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ARTICLE INFO ABSTRACT

Handling Editor: Suleyman I. Allakhverdiev This study investigates the catalytic activity and time-on-stream stability of Ni catalysts supported on CaZrOs,
SrZrOg, and BaZrO3 perovskite oxides for the glycerol steam reforming (GSR) reaction, which aims to convert the

Keywords: crude glycerol obtained from the transesterification of vegetable and microalgae oils (during bio-diesel pro-

Glycerol steam reforming duction) into hydrogen gas. We employed XRD, N, physisorption, Ho-TPR, Hy pulse chemisorption, CO2-TPD,

Alkaline earth metal zirconate perovskites
Nickel catalysts

Exsolution

Hydrogen production

Raman, TPO, and TEM/HAADF-STEM to examine the surface and bulk properties of the catalysts before and after
the reaction. Regarding catalytic activity evaluation, the Ni catalysts supported on CaZrOs and SrZrOs can
effectively eliminate all liquid products (acetol, acetone, allyl alcohol, acetaldehyde, and acetic acid) at reaction
temperatures higher than 500 °C, converting all glycerol to gaseous products (>6 mol Hy/mol of glycerol for the
best performing Ni/SrZrOs). This is due to a higher Ni dispersion, increased availability of active sites for the
dissociation of CsHgO and H20 molecules, and a more favorable and stronger Ni-support interaction. Notably,
the activity of Ni supported on SrZrOs is among the highest reported in the literature. Furthermore, due to its
unique Ni-support interaction, the Ni catalyst supported on SrZrO3; demonstrated remarkable catalytic stability.
Apparently, some Ni?" cations are solubilized into the perovskite lattice following high-temperature calcination.
After being incorporated into the perovskite lattice, these cations then migrate to the surface via the exsolution
process upon high-temperature reduction. During the glycerol steam reforming reaction, this helps prevent
carbon growth on the exposed metallic Ni surface, thereby prolonging the catalyst lifetime and ensuring reliable
H, production during long-term operation and under harsh reaction conditions.

1. Introduction petroleum-based fuels, leading to an unprecedented increase in CO»
emissions. This has raised significant concerns about the impact of
Rapid industrialization worldwide has increased our reliance on global warming and climate change, necessitating the development of
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alternative or carbon-neutral energy sources and feedstocks [1-3].
Biofuels have emerged as an attractive alternative to fossil fuels and are
considered a bridge fuel in the transition towards a green, circular
economy [4-6]. Among biofuels, biodiesel, produced through the
transesterification of vegetable oils, shows great promise as a green
substitute for oil-derived heavy fuels [7-9].

A common by-product of the transesterification process is crude
glycerol, which constitutes about 10 % of the volume. This crude glyc-
erol requires expensive refining to be commercially viable [10,11].
Alternatively, crude glycerol can be converted into hydrogen through
various thermochemical processes, which include aqueous phase
reforming (APR), auto thermal reforming (ATR), supercritical water
reforming (SCWR), and glycerol steam reforming (GSR) [12,13]. Among
them, GSR is a more mature technology and can produce a significantly
higher amount of hydrogen per mole of converted glycerol (theoretically
7 mol) [14,15]. The overall GSR reaction is described by Eq. (1), and it
can be considered as a combination of glycerol decomposition (GD, Eq.
(2)) and water-gas shift (WGS, Eq. (3)). However, the overall process is
complex, with numerous accompanying side-reactions that can occur
depending on the reaction conditions, such as CO/CO; methanation,
methane dry/steam reforming, methane decomposition, Boudouard re-
action and others [16-18].

GSR: C3HgOs + 3H20 — 3COy + 7Hy AH = + 123kJ/mol (1)
GD: C3HgOs — 3CO + 4H, AH = + 245 kJ/mol )
WGS: CO + Hy0 - CO3 + Hy AH = - 41 kJ/mol 3)

Thermodynamic studies have indicated that maximizing hydrogen
yield is favored at atmospheric pressure and high water-to-glycerol feed
ratios (WGFR >9:1) [18,19]. An active GSR catalyst should promote the
splitting of C-H, C-C, and O-H bonds (through glycerol decomposition
and water-gas shift) [19,20]. In practice, a significant amount of liquid
by-products (such as acetone, acetol, allyl alcohol, acetaldehyde, acetic
acid, and acrolein) can be produced during the reaction, especially at
lower temperatures (<650 °C), due to the complex reaction pathways of
GSR. These by-products limit the overall efficiency of hydrogen pro-
duction [21,22]. Therefore, a catalyst used in GSR should be capable of
effectively converting glycerol into gaseous products, while inhibiting
other hydrogen-consuming side-reactions, such as the hydrogenation of
CO and CO; to methane and other hydrocarbons, as well as the reverse
water-gas shift (RWGS) reaction [23-25]. Noble metals like Rh, Ir, and
Pt are highly active in this regard but are not favored for industrial
implementation due to their prohibitive costs [26,27]. Among the more
affordable transition metals, Ni is often preferred (over e.g., Co or Cu),
because of its ability to break down glycerol molecules via the C-C bond
rupture [28,29]. However, Ni catalysts have drawbacks, including sus-
ceptibility to deactivation through carbon deposition and metal particle
sintering, as well as high activity for COx methanation at lower tem-
peratures [30,31].

Perovskite oxides have recently emerged as an important and ver-
satile class of materials, with a wide range of potential applications as
heterogeneous catalysts [32-34], including the steam reforming of
glycerol [34,35]. They are also highly suitable as supports for Ni cata-
lysts, as they inhibit catalyst deactivation and promote catalytic stability
[36-38]. This has been documented for Ni/perovskite supported cata-
lysts, where Ni was introduced via deposition or impregnation on an
already preformed perovskite matrix [39-41], as well as for the so-called
“exsolved” catalysts, where Ni was previously solubilized into the
perovskite solid solution, occupying part of the B-sites in the lattice [42,
43]. During exsolution, a Ni-doped perovskite is reduced at high tem-
peratures, which promotes the migration of Ni?* cations to the surface
and the subsequent formation of small, uniform, well-dispersed, and
partly submerged (socketed) Ni nanoparticles that exhibit a particularly
strong metal-support interaction [33,44]. These exsolved nanoparticles
have shown exceptional resistance to deactivation via sintering and
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coking. Their socketed nature prevents displacement and excessive coke
deposition on their surface, in stark contrast to similar impregnated Ni
catalysts (e.g., Ni/Al,O3 or Ni/ZrOj) [17,24,38,42,44]. The smaller
particle size and exposed metallic Ni surface induced via exsolution also
help disfavor H-coverage and hydrogen consumption for the methana-
tion of CO/CO4 [37,43].

