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Methane decomposition to tip and base grown
carbon nanotubes and COx-free H2 over mono-
and bimetallic 3d transition metal catalysts†

Deepa Ayillath Kutteri,a I-Wen Wang,a Anupam Samanta,a Lili Li*b and Jianli Hu *a

Mono- and bimetallic 3d transition metals (Ni, Fe, Co) over a SiO2 support have been investigated for

methane decomposition to COx-free H2 and value added carbon (CNT) in a fixed bed reactor. In our work

we synthesized mono/bimetallic Ni, Fe and Co catalysts with various mole ratios. The catalysts were tested

under the same reaction conditions for methane decomposition and the influence of their properties on

the CNT features was investigated. The synthesized bimetallic catalysts were found to have higher activity

and stability than monometallic catalysts. Among the bimetallic catalysts, those with higher Ni content

(9Ni–1Fe/SiO2 and 9Ni–1Co/SiO2) exhibited higher methane conversion. The properties of fresh and spent

catalysts and the CNTs formed were studied using various characterization techniques. XRD and TPR anal-

ysis confirmed alloy formation in the bimetallic catalysts. The degrees of graphitization and crystallinity of

CNTs formed over various catalysts were calculated using XRD and Raman analysis and were correlated

with the catalyst properties. The structural morphology (fishbone or parallel wall type) and growth mecha-

nism (tip or base growth) of the CNTs formed were investigated using TEM analysis. TGA analysis con-

firmed the absence of amorphous carbon formation during methane decomposition over Ni-, Fe- and

Co-based catalysts. We also performed a few preliminary studies to selectively synthesise base grown

CNTs over a Fe/SiO2 catalyst, which are considered to be easier to harvest, and also better for regeneration

of catalyst compared to tip grown CNTs.

1. Introduction

Currently hydrogen appears to be an environmentally benign
source of energy since it can be converted into electricity and
other energy forms with less pollution and high efficiency.
Among various methods of hydrogen production, steam
reforming of natural gas is the most popular and economical
technology, which contributes to 50% of the world's hydrogen
consumption.1 However, these processes are highly endother-
mic (68.7 kJ mol−1 H2) and produce large amounts of COx. As
a result, steam reforming is accompanied by the water-gas
shift reaction and separation as well as purification steps,
thereby increasing the cost of the process. Recently, shale gas
has become a very important source of natural gas in the
United States. It contributed only 3% of the United States nat-
ural gas production in 2005, rising to 35% by 2012 and is pre-
dicted to grow to almost 50% by 2035.2 Increase in demand

for COx-free hydrogen and the abundance of shale gas re-
sources present opportunities to develop novel chemical pro-
cesses that convert its major component, methane, into more
valuable fuels and chemicals.

Direct decomposition of methane is an attractive alterna-
tive process since it is a less endothermic process (37.4 kJ
mol−1 H2)

3,4 compared to steam reforming and also has a
high H/C ratio compared to other hydrocarbons. This process
generates COx-free hydrogen, which has a great application
in low-temperature fuel cells and also generates valuable
carbon nanotubes (CNTs) or nanofibers. In this work we have
concentrated more on the production of CNTs from methane.
Methane thermally decomposes to atomic carbon, which
eventually forms straight and hollow CNTs (R1).

CH4 ↔ C(CNT) + 2H2 (R1)

Carbon nanotubes (CNTs) or nanofibers are extensively
studied due to their unique physical, chemical, mechanical,
electrical and optical properties.5–8 The applications of CNTs
depend on the number of walls, diameter, length, etc. which
provides them specific properties. They are long graphitic fil-
aments with diameters ranging from 0.4 to 500 nm and
lengths from micrometers to millimeters.9 They can be single
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walled or multiwalled. Multiwalled carbon nanotubes
(MWCNTs) are predominantly known to have a high surface
area and mesoporous structure. These properties increase the
application of CNTs as an adsorbent, catalyst support and
electrode material. It has been reported that depending on
the process conditions, the carbon formed differs, like amor-
phous (disordered), turbostatic or pyrolytic (less ordered),
and carbon filaments (highly ordered, crystalline and gra-
phitic). It is very challenging to produce graphitic carbons
(CNTs) by methane decomposition in the absence of a cata-
lyst.10 Several methods are known for producing high quality
carbon nanotubes, such as laser ablation, arc discharge etc.
These processes have drawbacks like high temperature
(1200–3000 °C) and vacuum or low pressure. Non-catalytic de-
composition of methane was studied at temperatures of
1000–1100 °C which produced various forms of amorphous
carbon.10 For CNT synthesis, catalysts with nanometer sized
metal particles are essential, which will also help to reduce
the temperature for methane decomposition.

Many attempts were made to optimize the conditions for
the production of CNTs by methane decomposition. Still,
these processes are not feasible for industrial-scale produc-
tion because they are not technically ready. Supported metal
catalysts can be used to catalytically decompose hydrocar-
bons to produce hydrogen at more moderate temperatures.
Transition metals like Ni, Fe and Co were widely studied,
since their partially filled 3d orbitals facilitate the methane
decomposition due to the partial acceptance of electrons
from the C–H bond of methane.11 Among the metal catalysts
used, most researchers have focused on Ni-based catalysts
due to their high catalytic activity and capability of producing
CNTs.12,13 Although Ni catalysts showed superior perfor-
mance, they deactivated immediately at temperatures above
600 °C.14,15 To improve the durability and reduce the deacti-
vation of the catalyst at the reaction temperatures, different
metals and metal oxides have been introduced to the Ni-
based catalysts.16–21 Iron-based catalysts have also been stud-
ied but showed a shorter lifetime and lower activity than Ni
catalysts.22 When Fe-based catalysts were used, a higher tem-
perature range was also required for an efficient operation.
Co catalysts have received less attention than Ni- and
Fe-containing catalysts, but still there are few studies which
show their activity for methane decomposition.23–25 Based on
previous studies it can summarized that the catalytic activity
of iron group metals are in the order Ni > Co > Fe.24 Unfor-
tunately, the activity of the catalyst is gradually lost during
the course of the reaction due to the coverage of active sites
by the carbon formed. Recently, it was understood from mo-
lecular simulation and experimental results that bimetallic
catalysts have a significant influence on the growth proper-
ties of CNTs.26–28

