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Abstract

Biochar obtained through slow pyrolysis was chosen as support in the synthesis of low Ni-
content catalysts to be employed in CO2 methanation process. The main aim of this work was to
obtain a more sustainable catalytic formulation compared to those proposed in literature. Biochar-
supported catalyst resulted to be efficient in CO2 methanation, but with a relatively low selectivity
toward methane. Support doping with CeO2 led to a remarkable increase in methane yield and in
stability overtime. A maximum CH4 production was achieved with a CeO2 loading of 30 wt.%.
Nevertheless, the lowest deactivation rate was observed for a support loaded with 50 wt.% of CeO2
Ceria promotes a faster activation of the COz molecule and a strengthens the Ni/support
interactions, resulting in reduced active phase mobility and moderate sintering phenomena. The
outcomes of this work were attractive for further studies related to the improvements in the catalyst

stability.
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1 Introduction

Catalytic CO2 methanation is widely recognized as an emergent technology with a key role in
the perspective of a carbon-free future scenario. It is at the basis of the Power-to-Gas technology,
a flexible solution to convert the off-production of electricity in a valuable gas, methane [1,2]. The
reaction, reported in Eq. (1), involves the conversion of hydrogen and carbon dioxide into a

methane-rich gas, which is conventionally addressed as synthetic natural gas (SNG).
CO, +4H, 2 CH, + 2H,0 AH,ggx = —165 k] mol™? (1)

The positive environmental impact of this process is appreciable from two distinct points of
view: from one side, it allows the exploitation of the most abundant pollutant in the atmosphere,
carbon dioxide [3,4]; from another side, it represents a technique to store the surplus energy
coming from renewable sources [5,6]. Indeed, fluctuations of power generation in renewable
sources power plants must be balanced in order to avoid shock overflows of electricity, and energy
accumulation systems are becoming the prevalent solution to avoid such issue [7,8]. Hydrogen
production via water electrolysis is considered one of the most promising storage technologies and

its further conversion into SNG allows its usage in natural gas end-use appliances [9,10].

Based on the above, there are evidence that CO2 methanation could be a suitable way for the
resolution of several environmental issues. Therefore, in recent years the research showed a deep
focus in the study of this process. Plenty of catalytic formulations have been proposed so far. As
widely recognized, nickel represents the most promising active species to catalyze this reaction,
as it offers a good compromise between final cost and catalytic performances. The choice of an
adequate support plays a key role in the efficiency of the catalyst [11,12]. Metal oxides with basic
properties are particularly suitable as they contribute to CO2 activation. Furthermore, doping of
supports characterized by low oxygen mobility with ions as Zr or Ce is able to enhance the catalysts

activity and stability [13,14].

Considering the poor sustainability of the most conventional formulations [15], the research of
new and more environmentally friendly alternative is a captivating topic in this field. An almost
unexplored route is the employment of selected carbon-based materials as support. In literature,
very few works reported the study of CO2 methanation in presence of carbonaceous materials.

Studies on crystalline structures such as carbon nanotubes or nanofibers [16,17] suggest the
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inactivity of CNTs toward CO:z activation, and the need of promoters for the obtainment of a
sensible catalytic activity. Commercial activated carbons (AC) were found to be more suitable for
this application, probably because of their amorphous structure, even if the promoting effect of
other components is determining [18,19]. Nevertheless, crystalline carbon structures encounter
expensive and non-sustainable production processes, while activated carbons have as main
drawback their principal source, which is coal [20,21]. A valid route to the production of more
sustainable catalysts can be found in biochar [22]. It is a biomass derived material, conveniently
produced via slow pyrolysis [23] and its derivation from biological wastes makes it a more
ecological alternative to conventional activated carbons [24]. It has a relatively low price [25] and
it can be pretreated and functionalized in order to obtain specific functional groups, high specific

surface area or textural properties [26].

