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Direct observation of carbon nanotube formation in Pd/H-ZSM-5
and MoO;/H-ZSM-5 based methane activation catalysts
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The nature of carbonaceous species deposited upon MoO;/H-ZSM-5 and Pd/H-ZSM-5 based catalysts during methane
activation at 700 °C has been studied. TEM evidences the formation of open-ended multi-walled carbon nanotubes on MoO;/H-
ZSM-5 based dehydroaromatisation catalysts. Pd/H-ZSM-5 is more active, exclusively towards methane cracking and post-
reaction analysis reveals the distribution of different carbonaceous species is more homogeneous which TEM demonstrates to be in

the form of closed-end multi-walled carbon nanotubes.
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1. Introduction

In recent years the production of benzene by dehy-
droaromatisation has been the subject of much interest
[1,2]. The most well studied catalytic system has been
that based upon ZSM-5 supported MoOs. In this system,
it has been proposed that in the active state molybdenum
is in the form of molybdenum carbide or molybdenum
oxycarbide [2-5]. The reaction mechanism is generally
considered to occur via the bifunctional activation of
methane on the molybdenum containing phase with
cyclisation being promoted by the Bronsted acid sites on
the zeolite. It is often proposed that ethylene is the pri-
mary product of reaction, which is then cyclised to form
benzene [6]. However, alternative proposals suggest the
occurrence of acetylene as an intermediate [7], or indeed
the involvement of partially dehydrogenated C; entities
[8]. C, hydrocarbons, particularly ethylene, are reported
to be co-products of the reaction and a distribution of
aromatic products is observed. Whilst benzene is the
major aromatic product, significant selectivities to other
aromatic products such as naphthalene, methylnaph-
thalenes and toluene are frequently reported, e.g. [8,9]. In
terms of the reaction mechanism, the latter two products
comprising molecules with an odd number of carbon
atoms, 11 and 7, respectively, demonstrate that the
reaction cannot simply be considered in terms of exclu-
sive cyclisation of C, intermediates.

The reaction is equilibrium limited and is generally
run at 700 °C or above. Major obstacles to its applica-
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tion are low activity and limited lifetime. To date, the
activity of the best catalysts is such that conversion
approaching equilibrium is only achieved when low
space velocities (typically 1000 h™') are applied. It is
common that MoOj; based catalysts will display an
induction period, wherein the active phase is formed,
which is followed by slow deactivation, frequently
ascribed to the deposition of site blocking carbonaceous
species, although some of the latter may be important
for the development of activity. Within the literature, a
number of strategies have been reported to increase
activity and/or extend lifetime.

Ichikawa and co-workers first described the promo-
tion of catalytic activity by the addition of Fe®" or
Co”" dopants in terms of enhancement of both activity
and retardation of deactivation [8,10]. Fe>* was pro-
posed to exert an influence by the reduction of the level
of coke produced. The same group have also argued that
the observed beneficial effects of the addition of low
levels of CO to the reaction feedstream is via modifica-
tion of the carbonaceous residues formed on the catalyst
[9]. Elsewhere, in studies investigating MoO3;/MCM-22,
proposals have been made that carbonaceous deposits
are the primary product of reaction and that some forms
of them can be directly hydrogenated to form C,H4 and
C¢Hg whereas other forms retard catalytic activity [11].
Within the literature, there have been many studies
aimed at the elucidation of the nature of different car-
bon species. Such studies have generally taken the form
of spectroscopic characterisation and/or the determina-
tion of reactivity of various forms of carbon using
temperature programmed techniques. Attempts of direct
observation of the forms of post-reaction carbon by, for
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example, TEM appear to be somewhat limited. One
such study has been directed towards a non-conven-
tionally prepared catalyst where microwave heating has
been applied to modify the dispersion of MoOj5 selec-
tively on the external surface of the ZSM-5 host [12].
Based upon XPS evidence, Lunsford and co-workers
have reported the formation of three types of carbon —
adventitious or graphitic like carbon which has a bind-
ing energy of 284.6 eV and is mainly present in the
zeolite channel system, carbidic type carbon in Mo,C
with a binding energy of 282.7 eV which is predomi-
nantly located on the external surface of the zeolite and
a hydrogen poor sp-type or pre-graphitic carbon which
covers both the zeolite surface and the Mo,C phase [13].
It is the latter type of carbon which was proposed to
cause deactivation. In cross-polarisation '*C MAS
NMR spectroscopy studies on spent catalysts, Jiang
et al. [14] distinguished two forms of carbonaceous
residue, one associated with acid sites of the zeolite and
the other associated with molybdenum species. There
have been many studies employing temperature pro-
grammed techniques. For example, Xu and co-workers
have reported that two different types of carbonaceous
species are formed on post-reaction catalyst [15]. By
employing a combination of TGA, TPO, TPR and
temperature programmed reaction with CO,, the dif-
fering reactivities of such species were probed. So-called
low temperature species (i.e. those which are removed at
the lower temperature by TPO or TGA in air) are gen-
erally ascribed to carbonaceous species associated with
carbonaceous species associated with the molybdenum
phase, whereas high temperature species are associated
with the zeolite Bronsted acid sites.

