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Abstract: Carbon nanotubes (CNTSs) are synthesized through a novel low cost self-vaporized
chemical vapor deposition (SCVD) technique from indecomposable solid carbon source for
the first time. This method manipulated to avoid the injecting of flammable gasses, by
producing gaseous carbon (e.g. CO) through an in-situ catalyzed gasification of the
intermediate product induced by KOH. Simultaneously, the as produced gaseous carbons will
deposit on to the pre-imbedded Ni nanocatalyst surface and form CNTs. The growth
mechanism is discussed in detail by adjusting the KOH amount. The as-prepared CNTs are
rich of oxygen and deficiencies, which endow them with abundant active sites for
electrochemical applications. Superior supercapacitor performance is achieved with a specific
capacitance 6 times higher than that of commercial CNTs. This technique represents a novel,
convenient approach toward large scale production of CNTs directly from solid carbon
precursor, and would show promising applications in various industry fields.
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1. Introduction

As a typical one-dimensional nano-sized tubular material, carbon nanotubes (CNTs) have
attracted plenty of attention due to their promising applications in numerous fields, such as
energy storage, catalysis, electronics and mechanism etc.'® Successful fabrication techniques
reported so far mainly include chemical/physical vapor deposition, hydrothermal,
electrochemical etching/deposition, laser ablation and electrospinning methods.”” Particularly,
chemical vapor deposition (CVD) technique has been extensively investigated due to the mild
synthesis condition (such as normal pressure and low growth temperature), high yield, simple
facility, and low cost.!1? Besides, the wall number, diameter, length, and alignment of as-
produced CNTs can be well mediated through CVD technique.M'17

However, the traditional CVD processes have one common vital drawback, that explosion
is a potential risk, when flushed with the flammable gasses (e.g. methane, acetylene, benzene,
xylene, toluene, etc.) as carbon feedstock.'®?' Thus, a simple alternative route taking solid
precursors as carbon source is highly demanded. For example, CNTs can be produced through
pyrolysis of solid organo-metallic precursors in vacuum or closed system.”” Wang et al.”
synthesized the smallest carbon nanotubes by the pyrolysis of tripropylamine molecules in the

channels of porous zeolite AIPO4 single crystals. Chen et al*

reported the growth of CNTs
using a one-step direct thermolysis of a metal-organic framework. More recently, Tang el at.’
reported that carbon nanotube/aluminium composite was produced by thermolysis of
polyethylene glycol (PEG). These approaches, however involve special solid precursors that
can be easily decomposed to form hydrocarbons at low temperature, which limits their
applications from mass production.

Herein, we propose a novel large scale synthesis of CNTs through a self-vaporized vapor
chemical deposition (SVCD) technique from indecomposable solid carbon source. The cyst
shells of Artemia, which is a natural biological crustacean widespread in salt lakes, coastal

26,27
d,”™

salt flat pools and other high salt fields all over the worl are considered as the ideal solid
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carbon precursor. The main composition of the Artemia cyst shell (ACS) is chitosan, therefore
the abundant -NH, and -OH groups on chitosan molecular chains can form complex with
some heavy metal ions such as Ni*" etc.,”™®! which facilitates a uniform pre-imbedding of Ni
catalyst into the microstructure of the carbon precursor. This is critical for the homogeneous
catalysis during the subsequent growth of CNTs. The fabrication involves a gasification
process of the intermediate product catalyzed by KOH and K,CO;, through which gaseous
carbons such as CO are produced and deposited on to the Ni catalyst surface to form CNTs. It
is conceived to be an environmentally friendly, convenient and safe synthesis method without
using any hazardous reductant gas. The as prepared CNTs are multiwalled with high oxygen
content, and denoted as O-MCNTs. The unique microstructure endows O-MCNTs with
abundant active sites and improved wettability, showing great potential for the application in
electrochemical field.

