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Abstract 13 

Biochar obtained through slow pyrolysis was chosen as support in the synthesis of low Ni-14 

content catalysts to be employed in CO2 methanation process. The main aim of this work was to 15 

obtain a more sustainable catalytic formulation compared to those proposed in literature. Biochar-16 

supported catalyst resulted to be efficient in CO2 methanation, but with a relatively low selectivity 17 

toward methane. Support doping with CeO2 led to a remarkable increase in methane yield and in 18 

stability overtime. A maximum CH4 production was achieved with a CeO2 loading of 30 wt.%. 19 

Nevertheless, the lowest deactivation rate was observed for a support loaded with 50 wt.% of CeO2 20 

Ceria promotes a faster activation of the CO2 molecule and a strengthens the Ni/support 21 

interactions, resulting in reduced active phase mobility and moderate sintering phenomena. The 22 

outcomes of this work were attractive for further studies related to the improvements in the catalyst 23 

stability. 24 
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1 Introduction 30 

Catalytic CO2 methanation is widely recognized as an emergent technology with a key role in 31 

the perspective of a carbon-free future scenario. It is at the basis of the Power-to-Gas technology, 32 

a flexible solution to convert the off-production of electricity in a valuable gas, methane [1,2]. The 33 

reaction, reported in Eq. (1), involves the conversion of hydrogen and carbon dioxide into a 34 

methane-rich gas, which is conventionally addressed as synthetic natural gas (SNG).  35 

𝐶𝐶𝑂𝑂2 + 4𝐻𝐻2 ⇄ 𝐶𝐶𝐻𝐻4 + 2𝐻𝐻2𝑂𝑂  ∆𝐻𝐻298𝐾𝐾 = −165 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1  (1) 36 

The positive environmental impact of this process is appreciable from two distinct points of 37 

view: from one side, it allows the exploitation of the most abundant pollutant in the atmosphere, 38 

carbon dioxide [3,4]; from another side, it represents a technique to store the surplus energy 39 

coming from renewable sources [5,6]. Indeed, fluctuations of power generation in renewable 40 

sources power plants must be balanced in order to avoid shock overflows of electricity, and energy 41 

accumulation systems are becoming the prevalent solution to avoid such issue [7,8]. Hydrogen 42 

production via water electrolysis is considered one of the most promising storage technologies and 43 

its further conversion into SNG allows its usage in natural gas end-use appliances [9,10]. 44 

Based on the above, there are evidence that CO2 methanation could be a suitable way for the 45 

resolution of several environmental issues. Therefore, in recent years the research showed a deep 46 

focus in the study of this process. Plenty of catalytic formulations have been proposed so far. As 47 

widely recognized, nickel represents the most promising active species to catalyze this reaction, 48 

as it offers a good compromise between final cost and catalytic performances. The choice of an 49 

adequate support plays a key role in the efficiency of the catalyst [11,12]. Metal oxides with basic 50 

properties are particularly suitable as they contribute to CO2 activation. Furthermore, doping of 51 

supports characterized by low oxygen mobility with ions as Zr or Ce is able to enhance the catalysts 52 

activity and stability [13,14]. 53 

Considering the poor sustainability of the most conventional formulations [15], the research of 54 

new and more environmentally friendly alternative is a captivating topic in this field. An almost 55 

unexplored route is the employment of selected carbon-based materials as support. In literature, 56 

very few works reported the study of CO2 methanation in presence of carbonaceous materials. 57 

Studies on crystalline structures such as carbon nanotubes or nanofibers [16,17] suggest the 58 



inactivity of CNTs toward CO2 activation, and the need of promoters for the obtainment of a 59 

sensible catalytic activity. Commercial activated carbons (AC) were found to be more suitable for 60 

this application, probably because of their amorphous structure, even if the promoting effect of 61 

other components is determining [18,19]. Nevertheless, crystalline carbon structures encounter 62 

expensive and non-sustainable production processes, while activated carbons have as main 63 

drawback their principal source, which is coal [20,21]. A valid route to the production of more 64 

sustainable catalysts can be found in biochar [22]. It is a biomass derived material, conveniently 65 

produced via slow pyrolysis [23] and its derivation from biological wastes makes it a more 66 

ecological alternative to conventional activated carbons [24]. It has a relatively low price [25] and 67 

it can be pretreated and functionalized in order to obtain specific functional groups, high specific 68 

surface area or textural properties [26].  69 

The employment of biomass pyrolysis derived biochar as catalyst support for CO2 methanation 70 

has been even less investigated, but the results available in literature are promising. In particular, 71 

