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Methane decomposition was carried out on Rh/g-Al2O3 and Rh/g-Al2O3eNd2O3 catalysts to

produce hydrogen. g-Al2O3eNd2O3 mixed oxides and Rh/g-Al2O3eNd2O3 catalysts were

prepared by wet impregnation using Nd(NO3)3$6H2O and RhCl3$3H2O as precursors. The

concentrations for the catalysts were 1.0 wt% for Rh and 1 and 10 wt% for Nd. The reaction

was carried out from 400 to 750 �C. All catalysts showed high activity and selectivity at

700 �C, with conversions around 74e79 vol%. The activity per site (TOF) was higher on Rh

crystallites size �2.1 nm. The Rh catalyst with 10 wt% neodymium concentration was

highly selective to hydrogen, 100%. This behavior was explained by the highest interaction

between Rh and g-Al2O3eNd2O3 supports. Rh/g-Al2O3 and Rh/g-Al2O3eNd2O3 with 1 wt%

Nd showed selectivities of 89 and 65% at 700 �C respectively and ethane and ethylene

products. These products come from the mobility of CHx species on the Rh surface during

the reaction. The carbon produced was mainly deposited on the support. Characterization

was done by XRD, N2 adsorption isotherms, HRTEM, EDS-SEM, CO-FTIR, H2-TPR, XPS.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Nowadays there is a clear need to find an alternative energy

source that will replace, at least partially and progressively,

fossil fuels in the near future and hydrogen seems to be one of

the most promising energy sources, since it is considered as

environmentally benign [1]. The amount of energy produced

during the hydrogen combustion is higher than that obtained

by any other fuel. The advantages of hydrogen as an energy

source is that it represents an abundant raw material and its
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combustion does not produce CO2, but only water vapor,

which makes it an ideal candidate for the reduction of the so-

called “greenhouse effect” [2e4].

Nowadays, the main process for producing hydrogen is

steam reforming of natural gas [5]. Steam reforming is a

multiple stage process. The first stage is conducted at high

temperature (800e900 �C). While the second stage is the cat-

alytic water gas shift reaction, occurring in two steps. In

addition to steam reforming, partial oxidation is also used to

generate hydrogen from fossil fuels [6], but the produced

hydrogen is still mixed with CO and CO2, which again needs a
evier Ltd. All rights reserved.
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complicated separation process as in the steam reforming

case.

The energy required for methane catalytic cracking is

nearly one half that required for steam reforming per mole of

methane decomposed [7e9]. The energy requirement is

37.4 kJ/mol H2 in methane catalytic cracking compared to

63.3 kJ/mol H2 in the steam reforming process [9]. In addition

to the lower energy demand for methane catalytic cracking

compared to steam reforming, there is no need for additional

energy for steam generation or gas treatment. The heat

requirement for catalytic cracking can be covered by burning

~15e20% of the hydrogen produced, which further reduces

CO2 emissions [10].

Contrasting the steam reforming process, the catalytic

decomposition of methane does not include water gas shift

and preferential oxidation of CO, which considerably sim-

plifies the process and may reduce the hydrogen production

costs [11].

Steinberg and Cheng [12] compared different methods for

hydrogen production at an industrial scale of 108 SCF/D

(Standard Cubic Feet per Day) of hydrogen gas at 300e600 psig.

They concluded that methane thermal cracking is the most

economical method for hydrogen production followed by

Hydrocarbon process ˂ steam reforming ˂ Coal gasification

with electricity chemical shift (Westinghouse) ˂ Partial

oxidation ˂ Steam iron ˂ High temperature steam

electrolysis ˂ Texaco gasification ˂ Coal gasification with high

temperature electrolysis ˂ K-T gasification ˂Water electrolysis.

Recent investigations have focused on improving the pro-

cess of hydrogen production by decomposition of methane to

form hydrogen and elemental carbon as an attractive alter-

native to the steam reforming [10], using metal or carbon

catalysts for a higher conversion of methane and stability

long-term catalyst [13e15]. In recent years different metal

based catalysts mono and bimetallic have been studied in the

hydrogen production as Fe [16], NieCueFe/Al2O3 [17].

For simultaneous production of hydrogen and nanocarbon

particles, nickel-based catalysts have been used. However, the

major drawback in the case of the decomposition on metal

catalysts (Ni, Co or Fe), is that the catalyst is quickly deacti-

vated because of deposits of carbon [18,19]. In general, the

noble metals show better catalytic activity and resistance to

the deactivation, but the use of the catalysts based Ni is due to

its lower cost [20].

In recent years, the investigation of the behavior of the

addition of lanthanides elements to noble metal catalyst has

begun [21,22]. Manoj et al. [23] concluded that yield of

hydrogen and carbon increased significantly with increasing

the reaction temperature from 600 �C to 700 �C. A maximum

initial hydrogen yield of 62%, 61% and 58% and a final carbon

yield of 1360 wt%, 1159 wt% and 1576 wt% was achieved over

ceria, zirconia and lanthana supported catalysts respectively,

at 700 �C.
Ahmed et al. [24] studied Catalyticmethane decomposition

in a fixed bed reactor. The effect of promoting Fe with Ce and

Co and reduction temperature is investigated. The results

reveal that Ce addition has shown a negative impact on H2

yield while a positive effect on H2 yield and catalyst stability

are observed with Co addition. In terms of number of moles of

hydrogen produced per active sites, Fe/Al2O3 has shown a
higher number of moles of hydrogen compared to bimetallic

catalysts.

