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ABSTRACT: Three activated carbons derived from coconut shell were investigated as
catalyst supports, each prepared using a different activation method: physical activation
with CO2 and chemical activation with H3PO4 and ZnCl2. Ni and Ni−Ce catalysts were
synthesized via incipient wetness impregnation and co-impregnation, respectively, and
characterized using ICP analysis, N2 adsorption, TGA, SEM-EDX, and TEM. Prior to
catalytic evaluation, the materials were assessed in terms of hydrophobicity, textural
properties (pore volumes, surface areas), and metal dispersion. Catalytic performance was
tested under both conventional and aging conditions at atmospheric pressure over a
temperature range of 240−450 °C (GHSV = 86100 mL h−1 gcat−1, H2:CO2 = 4:1). The
activation method was found to strongly influence the structural properties of the
supports. In particular, CO2 activation produced a predominantly microporous carbon,
whereas chemically activated carbons exhibited different pore structures and contained
residual species from the activating agents. Among the Ni-based catalysts, the one supported on CO2-activated carbon showed the
best performance, attributed to its higher basicity, measured by the determination of the pHPZC. The incorporation of Ce further
enhanced catalytic activity by improving Ni dispersion and promoting CO2 activation on CeO2 sites. Overall, the highest CH4 yield
(∼80% at 370 °C) was achieved with catalysts containing 20 wt % Ni and 20 wt % Ce supported on H3PO4 and CO2-activated
carbons. The CO2-activated support was identified as the most promising due to its greener preparation route and superior
performance, maintaining stable activity under aging tests without significant deactivation.

1. INTRODUCTION
Power-to-Gas (PtG) technology offers a highly effective
solution for energy storage and carbon mitigation, with CO2
methanation (Sabatier reaction, eq 1) playing a crucial role.
This process involves reacting hydrogen (H2), generated
through water electrolysis using renewable electricity, with
carbon dioxide (CO2) sourced from industrial emissions,
surplus biogas plant emissions, or carbon capture and storage
(CCS) systems. The resulting synthetic natural gas (SNG)
seamlessly integrates into existing gas infrastructure, enhancing
renewable energy utilization while significantly reducing
greenhouse gas (GHG) emissions.

+ + =CO 4H CH 2H O H 165 kJ/mol2 2 4 2 298K
(1)

Given the high stability of carbon dioxide, CO2 methanation
requires the use of catalysts. Literature works have mainly
focused on the use of transition (Ni, Co, Fe)1,2 and platinum-
group (Ru, Rh)3,4 metals, supported on porous materials such
as zeolites5 or on oxide supports such as Al2O3, CeO2, ZrO2,
and La2O3.

6−10 Among the active metals, Ni-based catalysts are

known to provide an optimal balance of activity, selectivity,
and cost-effectiveness;10 however, they are prone to
deactivation due to carbon deposition, sintering, or agglom-
eration at high temperatures.11,12 In terms of supports,
although oxide supports are widely used, they can suffer
from limited low-temperature performance, insufficient CO2
activation, and catalyst deactivation through sintering or
unfavorable metal−support interactions.6−10 These limitations
motivate the search for alternative supports combining high
surface area, chemical stability, tunable surface chemistry, and
strong metal−support interactions. Carbon-based supports are
therefore an attractive alternative, particularly activated
carbons derived from biomass and biowastes, because they
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combine a high surface area, thermal stability, and low cost
with sustainable feedstock availability.
The use of carbon materials as catalyst supports has gained

significant attention.13,14 Regarding their application in CO2
methanation,15−17 their high surface area has been reported to
provide binding sites that stabilize metal nanoparticles, prevent
sintering, and enhance catalytic performance. Additionally,
they have been pointed out as highly resistant to carbon
deposition.15,16 Their high surface-to-volume ratio has been
reported to improve access to active sites and mass transfer of
reactants and products, while their enhanced basicity further
improves CO2 adsorption,18 boosting methanation perform-
ance at lower temperatures. Among carbon-based supports,
activated carbon (AC)-supported catalysts are particularly
attractive from an environmental point of view, as ACs can be
prepared from biomass or biowaste (e.g., cork, olive stones,
lignin) by physical and chemical activation methods,19 making
them a sustainable and eco-friendly choice for CO2 capture

