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The escalating increase in global temperatures has highlighted hydrogen (Hj) as a promising alternative clean
energy carrier. Hydrogen can be derived from biofuels such as bioethanol, offering an efficient liquid carrier that
addresses availability, storage, and distribution issues hindering a widespread use of Ha. This study reports on the
synthesis of Lag 4Sr 4Tio gNio.203.5 catalysts followed by the exsolution process to enhance catalytic activity for

Hy production via ethanol steam reforming (ESR) reaction. Single-phase compounds with exsolved metallic
nanoparticles were successfully tested for ESR, revealing an ethanol conversion rate of 40 % and over 40 % Hay
production for the catalyst reduced at 1000 °C for 12 hours. Stability tests demonstrated the catalyst’s capacity
for regeneration in both water vapor and Nj. The experimental data demonstrate that exsolving metallic
nanoparticles is a viable strategy for producing a stable catalyst for the ESR reaction.

1. Introduction

The use of fossil fuels for energy generation has significantly
contributed to the increased emission of greenhouse gases and, conse-
quently, accelerated global warming. Amidst this scenario, the search
for alternative and environmentally friendly energy sources has inten-
sified in recent years, with the use of hydrogen (Hy) as clean energy
carrier emerging as a promising option for various applications [1-3].
Hydrogen production derived from biofuels such as bioethanol is being
recognized as a clean and attractive sustainable energy source. Bio-
ethanol is as a cost-competitive fuel produced on a large scale and
widely distributed in four continents [4-6].

Bioethanol can be converted into Hy through three main thermo-
chemical processes: ethanol steam reforming (ESR), partial oxidation
(POX), and autothermal steam reforming (OSR) [7]. ESR is receiving
special attention because theoretically, for each mol of ethanol used, up
to 6 moles of hydrogen can be produced (Eq. 1). To achieve this, it is
important to optimize reaction conditions such as the molar ratio of
water and ethanol, temperature, and residence time, as well as to select
the appropriate catalyst (including support and metal) to achieve high
conversion rates and selectivity for Hy [8].
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CH3CH20H + 3 H,O = 6 Hy + 2 COy (€D)]

Typically, metallic nanoparticles embedded in oxide surfaces are
extensively studied catalysts for ESR. However, these catalysts face two
primary deactivation processes: i) long-term stability is compromised
due to carbon formation on the surface of the active metal, and ii) sin-
tering of active phase particles occurs during reactions [9]. More
recently, perovskite materials, such as strontium/titanium-based oxides,
such as LaSrTiO3 (LST) have emerged as promising solutions to address
these deactivation challenges. They exhibit resistance to carbon for-
mation, thermal stability under oxidizing and reducing atmospheres,
and the flexibility of B-site doping [10,11]. Nevertheless, such oxides
demonstrate lower catalytic activity compared to standard impregnated
metallic nanoparticles. Therefore, doping the perovskite structure with
transition metals, such as Ni, presents a promising strategy to enhance
catalytic activity in these oxides [12-14].

To prevent the deactivation of standard catalysts, with supported
impregnated metallic particles, the production of exsolved nanoparticles
from an oxide matrix emerges as a promising alternative for obtaining
stable metallic nanoparticles with high catalytic activity [15-17]. In
exsolution, the metal is firstly incorporated into the crystal structure of
the oxide matrix, forming a solid solution, and it is subsequently
precipitated (exsolved) at the surface of the matrix by a thermal
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reduction treatment. This process ensures a uniform and homogeneous
distribution of the metal on the matrix surface [18].

Several studies report the exsolution of Ni particles in perovskites
with similar compositions of LST. For instance, the utilization of stron-
tium titanate (Lag 45Srg.45Ti0.90Nig.1003.5) with exsolved Ni has been
documented for application as an anode (electrocatalyst) in solid oxide
fuel cells for Hy production. The material was synthesized with 10 mol%
of Ni by chemical route and showed promising results for ammonia
decomposition and hydrogen production [19]. A similar perovskite with
the general formula Lag 4Cag 4NixTi;.xO3.5 (x = 0.03-0.09) was studied
for the ESR reaction. Nickel was used to substitute the Ti B-site of the
copmpound, synthesized by solid-state reaction. The catalytic tests
showed that the sample with the highest molar concentration of Ni (x =
0.09) had the best ethanol conversion rate and higher selectivity for Hy,
compared to the samples with lower Ni concentration [18]. Along with
Ni nanoparticles, other monometallic exsolved active phases such as Cu
[20,21], Pt [22], Rh [23], and Ru [15], and bimetallic systems like Ni-Cu
[24], Ni-Pt [25], and Co-Fe(Ru) [26], have been reported for several
catalytic reactions.

