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Abstract
Nitrogen-free multi-wall carbon nanotubes (MWCNTs) and N-doped bamboo-like 
carbon nanotubes (BCNTs) were synthesized by using catalytic vapor deposition 
(CVD) and used as catalyst support materials. Pd, Rh, Ru, and Ir have been depos-
ited onto the nanotubes to achieve metal/nanotube catalysts. The catalytic activity 
of the samples was fine-tuned by changing the type of support. BCNT supported 
Pd and Rh (Pd/BCNT, Rh/MWCNT) catalysts were found to be the most active for 
liquid phase hydrogenation of octadecene amongst these samples. The initial olefin 
hydrogenation rate of the Pd/BCNT sample was slightly higher than the correspond-
ing MWCNT-supported catalyst. Based on the hydrogenation reaction, the perfor-
mance of these catalyst had been ranked as follows: Pd/BCNT ≈ Rh/MWCNT > Pd/
MWCNT > Rh/BCNT >  > Ir/MWCNT > Ru/BCNT > Ir/BCNT > Ru/MWCNT. The 
structural properties of chemisorbed Pd on MWCNT and N- BCNT were also char-
acterized by means of computational chemical methods in order to shed some light 
on the nature of metal binding properties of N-doped and undoped surfaces. The 
calculations shown preference towards the edges of the surfaces which is in good 
agreement with the experimental findings.
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Introduction

The most widely-used industrial catalysts are nowadays activated carbon-based 
(AC) or zeolite-supported materials, with different noble metals [1–5]. These cata-
lysts can ensure high product selectivity and efficient conversion, despite the slower 
reaction rate, which is due to diffusion limitation originated from their microporous 
structures [6, 7]. Such reactant-product mass transport issue can be avoided by nano-
structured carbon material support, like carbon nanotubes (CNT), which therefore 
accelerate the required reaction [8, 9]. Furthermore, extraordinary thermal conduc-
tivity [10] and electronic properties [11] can also make these nanostructured car-
bon materials as excellent candidates for catalyst supporters. Due to curvature of the 
nanotube wall, the distorted electron configuration can provide interaction sites for 
catalytically active phase [6] such as rhodium, palladium, ruthenium, iridium parti-
cles in hydrogenation processes [8]. Multi- walled carbon nanotubes (MWCNTs) are 
used frequently in these catalytic applications due to their easier production on large 
scale [12]. For instance, MWCNT supported palladium nanoparticles (Pd/MWCNT) 
is found efficient catalyst for hydrogenation of biomass-derived levulinic acid [13]. 
Due to their extended high-energy edges, bamboo-like carbon nanotubes (BCNTs) 
are more active CNTs as sorbents than the MWCNTs. There- fore, they are also pre-
ferred to use in heterogeneous catalysis as a support material [14].

The interaction strength between the catalyst support and the metallic phase can 
also be modified by electronic modification of the nanotubes by incorporation of 
heteroatoms such as nitrogen [15]. Nitrogen doping leads to the formation of defec-
tive sites in the carbon nanotube structure [16]. These defects also act as anchor-
ing sites for well dispersed catalytically active metal nanoparticles making metallic 
catalyst supported on N-CNTs. There are many applications of such CNT-supported 
catalysts, for instance, in hydrogenation [17] and dehydrogenation processes [18], 
oxidation reactions [19], Fisher- Tropsch synthesis [20] and hydro-desulfurization 
[21].