activated biochars obtained through fast pyrolysis were investigated under conditions of CO 72 

methanation [27] and simultaneous CO and CO2 methanation [28], while CO2 methanation was 73 

studied in presence of modified biochars obtained through slow pyrolysis [29,30]. In these works, 74 

doped-biochars were directly produced through pyrolysis of biomass in presence of the doping 75 

agent (N or Ce). If projected to industrial scale processes, this would lead to a dedicated production 76 

for each catalyst, increasing the costs. On the other hand, it would be more interesting to produce 77 

biochar-derived materials (in this case, doped-biochar supports) as value-added products. In this 78 

way, biochar functionalization can be treated as separate step from its production and activation, 79 

which can be both developed on greater scale. 80 

Based on the above, carbonaceous materials are gaining an increasing interest, but very few and 81 

only preliminary investigations have been carried out until now. Furthermore, there is no mention 82 

to the stability of the investigated catalysts, which is a truly key aspect in the perspective of 83 

transferring the laboratory-scale evaluations to the industrial world; it is also a determining 84 

parameter considering that biochar-based catalysts employed in other processes do not offer a high 85 

stability over time [31].  86 

This work aims to establish a starting point for a detailed study about the feasibility of 87 

employing biomass-derived biochar as catalyst support for CO2 methanation, considering the 88 



activity, selectivity and the stability of the proposed formulations. In this view, this paper reports 89 

the investigation of a biochar-supported Ni catalyst in different operating conditions and the 90 

feasibility of promoting biochar with ceria, through a series of biochar-CeO2 supported Ni catalysts 91 

for which the effect of CeO2 addition has been evaluated.  92 



2 Experimental section 93 

For this study, Ni-based catalysts were prepared on activated biochar (BC) and ceria-doped 94 

activated biochar (BCCe). A ceria-supported catalyst was also prepared as reference. All the 95 

formulations contained 10 wt.% of nickel [32] and a variable CeO2 loading (i.e., 10, 30 and 50 96 

wt.%). Ni loading is referred to the final formulation, following eq. (2), while CeO2 loading was 97 

considered with respect to the support only, as eq. (3). They are labelled as BCNi and BCNiCeX, 98 

as Ni loading was always constant for all the samples and X represents the CeO2 loading in the 99 

support; ceria supported catalyst is labelled as NiCeO2. 100 

𝑁𝑁𝑁𝑁 𝑤𝑤𝑤𝑤. % =  𝑁𝑁𝑁𝑁[𝑔𝑔]
𝑁𝑁𝑁𝑁[𝑔𝑔]+𝐵𝐵𝐵𝐵[𝑔𝑔]+𝐶𝐶𝐶𝐶𝑂𝑂2[𝑔𝑔] (2) 101 

𝐶𝐶𝐶𝐶𝑂𝑂2 𝑤𝑤𝑤𝑤. % =  𝐶𝐶𝐶𝐶𝑂𝑂2[𝑔𝑔]
𝐵𝐵𝐵𝐵[𝑔𝑔]+𝐶𝐶𝐶𝐶𝑂𝑂2[𝑔𝑔] (3) 102 

2.1 Catalysts preparation  103 

Biochar employed in this work was produced via pyrolysis of wheat straw pellets (9 mm OD 104 

and 10-13 mm long) and subsequently activated with CO2 following a previously optimized 105 

procedure. Slow pyrolysis of the raw material was conducted in a fixed bed reactor in N2 106 

atmosphere at 0.1 MPa and 500°C with a heating rate of 5°C/min [23]. Then, pristine biochar was 107 

grounded and sieved (0.12-1.41 mm) and physically activated in CO2 atmosphere at 700°C and 108 

1.0 MPa [33]. Activated biochar was employed as such in BCNi catalyst and for the preparation 109 

of the CeO2-doped biochar support (BCCe); commercial CeO2 provided by Rhodia was employed 110 

in NiCeO2 sample preparation. BCCe supports were prepared via wet impregnation in aqueous 111 

solution. The amount of precursor salt was calculated in order to obtain 10, 30 and 50 wt% of 112 

CeO2. Calcination was performed at 500°C in Ar atmosphere. Nickel was deposited on BC, BCCe 113 

supports and CeO2 (calcined in air at 500°C) via wet impregnation. For the impregnations, 114 

Ni(NO3)2⋅6H2O and Ce(NO3)3⋅6H2O (Strem Chemicals) were used as precursor salts. 115 

