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Carbon formation is one of the major problems in methane reforming reactions, mainly in dry reforming of
methane (DRM), limiting its industrial competitiveness. Thus, in this work, we investigate the oxygen mobility
and carbon resistance of the LaNi-Zn perovskite in the DRM reaction. The catalysts LaNiOs (LN) and
LaNig 5Zng 503.5 (LNZn) were synthesized and characterized by XRD, Ho-TPR, CH4-TPSR-MS, Ho-TPHR-MS, XPS,
TGA, Raman, HRTEM, and quasi-in-situ DRIFTS-MS, aiming to understand the role of the promoter in coke
suppression. The CH4-TPSR-MS, H,-TPHR-MS, and Raman analyses revealed that the Zn-substituted catalyst
exhibited higher oxygen mobility compared to the LN catalyst, attributed to the oxophilicity of Zn?*, which
facilitates carbon gasification. XPS and HRTEM analyses of reduced samples confirmed the presence of metallic
Zn® on the surface as Ni-Zn alloying. 30 h of TOS showed higher activity for the LN catalyst than the LNZn.
However, post-reaction analysis indicated that the addition of Zn increased carbon resistance by 5 times. The
formation of the Ni-Zn alloying effectively prevented the removal of Ni particles from the support and their
encapsulation by carbon nanotubes. Quasi-in-situ DRIFTS-MS has revealed that the LNZn catalyst promotes the
formation of intermediate species responsible for carbon oxidation (CH,O, HCOO , and HCO3), clearing the anti-
carbon behavior of the Zn-substituted catalyst.

reactions, such as the reverse water-gas shift (RWGS) (Eq. 2), led to an
Hy/CO ratio lower than 1 due to the partial consumption of Hy [3,6-9].

1. Introduction

Understanding the carbon formation on catalysts is an important

topic of discussion in methane reforming reactions, specifically in dry €O + Hz » €O + HoO AHzonc = 41 kJ/mol 2

reforming of methane (DRM). The DRM is an outstanding reaction to
mitigate carbon dioxide (CO2) and methane (CHy4) into syngas, a mixture
of Hy and CO (Eq. 1), which can be used to synthesize high-valued
chemicals [1-3].

CH4 + C02 hd 2H2 + 2CO AH298K = 247 kJ/mol (1)

Due to the highly endothermic nature of the DRM reaction and the
high activation energy of both CH; (435kJmol™!) and CO,
(526 kJ mol ™), temperatures above 600 °C are required to reach ther-
modynamic equilibrium during the reaction [4,5]. According to the
stoichiometric factor, the CO, and CH4 conversions should be similar,
and the Hy/CO ratio is expected to be close to one. However, side
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Generally, the major problem of dry reforming is the unavoidable
deactivation of the catalyst due to sintering and carbon formation [3,10,
11]. Sintering is a prevalent issue in the DRM due to the high operational
temperatures, which directly influence carbon formation by accelerating
carbon deposition [12]. In fact, among methane reforming processes,
DRM is particularly susceptible to carbon formation because of its low
hydrogen-to-carbon (H/C) and oxygen-to-carbon (O/C) ratios [8,10].

Catalyst deactivation by carbon can occur due to the encapsulation
of active metal sites, pore blockage, filament breakage, or clogging,
hindering the contact between the reactant gases and the surface of the
catalyst or by increasing the pressure drop in the catalyst bed [12]. At
high temperatures (>500 °C), carbon formation is formed primarily
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through CH4 cracking (Eq. 3), while lower temperatures (<500 °C) lead
to carbon formation by the reverse Boudouard reaction (Eq. 4) [13].

CH4 - C + 2H2 AH298 =75 kJ/mOl (3)

In reforming reactions, carbon is typically present in three distinct
forms: Cy, Cp, and C,, which are classified based on their reactivity with
hydrogen at specific temperature ranges: 150-220 °C, 530-600 °C, and
> 650 °C, respectively [3,10,12,14,15]. C4 is a highly active carbon
species generated through the cracking of CHy4 at the metal site (Eq. 1).
These species are reported as a non-deactivating carbon form that acts as
a reaction intermediate, contributing primarily to CO formation, as C,
(adsorbed on the active site) reacts with adsorbed oxygen species [12,
15]. Cq species that do not undergo oxidation due to the absence of
adjacent oxygen species at the metal site are transformed into Cg, a
less-activity carbon species responsible for the formation of a polymeric
amorphous film on the metal surface that serves as a precursor for
nanotubes [15]. Subsequently, Cg can migrate from the metal site to the
support, forming the graphitic C, carbon type, the most deactivating
form of carbon [12,15,16].

Therefore, carbon deposition is a result of the balance between the
formation and gasification of carbon, which depends on the active site,
support, the interaction between both, the mechanism of reaction, and
temperature, becoming a challenge to the DRM process [16,17].

Nickel-supported catalysts are the most widely used systems in
methane reforming reactions due to their ability to activate CH4 and
their low cost [1,18,19]. However, their major limitations include
deactivation by sintering due to the high temperatures and carbon
deposition caused by the slower carbon gasification on the nickel surface
compared to its formation rate [16]. In this regard, perovskite-type
oxides LaNiO3 (ABO3) have been studied as an alternative material for
stabilizing the nickel structure in metal-oxide systems by means of a
stronger metal-support interaction than supported catalysts [20]. In this
structure, site A can accommodate rare-earth, alkaline, and
alkaline-earth metals, while the B site is usually a transition metal
responsible for the catalytic activity [20,21].

The ABOj3 structures can be decomposed in highly dispersed Ni%/
Lap03 through in-situ activation, thus improving the catalytic perfor-
mance and stability [20,22,23]. Therefore, these complex oxides can be
modified by partial substitutions on both A and B sites, resulting in an
A xA’xB1xB’xO3 structure. This structure favors the appearance of
structural defects, such as oxygen vacancies, which can lead to higher
oxygen mobility and, therefore, improve the ability of the catalyst in
oxidizing carbon [24,25].

There are several reported cases of partial substitution by intro-
ducing other metals on site B, forming an AB;.,BO3 perovskite-type
structure [26-31]. However, if the incorporation degree is 50 % and
the B' and B cations have different sizes and charges, a new arrangement
in the structure can occur, giving rise to double perovskites-type, like
ABB Og.5 or ABosB’503.5 [32]. These complex rearrangements may
promote an interesting phenomenon, i.e., a synergetic effect caused by
the interaction between B and B' metal with different oxidation states.

In this context, limited studies have explored the incorporation of Zn
as a substitute for Ni in perovskite structures at a 50 % substitution level.
This limitation occurs due to the charge disparity between Ni and Zn,
which makes neutralizing the ABO3 framework difficult. However, their
similar ionic radii facilitate the formation of oxygen vacancies, signifi-
cantly enhancing carbon oxidation and improving catalyst stability and
performance [33-35].