To combine the above-mentioned features of the BCNTs, nitrogen doping and 
metal nanoparticles, selective hydrogenation of nitrobenzophenone to aminoben-
zophenone over Pd supported on BCNTs (Pd/N-CNT) was investigated and Pd/N-
CNTs exhibited a higher selectivity towards aminobenzophenone than Pd/CNT and 
Pd on activated carbon (Pd/AC) [22]. Furthermore, Pd/N-CNTs are promising cat-
alysts for the selective reduction of cinnamaldehyde [23]. The Pd/N-CNT catalyst 
also showed higher activity at 823 K than the non-doped Pd/CNT one in dehydro-
genation of  C2H6 in our previous work [24]. Nitrogen-doped graphene and carbon 
nanotube composite catalysts were also examined in electro reduction process of 
oxygen [25]. Higher activity was observed in the oxygen reduction reaction by using 
the N-doped catalyst compared to the Pd/AC system. According to this study, the 
increased activity can be attributed to the larger amount of total nitrogen and pyri-
dinic nitrogen groups [25].
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In this study, we aim to prepare and characterize catalysts involving Pd, Rh, Ru, 
and Ir containing N-doped bamboo-like carbon nanotubes (BCNTs), and nitrogen-
free multi-wall carbon nanotubes (MWCNTs) and test their catalytic performances 
in several hydrogenation reactions.

Experimental section

Materials

BCNTs and MWCNTs were prepared by Catalytic Vapour Deposition (CVD) tech-
nique. During this process volatile carbon sources were decomposed at 650 °C in 
the presence of catalytically active metals [26]. N-butylamine (Charlau Chem.) and 
acetylene (purity 4.0, Messer) was used for the synthesis of the BCNTs and nitro-
gen-free MWCNTs, respectively. Nickel(II) nitrate hexahydrate (Ni(NO3)2 × 6H2O, 
Merck Chem.), cobalt(II) nitrate hexahydrate (Co(NO3)2 × 6H2O, Reanal), iron(III) 
nitrate nonahydrate (Fe(NO3)3 × 9H2O, Sigma Aldrich), magnesium oxide (Reanal), 
and a Patosolv mixture of aliphatic alcohols (Molar Chem.) were used as precursors 
for catalyst preparation. The noble metal containing catalysts were made from anhy-
drous palladium(II) acetate (Pd(OAc)2, Fluorochem Ltd.), rhodium(II) acetate dimer 
([Rh(OAc)2]2, Sigma Aldrich), ammonium hexachloroiridate(IV) ((NH4)2IrCl6, 
Sigma Aldrich) and ruthenium(III) chloride  (RuCl3, Sigma Aldrich). Nitrogen 
(purity 4.0, Merck) was used as inert atmosphere and carrier gas, while 1-decene, 
1-tetradedecene and 1-octadecene (all from Sigma Aldrich) were hydrogenated by 
hydrogen (purity 4.0, Merck) in the presence of the prepared BCNT- and MWCNT-
supported catalysts.

Instrumentation

To get information about the morphology the prepared catalysts and noble metal 
nanoparticles, images of samples were taken by using High Resolution Trans-
mission Electron Microscopy (HRTEM, Technai G2, 200  kV). Samples used in 
HRTEM were prepared in a way that their aqueous suspension were dropped on 300 
mesh copper grids (Ted Pella Inc.). The outermost diameters of the nanotubes were 
measured by analysing the HRTEM images using the ImageJ analysis software [27]. 
Purity of the CNTs was evaluated using a thermogravimetric analysis (TGA) apply-
ing a MOM Derivatograph-C device in oxidative atmosphere; the heating rate was 
5 °C/min. The chemical state of the nitrogen in the graphitic lattice of BCNT was 
characterized by X-ray photoelectron spectroscopy (XPS) analysis using SPECS 
instrument with Phoibos 150 MCD 9 analyzer. The hydrogenation process was fol-
lowed by Vertex 70 type Fourier Transformed Infrared Spectroscope (FTIR) in a gas 
cell with a KBr window. The presence and physiognomy of metal particles on the 
surface of the catalysts was investigated by X-ray diffraction (XRD), with a Bruker 
D8 Advance diffractometer (Cu-Kα source, 40 kV and 40 mA generator settings), 
equipped with Vantec1 position sensitive detector (1 window opening). The parallel 
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beam geometry of the instrument (by Göbel mirror) allowed measurements to be 
made at the milligram level, without the need of pressing powder specimens. Zero 
background sample holders (Si crystal cut) eliminated the issue of sample transpar-
ency, no sample holder contribution presents. Inductively coupled plasma excita-
tion optical emission spectrometry (ICP-OES, Varian) was applied to confirm the 
amount of metals in the catalysts.

