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Abstract The size of carbon nanotube supported Pd and

PdO nanoparticles was investigated on oxidatively func-

tionalized multiwall carbon nanotubes. All samples were

characterized by transmission electron microscopy, X-ray

diffractometry, X-ray photoelectron spectroscopy and

Raman spectroscopy. The average particle diameter cal-

culated from TEM image analysis was found to be inver-

sely proportional with the duration of the oxidation in nitric

acid. Crystallite sizes determined from XRD patterns

confirmed this general tendency.

Keywords Carbon nanotube � Functionalization �
Palladium nanoparticle � Size dependence

1 Introduction

The field of catalysis has attracted a great amount of interest

from researchers in the last century and remained a vigor-

ously investigated area ever since. There are many aspects of

catalysis which are still subjects of debates, thus the need for

additional research has not diminished over time. One such

aspect is the field of catalyst preparation, more precisely, the

reproducible synthesis of supported metal catalysts which

can be made in several different ways. Even laboratories

working on the same ‘‘metal@support’’ composition regu-

larly face difficulties in reproducing each other’s results

because of the effects of fine preparation detail differences

on the performance of the end product.

Many types of supports exist and they are mostly based

on various silica, alumina, titania, and carbon materials

(Dalai and Davis 2008; Antolini 2012; Horvath et al.

2009). These all feature considerably different chemical

and physical properties and therefore, even by dispersing

the same active metallic phase over each one it is typical to

obtain supported metal catalysts of different performances.

In order to properly investigate the effects of the support on

the catalyst system behavior, it is necessary to minimize

any deliberately introduced differences between supports

and make sure that comparisons are made using supports in

exactly the same physico-chemical conditions.

Carbon nanotubes (CNTs) are good examples of catalyst

support materials suffering from contradictory literature

reports, therefore, they make good candidates for a detailed

analysis of the pretreatment conditions on the properties of

the final catalyst material. CNTs are widely discussed in

scientific literature as support materials because of the great

morphological and structural variety they offer (Serp et al.

2003). Single walled, double walled, few walled and mul-

tiwalled CNTs (Wu et al. 2012; Vermisoglou et al. 2011;

Wu et al. 2011; Tang et al. 2010; Zhang 2012; Puskas et al.

2012) can easily be synthesized nowadays by a variety of

techniques such as chemical vapor deposition (Puskas et al.

2012; Park et al. 2003; Yabe et al. 2004; Dikonimos Makrisa

et al. 2004; Corrias et al. 2003; Hernadi et al. 2003), electric

arc discharge (Antisari et al. 2003), laser vaporization

(Lebedkin et al. 2002) and flame pyrolysis method (Height
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et al. 2004). By using solvent or mechanical grinding based

functionalization techniques, functional groups can be

introduced onto the surface of CNTs (Silva et al. 2012;

Konya et al. 2002), which allow further tuning of the support

for more specific catalytic needs.

There are numerous methods to introduce metal nano-

particles onto the surface of a support like impregnation

(Komiyama 1985), co-precipitation (Geus and van Dillen

1999), deposition–precipitation (Che and Bennett 1989),

ion-exchange (Sachtler 1997), usage of preformed metal

clusters (Gates 1995), deposition of preformed colloids

(Che and Bennett 1989) or ligated nanoparticles (Bayram

et al. 2010). These techniques are all regularly utilized for

creating metal@CNT type supported heterogeneous cata-

lysts as well. The performance differences of the obtained

materials are typically attributed to e.g. different metal

loadings, different CNT diameter or length, different

functional group introduced onto the nanotube etc. Some

application examples of metal nanoparticle loaded carbon

nanotube catalysts include ethanol reforming (Seelam et al.

2010), cyclohexene hydrogenation (Sapi et al. 2009),

Fischer–Tropsch synthesis (Xiong et al. 2011) and propene

hydrogenation (Halonen et al. 2010).

In this contribution, we investigate the effect of the

duration of the oxidation functionalization of multiwall

carbon nanotubes (MWCNTs) on the average diameter of

palladium nanoparticles created by impregnation and sub-

sequent reduction in hydrogen flow. We demonstrate that

even when all other parameters are kept constant, this

single variable can affect the resulting Pd@MWCNT

material considerably. The reported findings are believed to

be a new addition to the knowledge pool of metal nano-

particle decoration of carbon nanotubes (Georgakilas et al.

2007).