Bimetallic or alloy catalysts of Ni, Fe or Co will have better
stability than monometallic ones due to structural and
electronic rearrangements that occur during alloy formation.
This property will also help to reduce the activation energy,
thereby lowering the CNT growth temperature. Also, these

types of catalysts can form stable complexes or solid solu-
tions of small nanoparticles that can prevent their agglomera-
tion, which is followed by the loss in catalytic activity. The
growth of CNTs and metal particle size are very much related
because metal particle size controls the CNT diameter. Hence
it is very important to prepare a catalyst with controlled parti-
cle size to grow CNTs with a controlled diameter. A combina-
tion of monometallic catalysts with other active metals can
lead to some promising catalysts.16,25,29,30 Hence in our work
we have attempted to employ a mixture of two metals to com-
bine their individual advantages. Besides the catalyst mate-
rial, the catalyst concentration also plays an important role
in the CNT growth. Thus, by combining different metals in
different ratios and carefully controlling the catalyst calcina-
tion conditions, it is possible to evolve new crystallographic
phases that could exhibit much higher catalytic activity
toward CNT growth.

A majority of the above-mentioned studies have shown
that catalytic methane decomposition forms CNTs by “tip
growth”. One of the main disadvantages of tip grown CNTs is
that during the harvesting of CNTs from the catalyst using
acid or base treatment the metal nanoparticles are dissolved
and the catalyst is sacrificed. Also, for a tip grown CNT, cata-
lyst nanoparticles which are attached to its tip are considered
as an impurity. Hence extraction of CNTs with complete re-
covery of the catalyst is most recommended. To overcome
this problem, catalysts and reaction processes were designed
in such a way as to produce “base grown” CNTs. Base grown
CNTs can be easily harvested and the catalyst can be regene-
rated without being consumed during the extraction process.
In addition, a literature survey has shown that very little
amount of research was done in the area of base grown CNTs
and their advantages over tip grown CNTs. Hence a portion
of our research is also focused on the synthesis of base grown
CNTs. There are only very few reports which show the base
growth study of CNTs. The base-growth mechanism was
reported for MWCNTs31,32 and also for SWCNTs.31,33 One of
the methods employed was chemical vapour deposition
(CVD) with ethylene as the carbon source and iron oxide on
porous Si as the catalyst.34 Iron oxide nanoparticles remain
attached to the support during CVD growth, and thus base
growth occurs. Still, it remains unclear how to scale up these
processes because of the lack of strategies in scaling up
nanotube growth. Another report shows the growth process
of carbon nanotubes (CNTs) from iron carbide (Fe3C) nano-
particles in chemical vapour deposition with ethylene.31

Based on the previous literature we have to incorporate the
metal–support interaction concept for base growth CNT syn-
thesis using Fe/SiO2 catalysts in methane decomposition
reactions.

To summarize, there are only very few studies that have
correlated the catalyst properties (Ni, Fe or Co-based cata-
lysts) with the properties of CNTs formed during methane de-
composition. Most of the literature cited has studied these
metals individually as catalysts for CNT formation and H2

production. Also, in the existing literature there a lack of
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information on how different metals affect the physical and
chemical properties of as-grown CNTs. Through our research
we have tried to draw a correlation between the properties of
CNTs and the type of metal used, which would help us to
grow CNTs with significant selective properties. Also we have
explored the synthesis of base grown CNTs using monometal-
lic catalysts. The advantages of base grown CNTs are that
they can be easily harvested and help in better regeneration
of the catalyst. Thus, the present work aims to prepare cata-
lysts and also investigate the relation between the catalyst
properties and the properties of carbon nanomaterials, both
tip and base grown CNTs, along with COx-free hydrogen by
methane decomposition.

2. Experimental section
2.1. Catalyst preparation and characterization

Mono- and bimetallic Ni, Fe, and Co catalysts were prepared
by a dry impregnation or incipient wetness impregnation
method. NiĲNO3)2·6H2O (Acros Organics), FeĲNO3)2·9H2O
(Alfa-Aesar) and CoĲNO3)2·6H2O (Acros Organics) were used as
precursors. Fumed SiO2 (CAB-O-SIL-EH-5 untreated SiO2,
CABOT) was used as support material. An aqueous solution
of metal precursor (corresponding to 60 wt% metal loading)
was impregnated into the support (40 wt%). The sample was
dried in an oven at 130 °C overnight (16 h). This as-
synthesized catalyst was subjected to calcination in a muffle
furnace and then reduced in 10% H2 in an Ar flow (70 ml
min−1). Monometallic Ni/SiO2 was calcined at 500 °C, 5 °C
min−1 for 10 h and reduced at 450 °C, 10 °C min−1 for 4 h;
Fe/SiO2 was calcined at 500 °C, 5 °C min−1 for 10 h and re-
duced at 700 °C, 10 °C min−1 for 4 h; Co/SiO2 was calcined at
450 °C, 5 °C min−1 for 3 h and reduced at 580 °C, 10 °C
min−1 for 4 h. Bimetallic Ni–Fe/SiO2 was calcined at 500 °C,
5 °C min−1 for 10 h and reduced at 700 °C, 10 °C min−1 for 4
h; Ni–Co/SiO2 was calcined at 750 °C, 5 °C min−1 for 5 h and
reduced at 700 °C, 10 °C min−1 for 2 h; Fe–Co/SiO2 was cal-
cined at 450 °C, 5 °C min−1 for 3 h, and reduced at 580 °C,
10 °C min−1 for 4 h. The present work concerns monometal-
lic Ni, Fe, and Co and bimetallic Ni–Fe, Ni–Co and Fe–Co
catalysts. Bimetallic catalysts were prepared by a co-
impregnation method with different mole ratios such as 1 : 1,
1 : 2, 2 : 1, 9 : 1, 4 : 1, and 1 : 9. Catalysts are denoted as xM–yN,
where M, N and x, y stand for metal and mole number, re-
spectively. Details on catalyst compositions are included in
Table S1† in the ESI.

