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Abstract: Ceria- and urea-doped activated biochars were used as support for Ni-based catalysts
for CO, methanation purposes. Different materials were prepared and tested to find the best
catalytic formulation. After several CO, methanation experiments—carried out at 0.35-1.0 MPa
and 300-500 °C—it was found that the most suitable catalyst was a wheat-straw-derived activated
biochar loaded with 30 wt.% of CeO, and 20 wt.% of Ni. Using this catalyst, a CO, conversion of 65%
with a CHy selectivity of 95% was reached at 1.0 MPa, 400 °C, and 13,200 h~!. From the study of the
influence of the gas hourly space velocity, it was deduced that the most likely reaction mechanism
was a reverse water—gas shift reaction, followed by CO hydrogenation. N-doping of the carbon
support as an alternative to the use of ceria was also investigated. However, both CO, conversion
and selectivity toward CHy values were clearly lower than those obtained for the ceria-containing
catalyst cited above. The outcomes of this work indicate that a renewable biomass-derived support
can be effectively employed in the catalytic conversion of CO; to methane.

Keywords: CO, methanation; Sabatier reaction; biochar; urea; ceria

1. Introduction

Since the second industrial revolution, human civilization started to be highly de-
pendent on fossil fuels. Their continuous exploitation resulted in the increase in the
atmospheric CO; content, which is associated with several environmental issues [1-3]. In
recent years, different strategies have been postulated to substantially reduce CO, emis-
sions. Among them, coupling carbon capture utilization (CCU) with power-to-gas (PtG)
schemes could represent a very promising option [4,5]. Through this approach, the electric
energy produced from renewable sources is used to produce hydrogen via water electrol-
ysis. The resulting hydrogen and the CO, sequestered from power plants or industrial
processes are then employed as reactants for the Sabatier reaction (Equation (1)) to produce
methane, which—unlike hydrogen—could easily be injected into the national grid.

CO; 44 Hy = CHy+2 HyO; AHaygsx = —165 KJ mol ! 1)

The reaction is highly exothermic and generally carried out in the temperature range
of 200—500 °C. However, CO, conversion toward CH, involves high activation energies,
which make the reaction less likely at relatively low temperatures [6]. Therefore, the use of
an appropriate catalyst is mandatory. Noble metals-based catalysts—such as Ru [7], Rh [8],
and Pt [9]—have been reported to be active and selective for methanation purposes. How-
ever, their high cost and limited availability encouraged research into cheaper alternatives,
such as transition metal-based catalysts. Among the latter, Ni-based catalysts appear as a
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promising option due to their low cost and remarkable catalytic performance [10-12]. Since
the main role of nickel is to dissociate H, molecules [13], a catalyst support that is able to
adsorb and activate a large amount of COj is essential for a successful catalytic formulation.
To this end, reducible metal oxides, such as ZrO, [14] and CeO, [15], have been extensively
used due to the presence of surface oxygen vacancies at the interface between the active
metal and support. In the case of Ni/Ceria catalyst, Renda et al. [9] obtained outstanding
performances in terms of methane yield (75%) and CO, conversion (73%) at 0.1 MPa and
350 °C. Meanwhile, Alarcon et al. [16] achieved, with an Ni/CeO, /v-Al,O3, a stable CO,
conversion of 90% for at least 120 h.

Carbon-based supports like activated carbon and carbon nanotubes [17-22] are gaining
attention because of their chemical stability and surface chemistry tunability. However, the
main problem related to these materials is that their production is usually highly energy
consuming. Another drawback is that their highly microporous structure could result
in diffusional limitations of both reactants and products. Moreover, in the absence of
certain surface functional groups, the interaction between the metallic active phase and
the support is poor, leading to metal sintering phenomena [20]. To improve the properties
of carbonaceous supports, the introduction of N-containing functional groups appears as
a very promising approach. In addition to the enhanced electronic interaction, nitrogen
doping could also lead to the incorporation of basic sites within the carbon framework,
resulting in an enhanced CO; adsorption [23,24].