Synthesis of MWCNTs and BCNTs

The CVD synthesis was carried out by applying a nitrogen atmosphere in a quartz-
reactor, which was placed in a tube furnace. The liquid carbon source, n-butylamine, 
was evaporated in a pre-furnace for the preparation of BCNTs, however this furnace 
was not used for MWCNT synthesis. The amine-containing carbon precursor evapo-
rated immediately feeding the carbon source directly into the main furnace using a 
syringe pump and transported into the reactor space with a nitrogen carrier gas. The 
gas flow (nitrogen and acetylene), throughout the course of the MWCNT synthesis, 
was governed by flowmeters, and the ratio of the mixture was  C2H2:N2 1:10. The 
reaction took place on a catalyst bed which was placed in a quartz-bowl. The reac-
tion was carried out on 5 wt% Ni/MgO catalyst in the case of BCNTs. The MWC-
NTs were produced with a cobalt- and iron-containing catalyst mixture (2.5 wt% 
Co-2.5 wt% Fe/MgO). The catalysts were prepared by a wet impregnation method, 
in a mixture of aliphatic alcohols. The latter was evaporated by rotary vacuum evap-
orator, and the products were dried further in a furnace to remove the medium from 
the catalyst. During the CVD synthesis, no reductive pre-treatment was used on 
the catalyst. After the CNT synthesis, the Ni/MgO and Co-Fe/MgO catalysts were 
removed by boiling the samples in a solution of concentrated hydrochloric acid and 
ensuring continuous agitation and reflux for a 6 h long period. Finally, the CNTs 
was filtered off, washed with distilled water and dried at 105 °C overnight.

Decoration of MWCNTs and BCNTs with noble metal nanoparticles

The noble-metal-decorated carbon nanotube supports were prepared by impregna-
tion of nanotubes in an aqueous solution of metal salts. The carbon nanotubes were 
dispersed in 250 ml of distilled water through ultrasonication. The solutions of metal 
precursors  (PdCl2, [Rh(CH3CO2)2]2,  (NH4)2IrCl6 and  RuCl3, all in 50 ml dist. water) 
were added to the CNT dispersions under ultra-sonication, and the suspensions were 
evaporated by rotary evaporator. The samples were dried and calcinated at 400 °C in 
a nitrogen atmosphere after being reduced at 400 °C in hydrogen flow. The catalyti-
cally active metal content of the prepared catalysts was ~ 5 wt% and was confirmed 
by ICP measurements.

Catalytic activity of MWCNTs and BCNTs supported catalysts

Hydrogenation of 1-octadecene in octanol phase is chosen to compare the cata-
lytic activities of the prepared catalysts, where the initial olefin concentration of 
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0.2625 mol/dm3 was used. The hydrogenation reaction was conducted at 50 °C in 
three-neck round-bottom flask during continuous mixing at atmospheric pressure. 
The hydrogen flow-rate was 100 ml/min. The reaction mixture contained 30 mg of 
catalyst and olefin in an octanol solvent. The time history of the decaying double 
bond of olefin was followed by FTIR spectroscopy. Integration of the FTIR spec-
tra over the range of 1610–1690 cm−1 was used to quantify the conversion of the 
hydrogenation reactions. This method was calibrated by using four different octa-
decene/octanol solution (3 × 10−1—3 × 10−2  mol/dm3, see SI Fig.  1). Three paral-
lel measurements were conducted. In each case, the error rate (SD%) of peak areas 
was found to be 1.2–1.9%, which demonstrates the reliability of the measurements. 
Finally, the most active catalyst was tested in the hydrogenation of three different 
olefins (1-decene, 1-tetradecene, and 1-octadecene). In these reactions, the same 
reaction conditions were used as described above (30  mg catalyst, 50  ml olefin/
octanol solution, T = 50 °C, 100 ml/min,  H2).