20

and CO2 methanation.
15

AC-supported catalysts containing transition metals (Co,
Cu, and Ni) have been explored by Ha et al.21 using theoretical
methods, including Monte Carlo simulations, density-func-
tional theory (DFT), and molecular dynamics (MD). Ni/AC
and Co/AC were shown to be the most effective systems for
the chemical adsorption of CO2, demonstrating strong activity
for CO2 methanation owing to the AC’s high surface area and
pore volume, which allows it to store both H2 and CO2
(reservoir effect).21,22 Despite the ability of ACs to adsorb
and/or accommodate CO2 molecules within their porous
structure, the enhancement of their CO2 adsorption capacity
through the incorporation of promoters such as Ce, Mg, Mo,
Ca, Cr, Mn, Cu, Fe, Zn, Ru, and Ga oxides23,24 or nitrogen-
containing functional groups16,25,26 has been widely explored.
Among the metal oxides, Gonçalves et al.27 synthesized a
composite support of cork-derived activated carbon and CeO2
(AC−CeO2), along with pure CeO2, and deposited Ni
nanoparticles via incipient wetness impregnation. The authors
found that the optimal temperature for CO2 methanation was
reduced by 80 °C compared to a CeO2-free Ni/AC catalyst. In
situ modulation-excitation phase-sensitive detection DRIFTS
(ME−PSD−DRIFTS) revealed that methanation over Ni/
CeO2 involved both CO and formate pathways, while over Ni/
AC−CeO2 it occurred exclusively via the formate pathway,
producing CH4 without intermediate CO formation. Regard-
ing the comparison of metal oxides and nitrogen-containing
functional groups, Di Stasi et al.28 evaluated the CO2
conversion and CH4 selectivity of a wheat straw activated
carbon loaded with ceria or urea as promoters alongside nickel
as the active phase. The authors found that while urea doping
introduced nitrogen-containing functionalities onto the
activated carbon surface, the improvement in catalytic activity
was modest compared to the significant enhancement achieved
with ceria as a promoter.
Despite the growing number of publications on AC-

supported catalysts for CO2 methanation, a critical gap persists
in the literature regarding the systematic evaluation of the
influence of the AC preparation method on catalytic
performance when the raw material is held constant. Reviews
and bibliometric analyses have acknowledged that AC porosity
and surface chemistry can be profoundly tuned through
preparation conditions and that these properties govern metal
dispersion and ultimately catalytic performance,15 yet the vast
majority of studies compare catalysts supported on ACs

derived from different precursors or commercially sourced
carbons.16 A dedicated CO2 methanation study comparing the
properties and performance of metal-based catalysts supported
on ACs synthesized by different methods using the same
biomass residue precursor has not yet been reported.
This work explores the use of coconut shells as a sustainable

activated carbon precursor, evaluating the influence of the
preparation method on the properties and performance of the
resulting metal-loaded catalysts. Three preparation routes were
selected to cover a broad range of activation strategies:19,29−32

CO2 physical activation, which yields carbons with well-
developed microporosity and minimal surface contamination;
chemical activation with H3PO4, which promotes mesopore
development and may introduce phosphorus-containing sur-
face groups; and chemical activation with ZnCl2, which
produces carbons with distinct pore size distributions and
surface chemistries. This comparative approach allows the
effect of the activation method on metal dispersion, hydro-
phobicity, and ultimately catalytic performance to be system-
atically assessed. Ni and Ce were incorporated onto the
synthesized supports by incipient wetness impregnation, and
the resulting materials were characterized by a range of
advanced techniques and tested in the Sabatier reaction. By
evaluating how the activation method influences the
physicochemical properties and catalytic performance of the
catalysts, this work provides valuable insights into the Sabatier
reaction over activated carbons.