Until now, a certain number of studies have reported on the activity
of Ni catalysts supported on perovskite oxides for the GSR reaction [14,
35,36,45-50]. For example, Wu et al. [45] and Aman et al. [46] showed
that Ni/LayO3 derived from the reductive decomposition of LaNiOs is
highly active and stable for the GSR reaction. Wu et al. [45] additionally
prepared Ca-doped LaNiOs and showed that Ca-doping can increase the
catalytic stability, with the H; yield dropping however from approx. 6 to
5 mol Hy per mol of glycerol during 30 h of operation. Furthermore,
other literature works showed that substitution of the LaNiO3 perovskite
with Ce [47] or Cu [48] further enhanced the catalytic activity and
hindered deactivation through sintering and coke deposition. Particu-
larly high catalytic stability during 24 h of operation was achieved in the
case of Cu-substitution in the work of Ramesh et al. [48], who reported a
rather stable glycerol conversion of approx. 72 % with an Hy selectivity
of approx. 68 %. On the other hand, modifying the LaNiOg preparation
method by adding cellulose and EDTA was also found to reduce the Ni®
particle size, thereby promoting catalytic activity and stability, with a
stable approx. 70 % glycerol conversion and Hy selectivity during 24 h of
operation [49]. Additionally, via impregnation, Ni catalysts introduced
onto preformed perovskite-type supports, such as CeAlO3 (or AlCeOs),
also exhibited good GSR activity and stable time-on-stream performance
[14,50]. It is however noted, that LaNiOs-derived catalysts have a high
content of La and Ni (in the range of 25 wt% for Ni) and thus, the use of
lower Ni loadings and support oxides with cheaper elements is
preferred.

Although modifying GSR catalyst supports with alkaline earth metals
(Mg, Ca, Sr, and Ba) has enhanced catalytic performance [25,51-54],
incorporating these metals into perovskite oxides has been minimally
investigated. Wu et al. [45] showed that 50 % Ca substitution in the
A-site of LaNiO3 could improve metal-support interaction and increase
Ni dispersion. However, this approach resulted in incomplete formation
of the precursor perovskite and significant coke deposition due to high
Ni loading. Alkaline earth metal zirconate perovskites (i.e., CaZrOs,
SrZrO3 and BaZrOs) employ cheaper elements (Ca, Sr, Ba and Zr) and
have been effectively used in other reactions [55,56]. Specifically,
Ni-doped CaZrOs has shown remarkable catalytic stability and coking
resistance during 500 h of time-on-stream dry methane reforming at
800 °C, attributed to fine Ni dispersion, high oxygen mobility, and
intimate metal-support interaction [56].

Prompted by the above, the present study takes inspiration from the
exceptionally high catalytic activity and stability of Ni catalysts sup-
ported on CaZrOs, SrZrOs, and BaZrOs perovskite oxides reported for
other reactions, and employs these perovskite structures for the glycerol
steam reforming (GSR) reaction, an approach that has not been inves-
tigated until now. Several characterization techniques, including XRD,
Ny physisorption, Ho-TPR, Hy pulse chemisorption, and CO2-TPD were
carried out to examine the surface and bulk properties of the prepared
catalysts and provide a thorough material characterization. Catalytic
performance studies were carried out to determine the effect of the re-
action temperature and time-on-stream on glycerol conversion and
selectivity towards gaseous products, particularly Hy, showing that the
Ni catalyst supported on SrZrOs can provide a high performance with
high Hj selectivity and yield (>6 mol Ha/mol of glycerol at 550 °C and
above), as well as high stability during prolonged reaction operation
under harsh reaction conditions. Finally, the spent catalysts that were
characterized via Raman, TPO, and TEM/HAADF-STEM to study deac-
tivation characteristics such as sintering and coking.
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2. Materials and methods
2.1. Sample preparation

The perovskite materials were prepared by the solution auto-
combustion method. The following metal nitrates were added in calcu-
lated amounts: Sr(NO3), (Aldrich, 99.995 %); Ba(NOs), (Aldrich,
99.999 %); Ca(NOs3)2-4H20 (Aldrich, 99.95 %); ZrO(NOs)2-6H20
(Aldrich, 99 %); Ni(NO3)2-6HoO (Aldrich, 99.999 %). Glycine

(NH,CH;COOH) was used as fuel with a molar ratio of %ﬁi;e =0.9; all
were dissolved in HyO. The temperature was gradually increased to
~250 °C to ignite the auto-combustion, with a rapid flame propagation
that ended in a few minutes, producing very fine and voluminous
powders that were then calcined at 800 °C or 950 °C (BaZ and BaZNi-7)
for 5 h to remove carbonaceous impurities and form the corresponding
perovskite crystalline phase. Ni was introduced during the auto-
combustion. The stoichiometry of the perovskite was not changed by
reducing the Zr to introduce Ni, but the proper amount of Ni nitrate was
introduced to have 7 wt%.

The solution auto-combustion method has been thus far employed
for the synthesis of a wide range of materials [57]. The selection of an
appropriate fuel nature and nitrate:fuel stoichiometric ratio are quite
important since they can significantly influence the material’s physi-
cochemical properties and thus, its catalytic performance [57,58]. In
this work, this particular synthesis method (solution auto-combustion),
fuel (glycine), and nitrate:glycine ratio (0.9), were selected based on our
prior works [59,60]. The use of a higher calcination temperature for BaZ
and BaZNi-7 (950 °C) was employed in order to ensure the crystalliza-
tion of the BaZrOjz perovskite phase, since preliminary results (not
shown here) revealed that 800 °C is insufficient to form the BaZrOs
crystal structure. The prepared samples are listed in Table 1 below:

2.2. Sample characterization

Powder X-ray diffraction (XRD) patterns were collected using a
SmartLab diffractometer (Rigaku) with Cu-Ka radiation (A = 0.15418
nm) in the range 260 = 10°-90° and scan rate 0.3°/min. The raw data
were submitted on smoothing process by the Savitzky method, back-
ground elimination process by the Sonnevelt method, and K, elimina-
tion process.

The nickel amount of the synthesized catalysts was obtained by
Energy Dispersive X-ray Fluorescence (EDXRF) spectrometry using an
EDX-720 (Shimadzu) instrument.Ny adsorption/desorption iso-
therms were measured at —196 °C using an ASAP 2020 (Micromeritics)
adsorption apparatus. Degassing of the samples was carried out before
analysis at 350 °C under vacuum for 4 h. The specific surface area (SSA)
was determined using the BET equation method in the linear relative
pressure range (p/p®) of 0.07-0.3. Using the Barrett-Joyner-Halenda
(BJH) method, the pore-size distributions were calculated from the
desorption branches.

Temperature programmed reduction (H,-TPR) experiments were
performed by a TPDRO1100 (Thermo Scientific) flow apparatus. The
calcined sample (0.200 g) was placed into a quartz reactor and pre-

Table 1
Sample names, calcination temperature, and Ni content.

