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Abstract—The state of highly dispersed palladium particles supported on filamentous carbon was studied
using high-resolution electron microscopy, XPS, and X -ray diffraction analysis. Three types of filamentous car-
bon were used, in which the basal planes of graphite were arranged along, across, and at an angle to the nanofi-
ber axis. The amount of supported palladium was 0.25-5.8 wt %. The structure of the carbon support was found
to affect the properties of the active component. Highly dispersed palladium particles exhibited the strongest
interaction with a carbon surface formed by the butt ends of graphite (002) layers. This interaction resulted in
electron transfer from the metal to the support and in the stabilization of palladium in the most dispersed state.
A change in the properties of palladium particles caused a change in the catalytic properties of Pd/C catalysts
in the reaction of selective 1,3-butadiene hydrogenation to butenes. The strong interaction of Pd?* with the butt
ends of graphite resulted in the stabilization of palladium in an ionic state. An increase in the fraction of Pd?*
in the catalysts was responsible for adecreasein both the overall activity and selectivity of Pd/C catalystsinthe

reaction of 1,3-butadiene hydrogenation to butenes.

INTRODUCTION

Hydrogenation processes are widely used in indus-
try for the removal of undesirable highly unsaturated
impurities from various hydrocarbon fractions and
individual substances. They should be selective, and
the reaction should be terminated after the first step of
hydrogenation. Palladium catalysts on carbon supports
are effective in these processes [1-6]. Because of this,
a considerable number of publications were devoted to
studies of Pd/C catalysts [6-9]. In these studies, it was
found that hydrogenation reactions are structure sensi-
tive, that is, the reaction activity and selectivity
depends on the size and the face type of catalytically
active metal particles[9, 10]. If the chemical composi-
tion of a surface is constant, the metal particle sizeis
responsible for the electronic structure of active cen-
ters, the interaction with reactants, and, ultimately, the
catalytic properties of the system.

Moreover, the state of the metal is affected by the
metal—carbon support interaction. In turn, this interac-
tion depends on the surface structure of carbon. How-
ever, the effect of thisinteraction on the catalytic prop-
erties of Pd/C catalysts has been insufficiently studied
because the structure of the carbon supportsis complex
and the possibilities of the synthesis of supports with
specified properties are restricted. Recently, consider-
able progress in studies of the mechanisms of forma-
tion of filamentous carbon and control over its crystal
structure has been achieved. In thiswork, we used fila-
mentous carbon of types that are fundamentally differ-
ent in structure as catalyst supports.

The aim of this work was to study the effect of the
structure of filamentous carbon on the state of palla-
dium and on the catalytic properties of Pd/C cataystsin
the selective hydrogenation reaction of 1,3-butadiene.

EXPERIMENTAL

Carbon nanofibers were prepared from hydrocar-
bons (CH, and C,H) in a quartz flow reactor with the
McBain balance under gradientless conditionsin terms
of temperature. Nickel-containing catalysts (0.02-0.2 g)
were loaded into the setup; the sensitivity of mass mea-
surements was 10 g. Methods for the preparation of
filamentous carbon with different arrangements of
graphite layers in the bodies of filaments were consid-
ered in more detail elsewhere [11].

The X-ray diffraction analysis of samples was per-
formed on a D-500 diffractometer (Siemens). Mono-
chromated CuK,, radiation was used (a graphite mono-
chromator on areflected beam).

Carbon nanofibers and palladium particles supported
on them were examined by high-resolution transmission
electron microscopy in combination with eectron dif-
fraction on a JEM-2010 instrument with an accelerating
voltage of 200 kV and alineresolution of 1.4 A.

The dispersity of Pd/C catalysts was determined by
a pulse method using CO chemisorption at 20°C in
accordance with a published procedure [12].

Because samplesthat were used for growing nanofi-
bers contained nickel metal or nickel—copper alloys, the
resulting products contained from 0.5 to 15 wt %
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nickel. After etching in agua regia, carbon nanofibers
were analyzed for nickel and supported palladium by
X-ray spectrum analysis on aVRA-20 analyzer with a
W anode of the X-ray tube.

Both carbon supports and Pd/C catalysts were stud-
ied by XPS. All of the experiments were performed on
a VG ESCALAB HP spectrometer with the use of
unmonochromated AlK, radiation (hv = 1486.6 €V,
200 W). In the course of measuring the spectra, the
residual gas pressure in the analyzer chamber was
5% 1077 Pa.