Tang et al. [25] employed Fe/CeO2 for methane decompo-

sition using a fixed bed reactor at 750 �C. The optimumactivity

was observed with a catalyst composed of 60 wt. % Fe2O3 and

40 wt. % CeO2. CO was detected due to carbon oxidation by

high mobility lattice oxygen from Ceria. Comparing Fe and

Ceria and FeeCe bimetallic catalysts, Ce monometallic cata-

lyst showed very small CH4 conversion activity. Fe catalyst

showed 60% CH4 conversion after 25 min, then the catalyst

was completely deactivated after 50 min.

As example it has been assumed that the component of

cerium has a crucial role in the maintenance of the catalytic

activity of noble metals, at the same time, the oxide of cerium

shows a good stability in presence of precious metals, such as

Ru, Rh, Pd, Pt, and can lead to decrease the carbon deposit

during the decomposition of methane. The purpose of the

present study was to investigate the influence of rare-earth as

Neodymium on the Rh/gAl2O3eNd2O3 catalysts in the activity,

selectivity and stability of Rh for the CH4 decomposition. Two

concentrations of Nd (1 and 10 wt%) in the Rh catalysts where

evaluated in the decomposition of CH4 to produce hydrogen.

The g-Al2O3 was selected because of its high specific surface

area and also it has reported good activity on Rh supported on

alumina for CH4 reforming. Neodymium was selected to give

stability to the alumina and because it is not widely used in

this type of reaction.

The characterization was done by N2 adsorption-

desorption, X-ray diffraction, H2-TPR, FTIR of CO adsorption,

XPS, HRTEM, SEM-EDS.
Experimental

Supports and catalysts preparation

g-Al2O3 support was prepared from Bohemita Catapal B.

Firstly the Boehmite was dried to 120 �C for 12 h, then the solid

was calcined in air flow of 60 mL/min for 24 h using a ramp of

temperature from 25 �C to 650 �C. The g-Al2O3eNd2O3 (loaded

with 1 and 10 wt% Nd) mixed oxides, were prepared by wet

impregnation of the Boehmite with the necessary quantity of

Nd(NO3)3$6H2O (Strem Chemicals, 99.99%) aqueous solutions

to obtain 1 and 10 wt% of Nd on the support, the mixture was

maintained in stirring for 3 h. Then, the solidswere dried in an

oven to 120 �C for 12 h, after that, samples were calcined at

650 �C in airflow of 60 mL/min for 24 h.

Rh catalysts were prepared by wet impregnation of the g-

Al2O3eNd2O3 supports with RhCl3$3H2O (Strem Chemicals,

99.99%) aqueous solution. The solids were left in stirring for

3 h, and then, the water is evaporated using a vacuum evap-

orator bath at 60 �C and vacuum of 72 millibars. Subsequently

the solids were dried in an oven at 120 �C, for 12 h. The cata-

lysts were calcined in air at 500 �C under airflow of 60 mL/min

for 5 h and finally reduced in H2 flow of 60mL/min at 500 �C for

5 h. The Rh percentage on the catalysts was obtained by

atomic absorption technique. Catalysts were labeled as:

RhANdX, where: Rhodium, as Rh, alumina as A, neodymium

as Nd, and X is the concentration of Neodymium in wt%.

http://dx.doi.org/10.1016/j.ijhydene.2016.10.001
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Catalysts characterization

The BET surface area of the catalysts was measured using a

Quantachrome Multistation Autosorb 3B analyzer. Nitrogen

was used as the measuring gas at �196 �C. Before adsorption,

the sample (100 mg) was outgassed at 300 �C under vacuum

(10�3 Torr) for 24 h in order to eliminate moisture and impu-

rities physically adsorbed on the surface of the solid. The

specific surface areas were calculated with the BET equation

and the mean pore size by the BJH method.

The X-ray diffraction patterns of the supports were ob-

tained using a Bruker D-8 Advance X-ray powder diffractom-

eter equipped with a Cu Ka radiation anode in Bragg-Brentano

geometry. The detection was carried out using a Lynxeye de-

tector, which is a linear-type. Intensity data was measured in

continuous mode through the 2q ranges between 10� and 70�

with a 2q step of 0.02�.
The TPR determinations were carried out in a Chembet-

3000 (Quantachrome Co) apparatus using 0.2 g of catalyst by

means of the following protocol: samples were heated at

300 �C under nitrogen flow (10mLmin�1) for 30min. Then, the

samples were cooled dawn to room temperature and a mixed

gas flow (5%H2/95%N2) was passed through the cell. The TPR

profiles were recorded by heating the sample from room

temperature up to 600 �C at a rate of 10 �C/min under the gas

mixture of 10 mL min�1.

