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INTRODUCTION

Like commonly used supports, such as oxides and
zeolites, carbon supports exhibit a developed surface
and porosity; because of this, they can be widely used
in catalysis. Moreover, corrosion resistance and cost
factor are among the advantages of a carbon support
over acid and base supports.

Carbon-supported metals are used as catalysts in the
small-scale commercial production of pure organic
chemicals and in the large-scale production of poly-
mers [1]. A study of Rh-containing catalysts is of par-
ticular interest because homogeneous rhodium com-
plexes are widely used in industrial olefin hydroformy-
lation [2] and in the production of acetic acid [3].

Attempts at using heterogeneous analogs in metha-
nol carbonylation demonstrated that carbon-supported
catalysts exhibit high activity and selectivity in the for-
mation of acetic acid [4–7]. Moreover, a rhodium cata-
lyst supported on carbon was found to be active in
hydrogenation [8

 

−

 

11], hydrogenolysis [12], isomeriza-
tion [11, 13], chlorine removal from chlorine-contain-
ing wastes [14, 15], and ammonia synthesis [16]. This
catalyst was studied in most detail in the carbonylation
reactions of olefins and alcohols [5, 17–26].

It was found that the activity and selectivity of an
Rh/C catalyst essentially depend on the size of rhodium
particles [11, 17–20, 24]. Skell and Ahmed [11] found
that the selectivity of low-percentage (0.02 wt %) cata-
lysts containing monatomic (Rh

 

1

 

) and diatomic (Rh

 

2

 

)
active centers for 

 

cis

 

-2-butene in the hydrogenation of

1,3-butadiene was higher by one order of magnitude
than that of a 1% Rh/C catalyst containing bulky metal
particles.

In turn, Halttunen and coauthors [17, 18] described
5–7% Rh/C catalysts with finely dispersed rhodium
particles on a mesoporous carbon support containing
thermally stable oxygen-containing groups in a suffi-
ciently high concentration. In a study of methanol
hydrocarbonylation on these catalysts, they found that
the carbonylating activity (high selectivity for acetic
acid and methyl acetate) was related to the presence of
small rhodium particles, whereas the conversion of
methanol into acetaldehyde and ethanol occurred on
coarse rhodium particles.

The aim of this work was to develop a procedure for
preparation of a catalyst containing Rh metal particles
of different sizes on a Sibunit graphitized carbon sup-
port. To reduce the metal particle size, we used an
adsorption method, which allowed us to reach the
molecularly dispersed state of rhodium on the support
surface at the stage preceding reduction. Previously
[27], we found that adsorption supporting of the ammo-
nia complexes of noble metals is best suited for the sup-
porting of a molecularly dispersed complex (noble
metal precursor) onto the carbon support.

Previously [28, 29], it was also found that calcina-
tion is required for the preparation of highly dispersed
metal particles immobilized on zeolite supports when
the ammonia complexes of metals are used. In the
course of this calcination stage, 

 

NH

 

3

 

 ligands are
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Abstract

 

—A rhodium catalyst supported on a Sibunit graphitized carbon carrier was studied by 

 

in situ

 

 XAFS
spectroscopy. A comparative study of the reduction of rhodium was performed for the following two samples:
Rh/C(120) dried at 120

 

°

 

C and Rh/C(350) calcined at 350

 

°

 

C. EXAFS data showed an absence of carbon atoms
within the nearest environment of rhodium atoms in the Rh/C(120) uncalcined sample, which implies the
absence of direct interaction between rhodium and the carbon support. In the course of the reduction of this
sample (200

 

°

 

C), coarse particles with small metal cores were initially formed. These metal particles rapidly
agglomerated upon the complete reduction of rhodium (350

 

°

 

C). These reduction of the Rh/C(350) calcined
sample at 100–500

 

°

 

C resulted in the formation of small metal particles early in the reduction (100

 

°

 

C). The high
dispersity of these particles was retained as the temperature of treatment in hydrogen was increased to 500

 

°

 

C
due to metal–support interaction. The conversion of benzene into cyclohexane on the Rh/C(350) catalyst con-
taining small rhodium particles was much higher at the same temperature of hydrogenation.
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removed. To clarify the effect of this factor on the size
of rhodium particles immobilized on Sibunit and on the
resistance of these particles to agglomeration, the cata-
lyst was treated in air at different temperatures (120 and

 

350°ë

 

) before reduction. In this case, it was assumed
that, as a result of sample treatment in air at a low tem-
perature (

 

120°ë

 

), the ammonia complex of rhodium
underwent only partial degradation.

