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ABSTRACT The effects of lanthanum addition in Ni/CeO, catalysts were investigated. The
48 influence of synthetic procedures, namely impregnation or co-precipitation of lanthanum and
50 cerium oxide, were evaluated. Materials were analyzed by BET, AAS, DRIFT-MS, TPR, OSC,
52 XRD and SEM-EDX. Samples were tested in Ethanol Steam Reforming (ESR). Both lanthanum-

55 promoted samples exhibited a higher stability in time than non-promoted catalyst. Nonetheless,
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catalytic behavior is strongly affected by the preparation method. TPR, OSC and XRD analyses
showed that co-precipitation method allowed the best interaction between ceria and lanthana,
leading to an increased redox ability and best catalytic performances as a result. A catalyst with a
support prepared via co-precipitation method showed ethanol conversion of 90% and hydrogen

selectivity higher than 70% even after 60 hours of reaction.

Introduction

Nowadays, most of the energy demand is fulfilled by fossil sources [1] that, despite their high
efficiency, suffer from environmental and social problems, on top of them the enormous impact
on greenhouse effect [2]. In this scenario, hydrogen is considered as the energy carrier of the
future, since it is a clean source of energy that can be used inside fuel cells as a feed for electric
engines [3]. Actually, longer-term strategies of car manufacturers are devoted to develop and to
commercialize electric vehicles based on hydrogen fuel cells, and some of them have already put
these cars into the open market [4]. However, hydrogen presents multiple set of problems
regarding its transport and storage. A possible solution of this strategy is to reform liquid
biofuels inside the car, producing hydrogen that can be directly consumed by electrochemical
reaction inside the cell, supplying energy. Solid Oxide Fuel Cells (SOFCs) have received great
attention in the last years because they are composed of all solid components, they can work at
high operating temperature conditions and they don’t suffer from CO poisoning. Moreover,
SOFCs have an even greater feature: its anode can also be used for direct internal reforming of
hydrocarbons (DIR-SOFC) [5-8], so its use can avoid hydrogen problems. Methane is more
commonly used as a reforming substrate [9], but reforming of non-fossil fuel sources is highly

expected. Biomass utilisation has received considerable interest for its great potentialities: in fact
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it can be employed for the production of hydrogen [10, 11]. Ethanol is an interesting biofuel
because it can be obtained from the fermentation of biomass, avoiding fossil sources problems.
Ethanol can be transformed via Ethanol Steam Reforming (ESR) into hydrogen (CH;CH,OH + 3
H,O S 6 H, + 2 CO;). However, one of the big issues of this system is coke deposition on the
catalyst, due to the undesired reactions involved in the ESR conditions. For this reason, it is
necessary to use a catalyst that could control the process and at the same time could work as
possible anode for electrolytic reaction. Moreover, it must be stable against carbon deposition
onto its surface and thermal stress [12]. For this purpose, heterogeneous catalysts are commonly
used for ESR [13]. The most active metals for this kind of reactions are the noble ones, in
particular, platinum, palladium and rhodium [14]. However, due to their high cost, noble metals
are less attractive for industrial applications. Nickel is the most efficient substitute and is the
most used metal in industrial field [15]. Two of its main drawbacks are sintering and
deactivation. For this reason, support has a crucial role on the reaction to overcome nickel
limitations, leading to high stability, activity and resistance for the process [16, 17]. The typically
used supports for this kind of reaction are alumina, silica, ceria and zirconia. Ceria is an
attractive one because it’s also widely employed as anode inside fuel cells [18]. Therefore, in the
present work, the authors chose ceria as support because it shows oxygen storage capacity that is
linked to its facility to transport the vacancy from the surface to the bulk of the system, changing
structural shape from CeO; to Ce,0O3 [19]. In this way, the oxygen vacancies could promote the
oxidation of carbonaceous species on the surface, limiting coke deposition [20, 21]. Because of
this feature, ceria is normally used in CO oxidation reaction, preferential oxidation (PROX) of
CO for hydrogen purification, water gas shift (WGS) reaction and many other reactions [22].

