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Abstract

La,NiOy4-type perovskites were prepared by the ““self-combustion’ method and were used as catalyst precursor for the CO, reforming of CH,
reaction at 700 °C. The catalysts were used in reduced and non-reduced form. High CH, and CO, conversions were obtained with a H,/CO ratio
lower than 1. This result was explained by the occurrence of the RWGS (reverse water gas shift) reaction. The reduction of the perovskite La,NiO4
leads to the formation of small nickel particles (average diameter: 7 nm), consequently the catalytic activity is higher than that obtained with 5%
Ni/La,O; (average diameter: 11 nm).

The use of the perovskite La,NiO,4 without reductive treatment prior to the reaction shows that the catalyst is composed of a mixture of Ni,
La,0,COj3 and La,NiO, during the first hours of the reaction. The catalytic activity is thus lower than that obtained with the reduced perovskite.
The reaction performed using the non-reduced perovskite is accompanied by carbon deposition. TEM and Raman analysis showed that multiwalled

carbon nanotubes are formed under those experimental conditions.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, the carbon dioxide reforming of methane
process has received considerable attention from both academic
and industrial sectors. This reaction converts the cheapest
carbon containing gases (CH4 and CO,) in synthesis gas with
a H,/CO ratio of 1. This process is particularly interesting
environmentally when gas fields contain a significant amount of
methane and carbon dioxide, both gases being undesirable
greenhouse gases. The low H,/CO ratio is preferentially used
for the production of liquid hydrocarbons in the Fischer—
Tropsch synthesis and for the production of formaldehyde and
polycarbonates [1,2].

Because of the high endothermicity of the reaction, the
process can be used in energy transfer from solar energy to
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chemical energy, in energy storage in the form of CO and H,
and chemical energy transmission systems (CETS) [3].

The main drawbacks of the process are: (1) requirement of
temperatures as high as 800 °C for high conversions and (2)
catalyst deactivation due to carbon deposition. The two main
reasons for coke formation are: methane decomposition (reaction
(7)) and the Boudouard reaction (reaction (6)). The first reaction
is favored at high temperatures and low pressures, whereas the
second one is favored at low temperatures and high pressures.

The carbon dioxide reforming of methane is accompanied
by some side reactions [4]:

CH4 4+ CO, & 2CO + 2H, (carbondioxide reforming)

(1)
H, + CO; & CO + H,O  (reverse water gas shift) )
CO;, +4H, < CH4 +2H,0 (CO, methanation) 3)
CO + 3H, < CH; +H,0 (CO methanation) 4)
CH4 +2H,0 < CO + 3H, (steamreforming) 5)
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2CO < C + CO, (Boudouard reaction) (6)

CH; & C + 2H, (methane decomposition) @)

C + H,O < CO + H, (coke gasification) (8)
Several authors reported carbon deposition and catalytic deac-
tivation during CO, reforming of CH,4 over different catalysts
[5.6].

Thermodynamic calculation of graphitic carbon deposition
as related to reaction conditions suggested that carbon
formation could be avoided thermodynamically at high
temperatures (e.g., 1000 °C) and also by the presence of
excess of CO,, H,O or O, [7-11]. However, from a standpoint
of industry, it is desirable to operate the process at a relatively
lower temperature and with a CO,/CH,4 ratio close to unity.
Another alternative is to find catalysts resistant to coke
formation.

Considerable research efforts have been directed to the
development of catalysts which show high activity towards
synthesis gas formation and are also resistant to coking.
Numerous supported metal catalysts have been used for this
reaction. Among them supported noble metal (Rh, Ru, Ir, Pt,
and Pd) [12-22] and nickel [23-27] show high catalytic
performance in terms of methane conversion and selectivity to
synthesis gas. Catalysts based on noble metal are less sensitive
to carbon deposits than those based on nickel. However,
considering the high cost and limited availability of noble
metals, it is more advantageous to develop nickel-based
catalysts with good resistance to carbon deposition and a high
activity during extended period of time. In previous papers we
have shown that LaNiO; perovskite used as catalyst precursor
leads to a very active catalyst for the CO, reforming of CH,
[28,29].

Currently, there are three technologies for synthesis gas
production: MIDREX [30], CALCOR [7,31] and SPARG
[32,33,26,34,35]. The last two processes were developed for
CO, reforming of CHy. The principle of SPARG (sulfur
passivated reforming) allows carbon free operation by adding
sulfur to the process stream, which block the sites for carbon
formation while sufficient sites for reforming reactions are
maintained. The CALCOR process uses an excess of CO, to
inhibit carbon deposition. Nevertheless, only recently the first
pilot plant for synthesis gas production was successfully
operated in Japan [36]. In this process, natural gas is fed to the
reactor with CO, and H,O to obtain a synthesis gas with a ratio
H,/CO equal to 2.

