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Well-aligned multiwalled carbon nanotubes (MWCNTs) were synthesized from a

cyclopentadienyliron dicarbonyl dimer precursor using chemical vapor deposition and were

systematically characterized over a variety of growth conditions. The injection volume of the

precursor was found to affect both the MWCNT diameter distribution and the amount of residual

iron catalyst found in the sample. Low injection volumes produced relatively low impurity

samples. Synthesized materials contained as little as 2.47% catalyst impurity by weight and were

grown without predeposition of catalyst materials onto the substrate, reducing the need for

damaging purification processes necessary to remove the substrate. Scanning electron microscopy

was used to investigate catalyst contamination, synthesized MWCNT diameters, and growth

morphology. Additionally, transmission electron microscopy was employed to qualitatively

examine nanotube wall formation and sidewall defects. Longer growth times resulted in a higher

quality product. Raman spectroscopy was used in conjunction with thermogravimetric analysis to

confirm sample quality. The relative efficacy of the precursor and material quality are evaluated.
VC 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4904743]

I. INTRODUCTION

Research into the properties and synthesis of carbon

nanotubes (CNTs)1,2 has grown rapidly since their discovery

in 1991.3 Unique CNT mechanical, electrical, and chemical

properties have fueled the investigation of applications such

as conductive additives in lithium ion batteries,4 electrodes

in experimental supercapacitors,5 flexible alternatives to rare

earth conductive films such as indium tin oxide,6,7 and com-

ponents in biosensors8 and gas sensors.9 CNTs can be syn-

thesized via the sublimation of carbon in an inert atmosphere

using methods such as arc discharge,10 laser ablation,11 and

concentrated sunlight,12 and chemical methods such as

chemical vapor deposition (CVD),13,14 multistage reactors,15

and electrolysis.16 Aligned multiwalled carbon nanotube

(MWCNT) arrays are advantageous in applications such as

electrodes in organic solar cells.7 Aligned arrays provide

better charge separation than random CNT networks17 as

well as improve their mechanical and electrical properties.18

One of the most promising synthesis techniques for the

production of large scale quantities of aligned MWCNTs is

the injection CVD method. Injection CVD is performed by

injecting a carbon source into a furnace with predeposited

catalyst on a substrate, with the most common types of metal

catalyst particle being Fe, Co, and Ni; though Cu, Au, Ag,

Pt, and Pd also catalyze MWCNT growth.19 Prepatterned

substrates enable aligned MWCNT growth and diameter tun-

ing by controlling catalyst site size and distribution.14,20

However, catalyst sites can eventually deactivate through

the continuous deposition of pyrolyzed hydrocarbons21 and

Ostwald ripening,22,23 thus samples often require damag-

ing,24–26 multistep purification processes employing hazard-

ous chemicals to remove catalyst particles and substrate.27

The ability to synthesize aligned MWCNT arrays with low

levels of initial contaminants is very important, as it would

reduce the number of steps before utilizing the product and

decrease the amount of damage and waste caused by
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purification processes. By employing the floating catalyst

method of injection CVD, a precursor28 serves as both a

potential carbon source29 and the catalyst source, which

eliminates the need for a prepatterned substrate. This allows

for continuous growth by constant deposition of new catalyst

particles, which reduces the catalyst deactivation problems

encountered with a prefabricated substrate, potentially mak-

ing this growth method suitable for industry applications.

While convenient, in situ formation of catalyst particles pro-

duces a broad size distribution of carbon nanotubes15 and

this distribution will vary with process conditions, such as

injection volume, as this will affect the CNT diameter

distribution.

