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Abstract
Palladium (0.25-5.8 wt.%) was supported on three different types of filamentous carbon in which the

basal graphite planes are arranged along, crosswise and at a 45° angle to the axis of a nanofiber. HREM,
XPS and X-ray techniques were used to study the state of high dispersed Pd particles supported on the
filamentous carbon. It was established that the type of the carbon support affects the properties of the active
component. The high disperse Pd particles most strongly interact with the prismatic planes of graphite to
provide electron transfer from palladium to the support, which stabilizes palladium in a more dispersed
state. Because of this strong interaction, Pd2+ is stabilized in the ionic state. A change in the properties of the
palladium particles initiates changes in the catalytic properties of Pd/C catalysts in the reaction of selective
hydrogenation of 1,3-butadiene into butylenes. An increase in the fraction of Pd2+ in the catalyst composi-
tion results in the decrease of both total activity and selectivity of Pd/C catalysts in the considered reaction.

Introduction

Palladium catalysts supported on the metal ox-
ides [1-5] exhibit the highest activity in the reactions
of hydrogenation. However, carbon supports have a
number of advantages over oxide metal supports. The
properties of Pd/C catalysts were studied in a num-
ber of works [6-9]. It was found that hydrogenation
is a structurally sensitive reaction, i.e. its activity and
selectivity depend primarily on the size and face type
of the catalytically active metal particles [9,10].
When the chemical composition of the surface is
unchanged, the size of the metal particles determines
the electronic structure of the active sites, the nature
of interaction between the reagents, and catalytic
properties of the system.

In addition, the metal-carbon support interaction
can also affect the metal state. This effect depends,
in turn, on the graphite edges that emerge the sur-
face. Since carbon supports have a rather complex
structure and the possibility to synthesize a support
with the specified properties is limited, the effect of
this interaction on the catalytic properties of Pd/C
catalysts has not been adequately investigated. In the
present work we studied the effect of different graph-
ite edges emerging the filamentous carbon surface

on the state of palladium and catalytic properties of
the Pd/C catalysts in the selective hydrogenation of
butadiene-1,3 into butylenes. We used filamentous
carbon as a subject of this study, because a consider-
able progress has been achieved in the understand-
ing of its formation mechanism and control of its
crystallographic structure. In our earlier study [11]
we have reported the preparation of three different
types of filamentous carbon in which the basal graph-
ite planes are arranged along, crosswise and at a 45°
angle to the filament axis, i.e. coaxial-cylinder, stack-
like and coaxial-conic arrangement of carbon fila-
ments.

Experimental

Carbon filaments were prepared from hydrocar-
bons such as CH4 and C4H6 over the Ni-containing
catalysts in a quartz flow reactor supplied with a Mac-
Ben balance under gradientless conditions with re-
spect to temperature. The preparation methods of
filamentous carbon with different orientations of
graphite layers in the fiber body are described in
detail elsewhere [11].

X-ray diffraction (XRD) patterns of the samples
were recorded on a Siemens D-500 diffractometer
using CuKα radiation (a graphite monochromator on
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the reflected beam).
The carbon filaments and supported palladium

particles were studied by high-resolution transmis-
sion electron microscopy and electron diffraction
using a JEM-2010 FX instrument.

The dispersion of the Pd/C catalysts was deter-
mined by chemisorption of CO at 20°C using the
pulse techniques described in [12].

Since the catalysts used for growing of carbon
filaments contain metallic nickel or nickel-copper al-
loys, the resulting products also contain nickel (0.5 -
15 wt.%). To determine the concentration of nickel,
a VRA-20 analyzer supplied with a W anode in the
X-ray tube was used to perform X-ray spectral analy-
sis of the carbon filaments.

Both the carbon supports and Pd/C catalysts were
studied by XPS using a VG ESCALAB HP photo-
electron spectrometer with non-monochromatic ra-
diation AlKα (hν = 1486.6 eV, 200 W). During spec-
tra recording, the pressure of residual gases in the
analyzer chamber was 5×10-7 Pa.

