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Abstract Activity and stability of alumina-supported
monometallic Ni, Rh and bimetallic Ni-Rh catalysts were
studied towards carbon dioxide reforming of methane. The
catalysts were prepared by the incipient wetness impregna-
tion method with different contents of Rh and Ni and were
characterized by H, chemisorption, TPRy,, XRD, FT-IR and
ToF-SIMS methods. The process of Ni—Rh alloy formation
and nickel enrichment on alloy surface takes place during
temperature-programmed hydrogen assisted decomposition
of their precursors. Catalytic stability and resistance towards
coke deposition for Rh/Al,O5 and Ni-Rh/Al,O; catalysts are
much higher than for Ni/Al,03 and Ni—Rh/SiO, systems,
studied in the first part of this paper (J6zwiak WK, Now-
osielska M, Rynkowski JM, Appl. Catal. A 280:233, 2005).

Keywords CO, reforming of methane - Ni-Rh -
Al,O5 - TP techniques - XRD - FTIR - ToF-SIMS -
TOC

1 Introduction

In the previous paper [1], the influence of active phase
composition on reducibility of silica-supported monome-
tallic Ni, Rh and bimetallic Ni-Rh catalysts and their
activity in reaction of carbon dioxide reforming of methane
were investigated. It was found that the effective process of
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Ni-Rh alloy formation takes place on silica surface but
only Rh-rich systems appeared highly resistant to deacti-
vation and coke formation. The different behavior of Ni-
rich bimetallic catalysts was related to a different degree of
metal-metal interaction and enrichment of metallic alloy
surface in nickel.

In the present paper physicochemical and catalytic
properties of alumina supported monometallic Ni, Rh and
bimetallic Ni-Rh catalysts were studied towards carbon
dioxide reforming of methane. Wang and Ruckenstein [2]
studied the effect of support on the performance of Rh-
based catalysts in CO, reforming of methane. They stated
that the most promising supports for this reaction are Al,O3
and MgO—irreducible oxides, which provide much higher
yields to CO and H, than the reducible ones. Aluminum
oxide was also found to be an effective support in this
regard in other papers [3-5]. Therefore, an effort was made
to study bimetallic Ni-Rh/Al,O5 catalysts. The catalysts
were characterized by H, chemisorption, temperature-
programmed reduction with hydrogen (TPRy,), X-ray
diffraction (XRD), Fourier transform infrared spectroscopy
(FT-IR) and time of flight secondary ions mass spectrom-
etry (ToF-SIMS) while the coke deposit was detected by
the total carbon analysis (TOC).

2 Experimental
2.1 Catalyst Preparation

Support-y-Al,O3 (Fluka AG 507C) with the surface area of
136 m? g~' and pores with diameter about 2.3 nm was
impregnated with aqueous solutions of Ni(NOs),, RhCl; or
Rh(NOj); by the incipient wetness method. The bimetallic
Ni—Rh/Al,O3 catalysts were prepared by co-impregnated
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method. The catalyst precursors were dried at 105 °C for
12 h, then calcined at 500 °C for 3 h in an oxygen flow and
finally reduced in situ at 600 °C in flowing hydrogen
stream before being tested. The average particle size of the
catalyst grains was in the range 1-2.5 x 10? pm. The
catalyst denotation and nominal composition of the cata-
lysts are presented in Table 1. The estimated experimental
values of metal contents verified by ICP-ASA method were
found in the range +5% of the nominal values.

2.2 Catalyst Characterization
2.2.1 H, Chemisorption

Hydrogen chemisorption uptakes were measured by the
static equilibrium H, chemisorption method at a tempera-
ture of 35 °C using ASAP 2010C apparatus from
Micromeritics (USA). All catalysts were degassed and
reduced in situ prior to hydrogen chemisorption. The cata-
lyst surface purification procedure of ca. 1 g catalyst was
performed in flowing helium at 500 °C for 1 h and reduction
was carried out in flowing hydrogen at 600 °C for 1 h.

2.2.2 TPRy, and TPO

An AMI1 system from Altamira Instruments (USA)
equipped with a thermal conductivity detector (TCD) was
used for the TPRy, and TPO experiments. In these mea-
surements mixtures of 5 vol.% H, and 95 vol.% Ar or
2 vol.% O, and 98 vol.% Ar, respectively, were used at
space velocity W/F = 1.11 x 107> g h cm ™ and a linear
growth of temperature 20 °C min~"'. In order to study the
temperature-programmed hydrogen assisted decomposition
(TPDecy,) of catalyst precursors, sintering processes and
the influence of the calcination/reoxidation temperature on
Ni—-Rh/Al,O3 catalyst behaviors, following temperature-
programmed experiments were carried out:

— some of the catalyst precursors were subjected to
TPDecy,, followed by successive TPO-TPRy; cycles:

TPO500 °C — TPRy,900 °C — TPO700 °C
— TPRy»900 °C — TPO900 °C
— TPRy900 °C;

— some of the catalysts were initially calcined in O,/Ar
atmosphere at temperatures 500, 700 and 900 °C,
respectively. Oxidation was followed by TPRy, up to
900 °C.

