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Abstract 

CO2 hydrogenation to methane is an interesting topic that can result in CO2 mitigation, providing a solution for global 
warming. Using a sustainable catalyst in that process will be considered as a plus point that makes the whole sys-
tem (material + application) an eco-friendly process. Therefore, scientists have focused on the biochar-supported 
catalysts used in the CO2 methanation. The use of cobalt (Co) catalysts supported on sugarcane bagasse biochar 
(SCBB) has not been investigated for the methanation of CO2. Therefore, this work investigated the Co/SCBB systems 
in the CO2 methanation with different Co loadings starting from 0.1 to 0.8 mmolCo-salt/gSCB. In addition, the effect 
of Ce was studied, proving that Ce addition improved the catalytic activity significantly, as the catalyst 0.5Co-0.25Ce/
SCBB showed the foremost conversion of CO2 (60% at 500 °C) and the best selectivity of methane (80% at 430 °C). This 
research lays the foundation for utilizing Ce to enhance the catalytic properties of various transition metals that can 
not offer high catalytic activity alone in the carbon dioxide methanation.

Highlights 

•	 Sustainable catalysts for CO₂ hydrogenation to methane help mitigate CO₂ emissions and combat global warm-
ing.

•	 Co supported on  sugarcane bagasse biochar (SCBB) for  CO₂ methanation is  a  novel approach not  previously 
reported.

•	 Adding cerium (Ce) to the Co/SCBB catalyst significantly improved CO₂ conversion and methane selectivity.
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Graphical Abstract

1  Introduction
In recent times, there has been considerable focus on 
the issue of global warming caused by the buildup of 
green-house gases in the atmosphere, particularly car-
bon dioxide, leading to the deterioration of the whole 
environment. Based on present estimates, to have a 2 in 
3 chance of limiting the global temperature increase to 
less than 2  °C by 2100, carbon dioxide emissions must 
be cut down to less than 5 billion tons annually before 
2050 (Valluri et al. 2022). To put this in perspective, the 
amount of current emissions is about 48 billion tons of 
CO2 per year (Valluri et  al. 2022). Thus, carbon dioxide 
capture and utilization are crucial processes to mitigate 
the impact of CO2. However, transformation of CO2 
into chemicals and/or energy products such as methane 
through the CO2 methanation path is more promising, as 
it not only decreases the emissions of CO2, but also pro-
vides additional economic value (Gamal et al. 2024).

Methane is progressively asserting itself as the pri-
mary energy source in comparison to coal. The notion 
of obtaining it from renewable carbon sources instead 
of extracting natural gas holds even greater appeal. Bio-
mass-derived methane presents itself as a compelling 
prospect for effective power generation, providing the 
benefit of an almost closed CO2 cycle (Collet et al. 2017). 
In addition, hydrogenation of CO2 to methane (methana-
tion) is a perfect way to mitigate the CO2 in the environ-
ment as well as providing a valuable product (methane), 
which can be represented by Eq.  1. However, manipu-
lating the reaction temperature and the stoichiometric 
ratios can lead to redirecting the reaction to produce 

carbon monoxide instead of methane, as depicted in 
Eq. 2, which then reacts with the produced water to pro-
duce methanol (Tripodi et al. 2020; Song et al. 2023).

Transition and noble metals are intensively reported 
for CO2 methanation, particularly ruthenium (Shen 
et al. 2024), nickel (Zhong 2024), and cobalt (Zhong et al. 
2023) supported on various materials, such as silica and 
alumina (Riani et  al. 2023). However, the low cost of 
the Earth abundant transition metals makes them more 
favored than the noble metals and their high cost and 
scarcity preclude their use (Zhang 2022; Gac et al. 2020; 
Frontera et al. 2017). Pyrolysis of biomass, conducted in 
the slow regime (Pawelczyk et  al. 2022), results in high 
portion of biochar, which is the solid product usually 
exhibiting high surface area (Leng et al. 2021; Wiśniewska 
et al. 2022).