Catalyst characterization was performed using the follow-
ing techniques. Temperature programmed reduction (TPR)
was performed for the catalysts using a Micromeritics
AutoChem HP chemisorption analyser equipped with a TCD
detector. The catalysts were degassed in He at 200 °C for 1 h.
After cooling to RT, the temperature was ramped to 850 °C in
10 vol% H2/Ar (50 ml min−1) with a linear heating rate of 10
°C min−1 and the TCD signal was recorded. Catalysts with
carbon deposition obtained after reaction at 700 °C were
characterized by X-ray diffraction (XRD). XRD measurements

were performed on a PANalytical X'pert Pro diffractometer
using Cu Kα radiation. The step scans were taken over the
range of 10–90° and the scan rate was 5° min−1. The mor-
phologies and microstructures of the carbon materials were
characterized by transmission electron microscopy (TEM)
using a JEOL TEM-2100 instrument. The samples were pre-
pared by sonication of the spent catalyst in isopropanol and
the suspension was dropped onto a Cu-TEM grid for analy-
sis. Raman experiments were performed using a Renishaw
inVia Raman spectrometer at ambient atmosphere and room
temperature. Spectra were recorded using a green excitation
line at 532 nm. Thermogravimetric analysis was performed
using a TA_SDT-650_Discovery model instrument in a 5%
O2/He atmosphere, from 150–700 °C, at a heating rate of
2 °C min−1.

2.2. Reactor apparatus

Catalytic methane decomposition was performed in a fixed-
bed flow reactor (10 mm i.d. and 44.5 cm long quartz tube)
at atmospheric pressure. In a typical test, 0.1 g catalyst was
placed in the reactor bed and the reaction temperature was
measured with a K-type thermocouple fixed at the catalyst
bed. Prior to activity tests, the catalysts were subjected to re-
duction at their respective temperatures and were later
purged with N2 for 30 min. Then the temperature was in-
creased to 650 °C (10 °C min−1) in N2 (70 ml min−1) and the
feed was switched to reactant gas (30% CH4/N2, 70 ml min−1)
and a space velocity of 42 000 h−1 was achieved. The composi-
tion of the outlet gas was determined with an online gas
chromatograph (Perkin ElmerARNEL, Clarus 500) equipped
with a thermal conductivity detector with HayeSep N 60/80,
HayeSep T 60/80, Molecular Sieve 5A 45/60, and Molecular
Sieve 13× 45/60 packed columns. The GC data were processed
using TotalChrom Workstation software. GC was well cali-
brated with standard gases before analysis. Catalyst reproduc-
ibility was tested and the results were with ±5% error.

3. Results and discussion

The activity of supported metal catalysts relies on the shape,
size, distribution and degree of agglomeration of the metal
particles or the active sites on the support. Hence the physi-
cochemical properties of the catalysts were studied before
and after the reaction. After the methane decomposition reac-
tion (1 h), the used catalysts were dried at 120 °C for 2 h and
characterized. The CNT formed was deposited on the catalyst
and was also characterized using several characterization
techniques.

3.1. Properties of fresh, spent mono- and bimetallic
supported metal catalysts

Catalyst properties were investigated using XRD and TPR
techniques (ESI†). The characteristic peaks for all the metals
(Ni, Fe and Co) were identified using XRD analysis (Fig. S1–
S6, ESI†). The amorphous peak of the SiO2 support was not
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visible in the diffractogram due to high intense peaks for the
metal loaded (60% metal on 40% SiO2 support). The sharp
peaks for metals confirmed the crystalline phase of the active
element (Ni/Fe/Co) and the corresponding 2θ values repre-
sented their metallic state. Ni characteristic peaks were ob-
served at 2θ° = 44.6°, 52.0°, and 76.6° (JCPDS no. 04-850); Fe
characteristic peaks were at 2θ° = 45.1°, 65.5°, and 82.8°
(JCPDS no. 65-4899) and for Co the peaks were at 2θ° = 44.4°,
51.6°, and 76° (JCPDS no. 15-0806). For bimetallic Ni–Fe cata-
lysts with different ratios, we observed a peak shifting which
signified alloy formation (Fig. S1(b)†). The transformation
from the fcc to the bcc phase as a function of Fe content was
observed in Ni–Fe bulk alloys.35,36 For the monometallic Ni
catalyst the (111) plane represents the fcc phase and for the
monometallic Fe catalyst the (110) plane represents the bcc
phase. In the bimetallic catalyst, when Fe is introduced to a
Ni-rich system (9Ni–1Fe) a single set of diffraction patterns
corresponding to the fcc phase of Ni–Fe alloy was observed.
This peak was also found to be shifted towards a lower 2θ
value, converging to the diffraction pattern of the Ni fcc
phase. Similarly for the Ni–Co bimetallic catalyst, alloy forma-
tion was confirmed using XRD analysis (Fig. S3, ESI†). The
fcc phase (111) of monometallic Co was observed at 2θ =
44.4°, which was slightly shifted towards a higher 2θ value
(Ni phase), representing the Ni–Co alloy formation. Also for
the Fe–Co bimetallic system, alloy formation was observed
where the bcc phase for Fe was shifted towards the lower 2θ
values, representing the fcc phase of Co and the Fe–Co alloy
formation (Fig. S5, ESI†). Hence from XRD analysis, we could
confirm the formation of alloy in the bimetallic Ni/Fe/Co cat-
alysts prepared, which thereby would help to increase the sta-
bility of the catalyst under the reaction conditions.