The employment of biomass pyrolysis derived biochar as catalyst support for CO2 methanation
has been even less investigated, but the results available in literature are promising. In particular,
activated biochars obtained through fast pyrolysis were investigated under conditions of CO
methanation [27] and simultaneous CO and CO2 methanation [28], while CO2 methanation was
studied in presence of modified biochars obtained through slow pyrolysis [29,30]. In these works,
doped-biochars were directly produced through pyrolysis of biomass in presence of the doping
agent (N or Ce). If projected to industrial scale processes, this would lead to a dedicated production
for each catalyst, increasing the costs. On the other hand, it would be more interesting to produce
biochar-derived materials (in this case, doped-biochar supports) as value-added products. In this
way, biochar functionalization can be treated as separate step from its production and activation,

which can be both developed on greater scale.

Based on the above, carbonaceous materials are gaining an increasing interest, but very few and
only preliminary investigations have been carried out until now. Furthermore, there is no mention
to the stability of the investigated catalysts, which is a truly key aspect in the perspective of
transferring the laboratory-scale evaluations to the industrial world; it is also a determining
parameter considering that biochar-based catalysts employed in other processes do not offer a high

stability over time [31].

This work aims to establish a starting point for a detailed study about the feasibility of

employing biomass-derived biochar as catalyst support for CO2 methanation, considering the
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activity, selectivity and the stability of the proposed formulations. In this view, this paper reports
the investigation of a biochar-supported Ni catalyst in different operating conditions and the
feasibility of promoting biochar with ceria, through a series of biochar-CeO: supported Ni catalysts

for which the effect of CeO> addition has been evaluated.
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2 Experimental section

For this study, Ni-based catalysts were prepared on activated biochar (BC) and ceria-doped
activated biochar (BCCe). A ceria-supported catalyst was also prepared as reference. All the
formulations contained 10 wt.% of nickel [32] and a variable CeO:z loading (i.e., 10, 30 and 50
wt.%). Ni loading is referred to the final formulation, following eq. (2), while CeO: loading was
considered with respect to the support only, as eq. (3). They are labelled as BCNi and BCNiCeX,
as Ni loading was always constant for all the samples and X represents the CeO2 loading in the

support; ceria supported catalyst is labelled as NiCeOo.

_ o _ Ni[g]
Niwt.% = Ni[g]+BClg]+Ce0,[g] @)
0p = _Ceoslal

2.1 Catalysts preparation

Biochar employed in this work was produced via pyrolysis of wheat straw pellets (9 mm OD
and 10-13 mm long) and subsequently activated with CO2 following a previously optimized
procedure. Slow pyrolysis of the raw material was conducted in a fixed bed reactor in N2
atmosphere at 0.1 MPa and 500°C with a heating rate of 5°C/min [23]. Then, pristine biochar was
grounded and sieved (0.12-1.41 mm) and physically activated in CO2 atmosphere at 700°C and
1.0 MPa [33]. Activated biochar was employed as such in BCNi catalyst and for the preparation
of the CeO2-doped biochar support (BCCe); commercial CeO: provided by Rhodia was employed
in NiCeO2 sample preparation. BCCe supports were prepared via wet impregnation in aqueous
solution. The amount of precursor salt was calculated in order to obtain 10, 30 and 50 wt% of
Ce0z. Calcination was performed at 500°C in Ar atmosphere. Nickel was deposited on BC, BCCe
supports and CeO: (calcined in air at 500°C) via wet impregnation. For the impregnations,

Ni(NO3)2:6H20 and Ce(NO3)3-6H20 (Strem Chemicals) were used as precursor salts.