XPS analysis was performed on a Kratos photoelectron

spectrometer computer with axis ULTRA of X-ray with an

analyzer of hemispherical electron energy of 165 mm. The

incident radiation is produced from the monochromatic Al X

-rays (1486.6 eV) at 225W (15 kV, 15mA). The study (extended)

was taken with an analyzer at a pass energy of 160 eV and

multiplex (narrow) with high-res scans with pass energy of

20 eV. Scanning was performed with binding energy range

1200e0 eV in steps of 1.0 eV and dwell time of 100 ms. High

resolution scans were performed with 0.05 eV and 250 ms

dwell time. The base pressure in the analysis chamber was

1.0 � 10�9 Torr during the analysis of the sample was

1.0� 10�8 Torr. XPS spectrawere fittedwith the programSDP v

4.1 [26].

Transmission electron microscopy (TEM) study was per-

formed on an electron microscope of field emission that

operates at 200 kV. The microscope is equipped with a field of

Schottky type emission cannon and a configuration of ultra-

high resolution (UHR) (Cs ¼ 0.5 mm; Cc 1.1 mm; point to

point resolution, 0.19 nm). The samples were also character-

ized by high angle annular dark field detector (HAADF) used

when the microscope became operate in STEM mode known

as “Z contrast”. The samples were powdered in an agate

mortar and were suspended in ethanol at room temperature

and dispersed in an ultrasonic bath for two minutes, then one

drop of the solution was deposited on a carbon copper grid. It

is important to note that the samples were transported in a

plastic bag filled with argon in order to prevent the contami-

nation of O2.

EDS analysis was performed in a fiel emission microscope

HRSEM Jeol 7600F with a detector Oxford instruments X-MAX

20 mm2 (SDD), detector allows high-resolution mapping.

Equipment with an acceleration voltage of 15 kV.
Quantification is statistic result of quantifications 9 spectra in

nine areas of the sample, the mean values wt% and standard

deviations obtained.

HRTEM-FFT. The high Resolution Transmission Electron

Microscopy was measured in a HRTEM-2010F JEOL equipped

with a field emission source and an acceleration of 200 kV. The

sample was grinded and dispersed on a holey carbon film grid

of 300 meshes, and the high-resolution images were obtained

from the transmission of electrons that go through the

floating sample. The measure of the crystallographic planes

was done by using a Digital Micrograph program by the Gatan

software team.

FT-IR of CO adsorption spectra was determined at room

temperature by using a FTIR Nicolet 170-SX apparatus, with a

resolution of 2 cm�1. The sample pressed in thin wafers were

placed in a Pyrex glass cell, equipped with CaF2 windows,

coupled to a vacuum system and gas lines supplied. The

samples were maintained under vacuum (10�3 Torr) at 400 �C
for 30min. Then, the cell was cooled to room temperature and

the CO (Praxair UHP) admission of 20 Torr was carried out. The

CO excesswas evacuated during 30min, after the CO adsorbed

FTIR spectra were recorded.

Catalytic tests

The activity determinations were carried out in a quartz glass

micro-reactor system with a fixed bed at atmospheric pres-

sure and catalyst load of 0.05 g. The reaction temperatures

varied from 400 to 700 �C, the increase of temperature was on

steps of 100 �C and the last at 750 �C with a rate of 5 �C min�1.

Experiments consisted in a previous thermal treatment to the

catalysts with flowing nitrogen for 15 min at 300 �C. Then, a
pure CH4 (99.999%) feed steam (2 mL min�1) was introduced

into the reactor. The inlet and outlet effluents weremonitored

on line gas chromatograph, Shimadzu GC-2014 equipped with

6 packed columns and TCD and FID detectors. Which allows

the measurement of inorganic gases (H2, CO and CO2) and

organic hydrocarbons as CH4, C2H4, and C2H6. The identifica-

tion reaction products were accomplished by the quantifica-

tion of them,whichwere carried outwith calibration curves of

products reaction using the appropriate software. The

methane conversion was calculated as the amount of

methane converted throughout the experiment over the

amount admitted during that step. The selectivity was the

amount of each product H2, C2H4, or C2H6 collected at reactor

outlet over the methane converted.
Results and discusion

Catalysts characterization

The diffraction patterns of the Rh catalysts supported on g-

Al2O3 and g-Al2O3eNd2O3, which were normalized, are

showed in Fig. 1. The RhA catalysts show the characteristic

peaks of gamma alumina phase (JCPDS PDF 056-0457 Quality:

Rietveld). The diffraction pattern of RhANd1 catalyst sup-

ported on g-Al2O3 containing 1 wt% Nd (JCPDS PDF 01-079-

9858 Quality: Star (*)) does not show notable difference in

http://dx.doi.org/10.1016/j.ijhydene.2016.10.001
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Fig. 1 e X-ray diffractions patterns for RhA and RhANd1

and RhANd10 catalysts.

Fig. 2 e Pore Size diameter distribution for Rh catalysts.
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respect to the diffractogram for RhA catalyst. However, the

presence of 10 wt% Nd in RhANd10 catalyst leads to a modi-

fication of the diffraction pattern. Lower intensity of alumina

peaks is observed, which indicate low crystallinity of the solid.

