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a  b  s  t  r  a  c  t

Monometallic  and  bimetallic  RhNi  nanocatalysts,  supported  on a nanofibrous  alumina,  employed  for
H2(+CO)  production  by  CO2 and  CO2 +  H2O reforming  of methane  were  prepared  and  tested  under  reac-
tion conditions.  The  catalysts  were  characterized  before  and  after  reaction  by  conventional  methods.
The  influence  of  the  incorporation  of  Rh  to Ni/Al2O3 catalysts  and  presence  of  H2O  in  the  reaction  were
eywords:
ry reforming
team reforming
ethane

hodium

analyzed.  Characterization  results  showed  that  the  incorporation  of  Rh  in  the formulation  promotes  the
reducibility  and  stability  of Ni  particles,  avoids  Ni  aggregation  and  inhibits  the  net  carbon  formation.
RhNi  supported  nanocatalysts  are  highly  active  and  stable  systems  for the  CO2 and  CO2 +  H2O  reforming
of  methane.  Low  Rh  loading,  in  an  atomic  ratio  1:100  (Rh:Ni),  in Ni-based  catalysts  allowed  an  improve-
ment  in  the  reaction  stability  as well  as  in  the selectivity  towards  H2 and  CO  instead  towards  coke.  The
incorporation  of  water  in  the  feed  stream  produces  a  drastic  decrease  in  the  global  carbon  formation  and

 can  
the  quantity  incorporated

. Introduction

The production of hydrogen and syngas can be carried out by
team reforming, partial oxidation, dry reforming or by a mixture
f them as the autothermal reforming or the mixed CO2 and H2O
eforming [1,2]. Steam reforming is typically the preferred process
or hydrogen production in industry; however, it has one of the
ighest emissions among the reforming processes [1].

Water can be replaced by CO2, to produce syngas with lower
2/CO ratio values, which are appropriate for the synthesis of valu-
ble oxygenated chemicals [3–10]. Due to the high endothermic
ature of this reaction it can be used in energy transfer from solar
nergy to chemical energy, energy storage in the form of CO and
2, and transporting nuclear energy [10]. When a source of CO2

s available it is likely that CO2 reforming will become a promis-
ng industrial process, reusing greenhouse effect gases as CO2 and
H4. The principal drawback of this reaction is the high carbon for-
ation, principally on Ni-based catalysts the most common used

atalysts for reforming reactions [5,11,12], leading to the catalyst
eactivation. Dry reforming requires the use of stable and effec-
ive catalysts, resistant to coking; hence investigations should be
ocused on the metal activity, the resistance to coke formation and

he type of support that improves the catalyst efficiency [5,13].  In
revious works [14–16] we have reported the use of bimetallic PtNi
atalysts supported on a synthetic nanofibrous alumina for the dry
eforming of methane (DRM) which are stable and highly active for

∗ Corresponding author. Tel.: +34 952 13 1919; fax: +34 952 13 1919.
E-mail address: luijo@uma.es (L.J. Alemany).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.02.012
be  tuned  to obtain  different  H2/CO  ratios.
© 2011 Elsevier B.V. All rights reserved.

this reaction. It was  found that the addition of Pt to Ni catalysts and
the use of the nanofibrous alumina as support lead to the forma-
tion of bimetallic PtNi particles enriched on the surface by Pt [16],
which promote the dispersion, inhibit the net carbon formation and
improve the stability during the DRM reaction.

When the CO2 is available and the pressure in the system is
not high enough to obtain adequate H2/CO ratio values for the
methanol synthesis, the CO2 + H2O reforming seems to be an inter-
esting process for the production of syngas with the appropriate
characteristics [17]. Moreover, this reaction may  be feasible with
natural gas containing CO2 or with exhaust gases from other pro-
cesses.

The aim of the present contribution is the development of highly
stable and active RhNi catalysts supported on nanofibrous alumina
for H2(+CO) production during the DRM and CO2 + H2O reforming
of methane (DRM + H2O).