TPDecy, of monometallic Rh and bimetallic Ni—Rh
catalyst precursors prepared from Rh(NOj); was carried
out in a conventional flow microreactor connected with a
quadrupole mass spectrometer (MS-Dycor 1000) used as a
detector.

2.2.3 XRD

XRD measurements were carried out in the Siemens D5000
polycrystalline diffractometer using CuK, radiation
(0.151418 nm). The scan rate was 0.03°/10 s for 20 range
2°-80°.

2.24 FT-IR

FT-IR experiments were performed using a Shimadzu
FT-IR spectrometer equipped with a transmission cell and
liquid nitrogen-cooled MCT detector. The cell, containing
cooled ZnSe windows, allowed in situ collection of spectra
in the temperature range 25-800 °C at atmospheric pres-
sure. For all spectra, 40 scan data acquisition was carried
out at a resolution of 4.0 cm™'. Samples were in the form
of self-supporting wafers and weighed about 20 mg.

In a typical experiment the sample of catalyst previously
calcined in O, at 500 °C for 3 h and reduced in H, at
600 °C for 1 h was heated in flowing H, up to 500 °C and
was subsequently reduced in situ for 30 min. After cooling
to room temperature in flowing Ar and collecting back-
ground spectrum, CO was admitted at atmospheric pressure

Table 1 Chemical composition and results of hydrogen chemisorption measurements

No. Catalyst Nominal metal content (wt.%) H, uptake Dispersion  Metallic surface  Metallic surface  Crystallite

, (e’ sty gaat) (%) area (m* g5t)  area (m” gew)  size (nm)
Ni Rh

1 5Ni 5 0 0.22 2.3 0.77 154 43.7

2 3.75Ni-1.25Rh  3.75 1.25 0.30 35 1.08 21.6 28.3

3 2.5Ni-2.5Rh 2.5 2.5 0.29 3.8 1.07 21.4 26.3

4 1.25Ni-3.75Rh  1.25 3.75 1.08 16.7 4.15 83.0 6.23

5 5Rh 0 5 2.06 37.8 8.32 166.4 2.90

6 2.5Ni-2.5Rh(n) 2.5 2.5 1.21 16.2 4.47 89.4 6.27

7 SRh(n) 0 5 2.16 39.7 8.73 174.6 2.75

(n) indicates precursor of Rh—Rh(NO3)3
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for 15 min at 25 °C and FT-IR spectra were collected.
After that CO desorption was performed by flushing with
Ar.

2.2.5 ToF-SIMS

The secondary ions mass spectra were recorded with a
ToF-SIMS IV mass spectrometer manufactured by Ion-Tof
GmbH, Muenster, Germany. The instrument is equipped
with metal Bi* primary ion gun and high mass resolution
time of flight mass analyzer. Secondary ion mass spectra
were recorded from an approximately 500 pm x 500 pm
area of the catalysts surface: 2.5Ni-2.5Rh/Al,O; prepared
from RhCl; precursor calcined at 500 °C/3 h in an oxygen
flow and next after its reduction at 600 °C/1 h in hydrogen
stream. The analysis time was 30 s giving an ion dose
below static limit of 7.5 x 10'* ions/cm”. During mea-
surement in the beginning the spectra for “as prepared”
catalysts were collected and then the same area was sub-
jected to surface sputtering using Bi* ions beam per 60 s
(direct current—about 17 nA), which resulted in removal
of some part of surface layers of the analyzed samples.
Soon afterwards, next spectra were recorded from the same
area.

2.3 Catalytic Test

The sample about 100 mg of catalyst was loaded into a
tubular quartz microreactor and the temperature of catalyst
bed was measured by a thermocouple. The catalysts were
calcined in O, stream at 500 °C for 3 h and reduced in situ
in H, at 600 °C for 1 h before the catalytic activity mea-
surements. All activity tests were carried out under
atmospheric pressure with equimolar stoichiometric mix-
ture of CHy and CO, (50 vol.% of each gas) and a total
feed flow rate of 50 cm® min~' (space velocity
W/F = 3.33 x 107> g h cm™), in the temperature range
300-900 °C at intervals of 50 °C, keeping catalyst during
0.5 h at this temperature. The catalyst lifetime test was
performed for 24 h at a temperature of 700 °C. The reac-
tion products were analyzed using an on-line gas
chromatograph (Varian 3300), equipped with a CTRI1
column and a thermal conductivity detector (TCD). The
activity was expressed as “turnover frequency number of
CO” (TOFcp) and as “molco gc_a{ h=!”.