2. EXPERIMENTAL SECTION

2.1. Catalysts Synthesis
2.1.1. Activated Carbons’ Preparation. Three activated

carbons prepared using coconut shell residues from Brazil as starting
material were provided by Faculdade de Cien̂cias e Tecnologia of the
Universidade Nova de Lisboa. Dried coconut shells were ground and
sieved to obtain a particle size between 1 and 3 mm. Two activated
carbons were obtained by chemical activation using phosphoric acid
(H3PO4; ACH) and zinc chloride (ZnCl2; ACZ). The particles were
impregnated with the chemical agents using an impregnation mass
ratio of 2.5 and kept at 80 °C for 4 h. Pyrolysis was then carried out
for 3 h at 450 °C (H3PO4 activation) and 600 °C (ZnCl2 activation)
under a constant nitrogen flow of 83 mL min−1 (5 °C min−1). After
that, the chemically activated samples were washed with distilled
water and dried at 105−110 °C for 24 h. The AC obtained using
ZnCl2 was previously washed with an HCl solution (2 N). The third
AC (ACC) was obtained by physical activation using CO2. For this
purpose, coconut shell particles were first carbonized for 4 h at 800 °C
(2 °C min−1) under a constant nitrogen flow (83 mL min−1). After
cooling down to room temperature, they were subsequently heated up
to 800 °C (2 °C min−1) under a CO2 flow (17 mL min−1), keeping
this temperature for 4 h. Finally, the three ACs were ground and
sieved to obtain a particle size below 150 μm. The main synthesis
steps followed for synthesizing these materials are summarized in
Table 1.
2.1.2. Ni and Ni−CeO2 Catalysts’ Preparation. After support

synthesis, Ni and Ni−CeO2 catalysts were prepared by incipient
wetness impregnation and coimpregnation, respectively, using nickel
nitrate hexahydrate (Ni(NO3)2·6H2O, 98.5% purity) and cerium
nitrate hexahydrate (Ce(NO3)3·6H2O, 99% purity) from Sigma-
Aldrich as precursors, and 2-propanol (Scharlau, analytical grade) as
the impregnation solvent. After impregnation, the samples were dried
overnight at 80 °C and thermally treated at 500 °C (1 h, 2 °C min−1)
under nitrogen flow (120 mL min−1 g−1). After a preliminary study
carried out on ACH to select the most appropriate Ni loading testing
contents from 2 to 20 wt %, the catalysts listed in Table 2 were
synthesized.
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2.2. Characterization Techniques
ICP analysis was performed for chemical analysis at the Laboratoŕio de
Anaĺises of Universidade de Aveiro. The activated carbons’ acid−base
properties were assessed by determining the pH of zero charge
(pHPZC) at Universidade Nova de Lisboa. Powder XRD patterns were
obtained using a Bruker AXS D8 Advance diffractometer with Cu Kα
radiation, equipped with a 1D detector (SSD 160) and a Ni filter,
scanning from 20° to 80° (2θ) with a step size of 0.03° and a step
time of 0.5 s. N2 sorption experiments were carried out on an
Autosorb iQ instrument (Quantachrome) at −196 °C. ACs and
catalysts (∼70 mg) were degassed under vacuum at 110 °C for 7 h
prior to analysis. Micropore volumes (Vmicro) were derived from the t-
plot method, total pore volumes (Vtotal) were measured at a relative
pressure (p/p0) of 0.95, and mesopore volumes (Vmeso) were
calculated as Vtotal − Vmicro. Specific surface areas (SBET) were
determined by the BET method. Thermogravimetric analysis (TGA)
was performed on a Setsys Evolution instrument (Setaram). Thermal