The aim of the present work was to investigate the activity
and stability of the K,NiF,-type precursor: La,NiO4. We
particularly focused on the reaction mechanism involved using
the catalyst with or without reductive treatment prior to the
reaction.

The catalytic performances were compared with those of Ni/
La,0,CO;5 and Ni/La,0s3. The conventional Ni/La,O5; was used
as a reference catalyst as suggested by Verykios and co-worker
[37].

2. Experimental
2.1. Catalysts preparation

The K,NiF,-type oxide La,NiO,4 was prepared by the self-
combustion method [38]. Glycine (H,NCH,CO,H) used as
ignition promoter was added to an aqueous solution of metal
nitrates with appropriate stoichiometry, in order to obtain a ratio
NO; /NH, = 1. The resulting solution was slowly evaporated
until a vitreous green gel was obtained. The gel was heated up
to around 250 °C, temperature at which the ignition reaction
occurs producing a powdered precursor which still contains
carbon residues. Calcination at 700 °C for 6 h eliminates all of
the remaining carbon and leads to the formation of the K,NiF,
structure.

Ni/La,O5 catalysts containing 1%, 5% and 17% were
prepared by the wet impregnation method using nitrate salt as
metal precursor. Nickel nitrate was dissolved in distilled water.
Then the appropriated amount of La,O; was added under
continuous stirring. The slurry was heated up to 90 °C and kept
at this temperature until the water was evaporated. The residue
was then dried at 110 °C for 24 h and subsequently calcined at
700 °C under air for 6 h until complete decomposition of
nitrates was obtained. After this treatment, the catalysts were
reduced at 700 °C in pure H, for 1 h.

5% Ni/La;0,CO; was prepared using the impregnation
method described above. The La,0,CO3; material was prepared
by CO, treatment of commercial La,O5 during 2 h at 700 °C.

2.2. Characterization

The catalysts were characterized by powder X-ray diffrac-
tion using a Siemens D-5000 diffractometer with Cu
Ko, = 1.5406 A and Cu Ko = 1.5439 A, operated at 40 kV
and 30 mA. The diffraction patterns were recorded in the 20
value range of 10-90° with a step size of 0.01° and 1 s per step.
The XRD in situ experiments were conducted in a Bruker
D5005 equipment using Cu Koy radiation. The diffractometer
was equipped with an Anton Paar KG reactor chamber mounted
on a goniometer. The powdered samples were placed on a
filament of kenthel (FeCrAl) with cavity and pressed by hand.
For in situ X-ray diffraction, a mixture of 3% H, in He was used
with a flow rate of 50 mL/min, the temperature was raised from
ambient to 973 K. Prior to the diffraction measurements the
samples were purged under helium for 30 min at room
temperature.

TEM was carried out on a Philips CM120 instrument, with
LaBg¢ filament and equipped with an energy dispersive X-ray
analyzer (EDX). TEM images of deposited carbon were taken
after treatment of the sample with a solution of 65% HNO;. The
sample was deposited on a Cu grid for TEM observation.

Raman spectra of carbon nanotubes were performed by
diluting the sample in KBr, using a Perkin Elmer Spectum GX-
IR FT Raman spectroscopy with a diode Nd:YAG laser and a
wavelength of 514.5 nm from 10 to 4000 cm ™.

TPR and H, chemisorption experiments were carried outin a
Micromeritics Autochem 2910 using about 160 mg of catalyst.
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TPR experiments were performed using 5% H,/Ar flow while
the temperature rise at 5 °C/min from ambient to 700 °C and
maintained at this temperature for 2 h. Then the system was
purged in Ar at 720 °C for 6 h and cooled to 50 °C. Hydrogen-
pulsed chemisorption was started at 50 °C using 5% H,/Ar and
repeated at 5 min intervals until the hydrogen area peaks
became identical. The amount of hydrogen consumed was
measured with a thermal conductivity detector. Metal disper-
sion on the surface was calculated assuming the adsorption
stoichiometry of one hydrogen atom per nickel surface atom
(H/Nig =1).

XPS characterization was performed using an Axis Ultra
Kratos spectrometer equipped with Al Ka X-ray radiation
source in a vacuum of 2 x 10~° Torr. La 3d, Ni 3p,O Isand C
1s signals were measured.