After the reaction the used catalysts were once again
characterized by XRD analysis (Fig. S2, S4 and S6, ESI†). The
majority of the catalysts were stable in their metallic form
but the monometallic Fe catalyst (Fig. S2, ESI†) has under-
gone oxidation, which was very obvious as Fe is prone to ox-
idation when exposed to air. However, for the bimetallic cat-
alysts, it was observed that the alloy formation has helped
to prevent the oxidation of the metals thereby increasing
their lifetime or stability. From the XRD data the average
crystallite size of metal nanoparticles before and after the re-
action was calculated using the Scherrer equation (Table S1,
ESI†). When bimetallic catalysts were prepared, we could ob-
serve a significant decrease in the crystallite size. Hence bi-
metallic catalysts prevent the agglomeration of the nano-
particles, which signifies the stable nature of the catalyst.
Strangely, for the monometallic Fe catalyst, the crystallite
size was decreased (29 nm to 13 nm) which could be be-
cause a portion of Fe sites was being oxidised to iron oxides
when exposed to air.

To investigate the reducibility of the synthesized catalysts,
H2-TPR experiments were conducted and the results are
shown in Fig. S7–S9 (ESI†). The TPR results also support the
XRD data for the alloy formation in the bimetallic catalysts.
In the monometallic Ni catalyst, two reduction peaks were

observed, one at around 367 °C and the other at 470 °C
(Fig. S7, ESI†). The first peak corresponds to the reduction of
bulk NiO, which weakly interacted with the SiO2 support, and
the second weak reduction peak was for the reduction of NiO
species, which had a very strong interaction with the SiO2

support.37 For monometallic Fe catalyst, a typical TPR profile
has three peaks at around 470, 576 and 727 °C, respectively
(Fig. S7, ESI†). These correspond to the three consecutive re-
duction steps, α-Fe2O3 → Fe3O4 → FeO → Fe.38,39 In the
monometallic Co catalyst the low temperature reduction peak
centered at 306 °C and the second peak at 360 °C was
assigned to the two-step reduction of spinel, i.e., Co3O4 →

CoO → Co (Fig. S8, ESI†). An additional shoulder peak was
also observed at around 433 °C.40 However, the absence of
high reduction temperature peaks shows that the interaction
of cobalt with the SiO2 support was not strong. TPR studies
of bimetallic Ni–Fe catalysts showed that with the increase in
Ni content the high temperature reduction peaks of Fe were
shifted towards the reduction temperature of Ni species (Fig.
S7, ESI†). For Fe–Co catalysts, the increase in Co content
lowered the reduction temperature of the catalyst or Co facili-
tated the reduction of Fe (Fig. S9, ESI†). When Fe was present
in high concentrations, the catalyst exhibited the properties
of Fe. Hence an increase in the Co reduction temperature
was observed.41,42 The TPR profiles of Ni–Co catalysts (Fig.
S8, ESI†) indicated that Co3O4 was easier to reduce than NiO,
whereas an increase in Ni content retards the reduction of
Co3O4. Hence the incorporation of Co should improve the re-
ducibility of NiO.

3.2. Effect of catalyst composition on methane decomposition
and CNT growth

3.2.1. Ni–Fe bimetallic catalysts. Initial studies were
performed using monometallic Ni/SiO2 catalyst. It was ob-
served that even though Ni/SiO2 showed a high CH4 conver-
sion of 50%, it started deactivating and reached a conversion
of 40% in 60 min of reaction (Fig. 1). Similarly, monometallic
Fe/SiO2 was tested, which showed a very low initial activity of
11% and gradually deactivated to 4% CH4 conversion. Mono-
metallic Ni/SiO2 was a very active catalyst; unfortunately, it

Fig. 1 Methane decomposition over Ni–Fe/SiO2 catalysts with various
mole ratios at T = 650 °C, TOS = 0–60 minutes, GHSV = 42000 h−1.
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deactivated very fast. Hence the effect of Fe promoter addi-
tion on the activity of the Ni/SiO2 catalyst for methane de-
composition reaction has been shown. Several Ni–Fe mole ra-
tios (9 : 1, 4 : 1, 2 : 1, 1 : 1, 1 : 2) were studied. 4Ni–1Fe/SiO2 and
2Ni–1Fe/SiO2 exhibited a similar activity (∼50% CH4 conver-
sion) to monometallic Ni/SiO2 catalyst at TOS = 30 min., but
afterwards it was observed that 4Ni–1Fe/SiO2 catalyst retained
its activity even after TOS = 60 min, whereas 2Ni–1Fe/ SiO2

deactivated like the Ni/SiO2 catalyst. Reactions were also
performed with 1Ni–1Fe/SiO2 and 1Ni–2Fe/SiO2, which
showed a very low CH4 conversion (16–20%) compared to the
above catalysts, but they had maintained the activity through-
out the reaction time. Thus it was concluded that high Ni
content in the Ni–Fe bimetallic catalyst exhibits higher con-
version, which helps to increase the stability or the lifetime
of the catalyst. Hence 9Ni–1Fe/SiO2 was prepared, which
showed an excellent conversion rate of 60%, the highest
among all the Ni and Fe catalysts studied here, and its activ-
ity was very stable even at 60 min of reaction. The H2 yield
was found to be in the range of 30–40% for catalysts with
higher Ni content such as 9Ni–1Fe/SiO2, 4Ni–1Fe/SiO2, and
2Ni–1Fe/SiO2, while the rest of the catalysts showed only 5–
12% H2 yield (Fig. S10, ESI†). The amount of carbon formed
per gram of catalyst was calculated, which was found to be
approximately 2.3–2.5 g over 9Ni–1Fe/SiO2, 4Ni–1Fe/SiO2, and
2Ni–1Fe/SiO2 and was less than 0.4 g for the rest of the cata-
lysts (Fig. S11, ESI†).