The binding energy (E,) scale of the spectrometer
was precalibrated using the peak positions of the
Au4f;, (84.00 eV) and Cu2p,, (932.67 eV) corelevels.
To remove the charging effect, test samples were
rubbed into nickel gauze. The line of Cls with E, =
284.4 eV belonging to carbon contained in the support
material was used as an internal standard.

The relative concentrations of elements on catalyst
surfaces and the ratios between their atomic concentra-
tions were determined from the integrated intensities of
photoelectron lines corrected for the corresponding
atomic sensitivity factors [13].

The reaction of butadiene hydrogenation was per-
formed in a circulation flow setup at 60—150°C. The
catalyst weight was 0.05 g; the flow rates of hydrogen
and unsaturated hydrocarbons were 7 and 1.4 I/h,
respectively. The reaction products were analyzed by
chromatography. Zeolite NaX and triethylene glycol
n-butyrate on diatomaceous earth were used as adsor-
bents.

Previoudly, based on studies of the formation of a
graphite phase from carbon atomsformed on the degra-
dation of hydrocarbons on iron subgroup metals by the
carbide cycle mechanism, methods were devel oped for
the controlled preparation of the main structures of
graphite nanofibers (Fig. 1). Filamentous carbon offers
outstanding possibilities in controlling the crystallo-
graphic structure of the surface of a carbon support.
Earlier [11], three fundamentally different types of fil-
amentous carbon were prepared, in which the basa
planes of graphite were arranged aong, across, and at
an angle to the filament axis, that is, coaxialy cylindri-
cal, stacklike, and coaxialy conical carbon nanofibers.
The structure of stacklike filamentous carbon can be
represented as a great number of graphite basal planes
arranged in a stack. Only the butt-end faces of graphite
occur at the outer surface of a nanofiber. The unsatura-
tion of carbon atom bonds at the butt-end faces is very
high, so that carbon layers are closed on each other at
some sites of a nanofiber [14].

To prepare a pure carbon material, metal particles,
which catalyzed the growth of filamentous carbon,
were etched from the samples using agua regia. How-
ever, the boiling of carbon nanofibers in agua regia for
several hoursdid not fully remove nickel from the sam-
ples; this can be explained by the partia blocking of the
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Fig. 1. Schematic diagram of the longitudinal sections of
the main types of carbon nanofibers. Spatial arrangements
of the basal planes of graphite: (a) coaxialy cylindrical,
(b) coaxialy conical, and (c) stacklike.

metal with carbon. Table 1 summarizes the residual
nickel contents of carbon nanofibers after etching.

The blocking of nickel metal with carbon was sup-
ported by electron-microscopic studies and data on the
catalytic activity of carbon nanofibersin the reaction of
1,3-butadiene hydrogenation. We experimentally found
that carbon nanofibers exhibited no catalytic activity in
1,3-butadiene hydrogenation at 20-150°C.

After etching, palladium was supported on all of the
three types of carbon nanofibers from agqueous PdCl,
solutions. Table 2 summarizes the palladium contents
of the samples.

RESULTS AND DISCUSSION
X-ray Diffraction Analysis of Pd/C Catalysts

With the use of X-ray diffraction analysis, we found
that all of the carbon nanofibers consisted of differently
ordered graphite. The X-ray diffraction patterns exhib-
ited an intense line of graphite at an angle of ~26° (26);
this line corresponded to dy, = 3.39-3.44 A depending
on the type of carbon nanofibers (Table 3). Nickel was
not detected by X-ray diffraction analysis in the sam-
ples of nanofibers with coaxially conical and stacklike
structures after etching in aquaregia. The X-ray diffrac-
tion patterns of the filamentous carbon with the coaxi-
aly cylindrical structure exhibited weak lines that are
characteristic of nickel.