The presence of neodymium at 10 wt% inhibited the growth of

the alumina crystals [27]. In Fig. 1 is plotted an inset where is

observed the peaks of the alumina having maxima at around

67� in 2q. The increase in the broad peak is related with the

reduction of the crystallite size as the concentration of Nd2O3

increases. There were not detected peaks for Nd (1 and 10 wt

%) neither for Rh (JCPDS PDF 05-0685 Quality: Star (*)

(0.7e0.86 wt%), due probably to the low concentration, which

could not be detected by the equipment or due to the high

dispersion on the alumina surface. On the other hand the

likely replacement of Al3þ ions by the Nd3þ ions inside of the

alumina structure seams not to be totally produced since Nd3þ

presents ionic radii of 1.08�Awith a hexagonal structure, while

Al3þ has a fcc crystalline structure and an ionic radii of 0.5 �A.

The ionic radii of neodymium are larger than the Al3þ, which

difficult the atomic substitution in the alumina structure

network. But a probably small integration cause a perturba-

tion in the crystal structure of the alumina hindering the

growth of the crystallites [27]. At the highest Nd content a

probable segregation of this element can be found on the

alumina surface as neodymium oxide, then a Nd2O3 enriched

surface on the RhANd10 catalyst is expected [28].
Table 1 e Characteristics of the Rh catalysts.

Catalystsa Rh (wt%)b Mean size Rh crystallite (nm) % D

RhA 0.77 1.0 ± 0.30 10

RhANd1 0.70 2.1 ± 0.48 52

RhANd10 0.86 3.3 ± 0.72 33

a Fresh catalysts.
b Atomic Absorption Technique.
c Dispersion (%) ¼ (aN(S) Rh/

bN(T) Rh) � 100. aN(S) Rh ¼ Number of active

Rhodium atoms in the catalyst material.
d Specific surface area for alumina (A) support.
The BET specific surface areas of the catalysts is reported in

Table 1. The BET surface area for alumina (A) support is

266 m2 g�1, and for RhA catalyst, 284 m2 g�1
. The catalysts

containing neodymium RhANd1 and RhANd10 show a slight

decrease of the surface area (237 and 227 m2 g�1) in respect to

that observed in the A support and RhA catalyst references.

The most affected catalysts was RhANd10 which shows a

decrease around 20%. This result can be explained by an

occlure of the pore, which increases with the amount of pro-

moter, Table 1. In Fig. 2 is depicted the pore size distribution of

the rhodium catalysts, where is showed a similar pore size

distribution on RhA and RhANd1, with values of mean pore

size of 48 and 49 �A respectively. The RhANd10 catalyst pre-

sented a pore size distribution profile shifted towards lower

values giving a lower mean pore size, 39 �A. The pore volume

presents a decrease tendency with the increasing amount of

Nd in the catalyst. This behavior would be due to deposition of

Nd2O3 at th alumina pores mouth, producing an apparent

small pore but with the expected decrease in surface area.

The concentrations of Rh on the catalysts were determined

by atomic absorption and reported in Table 1. The nominal

concentration of Rh was 1.0wt%, the real concentrations are

0.77, 0.70 and 0.86 wt%, and these values can be considered

valid, in the error range.

The mean Rh crystallite size of the fresh catalysts deter-

mined by TEM is reported in Table 1. The micrograph and the
c Pore volume cc g�1 Pore size �A Area BET m2 g�1

0 0.638 48 (266) 284d

0.575 49 237

0.439 39 227

Rhodium atoms available for reaction. bN(T) Rh ¼ Total number of

http://dx.doi.org/10.1016/j.ijhydene.2016.10.001
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Fig. 3 e TEM images and histograms of metal crystallite size distribution for the RhANd10 and RhANd10-used catalysts.
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distribution of the Rh crystallite size for a selected RhANd10

fresh catalyst is depicted in Fig. 3a). The mean Rh crystallite

size for all catalysts were determined by ds ¼ Snidi
3/nidi

2

equation, where ds, is the mean crystallite size of Rh, ni, the

number of Rh crystallite diameter di, measured directly on the

micrographs, at least 150 Rh particles were counted. The

histogram analysis clearly suggests a narrow size distribution

(Fig. 3). Themean Rh crystallite size was 1.0, 2.1 and 3.3 nm for
RhA, RhANd1 and RhANd10 for the fresh catalysts respec-

tively, Table 1. The dispersion of Rh catalysts is also reported

in the Table 1, calculated by D(%)¼Number of active Rh atoms

available for reaction/Total number of Rh atoms in the cata-

lyst material �100.

The reduction profiles (H2-TPR) for RhA, RhANd1 and

RhANd10 catalysts are shown in Fig. 4. Two reduction peaks

were observed in all Rh samples. RhA and RhANd1 catalysts

http://dx.doi.org/10.1016/j.ijhydene.2016.10.001
http://dx.doi.org/10.1016/j.ijhydene.2016.10.001


Fig. 4 e H2-TPR profiles of neodymium promoted RhA and

RhANd1 and RhANd10 catalysts.

Table 2 e Binding energy of Rh 3d5/2 core level and
relative abundance of the different species of Rh fromXPS
data in RhA and RhANdX catalysts.

Catalyst Binding energy
(eV)

Abundance (%)

Rh� Rh3þ Rh� Rh3þ

RhA 307.25 308.45 42 58

RhANd1 307.25 308.45 33 67

RhANd10 307.25 308.45 25 75

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 2 3 2 4 7e2 3 2 5 923252
exhibited a similar lower reduction temperature peak at 157

and 159 �C respectively, which has been attributed to the

reduction of three dimensional Rh2O3 crystallites on alumina

Rh supported catalyst to give metallic rhodium [28,29]. This

rhodium oxide specie is closely interacting with the alumina

surface [30,31]. The Rh catalyst with 1 wt% Nd as promoter

(RhANd1) practically does not modify the reduction temper-

ature of Rh2O3 specie, indicating similar interaction of Rhwith

the surface as in the RhA catalyst.