From a sustainability point of view, renewable carbon materials are excellent candi-
dates to be used as catalyst supports. For instance, biochar—an aromatic carbon-rich solid
produced via slow pyrolysis of biomass [25]—is currently receiving growing interest as a
potential starting material for advanced catalytic applications, owing to its low cost and
versatility [26]. The addition of this biomass-derived material to the most effective catalytic
formulations (e.g., Ni/Ceria) could notably decrease the overall catalyst cost; also, at its
end-life stage, the carbon support could be burnt to recover energy and active phases [27].
However, there are still very few studies in literature describing the performance of biochar-
based metal catalysts in CO, methanation. Among them, Wang and co-workers produced
and tested Ni- and Ru-based catalysts supported on ceria- [28] and urea-doped biochar [23].
Their results showed very good CO, conversion, even at low temperatures. Nevertheless,
ceria and urea were added to the raw biomass, instead of biochar. To strengthen the value
chain of biochar systems, it seems more interesting to produce engineered biochar-derived
materials as value-added products, which can generate important revenues for large-scale
biochar production systems.

In this work, a wheat-straw-derived activated biochar was produced and then doped
with CeO; to produce Ni-based catalysts, which were then tested for CO, methanation.
Several catalytic experiments were carried out at different temperatures, pressures, and
gas space velocities to find the optimal catalytic formulation and operating conditions.
Furthermore, urea-doped activated biochars were also synthesized and used as catalyst
supports to assess the influence of the surface N-containing functional groups on the
catalytic performance.

2. Materials and Methods
2.1. Materials

Wheat straw pellets were pyrolyzed under N; atmosphere at 500 °C and atmospheric
pressure. Details concerning the pyrolysis device and procedure can be found in a previous
article [29]. The resulting raw biochar was crushed and sieved to obtain particle sizes
within the range of 0.212-1.41 mm. Then, biochar was physically activated with CO; at
700 °C and 1.0 MPa for 2 h in a fixed-bed reactor (made of alloy UNS N06600, 28.1 mm
ID, and 600 mm long). These operating conditions were proven to be effective to obtain a
material with a more hierarchical pore size distribution [30].

The catalysts tested in this work were prepared via wet impregnation of the above-
mentioned activated biochar using Ce(NO3)3-6H,0 or CO(NH;); (urea) as dopant agents.
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The aqueous solutions were stirred at 80 °C until complete water evaporation and then
dried overnight at 110 °C. The resulting dried mixtures were finally calcined at 550 °C for
3 h under inert atmosphere (N3) using the above-mentioned reactor. The doped activated
biochars were then impregnated with an aqueous solution of Ni(NOj3),-6H,O, which was
used as source of the catalytic active phase, following the same procedure as that used for
the dopant agents. The Ni loading percentage was calculated considering the mass of the
calcined doped support. The nomenclature employed for the produced catalysts is the
following: BCCeXNiY or BCNXNiY, where X is the loading (wt.%) of ceria (Ce) or urea
(N) and Y corresponds to the loading of nickel (Ni). Table S1 (in Supplementary Materials)
summarizes all the produced materials and their nomenclatures.

2.2. Catalytic Experiments

Methanation tests were carried out in a tubular fixed-bed reactor (made of alloy UNS
N10276), where around 1 g of catalyst was placed. The reactor was then filled with an
inert material (Kaowool™ fiber) to avoid reactions outside of the catalytic bed. A K-type
thermocouple was placed in the center of the catalytic bed to monitor the temperature
evolution during the tests. Before each catalytic test, the bed was exposed to a reducing
atmosphere (N3 /Hj, 90/10 vol.%) at 550 °C for 2.5 h to ensure the complete reduction
of the nickel oxide. Once the preliminary reduction step was concluded, the reactor was
cooled down to 300 °C under inert atmosphere and pressurized to the desired pressure
value. Then, a mixture of N, /H/CO, (50/40/10 vol.%) was fed to the reactor. Starting
from 300 °C, the bed temperature was increased in steps of 50 °C and maintained constant
for the time needed to obtain an almost constant product concentration. The composition
of the outlet gaseous stream (CO, CO,, CHy, Hy, and light hydrocarbons such as C,Hy,
CyHg, and CH;) was measured, using Ny as internal standard, by means of a dual-channel
micro-gas chromatograph (u-GC 490 from Agilent, USA). A schematic representation of
the experimental system is shown in Figure S1.