2.2 Characterization  116 

Textural properties of the prepared catalysts were obtained through N2 dynamic 117 

adsorption/desorption experiments performed at -196°C with an ASAP 2020 automatic adsorption 118 

analyzed (Micromeritrics, USA). Samples were degassed in vacuum condition at 150°C. The 119 



software MicroActive was employed to determine the following calculations: specific surface area 120 

(SL) value was retrieved using Langmuir model; the total pores volume (Vtot) was calculated from 121 

the total N2 adsorbed at high relative pressure (0.99); t-plot method was employed for the 122 

calculation of the specific volume of micropores (Vmicro); non-local density functional theory 123 

(NLDFT) and slit-pore geometry were adopted to evaluate the pore size distribution, which 124 

allowed the estimation of the mesopores volume (Vmeso); BJH method was employed for the 125 

calculation of the average micro- and mesopores dimension. Temperature programmed reduction 126 

(TPR) analysis was performed in-situ and constituted also the catalysts activation procedure: a 127 

reducing stream (5% H2 in Ar) was fed to the catalyst; the temperature was increased from room 128 

temperature up to 500°C with a heating rate of 5°C/min. The Raman spectra of the fresh and spent 129 

catalysts were obtained using an inVia Raman Microscope (Renishaw, Pianezza, Italy), equipped 130 

with a 514 nm Ar ion laser operating at 25 mW in the range 100-3200 cm−1 Raman shift. At least 131 

five measurements were performed for each sample. TEM images were obtained with a Tecnai 132 

F20 microscope (FEI, USA). Separation of the particles for the analysis was achieved by 133 

sonicating the samples in an ethanol aqueous solution for 5 min. 134 

2.3 CO2 methanation tests  135 

Experiments were conducted in presence of 1 g of catalyst (particle size <250 µm) diluted with 136 

quartz spheres (500÷710 μm) up to a total volume of 3 cm3. The detailed description of the overall 137 

laboratory setup is given elsewhere [34]. The product stream was analyzed continuously by means 138 

of a Hiden Analytical mass spectrometer. 139 

For all the experimental tests conducted, the operating absolute pressure was set to 0.1 MPa and 140 

the reactants were fed in stoichiometric ratio H2:CO2 = 4:1. A dilution ratio of 1:1 reactants:inert 141 

was chosen in order to minimize the temperature increase due to the exothermicity of the reaction, 142 

resulting in a feed ratio H2:CO2:Ar  = 4:1:5. Weight-basis gas hourly space velocity (wGHSV, 143 

defined as the ratio between the hourly volumetric flow rate and the mass of catalyst employed in 144 

the test) was varied in the range 6 to 60 NL(hg)-1. For the comparative study of the different 145 

formulations, a wGHSV of 6 NL(hg)-1 was chosen as preferential operating condition. Activity 146 

tests were performed rising the temperature from 200 to 450°C in steps of 25°C. Stability time-147 

on-stream tests were performed at 450°C for 15 h. 148 



Reaction performances were evaluated in terms of CO2 conversion, CH4 yield and CO yield, 149 

respectively defined as equations (4), (5), (6), (7) and (8), where Fi represents the molar flowrate 150 

of the i-species. For the stability tests, the half-life of methane yield, thalf, was defined as eq. (9), 151 

and the deactivation of the catalysts was evaluated from the percentual reduction in methane yield 152 

as in equation (10). 153 

𝑋𝑋𝐶𝐶𝐶𝐶2 =  
𝐹𝐹𝐶𝐶𝐶𝐶2,𝑖𝑖𝑖𝑖−𝐹𝐹𝐶𝐶𝐶𝐶2,𝑜𝑜𝑜𝑜𝑜𝑜

𝐹𝐹𝐶𝐶𝐶𝐶2,𝑖𝑖𝑖𝑖
· 100% (4) 154 

𝑌𝑌𝐶𝐶𝐶𝐶4 =  𝐹𝐹𝐶𝐶𝐶𝐶4
𝐹𝐹𝐶𝐶𝐶𝐶2,𝑖𝑖𝑖𝑖

· 100%   (5) 155 

𝑌𝑌𝐶𝐶𝐶𝐶 =  𝐹𝐹𝐶𝐶𝐶𝐶
𝐹𝐹𝐶𝐶𝐶𝐶2,𝑖𝑖𝑖𝑖

· 100%   (6) 156 

𝑆𝑆𝐶𝐶𝐶𝐶4 =  𝐹𝐹𝐶𝐶𝐶𝐶4
𝐹𝐹𝐶𝐶𝐶𝐶2,𝑖𝑖𝑖𝑖−𝐹𝐹𝐶𝐶𝐶𝐶2,𝑜𝑜𝑜𝑜𝑜𝑜

· 100%  (7) 157 

𝑆𝑆𝐶𝐶𝐶𝐶 =  𝐹𝐹𝐶𝐶𝐶𝐶
𝐹𝐹𝐶𝐶𝐶𝐶2,𝑖𝑖𝑖𝑖−𝐹𝐹𝐶𝐶𝐶𝐶2,𝑜𝑜𝑜𝑜𝑜𝑜

· 100%  (8)𝑡𝑡ℎ𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑡𝑡 �𝑌𝑌𝐶𝐶𝐶𝐶4
0