2.2 Characterization

Textural properties of the prepared catalysts were obtained through N2 dynamic
adsorption/desorption experiments performed at -196°C with an ASAP 2020 automatic adsorption

analyzed (Micromeritrics, USA). Samples were degassed in vacuum condition at 150°C. The
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software MicroActive was employed to determine the following calculations: specific surface area
(Sr) value was retrieved using Langmuir model; the total pores volume (Vr) was calculated from
the total N2 adsorbed at high relative pressure (0.99); t-plot method was employed for the
calculation of the specific volume of micropores (Vmicro); non-local density functional theory
(NLDFT) and slit-pore geometry were adopted to evaluate the pore size distribution, which
allowed the estimation of the mesopores volume (Vmeso); BJH method was employed for the
calculation of the average micro- and mesopores dimension. Temperature programmed reduction
(TPR) analysis was performed in-situ and constituted also the catalysts activation procedure: a
reducing stream (5% Hz in Ar) was fed to the catalyst; the temperature was increased from room
temperature up to 500°C with a heating rate of 5°C/min. The Raman spectra of the fresh and spent
catalysts were obtained using an inVia Raman Microscope (Renishaw, Pianezza, Italy), equipped
with a 514 nm Ar ion laser operating at 25 mW in the range 100-3200 cm™' Raman shift. At least
five measurements were performed for each sample. TEM images were obtained with a Tecnai
F20 microscope (FEI, USA). Separation of the particles for the analysis was achieved by

sonicating the samples in an ethanol aqueous solution for 5 min.

2.3 CO; methanation tests

Experiments were conducted in presence of 1 g of catalyst (particle size <250 um) diluted with
quartz spheres (500+710 pm) up to a total volume of 3 cm>. The detailed description of the overall
laboratory setup is given elsewhere [34]. The product stream was analyzed continuously by means

of a Hiden Analytical mass spectrometer.

For all the experimental tests conducted, the operating absolute pressure was set to 0.1 MPa and
the reactants were fed in stoichiometric ratio H2:CO2 = 4:1. A dilution ratio of 1:1 reactants:inert
was chosen in order to minimize the temperature increase due to the exothermicity of the reaction,
resulting in a feed ratio H2:CO2:Ar = 4:1:5. Weight-basis gas hourly space velocity (WGHSV,
defined as the ratio between the hourly volumetric flow rate and the mass of catalyst employed in
the test) was varied in the range 6 to 60 NL(hg)™'. For the comparative study of the different
formulations, a wGHSV of 6 NL(hg)"' was chosen as preferential operating condition. Activity
tests were performed rising the temperature from 200 to 450°C in steps of 25°C. Stability time-

on-stream tests were performed at 450°C for 15 h.
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Reaction performances were evaluated in terms of CO2 conversion, CH4 yield and CO yield,
respectively defined as equations (4), (5), (6), (7) and (8), where F; represents the molar flowrate
of the i-species. For the stability tests, the half-life of methane yield, #air, was defined as eq. (9),
and the deactivation of the catalysts was evaluated from the percentual reduction in methane yield

as in equation (10).

XCOZ _ Fco,,in—Fcoy,out .100% (4)

Fco,,in
F
Yen, = FCZ’:; -100% (5)
Yo = —C2— . 100% (6)
Fco,in
Sen, = —— 4 .100%  (7)
FCOz-in—FCOZ,out
Fco YeHa
Scop = ——2 1009 8)tnair =t 9
0 = o= 100%  ($)tnayy = £(52) ©)
vo _yf
AYY, = % (10)

3 Results and Discussion

3.1 Characterization

Textural properties of activated biochar and of the prepared catalysts are reported in Table 1. A
high specific surface area (S.) was obtained for activated biochar, which can be attributed to the
presence of micropores. Modification of BC with CeO2 and deposition of Ni led to a general
reduction in specific surface area, due to the severe micropores plugging caused by the formation
of metal agglomerates. Nevertheless, CeO2 addition in low concentration led to the obtention of a
higher specific surface area, compared to BCNi sample. This result was coherent with the
literature, where the enhancing effect of Ce on Ni dispersion was reported in biochar-supported
catalysts [35]. Higher amounts of CeO2 led to a marked decrease in the specific surface area. The
total micropores volume (Vmicro) of BC was remarkably reduced by metals deposition, while there
was a general increment in the mesopores volume (¥imeso). This means that the deposition of metals