The catalytic activity of the tested samples was evaluated in terms of CO; conversion
(Xco2) and selectivity toward CO and CHy (Sco, Scha), as defined in Equations (2)—(4). In
these equations, F; is the molar flow rate of the “i” species. The thermodynamic equilibrium
values of Xcp2, Sco, and Scs were calculated using the process simulation software Aspen
Plus v (Gibbs free energy model).

Xco2 = (Fcon, in — Fco, out) Fcoz, i~ +100 ()

-1
ScHa = Fcua, out (Fco, out + FcHa, out + Fcam, out + Foore, out + Fcoma, our)” -100 (3)

-1
SCO = FCO, out (FCO, out t FCH4, out FCZHZ, out T FC2H6, out t FC2H4, out) -100 (4)

2.3. Characterization of Carbon Materials

The textural characterization of the activated biochar (BC) and produced catalysts was
performed from the Nj adsorption/desorption isotherms at —196 °C, which were obtained
using an ASAP 2020 automatic adsorption analyzer (Micromeritics, USA). Approximately
120 mg of sample was degassed under vacuum at 150 °C. The Langmuir model was adopted
to evaluate the specific surface area (S ). The total pore volume (V) was calculated from
the amount of N, adsorbed at high relative pressure (0.99). The specific volumes of
micropores (V,,;c), as well as the micro and mesopore surface area (Spicro and Seso), Were
calculated using the t-plot method, whereas a non-local density functional theory (NLDFT)
model assuming slit-pore geometry was used to evaluate the pore size distribution, from
which the mesopore volume (Ves0) was estimated by subtracting the cumulative volume
of micropores (d, <2 nm) from the total volume (d, < 50 nm). The software MicroActive
from Micromeritics was used for all the above-mentioned calculations.

The activated biochar (BC) was also characterized in terms of proximate analysis
(in quadruplicate according to ASTM standards), ultimate analysis (using an analyzer
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CHNG628 from Leco Corporation, USA), and inorganic species (using an ADVANT’XP+XRF
spectrometer from Thermo ARL, Switzerland).

The morphology features of both fresh and spent selected catalysts were observed by
transmission electron microscopy (TEM) using a Tecnai Fpy microscope (FEL, USA). Samples
were previously sonicated for 5 min in an aqueous solution of ethanol. Furthermore, and
in order to obtain information about the functional groups available in the surface, X-ray
photoelectron spectroscopy (XPS) analyses were carried out using an XPS Spectrometer
AXIS Supra (Kratos, UK) equipped with a mono Al Ka X-Ray source (120 W, 8 mA, 15 kV).

Temperature-programmed reduction (TPR) experiments were also conducted to eval-
uate the reducibility properties of the prepared catalysts. For these experiments, 0.5 g
of each sample was loaded into the reactor used for the methanation tests and heated
under a reducing stream (5% Hj in Ar, at a flow rate of 0.5 NL min~!) at a heating rate of
15 °C min~! from 50 to 600 °C. The outlet hydrogen concentration was monitored online
by means of a Hiden QGA analytical mass spectrometer.

3. Results
3.1. Effect of Ceria Loading

In the first stage, research was aimed at assessing the effect of the addition of ceria
at different loadings (i.e., 10, 30, and 50 wt.%) on the performance of a Ni-based catalyst
supported on the activated biochar. Nickel percentage in the catalyst formulation was kept
constant at 40 wt.%, which was a commonly value reported in earlier studies [31,32]. As a
preliminary step, the catalytic performance of the wheat straw activated biochar (BC) and
the Ni-based catalyst (BCNi40) was tested. The obtained outcomes showed no catalytic
activity in the case of BC, confirming that the carbonaceous support was completely inert
under reaction conditions (data are not shown here). In the case of BCNi40, a maximum
CO; conversion of 11% was reached at 1.0 MPa and 500 °C (i.e., relative severe conditions)
with almost null selectivity to CHy (see Figure S2).