Several agrowastes can be pyrolyzed into biochar, such 
as date and olive pits, fruit peels, rose petals, forestry 
waste, marine algae, and sugarcane bagasse, to name but 
a few (Khalil et al. 2021; Bhakta 2023; Adeniyi et al. 2023). 
However, biochar is rarely reported as a support mate-
rial for the CO2 methanation reactions, particularly, the 
biochar of the sugarcane bagasse. The latter offers porous 
and high surface area structures (Snoussi et  al. 2023), 
which can enhance the metal dispersion, leading to better 
catalytic performance (Zhu et al. 2016). Particularly, the 

(1)
CO2 + 4H2 ⇒ CH4 + 2H2O�H = −165kJ/mol

(2)CO2 + H2 ⇒ CO + H2O�H = 41kJ/mol
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wet impregnation technique allows to obtain sugarcane 
bagasse biochar (SCBB) loaded with evenly dispersed 
metallic and bimetallic, as well as metal oxide nanocat-
alysts for water treatment (Tang et  al. 2023; Tang et  al. 
2024). Taking advantage of this unique behavior of SCBB 
(not noted for example with previous work on olive pit 
biochar), we reasoned that slow pyrolysis applied to the 
wet impregnation process would be a valuable approach 
to directly obtaining Co nanocatalysts immobilized on 
SCBB, a support that has never served for the immobili-
zation of Co. This is what has motivated the development 
of Co-decorated biochar for the thermo-catalytic reac-
tions of CO2 methanation.

Hence, sugarcane bagasse biochar was prepared as a 
support for Co, investigating its catalytic performance 
in the methanation reactions. Furthermore, the impact 
of Co loadings was explored via synthesizing and testing 
catalysts with various Co amounts (0.1–0.8 mmolCo-salt/
gSCB). In addition, the effect of Ce addition on the cata-
lytic performance was also investigated, which showed an 
interesting impact, improving the catalytic activity. This 
work will open the door for using the SCBB as a sustain-
able support in various reactions extending beyond just 
CO₂ methanation.

2 � Methodology
2.1 � CO2 methanation
The reactions were run in a tubular flow reactor, as seen 
in Fig. 1. All tests were performed at a wide range of tem-
peratures (200–500 ℃), and 1 atm. A total of 0.5 g of the 
catalyst was loaded between two pieces of quartz wool, 
and a 40 sccm of 40% H2 and 10%CO2 in argon (WHSV 
= 48000 ml  g−1  h−1) was introduced to the reactor. It is 
important  to note that the biochar is a fluffy material 
that offers sufficient contact between the gas and the 

catalyst. The effluent gases passed through a condenser 
unit, where water was removed, and then the gases were 
pushed to an IR analyzer (Yokojawa-IR200) for analysis. 
The IR bands corresponding to the gas-in and gas-out 
confirmed that the change occurred in the gases and the 
carbon dioxide methanation reaction could be monitored 
with the described setup.

In the beginning, all samples were pretreated by 
10 vol.% of H2/Ar for one hour at 500 °C. Then, the tem-
perature of furnace was decreased to 25 °C, and the gases 
were passed to the tested sample as the temperature was 
increased to 500 °C. The following definitions were used 
in our calculation of carbon dioxide conversion (Eq.  3), 
selectivity of methane (Eq.  4) and also methane yield 
(Eq. 5)and reaction rates (Eq. 6) (Ali et al. 2020; Ali et al. 
2023).

2.2 � Synthesis
The gathered leftover fibrous waste specimens (SCB) 
were broken down using a powered household grinding 
device, followed by additional pulverizing using a device 
for crushing coffee beans. The resulting fine material was 
then filtered through a mesh, and employed as an organic 
raw material for the synthesis of biochar-based cata-
lysts. Co nitrate hexahydrate (Co(NO3)2·6H2O) was uti-
lized as a precursor for the wet impregnating process of 

(3)
%CO2 = [n(CO2 In−nCO2 Out)/nCO2 In] × 100

(4)
%CH4 = [nCH4 Out/[nCO2 In−nCO2 Out] × 100

(5)%CH4 = [nCH4 Out/nCO2 In] × 100

(6)r = (nCO2In−nCO2Out)/gcat. Tmin

Fig. 1  A scheme illustrating the experimental apparatus
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Co into the biochar. 87.31, 261.93, 436.55, and 698.48 
mg of Co(NO3)2·6H2O were dissolved in five different 
beakers containing 20 mL of deionized water including 
the prepared sugarcane bagasse powder, representing 
the molar mass ratio of 0.1, 0.3, 0.5, and 0.8 Co nitrates 
hexahydrate per gram of sugarcane bagasse (mmol g−1), 
respectively, as shown in Table  1. The solutions (xCo/
SCB) were dried at 80 °C, and then the dried mixture was 
transferred into a tubular furnace and pyrolyzed at 500 
°C in nitrogen atmosphere for one hour, with a heating 
rate of 10 °C  min−1, and then cooled down to the room 
temperature.