The objective of this study is to synthesize a novel high Ni-
concentration doped LST (LSTN) using a wet synthesis method, target-
ing the nominal composition Lag 4Srg 4Tip.gNig203.5. By exploring the
correlation between exsolution treatment parameters, such as temper-
ature and time, and catalytic activity for ESR reactions, this study pro-
vides a novel approach to optimize catalyst performance.

2. Experimental
2.1. Catalyst synthesis

The material with nominal composition Lag 4Srg 4Tio.gNig.203.s,
named LSTN, was prepared by the Pechini method. Initially, the pre-
cursors Ni(NO3)2:6 HoO (99 %, Sigma-Aldrich), La(NOs3)3-6 Ho0
(99.999 %, Sigma-Aldrich), Sr(NO3)s (99.0 %, Sigma-Aldrich), and
C12H2804Ti (97 %, Sigma-Aldrich) were sequentially dissolved at 30-
minute intervals in a solution of 100 mL of citric acid (CeHsO-,
99.5 %, Vetec), maintaining a molar ratio of 2:1 of citric acid to the total
metal ions, in a polytetrafluoroethylene (PTFE) vessel. The mixture was
heated to approximately 60 °C. At this point, ethylene glycol
[(CH30Hs3)5, 99 %, Sigma-Aldrich] was added to the heated solution in a
60:40 % ratio of citric acid to ethylene glycol and kept stirring for
1 hour. Then, the solution was heated in an oil bath at 180 °C until
complete drying of the material.

After complete evaporation of the solvent, the material underwent
thermal treatment at 250 °C for 3 hours under synthetic air (79.1 % of Ny
and 20.9 % of Og, 99.999 % purity) to dry the formed resin. Subse-
quently, the material was grounded and calcined in air at a temperature
of 1200 °C, with a heating ramp of 10 °C min.

For the formation of metallic particles by exsolution, a thermal
treatment was carried out in a tubular furnace using a pure Hy atmo-
sphere (99.9999 %), with a flow rate of approximately 10 mL min~!. The
heating rate was 10 °C min ', and temperatures of 750 and 1000 °C
were used with different treatment times of 5 and 12 hours. These
temperatures were chosen to ensure complete reduction of the nickel
particles [27] and to provide sufficient energy for their precipitation on
the surface of the material [28,29].

To facilitate readability, samples are labeled according to the tem-
perature and duration of the reducing exsolution treatment. Thus,
samples reduced at 750 °C for 5 hours and 12 hours are denoted as
LSTN750_5 and LSTN750_12, respectively. Likewise, samples reduced at
1000 °C for 5 hours and 12 hours are denoted as LSTN1000_5 and
LSTN1000_12, respectively.

2.2. Characterization of the catalysts

X-ray diffraction (XRD) analyses were carried out in the powder X-

Catalysis Today 444 (2025) 115011

rays diffraction line of the synchrotron radiation facility at the National
Synchrotron Light Laboratory (LNLS, Brazil). The wavelength 0.635639
A was used with a Debye-Scherrer geometry for data collection at room
temperature in the range of 8° < 20 < 35° with a step size of 0.01° and
1 s counting time at each step.

The microstructure and morphology of the samples were analyzed
using a Zeiss Ultra 55 Field-Emission Scanning Electron Microscope (FE-
SEM) with an acceleration voltage of 20 kV and a JEOL - JSM-6701 F FE-
SEM with an acceleration voltage of 5 kV. The average grain diameter
and nanoparticle size and number per area were estimated using ImageJ
software.