3.2.2. Ni–Co bimetallic catalysts. Methane conversion over
mono- and bimetallic Ni and Co catalysts are studied in this
section. Under the reaction conditions Co/SiO2 showed a CH4

conversion of 37%, but deactivated to 9% within 5 min of re-
action (Fig. 2). Ni/SiO2 already showed good initial activity
but had a gradual deactivation during the course of the reac-
tion. Hence, to improve the activity of Co/SiO2 and to in-
crease the stability of Ni/SiO2 catalysts, we have prepared a
bimetallic combination of Ni–Co catalysts with various Ni : Co
mole ratios, such as 9Ni–1Co, 4Ni–1Co, 2Ni–1Co, 1Ni–1Co,
2Ni–1Co, and 1Ni–9Co, on a SiO2 support. Similar to Ni–Fe

catalysts, the Ni–Co combination also showed a maximum
conversion of 55%. Ni–Co catalysts such as 9Ni–1Co, 4Ni–
1Co, 2Ni–1Co, and 1Ni–1Co showed a similar initial conver-
sion of 50–55% and retained their activity throughout the re-
action. A catalyst with higher Co content was also tested,
1Ni–9Co, which showed an initial conversion of 53%, but
within 15 minutes of reaction. It was observed that the high
Ni content in the Ni–Co bimetallic catalyst exhibited higher
conversion and the presence of Co as a promoter contributed
to increasing the catalyst lifetime.

H2 yield was found to be in the range of 38–40% for cata-
lysts with higher Ni content such as 9Ni–1Co/SiO2, 4Ni–1Co/
SiO2, and 2Ni–1Co/SiO2, whereas Co/SiO2 and 1Ni–9Co/SiO2

showed only an initial H2 yield of 28–33% which reduced to
6% within 5 min of reaction (Fig. S12, ESI†). The amount of
carbon formed per gram of catalyst was calculated, which
was found to be approximately 2.3–2.5 g over 9Ni–1Co/SiO2,
4Ni–1Co/SiO2, and 2Ni–1Fe/SiO2 and was 0.15–0.27 g for Co/
SiO2 and 1Ni–9Co/SiO2 catalysts (Fig. S13, ESI†).

3.2.3. Fe–Co bimetallic catalysts. Methane decomposition
reactions over mono- and bimetallic Fe–Co catalysts are
explained in this section (Fig. 3). Bimetallic Fe–Co/SiO2 cata-
lysts were prepared with various Fe : Co mole ratios, such as
9Fe–1Co, 2Fe–1Co, 1Fe–1Co, 1Fe–2Co, and 1Fe–9Co, over a
SiO2 support. It was observed that 1Fe–2Co/SiO2 showed the
highest CH4 conversion of 51% but has undergone drastic de-
activation and showed a conversion of only 15% at 60 min of
reaction. Among the catalysts studied here, even though the
activity is not excellent, the stability was better over 9Fe–1Co/
SiO2 and 4Fe–1Co/SiO2. Maximum H2 yield of 29% (Fig. S14,
ESI†) and carbon yield of 0.8 g was observed with 1Fe–2Co/
SiO2 (Fig. S15, ESI†).

3.3. Comparison of activities of reduced and oxidised
catalysts

Generally, transition metal catalysts (Ni/Fe/Co) were used in
their reduced forms (Ni0/Fe0/Co0) for the CNT synthesis by
methane decomposition. However, some literature reports
have shown that it may not be necessary to pre-reduce the

Fig. 2 Methane decomposition over Ni–Co/SiO2 catalysts with various
mole ratios at T = 650 °C, TOS = 0–60 minutes, GHSV = 42000 h−1.

Fig. 3 Methane decomposition over Fe–Co/SiO2 catalysts with various
mole ratios at T = 650 °C, TOS = 0–60 minutes, GHSV = 42000 h−1.

Catalysis Science & TechnologyPaper



Catal. Sci. Technol., 2018, 8, 858–869 | 863This journal is © The Royal Society of Chemistry 2018

catalysts for the reaction.43 For our experiments we have used
oxidised and reduced forms of 9Ni–1Fe/SiO2 catalyst since it
has shown a very good activity for methane decomposition re-
actions (Fig. S16, ESI†). Both the catalysts showed a similar
activity at the initial point of the reaction (ca. 60%). The ac-
tivity shown by the oxidised catalyst can be due to the in situ
reduction of the lattice oxygen which supplied energy for
methane decomposition, which is an endothermic process.
In addition, there can be an in situ consumption of H2

formed, which assisted the shifting of the equilibrium to-
wards the methane decomposition step or carbon forma-
tion.43 As we have shown before (Fig. 1), the reduced 9Ni–
1Fe/SiO2 catalyst showed a constant activity till the end of the
reaction but the oxidised form of the catalyst was gradually
deactivated from 60% to 41% conversion rate in 60 min of re-
action time. The amount of carbon formed per gram of cata-
lyst was also in the range of 2.2–2.5 g for both catalysts. In
summary, in our case even though the oxidised form of the
catalyst catalysed the methane decomposition to carbon and
H2, the stability of the catalysts was lesser compared to that
of their reduced forms. This may be because reduced forms
are stabilised due to their alloy phases, which helps to in-
crease their lifetime and stability.

3.4. Properties of CNTs

The CNTs formed by catalytic methane decomposition were
characterized by XRD, TG, Raman and TEM analysis.

3.4.1. XRD analysis. All the XRD patterns of the used
catalysts showed the presence of graphitic carbon by a very
intense peak (002) at 2θ = 26.2° (Fig. S2, S4 and S6, ESI†).

All characteristic metal and alloy peaks were also identi-
fied; however we could not observe any metal carbide forma-
tion in these catalysts. From the XRD pattern it is difficult to
differentiate the microstructural features between CNT and
similar graphitic structures since their characteristic peaks
are overlapped.44 Furthermore, the d-spacing of CNTs was
calculated using Bragg's equation (d = λ/2 sin θ) for the gra-
phitic peak, which was found to be 0.34 nm, and it correlates
well with the distance of two graphite layers (0.3354 nm), im-
plying the high crystallinity of the carbon grown over all the
catalysts. The intensity of the (002) diffraction peak is related
to the degree of graphitization (Fig. 4). Thus, a lower inten-
sity represents the less graphitized material.45 In the case of
Ni–Fe bimetallic catalysts, we can observe that 9Ni–1Fe/SiO2

or the bimetallic catalyst with the highest Ni content pro-
duced CNTs with the highest degree of graphitization and
the degree decreases with an increase in the amount of Fe in
the catalyst.