2.4 Total Carbon (TC)

The total amount of carbon on the surface of used catalysts
was determined by Shimadzu Total Carbon Analyser (TOC
5000) connected with Solid Sample Module (SSM-
5000A).

3 Results and Discussion
3.1 Catalyst Characterization

The results of hydrogen chemisorption measurements,
metal dispersion, metal surface area and average crystallite
size for catalysts are presented in Table 1. Additionally,
composition of Ni—Rh catalysts and their denotation are
also included.

Metal dispersion Mey/Me was expressed as H./Me ratio
and calculated assuming chemisorption stoichiometric
coefficient H/Me; = 1 both for monometallic and bime-
tallic catalysts. The examination of these results shows a
significantly lower dispersion degree of nickel (about 2%)
than rhodium (38-40%) for the monometallic catalysts
supported on alumina surface. Metal surface area and
average crystallite size for the bimetallic catalysts were
calculated on the following assumptions: every surface
metal atom, whether it is nickel or rhodium, is chemically
bonded with hydrogen with a stoichiometric coefficient
H/Me, = 1; full alloying of metal components and the
resultant bulk and surface metal site densities [6] were
calculated assuming the nominal composition of catalysts;
metallic particle size was calculated assuming spherical
shape and appropriate density of metals or alloy. Metal
dispersion for bimetallic Ni—-Rh catalysts is in the range
embraced by those limits characteristic of nickel and rho-
dium dispersion degrees. Slightly higher dispersion of
rhodium phase is observed for the catalyst obtained from
nitrate precursor.

On the basis of hydrogen chemisorption measurements
(Table 1) the plot of hydrogen uptake versus Ni—Rh
bulk composition of supported catalysts is presented in
Fig. 1.

The straight dashed line represents the expected theo-
retical values when a full miscibility of metallic
components takes place on alumina support and the
composition of bulk alloy and that characteristic of sur-
face composition are identical. The experimental solid
line shows a negative decline in relation to theoretical
assumptions and these effects can be attributed to nickel
enrichment on the surface of bimetallic Ni-Rh phase. On
the basis of Williams and Nason paper [7] such a
behavior of nickel can be expected for Ni-Rh alloy taking
into account the thermodynamic values of sublimation
enthalpy for nickel AH® = —430 kJ/mol and for rhodium
AH° = —553 kJ/mol [8]. A much lower value of nickel
sublimation enthalpy would facilitate nickel surface
enrichment during high temperature hydrogen reduction
of oxidized bimetallic Ni-Rh catalysts. Also, in the case
of silica supported bimetallic Ni-Rh [1] system, the sur-
face enrichment in Ni was shown. The formation of bulk
Ni-Rh alloys seems to be confirmed by XRD
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Fig. 1 H, chemisorption on Ni-Rh/Al,O3 catalysts (at 35 °C)
prepared from Ni(NOs3), and RhCl; in function of metal phase bulk
composition

measurements (see also Figs. 6, 7). In literature, one can
find the examples of Ni surface enrichment in Ni-Rh alloy
dispersed on alumina [9], the formation of surface Ni-Rh
alloy on La,0j3 surface [10] and on ZrO, surface [11].

The temperature-programmed hydrogen  assisted
decomposition profiles of Ni-Rh/Al,O5 catalyst precursors
prepared from Ni(NO3),, and two kinds of rhodium salts—
RhCl; and Rh(NOj); are illustrated in Fig. 2a and b,
respectively.

The supported Ni(NOjz),/alumina system after drying at
an ambient temperature undergoes two step reduction
stages [12] according to the following equations: the first
peak with maximum at about 300 °C

Ni(NO3), + (5 — 2x)H, — NiO + 2NOy + (5 — 2x)H,0
(x=0,0.5,1,1.5,0r 2) (1)
and the second one with maximum at about 495 °C

NiO + H, — Ni + H,0 (2)

Different nitrogen oxides NO, (x = 0, 0.5, 1, 1.5 or 2) can
be detected by mass spectrometry, but nitrogen monoxide
NO predominates as a primary product of the first step of
decomposition, taking place according to Eq. 1. Nickel
nitrate dispersed on alumina is transformed into nickel
monoxide NiO. The second step of catalyst decomposition
represents the reduction of NiO into metallic nickel on
alumina surface and is illustrated by simple Eq. 2. A
similar decomposition scheme was observed for analogous
Ni/SiO, catalyst precursor [1].

