.

3. Results and discussion

3.1. The Ni based LDH catalysts

Ni/Al, Ni/Mg/Al, Ni/Cu/Al, as well as Ni/Mo/Mg/Al LDH cata-

lysts were synthesized by a co-precipitation process [23].

Herein, Ni/Al LDH was taken as a model catalyst to illustrate

its morphology, structure, and catalytic performance for CNF

fabrication. The typical morphology of the as-obtained Ni/Al

LDHs is shown in Fig. 1a and b. The Ni/Al LDH flakes were

with a thickness of ca. 20 nm and a diameter of ca. 200 nm.

The LDH flakes were agglomerated into a flower-like shape,

winding around a core. The ‘‘flower’’ and the ‘‘petal’’ were

500 and 100 nm in size, respectively (Fig. 1a). They were very

fluffy and with a low packing density of approximately

200 kg/m3. The gaps among individual LDH flakes provide free

space for catalytic deposition of CNFs.

The typical XRD spectrum of the Ni/Al LDHs was shown in

Fig. 1c. The sharp features of the intrinsic diffraction

peaks (such as (003), (006), and (009)) suggested that the

as-produced LDH flakes afforded a high degree of crystalliza-

tion. The TG and differential thermogravimetric (DTG)
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Fig. 1 – The (a) SEM and (b) TEM images of the as-obtained NiAl LDH flakes; (c) XRD patterns of the as-obtained LDHs and

reduced catalysts, (d) TG and DTG profiles of the NiAl LDH flakes.
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profiles of the Ni/Al LDH catalysts illustrated three weight loss

periods at 130, 283, and 326 �C (Fig. 1d). The first weight loss

period with a weight loss of 13.3% was attributed to the evap-

oration of physically adsorbed water from the Ni/Al LDH

flakes; the second and third weight loss were mainly

attributed to the dehydroxylation and decarbonation of the

brucite-like layers, respectively [23,24]. The OH� and CO3
2�

were completely decomposed and oxides are formed after

calcination at a temperature over 600 �C.

After the H2 reduction, embedded Ni NPs were uniformly

distributed on the layered double oxide (LDO) support. The

flake morphology was partially preserved, while Ni NPs with

a size of 20–40 nm and a high density of ca. 3 · 1011 cm�2 were

distributed on the calcined LDO flakes (Fig. 2a and b). Fig. 2c–e

illustrated the EDX mapping of selected area in Fig. 2b. The

well dispersion of Ni NPs on LDO flakes were detected. There

was a significant overlap between Al and O, indicating the Ni

were mainly in reduced metal state. The XRD pattern of the

reduced catalyst (Fig. 1c) confirmed the reduction of Ni. The

weak NiO peaks were available, which was attributed to the

oxidation of Ni NPs during the XRD sample preparation and

measurement procedure.

3.2. Herringbone CNFs synthesized from Ni/Al LDH
derived catalysts

With the introduction of carbon source into the fixed-bed

reactor at 600 �C, a large amount of CNFs were extended from
the agglomerated catalysts. The CNFs were entangled with

each other and grown in random directions (Fig. 3a). The aver-

age diameter of the as-obtained CNFs was measured as 50 nm

(Fig. 3b). There was an approximate 32.9� angle between the

orientation of graphitic layers and the c-axis of the as-grown

CNFs (Fig. 3c and d). The sp2 domains in the herringbone CNFs

were estimated to be with a size of 10–40 nm. Such sp2 do-

mains were cup-stacked with each other. The edge of graph-

ene nanosheets were directly exposed to the outer wall of the

CNFs. Such termination of carbon sheets in herringbone CNFs

requires foreign atoms to saturate dangling bonds. Single and

multiple loops were formed on the ribbon edges when the

samples are annealing at a temperature over 1000 �C [25–27].

A very sharp and strong (002) diffraction peak was de-

tected from the XRD pattern of the as-obtained CNFs

(Fig. 4a). The distance between the graphitic layers of the

CNFs was around 0.34 nm, which was a bit larger than that

of ideal graphite (0.335 nm). Besides, the peaks of Ni NPs were

also observed. Fig. 4b showed the Raman spectrum of the

CNFs. Both the in-plane vibration of graphitic lattice (G band

at 1575 cm�1) and the disorder band aroused from amorphous

carbon and edges (D band at 1350 cm�1) were identified. The

IG/ID of the as-grown NA-600 CNFs was 0.75, indicating the

large amount of defects in herringbone CNF products. The ra-

tio was much lower than that of single walled CNTs (>10) [28–

30], double walled CNTs (5–12) [31], high quality multi-walled

CNTs (1.5–3) [32], and comparable to the value of reduced

graphene oxide (rGO) (0.5–1) [33] and other CNFs [34].