Moreover, ceria redox ability can be modulated by a careful control of structural defects: the
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highest is the number of defective sites, the most effective is the redox pump. For this reason,
many studies focused the attention on ceria modification by the substitution of cerium with
heteroatoms of different chemical nature. Laguna et al. described how oxygen vacancies
population are increased by introducing Fe’" inside ceria lattice [23], while Andana er al. used
Cu? [24]. Lanthanum oxide could be an innovative promoter in this sense. In fact, La** could
substitute Ce** on support lattice, increasing its redox ability [25]. The similar dimension of ionic
radii (La’>" = 1.16 A and Ce*"=0.97 A) could facilitate the interaction between the two elements.
Moreover, lanthanum oxide is a structural promoter, with high mechanical strength that could
increase ceria stability at high temperatures [26]. These catalytic systems, based on
nickel+ceria+lanthanum, could be very interesting for many catalytic applications, such as for
example glycerol steam reforming and for the reforming with carbon dioxide rather than steam
(CH4/CO; reforming). In the present work, the attention was focused on the investigation of
lanthanum addition in Ni/ceria catalysts for ESR process. In particular, the aim is the
development of an innovative heterogeneous catalyst that is selective and robust towards coke
deposition. The influence of synthetic procedures, such as impregnation or co-precipitation of

lanthanum and cerium, was evaluated.
Results and Discussion
Preliminary characterizations

The choice of two synthetic methodologies allowed investigating if there are differences in
materials physicochemical properties and thus different lanthanum promotional effect on
catalytic performances. In particular, lanthanum impregnation over ceria (Ni-La-Ce) and

lanthanum co-precipitation together with ceria (co-Ni-La-Ce) were investigated. First,
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preliminary characterizations were performed. N, adsorption-desorption measurements were
carried out in order to quantify the specific surface area and pore size distribution of the catalysts
and in order to evaluate the possible effects of lanthanum addition on surface properties of final
material. This aspect is of crucial importance in heterogeneous catalyst because it is known that a
high surface area greatly improves the dispersion of the active phase and the interaction between
metal and reagents [27]. Figure 1 represents the adsorption-desorption isotherms (upper part) and
BJH distributions (lower part) of Ni-Ce, Ni-La-Ce and co-Ni-La-Ce catalysts, while Table 1

summarizes the corresponding data.

Table 1: Specific surface area, pore size distribution and pore volume for Ni-Ce, Ni-La-Ce and

co-Ni-La-Ce catalysts.

Ni-Ce Ni-La-Ce co-Ni-La-Ce
Surface area (m”/g) 106 66 76
Pore average diameter (nm) 6 5 4
Pore volume (cm’/g) 0.10 0.02 0.03

The three samples exhibit a [V-type isotherm, according to IUPAC classification, with the
characteristic hysteresis loop typical of mesoporous materials. For Ni-Ce catalyst, this loop is
located at higher V,q4 values than for Ni-La-Ce and co-Ni-La-Ce, indicating the higher surface
area. Both samples containing lanthanum have lower surface area values, calculated by BET
method, and lower pore volumes than non-doped ceria catalyst. Such result is in agreement with
data obtained for lanthanum promotion on SBA-15 [28]. The decrease in surface area of ceria

material after the addition of lanthanum could be due to two different effects. In the case of Ni-
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La-Ce sample, lanthanum is introduced into CeQ, after the calcination process in which ceria
structure is already built. For this reason, the shape of the hysteresis is the same of the not
promoted sample and the only difference is the lower surface area. This decrement is due to the
block of pore by the introduction of lanthanum and nickel via impregnation method. On the
contrary, in the case of co-Ni-La-Ce, lanthanum and ceria are co-precipitated together. This
means that the structure of ceria is influenced by the presence of lanthanum during precipitation.
For this reason, both the shape and the position of the hysteresis are different from the previous

catalysts.
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Figure 1: N, adsorption/desorption isotherms (upper part) and BJH curves (lower part) of Ni-Ce

(m), Ni-La-Ce (A) and co-Ni-La-Ce (@) catalysts.
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Atomic adsorption analyses were carried out in order to quantify the effective nickel amount in
the catalysts. As expected, since nickel was introduced by incipient wetness impregnation, all

catalysts present the nominal metal amount, which is 8 wt %.