2. Experimental

2.1. Catalysts preparation

A synthesized nanofibrous �-Al2O3 was  employed as support
(ABET = 300 m2 g−1 and VP = 1 cm3 g−1). The nanostructured alumina
was  prepared using NaAlO2 as precursor and employing a non-

ionic surfactant to control the size and morphology of the support.
The synthesis procedure, as well as the characterization data for
this alumina has been already reported elsewhere [14,15].  Before
the catalysts preparation, the support was finally treated in air at
1073 K for 2 h (0.17 K s−1).

dx.doi.org/10.1016/j.cattod.2011.02.012
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:luijo@uma.es
dx.doi.org/10.1016/j.cattod.2011.02.012
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Monometallic and bimetallic RhNi catalysts were prepared
y simultaneous incipient wetness impregnation of the sup-
ort employing as precursors of Ni and Rh Ni(NO3)2·6H2O and
h(H2O)(OH)3−y(NO3)y (y = 2–3), respectively. Monometallic Ni
4 at nm−2; labeled as 4Ni/Al2O3) and Rh (0.4 at nm−2; labeled
s 0.4Rh/Al2O3) catalysts were prepared, as well as a bimetallic
oble metal–Ni catalyst with 4 at nm−2 of Ni and 0.04 at nm−2 of
h (0.04Rh4Ni/Al2O3). After the impregnation the catalysts were
reated in stagnant air at 373 K overnight and then at 1023 K for 5 h
0.17 K s−1).

.2. Characterization

X-ray powder diffraction data have been recorded with an
’Pert MPD  PRO diffractometer (PANalytical) using CuK�1 radia-

ion (� = 1.54059 Å) and a Ge(1 1 1) primary monochromator. The
-ray tube worked at 45 kV and 35 mA.  The measurements were
one from 10◦ to 70◦ (2�). TEM images were taken with a Philips
M 200 of 200 kV; the samples were prepared using ethanol as
ispersant. X-ray photoelectron spectra were recorded on a Phys-

cal Electronic 5701 equipped with a PHI 10-360 analyzer using
he MgK� X-ray source. Binding energy (BE) values were referred
o the C1s peak (284.8 eV) from the adventitious carbon for the
atalysts before reaction and to the Al2p peak for the catalysts
fter reaction. All deconvolutions of experimental curves were done
ith Gaussian and Lorenzian line fitting, minimizing the (�2) chi-

quare values. The carbon content of the catalysts after reaction
as obtained via elemental analysis technique using an Elemen-

al Analyzer Perkin-Elmer 2400 CHN. The characterization of the
arbon formed was performed after the reactivity tests of the DRM
r DRM + H2O reactions realized at the same temperature and time
n stream. Temperature-programmed reduction (TPR) of the fresh
atalysts was performed on a Micromeritics Autochem II 2920 with

 thermal conductivity detector (TCD). Samples were reduced in a
ow of H2 diluted in Ar (10%) at 50 N cm3 min−1 and heated from
oom temperature to 1323 K (10 K min−1).

.3. Reactivity

Steady state experiments were carried out in a Microactivity-
eference reaction system from PID Eng&Tech (Spain) at
tmospheric pressure in a temperature range between 673 and
023 K. A tubular fixed bed stainless steel reactor (i.d. 9 mm)  with
00 mg  of catalyst (250–420 �m)  was employed. The total gas flow
ate was kept constant at 0.83 N cm3 s−1 with stoichiometric com-
osition diluted in He (CH4/CO2/He = 20/20/60 for the DRM and

H4/CO2/H2O/He = 3/1/2/9 for the DRM + H2O). The space velocity
nd the contact time were 6000 h−1 and 0.8 g h mol−1, respectively;
perating under plug flow conditions. Preliminary reactivity tests
ith different catalyst particle sizes and dilutions were performed

o confirm the non-existence of heat or mass transfer limitations.

Fig. 2. TEM images of the catalysts before reaction. (A) 
Fig. 1. XRD patterns of the catalysts before reaction. (a) 4Ni/Al2O3; (b)
0.04Rh4Ni/Al2O3; (c) 0.4Rh/Al2O3.

