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Abstract

In this paper, the presence of a considerable number of Co (3–4nm) and Pd (1–4nm) particles in the inner tube (4–9nm inner

diameter) of carbon nanofibers is demonstrated with TEM and XPS. Oxidation of freshly grown fibers in nitric acid resulted in

opening of the inner tube of the fibers and in creating adsorption sites on the internal and external surface of the fibers needed

for anchoring of the metal precursors. It is demonstrated that analysis with TEM tilt series is a very powerful tool to locate the

actual position of the metal particles, i.e. on the external or internal surface of the fibers. The fraction of metal present in the inner

core of the fibers varied from 10–15% for Pd to 28–34% for Co, depending on the synthesis method.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon nanofibers (CNF) and carbon nanotubes
(CNT) receive growing attention as support material

for heterogeneous catalysts because of their purity, high

mechanical strength, tunable surface properties, high

surface area and accessibility and the absence of micro-

pores [1,2]. The fibers consist of stacks of graphene

sheets and depending on the growth conditions and/or

the type of metal used as growth catalyst, different struc-

tures can be obtained [3].
CNT, built up of coaxial cylindrical sheets, have a

straight hollow core throughout the entire length of

the fiber, which can easily be opened by careful oxida-

tion in air [4] or carbon dioxide [5], or by treatment in

nitric acid [6]. The diameter of the inner tubes of CNT

is variable in the range of a few nanometers up to
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100nm. With the fishbone-type CNF the graphitic layers

are cone shaped and stacked on top of each other. The

macroscopic CNF bodies consist of skeins of interwoven
fibers [1,3,7]. The core of the individual fibers most

probably consist of highly disordered graphene sheets

or an amorphous carbon phase which is removed upon

HNO3 treatment [1,8]. Only recently, it has been shown

that it is also possible to grow in a single-step fishbone-

type CNF with a hollow core throughout the length of

the fiber [9–11]. In general, we can differentiate into

three types of CNT/CNF (Fig. 1), wherein the main dif-
ference between CNF of type 1 and type 2 is the absence

or presence, respectively, of a hollow core throughout

the length of the fiber.

The deposition of metals and metal oxides inside

CNT pre-treated as indicated has been reported by sev-

eral authors [12–16]. After removing the caps of the

tubes, it appeared to be possible to fill them with the me-

tal(oxide) precursor solution.
The preparation of noble metal supported on CNF/

CNT catalysts via impregnation and ion adsorption
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Fig. 1. Schematic representation of CNT and CNF of different types.

328 F. Winter et al. / Carbon 43 (2005) 327–332
has been studied extensively e.g. [3,7,17–26]. In this

paper we report on the application of Co and Pd by

wet-impregnation/ion-adsorption techniques on CNF,

pre-treated in concentrated nitric acid. This pre-treat-

ment is necessary to introduce adsorption sites for the

polar catalyst precursor on the originally hydrophobic

surface of the fibers. It also makes the inner tube acces-
sible. To our best knowledge we are the first to establish

unambiguously the presence of a considerable fraction

of metal particles at the internal surface of fishbone-type

fibers in the ultimate catalyst. It is demonstrated that

TEM imaging of samples tilted over a sequence of an-

gles with respect to the electron beam is a powerful tool

to discriminate between particles at the external and

internal fiber surface.
2. Experimental session

2.1. Synthesis of carbon nanofibers

CNF were grown out of synthesis gas (H2/CO) using

either a commercial 57wt% Ni/SiO2 catalyst (Engelhard
Ni5270P) or a 20wt% Ni/SiO2 catalyst, prepared as de-

scribed elsewhere [1,20,27–29] at a growth temperature

of 773K and 823K, respectively. After growth, the reac-

tor content (further denoted as CNF a.s.) was refluxed

for 1.5h in a 1M KOH solution, for removal of the silica

support, and after thoroughly washing treated in boiling

concentrated nitric acid for 2h.

2.2. Preparation of palladium and cobalt on carbon

nanofibers

The Pd/CNF (1wt% Pd) catalyst was obtained by ion

adsorption with PdðNH3Þ2þ4 as described elsewhere

[3,30]. The catalyst precursor was reduced at 523K in

H2 flow. Co/CNF (5wt% Co) was prepared using a

wet-impregnation method as described previously [31].
The catalyst precursor was reduced in a H2 flow at

573K.
2.3. Characterization

TEM images were obtained with a Fei Technai 20

FEG TEM operating at 200kV. Samples were, after

ultrasonic treatment in butanol, dispersed on a holey

carbon film. From a representative fiber a tilt series

was taken from about �60� to +45� with 15� intervals.
The tilt axis was chosen parallel to the length of the

fiber. N2 physisorption measurements were performed

using a Micromeritics ASAP 2400 analyzer. Before char-

acterization measurements were performed, the samples

were out gassed in vacuum at 393K. Powder X-ray dif-

fraction (XRD) was performed using an Enraf-Nonius

CPS 120 powder diffraction apparatus with CoKa radi-

ation (k = 1.789Å). X-ray Photoelectron Spectroscopy
(XPS) measurements were performed on a Thermo

VG Scientific XPS system using non-monochromatic

MgKa radiation. The pass energy of the analyzer was

set at 70eV. Calculations to determine the percentage

of metal situated on the inner surface of CNF were per-

formed with XPSCAT [32], a dispersion analysis pro-

gram based on the original idea by Kuipers et al.