Sample Stoichiometry =~ Calcination temperature Ni content (wt
name Q) %)"
Baz BaZrO3 950 n.a.
Caz CaZrO3 800 n.a.
SrZ SrZrOs 800 n.a.
BaZ-Ni7 Ni/BaZrO3 950 6.9
CaZ-Ni7 Ni/CaZrO3 800 7.2
SrZ-Ni7 Ni/SrZrO3 800 9.3

# Ni content obtained by Energy Dispersive X-ray Fluorescence.
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treated, flowing 20 cm® min™! of 5 % O,/He gas mixture at 500 °C for
1 h and then cooled to 50 °C. Then, 30 em® min~! of 5 % Hy/Ar gas
mixture was fed into the reactor, and the temperature was raised to
800 °C, with a heating rate of 10 °C/min, holding at 800 °C for 1 h. The
sample was then degassed at 850 °C, flowing 30 cm® min~! of Ar, and
then cooled down to 50 °C.

H, chemisorption was subsequently performed using Ar as carrier
gas at 30 cm® min~!, and the successive doses of 5 % Hy/Ar gas mixture
were subsequently introduced using a calibrated injection valve up to
saturation. The Hy consumption/chemisorption was measured by a TCD
detector and calibrated by reducing a known amount of CuO (99.99 %
purity from Sigma Aldrich). The HpO generated in the reduction was
removed by a trap before flowing into the TCD detector.

Temperature-programmed desorption of COy (CO2-TPD): CO,-
TPD experiments were carried out on Autosorb IQ/Quantachrome, in
order to study the surface basicity of the catalytic materials. In a typical
experiment, 0.1g of already reduced catalyst was placed in a U-shaped
cell and was in-situ reduced again with 10.5 % Hy/Nj3 mixture (50 mL
min~?) for 30 min. Afterward, the system was cooled down to 25 °C
under a flow of He (50 mL min~!) and a feed containing 10 % COs/Ar
was passed (50 mL rnin’l) through the catalyst for 30min. The physi-
cally adsorbed CO; was then removed by flowing He followed by the
start of temperature raising up to 800 °C with a heating rate of 10 °C
min~! to achieve the desorption and measurement of CO, via a TCD
detector.

Raman spectra were collected using a Witec Alpha 300 RAS with a
20 x long distance objective (0.35 numerical aperture) in the back-
scattering geometry with an excitation wavelength of 532 nm from an
Ar" ion laser.

Temperature-programmed oxidation (TPO) was performed in an
oxidative atmosphere in order to determine the nature of carbonaceous
deposits on the spent catalysts using the Micromeritics AutoChem II.
Firstly, the spent catalyst was initially pretreated in the presence of high-
purity He for 15 min, then cooled to room temperature. TPO experiment
covered a temperature range of 40-800 °C under a mixture of 20 % O/
He (Ramp = 10 °C/min). Upon reaching the target temperature, the
recording by TCD detector ceased, and the system was cooled under a
flow of He using a cooling rate of 20 °C/min.

Transmission electron microscopy (TEM) was performed on a T20
microscope (FEI-Tecnai, 200 kV) with a LaBg electron source and
objective lens “SuperTwin®” that allows 0.24 nm point-to-point reso-
lution. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) was performed with a field emission gun
microscope (Analytical XFEG FEI Titan, 300 kV) equipped with Cs-probe
allowing 0.09 nm mean size electron probe formation (CEOS).

2.3. Catalytic testing

The experimental apparatus where the work was carried out has
been described in detail in previous publications on the topic by our
group [12,23]. Briefly, the experiments were carried out at atmospheric
pressure on a continuous flow fixed-bed reactor with an internal diam-
eter (ID) of 14 mm (Autoclave Engineers, BTRS Catalyst testing system).
The system comprised vaporizers and a pre-heater (set at 350 °C, so that
glycerol would be in the gas phase) before the reactor and a condenser
afterward. The glycerol used had a purity of 99.5 % (Sigma Aldrich), and
the glycerol/water mixture was fed to the system using an HPLC pump.
The gaseous products were analyzed online using a gas chromatograph
(Agilent 7890A) equipped with TCD and FID detectors. The liquid
products were analyzed using a combination of Gas Chromatography
(Agilent 7890A, FID detector) and Mass Spectroscopy (Agilent 5975C).

Catalyst activation was performed in situ, using high purity Ha
(N5.0), at 800 °C for 1 h (100 ml min~1) and a catalyst weight of 200 mg
in powder form (dp < 56 pm).

Two different experimental protocols were used for the work carried
out herein.
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The first experimental protocol assessed the catalytic activity and
selectivity between 400 and 750 °C (50 °C steps, where 50 min were
spent at each step to ensure steady-state conditions). For gas products,
each measurement was obtained thrice, helping to ensure the repro-
ducibility of the results. Liquid products were obtained once at every
temperature step (i.e., at the end of the 50 min period). The liquid feed
(0.12 mL min ') consisted of 20 % C3HgO3 diluted in HyO. The gas feed
was He, at a Weight Hourly Space Velocity (WHSV) equal to 50,000 mL
g~} h™l. Thus, the gas feed at the reactor’s inlet consisted of a gas
mixture of 73 % Hy0, 4 % C3HgO3, and 23 % He.

The second experimental protocol examined catalytic stability dur-
ing time-on-stream experiments. The work was carried out at 600 °C,
under more severe conditions (i.e., 63 % Hy0, 7 % C3HgOs, 30 % He,
WHSV = 50,000 mL g_1 h1), to provoke catalyst deactivation. Gaseous
products were measured hourly, and liquid products every 5 h. Catalytic
stability was assessed over a 20 h period.

2.4. Reaction metrics

Glycerol conversion is calculated based on the mols of glycerol at the
reactor inlet and outlet. The catalytic performance in the gas phase is
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reported in terms of H» yield, Hp, CO, CHy4, and CO> selectivity, glycerol
conversion into gaseous products, and total glycerol conversion, and in
the liquid phase in terms of acetol, acetone, allyl alcohol, acetaldehyde,
acrolein, and acetic acid selectivity. The following equations were used:

. Glycerol;, — Glycerol
O/Ogly Cerozconvers'-on(glubalcom/ersion) = ( Y Gllnycerol}-, aut) x 100 (4)
n
. Catomsinthegasproducts
%gl /! drcr) = 100
B CEroLConyersion gueouprodc) (totalCatomsinthefeedstock) X
)
H.
Hyyield »molesproduced ©)

- molesofglycerolinthefeedstock

Hymolesproduced
Catomsproducedinthegasphase) X (ﬁ) x 100 )

Y%H,selectivity = (

where, RR is the reforming ratio (7/3), defined as the ratio of moles of
Hs to CO5, formed.
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Fig. 1. X-ray diffraction patterns of the calcined MeZ perovskite supports, and the calcined/reduced MeZ-Ni7 catalysts: (a) BaZ and BaZ-Ni7; (b) CaZ and CaZ-Ni7;
(c) SrZ and SrZ-Ni7, and (d) Patterns in the range of 20 = 42-48° showing the Ni° (111) peak for the reduced MeZ-Ni7 catalysts.
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Catomsinspeciesi

Yoselectivityofi = 100 8
bselectivityoft <Catomsproducedinthegasphase> X ®
where, species i refers to CO, CO,, and CHy.