onto the biochar surface and their rearrangement created new mesopores which could be helpful
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for the catalytic activity [36,37]. Furthermore, it is possible to observe from the average pore
diameter of micro and mesopores (respectively du and dm) that the micropores average diameter
was not modified by the addition of species on the biochar surface. Indeed, one can conclude that
a fraction of the micropores is completely plugged from the deposition of either Ni or CeOz, as
demonstrated by the lowering of the microporous volume, but there is no partial blocking of the
microporosities. On the other hand, the mesopores average dimension increases with the increase
in the CeO: loading. This suggests that the arrangement of CeO: particles is progressively more
similar to the CeO2 matrix of NiCeO2 sample. A pronounced drop in specific surface area and
mesopores volume was observed for the BCNiCe50 catalyst. This result might be attributed to the
encapsulation of the biochar support by ceria [38]. Moreover, because of the higher CeO2 loading
compared to the other samples, formation of new mesopores could have been constrained, leading

to such remarkably low specific surface area.

Table 1. Textural properties of the prepared samples

Sample SL V micro Vimeso d, dm

m’g’! cm’ g cm’ g! nm nm
BC 600 0.200 0.024 1.86 2.88
BCNi 261 0.083 0.027 1.86 3.10
BCNiCel0 375 0.113 0.055 1.88 3.24
BCNiCe30 87 0.023 0.032 1.86 3.29
BCNiCe50 3 0 0.012 - 3.66
NiCeO, 127 0.011 0.124 1.86 3.76

The reduction profiles for all prepared samples are reported in Figure 1. A two-steps reduction
of NiO was observed in BCNi sample, which is often reported for biochar-supported catalysts [39].
The support modification with CeO2 led to remarkable changes in the reduction profiles. The
increase in temperature of the B1-B2 peaks observed when CeOz2 loading was variated from 0 to 30
wt.% is ascribable to CeO:2 presence on the catalyst surface, which strengthen the Ni interaction
with the support; furthermore, a third peak was observed at lower temperatures. This peak, denoted
as a, is probably due to Ni-Ce interaction. As widely recognized CeO: induces an anticipated Ni
reduction; this could be ascribed to two different effects. On one hand, Ni** incorporation in the
CeO: lattice with the substitution of Ce** cations attests the existence of a NixCe1-xOz2 solid solution

[40], which generates saturated oxygen vacancies. The oxygenated species formed during this
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process are highly reactive and, therefore, are easily reduced, even at low temperature [41]. On the
other hand, weakly interactive NiO could be also present on the catalyst surface [42]. Furthermore,
no consistent CeO2 reduction was observed for BCNiCel0 and BCNiCe30 samples, suggesting
that the final activated catalysts present metallic nickel and cerium oxide particles, as expected

[43].

The different behavior of the BCNiCe50 sample suggested a dissimilar arrangement of the
metallic phases on the biochar surface. The three peaks resulted shifted at lower temperature, and
a fourth peak was observed around 500°C. This profile suggested that, because of the remarkably
high CeO2 loading, NiO is mostly bonded to ceria, obtaining a Ni-Ce-C bonding which resulted in
a higher reducibility of the active metal. Even though the enhanced reducibility given by CeO2
addition seemed to have a greater influence (resulting in a downward shift of the reduction
temperatures), it is reasonable to think that the strengthening of Ni interaction with the support is
achieved also for BCNiCe50 sample. Hence, considering the hypothesis of Ni-Ce-C bonding, it is
possible to speculate that CeO2 covers almost the whole biochar surface, as a core-shell structure.
The fourth observed peak could be ascribed to superficial CeO: reduction to Ce203; ceria partial
reduction easily occurs in presence of another metal, because of the spillover phenomenon [42].
Furthermore, for BCNiCe50 sample CeO:2 is supported onto biochar, and this enhance its
reducibility if compared to the CeOz lattice of NiCeO2 sample.

