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Abstract: Ethanol steam reforming is one of the most promising ways to produce hydrogen from
biomass, and the goal of this research is to investigate robust, selective and active catalysts for this
reaction. In particular, this work is focused on the effect of the different ceria support preparation
methods on the Ni active phase stabilization. Two synthetic approaches were evaluated:
precipitation (with urea) and microemulsion. The effects of lanthanum doping were investigated
too. All catalysts were characterized using Nz-physisorption, temperature programmed reduction
(TPR), XRD and SEM, to understand the influence of the synthetic approach on the morphological
and structural features and their relationship with catalytic properties. Two synthesis methods gave
strongly different features. Catalysts prepared by precipitation showed higher reducibility (which
involves higher oxygen mobility) and a more homogeneous Ni particle size distribution. Catalytic
tests (at 500 °C for 5 h using severe Gas Hourly Space Velocity conditions) revealed also different
behaviors. Though the initial conversion (near complete) and Hz yield (60%, i.e., 3.6 mol Hz/mol
ethanol) were the same, the catalyst prepared by microemulsion was deactivated much faster.
Similar trends were found for La-promoted supports. Catalyst deactivation was mainly related to
coke deposition as was shown by SEM of the used samples. Higher reducibility of the catalysts
prepared by the precipitation method led to a decrease in coke deposition rate by facilitating the
removal of coke precursors, which made them the more stable catalysts of the reaction.

Keywords: ethanol steam reforming; Ni/CeO2 microemulsion; coke resistance; lanthanum doping

1. Introduction

Hydrogen, one of the most useful intermediate products, can be the ideal candidate
to solve the environmental problems [1]. Although, it is not a fuel by itself, it is considered
as the future energy vector owing to its great potential for generating electricity by fuel
cells [2]. A critical issue in the use of hydrogen for energy applications is its production
method. In fact, despite hydrogen being the most abundant element in the universe, it
does not exist in significant amounts in its elemental form [3,4]. Therefore, it must be
produced from other sources. Nowadays, 96% of the hydrogen produced worldwide
derives from the conversion of fossil resources [5], mainly from natural gas by steam
reforming. Nevertheless, one potential for the future is the possibility of hydrogen
generation from renewable sources. Among the most attractive processes, the steam
reforming of light alcohols such as methanol and ethanol plays a key role [6]. Indeed,
methanol can be produced by syngas derived from biomass, while ethanol can be
generated by fermentation of carbohydrate sources [7]. In addition to the said use of
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renewable raw materials, the use of alcohol as the main resource for hydrogen production
has many advantages such as low cost, easy transportation in liquid form and the
possibility of its conversion to hydrogen in relatively mild reaction conditions [8] with
highly efficient and cost-effective processes. For example, conversion of ethanol into
hydrogen via steam reforming provides six moles of hydrogen per mole of ethanol
because it can extract hydrogen not only from ethanol but also from water (CHsCH20OH +
3H20 = 2COz2 + 6H2) [9-11]. However, ethanol steam reforming (ESR) follows a complex
reaction pathway, summarized in Figure 1. As may be seen, several by-products such as
carbon monoxide, methane, ethylene, acetaldehyde and more complex carbon species can
be generated under reaction conditions [12]. For this reason, the catalyst formulation is
not a trivial task: it should be properly formulated to be functional to direct the reaction
to maximize hydrogen yield and, at the same time, to suppress the unwanted side
reactions. Common catalysts for ESR are metals, such as Pt, Pd, Rh, Ni, Co and Cu, [13,14]
supported on different oxides, mainly Al2Os, 5iO2, CeOz, ZrO2, TiO2, MgO and La20s [15-
17] <sup>11</sup><sup>14</sup><sup>12</sup>. Among them, nickel is an attractive
active phase for its low cost and high activity, comparable to that of noble metals. In
addition, ceria is an interesting support since it belongs to the partially reducible oxides
(PROs) [8]. Indeed, it is commonly used in different oxidation reactions such as CO
oxidation [18], preferential oxidation (PROX) of CO for hydrogen purification [19], water
gas shift (WGS) reaction, as well as oxygen-conducting membranes for solid oxide fuel
cells and many other processes [20,21]. Thanks to the redox ability and strong interaction
with nickel, ceria has been extensively studied in the reforming field [22]. Ceria redox
ability can be modulated by a careful control of structural defects [23-25]: the higher the
number of defective sites, the more effective the redox pump. Therefore, lanthanum oxide
has been added as promoter due to its possible substitution as La® in the Ce** lattice [18]
which may lead to the formation of defective sites.