N Catomsinspeciesi
Yoselecti = 100 9
bselectivityoft (Catomsproducedintheliquidphase> x ®

where, species i’ refers to acetol, acetone, allyl alcohol, acetaldehyde,
acrolein, and acetic acid.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. XRD characterization

XRD analysis was performed on the MeZ (Me = Ba, Ca, Sr) supports
and the MeZ-Ni7 catalysts, both calcined and after reduction to 800 °C,
and the results are shown in Fig. 1.

BaZ and SrZ predominantly constituted of the perovskite phase with
a cubic crystalline structure belonging to the Pm3-m space group. On the
contrary, CaZ formed a perovskite phase with orthorhombic structure
and Pcmn space group. The main peak of the perovskite was at 29.9°,
30.7°, and 31.5° 26 for BaZ, SrZ, and CaZ, according to the ionic radius
of the alkaline earth element that is 1.61, 1.44, and 1.34 A for Ba®*, Sr2*,
and Ca®" in 12-coordination, respectively. In addition to the perovskite
phase, other reflections appeared on the BaZ sample attributed to
BaCOgs, whereas only trace amounts of SrCO3 remained after calcination
on SrZ. The Goldshmidt tolerance factor t [61] for the perovskite
structure was calculated by the following equation, in which ryz is the
ionic radius of the alkaline earth element, r is the ionic radius of Zr**
=0.72 }D\, and ro is the ionic radius of 0>~ = 1.35 A.

_ Me + To

B \/i(rZr +710)

The t values were 0.96, 0.90, and 0.87 for BaZ, SrZ, and CaZ,
respectively. A cubic perovskite is predicted for t values in the range
0.90-1.00, and lower symmetry structures are formed for t values in the
range 0.70-0.90 [62,63], confirming the results of the XRD analysis.
Thus, BaZ and SrZ have ideal sizes for cubic systems belonging to the
Pm-3m space group; on the other hand, CaZ shows an orthorhombic
structure, belonging to the Pcmn space group.

Moreover, for BaZ, the presence of other impurities phases can be
caused by the calcination temperature of 950 °C that, although signifi-
cantly higher than that used for the other samples, still does not induce
the full perovskite formation.

The diffractograms of the calcined Ni-containing samples did not
show the peaks ascribed to cubic NiO, indicating that NiO was amor-
phous or that part of Ni* was in a solid solution with the perovskite
[37]. However, the fraction in the solid solution is difficult to clarify; the
main peak of the perovskite, i.e., 30.1°, 30.7° and 31.4° 20 for BaZ-Ni7,
SrZ-Ni7 and CaZ-Ni7, did not show substantial displacement with
respect to the MeZ perovskite supports (Me = Ba, Ca, Sr).

After reduction at 800 °C, the perovskite phase remained unchanged.
Furthermore, as shown in Fig. 1, BaZ-Ni7 and CaZ-Ni7 showed a weak
peak at 44.4° 20 due to the (111) reflection of metallic Ni°. However, in
SrZ-Ni7, this peak was not revealed, and it was superimposed by the
more intense (200) reflection of the SrZrO3 support. The average size of
the Ni® crystallites was obtained by the X-ray line broadening method
[64] using the Scherrer equation where D is the crystallite size of Ni° in
nm, K is the crystallite-shape factor assumed as 0.9; A is the wavelength
of the Cu-K, radiation (0.15418 nm), f, is the full-width at half
maximum in radians, due to the crystallites size effect, and 6 is the Bragg
angle.
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The calculations were possible only for the detectable (111) peak of
Ni®, in CaZ-Ni7 and BaZ-Ni7. As reported in Table 2, the Ni® crystallite
size was similar, 24.8 nm and 29.8 nm for CaZ-Ni7 and BaZ-Ni7,
respectively.

The Williamson Hall method [65] was used to obtain the crystallites
size of the perovskites. By neglecting the instrumental broadening, the
full width at half maximum f; of every diffraction peak is ascribed to the
broadening effect of both the crystallite size f, and the lattice strain
arising from imperfection and distortion of the crystallites j;, according
to the following equations:

/}T:/}D +/}s 12)

p=4etan 0 (13)
in Eq. (13) ¢ is the strain-induced broadening.

Then, rearranging Eqs. (11)-(13) we get the uniform deformation
model (UDF) [66], according to Eq. (14):
Pr-cosf = I%/l + 4e-sin 0 (14)

By plotting the p;-cos @ with respect to 4-sin 9, we obtained the
Williamson Hall plot shown in Fig. 2. From the intercept with the y-axis,
it was possible to calculate the crystallite size D, while the slope of the
fitting line was the strain-induced broadening ¢.

The dimensions of the crystallites followed the order BaZ < SrZ <
CaZ. BaZ showed the smallest crystallites despite having been obtained
at a higher calcination temperature due to the more difficult formation
of the pure perovskite phase.

The strain-induced broadening ¢ followed the order CaZ < SrZ <
BaZ, different from the crystallite size trend, indicating that the imper-
fections and distortion of the crystals were limited mainly in the CaZ
perovskite.

The introduction of Ni significantly changed the crystallite size of the
perovskite, which, although in the same order, decreased by about 50 %
for CaZ-Ni7 and SrZ-Ni7 samples, while it showed a minor decrease of 9
% in BaZ-Ni7. The strain-induced broadening,e, diminished signifi-
cantly, becoming negligible.

After the reduction at 800 °C, the crystallite size of the perovskite did
not increase, indicating the absence of sintering. The strain-induced
broadening remained low, or practically zero in the case of SrZ-Ni7.
For the CaZ-Ni7 sample, although low, the negative value was due to
the lattice shrinkage [66] originated by oxygen vacancy formation
during the reduction treatment at high temperatures.

3.1.2. Textural characterization

The N, physisorption isotherms of the MeZ perovskite supports and
the MeZ-Ni7 catalysts are reported in Fig. 3, while the corresponding
textural properties are summarized in Table 3.

Table 2

Dw.n, €, and DY; for the supports and calcined and reduced catalysts.
Sample Dw.g (nm)* e x 10° Dyp (nm)”
BaZ 31.1 1.20 n.a.
BaZ-Ni7 28.4 0.55 n.a.
BaZ-Ni7 red. 27.7 0.61 29.8
Caz 70.4 0.82 n.a.
CaZ-Ni7 35.9 0.37 n.a.
CaZ-Ni7 red. 34.6 —0.32 24.8
SrZ 45.3 1.42 n.a.
SrZ-Ni7 24.8 0.53 n.a.
SrZ-Ni7 red. 249 0.07 n.a.

@ Calculated by the Williamson-Hall plot method.
b Calculated by the Scherrer equation of the (111) peak of Ni.C.
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Fig. 3. N, adsorption-desorption isotherms and pore size distributions (inset) of the MeZ perovskite supports (a) and MeZ-Ni7 catalysts (b).

