
j m a t e r r  e  s  t e c h n o l .  2  0  2 0;9(3):4283–4291

www.jmrt .com.br

Available online at www.sciencedirect.com

Original Article

Ultrasonic  cavitation  assisted deposition  of

catalytically active metals  on  nitrogen-doped  and

non-doped carbon nanotubes — A comparative

study

László Vanyoreka,∗,  Ádám Prekoba, Viktória Hajdua,  Gábor Muránszkya,  Béla  Fisera,b,
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a  b s  t r a  c t

By applying ultrasonic cavitation, palladium particles were deposited onto the  surface of two

different types of carbon nanotubes (nitrogen-doped bamboo-shaped carbon nanotubes, N-

BCNT  and multiwalled carbon nanotubes, MWCNT). To achieve this, palladium ions have

been  reduced by the adsorbent (N-BCNT or MWCNT) itself. Hydroxyl functional groups were

identified  on the surface of the MWCNTs, while amine groups have been found on the N-

BCNTs. The Zeta potential was lower (−9.8 mv) in the case of the  N-BCNT sample, than

for  MWCNT (−6.1 mV), which was in accordance with their different dispersibility in aque-

ous  phase. The incorporated nitrogen atoms and their oxidized forms within the N-BCNT

structure lead to increased adsorption capacity and thus, this type of nanotube is more

efficient adsorbent for Pd particles, than MWCNT. The higher adsorption capacity of the

N-BCNTs can be explained by the presence of nitrogen atoms which increase the interac-

tion between the Pd and nanotubes. Both Pd/nanotube systems show high catalytic activity

(after 30 min – 99% aniline yield) in hydrogenation of nitrobenzene to aniline. Thus, palla-

dium coated carbon nanotubes were synthetized in a one-step reduction procedure, and the

produced composites are applicable as catalysts in heterogeneous hydrogenation reactions.

©  2020 The Authors. Published by Elsevier B.V. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction

Carbon nanomaterials have a wide range of application such
as  electromagnetic wave shielding [1,2],  storage systems [3,4],
sensor production [5,6], and composite material (and coating)
preparation [7–10].
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Carbon nanotubes are widely used and important carbon
materials which are applicable as  catalyst support materials.
Several different precious metals (e.g. palladium, platinum,
iridium and rhodium) could serve as  catalysts and be sup-
ported by nanotubes and these complex nanotube-metal
systems can be applied successfully in various hydrogenation
reactions (nitrobenzene, nitrocyclohexene, cinnamaldehyde,
carbon dioxide) and Fischer–Tropsch synthesis as well [11–16].
Various features (e.g. lifetime) of the catalysts can be improved
by taking advantage of the strong adsorption interactions
between the catalytically active metals and the  nanotubes
applied as support materials [7–17].

On the surface of the nanotubes, the formation of carboxyl
and hydroxyl functional groups can be induced by oxida-
tive treatment and these chemically modified structures are
good candidates for heavy metal adsorption [28–30].  A widely
accepted view is that the surface modification is  inevitable
to achieve suitable adsorption, because the ion exchange and
complexation depends on the functional groups located on the
exterior of the materials [18,20,25]. The presence of dissociable
functional groups (indicated with negative Zeta potential) can
help to stabilize the aqueous dispersion of carbon nanotubes
(CNTs). However, these oxidized CNTs are not recommended
as catalyst supports in  non-polar reaction media (e.g. liq-
uid phase hydrogenation processes). In our recent study [31],
the activity of palladium containing oxidized carbon nan-
otube supported catalysts have been compared with their
non-oxidized counterparts during octadecene hydrogenation
in a non-polar solvent (octanol). The oxidative treatment
decreased the catalytic activity and thus, the best results
were achieved by the non-oxidized CNT supported sample.
Therefore, it may be expedient to omit oxidative pretreat-
ments during catalyst preparation. Instead of those, in-situ
functionalization can be performed by incorporating differ-
ent heteroatoms (e.g. nitrogen doping) into the structure
of the nanotubes during the CCVD synthesis [32].  Doping
already have many  useful applications according to the  lit-
erature [33–35].  These heteroatom-containing structures (e.g.
nitrogen-doped carbon nanotubes, N-CNTs) have high adsorp-
tion potential [26,27] extraordinary electronic and structural
properties (e.g. bamboo-shaped structure), and enhanced
reactivity as plenty of accessible interaction points appeared
on their surface [21–24] without dealing with the disadvan-
tages of oxidative treatment. However, if  it is necessary these
can still be treated oxidatively and the  enhanced reactiv-
ity of their interaction sites will increase the formation of
oxygen containing functional groups which will also serve
as adsorption anchor points on the structure. Partial oxi-
dation of the N-CNTs could happen during the  synthesis
and purification procedure, thus further oxidative treatment
can be avoided. In case of the  nitrogen-doped carbon nan-
otubes, the high heavy metal adsorption capacity is related
to the presence of heteroatoms in  the system [19].  The
anchoring of metal ions on the surface of adsorbents, can
be increased by acoustic cavitation, which helps the forma-
tion of nanoparticles from metal ions (for example catalytic
metals ions). In this sense, the  cavitation supported metal-
adsorption is applicable as  a  catalyst preparation process.
During ultrasound irradiation of liquids vapour microbub-
bles will form. These microbubbles will collapse, because

