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ABSTRACT Multi-walled carbon nanotubes (MWNT) were pro-
duced by chemical vapor deposition using yttria-stabilized
zirconia/nickel (YSZ/Ni) catalysts. The catalysts were ob-
tained by a liquid mixture technique that resulted in fine dis-
persed nanoparticles of NiO supported in the YSZ matrix.
High quality MWNT having smooth walls, few defects, and
low amounts of by-products such as amorphous carbon were
obtained, even from catalysts with large Ni concentrations
(> 50 wt. %). By adjusting the experimental parameters, such
as flux of the carbon precursor (ethylene) and Ni concentration,
both the MWNT morphology and the process yield could be
controlled. The resulting YSZ/Ni/MWNT composites can be
interesting due to their mixed ionic-electronic transport proper-
ties, which could be useful in electrochemical applications.

PACS 61.46.Fg; 81.15.Gh; 82.45.Jn

1 Introduction

Carbon nanotubes (CNTs) have been the focus of
intense research in recent years. Numerous studies focusing
on their diverse properties have been performed and several
applications have been proposed (for a recent review see [1]).
Among the different preparation techniques, chemical vapor
deposition (CVD) methods are being investigated as the most
promising alternative for both the large scale and the con-
trolled production of CNTs [2]. In these methods, CNTs are
formed from the pyrolysis of hydrocarbon gases (or other C
containing gases), which is catalyzed by the presence of nano-
sized particles of transition metals such as Fe, Ni, and Co.
The metal catalysts can be supplied in the form of nanopar-
ticles [3], as thin films over substrates [4], directly from the
vapor of metallocene molecules [5], or embedded in a sup-
portive matrix [6–10]. In the last case, several combinations
of metal catalysts and support materials have been investi-
gated [11]; however, most of the studies have been limited
to oxide supports such as Al2O3 [8], SiO2 [7], MgO [6, 10],
and zeolites [9]. These are chosen because mesoporous pow-
ders of these materials are readily available, and their char-
acteristics of large surface area and small pore dimensions
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are believed to provide a good support for the anchoring of
nano-sized metal particles [11]. Nevertheless, metal oxides
that are ionic conductors such as yttria-stabilized zirconia
(ZrO2:8 mol % Y2O3) have been largely ignored as catalyst
support for CNT grown. Besides, metal concentration in the
catalysts is in general kept relatively low (≤ 15 wt. %), in
order to avoid the coarsening of the metallic particles, which
inhibit CNT growth and promote amorphous carbon forma-
tion [11]. In general, the goal of CVD production by using
supported catalysts is to generate large amounts of CNTs that
subsequently can be purified by removing the catalyst support
and metals, and then be studied or used in some application.
Conversely, there have been only few studies on the different
properties of as-grown oxide/metal/CNT composites, most
of them focusing on their mechanical properties [12].

In a previous work, we have developed a liquid mix-
ture route to prepare yttria-stabilized zirconia/nickel oxide
(YSZ/NiO) powders in a wide range of NiO concentration,
consisting of finely dispersed NiO particles over highly dense
YSZ particles [13]. It was shown that the resulting com-
posite is an excellent starting material for electrochemical
applications such as gas separation membranes and anodes
of solid oxide fuel cell (SOFC) [14–16]. In particular, the
YSZ/Ni composite, with Ni content above the percolation
value for electronic transport, is the most commonly used ma-
terial in SOFC anodes [15, 16]. The obtained characteristic
of good dispersion of NiO nanoparticles in the YSZ matrix
has motivated us to study the performance of such materials
as catalyst for CNT growth by CVD. There have been only
few reports on the utilization of zirconium oxide as catalyst
support for CNT fabrication by the decomposition of me-
thane [17, 18]. ZrO2 nanoparticles have also been deposited
over oxidized silicon substrates and used as spacer to prevent
iron oxide nanoparticles from agglomeration in CNT prepar-
ation [19]. On the other hand, the formation of CNTs as an
undesired by-product (coke) of hydrocarbon reform by using
similar catalysts is commonly observed [20]. In the present
work, we present a systematic study focused on the controlled
CVD production of multi-wall carbon nanotubes (MWNT) by
using YSZ/Ni catalysts having a wide range of Ni concen-
tration. The MWNT morphology and the process yield can
be controlled by adjusting the Ni concentration in the cat-
alyst and CVD parameters such as gas flow. The resulting
as-grown YSZ/Ni/MWNT composites can be envisioned as
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potential components of electrochemical devices due to their
mixed ionic-electronic transport properties. The proposed dir-
ect route for this composite production has important advan-
tages over commonly used mixing procedures of the different
materials. The direct route eliminates the steps of CNT pu-
rification and dispersion, while ensuring an enhanced phase
distribution and homogeneity.