The unsupported hydrated Rh(NOj3); decomposes as a
partly overlapped three step process: dehydration, rhodium
nitrate and rhodium oxide reduction. Analogical behaviour
can be expected on alumina surface but the high dispersion
of active phase precursor shifts the H, reduction decom-
position to an even lower temperature making it a highly
overlapped three step process, which can be expressed by
the following equations:

@ Springer

Rh(NO3); - 6H,0 — Rh(NO3); + 6H,0 )
(Tomax, at 125 °C)

2Rh(NO3),+ 3(5 — 2x)H, — RhyO3 + 6NO,
+ 3(5 - 2X)H20
(x=0,05,1,150r2) (Tpay. at 165 °C) (4)

Rh203 + 3H2 — 2Rh + 3H20 (Tmax. at 210 oC) (5)

The RhCl; phase supported on alumina can undergo two
step reduction stages according to the following equations:

RhCl; + H, — RhCl + 2HCI  (Tpnax. at 65 °C) (6)
RhCl + 0.5H, — Rh 4+ HCl  (Tpqx. at 150 °C) (7)

However, evolution of hydrogen chloride to gas phase was
not observed probably because of the subsequent reaction
of HCI species with surface hydroxyl groups of alumina
taking place according to the following scheme:

HCI + OH[;, — H,0 + Cl;, (8)

The significant amount of chlorine species adsorbed on
alumina surface was detected after high-temperature cata-
lyst calcinations at 800 °C in air by ToF-SIMS method
[13]. The temperature range of reduction profiles for
monometallic nickel and rhodium oxide phases are sepa-
rated almost entirely, as it can be seen from curves 1, 5 and
7 in Fig. 2. The temperature range 50-400 °C is charac-
teristic of the reduction of bimetallic Ni-Rh precursors
occurring practically in one stage (curves 2—4 and 6 in
Fig. 2). Such a course of reduction can be attributed to a
mixed coordination sphere of nickel and rhodium ions
surrounded by nitrate and chlorine ions. The same effects
were observed for Ni-Rh/SiO, catalysts [1]. A very close
vicinity of nickel and rhodium ions is anticipated and this
direct contact seems to be the unavoidable prerequisite
condition of Ni and Rh mixing during the alloy formation.
Also, the presence of rhodium metal species promotes the
reduction of nickel ions to the metal phase, preventing the
intermediate formation of NiO phase, as it was in the case
of monometallic nickel catalyst precursor reduction (curves
1 in Fig. 2a, b). Hou and Yashima [14] studied hydrogen
temperature programmed reduction of Rh-promoted Ni/o-
Al,O5 catalysts and concluded a strong interaction between
Rh and Ni, which can retard the sintering of Ni phase.

The influence of calcination temperature of nitrate-based
catalyst in oxygen stream, 1 h at 500, 700 and 900 °C on
TPRy, profiles is illustrated in Fig. 3.

The general trend of a profile shift towards higher
temperatures can be observed when the temperature of
oxidation is increased from 500 to 700 °C and especially to
900 °C. In the case of 5Rh/Al,O3 catalyst the small crys-
tallites of rhodium oxide not interacting with the support,
with the average diameter of about 3 nm exist on alumina
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Fig. 2 TPDecyy, profiles of
Ni-Rh/Al,0O5 catalyst
precursors prepared from

a Ni(NO3),, RhCl; and

b Ni(NO3),, Rh(NO;);
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Fig. 3 Influence of oxidation temperature on TPRy, of Ni-Rh/Al,0; catalysts prepared from Ni(NO3), and Rh(NO3)3; a 500 °C, b 700 °C and

¢ 900 °C

after calcinations of catalyst at 500 °C (see Table 1).
According to Vis [15] the reduction of unsupported rho-
dium oxide (IIT) takes place in the temperature range 100—
200 °C. The increase in calcination temperature from 500
to 900 °C leads to the decrease in or disappearance of
easily reducible Rh,O5 in favour of atomically dispersed
system of Rh®" ions in the surface layer of alumina
forming structure Rh3+(A102)y. However, the formation of
compound-like mixed oxides of Rh,O; and Al,O3 or