2. Experimental Section

Materials: Artemia cyst shells were attained from Chinese Academy of Aquaculture and
Sciences. All chemicals used here were of analytical grade. Potassium hydroxide (KOH,
Kermel Tianjin Chemical Co. Ltd., China), hydrochloric acid (HCI, Kermel Tianjing
Chemical Co. Ltd., China) and nickel acetate ((Ni (CH3;COQO),4H,0O, Guangfu Tianjin
Chemical Reagent Co. Ltd., China) were used without further purification. The commercial
multiwall carbon nanotubes were purchased from Beijing DK Nano Technology Co. Ltd.,
China.

Synthesis of Ni imbedded in graphitic porous carbon frameworks (Ni-GPCFs): The Ni-
GPCFs 1is synthesized shown as follows: 1.2g Artemia cyst shell powder was first
impregnated with 100 mL aqueous solution containing 1.2g nickel acetate and magnetic
stirred for 6h, followed by sonication of 30 min for uniform dispersion. After that, 3.6 g KOH
was added to the above mixture with stirring and heated to 80 °C to form a Ni*"/ACS/KOH

paste. Finally, the paste was carbonized, activated and graphitized at 800 °C for 2 h at a
3
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heating rate of 2 °C min”' in flowing Ar atmosphere. After cooling to room temperature, the
final sample was repeatedly washed with HCI (1 mol L") solution and deionized water,
respectively, to remove impurities, and then freeze-dried under vacuum at -120 °C.

Synthesis of O-MCNTs: The as-prepared Ni-GPCF was mixed with KOH with a weight ratio
of Wxon/Whigecr = 5:1 in an agate mortar. The obtained mixture was then heated to 850 °C
at a heating rate of 10 °C min ' in Ar atmosphere, and held there for 2 h. Similar processes
were also performed at different Wxon/Wnigecr of 1:1, 2:1, 3:1, 4:1 and 6:1, respectively. In
order to remove the residue of nickel, the as obtained sample was washed with HCI (1 mol L™)
aqueous solution and deionized water for several times repeatedly, and then dried at 120 °C
for 12 h.

Materials Characterization: The morphology and structure of the samples were
characterized by scanning electron microscopy (SEM, Carl Zeiss SUPRA 55 SAPPHIRE, 15
kV), transmission electron microscopy (TEM, JEM-ARM 200F, 200 kV) and Raman
spectroscopy (WITec, alpha300R, excited by a 532 nm laser). X-ray diffraction (XRD)
measurements were carried out by Rigaku D/MAX-2500 powder diffractometer with Cu-Ka
radiation (A= 0.154 nm) operated at 40 kV, 200 mA. The variation of the chemical structure
was confirmed by Fourier transform infrared spectrometer (FTIR, NiCOLET IS10). X-ray
photoelectron spectrum (XPS) was conducted on a Thermo Scientific ESCALAB 250Xi
photoelectron spectrometer using Mg-Ka as the exciting source (1253.6 eV). Nitrogen
adsorption-desorption isotherms were obtained on an ASAP 2020 HDS88 (Micromeritics
Instrument Corporation) instrument at 77 K. The electrical conductivity was measured with a
ST-2722 semiconductor powder resistivity apparatus (Suzhou Jingge Electronic technology
Co. Ltd., China).

Electrochemical Tests: The capacitive performance of the as prepared samples was evaluated
with a three-electrode system. The working electrodes were prepared by mixing active

materials, acetylene black, and 5 wt% polyvinylidene fluoride (PVDF) at a weight ratio of
4
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85:10:5 in N-methylpyrolidinone (NMP) solvent, coating on Pt net (1x1 cmz) current collector
and drying in a vacuum oven. The counter electrode and reference electrode are platinum foil
and saturated calomel electrode (SCE), respectively. The cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) tests were carried out on a CHI 660E
workstation (Chenhua, China). Galvanostatic charge/discharge (GCD) tests were performed
by computer controlled cycling equipment (Land CT2001A, China). All the electrochemical
tests were performed in 1 M H,SO4 aqueous solution. The specific capacitance of the O-
MCNTs electrode or the commercial Multiwall Carbon electrode was calculated from the

GCD curves based on the following equation:

Cs= —qv

dt Equation (1)

dv

where I (A) is the discharge current, m (g) is the mass of active materials, 4t represents the
slope of discharge curves, respectively.
3. Result and Discussion