2
�    (9) 158 

∆𝑌𝑌𝐶𝐶𝐶𝐶4
𝑟𝑟 = 𝑌𝑌𝐶𝐶𝐶𝐶4

0 −𝑌𝑌𝐶𝐶𝐶𝐶4
𝑓𝑓

𝑌𝑌𝐶𝐶𝐶𝐶4
0     (10) 159 

3 Results and Discussion  160 

3.1 Characterization  161 

Textural properties of activated biochar and of the prepared catalysts are reported in Table 1. A 162 

high specific surface area (SL) was obtained for activated biochar, which can be attributed to the 163 

presence of micropores. Modification of BC with CeO2 and deposition of Ni led to a general 164 

reduction in specific surface area, due to the severe micropores plugging caused by the formation 165 

of metal agglomerates. Nevertheless, CeO2 addition in low concentration led to the obtention of a 166 

higher specific surface area, compared to BCNi sample. This result was coherent with the 167 

literature, where the enhancing effect of Ce on Ni dispersion was reported in biochar-supported 168 

catalysts [35]. Higher amounts of CeO2 led to a marked decrease in the specific surface area. The 169 

total micropores volume (Vmicro) of BC was remarkably reduced by metals deposition, while there 170 

was a general increment in the mesopores volume (Vmeso). This means that the deposition of metals 171 

onto the biochar surface and their rearrangement created new mesopores which could be helpful 172 



for the catalytic activity [36,37]. Furthermore, it is possible to observe from the average pore 173 

diameter of micro and mesopores (respectively dμ and dm) that the micropores average diameter 174 

was not modified by the addition of species on the biochar surface. Indeed, one can conclude that 175 

a fraction of the micropores is completely plugged from the deposition of either Ni or CeO2, as 176 

demonstrated by the lowering of the microporous volume, but there is no partial blocking of the 177 

microporosities. On the other hand, the mesopores average dimension increases with the increase 178 

in the CeO2 loading. This suggests that the arrangement of CeO2 particles is progressively more 179 

similar to the CeO2 matrix of NiCeO2 sample. A pronounced drop in specific surface area and 180 

mesopores volume was observed for the BCNiCe50 catalyst. This result might be attributed to the 181 

encapsulation of the biochar support by ceria [38]. Moreover, because of the higher CeO2 loading 182 

compared to the other samples, formation of new mesopores could have been constrained, leading 183 

to such remarkably low specific surface area.  184 

Table 1. Textural properties of the prepared samples 185 
Sample SL  Vmicro Vmeso dμ

 dm 
 m2 g–1 cm3 g–1 cm3 g–1 nm nm 

BC 600 0.200 0.024 1.86 2.88 
BCNi 261 0.083 0.027 1.86 3.10 
BCNiCe10 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 
NiCeO2 127 0.011 0.124 1.86 3.76 

 186 

The reduction profiles for all prepared samples are reported in Figure 1. A two-steps reduction 187 

of NiO was observed in BCNi sample, which is often reported for biochar-supported catalysts [39]. 188 

The support modification with CeO2 led to remarkable changes in the reduction profiles. The 189 

increase in temperature of the β1-β2 peaks observed when CeO2 loading was variated from 0 to 30 190 

wt.% is ascribable to CeO2 presence on the catalyst surface, which strengthen the Ni interaction 191 

with the support; furthermore, a third peak was observed at lower temperatures. This peak, denoted 192 

as α, is probably due to Ni-Ce interaction. As widely recognized CeO2 induces an anticipated Ni 193 

reduction; this could be ascribed to two different effects. On one hand, Ni2+ incorporation in the 194 

CeO2 lattice with the substitution of Ce4+ cations attests the existence of a NixCe1-xO2 solid solution 195 