Reactivity tests

ESR tests were conducted monitoring reaction mixture tipically for 16 hours. Figure 2 (section a)
reports ethanol conversion against time of reaction for the three catalysts. The corresponding
products distribution for the three samples, and ethanol conversions plus hydrogen yields are
reported in Table 2. A stability test of 60 hours for the best sample, which is co-Ni-La-Ce

catalyst, is also shown in Figure 2 (section b).
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Figure 2: Ethanol conversion for Ni-Ce (m), Ni-La-Ce (A ) and co-Ni-La-Ce (@) (section a);

Stability test of co-Ni-La-Ce catalyst for 60 hours (section b).

It should be highlighted that none of the three catalysts shows carbon monoxide in the products
(Table 2). This result has a crucial importance: the absence of CO means that water gas shift
reaction is favored (CO + HO S CO; + Hy); in fuel cell applications, CO is commonly a
poison, even if SOFCs are more tolerant to this gas because they can oxidize it to CO; at the
anode (CO + O 5 CO, + 2¢). At the same time, at low temperature CO could lead to coke
formation, through the Boudouard reaction (2CO S C + CO,). For this reason, direct oxidation
of CO to CO, in SOFCs is important to limit coke deposition [29] and therefore a low or even
null CO production is a promising result. Considering catalytic behavior over time (Figure 2),
non-doped Ni-Ce catalyst presents a steady decrease in ethanol conversion, reaching the value of
25 % after 16 hours of reaction. The sample presents a high hydrogen yield only for the first

hours of reactions, showing a gradual decrease from 70 % to 20 % through 16 hours. As it is
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possible to see from the catalytic results, by lanthanum incorporation into ceria, there is an
increase of both hydrogen yield and ethanol conversion after 16 hours of reaction. However,
catalytic results strongly indicate that preparation method deeply affects the development of a
stable and active catalyst: the same promoter does not lead to the same catalytic result. The best
performances were obtained when lanthanum oxide was added via co-precipitation method
(Figure 2 and Table 2). Such sample maintains an ethanol conversion of 100 % for at least 16

hours of reaction, due to the experimental conditions used.

Table 2: Hydrogen yield, ethanol conversion and product distribution of Ni-Ce, Ni-La-Ce and

co- Ni-La-Ce after 16 hours of reaction.

Ni-Ce Ni-La-Ce co-Ni-La-Ce
EtOH conv (%) 33 55 100
H, yield (%) 18 37 70
H, distribution (%) 70 69 76
CH, distribution (%) 2 10 3
CO, distribution (%) 28 21 21
CO distribution (%) 0 0 0

100 % of conversion is not significantly relevant to understand the behavior of a catalyst, so to
further prove the increment in the redox effect and, as a consequence, in the stability of co-Ni-
La-Ce catalyst, a prolonged test was performed (60 hours). In Figure 2 (section b) ethanol
conversion and hydrogen distribution of co-Ni-La-Ce are presented. It is possible to see that,
during this prolonged time on stream, conversion is 100% for the first twenty hours, and then
there is a small and gradual decrease. A deactivation effect is shown, which probably also occurs

during the initial 20 hours at which ethanol conversion is complete. Conversion is still 90 % at
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the end of the sixtieth hour. At the same time, hydrogen distribution is almost constant for all the

time on stream.

Another important aspect is the reducibility of the catalysts in the reaction environment. In order
to have a deep knowledge of the interaction between ethanol and catalytic surface, DRIFT-MS

technique was performed.