Before reaction, catalysts were activated in situ with H2 (3% in He,
0.5 N cm3 s−1) at 973 K for 2 h. The reaction temperature was mea-
sured with a thermocouple placed in the reactor bed. The reactor
effluent was analyzed by GC (Agilent 4890D) equipped with TCD
and FID detectors. Stability runs under DRM reaction conditions
were performed at 973 K. C, H and O balances were closed with
deviations lower than 5%.

3. Results and discussion

3.1. Characterization

The XRD patterns for the fresh catalysts are presented in Fig. 1.
All the diffractograms present the characteristic broad lines related
to pseudo-amorphous gamma  Al2O3 (JCPDS 75-0921), which were
slightly shifted to lower Bragg angle for the Ni-containing catalysts,
probably due to the presence of Ni aluminate (JCPDS 01-1299). No
signal associated with Rh was  observed suggesting that Rh is well
dispersed or the quantity of Rh is too low to be detected by XRD.
Particles of Rh or Ni were not detected by TEM either, as can be
observed in Fig. 2, where just the nanofibrous morphology of the
support (fibers of 2–6 nm in diameter and 60 nm in length) can be
distinguished. Fig. 3 shows the XRD patterns for the catalysts after
the DRM reaction. Apart from the signals detected before reaction

two new signals were registered for the Ni-catalysts, metallic Ni
(JCPDS 70-1849) and graphitic carbon (JCPDS 89-8489). Average
particle size of Ni0 for the Ni-containing catalysts was calculated
by the Scherrer equation, the results obtained are summarized in
Table 1. It should be noticed that the Ni0 cluster size is 52% lower

4Ni/Al2O3; (B) 0.04Rh4Ni/Al2O3; (C) 0.4Rh/Al2O3.
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Fig. 3. XRD patterns of the catalysts after the DRM reaction. (a) 4Ni/Al2O3; (b)
0.04Rh4Ni/Al2O3; (c) 0.4Rh/Al2O3.

Table 1
Average particle size of Ni0 and carbon content of the catalysts after reaction.

Catalyst DPNi0 (nm)a C (wt%)b

DRM DRM + H2O

4Ni/Al2O3(N) 23 45 2
0.04Rh4Ni/Al2O3(N) 11 27 2
0.4Rh/Al2O3(N) – 0.3 0.4
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a Average particle size of Ni0, calculated by the Scherrer equation.
b Carbon content of the catalysts after the DRM and DRM + H2O reactions, obtained

y  elemental analysis.

hen Rh is incorporated in comparison with the monometallic Ni
atalyst. This latter result shows that the addition of a small amount
f Rh and the morphology of the support affect the dispersion of Ni,
s has been reported for PtNi catalysts supported on nanofibrous
lumina [14,15].

The graphitic carbon observed by XRD for the Ni-catalyst comes
rom the parallel reactions to DRM as methane cracking and
oudouard reactions. It is important to point out that the inten-
ity of the principal XRD signal related to carbon is lower for the
imetallic catalyst, in agreement with the carbon content obtained
fter the DRM reaction by elemental analysis (Table 1), which is
0% lower for the bimetallic RhNi catalyst with respect to the
onometallic Ni catalyst. Moreover, the TEM images taken for the

atalysts after reaction (Fig. 4) show an apparent reduction in the
arbon formation for the catalysts containing Rh. The nature of

he carbon observed is associated with carbon nanotubes (CNT) or
anofibers (CNF). For the monometallic Rh catalyst the amount of
arbon detected by XRD, elemental analysis (0.3 wt%) or TEM was
ractically negligible.

Fig. 4. TEM images of the catalysts after the DRM reaction. 
Fig. 5. C1s core level spectra of catalysts after the DRM reaction (XPS). CNT: carbon
nanotubes; CNF: carbon nanofibers; C: filamentous carbon; Adv. C: adventitious
carbon. (a) 4Ni/Al2O3; (b) 0.04Rh4Ni/Al2O3; (c) 0.4Rh/Al2O3.