The extent of rhodium reduction and the structure of
metal particles were monitored by measuring XAFS
spectra. The catalytic activity of Rh/C catalysts was
studied using a model structure-insensitive reaction of
benzene hydrogenation as an example.

EXPERIMENTAL

 

Catalyst preparation.

 

 A 0.5- to 1.0-mm fraction of
Sibunit graphitized carbon support, which had been
prepared at the Boreskov Institute of Catalysis, Sibe-
rian Division, Russian Academy of Sciences (Novosi-
birsk), was used for preparing the 2% Rh/C catalyst.
The support surface was preoxidized by treatment with
a 0.2 M 

 

KMnO

 

4

 

 solution followed by washing with a
4  N  HCl solution. The activation procedure was
described in more detail elsewhere [27]. Rhodium was
supported by ion exchange from an aqueous solution of
the ammonia complex 

 

[Rh(NH

 

3

 

)

 

5

 

Cl]Cl

 

2

 

 at room tem-
perature with continuous stirring for 3 h. After washing
the Rh/C sample to a neutral pH value, it was divided
into two portions. One portion of the sample
(Rh/C(120)) was dried in a drying oven at 

 

120°ë

 

, and
the other portion (Rh/C(350)) was calcined in a flow of
air at 

 

350°ë

 

 for 3 h. The specific surface areas of the
dried and calcined samples were 317 and 279 m

 

2

 

/g,
respectively, as determined by the BET method from
nitrogen desorption data.

 

XAFS spectra. 

 

The XAFS spectra were measured
at the X1 EXAFS station in the HASYLAB laboratory
at the Deutsches Elektronen-Synchrotron in der Helm-
holtz-Gemeinschaft DESY (Germany). The primary
X-ray beam was monochromated using a (+/–) double
crystal Si(311) monochromator. The ionization cham-
bers were filled with optimum gases for rhodium

 

K

 

-edge measurements: the first chamber was filled with
argon (~1000 mbar), and the second and third chambers
were filled with krypton (~800 mbar). The spectra were
measured in a transmission mode at liquid nitrogen
temperature in flowing helium. The spectra were
recorded at a constant photon-energy step 

 

∆

 

E

 

 = 0.2 eV
in the XANES region and at a constant step 

 

∆

 

k

 

 =
0.025 

 

Å

 

–1

 

 of the photoelectron wave vector in the
EXAFS region.

All of the spectra were measured two or three times
in order to reach the required reproducibility and statis-
tics. The 

 

in situ

 

 reduction of samples was performed in
a special chamber designed at Utrecht University (the
Netherlands) [30]. For the reduction of catalysts, a gas

mixture containing 5 vol % 

 

ç

 

2

 

 in He was used, which
was supplied to the EXAFS cell through a purification
system. Catalyst pellets were pressed into a chuck.
Rhodium foil was used as a reference substance.

The EXAFS spectra were calculated with the use of
VIPER for Windows [31]. To separate changes in pho-
toionization due to the atom from changes due to back-
scattering from neighboring atoms, the EXAFS func-
tion 

 

χ

 

, which was determined from absorption coeffi-
cient 

 

µ

 

, was introduced and multiplied by 

 

k

 

2

 

 over the
wave number range 

 

4.15–15.95 

 

Å

 

–1

 

.

To obtain quantitative information from EXAFS
spectra, contributions from shells to the total signal
were simulated. These contributions were separated
from the total signal by Fourier transform with the use
of the well-known EXAFS formula in the harmonic
approximation,

which means summation over 

 

j

 

th atomic shells. Here, 

 

F

 

is the backscattering amplitude and 

 

φ

 

 is the phase shift
function, which were calculated with the use of the

 

ab initio

 

 FEFF8.10 program [32] and checked using the
EXAFS spectra of the reference Rh foil (Rh–Rh dis-
tance of 

 

2.6894 

 

Å; coordination number of 12).