For RhANd10 catalyst the first peak is shifted towards

higher temperature, the reduction peak is centered at 174 �C,
corresponding to the reduction of three dimensional Rh2O3

particles to get metallic Rh [32]. Burch et al. proposed that

when Rh is calcined at 500 �C some Rh oxide may spread on

the support and placed on the alumina defects sites and Rh

become strongly bounded and hardly-reducible [28]. Some

authors have reported that Rh2O3 and Nd2O3 compounds

show a great affinity in an oxidizing atmosphere resulting Rh

interacting strongly with Nd2O3 and the RheOeNd bond for-

mation [33]. The shift of Rh reduction to higher temperature

could be originated from a higher interaction between the Rh

and the neodymium oxide in the oxidizing atmosphere of

calcinations pretreatments [28]. In the present case a strong

interaction of the Rh with the Nd2O3 on the surface and a

probable formation of RheOeNd bond on the surface could

occur. Then, Rh support interaction with a Nd2O3-enriched

surface layer in RhNd10 sample is the responsible of the

temperature shift of Rh reduction peak because this sample

has the highest amount of Nd2O3 (10 wt%) and whose excess

would be highly deposited on the alumina surface with large

interaction with Rh particles.

The second reduction peak at the highest temperature

showamaximumat 428 �C, 429 �C and 410 �C for RhA, RhANd1

and RhANd10 catalysts, this peak has been associated to

reduction of a rhodium oxidized specie, Rh(AlO3), formed by

diffusion of Rh oxides into sub layers of g-Al2O3 structure at

high temperatures [30]. Although, other authors have pro-

posed that this second peak is related to the reduction of two

dimensional Rh2O3 particles [30].
The above results are in good agreement with those ob-

tained by X-ray photoelectron spectroscopy (XPS). The X-ray

photoelectron data of Rh 3d region for Rh catalysts are re-

ported in Table 2 and the XPS spectra are shown in Fig. 5. The

binding energies (BE) of Rh corresponding to the Rh 3d5/2 core

level show 2 peaks at 307.25 eV and 308.45 eV which can be

ascribed to Rh� and Rh3þ species for all the Rh catalysts, bare

RhA, RhANd1 and RhANd10 catalysts. The relative abundance

of the reduced and oxidized specie was calculated from the

area of the deconvoluted peaks. For RhA, RhANd1 and

RhANd10 (Table 2) the relative amount of Rh� specie varies

from 42, 33 and 25%whereas for Rh3þ species the amounts are

58, 67 and 75% respectively. An increase of the oxidized specie

with the increase of the Nd2O3 in the catalyst is observed, the

presence of Nd2O3 stabilize the Rh3þ oxidized specie. These

results suggest that the presence of Nd2O3 in Rh catalysts yield

Rh electro-deficient species as a result of the strong interac-

tion of Rh with the Nd2O-enriched surface layer on the

RhANd10 catalyst. XPS results confirm the suggestions pro-

posed above of a stronger interaction metal-support on the

catalyst with the highest content of Nd2O3.

The FTIR of CO adsorbed on the Rh catalysts promoted and

unpromoted is showed in Fig. 6. RhA catalyst shows a similar

spectra to the ones reported by other authors [34]. The two

only peaks are depicted at 2091 and 2019 cm�1 which are

associated to symmetrical and asymmetrical stretching vi-

bration of germinal-dicarbonyl Rhþ(CO)2 species. The pres-

ence of this species is explained by the oxidative disruption of

Rh crystallites comprising hydroxyl groups of the support

[35,36]. Neither the bridged-bonded CO species (1850 cm�1) nor

the CO linearly bonded species on Rh� (2040e2070 cm�1) were

detected, species formed on large Rh surface [35]. The pres-

ence of gem-dicarbonyl species in the FTIR spectrum for RhA

catalyst should be interpreted as the presence of very small

rhodium crystallites corresponding to high dispersion. Then,

it can be assumed that CO gem-dicarbonyl formadsorbs in low

coordinated sites. In the same way for the RhANd1 and

RhANd10 catalysts the dicarbonyl species bands were the

unique CO absorption bands detected. However, the trend

observed in these samples is that with the increase of Nd

loading a diminution of the IR intensity of the CO bands is

produced. This behavior was more notable in the sample with

higher amount of Nd (10 wt%). The diminution of the intensity

with the addition of Nd promotor could be related to the dif-

ference of Rh crystallite size. If the Rh crystallite size increases

it should be noticed the presence of the linear CO adsorption

band, however this is not the case here. A crystallite size larger

than the ones obtained in our catalysts is required for the
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Fig. 5 e XPS spectra of Rh 3d core level for RhA and RhANd1

and RhANd10 catalysts.
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obtention of the CO linear adsorption on rhodium metal. On