Ethanol steam reforming
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Figure 1. Reaction pathways involved in the ethanol steam reforming (ESR) process.

This work has been focused on the preparation method of the support for nickel-
ceria-based catalysts. Two different synthetic methods have been investigated for ceria
supports preparation: precipitation and reverse microemulsion. Precipitation is the
standard approach used for metal oxides preparation. With this method, however, it is
difficult to control particle size distribution. On the contrary, reverse microemulsion can
be an innovative way to modulate and control the textural properties of new materials.
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This approach is based on the formation of nanospherical micelles inside which the
precipitation of the oxide takes place. In this way, as reported by Eriksson et al. [26], a
suitable environment for producing small nanoparticles with narrow size distribution can
be generated. Accordingly, the motivation of this work is to focus on the investigation of
the influence of the preparation method on the activity, stability and regenerability of
nickel—ceria-based catalysts for hydrogen production via ESR, that was investigated
under severe Gas Hourly Space Velocity (GHSV) conditions. To the best of our knowledge
this is the first use in ESR of Ni supported on La doped CeO: prepared by reverse
microemulsion. To achieve this goal, different characterization approaches were used. In
particular, the correlation between the synthetic method and structural and
morphological properties was investigated by N2-physisorption, SEM, XRD, and He-
temperature programmed reduction (TPR). The effects of lanthanum doping have been
investigated too.

2. Experimental Part
2.1. Support Preparation

Precipitation method: the supports (hereinafter denoted as Ce P and CeLa P) were
synthesized by precipitation with urea at 100 °C with aqueous solutions of
(NHa4)2Ce(NOs)s (Sigma Aldrich, St Louis, MO, USA) and additionally La(NOs)s.6H20, in
the adequate amount to obtain a 5 wt % of lanthanum(Sigma Aldrich, St Louis, MO, USA);
in the final sample, for the latter. The solution was mixed and boiled at 100 °C for 6 h. The
precipitates were washed with deionized water and dried at 110 °C for 18 h. The material
was then calcined under air flow (30 mL/min) at 650 °C for 3 h.

Reverse microemulsion method: the supports (hereinafter denoted as Ce M and CeLa
M) were synthesized by preparing two different microemulsion systems: (A) Saline
microemulsion composed by: 450 mL n-heptane 99% (Sigma Aldrich, GMBH, Riedstr,
Germany), 90 mL triton X(Sigma Aldrich, St Louis, USA, MO, USA), 92 mL 1-hexanol 98%
(Sigma Aldrich, St Louis, MO, USA), 50 mL aqueous solution of Ce(NOs)s.6H20 (0.5 M);
(B) Basic microemulsion composed by 450 mL n-heptane 99%, 1-hexanol 98%, 90 mL
Triton X-100 and 50 mL basic solution (0.5 M NaOH). The proper amount of lanthanum
precursor was added to obtain a 5 wt % of lanthanum in the final sample. Both
microemulsions were stirred at 100 rpm for 1 h. Then, solution B was added to solution A
and was kept under stirring at 100 rpm for 24 h. The precipitates were separated by
centrifugation, washed with methanol, dried at 120 °C for 18 h and calcined in air at 650
°Cfor 3 h.

2.2. Catalyst Preparation

Nickel was introduced on the supports by incipient wetness impregnation with a
proper amount of Ni(NOs)2.6H2O aqueous solution to obtain 8 wt % of nickel on the
catalysts. After drying at 110 °C for 18 h, calcination was performed in air at 650 °C for 4
h.

2.3. Catalysts Characterization

Specific surface areas and pore size distributions were evaluated by N2
adsorption/desorption isotherms at —-196 °C using a Tristal II Plus Micromeritics.
(Micromeritics, Milan, Italy); The surface area was calculated using the Brunauer—
Emmett-Teller (BET) Equation [27] method while pore size distribution was determined
by the BJH (Barrett, Joyner, and Halenda) method [28], applied to the N: desorption
branch of the isotherm.