[40], which generates saturated oxygen vacancies. The oxygenated species formed during this 196 



process are highly reactive and, therefore, are easily reduced, even at low temperature [41]. On the 197 

other hand, weakly interactive NiO could be also present on the catalyst surface [42]. Furthermore, 198 

no consistent CeO2 reduction was observed for BCNiCe10 and BCNiCe30 samples, suggesting 199 

that the final activated catalysts present metallic nickel and cerium oxide particles, as expected 200 

[43]. 201 

The different behavior of the BCNiCe50 sample suggested a dissimilar arrangement of the 202 

metallic phases on the biochar surface. The three peaks resulted shifted at lower temperature, and 203 

a fourth peak was observed around 500°C. This profile suggested that, because of the remarkably 204 

high CeO2 loading, NiO is mostly bonded to ceria, obtaining a Ni-Ce-C bonding which resulted in 205 

a higher reducibility of the active metal. Even though the enhanced reducibility given by CeO2 206 

addition seemed to have a greater influence (resulting in a downward shift of the reduction 207 

temperatures), it is reasonable to think that the strengthening of Ni interaction with the support is 208 

achieved also for BCNiCe50 sample. Hence, considering the hypothesis of Ni-Ce-C bonding, it is 209 

possible to speculate that CeO2 covers almost the whole biochar surface, as a core-shell structure. 210 

The fourth observed peak could be ascribed to superficial CeO2 reduction to Ce2O3; ceria partial 211 

reduction easily occurs in presence of another metal, because of the spillover phenomenon [42]. 212 

Furthermore, for BCNiCe50 sample CeO2 is supported onto biochar, and this enhance its 213 

reducibility if compared to the CeO2 lattice of NiCeO2 sample.  214 

The reduction profile of NiCeO2 sample upholds the discussion. Indeed, Ni interaction with 215 

pure CeO2 led to three reduction peaks as well, but the α peak was divided into two distinguishable 216 

α1 and α2 peaks, while a single sharp β peak was present. All the reduction peaks were shifted to 217 

lower temperatures compared to the BC supported samples, according to literature [44,45]; a wide 218 

peak with very low hydrogen consumption was observed around 400°C, which can be attributed 219 

to the superficial CeO2 reduction. 220 



 221 

Figure 1. Reduction profiles for the prepared samples: H2 uptake and temperature vs time  222 

Raman spectra were obtained for the prepared catalysts, activated and pristine biochar, and 223 

CeO2. The complete support Raman characterization is reported in supplementary material. 224 

Briefly, the comparison between activated and pristine biochar spectra showed that activation 225 

procedure increases the number of defects in biochar structure (Figures S1 and S2, Table S1). 226 

These defects could act as active sites for reactants activation and for active species anchorage to 227 

biochar surface. For biochar-supported catalysts, the obtained Raman spectra are displayed in 228 

Figure 2a, while a comparison with bare CeO2 and the sample NiCeO2 is given in Figure 2b. CeO2 229 

shows a main peak at 460 cm-1 that is attributed to the first order F2g mode, which corresponds to 230 

the Ce4+-O-Ce4+ wagging, together with two overlapping peaks ascribable to the defect-induced 231 

band (560 cm-1) and Ce3+-O-Ce4+ stretching mode (600 cm-1) [46,47]. Supported NiO has a single 232 

peak at 550 cm-1 [48]; despite the overlapping with the CeO2 stretching mode and defect-induced 233 

bands, it can be easily individuated in the NiCeO2 spectra as broad peak between 550 and 650 cm-234 
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1. The presence of NiO is always not detectable in biochar-based catalysts, and even the presence 235 

of CeO2 is not appreciable for the low-loading sample. CeO2 presence is instead noticeable for 236 

BCNiCe30 and BCNiCe50 samples. In particular, for the BCNiCe50 sample the carbon peaks 237 

disappear completely, leading to the observance of a full coverage of the biochar support. This is 238 

in line with the outcomes of the textural properties analysis and the TPR, from which the 239 

hypothesis of encapsulation of biochar was retrieved. 240 

 241 

Figure 2. Raman spectra of biochar-supported catalysts and CeO2 and NiCeO2 samples as comparison 242 

 243 

3.2 CO2 methanation on BCNi: effect of wGHSV  244 

Before starting the experimental campaign, a blank test was conducted on activated biochar. 245 

The results (not reported) showed no reactants conversion, thus providing evidence that an 246 

appropriate active phase is mandatory to catalyze the reaction. At first instance, the catalytic 247 
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performances of the BCNi were investigated in a wide range of wGHSVs, spacing from 6 to 60 248 