The binding energy (Eb) scale of the spectrome-
ter was preliminary calibrated using the peaks of Au
4f7/2 (84.00 eV) and Cu 2p3/2 (932.67 eV) core lev-
els. To prevent charging effects resulting from photo-
emission during deposition of the conducting samples
on the non-conducting support, the samples were
rubbed into a nickel net. The samples were loaded
into the spectrometer in air. As an internal standard
we used a line of carbon (C 1s, Eb = 284.4 eV) of the
support material.

 The relative concentrations of the elements oc-
curring on the catalyst surface and the ratios of their
atomic percentage were determined from integral
intensities of the photoelectron lines related to the
corresponding atomic sensitivity coefficients [13].

The reaction of butadiene hydrogenation was per-
formed in a flow-circulating setup at 60-150°C. The
catalyst sample amount was 0.05 g, the rates of hy-
drogen and unsaturated hydrocarbon flows were 7
and 1.4 l/h, respectively. The reaction products were
analyzed by chromatography. As adsorbents we used
zeolite NaX and triethylene glycol n-butyrate on di-
atomaceous earth.

To develop methods for the controlled manufac-
turing of graphite filaments with coaxial-cylinder,
stacking and coaxial-conic arrangements of graphite
basal layers in the nanofiber, we used data on the
formation of graphite phases from carbon atoms
resulting from the hydrocarbon decomposition (the
carbide cycle mechanism) over the iron sub-group

metals (Fig. 1), since filamentous carbon is a metal-
carbon system. In order to prepare a �pure� carbon
material, a solution of nitrohydrochloric acid was
used for etching the metal particles that catalyze the
growth of filamentous carbon. Unfortunately, the
boiling of carbon filaments in nitrohydrochloric acid
for several hours does not completely etch nickel
from the samples, because some metal atoms are in-
terlocked by carbon. Table 1 shows the concentra-
tion of nickel in carbon nanofibers after etching.

The fact that nickel metal is interlocked by carbon
is confirmed by electron microscopy and studies on
the catalytic activity of carbon nanofibers on the buta-
diene-1,3 hydrogenation. As follows from these stud-
ies, carbon nanofibers are not catalytically active in
this reaction in a temperature range of 60-150°C.

After etching, three types of carbon filaments
were covered by palladium from aqueous solutions
of PdCl2. Data on the palladium concentration in the
samples are given in Table 2.

HREM, XPS and X-ray techniques were used to
study the state of high disperse palladium particles
supported on the carbon filaments.

Results and Discussion

Study of Pd/C catalysts by X-ray diffraction

The X-ray diffraction method shows that the car-

Fig. 1. Schematic representation of the longitudinal sec-
tion of the main types of carbon filaments. Spatial arrange-
ment of the basal graphite planes: (a) coaxial-cylinder,
(b) coaxial-conic and (c) stack-like.

          a   b       c

Table 1
Concentration of nickel in the carbon fibers after etch-

ing with a nitrohydrochloric acid solution
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bon fibers are formed by graphite layers ordered to a
variable extent. The X-ray patterns (not shown) ex-
hibit an intense line of graphite at 2Θ = 26°. XRD
analysis does not reveal nickel metal in the fiber
samples with coaxial-conic and stacking structures
after their treatment with a nitrohydrochloric acid
solution. For the carbon filament sample with a co-
axial-cylinder structure, the X-ray patterns exhibit
weak lines typical of Ni (Table 3).

As the carbon supports with both coaxial-cylin-
der and coaxial-conic structures were impregnated
with an aqueous solution of PdCl2 and dried at 100°C,
the lattice parameters of graphite did not change.
These parameters maintain when the Pd/C catalysts
are reduced at 250°C. When the filamentous carbon
sample with a stack-like structure is impregnated with
an aqueous solution of PdCl2 and dried at 100°C, the
graphite lattice parameter increases by 0.1 Å irre-
spective of the amount of the supported palladium.
As the Pd/C samples are reduced at 250°C, the lat-
tice parameter decreases to its initial value. These
data suggest that either the solvent or Pd2+ and Cl-

ions can easily penetrate into the interlayer space of

the graphite composed of stack-like nanofibers, but
are pushed back to the surface after reduction.