The Ni and La contents were determined by atomic absorption spectroscopy (AAS)
after microwave disaggregation of the samples (100 mg), using a Perkin-Elmer Analyst
(Perkin-Elmer, Waltham, MA, USA); 100 spectrometer.
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The morphology of the catalysts was studied by scanning electron microscopy (SEM)
with a table-top Hitachi instrument, model TM-1000 (Hitachi, Ramsey, NJ, USA), after
depositing the ground powder sample on a double-sided lacey carbon ribbon.

X-ray diffractograms were obtained on a Seifert XRD 3000P diffractometer; using
nickel-filtered Cu Ka radiation operating at 40 kV and 40 mA, using a 0.02° step size and
2 s counting time per step. Analysis of the diffraction peaks was conducted with the soft-
ware ANALYZE Rayflex Version 2.293.

Temperature programmed reduction (TPR) measurements were carried out using
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% Hz/He flow (40 mL/min). The effluent gases were analyzed
by a Thermal Conductivity Detector (GOW-MAC InstrumentCo., Shannon, Irland)

2.4. Catalytic Tests

Catalysts were tested for ESR at 500 °C and atmospheric pressure, charging the feed
with molar composition of water:ethanol:He = 18.4:3.1:78.5 and W/F = 0.12 gcat.h/mol eth-
anol, in a stainless steel, fixed bed tubular reactor placed in an equipment Microactivity
Reference model MAXXXM3-(PID Eng and Tech, Madrid, Spain). Prior to the reaction,
fresh catalyst samples were activated under flow of 10% O2 in He at 650 °C for 1 h. Cata-
lytic stability tests were conducted at 500 °C for 5 h. After the first run, the catalyst was
cooled down and flushed under inert flow, and then reactivated using the same procedure
of the initial activation, heating up to 650 °C at 10 °C/min and keeping this temperature
for 1 h, under a flow of 10% Oz in He. After cooling down to 500 °C in inert flow, a second
run was conducted with the regenerated samples under the same condition of the first
run. Tests for each sample were reproducible within experimental error. Reactants and
products were analyzed online by GC on a Varian Star 3400 CX instrument (Varian, Crid-
ersville, OH, USA); equipped with two columns, molecular sieve and Porapak Q and the
detector of thermal conductivity. After the analysis, conversion of ethanol and hydrogen
yield were calculated as follows:

Conversion of ethanol:

Nin(EtOH) — noye (EtOH)

oy —
conversion (%) = [ o (ECOH) 1% 100 €))]
H: yield:
fH2 out
eld (%) = ————— X 100 2
yield (%) 6x fELOHIN 2)

with n number of moles; {, flux in mL/min.

3. Results and Discussion
3.1. Catalysts Characterization

The specific surface area is one of the most important parameters in the design of a
heterogeneous catalyst: a high surface area greatly improves the dispersion of the active
phase [29,30]. Figure 2 shows N2-physisorption isotherms of the samples, while the calcu-
lated values of specific surface area, mean pore radius and pore volume are reported in
Table 1.
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Figure 2. N>-physisorption isotherms of catalysts (a) and their pore size distributions (b): NiCe P
(red squares); NiCe M (green cross); NiLaCe P (blue rhombs); NiLaCe M (violet circle).

Table 1. Physico-chemical properties of the catalysts.

Samples Seer? (cm®/g) 1:[;11:::(:1‘;21) Vpore ¢ (cm?/g) Nlosli\zzin(:;:)tlde
NiCe P 64 7.0 0.11 27
NiLaCe P 71 6.8 0.12 25
NiCe M 48 10.5 0.12 15
NiLaCe M 42 12.0 0.16 14

(a) Specific surface area calculated via BET; (b) average pore diameter, and (c) pore volume calcu-
lated via BJH method; (d) calculated by Scherrer Equation.