of the higher pressure of their environment. In the micro-
volumes of the collapsed bubbles an  intense local heating
and high pressure generated, and this volume is the so
called hot spot. The high energy of the “hot spots” more
than enough to  form metal and metal-oxide nanoparticles
from their precursors in presence of a  reducing agent [36]. In
this work, nitrogen-doped bamboo-shaped carbon nanotubes
and their non-doped counterparts, multi-walled carbon nan-
otubes (MWCNTs) have been studied and compared in  terms
of their precious metal adsorption potential. The results
have been employed in  catalyst development and a  simpli-
fied catalyst preparation method was developed by applying
ultrasound activation. Palladium coated carbon nanotubes
were synthetized in a one-step reduction procedure, within
which the adsorbent (N-BCNT or MWCNT) reduced the metal
ions to metals. The final Pd/nanotube composite materials
are applicable in heterogeneous catalysis, because the  pal-
ladium is deposited in a catalytically active form onto the
surface of the nanotubes, and further activation is not nec-
essary. Thus, a  simplified catalyst preparation procedure is
achieved.

2.  Experimental  sections

2.1.  Materials

Butylamine (VWR), and acetylene (Messer) were used as car-
bon source during the synthesis of nanotubes. Nickel-nitrate
hexahydrate (Ni(NO3)6*6H2O,  Sigma Aldrich), cobalt(II)–nitrate
hexahydrate (Co(NO3)2*6H2O, Reanal), iron(III)–nitrate non-
ahydrate (Fe(NO3)3*9H2O, Sigma Aldrich), magnesium-oxide
(Reanal), and Patosolv (mixture of aliphatic alcohols, Molar
Chem.) were applied for the preparation of catalysts used
in  the  catalytic chemical vapor deposition (CCVD) method.
The adsorption capacity of the nanotubes have been
tested by using palladium-nitrate dihydrate (Pd(NO3)2*2H2O,
Aldrich).

2.2.  Synthesis  of  the  nanotubes  (MWCNTs  and
N-BCNTs)

The synthesis of MWCNTs was carried out at 700 ◦C within
30  min  by using 2.5 g catalyst (2.5 wt% Co  and 2.5 wt%  Fe on
MgO support) in a CCVD procedure. Acetylene was  applied as
carbon source and nitrogen as carrier gas (C2H2:N2,  1:10). To
prepare N-BCNTs also the CCVD method was  applied, but in
this case the reaction was carried out within 20  min  at 650 ◦C,
and the carbon source was n-butylamine (total amount 4.00  g),
while the catalyst was  5 wt% Ni/MgO (2.5 g). The remnant cat-
alysts were removed from the nanotube samples by using
hydrochloride acid solution (36 wt%), and the purity of the
final product was monitored by thermogravimetric analysis
(TGA).

2.3.  Adsorption  tests  of  the  carbon  nanotubes

To measure and compare the adsorption potential of the CNT
samples, 10 mg  nanotubes were added to 50 ml  Pd2+ solution
in  each case. The metal ion concentration was  varied between
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0.025–0.25 mmol  dm−3, with 0.05 increment. The dispersions
were homogenized by Hielscher UIP1000hdT type homoge-
nizer at 75 W for 10 min. After 90  min  of contact time, all
dispersions were filtered. The change in  the metal ion con-
centrations was measured by using a Varian 720 ES inductively
coupled optical emission spectrometer (ICP-OES).

