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Abstract

The present text describes an investigation of XPS study of multiwall carbon nanotube (MWNT) synthesis. The aim of the investigation was
not only to improve the reaction activity by mixing nickel with vanadium, but also to understand the formation mechanism of the nanotubes.
Carbon nanotubes were produced by catalytic chemical vapor deposition (CCVD) of acetylene on transition metal containing catalysts
supported on zeolite ZSM-5. The samples were characterized at two different levels. At the nanoscale, they were studied by transmission
electron microscopy (TEM), while at macroscopic scale mainly XPS was used to investigate the changes during the reaction.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The discovery of multiwall carbon nanotubes (MWNTs)
by Iijima [1]; and the singlewall carbon nanotubes (SWNTs)
by Iijima and Ichihashi[2] and Bethune et al.[3] more
than a decade ago marked the opening of a new chapter in
nano-scale materials science. Active research followed that
discovery, mainly on the formation and properties of these
quasi one-dimensional tubular structures. Several produc-
tion methods have been developed aiming at the production
of carbon nanotubes in large scale, such as laser vaporiza-
tion [4], electric arc discharge[5] and catalytic chemical
deposition of hydrocarbons over metal catalysts (CCVD
technique)[6], however, only the latter method supplies car-
bon nanotubes in high yield at a low cost of production. In
the catalytic process, the combinations of transition metals
and supports can be changed depending on the character-
istics required, for example the alignment[7] or the size of
the tubes[8,9].

Although the formation mechanism of MWNTs on het-
erogeneous catalysts is well documented, some fundamental
questions are still unsolved, such as: (i) the nature of interac-
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tions between the support and the metals, (ii) the electronic
state of the metals, and (iii) the interaction of the differ-
ent metals in the bimetallic catalysts. Recently, we proved
by XPS[10] and Mössbauer spectroscopy[11] that in case
of iron and cobalt containing bimetallic catalysts CoFe al-
loy formation occurred during the reaction towards MWNT
synthesis.

In this presentation, we focus on the characterization
of the chemical state of nickel and vanadium containing
mono- and bi-metallic catalysts before and after acetylene
treatments by in situ XPS method. Samples were analyzed
by XPS, infrared spectroscopy (IR), and X-ray diffraction
(XRD). The formed carbonaceous products were character-
ized by transmission electron microscopy (TEM) and TG
techniques, as well.

2. Experimental

2.1. Preparation of the catalyst

All catalysts were prepared by impregnation of the support
with ethanolic solution of the respective metal salt (metal salt
used were nickel acetate and vanadium acetyl acetonate) or
their binary mixture. The concentration of metal was 5 wt.%
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in single metal containing catalyst and 2.5–2.5 wt.% in the
binary metal mixture catalyst.

2.2. Synthesis and in situ characterization of
the catalysts by XPS

The XPS experiments were performed in an ultra-high
vacuum system with a background pressure of 10−9 mbar,
produced by an ion getter pump. The photoelectrons gener-
ated by AlK� primary radiation (15 kV, 15 mA) were ana-
lyzed with a hemispherical electron energy analyzer (Kratos
XSAM 800). The pass energy was set to 40 eV. An energy
step width of 50 meV and a dwell time of 300 ms were used.
Typically 10 scans were accumulated for each spectrum.
Fitting and deconvolution of the spectra were performed
with the help of VISION software. All binding energies
were referenced to Al(2p) at 74.7 eV. For analyses the O(1s),
C(1s), Ni(2p), and V(2p) core electrons were chosen.

Briefly, zeolites ZSM-5 impregnated with Ni2+, V4+,
and Ni2+/V4+ salts were analyzed by XPS after the follow-
ing treatments. The samples were first evacuated at 300 K
in the XPS chamber (treatment A). After evacuation heat
treatment at 973 K was carried out in the sample handling
chamber, excluding the contamination with air or moisture
preceding the XPS measurement (treatment B). The samples
were then cooled to 300 K and acetylene was introduced
into the chamber. Equilibrating the samples in acetylene at-
mosphere was performed for 20 min followed by evacuation
(treatment C). Finally the samples were reacted in acety-

Fig. 1. TEM images of catalyst treated at 1000 K for 60 min in acetylene: Ni-ZSM-5 (a), V-ZSM-5 (b), and Ni,V-ZSM-5 (c).

lene at 973 K for 20 min (treatment D). Each treatment was
carried out in a special sample handling chamber assuring
the transfer of the samples into the analysis chamber under
exclusion of air or moisture contamination.