Moradi et al. [36] investigated the partial substitution of Ni by Zn
during the DRM and found that Zn stabilizes the Ni° particles on the
surface, inhibiting sintering by means of strong interactions caused by
Zn-La-O bonds. Velisoju et al. [37] found that a synergetic effect occurs
between Zn and Ni, leading to the formation of a Ni-Zn alloy, which
increases oxygen vacancies, the resistance to carbon formation, and
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stabilizes nickel metallic particles. Chatla et al. [38] demonstrated that
the addition of Zn increases the metal-support interaction, stabilizes Ni
particles, and prevents the formation of carbon through the formation of
NiZn alloy.

In this study, we investigated the incorporation of Zn into the Ni site
within the perovskite structure AB; 4B’xOs-s and its impact on enhancing
oxygen mobility, catalytic performance and stability in the dry reform-
ing of methane. A comprehensive set of characterizations were con-
ducted to elucidate perovskite formation, oxygen mobility
enhancement, and the mechanisms of carbon deposition and removal on
the LNZn catalyst compared to the undoped catalyst.

2. Experimental section
2.1. Chemicals and supplies

Nickel nitrate (Ni(NO3)2.6H20 — 97 %), citric acid (99.5 %), and
ethylene glycol (99 %) were purchased from Sigma Aldrich. Lanthanum
nitrate (La(NO3)3.6H30 — 99,9 %) and zinc nitrate (Zn(NO3)2.6H,0 —
96 %) were obtained from Thermo Scientific Chemicals and Synth,
respectively. All the chemicals were analytical grade and used without
further purification. High-purity commercial CH4 (99.995 %) and CO,
(99.99 %) came from White Martins, and Ny (99.999 %) was purchased
from Special Gases.

2.2. Synthesis of the catalyst

The LaNi; xM;O3 (x = 0 or 0.5; M = Zn) perovskites were synthesized
by Polymerization Complex Route (PCR) [24,39]. Aqueous solutions of
the metallic precursors La(NO3)3.6H30, Ni(NOg3)2.6H50, and ZnO
(NO3)2.6H0 were prepared and mixed at room temperature according
to the desired molar ratio. Then, 1 mol L7 ! citric acid (AC) was incor-
porated into the solution under vigorous stirring to obtain an AC/metals
ratio of 1.1. Then, the mixture was heated to 60 °C and kept under
stirring for 30 min. Ethylene glycol (EG) was subsequently added at an
AC/EG ratio of 1.5, and the temperature was raised to 90 °C, remaining
under this condition until the formation of a polymeric resin. The resin
was dried overnight at 110 °C and then calcined at two calcination steps.
The first step is to calcinate the material at 500 °C for 1 h with a heating
rate of 2 °C min~' under synthetic air to eliminate organic compounds.
The second step involved the formation of the perovskite structure at a
calcination temperature of 750°C for 4h under synthetic air
(30 mL min~1). The samples were named LN (LaNiO3) and LNZn
(LaNig 5Zng.503).

2.3. Characterization

The crystalline structure of the samples was analyzed by XRD using a
Rigaku MiniFlex 300/600 with copper radiation (CuK, = 1.541862 A)
operating at 30 kV and 10 mA. The diffraction patterns were compared
to the Inorganic Crystal Structure Database (ICSD). The specific surface
areas and adsorption/desorption isotherms were determined by the BET
method using N5 physisorption at —196 °C on an Anton Paar NOVA800
analyzer. The actual Ni content in the catalyst was determined by ICP-
OES using an Agilent 5800 spectrometer. Hy-TPR, CO5-TPD, CO-pulse
chemisorption, and TPO were performed at a Micromeritics AutoChem
IT 2920 chemisorption analyzer. CH4-TPSR-MS and H,-TPSH-MS were
recorded using a Micromeritics AutoChem II 2920 and a Pfeiffer Vacuum
TSU 065D mass spectrometer. The morphology of the reduced ex-situ
catalysts at 700 °C and the spent catalysts following DRM at 800 °C was
visualized by HRTEM (Jeol JEM-2100) at an accelerating voltage of
200 kV. Raman spectra were taken on a Renishaw inVia spectrometer
system with a 532 nm laser using 5 % of the laser power. Thermogra-
vimetric analyses were performed at a Shimadzu DTG-60H in temper-
atures ranging from room temperature to 1000 °C in the presence of
synthetic air. XPS was performed in a Spectra FlexPS on the reduced ex-
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situ catalyst at 700 °C using Al La radiation at 1486.71 eV. DRIFTS-MS
spectra were recorded using a Shimadzu IRPrestige-21 spectrometer
equipped with a Harrick cell and a Pfeiffer Vacuum OmniStar mass
spectrometer. The reduced catalysts were first exposed to a 10 % CHy4/
Ny mixture at room temperature (RT) for 5 min, then purged with Nj.
Subsequently, a 10 % CO3/N» mixture was introduced for 5 min and
purged with Ny. The temperature was heated to 550 °C (10 °C min 1),
and the spectra were collected at temperatures ranging from 150 to
550 °C. Additional details about the experimental procedure can be
found in the Supplementary Information.

2.4. DRM performance tests

The LaNi; yM;O3 (x = 0 or 0.5; M = Zn) perovskites were evaluated
in the Dry Reforming of Methane (DRM). 30 h tests were performed in a
fully automated fixed-bed catalytic reactor Microactivity-Effi (PID
Eng&Tech®), equipped with a Hastelloy X tubular reactor (9.1 mm
diameter) at atmospheric pressure. 25 mg of catalyst, 20 w/w% of sili-
con carbide (SiC - Sigma-Aldrich, 400 mesh), and a weight hourly space
velocity (WHSV) of 120 L g{alt h~! were used. First, the catalysts were
reduced in situ under Hs flow (100 mL min~1) at 700 °C with a heating
rate of 10 °C min™ %, remaining for 1 h. After the reduction, the tem-
perature was set at 700 °C, 750 °C, and 800 °C, with the feed stream set
at CH4:CO2:Ny = 0.5:0.5:1 at atmospheric pressure. The gases were
analyzed using a gas chromatographer (Shimadzu - GC2010 Plus)
equipped with a thermal conductivity detector (TCD), a flame-ionization
detector (FID), and two capillary columns - Carboxen 1010 and SH-
Qbond.

The conversion of CO5 and CHy, the selectivity to Hy and CO, and the
reaction rates were calculated based on the following equations:

Xi (%) — iy — Filow [_F[]F]t x 100 )

Sj (%) = Z[(F[%ﬁ:m)xloo (6)
I @)
—ri (mmol gNi's™) % (8)

Turnover Frequencies (s’l) were calculated from Eq. 9 [40].