Fig. 2 – The (a) SEM and (b) TEM images of the reduced NiAl catalyst; the (c) Ni, (d) Al, and (e) O element mapping of reduced

NiAl LDHs.
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A sharp loss of mass to 2.44% was observed in the TG pro-

file of the herringbone CNFs (NA-600) (Fig. 4c) during a tem-

perature window from 450 to 515 �C. The purity of raw CNF

was 97.6%, indicating a high carbon yield of ca. 40 gCNF/gcat.,

which was significantly higher than single-walled (�0.001–

1 gCNT/gcat) [23], double-walled (�0.01–2 gCNT/gcat) [31], or

few-walled CNT (�0.1–30 gCNT/gcat) [34] formation on LDH cat-

alysts. The weight loss peak was placed at around 461 �C,

which was lower than that of single- or few-walled CNTs ob-

tained at high growth temperatures [24,31]. This indicates

that the carbon atoms in the herringbone CNFs are easily at-

tacked by the oxygen molecules, and the chemisorbed O2 can

be dissociated into mobile atom of oxygen that easily diffuse

along the sp2 carbon planes due to their unique herringbone

structure [35,36]. Besides, the herringbone CNFs have a very

small sp2 carbon domain and large spacing between (002)

planes. All these facts result in the easy oxidation of the her-

ringbone CNFs at a relatively low temperature.

The N2 adsorption and desorption isotherms of NA-600 were

presented in Fig. 4d. The hysteresis loop was induced by wedge-

shaped pores with open ends. A BET specific surface area of

109.8 m2/g was calculated. The profile of pore size distribution

(inserted in Fig. 4d) indicated the fact that both mesopores

and micropores are available in the as-obtained CNF products.

3.3. Robust growth of herringbone CNFs on Ni based
catalysts

The Ni NPs distributed on the LDO flakes efficiently grew

herringbone CNFs in the fixed-bed/fluidized-bed reactor at a
temperature ranging from 500 to 650 �C. As shown in Fig. 5,

herringbone CNFs were robustly grown out. The angles be-

tween the orientation of graphitic layers and the c-axis of

CNFs were mainly distributed from 20� to 60�, which de-

pended on the nanostructure of NPs and related growth

parameters. The packing of sp2 domain was not always regu-

lar through the whole fibers. The packing of carbon sheets re-

corded the unstable interface between sp2 carbon and NP

catalysts. The dissolved carbon atoms in the Ni NPs play a

key role in the orientation of sp2 plane during CVD growth

[37], and the concentration of dissolved carbon atoms is not

constant when the Ni NPs are catalytically growing CNFs.

Such dynamics is well recorded by CNFs, especially the her-

ringbone packing of sp2 domain in the final products.

The preparation conditions and typical physical properties

of as-prepared CNFs were summarized as Table 2. A very high

CNF purity of over 97.5% was available on Ni/Al LDH catalyst

for every CNF sample. The DTG peaks were ranging from 441

to 461 �C when the herringbone CNFs were grown in the fixed-

bed reactor. A highest and lowest BET surface area of 242.4

and 109.8 m2/g were determined for NA-550 and NA-600,

respectively. When the CNFs were grown in a fluidized-bed

reactor, the herringbone CNFs were also obtained (Fig. 5c),

and a surface area of 184.2 m2/g on NA-550F was available.

The fluidized-bed reactor provides good heat and mass trans-

fer, enough space for CNF volume expansion, as well as con-

tinuous feeding of granular catalysts/products [38–42].

Therefore, the fluidized bed is a very promising reactor style

to large scale production of herringbone CNFs on LDH

catalysts.



Fig. 3 – The low magnification (a) SEM and (b) TEM images of the NA-600 CNFs synthesized over NiAl LDHs at 600 �C; (c and d)

the high magnification TEM images of the NA-600 CNFs.
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Fig. 5 – The high magnification TEM images of the (a) NA-500, (b) NA-550, (c) NA-550F, and (d) NA-650 herringbone CNFs.
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The herringbone CNFs were efficiently produced on other

Ni based LDH derived catalysts (Ni/Mg/Al, Ni/Cu/Al, and Ni/

Mo/Mg/Al LDHs) (Fig. 6). The hollow cores were detected on

the CNFs grown on Ni/Mg/Al or Ni/Mo/Mg/Al catalysts, which

was attributed from the weaker metal support interaction be-

tween Ni and MgO than that between Ni and Al2O3 [43]. The

yield and BET surface area of herringbone CNFs were well

mediated by the composition of the catalysts rather than

the growth temperature and the reactor style. Both the BET

specific surface area and purity of the as-obtained CNFs de-

creased significantly when Ni/Mg/Al and Ni/Mo/Mg/Al LDHs

were employed as catalysts (Table 2).