The degree of graphitization for Ni–Fe catalyst was in the
order 9Ni–1Fe > Ni > 4Ni–1Fe > 2Ni–1Fe > 1Ni–2Fe > Fe.
For Ni–Co bimetallic catalyst, 4Ni–1Co/SiO2 produced CNTs
with the highest graphitization degree in the order 4Ni–1Co
> 2Ni–1Co > Ni > 1Ni–1Co = 9Ni–1Co > 1Ni–9Co > Co. For
Fe–Co catalysts the overall intensity of the CNT peak was very
low compared to Ni-based catalysts and the whole set of Fe–

Co catalysts produced less graphitized CNT. Hence, in gen-
eral the Ni content in the bimetallic catalyst is influencing
the degree of graphitization of the carbon formed during the
methane decomposition reaction.

3.4.2. Thermogravimetric analysis (TGA). The thermal sta-
bility of CNT was studied using thermogravimetric analysis.
The catalysts 9Ni–1Fe/SiO2, 9Ni–1Co/SiO2 and 1Fe–2Co/SiO2

were studied, since these catalysts showed better activity than
the rest of the catalysts (Fig. 5). These catalysts were analysed
in a 2%O2/He atmosphere. The carbon deposited on the cata-
lyst, amorphous or CNT, decomposes into CO or CO2 in an
O2 atmosphere. In certain cases there is a possibility that the
catalyst species are also oxidized under these conditions. It
was observed that there was no thermal degradation in the
temperature range of 200–350 °C, which corresponds to
amorphous carbon. Hence we could confirm that the carbon

Fig. 4 XRD pattern of CNT over mono- and bimetallic (a) Ni–Fe (b) Ni–
Co and (c) Fe–Co catalysts.
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deposited on these catalysts is not amorphous in nature. The
weight loss observed in all these catalyst corresponds to the
CNT deposited on the catalyst. From TGA analysis of CNTs it
is understood that the higher the degradation temperature of
carbon, the higher its stability. For 9Ni–1Fe/SiO2, the thermal
degradation started at around 500 °C and there was a weight
loss of 75%. For 9Ni–1Co/SiO2, degradation started from 450
°C with a weight loss of 70%. For 1Fe–2Co/SiO2 catalyst, there
was a slight increase (2% ) in weight at a temperature of
around 350 °C, which can be due to the oxidation of Fe pres-
ent in the catalyst. At around 410 °C, a weight loss of 45–50%
was observed, which was lower than that of 9Ni–1Fe/SiO2 and
9Ni–Co/SiO2 catalysts. The onset temperatures for 9Ni–1Fe/
SiO2, 9Ni–Co/SiO2 and 1Fe–2Co/SiO2 are 500–660 °C, 450–650
°C and 410–640 °C, respectively, which indicates that the
CNT formed over 9Ni–1Fe/SiO2 catalyst has a higher degree
of graphitization as well as lesser defects on the CNTs.46

Hence it can be concluded that the smaller difference in the
onset and end temperatures indicates the formation of highly
graphitized CNTs. It is also understood that there is no amor-
phous carbon formation during methane decomposition over
these catalysts and the amount of carbon formed over 1Fe–
2Co/SiO2 is the minimum in comparison to 9Ni–1Fe/SiO2

and 9Ni–Co/SiO2 catalysts.
3.4.3. Raman analysis. Raman spectroscopy studies were

performed to understand the quality and crystallinity of car-
bon (Fig. 6–8).

Two distinct bands were observed for all the catalysts, the
D-band at 1336 cm−1 and the G-band at 1570 cm−1. The
D-band represents either disordered or amorphous carbon
and the G-band represents crystalline carbon.4 From TGA
analysis it was confirmed that there is no amorphous carbon
deposited on the catalysts (Fig. 5). Hence the intensity ratio
ID/IG explains the graphitization degree and the crystallinity
of the CNTs.47 The carbon having the lowest ID/IG value is
having the highest crystallinity. For Ni–Fe catalysts (Fig. 6) we
could observe that the ID/IG value was lowest for 9Ni–Fe, 4Ni–
1Fe, Ni, and 1Ni–2Fe, which showed similar ID/IG values
(0.829–0.874) and better crystallinity than 2Ni–Fe, 1Ni–1Fe
and Fe catalysts with higher ID/IG values (0.944–1.26).

Raman spectra for Ni–Co catalysts (Fig. 7) show that 9Ni–
1Co gave the most crystalline CNT with the lowest ID/IG
(0.765), whereas Ni, 4Ni–Co, and 1Ni–1Co showed similar ID/
IG values (0.868–0.883). We did not observe any distinct
bands for Co and 1Ni–9Co catalysts since the amount of
CNTs formed for these catalysts was less than the detection
limits. The highest crystallinity was calculated for 4Fe–1Co
(ID/IG = 0.896), whereas Fe, 9Fe–1Co, and 2Fe–1Co showed
similar ID/IG values (0.983–0.99). Of the remaining catalyst ra-
tios, such as 1Fe–1Co, Fe–2Co and Fe–Co catalysts, 4Fe–1Co

Fig. 5 Thermal stability of carbon deposited over 9Ni–1Fe/SiO2, 9Ni–
1Co/SiO2 and 1Fe–2Co/SiO2 catalysts.

Fig. 6 Raman spectra of CNTs over mono- and bimetallic Ni–Fe
catalysts.

Fig. 7 Raman spectra of CNTs over mono- and bimetallic Ni–Co
catalysts.
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formed CNT with the highest ID/IG (1.019–1042) due to the
low crystallinity of the CNT formed.