The yield of the collected samples varied from 23 to 
28 weight percent, as seen in Table  1. The as-synthe-
sized catalysts were labeled as 0.1 Co/SCBB, 0.3 Co/
SCBB, 0.5 Co/SCBB and 0.8 Co/SCBB, according to the 
aforementioned molar mass ratios (mmolCo-salt/gSCB). In 
addition, impregnation, mechanical mixing, and then 
thermal reduction were used to prepare the bimetal-
lic catalyst Co-Ce/SCBB. 72.76 mg of Co(NO3)2·6H2O 
was dissolved in 20 mL of deionized water including 1 g 
of the pure SCBB, representing the molar mass ratio of 
0.25 mmol g−1

SCBB, followed by the same aforementioned 
procedures of drying and calcination. Then, 108.56 mg of 
Ce(NO3)3·6H2O, representing similar molar mass ratio of 
0.25 mmol g−1

SCBB, was mechanically mixed with the 0.5 
Co/SCBB, followed by thermal reduction by hydrogen at 
500 °C for one hour, with a heating rate of 10 °C  min−1. 
The collected catalyst after reduction was labeled as 0.5 
Co-0.25 Ce/SCBB with a total metal loading of 0.5 mmol 
g−1 to be compared with the catalyst 0.5 Co/SCBB that 
presented the highest catalytic performance among the 
monometallic catalysts. Furthermore, metal-free and Ce/
SCBB samples were prepared and tested for the same 
process and both of them were inactive and could not 
catalyze the CO2 methanation reaction.

2.3 � Characterization
Nova Nano SEM machine was utilized to obtain images 
of the synthesized catalysts. Transmission Electron 
Microscopy (TEM) was employed for topographical and 
morphological images using FEI-TECNAI-G2-TEM and 

TF20. XRD-PANalytical-EMPYREAN was employed 
to characterize the structure of the catalysts. XPS sur-
face chemical analysis was performed using a K Alpha 
+ machine (Thermo, UK) for the pristine and impreg-
nated samples. The machine is fitted with a monochro-
mated Al Kα source (1486.6 eV) and a flood gun to 
compensate for the static charge build-up. Raman spectra 
were acquired using a Horiba HR 800 instrument fitted 
with He–Ne laser beam set to 633 nm. The signals were 
recorded in the 800–2700 cm−1 spectral region. A Pyris-6 
TGA-PerkinElmer (Waltham MA, USA) was employed 
for thermal gravimetric analysis (TGA) in air. The heat-
ing rate was 10 °C  min−1, and the thermograms were 
recorded in the range of 25 to 800 °C.

3 � Results and discussion
3.1 � Characterization of the catalytic biochar materials
The SEM analyses of all catalysts exhibited honeycomb-
like structures including almost hexagonal arrays of 
pores of the bimetallic catalyst 0.5 Co-0.25 Ce/SCBB 
(Fig.  2a–c). Those structures can provide a high porous 
surface area, which enhances active site revelation, lead-
ing to elevated catalytic performance (Zhu et  al. 2016). 
Furthermore, Fig. 2d, e displays the fishing net structures 
of the 0.5 Co-0.25 Ce/SCBB found in all samples, which 
matches the previously reported results (Gamal et  al. 
2024). The pores of fishing nets were elongated like slits 
with an average length of 2–5 μm and around 1 μm width 
as seen in the yellow circled area of Fig. 2e. The formation 
of those uniformed pores, which are ordered in a fish-
ing net structure, is attributed to the dehydration of the 
cell structure of the sugarcane bagasse (Tang 2023). The 
EDX analysis of samples indicated the metal loadings of 
Co into the sugarcane bagasse biochar. The EDX analy-
sis of the bimetallic 0.5 Co-0.25 Ce/SCBB confirmed the 
existence of Co and cerium in the catalyst with roughly 
atomic percentages of 7.12 and 4.52, respectively, and 
approximately weight percentage of 10 for each, as seen 
in Fig. 2f.