The experimental and theoretical spectra were com-
pared in both reciprocal (wave number) 

 

k

 

 and real
(coordinate) 

 

r

 

 spaces. The following parameters were
used for fitting theoretical spectra to experimental data:
the shell radius 

 

R

 

j

 

, the coordination number 

 

N

 

j

 

, the

Debye–Waller factor , and the difference between
calculated and experimental absorption edge energy
positions 

 

∆

 

E

 

j

 

. Errors in the fitting parameters were
found by the expansion of the statistical function 

 

χ

 

2

 

near its minimum taking into account maximum pair
correlations.

To evaluate the formal average cluster size (particle
radius (

 

R

 

, 

 

Å)) from coordination numbers and Rh–Rh
distances in the first coordination sphere, which were
obtained by calculating EXAFS data, the following
equation was used [33]:

 

c.n.

 

cluster

 

 = c.n.

 

crystal

 

(1 – 3/4

 

ρ

 

 + 1/16

 

ρ

 

3

 

), 

 

where 

 

ρ

 

 = 

 

r

 

/

 

R

 

; 

 

r

 

 is the Rh–Rh interatomic distance in
the first shell, Å; c.n.

 

cluster

 

 is the coordination number of
the first shell; and c.n.

 

crystal

 

 = 12 for the fcc lattice of
rhodium.

In addition, XANES data were used. On comparison
with XANES data from Rh foil, they provide informa-
tion on the electronic state of the absorbing atom, that
is, on electron density distribution near the absorbing
atom [34].

χ S0
2 N jF j k( )

kR j
2

------------------- 2σ j
2
k

2
–( ) 2kR j φ j k( )+[ ],sinexp

j
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σ j
2
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Catalytic activity of Rh/C(120) and Rh/C(350).

 

The activity of Rh/C(120) and Rh/C(350) catalysts in
benzene hydrogenation was studied in a small-volume
flow reactor at atmospheric pressure over the tempera-
ture range 

 

80–200°ë

 

. The catalysts (0.1 g of a fraction
with a particle size of 0.20–0.63 mm) were loaded in
the reactor. Hydrogen from a cylinder was passed
through an evaporation mixer, and benzene was simul-
taneously supplied to this evaporator mixer. Thereafter,
the mixture arrived at the heated reactor with the cata-
lyst. The flow rates of hydrogen and benzene were
160 ml/min and 1 ml/h, respectively. The reaction prod-
ucts were analyzed on a Chrom-5 chromatograph
equipped with a thermal-conductivity detector. The
stainless-steel chromatographic column (4 m 

 

×

 

 3

 

 mm)
was packed with 15% Carbowax 20M on Chezasorb
(particle size of 0.25–0.36 mm). Helium was used as
the carrier gas. The catalysts were reduced in flowing
hydrogen at 

 

350°C

 

 for 1 h before performing the hydro-
genation reaction. Only cyclohexane was detected in
the reaction products.

RESULTS AND DISCUSSION

Figures 1 and 2 show radial distribution functions
obtained by Fourier transform of the oscillating parts of
the Rh 

 

K

 

-edge EXAFS spectra of the Rh/C(120) and
Rh/C(350) catalysts, respectively. For comparison, the
radial distribution function for Rh foil, whose spectrum
was measured under analogous conditions, is also
shown in Figs. 1 and 2. Tables 1 and 2 summarize the
structures of the nearest environment of the rhodium
atom in the catalysts as calculated from EXAFS data.
Tables 3 and 4 summarize the formal average sizes of

rhodium metal clusters in Rh/C catalysts with consider-
ation for errors.