The reduction profile of NiCeO2 sample upholds the discussion. Indeed, Ni interaction with
pure CeO2 led to three reduction peaks as well, but the o peak was divided into two distinguishable
a1 and o2 peaks, while a single sharp B peak was present. All the reduction peaks were shifted to
lower temperatures compared to the BC supported samples, according to literature [44,45]; a wide
peak with very low hydrogen consumption was observed around 400°C, which can be attributed

to the superficial CeO2 reduction.
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Figure 1. Reduction profiles for the prepared samples: H> uptake and temperature vs time

Raman spectra were obtained for the prepared catalysts, activated and pristine biochar, and
CeOa. The complete support Raman characterization is reported in supplementary material.
Briefly, the comparison between activated and pristine biochar spectra showed that activation
procedure increases the number of defects in biochar structure (Figures S1 and S2, Table S1).
These defects could act as active sites for reactants activation and for active species anchorage to
biochar surface. For biochar-supported catalysts, the obtained Raman spectra are displayed in
Figure 2a, while a comparison with bare CeO2 and the sample NiCeOz is given in Figure 2b. CeO2
shows a main peak at 460 cm™! that is attributed to the first order F2g mode, which corresponds to
the Ce*"™-O-Ce*" wagging, together with two overlapping peaks ascribable to the defect-induced
band (560 cm™) and Ce**-O-Ce*" stretching mode (600 cm™) [46,47]. Supported NiO has a single
peak at 550 cm™! [48]; despite the overlapping with the CeO: stretching mode and defect-induced
bands, it can be easily individuated in the NiCeO: spectra as broad peak between 550 and 650 cm™



235
236
237
238
239
240

241
242

243

244

245
246
247

!. The presence of NiO is always not detectable in biochar-based catalysts, and even the presence
of CeO: is not appreciable for the low-loading sample. CeO2 presence is instead noticeable for
BCNiCe30 and BCNiCe50 samples. In particular, for the BCNiCe50 sample the carbon peaks
disappear completely, leading to the observance of a full coverage of the biochar support. This is
in line with the outcomes of the textural properties analysis and the TPR, from which the

hypothesis of encapsulation of biochar was retrieved.

(@)
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Figure 2. Raman spectra of biochar-supported catalysts and CeO2 and NiCeO2 samples as comparison

3.2 CO; methanation on BCNi: effect of wGHSV

Before starting the experimental campaign, a blank test was conducted on activated biochar.
The results (not reported) showed no reactants conversion, thus providing evidence that an

appropriate active phase is mandatory to catalyze the reaction. At first instance, the catalytic
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performances of the BCNi were investigated in a wide range of wGHSVs, spacing from 6 to 60
NL(hg)!. The outcomes are reported in Figure 3. In this reacting system CO2 methanation and
rWGS are competitive reaction, and a variation of the operating conditions such as space velocity
or temperature can tune the selectivity of the process. Indeed, together with the impact of wWGHSV
on the activity, the main aim of this stage was to evaluate the contribution of the catalyst to the
desired reaction (CO2 methanation) and the competitive rtWGS reaction. Even though the activity
of the catalyst (in terms of CO2 conversion, Figure 3a) in the three investigated conditions appeared
comparable, selective methanation proceeded to remarkably different extent. At high space
velocities, the rWGS reaction mainly occurs, as the catalyst demonstrated to have a poor selectivity
to methane with a maximum CHz4 yield of 10% obtained at the highest temperature (Figure 3b).
Conversely, by decreasing the space velocity to 6 NL(hg)! it was observed a significant increase
in methane yield, which reached the maximum value of 30%. Furthermore, a different behavior
was obtained in this latter condition: a maximum in CO yield was observed at 375°C (Figure 3c).
Therefore, the combination of low wGHSV and high temperature is able to ensure the increase in

selectivity to methane.
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Figure 3. wGHSV influence of reaction performances of the BCNi sample. Operating conditions: P = 0.1 MPa, CO2:Ha:Ar =
1:4:5.