NL(hg)-1. The outcomes are reported in Figure 3. In this reacting system CO2 methanation and 249 

rWGS are competitive reaction, and a variation of the operating conditions such as space velocity 250 

or temperature can tune the selectivity of the process. Indeed, together with the impact of wGHSV 251 

on the activity, the main aim of this stage was to evaluate the contribution of the catalyst to the 252 

desired reaction (CO2 methanation) and the competitive rWGS reaction. Even though the activity 253 

of the catalyst (in terms of CO2 conversion, Figure 3a) in the three investigated conditions appeared 254 

comparable, selective methanation proceeded to remarkably different extent. At high space 255 

velocities, the rWGS reaction mainly occurs, as the catalyst demonstrated to have a poor selectivity 256 

to methane with a maximum CH4 yield of 10% obtained at the highest temperature (Figure 3b). 257 

Conversely, by decreasing the space velocity to 6 NL(hg)-1 it was observed a significant increase 258 

in methane yield, which reached the maximum value of 30%. Furthermore, a different behavior 259 

was obtained in this latter condition: a maximum in CO yield was observed at 375°C (Figure 3c). 260 

Therefore, the combination of low wGHSV and high temperature is able to ensure the increase in 261 

selectivity to methane.  262 



  263 

Figure 3. wGHSV influence of reaction performances of the BCNi sample. Operating conditions: P = 0.1 MPa, CO2:H2:Ar = 264 
1:4:5. 265 

This suggest that the low selectivity toward methanation can be addressed to a kinetic problem 266 

and can be discussed considering the reaction mechanism of catalytic CO2 methanation. Plenty of 267 

studies have been conducted on the topic, leading to the conclusion that methane production occurs 268 

following one of two possible pathways: (i) direct CO2 hydrogenation and (ii) CO2 conversion to 269 

methane with CO formation as reaction intermediate [49]. Despite Ni has been frequently 270 

addressed as methanizer [50] for its ability to promote direct CO2 hydrogenation, the consistent 271 

CO production and the increase in selectivity to methane experimentally observed at low wGHSV 272 
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and high temperatures suggest that CO is produced as reaction intermediate and, whereas possible, 273 

converted into methane. CO hydrogenation can be addressed as the limiting step of the reaction, 274 

considering that high temperatures promote the reaction kinetically and lower space velocities 275 

ensures higher contact time for the reaction to occur. 276 

A two-step reaction mechanism has been rarely reported in literature for Ni-based catalysts, 277 

nevertheless the occurrence of this pathway might be attributed to the choice of the support. In 278 

conventional catalysts, Ni is supported onto metal oxides and a bi-functional mechanism is 279 

established [51,52]. Both active metal and support take part to the activation of the reactants, in 280 

particular H2 undergoes chemisorption on the active metal sites and CO2 is activated at the 281 

metal/support interface [53]. This bi-functional mechanism might not occur when biochar is 282 

employed as support. If biochar is not able to effectively activate the CO2 molecule, then this step 283 

is demanded to the active metal, already in charge of H2 activation. CO2 activation on Ni is 284 

particularly difficult because the molecule has to be physically absorbed on the metal site and then 285 

could be chemisorbed in a CO2δ- state [54]. This complex mechanism might induce Ni to promote 286 

an indirect reaction mechanism, with CO formation as reaction intermediate.  287 

In order to provide a component able to efficiently activate CO2, modification of biochar with 288 

CeO2 was evaluated.  289 

3.3 Effect of CeO2 doping  290 

BC- and BCCe-supported Ni catalysts were tested under methanation conditions employing a 291 

wGHSV of 6 NL(hg)-1, which was found to be the optimal value to achieve a significant 292 

methanation activity. In addition, a blank test was performed on a selected BCCe support to 293 

investigate the eventual contribution of CeO2 to the catalytic activity; for this evaluation, the 294 

sample with 30 wt.% of CeO2 was employed and labelled as BCCe30. CeO2 itself is commonly 295 

recognized to be not active toward CO2 methanation, as it can activate CO2 molecules but, on the 296 

other hand, it has a slight interaction with H2. 297 

Catalytic performances are displayed in Figure 4. As awaited, BCCe30 catalyst showed only 298 

rWGS activity. On the other hand, addition of CeO2 to biochar in any percentage positively 299 

contributed to the reaction performances. In fact, all the BCNiCeX samples reported higher 300 

conversion values than BCNi in the whole temperature range (Figure 4a). A more important 301 



achievement is the improved selectivity toward the desired reaction (Figure 4d). CH4 yield values 302 

increased for all the BCCe supported samples compared to BCNi (Figure 4b), while CO yield 303 