Semi-quantitative compositional analysis of the samples was con-
ducted using wavelength dispersive X-ray fluorescence (WDXRF),
employing a Rigaku Supermini200 apparatus equipped with a Pd radi-
ation source.

Specific surface area measurements were conducted using the
Brunauer-Emmett-Teller (BET) method, employing a Micromeritics
ASAP 2020 apparatus.

Raman spectra were recorded within the frequency range of 200 —
1200 cm™! using a Horiba Jobin Yvon model XploRA-PLUS spectrom-
eter. The spectrometer was equipped with a laser emitting at a wave-
length of 532 nm and a 50x objective lens. The data acquisition and
analysis were facilitated by the LabSpec6 software.

Simultaneous thermogravimetric and thermal differential analysis
(TG-DTA) measurements were conducted employing a Setaram-LabSys
instrument within the temperature range of 100-1000 °C. The heating
rate applied was 5 °C min~!, and the experiments were performed under
a synthetic air flow (~50 mL min ).

2.3. Ethanol steam reforming (ESR) reaction conditions

Catalytic tests were conducted in a fixed-bed reactor using a U-sha-
ped quartz tube with an internal diameter of 6 mm. In each experiment,
to evaluate the performance of the catalyst, different weight-to-flow (W/
F) ratios ((weight of catalyst)/(total gas flow rate)) were assessed: 0.02
and 0.06 g s mL ™!, which represent 20 mg and 60 mg of catalyst in the
reactor, respectively. Preceding the experiment, an in-situ reducing
treatment was conducted on the compound using a pure hydrogen flow
(30 mL min~?) at 600 °C for 1 hour to clean de surface from possible
adsorbed species. Subsequently, a purge was performed with a nitrogen
flow at the same temperature for 10 minutes. Finally, the reaction was
conducted at 600 °C, using a reaction mixture composed of water and
ethanol in a molar ratio of 3:1. The reaction mixture was introduced into
the reactor through two nitrogen streams, each configured at
30 mL min~!, passing separately through water and ethanol saturators.
The outlet of the system was connected to a gas chromatograph (Agilent
7890 A) equipped with two chromatographic columns, a molecular
sieve and a Plot U, and two detectors: the first one being a flame ioni-
zation detector (FID) and the second one a thermal conductivity detector
(TCD). The ethanol conversion ()ethanor) and the product distribution (Sx)
were determined according to Eqgs. 2 and 3:

( (nethmml )f ed / (ne[ha_no[ )ex it )

Kethanot = TNethanol -100 (2)
ethanol

_ (ny)produced
* " (Nyor)produced

3

where (n,) represents the moles of product x generated, while (nyq1)
denotes the total sum of moles of all products generated (excluding
moles of water produced).

3. Results and discussion

The chemical composition was measured by semi-quantitative
WDXRF and the results, displayed in Table 1, are in reasonable
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Table 1
Elemental composition of sample LSTN determined by WDXRF analysis (oxygen
balanced). Specific surface area (Sggr) for LSTN.

Sample Elements (mass %) Sger (m? gfl)
La Sr Ti Ni

Nominal 39.4 24.9 27.2 8.5 -

LSTN 39 29 22 9.8 4.3

agreement with the nominal values.

The XRD pattern of the as-prepared sample LSTN (Fig. 1) reveals
single-phase compound with a cubic perovskite structure (Pm-3 m space
group), similar to the reference phase Lag 4Srp¢TiO3 (COD 1538294
[30]). By comparing the LSTN XRD data and the reference sample, it is
possible to determine a shift of the maximum relative intensity diffrac-
tion peak to lower 20 values (Fig. 1, right side panel). This 20 shift in-
dicates an expansion of the unit cell due to the incorporation of Ni [31].
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The expansion of the unit cell probably occurs due to the larger size of
Ni2* (69 pm, coordination number, CN = 6 [32]), partially replacing the
Ti** cations (60.5 pm, CN = 6 [32]). The position of the peak corre-
sponding to the (110) plane, as shown in the enlarged panel of Fig. 1,
was 13.16° for the LSTN sample and 13.15° for all the reduced samples.
This indicates a shift from the standard position of 13.21°, represented
by the red dotted line. There are no significant changes in the shift of the
XRD peaks when varying the conditions of the reducing treatment.