2.4.  Catalytic  tests  of  the palladium/CNT  samples  in
hydrogenation  of  nitrobenzene

The nitrobenzene hydrogenation was carried out at 20  bar
hydrogene pressure and 323 K  temperature in  Büchi Uster
Picoclave (Volume: 150 cm3) reactor system. The weight of
the Pd/CNT samples was  100 mg  in each case, which was
added to the methanol based solution of nitrobenzene
(c =  0.25 mol/dm3), and the mixing speed was 1000 min−1.
Sampling took place after the  beginning of hydrogenation at
0, 5, 10, 20, 30, 60, 120, and 180 minutes. The separation was
performed on RTX-624 column (60 m × 0.25 mm  x1.4 �m).  The
injected sample volume was  1 �L  at 200:1 split ratio, while
the inlet temperature was set to 473 K. The carrier gas was
helium with constant flow (2.28 mL/min), and the oven tem-
perature was set to 323 K for 3  min. Then, it was heated up
to 523 K with 10  K/min increments and kept there for another
3 min.

2.5.  Characterization  methods

The morphology of the nanotubes was  characterized by
using a Fei Technai G2 high resolution transmission elec-
tron microscope (HRTEM) with 200 kV acceleration voltage.
During the sample preparation aqueous dispersions of CNTs
were dropped onto carbon coated copper grids (Ted Pella, 300
mesh).

Surface areas were measured volumetrically by  applying
a Micromeritics ASAP 2020 equipment. Nitrogen adsorp-
tion was performed at 77 K (in liquid nitrogen bath), and
analyzed based on the Brunauer–Emmett–Teller (BET) the-
ory.

X-ray diffraction (XRD) measurements were used to iden-
tify and quantify the crystalline phases of the palladium.
Bruker D8 Advance diffractometer (Cu-K� source, 40  kV and
40 mA)  in a parallel beam geometry (Göbel mirror) with Van-
tec1 detector was applied to perform the XRD  measurements.
The functional groups on the surface of the oxidized carbon
nanotubes were determined by Bruker Vertex 70  Fourier-
transform infrared spectroscope (FTIR). All samples were
investigated in potassium–bromide pellets (5 mg N-BCNT in
250 mg  KBr). The oxidized samples have been studied by
X-ray photoelectron spectroscopy (SPECS spectroscope with
Phoibos 150 MCD  analyzer) to  identify the type of nitrogen
incorporation. Electro-kinetic potential measurements were
carried out by using a  Malvern Nano Zs equipment, and
the electrophoretic mobility was determined by using the
Smoluchowski equation. Concentration of the precious metal
solutions were analyzed by using a Varian 720 ES inductively
coupled optical emission spectrometer (ICP-OES) in combi-
nation with the Merck Certipur ICP multi-element standard
IV.

3.  Results  and  discussion

3.1.  Characterization  of  the nanotubes

The purified carbon nanotube samples were studied by high-
resolution transmission electron microscopy (HRTEM). There
are several structural differences between the two  types of
nanotubes which are clearly visible on the HRTEM images
(Fig. 1A–F) and caused by the incorporation of nitrogen atoms
into the  N-BCNTs. The catalytically active metals, applied
during the CCVD synthesis, prefer to bind nitrogen over
carbon atoms (metal-N > metal-C), which distracts the nan-
otube formation mechanism and lead to  the formation of
nitrogen-doped bamboo-shaped carbon nanotubes (N-BCNT)
[37].  The edges of the bamboo-shaped structure are full
of potential anchor points for metal ions, because it con-
tains sp3 hybridized carbon atoms decorated with amine,
hydroxyl and carboxyl groups. The purity of the  carbon nan-
otubes was  determined by TGA measurements. The total
carbon content was 95.9 w% and 98.4 wt% for MWCNTs and N-
BCNTs, respectively (SI  Fig. 1). The BET surface area based on
N2 adsorption/desorption measurements was 90.7 m2/g and
96.4 m2/g  for N-BCNTs, and for MWCNTs, respectively.