2 Experimental

The YSZ/NiO powders were prepared by a liquid
mixture technique described in details elsewhere [13]. Briefly,
a mixture of YSZ (Tosoh) and nickel acetate tetrahydrate
(Carlo Erba) was dissolved in ethanol. The solution was dis-
persed in an ultrasonic bath for approximately 1 h and then
heated on a hot plate at 80 ◦C under vigorous stirring to pro-
mote the rapid evaporation of the ethanol. The obtained pow-
der was calcined at 450 ◦C. The initial NiO content was tai-
lored to obtain after NiO reduction, three different Ni concen-
trations (v), v = 7, 37, and 55 wt. %. The first value (7 wt. %)
is within the range commonly used in metal-supported cata-
lysts for CNT growth [6–10], whereas the two higher values
correspond approximately to the lower (37 wt. %) and higher
(55 wt. %) limits for mixed ionic-electronic conduction in
YSZ/Ni composites [14, 21].

The CVD was performed in a horizontal furnace (2-inch
quartz tube) at atmospheric pressure by using conditions usu-
ally employed for the production of MWNT [11]. Typically,
20–80 mg of the catalyst powder was loaded in the reactor,
which was heated to 700 ◦C under Ar flow (1000 sccm). A pre-
treatment, 30 min under H2-flow (500 sccm), was performed
in order to reduce the NiO. Next, to promote CNT growth,
a mix of ethylene (C2H4), H2 and Ar was added, resulting in
gas mixture of [C2H4] : [H2] : [Ar] of (10 −35) : 500 : 1000
(values in sccm). The low concentration of C2H4 in the gas
mixture is selected to avoid its gas-phase decomposition that
would lead to the formation of large amounts amorphous
carbon.

Phase analyses were performed in the catalyst powder and
in the as-grown materials by X-ray diffraction (XRD - Bruker
AXS D8 Advance diffractometer) in a Bragg–Brentano con-
figuration using CuKα radiation in the 20◦ ≤ 2θ ≤ 70◦ range.
The morphology of the catalyst powders were analyzed
by field emission scanning electron microscopy (FE-SEM,
LEO model 1530). The as-grown YSZ/Ni/MWNT mate-
rials were analyzed by standard SEM (JEOL 840A) and
transmission electron microscopy (TEM JEOL 200C). The
YSZ/Ni/MWNT composites were also analyzed by thermo-
gravimetric analysis (TGA - Netzsch STA 409E), by collect-
ing curves for temperatures up to 1000 ◦C (10 ◦C/min heating
and cooling rates) under a flow of synthetic air or nitrogen.

3 Results and discussion

The liquid mixture route used for the preparation of
the YSZ/NiO powders was found to result in materials with
optimized microstructure and transport properties for elec-
trochemical applications [13, 14]. The microstructure of such
powders consists of a homogeneous mixture of finely dis-
persed NiO particles over the YSZ matrix. It was observed
that this microstructure is mostly independent of the NiO