Figure 1 demonstrates the morphology and microstructure of as-prepared sample. SEM
and TEM images (Figure 1a-c) reveal the remarkably uniform shape of the tube-like products,
with diameters ranging from 45 to 60 nm and lengths of up to several micrometers. The
selected area electron diffraction patterns (SAED) indicate their high crystallinity character
(Figure 1d). The high-resolution TEM (HRTEM) image (Figure 1e) shows clearly narrow
hollow tube cavities (<10nm) with thick tube walls (>20nm), generating a structure in which
the graphitic walls are parallel to the tube axis (“straight and hollow” form). The
discontinuous lattices reveal the intermittent arranged carbon atoms, indicating the abundant
defects formed during crystallization. The graphitic structures of the carbon walls are further
confirmed by XRD and Raman analysis. The characteristic peaks in XRD patterns (Figure 1f)

could be indexed as the (002) (100), (101) and (004) crystal facets of graphite phase
5



Journal of Materials Chemistry A Page 6 of 26

respectively (JCPDS no. 75-0444).2* The relatively wide full width at half maximum (FWHM)
of 0.653 implies the deteriorated degree of crystallinity,** which is in good agreement with the
HRTEM data. A representative Raman spectrum of the carbonized sample (the inset in
Figure 1f) shows two bands centered at 1588.7 (G band) and 1357.8 cm” (D band),
corresponding to the graphitic carbon phase with sp” electronic configuration and the presence
of amorphous or disordered carbon, respectively. The relatively high Ip/lg intensity ratio of
0.809 (the inset in Figure 1f), indicates the large portion of sp’ carbon atoms at defect
sites.””* On the other hand, XPS (Figure 1g) and FTIR (Figure 1h) characterizations
confirm the rich of oxygen functional groups of the as-prepared O-MCNTs, and a total 23.7
at% oxygen content is revealed from the XPS survey spectrum (Figure 1g). In addition, a
vibrational band at 1633 ¢cm™ from FTIR spectrum (Figure 1h) is typical for a stretching
mode of OH group in an enol C=C-OH form, which should be attributed to the simultaneous
KOH etching during the reaction.” It is worth to note that the C-O (286.48 ev) and C=0
(288.7 eV) fractions in O-MCNTs reach up to 13.49% and 9.2%, respectively, according to
the curve fitting of Cls spectrum (Figure S1, Supporting Information).

To explore the growth mechanism of the CNTs, the microstructure of the carbon precursor
and the intermediate product was characterized (Figure 2). The overall fabrication process of
O-MCNTs is illustrated in Scheme 1 a. Briefly, the ACS was is as the carbon source (Figure
2a).>*® The ACS is firstly soaked with aqueous solution containing Ni** ions, these Ni** ions
will then bond to the free -NH, groups or -OH groups of forming Ni*'-chitosan metal chelate
(Scheme 1b),?® and thus Ni*" ions can be uniformly anchored to the ACS. A dilute aqueous
KOH solution is then added, and the OH ions will react with Ni*" immediately, leading to the

precipitation of Ni(OH), nanoparticles (Equation 2). The above complex is preheated at 80