Computational methods

To get more insight into the metal-nanotube interactions a  C52H18 nanoflake was 
used as a model for the CNT surface in the calculations. The N-doped versions 
(pyridinic and graphitic models) of the CNT surface models were built including a 
nitrogen into the original model system and removing the corresponding number of 
hydrogens and carbons.

A metal atom (Pd) was placed close to the surface and the metal/surface interac-
tion and the energetic properties of the complex formation were studied. The metal/
surface complexes were optimized using PBE0/6–31 + G(d)/SDD level of theory as 
it is implemented into the Gaussian 09 program package [28]. All the structures pre-
sented in this work correspond to local minimum of the potential energy surface 
checked by normal mode analysis. Most of these complexes were found with PM6 
as well. As found by Vazquez-Arenas et al. [29] and our calculations, structural and 
energetic parameters of graphene nanoflakes obtained from PM6 calculations are in 
very good agreement with those obtained at the PBE0/6–31 + G(d) level of theory 
[30].

Results

Characterization of the MWCNTs and BCNTs

The purity of the MWCNT and the BCNT catalyst supports were evaluated through 
thermogravimetric analysis (TGA). The differential thermogravimetric curve (DTG) 
shows that the MWCNT sample began to oxidize at ~ 430  °C, while the initial 
decomposition temperature in the case of BCNT was ~ 420 °C (SI Fig. 2a and b).

This low ignition temperature of CNT samples explains that the type of cat-
alytic syn- thesis method, i.e. the residual catalyst metal particles and metal 
oxides, could promote the oxidation of carbon nanotubes, yielding a decrease 
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in the theoretical ignition temperature. Furthermore, the defects on the mantle 
(curved surface) of the nanotubes could also contribute to a decrease in the igni-
tion temperature. The measured carbon content of the MWCNT sample was 92.2 
wt %, and in the case of BCNT was 92.3 wt %. The two types of carbon nano-
tube samples were also examined by electron microscopy. The split structure of 
the nitrogen-doped carbon nanotube is easily distinguishable from its non-doped 
counterparts (SI Fig. 2c, d).

The BCNT samples were tested by X-ray photoelectron spectroscopy (XPS) 
to study the incorporation mode of nitrogen atoms (SI Fig. 3). The deconvoluted 
N1s band in the XPS spectra can be used to determine the different binding types 
between N and C atoms. The incorporation of nitrogen atoms occurs similarly 
in the pyridine structure, as detected by the appearance of the peak at binding 
energy range of 398.3–399.8  eV in SI Fig.  3. The peak in the 401.0–401.4  eV 
interval proves the presence of graphitic nitrogen in the sample. These types are 
two common nitrogen incorporation modes for N-CNT [31]. Additional peak 
located at 404.0–405.6  eV binding energy can be assigned to either oxidized 
nitrogen species or molecular nitrogen stuck in the BCNT structure [29].

Characterization of the MWCNT and BCNT supported catalyst

The morphology of the catalytically active metal nanoparticles was examined by 
HRTEM on the different nanotube supported catalysts (SI Fig. 4).

The HRTEM image analysis revealed the size distribution of metal particles on 
the CNT surface. The average diameter of noble metal nanoparticles on the surface 
of BCNT was significantly higher than the observed MWCNT-supported compos-
ites. The average Ru nanoparticle diameter on the nitrogen-free MWCNT substrate 
was 2.9 nm, while the N- BCNT-supported catalyst had about factor of three larger 
metal particles chemisorbed (d = 8.6 nm). The average Pd nanoparticle diameter on 
the surface of BCNT was significantly higher than the observed MWCNT-supported 
composites. The average Ru nanoparticle diameter on the nitrogen-free MWCNT 
substrate was 2.9  nm, while the BCNT-supported catalyst had about factor of 3 
larger metal particles chemisorbed (d = 8.6 nm). The average Pd nanoparticle diam-
eter on the MWCNT support was 8.3 nm, which was slightly smaller than that of the 
BCNT-supported sample (14.9 nm). The average particle size of Ir/MWCNT cata-
lyst was 2.8 nm, significantly smaller than the Ir/BCNT-supported sample (7.1 nm). 
Finally, the average Rh particle diameter for Rh/MWCNT catalyst (3.8  nm) is 
roughly the half of the Rh/BCNT nano-composite (7.3).