According to the IUPAC [67] recommendations, the Ny physisorption
isotherms of BaZ and CaZ perovskites have been classified as Type II,
associated with non-porous or macroporous adsorbents, with a small H3
hysteresis loop, related to macro-pores that are not filled with pore
condensate. Meanwhile, the SrZ perovskite showed pseudo-Type II
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isotherms, with an H3 hysteresis loop observed mainly in aggregates of
plate-like particles. The BJH pore size distributions were obtained from
the desorption branches, and the presence of macro-pores was un-
doubtedly observed on the BaZ and CaZ samples; however, a distinct
pore size distribution in the meso-pores range, with the maximums at
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Table 3
Textural properties of the as-prepared MeZ perovskite supports and MeZ-Ni7
catalysts.

Sample SSA (ng’l) Pore Volume (cm3g’1)
BaZ 5 0.03
CaZ 11 0.04
SrZ 30 0.12
BaZ-Ni7 14 0.07
CaZ-Ni7 20 0.09
SrZ-Ni7 37 0.17

3.7 and 13.6 nm, appeared on SrZ.

The introduction of Ni significantly changed the textural properties
of the calcined MeZ-Ni7 catalysts. BaZ-Ni7 was characterized by pseudo-
Type II isotherms, with a pronounced H3 hysteresis loop that closed at
around 0.45 p/p°, indicating the presence of mesopores. In fact, the BJH
pore size distribution of BaZ-Ni7 showed a sharp peak at 4.7 nm and a
broad one at 18.7 nm. CaZ-Ni7 maintained the same N5 physisorption
behavior of the bare CaZ perovskite support, with a Type II isotherm
having a small H3 hysteresis loop due to the presence of macro-pores but
with a considerably higher quantity of N, physisorbed in the wall p/p°
range. The isotherms of SrZ-Ni7 catalyst were classifiable as pseudo-
Type II with an intermediate trend between the H1 and H2 hysteresis
loops. As evidenced by the BJH pore size distribution, much of the
physisorbed Ny was distributed on the pores with 13.6 nm in size.

As detailed in Tables 3 and it is clear that Sr allowed the formation of
perovskites with the highest surface area and pore volume, and that the
addition of nickel further increased the surface area of the perovskites,
regardless of the alkaline earth metal in the A-site.

3.1.3. H,-TPR and Hy-pulse characterization

Catalyst reducibility was studied by hydrogen temperature-
programmed reduction (Hy-TPR) and Ni dispersion by dynamic
hydrogen chemisorption measurements (Ha-pulse chemisorption). The
reduction profiles of the perovskite supports are presented in Fig. 4a.
BaZ revealed a weak peak that started at 700 °C and did not end until
800 °C. SrZ showed three peaks with increasing intensity at 460, 580,
and 680 °C superimposed on a further strong peak, which, also in this
case, did not end up at 800 °C. Finally, the CaZ reduction profile was
characterized by an intense and broad peak at 650 °C.

The reduction of MeCO3 (Me = Ba, Ca, Sr) impurities (Equation (15))
[68] was excluded because they were removed by the Oy/He pretreat-
ment. Furthermore, in the Hy-TPR experiment, alkaline earth ions Me?*
retain their oxidation state, while transition metal Zr*t is partially
reduced to Zr*t [69,70]. Hy consumption due to the oxygen vacancy
formation [70,71] on the perovskite surface or lattice can also be
detected, according to Equation (16) (as evidenced by the slight color

a)
=
Lol
T Srz
c
(=)
»
3]
2 Caz
BaZ
T T & T g T * T

— . .
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change of the reduced samples). The Hy consumption of the MeZ
perovskite supports, reported in Table 4, decreased significantly
following the order SrZ > CaZ > BaZ, a trend partly correlated to the
tolerance factor t of the perovskite specimen.

MeCO; + 4H, — MeO + CH,4 + 2H,0 (15)

O +Hy; - H,0+V, + 2e” ae)

The reduction profiles of the Ni-perovskite catalysts are shown in
Fig. 4b. BaZ-Ni7 showed two very weak peaks at 186 and 274 °C,
attributed to amorphous NiO barely interacting with the support [60]. In
the temperature range of 300-725 °C, three strong and superimposed
peaks (a, p and y) were revealed. The a (400-443 °C) and f (530-560 °C)
peaks were found in BaZ-Ni7 and CaZ-Ni7, whereas the y peak
(620-640 °C) was observed in CaZ-Ni7 and SrZ-Ni7. They were ascribed
to the reduction of Ni®™ species in different interactions with the
perovskite [60] and oxygen vacancy formation, as highlighted above.
The o and P species corresponded to NiO in the surface and sub-surface
of the perovskites, respectively, interacting strongly with the perovskite
support. The y species can be attributed to Ni2* solubilization into the
perovskite structure, thus making it more difficult to reduce. Therefore,
the y-peak most probably occurs upon exsolution of the Ni2* ions onto
the perovskite surface, a process which is known to result in
well-dispersed and socketed nanoparticles in very strong interaction
with their underlying support [72-74].

On BaZ-Ni7 and CaZ-Ni7 samples, the small, broad and weak
reduction peak at higher temperatures indicated the formation of oxy-
gen vacancies in the lattice [69]. However, the interaction of Ni2t
species with the surface and the bulk makes a direct correlation with the
reduction of the perovskite support more arduous [71,73]. Anyhow, the
hydrogen consumption of the MeZ-Ni7 catalysts reported in Table 4 was
in line with a complete Ni?>* - Ni° reduction.

The Ni surface area per gram of Ni (Sy;) was obtained from the pulse

Table 4

Quantitative results obtained by the temperature-programmed reduction and
the H, pulse chemisorption techniques. H, consumption, Ni surface area per
gram of Ni (Sy;), Ni metal dispersion (Dy;) and Ni aggregate size (dy;).

Sample H, consumption (10 x mol g’l) Sni (ng;,il) Dy (%) dy;i (nm)

BaZ 0.08 n.a. n.a. n.a.

Caz 0.34 n.a. n.a. n.a.

SrZ 0.54 n.a. n.a. n.a.

BaZ-Ni7 1.24 235 3.6 28.6

CaZ- 1.36 8.6 1.3 78.1
Ni7

SrZ-Ni7 1.42 4.8 0.7 140.4

b)

TCD signal (a.u.)

Caz-Ni7

BaZ-Ni7

L L L

— .
100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 4. H,-TPR profiles of: (a) MeZ perovskite supports, and (b) MeZ-Ni7 catalysts.
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chemisorption of Hy using the following formula:

U
SNi :—NAU

YW an

where U is the amount of Hy adsorbed (mol); v is the adsorption stoi-
chiometric factor, W is the amount of metal (Ni, in g); N, is the Avo-
gadro number; ¢ is the atomic surface area.

The Ni metal dispersion (Dy;) was calculated using the following
equation

U
Dyi=A x —

vWw as)

where A is the metal atomic weight. Further information about Equa-
tions (17) and (18) is contained in Ref. [74]. The Ha-pulse profiles can be
found in Fig. S1, at the Supplementary Material.