The graphite lattice parameters remained
unchanged after the impregnation of carbon supports
with coaxially cylindrical and coaxially conical struc-
tures with an aqueous PdCl, solution followed by dry-
ing at 100°C. They also remained unchanged after the

Table 1. Nickel contents of carbon nanofibers after etching
inaguaregia

Type of carbon nanofibers Ni content, wt %

Stacklike 05
Coaxially conical 0.9
Coaxialy cylindrical 6.1
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Table 2. Palladium contents of Pd/C catalysts

Sample no. | Type of filamentous carbon | Pd content, wt %
1205 Stacklike 0
2030 Stacklike 0.25
1742 Stacklike 0.50
1848 Stacklike 250
1850 Stacklike 5.80
1827 Coaxially conical 0.58
1841 Coaxialy conica 3.15
2031 Coaxialy cylindrical 0.25
1818 Coaxialy cylindrical 0.60
1842 Coaxialy cylindrical 2.62

Table 3. Properties of filamentous carbon according to
X-ray diffraction analysis

Carbon Nanofiber Graphite Coherent-
nanofibers preparation lattice scatterin

temperature, °C | parameter, A | region,

Coaxially 500 344 50

conical

Stacklike 600 3.40 65

Coaxidly 750 3.39 140

cylindrical

reduction of Pd/C catalysts at 250°C. In the case of the
filamentous carbon with the stacklike structure, the
graphite lattice parameter d,,, increased by 0.1 A,
regardless of the amount of supported palladium, after
impregnation with an aqueous PdCI, solution and sub-

284.4

Intensity

CHESNOKOV et al.

sequent drying at 100°C. However, after the reduction
of Pd/C catalysts of thistype at 250°C, the graphite | at-
tice parameter decreased to theinitial value. These data
suggest that both solvent ions and Pd?* and Cl-ions can
enter the interlayer space of graphite.

XPS Sudy of Pd/C Catalysts

The chemical composition of Pd/C samples was
determined by the X PS method. The chemical shifts of
core levels were correlated, and the occurrence of
chemical bonds and the oxidation states of palladium
were assumed.

The presence of chlorine, carbon, oxygen, and pal-
ladium was detected in all samples. No additional
impurities were detected to within the sensitivity of
XPS. The XPS method provides information on the
state of a surface layer at a depth of 25-30 A. The fact
that nickel was not detected by XPS provides support
for the blocking of nickel particles with carbon.

Note that the intensity of the Pd3d line in the survey
spectraof samples containing 0.5% palladium was very
low; because of this, a considerable time was required
to accumulate a useful signal in the Pd3d spectrum.

Figure 2 demonstrates the Cls spectra of Pd/C sam-
ples prepared using a carbon support (sample no. 1205;
carbon nanofibers with the stacklike structure).

An analysis of the above spectra allowed us to con-
clude that the Cls peak with the binding energy
284.4 eV (pesk half-width of about 1.5-1.55 eV) is
characteristic of al samples. The shape of the Cls peak
is somewhat asymmetric: a shoulder is observed at
higher binding energies. This shoulder can be dueto the
occurrence of C—Cl and C—O bonds at the surface of the
carbon support. The carbon peak intensity insignifi-
cantly changed from sample to sample; subsequently,
all photoelectron peaks were normalized to the peak
(Cls) of carbon (sampleno. 1205). All of the other spec-

1 1 1
278 280 282 284

1
286

I
294
Eb’ eV

1 1 1
288 290 292

Fig. 2. XPS Cls spectra of Pd/C samples.
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traconsidered in thiswork were normalized in asimilar
manner.

Figure 3 demonstrates the Cl2p spectra. The binding
energiesof the Cl2p lineweresimilar in all samplesand
equal to 200.1 eV. The line with the peak maximum at
200.1 eV can be attributed to chlorine atoms bound to
the carbon of the support. The intensities of chlorine
peaks in sample nos. 1205 (support) and 1742 (Pd/C
catalyst after supporting PdCl, and drying at 100°C)
were similar. The Pd/C catalyst sample (no. 1742)
exhibited a shoulder at lower binding energies with the
peak maximum at 198.0-194.4 eV, which can be attrib-
uted to a-PdCl, [15]. This aso results in a somewhat
higher CI : C concentration ratio in sample no. 1742 as
compared with that in sample no. 1205 (Table 4).

The Cl : C ratio decreased on the subsequent reduc-
tion of Pd/C catalysts in hydrogen at 250 (sample
no. 1835; 0.5% Pd/C) and 300°C (sample no. 1879;
0.5% Pd/C) by factors of 3.3 and 5, respectively, as
compared with catalyst no. 1742 (0.5% Pd/C after dry-
ing). Palladium chloride gives palladium metal upon
reduction. Figure 4 demonstrates the photoelectron
spectra of the Pd3d level.