The surface areas were measured by BET procedure using
nitrogen—helium adsorption. All samples were degassed with
He for 30 min at 623 K before measurement, the adsorption—
desorption isotherm of N, was determined using 30% N,/He as
the adsorbate on a Micromeritics Flowsorb II 2300 apparatus at
—196 °C.

2.3. Catalytic reaction

The catalysts were tested in a fixed bed continuous flow
quartz reactor (i.d. = 6 mm) at atmospheric pressure. The flow
rate of the reactant mixture was 100 mL/min (CH4/CO,/
He = 10/10/80 mL/min; GHSV =3.0 x 10°mL g~ ' h™") over
a 20 mg catalyst bed. The temperature was increased from room
temperature to 700 °C at a rate of 5 °C/min, and maintained at
this temperature for the desired reaction time. The temperature
was measured with a thermocouple located inside the reactor
but without direct contact with the catalyst.

In some experiments the perovskite catalyst precursor was
used without pre-treatment and in some cases after reduction
under hydrogen at 700 °C for 1 h. The reaction products were
analyzed by an on-line mass spectrometer. The detection limit
was estimated to be around 0.04 pwmol. According to the
intensity of the signal measured by the MS, this value
corresponds to about 1% of the total amount detected.

3. Results and discussion
3.1. Temperature-programmed reduction and in situ XRD

In order to obtain information about the behavior of La,NiO,4
under reductive atmosphere (H,), TPR experiments followed
by in situ XRD analyses were performed.

The in situ X-ray diffraction is shown in Fig. 1 and the TPR
profile of La;NiO, is shown in Fig. 2.

The XRD pattern of the perovskite La,NiO, after calcination
at 700 °C (Fig. 1a) reveals the presence of a very crystalline
tetragonal La,NiO,4 (K,;NiF,-type structure).

The in situ X ray diffraction analysis shows that until 500 °C
(Fig. 1f), the structure of La,NiO, is preserved; it begins to
change at around 600 °C (Fig. 1g); at this temperature a mixture
of La,NiO, and La, O3 is clearly identified. At 700 °C, La,NiOy4

Room Temp °C
o

700°C

500 °C
AR e tA e e .. 40°C

@ 300°C
A A

200°C

. . s . »

100 °C

Room Temp °C

5 ! T i T T T ¥ T ¥ T T 1
10 20 30 40 50 60 70 80 90
20

Fig. 1. In situ XRD patterns of La,NiO, during the reduction treatment. ()
Ni; (O) La,0s5; (@) La,NiOg4; (W) sample holder signal.

was completely destroyed, the only phases detected being Ni
and La,0O5 (Fig. 1h).

The TPR profile of La,NiO4 shows two main peaks (Fig. 2).
The first one is small with a maximum at around 380 °C and the
second one which starts evolving at around 500 °C.

The first peak of TPR between 300 and 420 °C does not
correspond to a modification of the perovskite structure
according to the in situ XRD experiments, but it could be
assigned to the reduction of the excess of oxygen in La,NiOy, .
It has been shown in the literature that the non-stoichiometry
level can reach § =0.18 [39].

The second peak appears between 530 and 680 °C and
corresponds to a complete reduction of the perovskite
according to:

La,NiO4 +H, — Ni + La,O3 +H,0

TPR and in situ XRD experiments confirm that a complete
reduction of La,NiOy, in Ni and La,03, requires a temperature
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Temperature (°C)

Fig. 2. TPR curves of the perovskites La,NiO,4. Catalyst weight: 160 mg; gas
flow rate: 5% H,/Ar, 50 mL/min.
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higher than 680 °C under H, and the reduction occurs in one
step. Contrary to LaNiO5z which requires 580 °C and three steps
for its total reduction [28].

3.2. X-ray diffraction characterization

The XRD patterns of La,NiO, after reduction and after
reaction are shown in Fig. 3. After reduction treatment, the
K, NiF, structure does not exist, but Ni and La,O5 are detected
(Fig. 3c). After 15 h of reaction the only phases detected are the
hexagonal lanthanum oxo-carbonate La,0,CO; and Ni with
both starting catalysts reduced and non-reduced (Fig. 3e). The
XRD analysis performed after 1 h at 700 °C under reactant
mixture using the non-reduced material, shows that La,NiQOy is
not completely reduced but a mixture of Ni, La,0,CO5 and
non-reduced La,NiO, is present (Fig. 3d). This result is in
accordance with the TPR profiles showing that La;NiO,4 can be
completely reduced at a temperature as high as 700 °C under
pure H,.