Study of Pd/C catalysts by XPS

The chemical compositions of the Pd/C catalysts
were determined by XPS. The chemical shifts of the
core levels were correlated, which makes it possible
to suggest the presence of chemical compounds and
to determine the degree of palladium oxidation.

All studied samples exhibit the presence of chlo-
rine, carbon, oxygen and palladium. No additional
admixtures were registered within the accuracy of
the XPS method. This method provides information
on the state of the surface layer with a depth range
of 25-30 Å. The fact that nickel was not registered
by the XPS method proves the supposition that nickel
particles were blocked by carbon.

It should be noted that the intensity of the Pd 3d
line is very weak in the spectra of the sample con-
taining 0.5 wt.% palladium, that is why the Pd 3d
spectrum was accumulated during a long period of
time.

Figure 2 shows the C 1s spectra of the Pd/C
samples prepared from carbon nanofibers with a
stack-like structure. The stack-like structure of fila-
mentous carbon can be presented as a large number
of basal graphite plates arranged as a book pile. Only
prismatic graphite edges are exposed on the external
nanofilamentous surface. Because of the extremely
high level of bond unsaturation of the carbon atoms
at the prismatic planes, the carbon platelets bind be-
tween themselves [14].

The analysis of the above spectra shows that the
C 1s peak with a binding energy of 284.4 eV (the
half-width of the peak is about 1.5-1.55 eV) is typi-
cal for all studied samples. The shape of the C 1s
peak is slightly asymmetric: there is a shoulder at
higher binding energies, which can be associated with
the presence of C-Cl and C-O bonds on the carbon
support surface. The intensity of the carbon peak in-
significantly changed in the investigated samples.

Table 2
Concentration of palladium in catalysts Pd/C

Table 3
Properties of filamentous carbon according to XRD analysis
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Thus, the C 1s peak can solely be attributed to the
carbon support.

The Cl 2p spectra are shown in Fig. 3. The bind-
ing energy of the C1 2p line is almost similar for all
samples and equals 200.1 eV. The line with a peak
maximum at 200.1 eV can be attributed to chlorine
atoms which are bound to the support carbon. Close
intensities of the chlorine peaks were obtained for
the samples with a stacked structure and the 0.5 wt.%
Pd/C sample prepared by depositing PdCl2 on the
carbon filaments with a stacked structure after dry-
ing at 100°C. For the latter sample, there is a shoul-
der at lower binding energies with a peak maximum
at 198.0-198.4 eV which can be attributed to α-PdCl2

[15]. Note that the Cl/C ratio of this sample prepared
by depositing of PdCl2 and drying is higher than that
of carbon nanofibers with a stack-like arrangement
(see Table 4).

During further reduction of the 0.5 wt.% Pd/C
sample (stacking arrangement) with hydrogen at 250
and 300°C, the Cl/C ratio decreases by a factor of
3.3 and 5 as compared to the 0.5 wt.% Pd/C sample
(stacking arrangement) after its drying. Reducing of
palladium chloride results in metallic palladium. Fig-
ure 4 presents the Pd 3d photoelectron spectra.