X-ray diffraction was used to confirm the presence of the elemental noble 
metal phases in the catalyst samples (SI Fig. 5). The broad peak of 2Θ at 26.5° 
can be attributed to the C(002) reflection of the hexagonal graphite in both types 
of carbon nanotubes. The peaks of 2Θ at 40.5°, 44.5°, and 47.5° can be identified 
as (111), (101), (200) reflections in the iridium-, rhodium- and palladium-con-
taining carbon nanotube supported catalysts, respectively. The reflection at 38.2° 
belongs to Ru (100).
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Catalytic activity tests of nanotube supported catalysts

The catalytic activity of Ir-, Rh-, Ru-, and Pd-containing nanotube-supported 
samples were examined during the hydrogenation processes in liquid phase 
reactions, namely conversion of 1-octadecene to octadecane. The instantaneous 
octadecene conversion was monitored by FTIR intensity change of the ν(C = C) 
vibration band. As can be seen in Fig.  1, the most active catalysts among the 
MWCNT-supported samples were the rhodium- and the palladium-containing 
catalysts. Pure, unloaded nanotubes were also tested in catalytic hydrogenation, 
but the samples had no catalytic activity (SI Fig. 6).

The maximum conversion of octadecene was 96.5% on Rh/MWCNT after 
80 min, and 95.5% after two hours in the case of Pd/MWCNT. The same conver-
sion using Pd/BCNT was 94.4% after 80 min of hydrogenation, while this value 
in Rh/BCNT was 95%, after two hours. These results show that the palladium- 
and rhodium-supported catalysts are the most active, independent of the type of 
carbon nanotube support. The least active catalyst was the 5% Ru/MWCNT cata-
lyst. Catalytic performance of Ru/BCNT was higher (conversion of 40% after two 
hour) than its MWCNT-supported counterpart.

The hydrogenation reaction at Ir/BCNT was slightly slower compared to Ir/
MWCNT. The reason for this variation in catalytic performance can be explained 
by the absence of the incorporated nitrogen.

The high active metal catalyst in this study was palladium, on both types of 
carbon nanotube catalyst supports. Therefore, this was tested in the hydrogena-
tion reaction of three 1 alkenes, namely 1-decene, 1-tetradecane and 1-octa-
decene. The reaction conditions for these hydrogenation processes were chosen 

Fig. 1  Octadecene conversion vs. time of hydrogenation at 50  °C, atmospheric pressure with used of 
MWCNT and BCNT supported Rh, Pd, Ir and Ru catalysts
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to be the same as in the previously described reactions. The time histories of the 
conversion are illustrated in Fig. 2.

The reaction rates of hydrogenation in all three olefins were similar when the 
same catalyst was used. An accelerated reaction rate was observed using Pd/BCNT 
catalyst compared to the MWCNT samples. For instance, on the Pd/BCNT cata-
lyst, 89.5% decene conversion was reached after 10 min, while in the case of Pd/
MWCNT, this result was only 66.2%. it is worthy to mention here that our PM6 cal-
culations showed also higher binding free energy towards the nitrogen doped surface 
in the case of palladium. Similar observations were made during the reactions of the 
other two olefins. It can therefore be concluded that the nitrogen-doped CNT-con-
taining sample was the more effective catalyst compared to the non-doped nanotube-
supported Pd catalyst. The different hydrogenation rates can be rationalized by the 
electronic configuration of the incorporated nitrogen and binding strength of metals 
onto the surface which is investigated in the next section.

Computational results

The structural and energetic properties of chemisorbed palladium on MWCNT and 
N-doped BCNTs were studied using computational chemical tools. Nanoflake-metal 
model systems were designed to reduce the computational cost but preserve the reli-
ability of the calculations [32]. In this way, several Pd-nanoflake complexes were 
created and characterized to model the system with the best catalytic activity. As 
the presence of pyridinic and graphitic nitrogen can be seen on the XPS spectra, two 
model systems were designed to study the effect of nitrogen doping (Fig. 3b and c).