Figure 1 summarizes the results obtained from catalytic tests conducted at a specific
gas volumetric flow rate of 15 NL g’l h~1, at three absolute pressure values (0.35, 0.60,
and 1.0 MPa), and temperatures in the range of 300-500 °C. As shown in Figure 1a, at
1.0 MPa the BCCel0Ni40 catalyst started to be active at 400 °C. However, and despite the
increase in CO, conversion with the increase in temperature (with a maximum value of
40% at 500 °C), the observed high selectivity toward CO seems to confirm the dominant
role of the reverse water gas shift (rWGS) reaction. Furthermore, as shown in Figure 1b,c,
the BCCel0Ni40 catalyst was completely inactive at lower operating pressures.

The catalysts with higher amounts of ceria (30 and 50 wt.%) started to be active at
350 °C. In this case, the rWGS reaction was also the dominant reaction at relatively low
temperatures, at which the CHy selectivity was very low (especially at 0.60 and 0.35 MPa).
At 1.0 MPa, both the CO, conversion and selectivity toward CHy markedly increased
with temperature in the range of 350450 °C. At higher temperatures, a quasi-plateau was
achieved for both variables.

In summary, we can conclude that, among the three tested catalysts, the BCCe30Ni40
showed the best catalytic activity for CO, methanation. In fact, at 1.0 MPa and 400 °C it
was possible to reach 60% CO, conversion along with a selectivity toward methane of 90%.
Therefore, it seems evident that ceria had a positive effect on the catalytic process, probably
as a consequence of the introduced oxygen vacancies, which have a certain affinity for
oxygen atoms present in CO, [33]. Furthermore, the introduction of CeO; leads to the
formation of basic sites, which are essential for CH4 production due to the enhancement
of CO; adsorption [15]. Another positive effect of ceria is its ability to stabilize and better
disperse the nickel species, leading to a stronger interaction between the catalytic active
phase and its support [34]. However, excessive loadings of ceria (i.e., 50 wt.%) could result
in a massive encapsulation of the support due to the formation of a ceria shell, which can
lead to a significant loss in specific surface area and poorer dispersion of nickel species [16].
By contrast, low ceria loadings (i.e., 10 wt.%) could not be sufficient to ensure good extents
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of CO, conversions toward methane, as proven by the high selectivity toward CO observed
for both BCCe10Ni40 and BCNi40 catalysts.
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Figure 1. Results obtained using BCCeXNi40 at different ceria loadings during CO, methanation experiments, carried out
at 15 NL gfl h~1, in the temperature range of 300-500 °C and at (a) 1.0 MPa, (b) 0.60 MPa, and (c) 0.35 MPa.

3.2. Effect of Nickel Loading

Once the optimal ceria loading was identified, Ni-CeO, /BC catalysts with different
Ni loadings (i.e., 10, 20, 30, and 40 wt.%) were tested under the same operating conditions
used in the previous section. Results from the catalytic tests are displayed in Figure 2.

The decrease in Ni loading from 40 to 30 wt.% did not show a marked variation in
the catalytic activity. CO, conversion gradually increased with the increase in tempera-
ture, reaching its maximum value at 500 °C. At this temperature and 1.0 MPa, the outlet
stream was mainly composed of methane with a selectivity close to that at equilibrium.
Interestingly, a further decrease in Ni loading (i.e., 10 and 20 wt.%) significantly enhanced
the catalytic performance, especially at relatively lower temperatures. In fact, a selectivity
toward CHy of almost 100% was observed for the BCCe30Ni20 catalyst at 350 °C and
1.0 MPa. This finding could be related to the fact that a high metal content could lead
to particle agglomeration [35]. To further explore the effect of Ni loading, an additional
catalytic test was carried out using the BCNi20 catalyst (without ceria doping) at 1.0 MPa.
From Figure S2 (in which the catalytic performance of both BCNi20 and BCNi40 cata-
lysts is shown), it can be deduced that an excessive Ni loading could lead to a critical
decline in the catalytic activity due to the poorer dispersion of Ni within the carbon matrix.
Furthermore, the synergistic role of ceria should also be highlighted, which significantly
improved the catalytic performance of the BCNi20 catalyst (see Figure 2a and Figure S2 for
comparative purposes).