In order to characterize the nature of the carbon formed dur-
ing the DRM reaction the C1s core level spectra of the catalysts
after reaction were registered (Fig. 5). All the spectra present two
weak signals registered at 284.8 eV and 282.2 eV, the latter almost
negligible for the 0.4Rh/Al2O3 catalyst, which are associated with
adventitious carbon from the analysis and filamentous carbon
formed during reaction above the catalyst surface without phys-
ical contact, creating a differential charge effect [5].  In addition to
these signals, for the Ni-containing catalysts, two more signals were
registered at 278.8 eV and 280.0 eV. The first one, with the highest
proportion, is assigned to the formation of CNT and the second one
to the presence of CNF [14,15]. It is important to point out that the
relative contribution and the intensity of the signals at 278.8 eV and
280.0 eV considerably decreased for the bimetallic RhNi catalyst.
Furthermore, the spectra of the monometallic Rh catalyst did not
present additional signals to those of adventitious and filamentous
carbon, indicating that the net carbon formation for this catalyst
during the DRM reaction is minimal, in agreement with the data
presented above.

It is known that the rate of carbon formation is a process that
depends on the structure of the metallic phase. It is inhibited in the
presence of small and well disperse particles [18–20].  Addition-
ally, the carbon formed can be partially removed by gasification
with CO2 in the presence of noble metals [21]. Characteriza-
tion results indicate that when Rh is added to the Ni catalyst
together with the promotion of the carbon gasification by CO2, a

synergic effect is created between Rh and Ni, through the inter-
action between metal centers, which is capable of increasing the
dispersion and consequently diminishing the net rate of carbon
formation.

(A) 4Ni/Al2O3; (B) 0.04Rh4Ni/Al2O3; (C) 0.4Rh/Al2O3.
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Table 2
Binding energy (BE) and surface atomic ratios for the RhNi catalysts before (BR) and after (AR) reaction of the DRM, region Ni2p3/2.

Catalyst Ni 2p3/2
a

BR AR

4Ni/Al2O3(N) Ni0 – 852.9 (25)
NiO 855.3 (32) 854.6 (25)
NiAl2O4 856.1 (68) 856.1 (50)
Ni/Alb 0.09 0.02

0.04Rh4Ni/Al2O3(N) Ni0 – 853.0 (46)
NiO 855.5 (78) 855.8 (39)
NiAl2O4 857.0 (22) 856.6 (15)
Ni/Alb 0.07 0.03

a Binding energy (±0.2 eV), in brackets relative population of the species expressed in %.
b Surface atomic ratios.

Table 3
Binding energy (BE) and superficial atomic relations for the RhNi catalysts before (BR) and after (AR) reaction of the DRM, region Rh3d5/2.

Catalyst Rh 3d5/2
a

BR AR

0.04Rh4Ni/Al2O3(N) Rh0 – 307.3 (30)
Rh2O3 309.3 (100) 308.9 (70)
Rh/Alb 3 × 10−4 9 × 10−4

0.4Rh/Al2O3(N) Rh0 307.4 (10) 306.8 (100)
Rh2O3 308.9 (90) –
Rh/Alb 0.01 0.01
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reaction, ensuring the availability of Rh species during the DRM
reaction on the catalysts’ surface.

In order to study the reducibility of Ni the temperature-
programmed reduction (TPR) experiments were realized for the
Ni-containing catalysts, the TPR profiles are shown in Fig. 6. The
a Binding energy (±0.2 eV), in brackets relative population of the species express
b Surface atomic ratios.

The surface of the catalysts before and after the DRM reaction
as characterized by XPS. The binding energy (BE) values and the

urface atomic ratios (Ni/Al and Rh/Al) for the Ni2p3/2 and Rh3d5/2
ore electrons are presented in Tables 2 and 3, respectively. For
he Ni-containing catalysts two different Ni species were detected
ith BE at 855.3–855.5 eV and 856.1–857.0 eV, which are associ-

ted with Ni2+ as NiO and NiAl2O4, respectively [5,22].  The relative
roportion of NiO for the bimetallic catalyst (78%) was  higher than
hat for the monometallic Ni catalyst (32%), suggesting that the
resence of Rh could inhibit the Ni spinel formation, which is hardly
educed [23] diminishing the number of active sites for the DRM
eaction.