The Ni aggregate size (dy;) was estimated assuming spherical shape
for the Ni particles, using the following formula, where p represents the
metal density.

6

- 1
Sup (19)

Ni

The BaZ-Ni7 catalyst showed the highest Sy;, Dy; and dy; values,
while they decreased significantly for the other catalysts. These results,
however, were not correlated with the Ni® crystallite size obtained by
XRD analysis of BaZ-Ni7 and CaZ-Ni7 catalysts (Scherrer equation),
which, conversely, showed very similar dimensions. It is hypothesized
that this apparent anomaly is due to the different interactions between
Ni® and the perovskite, which influenced the Hy chemisorption. Hence,
Ni was reduced in CaZ-Ni7 and SrZ-Ni7 catalysts but continued inter-
acting with the perovskite, probably becoming partially positively
polarized Ni®* and, thus preventing full H, chemisorption on the metal
particle surface [75]. The interaction was more significant in the
Ca-based and Sr-based perovskites. This hypothesis may also correlate
with the lower formation of carbon residues observed after the catalytic
test for spent CaZNi-7 and spent SrZNi-7.

3.1.4. Basic properties (CO2-TPD)

CO,-TPD experiments (Fig. 5) were conducted for all catalytic sam-
ples (following pre-treatment in a hydrogen atmosphere) to investigate
the nature and strength of the surface basic sites. The surface basicity
can be divided into three regions based on the CO, desorption temper-
ature, which corresponds to three types of basic sites with varying
strengths. CO, desorption peaks below 250 °C, between 250 and 500 °C,

SrZ-Ni7
Strong

—— BaZ-Ni7
Weak

—— CaZ-Ni7
Moderate

TCD Signal (a.u.)

400

0 100 200 300 500 600 700
Temperature (°C)
Fig. 5. CO,-TPD profiles of the MeZ-Ni7 catalysts.
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and above 500 °C, can be attributed to basic sites of weak, moderate, and
high strength, respectively [14,20]. As can be observed in Fig. 5, the
population of moderately-strong basic sites in all samples is rather
limited. Moreover, it appears that the presence of Ca*" or Sr?* in the
perovskite A-site, instead of Ba", can provide an increased population
of weak basic sites for CaZNi-7 and SrZNi-7. It can also be observed that
the CaZ-Ni7 catalyst, like BaZNi-7, possesses a high population of basic
sites with high strength. According to the literature [76], the increased
population of basic sites enhances the rate of water adsorption and
dissociation on the catalyst surface, generating hydroxyl ions (OH ") that
interact with glycerol. This activation step is essential in breaking down
glycerol’s C-C and C-O bonds, which promotes the reforming reaction
and enhances the production of Hy. Finally, the surface basic sites can
increase the catalytic performance by adsorbing the CO; product, which
shifts the reaction equilibrium towards greater Hy production.

3.2. Evaluation of the catalytic performance

3.2.1. Influence of supports

The influence of reaction temperature on the total glycerol conver-
sion (Xcsngsos, %) along with glycerol conversion to gaseous products
(Xc3ugos gaseous, %), on hydrogen selectivity (Sy2) and yield (Yyo), as
well as on the molar ratios of Hy/CO and CO/CO; for the bare perovskite
supports is presented in Fig. 6a-c. The influence of temperature on the
liquid product selectivity for the supports is depicted in Fig. 6d-f. It has
previously been demonstrated that glycerol decomposition can involve
thermal cracking reactions without contact with the catalyst and the
acid-base catalyzed reactions at the acidic and basic sites of the catalyst
support [17,22,23]. As the overall process is endothermic, increasing
temperatures leads to a strong increase in the conversion of glycerol
[23]. The activity of the bare perovskite supports appears similar, except
for a slightly higher overall glycerol conversion and conversion towards
gaseous products for CaZ and SrZ. The catalytic activity of the bare
perovskite supports rather resembles that of mesoporous Al;Os, and is
only slightly improved compared to the empty reactor [23-25]. The
small improvement compared to the thermal conversion can be attrib-
uted to the surface population of defect sites that are conducive to the
surface activation of steam and gaseous glycerol [20]. CaZ and SrZ, with
a lower tolerance factor than BaZ, can offer more of these sites. In
addition, the contribution of some segregated alkaline earth oxide or
carbonate phases (MeO and MeCOs3) should also be considered.

The impact of reaction temperature on the H/CO and CO/CO, molar
ratios in the gaseous products for the bare perovskite supports is pre-
sented in Fig. 6¢c. The CO/CO5 molar ratio increases with temperature,
peaking at 600-650 °C, before decreasing up to 750 °C. The observed CO
production at lower temperatures may result from glycerol decomposi-
tion, while the increase up to 650 °C is likely enhanced by the reverse
water-gas shift reaction (RWGS). On the other hand, the Hy/CO molar
ratio exhibits the opposite trend, decreasing up to 600-650 °C, and then
rising as the temperature continues to increase. Among the samples, the
SrZ support demonstrates a significantly higher Hy/CO ratio compared
to CaZ and BaZ, at temperatures higher than 650 °C.

3.2.2. Ni catalysts

The influence of reaction temperature on the catalytic activity and
product selectivity for the Ni-supported catalysts, and the homogeneous
reaction, is depicted in Fig. 7a-h, and, as can be observed, there is a clear
divergence from the thermal conversion of glycerol and the catalytic
activity of the bare perovskite supports. The differences include a higher
total conversion of glycerol, especially conversion towards gaseous
products, a considerably higher Hy production, an improved Hy/CO
ratio at the temperature range of 500-700 °C, and a total change in the
liquid products’ distribution, which are eliminated for the CaZ-Ni7 and
SrZ-Ni7 catalysts above the temperature of 500 °C. This can be ascribed
to the high activity of the catalytically active metallic Ni phase in syn-
ergy and in strong interaction with the underlying perovskite support,
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Fig. 6. (a) Total glycerol conversion and glycerol conversion into gaseous products, (b) Hy selectivity and yield, (¢) Hp/CO and CO/CO, molar ratios, and (d—f)
liquid products selectivity for the MeZ perovskite oxide supports used herein, (d) BZ, (e) CZ, and (f) SZ. [Results obtained for samples tested under the reaction
conditions: C3HgO3 (20 wt %)/H0 (total liquid flow rate = 0.12 mL min~1)/He = 38 mL min~}, WHSV = 50,000 mL g’1 hY, Weatalyst = 200 mg, T = 400-750 °C].

being able to effectively split C-C, C-O, and C-H bonds in glycerol, and
release gaseous Hp and COy [20,25,47].