An analysis of the spectra shown in Fig. 4 demon-
strates that the Pd3d spectrum of sample no. 1742
exhibitstwo states of palladium: the main peak with the
binding energy 337.4 eV and a shoulder at lower bind-
ing energies (336.4 eV). The binding energy of the
main peak equal to 337.4 eV, which is close to that of
compounds that have a bond between chlorine and pal-
ladium, and ashoulder at lower binding energiesfor the
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Fig. 3. XPS Cl2p spectra of Pd/C samples.

Cl2p line (198.2-198.5 eV), which corresponds to
chlorine in the compound PdCl,, allowed us to attribute
this peak to palladium chloride (PdCl,), which is
present at the sampl e surface after the stages of impreg-
nation and drying. It follows from published data that
palladium metal Pd° is characterized by E, = 335.3 eV. For
small dusters (<20-30 A), a shift in the binding energy
of the core level and a narrowing of the valence band
with respect to the bulk metal are observed [16-20]. It
was found that the binding energies of core levels
increased with decreasing number of atomsin acluster.
In highly dispersed Pd/C catalysts, the shift of the bind-
ing energy of the core level was 1.0-1.3 eV. Thus, the
shoulder with E, = 336.4 eV correspondsto highly dis-

Table 4. Atomic concentration ratios between the elements in Pd/C samples

Atomic concentration ratio
Sample no. Pd, wt % Treqs °C
Pd/C Pd/Cl Pd/O o/C cl/c
1205 0 - - - - 0.054 0.025
1742 0.5 Unreduced 0.0014 0.034 0.020 0.055 0.037
1835 0.5 250 0.0012 0.110 0.024 0.049 0.011
1879 0.5 300 0.0012 0.180 0.028 0.044 0.0069
2007 0.5 250 0.0011 0.230 0.031 0.037 0.0051
(Tealca = 450)
2008 0.5 250 0.0013 0.820 0.046 0.029 0.0016
(Teaca = 650)
1848 25 250 0.0038 0.310 0.066 0.056 0.012
1850 5.8 250 0.0088 0.700 0.100 0.085 0.012
1818 0.60 Unreduced 0.0019 0.083 0.018 0.110 0.024
1818 0.60 250 0.0024 0.830 0.068 0.036 0.0028
1827 0.58 Unreduced 0.0027 0.087 0.029 0.082 0.027
1827 0.58 250 0.0011 0.210 0.031 0.052 0.027
KINETICS AND CATALYSIS Vol. 43 No. 6 2002
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Fig. 5. XPS Pd3d spectrum of a0.5 Pd/C catalyst after calcination at 650°C (sample no. 2008) decomposed into individual compo-

nents.

persed palladium particles in the oxidation state Pd*;
that is, electron transfer from palladium to the carbon
support took place.

The subsequent reduction of samplesin hydrogen at
250 (no. 1835) and 300°C (no. 1879) resulted in a
decrease in the peak with E, = 337.5 eV and in an
increase in the peak with E, = 336.4 eV, which is char-
acteristic of Pd*. Note that the ClI2p line intensity in
sample no. 1879 somewhat decreased as compared
with that in sample no. 1835. Next, the appearance of a
small shoulder with the binding energy 335.3 eV, which
is characteristic of paladium metal, in the spectra of
these samples should be noted; this shoulder was more
pronounced in sample no. 1879. A lower intensity of
the peak of palladium in reduced samples, as compared
with unreduced palladium, suggests that the intercala-

tion of palladium atoms into the interlayer space of
graphite or the agglomeration of palladium to form
coarser particles, as compared with the initial sample
(no. 1742; PdCl,/C after drying), took place in the
course of reduction. Note that a portion of palladium
with E, = 337.5 eV wasretained after reduction. Thisis
dueto the stronger interaction of aportion of palladium
chloride with the support. It is reasonable to assume
that Pd** ions are incorporated into the interlayer
spaces of graphite.

The calcination of reduced 0.5% Pd/C catalysts at
450 (no. 2007) or even 650°C (no. 2008) for 1 h did not
result in considerable agglomeration of palladium; only
insignificant Pd redistribution over different valence
states was observed (Fig. 5). To determine more accu-
rately the component ratio between metallic and oxi-
No. 6

KINETICS AND CATALYSIS Vol. 43 2002
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Fig. 6. XPS Pd3d spectra of afresh sample (no. 1742 with PdCl,) and reduced Pd/C catalysts with 2 (no. 1848) and 5% (no. 1850)

Pd contents.