the other hand, it is probable that the reduction in intensity of

IR bands is due to a diminution of the number of Rh sites of

low coordination exposed to CO adsorption by progressive

blockage by the neodymium oxide [29].
Activity, selectivity and carbon

Methane dehydrogenation was conducted at temperatures of

400, 500, 600, 700 and 750 �C with undiluted methane flow and

a space velocity of 6 L h�1 g�1. Fig. 7 shows the profiles of

methane conversion as function of temperature. It can be

seen that the conversion of methane increases as the tem-

perature increases from 400 �C to a maximum conversion at

700 �C, then a diminution is observed at 750 �C.
The methane dehydrogenation for the different catalysts

at 400 �C shows good activity showing conversions of 50, 45

and 39 vol%, corresponding to RhANd1, the most active, fol-

lowed of RhA and RhANd10, respectively (Table 3). Moreover,

the activity per site, TOF h�1 (turn-over frequency) for the

decomposition of methane, the RhANd1 and RhANd10 cata-

lyst showed the highest activity (14 h�1) followed by RhA

(5.5 h�1) catalysts, Table 3. As it is also well known the struc-

ture of themetal particle can influence in the activity [37]. The

RA sample with the lowest crystallite size (1.0 nm) shows also

the lowest activity per site. At particles size �2.0 nm the ac-

tivity is higher, larger Rh crystallite size are more active at

400 �C (Table 3).

All Rh catalysts exhibit the highest performance at 700 �C
(Fig. 7). The conversion of the reaction increased rapidly be-

tween 600 and 700 �C, this can be explained by the reduction of

more active Rh sites using, in situ, hydrogen produced at

700 �C [38,39]. The maximum conversion of methane dehy-

drogenation is around of 74e79 vol% at 700 �C for all Rh cat-

alysts (Table 4). Nevertheless, the activity per active site (TOF)

is higher with the presence of Nd in the catalysts. The TOF

activity for the different catalysts is: RhANd10 ~ RhANd1> and

RhA, at 700 �C (Table 4). The catalysts with the largest crys-

tallite size �2.1 nm, RhANd1 and RhANd10 catalysts are more

active than the very small Rh particles ~1.0 nm, RhA catalyst

(Table 4). The very small rhodium crystallites of the high

dispersed RhA sample shows low activity per site. Some au-

thors studying the Pd addition to Rh showed a decrease in TOF

which was explained by a reduction of Rh sites for the hy-

drogenation of aromatic rings [40]. This lesser ability of very

small Rh crystallites was consistent with mononuclear inor-

ganic clusters of Rh in homogeneous catalysis. The electronic

properties of such very small particles are quite different of

the bulk metal [41]. On the other hand, larger Rh particles

could present active sites for the reaction, where themethane

could adsorb showing higher activity. In the present catalysts

could be considered that RhANd1 and RhANd10 with higher

size of crystallite would be more accessible sites. When the

temperature increases at 750 �C all catalysts present a

decrease in activity (Fig. 7), this decrease in conversion could

be due to a sintering of the particle size or a deposit of carbon

on the surface of the catalyst.

The highest hydrogen production was observed at 700 �C
on RhANd10 catalyst (largest particle size, 3.3 nm and highest

neodymium concentration). This catalyst presents a hydrogen

selectivity of 100%. The catalyst with sizes of particle �2.1 nm

showed lower selectivities to hydrogen of 89 and 65% on RhA

and RhANd1 respectively. One of the important factors that

affect the performance of the metal is related to their elec-

tronic structure. This is associated to the structure of the
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Fig. 6 e FTIR spectra of CO adsorbed on RhA and RhANdX catalysts.

Fig. 7 e Conversion of methane decomposition as a

function of temperature for Rh catalysts.

Table 3 e Conversion, selectivity and TOF for the
methane dehydrogenation on RhANdX catalysts at
400 �C.

Catalyst CH4 conversion (%) H2 selectivity (%) TOF h�1

RhA 45 22 5.5

RhANd1 50 17 14.0

RhANd10 39 26 14.0
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particle size [41]. The small metal particles present higher

sites of low coordination as corners, edges which are more

electro-deficient. Another important parameter to consider is

the degree of interaction between metal and support. The

charge transfer between the metal-support interfaces can
change the d-band density of states and therefore lead to

different catalytic properties [37]. The H2-TPR and XPS studies

showed that it exists a high interaction between Rh and g-

Al2O3eNd2O3 support which depends of the amount of neo-

dymium surface enrichment on the catalyst. A g-Al2O3 surface

rich on neodymium oxide (10 wt%) leads to a strong surface

interaction between RheNd2Oyeg-Al2O3 support [28]. The low

content of Nd (1 wt%) on the alumina produces Rh-support

interaction, similar to that showed on g-Al2O3 (Figs. 4 and 5).

The difference in the degree of interaction of Rh with the

support induces changes in the electronic structure, which

affect the activity and selectivity of methane decomposition.