After drying, the Pd 3d spectrum of the 0.5 wt.%
Pd/C sample (stack-like arrangement) exhibits two
palladium states: the main peak with a binding en-
ergy of 337.5 eV and a shoulder (336.4 eV) in the

region of lower binding energies. Based on the fact
that the binding energy of the main peak (337.5 eV)
is close to that of the palladium-chlorine complexes
and taking into account the fact that the sample ex-
hibits the shoulder in the region of low binding ener-

Fig. 2. Spectra C 1s of the filamentous carbon samples
with a stacking structure (1) and catalysts Pd/C  (2-6) pre-
pared by depositing palladium on the carbon nanofibers
with a stack-like structure.
2: 0.5 wt.% Pd/C  after drying at 100°C;
3: 0.5 wt.% Pd/C  after reduction at 250°C;
4: 0.5 wt.% Pd/C after reduction at 300°C;
5: 2.5 wt.% Pd/C  after reduction at 250°C;
6: 5.8 wt.% Pd/C after reduction at 250°C.

Fig. 3. Spectra C 12p of carbon nanofibers with a stack-
like structure (1) and catalysts Pd/C  (2-6) prepared by
deposition of palladium on the carbon nanofibers with a
stack-like structure.
2:   0.5 wt.% Pd/C after drying at 100°C;
3:   0.5 wt.% Pd/C after reduction at 250°C;
4:   0.5 wt.% Pd/C after reduction at 300°C;
5:   2.5 wt.% Pd/C after reduction at 250°C;
6:   5.8 wt.% Pd/C after reduction at 250°C.

Fig. 4. Spectra Pd3d of catalyst 0.5% Pd/C (stack-like
structure):
1:  after drying at 100°C;
2:  after reduction at 250°C;
3:  after reduction at 300°C;
4:  after reduction at 250°C and subsequent calcination at
     450°C;
5:  after reduction at 250°C and subsequent calcination at
     650°C.
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gies for the C1 2p line (198.2-198.5 eV) correspond-
ing to chlorine in PdCl2, one can attribute this peak
to PdCl2 presented on the sample surface after its
impregnation and drying. As follows from the lit-
erature data, the binding energy of metallic palla-
dium, Pdo, is 335.3 eV. For small clusters (<20-30
Å), the binding energy of the core level shifts and
the valence band narrows with respect to the bulk
metal [16-20]. As the number of atoms in the cluster
decreases, Eb of the core levels increases. For highly
dispersed Pd/C catalysts, the shift in the binding en-
ergy of the core level is 1.0-1.3 eV. For this reason,
the shoulder with a binding energy of 336.4 eV be-
longs to the particles of high dispersed palladium,
Pd+, that is the electrons are transferred from palla-
dium to the carbon support.

As the 0.5 wt.% Pd/C samples were subsequently
reduced in a hydrogen flow at 250 and 300°C, the
peak with a binding energy of 337.5 eV decreased
and the peak with a binding energy of 336.4 eV (typi-
cal for Pd+) increased. Note that the intensity of the
Cl 2p line of the sample reduced at 300°C slightly
decreases as compared to the sample reduced at

250°C. In addition, the spectrum exhibits a small
shoulder with a binding energy of 335.3 eV which is
typical of palladium metal observed in the sample
reduced at 300°C. The fact that the intensity of the
palladium peak in the reduced samples is lower than
that in the unreduced samples suggests that the pro-
cess of reduction is accompanied by intercalation of
palladium atoms into the interlayer space of graph-
ite by sintering of palladium particles into larger par-
ticles as compared to the initial PdCl2/C sample
(stack-like arrangement) obtained after drying. It
should be noted that after reduction some part of pal-
ladium with a binding energy of 337.5 eV remains
due to a stronger interaction between a part of palla-
dium chloride and the support. It is reasonable to
suggest that Pd2+ ions are incorporated between basal
planes of graphite.

XRD does not confirm this suggestion, because
its sensitivity is not sufficient. According to the XPS
method, a drop in the Pd concentration is about 20%
of its concentration (0.5 wt.%), that is, 0.1 wt.% of
palladium intercalates into graphite. Only a small
amount of palladium intercalates into filamentous

Table 4
Ratio of atomic concentrations of elements in samples Pd/C
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carbon. This observation suggests that the intercala-
tion of palladium proceeds with difficulty and be-
tween the layers that have the largest interplanar spac-
ing.