 

Structure of the Initial Samples

 

A comparison between Figs. 1 and 2 reveals a con-
siderable difference between the spectra of the initial
samples (dried Rh/C(120) and calcined Rh/C(350)).
Thus, a peak with 

 

r

 

 < 2 

 

Å, which corresponds to the
occurrence of lighter atoms near the absorbing rhodium
atom, was detected in the spectrum of the initial dried
sample. In our case, these atoms may be the oxygen
atoms of the carboxyl surface groups of the support, the
carbon atoms of the support, or the nitrogen atoms of an
ammonia complex [27]. Because the atoms (O, C,
and N) are similar in atomic weight and atomic size, the
X-ray scattering amplitudes and phases for these atoms
are similar. Consequently, they are practically indistin-
guishable as scattering atoms in EXAFS spectroscopy.
Nevertheless, it is believed that nitrogen atoms from the
undecomposed ammonium complex of rhodium consti-
tute at least a portion of atoms in the nearest environ-
ment of the central atom of rhodium in the sample dried
at 120°ë.

The EXAFS data suggest that five light atoms
arranged at a distance of 2.08 Å are the nearest neigh-
bors of the central atom of rhodium (Fig. 1, Table 1).

Unlike the spectrum of the uncalcined sample, the
spectrum of the initial calcined sample exhibited two
peaks. Calculation of experimental data showed the
occurrence of two groups of atoms near the rhodium
atom. One of these groups was at a distance of 2.07 Å,
and the other was at a distance of 2.21 Å (Fig. 2, Table 2).
In this case, it was found that six and four nearest
neighbors occurred at the shorter and longer distances,
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Fig. 1. Fourier transform of the Rh K-edge EXAFS spectra
of (1) the initial Rh/C(120) sample; the Rh/C(120) samples
reduced at (2) 150, (3) 200, and (4) 350°C; and (5) rhodium
foil.

Fig. 2. Fourier transform of the Rh K-edge EXAFS spectra
of (1) the initial Rh/C(350) sample; the Rh/C(350) samples
reduced at (2) 100, (3) 200, (4) 300, (5) 400, and (6) 500°C;
and (7) rhodium foil.
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Table 1.  EXAFS data obtained in the reduction of the Rh/C(120) sample

Temperature
of treatment in H2, °C Atomic pairs r, Å Coordination

number σ2 × 10–3, Å2 ∆E, eV

initial Rh–O(N)* 2.081(4)** 5.2(1) 6.8(1) 13(1)

50 Rh–O(N) 2.073(4) 5.0(1) 5.9(1) 7(1)

75 Rh–O(N) 2.067(4) 5.0(1) 5.8(1) 8(1)

100 Rh–O(N) 2.072(3) 5.3(1) 6.2(1) 12(1)

150 Rh–O(N) 2.079(6) 5.2(2) 5.9(1) 10(1)

200 Rh–O(N) 2.096(3) 1.9(4) 9.3(1) 10(2)

Rh–Rh 2.689(3) 6.1(3) 2.9(1) 0.6(6)

250 Rh–O(N) 2.101(3) 0.5(7) 12.8(3) 10(4)

Rh–Rh 2.683(3) 9.1(5) 2.7(1) 0.3(6)

300 Rh–Rh 2.684(3) 9.6(4) 2.9(1) 2.5(5)

350 Rh–Rh 2.682(2) 10.0(4) 2.8(1) 5.9(4)

* O and N are practically indistinguishable (see the text).
** Error in the last decimal place.

Table 2.   EXAFS data obtained in the reduction of the Rh/C(350) sample

Temperature
of treatment in H2, °C Atomic pairs r, Å Coordination

number σ2 × 10–3, Å2 ∆E, eV

initial Rh–O 2.074(7)* 5.8(3) 5.1(1) 21(1)

Rh–C 2.208(9) 3.9(3) 1.1(1) 6(1)

100 Rh–C 2.176(5) 2.9(1) 10.5(1) 21(4)

Rh–Rh 2.671(3) 2.1(1) 4.2(3) 3(1)

150 Rh–C 2.165(8) 2.0(1) 10.9(2) 23(6)

Rh–Rh 2.670(3) 2.8(1) 4.9(3) 3(1)

200 Rh–C 2.176(2) 0.8(1) 5.6(4) 16(2)

Rh–Rh 2.683(4) 3.7(2) 5.3(4) 0.4(4)