In general, the formed complexes can be divided into two groups, based on 
the position of the metal, “edge”- or “centre”-type. The calculations show that 
the edge of the structures has a higher probability of binding metals in each 
case and the presence or absence of nitrogen does not affect the preference in 
this sense. However, the N-doped model compounds can establish stronger 

Fig. 2  Time evolution of the conversion (X%olefins) for hydrogenation of different 1-alkenes (decene, tet-
radecane, octadecene) at 50 °C, atmospheric pressure using Pd/MWCNT (a) and Pd/BCNT (b) catalysts
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interaction with the Pd, than the nitrogen free CNT model measured by standard 
relative Gibbs free energy of metal binding (ΔΔG). But still the “edge” of the 
structures was preferred in the N-doped structures. The “edge”-type pyridinic 
and graphitic model complexes (Fig. 3, left, b and c) are the most favored ones 
(ΔΔG =  − 0.5 and − 0.2 kcal/mol, respectively). It should be noted that not the 
nitrogen, but the neighbouring carbon atoms or the carbons at the “edge” of the 
flakes will provide the best binding spots for the metal (Fig.  3b) which is in 
agreement with previous studies [15, 16] and experimental findings (see below).

The nitrogen incorporation into the system increased the binding potential of 
the “edge” of the structures. As can be seen on the HRTEM images (Fig. 4), the 
Pd particles mostly prefers to bind to the edges of the nanotubes. This is in good 
agreement with our computational findings, where the most stable structures 
show that the metal prefers to coordinate to the edge of the nanotube models 
(see above, Fig. 3).

Fig. 3  Pd/carbon nanotube (Pd/CNT) and Pd/N-doped bamboo-like carbon nanotube (Pd/N-CNT) model 
complexes (a and b, c, respectively). The structures were optimized using PBE0/6–31 + G(d)/SDD level 
of theory. The relative standard Gibbs energies (ΔΔG) are also shown in kcal/mol. The graphitic model 
system was positively charged, while the others were neutral
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Conclusions

Catalyst with 5 wt% metal (Pd, Rh, Ru, and Ir) content have been prepared. Nitro-
gen-free multi-wall carbon nanotubes (MWCNTs) and N-doped bamboo-like car-
bon nanotubes (BCNTs) were used as support materials and synthetized by means 
of catalytic vapour deposition method (CVD). The catalytic activity of the sam-
ples was fine-tuned by changing the type of support. The Ir-, Rh-, Pd-, and Ru-
containing BCNT- and MWCNT-supported samples were compared through the 
hydrogenation reaction of 1-octadecene. The structural and energetic properties of 
Pd-containing MWCNT and BCNT catalyst models were also studied by means of 
calculations. The most active catalysts were the palladium- and rhodium-decorated 
nanotubes. The samples were ordered according to their catalytic performance: Pd/
BCNT = Rh/MWCNT > Pd/MWCNT > Rh/BCNT >  > Ir/MWCNT > Ru/BCNT > Ir/
BCNT > Ru/MWCNT. The catalytic performance of Ru/MWCNT, Ir/MWCNT, Ru/
BCNT, and Ir/BCNT catalysts was lower than expected. The best catalysts were the 
Pd/MWCNT and Pd/BCNT, based on the comparison of three hydrogenation reac-
tions of alkenes: 1-decene, 1-tetradecene and 1-octadecene. The catalytic activity of 
the Pd/BCNT sample was higher than the Pd/MWCNT sample, despite the greater 
palladium particle size. This enhanced activity can be interpreted as a result of the 
stronger complex formation in the case of the Pd/BCNT systems which was shown 
by the calculations as well. All in all, palladium containing N-doped bamboo-like 
carbon nanotubes is the most promising catalyst within the studied set of samples.

Fig. 4  HRTEM image about the location of Pd particles on the edges of N-doped bamboo-like carbon 
nanotube (BCNT) walls
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