3.3. Characterization by electron microscopy

Using TEM micrographs it was possible to determine the
particle size distribution of the reduced and non-reduced
catalysts after 15 h of reaction (Figs. 4 and 5). The histograms
data are normalized to 100 particles while about 500 particles
were measured.

The formation of small Ni particles is obtained by reduction
under hydrogen of La,NiOy4. The size distribution is narrow:
2-30 nm, with an average diameter of 7 nm after the reduction
step and 10 nm after 15 h of reaction. After reaction, large
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Fig. 3. XRD patterns of the La,NiO,4 precursor material: (a) PDF 89-3460, (b)
prepared catalyst before reaction: La,NiQOy, (c) after reduction under hydrogen
at 700 °C, (d) after 1 h of reaction at 700 °C over the non-reduced material, and
(e) after 15 h of reaction using the non-reduced or reduced material. (°) Ni; (57)
La,03; (<) Lay,0,CO3 hexagonal; () LayO,CO3; monoclinic.
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Fig. 4. Particle size distribution determined from TEM measurements for
La,NiO,4. Hatched: catalyst reduced under hydrogen; black: after reaction
using reduced catalyst; white: after reaction using non-reduced catalyst.

particles of nickel (up to 140 nm) are observed using the
catalyst without reductive treatment prior to the reaction,
whereas the use of the reduced catalyst leads to the presence of
nickel particles smaller than 22 nm (Fig. 4).

Thus, we can assume that the nature of the support is very
important for the nickel dispersion. The presence of non-reduced
La,NiO4 during reaction seems to be responsible for the
existence of large Ni particles. The nickel particles would sinter
at the surface of La,NiO, due to high mobility. When the
perovskite is used after reductive treatment, La,0,CO3 is easily
formed, during the heating step, by CO, adsorption, the presence
of these carbonate species would stabilize the nickel particles
hindering their sintering. In order to confirm the role of the
oxycarbonate species towards the nickel dispersion a catalyst
was prepared by impregnating nickel over La,O,COj5 support.

Fig. 5 shows the nickel dispersion obtained for 5% Ni—
L3202C03 and 5% Ni—LaZO3.

It appears that the particle size distribution is narrower for
5% Ni—La;0,CO3 compared to 5% Ni-La,O;. The average
nickel particle size of the different species is shown in Table 1.

The results support the finding that the oxycarbonate species
allow to obtain a better nickel dispersion at the surface of the
support, the average nickel particles being equal to 8§ nm at the
surface of Lay0,COj; against 11 nm at the surface of La,Os.

For the Ni/La,05 catalyst, the increase of the diameter of the
Ni particles with the nickel loading was observed. Thus, for
17% Ni/La,0O5 the range of Ni particles is between 2 and
130 nm, with an average of 19 nm accompanied by the
formation of nickel agglomerates. These large Ni particles
could be responsible for the carbon deposition observed with
17% Ni/La203.

304
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Fig. 5. Particle size distribution determined from TEM measurements.
Hatched: 5% Ni/La,0s; black: 17% Ni/La,05; white: 5% Ni/La,0,COs.
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Table 1
Average nickel particle size derived from TEM and XRD for La,NiOy, 1, 5,
17% La>03 and 5% La,0,CO;5

Table 3
Surface composition of the La,NiO, catalyst after reduction treatment and after
reaction from XPS signal

Catalyst Average nickel
particle size (nm)
La,NiO,4 After reduction 7
After reaction over 10
reduced catalyst
After reaction over 20

unreduced catalyst

1% Ni/La,05 Reduced 11

5% Ni/LayO3 Reduced Average: 11

17% Ni/LayO5 Reduced Agglomerates + Ni
average: 19

5% Ni/La,0,CO3 Reduced Average: 8

3.4. H, chemisorption

The hydrogen chemisorption was used to estimate
the amount of accessible metallic nickel particles at the
surface of the catalyst. The results gathered in Table 2
show that the hydrogen uptake is very low whatever the
catalyst. The small amount of metallic nickel on La,0O;
has been ascribed to different factors or a combination of
them:

(1) The presence of thin layers of La,O3 partially cover the
metal species as proposed by Bell and co-workers using a
Pd/La,0; catalyst [40,41]. Similarly, different authors
[42,41] have suggested the blocking of nickel crystallites by
LaO, species with Ni/La,Oj3 catalyst [43].

(2) The strong metal—support interaction could reduce the
amount of H, adsorbed specially at very low nickel loadings
[43].

(3) Another possibility that can cause the same effect is the
presence of strongly chemisorbed hydrogen on the metal
particles, formed during the reduction step, which inhibits
any further hydrogen chemisorption. Nevertheless, at
present time, the nature of the interaction between Ni
and La,O5; or La,O, is still unclear. The results here
obtained suggest that after the reduction step only a small
amount of nickel particles at the surface of the catalyst can
be observed by hydrogen chemisorption.