3.4.4. TEM analysis. The structural morphology, particle
size, diameter and growth of CNTs were studied using the
TEM technique This analysis was limited to certain catalysts
from each set of bimetallic catalysts (Ni–Fe/Ni–Co and Fe–Co)
which showed the best performance and stable nature in the
methane decomposition reaction (Fig. 9). Hence TEM analy-
sis was performed over the used 9Ni–1Fe/SiO2, 9Ni–1Co/SiO2

and 1Fe–2Co/SiO2 catalysts. It was observed that the CNTs
formed in our experiments were found to be MWCNTs due to
the large crystallite size of the active site metal nanoparticles,
as confirmed by XRD techniques (Table S1, ESI†). The CNTs
formed over all these catalysts showed a very crowded dense
population with entangled fibres. CNTs were growing in ran-
dom directions due to the competition for space during
growth.16 The length of the CNT depends on the duration of
the process; hence, to obtain longer filaments, the duration
of the reaction has to be extended.

For 9Ni–1Fe/SiO2 catalyst it was observed that most of the
CNTs formed were 100–120 nm in size. The wall of the tube
was very thick with the graphite layers stacked very closely.
Another interesting feature was that when Ni–Fe catalysts
were used we could observe a “tip growth” of CNT, where as
the CNT grows it takes the metal nanoparticle along with it
and is situated at the tip of the CNT. The metal nanoparticle
was “cone or pear shaped”, tapered towards the end, and
forms an angle with the tubular axis. From HR-TEM it was
observed that the walls of CNTs formed were of a “fishbone
or herringbone” structure in which the graphene layers are
stacked obliquely with respect to the fiber axis. In this type of
CNT, the graphite planes are formed at an angle to the axis

of the nanotube, and hence there is a higher possibility for
edge plane sites/defects in these CNTs.48 For 9Ni–1Co cata-
lyst, MWCNTs with 50–60 nm diameters were formed, also
with a metal nanoparticle at the tip. From HR-TEM it was ob-
served that the wall of these CNTs had a parallel morphology
(graphite planes arranged parallel to the tubular axis). How-
ever, certain fibres formed in these catalysts did not have
metal nanoparticles at the tip (Fig. S17, ESI†); the CNT was
growing with metal at its base (base growth). Thus, 9Ni–1Co/
SiO2 gave a mixture of tip and base grown CNTs.

In the case of Fe–Co catalyst, once again MWCNTs were
formed with diameters of 100–125 nm, also showing a mix-
ture of tip and base grown CNTs (Fig. 9 and S18, ESI†). HR-
TEM has confirmed the parallel morphology of the CNT wall
for these catalysts.

3.5. Mechanism of tip and base growth of CNTs

There are several models explaining the tip growth mecha-
nism. It was assumed that carbon formed on the surface of
the metal nanoparticle diffuses to the back side of the nano-
particle. Still, the driving force which is responsible for the
carbon diffusion is not known. For many authors, carbon dif-
fusion was due to the temperature gradient created in the
particle due to the exothermic decomposition of methane on

Fig. 8 Raman spectra of CNTs over mono- and bimetallic Fe–Co
catalysts.

Fig. 9 Growth of carbon filaments over (a and b) 9Ni–1Fe/SiO2, (c and
d) 9Ni–1Co/SiO2, and (e and f) 1Fe–2Co/SiO2 catalysts after methane
decomposition at T = 650 °C, TOS = 60 minutes, GHSV = 42000 h−1.
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the surface and also the endothermic deposition of carbon
on the rear surface.6,49 It was also explained that due to the
lower surface energy of basal planes of graphite compared to
prismatic planes, carbon filaments precipitate with the basal
planes into a tubular structure.50 Metal–support interactions
have also played an important role in the growth mecha-
nisms of carbon nanotubes. If the metal–support interaction
is weak (acute contact angle with the support), methane de-
composes on the top surface of the metal and carbon dif-
fuses towards the downside of the metal. The metal particle
is squeezed out because of pressure build-up due to the for-
mation of layers of graphite at the interior of the graphitic
cap. When the metal is exposed to methane, growth con-
tinues until the surface of the metal is covered with excess
carbon.

Stronger interaction of metal nanoparticles with support
(obtuse angle of metal with the support) facilitates “base
growth” of carbon nanotubes.6 The decomposition of meth-
ane and carbon diffusion in the initial stage is similar to
that of the tip growth model but the carbon precipitated is
unable to push the metal upwards. Hence the precipitated
carbon is compelled to emerge from the upper side of the
metal (away from the support surface). It is also known from
the literature that the high surface energy of the metal
nanoparticles is reduced by the deposition of the graphene
planes, which are strongly chemisorbed onto the metal sur-
face. A graphitic cap is formed on the metal nanoparticle
which is lifted upwards during the further deposition of car-
bon fragments. Hence we observe a hollow carbon nanotube
growing away from the metal nanoparticle, which is still
attached to the support, or a base growth of carbon
nanotubes.51

3.6. Synthesis of base grown CNTs

Based on previous studies we found that Fe-based catalysts
generated base grown CNTs. Also from our catalyst screening
studies using mono- and bimetallic Ni/Fe/Co catalysts we
have understood that 60% Fe/SiO2 was selectively forming
base grown CNTs during methane decomposition. Hence we
chose Fe/SiO2 catalysts for our preliminary work. From our
experimental results we understood that Fe/SiO2 had a very
low methane conversion, 11%, and eventually was reduced to
4% at T = 650 °C, TOS = 60 minutes, GHSV = 42 000 h−1.
Hence the reaction conditions have to be optimized to obtain
better conversion and yields of H2 and CNT.

The effect of temperature on the base growth of CNT was
studied over Fe/SiO2 catalyst at various temperatures, T =
650, 700, 750 and 800 °C (Fig. 10). It was observed that at T =
750 °C methane conversion was 50%, better than 47% at T =
700 °C, but after 15 min of reaction methane conversion was
similar in both cases. Hence T = 700 °C was preferred for fu-
ture studies.

Base grown CNT formation was confirmed using TEM
analysis. It was observed that metal nanoparticles remained
on the support, while the CNTs grow from the base (Fig. 11).