Fig. 7. Electron micrograph of a 0.5 wt % Pd/C catalyst (filamentous carbon with the stacklike structure) calcined in an inert gas at

450°C. The arrows indicate contrast dots.

dized palladium, we performed the deconvolution of
complex photoelectron spectra into individual peaks
(FitXPS program). This thermal stability of Pd/C cata-
lystsisindicative of the strong interaction of palladium
with the support. Note that the Pd3d/Cls ratio
increased; consequently, the amount of palladium on
the surface of carbon increased by ~10-20% after heat-
ing at 650°C. We explained this fact by the egress of
intercalated palladium from the bulk of the support and
by agglomeration into Pd® particles. Table 4 summa-
rizes the ratios between the atomic concentrations of
elementsin the test samples.

KINETICS AND CATALYSIS Vol. 43 No.6 2002

We experimentally found that filamentous carbon
with the stacklike structure exhibits the strongest
adsorption properties as compared with nanofibers that
have the coaxially conical or coaxialy cylindrical
structure. For example, after etching in aquaregia, con-
siderable amounts of chlorine atomswere present at the
surface of all of the three types of filamentous carbon
(Table 4). According to X PS data, the concentrations of
chlorine atoms in nanofibers changed differently after
supporting palladium chloride and the reduction of the
samples in aflow of hydrogen at T = 250°C. Chlorine
was almost absent from the filamentous carbon with the
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Fig. 8. Electron micrograph of a2 wt % Pd/C catalyst (filamentous carbon with the coaxialy cylindrical structure).

coaxialy cylindrical structure after the reduction of the
sampl e, whereas the chlorine content of the filamentous
carbon with the stacklike structure decreased insignifi-
cantly (by afactor of 3 to 4).

The state of palladium can be more clearly identi-
fied using Pd/C catalysts with 2.5 (no. 1848) and 5.8%
(no. 1850) palladium concentrations (Fig. 6). An anal-
ysis of the Pd3d spectra of the above samples indicates
that after reduction at 250°C palladium occurred in
metal (Pd’, 335.3 €V) and oxidized (Pd*, 336.4 €V)

Table5. Effect of the properties of carbon supports on the
dispersity of Pd/C catalysts*

1205 Stacklike 0 -
1835 Stacklike 05 33
2007** | Stacklike 05 70
2008*** | Stacklike 05 70
1848 Stacklike 25 31
1850 Stacklike 5.8 50
1827 Coaxially conica 0.58 31
1841 Coaxially conical 3.15 73
1818 Coaxially cylindrical 0.60 41
1842 Coaxially cylindrical 2.62 70

* The temperature of reduction was 250°C.
** The temperature of calcination was 450°C.
*** The temperature of calcination was 650°C.

states. Thefraction of palladium metal inthelatter sam-
plewas higher. Thisresult is consistent with data on the
dispersity of palladium. As Pd concentration in the cat-
alyst was increased from 0.5 to 5.8 wt %, the dispersity
of palladium decreased from 33 to 50 A (Table 5).

Among the three types of nanofibers, filamentous
carbon with the stacklike structure is characterized by
the strongest interaction with palladium, which mani-
fests itself in a stronger redistribution of electron den-
sity in the palladium—carbon system and in ahigher dis-
persity of Pd. The Pd3d spectrum exhibited a shift of
the peak (335.3 eV) that corresponds to Pd’ toward
higher energies, which are characteristic of oxidized
palladium (336.4 €V); thisfact isindicative of electron
transfer from palladium to carbon.