Coke deposition has also been reported to be prob-
lematic in other non-molybdenum containing systems.
For example, Weckhuysen et al. [16] have demonstrated
the activity of pre-reduced Fe,O;/ZSM-5. XPS demon-
strated that neither metallic iron nor iron carbide was
formed. However, deleterious coke deposition related to
a C Is signal at 283.5 eV was proposed to decrease
selectivity to aromatics with time on stream.

In the present study, we have made a TGA based
study on the reactivity of post-reaction carbon in vari-
ous MoO3/H-ZSM-5 catalysts and have sought to make
direct observation of the nature of such carbon by TEM.
Furthermore, a comparison of the catalytic activity and
of MoO3;/H-ZSM-5 and Pd/H-ZSM-5 is presented and
the comparison of the post-reaction forms of carbon
present on catalysts has been made.

2. Experimental

MoO;/H-ZSM-5 based catalysts were prepared by
impregnation of an aqueous solution of ammonium
heptamolybdate onto H-ZSM-5 (Catal, Si/Al = 40) fol-
lowed by drying and calcination as described previously

[17]. The loading of M0O3 applied was 3 wt%. Dopants
were impregnated onto the calcined MoO3/H-ZSM-5
from aqueous solutions of their nitrates so as to yield a
dopant ion/Mo atomic ratio of 0.25, which corresponds
to the region reported by Ichikawa and co-workers for
optimum Fe’* promotion [8]. Pd/H-ZSM-5 was pre-
pared by a similar method in which an aqueous solution of
palladium nitrate  (Aldrich,Pd(NO3),- XH,0) was
impregnated onto the same parent zeolite. The sample
was then dried at 80 °C for 24 h prior to calcination in air
at 500 °C for a further 16 h. The quantity of palladium
nitrate impregnated corresponded to that required to
yield a 3 wt% Pd loading.

CHN analysis was performed by combustion using a
CE-440 elemental analyser. TGA was performed on a
TA Instruments TGA Q500 series instrument. The cat-
alyst charge was typically 0.02 g and the flowrate of air
used was 90 ml min~'. Catalysts were heated from room
temperature to 900 °C in an air stream employing a
ramp rate of 5 °C min™"'.

TEM analysis was performed using either an FEI
Tecnai G20 T20 instrument (at University of Glasgow)
or a JEOL 2010FX instrument (at University of Read-
ing). Samples were dispersed in iso-propanol prior to
deposition on lacey carbon support films.

Microreactor testing has been described in detail
elsewhere [17,18]. In summary, catalysts were used in the
form of powders held centrally within the heated zone of
a quartz microreactor and were tested over a 6.5-h
period. The feed gas composition applied was 80% CHy
(BOC, 99.5%) and 20% N, (BOC 99.98%) which were
flowed at a total rate of 10 ml min~", typically giving a
GHSV of ca. 960 h™'. Product analysis was performed
by on-line gc (for H, and hydrocarbon quantification)
and periodic FTIR analysis of exit stream composition
in a flow cell (for quantification of CO and CO,).