When comparing the three different catalysts (BaZ-Ni7, CaZ-Ni7, and
SrZ-Ni7), it can be observed that BaZ-Ni7 exhibits the worst catalytic
activity regarding glycerol conversion and Hy production. At the same
time, CaZ-Ni7 and especially SrZ-Ni7 can more effectively convert
glycerol into gaseous products, particularly Hy. This can be ascribed to
the higher Ni dispersion, increased availability of active sites for the
dissociation of C3HgO and H>O molecules, and a more favorable and
stronger Ni-support interaction, as the Ni exsolution process is more
prominent on CaZ-Ni7 and SrZ-Ni7. The beneficial catalyst properties of
CaZ-Ni7 and SrZ-Ni7 can effectively eliminate all liquid products (ace-
tol, acetone, allyl alcohol, acetaldehyde, and acetic acid) at tempera-
tures higher than 500 °C, converting the entirety of glycerol to gaseous
products. Selectivity for CH4 (carbon basis), which can arise from COx
hydrogenation, is also limited to below 10 % for the CaZ-Ni7 and SrZ-
Ni7 catalysts (Fig. 8d). CO selectivity also lies at below 20 % for tem-
peratures higher than 500 °C (not shown herein), meaning that the
reverse water-gas shift reaction (RWGS), which consumes H; to generate
CO, is disfavored [77].

It is important to note herein that, for the BaZ-Ni7 sample, CH4
selectivity remains minimal at lower reaction temperatures
(400-550 °C) but increases significantly as the temperature rises,
reaching a maximum value of approximately 17 % at 750 °C. In contrast,
for the CaZ-Ni7 and SrZ-Ni7 samples, CHy4 selectivity shows a slight
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increase at lower reaction temperatures (450-500 °C), while it decreases
at higher temperatures, with the SrZ-Ni7 catalyst exhibiting the lowest
CHj, selectivity value, approximately 1.5 %. These findings are consis-
tent with previous studies, which have shown that at high reaction
temperatures (>600 °C) and under conditions with an increased water-
to-glycerol feed ratio, as in this study, CH4 formation is inhibited, pro-
moting Hy production through the methane steam reforming side-
reaction.

Therefore, Hy and CO2 account for the majority of the reaction
products generated via the CaZ-Ni7 and SrZ-Ni7 catalysts, which is well-
suited for maximizing Hy production [25]. SrZ-Ni7 is a better choice, as
it offers higher Hy productivity. The H,/CO ratio peaks for this catalyst
at above 30 for 550 °C temperature, meaning that the produced gas
could be directly fed into fuel cell stacks, without the need for extensive
downstream processing and purification [78].

Finally, as illustrated in Fig. 7, in the absence of catalyst (empty
reactor), glycerol conversion values exceeded 40 % at temperatures
below 600 °C. At higher temperatures, an increase in total glycerol
conversion was observed (Fig. 7a), leading to the production of gaseous
products, such as Hy, CO, COy, and CH4. Over the entire temperature
range of the reaction, the main liquid products are presented in Fig. 7h.
Within the temperature range of 400-600 °C, the primary products were
oxygenated compounds, such as acetol, acrolein, acetaldehyde, acetone,
and acetic acid. A noteworthy observation is that acetol is the main
liquid product, with its selectivity value rising with temperature up to
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600 °C (Seo =~ 40 %), while the value is decreasing at higher reaction
temperatures.

By providing a correlation between the physicochemical character-
istics and the catalytic performance for the three different catalysts used
herein, it appears that the available specific surface area (SSA) plays a
quite important role, since the material with the highest SSA (SrZ-Ni7)
displays the best catalytic performance, and the material with the lowest
SSA (BaZNi-7) the worst. Another important factor is the Ni reducibility
and the Ni-support interaction, as it appears that the less reducible Ni?*
species initially incorporated into the perovskite lattice (y peak in Ho-
TPR), which were more plentiful in SrZ-Ni7, are more conducive

towards a higher catalytic activity when compared to Ni originating
from segregated NiO in the surface and subsurface (« and p peaks in Ha-
TPR), which was more plentiful in BaZNi-7. The reduction/exsolution of
the aforementioned initially solubilized Ni2* species enhances the
metal-support interaction, which also affects the surface chemistry. It
can be expected, that exsolution alters the electronic properties of the Ni
metal, making it more favorable for glycerol adsorption and decompo-
sition (C-C, C-O, and C-H bond scission) [79], whereas the A-site cation
segregation that accompanies exsolution can generate hygroscopic sur-
face oxides (e.g., SrO) that can favor water adsorption and dissociation
to hydroxyl species [80]. Moreover, taking into account the surface
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Fig. 8. Time-on-stream experiments for the MeZ-Ni7 catalysts used herein: (a) Total glycerol conversion and glycerol conversion into gaseous products, (b) Hy
selectivity and yield, (¢) CO, CO, and CHy selectivity, and (d—f) liquid products selectivity for (d) BaZ-Ni7, (e) CaZ-Ni7, and (f) SrZ-Ni7. [Results obtained for samples
tested under the reaction conditions: C3HgO3 (31 wt %)/H20 (total liquid flow rate = 0.12 mL min~1)/He = 50 mL min~?}, Weatalyst = 200 mg, T = 600 °C].

basicity via CO»-TPD (Fig. 5), it appears that the weak basic sites play a
more important role in the reaction when compared to the highly strong
ones.

3.2.3. Time-on-stream stability

The time-on-stream experiments (Fig. 8) were undertaken at harsher
reaction conditions, as explained in the experimental part. From the
results obtained, SrZ-Ni7 showed an apparently higher catalytic activity
and a remarkable catalytic stability. CaZ-Ni7, which was able to roughly
match the activity of SrZ-Ni7 under the more favorable reaction con-
ditions of the activity experiments (higher WGFR, Fig. 7), was now
shown to be quite inferior to SrZ-Ni7 under these harsher reaction
conditions, with a much lower activity for glycerol gasification and Hy
production. BaZ-Ni7 was the least stable of the catalysts, exhibiting a
continuous drop in the catalytic activity to the detriment of Hy pro-
duction. Carbon-basis CO selectivity also increased over time, leading to
a further Hy/CO ratio drop. In short, SrZ-Ni7 was clearly able to
outmatch the other two catalysts regarding the glycerol conversion to-
wards a gaseous products, Hy productivity, and catalytic stability.