[33,34]. In this model, and based on the TEM images
Pd particles were assumed to have hemispherical shapes,

whereas for Co particles spherical particles were used.

Surface areas as determined with N2 physisorption were

used in the calculations.
3. Results and discussion

CNF have a length of several hundreds of nanome-

ters and diameters of around 30nm for Co/CNF (not

shown) and of 20–80nm for Pd/CNF (Fig. 2). It appears

that most of the fibers over the whole length contain an

inner core present of the fiber with diameters ranging

from 4 to 9nm. This variation is dependent on the diam-

eter of the fiber itself. High resolution TEM (Fig. 3)

shows that the fibers are indeed of the fishbone type,
however, with irregularities in the graphene sheets.

The distance between the graphene sheets is about
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Fig. 4. Nitrogen adsorption and desorption isotherms of CNF after

KOH and CNF after treatment in nitric acid.

Table 1

N2 physisorption on the CNF materials during different stages of

preparation

Samples BET surface

area (m2g�1)

Total pore

volume (mlg�1)

Micropore

volume (mlg�1)

CNF a.s. 113a 0.32 0.002

CNF after KOH 106 0.26 0.003

CNF after HNO3 137 0.38 0.004

Pd/CNF 138 0.40 0.003

a BET surface area after correction for the Ni/SiO2 growth catalyst

is 107m2g�1.

Fig. 2. Low and high magnification TEM images of Pd/CNF.

Fig. 3. High magnification TEM image of CNF.
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3.4 Å, a value which corresponds well with values that

were obtained with XRD and to that reported by other

authors [3,8,35]. The core in CNF a.s. is either empty, or

filled by an amorphous carbon phase or highly disor-

dered graphene sheets.

Nitrogen physisorption was performed on the CNF

materials in the different synthesis stages. In Fig. 4 sub-

sequent the adsorption and desorption isotherms of
CNF after KOH treatment and after treatment in nitric

acid are depicted. BET surface area and pore volume of

the CNF materials are summarized in Table 1. The iso-

therms are characteristic for multilayer adsorption/

desorption and capillary condensation in mesopores,

which causes the hysteresis loop. From the shape of

the hysteresis loops the presence of cylindrical meso-

pores with open ends at both sides can be derived. The
micropore volume, calculated with the t-method is very

low in all samples, below 0.004mlg�1. CNF after KOH

treatment exhibits after correction for the silica support

a BET surface area similar to CNF a.s., i.e. 106m2g�1.

Treatment in nitric acid increases the specific surface

considerably, which demonstrates the influence of the
oxidation step, mainly due to the opening of the inner

tubes, as was earlier suggested by Toebes et al. [36].

After applying the metal on the fibers, metal particles

of 1–4nm for Pd/CNF (Figs. 2 and 5) and 3–4nm for

Co/CNF (Fig. 6) were found by TEM, imaged by small

black dots. These particles are randomly distributed as

well as ordered to a great extent over the cores of the fi-

bers. It is emphasized that TEM gives a two-dimen-
sional projection, which makes a decision regarding

the actual location of the metal particles, i.e. inside the

core or at the external surface, difficult. Recently, elec-

tron tomography has been used to analyze porous cata-

lysts [37–39]. TEM images taken over an angular tilt



Fig. 5. TEM tilt series over an angular tilt range with palladium particles on the inside (h) as well as on the outside (s) of the fiber. The tilt axis was

chosen parallel to the length of the fiber. Arrows show a particle that appears to have a hemispherical shape when observed from the side.

Fig. 6. TEM images of Co/CNF, both particles on the inside and

outside are present.

330 F. Winter et al. / Carbon 43 (2005) 327–332
range give more detailed information about the actual

position of the metal particles in the catalyst. In Fig. 5

a series of TEM images of Pd/CNF is depicted wherein

the tilt axis, which was chosen parallel to the length of

the fiber, is varied over a large angular range. In this ser-

ies the displacement of four encircled Pd particles is key.

When a metal particle is situated on the external surface

of the fiber along with tilting the position of the particle
should be largely determined by the tilt angle. In con-

trast to this, no or hardly any translation should occur

upon tilting when a particle is situated inside the core

of the fiber. From the sequence of images it can be con-

cluded that the particles denoted with a circle appear to

be on the external surface of the fiber. The particles de-

noted by a square are located inside the fiber. Clearly,

Pd particles are present both on the inside of the core
and on the external surface over the entire length of

these fishbone fibers. Similar results were found with
the Co/CNF samples (Fig. 6).