Sudy of Pd/C Catalysts by High-Resolution
Electron Microscopy

An éectron-microscopic study of Pd/C catalysts
prepared by supporting ~0.5 wt % Pd on filamentous
carbon of coaxially cylindrical, coaxialy conical, and
stacklike types revealed only very rare palladium parti-
cles about 20 A in size. This fact suggests that palla-
dium primarily occurred in the samples in ionic form
and had near-atomic dispersity. Note that, after the cal-
cination of a 0.5 wt % Pd/C sample with the stacklike
structure of carbon in argon at 450°C, frequent contrast
dotswith asize of ~5 A appeared on the background of
the image of graphite planes (Fig. 7). It is likely that
palladium inionic form was reduced with the formation
of metal clusters in the cavities of the graphite struc-
ture; these clusters gave the contrast observed in the
high-resolution electron micrographs. An increase in
the palladium content of Pd/C catalysts up to 2 wt %

KINETICS AND CATALYSIS Vol. 43 No.6 2002
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Fig. 9. Electron micrograph of a2 wt % Pd/C catalyst (filamentous carbon with the coaxially conical structure).

resulted in the formation of a great number of particles
with asize of 1040 A on the surface of filaments with
the coaxially conical and coaxially cylindrical struc-
tures. Figures 8 and 9 demonstrate the electron micro-
graphs of palladium particles supported on these fibers
in catalystswith higher palladium contents. At the same
time, wefound that metal particles occurred very rarely
on filamentous carbon with the stacklike structure, even
though the concentration of Pd wasincreased up to 5wt %.

Catalytic Measurements

The activity and selectivity of Pd/C catalystsin the
reaction of selective 1,3-butadiene hydrogenation to
butenes were measured at 60—150°C. The specific cat-
aytic activity of Pd/IC catalysts insignificantly
increased with temperature; this fact indicates that the
activation energy of the hydrogenation reaction is low.
Table 6 compares the catalytic activity of Pd/C cata-
lysts at 100°C. It can be seen that Pd/C catalysts in
which filamentous carbon with the coaxially cylindri-
cal structure was used as the support exhibited the high-
est activity. It islikely that thisfact can be explained by
alower activity of Pd** as compared with Pd* and Pd°
and by the possible intercalation of a portion of palla-
dium into the bulk of filamentous carbon. The Pd** con-
tent of sample no. 1835 is higher than that of sample
nos. 1827 and 1818; therefore, the activity of this sam-
pleishigher.

Butane, 1-butene, cis-butene, and trans-butene were
detected in the reaction products of butadiene hydroge-
nation. The ratios between different butenes remained
amost constant. The amounts of 1-butene and cis-2-
butene were ailmost equal, and the amount of trans-2-

KINETICS AND CATALYSIS Vol. 43 No.6 2002

butene was greater than that of 1-butene by a factor of
1.5-2.0.

Figure 10 illustrates the effect of carbon support on
the selectivity of Pd/C catalysts for butenesin the reac-
tion of butadiene hydrogenation. It isinteresting to note
that the selectivity for butenes as a function of palla
dium content passes through a maximum in samples
with the coaxially cylindrical and stacklike structures
of nanofibers. The sdlectivity of the Pd/C catalyst
increased as the Pd content was decreased from 5.8 to
0.5 wt %. Thus, the reaction selectivity for butenes
increased with increasing dispersity of palladium metal
particles. However, a further decrease in the palladium
content from 0.5 to 0.25 wt % resulted in adecreasein
the selectivity. In our opinion, thisis due to an increase
in the concentration of ionic platinum. Consequently,
Pd** exhibits decreased activity and selectivity in the
reaction of selective 1,3-butadiene hydrogenation to
butenes.

Table 6. Comparison of the specific catalytic activities of
Pd/C catalysts in the reaction of selective 1,3-butadiene hy-
drogenation at 100°C

Sample P?Jﬁ,g#tm Type of filamen- Spec;ﬁt(i:\;:i?talytic
no. ! tous carbon 1 Y, 1
wt % mol s~ (g Pd)
1835 0.5 Stacklike = 3.1x107?
1827 0.58 | Coaxially conical 3.7x107?
<L
1818 0.60 |Coaxidly cylin- 40x 102
dricd ||
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Fig. 10. Selectivity of 1,3-butadiene hydrogenation to
butenes as a function of the palladium content of Pd/C cat-
aysts.

Thus, we found that the activity and selectivity of Pd/C
cataystsin thereaction of selective 1,3-butadiene hydroge-
nation to butenes depends on the following two factors:

(1) The selectivity increases with increasing disper-
sity of palladium metal in the same type of filamentous
carbon.

(2) An increase in the fraction of Pd** in the cata-
lysts results in a decrease in both the overal activity
and selectivity (at approximately the same dispersity of
palladium). The ionic state Pd** is stabilized by the
strong interaction of palladium with the butt-end faces
of graphite.
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