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Abstract: Methane dry reforming (MDR) allows the transformation of carbon dioxide and methane,
the two main greenhouse gases, into syngas. Given the high endothermicity of the process,
it is necessary to produce a catalytic system that is very active, selective and resistant to coking
deactivation; this work focuses on the development of a heterogeneous catalyst based on nickel
supported on cerium oxide. Several strategies of synthesis of the catalysts were studied with particular
attention to the lanthanum addition methodology. Both supports and catalysts, fresh and used,
were deeply characterized by different techniques (N, physisorption, TPR, XRD, SEM). The effect
of temperature on activity and selectivity of the different catalysts was also studied. A positive
effect of lanthanum addition is strongly related to the synthetic methodology. Incipient wetness
impregnation of lanthanum precursor on an already calcined ceria has led to the best catalytic activity.
This behaviour is due to a more effective interaction between nickel and the support, which results in
a higher dispersion of the active phase. The structural modifications have led to an improvement of
the redox pump of the ceria, reducing the formation of coke during the reaction and improving the
stability on time on stream.

Keywords: dry reforming; CO, reforming; Ni/CeO;; lanthanum; La,O3; SMSI; ceria; syngas

1. Introduction

The greenhouse effect is a natural phenomenon caused by the presence of gases in the atmosphere
and it allows an average temperature of the earth of 14 °C [1,2]. The main greenhouse gases are: water
vapor, carbon dioxide, methane, ozone, nitrous oxide and some fluorinated gases (hydrofluorocarbons,
sulphur hexafluoride, perfluorocarbons). Today it is known that the excessive presence of gas in the
atmosphere alters the thermal equilibrium of the planet, causing climatic and environmental changes.
The long period of persistence in the atmosphere of 50/200 years [3] and the high concentration,
increased exponentially up to today’s value (from 280 ppm before the industrial revolution to
406 ppm) [4], make carbon dioxide the main greenhouse gas. It has become, therefore, extremely
important to keep the concentration of this gas under control [5,6]; a method widely used to reduce
its emissions is known as CO; capture and storage (CCS) [7-9]. A more secure alternative to CCS
is COy capture and Utilization (CCU); the latter provides for the capture of CO,, its purification
and its use [10,11]. CCUs, compared to CCSs, have significant advantages [12] because they allow
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transforming a waste gas such as CO; into chemical resources, solving both economical and sustainable
issues. CO; can be directly used or converted into chemicals and fuels [13]. Although CO; is
considered one of the most important greenhouse gases, methane, despite its lower concentration in
the atmosphere, is believed to have a pollutant effect for global warming 24 times higher than CO, [14].
Methane can be reformed into syngas in the presence of an oxidizing agent and a proper catalytic
system. The main method industrially used for the production of the syngas is the steam reforming
of methane:
CH; + H,O 5 3H, + CO  AH? = +206 KJ/mol

Other processes are the partial oxidation of methane:
CHy + %Oz S2H, +CO  AHY = —36 KJ/mol
and methane dry reforming (MDR):

CH, + CO, 5 2H, +2CO  AH® = +247 KJ/mol

With the modification of the oxidant, there is a variation of the reaction parameters including the
kinetics, the endothermicity of the process and the H, /CO ratio. The steam reforming of methane
allows the highest ratio Hy /CO (which is 3), it is strongly endothermic and it is generally carried out
at temperatures between 750 and 1450 °C and at pressures between 5 and 25 atm [15], in the presence
of nickel-based catalysts supported on aluminium or magnesium oxides. On the contrary, the reaction
of partial oxidation of methane is exothermic but has several problems connected to the formation
of hot spots on catalytic systems, which entail their deactivation [16] and to the need for separation
of oxygen from the air [17]. MDR uses CO; as an oxidant and synthesize a syngas with ratio 1 [18].
Despite the high endothermicity [19], MDR is a very promising process from the point of view of
environmental impact [20,21]. In fact, from this reaction it is possible to consume two of the major
greenhouse gases that are transformed into a chemical resource of significant industrial use. In order
to make the process feasible, it is necessary to develop a catalytic system that allows the reaction to be
carried out at relatively low temperatures and that is very active, selective and above all resistant to
coking deactivation. In fact, there are many reactions involved in the MDR process [22], such as the
Reverse Water Gas Shift:

CO, +H, S H,0+CO  AH = +41 KJ/mol

which is favoured at high temperatures and involves the consumption of H, with the formation of CO,
so this reaction can vary the final H, /CO ratio. The MDR process is complicated by further reforming
reactions [23]:

CH; + H,O S 3H, + CO AHY = +206 KJ /mol

CH, +2H,0 S 4H, + CO,  AHY = +165 KJ/mol

These too can result in a change in the final H, /CO ratio. Moreover, during the process there
are different reactions, which lead to the formation of carbon and depend on reaction temperature.
For example, the decomposition of methane, that it is favoured by high temperatures and low pressures:

CH, S C+2H, AH’=+75K]J/mol

On the other hand, the disproportional reaction of the CO occurs at low temperature and at
high pressure:
2CO0 S C+CO;,  AHY = 172 KJ/mol
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In MDR process, therefore, coke is formed at both high and low temperatures and its presence
is inevitable, mainly in the temperature range between 560 and 700 °C [24]. It is possible to decrease
coke formation by modifying the gases ratio; for example, by introducing more CO,, it is possible to
move the balance of the CO disproportion to the left [25].

Other reactions that can form coke, both favoured at low temperatures, are the following:

CO, +2H, S C+2H,0  AH® = —90 KJ/mol

CO+H, SC+H,0 AH®=-131K]J/mol

For MDR to have industrial validity it is necessary to develop a very active catalytic system that
allows the reaction to take place even at low temperatures; at the same time, however, the catalyst
must be very selective towards the products so as to limit the production of coke [26]. which, as seen,
can be formed at both high and low temperatures.

In the literature, the catalytic systems initially studied used as active phase noble metals such as
Rh, Ru, Pd and Pt [27-30] which, for MDR, have a high stability and activity and a good resistance
to coke. However, these metals are not industrially convenient because they are very expensive [31].
A more economical alternative to noble metals is the use of transition metals such as Ni and Co.
These latter have a lower activity compared to noble metals and consequently it is necessary to
introduce them into the catalytic system in higher amounts. Ni is a very active metal in the splitting of
the C-O and C-H bonds present in CO, and CHy, respectively and is therefore suitable for the MDR
process [32-47]. However, this element is not very stable at high temperatures and tends to sinter,
which is a phenomenon strongly connected to coke formation [48]. For these reasons it is necessary
to use an adequate support that has a high surface area and high porosity in order to allow a good
dispersion of the active phase, making it more stable [49]. At the same time, it is important to obtain a
catalytic system that is very selective towards the desired products and that reduces coke formation.
The latter can be limited through the gasification of the coke (C + CO, & 2CO) [50]. With the aid of
basic promoters, it is possible to increase the absorption of CO,, which is acid and therefore becomes
more active for the reaction. In order to favour this type of mechanism, various supports have been
studied such as MgO [51] and La,O3 [52], which being basic oxides facilitate the absorption of CO; on
the support.

To reduce the formation of coke, supports with high oxygen mobility can also be used [53]; this is
released during the reaction and, interacting with the carbonaceous species adsorbed on the catalyst,
the oxide releases the active phase. An example of a support that has high oxygen mobility is the ceria,
which acts as a redox cycle because it allows reversibly changing the oxidation state of the cerium from
4+ to 3+ [54], releasing oxygen according to the reaction:

2Ce02 s CE‘203 + %02

In this way, the holes are generated on the support and the oxygen that is released can oxidize the
carbonaceous compounds in CO and CO,, prolonging the life of the catalytic system. Moreover,
ceria redox cycle is involved in the mechanism of methane dry reforming. Laosiripojana et al.
demonstrated that CeO, reacts with CHy producing CO and Hj, leaving CeO,., (CeO, + nCHy
— CeOy., + nCO + 2nHy). The reduced form of CeO; reacts then with CO, producing CO and
restoring its original form (CeO,., + nCO, = CeO;, + nCO) as proposed by Mars van Krevelen
mechanism [55,56]. The ceria, despite these excellent properties, is not very stable at high temperatures;
for this reason, it requires promoters to improve its thermal resistance. An interesting compound that
can be used to improve the properties of ceria support is lanthanum. It could improve the thermal
stability of the support and at the same time increase the oxygen vacancies, modifying ceria redox and
structural properties [56,57]. Moreover, as mentioned above, it is possible that lanthanum oxide, being
basic, improves the absorption of CO, and its interaction with the catalyst. Lanthanum and cerium
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oxide are generally used as promoters of different resistant supports such as ZrO, and Al,O3 [58-60];
according to our knowledges, only few existing works in literature introduce LayO3 as promoter
for CeO, support. Pino et al. reported the effect of different La,O3 percentage on Ni/CeO; catalyst
for methane tri-reforming process [61], meanwhile, the Authors reported the effect of LayO3 over
Ni/CeO; catalyst for ethanol steam reforming [62]. In this work the attention has been focused on the
synthetic methodologies of promoter introduction because it is an important parameter to investigate,
allowing to modify the morphological-structural characteristics of the material and consequently its
catalytic activity. The aim of this work is to develop Ni-based catalysts that are active, selective and
stable in MDR. In particular, catalytic systems will be studied that use ceria as support; promoted with
lanthanum oxide by three different methods, namely:

- Dry impregnation of the lanthanum precursor on the not calcined support of ceria;
- Dry impregnation of the lanthanum precursor on the calcined support of ceria;
- Co-precipitation of lanthanum and cerium precursors.

The goal is to evaluate the effect of lanthanum addition on the catalytic activity, in particular by
studying the redox pump modifications determined by the addition of the precursor, the different
metal support interaction and the dispersion of the active phase.

2. Materials and Methods

2.1. Catalysts Synthesis

Cerium support was synthesized by precipitation from (NH4),Ce(NO3)¢ (Aldrich, Italy) by urea
at 100 °C in aqueous solution [56,63]. The solution was mixed at 100 °C for 6 h, the precipitate was
washed, dried at 110 °C for 20 h (iCe). Part of the material was calcined at 550 °C (oCe).

Lanthanum (6% by weight) was added onto the support by three different ways:

- incipient wetness impregnation of La(NO;)3-6H,O aqueous solution on iCe and calcination at
550 °C (iLaCe);

- incipient wetness impregnation of La(NO;);-6H,O aqueous solution on oCe and calcination at
550 °C (oLaCe);

- Co-precipitation of (NHy),Ce(NOs3)s and La(NO;)3-6H,O and calcination at 550 °C (cLaCe).

The metal introduction on the support was performed by incipient wetness impregnation with
a proper amount of Ni(NOj3), aqueous solution in order to obtain 8 wt % of nickel on the material.
After drying at 110 °C for 15 h, a calcination was performed in flowing air (30 mL/min) at 550 °C for
3 h. The samples will be referred to as reported in Table 1.

Table 1. Samples’ labels.

Methodology Support Sample

precipitation of Ce Ce Ni/Ce
impregnation of La on iCe iLaCe iNi/LaCe
impregnation of La on oCe oLaCe oNi/LaCe
co-precipitation of La and Ce cLaCe cNi/LaCe

2.2. Characterization Techniques

The Ni amount was determined by atomic absorption spectroscopy (AAS) after microwave
disintegration of the samples (100 mg) using a Perkin-Elmer Analyst 100 (Perkin-Elmer, Waltham,
MA, USA).

Surface areas and pore size distributions were obtained from N, adsorption/desorption isotherms
at —196 °C using a Micromeritics ASAP 2000 analyser (Micromeritics, Norcross, GA, USA). Surface
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area was calculated from the N; adsorption isotherm by the BET equation and pore size distribution
was determined by the BJH method [64]. Total pore volume was taken at p/ pO =0.99.

TPR measurements were carried out in a lab-made equipment: samples (100 mg) were heated with
a temperature rate of 10 °C/min from 25 °C to 900 °C in a 5% H;/He flow (40 mL/min). The effluent
gases were analysed by a TCD detector and by a Genesys 422 quadrupole mass analyser (QMS,
ESS Ltd., Rotherham, UK).