(Figure 4c) showed the same non-monotonic trend but, in this case, with consistently lower yield 304 

values. Furthermore, the maximum in CO yield, which was observed to be at 375°C for BCNi 305 

sample, is shifted toward lower temperatures for all the ceria-doped formulations. This result 306 

suggests that CeO2 co-existence with Ni is able to accelerate both CO and CO2 methanation 307 

reaction. Nevertheless, an optimum in the ceria loading was observed. The increase in CeO2 308 

loading from 0 to 10 wt.% and from 10 to 30 wt.% determined an overall improvement of the 309 

reaction performances, while the further increase from 30 to 50 wt.% caused a worsening of the 310 

catalyst activity, leading to lower methane yield. In the whole temperature range, it can be stated 311 

that the activity and selectivity of the tested catalysts follows the order BCNiCe30 > BCNiCe10 > 312 

BCNiCe50 > BCNi and that the optimal value of CeO2 loading was 30 wt.%. 313 



 314 

Figure 4. Ce addition and loading effect: activity test results for BCNiCeX and BCCe30 samples. Operating conditions: P = 315 
0.1 MPa, CO2:H2:Ar = 1:4:5, wGHSV = 6 NL(hg)-1 316 
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3.4 Stability tests 317 

The catalysts BCNi and BCNiCeX were tested in a 15 h time-on-stream experiment in order to 318 

evaluate their aging stability. The operating conditions for these tests are the same employed for 319 

the catalytic activity tests, and the temperature was fixed at 450°C, in order to evaluate the 320 

condition in which the maximum methane yield is obtained. BCNi sample demonstrated an almost 321 

constant CO2 conversion (Figure 5a): despite that, it suffered of a strong deactivation that mainly 322 

influenced the selectivity. CeO2 addition, on the other hand, was found to have an enhancing effect 323 

on stability as well as on the activity. In fact, together with higher initial CO2 conversion and CH4 324 

yield, ceria-doped samples demonstrated to have a lower deactivation rate, resulting in still 325 

significant CH4 yield values at the end of the stability test (Figure 5b). In particular, the 326 

deactivation behavior of BCNiCe50 sample was different if compared to the other catalysts. In 327 

fact, methane yields for BCNiCe50 sample reached a plateau value at the end of the test, and it 328 

appears that in a finite and relatively short time this formulation might ensure the highest methane 329 

yield of all the investigates catalysts, despite the initial less favored condition.  330 

In Figure 5c a further analysis of the stability test results is given. The increase in CeO2 loading 331 

in the formulation led to an improvement in both initial and final methane yield. Moreover, the 332 

deactivation extent (quantified as YrCH4) is progressively lowered by the increase in CeO2 amount, 333 

thus demonstrating that modification of biochar with ceria allows to achieve an increase in the 334 

catalyst lifetime. A further evaluation is given related to this latter parameter. In this work, the 335 

catalyst was considered deactivated when methane yield reached the 50% of the initial value. Thus, 336 

the parameter thalf is reported to quantify the half-life of the catalyst. The effect of CeO2 addition 337 

is further highlighted by the significant increase in the catalysts half-life corresponding to the 338 

increase in CeO2 loading in the formulation. 339 



 340 

Figure 5. (a, b) Trends of CO2 conversion and CH4 yield during the time-on-stream test; (c) Aging stability analysis: YCH4 0 and 341 
YCH4 f are respectively initial and final yield to CH4; thalf is the half-life of the catalysts; YrCH4 is the reduction in catalytic activity  342 

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

be in general attributed to the strengthening of Ni-support interactions that was also observed by 344 
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the change in reducibility properties of the bi-metallic samples. Stronger bonds lead to lower Ni 345 

mobility and, indeed, higher resistance to sintering. In particular, the observed improved stability 346 

of the BCNiCe50 sample can be correlated to the formation of the core-shell structure observed 347 

through Raman spectroscopy. The creation of a CeO2 shell on the biochar surface produced a 348 

significant reduction in specific surface area, thus leading to a worse dispersion of the active metal, 349 

compared to the other samples: this is likely the reason for the lower catalytic activity of this 350 

sample. On the other hand, Ni-CeO2 interactions are stronger than Ni-biochar ones, and the 351 

sintering of the active phase is limited. Indeed, this sample is able to reach a plateau condition 352 

within the time of this test. Furthermore, another stabilization mechanism could take place in 353 

presence of CeO2. In fact, ceria is well-known for its oxygen storage capacity, which often plays 354 

a key role in catalysts stability limiting the carbonaceous deposits. Nevertheless, recent studies 355 

pointed out that oxygen back-spillover could occur from CeO2 to the active species, leading to the 356 

formation of a double layer [Oδ− δ+] which induces electrostatic forces [55]. These forces generate 357 

an interparticle repulsion, reducing the tendency to sintering. This mechanism has been observed 358 

both for Rh and Ir metal particles supported on ceria-doped metal oxides (gadolinia-ceria or ceria-359 

zirconia), and not in supports with low oxygen ion mobility, such as alumina [56,57]. 360 