The most popular precursors for floating catalyst CVD

systems are metallocenes such as ferrocene, nickelocene,

and cobaltocene.30 Synthesis via ferrocene is versatile and

useful for creating a large range of nanostructures, such as

single, double, and multi-walled CNTs as well as branched

CNTs and carbon nanospheres29 and has proven to produce

well aligned nanotubes with a residual catalyst content of

about 10% by weight.31 The work presented here used cyclo-

pentadienyliron dicarbonyl dimer [Fe2(C5H5)2(CO)4] dis-

solved in toluene, where the Fe2(C5H5)2(CO)4 served as the

feedstock and iron catalyst source, and the toluene provided

additional carbon during the reaction. This precursor has

been shown to synthesize MWCNTs with a low as-produced

residual catalyst32 and has been used to grow Fe filled

MWCNTs.33 While there is Raman spectra evidence32 that

some single-walled CNTs are formed from this precursor,

the majority of CNT formation is not single-walled. Since

this method of catalyst formation will most likely produce a

broad distribution of iron particle sizes34 through a nanopar-

ticle agglomeration process, a broad distribution of CNT

diameters and wall numbers is expected, in comparison to

selective wall growth techniques.15

In this study, the effect of total precursor injection volume

on product quality, in terms of amorphous carbon content

and residual catalyst, is studied. The Fe2(C5H5)2(CO)4 pre-

cursor produces aligned MWCNTs with levels of residual

catalyst lower than the aforementioned precursors, and the

incorporation of both ligand and ring structures in the precur-

sor has the potential to be used to dope CNTs with hetero-

atoms and improve synthesis, making it a potential choice

for creating new families of floating catalyst precursors.28

Using this precursor, aligned MWCNTs can be easily pro-

duced without any substrate prefabrication and with a high

initial purity.

II. EXPERIMENT

MWCNTs were fabricated using a Nanotech Innovations

SSP-354 atmospheric pressure injection CVD reactor.

Anhydrous toluene solutions of the catalyst, cyclopentadie-

nyliron dicarbonyl dimer [Fe2(C5H5)2(CO)4, (0.10 6 0.05)

M], were injected through a 26 gauge needle into the preheat

zone of the reactor furnace. Solution was injected at a rate of

7.5 ml/h for all reactions and controlled by a kdScientific

KDS-100 syringe pump. Precursor injection volumes of 7.5,

11.25, 15, 18.75, and 22.5 ml were examined. The preheat

zone of the furnace was held at 215 6 1 �C, which is lower

than the boiling point of the toluene solvent (i.e., 231.1 �C)

and above the melting point of the precursor (i.e., 194 �C).

Forming gas, which contains a mixture of H2/Ar (5%/95%,

respectively), was flowed through the quartz reaction cham-

ber at 1 LPM, which carried the precursor to the high tem-

perature zone of the furnace that was kept at 700 6 1 �C.

MWCNT samples were collected from inside the high-

temperature reaction zone using a spatula and were exfoli-

ated from the reactor walls in the form of flakes. Raw

MWCNTs were characterized with field emission scanning

electron microscopy (SEM) using a Hitachi S-4000 instru-

ment with an accelerating voltage of 5.0 kV. Raman spec-

troscopy was performed using a Jobin Yvon LabRam

spectrometer with an excitation energy of 1.96 eV, and ther-

mogravimetric analysis (TGA) data were acquired using a

Q5000 IR thermogravimetric analyzer, using measurement

conditions similar to the work of Harris et al.32 As-produced

MWCNTs were dispersed in dimethylformamide (Sigma-

Aldrich) via sonication for 30 min, and were cast on a 200

mesh Cu transmission electron microscope (TEM) grids

(PELCO; Ted Pella, INC). The mounted samples were inves-

tigated using a JEOL JEM-1400 TEM with a beam energy of

120 keV.

III. RESULTS AND DISCUSSION

MWCNT samples were produced using various injection

volumes (7.5, 11.25, 15, 18.75, and 22.5 ml) of the

Fe2(C5H5)2(CO)4 precursor and grown on the interior walls

of the quartz reactor tube in place of a prefabricated sub-

strate. SEM imaging of as-produced samples showed suc-

cessful MWCNT growth with high levels of nearest

neighbor alignment in reactions using higher injection vol-

umes. SEM images showing the morphology of the

MWCNTs synthesized with precursor injection volumes of

7.5, 15, and 22.5 ml are displayed in Fig. 1. The local align-

ment and density of the MWCNT changes from randomly

aligned MWCNT bundles to uniformly aligned arrays

between the 7.5 and 15 ml injection volumes. The alignment

does not improve after the 15 ml reaction, owing to the

decrease in MWCNT diameter and increase in the total num-

ber of MWCNTs, which causes the bundles to align. The

outer diameters of MWCNTs were measured via SEM, and

ranged from 7 to 130 nm, which is similar to MWCNT diam-

eters synthesized with other metallocenes.35,36 Diameter dis-

tributions were obtained by measuring the diameters of at

least 100 MWCNTs from each growth condition as deter-

mined by the global diameter assessment tools using ImageJ

(Ref. 37) from multiple SEM and TEM images. The 15 ml

injection volume yielded the most uniformly weighted dia-

meter distribution, which is desirable for applications that

the produced MWCNTs would share similar properties in

the array.