On the other hand, a decrease in the absolute pressure resulted in an expected decrease
in the catalytic activity (see Figure 2b,c). At lower pressures, CO; started to be reactive
at higher temperatures. It was observed that the performance of the four tested catalysts
showed a similar dependence on temperature, reaching the highest CO, conversion of
~55% and ~40% at 0.60 and 0.35 MPa, respectively. However, the selectivity toward CHy
was strongly dependent on the Ni loading of the catalyst. In this sense, and in line with
the remarks made above, the BCCe30Ni20 catalysts clearly exhibited the best catalytic
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performance. The best Ni loading of 20 wt.% is in agreement with the results reported in
previous studies for Ni-based catalysts supported on different materials [6,15].
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Figure 2. Results obtained during the study about the influence of Ni loadings on BCCe30 catalysts employed in CO,

methanation experiments, which were carried out at 15 NL g~ h™!, in the temperature range of 300-500 °C and at
(a) 1.0 MPa, (b) 0.60 MPa, and (c) 0.35 MPa.

3.3. Influence of Gas Space Velocity

Since CO, methanation is a highly exothermic process, a relatively high gas hourly
space velocity (GHSV), usually greater than 10,000 h~!, is required in order to avoid large
temperature rises, which can affect both conversion and selectivity and also lead to a fast
deactivation of the catalyst through metal phase sintering and /or encapsulation of active
sites [20]. To explore the effect of GHSV, three different sets of experiments were carried
out using the best catalyst (BCCe30Ni20) at the following gas volumetric flow rates: 15,
30, and 60 NL g’l h~1; which corresponded to 6600, 13,200, and 26,400 h—1, respectively
(apparent density of the catalyst = 440 kg m~3). Results obtained from these experiments
are summarized in Figure 3.

From the results obtained at 1.0 MPa (see Figure 3a), it was evident that the maximum
carbon dioxide conversion was attained at 6600 h~!, as expected. At this pressure and
at temperatures higher than 400 °C, the catalytic performances, in terms of conversion
and selectivity toward CHy, at 15 and 30 NL g~! h~! were quite similar. The main
difference lay in the catalyst activity at low temperatures (<400 °C), at which the lowest
space velocity resulted in the highest CO, conversion. However, at lower operating
pressures (see Figure 3b,c), an increase in GHSV dramatically affected the distribution of
the products, leading to a marked increase in the selectivity toward CO at the expense of
that toward methane.

Despite the fact that the CO, methanation reaction over Ni-based catalysts has been
extensively investigated, there still are controversial views on the reaction mechanism.
Two possible reaction pathways have been proposed so far: the formate route and the CO
route. The first route involves the direct activation of the adsorbed CO, and subsequent
formation of carbonates, which react with the dissociated hydrogen to produce formate
species and, finally, methane [36]. The second possible mechanism firstly implies the
conversion of CO; via rWGS to produce CO, which remains adsorbed on the active sites
and is gradually hydrogenated to CHy [37]. The occurrence of one or another mechanism
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100 ————