Figure 3 shows DRIFTS spectra of pure support (Ce), Ni-Ce and co-Ni-La-Ce recorded while
exposing the catalysts continuously to pure ethanol at different temperatures. The spectrum of
pure support is used as reference and a more deepened description of the spectrum can be found
in the supplementary materials. In the case of Ni-Ce and co-Ni-La-Ce catalysts, not significant
differences are visible at RT, and even the trends shown when the temperature was raised were
similar in the two cases. Indeed, bands differed only slightly in terms of wavenumber (Av < 5
cm-1) for the two samples. As far as Ni-Ce sample is concerned, ethanol was adsorbed on the
catalyst surface at RT as both undissociated molecule and ethoxide [30, 31]. The presence of H-
bonded ethanol is corroborated by two broad bands, one from 3100 to 3500 cm™ and the other
centered at 1236 cm™. The ethoxy is adsorbed in two different modes, as bidentate (1060 cm™)
and monodentate (1104 cm-l) [32]. The bands at 2970, 2926, 2898, 2869, 1445 and 1381 cm’!
are related to ethoxy vas(CHs), vas(CH;), vs(CH;), vs(CHj), das(CHj3) and os(CHj),
respectively. The catalyst terminal OH group were characterized by the negative v(OH) at 3660
cm™. As far as the band at 1236 cm™ is concerned, the assignation is not unambiguous since the

other H-bonded ethanol characteristic band is detected up to 150 °C.
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Ethanol was continuously fed, hence, it might be reasonable to hypothesize that some un-
53 dissociated ethanol might interact with the catalyst surface even at higher temperatures but it is

55 possible to find the n2-acetaldehyde v(C-O) at the same wavenumber [30]. The presence of the
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latter is corroborated, for co-Ni-La-Ce sample, by the shoulder at 1150 cm™ assignable to 12-
acetaldehyde v(C-C) visible even at RT. Unfortunately, it is not possible to distinguish
unambiguously any shoulder in the Ni-Ce spectra (nor at RT neither at higher temperatures) and
hence for this sample the assignation can be only uncertain. At 150 °C, the acetates vac(COO)
and vo(COO) started to be completely detectable at 1562 cm™ and 1429 cm™, respectively. The
acetate band intensities increase raising the temperature and at 200 °C the acetate 3(CHj)
appeared at 1338 cm™ [33]. A further temperature increase led to the appearance of some bands
due to bridged and bidentate carbonates (928 cm-1 and 1021 cm-1, respectively) [34]. The
broadening of COO acetates bands is due to their convolution with the carbonates ones until 400
°C. From 250 °C to 400 °C three gas phase bands were detected at 3018 cm™, 2338 cm™ and
2140 cm™ assignable to CH,, CO, and CO respectively. In correspondence of these bands
appearance, the MS experiment showed a maximum in CO, CHy4, H; and acetaldehyde (the MS
trends are reported in Figure S2 in the ESI). Xu et al. [33] detected a decrease of the acetate band
intensities and observed the disappearance of ethoxy species at high temperatures. In our case,
we do not see such a decrease in acetate or ethoxy surface species due to their continuous
formation from the ethanol stream. It is also important to notice that Xu et al correlated NiO
reduction by ethanol with high temperatures (250°C-400°C) using XRD analysis. Moreover, in
those experiments the spectrum base line underwent to a dramatic drop down under 1500 cm™
from 400 °C to 500 °C, associated to NiO reduction [35]. It is possible to state that ethanol
reduces NiO (CH3;CH,OH + NiO — CH;CHO + Ni’ + H,0) since no H; was produced before
250 °C. In fact, its production started along with the vanishing of n2-acetaldehyde peaks. Indeed,
CO and CHy4 showed an absolute maximum between 250 °C and 350 °C since they are the

products of acetaldehyde decomposition, whose MS trend did not show a definite maximum. The
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fact that water trend reached its minimum during the NiO reduction, while it should be
coproduced, might be due to the catalyst H,O adsorption as indicated by the small broad band
clearly detected at 3579 cm™ from 250 to 350 °C associated with the formation of new O-H
bond. Furthermore, the water release decrement, in this temperature range, might be due to its
consumption in the steam reforming reaction that started at 250 °C as shown by the ethanol MS
trend. The water trend increases after 350 °C might be due to the release of water by the catalyst
surface as suggested by the OH band diminution. Further information given by the MS analysis
are reported in the ESI. Overall, it was possible to demonstrate that in the reaction conditions
herein reported a catalyst pre-reduction is not necessary, since ethanol, acting as a reducing

agent, is able to rapidly activate the catalytic system.
Influence of lanthanum on nickel reducibility