250 Rh–C 2.176(3) 0.8(1) 5.6(4) 16(2)

Rh–Rh 2.684(3) 4.3(2) 5.3(4) –2.1(4)

300 Rh–C 2.179(2) 0.7(1) 7.7(4) 16(2)

Rh–Rh 2.672(2) 4.5(1) 5.7(2) –1.7(2)

350 Rh–C 2.199(3) 0.6(1) 9.4(9) 29(3)

Rh–Rh 2.668(3) 4.5(2) 5.3(3) 0.1(3)

400 Rh–C 2.197(2) 0.5(1) 2.3(4) 21(2)

Rh–Rh 2.678(3) 4.3(1) 5.1(3) –0.9(3)

450 Rh–C 2.188(2) 0.4(1) 2.6(2) 21(2)

Rh–Rh 2.673(1) 4.7(1) 5.1(1) –2.5(2)

500 Rh–C 2.194(3) 0.3(1) 0.8(6) 19(5)

Rh–Rh 2.678(2) 5.2(2) 4.7(2) –3.6(3)

* Error in the last decimal place.
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respectively. At first glance, it may seem improbable
that ten light atoms occur in the nearest environment of
the rhodium atom. However, indeed, six oxygen atoms
and four carbon atoms occur in the first and second
coordination spheres of rhodium, respectively, if we
assume that the rhodium atom is coordinated to three
carboxyl groups and one carbon atom of the support.
The replacement of O atoms by C atoms in the first
coordination sphere of the Rh atom changes the coordi-
nation number because the scattering amplitude of the
Rh–O pair is greater (by ~40%) than that of the Rh–C
pair. An increase in the coordination number of the first
coordination sphere from 6 to 8 suggests that this ver-
sion is less plausible.

We can conclude that oxygen and carbon atoms are
the nearest neighbors of the rhodium atom in the cal-
cined Rh/C(350) sample because treatment in air at
350°ë results in the complete degradation of the
ammonia complex of rhodium. In this case, it is reason-
able to assume that the oxygen atoms of oxygen-con-
taining surface groups, at which rhodium is immobi-
lized, occur at a shorter distance from the rhodium
atom, whereas the carbon atoms of the support occur at

a longer distance. Pinxt et al. [35] came to an analogous
conclusion on the coordination of Pt to graphite via
oxygen; based on EXAFS data, the values of 2.03 and
2.62 Å were attributed to the Pt–O and Pt–C distances,
respectively. In other publications [36, 37], where the
modification of carbon fibers with Rh-containing com-
plexes and the structure of small rhodium metal parti-
cles immobilized on carbon fibers were studied, 2.05
and 2.25 Å were attributed to the Rh–O/N and Rh–C
distances, respectively. Note that the Rh–O distance in
Rh2O3 is equal to 2.05 Å, and the coordination number
is 6 [38].

The fact that distances to the nearest light atoms
were equal in both of the samples (2.07 and 2.08 Å)
suggests that, in the case of incomplete degradation of
the ammonia complex, nitrogen atoms either did not
occur in the nearest environment of the rhodium atom
or, most likely, occurred at the same distance from it as
oxygen atoms.

Figure 3 demonstrates the Rh K-edge XANES spec-
tra of the initial Rh/C(120) and Rh/C(350) samples and
Rh foil. A shift of the peak of the Rh K-edge to higher
photon energies, as compared with the position of the
absorption edge characteristic of the spectrum of bulk
metal (23220 eV), is indicative of the occurrence of a
positive charge on the absorbing atom of Rh. This shift
in the peaks of the Rh K-edge was found in both of the
initial samples. However, note that this shift in the spec-
trum of the Rh/C(120) sample was more significant
than that in the spectrum of the Rh/C(350) sample. The
difference in the effective positive charges on the
absorbing atom of Rh and the fact that the average
Rh−O(N) coordination numbers differ by unity in both
of the samples suggest that rhodium in the calcined
sample occurred in a six-coordinated state (as in
Rh2O3), which is typical of trivalent rhodium. However,
the presence of ammonia ligands in the uncalcined
sample increased the effective positive charge on the
rhodium atom.