This suggest that the low selectivity toward methanation can be addressed to a kinetic problem
and can be discussed considering the reaction mechanism of catalytic CO2 methanation. Plenty of
studies have been conducted on the topic, leading to the conclusion that methane production occurs
following one of two possible pathways: (i) direct CO2 hydrogenation and (ii) CO2 conversion to
methane with CO formation as reaction intermediate [49]. Despite Ni has been frequently
addressed as methanizer [50] for its ability to promote direct CO2 hydrogenation, the consistent

CO production and the increase in selectivity to methane experimentally observed at low wGHSV
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and high temperatures suggest that CO is produced as reaction intermediate and, whereas possible,
converted into methane. CO hydrogenation can be addressed as the limiting step of the reaction,
considering that high temperatures promote the reaction kinetically and lower space velocities

ensures higher contact time for the reaction to occur.

A two-step reaction mechanism has been rarely reported in literature for Ni-based catalysts,
nevertheless the occurrence of this pathway might be attributed to the choice of the support. In
conventional catalysts, Ni is supported onto metal oxides and a bi-functional mechanism is
established [51,52]. Both active metal and support take part to the activation of the reactants, in
particular H2 undergoes chemisorption on the active metal sites and COz is activated at the
metal/support interface [53]. This bi-functional mechanism might not occur when biochar is
employed as support. If biochar is not able to effectively activate the CO2 molecule, then this step
is demanded to the active metal, already in charge of H: activation. CO2 activation on Ni is
particularly difficult because the molecule has to be physically absorbed on the metal site and then
could be chemisorbed in a CO2% state [54]. This complex mechanism might induce Ni to promote

an indirect reaction mechanism, with CO formation as reaction intermediate.

In order to provide a component able to efficiently activate CO2, modification of biochar with

CeO2 was evaluated.

3.3 Effect of CeO; doping

BC- and BCCe-supported Ni catalysts were tested under methanation conditions employing a
wGHSV of 6 NL(hg)'!, which was found to be the optimal value to achieve a significant
methanation activity. In addition, a blank test was performed on a selected BCCe support to
investigate the eventual contribution of CeO2 to the catalytic activity; for this evaluation, the
sample with 30 wt.% of CeO2 was employed and labelled as BCCe30. CeO:s itself is commonly
recognized to be not active toward CO2 methanation, as it can activate CO2 molecules but, on the

other hand, it has a slight interaction with Ho.

Catalytic performances are displayed in Figure 4. As awaited, BCCe30 catalyst showed only
rWGS activity. On the other hand, addition of CeO: to biochar in any percentage positively
contributed to the reaction performances. In fact, all the BCNiCeX samples reported higher

conversion values than BCNi in the whole temperature range (Figure 4a). A more important
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achievement is the improved selectivity toward the desired reaction (Figure 4d). CH4 yield values
increased for all the BCCe supported samples compared to BCNi (Figure 4b), while CO yield
(Figure 4c) showed the same non-monotonic trend but, in this case, with consistently lower yield
values. Furthermore, the maximum in CO yield, which was observed to be at 375°C for BCNi
sample, is shifted toward lower temperatures for all the ceria-doped formulations. This result
suggests that CeO2 co-existence with Ni is able to accelerate both CO and CO: methanation
reaction. Nevertheless, an optimum in the ceria loading was observed. The increase in CeO2
loading from 0 to 10 wt.% and from 10 to 30 wt.% determined an overall improvement of the
reaction performances, while the further increase from 30 to 50 wt.% caused a worsening of the
catalyst activity, leading to lower methane yield. In the whole temperature range, it can be stated
that the activity and selectivity of the tested catalysts follows the order BCNiCe30 > BCNiCel0 >
BCNiCe50 > BCNi and that the optimal value of CeO:2 loading was 30 wt.%.
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3.4 Stability tests