decomposition of the activated carbons (ACH, ACZ, and ACC) was
assessed under N2 and air atmospheres from 20 to 900 °C (heating
rate: 10 °C min−1) to evaluate their thermal stability and, in the air
experiments, to quantify ash content. Ni and Ni−CeO2 catalysts
prepared on the three AC supports were additionally analyzed by
TGA from 20 to 400 °C (heating rate: 10 °C min−1) under N2 flow
after saturation with water vapor, to characterize their hydrophobic
properties. The hydrophobicity index (h) was calculated as the ratio
of mass loss at 150 °C to mass loss at 400 °C, following the
methodology applied in our previous studies on zeolite-based
catalysts.33,34 SEM-EDS and TEM analyses were performed at
MicroLab (Instituto Superior Tećnico, Universidade de Lisboa). EDS
analysis was carried out to determine the surface chemical states of
the catalysts. Average Ni0 particle sizes were determined from TEM
micrographs using ImageJ software, with a minimum of 500 particles
measured per sample. Metallic dispersions were estimated as reported
elsewhere.35

2.3. Catalytic Tests

Catalytic performances were assessed by carrying out tests up to 450
°C, at atmospheric pressure, using a fixed-bed Pyrex reactor and 0.200
g of catalyst in powder form. The gases used were supplied by Air
Liquide (purity ≥99.9990%), and their flows were controlled by mass-
flow controllers from Brooks. A mixture of H2, CO2 and N2 (molar
ratio H2:CO2:N2 = 36:9:10, total flow 287 mL min−1) was fed to the
reactor. The reactor effluent was diluted with N2 prior to analysis to
bring all gas concentrations within the detector range. Effluent
composition was then analyzed using Guardian NG infrared detectors
(Edinburgh Sensors) for CO2, CH4, and CO (0−10 vol % range),
which provide an accuracy of ±2% of full scale, corresponding to an
absolute error of ±0.2 vol % per channel. The experimental conditions
were chosen based on previous works,36 ensuring that no external
mass transfer limitations were relevant, thereby obtaining observed
kinetics free of mass transfer effects in the CO2 transformation. Outlet
flows were measured at each temperature, since this reaction proceeds
with a reduction in the number of moles. The corresponding CO2,
CH4, and CO molar flows were determined (FCO2, outlet, FCO, outlet, and
FCH4, outlet, respectively) and the carbon balances (98 to 102%)
confirmed that CO and CH4 were the only carbon-containing
products. CO2 conversion, CH4 selectivity and CH4 yield were
calculated as shown in eqs 2, 3 and 4, respectively. For each catalyst,
at least two catalytic tests were run under the same conditions to
assess intermediate precision. Based on these results, the experimental
relative error was estimated to be 2%.

Table 1. Preparation Conditions Used for the Activated
Carbons Studied in This Work

Code Synthesis steps

ACH Impregnation with H3PO4; drying at 80 °C (4 h); thermal treatment
at 450 °C (3 h, N2 flow); washing with distilled water; drying at
105−110 °C (24 h)

ACZ Impregnation with ZnCl2; drying at 80 °C (4 h); thermal treatment
at 600 °C (3 h, N2 flow); washing with distilled HCl and distilled
water; drying at 105−110 °C (24 h)

ACC Carbonization at 800 °C (4 h, N2 flow); thermal treatment at 800 °C
(4 h, CO2 flow)

Table 2. Preparation Conditions Used for the AC-
Supported Catalysts from This Work

Code Method
Ni loadinga
(wt %)

Ce loadinga
(wt %)

Ni/ACH Incipient wetness impregnation with
2-propanol

20 -
Ni/ACZ 22 -
Ni/ACC 19 -
NiCe/
ACH

Incipient wetness coimpregnation
with 2-propanol

21 21

NiCe/
ACZ

20 20

NiCe/
ACC

21 21

aDetermined by ICP analysis.