2.3. Characterization of the obtained carbon materials

The production of nanotubes was carried out at 973 K
during 1 h using acetylene flow of 30 ml/min and N2 flow
of 300 ml/min as carrier gas. After reaction the system was
cooled down to room temperature and the product was an-
alyzed by TEM. For TEM and HRTEM Philips CM20 and
JEOL 200CX were used. For the preparation of sample
holder grids, the glue technique was used described else-
where in details[12]. Adsorption and desorption of nitro-
gen was measured at 77 K in a volumetric system in the
whole relative pressure range. From the isotherms the BET
surface area and the pore size distribution of samples were
determined. Pore size distributions were calculated by the
Barrett–Joyner–Halenda method[13] in order to get more
insight into the mesoporous structures.

3. Results and discussion

3.1. Adsorption results

BET surface data for all the samples are presented in
Table 1. A significant decrease in the specific surface area
values is observable after nanotube formation.
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Table 1
Nitrogen porosimetry results

Sample BET area (m2/g)

Na-ZSM-5a 287.1
Ni-ZSM-5a 241.3
Ni-ZSM-5 + MWNTsb 199.6
V-ZSM-5a 274.9
V-ZSM-5 + MWNTsb 157.5
Ni,V-ZSM-5a 266.6
Ni,V-ZSM-5 + MWNTsb 167.1

a The sample is calcined in nitrogen atmosphere.
b After nanotube formation.

3.2. TEM results

TEM images were taken on the catalyst samples treated
in in situ XPS experiments in order to reveal the differ-
ences of carbon nanostructures generated.Fig. 1 shows
three TEM pictures taken on the Ni-ZSM-5, V-ZSM-5,
and Ni,V-ZSM-5 samples after in situ reaction with acety-
lene at 1000 K for 60 min. On Ni containing monometallic
sample carbon nanotubes were produced (Fig. 1a), while
no nanotube formation was observed on supported vana-

Fig. 2. XP spectra of Ni-ZSM-5 in Ni(2p) region (a) after evacuation
at 300 K for 60 min, (b) after calcination at 1000 K for 20 min, (c) after
2.666 kPa C2H4 adsorption at 300 K for 60 min, and (d) after interaction
with 2.666 kPa C2H4 at 1000 K for 60 min.

dium catalyst where the structure on the image is more
characteristic of carbon fibres (Fig. 1b). Oppositely, the car-
bon product formed on Ni,V-ZSM-5 bi-metallic catalyst is
completely different from those obtained on mono-metallic
samples. Here well structured carbon nanotubes can be seen
(Fig. 1c).

As it will be shown later, the TEM observation is in good
agreement with the XPS results where high quality carbon
nanotube formation will be proven on the bi-metallic cata-
lyst, and the role of the presence of vanadium will be ex-
plained.

3.3. XPS spectroscopy

3.3.1. Ni-ZSM-5 sample
Spectrum of sample treated by method A showed a typ-

ical oxide structure (Fig. 2a). The split 2p electron en-
ergy levels Ni(2p3/2) and Ni(2p1/2) appeared at 855.8 and
873.6 eV, respectively. These bond energies are higher here
by 1.5–2.0 eV compared to the pure NiO[14]. This de-
viation was probably due to the difference in coordina-
tion of Ni2+ in zeolite and in NiO. It is very probable
that Ni2+ ions are coordinated in much higher symmetry

Fig. 3. XP spectra of Ni-ZSM-5 in C(1s) region (a) after evacuation at
300 K for 60 min, (b) after calcination at 1000 K for 20 min, (c) after
2.666 kPa C2H4 adsorption at 300 K for 60 min, and (d) after interaction
with 2.666 kPa C2H4 at 1000 K for 60 min.
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in zeolites possessing well ordered crystal structure than in
NiO. The typical oxide structure is also supported by the
satellite appearing at higher bond energy values. Significant
change occurred in the state of nickel upon heat treatment
at 973 K (Fig. 2b). Ni(2p3/2) appeared at 851.5 eV charac-
teristic of metallic nickel, the satellite bonds due to NiO
disappeared, the whole spectrum shows a metallic structure
[14,15] and this character does not change even upon treat-
ment C as can be seen inFig. 2c. For Ni-ZSM-5 sample the
XPS spectral changes suggest that, Ni2+ ions are reduced
upon heat treatment in vacuum at 973 K, and Ni remains
in this metallic state after treatment in acetylene at 973 K
(Fig. 2d).

The C(1s) spectrum taken after treatment A shows a bond
at 284.75 eV, pointing to some carbon impurities left behind
after catalyst preparation. After treatment B (Fig. 3b) the
position of C(1s) band shifted by 1 eV to the lower ener-
gies, indicating the formation of polymeric or graphitic car-
bon. This peak was not changed even after heat treatment at
973 K.