The catalysts BCNi and BCNiCeX were tested in a 15 h time-on-stream experiment in order to
evaluate their aging stability. The operating conditions for these tests are the same employed for
the catalytic activity tests, and the temperature was fixed at 450°C, in order to evaluate the
condition in which the maximum methane yield is obtained. BCNi sample demonstrated an almost
constant COz conversion (Figure 5a): despite that, it suffered of a strong deactivation that mainly
influenced the selectivity. CeO2 addition, on the other hand, was found to have an enhancing effect
on stability as well as on the activity. In fact, together with higher initial CO2 conversion and CH4
yield, ceria-doped samples demonstrated to have a lower deactivation rate, resulting in still
significant CH4 yield values at the end of the stability test (Figure 5b). In particular, the
deactivation behavior of BCNiCe50 sample was different if compared to the other catalysts. In
fact, methane yields for BCNiCe50 sample reached a plateau value at the end of the test, and it
appears that in a finite and relatively short time this formulation might ensure the highest methane

yield of all the investigates catalysts, despite the initial less favored condition.

In Figure 5c a further analysis of the stability test results is given. The increase in CeO2 loading
in the formulation led to an improvement in both initial and final methane yield. Moreover, the
deactivation extent (quantified as Y'cna) is progressively lowered by the increase in CeO2 amount,
thus demonstrating that modification of biochar with ceria allows to achieve an increase in the
catalyst lifetime. A further evaluation is given related to this latter parameter. In this work, the
catalyst was considered deactivated when methane yield reached the 50% of the initial value. Thus,
the parameter tnai 1s reported to quantify the half-life of the catalyst. The effect of CeO2 addition
is further highlighted by the significant increase in the catalysts half-life corresponding to the

increase in CeO2 loading in the formulation.



70

‘M‘MA
@) o[
NS I
£ 50 ‘_::w, v
(=]
‘@ "-""'h-..-.——-————
540 |
E L
S 30
=) B
S 20 _
10
0 i | | | | | | |
0 2 4 6 8 10 12 14
Time (h)
(b) =« BCNi
—=— BCNiCel0
—+— BCNiCe30
—~— BCNiCe50

CH, yield, %

60
50
40
30
20

10 IL
0

Ycuy (%)

Cﬁ\ o Q\Q Q&Q o &Q
D <3 S <3

Q)Q Q)O Q,Q
340

341 Figure 5. (a, b) Trends of CO2 conversion and CHs yield during the time-on-stream test; (c) Aging stability analysis: Ycus ® and
342 Ycua ' are respectively initial and final yield to CHa; thair is the half-life of the catalysts; Ycn4 is the reduction in catalytic activity

343 The higher stability observed for the BCNiCeX formulations compared to BCNi sample can

344  be in general attributed to the strengthening of Ni-support interactions that was also observed by
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the change in reducibility properties of the bi-metallic samples. Stronger bonds lead to lower Ni
mobility and, indeed, higher resistance to sintering. In particular, the observed improved stability
of the BCNiCe50 sample can be correlated to the formation of the core-shell structure observed
through Raman spectroscopy. The creation of a CeOz shell on the biochar surface produced a
significant reduction in specific surface area, thus leading to a worse dispersion of the active metal,
compared to the other samples: this is likely the reason for the lower catalytic activity of this
sample. On the other hand, Ni-CeO: interactions are stronger than Ni-biochar ones, and the
sintering of the active phase is limited. Indeed, this sample is able to reach a plateau condition
within the time of this test. Furthermore, another stabilization mechanism could take place in
presence of CeOz. In fact, ceria is well-known for its oxygen storage capacity, which often plays
a key role in catalysts stability limiting the carbonaceous deposits. Nevertheless, recent studies
pointed out that oxygen back-spillover could occur from CeO: to the active species, leading to the
formation of a double layer [O%~ §*] which induces electrostatic forces [55]. These forces generate
an interparticle repulsion, reducing the tendency to sintering. This mechanism has been observed
both for Rh and Ir metal particles supported on ceria-doped metal oxides (gadolinia-ceria or ceria-

zirconia), and not in supports with low oxygen ion mobility, such as alumina [56,57].