TPR analyses were performed in order to identify how the support influences NiO reducibility
(Figure 4, continuous lines) and to check ceria reducibility (Figure 4, dotted lines). Focusing on
catalysts” TPR profiles (continuous line), Ni-Ce’s profile shows a peak centred at 260 °C which
is ascribable to the NiO species that weekly interact with ceria, and another one at 340 °C, due to
NiO species with the support more strongly. It can be underlined that the introduction of
lanthanum via impregnation method leads to a shift of the peaks to higher temperatures (by 20
°C and 40 °C respectively), indicating an increase in metal-support interaction strength. On the
contrary, lanthanum introduction via co-precipitation method slightly affects the interaction
strength between ceria and NiO; therefore, no evident differences for this sample are visible.
Moreover, TPR analyses are even more important for the interpretation of ceria reducibility. For
this reason, H>-TPR analysis of bare supports have been performed (Figure 4 underlined line).

Two different peaks can be observed: the first one, centered around 500 °C, is associated with

ACS Paragon Plus Environment
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the reduction of surface ceria from Ce*" to Ce3+; the second peak, located around 800 °C is
connected with the reduction of the bulk support [36, 37]. Since the reaction has to be performed
at 550 °C, the first peak assumes a fundamental importance to understand the reducibility of the
system under reaction conditions. As regards the lanthanum doped samples, it is possible to
underline a shift, for both peaks, to lower temperatures. Such shift is an indication that the
introduction of lanthanum makes ceria more reducible, which can help to improve oxygen
mobility during the reforming reaction, as reported by Dong et al. [38]. Such difference in ceria
reducibility is the first tool to understand the catalytic results and explain the higher stability of
lanthanum doped samples. Mobile oxygen species take part to the oxidation of carbon species,

limiting coke deposition over catalyst surface and implementing its stability during the reaction.
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Figure 4: TPR profile of pure supports (underline lines) and Ni-Ce, Ni-La-Ce and co-Ni-La-Ce

(continuous lines)
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Figure 6: SEM and EDX analyses of co-Ni-La-Ce spent after 60 hours of reaction.

Influence of lanthanum on catalyst structure

FE-SEM analyses of fresh catalysts and the corresponding EDX analyses are shown in Figure 5
(left). It is possible to affirm that nickel is well and homogeneously dispersed on ceria surface of

the three samples as it’s visible in the nickel mapping reported in the top part of Figure 7.

Fresh Ni-La-Ce Fresh co-Ni-La-Ce

Used Ni-La-Ce Used co-Ni-La-Ce

Figure 7: Representative Nickel mapping images by EDX-SEM of Ni-La-Ce fresh and used

(left) and co-Ni-La-Ce fresh and used (right)

The dimension of ceria particles is around 90 nm. A rough determination of nickel particle size

shows that the three samples exhibit nickel nanoparticles in the range 10-15 nm. XRD analyses

ACS Paragon Plus Environment
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were carried out in order to identify the ceria crystal phase, the nickel phase and to determine
more carefully the nickel mean size (Figure 8). These analyses were conducted in the reduced
samples in order to get as much closer to reaction conditions as possible, despite the reduction of
NiO is carried out by the oxidation of ethanol to acetaldehyde in the reaction environment, as it
has been demonstrated by DRIFT technique. In the three catalysts, a fluorite-type structure of
ceria is present with characteristic peaks at 2 theta 28 ©, 33 ©, 47 ©, 56 © and 59 ° associated with

(111), (200), (220), (311) and (222) of cubic phase, respectively [39, 40].

6!
co-Ni-La-Ce

20 l 30 ' 40 I 50 ‘ 60
Figure 8: XRD analysis of reduced ceria supported samples (C is the ceria crystal phases and *

1s Ni° species).