Although many studies report a shrinkage of the unit cell in La-doped
systems on the A site of SrTiOs [33,34], there are reports that the
dominant factor influencing the expansion or contraction of the cell is
the size of the cation on the B site in similar structures [35]. Addition-
ally, the presence of oxygen vacancies can induce Coulombic repulsion
between neighboring cations, causing expansion of the crystal lattice
[35].

After reducing the LSTN under different conditions, the XRD data
show a slight shift towards lower angles, which is likely due to a partial
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Fig. 1. X-ray diffraction patterns of the calcined (LSTN) and reduced samples after heat treatment in H at different temperatures and time compared to the reference
phase Lag 4Sr¢ ¢TiO3.
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reduction of Ti*" to Ti*t (67 pm, CN = 6 [32]) [36], leading to the
formation of more oxygen vacancies and an expansion of the BOg oc-
tahedron, which is expected upon reduction [35]. Furthermore, there is
a small peak at 20 ~18° corresponding to Ni® (ICSD 37502 [37]),
strongly indicating the exsolution of Ni in the reduced samples. The
partial removal of Ni from the crystal structure plays a role in the
observed changes of the lattice parameter of LSTN.

The micrographs obtained by FE-SEM show well-defined grains of
LSTN (Fig. 2a) with typical morphology of sintered ceramics. The
calculated average grain diameter was 116 + 38 nm (Table 2). The
resulting microstructure of the LSTN after calcining at 1200 °C is re-
flected in the relatively low specific surface area of 4.3 m?g~! deter-
mined by the BET method (Table 1).

After the reducing treatment, the microstructural features of the
oxide matrix are preserved, and bright contrast spots corresponding to
metallic nanoparticles are distributed over the surface of all reduced
samples, as shown in Fig. 2b-e. Such nanoparticles indicate that Ni° was
successfully exsolved onto the surface of the oxide matrix, as commonly
seen in previous reports of similar LST-based compounds exsolved [19,
38-40].

All samples exhibited grain growth of the oxide matrix due to the
reducing thermal treatment, as depicted in the calculated average grain
size presented in Table 2. There was no significant difference in the grain
size of the oxide matrix when the temperature of the reducing treatment
was increased from 750 °C to 1000 °C. Similarly, no notable change in
grain size was detected when heat treatment time was increased from
5 hours and 12 hours.

The various conditions of the reducing treatment resulted in Ni
exsolved nanoparticles with distinct characteristics, as listed in Table 2.
The different temperatures used for the reducing treatment enabled the
control of the metallic particle size, whereas increasing the duration of
the reducing treatment promoted an increased number of metallic
exsolved nanoparticles per area, calculated as the number of Ni particles
in a fixed area of the samples. For samples reduced at 750 °C, the
average size of exsolved nanoparticles shows no significant difference.
However, there is a variation in the amount of Ni produced, with 16 + 2
and 30 + 3 particles per square micrometer with increasing reducing
treatment time from 5 hours to 12 hours, respectively. Elevating the
reducing treatment temperature to 1000 °C resulted in an increased
average size of the exsolved nanoparticles, whereas with increasing time
the number of exsolved nanoparticles per unit area was similar to that of
the samples reduced at 750 °C. This finding is in line with the classical
nucleation theory, indicating that particle formation predominantly
happens at lower temperatures, while particle growth predominates at
higher temperatures [28,29,41,42]. In addition, according to the liter-
ature, since exsolution in this case is induced by a secondary heat
treatment at a lower temperature than the calcination temperature, no
significant change or even a slight decrease in the surface area of the
matrix is expected [43,44].

The formation of Ni° nanoparticles is particularly interesting for
catalytic applications, such as the ESR reaction [45-48]. The size dis-
tribution of active metal particles and their interaction with the oxide
matrix provided by the exsolution process can be decisive in controlling
selectivity, catalytic activity, and resistance to carbon deposition [49].

Fig. 3 illustrates the ESR reaction at 600 °C under an HyO/ethanol
molar ratio of 3.0 using 20 mg of the reduced LSTN samples. The as-
prepared material exhibited no catalytic activity for the ESR reaction
(not shown), attributed to the absence of metallic particles necessary for
promoting the cleavage of the C-C bond.