could strictly be related to the properties of the catalyst support [33]. Ye et al. [38] studied
the CO, methanation reaction mechanism over a Ni/CeO, catalyst and concluded that
CO, was firstly adsorbed on the catalyst and then transformed into carbonate, bicarbonate,
formate, and, finally, methane. However, and in light of the outcomes shown in Figure 3
(especially in terms of selectivity toward CO and CHy), one can hypothesize that methane
was produced through the CO route (rfWGS and subsequent CO hydrogenation). The
observed higher yields of CO at higher GHSV values could be explained by the fact that
the gas residence time was not long enough to achieve complete hydrogenation of CO.
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Figure 3. Study of the influence of gas space velocity on the catalytic performance of the BCCe30Ni20 catalyst. CO,
methanation tests were conducted at 15, 30, and 60 NL gfl h~1 (GHSV values of 6600, 13,200, and 26,400 h~1, respectively),
in the temperature range of 300-500 °C and at (a) 1.0 MPa, (b) 0.60 MPa, and (c) 0.35 MPa.

Since the catalytic performance of the BCCe30Ni20 catalyst at 1.0 MPa and tempera-
tures starting from 400 °C was similar regardless of the gas space velocity tested (6600 or
13,200 h™1), a specific gas volumetric flow rate of 30 NL g ' h™!, instead of 1I5NL g ' h~1,
is preferred from a practical point of view (13,200 h~! is above the recommended threshold
of 10,000 h—1). Under this set of operating conditions, the BCCe30Ni20 catalyst exhibited
a reasonably good activity, leading to conversion and selectivity values within the range
reported in previous studies (see Table 1). The relatively low value of Xcp» observed for
the catalyst developed in the present study could be related to the relatively high GHSV
value used herein.

Table 1. CO, conversion and CHy selectivity values reported in some previous studies for catalytic CO, methanation.

Specific Gas
Pressure (MPa) :
Catalyst Loading (wt.%) Support and ‘é?(l:armﬁglec )s(ggz ?or/u)i Ref.
Temperature (°C) (NLg1h1) 4t
Ni/v-AlL,O; 12 (Ni) Alumina 2,210 - 80,99.5 [39]
35NisFe_ AX 35(Ni)/5(Fe) Xerogel 1,220 9.6 63,99.5 [40]
Fe/N-CNT 9.5 (Fe) CNT 2.5,350 50 25,40 [41]
Ni/SiO, 10 (Nii) SiO, 2,310 20 77,100 [42]
Ni-15En/ZrO;-1.5 15 (Ni) ZrO, 0.5, 360 15 94, 97 [43]
Co/Zr0, 2 (Co) 71O, 3,400 72 65, 99 [44]
Ni/Ce-ABC 15 (Ni)/15 (CeO,) Activated biochar 1, 400 6 87,92 [28]
Ru/N-ABC 2 (Ru) Activated biochar 1, 380 6 94, 100 [23]
BCCe30Ni20 20 (Ni)/30 (CeOy) Activated biochar 1, 400 30 65,95 This work
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3.4. N-Doping of the Carbonaceous Support

As an alternative to the use of CeO; as a dopant to improve the catalytic performance,
the catalyst support (BC) was doped with urea. This kind of N-doping has been extensively
assessed to improve the CO, uptake of activated carbon-based adsorbents [45]. Thermal
decomposition of urea under an inert atmosphere leaves N atoms in the carbon lattice [46],
which can stabilize Ni precursors in the support, enhancing the active phase dispersion
(i.e., reducing the metallic particle size). Furthermore, N-doping could also increase the
basicity of the support, which favors strong CO, adsorption [6]. To this end, the BCNi20
catalyst was doped with urea at three different loadings (i.e., 50, 67, and 75 wt.%), calcined
at 500 °C under N5, and then tested for CO, methanation at 1.0 MPa and 30 NL g’l h-1L