Figure 1. SEM micrographs collected for the three activated carbons at amplifications of 200, 50, and 20 μm.
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For one of the best-performing catalysts, a longer test was also run
to assess its stability over time and the robustness of the procedure.
For this purpose, the following sequence of experiments at variable
conditions was carried out for 9 days: (i) Day 1�test at variable
temperatures (equivalent to that previously described); (ii) Days 2 to
6�test at ∼350 °C for 30 h (6 h/day) under reaction conditions;
(iii) Day 7�test at ∼250 °C for 6 h under reaction conditions; (iv)
Day 8�test at ∼350 °C for 6 h under reaction conditions; and (v)
Day 9�test at variable temperatures [same as (i)].

3. RESULTS AND DISCUSSION

3.1. Supports Characterization
Activated carbons were first characterized by SEM analysis,
with results shown in Figure 1. As observed, the activation
strategy affects the morphological properties of the obtained
activated carbons, with larger particles generally found for the
ACZ support. In all cases, particles with an irregular shape were
identified. The differences in texture and the observations of
regions with a brighter EDS response motivated the analysis of
the materials by SEM-EDS (Figure S1 and Figure 2), with the
aim of identifying the presence of potential contaminants on
their surface. As observed, some contaminants are present in
both ACH and ACZ samples. Indeed, in the former, the
presence of P with traces of Fe, Ni, Cr, and Ti is evident, while
in the latter, Cl and Zn are clearly identified. This indicates
that in both cases, the chemical agent was not fully removed
from the carbons. Furthermore, for the H3PO4-treated sample,
trace metals may arise from leaching of metals from the
equipment used during the synthesis by the acid. On the
contrary, only traces of elements typically present in the
coconut shell residues37,38 (e.g., K, Si, Na, Al) were found in
the physically activated material (ACC).
Furthermore, TGA analysis was performed for the three

activated carbons under nitrogen (to predict the potential
stability during the thermal treatment to be carried out after Ni
and/or Ce incorporation and, potentially, under catalytic tests,
performed under a CO2/H2/N2 flow) and air (to quantify the
percentage of ashes) atmospheres, with the results presented in
Figure 3. Starting with the results collected under nitrogen
atmosphere (Figure 3-left), all materials exhibit a first water
desorption mass loss process at around 150 °C. Afterward,
ACH and ACC show a considerably lower thermal stability,
with relevant mass losses up to 95% systematically registered
above ∼500 °C. On the contrary, ACZ presented a
considerably higher stability (mass loss <20% at 900 °C).
Overall, considering that the thermal treatment for Ni and/or
Ce precursor salt decomposition is performed under nitrogen
atmosphere at 500 °C and that ACH and ACC remain stable
below this temperature under inert conditions (Figure 3-left),
no relevant support losses can be expected during catalyst
preparation. Indeed, to confirm this, TGA analyses were
performed over nickel nitrate precursor salt and Ni/ACH after
nickel impregnation (prior to the thermal treatment at 500 °C
under N2 flow). Results (Figure S2) indicate that salt’s

decomposition is mostly completed at ∼350 °C, being a
similar decomposition process identified in the uncalcined Ni
catalyst until ∼500 °C. Considering that TGA is carried out
under transient conditions (10 °C min−1) and that the thermal
treatment is performed at 500 °C for 1 h, the decomposition of
the salt together with the preservation of the carbon can be
expected during the thermal treatment. In addition, the
proximity between the nominal and measured Ni and Ce
loadings in the catalysts indicates that carbon decomposition is
not relevant during the precursor salts’ decomposition step.
Regarding the experiments under air atmosphere to determine
the ashes percentage (Figure 3-right), all carbons remain stable
until ∼500 °C, with significant mass losses registered above
∼635 °C in all cases. These mass losses under oxidative