Moreover, the intensity of the first peak after the
edge (“white line”), which is related to the charge state
of the absorbing atom, in the XANES spectrum of
either of the samples was much higher than the corre-
sponding line intensity in the spectrum of the bulk
metal. This indicates the presence of a positive charge
on rhodium atoms in both of the initial samples.

Reduction of the Rh/C(120) Sample

A comparison between Figs. 1 and 2 (even without
calculating the EXAFS spectra) suggests that the
reduction of the two Rh/C catalyst samples pretreated
under different conditions occurred in different man-
ners. The reduction of rhodium in the sample predried
at 120°ë began only at 200°ë in hydrogen (Fig. 1,
curve 3). This reduction occurred stepwise. At lower
temperatures of treatment in hydrogen, a peak between
2 and 3 Å was almost absent from the Fourier transform

Table 3.  Average formal diameters of rhodium metal clusters
in the reduced Rh/C(120) sample according to EXAFS data

Reduction
temperature, °C

Rh–Rh
distance, Å

Coordina-
tion num-

ber

Average
diameter of Rh 

particles, Å

200 2.689 ± 0.003 6.1 ± 0.3 7.9* ± 0.5

250 2.683 ± 0.003 9.1 ± 0.5 16.5 ± 3.5 

300 2.684 ± 0.003 9.6 ± 0.5 20.0 ± 5.3 

350 2.682 ± 0.002 10.0 ± 0.4 24.0 ± 6.1 

* The formal average diameter of the metal core of a rhodium particle.

Table 4.  Average formal diameters of rhodium metal clusters
in the reduced Rh/C(350) sample according to EXAFS data

Reduction tem-
perature, °C

Rh–Rh
distance, Å

Coordina-
tion number

Average di-
ameter of Rh 
particles, Å

100 2.671 ± 0.003 2.1 ± 0.1 4.2 ± 0.1

150 2.670 ± 0.003 2.8 ± 0.1 4.6 ± 0.1 

200 2.683 ± 0.004 3.7 ± 0.2 5.3 ± 0.2 

250 2.684 ± 0.003 4.3 ± 0.2 5.8 ± 0.2 

300 2.672 ± 0.002 4.5 ± 0.1 6.0 ± 0.1

350 2.668 ± 0.003 4.5 ± 0.2 6.0 ± 0.2

400 2.678 ± 0.003 4.3 ± 0.2 5.8 ± 0.2

450 2.673 ± 0.001 4.7 ± 0.1 6.2 ± 0.1

500 2.678 ± 0.002 5.2 ± 0.2 6.7 ± 0.2
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curve. This suggests that the nearest environment of the
absorbing atom of rhodium was free of rhodium atoms
(curve 2). Up to 200°ë, the radial distribution function
exhibited only one peak with r < 2 Å, which is analo-
gous to the peak found in the initial unreduced sample.
The quantitative analysis of EXAFS data for the
Rh/C(120) sample (Table 1) shows that the distance
between rhodium atoms and its nearest neighboring
atoms remained almost unchanged (2.07–2.08 Å)
before the onset of rhodium metal formation (~200°ë).
Under these conditions, the number of the nearest
neighbors of the rhodium atom also remained
unchanged (average coordination number of ~5).

In the course of reduction of this sample at 200°ë,
three of the five nearest light atoms were lost and six
rhodium atoms appeared as the nearest neighbors at a
distance of ~2.69 Å. After the reduction at 250°ë, for
each two rhodium atoms, there was only one light atom
(average coordination number of 0.5). Moreover, start-
ing at a reduction temperature of 200°ë, the appearance
of peaks with r > 3 Å can be observed in the EXAFS
spectra. These peaks are analogous to the peaks
observed in the spectra of rhodium foil (Fig. 1). The
appearance of so-called “long-range peaks” in the spec-
tra suggests that large metal particles began to form
even at the specified temperature. Although the Rh–Rh
coordination number in such a particle was found to be
equal to 6.1, it should be borne in mind that this coor-
dination number is averaged over all of the rhodium
atoms, a portion of which remained bound to oxygen
and/or nitrogen atoms.