X-ray powder diffraction (XRD) patterns were measured by a Bruker D8 Advance diffractometer
(Bruker, Karlsruhe, Germany) equipped with a Si(Li) solid state detector (SOL-X) and a sealed tube
providing Cu K« radiation. The Rietveld refinement method as implemented in the Bruker TOPAS
programme was used to obtain the refined unit cell parameters, crystal size and the quantitative phase
analysis for the supports and metal phases in the samples. The crystal size determination is achieved
by the integral breadth based calculation of volume weighted mean crystallize sizes.

FE-SEM images have been obtained using a Field Emission Gun Electron Scanning Microscopy
LEO 1525 (Carl Zeiss Microscopy, Jena, Germany), after metallization with Chromium. The images
were acquired by AsB (angular selective BSE) detector (Carl Zeiss Microscopy) while elemental
composition was determined using Bruker Quantax EDS (Bruker Nano GmbH, Berlin, Germany).

2.3. Catalytic Tests

The catalytic tests were performed with a reference reactor PID (Process Integral Development Eng
& Tech, Madrid, Spain) coupled to a gas-chromatograph (HP 6890) and to a Genesys 422 quadrupole
mass analyser (QMS). A schematization is shown in Scheme 1. Microactivity-Effi is an automatic
computerized high-pressure reactor, in which the whole system is kept heated inside a hot box (red
square in Scheme 1). An automatic bypass valve allows to avoid the passage to the reactor of the
reaction mixture, leading to the possibility to perform preliminary stability test of the mixture before
the reaction. All tests can be programmed thanks to the use of the computer shown in the image.
Reforming reaction was carried out with a total flow of 200 mL/min STP of 5% CH4 and 5% CO,
diluted in helium. The reaction temperature was between 400-550 °C. Preliminary blank tests, which
consists in charging the reactor with only SiC and not catalyst, showed the absence of conversion at
these temperatures.

AN = Heating system
| ::T [>k]=MauaI operated ball
‘ e valve
| | %=Mass Flow controller
\ @ = temperature controller
N
% 0~ 0
=
PC S °
S
N PC
Mass
T T Spectrometer
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S ¢
/ <
N /
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Chromatograph

Scheme 1. Lab set-up.
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The catalyst, after calcination, is pelletized and reduced into small pellets with an average size of
0.3-0.4 mm. The reactor is loaded with 150 mg of catalyst mixed with SiC. The sample reduction is
performed in situ at 550 °C in H, with a flow of 30 mL/min for 1 h. After the analysis, the following

data were calculated:
fCHyin — fCH40ut

CH,4Conversion (%) = fCHyr -100
CO,Conversion (%) = fCOZi?C_Of;;OZOUt -100
H, Yield (%) = zf_lféﬁ-loo
CO Yield (%) = + CHE%‘EE 5,100
H,/CO = ffCHCZ)i‘(’)‘i
Carbon Balance (%) = fCH4°‘fltC—iI__Ij§?_2;’gC;iCOO‘“ -100

3. Results and Discussion

Preliminary characterizations were carried out to determine some characteristics of the samples,
such as the actual nickel content in the catalyst, the surface area and the reduction temperature of
the active phase. Specifically, atomic absorption techniques, physisorption of N, and reduction in
programmed temperature (TPR) were used respectively. Table 2 reports the effective amounts of nickel,
which is almost the same for all samples (around 8 wt %).

The isotherms of the supports compared with those of the corresponding catalysts are shown in
Figure 1. All curves are ascribable, according to the IUPAC classification, to type IV isotherms with a
hysteresis loop characteristic of mesoporous materials. For all the samples, a decrease of surface area
is observed passing from the support to the catalyst and this is due to the presence of the active phase
(Table 2). The difference in surface area is more remarkable for the samples oNi/LaCe and c¢Ni/LaCe.
In particular, for the latter catalyst, a flattening and a translation of the hysteresis to lower pressure
values is also observed, indicating the presence of smaller pores.