The results obtained at this stage are graphically summarized in Figure 4. As it can
be deduced from the figure, the catalytic performance was progressively improved by
increasing the loading of urea. By comparing the performances of the N-doped catalysts
with that of the BCNi20 material, the beneficial effect of the urea addition was evident.
Specifically, the higher the urea loading, the better the CO; conversion and methane
selectivity. Even though the reactant conversions followed the same trend with the increase
in temperature for all the tested samples, the production of methane became significant
using a support:urea loading ratio greater than 1:0.5. The best results were obtained for the
BCN75Ni20 catalyst at 500 °C, at which both the CO; conversion and selectivity toward
CH, were equal to 45%. However, the catalytic performance of the best N-doped catalyst
was clearly lower than that measured for the best ceria-doped catalyst (BCCe30Ni20),
suggesting that using urea as dopant instead of ceria is not a recommended practice.
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Figure 4. Catalytic performance of N-doped BCNi20 catalysts for CO, methanation experiments
carried out at 30 NL g~ h~!, in the temperature range of 300-500 °C, and at 1.0 MPa.
3.5. Properties of Activated Biochar (BC) and Best-Performing Catalysts

In this section, the results from the characterization studies, which were mostly
conducted for BC, BCCe30Ni20, and BCN75Ni20 materials, are presented.
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For the wheat-straw-derived activated biochar used as support (BC), results from
proximate, ultimate, and XRF analyses are reported in Table S2. As expected, the physical
activation of pristine biochar resulted in a marked increase in the specific content of ashes.
The composition of the inorganic matter revealed a high percentage of potassium, which
can provide extra basic sites for CO, adsorption and activation.

Table S3 summarizes the textural properties of the three assessed materials. As can be
seen, BC exhibited a highly microporous structure with a small volume of mesopores. For
their part, both catalysts showed a remarkable decrease in specific surface area (compared
to that of support) due to the impregnation and calcination steps. In addition, the observed
decrease in the micropore volume was accompanied by an increase in the mesopore volume,
probably caused by a certain collapse of the porous structure [47]. In this sense, a more
hierarchical pore size distribution (with more mesopores) could be beneficial to enhance
the diffusion of both reactants and products.

TPR analysis was performed on selected samples to evaluate the effect of CeO,- and
N-doping on the reduction of both the Ni-containing species and the support. From
Figure S3, it can be seen that BC exhibited a reduction peak at relatively high temperatures
(550 °C). Wang et al. [28] attributed this hydrogen consumption to the reduction of certain
functional groups in the surface of carbonaceous support. Both the BCN75 and BCCe30
catalysts underwent reduction to some extent. For the BCCe30 material, the hydrogen
consumption at 500 °C was mainly due to partial CeO; reduction at the surface, which
was somewhat unexpected at such a low temperature [16]. This finding can probably
be ascribed to the reductive properties of the carbon support [48]. On the other hand,
hydrogen consumption in the range of 450-550 °C was observed for the BCN75 catalyst,
although the mass spectrometer detected the presence of ammonia and the absence of
water in the outlet stream. This result suggests that the calcination temperature was high
enough to ensure the complete decomposition of the urea loaded; therefore, the surface
of BC was mainly functionalized with C-N bonds. Some of these N-groups can undergo
hydrogenation during TPR, leading to the observed release of NHj.

Concerning the BCNi20 catalyst, the observed reduction of Ni-containing species
at 400-550 °C is in agreement with previous studies [49]. As shown in Figure S3, two
separated reduction peaks can be distinguished (x-peak at low temperature and 3-peak at
high temperature), which represents the portion of nickel bonded with the support through
weak or strong interactions, respectively.

For both BCN75Ni20 and BCCe30Ni20 samples, Ni reduction can be observed at
approximately 300 °C, which is an unusually low reduction temperature. This suggests
that both ceria and urea doping strategies resulted in an improved reduction of NiO, which
usually occurs at 500 °C for carbon-based supports [28]. It seems that Ni-Ce interactions
increased the reducibility of NiO, generating more Ni sites that were accessible for the reac-
tants to perform methanation [16]. Lower reduction temperatures usually indicate weaker
metal-support interactions, which are not beneficial for the catalytic activity. However, for
the specific case of the CO, methanation reaction, weak interactions are the factor main
responsible for the reactant conversion [50,51]. Therefore, the high catalytic activity of the
BCCe30Ni20 could be ascribed to the high reducibility of nickel oxide [17].