All samples exhibited the IV-type isotherm that is typical of mesoporous materials
according to IUPAC classification [31]. However, the shapes and hysteresis loops of the
isotherms were quite different. The hysteresis loop of precipitated samples is H2 type,
characteristic of solids with pores of irregular shape and dimension. Conversely, the cat-
alysts obtained by the microemulsion approach show a hysteresis profile more difficult to
classify being a combination of H2 and H3 hysteresis loops associated with a complex
pores structure. H3 loops are, generally, associated with non-rigid aggregates of plate-like
particles (e.g., certain clays) or with a pore network consisting of macropores that are not
completely filled with pore condensate [32]. The pore size distribution obtained by BJH is
consistent with the N2 adsorption-desorption profiles, in fact the pore size distribution for
the “M” type catalysts was broader and at higher values, at the limit of macroporosity,
than for LaCe P and NiLaCe P samples. Moreover, both precipitated samples exhibit a
higher BET surface area than the catalysts obtained by the microemulsion approach (Table
1).

Analytical Ni amount was the same for all the samples (7.5 wt %), only slightly lower
than the nominal value of 8 wt %. As for La amount, it was around 5 wt %. The particles
morphology and catalyst size were determined using microscopy techniques. Figure 3
shows SEM images of the fresh samples. As can be seen, the appearance of the materials
prepared by different techniques was notably different. Samples synthesized by precipi-
tation were made of agglomerated spherical particles of 1.8-2 um, while catalysts pre-
pared by microemulsion presented a wrinkled surface covered by small superficial cubic
particles.
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D56 x10k 10 um

NiLaCe P NiLaCe M

Figure 3. Representative SEM images of fresh catalysts (a) NiCe P, (b) NiCe M, (c) NiLaCe P and
(d) NiLaCe M.

XRD analyses using Scherrer refinement were carried out to determine the crystal
size of the support and the metal phases in the samples. Figure 4 compares the XRD pat-
terns of the four NiCe samples prepared via different support preparation methods.

*

NiCe M
NiLaCe M
NiLaCe P
NiCe P
20 30 40 50 60 70
2 Theta

Figure 4. XRD patterns of fresh catalysts after calcination. (* denoted peaks of ceria crystal phases.)
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As for the fresh samples, XRD profiles showed a fluorite-type phase of ceria with
characteristic reflections at 20 = 28°, 33°, 47°, 56°, 59°, and 69° associated with (111), (200),
(220), (311), (222) and (400) planes of the cubic phase, respectively [33]. No diffraction lines
related to lanthanum nor lanthanum oxide can be evidenced in XRD spectra, despite its
almost 5 wt % loading. This could be reasonably due to the incorporation of La3* ions in
the ceria lattice [18]. A mean size of 11 and 9 nm was calculated by Sherrer for the crystal
particle size of CeO, respectively, in NiCeP and NiCeM. La addition does not significantly
affect ceria size. Regarding the active phase, the occurrence of NiO was clearly detected,
with the characteristic diffraction lines at 20 37° and 43.4° [34]. The presence of nickel in
its oxidic form was not unexpected, because the analyses have been performed on calcined
catalysts, as the samples charged in the reactor for catalytic ESR testing. Table 1 shows the
crystal size of NiO, calculated from the analysis of the most intense diffractions, corre-
sponding to 20 =43.4°. The patterns of the precipitated samples showed sharper and more
intense diffraction lines, meaning that the particles of ceria and NiO were bigger and more
crystalline than for the catalysts prepared via microemulsion (Table 1).

These preliminary analyses indicated that the support preparation method strongly
affected morphological and structural features of the final catalysts. Therefore, further
characterizations were performed. TPR technique was used to identify the different NiO
species on the ceria surface and their reduction features and to determine the support
reduction temperature. The TPR profiles are reported in Figure 5. The most evident dif-
ference between the TPR profiles of the two different techniques is the number of NiO
species interacting with the support. The profiles of samples prepared by precipitation
presented three broad reduction peaks at 204 °C, 249 °C and 329 °C that can be associated
with NiO reduction. On the contrary, the TPR curves of samples synthesized by micro-
emulsion showed only one sharp peak centered at 470 °C. Therefore, TPR analyses clearly
showed that the synthetic approach has a deep effect on Ni reducibility, which could affect
their catalytic behavior. NiO was reduced at temperatures below 400 °C for samples pre-
pared by precipitation, while for catalysts synthesized by microemulsion the temperature
needed for NiO reduction is at least 400 °C. This difference can be reasonably ascribable
to the different metal-support interactions that can be formed during the oxide precipita-
tion: the stronger the interaction, the higher the reduction temperature. The broad maxima
at higher temperatures are related to the support, since it is known that the ceria can be
reduced from Ce* to Ce?* at temperatures above 700 °C [35]. As reported in the literature,
one can envisage, for the precipitated supports, one small and broad peak at 800 °C, while
for the support synthesized by microemulsion, there are two small and broad peaks at 750
and 1000 °C, respectively.