[ni]reacted 9

Warr My MLEEPESO0 460

TOFi (s7!)

Xi is the CH4 and CO; conversion. Sj is the product selectivity, (Hy/
CO0)°"t is the syngas ratio, ni is the mol min~' of CH, and CO, reacted,
Weat is the catalyst weight (g), and My; is the Ni loading (wt%). (Fi,) and
(Fout) are the gases molar flow in and out of the reactor, respectively. Ni
dispersion (%) was calculated based on the CO-pulse chemisorption.

The apparent activation energy (E,) was estimated by the Arrhenius
equation plotting the natural logarithm of TOF (s™!) versus 1000/T, as
follows:

P - _Ea
In(TOFi (s™')) =InA RT(lO) (10)

where R is the universal gas constant (8.314 J mol ! K’l), and T is the
absolute temperature in Kelvin (K).

3. Results and discussion
3.1. Characterization

Fig. 1 depicts the XRD patterns of the catalysts LN and LNZn
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Fig. 1. XRD patterns of the catalysts LN and LNZn.

synthesized by the PCR method. According to the literature, synthesis
methods based on citrate complex favor the formation of segregated
phases due to exothermic reactions during its decomposition (>400 °C)
[24,41]. The LN catalyst exhibited a multi-phase mixture consisting of a
perovskite phase and segregated phases. The rhombohedral perovskite
LaNiOg (ICSD Code 034-1181), with space group R-3cH, was confirmed
at 20 = 22.73° (1 00), 32.63° (1 1 0), 46.94° (2 0 0), and 58.22° (21 1).
Additionally, segregated phases of lanthanum oxycarbonate (Laz02CO3
— ICSD Code 023-0322) and nickel oxide (NiO - ICSD Code
01-071-1179) were also observed. The formation of oxycarbonated
species arises from the high affinity of the La>*— 0% pair site, considered
a Lewis acid-Bronsted base pair, with CO; from the citrate decomposi-
tion [22,42,43]. This interaction is facilitated by the high exothermicity
and low energy barrier of CO2 chemisorption on LayOs, leading to the
formation of CO3 compounds and the segregation of nickel oxide outside
the perovskite framework [44]. Zn-substituted catalyst (LNZn) exhibited
phases corresponding to zinc oxide (ZnO - ICSD Code 01-080-0074,
hexagonal), and the orthorhombic spinel perovskite phase, LazNiO4 11
(ICSD Code 01-081-1961), also known as the Ruddlesden-Popper (RP)
structure. These results indicate that the partial substitution of Ni used in
this work (x = 0.5) exceeds the solubility of Zn in the LaNiOg structure
(x > 0.2), leading to the segregation of single oxides [45]. The formation
of the RP phase is attributed to the partial introduction of Zn?* into the
LaNiOs structure, resulting in an imbalance in the oxidation states of Ni
and the formation of an oxygen-excess (+8) perovskite, in this case,
LayNiOy4.,5 phase, where a mixture of Ni?* and Ni®* coexist. According
to Minervini et al. [46] and Woolley et al. [47], the
charge-compensating mechanism on this type of material is related to
the oxidation states of nickel, resulting in different averages of the
oxidation states, in agreement with the results obtained. In fact, the
main diffraction peaks of LagNiO4 17 are obtained at 20 = 31.37° and
32.54°. In this work, these reflections merge to form a single peak
centered at 32.37° with a shoulder at 31.62°. As previously reported by
Ponce et al. [48] and Shao et al. [45] in a similar work with substituted
perovskites, the merge of peaks is due to the change of the cell param-
eters of the perovskite structure when the substitution of Ni2*>* by Zn?*
takes place.

The textural properties of the catalysts are displayed in Table 1 and
Fig. S1. Both catalysts presented surface area characteristics of
perovskite-type oxides calcinated at higher temperatures (<10 g). The

Table 1
Textural and superficial parameters of the fresh catalysts.

Sample  BET surface area Average pore diameter” Pore volume”
(m?/g)" (nm) (em®/g)

LN <10 30 0.05

LNZn <10 30 0.02

 Determined from N, physisorption at —196 °C.
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Ny physisorption isotherms (Fig. S1) exhibited type IV characteristic
behavior given by mesoporous (pores between 2 nm and 50 nm) and an
H3 hysteresis, indicating a non-homogenous pores distribution [49].
Fig. S2 presents the reduction profile of the LN and LNZn catalysts.
Reduction peaks observed within the temperature range of 330 °C in LN
are associated with the partial reduction of Ni** to Ni®* through the
formation of intermediary phases [50-53], as described below.

4LaNiO; + 2H, — LayNiz010 4+ Ni® + 2H,0 11

2LaN103 + H2 - LazNizos + Hzo (12)

Hydrogen consumption observed at 365 °C and 430 °C for LNZn and
LN, respectively, corresponds to the reduction of NiO to Ni’, indicating
weaker interaction of NiO with the perovskite phase [54]. At 580 °C, the
LN catalyst exhibits a reduction step associated with the final perovskite
reduction, from Ni?* to Ni® [50], followed by hydrogen consumption at
650 °C which can be associated with the presence of Lay05CO3 on this
material, as confirmed by XRD results [51], or even the reduction of
intermediate spinel phases which decomposes at this temperature range
[52,53].

In the case of the LNZn catalyst, where the spinel phase LayNiOy4 17 is
observed, the final reduction peak occurs at higher temperatures (640
°C), which is attributed to the reduction of Ni** on the RP phase to Nio,
indicating that the introduction of Zn?" leads to a higher metal-support
interaction [52]. The stronger metal-support interaction on the
Zn-substituted catalyst could be explained by the formation of Ni-Zn
alloy due to the similar ionic radii between these two metals, leading
to the stabilization of Ni metallic particles and increasing oxygen va-
cancies [37]. The formation of the metallic alloy justifies the occurrence
of a peak at 720 °C on this material, which is not verified in the LN
catalyst, indicating that a part of Zn*" is reduced [37]. According to
Velisoju et al. [37], the reduction of 7Zn%" to ZnP starts at 650 °C, and the
formation of the metallic alloy occurs at temperatures above 700 °C, in
agreement with the Hy-TPR results in this work.

The basic sites were quantitatively evaluated using CO,-TPD. As
demonstrated in Fig. S3 and Table 2, there are three types of basic sites
identified on the CO; desorption temperature profiles: weak (<200 °C),
moderate (200 °C-550 °C), and strong (>550 °C). Weak basic sites are
associated with bicarbonate species, which are not effectively involved
in DRM [54]. Bidentate and monodentate carbonates desorb sequen-
tially at temperatures ranging from 200 to 550 °C, corresponding to the
medium-strength basic sites [55]. Strong basic sites are characterized by
CO; desorption at temperatures above 550 °C and are attributed to the
formation of oxycarbonate species (Laz0,CO3) on the LapO3 matrix
support [49,54,55].