The large Ni NPs with a size of 20–40 nm afford good reac-

tivity for herringbone CNF formation. This is much larger

than Ni particles used for single/few-walled CNT formation.

The typical interface between the as-grown CNFs and Ni cat-

alyst are shown in Fig. 7. The Ni NP offers a 0.21 nm spacing,

which corresponded to (111) planes of Ni catalysts. The

deposited CNFs illustrate a 0.34 nm spacing and the sp2 do-

main size is very limited. It is more appropriate to use the tur-

bostratic carbon to describe the texture in the nanocarbon

products. The angle between the sp2 carbon domains and Ni

catalyst is similar to that reported by Rinaldi et al. [37], indi-

cating the well defined growth direction between the space
lattice of CNFs and Ni catalysts. Rather than a catalyst with

a liquid state, the large Ni catalyst prefers to be a solid state

with certain exposed surface for carbon precipitation. The

hydrocarbon feedstock is easy to be decomposed into carbon

species. The surface diffusion and lattice directed bulk diffu-

sion of carbon provide the anisotropic precipitation of sp2 car-

bon domains. The carbon atoms penetrate into the Ni(111)

surface and migrate to octahedral subsurface sites, with an

effective energy barrier of 1.92 eV [37]. The Ni NPs also provide

a variety of low-coordinate sites for carbon adsorption or

absorption, and the coordinate site on different exposed sur-

face is quite different. The deposited carbon can be epitaxially

grown on exposed Ni(111) plane and a herringbone structure

is available on the embedded Ni catalysts. The Ni catalysts

can be well mediated by a polymer protector [44] or promoter

pinning [17] to inhibit their aggregation. Therefore, the CNF

morphologies are expected to be well mediated by the combi-

nation of catalyst design and growth procedures.

3.4. Li ion storage performance of herringbone CNFs

The herringbone CNFs are promising candidates for anode

materials in Li-ion batteries. The electrochemical perfor-

mances of herringbone CNFs were evaluated with 2025-type



Fig. 6 – The high magnification TEM images of the (a) NMA-

650, (b) NCA-600, and (c) NMMA-650 herringbone CNFs.
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coin half-cells. The CV profiles of NA-550 CNFs with the oper-

ation voltage in the range of 0.01 to 3.0 V vs. Li/Li+ was shown

in Fig. 8a. There were two cathodic peaks in the first cycles.

The first one was a prominent cathodic peak at 0.58 V vs. Li/

Li+ in the first cycle, which disappeared in the following cy-

cles. Such cathodic peak corresponded to the irreversible
reactions, such as the reactions between solvent Li+ with oxy-

genic groups on the CNF surface and solvent degradation,

which resulted in the formation of solid electrolyte interface

(SEI). The second cathodic peak at 0.05 V vs. Li/Li+ corre-

sponded to the insertion of Li+ into the graphitic structure.

In the anodic scan, the Li+ was extracted from the herring-

bone CNFs at ca. 0.1 V vs. Li/Li+. After the potential is swept

past 0.5 V, the anodic current decreased due to the depletion

of lithium ions from the CNFs and the anodic current fell to

smaller values as the potential approaching 3.0 V [12]. After

an activation process by the first redox, the Li+ insertion/

extraction peaks of the following cycles became sharper and

more intense. The curves of the subsequent three cycles were

in good superposition, indicating high reversibility of herring-

bone CNF anodes in Li-ion storage.

The galvanostatic charge-discharge profiles of herringbone

CNF and CNT anodes were shown as Fig. 8b. The NA-550 CNF

anode exhibited a typical cycle discharge and charge capacity

of 374 and 330 mAh g�1, respectively which were higher than

high-surface-area nanocarbon materials (e.g. graphene, few-

walled CNTs [13,45,46]). The irreversible capacity of nanocar-

bon materials was mainly caused by the formation of SEI. Fur-

thermore, the shape of the discharge and charge curves was

similar to those observed previously from CNT and/or graph-

ene anode [13,45,46]. Such extraordinary Li storage perfor-

mance with quite high coulombic efficiency is attributed to

the excellent electronic conductivity, short sp2 carbon do-

main, and low surface area of the herringbone CNFs.