3
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Figure 5. Temperature programmed reduction (TPR) profiles of catalysts.
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From all these characterization results, remarkable differences between two method-
ologies have arisen. Precipitation results in slightly higher surface areas, well-defined
spherical-shaped particles and high crystallinity. At the same time, catalysts prepared by
this technique presented a weaker metal support interaction, and a consequent easier
metal reducibility. In contrast, NiCe M and NiLaCe M showed smaller NiO dimensions
and only one stronger NiO interaction with the support, which could strongly affect NiO
reducibility in reaction conditions. The effect of lanthanum addition is minimal with re-
spect the difference in the preparation methodology. Consequently, it can be affirmed that
the support preparation method strongly influences morphological, structural, and chem-
ical properties of the final catalysts.

3.2. Catalytic Performances

ESR catalytic tests were carried out at 500 °C and atmospheric pressure using severe
GHSV conditions. Figure 6 reports ethanol conversion (straight line) and hydrogen yield
(dotted lines) along 5 h of time on stream. Both NiCe P and NiCe M catalysts presented a
high initial activity with nearly complete ethanol conversion and 60% of hydrogen yield,
considering that NiCe M has a slightly lower performance than NiCe P. This could be due
to a more difficult reducibility of Ni in the sample prepared by microemulsion, as was
demonstrated by TPR analyses. In fact, it should be noted that these materials were not
reduced before the reaction test and it is relevant to verify the reducing power of ethanol,
confirming what was previously demonstrated by Pizzolitto et al. [18].

NiCe P vs NiLaCe P

NiCe M vs NiLaCe M

90 -\

80 %
A
0

Conversion or yield, %
83
:/

Reaction time, h Reaction time, h

Figure 6. Catalytic activity in the ethanol steam reforming on NiLaCe P (left) and NiLaCe M (right) catalysts in comparison
with the non-doped samples: ethanol conversion (full line) and hydrogen yield (dotted line).

Nevertheless, both the catalysts suffered a progressive deactivation over time on
stream. However, the deactivation presented a different degree: after 2.5 h, NiCe M com-
pletely lost its activity for hydrogen production, maintaining at the same time a very low
ethanol conversion. The catalyst prepared via precipitation kept 50% conversion and 30%
hydrogen yield after 5 h on stream. The behavior of lanthanum-doped samples was very
similar to the corresponding non-doped catalysts under the tested reaction conditions.
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Characterizations of catalyst samples recovered after reaction were also performed
to understand more deeply the evolution of catalytic behavior. Examples of SEM images
of used samples are shown in Figure 7. As can be seen, the catalyst prepared via micro-
emulsion, NiCe M, was almost completely covered by carbon, while the sample prepared
by precipitation, NiCe P, still showed a very clear surface despite the fact that it had some
dark agglomerates associated with carbon deposits. Although Carbon was not formed as
nanotubes or nanowires, it was in a more compact form, either polymeric or graphitic.
These results perfectly matched with the catalytic results: the complete activity loss for
the NiCe M sample is due to the complete coverage of active sites by carbon. On the con-
trary, only a small portion of metals was covered by coke deposits, and therefore the sam-
ple was still active after 5 h of reaction.