3.5 Characterization of the spent catalysts  361 

Modifications of the catalysts surface at the end of the stability tests were evaluated through 362 

Raman spectra and TEM images of fresh and spent samples. Coke deposition on the catalysts was 363 

excluded, as no alteration in the support structure can be observed through the D/G bands ratio in 364 

Raman spectra (Figure S3). Moreover, coke deposition is not likely to occur in this system, given 365 

the mild operating conditions (low T and P) and the low methane concentration, and the presence 366 

of CeO2 in most of the formulations. Indeed, deposits of solid C have been reported in literature 367 

during high-pressure methanation, in which several other reactions take place, forming C2 and C3 368 

hydrocarbons, which easily decompose at low temperature [58]. In addition, carbon deposits 369 

formed during CO2 methanation are often observed as filamentous coke [59–61]. TEM images 370 

were obtained for BCNiCe30 and BCNiCe50 samples to further investigate deactivation. 371 

Fresh/spent comparison is given in Figure 6. The presence of filamentous coke was not 372 

observed in any of the samples, further endorsing the hypothesis of no coke deposition during the 373 

stability test. Instead, for both the samples, a severe sintering occurred, as demonstrated by the 374 



visible agglomerations of the metallic phase. The particle size distribution (PSD) shows a 375 

significant increment in the particle size for the sample BCNiCe50 (Figure 6e), while the 376 

dimension increase for the sample BCNiCe30 is less pronounced (Figure 6f). Nevertheless, it is 377 

worth noting that the initial particle size is remarkably different for BCNiCe50 and BCNiCe30 378 

samples, with the former having smaller Ni particles. This outcome further highlights the ability 379 

of ceria in promoting the active species dispersion on the catalyst surface. Sintering might be 380 

essentially due to two phenomena: support structural collapse or migration of Ni onto the surface, 381 

which implies that BC-Ni and Ce-Ni bonding are too weak. Considering the thermal treatment 382 

performed on biochar to achieve its activation and the further calcination steps, one can suppose 383 

that Ni migration is most likely to occur. 384 



 385 

Figure 6. TEM images of BCNiCe50 fresh (a) and spent (c); BCNiCe30 fresh (b) and spent (d); PSD for fresh/spent comparison 386 
of BCNiCe50 (e) and BCNiCe30 (f) 387 
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4 Conclusions 388 

In this work, activated biochar deriving from slow pyrolysis of wheat straw has been selected 389 

as support for catalytic CO2 hydrogenation to methane. As main outcome, this work pointed out 390 

that biochar itself does not participate to the methanation reaction and that, even in presence of a 391 

suitable active phase, methanation does not proceed to the desired extent. On the other hand, 392 

modification of the support with ceria was crucial for the enhancement of the catalytic 393 

performances. In particular, CeO2 presence was found to be beneficial for both activity and 394 

stability of the tested catalysts, as CeO2 enhances the catalytic performances by promoting CO2 395 

activation and improves stability by increasing the Ni-support bond strength. 396 

Activity and selectivity of the tested catalysts follows the order BCNiCe30 > BCNiCe10 > 397 

BCNiCe50 > BCNi, so that the optimum in Ce loading was found to be 30 wt.%. The presence of 398 

an optimal value is due to the pores plugging caused by the excessive loading, which lowered the 399 

specific surface area and did not allow an adequate dispersion of the active phase. 400 

Aging stability evaluation pointed out the importance of having the metallic phase strongly 401 

bonded to the support: severe Ni sintering was observed, which caused a strong deactivation. 402 

Nevertheless, deactivation extent followed the order BCNi > BCNiCe10 = BCNiCe30 > 403 

BCNiCe50, demonstrating the importance of CeO2 presence in reducing the mobility of the active 404 

phase. 405 

The optimization of an efficient ecological catalyst might have a consistent scientific relevance 406 

in the future scenario. Based on the above, further investigations aimed at stabilizing the 407 

metal/support interaction on biochar-based catalysts should be carried out.  408 

 409 

 410 

  411 
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