Table 2
H, chemisorption (at 50 °C) data for reduced La,NiOy, 1, 5, 17% La,O5 and 5%
La,0,CO5 catalysts

Catalyst reduced H, uptake % Ni Ni loading
at 700 °C (pmol g") disponible (Wt%)*
La,NiO, 7.0 0.6 155

1% Ni/La,0, b b 1.3

5% Ni/La,03 1.8 0.42 55

17% Ni/La;O5 21.2 0.77 17.3

5% Ni/La,0,COs5 b b 5.0

* CHN analysis.
® Negligible.

Catalyst Surface concentration (at.%) Ni state
La (¢} C Ni La/Ni
After reduction 8.6 452 435 28 3.1 100% Ni
After 15 h of 77 373 534 16 48 37% oxidized
reaction using Ni

reduced La,NiOy4

3.5. XPS analysis

The elemental surface composition of the catalyst after
reduction and after 15h of reaction using the reduced
perovskite was investigated by XPS; the results are shown in
Table 3. The carbon content may arise from atmospheric
contamination during transfer to the XPS instrument. The
surface carbonate species can be formed due to the interaction
of ambient CO, with the sample [44]. In the reduced material,
the amount of nickel (2.8%) is lower than the amount of
lanthanum (8.6%) suggesting that the nickel dispersion on
La,0; is large, which is in agreement with TEM micrographs.
Moreover, the La/Ni ratio is higher than expected it could be a
consequence of the presence of lanthanum oxide at the surface
of the catalyst. The reduction of La;NiO,4 allows to obtain only
metallic nickel even at the surface of the catalyst (as shown by
the measurement of the nickel state), whereas during the
reaction nickel is partially oxidized (37%) most probably as
NiO.

After the reaction the ratio La/Ni is slightly increased, it can
be due to the presence of carbonate species at the surface of the
catalyst, which may cover the nickel particles [45].

3.6. Catalytic performance of the reduced La,NiO,

In order to keep the experiments within the region of
intrinsic kinetics the reactions were carried out using catalyst
grain sizes of about 180 pwm. The amount of catalyst was fixed
at 20mg with a total flow rate of 100 mL/min which
corresponds to a space velocity of 3 x 10°mLh~'g™!, in
order not to reach the thermodynamic equilibrium. The
experiment was run for 160 h, the CH, and CO, conversions
and H,/CO molar ratio are reported in Fig. 6. High conversions

100 2,0
= s0{f CHas 1
S T15
=1
S 604 + 1,3
2 o
g Lo ©
g 40f E T08 @
O
H/CO 105
201 ’
‘ 103
0 : , . 0,0

0 20 40 60 8 100 120 140 160
Time (hours)

Fig. 6. CH,4and CO, conversion. Molar ratio: H,/CO; catalyst: 20 mg La,NiO,
reduced under hydrogen at 700 °C for 120 h; reaction temperature: 700 °C.
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Table 4

CH,, CO, conversions, H,/CO ratio, BET and carbon deposition determined by elemental analysis (in wt%) after 15 h of reaction

Catalyst precursor Conversion after 15 h of

Molar ratio, Carbon BET

reaction (%) H,/CO deposition (wt%) (mZ/g)
CH,4 CO,
Reduced La,NiO, 85 93 0.93 2.7% 11
Non-reduced La,NiOy4 82 88 0.90 70° 6
1% Ni/La,0O3 32 48 0.47 2.6° 10
5% Ni/Lay03 64 75 0.75 3.2° 13
17% Ni/La,0; 67 75 0.84 12.0° 12
5% Ni/La;,0,CO3 70 78 0.81 43° 7

CH,/CO,/He: 10/10/80; catalyst weight: 20 mg; flow: 100 mL min~'; 7= 700 °C, catalyst reduced under hydrogen at 700 °C prior to the reaction.

# After a reaction time of 160 h.
° After a reaction time of 15 h.

are reached after 2 h of reaction at 700 °C with values above 85
and 93% for CH4 and CO,, respectively, a H,/CO ratio of 0.93.
During the catalytic test the methane and carbon dioxide
conversions remain unchanged. Elemental analysis of the
catalyst after the above experiment reveals that no carbon
deposition was observed after 160 h of reaction (see Table 4).