Figure 2. Mapping results collected for the three activated carbons.
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conditions are ascribed to carbon oxidation, typically occurring
between 550 and 700 °C,39 and are not relevant to catalyst
preparation or reaction conditions, which are conducted under
inert or reducing atmospheres. While ACZ and ACC present
<5% of ashes, the more remarkable presence of ashes in ACH
(∼15%) could be ascribed to the greater presence of
contaminants (e.g., Fe, Cr, Ni) in this carbon in accordance
with previously discussed SEM-EDS results.
In terms of XRD data (Figure S3), the amorphous nature of

the carbons was proven,40 with additional peaks attributed to
contaminants found in ACH and ACZ samples. For instance,
the diffraction peaks located at 31.61°, 34.26°, 36.10°, 47.37°,
56.40°, 62.68°, and 67.72° correspond to the (100), (002),
(101), (102), (110), (103), and (112) reflection planes of the
hexagonal structure of the ZnO for ACZ, the one treated with
ZnCl2.

41 N2 sorption experiments were also conducted to
assess the textural properties of the carbons (Vmicro, Vmeso, and
SBET) as well as to analyze the pore size distribution. While the
isotherms and pore size distributions can be seen in Figure S4,
the textural properties can be found in Table 3. As observed, all

ACs present both micro- and mesoporous features, with the
mesoporosity being promoted by chemical activation synthesis
methods. Indeed, both ACH and ACZ present higher Vmeso
values (0.70−0.73 cm3 g−1) than ACC (0.06 cm3 g−1). In terms
of microporosity, even if the results are similar for the three
carbons (0.10−0.16 cm3 g−1), the highest value was achieved
by the physically activated material. Regarding the BET surface
areas (SBET), once again similar results were obtained for the
H3PO4 and ZnCl2-treated materials (1285−1246 m2 g−1),
while a lower value was determined for ACC, in accordance
with its lower Vmeso. Finally, pHPZC values (Table 3) were used
as indicators of the activated carbons’ acidic-basic properties.
As observed, the basicity, a favorable property for carbon
dioxide activation, followed the order: ACC > ACZ > ACH.

3.2. Metal-Based Catalysts’ Characterization
After a prescreening of catalysts with variable Ni loadings over
ACH support (results presented in Figure S5 and Table S1),
monometallic and bimetallic catalysts containing ∼20 wt % Ni
and ∼20 wt % Ce were synthesized and characterized. Since
H2O is a product of CO2 methanation and can competitively
adsorb on the active sites, reducing the number of sites
available for reactant interaction and thereby inhibiting
reaction kinetics,33,42,43 a hydrophobic support surface is
desirable to limit water accumulation and improve catalytic
efficiency. Hydrophobicity was therefore assessed by TGA
through determination of the h index (Table 4). Values close

to 1 were obtained for all monometallic Ni-based catalysts,
indicating that water interacts weakly with their surfaces, with
most adsorbed water desorbed at 150 °C. The incorporation of
cerium led, as previously observed in the literature,36 to a slight
reduction in hydrophobicity, ascribed to the favorable
interaction of CeO2 with water molecules.
As done for the supports, the structural characterization was

assessed by XRD, with the patterns of fresh Ni/ACs and
NiCe/ACs being presented in Figure 4A and Figure 4C,
respectively. As observed, all catalysts exhibited the character-
istic diffraction peaks of Ni0 phases at ∼45°, ∼52°, and ∼76°.
In addition, CeO2 phase peaks could be observed in NiCe/
ACs at ∼27°, ∼33°, ∼47°, and ∼57°.
The catalysts’ textural properties (Vmicro, Vmeso, and SBET,

Table 4) were obtained by the collection of N2 isotherms
(Figure 5). The results evidenced a stronger impact of Ni

Figure 3. TGA results obtained for the activated carbons under nitrogen (left) and air (right) atmospheres.

Table 3. Textural and Basic Properties of the Activated
Carbons

Sample Vmicro
a (cm3 g−1) Vmeso

b (cm3 g−1) SBET
c (m2 g−1) pHPZC

d

ACH 0.14 0.73 1285 2.4
ACZ 0.10 0.70 1246 6.2
ACC 0.16 0.06 473 9.7

aTotal micropore volume was determined from N2 sorption analysis
using the t-plot method. bMesopore volume was determined as Vtotal −
Vmicro.

cSpecific surface area was determined by the BET method. dpH
Point of Zero Charge.