Ni(CH,CO,), e 4H,0 —mpreention_, \jj2+ __KOH_, Ni(OH), Equation (2)
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°C to remove the residue water and provide a homogenous distribution of Ni(OH),
nanoparticles within the ACS architecture. The as obtained product is then calcined in Ar
atmosphere at 800 °C, where Ni(OH), is converted to Ni metal catalyst, and ACS is
carbonized and graphitized, forming intermediate product composed of petaliform graphitic
porous carbon with Ni imbedded in the frameworks (Ni-GPCF) (Figure 2b). The XRD
patterns (Figure 2¢) prove the co-existence of graphitized carbon (JCPDS no.41-1487) and
metallic Ni phase (space group: Fm-3m(225), JCPDS no. 65-2865). Figure 2d and 2e
demonstrate that metallic Ni nanoparticles (NPs) with size of 30-45 nm are uniformly
imbedded in carbon framework, which will further serve as the catalyst for CNT growth. The
uniform particle size and homogeneous distribution of Ni catalyst could be attributed to the
constraint effect of the hierarchical porous microstructure of the ACS. As comparison, Ni
catalysts were imbedded into chitosan powders following the same procedure, and CNTs with
ununiformed morphologies were obtained due to the inhomogeneous distribution of Ni
particles (Figure S2, Supporting Information). Moreover, the lattice fringes with interplanar
distance of 0.176 nm are assigned to the (100) facets of an fcc nickel nanocrystal (Figure 2e),
which is in good agreement with the XRD patterns (Figure 2¢). These exposed Ni (100)
facets are reported as more active than the Ni (111) facet for CNTs growth.” While the
graphitic nanoribbons around Ni NPs (Figure 2e), would act as the nucleation cores for the
growth of O-MCNTs. The SEM image and the corresponding energy-dispersive X-ray
spectrometry (EDS) mapping images of C, O and Ni elements (Figure 2g-j), clearly
demonstrate the uniform distribution of Ni NPs in the intermediate product.

It is reported that there are two main growth mechanisms of CNTs.***' One possible
mechanism is through the formation of intermediate metastable nickel carbide such as NiCy or
NizC etc., and then release the dissolved carbon to form CNTs.*' The other is through the
direct decomposition of hydrocarbons (e.g. CHy4, C,H,, etc.) or carbon monoxide (CO) over

the catalysts nanoparticles surfaces (e.g. transmission metal or their alloys etc.) as presented
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by Baker et al.*’ In this mechanism, the interaction of carbon molecules with the metal surface
is limited to certain crystal facets, and thus different crystallographic orientations of catalysts
particles will lead to the formation of different CNT morphologies. In order to get detailed
information during the reaction, we conducted an experiment to investigate the phase
transformation behavior by immediately cooling down to room temperature from 850°C,
instead of holding there for 2h, the TEM images of the as obtained products are shown in
Figure 3. Figure 3a clearly shows that the graphitic shells around the Ni NPs are transferred
into the tube walls at some highly active sites, indicating the graphitic carbon phase act as the
nucleation cores during the growth of O-MCNTs. Three types of CNTs with different
morphologies are observed in the same sample, which should represent three different
precipitation models according to the previous study.”’ In Figure 3b, rhombic shaped Ni
particle is encapsulated within one single CNT, which generates a geometric shape containing
six well-defined crystallographic facets of Ni (the left inset in Figure 3b ). The
nanostructures are established by a bidirectional mode in which the CNTs are precipitated
simultaneously from four facets of Ni NPs, while other two facets (front and back, the right
inset in Figure 3b ) are capable of dissolving carbon atoms. Therefore, the tube walls of
CNTs in this growth mode is inclined at an angle to the tube axis. In contrast, Figure 3¢
demonstrates that graphite tube walls are precipitated from only a single face of the particle,
which emerge at the end of tubes, and several faces where precipitation of carbon in the form
of concentric graphite platelets. As a consequence, the CNTs are hollow and the tube walls
are parallel to the tube axis (Figure 3c¢). The growth of CNTs in Figure 3d also follows a
bidirectional mode (the inset in Figure 3b), where individual Ni particle is encapsulated in the
tube, suggesting that the diameter of as-prepared O-MCNTs is determined by the size of
nickel particles. However, there are four facets that are capable of dissolving carbon atoms,
and only two facets are available for precipitating carbon, compared with the first model

(Figure 3b). So, the graphite platelets are stacked in a direction perpendicular to the CNTs
8
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axis. As a result, CNTs with non-hollow structure would be obtained through this reaction
model, which is consistent with the TEM results (Figure 3d). Therefore, the growth
mechanisms of three different CNT morphologies corresponding to the three models
presented by Baker et al,*’ co-existed in the reaction, indicating the direct deposition
mechanism, in which the decomposed gaseous carbons (hydrocarbons or carbon monoxide)
are deposited directly on the catalysts surface. Meanwhile, no nickel carbide phases are
observed in this product, further proving the direct deposition process. Note that, uniform
morphology of O-MCNTs is achieved for the final product (Figure 1), which is straight with
narrow inner hollow space. This could be explained by the nanocrystal reconstruction of Ni
catalyst during the holding time at 850°C.*** For the reaction without holding time at high
temperature, three types of Ni catalysts compete to exist in the initial age of forming CNTs,
inducing growth of CNTs with different morphologies; while the catalyst metals achieve well-

defined crystallographic orientations, after holding 2h at 850 °oC, M

which finally leads to the
formation of uniform shaped CNTs.