FIGURE 1 (a) XRD pattern and (b) FE-SEM micrograph of the YSZ/NiO
catalyst powder with Ni concentration, v = 37 wt. %. In (b), NiO particles
(d ∼ 5–10 nm) well-dispersed over the YSZ particles (d ∼ 100 nm) are
clearly discerned. The two phases, NiO and YSZ, are identified by the arrows

concentration, even for large concentrations. As an example,
Fig. 1 depicts representative XRD (a) and FEG-SEM results
(b) of a YSZ/NiO powder with v = 37%. Figure 1a shows
that only the peaks corresponding to YSZ and NiO phases
are present in the XRD diffraction patterns, and analysis of
the NiO peaks by the Scherrer formula reveals that the NiO
crystallite sizes is ∼ 7 nm. FE-SEM images confirmed that the
NiO nanoparticles have a diameter of dNiO ∼ 5–10 nm and are
well distributed over the surface of the larger YSZ particles
(dYSZ ∼ 100 nm), as shown in Fig. 1b.

Based on these results, we have decided to study the per-
formance of such composites as catalyst for CNT growth
by CVD. We have chosen to fix the process temperature
and duration at 700 ◦C and 30 min, respectively, and perform
a systematic investigation of the effects of the Ni concen-
tration in the catalyst powder (v) and the C2H4 flux (ϕ) on
the resulting CNT morphology and process efficiency. Fig-
ure 2a–c displays SEM images of as-grown CNT materials
prepared with ϕ = 10 sccm that illustrate the effect of the Ni
concentration. Dense mats of filamentary structures are ob-
served in the SEM images for all studied v, and catalyst par-
ticles are hardly detected, being mostly hidden within such
mats. There exists a significant dependence of the morph-
ology of the produced materials on the Ni concentration. For
v = 7 wt. % (Fig. 2a), there is a predominance of curly CNTs
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FIGURE 2 SEM micrographs of
the as-grown CNT-materials pre-
pared from catalysts with differ-
ent Ni concentration (v), and by
using different ethylene flux (ϕ):
(a) v = 7 wt. %, ϕ = 10 sccm, (b) v =
37 wt. %, ϕ = 10 sccm, (c) v =
55 wt. %, ϕ = 10 sccm, and (d) v =
37 wt. %, ϕ = 35 sccm. The insets in
(b) and (c) show higher magnifica-
tion micrographs

of small diameter, whereas for v = 37 wt. % (Fig. 2b), the
CNTs are less curly and much longer and thicker. Interest-
ingly, for v = 55 wt. % (Fig. 2c), the resulting material seems
to be a mixture of small curly filaments, similar to those ob-
served in Fig. 2a, and longer, thicker filaments, similar to
those observed in Fig. 2b. Figure 2d illustrates the effect of
the C2H4 flux for materials prepared using the catalyst pow-
der with v = 37 wt. %. It is observed that, when the flux is
increased from 10 sccm (Fig. 2b) to 35 sccm (Fig. 2d), there
is a significant increase in the amount of the produced CNT.
Denser mats of CNTs are formed that completely cover the
whole image and hide the catalyst particles. Again, two dis-
tinct CNT morphologies can be distinguished, comparable to
the ones observed in Fig. 2c, i.e., smaller and curly vs. thicker
and longer CNTs. A similar trend was also observed for sam-
ples prepared with v = 55 wt. %.

TEM measurements have been performed on selected
samples in order to better characterize the morphology of
the resulting materials. Figure 3 shows images of the materi-
als produced with the following conditions: (a) v = 37 wt. %
and ϕ = 10 sccm, (b) v = 37 wt. % and ϕ = 35 sccm, and
(c) v = 55 wt. % and ϕ = 10 sccm. They demonstrate that the
as-grown materials consist mainly of good quality MWNT,
i.e., the tubes have smooth walls and few defects. Moreover,
low amounts of by-products such as amorphous carbon or
graphitic-like particles are detected. Ni particles and agglom-

erates can also be observed, some at the tip of the tubes, while
others tubes present open tips. The TEM images also confirm
that for large v the MWNT samples have a bimodal diameter
distribution. They consist of a mixture of thicker, longer and
straighter tubes (external and internal diameters: ∼ 100 nm
and ∼ 20 nm, respectively), and thinner and more curly tubes
(external diameter ∼ 30 nm).