The characteristic peak at 2 theta 43,4 © and 52,0 ° indicates that nickel is present in its metallic
phase and they are respectively associated with (111) and (200) Miller Indexes of fcc nickel [41]
By means of the Rietveld method, it was calculated the mean size of Ni% 17 nm for Ni-Ce, 10
nm for Ni-La-Ce and 14 nm for co-Ni-La-Ce. Lanthanum in this case influences the nickel
particle size, leading to a slight decrease of its dimension. Usually, in this kind of reactions, the

smallest is the size, the highest is the catalyst stability [42, 43]. In fact, the most active catalysts

ACS Paragon Plus Environment
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for this reaction are those promoted with lanthanum, which have a smaller nickel particle size

than non-doped sample.

Furthermore, the XRD technique was used to analyze the ceria cell parameters to investigate the
lanthanum effect on ceria support. Table 3 reports cell parameters for the catalysts where ap and

V) refer to the unit-cell constant and the unit-cell volume, respectively, of the Ni-Ce sample.

For the two lanthanum-doped samples, it can be seen an increase in unit-cell constant and unit-
cell volume, in particular for the catalyst synthesized with the co-precipitation method. The
increase in the unit-cell volume can be taken as a strong evidence that lanthanum is fully hosted
as La>" ions (ionic radii 1.16 A) replacing Ce*" ions (ionic radii 0.97 A) in the ceria lattice. This
is also in perfect agreement with the absence of any diffraction peak related to metallic
lanthanum or lanthanum oxide(s) in the XRD patterns of Ni-La-Ce and co-Ni-La-Ce samples
(see Figure 8). A likely explanation is that the substitution of two Ce"" with two La’" atoms can
be balanced with an oxygen vacancy. This could bring to an increase in redox ability. This
property could improve the ability to oxidize carbonaceous species on the surface, limiting the
deactivation due to coke formation and stabilizing the catalyst. In fact, we have shown that co-

Ni-La-Ce is the best performing catalyst and presents a very good stability.
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Table 3: Variation of lattice parameters of the catalysts and oxygen storage capacity of supports.

Ni-Ce Ni-La-Ce co-Ni-La-Ce

oNOYTULT D WN =

10 XRD V/Vy 1 1,006 1,012

13 alay 1 1,002 1,004

Ce La-Ce co-La-Ce

20 OSC mmol O,/g 0,13 0,58 0,77

The redox ability of a material can be accurately assessed using the Oxygen Storage Capacity
29 method (OSC). In this case, the three supports, and not the final catalysts, were analyzed. In fact,
31 the method allows understanding the capacity of support oxygen adsorption, and this is directly
proportional to its redox abilities. Ceria adsorbed the lowest amount of oxygen (mmol of O, per
36 grams), while there is an increment of O, adsorption passing from the impregnated support (La-
38 Ce) to the co-precipitated one (co-La-Ce) (Table 3). Also this characterization technique
demonstrates the effects on ceria redox ability of both lanthanum addition and synthetic
43 methodology. In fact, promoter addition, in particular by co-precipitation, leads to an increase of
45 OSC, which means an increase in ceria redox ability and therefore an increase in stability

47 towards coke poisoning.

To further confirm the results, SEM analyses of used catalyst have been made. Figure 5 (right)
53 shows SEM imagines and EDX analyses of catalysts after 16 hours of reaction, while Figure 6

55 reported SEM image and EDX analysis of co-Ni-La-Ce after 60 hours of reaction. Looking at
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Figure 5, the differences between used samples are evident. Used Ni-Ce surface is completely
covered by small nanotubes, while used Ni-La-Ce shows few nanotubes with diameter size
around 44 nm. As for co-Ni-La-Ce catalyst, no nanotube species are detected on the surface of
used sample, and only small percentage of carbonaceous species (5-6%) is depicted by EDX
analysis. The same catalyst was tested for 60 hours and, looking at SEM and EDX analyses of
spent catalyst (Figure 6) it is possible to observe the presence of coke on the catalyst surface.
However, coke does not cover the whole surface and in particular, it is still possible to observe
the Ni nanoparticles. This could explain the good activity of the catalyst after 60 hours of

reaction but also its partial deactivation.