2 Experimental

2.1 Sample preparation

Multiwalled carbon nanotubes (MWCNT) and functional-

ized multiwalled carbon nanotubes (FMWCNT) were used

as support materials for all experiments. MWCNTs were

prepared in our laboratory by the catalytic chemical vapor

deposition (CCVD) method described elsewhere (Kuko-

vecz et al. 2000). All FMWCNTs were prepared by ther-

mally assisted oxidation of MWCNTs by refluxing a fixed

amount of nanotubes (1 g) in a concentrated solution of

HNO3 (250 cm3) for 4, 8, 12 and 16 h. Functionalization

was followed by washing to pH 7 with distilled water and

drying in air at 80 �C overnight. Noble metal nanoparticles

were impregnated onto the dried nanotubes by the wet

impregnation method using a toluene solution of Pd-acetate.

50 cm3 of toluene and 11 mg of Pd-acetate was used for the

impregnation of 100 mg CNT support. The mixture was

sonicated for 15 min in a 80 W ultrasound bath, then stirred

for 24 h at room temperature, then centrifuged at 3000 rpm

and dried in air at 80 �C overnight. The as-prepared samples

were finally annealed in air for 2 h at 185 �C and 1 h at

380 �C to form the impregnated intermediate for further

processing.

All intermediate materials were divided into three parts:

one was kept as reference, while the second and third were

subjected to a second calcination process at 380 �C in air for

3 h or in N2–H2 (10:1, 330 cm3/min) gas flow for 3 h,

respectively. This procedure resulted in carbon nanotube

supported PdO and Pd nanoparticles. The impregnated CNTs

will be denoted by using the ‘‘PdO-’’and ‘‘Pd-’’prefixes for

air calcined and hydrogen reduced samples respectively,

whereas the ‘‘-380’’ suffix will denote the second calcination

process when applicable.

2.2 Sample characterization

Transmission electron microscopy (TEM) was performed

using a FEI Tecnai G2 20 X-TWIN microscope with the

tungsten cathode operated at 200 kV. Powder X-ray dif-

fraction (XRD) patterns were obtained using a Rigaku

Miniflex II instrument using Cu Ka radiation. The average

diameter of the palladium nanoparticles was calculated

both from XRD patterns using the Scherrer equation and by

TEM image analysis. X-ray photoelectron spectroscopy

(XPS) measurements were conducted using a SPECS

instrument equipped with a PHOIBOS 150 MCD 9 hemi-

spherical analyzer. The analyzer was operated in FAT

mode with 20 eV pass energy. The Al Ka anode

(hm = 1486.6 eV) was operated at 210 W (14 kV, 15 mA).

Spectra were collected using 25 meV steps and 100 ms

collection time for each data point per channel. Five con-

secutive measurements were summed up to obtain a

spectrum. Raman spectra were measured using 785 nm

laser excitation on an ocean optics QE65000 spectrometer.

3 Results and discussion

3.1 X-ray diffraction

The formation of PdO and Pd crystallites was confirmed by

XRD. Figure 1 depicts the characteristic diffraction pat-

terns of reference PdO containing (1a) as well as 380 �C

calcined PdO containing (1b) and reduced Pd containing

(1c) functionalized multiwall carbon nanotubes. Peaks

corresponding to the crystal lattice planes of PdO and Pd

with Miller indexes of (101) (112) (103) (211) and (111)

(200) (220) (311) at d-spacing values of 2.63, 1.66, 1.53,
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1.31 and 2.24, 1.93, 1.37, 1.17 Å, respectively are obser-

vable. The crystallite sizes were calculated from the full

width at half maximum (FWHM) values of the PdO (101)

and Pd (111) peaks. Particle diameter data obtained by this

Scherrer method are tabulated in Table 1.

Gallagher and Gross have studied the thermal decom-

position of palladium acetate in detail (Gallagher and Gross

1986) and concluded that the compound decomposes

between 200 and 300 �C at atmospheric pressure in air.

However, the decomposition is exothermic and therefore,

sublimation of palladium acetate at local hotspots induced

by thermal runaway events cannot be excluded in general.

Under our specific experimental conditions the decompo-

sition of palladium acetate can be considered complete and

the role of volatilization is minor at the most.

It is interesting to note that the duration of the oxidative

functionalization of the nanotube support has affected the

size of the subsequently formed PdO and Pd nanoparticles.