The LSTN750_5, LSTN750_12, and LSTN1000_5 materials displayed
low ethanol conversion, with a rapid deactivation within the initial
3 hours of the catalytic test. The deactivation is attributed to carbon
formation on the catalyst surface coupled with high selectivity for
acetaldehyde through ethanol dehydrogenation (Fig. 3a-c). The pro-
duction of Hy using these materials ranged between 9 % and 15 %, while
the quantity of CO generated was negligible. The detection of traces of
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ethylene suggests that ethanol dehydration is occurring, resulting in the
production of water and ethylene. As the ethanol conversion was low,
the catalytic tests were not repeated for these samples.

For the post-reaction catalysts LSTN750_5, LSTN750_12, and
LSTN1000_5, the mass loss during thermogravimetric (TG) analysis was
minimal, as shown in Fig. 4a-c. This result is expected due to the high
formation of acetaldehyde, indicating that there is no breaking of the C-
C bond of ethanol, and therefore a low amount of carbon is deposited in
the sample. Nevertheless, the observed initial catalyst deactivation due
to carbon deposition is supported by the Raman spectra (Fig. 4e), which
show the two characteristic carbon bands. The first-order G band arises
from the transverse and longitudinal modes of the optical phonons,
while the second-order D band involves one iTO phonon and one defect.
The appearance of these bands is most common for sp? carbon and
confirms the deposition of coke on the material surface after the reaction
[50,51].

Thus, for these three samples, considering the low mass loss in TG
analysis and the presence of carbon detected by Raman spectroscopy, it
can be concluded that the few active sites generated by the exsolution
were quickly deactivated during the reaction due to coke formation.
This led the reaction to produce by-products of ethanol dehydrogena-
tion, such as acetaldehyde.

Interestingly, the LSTN1000_12 sample (Fig. 3a) showed 100 % of
initial ethanol conversion with the main products Hp, CO, CO,, and
acetaldehyde. However, LSTN1000_12 catalyst showed rapid deactiva-
tion in the first hours of the reaction. The ethanol conversion stabilized
at ~40 %, with significant dehydrogenation of ethanol observed, fa-
voring an increase in the production of acetaldehyde. Moreover, there is
a notable CO3 production, suggesting a potential contribution from the
water-gas shift (WGS) reaction [52].

In the case of the LSTN1200_12 sample, which exhibited higher
ethanol conversion than to the other samples, carbon deposition was
also observed by post-reaction TG analysis, which showed a mass loss of
~17 % between 500 °C and 700 °C, together with the appearance of a
broad peak in the DTA curve, indicating the exothermic process of
carbon oxidation (Fig. 4d) in this temperature range [53,54]. The
Raman spectrum for this sample (Fig. 4e) confirms the characteristic D
and G bands of sp? carbon.

Therefore, the product distribution of the catalytic test of the
LSTN1000_12 samples indicates that the main reactions occurring
before deactivation is the ethanol steam reforming (Eq. 4) followed by
WGS reaction (Eq. 5). After deactivation, the main reactions taking place
are ethanol dehydrogenation on the catalyst surface to form acetalde-
hyde and Hj, (Eq. 6), and ethanol dehydration forming ethylene and
water (Eq. 7), followed by ethylene decomposition forming coke and Hj
(Eq. 8). These reactions of dehydrogenation and dehydration (Egs. 6 and
7) are typical reactions occurring on oxide supports, suggesting that
after deactivation, Ni no longer has activity.

CoH50H(g) + H2O(y) — COcg) + Hag) (C)]
CO + Hy0 — CO3 + Hy 5)
CoHsOH — CoH40 + Hy (6)
CoHsOH — CyHygg) + H20 %)
C2Hagg) — 2 Cgs) + 2 Hyg) ®

The enhanced catalytic activity of LSTN1000_12 can be attributed to
the reducing treatment parameters. A more intense reducing treatment,
like that applied to sample LSTN1000_12, was necessary to promote a
higher amount of Ni° nanoparticles on the surface of the oxide (Table 2).