X-ray photoelectron spectroscopy (XPS) have been used
to identify the  nitrogen incorporation types in the N-BCNTs.
Three different types of nitrogen were identified: pyridinic,
graphitic and oxidized nitrogen (Fig. 2). The pyridinic and
graphitic were found on the deconvoluted N1s band of the
N-BCNT sample at 398.4 eV and 401.1 eV  binding energy,
respectively (Fig. 2A). From a structural point of view, pyridinic
nitrogen atoms could serve as  adsorption sites for  metal ions
(Fig. 2B). The adsorption potential of graphitic or quaternary
nitrogen atoms (nitrogen replace carbon in the graphitic struc-
ture, Fig. 2C) is  lower compare to the pyridinic N atoms. The
peak around 404.9 eV corresponds to  the oxidized nitrogen
(pyridine N–oxide, N O−) species and the so-called shake-up
satellites have also identified around 408 eV  [32].  The pyri-
dine N-O- species increase the negative charge of the N-BCNT
surface and serves as additional anchor points for the metal
ions (Fig. 2D). Two  additional peaks were identified at higher
binding energies (on the deconvoluted O1s band), which are
attributed to  the presence of surface hydroxyl and carboxyl
groups (Fig. 2E). The peaks (532.7 eV  and 530.9 eV) can be
assigned to the  C O (C OH groups) and C O bonds, as well
as the  COOH groups, respectively.

The nanotubes were also examined by Fourier-transform
infrared spectroscopy (Fig. 3A). Different structural moieties
have been identified in the  nanotubes by assigning them
to the  peaks which are appeared on the FTIR spectra. Two
peaks emerged at ∼1140 and ∼1220 cm−1 wavenumbers which
indicates the stretching of C O bonds [38–40]. In case of N-
BCNTs, C-N bonds have been formed in the walls  of the
nanotubes and it was confirmed by a maximum at 1189 cm−1.
The adsorption peaks are  attributed to the  C C bands at 1582
and 1586 cm−1 on the spectra of both CNTs, which corresponds
to the vibration of the lattice structure of the carbon nan-
otubes. Wavenumbers of 1705 cm−1 and 1701 cm−1 correspond
to carboxyl (COOH) groups. The peaks around 2820 cm−1 and
2890 cm−1 are attributed to the symmetric and asymmetric
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Fig. 1 – HRTEM images of the non-doped multi-walled carbon nanotubes (MWCNTs, A, C-section), nitrogen-doped

bamboo-shaped carbon nanotubes (N-BCNTs, D, F-section), and schematic illustrations of the structures ((B) - MWCNT, and

(E) - N-BCNT). C  and F  are  cut-out sections of A and D, respectively, which are highlighted by white frames on the original

images.

Fig. 2 – XPS spectra of the N-BCNT sample (A), and structural representations of the identified nitrogen incorporations:

pyridinic (B), graphitic (C)  and oxidized (D) nitrogen atoms, and the deconvoluted O1s band (E).

C Hx stretching vibration. Intensive peaks at 3455 cm−1 and
3414 cm−1 are indicates the  presence of –OH groups in both
nanotubes [38–40]. The surface functional groups of the car-
bon nanotube samples were also examined by XPS (Fig. 3B and
C). The XPS results confirmed the presence of those functional
groups, which were detected by FTIR. On the deconvoluted C
1s bands of the nanotubes a  peak at 284.5 eV binding energy
has been found which is corresponds to the  C-C bonds. The
C O bonds of the carboxyl groups resulted adsorption max-
imum at 287.5 eV and 287.2 eV. The C O bonds are visible at

291.2 eV and 290.6 eV. The last peaks after 294 eV  correspond
to  the “shake up” satellite [32].

The Zeta potential (�) of the aqueous dispersion of N-BCNT
was  more  negative (� = −9.8 mV)  and thus, it is  formed a more
stable dispersion than the MWCNT (� = −6.1 mv) (Fig. 4B and
C).  The presence of pyridine N-oxide groups (negative sur-
face charge) could be one of the  reasons behind the enhanced
dispersibility of N-BCNT in water.  The electronegative het-
eroatom (nitrogen) incorporation increase the polar character,
which also leads to enhanced wettability (Fig. 4B).



j m a t  e r  r e s  t e c  h n o l .  2  0 2 0;9(3):4283–4291 4287

Fig. 3 – FTIR spectra of the MWCNT (red line) and N-BCNT (blue line) samples (A). XPS spectrum, C 1 s bands of the MWCNT

(B) and N-BCNT (C).