As indicated by Table 2, the total amount of basic sites follows the
order of LN > LNZn. Similar quantities of weak basic sites were obtained
for both catalysts. In contrast, there is a significant difference in the
medium-strength basic sites for Zn-containing catalyst, indicating that
the introduction of Zn does not favor the formation of bidentate and
monodentate carbonates.

As illustrated in Fig. S3, LN catalysts exhibited a higher amount of
strong basic sites (0.220 mmol CO, g;}t) with a desorption peak at 750
°C, followed by LNZn (0.100 mmol CO, g{alt) with a desorption peak at
800 °C. However, this behavior suggests that the LNZn catalyst induces a
stronger interaction with CO,, as indicated by the higher desorption

Table 2
CO,-TPD of the catalysts reduced at 700 °C.

Sample  Basic sites (mmol CO; geat)*

Weak (<200 °C) Medium (250-550 °C) Strong (>550 °C) Total
LN 0.020 0.045 0.220 0.285
LNZn 0.010 0.022 0.100 0.132

" CO, desorption was calculated based on the integration of the peaks and a
calibration curve.
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temperature. According to Ewald and Hinrichsen [55], at higher tem-
peratures, CO, dissociates on the surface of Ni, producing gaseous CO
and oxygen, which remains on the Ni surface and can react with carbon
deposits during DRM.

CHy-temperature programmed surface reaction (CH4-TPSR) was
performed in the absence of CO; to investigate the activation of CH4 and
the effect of carbon deposits (Fig. 2 A-C). Fig. 2 A and Table S1 show the
methane consumption profile curve and temperatures for the initiation
and inhibition of methane cracking. According to the results, all cata-
lysts present methane activation at an initial temperature of methane
cracking following the order: LN (405 °C) < LNZn (520 °C), thus indi-
cating that methane cracking is facilitated on the non-substituted
catalyst.

On the other hand, the lower inhibition temperature for LN (590 °C)
indicates that carbon deposits originated from the methane cracking
(Eq.3) block the nickel sites quicker than the LNZn catalyst. In the case
of Zn-substituted catalysts, the methane cracking declines at 712 °C,
which indicates that the introduction of Zn has a positive effect on
carbon deposition on the surface of the catalyst. Additionally, the LNZn
catalyst shows a peak after the inhibition point (840 °C), possibly
associated with the formation of new metallic active sites [56,57], as
described by Eqs.13 and 14.

NiO + C¢ — CO + Ni° 13)

2NiO + Ci) — CO, + 2Ni° a4

The evolution of Hy and other molecules was monitored using a mass
spectrometer during CH4-TPSR. Fig. 2B-C depict the recorded signals of
Hs, H0, CO, CO,, and O throughout the process. The consumption of
CHy4 closely correlates with the evolution of Hz, indicating that CH4 bond
cleavage occurs at the nickel site via methane decomposition (Eq. 3).
Furthermore, the evolution of H,O, CO, CO,, and O, is observed
throughout the CH4-TPSR, suggesting that the carbon formed from CHy
dissociation, along with a portion of the released hydrogen, reacts with
adsorbed oxygen species [58,59].

No evident evolution of oxygen species is observed for the LN cata-
lysts (Fig. 2B). In contrast, the LNZn catalyst (Fig. 2 C) exhibited the
evolution of oxygen species varying with the increase in temperature,
with a maximum oxygen evolution at the inhibition point, indicating
that the partial substitution of Ni by Zn enhances the oxygen mobility on
the perovskite [33-35]. Additionally, the spectrum of the LNZn catalyst
provides evidence for the formation of new metallic sites at 840 °C, as
suggested above, attributed to the increasing evolution of CO (Eq.13)
and HyO, as described by the Eq. 15:

Perovskite — NiO + H, - H,O + Ni° (15)

Aiming to investigate the type of carbon formed, the Hp-temperature
hydrogenation reaction (Ho-TPHR) coupled with a mass spectrometer
(Fig. 2D-F) and Raman spectroscopy were performed after CH4-TPSR.
The ion fragments monitored during the Ho-TPHR were CH3, and CHJ,
H,0", CO™, 07 and CO3 (Fig. 2E-F).

Based on the results of the Ho-TPHR, the LN catalyst exhibited two
peaks: one within the range of 140 °C and a broader peak centered at
615 °C. Mass spectroscopy data for the LN catalyst (Fig. 2E) revealed the
formation of HoO, CO,, and CH4 at 140 °C, indicating the removal of
carbide Co, a highly reactive carbon species [60]. Furthermore, the
formation of H,O and CO, is ascribed to the reaction of both Hy and C
with oxygen species from the sub-surface of the catalyst. Mass spectrum
data also identified a peak related to the evolution of HyO at 325 °C,
which was not verified in the H,-TPHR signal (Fig. 2D). At 615 °C, only
methane ion fragments evolved, without the concurrent formation of
CO, CO,, or Hy0, indicating the presence of graphitic carbon (Cy), a less
active species than other types of carbon [60]. Therefore, these findings
imply that the bulk oxygen species probably do not have a substantial
contribution to carbon removal on the LN catalyst at elevated
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Fig. 2. (A) CH4-TPSR performed under 25 %CH,/75 % He, total flow of 50 mL and 25 mg of the catalysts. (B) and (C) MS ion fragments monitored during CH4-TPSR.
(D) Ho-TPHR performed after the CH4-TPSR. (E) and (F) MS ion fragments monitored during H,-TPHR.

temperatures.

The hydrogenation profiles of the LNZn catalyst reveal three distinct
temperature regions: first at 215 °C, second at 370 °C, and third region
above 500 °C. In contrast to the Hy-TPHR results, where no peaks were
obtained at temperatures below 150 °C, the mass spectroscopy data of
LNZn (Fig. 1 F) indicated the release of HoO, Oo, and CO at this tem-
perature range, demonstrating that, at low temperatures, both Hy and
carbon species preferentially interact with bulk oxygen species, rather

than forming methane, as also verified by Xu et al. [61].

In the first region evidenced by a peak in Ho-TPHR at 215 °C, the
LNZn catalyst exhibits the coexistence of H;O and O, evolution, along
with CHy4 formation, indicating that the partial substitution of Ni by Zn
enhances oxygen species mobility due to the higher oxophilicity of Zn
and the formation of oxygen vacancies by doping the Ni-site [38,62], as
evidenced by the formation of oxygen-containing species. The
Zn-substituted catalyst presented a broader peak range related to the



J. Bertoldi et al.

evolution of Oy and H30 at 460 °C and 650 °C, respectively, with both
species coexisting up to 700 °C. At this point, the HoO formation de-
clines, corresponding to the cessation of O, evolution, and the preferred
formation of other compounds becomes more prominent.