Indeed as it is observed in Table 4, the selectivity pattern on

RhANd10 catalyst is different to that observed on RhA and

RhANd1 catalysts. The CH4 adsorbs dissociatively on Rh sur-

face particles producing H2 and CHx (x ¼ 3e0) species. If the

CHx species have high mobility on the metal surface, conse-

quently a recombination with another species could be lead-

ing to the formation of higher hydrocarbons [42]. It has been

reported that the main specie observed in the decomposition

of CH4 is the C2 hydrocarbons and it depends of the nature of

the support [37]. As it can be seen in Table 4, the products

detected, in addition to the hydrogen, in the RhA and RhANd1

catalysts are ethane and ethylene whose selectivities are 3

and 8% for the first one and 12 and 23% respectively for the

second one, at 700 �C. Studies on the methane conversion and

chemisorptions on metallic surfaces showed that CH3 is the

main dissociated specie and the coupling of CH3 can produce

ethane [42]. Further dehydrogenation to CH2 and coupling

leads to the ethylene formation. These products are favored

on the Rh surface, in RhA and RhANd1 catalysts, since the

adsorption strength allows the migration of the CHx species

over the surface. Fig. 9 a) represent the behavior of RhA and

RhANd1 catalysts where the interaction with the support is

very similar favoring the migration of the CHx species and

forming the ethane and ethylene products. On the other hand,

due to on RhANd10 catalysts the species CHx are further
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Table 4 e Conversion, selectivity and TOF for the methane dehydrogenation on RhANdX catalysts at 700 and 750 �C.

Catalyst Temperature (�C) Conversion (%) TOF (h�1) Selectivity (%)

H2 C2H4 C2H6

RhA 700 74 9 89 8 3

750 71 e 85 8 7

RhANd1 700 79 20 65 23 12

750 68 e 63 12 25

RhANd10 700 75a 26 100 0 0

750 66 e 100 0 0

Theoretical value of the decomposition of CH4 ¼ 3.2 mmol of H2 min�1 gcat
�1 .

a Experimental value for the decomposition of CH4 ¼ 2.5 mmol of H2 min�1 gcat
�1 , with 75% conversion.

Fig. 8 e Selectivity to hydrogen production as a function of

temperature for the methane decomposition on Rh

supported on alumina-neodymium catalysts.

Fig. 9 e Representation of the behavior of methane decomposit

catalysts.
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adsorbed and are more stable on the Rh surface, the disso-

ciative chemisorption of methane species produces the H2

evolution, resulted from the association of hydrogen atoms,

the only product detected in this catalyst, Fig. 9 b). There were

no other products detected due to the strong adsorption of

CHx species on the surface.

To determine the stability of the RhANd10 catalyst, the

sample, was maintained in time on stream (TOS) for 10 h at

700 �C, as it is showed in Fig. 10, the selectivity remained. As

well, with the increase of reaction temperature at 750 �C the

selectivity toward hydrogen stayed unchanged at 100%, Fig. 8.

The hydrogen production tends to a stable performance as

temperature increases. The fact that in RhANd10 catalyst does

not decrease the selectivity, even if the carbon is deposited on

the Rh surface particles, could be explained by assuming that

the carbon deposited can be participating in the reaction

acting as an active site [43]. It has been reported that C can

dissolve into Rh at elevated temperatures and that part of the

dissolved C accumulates at the surface on Rh particles [44].

However, a probable explanation is that the improvement can

be due by the release of the H2 from methane decomposition
ion on Rh metallic particles for: a) RhA and b) RhANd10
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Fig. 10 e Stability test of RhANd10 catalyst for 600 min on

time on stream at 700 �C.
Fig. 11 e X-ray diffractions patterns for all Rh used

catalysts.
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leading to the reduction of the whole rhodium active sites

available for the reaction [45].

In Table 5 is reported the mean Rh crystallite size for the

fresh and for the RhANd10-used catalyst and the distribution

of crystallite size are showed in Fig. 3 a) and 3 b). The used

catalyst is obtained after reaction at the different tempera-

tures: 400, 500, 600, 700 and 750 �C. The fresh catalyst showed

a particle size of 3.3 nm and the used catalyst a mean crys-

tallite size of 4.3 nm due to the sintering of Rh particles.

However, the activity was not affected. On the contrary RhA

and RhANd1 catalysts showed a slight decrease in the selec-

tivity when the temperature increased at 750 �C (Fig. 8), a

different surface structure on the Rh particles could be formed

with the sintering of the Rh particles and the deposit of

dehydrogenated carbonaceous species on the active sites can

occurred, inhibiting the dehydrogenation of CH4.

In the course of the methane decomposition over the Rh

surface a deposit of the carbonaceous intermediates is pro-

duced. It has been detected various types of carbon formed on

the surface of the catalysts according to the reaction tem-

perature: carbidic carbon, amorphous carbon, graphitic car-

bon [46]. The deposit of carbon on the rhodium could block

some active sites and deactivate the catalyst and then modify

the selectivity.

The deposited carbon on the RhA, RhANd1 and RhANd10

used catalysts was studied by X-ray diffraction (XRD). The

XRD patterns for all the used catalysts are exhibit in Fig. 11. It
Table 5 e Size of crystallite for Rh catalysts: fresh and
used in methane decomposition.