Fig. 4 – Zeta potential distribution of carbon nanotubes (A), aqueous dispersion of the N-BCNTs (B)  and MWCNTs (C).

3.2.  Analysis  of  the  palladium  phases  on the  carbon
nanotubes

Reflexion peaks of elemental palladium, and palladium-
hydride can be identified on the  XRD spectrum of the
Pd/N-BCNT composite (Fig. 5A). Thus, the  palladium ions were
reduced to elemental palladium (Pd◦) during the synthetic
procedure. In case of the MWCNT, besides the palladium

(JCPDS 46-1043), PdOX phases have also identified. It can be
formed by O insertion into the cubic structure of metal to yield
a non-stochiometric palladium oxide [41].  Furthermore, the
stociometric PdO phase (JCPDS. 41-1107) have been also deter-
mined (Fig. 5B). The reduction of Pd ions was  not complete
in case of MWCNT. Magnesium oxide (JCPDS 04-009-5447) has
also been found in the Pd/MWCNT system, which is remained
from the catalyst of the CCVD synthesis.
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Fig. 5 – Deconvoluted XRD spectra of Pd/N-BCNT (A) and Pd/MWCNT (B)  composites.

Fig.  6 – HRTEM image of the Pd/MWCNT (A) and Pd/N-BCNT (B) system.

HRTEM images were made from the carbon nanotubes after
adsorption of palladium. The average diameter of Pd nanopar-
ticles on the surface of the nanotubes is  very small, 2.7 nm
and 3.1 nm for N-BCNT and MWCNT, respectively (Fig. 6A  and
B).

During ultrasound irradiation of liquids vapour microbub-
bles will form. These microbubbles will collapse, because
of the higher pressure of their environment. In the micro-
volumes of the collapsed bubbles an intense local heating and
high pressure generated, and this volume is the  so-called hot
spot. The high energy of the, hot spots” more  than enough to
form metal and metal–oxide nanoparticles from their precur-
sors in presence of a  reducing agent.

3.3. Adsorption  capacity  of  the nanotubes

Langmuir isotherm model was used to characterize the
adsorption mechanism, and the data were plotted according
to the Langmuir equation:

qe =
qm × KL × ce

1 + ce × KL

Fig. 7 – Adsorption of palladium on MWCNT and N-BCNT.

where qe is the amount of adsorbed Pd (mg/g), Ce is the equilib-
rium concentration of the precious metal ions in  the solution
(mg/dm3),  qm is the  maximum sorption capacity (mg/g), and
KL is the Langmuir equilibrium constant (dm3/mg). KL and qm

were calculated with nonlinear regression, by using the slope
and intercept of the  curves (Fig. 7).  The correlation coefficient
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Fig. 8 – Yield of aniline (A) and concentration of the by-products (B)  over time of hydrogenation in case of the Pd/N-BCNT

and Pd/MWCNT catalysts.

Table 1 – Gibbs free energy change of adsorption
(�G◦

ads).

N-BCNT MWCNT

Pd �G◦
ads. = −44.0 kJ/mol �G◦

ads. = −43.2 kJ/mol

was  high in each case, which indicates that the adsorption fol-
lows  the Langmuir model. The maximum amount of adsorbed
palladium was 79.5 mg/g on N-BCNTs and 65.2 mg/g in case of
MWCNTs (Fig. 7). The adsorbed quantity of the  Pd (∼8 wt% and
6.5 wt%) is  enough to reach suitable catalytic behavior with
the impregnated CNTs (Pd content generally around 5 wt%
in case of the commercial carbon supported catalysts). The
Zeta potential of both carbon nanotubes is negative, thus,
the adsorption of an  electropositive metal on the nanotubes
is preferred. The adsorption mechanism also affected by the
complex formation between palladium and the  incorporated
nitrogen atoms in case of N-BCNT. The nitrogen incorpora-
tion weakens the �–� interaction between the neighboring
carbon atoms, thus the  metal ions (palladium) can establish
donor-acceptor interaction with the �-system of N-BCNTs.