In the O(1s) spectra (Fig. 4) a symmetric band was found
at 532.2 eV. The positions of oxygen binding energies did

Fig. 4. XP spectra of Ni-ZSM-5 in O(1s) region (a) after evacuation at
300 K for 60 min, (b) after calcination at 1000 K for 20 min, (c) after
2.666 kPa C2H4 adsorption at 300 K for 60 min, and (d) after interaction
with 2.666 kPa C2H4 at 1000 K for 60 min.

not change after any treatment, reflecting that they are de-
termined mainly by the zeolitic oxygen being structure con-
stituents of the zeolite crystal.

3.3.2. V-ZSM-5 sample
The changes in the state of vanadium was followed by

the 2p3/2 (and 2p1/2) transitions, however, for the latter the
O(1s) satellite signal partially overlapping). After treatment
A vanadium is in oxidized state, the 2p3/2 signal appears
at 516.5 eV (seeFig. 5a). As this peak is rather broad, the
combination of two photoemission transitions cannot be ex-
cluded. Demeter reported that in V2O5 the V(2p3/2) ap-
peared at 517.2 eV, while in VO2 a similar energy level could
be observed (518.85 eV)[16]. Analogous conclusions were
reported by Choi[17]. Considering these we assume that the
vanadium has two different, namely V4+ and V5+ oxidation
states. The C(1s) spectrum of this stage reveals that some
carbon remained in the sample after preparation (Fig. 6a).
The O(1s) energy level appeared at 538.3 eV characteristic
of the zeolitic oxygen (Fig. 7a).

Substantial changes can be observed in the V(2p),
C(1s), and O(1s) spectra taken after treatment B. The most

Fig. 5. XP spectra of V-ZSM-5 in Ni(2p) region (a) after evacuation at
300 K for 60 min, (b) after calcination at 1000 K for 20 min, (c) after
2.666 kPa C2H4 adsorption at 300 K for 60 min, and (d) after interaction
with 2.666 kPa C2H4 at 1000 K for 60 min.
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significant change is seen in the V(2p) spectrum. The
transition due to the higher oxidation state decreases and
shifted to lower binding energies and the signal became
asymmetric. The transitions appear at 513.1 eV (more in-
tensive) and 515.0 eV. Similar spectrum was obtained after
treatment C, however, in this case, the asymmetry of the
transitions changed; the signal at 515.0 eV became more
intensive.

To the interpretation of these changes we should discuss
the changes in C(1s) spectrum (Fig. 6). Upon calcination and
acetylene exposure a new transition at 282.3 eV appeared.
This is an indication for the carbide formation[17]. Con-
sidering this we attribute the V(2p3/2) peak at 513.2 eV to
vanadium carbide (VC). Choi[17]has investigated the struc-
ture of VC using XPS, and evidenced that V(2p3/2) transi-
tion can be found at 513.2 eV in VC17.

In our C(1s) spectra a high intensity signal emerged at
284.4 eV and was assigned as graphitic carbon following
Choi’s [17]work. The binding energy at 515.0 eV due to
V(2p3/2) can be attributed to a mixture of vanadium oxides
(VxOy) generated upon heat and acetylene treatments. As
we have mentioned Demeter et al. found the transition of

Fig. 6. XP spectra of V-ZSM-5 in C(1s) region (a) after evacuation at
300 K for 60 min, (b) after calcination at 1000 K for 20 min, (c) after
2.666 kPa C2H4 adsorption at 300 K for 60 min, and (d) after interaction
with 2.666 kPa C2H4 at 1000 K for 60 min.

V3+ V(2p3/2) at 515.8 eV[16]. From this it follows that the
reduction of vanadium ions is not complete. A part of them
is reduced to VC (513.2 eV). A significant part of vanadium
may incorporate into the ZSM-5 zeolitic structure[18,19].
There are several literature data proving the movement of
vanadium from extraframework to framework position upon
heat treatment at high temperatures[20,21]. The change of
the oxidation state of vanadium species has also been re-
ported[22].

As the O(1s) spectra show (Fig. 7), beside the binding
energy at 532.3 eV characteristic of zeolitic oxygen, a new
transition appeared at 530.15 eV. This signal is attributed to
the oxygen in mixed VxOy oxides. As this oxygen signal
has relatively high intensity, it suggests that vanadium ions
stabilized in the zeolite should situate in the outer surface
detectable by XPS.