D52 X80k  10um

D10.8 x8.0k  10um

Figure 7 SEM images of used catalyst samples recovered after ethanol steam reforming tests: (a)
Used NiCe P and (b) Used NiCe M.
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To further understand the reasons of this discrepancy in catalytic behavior, X-ray
diffractograms of the used catalysts were obtained. Figure 8 compares the XRD patterns
of fresh and used catalysts from both preparation methods. The patterns of used samples
presented reflections attributed to carbon species at 20 26.4° [36] probably with a graphite-
like structure. For the used catalysts, the crystal particle size of CeO: slightly increased (11
and 10 nm, respectively, for used NiCe P and NiCe M) and the reflections attributed to
metallic Ni appear at 20 of 44.5° and 51.8°, while those of NiO at 43.4° disappear (see inset
in Figure 8). This evidenced that the reaction mixture, that is the reactant ethanol, allowed
the reduction in the metal phase, thus activating the catalysts for the reaction.

b
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NiO| [NiO
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Figure 8. (a) XRD patterns of fresh and used catalysts after calcination. (Reflections at 26 35° are
due to remains of SiC used as diluent in the catalytic bed.) and (b) magnification on reflections of
NiO at 20 43.3 and 44.5 °.

Moreover, to determine the possibility of reusability of the catalysts, reactivation of
used catalysts was carried out, followed by a second run of the catalytic test. Figure 9
compares ethanol conversion and hydrogen yield of fresh and used catalysts for both un-
doped materials. After the regeneration in air, the initial H2 yield on NiCe P, the most
active one, was lower than that of the fresh sample, decreasing to 17% after 5 h of reaction
(instead of 30% of the first run). Therefore, catalyst regeneration did not allow its complete
reactivation, indicating either possible sintering of the catalyst or incomplete removal of
the carbonaceous deposits. In the case of NiCe M, it was completely reactivated after the
regeneration step, as the curve of ethanol conversion of the regenerated sample practically
overlapped with that of the fresh one. However, considering hydrogen yield, an even
faster deactivation is visible, with no hydrogen production after just 2 h. This apparent
discrepancy, of the same conversion but different yield, is due to a different selectivity,
indicating that some changes in the nature of the material occurred.
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Figure 9. Ethanol steam reforming on fresh (solid lines) and reactivated (dotted lines) catalysts. Ethanol conversion (a)
NiCe P and (b) NiCe M and hydrogen yield (c) NiCe P and (d) NiCe M vs. reaction time.

As a matter of fact, the causes of catalysts deactivation were quite different for two
samples. In fact, the catalyst prepared via microemulsions, despite the faster deactivation
with time, seemed to be reactivated during the regeneration step. Therefore, its complete
deactivation in the first run was probably due to a reversible coke deposition. SEM anal-
yses performed on used NiCe M catalyst had shown that it was almost completely covered
by a compact form of carbon, either polymeric or graphitic. Such coke can be oxidized
during regeneration step. On the contrary, the catalyst prepared via precipitation is more
stable over time, but it cannot be fully regenerated in air. For this used sample, SEM pic-
tures have shown that only a small portion of metal was covered by coke deposits, and it
could be easily removed during the oxidative treatment of regeneration. Hence, this is not
the main cause of deactivation, and sintering of the active phase had probably occurred.
As demonstrated by TPR technique, NiCe P presented a lower interaction between sup-
port and active phase, and this could have determined its easier sintering.

4. Conclusions

The effect of the preparation method, namely, precipitation and microemulsion syn-
thesis, has been evaluated for nickel-ceria-based catalysts. As expected, the microemul-
sion approach allowed us to prepare materials with smaller NiO dimensions and a de-
fined interaction between NiO and support stronger than in the catalysts with precipitated
supports, as evidenced by TPR analyses. At the same time, the samples prepared via pre-
cipitation had higher surface areas, well-defined spherical particles, and higher crystallin-
ity. Therefore, the preparation method strongly affected the structural and chemical prop-
erties of catalysts. In ethanol steam reforming, the catalysts prepared via precipitation
showed higher catalytic activity and stability, while those prepared via microemulsion
deactivated very fast. Similar trends were found for La-promoted supports. Nevertheless,
after the oxidative regeneration treatment, the NiCe P catalyst did not fully regain its
properties, while NiCe M was completely reactivated. This indicated that the reasons for
catalyst deactivation should be quite different. For catalysts prepared by precipitation, the
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deactivation was mostly due to sintering of the nickel particles that were not strongly in-
teracting with the support. On the contrary, strong interaction between active phase and
support in NiCe M preserved the material from sintering. However, the lower surface
area and the low degree of crystallinity led to a rapid deactivation of the material caused
by coke deposition.
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