The Hj yield of SrZ-Ni7 during the stability experiments was the
highest recorded amongst most of our other works that used the same,
harsh, experimental conditions and catalysts with a similar Ni content
[12,14,17,20,22-25,27,30] and among the highest reported in the
literature [13,15,29,45,47,49,54], as depicted in Table 5.This
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exceptional catalytic performance can be attributed to the unique
Ni-support interaction in the SrZ-Ni7 catalyst [38]. As shown during the
catalyst characterization, the majority of Ni?* cations are solubilized
into the perovskite lattice following high-temperature calcination.
Incorporated into the perovskite lattice, these cations are subsequently
driven toward the surface upon high-temperature reduction via the
exsolution process [33]. Exsolved nanoparticles typically retain a
particularly strong interaction with the perovskite former host and are
strongly anchored to their support [33,38,44]. A multitude of published
works [33,37,38,42,43,60,81,82] demonstrate the superiority of
exsolved systems over impregnated ones when applied in
coke-generating catalytic reactions (e.g., dry methane reforming), due
to the socketed nature of the exsolved nanoparticles that prevents
extensive coking on the metallic Ni surface. Therefore, the higher ac-
tivity of SrZ-Ni7 over the typical impregnated catalysts (e.g., Ni/AloO3
and Ni/ZrO3) can be ascribed to the presence of these well-dispersed and
socketed exsolved Ni nanoparticles with a strong metal-support inter-
action. Overall, a strong metal-support interaction can restrict coke
formation and metal nanoparticle sintering, enhance the electron
transfer and the adsorption of reactants, as well as inhibit certain
side-reactions, like COx methanation, thereby improving the catalytic
activity and stability [56,83,84].
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Table 5
Summary of experimental studies on the GSR reaction using different catalysts
(X = glycerol conversion, Yy,—H, yield).
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3.3. Spent catalyst characterization

The nature of the deposited carbon on the spent catalysts (i.e., after
the 20h time-on-stream experiments) was examined using Raman, TEM,
and TPO. From the results obtained using Raman analysis (Fig. 9), two
characteristic peaks at around 1345 and 1580 cm ' were observed,
which can be attributed to coke deposits. These peaks are respectively
assigned to the D-band (1344 cm’l), associated with the vibrations of
carbon atoms with dangling bonds in an amorphous carbon structure,
and the G-band (1580 cm™Y), that corresponds to graphitic carbon with
a high degree of crystallinity [85]. The intensity ratio of the D-band to
the G-band (Ip/Ig) serves as a measure of the graphitization level. In
particular, lower values of Ip/Ig suggest increased crystallinity, reflect-
ing a greater presence of graphitized carbon, which in turn contributes
to the deactivation of the supported catalytically active sites [20]. The
Ip/Ig ratio of the CaZ-Ni7 and BaZNi-7 spent samples was calculated at
1.5 and 1.1, respectively, meaning that the coke deposits on BaZNi-7 had
increased crystallinity and graphitization level, thus corroborating the
lower catalytic stability of this catalyst (Fig. 8). Since the Raman peaks
of SrZ Ni7 had a very low intensity, the calculation of the Ip/Ig ratio for
this sample would not be reliable. Furthermore, it is important to note
that the SrZ-Ni7 sample showed no clear Raman peaks despite the
measurement being repeated for approximately 20 different regions (the
plotted one has the maximum intensity that could be detected). This
indicates much more reduced coking for this catalyst, corroborating its
higher catalytic activity and stability (Fig. 8).

Furthermore, TPO characterization was conducted on the spent
catalysts (Fig. 10). From Fig. 10, we can observe very high noise/fluc-
tuations in the TCD signal, which are indicative of the quite low amount
of coke deposition in all catalytic materials. This is expected in our
current work since, as already discussed, the strong metal support
interaction (SMSI) originating from Ni%" exsolution to the surface dis-
favors coke accumulation. However, when comparing the different
catalysts, SrZNi-7 displays the least amount of coke combusted,
corroborating the catalytic stability results (Fig. 8), as well as the Raman
results (Fig. 9) of the spent catalysts. For the other spent catalysts,
CaZNi-7 displays some amount of coke combusted at lower

1 1 CaZ-Ni7
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Fig. 9. Raman spectra of the MeZ-Ni7 spent catalysts. [Results obtained for samples tested under experimental protocol #2].

585



L Luisetto et al.

BaZ-Ni7 —— CaZ-Ni7 —— SrZ-Ni7
El
&
©
c
2
0
[m]
O
[
T T T — T T T 1 1 T T !
100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 10. TPO profiles of the MeZ-Ni7 spent catalysts. [Results obtained for
samples tested under experimental protocol #2].

temperatures, due to amorphous/disordered coke deposits, and some
amount of coke combusted at higher temperatures, due to crystalline/
graphitic carbon [80]. On the other hand, BaZNi-7 exhibits the highest
intensity peak at higher temperatures, indicating a more crystalline/-
graphitic nature of deposited coke in this catalyst, in agreement with the
Raman results (Fig. 9), which is hard to be oxidized/gasified during the
catalytic reaction.

In line with the Raman and TPO results, the HAADF-STEM images
obtained for the spent catalysts (Fig. 11) reveal limited carbon accu-
mulation for all samples. However, when comparing them, the BaZ-Ni7
catalyst exhibits the highest amount, while SrZ-Ni7 the least. The high
resistance to carbon deposition in all samples, and in particular over SrZ-
Ni7, can be attributed to the strong Ni-support interaction, since the
images reveal that the Ni nanoparticles are socketed into the perovskite
structure, retaining their morphology and high dispersion under expo-
sure to harsh reaction conditions [38,56]. Such anti-coking properties
are commonly attributed to the exsolution process, which yields
well-dispersed nanoparticles with very strong metal-support interaction.
This results in catalytic materials that are less prone toward extensive
carbon growth over the exposed metallic Ni surface, as well as nano-
particle sintering [33,38,42,44,56].

4. Conclusions

In the study reported herein, Ni catalysts supported on CaZrOs,
SrZrO3, and BaZrO3 perovskite oxides were synthesized via the auto-

CaZ-Ni7
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combustion method and subsequently examined in terms of catalytic
activity and time-on-stream stability during the glycerol steam reform-
ing reaction (GSR). Before the reaction, the surface and bulk properties
of the materials were examined using XRD, Ny physisorption, Ho-TPR,
Hj, pulse chemisorption, and CO,-TPD. Post-reaction, the catalysts were
examined using Raman, TPO, and TEM/HAADF-STEM to determine the
causes of catalyst deactivation.

Catalytic activity experiments showed that CaZ-Ni7 and SrZ-Ni7
effectively eliminate all liquid products (acetol, acetone, allyl alcohol,
acetaldehyde, and acetic acid) at reaction temperatures higher than
500 °C, converting the entirety of glycerol into gaseous products, with
SrZNi-7 exhibiting the highest Hy yield (>6 mol Hy/mol of glycerol for
temperatures higher than 500 °C). This exceptional performance is
attributed to the higher Ni dispersion, increased availability of active
sites to dissociate C3HgO and H,O molecules, and a more favorable and
stronger Ni-support interaction. It is noted that the activity for SrZ-Ni7 is
among the highest reported in the literature.

Catalytic stability experiments undertaken at harsher reaction con-
ditions showed that the SrZ-Ni7 catalyst had a very stable performance,
which was superior to the BaZ-Ni7 and CaZ-Ni7 catalysts. This behavior
is attributed to its unique Ni-support interaction, where some NiZ*
cations are initially solubilized into the perovskite lattice following
high-temperature calcination. These cations then migrate to the surface
during high-temperature reduction via the exsolution process forming
nanoparticles, which, during the reaction, are less prone to deactivation
via coking and sintering.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.ijjhydene.2025.04.246.
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