The average particle size estimated from the average
coordination number depends on the morphology of
particles. In this case, the estimate of average particle
size is very rough. Because the geometry of formed
particles is unknown, we worked on the assumption
that they are spherical. In such a case, it is likely that the
particles consist of a metal core surrounded by charged
rhodium oxide ions and/or partially decomposed rhod-

ium ammoniate ions. Although the rhodium particle
diameter was formally calculated to be ~8 Å (Table 3),
we cannot conclude that highly disperse Rh particles
occurred on the surface of Sibunit. To the contrary, the
appearance of long-range peaks in the radial distribu-
tion curve at a distance of ~7 Å suggests that coarse
rhodium particles were formed along with small parti-
cles even at the beginning of reduction of the dried
Rh/C(120) sample. As the reduction temperature of this
sample was further increased, the average Rh–O(N)
coordination number decreased very rapidly and the
average Rh–Rh coordination number gradually
decreased to reach 10 at 350°ë. The formal average
particle diameter of rhodium metal became equal to
~24 Å.

The fact that the reduction of rhodium in this sample
began only at 200°ë may be supported by another por-
tion of the XAFS spectra (XANES) shown in Fig. 4. A
noticeable Rh K-edge shift to higher photon energies,
which is indicative of the presence of a positive charge
on the absorbing atom of Rh, was observed in the
Rh/C(120) sample treated in a mixture of 5% ç2 in
helium at temperatures lower than 200°ë (curves 1–4).
Moreover, the intensity of the white line at the specified
temperatures was much higher than that at higher
reduction temperatures. The height of this line at 250–
350°ë was close to the height of the white line for the
bulk metal (curves 5–9).

Reduction of the Rh/C(350) Sample

The reduction of the sample precalcined in air at
350°ë yielded other results (Fig. 2, Table 2). Even at
100°ë, the nearest neighbors at a distance of 2.07 Å
(oxygen atoms) were completely removed and a light
atom at a distance of ~2.2 Å (carbon atoms) was lost. At
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Fig. 3. Experimental XANES spectra of (1) rhodium foil
and the initial (2) Rh/C(120) and (3) Rh/C(350) samples.
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the same time, the Fourier transform curve (Fig. 2,
curve 2) exhibited a peak at a distance that corresponds
to the Rh–Rh atomic pair. Thus, it is evident that the
reduction of rhodium in this sample began even at
100°ë in hydrogen.

This inference is supported by the XANES spectra
shown in Fig. 5. An Rh K-edge shift to higher photon
energies, which indicates that rhodium is positively
charged, was observed only in the initial Rh/C(350)
sample (Fig. 3, curve 3). According to EXAFS data, six
oxygen atoms are the nearest neighbors of the rhodium
atom in this sample. The intensity of the white line only
in the XANES spectrum of the initial sample was much
higher than that in the spectra of reduced samples. As
the temperature was increased, the intensity of this line
approached the intensity of the white line for the bulk
metal. Moreover, the presence of small metal particles
was also supported by a low intensity of oscillations in
the region close to the absorption edge.

As the reduction temperature was increased from
100 to 500°ë, carbon atoms further disappeared from
the nearest environment of the rhodium atom. At
500°ë, only one carbon atom for three rhodium atoms
was retained as the nearest neighbor (average coordina-
tion number of 0.3). Note that rhodium metal particles
initially formed in the reduction (100°ë) of the calcined
Rh/C(350) sample were very small, although the pres-
ence of barely perceptible long-range peaks suggested
the occurrence of an insignificant amount of relatively
large particles. Under these conditions, the average Rh–
Rh coordination number was equal to ~2. As the reduc-
tion temperature was further increased, the Rh–C coor-
dination number decreased to 0.3 (500°ë) and the aver-
age Rh–Rh coordination number gradually increased
(to ~3, ~4, and ~5 at 150, 200–400, and 450–500°ë,

respectively). In this case, the average particle size of
rhodium metal increased insignificantly, and the formal
particle diameter reached ~6.7 Å at 500°ë.