Table 2. Physicochemical properties of the Ni samples (Nickel amount calculated via Atomic
Adsorption, Surface area via BET equation and Average pore diameter via BJH equation).

Sample wit% Ni m?/g nm
Ce 107 (£1) 6.0
Ni/Ce 7.8(+£05)  82(x1) 6.1
iLaCe 97 (£1) 62
iNi/LaCe 7.9 (£0.5) 71 (£1) 6.5
oLaCe 110 (£1) 5.8
oNi/LaCe 7.8 (+0.5)  66(+£1) 47
cLaCe 128 (1) 5.1

cNi/LaCe 77(£05)  77(x1) 47

Figure 2 reports TPR profiles of the catalysts. For all samples, peaks between 160 and 420 °C are
observed due to the reduction of Ni?* to Ni’. It is known that Ni is reduced from the 2+ state to 0 in a
single stage; therefore, the presence of more peaks of reduction is due to the different interaction of Ni
with the support. The peaks at lower temperatures are due to Ni species more easily reducible and
therefore mildly interacting with the support [65]. On the contrary, the peaks at higher temperatures
are due to Ni species that, interacting more strongly with the support, are more difficult to reduce.
From this graph, it is possible to observe that the reduction profiles relative to the Ni/Ce, iNi/LaCe
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and cNi/LaCe samples do not show significant differences in the 160—400 °C temperature range; in the
case of the oNi/LaCe catalyst, on the other hand, a shift at higher temperatures can be observed for
both peaks. This data highlights how in this sample there is a higher interaction between support
and active phase. Moreover, it is possible to observe that nickel is reduced in any case below 400 °C;
the reduction of the samples was then performed at 500 °C to be sure that all the nickel was present in
the metallic form, active for the reaction, which was then conducted between 400 and 550 °C.
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Figure 1. N, physisorption isotherms of the supports and the corresponding catalysts.

oNi/LaCe

H, comsumption, a.u.

Ni/Ce

i

! 1 ! 1 ! 1 ! 1 ! 1 ! 1 ! 1 ' 1
0 100 200 300 400 500 600 700 800
Temperature, °C

Figure 2. TPR patterns of the catalysts.
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As previously stated, the MDR process is strongly endothermic and requires a considerable
amount of energy. However, from an industrial point of view, it could be interesting to reduce as
much as possible the temperature. In fact, syngas could be used for the synthesis of long chain
hydrocarbons or oxygenate chemicals such as acetic acid, dimethyl ether and oxo-alcohols [66,67],
which work at much lower temperature than a classic reforming. Therefore, we have first performed
a temperature screening to understand whether the catalytic systems prepared in this work can be
active at temperatures between 400 and 550 °C. Figure 3 reports data of H; yields (section a) and
H,/CO ratio (section b) for non-promoted Ni/Ce sample after 10 h of reaction. As it can be seen, as the
reaction temperature increases, there is an increase in the H; yield, as expected for the endothermicity
of the MDR process, even if the catalyst is active also at low temperature. The effect of temperature is
observed not only in the activity of the catalyst but also in its selectivity. The ratio H, /CO is always
different from one, which is the stoichiometric ratio for MDR. Considering the lowest temperature
(400 °C), the H, /CO value is higher than one, while for higher temperatures it is always less than
unity. It is hypothesized that these values are strongly influenced by the reaction of Water Gas Shift
(WGS); this is exothermic and favoured at low temperatures. At 400 °C it allows a higher formation
of Hy and lower CO, resulting in a Hy /CO ratio higher than the unit. At higher temperatures this
reaction is not very favoured and consequently the H, /CO ratio is lowered. From literature data it
has been observed that ceria based supports favour WGS at low temperatures, between 400450 °C,
above which the reaction is almost absent [68]. This can therefore justify a higher H, /CO ratio which
is only obtained at 400 °C. All samples promoted with lanthanum behaved similarly to Ni/Ce with
the temperature as for H; yield and H;, /CO ratio.

a) 30
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= 25
Y =
4 O
HC_U &\ 20
T 5 15 11
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T 5 '
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= ° D
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400°C 450°C 500°C 550°C
Temperature, °C
b) 1.13