The presence of Pd particles in the inner tubes

strongly suggests that the required adsorption sites

brought about by treatment in boiling HNO3 are also

present on the internal surface and that this inner tube

is accessible for the metal precursor solutions and later

on for H2 to make reduction of the precursor possible.

Also, with Co/CNF we found that treatment of CNF
with nitric acid is necessary to effectuate catalysts with

high metal dispersions. Without this oxidative pre-treat-

ment cobalt clusters as large as 300nm were obtained on

the surface of the macroscopic CNF bodies, while no co-

balt particles on the internal surface of the fibers were

found. Earlier studies on the deposition of Ni, Pt and

Ru on CNF showed that deposition of metals using sim-

ilar preparation methods is only possible when the sur-
face of the fibers is oxidized [40,41].

To get an impression of the distribution ratio of the

metal phase between internal and external surface we

localized over 720 Pd particles distributed over 100 dif-

ferent fibers (Table 2). In the 2D TEM images about

28% of the Pd particles measured appears to overlap

with the 2D-projection of the fiber core. By calculation

we found that the percentage of external surface area
of the fiber overlapping with the 2D-projection of the

fiber core is about 13% of the total external surface area,

with the assumption that the fibers have an average

diameter of 35nm with an inner average core of 7nm.

Therefore, in case of a homogeneous distribution exclu-



Table 2

Percentage of metal particles situated in the inner tube of the fibers for

Pd/CNF and Co/CNF as determined with TEM and XPS

Sample % Metal in inner tube

(TEM)

% Metal in inner tube

(XPS)

Pd/CNF 15 10

Co/CNF 34 28
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sively over the external surface of the fibers, the percent-

age of Pd overlapping the fiber core should be about

13%, which is considerably lower than the percentage

observed. These results give an indication of the percent-

age of Pd inside the fibers, i.e. 15%. The ratio between

the surface area of the inner tube and the total surface

area is of about the same order (17%) as the percentage

of Pd on the internal surface. This indicates that the dis-
tribution over the fibers is rather homogeneous over the

internal as well as the external surface and that the inner

tubes are completely accessible for metal deposition

using the ion adsorption method. Furthermore, no sig-

nificant differences in metal particle size between parti-

cles situated on the internal or external surface were

observed.

With the Co/CNF catalyst over 410 particles distrib-
uted on 80 fibers were examined. The mean Co particle

size turned out to be 4nm, which corresponds nicely to

the particle size found with XRD. Nearly 47% of the

particles seemed to overlap in 2D-TEM micrographs

with the inner tubes of the fibers, whereas a homogene-

ous coverage of internal and external surface should

have given the value of 28%, as argued above. This

strongly indicates that about 34% of Co particles is pre-
sent in the inner tubes of the fibers.

With XPS analysis metal particles located in the inner

tubes of the fibers give no contribution in signal, due to

the short mean free path of excitated electrons in graph-

ite (2.6nm) and the relatively large thickness of the fibers

(14nm). This loss in signal gives valuable information

about the percentage of metal particles situated at the

inner surface of the fibers (Table 2). In the calculation
we assumed that the Pd particles in Pd/CNF have hem-

ispherical shapes, which we inferred from TEM. The

shape of the particles can be inferred from the TEM tilt

series if a particle is situated on the edge of the fiber in

the TEM micrograph as indicated by the arrows in

Fig. 5. For Co/CNF, also in line with our TEM results,

a spherical particle shape was used. The weight percent-

age of metal situated in the inner tubes of CNF was
determined by calculating from the XPS data the metal

loading at the averaged metal particle sizes (as deter-

mined with TEM). The calculated metal loading reflects

the weight percentage of metal situated at the external

surface of the fibers. With this information we calculated

that according to XPS analysis, about 10% of the metal

particles of Pd/CNF and 28% of Co/CNF appears to be
at the internal surface, which is readily in line with the

observations with TEM analysis.

The relative high percentage of Co inside the tubes

prepared by wet impregnation compared to the nominal

fraction of Pd present inside the Pd/CNF catalyst pre-

pared using ion adsorption points out that different
loading processes result in different distributions. On

basis of the increase in pore volume due to the treatment

of the fibers in nitric acid we would expect 32% of metal

to be present on the internal surface when applying the

wet-impregnation method. When ion adsorption is used

the surface ratio between inner and outer tube (17%)

should govern the fraction of metal particles located in-

side the fibers. Above values are close to the fractions of
metal particles present in the inner tube of the samples.
4. Conclusions

We have demonstrated that treatment of fishbone-

type CNF in nitric acid results in opening of the inner

tubes (4–9nm) of the fibers and the creation of anchor-
ing sites for the metal precursors. Results show that,

depending on the synthesis method, 28–34% of Co and

10–15% Pd end up in the inner cores of these fibers. It

is demonstrated that tilting the axis during TEM analy-

sis gives very valuable information about the location of

metal particles in CNF supported catalysts. Location of

the metal particles on the internal surface of the fibers

can be disadvantageous from a catalytic perspective, be-
cause mass transfer limitations in the narrow tubes of

the fibers may arise, especially in liquid phase processes.
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