In order to further investigate the produced materials,
XRD measurements were carried out. Figure 4 shows the
XRD pattern of the material prepared with v = 37 wt. % and
ϕ = 10 sccm. The diffraction peaks corresponding to Ni and
YSZ are identified, and the NiO diffraction peaks are absent.
The same features were also observed in all studied samples,
demonstrating that the CVD process results in a complete re-
duction of the NiO particles. In addition, the XRD data were
used to estimate the average crystallite size dNi of the result-
ing Ni nanoparticles. By using the Scherrer formula, dNi was
determined to be ∼ 36 nm and ∼ 47 nm for the samples cor-
responding to v = 37 wt. % and 55 wt. %, respectively. The
diffraction peak at 2θ = 26◦ comes from the MWNT and cor-
respond to the (002) planes of graphite. The interlayer spacing
determined by the peak position is ∼ 0.34 nm, which is a value
close to the observed for MWNT [22].

Thermogravimetric analyses were also performed to pro-
vide a quantitative evaluation of the type and relative amounts
of the carbonaceous species present in the as-grown mate-



274 Applied Physics A – Materials Science & Processing

FIGURE 3 TEM images of the as-grown MWNT-materials prepared from
catalysts with different Ni concentration (v), and by using different ethylene
flux (ϕ): (a) v = 37 wt. %, ϕ = 10 sccm, (b) v = 37 wt. %, ϕ = 35 sccm, and
(c) v = 55 wt. %, ϕ = 10 sccm

rials. TGA has been widely applied to quantify the relative
amounts of CNT, amorphous carbon, and catalyst materi-
als (metals and/or ceramic supports) in CNT material pro-
duced by different techniques [22]. Figure 5 depicts TGA
curves for the as-grown materials prepared with v = 37 wt. %

FIGURE 4 XRD pattern of the as-grown CNT-material prepared from cat-
alysts with Ni concentration v = 37 wt. % and by using an ethylene flux of
10 sccm

FIGURE 5 Thermogravimetric curves for the as-grown materials prepared
from catalysts with Ni concentration, v = 37 wt. %, and by using ethylene
fluxes, ϕ = 10 sccm (solid lines) and ϕ = 35 sccm (dotted lines)

and ϕ = 10 sccm (solid lines) and ϕ = 35 sccm (dotted lines).
Upon heating, the first observed feature is a small weight gain
(∼ 5%–10%) in the 300–500 ◦C temperature range that can
be attributed to the oxidation of the Ni particles. At ∼ 500 ◦C,
a pronounced weight loss starts to develop with increasing
temperature as a result of the oxidation of the MWNT. Both
the total weight loss and the temperature range in which it
occurs are proportional to the MWNT content. The values
for carbon content in the as-grown samples calculated by the
TGA are similar to the ones obtained by weighing the cat-
alyst powder before and after the MWNT growth, and cor-
recting for the weight loss due to the reduction of the NiO,
as inferred from the XRD data. These results suggest the
complete removal of the MWNT for heat treatments above
∼ 800 ◦C in oxidizing atmosphere. Furthermore, after the
MWNT are fully decomposed, a slight but abrupt weight gain
is observed for the material prepared with ϕ = 35 sccm. This
weight gain at high temperature can be interpreted as being
originated from the rapid oxidation of remaining Ni particles.
Such metallic particles had been originally encapsulated in-
side the nanotubes and protected from oxidation. The TGA
curves also indicate that no significant amorphous carbon was
formed by the CVD process, since no noticeable weight loss
is observed at temperatures lower than 400 ◦C. However, the
weight loss due to the amorphous carbon could be hindered by
the weight gain due to Ni oxidation in the same temperature
range (350 ◦C < T < 500 ◦C). Nevertheless, the total weight
gain associated with Ni oxidation is ∼ 5% and ∼ 11% for sam-
ples with v = 37 wt. % and 55 wt. % (not shown), respectively.
These values are slightly lower than the expected nominal
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FIGURE 6 Dependence of the relative amount of MWNT on the Ni con-
centration (v) in the catalyst

ones (∼ 9% and 13%, respectively). Therefore, the relative
amount of amorphous carbon present in the as-grown materi-
als (if any) should be smaller than the difference between the
expected and measured values (∼ 4%). Similar TGA curves
carried out under N2 atmosphere revealed that no apprecia-
ble weight loss is observed up to 1100 ◦C, indicating that the
MWNTs can be preserved if the YSZ/Ni/MWNT composites
are heat treated at high temperatures in inert atmospheres.