3.7. Catalytic performance of the non-reduced material

The behavior of La,NiO, as catalyst precursor, without
treatment prior to the reaction, is shown in Fig. 7. The
conversions of methane and carbon dioxide increase slowly after
the temperature has reached 700 °C. The catalytic activity is
governed by the slow reduction step of La,NiO,4 under reactants
and products (H, and CO). A complete reduction of La;NiO4
proceeds between 1 and 15 h of reaction according to XRD
analysis. With the current data the exact time of the complete
reduction of the catalyst is not possible to be determined. After
15 hof reaction high conversions were obtained (CH, = 82% and
CO, =88%) while the H,/CO molar ratio remained slightly
lower than 1. For both, reduced and non-reduced material the
catalytic activity is almost identical after 15h of reaction,
whereas using La,NiO, without reduction treatment, carbon
deposits were found after reaction (see Table 4).

It is accepted that carbon deposition in the dry reforming of
methane results from methane decomposition or from the

100

80

60 -

H./CO

Conversion(%)

40 A

20 A

0 5 10 15 20
Time (h)

Fig. 7. CH, and CO, conversion. Molar ratio: H,/CO; catalyst: 20 mg La,NiO4
non-reduced; reaction temperature: 700 °C.

Boudouard reaction as follows:

CH4 — C + 2H2

2CO — C + CO,

Nevertheless, we have shown in a previous paper [46], that the
carbon deposition results mainly from the methane decomposi-
tion.

3.8. Comparison of the catalytic activity of La,NiOy,
Ni/L61203 and Ni/La202C03

The performance of La,NiO, as catalyst precursor was
compared with that of Ni/La,O5 and Ni/La,0,COj3 containing
various amount of nickel. The conventional Ni/La,O5 was used
as a reference catalyst as suggested by Verykios and co-worker
[37]. The results obtained after 15 h of reaction are displayed in
Table 4. BET measurements were performed on the fresh
La,NiO, material and after reductive treatment of La,NiO,, Ni/
La203 and Ni/L3202C03.

The surface areas are low whatever the nature of the catalyst
is. The reduction of the perovskite phase leads to an increase of
the surface area resulting from the structure modification from
K,NiF,-type to the hexagonal structure of La,Os.

Among all the catalyst tested, the reduced perovskite
La,NiO4 shows the best catalytic activity whereas its surface
area is the same as that of Ni/La,05 catalyst. The high activity
using perovskite precursors can be explained by the formation
of relatively small nickel particles by the reductive treatment,
such observation is in accordance with the work of Gao and co-
workers [47,48] using La;NiO,4. The methane conversion is
slightly lower than the carbon dioxide conversion. The value of
the molar ratio H,/CO is lower than 1 and the absence of carbon
deposits after the reaction indicates that the RWGS (reverse
water gas shift) reaction takes place under experimental
conditions described here.

CO,+H, — CO + H,0 (RWGS)

The elemental analysis of the catalyst after the reaction reveals
that the amount of carbon is around 3%, which correspond to
the amount of carbon in La,O,COj5. This result confirms that no
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coke deposition is formed after 15 h of reaction except for the
17% Ni/La,Oj5 catalyst (see Table 1).

For Ni/La,O3 catalysts, the increase in the nickel loading
leads to an increase in the CH,; and CO, conversions.
Nevertheless, the reduced La,NiO, material shows higher
catalytic performance whatever the amount of deposited nickel
was. The well-defined La,NiO,4 precursor structure may play a
crucial role in the high activity as proposed by Guo et al. [49],
highly dispersed and stable Ni metal is formed in situ on the
catalyst during the reduction step. The better activity of La;NiOy
cannot only be attributed to the presence of small nickel particles.
The accessibility of nickel particles should also be considered.
XPS analysis showed that after reaction the amount of accessible
nickel is lower than before reaction. This may be attributed to the
partial covering of nickel particles by carbonate species. The low
hydrogen uptake with Ni/La,0,CO; corroborates the idea that
the presence of carbonate species can limit the accessibility of
nickel. With 5% Ni/La,O,CO5z the number of active sites
(accessible nickel particles) would be too low, which could
explain the lower activity of 5% Ni/La,0,CO5; compared to
La,NiQ, precursor, whereas the nickel particles size is very close
for both materials.

Comparing the 5% Ni/La,03 with the 5% Ni/La,0,CO;3 we
can observe that the lanthanum oxycarbonate show higher CH,
and CO, conversions than the lanthanum oxide support. This
result suggests that the support plays an important role in the
reaction by dispersing the active species.

3.9. Influence of contact time

The influence of contact time on conversions of methane and
carbon dioxide over La,NiO4 catalysts was investigated at
700 °C modifying the gas hourly space velocity (GHSV). The
variation in the GHSV was realized by adjusting the amount of
catalyst (5, 20 and 50 mg) in a feed consisting of CH,/CO,/
He = 10/10/80 mL/min, respectively.