To evaluate the influence of the W/F ratio, as well as the stability and
regeneration of the material, ESR tests were repeated using the
LSTN1000_12 sample with a mass of 60 mg (0.060 g s mLY). This
sample was selected because it exhibited higher activity ethanol con-
version rate compared to the others. The results, shown in Fig. 5a,
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a. LSTN

c. LSTN750_12

Fig. 2. FE-SEM micrographs of the as-prepared and reduced samples at different temperatures and times.
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Table 2
Influence of temperature and time of reducing heat treatment on oxide matrix
grain size, and on the size and number per unit area of Ni® exsolved particles.

Sample Exsolution Average Average Average
condition T oxide Ni® number of Ni°®
(°C)/t(h) matrix particle particles per
grain size size (nm) area
(nm) (particles/
um?)
LSTN - 116 + 38 - -
LSTN750_5 750 /5 243 + 84 19+5 16 +2
LSTN750_12 750 /12 262 + 63 17 +£5 30+3
LSTN1000_5 1000 /5 260 + 79 48+ 6 18 + 2
LSTN1000_12 1000 /12 272 + 65 43 £ 4 29+2

indicate that following an initial deactivation attributed to coke depo-
sition, ethanol conversion remained nearly constant at ~40 % over the
initial 20-hour test period. Such result is similar to that obtained with
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0.020 g s mL™! (Fig. 3d) suggesting that ethanol conversion was practi-
cally unaffected by the change in the W/F ratio. However, with an
increased W/F ratio, Hy production increased to ~46 %, while acetal-
dehyde production decreased to ~34 %, compared to the results shown
in Fig. 3d. Moreover, CO production increased to around 10 %, indi-
cating an enhancement in the ESR reaction (Eq. 4). These findings
suggest that there are more active Ni sites available for the catalytic
reaction when using a higher amount of catalyst.

To investigate the deactivation mechanism and the robustness of the
exsolved LSTN catalyst, after the initial 20 hours of reaction the catalyst
underwent an in-situ thermal treatment with water vapor at 600 °C. Such
treatment was carried out to investigate whether is possible to restore
the initial activity of the catalyst. After two hours under steam, ESR
reaction was restarted, and similarly to the first reaction period, there
was a rapid deactivation of the catalyst, stabilizing thereafter at ~50 %
ethanol conversion, slightly higher than the initial conversion. Both the
Hy production was improved by 5 %, and acetaldehyde production

b. LSTN750_12
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Fig. 3. Ethanol conversion and product distributions during a 15-hour reaction at 600 °C under H,O/ethanol molar ratio = 3.0 over the reduced samples: (a)
LSTN750_5, (b) LSTN750_12, (c) LSTN1000_5, and (d) LSTN1000_12 (Mass of catalyst = 20 mg and W/F ratio = 0.020 g s mL™Y).



F. Piazzolla et al. Catalysis Today 444 (2025) 115011

a. LSTN750_5 after reaction b. LSTN750_12 after reaction
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Fig. 4. (a-d) Thermogravimetric analysis (black) and differential thermal analysis (red) curves and (e) Raman spectra for all spent catalyst after ESR reaction.
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a. LSTN1000_12 (60 mg)
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Fig. 5. (a) Ethanol conversion and product distributions during an 89-hour reaction at 600 °C under H,O/ethanol molar ratio = 3.0 over the LSTN1000_12 sample
(Mass of catalyst = 60 mg and W/F ratio = 0.060 g s mL™Y). (b) Raman spectra and (c) thermogravimetric analysis of LSTN1000_12 after the stability and recov-

ery test.

decreased 7 % compared to the first reaction period. This result in-
dicates that the catalyst can be rapidly restored under steam, as water
promotes the oxidation of the carbon species deposited on the catalyst
surface during the reaction.

After additional 19 hours of ESR reaction, the inlet flow of ethanol
and steam was interrupted and only N, was delivered to the reaction
chamber to verify if catalyst recovery could be achieved in an inert at-
mosphere. After 3 hours in Ny, the ESR reaction was restarted, but the
catalyst showed a lower ethanol conversion (83 %) than the initial one.