3. Results and discussion

In view of the widespread interest aimed at the elu-
cidation of the nature of carbon containing residues in
MoO3/H-ZSM-5 based methane dehydroaromatisation
catalysts as detailed in the introduction, it is perhaps
surprising that relatively little effort has been directed
towards their direct observation by TEM. In this man-
uscript, we describe our efforts to address this, having
performed TEM analysis on MoO3/ZSM-5 catalysts,
and its counterpart doped with low a low level of Fe* ",
following reaction with methane at 700 °C for 6.5 h time
on stream. The activities of such catalysts have been
described in detail elsewhere [17]. In agreement with
Ichikawa and co-workers, we observe that the inclusion
of a low level of Fe’" dopant has a beneficial effect on
dehyrdoaromatisation activity, although in our studies
we evidence an enhancement in the levels of carbon
deposited in post-reaction samples, compared with the
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MoO;/ZSM-5 parent. The results of CHN combustion
analysis are reported in table 1. The “corrected carbon
value” quoted provides an indication of the non-carbi-
dic carbon content of catalysts and is calculated by
subtraction of the quantity of carbon corresponding to
complete conversion of a 3 wt% loading of MoO; to
Mo,C. We [17], and others [19], have also observed that
Ga’" doping is beneficial to catalytic activity. As
reported in table 1, like others, we observe that it
reduces the overall level of coke produced with respect
to the parent MoO3;/H-ZSM-5 catalyst.

In order to more fully characterise the nature of the
coke formation in post-reaction catalysts, TGA studies
in the presence of air have been undertaken and the first
derivative profile for the post-reaction MoO3;/H-ZSM-5
parent catalyst is reported in figure 1. The general form
of the profile is similar to those reported elsewhere
[15,20]. The loss of water occurs below 150 °C and the
combustion of carbonaceous species, which shows good
agreement with the CHN analysis, occurs over a rela-
tively large temperature range (ca. 420-650 °C). As is
evident from the figure, the TGA peak profile for the
loss of carbon by combustion can be fitted to at least
two general peaks with maxima at ca. 460 and 590 °C.
Within the literature, the lower temperature peak has
been attributed to loss of carbon associated with the
molybdenum carbide phase and that at higher temper-
ature to carbon associated with carbon associated with
zeolite phase, e.g. [15,20]. Also presented in figure 1, is
derivative data for both the iron and gallium doped
catalysts. Both dopants are observed to have a signifi-
cant influence on the profile. It is interesting to note that
the effect of gallium is to significantly reduce the higher
temperature form(s) of the carbon whilst iron dramati-
cally enhances its relative concentration and shifts the
peak maximum downwards by ca. 15 °C. Given that
both iron and gallium exhibit promotional effects, the
data demonstrate that their promotional effects cannot
be simply ascribed to a general effect on the carbona-
ceous deposits.

The results of TEM analysis of post-reaction MoQO;/
H-ZSM-5 and Fe’'-MoO;/H-ZSM-5 catalysts are
shown in figures 2 and 3. Both catalysts show similar
general features with an in-homogeneous distribution of
carbon. The micrographs presented are representative of

Table 1
CHN analysis of various post-reaction catalysts following 6.5 h time
on stream
Catalyst precursor C H N Corrected carbon
(Wt%) (wt%) (wt%) value (Wt%)
MoOs/H-ZSM-5 421  0.14 - 4.08
Fe’ " ~MoOs/H-ZSM-5 5.69  0.15 - 5.56
Ga*'-MoO;/H-ZSM-5  3.09 - - 2.96
Pd/H-ZSM-5 3024 ND ND NA

ND = Not determined; NA = not applicable.
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Figure 1. First derivative TGA pattern of post-reaction 3 wt%
MoQO;/H-ZSM-5 and Fe** and Ga*" doped counterparts following
6.5 h on stream.

Figure 2. TEM of post-reaction 3 wt% MoO3/H-ZSM-5 following
6.5 h on stream.

both Fe’* doped and undoped samples. As shown in
figure 2 which relates to post-reaction MoO3/H-ZSM-5,
there are regions where very little carbon is evident,
although large metallic like particles are dispersed on the
external ZSM-5 surfaces. It is probable that these relate
to the low dispersion of Mo,C external surface crystal-
lites as reported by Lunsford and co-workers [13].
Elsewhere, some regions can be found where there are
extensive arrays of carbon nanotubes as shown in the
micrograph of post-reaction Fe®"~-MoO;/H-ZSM-5 in
figure 3. To our knowledge the occurrence of carbon
nanotube structures in post-reaction catalysts does not
seem to have been widely recognised, although there is a
report of their occurrence in non-conventionally pre-
pared catalysts where a microwave technique has been
applied to ensure distribution of MoOs on the external
surface of ZSM-5 [12]. The nanotubes observed in our
study have been found to be of multi-wall type. As can
be seen in figure 3, there is a relatively large distribution
in their diameter (in the range ca. 50-500 A) and a
number of tubes show kinks. Close analysis does not
evidence the formation herring bone type structures.
Figure 4 evidences the growth of such nanotubes in the
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Figure 3. TEM of post-reaction Fe®"—MoO;/H-ZSM-5 following
6.5 h on stream showing a region with a high density of carbon
nanotubes.