rhodium aluminate with general formula Rh(AlO,), was
not confirmed experimentally [16, 17]. In the case of SNi/
Al,O5 catalyst the increase in the oxidation temperature
results in a shift of the temperature reduction range towards
higher temperatures. The comparison of TPRy, profiles
with literature data [18-22] confirms an existence of
dominant nickel (IT) aluminate, which is reduced with the
maximum rate at the temperature about 800 °C [22]. The
reduction of bimetallic 2.5Ni-2.5Rh(n)/Al,O; catalyst
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calcined at 500 °C favours the formation of the separated
individual monometallic oxide phases Rh,O5 and NiAl,O,.
After calcination of this sample at 700 °C the reduction
temperature of nickel aluminate is shifted towards a lower
temperature. That means that Rh enhances the reducibility
of NiAlL,O, species, which can increase the amount of
metallic Ni during the reduction and reaction processes
[23]. The calcination of the fresh bimetallic catalyst at
900 °C results in the formation of only one broad reduction
peak at a high temperature (T .. at ~800 °C), which can
correspond to a simultaneous penetration of oxide phases
of Ni and Rh into alumina structure and makes the resultant
system difficult to reduce.

Analogous trends in TPRy, behavior can be observed
during the reduction of Ni-Rh/Al,O;3 catalysts prepared
from Ni(NOs), and RhCl; after calcination at 700 and
900 °C presented in Fig. 4. The characteristic features of
TPRy, profiles for bimetallic samples after their calcina-
tion at a temperature of 700 °C refer to the changes of
participation in reduction effects of rhodium and nickel
oxide phases. These changes seem to be proportional to the
percentage of metals in catalyst. Both the temperature
ranges and magnitude of reduction effects appear to con-
firm a lack of significant interaction between both oxide
phases of metals. The promotion effects of rhodium on the
reduction of nickel oxide were not observed either, as it
was in the case of bimetallic 2.5Ni-2.5Rh(n)/Al,O5 cata-
lyst. In the case of TPRy, profiles for monometallic Rh/
Al,O3 catalyst calcined at 700 °C one can see a peak
shifting to a higher temperature in comparison with that
observed for Rh(n)/Al,O5; sample (curve 7, Fig. 3b). The
differences can be attributed to the presence or absence of
chloride ions. Therefore, one can assume that “chlorine
free” rhodium oxide RhOy (x = 1.5) undergoes reduction
more easily than Rh,O,Cl, (y + 2z = 3), which is in

accordance with Hwang et al. [24]. The confirmation of
such a conclusion can be TPRy, profile of 5Rh/Al,O;
catalyst after calcination at a temperature of 900 °C. The
rhodium oxide phase of rhodium (III) chloride origin is less
prone to penetrate the structure of alumina than the ana-
logues rhodium oxide phase prepared from rhodium (III)
nitrate (V). It is difficult to state that the surface of SRh/
Al,O5 catalyst calcined at a temperature of 900 °C is free
of chlorine because the surface of alumina support can
stabilize C1™ ions even at the temperature as high as 800—
900 °C [13].

TPRy, profiles similar to those of Ni—-Rh/Al,O5 cata-
lysts prepared from Ni(NOj), and Rh(NOs3); calcined at
500, 700 and 900 °C were obtained for the same series of
catalysts in the successive TPO-TPRy; cycles presented in
Fig. 5. The reoxidation process after the reduction step
(TPR) differs from the first oxidation (calcination) of cat-
alyst precursor in the kind of dispersed substance submitted
to oxidation. In the case of reoxidation usually the phase
which undergoes oxidation is the metallic phase (crystal-
lites), but during the first oxidation decomposition of
precursor (dispersed salt of metal) takes place. Even though
in both cases one can expect the dispersed oxide phase of
metal, the state and nature of it can significantly differ. The
less or more sintered metallic phase which was formed
during the earlier reduction process (TPRy»), is subjected
to reoxidation. The first oxidation usually gives a high
degree of dispersion of supported oxide phase and its
interaction with the support can be stronger, which leads to
the decrease in catalyst reducibility. Such an interpretation
could explain the observed differences in TPRy, profiles of
Rh(n)/Al,O5 catalyst after the first oxidation (curve 7,
Fig. 3a) and reoxidation (curve 7, Fig. 5a) at the same
temperature of 500 °C. The decrease in reducibility of
Rh(n)/Al,O5 catalyst reoxidized at a temperature of 900 °C
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Fig. 4 Influence of oxidation temperature on TPRy, of Ni-Rh/Al,O; catalysts prepared from Ni(NOs), and RhCl3; a 700 °C and b 900 °C
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(curve 7, Fig. 5¢) can be a result of the redispersion process
of rhodium oxide phase—diffusion of Rh*' ions to the
inside of Al,O3, which leads to the formation of a highly
resistant to reduction Rh3+(A102)y phase. During its
reduction the temperature and time can be the factors
which would decide about the dispersion degree of rho-
dium metallic phase formed as a result of sintering.
Therefore, the high temperature cycle of H,—O, can be
represented according to the scheme:

03,500—900°C (redispersion)

Rh/AlO; Rh**(AlOy), 9)

Hz, 900°C (sintering)

The lack of NiO phase formation in the decomposition
of bimetallic Ni-Rh/Al,O5 catalyst precursors seems to
confirm a close vicinity of bimetallic oxide components
and such a situation makes the alloying process more
favorable during catalyst reduction in hydrogen atmo-
sphere. Such an interpretation is confirmed by XRD
measurements, carried out after the temperature pro-
grammed hydrogen assisted decomposition of Ni-Rh
catalysts up to 900 °C. The same conclusion was drawn for
silica supported Ni—Rh catalysts [1]. XRD patterns are
presented in Fig. 6. They were obtained by subtraction of
support background in order to avoid overlapping of dif-
fraction lines of metals and support.

The broad XRD reflections signals for monometallic
Rh(n)/Al,O5 catalyst (curve 7) confirm the existence of
small rhodium crystallites on alumina, whereas the higher
and much narrower XRD reflections for monometallic Ni/
Al,O3 and Rh/Al,03 catalysts (curve 1 and 5, respectively)
indicate the growth of nickel and rhodium crystallites as a
result of the sintering process taking place during the tem-
perature programmed hydrogen assisted decomposition.
The XRD reflections characteristic of bimetallic Ni-Rh/
Al,O3 catalysts change their location monotonically in
function of bimetal phase composition, and they are located
in the range of 26 values limited by the reflections

|
) i
5 AN A

Alloy (11D} Alloy (200)

Alloy (220)

Number of counts (a.u.)
|

30 35 40 45 50 55 60 65 70 75 80
Diffraction angle 20

Fig. 6 XRD patterns of Ni-Rh/Al,0; catalysts after TPDEy; of their
precursors up to a temperature of 900 °C

characteristic of monometallic phases Rh(111) and Ni(111)
or Rh(200) and Ni(200). Similar results of XRD measure-
ments presented in Fig. 7 were obtained for 2.5Ni-2.5Rh/
Al,Oj3 catalyst (curve 3) after the pretreatment procedure
consisting of oxidation at 500 °C in O, stream for 3 h
followed by reduction at 500 °C in H, stream for 1 h.

In the case of alumina supported rhodium catalysts on the
XRD patterns (curve 5 and 7) no reflections characteristic
of metallic rhodium were observed, which can indirectly
prove a high dispersion degree of rthodium on the support
and it is in accordance with hydrogen chemisorption results
(Table 1). The absence of nickel, rhodium or alloy phases
was observed for 2.5Ni-2.5Rh(n)/Al,O; catalyst (curve 6).
XRD pattern of Ni/Al,Oj catalyst (curve 1) shows weak and
broad reflections corresponding to metallic nickel and it can
be concluded that the dispersion degree of nickel on the
surface of alumina catalyst is lower than rhodium, which is
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also in agreement with hydrogen chemisorption data
(Table 1). The lowest XRD detection limit for metallic
crystallite size was estimated as about 5 nm.

FT-IR spectra of carbon monoxide adsorption on
monometallic Ni and Rh and bimetallic Ni—Rh catalysts are
shown in Fig. 8.

Carbon monoxide adsorption on 5Rh/Al,O; catalyst
(curve 5) is represented by four main IR bands: two—
overlapped on each other with their maxima located at
2,097 and 2,065 cm™ !, one—dominant at 2,030 cm~ ! and
the last one—broad band at 1,823 cm™ L. According to the
literature data IR bands at 2,097 and 2,030 cm~! can be
assigned to rhodium gem-dicarbonyl species—Rh™(CO),
[25] formed during reaction [26]:

1/xRh; + OH( +2CO(y S Rh*(CO),+0.5H,  (10)

where OH(s) is the isolated surface hydroxyl group on
AlyOs3.
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Fig. 8 FT-IR spectra of CO adsorption (1 atm, 25 °C) on mono- and
bimetallic Ni-Rh/Al,Oj; catalysts prepared from Ni(NOj3), and RhCl;
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It is known that gem-dicarbonyls are formed on active
centres which are isolated rhodium atoms (rhodium in an
atomically dispersed state) [27, 28]. The same literature
data reveal that their formation is more facile on highly
dispersed rhodium supported on alumina [27, 28] than on
silica [26]. It also seems to be confirmed by a significantly
higher dispersion degree of rhodium supported on alumina
than on silica [1]. Van’t Bilk et al. [29] showed on the basis
of EXAFS method that CO adsorption on small Rh crys-
tallites causes the disruption of the Rh—Rh distances, i.e.,
the production of isolated sites capable of forming the gem-
dicarbonyl species.