The third temperature region of hydrogenation (>600 °C) is associ-
ated with methane formation, indicating the presence of graphitic

Applied Catalysis A, General 704 (2025) 120400

carbon (Cy) [60], as identified in the LN catalyst. However, the shoulder
observed at 570 °C in the LNZn catalyst is related to the evolution of Oy
and Hy0, as discussed above and observed by mass spectroscopy
(Fig. 2 F). In addition to methane formation, the LNZn catalyst produced
CO and CO3 above 700 °C, due to the consumption of adsorbed oxygen
species. The formation of HoO, CO, and CO, demonstrates higher oxygen
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mobility to the LNZN catalyst compared to the LN catalyst, with
different oxygen atoms reacting with Hy and carbon deposits, resulting
in oxygen-containing species and vacancies [61].

The Raman spectra obtained after CH4-TPSR-MS (Fig. S3) revealed
the characteristic carbon bands D (1348 cm_l), G (1580 cm™), and 2D
(2680 cm’l) on the LN catalyst, but not such bands were observed on
the LNZn spent catalyst [37,58,63,64]. The degree of graphitization
(Ip/Ig) was 1.29 for LN, while it was negligible for LNZn. These results
confirm the primary form of carbon generated during CH4-TPSR-MS as
graphite-like, in agreement with the Ho-TPHR results.

XPS measurements were performed on LN and LNZn catalysts after
H; reduction at 700 °C, simulating an in-situ reduction prior to the DRM
reaction. The results of the analysis are presented in Fig. 3 and Fig. S5.
The characterization of La-Ni-based perovskites by XPS turns out to be
quite difficult due to the overlapping binding energies of La 3ds,2 and Ni
2ps3,2 (845-860 eV). As a result, Ni 2p3,5 cannot be analyzed indepen-
dently without indexing La 3d3,» components.

The La 3d spectrum of LN and LNZn (Fig. S5C-D) shows the char-
acteristic La 3d core split into La 3ds,» and La 3ds/;. Both catalysts
exhibit an identical La 3ds,» region with four components corresponding
to two lanthanum species: La;03 (833 eV), La(OH)3 (835 eV), and their
respective satellite peaks at 837 eV, and 839 eV [65,66]. The satellite
separation (AEgy,) for LapO3 and La(OH)s were found to be 3.7 eV and
4.2 eV, respectively, which agrees with the literature for similar mate-
rials [66]. The La 3d3,, region presents a peak for La,O3 at 850.7 eV, and
its satellite peak is observed between 853.9 and 854.1 eV.

The presence of La(OH)s is attributed to the high reactivity of LagO3
with air moisture during the transport of the sample from the reactor,
where the catalysts were reduced, to the XPS analysis chamber, or the
direct reduction of LayO3 to La(OH)sz after reduction [67,68]. In
contrast, LapOs is associated with the decomposition of the perovskite
structure (LaNiO3/LayNiOg4.11) into LazO3 and metallic Ni.

The Ni 2p3,» region of LN and LNZn reduced at 700 °C is depicted in
Fig. 3A-B. As expected, the overlapping in this region resulted in a peak
corresponding to LapO3 at 850.7 eV, along with a plasmon loss feature of
La 3ds,; between 850.1 and 848.3 eV [65,66]. The Ni components in the
Ni 2p3/» region indicate the presence of metallic Ni particles in the
binding energy of 852 eV, NiO at 854 eV, Ni(OH), between 856 and
857 eV, and a satellite peak of NiO at 865 eV [37,65,66]. Additionally,
the presence of NiO can partly be attributed to the partial oxidation of
metallic Ni, as surface Ni readily oxidizes upon exposure to air [37].

Based on the deconvolution of Ni 2p spectrum, the amount of
metallic Ni on the surface was estimated as the ratio Ni%/(Ni® + Ni%* +
Niﬁ}fdm). For the LN catalyst, the ratio of metallic Ni was found to be
0.51, whereas for LNZn, the metallic Ni on the surface corresponds to
0.13. These results indicate that, as demonstrated by Hy-TPR, the
introduction of Zn?* promotes a stronger interaction with Ni, which
makes its reducibility difficult.

A single peak is observed in the O 1 s region (Fig. 3C-D), which can
be deconvoluted into two distinct oxygen species located at 530.8 eV
and 532-533 eV. The lower binding energy peak corresponds to lattice
oxygen species (Op), while the higher binding energy peak is attributed
to oxygen vacancies on the surface (Oy) [37]. The Oy/Oy ratio provides
valuable insights into oxygen mobility and reactivity [37]. The LN
catalyst shows an Oy/Oy, ratio of 0.26, while LNZn shows an increase to
2.26, which indicates higher oxygen mobility, in agreement with the
results obtained by CH4-TPSR and H,-TPHR, where oxygen evolution
and oxygen-containing species are verified. According to Velisoju et al.
[37], these observations are related to the surface migration of Zn from
the support to form an alloy with Ni. This hypothesis is supported by the
Zn 2p3/5 spectrum (Fig. 3E), revealing the presence of metallic Zn on the
surface of the catalyst after reduction, with a peak at 1020.7 eV, as also
demonstrated by Chatla et al. [38]. Based on the deconvolution of the
peak, 91 % of the Zn on the surface exists as Zn°.
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3.2. Catalytic results

The activity and stability of the LN and LNZn catalysts were evalu-
ated in the dry reforming of methane (DRM) for 30 h at 700 °C, 750 °C,
and 800 °C, with a CH4:COo:Ar: ratio of 0.5:0.5:1, and WHSV = 120 L
gea h™L. Fig. 4 displays the conversions and H,/CO ratios of the LN and
LNZn catalysts for different temperatures over 30 h of TOS.

The LN catalyst presented higher conversions of CH4 and COy and
Hy/CO ratio for all temperatures than LNZn catalyst, as shown in
Fig. 4 A, suggesting that the nickel content on the LN catalyst influences
significantly catalytic activity. For the LN catalyst, the initial conver-
sions of CH4 were 68 %, 90 %, and 97 % at 700 °C, 750 °C and 800 °C,
respectively. Noteworthy is the high stability observed at 800 °C.
However, at 750 °C, a deactivation tendency is observed, possibly
associated with the blockage of nickel sites due to carbon deposition. At
700 °C, the LN catalyst reached a steady state condition after 5 h.

The CO, conversions are displayed in Fig. 4B. At 800 °C, the con-
version reached 89 %, remaining stable over the 30 h of reaction. The
conversion decreased at 750 °C after 17 h, from 84 % to 81 %, and at
700 °C, CO5 conversion increased from 65 % to 72 % after 5 h. The Hy/
CO ratio shows a gradual increase with the temperature, following the
order: 0.76 (700 °C) < 0.85 (750 °C) < 0.96 (800 °C).