MWCNTs were imaged with TEM, and inclusion of

nanorods, possibly of the iron catalyst material, was

observed in some MWCNTs [Figs. 2(a) and 2(b)]. Previous
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experiments using this precursor for CVD growth also

showed iron nanorods trapped inside synthesized MWCNTs,

as determined via energy dispersive x-ray spectroscopy.33

Nanotubes exhibited sidewall defects, such as buckling and

folding, along their lengths in all growths, as seen in Figs.

2(a) and 2(c). Thick MWCNTs are very prone to develop

these deformations when subjected to stress due to mechani-

cal grinding and sonication,38,39 though whether the defor-

mations were caused during sample removal or sonication is

unknown. TEM analysis of the overall sample set showed

similar catalyst encapsulations and sidewall defects in all

injection volumes.

Additional characterization of the samples was performed

using thermogravimetric analysis in air, providing a measure

of the residual catalyst in the samples as well as the oxida-

tion temperature of the samples, as seen in Fig. 3. The TGA

data showed maximum weight loss, as seen in the first deriv-

ative of the weight loss with respect to temperature (dashed

line of Fig. 3), between 617 and 632 �C for all samples. This

is within the known decomposition temperature range of

MWCNTs (Refs. 40 and 41) and indicates that the majority

of the sample mass existed as carbon rather than catalyst par-

ticles. However, the amount of amorphous carbon versus

MWCNTs cannot be deconvolved from the TGA signal,

since the decomposition of MWCNTs and carbon nanopar-

ticles occur at nearly the same temperature.40 The sample

with the least residual iron was the 7.5 ml reaction, at 2.47%

catalyst impurity by weight, which is low in comparison to

the residual catalyst observed in following reactions. This

reaction had the largest observed diameters, as seen in Fig.

1(d), meaning that more carbon was trapped in many lay-

ered, large diameter MWCNTs, making the ratio of carbon

to catalyst larger than in successive reactions where the rate

of catalyst deactivation may be higher; thus, more carbon

was formed as MWCNTs rather than being swept into the

exhaust during the reaction. The alignment of MWCNTs in

this reaction was also less orderly than in successive

FIG. 1. (Color online) 128 lm� 98 lm SEM micrographs of MWCNT

growth with varied precursor injection volumes of (a) 7.5 ml, (b) 15 ml, and

(c) 22.5 ml. Note the apparent change in growth alignment and density

between (a) and (b). Corresponding diameter distributions of MWCNT are

displayed below each micrograph, which were compiled from sampling

greater than 100 MWCNTs from growth conditions using (d) 7.5 ml, (e)

15 ml, and (f) 22.5 ml of the Fe2(C5H5)2(CO)4 precursor.

FIG. 2. (a) 1623 nm � 1082 nm TEM image of MWCNTs synthesized with

15 ml of the precursor. (b) A 250 nm � 270 nm TEM image of encapsulated

nanorod of catalyst material, as seen in the center of image (a), and (c) a

150 nm � 160 nm image displaying sidewall defects, as representative of all

reactions, in a MWCNT synthesized with 7.5 ml of the precursor.

FIG. 3. Thermogravimetric analysis of the 7.5 ml MWCNT growth sample.

The solid black line is the weight percent as a function of temperature, and

the dashed black line is the derivative of the weight percent, the peak of which

occurs at 630 �C. This sample had a residual Fe catalyst by weight of 2.47%.