Catalyst d (nm)a d1 (nm)b Amorphous carbonc

Fresh Used (wt%)

RhANd10 3.3 ± 0.7 4.3 ± 1.2 18.61 ± 0.83

a d ¼ mean crystallite size by TEM.
b d1 ¼mean crystallite size by TEM for the catalyst after reaction at

different temperatures (400e750 �C).
c Amorphous carbon ¼ wt% of C deposited on the surface of the

catalyst after reaction, determined by EDS-SEM.
is observed a similar XRD spectra for the rhodium bare cata-

lyst RhA and the RhA-used catalysts respect to the position of

the main peaks characteristic of the g-alumina (2q ¼ 67, 45.9

and 37.6�), but showing less intensity in the used sample,

which indicate a loss of crystallinity of the Alumina. The

peaks in the region 2q < 40� shown a broad signal caused by

the presence of carbon on the used catalyst. It is also

perceived a peak, in RhA-used catalyst, at 2q ¼ 40.069� which

correspond to the Rh (111), the detection of this peak is due to

the sintering of the Rh metal after reaction, since, it was no

detected on the fresh catalyst.

A similar diffraction pattern has been observed for the two

used catalysts containing Nd RhANd1 and RhANd10 (Fig. 11). It

is clearly observed only one peak typical of the g-Al2O3, placed

at 2q¼ 67� which intensity is lower due to the crystallinity loss

of both samples. The diffraction pattern shows 2 broad and

upper peaks caused by the presence of the carbon formed and

deposited on the catalyst, which was characterized as amor-

phous carbon. The very similar pictures showed by the two

neodymium promoted Rh catalysts indicate that the presence

of neodymium could be the responsible of this behavior acting

as a trap of the carbon.

In Fig. 12 is displayed the SEM-EDS analysis of the RhANd10

used-catalyst for mapping and composition exploration. The

X-ray maps disclose the elements present in the sample as Al,

O, Nd, Rh and C, which correspond to Al2O3 and Nd2O3, Rh,

and C. The Table inset in the Fig. 12, shows the wt% of each

element present in the sample of the catalyst. As it can be

observed in the mapping of each element, the profiles of Al, O

and C present a profile very similar indicating that the carbon

present in the catalyst is placed mainly on the surface of the

alumina support. In Table 5, is reported the carbon amount on

the catalyst determined by SEM-EDS for the RhANd10 used

catalyst that is about 18.6 wt%.

The study of HRTEM was carried out with the aim to

identify the phases on the catalysts and analyze the type of

carbon formed on the surface of the selected RhANd10 sample

during the reaction. Fig. 13 shows a high resolution image of a

region of the RhANd10 used sample with their respective
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Fig. 12 e SEM and EDS dot mapping analysis for RhANd10 used catalyst.

Fig. 13 e HRTEM images of RhANd10 used catalyst with a), b), c) and d) corresponding to FFT of the scanned areas.
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Fourier transformed (FFT) of analyzed zones a), b), c) and d).

The assignation of the interplanar distances were done by the

respective diffraction cards (JPDS) for each of the phase found.

The interplanar distance with 1.337, 1.398 and 1.977 �A corre-

spond to the g-alumina and 2.225 �A to the N2O3 (0 1 2) plane.

The interplanar distances 2.673, 2.299, 1.309, 3.671 and 1.835 �A

correspond to the b-Rh2O3 and the 2.196 �A corresponding to

the metallic Rh plans (111), the same type of plane for Rh was

detected on the RhANd10-used sample by XRD. Finally the

interplanar distances of 2.547, 1.86, 2.052 and 2.128 �A corre-

spond to the amorphous carbon.

As it was observed by XRD and High resolution SEM and

TEM characterization all carbon produced at around 700 �C is

amorphous carbon. In accordance with the XRD and EDS-SEM

mapping results can be supposed that carbon is deposited on

the support in a great proportion. The XRD present a high

modification of the diffractionpattern on the usedRh catalysts

containingNd and in EDS-mapping is observed that the carbon

follows the same profiles that the alumina and oxygen, on the

same RhANd10 used catalyst, with the deposit of carbon after

reaction Figs. 11 and 12. It has been reported that a carbon
species diffusion process from the active metal sites, where

methane is, towards the alumina support where their inter-

actionwithOHandO�2 ions takedehydrogenatedplace [47,48].

This results are more notable in the catalysts containing

neodymium in a proportion adequate which favors a high

selectivity to hydrogen production, also stabilize the hydrogen

production at high temperature and prevent the deactivation

in spite of the presence of carbon formed during the reaction.

The neodymium oxide deposited on the alumina-Nd support

on Rh catalysts could act as a trap for the carbon.
Conclusions

In the present work, it was studied the effect of the Nd2O3 (1

and 10 wt%) addition to Rh/gAl2O3 for the production of

hydrogen in the methane decomposition in the range of

temperature of 400e750 �C. Rh/g-Al2O3eNd2O3 the supports

and catalysts were prepared by impregnation of the Nd nitrate

and RhCl3 as precursors. The catalysts with Rh particle size

�2.1 nmweremore active (TOF) in methane decomposition at
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700 �C. The RhANd10 catalyst presented the highest selectivity

to hydrogen, 100%. The RhA and RhANd1 catalyst produced 89

and 65% of selectivity of hydrogen respectively and the rest

was ethane and ethylene products. The RhANd10 catalyst

behavior was explained by the highest interaction of Rh and

alumina-Nd2O3 support as it was detected by H2-TPR and XPS

studies. The production of ethane and ethylene comes from

the mobility of the CHx species on the Rh surface formed

during the degradation of methane in RhA and RhANd1 cat-

alysts. The type of carbon produced during the reaction was

amorphous carbon which is deposited mainly on the support.
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