CH4 conversions of the LNZn catalyst were observed to be between
44 % and 47 % across 30 h of TOS. At 700 °C, the conversion increased
from 43 % to 50 % after 5 h. At 750 °C, the conversion stabilized at
45 %. At 800 °C, the CH4 conversion was 50 % up to 15 h and then
decreased but increased again after 5 h. It suggests that the nickel sites
are blocked by carbon deposition and subsequently were auto-
regenerated, probably through the remotion of carbon (releasing CO2)
and the formation of new Ni metallic sites, as observed in the CH4-TPSR-
MS analyses (Fig. 2). According to the literature [37,38,45], the Ni-Zn
oxides can undergo the formation of a Ni-Zn alloy upon reduction, as
confirmed by XPS analysis (Fig. 3) of the reduced catalyst. This alloy
formation creates a strong interaction between Ni and Zn, which hinders
the metallic Ni° formation at the surface and may explain the lower CHy
conversion compared to the LN catalyst.

For the LNZn catalyst, CO, conversion was 65 % at 750 °C and 800
°C, whereas at 700 °C, the conversion rate dropped to 63 % after 10 h,
remaining stable thereafter. The Hy/CO ratio follows: 0.71 (700 °C)
> 0.67 (750 °C) > 0.65 (800 °C). These values are significantly lower
than the LN catalyst, suggesting the occurrence of side reactions in the
presence of Zn. The formation of the Ni-Zn alloy and the high surface
concentration of Zn on the reduced catalyst enhances the adsorption
strength of reactive oxygen and intermediate species due to the higher
oxophilicity of Zn compared to Ni [62], as evidenced by CH4-TPSR, and
Ho-TPHR. These adsorbed species preferentially bind to Zn atoms,
leading to a transition of Zn to a partially oxidized Zn®* state during the
DRM reaction [62], which creates oxygen vacancies and can improve
the oxidation of coke deposits through reactions with the oxygen species
coming from the inlet gases, leading to higher formation of CO [33,34,
37,69,70].

Fig. 5 and Table 2 summarize the catalytic activity, the reaction rate,
and the turnover frequency (TOF) of the catalysts LN and LNZ at 700 °C,
750 °C, and 800 °C over 30 h of TOS. The CH4 and CO-, reaction rates for
the LN catalyst increased from 0.27 to 0.31 and 0.34 and from 0.25 to
0.28 and 0.30 mmol gz s}, respectively, as the temperature increased.
The corresponding CH4 and COy TOF followed the same behavior,
increasing from 0.86 t0 0.99 and 1.1, and from 0.80 to 0.88 and 0.93 5!
as the temperature increased from 700 to 750, and 800 °C. These results
agree very well with literature TOF results from LaNiOs-derived cata-
lysts [65].

For the LNZn catalyst, it was observed that the reaction rate of CHy
and CO; increased with an increase in temperature from 750 °C to 800
°C, 0.21-0.22, and 0.22, to 0.26 mmol g{alt s7h respectively. It is inter-
esting to notice that, at 700 °C, the reaction rate from both CH4 and CO,
is higher than at 750 °C and 800°C, 0.25 and 0.23, respectively,
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Fig. 5. CH,4 and CO, reaction rate of the LN and LNZn catalyst in different temperatures over 30 h of TOS.

suggesting that, at a higher temperature than 700°C, the surface of the
catalyst is saturated by intermediate species. The TOF follows the same
trend: TOF CHy starts at 2.68 s 1at700 °C, decreases to 2.23 s 1at750
°C, and then increases to 2.40 s ! at 800 °C. Meanwhile, TOF CO, is
measured in 2.40 s~ at 700 °C, 2.35 s~ ! at 750 °C, and 2.77 s~ ! at 800
°C. These results indicate that, despite lower overall CH4 and CO5 con-
version than the LN catalyst, the LNZn catalyst exhibits at least twice the
efficiency in converting reactant molecules per active site. Table 3

As observed in Table 4, the performance of the synthesized catalysts
in this work is comparable to the TOF values reported in the literature
for Ni-based systems. Notably, the LNZn catalyst exhibited superior
overall TOF values, increasing about 2 times at 700 and 800 °C when
compared to the LN catalyst, highlighting the beneficial effect of Zn
incorporation.

To understand the effect of Zn introduction in the perovskite lattice
in terms of CH4 and CO; activation, the apparent activation energies (E;)
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Table 3
CH,4 and CO, conversions, reaction rate, and TOF of DRM different temperatures.
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Catalyst T (°C) XCHy (%)* xCO; (%)° -rCH4(mmol get s~ 1)° TOF CH,4 (s™1)° -rCO5(mmol get s 1)* TOF CO, (s 1)°
LN 800 97 89 0.34 1.1 0.30 0.93

750 87 83 0.32 0.99 0.28 0.88

700 81 72 0.27 0.86 0.25 0.80
LNZn 800 47 64 0.22 2.40 0.26 2.77

750 44 65 0.21 2.23 0.22 2.35

700 47 60 0.25 2.68 0.23 2.40

@ Average conversion, reaction rate, and TOF over 30 h of TOS.

Table 4
Reported TOF values for CH4 in DRM over various Ni-based catalysts from the
literature.

Catalyst T (°C) TOF CHy4 sH Reference
15 wt% Ni-15Ce-20Al 850 0.31 [71]
12 wt% Ni/a-Al;03 850 0.10 [71]
Ni—1Ce-Al 800 1.15 [72]
7 wt%Ni/Al;03 700 0.71 [73]
15 wt% Ni/7La-Si 700 0.66 [74]
15 wt% Ni-15Fe-20Al 600 0.04 [75]
LaNiO3 550 0.87 [65]
LN 800 1.10 This work
LN 700 0.86 This work
LNZn 800 2.40 This work
LNZn 700 2.68 This work

of the catalysts LN and LNZn were calculated based on the Arrhenius
equation. The results obtained are presented in Fig. 6. As reported in the
literature, the apparent activation energies (E,) for CH4 in Ni-based
catalysts for DRM ranges from 29.3 to 360 kJ mol ™!, while the E, for
the CO, are reported to be 30.1 kJ mol ! to 137 kJ mol !, depending on
several aspects, such as the nature of the support, promoters, and re-
action conditions [76-79].