Figure 4. TEM of post-reaction AI’"~MoOs/H-ZSM-5 following
6.5 h on stream showing a region with the surface attachment on
nanotubes to the ZSM-5 matrix, similar features are seen in other
MoO;/ZSM-5 based catalysts.

vicinity of the ZSM-5 crystallite for AI’* doped MoO;/
H-ZSM-5. 1t is apparent that the nanotubes emanate
from the external surface of the ZSM-5 crystallites and
are not specifically associated with any localised struc-
tural damage to the zeolite or indeed with any large

external particles. In addition, as can be seen, the
nanotubes are open-ended and the absence of capping is
indicative of a base growth mechanism. Deposits of
disordered forms of carbon were also evidenced on all
post-reaction catalysts.

In view of the widespread suggestion that the active
form of the molybdenum species in the reaction is Mo,C-
like, we thought it of interest to make a comparison
between the catalytic performance of MoO3;/H-ZSM-5
and Pd/H-ZSM-5. The basis for such a comparison is the
widely reported similarity of catalytic behaviour between
bulk phase molybdenum carbide and platinum group
metals [21,22]. Accordingly, a 3 wt% Pd/H-ZSM-5 cat-
alyst was prepared by aqueous impregnation as detailed
in the experimental section. Following calcination, as for
the MoOs/H-ZSM-5 catalyst precursors, powder dif-
fraction studies only evidenced reflections of the ZSM-5
framework which is indicative of the high dispersion
and/or low concentration of the palladium component.
Upon reaction, the catalyst was only observed to pro-
duce hydrogen, with no hydrocarbon products such as
benzene being produced. Indeed the rate of hydrogen
production was significantly higher than that for MoO3/
H-ZSM-5 under comparable conditions, as shown in
figure 5. Unlike the MoO; containing catalyst, which
shows a pronounced activation profile followed by a
slow decline in activity over the period tested, the Pd
based catalyst demonstrated an initial very high activity.
Such differences in the performance of the two systems
demonstrate that the Pd and MoO; derived components
cannot be considered as analogous in behaviour. Whe-
ther this is as a consequence of, for example, the
involvement of molybdenum oxycarbide species in the
catalytic reaction, as proposed by some (e.g. [5]) , or
represents a more general limitation in the comparative
behaviour of molybdenum carbide or platinum group
metals is not currently clear. The direct cracking of
methane to produce C and H, is an area of intense cur-
rent interest and represents a route to CO free H, which
can find application both for PEM fuel cells and as a
chemical feedstock [23].

80

N\
T 701 \
2 \
< 60 A \
o
E ~ — {8):3%PdHZSM-5
% 50 A ~ - —
g —_
< e
S 40 4 -+ =
©
£
S 30
c
[}
g 20
2
z (b) : 3%Mo/HZSM-5
% 10
0 T T T T T T
0 50 100 150 200 250 300 350