1.2

1
0.77
0.66 0.70
(o) 0.8
Lo
o~

I 04
0.2
0

400°C 450°C 500°C 550°C
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Figure 3. H; yield (a) and H,/CO ratio after 10 h of reaction (b) for Ni/Ce catalyst at
different temperatures.
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In order to evaluate the effect of the introduction of lanthanum, the comparison between H,
yields after 18 h of reaction at 550 °C for the different catalysts is reported in Figure 4. It is observed
that all the promoted samples have a hydrogen yield higher than the Ni/Ce sample. This behaviour is
even more pronounced for the sample prepared by impregnation of lanthanum on calcined cerium
(oNi/LaCe). In terms of selectivity (as it is visible in Figure 3), however, no differences are observed
with respect to the non-promoted sample. In fact, all the samples have the same trend over time for
the Hy /CO ratio, which is comparable to that of Ni/Ce.

50

20 7
30 ¥
20 7
10 +~
// 2 L ’.”4[3
0 _;Z/, - - — — - —

Ni/Ce iNi/LaCe oNi/LaCe cNi/LaCe

Figure 4. Hj yield of the different samples after 18 h of reaction at 550 °C.

H, yield, %

As assumed in the introduction, lanthanum is expected to influence the redox properties of ceria.
To verify this hypothesis, TPR measurements were performed on the plain supports, in order to
determine reducibility of all the systems (Figure 5).

cLaCe e N—e—

W

1
1
1
P =" 8
1
1
1

H, comsumption, a.u.

sup‘:zrficial bplk
Ce#rdCe™ et e

Ce
0 100 200 300 400 500 600 700 800

Temperature, °C

Figure 5. TPR profiles for the plain supports.

By evaluating the TPR profile of plain non promoted Ce, it is possible to observe two reduction
peaks: the first one is between 400 and 600 °C, the second one above 680 °C. Both are attributable to
the reduction of Ce** to Ce®*: the first is related to the reduction of Ce** on the surface, the second one
to the reduction of Ce** in bulk [69]. Considering the other profiles, we observe the presence of the
same peaks, also due to the reduction of superficial and bulk Ce** to Ce®*. In these curves, however,
it is observed that the peaks are shifted to lower temperatures than those of the unpromoted ceria.
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The shift of the peaks denotes a higher reducibility of the supports, in particular oLaCe and cLaCe, that
could be due to the improvement of the redox cycle capacity, related to the introduction of lanthanum.

In order to better understand the role of lanthanum on the different catalytic systems, X-ray
diffraction measurements have been carried out to evaluate the structure of the samples. Before the
analysis, the catalysts were reduced and passivated at 500 °C in order to get as much closer to reaction
conditions as possible. The catalysts have a fluorite type structure for the ceria [70-72] and nickel in its
metallic form [73]. Very accurate cell parameter for ceria were determined by Rietveld profile fitting of
the XRD (XRD spectra are reported in Figure S1 in Supplementary Material) patterns: an increase in
this parameter was observed due to the introduction of lanthanum, as shown in Figure 6.

5.44

543 .
(C 542

541

5.4
Ni/Ce oNi/LaCe iNi/LaCe

Figure 6. Variation of cell parameter of the catalysts obtained by Rietveld fit of XRD patterns.

It was observed that all the samples promoted with lanthanum show an increase in the cell
parameter with respect to Ni/Ce. The presence of lanthanum on the support, independently of the
synthetic methodology, causes a modification of the cell parameter. The increase in the cell parameter is
more remarkable in the sample prepared by co-precipitation. It is hypothesized that the La®* (11.6 nm
ionic radius), replacing the Ce** ion (9.7 nm ionic radius), changes the oxygen stoichiometry of the ceria
fluorite-type structure, improving its the redox cycle capacity. Indeed, literature data confirm that it is
possible to replace 2 Ce** with 2 La®*, which creates an oxygen gap on the ceria [74]. However, even if
the effect of the redox cycle capacity is supposed to improve the catalytic behaviour, this modification
does not fully justify the activity data, which therefore seems to be connected to other parameters as
well. Through the Rietveld analyses, the particle size of the active phase was also determined (Table 3).