011204-3 Zeidell et al.: Cyclopentadienyliron dicarbonyl dimer CNT synthesis 011204-3
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reactions, existing as bundles rather than aligned arrays, as

seen in Fig. 1(a). Reactions with higher injection volumes

had residual catalyst varying from 6.0 to 9.5 wt. % and also

showed more organized alignment, leading to the conclusion

that for aligned MWCNT arrays that this amount of residual

catalyst is normal for this precursor. Increased iron content

and CNT alignment can be partially attributed to Ostwald

ripening, as catalyst particle size and distribution will be

effected by injection volume.22,23 Other metallocene precur-

sors can provide a residual catalyst content of anywhere

from 7% to 22% by weight.42,43 The residual catalyst impu-

rity for each sample, as well as the temperature of maximum

weight loss, can be found in Table I. TGA curves for the

other samples may be found in the supplementary material.44

Raman spectroscopy was used to further characterize

each sample and provide information about the quality of the

synthesized nanotubes, as has been reported in detail else-

where.45–47 It is generally accepted that the ratio of D and G

bands of Raman spectroscopy is a quality parameter for

CNTs.47,48 The Raman spectra in Fig. 4 show the character-

istic MWCNT peaks at the D, G, and G0 bands (�1350,

�1580, and �2700 cm�1, respectively).41 The D band corre-

sponds to disordered amorphous carbon with sp3 bonding

double resonance affects in sp2 carbon,49 the G band results

from vibrations of graphitic carbon, and the G0 band repre-

sents the long-range order of the sample and is caused by

two-phonon, second order scattering.50,51 Individual spectra

of each sample may be found in higher resolution in the sup-

plementary material.44 The ratio of peak intensities of the

Raman D and G peaks (ID/IG ratio) is used often as a mea-

sure of the relative quality of MWCNT formation,48,52 since

it is the ratio of amorphous carbon to the degree of structural

order of the sample. This ratio ranged from 0.65 to 0.57, and

in general showed a trend toward higher sample quality with

increasing injection volume for our samples, as seen in

Fig. 5. The lowest ratio corresponds to the 22.5 ml growth,

showing that this sample had the lowest ratio of amorphous

carbon with respect to the sample crystallinity.

IV. SUMMARY AND CONCLUSIONS

The Fe2(C5H5)2(CO)4 precursor used in this study pro-

duced MWCNTs with concentrations of residual catalyst im-

purity as little as 2.47% by weight. Alignment of MWCNT’s

has been shown and lower injection volumes produced rela-

tively lower impurity samples. MWCNTs were successfully

grown without a prefabricated substrate and with preferential

alignment. The ratio of amorphous carbon to structural order

of the as-produced MWCNTs decreased with injection vol-

ume as observed by Raman spectroscopy, implying the prod-

uct was better formed and contained less carbonaceous

impurity with increased injection volume. The most uni-

formly weighted diameter distribution of MWCNTs was

found in the 15 ml reaction. However, for the 18.75 and

22.5 ml injection volumes, the diameters observed had a

more homogeneous diameter distribution rather than being

TABLE I. Maximum weight loss found from peak of the derivative of TGA

curve and residual catalyst impurity by weight for each injection volume.

Injection volume (ml)

(60.01 ml)

Maximum weight

loss temperature

( �C) (61 �C)

Residual Fe catalyst

by weight (%)

(60.01%)

7.50 630 2.47

11.25 618 6.04

15.00 627 6.90

18.75 623 9.51

22.50 632 6.71

FIG. 5. Plot of successive ID/IG ratios as determined by Raman spectroscopy

for each injection volume. Error bars represent variability in peak ratios due

to the resolution of the Raman system.

FIG. 4. Raman spectra for sample set of MWCNTs synthesized from injec-

tion volumes 7.5 to 22.5 ml. Incident laser energy was 1.96 eV. D, G, and G0

bands are highlighted and successive data offset applied for comparison. Of

particular note is the decrease in D peak relative to the G and G0 peaks with

increasing injection volume.
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weighted toward smaller diameters. MWCNTs existed as

large, randomly aligned bundles for lower injection volumes,

but became more uniformly aligned in reactions observed

with injection volumes past 15 ml. Using this precursor,

MWCNTs can be easily produced without any substrate pre-

fabrication, allowing for continuous growth and reducing the

need for the potentially damaging, multistep purification

processes necessary to remove the substrate, potentially

making this growth method suitable for industry

applications.
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