Concerning no gaseous carbons are injected during the whole fabrication process, the origin
of the reaction gas for further CNT growth remains an unresolved puzzle. Note that, KOH can
react with carbon at high temperature to form K,COs, (Equation 3), while using K,CO3 or
KOH as catalyst for the gasification of coals to produce CO and H; is a well known

reaction.*®*” In this condition, we can assume reasonably that the gases (CO, H, and CO; etc.)

produced through above reactions (Equation 3 and 4) would serve as the carbon feedstock for

2C (amorphousy + OKOH—24 5 2K 12K ,CO; +3H, Equation (3)
C+K,CO, —Sebzed guifiction_, 70 +2K,0 Equation (4)

the growth of CNTs through a vapor deposition process. Therefore, in this mechanism, KOH
plays a critical role by etching the amorphous carbon preferentially around the graphitic

nanoribbons and then providing carbon feedstock gas for the CNT deposition through a
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catalyzed gasification reaction, which is defined as a catalyzed gasification and self-vaporized
chemical vapor deposition (SCVD) process. Besides, the presence of H, produced in the
reactions (Equation 3) is essential to obtain straight and hollow CNTs rather than other

48,49

growth conformations, which is consistent with the SEM and TEM results (Figure 1).
Furthermore, this H, gas can also prevent the carbon stacking on the nickel surface, avoiding
the catalyst deactivation problem during the synthesis process.”’

To further verify this proposed mechanism, additional experiment was performed by
adjusting the weight ratio between KOH and Ni-GPCF (Wxon/Whi.gecr). No CNTs were
produced when the ratio of Wxon/Whi.gpcr equals to 1 (Figure S3, Supporting Information),
attributed to the inadequate gas produced from the catalyzed gasification for the CVD process
with low KOH concentration. With increased Wyon/Wni.gpcr ratio, the amount of CNTs
produced increases gradually attributed to more gaseous carbon (Figure 4b-d) produced as
carbon feedstock. All the carbons are transformed to CNTs when Wxon/Wni-gper Increased to
5:1 (Figure 1a) and 6:1 (Figure 4d). However the CNT yield for the latter sample is
significantly reduced due to the etching of CNTs by the excessive KOH. Therefore, mass
production of CNTs directly from biomass can be realized through this novel technique with
the careful control of KOH and catalyst amount.

The high content of oxygen and deficiencies on O-MCNTs are favorable for
electrochemical applications by supplying more active sites for energy storage or anchoring
nanoparticles.’"™>* To evaluate the possible application of O-MCNTs in electrochemical field,
the as prepared sample was directly applied as supercapacitor electrode without any further
modification, and tested in a three-electrode system in 1M H,SO4 electrolyte. The
supercapacitor performances were evaluated by means of cyclic voltammetry (CV),
electrochemical galvanostatic charge/discharge (GCD) test, and compared with the
commercial CNTs. Figure 5a shows the typical CV curves of as-prepared O-MCNTs and