As shown in Fig. 8, both the methane and carbon dioxide
conversion decreases as GHSV increases. The results obtained
using reduced La,;NiO,4 are compared with those reported in the
literature. Fig. 8 shows that the La,NiO, perovskite as catalyst
precursor exhibit better catalytic activity than 17% Ni/La,O;
prepared by the wet impregnation method especially for GHSV
values higher than 2.0 x 10°mL g ' h™'. Verykios and co-
worker [50] reported CH4 and CO, conversions of 43 and 56%,
respectively, using GHSV of 3.0 x 10°mL g~ ' h™" (contact
time = 0.01 g s/mL), whereas in our experiments, for similar
GHSYV values, we obtained 85 and 93% conversion for methane
and carbon dioxide, respectively.

3.10. Suggested reaction mechanism

When the reduced perovskite is used as starting material,
CO, is adsorbed on La,Os at the reaction conditions to form
oxycarbonate species such as La,O,COj3. On the other hand, it
is known that CH, is weakly adsorbed on La,O3 [53] while CHy4
is easily activated on metallic Ni particles at high temperatures
as shown by theoretical and experimental studies [54,55]. Thus,
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Fig. 8. Influence of contact time on conversion obtained over La,NiO4 as
precursor of Ni/La,O3 compared with 17% Ni/La,03 reported by Verykios and
co-worker [53].

it was proposed that under CH,/CO, mixture CH, is mainly
decomposed on the Ni crystallites to form H, and surface
carbon species Ni-CH,, while CO, is adsorbed on the La,O3
support to form La,0,CO;. At high temperatures La,0,CO3
may react with the surface carbon species formed on the Ni
crystallites to produce CO restoring the Ni surface to its original
state. If the rate of carbon deposition is equal to the rate of
carbon scavenging no deactivation is observed. We propose a
reaction mechanism using the reduced material as schemati-
cally depicted in Fig. 9.

This mechanism is in accordance with the reaction paths
described in the literature [42,50-52]. The occurrence of the
catalytic reaction at the Ni-La,O,CO; interfacial area was
proved by Verykios et al. using isotopic tracing techniques [52].
The present results show that the oxygen species from
La,0,CO; participate to a significant extent in the formation
of CO in the CH4/CO, reaction. Thus the oxycarbonate might
be considered as a dynamic pool as shown in Fig. 9.
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Fig. 9. Proposed mechanism for the role of Ni particles during CO, reforming
of CH,4 using La,NiO, reduced as precursor of La,Os.
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Fig. 10. Proposed mechanism for the CO, reforming of CH4 using La,NiO,4 non-reduced as precursor of La,0s.

Using the non-reduced La,NiO, as starting material, we
showed that the perovskite La;NiOy is still present during the
first few hours of reaction time. Thus, we can assume that
isolated metallic nickel particles can be present at the surface of
the support La,NiO,4. Carbon deposits at the surface of those
nickel particles cannot react with oxycarbonate species
(Lay0,CO3). Consequently an irreversible carbon deposition
occurs. The reactions involved when unreduced La,NiO, are
presented in Fig. 10. In spite of the important carbon deposition,
no deactivation was observed within 20 h of reaction. This can
be attributed to the fact that catalytic reaction is occurring at the
Ni-La,;0,CO; interfacial area which is not significantly
affected by the carbon deposition during the time of reaction.

3.11. Characterization of carbon deposition

3.11.1. Thermogravimetric analysis

TGA analysis under air was performed using reduced and
non-reduced La,;NiOy as starting material. This technique allows
the quantification of the amount of carbon deposited on the
surface of the catalyst during the CO,/CH,4 reforming reaction.
Fig. 11 shows the TGA profiles. The TGA data confirms that
there was no carbon deposition when using the La,NiO,4
perovskite used as precursor (Fig. 11a), whereas coke production
occurs when La;NiOy is used without treatment prior of reaction
(Fig. 11b). Fig. 1la shows a weight loss of 3%, which
corresponds to the carbon percentage in La,0,CO;. Fig. 11b
shows a weight loss of 70%, corresponding to the percentage of
carbon deposited on the catalyst surface during reaction when
using the non-reduced La,NiOy as starting material.

Weight (%)
LP/MP

300 400 500 600 700

Temperature (°C)

0 100 200 800

Fig. 11. TGA of the catalyst after reaction using: (a) reduced La,NiOy, (b) non-
reduced La,NiOy4, (¢) non-reduced La,NiO, after acid treatment and (d)
differentiated TG curves of (c).