The TEM images of the monometallic catalyst 0.5 Co/
SCBB showed that the Co nanoparticles were not well 
distributed on the support, as some agglomerations were 

Table 1  The parameters used for synthesis

Catalyst Sugar cane bagasse 
(g)

Co-Nitrates (mg)/
(mmol.)

H2O (mL) Biochar Mass (g)/Yield 
(%)

Parameter

SCBB 5.013 / / 1.338/26.69 Temp.: 500 °C
Heating rate: 10 °C/min
Residence time: 1 h
Gas: N2

0.1 Co/SCBB 3.000 87.31/0.1 20 0.715/23.17

0.3 Co/SCBB 3.000 261.93/0.3 20 0.843/25.87

0.5 Co/SCBB 3.000 436.55/0.5 20 0.942/27. 46

0.8 Co/SCBB 3.000 698.48/0.8 20 1.0552/28.63
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always found in different spots of the catalyst, as seen in 
Fig. 3a–c. In addition, the particle size of the monome-
tallic catalyst 0.5 Co/SCBB was not uniform and showed 
a wide range of particle sizes starting from 10 to 35 nm, 
calculated by ImageJ software. However, the rough mean 
size of the nanoparticles of the monometallic 0.5 Co/
SCBB was 18.5 nm, as shown in the inserted histogram 
of Fig. 3c. On the other hand, the bimetallic catalyst 0.5 
Co-0.25 Ce/SCBB exhibited good metal distribution on 
the support, as seen in Fig.  3d–f, which was attributed 
to the effect of Ce that improved the metal dispersion on 
the support (Hu et al. 2019; Renda et al. 2021), resulting 
in higher catalytic performance. Moreover, 0.5 Co-0.25 
Ce/SCBB presented uniformed nanoparticles with an 
average size of 11.5 nm, which is smaller than that of 
the monometallic 0.5 Co/SCBB (18.5 nm), as shown in 
the inserted histogram of Fig.  3e. Moreover, the TEM 
images indicated that Co and Ce were more like distrib-
uted on the surface of the biochar, providing more metal 
exposure.

XPS analysis was performed to monitor the surface 
modification of the biochar as a result of Co nitrate 

loading, and also the addition of cerium to 0.5 Co/SCBB 
hybrid.

The elemental surface composition is reported in 
Table SI1. Figure  4 displays XPS analyses, i.e. the sur-
vey regions (Fig. 4a) and the Co/(C + N) and (Co + Ce)/
(C + N) atomic ratios versus the intial loading of Co 
nitrate (Fig.  4b), deduced from the data reported in 
Table SI1. Figure 4a shows neat spectrum of pure SCBB 
biochar exhibiting a sharp C1 s peak at 285 eV and O1 
s at 532 eV. There was an additional Co2p doublet for 
0.5 Co/SCBB sample. The inset shows Co2p3/2 centered 
at 780.4 eV due to surface oxidation of Co (Cho et  al. 
2018), shadowing the shoulder at 778.5 eV assigned 
to zero-valence Co (Powell 2012). After pyrolysis of 
the cerium nitrate and 0.5 Co/SCBB mixture, Ce3 d 
is hardly noticed on the survey spectrum, and Ce3 d 
is clearly visible only after scanning the Ce3 d narrow 
region. This complex region shows a first series of 3 
peaks centred at 882.7, 888.8 and 898.7 eV assigned to 
Ce3 d5/2, and a second series of 3 peaks centred at 901.2, 
906.9 and 916.9 eV, assigned to Ce3 d3/2 (Bhuvanendran 
et  al. 2021; Jiao et  al. 2021). The very last peak exists 

Fig. 2  SEM images of the bimetallic catalyst 0.5 Co-0.25 Ce/SCBB at different magnifications, showing the pore structure (a–c) and the fishing net 
structures (d, e). f EDX analysis of the tbimetallic catalyst 0.5 Co-0.25 Ce/SCBB
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for cerium (IV) oxidation only.1 Despite the noisy signal 
of Ce3 d, the two first peaks at 882.7 and 888.8 eV are 
not well resolved, possibly due to the contribution of a 
minor Ce3 d5/2 peak at 885.9 eV, from Ce(III) (Jiao et al. 
2021; Praline et al. 1980). Therefore, the Ce3 d regions 
is mostly due to CeO2 (Bhuvanendran et al. 2021), but 
without excluding Ce(III).

