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Introduction

Hydrogenation of CO, to methane is an attractive route for renewable energy storage
and carbon recycling [1]. Ni-based catalysts are industrially relevant due to their low
cost and high activity, while CeO,-based supports enhance metal dispersion and CO,
activation through strong metal—support interactions and oxygen-vacancy formation
[2]. Here, Ni catalysts supported on CeO, and Sm-modified ceria (CeSmOx) were
prepared by two routes: total coprecipitation (Cop) and coprecipitation of the support
followed by Ni impregnation (Imp) with and without Sm addition.

Materials and methods

CeSmOx supports with Ce/Sm ratios of 3:1, 2:1, and 1:1 were prepared by
coprecipitation using (NH,),Ce(NO3)s, Sm(NO3);-6H,0 and urea. In the Imp route, 20
wt.% Ni was introduced by incipient wetness impregnation using Ni(NO3),-6H,0. In
the Cop route, Ni, Ce and Sm nitrates were coprecipitated together using NaOH.
Ni/CeO, reference catalysts were prepared by both methods. Samples are denoted as
Ni/CeSm (Imp) and Ni/CeSm (Cop). In-situ X-ray absorption spectroscopy (XAS) was
carried out at atmospheric pressure. Rapid XANES (X-ray Absorption Near-Edge
Structure) scans were collected to monitor transient changes in the catalyst, whereas
EXAFS (Extended X-ray Absorption Fine Structure) data were recorded once steady
state was reached, providing a more detailed characterization of the local coordination
environment.. Each sample was measured first with XANES during H2 temperature
programmed reduction from room temperature to 450 °C at 10 °C-min™", followed by
XANES/EXAFS under reaction conditions with H,/CO, = 4, and 250-450 °C.

Results and discussion

The catalysts were studied under reducing and reaction conditions by XAS. Ni K-edge
EXAFS probed the local structure of Ni, while Ce L-edge XANES monitored changes
in the support oxidation state. Combined analysis of k-space and R-space EXAFS

(Figures 1 and 2) shows that all catalysts exhibit higher EXAFS amplitudes after
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reduction than during reaction, indicating that Ni becomes more disordered and
partially re-oxidized during methanation. Imp catalysts show higher EXAFS intensities
after reduction than Cop catalysts, meaning that Ni in Imp samples is more easily
reduced. This is attributed to weaker metal—-support interactions when Ni is introduced
by impregnation. In contrast, total coprecipitation creates stronger Ni—support
interactions, making Ni harder to reduce but more stable under reaction conditions.
This explains why Imp catalysts are more reducible but less active, whereas Cop
catalysts are more stable and catalytically superior. Among Cop catalysts, Ni/Z2Ce1Sm
Cop shows the best performance. Its main Ni—Ni peak appears in a similar range as
Ni foil (1.5-2.5 A, Figure 2), while Ni/Ce Cop shows a shifted peak and an extra
contribution around 1.5-2.0 A (Figure 2), attributed to Ni—-O coordination and
incomplete reduction. Although TEM measurements show that both catalysts have
similar small Ni particle sizes, the better reducibility of Ni/2Ce1Sm Cop is probably due
to synergistic Ni-Ce—Sm interactions, which also account for its superior catalytic
activity. Ce L-edge XANES shows partial reduction of ceria under both reduction and
reaction conditions, with Sm addition enhancing ceria reducibility, while Ce EXAFS
indicates that the fluorite structure of the support is largely preserved.

Therefore, in-situ XAS shows that the preparation method controls the Ni—support
interaction and reducibility. Imp catalysts are easier to reduce but less stable and less
active, whereas Cop catalysts exhibit stronger metal-support interactions and better
performance. Ni/2Ce1Sm Cop exhibits the optimal balance due to Ni-Ce—Sm synergy.
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