Hence, 60% Fe/SiO2 catalyst was proved to be capable of
synthesizing base grown CNTs by methane decomposition.
We performed a few reactions with GHSV = 21 000 h−1 which
is half of the value (42 000 h−1) in all our reactions, with a
similar catalyst amount (0.1 g) and 30% CH4/N2. There was
definitely an improvement of 10–15% of CH4 conversion
(Table S3†).

In order to confirm this property of Fe/SiO2 catalyst we
performed a catalyst regeneration study. After the first cycle
of methane decomposition at T = 650 °C, TOS = 60 min, and
GHSV = 42 000 h−1, the used catalyst was regenerated using
10% O2 at 500 °C for 30 min. Carbon deposited on the cata-
lyst was burnt off as CO2 which was confirmed using GC
analysis.

The second cycle of experiments was performed under the
same reaction conditions (Fig. 12). CNT formed in the 2nd
cycle was characterized using TEM which confirmed the for-
mation of base grown CNTs even in the 2nd cycle (Fig. 13).
We observed a slight variation in the catalytic activity after re-
generation which can be due to sintering of metal particles.
Raman analysis of both the 1st and 2nd cycles of CNTs was
performed, which showed that in the 2nd cycle the intensity
of the D-band corresponding to disordered CNT was higher
than that of the G-band corresponding to the crystallinity of
the CNT (Fig. 14). Thus, even after a regeneration study the
activity of Fe/SiO2 was not reduced, but the selectivity of this

Fig. 10 Base growth of carbon filaments over Fe/SiO2 catalysts at (a)
T = 650 °C and (b) T = 650 °C. TOS = 60 minutes, GHSV = 42000 h−1.

Fig. 11 TEM images (a & b) of base grown carbon nanotubes with Fe/SiO2

catalysts at T = 700 °C, TOS = 60 minutes, GHSV = 42000 h−1.
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catalyst towards CNT formation was found to decrease after
the regeneration study. Hence in order to improve the selec-
tivity of the catalyst towards CNT formation, a more detailed
study is required.

Conclusions

The central theme of this project is the catalytic decomposi-
tion of methane, the major component of shale gas, into
COx-free H2 and valuable carbon such as CNT. However, to

attain this goal a thorough investigation of the reaction con-
ditions, catalyst properties and the carbon generated by the
process has to be performed.

In summary, the catalytic activity, selectivity and stability
of mono- and bimetallic Ni/Fe/Co based catalysts were dem-
onstrated for the methane decomposition study. The novelty
in our work is that we investigated the performance of transi-
tion metal catalysts (Ni/Fe/Co) for the synthesis of both tip
and base grown CNTs by methane decomposition. We have
synthesized mono- and bimetallic Ni/Fe/Co catalysts with 60
wt% metal loading by dry impregnation over a SiO2 support.
XRD analysis showed that the crystallite size of bimetallic cat-
alysts was found to be smaller than that of the monometallic
ones, which corresponds to an increase in the number of ac-
tive sites in the bimetallic catalysts. This can be one of the
reasons for the higher activity of the bimetallic catalysts com-
pared to monometallic ones. The reason for the higher stabil-
ity of bimetallic catalysts can be due to alloy formation,
which results in structural and electronic rearrangements
and the formation of small nanoparticles which can prevent
their agglomeration and retain the stability of the catalysts.
XRD and H2-TPR analysis confirmed the formation of the al-
loy in the bimetallic catalysts. The effect of catalyst composi-
tion on methane decomposition and CNT growth was studied
over various mole ratios of Ni-, Fe- and Co-based catalysts.
The Ni–Fe bimetallic catalysts with high Ni content exhibited
higher methane conversion and also contributed to the in-
crease in the stability of the catalyst. In the case of Ni–Co bi-
metallic catalysts, those with a higher Ni content exhibited
higher conversion, and Co present in the catalyst contributed
to the increase in the catalyst lifetime. Among Fe–Co catalysts
the activity towards methane conversion was comparatively
lower than that of Ni–Fe and Ni–Co catalysts. The quality of
the CNTs formed over these catalysts was analysed using
XRD, TGA, Raman and TEM techniques. From XRD analysis
it was understood that the Ni content in the bimetallic cata-
lyst controls the degree of graphitization of the carbon
formed. From TGA analysis it was concluded that there was
no amorphous carbon formation during methane decomposi-
tion over these catalysts. The quality of the carbon, that is,
the degree of crystallinity, was calculated using Raman analy-
sis. TEM analysis helped to understand the different mor-
phologies of the CNT, diameter, wall type (parallel or fishb-
one type) and also the growth mechanism such as tip and
base growth on different catalysts. It was understood that Ni–
Fe catalysts selectively produced tip grown CNTs with a fishb-
one wall pattern, whereas Ni–Co and Fe–Co catalysts formed
a mixture of tip and base grown CNTs with a parallel wall
pattern.

Previous catalytic studies on methane decomposition were
mainly focussed on these metals individually as catalysts for
CNT formation and hydrogen production. Also there was a
lack of information about the relation between the type of
metal and the properties of CNTs formed during methane de-
composition. Our work is indeed significantly more general
using a variety of combinations of Ni/Fe/Co catalysts under

Fig. 12 Catalyst regeneration study over Fe/SiO2 catalysts at T =
650 °C, TOS = 60 minutes, GHSV = 42000 h−1.

Fig. 13 TEM images (a & b) of base grown carbon nanotubes in the
2nd cycle of Fe/SiO2 catalysts at T = 700 °C, TOS = 60 minutes, GHSV
= 42000 h−1.

Fig. 14 Raman spectra of base grown carbon nanotubes over Fe/SiO2

catalysts. (a) Ist cycle and (b) 2nd cycle at T = 700 °C, TOS = 60
minutes, GHSV = 42000 h−1.
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the same reaction conditions for methane decomposition.
We have explored and selectively synthesised base grown
CNTs over Fe/SiO2, which are considered to be easily
harvested without sacrificing the catalyst sites. Therefore this
work opens new opportunities and a new frontier for synthe-
sis of CNTs and COx-free H2 by the catalytic decomposition
of methane.
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