Figure  4b shows a graph of the Co(C + N) atomic 
ratio against the original mass loading of the Co nitrate 
on the biomass. A stepwise increase of this atomic ratio 
indicated excellent control over the preparation and 
the surface composition of the biochar samples. After 
0.8 mmol g−1 biomass loading, saturation started to be 
noted. Above 0.8 mmol g−1 biomass, the Co nitrate was 
likely to yield agglomerated Co nanoparticles on the bio-
char with quasi-no CO2 methanation activity. For the 0.5 
Co-0.25 Ce/SCBB, the ratio seemed slightly higher than 
that of the original sample 0.5 Co/SCBB and this could 
be ascribed to the grinding of this biochar with cerium 

nitrate. The (Co + Ce)/(C + N) was slightly higher than 
the reference values for this biochar, which is in line with 
the contribution of cerium.

To account for oxygen vacancy, the main high-resolu-
tion O1 s peaks were fitted for SCBB (Fig.  4c), 0.5 Co/
SCBB (Fig. 4d), and 0.5–0.25 Ce/SCBB (Fig. 4e), respec-
tively. There is possibly a small portion of mineral oxides 
in SCBB (trace amounts of K2O and NaO resulting from 
the pyrolysis process). The main peak is due to the under-
lying biochar and is assigned to C = O and C–OH spe-
cies. Wet impregnation induces the addition of CoO as 
Co is partially oxidized (see inset of Fig.  4a). The peak 
is at 530.0 eV, in line with the average value 529.9 ± 0.35 
eV (CoO) calculated using the values indexed in the 
NIST XPS Database. The peak at 533–533.3 eV is due to 
C–O–C from the biochar. The main component could 
now have a contribution of oxygen vacancies, reported 
usually in the 531–532 eV binding energy range. How-
ever, this assignement is controversial (Wang et al. 2024) 
and confirmation should be provided by more research 
groups. Figure 4e shows a complete change in the shape 
of the O1 s narrow region; a contribution of CeO2 is now 
implemented at 529.3 eV which accounts for the aver-
age value 529.2 ± 0.3 eV calculated using the NIST XPS 

Fig. 3  TEM images of o.5 Co/SCBB (a–c) and 0.5 Co-0.25 Ce/SCBB (d–f). Insets of c and d show nanoparticle size distribution

1  See https://​www.​therm​ofish​er.​com/​fr/​fr/​home/​mater​ials-​scien​ce/​learn​
ing-​center/​perio​dic-​table/​lanth​anide-​rare-​earth/​cerium.​html, last accessed 
12 December 2024.
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Database. The main peak is assigned again to C = O/OH 
and possibly to oxygen vacancies. There is a dramatic 
increase in the proportion of C–O–C peak at 533.1 eV, 
possibly due to the oxidation of the 0.5 Co/SCBB upon 
mechanical mixing with cerium salt, thus resulting in 

mechanochemical oxidation of biochar carbon atoms. 
Although O1 s could be exploited to deduce the con-
tribution of oxygen vacancies, it remains difficult to be 
accurately calculated given the contribution of biochar to 
O1 s in the 531–532 eV range.
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The XRD analyses of all samples showed the success-
ful impregnation of Co into the biochar support, as seen 
in Fig. 5a. All catalysts showed the broad peak of carbon 
located aroun 24.5 degree, which indicates the existence 
of the amorphous carbon (Yuan et al. 2013). The 0.1 Co/
SCBB did not present peaks corresponding to the pres-
ence of Co, which was attributed to the low Co concen-
trations loaded into the biochar. However, 0.3 Co/SCBB, 
0.5 Co/SCBB, and 0.8 Co/SCBB showed peaks around 
42, 52, and 74, corresponding to the Co [111], [200], and 
[220] planes, respectively (Yuan et  al. 2013). That indi-
cates that Co mainly exists in the metallic phase with 
face-centered cubic structure (Yuan et al. 2013). In addi-
tion, increasing metal loading in catalysts resulted in 
sharper peaks with a little higher 2θ degrees, which may 

indicate increasing of crystalinity with increasing the 
metal amount.