Table 3. Ni nanosize as determined by Rietveld method.

Sample Ni Size, nm

Ni/Ce 18 (&1)
iNi/LaCe 16 (1)
oNi/LaCe 11 (£1)
cNi/LaCe 15 (£1)

All La promoted samples have a smaller size than La-free Ni/Ce catalyst. In particular, the sample
oNi/LaCe has smaller particles than all the other samples. Therefore, it appears that the best
performance of this catalyst is related to the most effective dispersion of nickel, which is reflected in the
smaller particle size [75]. This can be connected to the stronger metal support interactions, as revealed
by TPR analyses previously discussed.
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In Figure 7, the Carbon Balance trends of the best promoted sample and of the non-promoted
one are reported. The promoted sample has higher values, indicating that the presence of lanthanum

has allowed a lower formation of carbon compounds. In fact, the latter presents a carbon balance of
almost 100%.

1001
o i .
o\ SO_MW
¢ Ni/Ce
5
S 60
©
S 40-
=
[0}
O 201
0 :

0 2 4 6 8 10 12 14 16 18
Time, hours

Figure 7. Carbon balance vs time of reaction at 550 °C for Ni/Ce and oNi/LaCe samples.

In order to confirm this hypothesis, we have carried out SEM and EDX measurements on the
samples discharged after 18 h of reaction at 550 °C (Figure 8). From the SEM analyses, it has been
observed that the Ni/Ce sample is more covered with coke, which is present in the form of nanotubes,
than the promoted oNi/LaCe. These data seem to confirm the hypothesis that the presence of
lanthanum and consequently the increase of the redox cycle capacity of the ceria, favour the removal
of the carbonaceous species deposited on the surface of the catalyst, thus improving carbon balance.

EHT = 15.00kV WO = 72mm Mag = 5000K X Signal A = InLens

Figure 8. Cont.
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3a) || 3b)

v

Figure 8. SEM and EDX analyses for Ni/Ce (1a,2a,3a) and oNi/LaCe (1b,2b,3b).

Therefore, from the analyses carried out on these samples it can be observed how the synthesis
methodology influences the activity of the catalytic system. The sample prepared by the introduction
of lanthanum on calcined cerium (oNi/LaCe) presents the best catalytic behaviour. This is probably
due to the more effective dispersion of the active phase favoured by a higher interaction of the nickel
particles with the support and at the same time, by the increase of the redox cycle capacity of the
support itself. To further investigate the catalytic behaviour of these two samples and in particular,
to evaluate their stability over time, they were tested at 550 °C for 45 h. In Figure 9, the H; yields of
the two catalysts are compared.
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Figure 9. H; yield for reaction at 550 °C for Ni/Ce and oNi/LaCe samples.

As previously noted, the sample promoted with lanthanum (oNi/LaCe) has a higher production
of hydrogen compared to the Ni/Ce sample. In this case, however, its stability over time is confirmed
too. In comparison to Ni/Ce, which is almost completely deactivated after 45 h, the activity of
oNi/LaCe is preserved, maintaining a constant hydrogen yield for a long time.

4. Conclusions

Lanthanum promotion of Ni based sample supported on ceria is effective for MDR. However, such
positive effect is strongly related to the synthetic methodology. All the samples present higher activity
and stability than the non-promoted ones; this higher stability is connected with the increment of ceria
redox ability due to the introduction of lanthanum oxide. Partial substitution of Ce** with La3* inside
ceria lattice, demonstrated by XRD analyses, has brought to the increase of the electronic vacations
of the support, leading to a higher reducibility of this, as it is visible by the TPR. These structural
modifications have led to an improvement of the redox cycle capacity of the ceria, reducing the
formation of coke during the reaction and improving the stability on time on stream. Nevertheless,
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incipient wetness impregnation of lanthanum precursor on an already calcined ceria has led to the
best catalytic activity. This behaviour is due to a more effective interaction between nickel and support,
which results in a higher dispersion of the active phase. In fact, in this case, nickel presents lower
dimension than other samples. Moreover, this catalyst has been tested for 42 h and it has presented
stable hydrogen production for all the time of steam.
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