For CH4 and CO3 activation, the LNZn catalyst presented the lower
activation energies, 22.18 kJ mol~! and 14.58 kJ mol ™}, respectively,
while for the LN catalyst the CH4 and CO5 activation energy were
32.00 kJ mol ! and 25.88 kJ mol !, respectively. The results highlight
the beneficial effect of partially substituting Ni with Zn in the DRM re-
action, possible due to the Ni-Zn alloy, the presence of Zn®* on the
surface, and oxygen vacancies formation [37]. Notably, the relatively
higher activation energy for CH4 compared to the CO3 for both catalysts
suggests that CHy4 activation is the rate-determining step (RDS) in these
systems [80-82].
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3.3. Spent catalysts

Although the LN catalyst was very stable and presented higher
conversions than the LNZn catalyst for all temperatures tested, the spent
LN catalyst showed much higher carbon deposition compared to the Zn-
substituted catalyst, which can lead to carbon deactivation by blocking
active surface sites or increasing the pressure and clogging.

The thermal profiles and the Raman spectra of LN and LNZn catalysts
after 30 h TOS at 800 °C are shown in Fig. 7A-C. The TGA profile
(Fig. 7 A) reveals an initial mass gain corresponding to the oxidation of
metallic Ni, which is associated with an endothermic peak at 340 °C in
the DTA analysis (Fig. 7B). Subsequently, both catalysts exhibit weight
loss attributed to carbon oxidation, as evidenced by an intense DTA peak
at 600 °C [37]. Notably, the LNZn catalyst shows a significantly lower
weight loss (5 %) in the combustion region compared to the LN sample
(50 %), indicating substantially reduced carbon accumulation.

The Raman spectra (Fig. 7 C) show three bands at 1341 cm’l,
1574 cm ™', and 2686 cm ™!, corresponding to the D, G, and 2D bands of
vibration modes of carbon, respectively. The D band is attributed to
breathing modes of sp? aromatic carbon rings and defects on carbon
species; the G band is associated with the stretching of sp? carbon rings
and chains and indicates the degree of graphitization (Ip/Ig); the 2D
band is related to the second order vibrations of the D peak [37,58,63,
64]. In addition, the LN catalysts exhibited high-intensity bands asso-
ciated with carbon-deposited species, whereas the LNZn catalysts
showed significantly lower intensities, suggesting reduced coke depo-
sition, as confirmed by TGA.

0,-TPO analysis was conducted to quantify the carbon deposition
rate and evaluate the reactivity of the carbon deposits. The results are
shown in Table 5 and Fig. S6. Firstly, the LN catalyst exhibited a
significantly higher carbon formation rate - approximately 5 times
greater (50 mgcarbon g{alt h~1) than that of the LNZn catalyst (10 mgcarbon
gea h™1). Secondly, two different regions are observed on both catalysts:
the first one in the temperature range of 365 °C, probably associated
with the oxidation of metallic sites to NiO, as observed in the
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Fig. 6. Apparent activation energy of LN and LNZn.
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Fig. 7. TGA (A), DTA (B) and Raman spectra (C) of the spent LN and LNZn catalysts after DRM at 800 °C for 30 h.

Table 5
Ni dispersion, surface area, particle size of fresh catalyst and spent catalysts at
800 °C, and carbon formation rate at 800 °C.

Catalyst  Ni Dni Ni dni dni Carbon
content” (%)° Surface fresh spentat  formation
(Wt%) area (m?%/ (nm)* 800 °C rate
2’ (m)  (M8earbon/
gca(-h)d
LN 22.6 8.3 12.5 11.3 17.3 50
LNZn 12.6 4.4 3.7 5.3 17.4 10

" The catalysts were reduced ex-situ at 700 °C for 1 h in H, flow, simulating an
in-situ reduction prior to the DRM reaction.

@ Determined by ICP-OES (Fig. S5).

b Determined by CO-pulse chemisorption.

¢ Determined from HRTEM.

4 Determined from TPO.

endothermic peak in DTA curve; the second region in the temperature of
545 °C to 745 °C corresponds to the oxidation of different types of
carbon: such as carbon nanotubes at 545 °C and graphitic carbon (Cy) in
temperatures up to 635 °C [83], in accordance with DTA curve, which
exhibits a prominent exothermic peak at this temperature range.

As shown by Fig. 8 and Table 5, HRTEM images of the LN catalyst
after reduction at 700 °C exhibited metallic Ni nanoparticles evolving
from the support with lattice fringes resolved at 2.21 A and 3.24 A
corresponding to Ni (111) and LapO3 (222) facets, respectively (Fig. 8B),
with a mean particle size of 11.3 nm by HRTEM, a Ni dispersion of 8.3 %
and Ni surface area of 12.5 m?/g. While, after reduction, LNZn catalysts
resulted in the appearance of a Ni-Zn alloy on the support, as indicated

10

by XPS (Fig. 3), with lattice fringes measured at 2.06 A, 2.80 A, and
3.08 A corresponding to NiZn (111), Zn(OH); (100), and LapO3 (101)
planes, respectively (Fig. 8B), with a mean particle size of 5.3 nm, a Ni
dispersion of 4% and Ni surface area of 3.7 m?/g. The substantial
decrease in Ni surface area from 12.5 m?/g in the undoped catalyst to
3.7 m?/g in the LNZn catalyst further supports the formation of the Ni-
Zn alloy, suggesting that Zn migrates to the surface and remains near the
Ni-Zn alloy in the form of Zn(OH), [37]. The formation of the metallic
alloy aligns with previous reports on Ni and Zn-containing catalysts, in
which Zn and Ni interact via Ni-Zn alloy formation due to their similar
ionic radii [37,38,84].

After the DRM reaction at 800 °C (Fig. 8E-H), the LN catalyst
exhibited a significant amount of Ni nanoparticles encapsulated by
multi-walled carbon nanotubes (MWCNTSs) (Fig. 8E), with an average
thickness of 9 nm (+ 3.5 nm) and length of 30 nm (+ 11 nm). According
to Shoji et al. [85], Ni nanoparticles that migrate freely across the
support act as catalysts for MWCNT growth by dissolving carbon from
the gaseous atmosphere, followed by carbon recrystallization on the Ni
surface in the form of CNTs. This mechanism may explain the substantial
formation of MWCNTSs observed on the LN catalyst. Additionally, an
onion-shell structure composed of graphitic carbon layers was formed
(Fig. 8G), exhibiting 27 graphene sheets with an interlayer spacing of
0.4 nm.