The appearance of weak IR band at 2,065 cm™ "' and low
intensity band at 1,830 cm ™! can be attributed to linear and
bridged forms of CO adsorption on RhAl,Oj3, respectively
[30]. FTIR spectrum of monometallic nickel catalyst sup-
ported on alumina (curve 1) is characterized by one IR
band placed at the same wavenumber as for Ni/SiO, cat-
alyst [1]. This band (at 2,014 cm_l) is characteristic of the
linear form of CO adsorbed on the surface of metallic
nickel [31]. Infrared spectra of CO adsorbed on bimetallic
Ni—Rh/Al,03 catalysts (curves 2—4) are very similar to
those characteristic of monometallic Rh/Al,O; catalyst,
which can result from the lower dispersion of Ni, incom-
plete reduction of the NiO and to IR bands overlapping.
This experimental assignment does not seem to confirm the
enrichment of nickel on the surface of bimetallic alloy, in
contrast to earlier studies of Ni-Rh/SiO, systems [1].

Average values of Nit/Rh™ ions intensity ratio calcu-
lated on the basis of ToF-SIMS spectra recorded for 2.5Ni—
2.5Rh/Al,0O35 catalyst prepared from RhCl; precursor, after
its treatment in O, stream at 500 °C/3 h and next in H, flow
at 600 °C/1 h were shown in Table 2. It can be observed that
average value of Ni*/Rh™ ions intensity ratio increased after
reduction of calcined 2.5Ni-2.5Rh/Al,O; catalyst. On the
other hand the results of the measurements of the samples
after removal of some part of surface layers do not reveal
any significant differences in the value of Ni*/Rh™ intensity
ratio. It confirms the enrichment of nickel on the surface of
bimetallic Ni-Rh alloy after reduction of the catalyst.

3.2 Catalytic Test and Coke Deposition

The influence of temperature on catalytic activity of mono
Ni, Rh and bimetallic Ni-Rh catalysts, obtained from
RhCl;3 and Rh(NO;); precursors, in CO, reforming of
methane is presented in Figs. 9 and 10, respectively. This
reaction starts at about 300 °C and its rate increases
monotonically up to about 850 °C.

The curves representing both monometallic Rh and
bimetallic Ni-Rh/Al,O; catalysts in Fig. 9 do not differ
very much and all tested samples can be regarded as very
active catalysts. The monometallic nickel catalyst was the
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Table 2 Average value of Ni*/Rh™ ions intensity ratio calculated on the basis of ToF-SIMS spectra recorded for 2.5Ni—2.5Rh/Al,Oj catalyst
prepared from RhCl; precursor

No. Catalyst Thermal treatment Average value of Nit/Rh* ions intensity ratio
“As prepared” catalyst surface Catalyst surface after sputtering
3 2.5Ni-2.5Rh 0,, 500 °C, 3 h 0.9 1.8
0,, 500 °C, 3 h — H,, 600 °C, 1 h 22 1.6
08 practically always higher than CH, conversion (72-87%)
~ o7 € I‘l"’-) and the difference is ascribed to the occurrence of the
i 06 = 2 reverse water-shift reaction simultaneously with the
“an 05 ;j reforming reaction [32]. The decreasing tendency of TOF
=5 oal 5 values from about 8 to about 1 with the increase in rhodium
g" loading is attributed to a considerably higher rhodium
Z 031 . . . . .
E dispersion in comparison with the nickel one (Table 1).
2 02 Table 3 also presents the initial catalyst activity, its loss

100
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Temperature (°C)

900

Fig. 9 The influence of temperature on catalytic activity of Ni—Rh/
Al,O5 catalysts prepared from Ni(NOj3), and RhCl; in CH,/CO,
reforming (CH4/CO, = 1:1, W/F = 3.33 x 107> g h cm ™)
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Fig. 10 The influence of temperature on catalytic activity of Ni—-Rh/
Al,O5 catalysts prepared from Ni(NOj), and Rh(NO;); in CH,/CO,
reforming of methane (CH,/CO, = 1:1, W/F =3.33 x 1073
g hcm™)

least active in the whole temperature range. The mono-
metallic Rh(n) and bimetallic Ni-Rh(n)/Al,O5 catalysts
show similar activity (Fig. 10). Catalysts obtained from
RhCl3—Rh/Al,O5 and 2.5Ni-2.5Rh/Al,O5; proved to be
the most active.