commercial CNTs at a scan rate of 5 mV s™ within a potential range of 0 to 1 V (vs. SCE). In
10
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detail, a pair of extremely symmetrical redox peaks appears on the CV curve of O-MCNTs,
which would contribute Faradic capacitance due to the oxygen-containing groups. In contrast,
the commercial MCNTs sample exhibited negligible CV area, indicating the significantly
lower capacitance values, compared with O-MCNTs. The GCD curves (Figure 5b) exhibits a
slight deviation from linearity, demonstrating the pseudocapacitive behavior of O-MCNTs.
The specific capacitance (SC) is calculated from discharge curves (Equation 4, see
Experimental Section), a high SC value of 122 F g is achieved for O-MCNTs at current
density of 0.2 A g, which is 6 times higher than that of commercial CNTs (18 F g”', Figure
5b). Figure S5c shows the shape of CV curves can be finely maintained at scanning rate
ranging from 5 to 1000 mV s, indicating good rate performance of the as produced O-
MCNTs. This is also confirmed by GCD results (Figure S4), which demonstrates a
capacitance retention of 78% from 0.2 to 2 A g'1 (Figure 5d).

The electrochemical impedance spectroscopy (EIS) was carried out with the perturbation
amplitude of 5 mV at the frequency range of 10%-10° Hz, to investigate the electrical
resistance responses of O-MCNTs and commercial CNTs. Both the EIS plots consist of a
quasi-semicircle in the high-frequency region, and a nearly vertical line at the low-frequency
region (Figure Se). In the high-frequency region of Nyquist curves (inset in Figure 5e), the
first intercept along the real axis represents the equivalent series resistance (ESR), the
diameter of the quasi-semicircle corresponds to the charge transfer resistance (CTR) and the
slope at low-frequency region reflects the ion diffusive resistivity at electrode/electrolyte
interface. Both the ESR and the CTR of O-MCNTs are slightly larger than those of the
commercial CNTs, which should be attributed to the decreased electronic conductivity caused
by the large number of doped oxygen atoms and deficiencies on O-MCNTs. The conductivity
test (Figure S6, Supporting Information) also confirmed this result. However, the O-MCNTs
exhibit a more vertical straight line than that of commercial CNTs in the low-frequency

region, suggesting its ideal capacitive behavior and the lower electrolyte diffusion
11



Journal of Materials Chemistry A

resistance.> This could be related to the improved wettability of electrolyte towards electrode
surface by doping of heteroatoms™ (Figure S8, Supporting Information). Generally, the rich
of oxygen-functional groups is often accompanied with sacrificed cyclability.54 The long
cycle performance of O-MCNTs is evaluated using the galvanostatic charge-discharge
technique conducted at 2 A g (Figure 5f). Only 3% capacitance deteriorates for O-MCNTSs
over 10000 cycles, revealing an outstanding electrochemical stability. The good long cycle
life for the O-MCNTs indicates that, the in-situ introduced heteroatoms on carbon frameworks
during the synthesis process, are more stable under harsh working conditions, compared with
those introduced through post-treatments.

The significantly improved capacitance behavior can be explained by the unique
microstructure of the as prepared O-MCNTs. In comparison with the commercial CNTs, the
O-MCNTs exhibit much better wettability (Figure S8, Supporting Information) due to the
oxygen doping and discontinuous defects, which can effectively enhance the surface

J . J . . . 56.57
utilization and facilitate easy ion entrance and diffusion™

(Figure 6). Besides, these doped
oxygen atoms on the carbon skeleton (Figure 6) can greatly increase the Cs value by
introducing a large portion of pseudocapacitance through redox reaxtions.” Specifically, the
pseudocapacitance (C,) of O-MCNTs at 0.2 A g, is calculated as 78 F g™ according to T,
(the discharge time of the pseudocapacitance) by extending the linear part of the discharge
curve to X-axis (Figure S5, Supporting Information),” demonstrating a totally 64% of the
total Cs. Meanwhile, O-MCNTs demonstrate a much higher specific surface area (124.2 m* g
') than that of commercial CNTs (82.1 m® g, Figure S7a, Supporting Information),
contributing enhanced double-layer capacitance. Therefore, the unique structural feature of O-
MCNTs is more favorable for capacitive behavior by offering better utilization of the

electroactive surface area, more electroactive sites and enhanced ion transformation kinetics.