The XRD analysis of the bimetallic catalyst 0.5 
Co-0.25 Ce/SCBB did not show any clear peaks, which 
might be ascribed to the low concentrations of the both 
impregnated metals in the biochar. The Raman spec-
tra analyses of the prepared catalysts showed a D band 
around 1344 cm−1 in addition to a G band about 1575 
cm−1, which approves the  presence of amorphous and 
graphitic carbon, as seen in Fig.  5b. In addition, the 
Raman spectra confirmed the graphitization of the pre-
pared samples as the peak intensity of the G band (IG) 
was always higher than the peak intensity of the D band 
(ID) in all synthesized samples. The ratio of ID/IG of 
the metal-loaded catalysts was around 0.8, which was 

Fig. 5  a XRD diffraction patterns, and b Raman spectra of the prepared biochar-supported catalysts

Fig. 6  The N2-adsorption–desorption isotherm (a) and the HBH pore size distribution (b) of 0.5 Co-0.25 Ce/SCBB. c FTIR analysis of metal-free SCBB, 
0.5 Co/SCBB, and 0.5 Co-0.25 Ce/SCBB
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less than that of the pure SCBB (0.9), indicating that 
the addition of Co increased the graphitization of the 
catalysts.

Figure  6a shows the BET analysis of the bimetal-
lic catalyst 0.5 Co-0.25 Ce/SCBB, which is similar in 
shape to the other prepared catalysts. All samples 
showed similar nitrogen adsorption–desorption iso-
therms, which are classified as type II isotherms, result-
ing from unrestricted monolayer-multilayer adsorption 
up to high p/p0, according to the IUPAC classification 
(Eddaoudi and (ACS Publications) 2005; Thommes 
et  al. 2015). The hysteresis loops were also similar in 
shape, indicating the H4 type of the porous materials 
that include micro and meso pores (Thommes et  al. 
2015), as confirmed by the BJH pore size distribution, 
as depicted in Fig.  6b. The BET calculations exhibited 
that all catalysts owned high surface area, ascribed 
to the natural structures of the SCBB. The pattern of 
enhancing the specific surface area aligned with rais-
ing metal amounts, as shown in Table 2, which matches 
with previously reported results (Gamal et  al. 2024), 
attributed to the ability of metals to carve away the 

exterior layer forming larger channels or holes, as dem-
onstrated by the pore volume measurements (Gamal 
et al. 2024). 

Accordingly, the blank support (SCBB without metal) 
presented the smallest specific surface area while the 
metal-loaded catalysts presented the highest surface 
area as shown in Table 2. In addition, the blank support 
showed the least pore volume while metal-loaded ones 
showed higher pore volume as shown in Table  2. The 
0.5 Co/SCBB and 0.8 Co/SCBB had the same BJH value, 
which might occur because the catalyst was saturated 
with the amount of metal that is more than enough to 
carve away the exterior layer forming larger channels or 
holes.

Fourier-transform infrared spectroscopy (FTIR) anal-
yses of all samples did not show clear changes in the 
position of peaks between the metal-free SCBB and 
the metal-loaded ones. However, it is worth noting that 
the peaks belonging to the metal-loaded catalysts were 
slightly broader, as shown in the FTIR spectra of 0.5 
Co-0.25 Ce/SCBB and 0.5 Co/SCBB (Fig. 6c). Moreover, 
a small broad peak was observed at ~ 1200 cm−1, which is 
attributed to the existence of C–O–C bonds (Chen et al. 
2019). In addition, other peaks were noted around 1500 
and 1700 cm−1, ascribed to C–C and C = C bonds (Chen 
et  al. 2019), respectively (Fig.  5c). The spectral broad 
bands, hardly appearing between 3175 to 3490 cm−1, are 
attributed to the O–H stretching intramolecular hydro-
gen bonds (see Fig. 6c) (Kumar et al. 2014).