Next, we discuss the effects of the Ni concentration in the
catalysts on the MWNT growth. It is important to consider
that the primary goal of the present work is to obtain a con-
trolled growth of CNT from catalysts with a wide range of
Ni concentration, rather than an optimized process for high
yields. Figure 6 depicts the dependence of the process yield
on the Ni concentration (v) in the catalyst. The yield is de-
fined as the relative weight gain due to the CVD process after
correcting for the weight loss in the catalyst powder due to
the reduction of the NiO. Such values are representative of
the relative content of MWNT in the as-grown materials as
demonstrated by the TGA results of Fig. 5. For v = 7 wt. %,
which is a value within the range commonly used for CNT
growth, the yield is 65%. The yield roughly doubles when v

is increased to 37 wt. % and then tends to saturate at ∼ 160%
for larger Ni concentrations. This is an unexpected and inter-
esting result, since the utilization of catalysts with large metal
concentration usually results in lower yields [24]. In addition,
large amounts of amorphous carbon can also be formed in
such cases. In this study, the relatively high yield observed
is probably due to the good dispersion of NiO nanoparti-
cles (5–10 nm) in the NiO/YSZ catalyst powder, even for
large v (see Fig. 1). This characteristic can be related to the
utilization of Ni acetate as the precursor in the catalyst pow-
der preparation. Metal acetates have been shown to be more
efficient metal precursors for the formation of very small
catalyst cobalt nanoparticles (∼ 2 nm) for single-wall CNT
growth, if compared to other salts such as nitrates and sul-
fates [25]. The advantage of the metal acetate is attributed
to its stronger interaction with the surface of the supporting
oxide particles [26].

The properties of the catalyst powder are also responsi-
ble for the morphology of the resulting MWNT. The thin-
ner and curly tubes observed in the SEM and TEM images
of Figs. 2 and 3 have average diameters of ∼ 30–40 nm,
which are within the same range of the Ni crystallite size
after the CVD process, as determined by the analysis of the

XRD data (Fig. 4). This suggests that the MWNT diameter
is controlled by the size of the Ni particles, in agreement
with the most common accepted growth model, and as ob-
served in several reports [1, 2]. On the other hand, the ob-
served thicker (∼ 100 nm) nanotubes obtained from catalysts
with v ≥ 37 wt. % are likely to originate from agglomerated
Ni nanoparticles. From inspection of Fig. 1b, one can spec-
ulate that due to the large Ni content in the catalyst powder,
part of the NiO nanoparticles are loosely anchored to the YSZ
particles forming agglomerates. Therefore, upon heating and
reduction during the H2 pre-treatment, these agglomerates are
likely to be converted to coarsened Ni particles/agglomerates.

4 Conclusion

Multi-walled carbon nanotubes were produced
by chemical vapor deposition using (yttria-stabilized
zirconia)/(nickel oxide) (YSZ/NiO) catalysts. The catalysts
were synthesized by a liquid mixture technique that resulted
in a fine dispersion of NiO nanoparticles embedded in the
YSZ matrix. Two important results arise from this study:
(i) dense YSZ particles can host high-weight fraction of
metallic nanoparticles and lead to MWNT growth at relatively
high-yields, with no significant amorphous carbon forma-
tion; (ii) composites, formed by the ionic conductor YSZ,
the metallic Ni nanoparticles and the MWNT, having con-
trolled composition and morphology can be produced by
CVD by adjusting the process condition such as C2H4 flux
and Ni concentration in the catalyst. The resulting as-grown
YSZ/Ni/MWNT composites can be interesting due to the
mixed ionic-electronic transport properties, which could be
useful in electrochemical applications.
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