Heating of the reduced 0.5 wt.% Pd/C samples
(stack-like arrangement) at 450 or 650°C for 1 h does
not result in a significant sintering of palladium, but
the palladium states are redistributed (Fig. 5). To ac-
curately determine the ratio between metallic and oxi-
dized palladium, we deconvolved the complex pho-
toelectron spectra into individual peaks (FitXPS pro-
gram). It is evident that the amount of metallic palla-
dium Pdo increases and that of Pd2+ decreases. This
thermal stability of the Pd/C catalysts suggests a
strong interaction between palladium and the sup-
port. Note that the Pd 3d/C 1s ratio increases conse-
quently the amount of palladium on the carbon sur-
face by ~10-20% after heating at 650°C. This obser-
vation can be attributed to an egress of the interca-
lated palladium from the support volume, size redis-
tribution of the supported Pd0 particles and spread-
ing of the smaller particles over the support. The re-
lations between the atomic concentrations of the ele-
ments in the considered samples are given in Table 4.

According to the experimental data, the carbon
filaments with a stack-like structure exhibit stronger
adsorption properties compared to the nanofibers
with coaxial-conic and coaxial-cylinder structures.
Thus, after etching with a nitrohydrochloric acid
solution, the surface of all types of carbon filaments
exhibits significant amounts of chlorine atoms (Table
4). XPS data show that the processes of deposition

of palladium chloride and reduction with hydrogen
at 250°C provide different changes in the concentra-
tion of chlorine atoms on the filaments. In the fila-
mentous carbon with a coaxial-cylinder structure,
chlorine is not observed. The concentration of chlo-
rine in the filamentous carbon with a stack-like struc-
ture only slightly decreases (by a factor of 3-4).

To provide a distinct identification of palladium
states, one should use the Pd/C catalysts (with a stack-
like arrangement) containing 2.5 and 5.8 wt.% of
palladium (Fig. 6). The analysis of the Pd 3d spectra
suggests that after reduction at 250°C, palladium
exists as metallic Pdo (335.3 eV) and oxidized Pd+

(336.4 eV) states. Note that the fraction of metallic
palladium is higher in the second sample. This re-
sult agrees well with the data on the palladium dis-
persion. As the concentration of palladium increases
from 0.5 to 5.8 wt.%, the dispersion of palladium
decreases from 33 to 50 Å (see Table 5).

From the above types of filaments, the filamen-
tous carbon with a stack-like arrangement is charac-
terized by stronger interaction with palladium which
manifests itself as a more pronounced redistribution
of electron density in the palladium/carbon system
and higher dispersion of Pd. In the Pd3d spectrum,
the peak belonging to metallic palladium (335.3 eV)
shifts to higher energies typical of the oxidized pal-
ladium (336.4 eV), which suggests a transfer of elec-
trons from palladium to carbon.

Study of Pd/C catalysts by high-resolution
transmission electron microscopy

The high-resolution transmission electron micros-
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Fig. 5. Spectrum Pd3d of catalyst 0.5 wt.% Pd/C (stack-
like), exposed to reduction at 250°C and subsequent heat-
ing at 650oC, is resolved into separate spectral compo-
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(stack-like) (2) and 5.8% Pd/C (stack-like) (3).
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copy examination of the Pd/C catalysts, prepared by
depositing of ~0.5 wt.% Pd on the filamentous car-
bon, does not reveal the existence of palladium par-
ticles. This observation suggests that palladium par-
ticles are highly dispersed. Only the micrographs of
the 0.5 wt.% Pd/C catalyst (filamentous carbon with
a stack-like structure) heated at 450oC in inert me-
dium exhibit particles 5-10 Å in size that have a
higher contrast than graphite (see Fig. 7). This indi-
cates that the catalyst contains highly disperse palla-
dium particles of 5-10 Å. As the concentration of
palladium in the Pd/C catalyst increases to 2 wt.%,
dispersion of palladium particles decreases. Accord-
ing to the micrographs of the palladium particles
supported on the filaments with coaxial-cylinder and
coaxial-conic structures (Figs. 8, 9), the size of pal-
ladium particles is in a range of 20-50 Å. The most
dispersed palladium particles are observed on the
filamentous carbon with a stack-like structure.