3.2 � Catalytic performance
All samples were evaluated in the aforementioned sys-
tem after activation in H2 for 1  h at 500 °C. Figure  7a 

Table 2  BET and BJH calculations

Catalyst BET SA m2 g−1 BJH PV cc g−1

SCBB 162 0.08

0.1 C/SCBB 197 0.15

0.3 Co/SCBB 215 0.17

0.5 Co/SCBB 211 0.18

0.8 Co/SCBB 216 0.18

0.5 Co-0.25 Ce/SCBB 217 0.18

Fig. 7  CO2 Conversion (a) and reaction rates (b) of all catalysts
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exhibits the carbon dioxide conversion as a function of 
temperature from 200 to 500 °C. The blank samples that 
do not contain any loaded metals did not show any cata-
lytic activity. However, all metal-loaded samples showed 
CO2 conversion with different percentage, and  0.5 Co/
SCBB showed the highest CO2 conversion among the 
monometallic catalysts. However, the bimetallic catalyst 
0.5 Co-0.25 Ce/SCBB was the most active one, showing 
60% CO2 conversion at 500 °C, attributed to the Ce effect, 
which enhanced the metal dispersion on the support. 
Furthermore, the reaction rates at different reaction tem-
peratures were calculated to provide more understanding 
as seen in Fig. 7b. The reaction rate was increasing with 
increasing the temperatures and also with increasing the 
Co loadings, as the 0.5 Co/SCBB presented the best reac-
tion rate amid the monometallic catalysts. 0.8 Co/SCBB 
displayed inferior activity than 0.5 Co/SCBB, attrib-
uted to the agglomeration brought about by the excess 
amounts of the impregnated Co. Moreover, the bimetallic 
catalyst Co-Ce/SCBB exhibited the highest reaction rate 
among all tested catalysts, attributed to the presence of 
Ce.

Figure  8a displays the selectivity of methane of all 
catalysts; all catalysts activated the methane produc-
tion except 0.1 Ni/SCBB, which was ascribed to the 
small impregnated amount of Co. 0.5 Co/SCBB pro-
vided the highest methane production among the 
monometallic catalysts. However, the methane selectiv-
ity of all monometallic Co catalysts was low, as shown 
in Fig.  8a. Moreover, the bimetallic 0.5 Co-0.25 Ce/
SCBB enhanced the methane selectivity interestingly. 
The methane selectivity of 0.5 Co/SCBB was ~ 25% at 
430 °C, while 0.5 Co-0.25 Ce/SCBB presented ~ 80% 
methane selectivity at the same temperature. Increas-
ing the temperature more than 430 °C led to less meth-
ane selectivity and higher carbon monoxide selectivity, 
attributed to the competitor RWGS (reverse water gas 

shift reaction) that is preferred to occur at the higher 
temperatures (Lee et  al. 2021; Stangeland et  al. 2020), 
which redirects the reaction to generate carbon mon-
oxide rather than methane.

Figure  8b illustrates that the selectivity of CO was 
higher than methane selectivity for all monometal-
lic catalysts at all reaction temperatures, indicating that 
Co alone is not really selective for methane production. 
However, addition of Ce decreased the selectivity of CO 
clearly, and the bimetallic 0.5 Co-0.25 Ce/SCBB showed 
only ~ 25% CO selectivity at 430 °C, which is the opti-
mal temperature for CO2 methanation. Figure 8c shows 
the methane yields, which were always low for all mon-
ometallic catalysts throughout the entire temperature 
range of this study. Addition of Ce increased the meth-
ane yield intensively, as the bimetallic 0.5 Co-0.25 Ce/
SCBB achieved ~ 40% methane yield at 430 °C, and then 
decreased with increasing the reaction temperature, due 
to the reverse water gas shift reaction.