For the Ni-catalysts after the DRM reaction the species detected
efore reaction were also observed with a slight shift in BE, reg-

stering values of 854.6–855.8 eV and 856.1–856.6 eV for NiO and
iAl2O4, respectively. Additionally to these signals, a peak at a BE
f 852.9–853.0 eV was detected, which is related to the presence of
i0 [5].  It is worth noticing that the proportion of metallic Ni in the
imetallic catalyst is higher than in the monometallic Ni catalyst,

ndicating that the addition of Rh promotes the reducibility of Ni.
his effect has been observed also for PtNi catalysts supported on
anofibrous alumina [2,14–16], where the presence of Pt modifies
he chemical behavior of Ni, increasing its reducibility. Improve-

ents in Ni reducibility have also been reported for NiO–MgO solid
olutions [24] catalysts promoted by Pt, which are addressed to a
pillover effect of hydrogen from the second metal to Ni. Moreover,
he Ni/Al surface atomic ratio obtained for the monometallic Ni
atalyst after reaction is 78% lower than that registered before reac-
ion, indicating that the number of Ni species on surface available
or catalysis diminishes during the DRM reaction. For the bimetal-
ic NiRh catalyst the Ni/Al surface atomic ratio decreases in 57%
ith respect to before reaction, less than for the monometallic Ni
atalyst, suggesting an enrichment by Rh on the catalyst surface
fter reaction that stabilizes the Ni surface species, inhibiting the
et carbon formation and avoiding the migration of the Ni into the
lumina support.
.

In the Rh3d5/2 core electrons region for the bimetallic RhNi cata-
lyst before reaction, only one signal was detected at 309.3 eV, which
is related to Rh3+ as Rh2O3 [25]. After reaction an additional species
to Rh2O3 (308.9 eV – 70%), observed before reaction, was  registered
at 308.9 eV, which is associated with metallic Rh [26] whose rela-
tive contribution was 30%. For the monometallic Rh catalyst before
reaction two different Rh species were detected Rh0 and Rh2O3
with BE at 307.4 eV (30%) and 308.9 eV (70%), respectively. After
reaction only one signal was  observed at 306.8 eV, associated with
metallic Rh. The Rh/Al surface atomic ratios registered for the Rh-
containing catalysts do not change significantly before and after
Fig. 6. TPR profiles of the fresh Ni-containing catalysts. (a) 4Ni/Al2O3; (b)
0.04Rh4Ni/Al2O3.
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ig. 7. XRD patterns of the catalysts after the DRM + H2O reaction. (a) 4Ni/Al2O3; (b)
.04Rh4Ni/Al2O3; (c) 0.4Rh/Al2O3.

PR profile of the Ni monometallic catalyst shows three broad peaks
ocated at 742, 912 and 996 K. The width of the first peak (742 K)
uggests that it can be related to the reduction of non-crystalline
iO species, in agreement with the XRD data. The temperature of

eduction for these species is higher than for bulk NiO (600–658 K
27,28]). This is due to the presence of aluminum ions of the sup-
ort, which inhibit the propagation of nucleation; as has also been
eported by Scheffer et al. [29]. The maximum peak located at 912 K
s associated with the reduction of NiO located close to the surface
nd surrounded by a high number of aluminum ions [29]. The third
eak, typical for Ni/Al2O3 catalysts calcined at high temperature, is
elated to the NiAl2O4 phase, which is formed through diffusion of
i ions into the support [28–31].