The Langmuir constant was  higher (KL = 8.5 dm3/mg) by
using Pd2+ precursor, in  case of N-BCNT, compare to MWCNT
(KL = 6.4 dm3/mg). The increased KL can be attributed to the
stronger interaction between the palladium and N-BCNT. The
Gibbs free energy change (�G◦)  indicates the degree of spon-
taneity of an adsorption process, and a  higher negative value
reflects a more  energetically favorable adsorption. The �G◦ of
adsorption was calculated in  case of the two types of carbon
nanotubes, based on the  following equation [42]:

�G◦

ads. = − R  × T  × ln
(

KL × MPd

Vm

)

In case of the N-BCNT, �G◦
ads is  slightly more  negative than

in case of the MWCNT, and thus, the nitrogen-doped carbon
nanotubes are more  efficient adsorbents. However, �G◦

ads is
negative in both cases, which shows that the adsorption of
the palladium on the  surface of the nanotubes is  spontaneous
(Table 1). This confirms that the tested carbon nanotubes are
efficient adsorbents for precious metals.

The increased adsorption capacity of the N-BCNTs can be
explained by the possible donor-acceptor interaction between

the d orbital of the metal and the disturbed �-system of the
nitrogen-doped nanotube.

3.4.  Catalytic  tests  of  the palladium/CNT  systems

Both catalysator systems were tested in  hydrogenation of
nitrobenzene to aniline (Fig. 8A). In both cases high catalytic
activity was achieved, after 30  min  the aniline yield was above
99 % (99.5 % and 99.8 % for Pd/MWCNT and Pd/N-BCNT,
respectively). By-products such as n-methylaniline, phenyl
cyclohexylamine, cyclohexylamine and dicyclohexylamine
were formed in very low concentration (<0.001 mmol/dm3)  [43]
(Fig. 8  B). Significant difference between the two  catalysts were
not found in  terms of the aniline yield and the amount of the
by-products. According to  the hydrogenation tests, the pre-
pared Pd/CNT systems are catalytically active and thus, the
ultrasonic cavitation assisted palladium deposition (adsorp-
tion) onto the  surface of carbon nanotubes is  an  efficient way
for catalyst preparation.

4.  Conclusions

Adsorption of catalytically active metal nanoparticles were
compared in case of two types of carbon nanotubes, nitrogen-
doped bamboo-shaped carbon nanotubes (N-BCNT) and
multi-walled carbon nanotubes (MWCNT). N-BCNTs are more
efficient adsorbents for palladium, than the non-doped MWC-
NTs. The adsorbed quantity of the palladium on the N-BCNTs
and on the MWCNTs is ∼8 wt% and 6.5 wt%, respectively,
which is suitable to apply in catalytic processes. Thus,
no further chemical treatment (e.g. functionalization) is
necessary in order to achieve appropriate adsorption capac-
ity. The Langmuir constant was higher (KL = 8.5 dm3/mg) in
case of palladium adsorption on N-BCNT, than on MWCNT
(KL = 6.4 dm3/mg). Thus, the interaction is stronger between
the palladium and N-BCNT surface. The Gibbs free energy
change of adsorption is negative in both cases, which indi-
cates that the adsorption of palladium on the surface of
the nanotubes is  spontaneous. The tested carbon nanotubes
are efficient adsorbents for precious metal particles. The
nitrogen-doped carbon nanotubes as  adsorbent for palladium
are more  efficient, than their non-doped counterparts due
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to their electronic and structural features, which increase
their adsorption capacity. All in  all, palladium coated carbon
nanotubes (Pd/MWCNT and Pd/N-BCNT) were synthesized
in a one-step reduction procedure, within which the adsor-
bent reduced the metal ions, and the produced composites
are applicable in heterogeneous catalysis. The two Pd/CNT
systems were tested in nitrobenzene hydrogenation to  pro-
duce aniline and in both cases excellent catalytic activity was
achieved (after 30 min the aniline yield was above 99%). We
concluded, the ultrasonic cavitation assisted palladium depo-
sition (adsorption) onto the surface of carbon nanotubes is an
efficient and simplified way for catalyst preparation.
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