3.5 Characterization of the spent catalysts

Modifications of the catalysts surface at the end of the stability tests were evaluated through
Raman spectra and TEM images of fresh and spent samples. Coke deposition on the catalysts was
excluded, as no alteration in the support structure can be observed through the D/G bands ratio in
Raman spectra (Figure S3). Moreover, coke deposition is not likely to occur in this system, given
the mild operating conditions (low T and P) and the low methane concentration, and the presence
of CeOz in most of the formulations. Indeed, deposits of solid C have been reported in literature
during high-pressure methanation, in which several other reactions take place, forming C2 and C3
hydrocarbons, which easily decompose at low temperature [58]. In addition, carbon deposits
formed during CO2 methanation are often observed as filamentous coke [59-61]. TEM images

were obtained for BCNiCe30 and BCNiCe50 samples to further investigate deactivation.

Fresh/spent comparison is given in Figure 6. The presence of filamentous coke was not
observed in any of the samples, further endorsing the hypothesis of no coke deposition during the

stability test. Instead, for both the samples, a severe sintering occurred, as demonstrated by the
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visible agglomerations of the metallic phase. The particle size distribution (PSD) shows a
significant increment in the particle size for the sample BCNiCe50 (Figure 6¢), while the
dimension increase for the sample BCNiCe30 is less pronounced (Figure 6f). Nevertheless, it is
worth noting that the initial particle size is remarkably different for BCNiCe50 and BCNiCe30
samples, with the former having smaller Ni particles. This outcome further highlights the ability
of ceria in promoting the active species dispersion on the catalyst surface. Sintering might be
essentially due to two phenomena: support structural collapse or migration of Ni onto the surface,
which implies that BC-Ni and Ce-Ni bonding are too weak. Considering the thermal treatment
performed on biochar to achieve its activation and the further calcination steps, one can suppose

that Ni migration is most likely to occur.
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4 Conclusions

In this work, activated biochar deriving from slow pyrolysis of wheat straw has been selected
as support for catalytic CO2 hydrogenation to methane. As main outcome, this work pointed out
that biochar itself does not participate to the methanation reaction and that, even in presence of a
suitable active phase, methanation does not proceed to the desired extent. On the other hand,
modification of the support with ceria was crucial for the enhancement of the catalytic
performances. In particular, CeO2 presence was found to be beneficial for both activity and
stability of the tested catalysts, as CeO2 enhances the catalytic performances by promoting CO2

activation and improves stability by increasing the Ni-support bond strength.

Activity and selectivity of the tested catalysts follows the order BCNiCe30 > BCNiCel0 >
BCNiCe50 > BCNA, so that the optimum in Ce loading was found to be 30 wt.%. The presence of
an optimal value is due to the pores plugging caused by the excessive loading, which lowered the

specific surface area and did not allow an adequate dispersion of the active phase.

Aging stability evaluation pointed out the importance of having the metallic phase strongly
bonded to the support: severe Ni sintering was observed, which caused a strong deactivation.
Nevertheless, deactivation extent followed the order BCNi > BCNiCel0 = BCNiCe30 >
BCNiCe50, demonstrating the importance of CeO2 presence in reducing the mobility of the active

phase.

The optimization of an efficient ecological catalyst might have a consistent scientific relevance
in the future scenario. Based on the above, further investigations aimed at stabilizing the

metal/support interaction on biochar-based catalysts should be carried out.
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