Figure 5 and Figure 54 show the TEM images for both BCCe30Ni20 and BCN75Ni20 cat-
alysts before and after their employment in CO, methanation experiments at 30 NL g~ ' h™!,
400 °C, and 1.0 MPa. From Figure 5a,b (fresh BCCe30Ni20), it could be observed that a rela-
tively good dispersion of Ni nanoparticles (NPs) was achieved for this catalyst. Nevertheless,
the relatively high Ni loading resulted in some agglomerates, which are particularly visible in
Figure 5b. The presence of metal NPs agglomerates was evident for the spent BCCe30Ni20
catalyst (see Figure 5¢,d), which could be the main cause of catalyst deactivation [52]. Some
earlier works ascribed the metal agglomeration to the formation of mobile species, which tend
to migrate, causing Ni sintering and, consequently, catalyst deactivation [53]. Furthermore,
Bartholomew et al. [54] stated that the water produced by methanation could accelerate the
sintering process. On the other hand, Figure S4a,b shows that the N-doped BC support was
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not as efficient as ceria in ensuring a good dispersion of Ni NPs. In this case, the spent sample
also showed evident sintering phenomena (see Figure S4c,d). By comparing the TEM images
of BCCe30Ni20 and BCN75Ni20 catalysts, it is possible to state that the improved nickel
dispersion obtained after ceria introduction could be the main reason explaining the different
catalytic outcomes observed for both materials.

—— 200 nm

i

——— 500 nm

Figure 5. TEM images of BCCe30Ni20 catalyst: (a,b) fresh and (c,d) spent after CO, methanation at 30 NL g™' h™!, 400 °C

and 1.0 MPa.

The full XPS spectra of the support (BC), as well as the fresh and spent BCN75Ni20
catalysts, are displayed in Figure S5. The elemental compositions calculated from the XPS
analyses, which are listed in Table 54, indicate that N-doping was successfully implemented
(higher atomic N:C ratios for N-doped materials). Furthermore, the huge decrease in Ni
content in the spent catalyst could be ascribed to a certain encapsulation of the metal
NPs inside carbon deposits, which resulted in a decrease in the metal fraction measured
via XPS. The high-resolution spectra of the N1s binding energy region for the above-
mentioned materials are shown in Figure S6. The spectra were deconvoluted into two
peaks: pyridinic-N (398 eV) [23] and pyrrolic-N (400.8 eV) [55]. Figure S6 clearly shows
that BC contained a certain number of N-containing functional groups, which originated
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from the biomass precursor, as already confirmed by the ultimate analysis (see Table S2).
Urea doping resulted in higher pyridinic-N content, with respect to the undoped support.
As can deduced from Figure S6, the contents of both pyridinic- and pyrrolic-N remained
almost constant after the catalytic test, suggesting the relative stability of these functional
groups under the tested operating conditions.

4. Conclusions

Using wheat straw activated biochar loaded with 30 wt.% of ceria and 20 wt.% of
nickel, it was possible to obtain a CO; conversion of 65% and a selectivity toward CH4 of
95% at 1.0 MPa, 400 °C, and 13,200 h~!. The rWGS-CO hydrogenation route was proposed
as a reaction mechanism. Despite the fact that using urea as a dopant resulted in the
introduction of nitrogenated functionalities in the surface of BC, the improvement of the
catalytic activity of the resulting catalyst was modest in comparison to that attained when
ceria was used as dopant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/su13168939/s1, Table S1: Summary of all the catalysts synthesized and tested in this work; Table S2:
Proximate, ultimate, and inorganic matter analysis; Table S3: Textural characterization; Table S4: Surface
composition measured by XPS; Figure S1: Schematic overview of the experimental device; Figure S2:
Results obtained during methanation experiments using the BCNi20 and BCNi40; Figure S3: Hydrogen
uptake profiles from TPR for different materials; Figure S4: TEM images of BCN75Ni20; Figure S5: Full
XPS spectra; Figure S6: XPS high-resolution spectra; Nomenclature.
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