This partial recovery of the catalytic activity can be explained by the
presence of oxidizing species adsorbed on the catalyst surface, such as
CO; [55,56], for example, in addition to the presence of oxygen from the
perovskite lattice [57,58], which partially eliminate the coke deposited
on the catalyst surface.

To achieve an ethanol conversion comparable to the initial level
using N for catalyst regeneration, an extended recovery treatment was
necessary. This is evident in the final reaction step depicted in Fig. 5a, in
which a 6-hour heat treatment under Nj restored the initial catalyst
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activity to 100 % ethanol conversion. The product distribution observed
after each stage of the reaction demonstrate a good catalyst stability
after several regeneration cycles.

In the regeneration and long-term stability, coke is the main deac-
tivation mechanism to explain the decrease in ethanol conversion in the
first hours of the reaction for the LSTN1000_12 sample. As can be seen in
Fig. 5b, two bands related to carbon can be observed in the Raman
spectrum, one at 1330 cm ™! and another at 1570 em ™, associated with
the second-order D band and the first-order G band, respectively.

The bands related to coke deposition obtained by Raman analysis are
corroborated by the TG profiles of the catalyst recovered after the final
reaction period (Fig. 5¢), showing a significant mass loss (~30 %) in the
temperature range between 450 — 660 °C. Such mas loss corresponds to
the decomposition temperature of sp2 carbon species [59] deposited in
the surface of the catalyst, through an exothermic oxidation process, as
seen in the DTA curve. The carbon deposition rate estimated using the
TG curves was 1.47 mgcarbon gc_altalyst h~! at 600 °C.

4. Conclusions

In this study, successful Ni exsolution from the compound
Lag 4Sr0.4Tip gNip.203.5 was demonstrated. The synchrotron XRD data
revealed single-phase material upon calcination and a distinct peak
corresponding to Ni° after applying different reducing treatments to the
sample. The exsolution was further supported by FE-SEM micrographs,
showing the Ni° nanoparticles in all reduced samples. Additionally, an
increase in temperature and duration of the reducing treatment resulted
in grain growth of the oxide matrix, increased number of exsolved
particles per area, and higher average size of the Ni® exsolved
nanoparticles.

Catalytic activity for ethanol steam reforming was achieved in
samples with exsolved Ni’. The product distribution of the ethanol
steam reforming (ESR) reaction revealed that the sample subjected to a
reducing treatment at 1000 °C for 12 hours (LSTN1000_12), exhibited
higher ethanol conversion (40 %). This suggests that in samples calcined
at 1200 °C, a high-temperature reducing treatment is necessary for the
generation of a greater population of metallic nanoparticles with suffi-
cient Ni fraction to promote the cleavage of the C-C bond during the ESR
reaction.

For the active sample, stability and regeneration tests were carried
out. By increasing the weight-to-flow ratio, a similar conversion was
observed, albeit with significant changes in product distribution, such as
the increase in Hy, CO, and CO5 production. It was demonstrated that the
exsolved catalyst can be regenerated in water vapor in ~2 hours, and
more slowly (~6 hours) in N». In all catalytic tests performed, there was
a decrease in ethanol conversion in the initial hours of the reaction due
to coke deposition on the catalyst surface. Steam oxidizes coke, pro-
moting rapid recovery of the catalyst, while when using Ny, a longer
recovery time is necessary because the coke is possibly oxidized by
species adsorbed on the catalyst surface and by the oxygen present in the
perovskite lattice. After the initial reduction in ethanol conversion, both
the conversion and the product distribution remain stable for at least
20 hours. The formation of coke was confirmed by Raman spectroscopy.

Thus, utilizing the exsolution strategy for the formation of metallic
Ni nanoparticles in an oxide matrix, a stable catalyst was obtained. This
initial study presents a promising material for ethanol steam reforming
reaction, which can be further optimized for higher ethanol conversion.

The synthesis of nanoparticles by the exsolution process is promising
because the metal nanoparticles uniquely embed themselves into the
oxide surface, enhancing the cohesion and interaction between the
metal and the support. Consequently, active and stable catalysts can be
formed by exsolution [60-62].
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