Figure  9a compares the catalytic activity of the cata-
lysts at 430 °C, as an optimal condition for the reaction 
to be most selective to methane. The comparison dis-
played that the bimetallic catalyst 0.5 Co-0.25 Ce/SCBB 
offered the best CO2 conversion, the highest methane 
production, and the lowest CO selectivity at the reaction 
temperature of 430 °C. This excellence performance is 
ascribed to the well metal nanoparticles distribution on 
the support and the small size of the nanoparticles offered 
by Ce. Since the bimetallic catalyst 0.5 Co-0.25 Ce/SCBB 
displayed the greatest activity, it was further evaluated 
for its stability towards CO2 conversion, CH4 selectivity, 
and CO selectivity at 430 °C for 12 h. As shown in Fig. 9b, 
the catalyst 0.5 Co-0.25 Ce/SCBB showed a stable perfor-
mance without any deactivation during the whole reac-
tion time, as the CO2 conversion fluctuated around 51%, 
the CH4 selectivity stayed around 80%, and the CH4 yield 
was about 41%.

Fig. 8  a Methane selectivity, b Co selectivity, and methane yield (c) of all catalysts
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Only few reported bimetallic/biochar catalysts have 
been reported for the CO2 methanation. However, 
all authors reported a significant improvement after 
the addition of Ce, as seen in Table  3. None of those 
reported studies investigated the Ce with Co supported 
on biochar as only that with Ni was investigated. Thus, 
this work was performed on the Co-Ce/biochar, and 
after comparing it with the reported monometallic Ni 
or bimetallic Ni-Ce/biochar catalysts, it is clear that 
the Co-Ce/SCBB catalyst can be considered as one of 
the active catalysts. For example, at atmospheric pres-
sure, it offered 80% methane selectivity at 430 °C only, 
and Ni-Ce/BC catalyst (Renda et al. 2021) offered 88% 
but at higher operating temperature (450 °C) as seen in 
Table  3. On the other hand, Ni-Ce/BC catalyst (Stasi 
et  al. 2021) showed a significant high catalytic perfor-
mance with 95% methane selectivity at only 400 °C. 
However, the reaction was performed at the atmos-
pheric pressure (10 bar) requiring higher cost.

4 � Conclusion
The wet-impregnated sugarcane bagasse biochar (SCBB) 
by cobalt and cerium nanocatalysts worked effectively 
in the methanation reactions, attributed to the highly 
porous surface area composition offered by the sugar 
cane bagasse biochar. 0.5 Co/SCBB offered the best activ-
ity, as it showed the greatest carbon dioxide conversion 
and the best methane selectivity. However, 0.5 Co/SCBB 
could not achieve more than 27% methane selectivity 
at the optimal temperature, due to the existing agglom-
eration and the big particle size. On the other hand, the 
bimetallic 0.5 Co-0.25 Ce/SCBB showed higher catalytic 
performance than the monometallic 0.5 Co/SCBB, which 
is attributed to the effect of Ce that improved the metals 
dispersion on the support, and offered less particle size. 
The bimetallic catalyst 0.5 Co-0.25 Ce/SCBB achieved 
51% carbon dioxide conversion, 80% methane selectivity, 
and 41% methane yield, at 430 °C, and stayed active and 
stable for more than 12 h. This study opens the way for 
utilizing Ce to enhance various metals that cannot offer 

Fig. 9  a An evaluation of all catalysts at Conversion 500 °C and Selectivity 430 °C, and b stability test of 0.5 Co-0.25 Ce/SCBB at 430 °C

Table 3  A comparative table for the limited investigated bimetallic biochar-supported catalysts

Sample Synthesis Parameter %CO2 Conv %Methane Sel Reference

Ni/BC Thermal decomposition 1 atm. at 450 °C 42 65 Renda et al. 2021

Ni + Ce/BC Thermal decomposition 1 atm. at 450 °C 65 88 Renda et al. 2021

Ni/CDC Thermal decomposition 1 atm. at 400 °C 52 67 Tarifa et al. 2021

Ni + Ce/CDC Thermal decomposition 1 atm. at 400 °C 78 99.9 Tarifa et al. 2021

Ni/BC Thermal decomposition 1 MPa. at 500 °C 45 45 Stasi et al. 2021

Ni + Ce/BC Thermal decomposition 1 MPa. at 400 °C 65 95 Stasi et al. 2021

Co/SCBB Thermal decomposition 1 atm. at 430 °C 40 26 Our work

Co + Ce/SCBB Thermal decomposition 1 atm. at 430 °C 51 80 Our work
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high catalytic activity in the carbon dioxide methanation 
alone.
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