Furthermore, Figure 7 represents nickel mapping images of used promoted samples (after 16
hours of reaction) in order to highlight the reasons for different deactivation of these two
catalysts. Used co-Ni-La-Ce presents a homogeneous distribution of nickel particles while for
used Ni-La-Ce sporadic particle agglomeration is evident. As reported in introduction,
lanthanum insertion into ceria could enhance the support redox ability and both mechanical and
thermal stability. For Ni-La-Ce catalyst the preparation method strongly affects its mechanical
and thermal stability and the lesser La®" substitution in ceria lattice gives lower redox ability at
the system in comparison with co-Ni-La-Ce. The combination of these two effects does not
allow the stabilization of nickel particle on the surface and, as it is evident for used Ni-La-Ce in
Figure 8, nickel sintering is visible. This result is in agreement with the data previously

discussed.

Conclusions
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The effects of lanthanum addition in nickel ceria samples was investigated in order to find a
stable, active and resistant catalyst for ethanol steam reforming. Our results highlight that
lanthanum introduction method strongly affects the catalytic performances. Lanthanum co-
precipitation allows a stronger interaction between La’" and Ce*" than impregnation, and this is
evident by Rietveld unit cell refinements. This strongest interaction leads to the highest oxygen
mobility in ceria bulk, as observed by OSC analysis and TPR. This property has a beneficial
effect on the oxidation of carbonaceous species during the reaction and leads to a prolonged
stability of the catalyst during the reaction. In fact, lanthanum added via co-precipitation leads to
the best performances, 100 % ethanol conversion and 70 % hydrogen distribution after 16 hours
of reaction. No nanotube species are depicted in SEM images of used catalyst. Moreover, no
nickel sintering is visible. In addition, for this catalyst it was performed a prolonged test. It was
found that, after 60 hours, ethanol conversion is still 90% and hydrogen distribution is higher
than 70%. Such catalytic system, based on nickel+ceriat+lanthanum, could be very interesting
also for many other catalytic applications, such as for example, glycerol steam reforming and dry

reforming.
Experimental
Synthesis of supports

Ceria support (denoted as Ce) was synthesized by precipitation from (NHy4),Ce(NOs)¢ (Sigma
Aldrich) by urea at 100 °C in aqueous solution. The solution was mixed and boiled for 6 h at 100
°C, the precipitate was washed in boiling deionized water and dried at 110 °C for 18 hours. The
material was then calcined under air flow (30 mL/min) at 550 °C for 3 hours. Lanthanum oxide

was introduced on the support using two different methods: incipient wetness impregnation and

ACS Paragon Plus Environment

21



oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering

co-precipitation with the support. In the former case (denoted as La-Ce support), the proper
amount of La(NO;);*6H,0 was added to the calcined support in order to obtain obtain 5 wt% of
lanthanum on the final catalyst. The material was dried at 110 °C in the oven and then calcined
in flowing air (30 mL/min) at 550 °C for 3 hours. In the latter method (denoted as co-La-Ce
support), the same amount of La(NO3);*6H,0 was dissolved together with the support precursor

and the synthetic methodology was as previously described for non-promoted ceria.

Synthesis of catalysts

The metal introduction on the support was performed by incipient wetness impregnation with a
proper amount of Ni(NOs),*sm20 aqueous solution in order to obtain 8 wt % of nickel on the
material. After drying at 110 °C for 18 hours, calcination was performed under air flow (30

mL/min) at 550 °C for 4 hours.

The samples are labelled:

Ni-Ce

Ni-La-Ce introduction of lanthanum via impregnation method.

co-Ni-La-Ce introduction of lanthanum via co-precipitation method.

Characterizations

Surface areas and pore size distributions were obtained from N, adsorption/desorption
isotherms at -196 °C (using a Micromeritics ASAP 2000 analyser). Surface area was calculated
from the N, adsorption isotherm by the BET equation [44], and pore size distribution was

determined by the BJH method [45]. Total pore volume was taken at P/Py = 0.99.
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Nickel amount was determined by atomic adsorption spectroscopy (AAS) after microwave

disaggregation of the samples (100 mg) using a Perkin-Elmer Analyst 100.