Note that, the as prepared O-MCNTs without further modification present superior specific

12
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capacitance and cycling stability as compared to the CNTs, and even comparable with those
doped CNTs reported in previous works (Table 1).
4. Conclusions

In this work, we report a novel strategy for mass-producible fabrication of oxygen rich
carbon nanotubes from solid biomass carbon source via a novel self-vaporized chemical vapor
deposition process. A possible mechanism and discussed in detail, in which the KOH plays a
critical role by etching the amorphous carbon preferentially of the graphitized intermediate
product, and then providing carbon feedstock gas (e.g. CO) for the CNT deposition through a
catalyzed gasification reaction. The yield of the CNTs can be tuned by adjusting the amount
of KOH added. The as-prepared CNTs possess high oxygen content, leading to 6 times of
enhanced specific capacitance as compared to commercial CNTs, accompanied with superior
long cycle life. This technique may be applied to produce CNTs through other solid materials,
as long as the metal catalysts can be uniformly loaded into the carbon precursors.
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Figure 1. (a) SEM images and (b-c) TEM images; (d) the SEAD pattern; (¢€) HRTEM
corresponding to the black box area in (c); (f) XRD pattern, the inset shows the Raman
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Figure 2. SEM image of (a) ACS temple; (b) Ni-GPCF; (c) XRD pattern of ACS and Ni-
GPCF; (d) TEM image of Ni-GPCF; (¢) HRTEM of Ni particle embedded in graphitized
carbon. The inset shows SAED of Ni particle; (f) Photography of the preparation of Ni-GPCF:
1: ACS temple, 2: ACS impregnated with Ni salt solution, 3:nickel-ion-anchored ACS by
KOH, 4: preheated nickel-ion-anchored ACS/KOH mixture; (g) SEM image of Ni-GPCF; and

the corresponding EDS mapping of: C (h), O (i) and Ni (j).
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Figure 3. TEM images of CNTs with different morphologies produced without holding time
at 850°C; and inset: schematic show of the structural relationship between the catalyst particle

and graphite tube walls with the different precipitation pattern during the growth of CNTs.
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Scheme 1. a, Schematic illustration of CNTs growth; b, Ni*" ions can penetrate into the

matrix of chitosan to form metal chelate complex.
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Figure 4. SEM images of the as-synthesized O-MCNTs from Ni-GPCF with different weight

ratios (Wxorn/Whni.gecr): (a) 2:1; (b) 3:1; (¢) 4:1 and (d) 6:1.
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Figure 5. (a) CV curves of commercial CNTs and O-MCNTs samples at a scanning rate of 5
mV s in 1 M H,SO, aqueous solution; (b) Galvanostatic charge/discharge curves of the as
prepared samples at 0.2 A g'; (c) CV curves of O-MCNTs measured with a voltage of 1V at
various scanning rates; (d) Specific capacitance versus current density from 0.2 A g'to 2 A g
" of the commercial CNTs and O-MCNTs; (e) Nyquist plots of commercial CNTs and O-

MCNTs within the range of 102 Hz ~10° Hz; (f) Long-term cycle performance of O-MCNTSs

at2 A g'l.
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Table 1. Comparison of the C; and cycling stability of O-MCNTs and some carbon nanotubes

from previous works.

Voltage ) )
Capacitance C Cycling
Sample window Electrolyte r o Ref
measured a abili
) dat (Fg)) Stability
MWCNT 0.7 6 M KOH 0.05vs" 29 - 58
SWCNT 3 1 M LiCIO,4 075A¢g" 35 - 59
CNT 0.8 1 M Na,SO, 1A g’ 15 60
N-doped 4 87%
0.8 1 M Na,SO4 l1Ag 120 . 60
CNTs (8 A g, 4000 cycles)
P-doped 95%
P 0.9 6 M KOH 05Ag" 133 . 61
CNTs/CF (50 A g, 5000 cycles)
0- 97% i
-1 ° This
MCNTSs 1 IM H,SO4 02Ag 122 2 A g, 10000 cycles) work
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The Table of Contents Entry

Carbon nanotubes (CNTs) are firstly synthesized through a novel low cost self-vaporized
chemical vapor deposition (SCVD) technique. This technique represents a novel, convenient
approach toward large scale production of CNTs directly from indecomposable solid carbon
source.
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