Crystallites synthesized on unfunctionalized nanotubes

were the largest and those prepared on FMWCNTs treated

for 16 h were the smallest. All others fell between these

two extremes and showed an inverse correlation between

nanoparticle diameter and functionalization duration. The

PdO-FMWCNT-380 sample series exhibited the largest

diameters by comparison to the other series which is

probably the result of sintering during the secondary

annealing process. Pd nanoparticles formed in the Pd-

FMWCNT-380 series were generally the smallest, because

the original, unsintered PdO crystals become more compact

with the removal of the oxygen atoms from the crystal

structure. It is also noticeable that samples subjected to the

secondary annealing step exhibited the largest diameters on

unfunctionalized supports, whereas Pd crystallites formed

on the other samples were significantly smaller. This could

indicate that surface inhomogeneities may possess different

sintering inhibition ability towards oxide and metallic

nanoparticles.

3.2 Transmission electron microscopy

TEM images of carbon nanotube supported nanoparticles

are presented in Fig. 2. The apparent morphology of the

carbon nanotubes remained intact during the processing.

The nanoparticles are evenly dispersed on the surface of

nanotubes and non-supported standalone particles are not

observable. Nanoparticle diameter data obtained by TEM

image analysis are summarized in Table 2.

Fig. 1 XRD patterns of all prepared samples: PdO-FMWCNT series

in part (a), PdO-FMWCNT-380 series in part (b) and Pd-FMWCNT-

380 series in part (c)

Table 1 Nanoparticle diameters as calculated from FWHM values of

the corresponding XRD peaks using the Scherrer equation

0 h 4 h 8 h 12 h 16 h

PdO-FMWCNT 5.9 5.6 4.9 3.7 3.2

PdO-FMWCNT-380 7.2 6.4 5.4 4.8 4.2

Pd-FMWCNT-380 7.2 4.6 3.9 3.2 3.0

All data are given in nanometers
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The TEM-derived average particle diameter data confirm

the results of the XRD study insofar as the average nano-

particle diameter is inversely proportional with the duration

of the functionalization reaction. Earlier Liu et al. have

observed a reduction in the average diameter of Ni nano-

particles from 65 to 58 nm when synthesized on CNTs

refluxed in 4 M nitric acid for 0.5 h (Liu et al. 2005). Another

interesting phenomenon is observed when the diameters in

different sample series are compared. Despite the second

3 h annealing process suffered by the samples of the

PdO-FMWCNT-380 series, the measured average diameter

of the PdO nanoparticles was lower on these samples then on

those of the PdO-FMWCNT series. This phenomenon could

originate from the fact that particles seen in TEM micro-

graphs are in many cases built up from smaller, usually

visually indistinguishable crystallites. These can sinter at

high temperatures, resulting in denser particles made of

smaller crystallites after annealing, The sintering is accom-

panied by the loss of inter-crystalline voids characteristic of

the particle agglomerates before heat treatment.

Fig. 2 Characteristic TEM

micrographs of a 0 h PdO-

FMWCNT, b 16 h PdO-

FMWCNT, c 0 h PdO-

FMWCNT-380, d 16 h PdO-

FMWCNT-380, e 0 h Pd-

FMWCNT-380 and f 16 h Pd-

FMWCNT-380 samples. The

scale bar marks 50 nm in each

image
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This hypothesis is supported by the comparison of particle

diameters obtained by XRD and TEM. Figure 4a reveals a

considerable difference between particle diameters obtained

by the two methods for all single annealed materials, which

clearly indicates that the particles observed by TEM are

actually built up from smaller crystallites. By taking the

well-known tendentious particle size overestimation of the

Scherrer equation into account, the real crystallite sizes

could even be smaller than the calculated values. The second

and third sample series exhibited more similar particle

diameters when data from calculated and measured datasets

were compared (Fig 4b, c), which again confirms the

hypothesis that primary crystallites sinter into bigger, denser

particles.

3.3 X-ray photoelectron spectroscopy

All functionalized carbon nanotubes were examined by

XPS before palladium impregnation in order to determine

the amount of their oxygen containing surface functional

groups. As data tabulated in Table 3 indicates, non-func-

tionalized nanotubes showed the lowest atomic percent of

oxygen, whereas other, acid treated nanotubes possessed

significantly higher oxygen amounts. It is important to

mention that all functionalized nanotubes featured almost

identical amounts of oxygen practically independent of the

duration of the functionalization reaction, which suggests

that 4 h of oxidation is sufficient to form all possible

functional groups on the nanotube surface. The carbonylic

to hydroxylic oxygen atom ratios also support this

assumption. They are close to one for all samples, which

suggests that the oxygen atoms are actually in the form of

carboxylic groups. It is on this basis that we hypothesize

that the size of the formed palladium nanoparticles is not

entirely governed by the raw amount or type of surface

functional groups, as particles do become smaller with

oxidation time even when XPS no longer indicates any

changes in the amount or type of surface functional groups.