Figure 6 shows the effect of the reduction tempera-
ture of Rh/C samples on the Rh–Rh coordination num-
ber, that is, on the particle size of rhodium metal evalu-
ated from EXAFS data. It can be clearly seen in Fig. 6
that precalcination should be performed for the removal
of ammonia ligands in order to obtain finely dispersed
rhodium metal on the carbon support surface. It can
also be seen that an increase in the reduction tempera-
ture even to 500°ë did not result in any agglomeration
of metal particles (Fig. 6, curve 1). It is believed that
rhodium clusters in the calcined catalyst were stabi-
lized by the formation of metal–support bonds, as evi-
denced by the presence of carbon in the nearest envi-
ronment of rhodium atoms in this sample. However, the
presence of ammonia ligands in the sample dried at
120°ë and the absence of carbon from the nearest
neighborhood of rhodium are favorable for the agglom-
eration of rhodium metal particles even at reduction
temperatures of 250–350°ë (Fig. 6, curve 2). It is likely
that the higher mobility of rhodium clusters in this sam-
ple was responsible for agglomeration, as found in [39].

Activity of the Rh/C(120) and Rh/C(350)
Catalysts in Benzene Hydrogenation

Figure 7 shows the temperature dependence of ben-
zene conversion on the Rh/C(120) and Rh/C(350) cata-
lysts prereduced at 350°ë. It can be clearly seen that the
activity of the Rh/C(350) sample was much higher than
the activity of Rh/C(120). Thus, the conversion of ben-
zene on the precalcined sample at 80°ë was equal to
14%, whereas the dried sample was inactive at this tem-
perature. Moreover, the conversion of benzene on
Rh/C(350) over the temperature range 150–200°ë was
as high as 70–75%, whereas it was no higher than 10%
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on the Rh/C(120) sample over the specified tempera-
ture range.

Figure 8 shows the temperature dependence of the
rates of benzene hydrogenation on both of the Rh/C cat-
alysts in the Arrhenius coordinates. It can be seen that
the apparent activation energies of the reaction were
similar over the test temperature range. The activation
energies for the Rh/C(120) and Rh/C(350) catalysts
were equal to 7.8 and 6.8 kcal/mol, respectively.

CONCLUSIONS

The following conclusions can be drawn based on
the experimental data: In the initial calcined sample,
rhodium occurs in a six-coordinated state, which is typ-
ical of trivalent rhodium. In the uncalcined sample, the
coordination number of rhodium is closer to 5. The

EXAFS data suggest that NH3 ligands constitute the
major portion of the environment of rhodium in this
sample. The presence of these ligands somewhat
increases the positive charge on the rhodium atom, as
compared with the uncalcined sample.

The reduction of the uncalcined Rh/C(120) catalyst
begins at 200°ë and results in the formation of coarse
metal particles. The size of these particles continues to
decrease as the reduction temperature is increased to
500°ë. The absence of carbon atoms from the nearest
environment of rhodium is indicative of the absence of
the direct interaction of rhodium with the support. In
turn, this results in the rapid agglomeration of metal
particles upon the loss of ammonia ligands and reduc-
tion.

The reduction of the sample precalcined at 350°ë in
air begins even at 100°ë and results in the formation of
highly dispersed metal particles. The presence of car-
bon atoms as the nearest neighbors of the rhodium atom
is favorable for conservation of fine rhodium particles
as the reduction temperature is increased up to 500°ë.

In turn, difference in the dispersity of rhodium par-
ticles in the calcined and uncalcined samples is respon-
sible for differences in the rates of benzene hydrogena-
tion. At the same temperature, the conversion of ben-
zene into cyclohexane is much higher (by a factor of
15–20) on the sample containing small rhodium parti-
cles. Similar apparent activation energies of the reac-
tion over both of these catalysts imply that the differ-
ence between reaction rates on the low-dispersity
Rh/C(120) and high-dispersity Rh/C(350) samples is
due mainly to differences in the surface areas of rhod-
ium metal accessible to reaction, rather than to changes
in the reaction mechanism.
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