The rate performance of the NA-550 anode was shown as

Fig. 8c. The NA-550 exhibited a reversible discharge capacity

of 374 or 119 mAh g�1 at a charge–discharge current of 0.2

or 5.0 �C, respectively. The rate performance of the herring-

bone CNFs was similar to that of CNTs. The cycling perfor-

mance of CNFs at 0.5 �C was also evaluated (Fig. 8d). The

initial, 10th, and 100th discharge capacity of NA-550 were

332, 267, and 235 mAh g�1, respectively. After the rapid capac-

ity decay during the initial 10 cycle, a stable cycling perfor-

mance was observed for the herringbone CNF sample. The

discharge capacity of NA-600 was low and a similar trend in

degradation was detected.

A CNT sample mass produced by fluidized bed CVD on Fe

based catalysts was also included. The CNTs afforded an

higher discharge capacity of 449 mAh g�1. The discharge

capacity and coulombic efficiency at 0.2 �C were correlated

with the specific surface area as indicated in the Fig. 9. With

the increase of the surface area of nanocarbon, the discharge

capacity rise at a rate of 0.90 mAh cm�2. During the discharge

process, the Li ions intercalate into the graphene layers of

CNFs. When the surface area is high, the size of sp2 carbon

layer is small for CNF samples. Consequently, a large amount

of graphene edges is provided for Li ions intercalated into the

CNF materials, leading to a higher discharge capacity at a

given current density. The coulombic efficiency illustrated

an opponent trend: the initial coulombic efficiency was

0.540 and 0.452 for NA600 and NA550 with a surface area of

109.8 and 242.4 m2/g, respectively. It increased to 0.887 and

0.828 for NA600 and NA550, respectively, during the second

cycle. The SEI layer attached on the outer layer of CNFs con-

sumes more Li ions, leading to a low initial coulombic effi-

ciency at the first cycle. If the initial coulombic efficiency



Fig. 7 – (a) The low and (b and c) high magnification TEM images of the NA-600 CNFs with the Ni catalysts attached at the tip of

the nanofibers.
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becomes higher, the amount of Li ions consumed in the for-

mation of SEI layers can be reduced, which favored the overall

energy density of batteries. Low surface area of CNFs affords

high initial coulombic efficiency and large diameter. Similar

to vapor grown carbon fibers, the herringbone CNFs are also

anticipated to be extraordinary additive into graphite powder

or mesophase microbead anode for high performance Li-ion

battery for the following reasons: (1) The herringbone CNFs

interconnect between the granular anode to form a 3D contin-

uous conductive network, which improves the conductivity of

the anode; (2) the 1D CNFs render the ability to absorb and re-

tain significant electrolyte and provide resiliency and com-

pressibility to the electrode structure, which guarantees

good conductive network during the reversible charge-dis-

charge process [47,48]; (3) the CNFs also afford acceptable Li

ion storage performance. More experimental investigation

to demonstrate the potential of herringbone CNFs as anode

additive is highly expected.

4. Conclusion

The Ni based LDHs were employed as efficient and effective

catalyst precursors for robust growth of herringbone CNFs

by catalytic CVD. The herringbone CNFs were available in

high purity (>97.4%) on Ni0.73Al0.27(OH)2(CO3)0.135ÆmH2O LDH

catalyst. The Ni NPs with a size of 20–40 nm and a high
density of ca. 3 · 1011 cm�2 were distributed on the calcined

LDO flakes when the LDH was reduced at 900 �C for 1 h. They

were effective metal catalysts for CNF deposition. When the

CNFs were grown at 600 �C on Ni/Al catalyst, the as-obtained

products have an outer diameter of ca. 50 nm, a specific sur-

face area of 109.8 m2 g�1, an IG/ID ratio of 0.75, and a weight

loss peak at around 461 �C. The Ni particles distributed on

the Ni/Al LDO flakes robustly grew herringbone CNFs at a

temperature ranging from 500 to 650 �C. The Ni/Mg/Al, Ni/

Cu/Al, and Ni/Mo/Mg/Al LDHs were also efficient catalysts

for herringbone CNF growth. When the herringbone CNFs

grown at 550 �C were served as anodes for Li ion battery appli-

cations, a reversible capacity of 330 mAh g�1 and initial cou-

lombic efficiency of 45.2% was demonstrated. With the

specific surface area increasing, the discharge capacity in-

creased at a rate of 0.90 mAh cm�2, while the initial coulom-

bic efficiency decreased gradually on nanocarbon anodes. The

as-obtained CNFs afford a high discharge capacity, which is a

promising additive for the anodes in the Li ion cells.
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