More detailed information referring to the conversion
data at 700 °C is presented in Table 3 as: CH4 and CO,
conversion, yields of CO and H, and the activity calculated
as mol CO g~' h™" and turnover frequency (TOF). The
presented data show close resemblance of catalytic
behaviour for monometallic and bimetallic nickel and
rhodium catalysts. The CO, conversion (79-89%) was

after 24 h on stream at 700 °C and a total amount of coke
deposited on the catalyst surface during this time. The
losses of catalyst activity were in the range 0-9% of their
initial values. There is no simple correlation between the
coke deposition taking place in the course of reaction and
the loss of catalyst activity. However, loss of catalyst sta-
bility does not have to be caused by coke deposition of
catalyst, as it is observed in the case of monometallic
5Rh(n)/Al,O5 catalyst (Table 3). It is known that except
for the coke deposition at least two factors can contribute to
deactivation of catalysts like sintering and poisoning by the
substances coming from the support [33, 34]. Also the
tendency to coke formation does not have to reflect the loss
of activity, as it is for bimetallic 2.5Ni-2.5Rh(n)/Al,0O3
catalyst (Table 3). Among all studied catalysts monome-
tallic rhodium catalyst prepared from rhodium (III)
chloride and bimetallic nickel rich catalysts are distin-
guished by both the highest catalytic stability after 24 h
work and the lowest degree of coke deposition. In the case
of rhodium supported on alumina, which is considered as
storage of hydroxyl group because of high concentration of
acid and basic centres on its surface [35], the OH™ groups
play a key role in obtaining high catalytic stability of Rh/
Al,O5 catalyst as an effect of decreasing the rate of coke
deposition on metal. Weaker basic support surface sites can
be anticipated in the case of chloride ions originating from
reaction 8. The highest loss of stability (9%) and the ten-
dency to coke formation (3%) was found for monometallic
Ni/Al,Oj5 catalyst. The obtained results of CO,, CH,4 con-
version, stability test and deposited coke for monometallic
Ni and Rh alumina—supported catalysts are similar to the
published data [23]. The Ni—-Rh/Al,O; catalysts appeared
more stable and resistant to coke deposition in comparison
with the earlier reported Ni—Rh catalysts supported on SiO,
[1]. Acidic character of CO, molecule would rather favor
more basic surface of alumina than silica. Thus, the
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Table 3 Characterization of mono- and bimetallic Ni-Rh/Al,O5 catalysts

No. Catalyst CH,* co,? Yield® of  Yield® of TOFco* — Activity® Loss of TOC®
conversion (%) conversion (%) CO (%)  H, (%) s™hH (molco gt K1) activity (%)°  (wt.%)

1 5Ni 72 79 73 58 7.9 0.562 9.1 32

2 3.75Ni-1.25Rh 80 82 77 61 6.2 0.601 0.6 0.6

3 2.5Ni-2.5Rh 84 86 80 63 6.5 0.608 n.o. 0.3

4 1.25Ni-3.75Rh 87 88 81 64 1.8 0.612 2.8 0.8

5 5Rh 82 87 80 63 0.9 0.612 n.o. 0.4

6 2.5Ni-2.5Rh (n) 84 84 78 62 1.5 0.569 n.o. 1.0

7 5Rh (n) 83 86 79 63 0.8 0.580 2.7 0.6

(n) indicates precursor of Rh—Rh(NO3);

? Measured at 700 °C

® Measured after 24 h on stream, reaction temperature 700 °C; W/F = 3.33 x 107 gh mL™!

¢ Total amount of carbon

n.o. = not observed

expected higher CO, coverage of alumina support would
not only promote catalytic activity in the interphase sup-
port-metal region of dry reforming of methane but could
also prevent from the excessive formation of catalyst
deactivated carbon in an accompanying side reaction
CO, + C — 2CO. The second accompanying reaction—
reverse water gas shift CO, + H, — CO + H,O leads to
higher yield of CO and lower yield of H,.

4 Conclusions

The surface characteristics of Al,Os-supported mono-Ni,
Rh and bimetallic Ni-Rh catalysts and their catalytic per-
formance for carbon dioxide reforming of methane were
studied. The following main conclusions can be pointed
out: (i) the Al,O; supported monometallic Ni, Rh and
bimetallic Ni-Rh catalysts are comparably good catalysts
for carbon dioxide reforming of methane; (ii) effective
process of Ni—-Rh alloy formation takes place in the case of
Al,O5 supported bimetallic Ni-Rh catalysts; (iii) the pre-
cursor of rhodium (Rh(NOs); or RhCl;) influences the
promoting effect of this metal on the reducibility of nickel
oxide; (iv) segregation of metals can lead to the formation
of Ni-rich surface alloy.
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