The RhNi catalyst presents a TPR profile with a broad signal with
 maximum peak at 1006 K and one shoulder at 617 K, together with
wo weak signals at 458 and 263 K. The peak at 1006 K corresponds
o NiAl2O4 and the shoulder at 661 K can be related to the reduc-
ion of non-crystalline NiO species, shifted to lower temperature
ue to an interaction between Rh and Ni, in agreement with the
PS results. The other weak signals can be associated with three-
imensional RhOX and two-dimensional surface RhOX phase [32],
espectively. It is worth noticing that the asymmetry of the signals
uggests that the reduction of another kind of Ni species, as NiO
urrounded by aluminum from the support, cannot be excluded.

It has been reported that another way to reduce the net carbon
ormation is the addition of water to the DRM reaction: the mixed
O2 and steam reforming [4,7,33–35].  In order to study the effects
f the incorporation of water the RhNi series of catalysts described
bove were also tested for the DRM + H2O and subsequently char-
cterized by XRD and Elemental Analysis. The XRD patterns for the
atalysts after the DRM + H2O reaction are shown in Fig. 7. All of the
iffractograms present the lines registered after the DRM reaction
ith the exception of those related to carbon, indicating the forma-

ion of graphitic carbon has been hindered by the presence of water.
his latter result is in concordance with the contents of carbon
egistered by elemental analysis (Table 1), which have diminished
ore than a 90% with respect to those registered after the DRM

eaction (without water). Choudhary and Rajput [34] reported that
n the mixed CO2 and H2O reforming on NiO–CaO catalysts the for-

ation of carbon is drastically inhibited. It is also worth noticing
hat the average cluster size of Ni0 after the DRM + H2O reaction

s not modified, keeping the same dispersion after reaction for the
RM and DRM + H2O. Apparently, for the mixed reforming not only

he particle size affects the global carbon formation, the presence
f water allows the gasification of the carbon formed, being more
ffective than the gasification by only CO2.
 Today 172 (2011) 136– 142

3.2. Reactivity

Fig. 8 shows the activity and stability results registered for the
RhNi catalysts during the DRM reaction (CH4/CO2/He = 1/1/3) at
573–973 K together with the equilibrium values, obtained by the
minimization of the Gibbs free energy method taking into account
CH4, CO2, H2, CO, H2O and He as species in the reaction system;
solid carbon was not considered. CH4 and CO2 conversion values
are lower than those from equilibrium and the CO2 conversion
is higher than CH4 conversion for the whole temperature range
(Fig. 8A and B), indicating the presence of side reactions as has been
also observed for other Ni-based catalysts [2,14,15]. CH4 conver-
sion values tend to be higher for the monometallic Ni catalyst than
for the Rh-containing catalysts at 773–873 K, as a consequence the
H2/CO ratios (Fig. 8C) registered are also higher, however, when
the temperature is increased the selectivity to H2 for this catalyst
decreases as well as the CH4 conversion with respect to the conver-
sion registered for the other catalysts, probably due to the loss of Ni
species on the surface (Table 2) and the sintering of Ni (DPNi0 after
reaction, Table 1). It has been reported that the DRM  of methane
is a structure sensitive reaction where the rate of methane activa-
tion increases along with the dispersion [36]. For the Rh-containing
catalysts the selectivity, expressed as the H2 to CO ratio, slightly
decreases at high temperature and at a lower rate than for the Ni
monometallic catalyst, which can be due to the higher availability
of active species on the surface for this catalysts (in agreement with
XPS data, Tables 2 and 3).

The stability of the RhNi catalysts for the DRM reaction at 973 K
was  also studied, the results obtained for the conversion of CO2 as
a function of the time on stream for the first 14 h are presented in
Fig. 8D. It can be observed that even when small quantities of Rh
(0.04 at nm−2, Rh:Ni atomic ratio of 1:100 equivalent to 0.2 wt%)
were added the stability of this system for the DRM is considerably
improved with respect to the monometallic Ni catalyst. The loss
of CO2 conversion per hour on stream is decreased from 1.3% h−1

for the monometallic Ni catalyst to 0.6% h−1 for the bimetallic RhNi
catalyst. It is also important to point out that the monometallic Rh
catalyst is quite stable for the DRM reaction, registering a loss of
CO2 conversion per hour of 0.2% h−1.