DRIFT-MS analyses were measured by an IR apparatus Bruker Vertex 70 equipped with a
Pike DiffusIR. Spectra were recorded using a MCT detector after 128 scans and 4 cm-1
resolution. The mass spectrometer was an EcoSys-P from European Spectrometry Systems. The
samples were pretreated at 500 °C in He flow (8 ml/min) for 60 min, and then the bare catalyst
IR spectra were collected every 50 °C from 500 °C to room temperature (RT). Afterwards,
ethanol was fed at 0.6 uL min-1 and, as the ethanol mass signal started to raise, the RT spectrum
was recorded. Sample temperature was then increased by 5 °C/min and spectra were collected
every 50 °C. The adsorbed species spectra were obtained at each temperature by subtracting the

catalyst spectrum at the proper temperature.

Temperature programmed reductions (TPR) were carried out in a lab-made equipment:
samples (50 mg) were heated with a temperature rate of 10 °C/min from 25 °C to 800 °C in a 5
% Hy/Ar flow (40 mL/min). The effluent gases were analysed by a TCD detector and by a

Genesys 422 quadrupole mass analyzer (QMS).

Oxygen Storage Capacity (OSC) analyses were carried out in the same lab-made equipment
used for TPR. 50 mg of sample were pre-treated in H, flow (40 mL/min) until 550 °C and
maintained at this temperature for 1 hour. Then the sample was purged in He flow and cool down

to 25 °C. Pulses of a 5% O,/He mixture where carried out until TCD signal saturation.

X-ray powder diffraction (XRD) patterns were measured by a Bruker D8 Advance
diffractometer 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
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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 breadt based calculation of volume weighted mean crystallize sizes
assuming intermediate crystallite size broadening modelled by a Voigt function. The samples
were reduced in H, flow for 1 h at 550 °C before the analysis and then passivated in air flow at

25 °C.

FE-SEM images were obtained using a Field Emission Gun Electron Scanning Microscopy
LEO 1525 ZEISS, after metallization with Chromium. The images were acquired by InLens
detector while elemental composition was determined using Bruker Quantax EDS (resolution of

2 nm at 20 kV).

Catalytic tests

The catalytic tests were performed with a PID microactivity-Effi reference reactor (Process
Integral Development Eng&Tech) coupled to a gas-chromatograph (HP 6890) and to a Genesys
422 quadrupole mass analyzer (QMS). Microactivity-Effi reactor is an automatic and
computerized high-pressure catalytic reactor which includes valves and process layout inside a
hot box to avoid possible condensation of volatile products, while also preheating the reactants
efficiently. Using a HPLC pump (Gilson 303) the mixture of water and ethanol (molar ratio 6:1)
was flowing and helium was used as carrier. The total amount of molar flow was 0,615 mol/h
considering a molar ratio composition of 91,75% of He, 1,20 % of Ethanol and 7,23 % of Water.
The typical reaction temperature was 550 °C. Preliminary tests were performed without the
catalyst and using the bare supports. No evident ethanol conversion has been observed in these

experiments at the typical reaction temperature. Samples were charged inside the reactor without
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a preliminary reduction; this allows skipping one step, turning out to be more economically

convenient for industrial applications. In fact, the catalyst is reduced in situ by the reactive

oNOYTULT D WN =

mixture as it was demonstrated by DRIFT technique.

1 After the analysis, conversion of ethanol, product distribution and hydrogen yield were

calculated using the following equations:

17 Conversion of ethanol:

20 Conversion (%)=100%-(f out (EtOH))/(f in(EtOH))*100%
Product distribution:

57 Product distribution (%)= (fi out)/(Q [fi out))*100%

30 Hydrogen yield:

33 Hydrogen yield (%)= (fH, out)/(6*fEtOH in)*100%

37 where f'is the flow in mol/min.

40 To have a homogenous catalyst, tablets were pressed and grained to obtain the ideal grain size
42 range (0,3-0,4mm). Afterwards the catalyst (150 mg) was mixed with siliciumcarbide (SiC,

VWR, ratio catalyst:SiC=1:4 by volume). The catalysts were not reduced before reaction.

51 Supporting information
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Mass analyses of both support and catalysts feeding ethanol and the hypothesized surface

pathways are reported in Supplementary Information.
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