3.4 Raman spectroscopy

Raman spectra (depicted in Fig. 3) were measured on all

non-impregnated multiwall carbon nanotubes. The main

features of the spectra are the two peaks at *1349 and

*1586 cm-1 corresponding to the well-known Raman

D- and G-bands, respectively. The intensity of the disorder-

induced D-band is generally associated with the amount of

defects (more precisely, with the amount of sp3 hybridized

phonon scattering sites) in the nanotubes, while the G-band

is attributed to the tangential lattice vibrations of sp2

bonded carbon atoms. As seen in Fig. 4a–c, the G/D band

intensity ratios do not change in the first 4 h of function-

alization when the primary reaction according to XPS is the

oxidation of all available surface sites to –COOH groups.

Once all possible carboxyl groups have been formed,

subsequent nitric acid treatment results mainly in the

increasing of defect site concentration due to e.g. nanotube

cutting, amorphous carbon debris formation, nanotube wall

Table 2 Average nanoparticle diameters obtained by TEM micrograph image analysis

0 h 4 h 8 h 12 h 16 h

PdO-FMWCNT 8.0 7.5 6.9 5.2 5.6

PdO-FMWCNT-380 8.5 6.8 5.7 4.8 4.3

Pd-FMWCNT-380 6.4 5.1 4.0 3.4 3.1

All data are given in nanometers

Table 3 The ratios of carbonylic to hydroxylic oxygen atoms in all

FMWCNT samples as measured by XPS

C(atomic %) O(atomic %) O(carbonyl)/

O(hydroxyl)

FMWCNT-0 h 99.17 1.83 0.632

FMWCNT-4 h 88.03 11.97 1.013

FMWCNT-8 h 86.75 13.25 0.996

FMWCNT-12 h 87.57 12.43 1.044

FMWCNT-16 h 86.92 13.08 1.061

Fig. 3 Raman D and G bands of all functionalized, non-impregnated

multiwall carbon nanotubes
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penetration etc. In the later stages of oxidative function-

alization there is a direct correlation between the Raman

G/D ratio and the nanoparticle size: the smaller the G/D

ratio, the smaller the Pd nanoparticles can grow. These

suggests that at the onset of nitric acid functionalization the

amount of oxygen containing functional groups is the main

governing factor behind the sintering and aggregation

inhibition of Pd nanoparticles, whereas at functionalization

times longer than 4 h the amount of surface defects

becomes the major factor. Moreover, previous studies have

shown (Li et al. 2012) that oxygen containing functional

groups start to decompose at temperatures higher than

130 �C, which suggests that the concentration of functional

groups might decrease during preparation and annealing.

4 Conclusion

Multiwalled carbon nanotube supported Pd and Pd-oxide

materials were prepared and studied by TEM, XRD, XPS

and Raman spectroscopy. In particular, the effect of oxi-

dative carbon nanotube functionalization duration on the

size of palladium nanoparticles was investigated. It was

found that there is an inverse proportionality correlation

between the functionalization time and the diameter of the

Pd particles (Fig. 5). Particle size was largely dependent on

Fig. 4 Comparison of particle diameters obtained by different

methods for a PdO-FMWCNT, b PdO-FMWCNT-380 and c Pd-

FMWCNT-380 sample series

Fig. 5 Comparison of particle diameters obtained by a TEM micro-

graph scaling and b calculation with the Scherrer equation
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the amount of nanotube surface defects, whereas the

amount of oxygen containing functional groups appears to

have been a critical factor only at the beginning of the

nitric acid treatment.

These findings suggest that caution should be exercised

when comparing impregnated Pd@MWCNT catalysts even

if they were prepared from the same materials and have the

same metal loading, as the pretreatment of the nanotube

support affects the achievable Pd nanoparticle size sys-

tematically. This was exemplified here by the well-known

and widespread nitric acid treatment reaction, however, we

expect the same general rules to apply to all other func-

tional groups which are formed in any reaction with a

potential to modify the amount of nanotube surface defects.
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