Compared to the undoped catalyst, the LNZn catalyst exhibited fewer
Ni particles removed from the support and encapsulated within carbon
nanotubes; the average thickness and length of the nanotubes were
found to be 10 nm (+ 1.7 nm) and 7 nm (+ 8.5nm), respectively
(Fig. 8F). Notably, an increase in particle size from 5.3 nm to 17 nm was
observed in the LNZn catalyst after the reaction at 800 °C, suggesting
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Fig. 8. (A-D) HRTEM images of LN and LNZn catalysts after H, reduction at 700 °C, simulating an in-situ reduction prior to DRM reaction. Particle size distribution
(A) and lattice fringes of reduced LN; particle size distribution (C) and lattice fringes of the reduced LNZn (D). E-H HRTEM images of post DRM reaction at 800 °C. (E)
LN catalyst shows encapsulated ni particles in carbon nanotubes. (F) Carbon formed after DRM on LN. G) LNZn catalyst shows almost no ni particles encapsulated by
carbon nanotubes. (H) Carbon formed after DRM on LNZn.
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that Zn(OH)s, initially located near the alloy (Fig. 8D), migrates from the
boundary into the alloy structure. This migration leads to significant
particle growth while improving the structural stability of the active
phase on the support. Such stabilization effectively mitigates coke for-
mation and prevents the removal and encapsulation of Ni particles by
carbon nanotubes [37].

3.4. Mechanism study of DRM using quasi-in-situ DRIFTS-MS

Quasi-in-situ DRIFTS-MS results are depicted in Fig. 9A-D. As
observed in Fig. 9A-B, the LN and LNZn catalysts exhibit different in-
tensities characteristic bands in the regions associated with carbonate
species (900, 1410-1530 em~! and 1721-1817 cm) [51,86-88]. With
increasing temperature, the LN catalyst displays an increase of bands
related to carbonate species, primarily due to the presence of Lay02COs.
In contrast, the LNZn catalyst does not exhibit the same behavior in
consistent agreement with CO,-TPD results at mid-range. temperatures
Notably, the increase in temperature leads to a rise in the intensity of the
gaseous CHy4 deformation vibration bands (3015 cm ! and 1261 em™ 1)
for both catalysts [89,90]. Simultaneously, increasing temperature
facilitated methane cracking via CHy intermediates, as evidenced by the
appearance of bands corresponding to CHy symmetric stretching in the
2946-2827 cm™! range [89]. This phenomenon can be verified by the
mass spectra recorded during quasi-in-situ DRIFTS analysis (Fig. 9C-D),
showing an increase in the ion fragment related to H3 and a decrease to
CHj. It is noted that, in the presence of CO,, the CH, cracking point
changes to lower temperatures compared to CH4-TPSR due to the soft
oxidizing nature of CO,. Consequently, CO" ion fragment increases
significantly in temperatures up to 300 °C, resulting in CO characteristic
bands in 1231, 2017, 2036, and 2058 cm ™", identified as CO asymmetric
stretching vibrations, linear CO absorbed in Ni, and CO symmetric
stretching vibrations, respectively [59,87,91,92].

Notably, the LNZn catalyst exhibited a temperature-dependent in-
crease in characteristic bands associated with bicarbonate HCO3, for-
mates (HCOO), and CHO species, observed at 1205, 1547-1581, and
1042-1078 cm’l, respectively [59,86,89,93]. The formation of HCO3"
and HCOO- is related to the CO; activation, leading to CO3™ on the
vacancy site which can react with adsorbed *H, OH™ (3100-3500 em™ ),
or with adsorbed oxygen species [59,86,87]. Additionally, HCO3 can
further react with adsorbed H species to form HCOO", which decomposes
to CO [79]. Meanwhile, CH,O species are related to the interaction be-
tween adsorbed oxygen species with CHy derived from CH4 dispropor-
tionation [89]. The occurrence of oxygen-containing intermediary
species is attributed to the higher oxophilicity of Zn in the LNZn catalyst,
facilitating carbon gasification [38]. In contrast, for the LN catalyst,
although CHyO and HCOO~ bands were detected, their intensity
remained unchanged with increasing temperature, suggesting carbo-
naceous species accumulation, as evidenced by the emergence of the
C-C band at 1177 em ™! [94].

Mass spectrometry analysis revealed distinct trends in O3 ion evo-
lution for the catalysts. The LNZn catalyst exhibited a continuous in-
crease in OF intensity with temperature, whereas the LN catalyst showed
an increase between 250 and 400 °C and a decrease at higher temper-
atures. This behavior indicates that oxygen species improved the for-
mation of oxygen-containing compounds, such as formates,
bicarbonates, and bridge-type oxygen species (0%, 880 cm ™), which
are related to the surface sites [61]. The presence of the NiZn alloy in the
LNZn catalyst enhances surface oxygen vacancies, structural defects,
and metal-support interactions, which are closely associated with the
oxygen storage capacity and mobility in the catalysts. These defects are
crucial in facilitating in-situ carbon gasification via oxidation pathways,
leading to superior CO formation [37,95], as verified in the 30 h TOS in
the LNZn catalyst.

Based on the characterization and quasi-in-situ DRIFTS-MS results,
we propose a mechanism for the LNZn catalyst during DRM reaction
(Fig. 10). CH4 dissociates at NiZn sites, forming CHy species, which
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Fig. 10. Proposed DRM reaction mechanism for LNZn catalyst based on char-
acterization and quasi in-situ DRIFTS-MS results. Square denotes a vacancy.

subsequently react with oxygen species derived from CO; activation at
the alloy interface, leading to CH,O formation. These intermediates
further decompose into Hy and CO. CO; activation on oxygen vacancies
and adsorbed O* species generates CH,O, HCO3, and HCOO", which
decompose into syngas and hydroxyl species on the catalyst surface. At
higher temperatures (>500 °C), CO; is also chemically activated on
LagOs, forming Las0,CO3, as confirmed by CO2-TPD analysis. The
proposed DRM mechanism aligns well with literature reports on Ni and
Ni-metal alloy catalysts, and LapO3-ZnO-based supports [89,95,96],
highlighting the crucial role of oxygen-containing species in carbon
oxidation during DRM and clearing the superior anti-carbon behavior of
the LNZn catalyst.

4. Conclusions

In summary, perovskite-type oxides LN and LNZn were synthesized
using the polymeric precursor method to investigate the synergistic ef-
fect of Zn incorporation into the Ni site on oxygen mobility and carbon
formation during the DRM reaction. CH4-TPSR-MS and H,-TPHR-MS
analyses confirmed the generation of oxygen-containing species (H0,
CO, Oy, and COy), indicating enhanced oxygen mobility in the Zn-
promoted catalyst. HRTEM and XPS results revealed the formation of
a Ni-Zn alloy, which induces oxygen vacancies and structural defects,
facilitating carbon removal due to the higher oxophilicity of Zn. Quasi-
in-situ DRIFTS-MS demonstrated that the DRM mechanism over the
LNZn catalyst involves CH4 activation on NiZn sites. In contrast, CO;
activation occurs both on the support and active sites, leading to the
formation of intermediate species (CHyO, HCOO', and HCO3), which
promote carbon gasification and CO formation. Post-reaction analyses
confirmed the superior anti-carbon properties of LNZn, highlighting the
positive synergistic effect of Zn incorporation in mitigating carbon
deposition.
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