Apparently the carbon formed and carbon nature, with the
bimetallic RhNi catalysts does not inhibit the activity for the DRM
reaction, probably the carbon does not diffuse in the same extent
than for the monometallic Ni catalyst because of the presence of
smaller Ni0 particles in the bimetallic catalysts. Normally the car-
bon diffusion is more easily performed in bigger Ni particles [20]
and is not present on noble metal particles [2].  As the carbon does
not diffuse through Rh, the Rh active centers are not covered dur-
ing reaction ensuring the presence of active sites and consequently
the temporal stability of the catalysts during the DRM  reaction.
Moreover, the presence of Rh modifies the superficial electronic
density of the Ni based catalyst, by the Ni–Rh interaction, facilitat-
ing the activation of the reactants and the removal of the carbon
formed.

The RhNi catalysts were also tested in DRM + H2O reaction
(CH4/CO2/H2O/He = 3/1/2/9) at 973 K and 1023 K. The CH4 and CO2
conversion values, as well as the H2/CO ratios are shown in Table 4.
The CO2 conversion values are lower than those of CH4 conversion
at both temperatures, indicating that at these conditions the acti-
vation of H2O (steam reforming) seems apparently more favored
than the activation of CO2 (dry reforming) and probably a CO2 recy-
cle would be necessary in this process to make use of all the CO2

available. It is also important to point out that the reactivity lev-
els reached with the Rh-containing catalysts for the DRM + H2O
reaction were higher than those for Ni monometallic catalyst.
Apparently, the Rh allows a higher activation of the H2O and CH4,
giving higher methane conversions and H2/CO ratios.
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Fig. 8. Activity and stability results during DRM reactions (CO2/CH4/He = 1/1/3, GHSV = 6000 h−1, W/F  = 0.8 g h mol−1, atmospheric pressure). (A) CH4 conversion vs. temper-
ature;  (B) CO2 conversion vs. temperature; (C) H2/CO ratio vs. temperature; (D) CO2 conversion vs. time on stream (973 K).

Table 4
Conversion and selectivity values registered for the RhNi catalysts during the DRM + H2O reaction.

Catalizador XCH4
a XCO2

a H2/CO

973 K 1023 K 973 K 1023 K 973 K 1023 K

4Ni/Al O (N) 82 89 23 42 1.46 1.49

F  = 0.8
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2 3

0.04Rh4Ni/Al2O3(N) 84 89 

0.4Rh/Al2O3(N) 91 93 

a CH4 and CO2 conversions (CH4/CO2/H2O/He = 3/1/2/9), GHSV = 6000 h−1 and W/

In addition, it is interesting to note that the H2/CO ratios
btained with the DRM + H2O reaction on these catalysts are con-
iderably higher (300%) than those registered for the DRM reaction
t 973 K, thanks to the extra source of hydrogen, the H2O. Besides,
he high selectivity towards H2, probably due to the significant con-
ribution of the WGSR, instead of towards carbon makes of this
rocess a valuable alternative to attain syngas with the appropri-
te characteristics for different processes that require high H2/CO
atios.

. Conclusion

The nanostructured RhNi catalysts, supported on a nanofibrous
lumina, have proved to be highly active and stable catalysts for the
RM and DRM + H2O reactions. Even when the catalysts were pre-
ared by the impregnation method, the morphology of the support
nd the promotion by Rh allow the attainment of stable and dis-
erse Ni particles. The addition of Rh to the formulation of Ni-based
atalysts modifies the Ni-environment modifying the electronic
roperties, inhibiting the net formation of carbon, promoting the

educibility of Ni and avoiding the sintering of the metallic par-
icles. Besides, the stability of the catalysts, in terms of time on
tream, is considerably improved when Rh is incorporated. During
he DRM + H2O the overall carbon formation is drastically inhibited
nd adjustable H2/CO ratios can be obtained.

[

[
[
[

22 44 1.67 1.63
11 39 1.81 1.78

 g h mol−1.
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