Acid treatment was used to dissolve the catalyst. The carbon-
aceous material was immersed in 65% HNO; for 1 h under
continuous stirring. The product was filtered and washed with
deionized water. The residue was then dried at 100 °C for 24 h.

Fig. 11c and d shows the TGA graph and the differentiated
TGA of the acid-treated catalyst. The derivative of the weight
loss profile presents a peak near 600 °C which suggests that
there may be only one phase in the sample. Fig. 11c shows a
weight loss of 94%, the remaining weight of 6% corresponding
to nickel oxide particles.

3.11.2. TEM characterization

Fig. 12 shows TEM micrographs of the catalyst after the
methane reforming reaction using the non-reduced La,;NiOy.
These micrographs provided clear evidence of the formation of
multiwalled carbon nanotubes (MWCNT) during the reaction.
The MWCNTSs have a diameter distribution between 8—16 nm
(inner diameter) and 20—40 nm (outer diameter). In general, the
observed inner diameter of the MWCNT is almost equal to that
of the Ni particle which forms the carbon nanotubes.

3.11.3. Raman characterization

Raman spectroscopy was employed to investigate the nature
of carbon deposited on the surface of the catalyst during CO,
reforming of CH, using non-reduced La,NiO, as starting
material. Fig. 13 shows the Raman spectrum obtained after acid
treatment. The spectrum shows a strong peak at 1290 cm ™" (D
band) and a peak at 1602 cm ™' (G band). These peaks positions
are close to the 1346 and 1578 cm™' which have been
previously reported in the literature [56]. The peak at
1602 cm ™! (G band) corresponds to an E,, vibration mode
of graphite and is related to sp>-bonded carbon atoms in a two-
dimensional hexagonal lattice, such as in a graphite layer [57].
Carbon nanotubes with concentric multiwalled layers of
hexagonal carbon lattice display the same vibration [58].
The peak near 1290 cmfl, the so-called D band, indicates
disordered sp*-hybridized carbon atoms.

It is known that the relative intensity ratio of Ip/lg can
express the graphitization of carbon nanotubes or degree of
disorder in the structure, which is the quality of the carbon
nanotubes. Tan et al. [59] reported values of Ip/Ig = 0.051 for
highly oriented pyrolytic graphite (highly organized), Ip/
I =0.430 for carbon nanotubes prepared by dc arc discharge
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Fig. 12. TEM image of multiwalled carbon nanotubes (MWCNTs).
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Fig. 13. Raman spectrum of carbon deposed during CO, reforming of CHy
using non-reduced La,NiOy as start material (treated with 65% HNO;).

and Ip/lg = 3.56 for CNT prepared by catalytic methods. In
our case Ip/lg = 1.15, indicates that the carbon nanotubes are
very well graphitized, as confirmed by TGA. In the TGA
profile (Fig. 11), the weight loss between 500 and 650 °C
corresponds to the oxidation of carbon nanotubes, which is
lower than the one reported by Ajayan et al. (700 °C) [60],
but higher than that reported by Kukovitskii and Chernos-
zatonskii (420 °C) [61].

Even though the nature of multiwalled layers was confirmed
by TEM microscopy, the peak near 2568 (2D or D* peak) cm ™"
suggests the formation of single wall nanotubes (SWCNT)
during the methane dry reforming reaction.
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4. Conclusions

We have shown that the reduction of the perovskite La,NiOy4
leads to the formation of small nickel particles with an average
diameter of 7 nm which would be responsible for the high
activity.

The use of the reduced perovskite La,NiO, as catalyst
precursor shows the highest activity for the carbon dioxide
reforming of methane, with CH4 and CO, conversion of 85 and
93%, respectively, without carbon deposition after 160 h of
reaction.

The molar ratio H,/CO obtained is lower than 1 (equal to
0.93). This result was explained by the occurrence of the
RWGS reaction.

During the reaction the CO, is adsorbed on La,0O5 to form
oxycarbonate species such as La,0,COs. The presence of these
carbonate species would stabilize electronically the nickel
particle hindering the sintering.

The absence of coke formation using the reduced La,NiOy,
as catalyst precursor could be explained by the easy reaction
between the La,0,CO;5 and the Ni-CH, species to produce CO
and H,.

The use of the La,NiO,4 without reductive treatment prior to
the reaction leads to an important carbon deposition resulting
mainly from methane decomposition. TEM and Raman
analysis showed that multiwalled carbon nanotubes are formed
in those experimental conditions.
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