Catalytic Measurements

Activity and selectivity of the Pd/C catalysts in
the selective hydrogenation of butadiene-1,3 were
determined in the temperature range 60-150°C. Spe-
cific activity of the catalysts slightly increases with
increasing temperature, which indicates that the ac-
tivation energy of this reaction is not high. Table 6
shows the catalytic activity of different Pd/C cata-
lysts determined at 100°C. The Pd/C catalysts sup-
ported on the filamentous carbon with a coaxial-cyl-
inder structure exhibit the highest activity. We at-
tribute this observation to lower activity of Pd2+ as

Table 5
Effect of properties of carbon supports on dispersion of catalysts Pd/C

Fig. 7.  Electron micrograph of catalyst 0.5 wt.% Pd/C,
supported on the filamentous carbon with a stack-like
structure, heated at 450°C  in the inert gas.

Fig. 8. Electron micrograph of catalyst 2 wt.% Pd/C sup-
ported on the filamentous carbon with a coaxial-cylinder
structure.
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compared to Pd+ and Pdo and probably to intercala-
tion of some palladium into the volume of filamen-
tous carbon. Since the concentration of Pd2+ in the
0.5 wt.% Pd/C sample (stack-like structure) is higher
than that in both 0.58 wt.% Pd/C (coaxial-conic struc-
ture) and 0.6 wt.% Pd/C samples (coaxial-cylinder),
the activity of this sample is lower.

The reaction products of the butadiene hydroge-
nation are butane, 1-butene, cis- and trans-2-butenes.
The relations between butenes varies only insignifi-
cantly. The amounts of 1-butene and cis-2-butene are
almost the same, whereas the amount of trans-butene
exceeds that of 1-butene by a factor of 1.5-2.0

Figure 10 shows the effect of the carbon support
on the selectivity of the Pd/C catalysts with respect
to butenes in the butadiene hydrogenation. Interest-

ingly, the selectivity curves with respect to butenes
vs. the concentration of palladium go through a maxi-
mum for the samples with both coaxial-cylinder and
stack-like structures. As the concentration of palla-
dium decreases from 5.8 to 0.5 wt.%, the selectivity
of the Pd/C catalyst increases. Therefore, an increase
in the dispersion of metallic palladium particles pro-
vides an increase in the reaction selectivity to
butenes. However, as the palladium concentration
decreases from 0.5 to 0.25 wt.%, the reaction selec-
tivity decreases. We attribute this observation to an
increase in the concentration of ionic palladium. Con-
sequently, Pd2+ exhibits both low activity and selec-
tivity in the reaction of selective hydrogenation of
1,3-butadiene into butylenes.

This suggestion was additionally confirmed by
catalytic data which were not presented in this pa-
per. As the concentration of Pd decreases in the
sample (stacking arrangement) below 0.1 wt.%, the
activity of the Pd/C catalyst in the selective hydro-
genation of 1,3-butadiene into butylenes becomes
zero, whereas 0.1 wt.% Pd/C (supported on the fila-
mentous carbon of the other structure) show high
activity even at room temperature.
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Conclusions

In the reaction of selective hydrogenation of 1,3-
butadiene into butylenes, the relation between activ-
ity and selectivity of the Pd/C catalysts is as follows:
• selectivity increases as dispersity of palladium

increases in the filamentous carbon samples of a
similar type.

• a strong interaction of palladium with prismatic
graphite edges provides stabilization of  Pd2+ in
the ionic state. As the Pd2+ fraction in the catalyst
increases, the total activity and selectivity of cata-
lysts in the selective hydrogenation of 1,3-buta-
diene into butylenes decrease.
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