Considering the experimental results obtained for
V-ZSM-5 sample the following summary can be given. In
contrast to the nickel containing sample vanadium cannot
be reduced completely, and formation of VC was proven.
As an overlay on VC, the presence of graphitic carbon
was also evidenced. Vanadium is presented in two different

Fig. 7. XP spectra of V-ZSM-5 in O(1s) region (a) after evacuation at
300 K for 60 min, (b) after calcination at 1000 K for 20 min, (c) after
2.666 kPa C2H4 adsorption at 300 K for 60 min, and (d) after interaction
with 2.666 kPa C2H4 at 1000 K for 60 min.
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Fig. 8. XP spectra of Ni,V-ZSM-5 in Ni(2p) region (a) after evacuation
at 300 K for 60 min, (b) after calcination at 1000 K for 20 min, (c) after
2.666 kPa C2H4 adsorption at 300 K for 60 min, and (d) after interaction
with 2.666 kPa C2H4 at 1000 K for 60 min.

oxidation states and a part of the vanadium is incorporated
into the zeolitic framework.

3.3.3. Ni,V-ZSM-5 sample
It is worth mentioning here again that the highest con-

version of acetylene was achieved on this catalyst and well
graphitized carbon nanotubes were formed. As it is seen in
Fig. 8, the state of nickel changes identical way as has been
obtained for Ni-ZSM-5 sample.

The energy levels of V(2p) due to the presence of V4+
and V5+ oxidation state are shifted to the lower binding
energies, however, the extent of shifts slightly changed in
presence of nickel. For Ni,V-ZSM-5 the positions of V(2p)
are at 515.3 and 521.8 eV (Fig. 9). In the absence of nickel
these energy levels appeared at 525.0 and 513.2 eV, respec-
tively. These data suggest that more vanadium with higher
oxidation states may chemically bond to the zeolite struc-
ture. The most significant difference between spectra taken
in the absence and in the presence of Ni is that no transi-
tion characteristic of VC binding energy at 513.2 eV was
observed in the latter case. Instead, a lower energy transition
emerged at 512.8 eV, which binding energy is characteristic
of the metallic vanadium[16,17]. From this it follows that

Fig. 9. XP spectra of Ni,V-ZSM-5 in V(2p) region (a) after evacuation
at 300 K for 60 min, (b) after calcination at 1000 K for 20 min, (c) after
2.666 kPa C2H4 adsorption at 300 K for 60 min, and (d) after interaction
with 2.666 kPa C2H4 at 1000 K for 60 min.

metallic vanadium is formed in the presence of nickel and
no VC is generated.

The former assumption is supported by the C(1s) spec-
tra as well (Fig. 10). For Ni,V-ZSM-5 sample the binding
energy of C(1s) at 282.4 eV due to VC was not observed.
Consequently, no VC formation can be considered in this
sample.

The O(1s) XPS signals are depicted inFig. 11. In the
absence of nickel two separated binding energies were de-
tected at 532.2 and 530 eV. However, the transition of lower
energy was not detected in the presence of nickel. This sug-
gests that the presence of nickel changes the distribution of
VO groups at the surface layer.

Summarizing the XPS results for Ni,V-ZSM-5 catalyst,
we can state that the changes of the state of nickel fol-
lowed the same tendency as for Ni-ZSM-5, however, com-
pletely different changes were concluded from the V(2p)
XPS spectra taken of V-ZSM-5 and Ni,V-ZSM-5. The lat-
ter case metallic vanadium was identified. Concerning the
C(1s) spectra the bimetallic sample showed no signal char-
acteristic of the VC formed. That was the main feature of
V-ZSM-5.
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Fig. 10. XP spectra of Ni,V-ZSM-5 in C(1s) region (a) after evacuation
at 300 K for 60 min, (b) after calcination at 1000 K for 20 min, (c) after
2.666 kPa C2H4 adsorption at 300 K for 60 min, and (d) after interaction
with 2.666 kPa C2H4 at 1000 K for 60 min.

Fig. 11. XP spectra of Ni,V-ZSM-5 in O(1s) region (a) after evacuation
at 300 K for 60 min, (b) after calcination at 1000 K for 20 min, (c) after
2.666 kPa C2H4 adsorption at 300 K for 60 min, and (d) after interaction
with 2.666 kPa C2H4 at 1000 K for 60 min.

4. Conclusions

It is well known that different transition metal catalysts
shows different properties and play different roles in carbon
nanotube synthesis. Beyond the metal particles the support
has also an important role. Multiwall carbon nanotubes were
synthesized by CVD method on Ni-, V-, and Ni,V-ZSM-5
catalysts. Although the single metal containing catalysts re-
sulted in nanotubes, using binary mixtures the production
was much better. From the XPS results it can be concluded
that the formation of metallic vanadium enhances the activ-
ity of the Ni containing catalysts.
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