time on stream / min

Figure 5. Comparative rates of H, formation for 3 wt% MoO;/H-
ZSM-5 and catalysts.
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As expected, as shown in table 1, post-reaction CHN
analysis showed that there is a significantly higher con-
centration of carbon in the post-reaction Pd/H-ZSM-5
catalyst. Post-reaction TGA studies showed the loss of
carbon to occur over a much narrower temperature
window (590-640 °C) than the MoO3/H-ZSM-5 based
counterparts, indicating that the form of carbon on this
catalyst is much less heterogeneous. In TEM studies
reported in figure 6, extensive formation of multi-walled
carbon nanotubes is evidenced. Furthermore, upon
close inspection, a number of these nanotubes are found
to be defective, exhibiting a herring bone structure as
shown in figure 6, unlike the MoO3/ZSM-5 systems. The
nanotubes formed within this system appear to be
enclosed, but no evidence for metal crystallite capping
was found, again suggesting the occurrence of a
base growth mechanism. Within the carbon nanotube
literature, a very recent report of nanotube formation on
plasma and hydrogen pre-reduced Pd/H-ZSM-5 cata-
lysts has been reported, although in that study micro-
graphs demonstrating the capping of nanotubes by Pd
crystallites was presented [24]. Our current studies are
indicative that the pre-reduction of palladium precur-
sors species is not a necessary requirement for nanotube
formation in this system. Furthermore, despite high
sensitivity for their detection, we did not observe the
formation of CO or CO, in the exit gas-stream during
reaction which indicates that reduction is rapid in rela-
tion to the sampling time.

The comparison between the behaviour of the
MoO; and Pd based catalysts is worthy of note. In
studies of hydrogen transfer reactions where similari-
ties between the performance of molybdenum carbide
phases and platinum group metals have been drawn, it
is often observed that the activity of the carbide is
lower. The observation of the formation of nanotubes,
and their relative extent, in both systems is interesting,
since it could be argued that their formation is inti-
mately connected with the production, or otherwise,
of aromatic products. It is possible that nanotubes
could be the carbonaceous source of C,H4 and CgHg

S. Burns et al.|Direct observation of carbon nanotube formation

as proposed by Xu and co-workers [11]. However, the
absence of such products in the case of the Pd based
catalyst where the concentration of nanotubes and
gas-phase hydrogen is much higher than for MoO;/H-
ZSM-5 systems suggests otherwise. Alternatively,
nanotube formation could arise from secondary
dehydrogenation of aromatic products [25] and could
therefore be enhanced in the presence of a catalyst
component with a strong dehydrogenation function,
such as Pd. Whether the most successful strategy to
the development of optimum dehydroaromatisation
catalysts 1is via the enhancement of activity of
relatively weakly dehydrogenating catalyst components
or via the partial poisoning of strongly dehydroge-
nating catalyst components such as Pd, remains to be
seen.

4. Conclusions

In agreement with previous literature, TGA of the
post-reaction carbonaceous species in methane dehy-
droaromatisation catalysts evidence the presence of at
least two different types of cabonaceous species. Com-
parison of this data with that produced by the inclusion
of two known promoter dopants, Ga’>" and Fe’",
demonstrates that promotion of activity in each of these
systems cannot be simply related to a general effect on
carbonaceous species. The former dopant has been
observed to suppress the deposition of carbon over
catalysts, particularly species which are removed by
higher temperature air treatment. Conversely, the latter
dopant enhances the deposition of carbon, particularly
species which are removed by higher temperature air
treatment, although a shift in the peak maximum to
lower temperatures is observed. TEM investigation of
post-reaction  MoO;/H-ZSM-5 and Fe®*-MoOs/H-
ZSM-5 shows that the deposition of carbon is
in-homogeneous within samples and that some of the
deposited carbon comprises multi-walled carbon
nanotubes which grow out from the external surfaces of

0.1 pm

Figure 6. TEM of post-reaction 3 wt% Pd/H-ZSM-5 showing the high density of carbon nanotubes and a herring bone structured nanotube.
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the ZSM-5 via a base growth type mechanism. Although
many of the nanotubes are kinked, there is no evidence
of the formation of herring-bone type structures. The
activities of MoQO3/ZSM-5 and Pd/H-ZSM-5 for meth-
ane activation at 700 °C have been compared and it is
evident that no hydrocarbon formation occurs over the
latter catalyst with methane being directly cracked to
yield C and H,. TEM evidences the extensive formation
of enclosed carbon nanotubes with herring-bone type
structures being frequently observed. Again a base
growth type mechanism for nanotube growth is pro-
posed. It is suggested that a possible route to the nec-
essary enhancement of currently reported methane
dehydroaromatisation activities may lie in the selective
poisoning of strongly dehydrogenating catalytic systems
such as Pd/H-ZSM-5 rather than the enhancement of
activity of relatively weakly dehydrogenating systems
such as MoO3;/H-ZSM-5. The absence of accompanying
hydrocarbon products in the case of the Pd based cat-
alyst argues against the possibility of nanotubes being
the source of hydrocarbons.
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