Table 4. Main Properties of the Ni and Ni−CeO2-Based
ACs

Sample
h

indexa
Vmicro

b

(cm3 g−1)
Vmeso

c

(cm3 g−1)
SBET

d

(m2 g−1)
ØNi0e
(nm)

De
(%)

Ni/ACH 0.95 0.16 0.29 763 21 4
NiCe/
ACH

0.91 0.04 0.17 281 7 13

Ni/ACZ 0.99 0.14 0.40 902 24 4
NiCe/
ACZ

0.82 0.07 0.26 487 13 7

Ni/ACC 1.00 0.19 0.06 531 16 5
NiCe/
ACC

0.91 0.10 0.12 322 8 11

aHydrophobicity index was determined by TGA. bTotal micropore
volume was determined from N2 sorption analysis using the t-plot
method. cMesopore volume was determined as Vtotal − Vmicro.
dSpecific surface area was determined by the BET method. eAverage
Ni0 particle size and metallic dispersion were obtained by TEM.
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incorporation in the activated carbons synthesized by chemical
activation (ACH and ACZ), which is manifested by a reduction
of the mesoporous volumes and BET surface areas,
respectively, from 0.70−0.73 cm3 g−1 and 1246−1285 m2 g−1

(ACH and ACZ, Table 2) to 0.29−0.40 cm3 g−1 and 763−902
m2 g−1 (Ni/ACH and Ni/ACZ, Table 4). This impact on the
textural properties was considerably lower in ACC, where Vmeso
and SBET values of 0.06 cm3 g−1 and ∼500 m2 g−1 were
obtained, respectively, in both the support and the Ni-
containing catalyst. In terms of CeO2 addition, as expected, a
general reduction of the textural properties (pore volumes,
surface areas) was observed in all cases. The decrease in surface

area and mesopore volume may be attributed to partial pore
filling and/or blockage by Ni species located within the porous
structure. Pore sizes were not affected by metal addition, as
seen in Figure S6. The stronger impact of Ni and ceria addition
on the chemically activated carbons could possibly be
attributed to the formation of larger particles in these samples
(to be confirmed by TEM analysis).
TEM micrographs of the bare AC supports can be found in

Figure S7, while those collected for Ni/ACs and NiCe/ACs
can be found in Figures 6 and 7, respectively. While in the
unloaded activated carbons there is no clear presence of metal
particles, results for the Ni- and NiCe-containing catalysts

Figure 4. XRD patterns collected for Ni and Ni−CeO2-based AC catalysts after synthesis (A−C, left) and catalytic tests (B−D, right).

Figure 5. N2 isotherms collected for Ni and Ni−CeO2-based ACs as well as for the corresponding supports.
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allow the identification of well-dispersed metallic nickel
particles, whose average sizes are presented in Table 4.
Starting with the comparison of Ni/ACs, the presence of larger
particles in the ACH and ACZ supports (previously suggested
on the basis of N2 sorption data) was confirmed. Furthermore,
the incorporation of ceria was found to be responsible for an
important reduction of this parameter, in line with previous
results on activated carbons for the Sabatier reaction.36 Indeed,
reductions of 67, 46, and 50% in the average Ni0 particle sizes
were found for the ACH, ACZ, and ACC carbons, respectively,
when adding ceria. Furthermore, ceria promotes the formation
of better-dispersed nickel particles, and the particle size
distribution reveals that cerium-containing samples tend to
cluster within a narrower diameter range, resulting in a tighter
curve (Figure 8). This indicates a higher number of particles
with similar diameters compared to a non-cerium-doped
catalyst, which exhibits a broader Gaussian distribution.
Overall, while the smallest particles were found in Ni/ACC
(16 nm) among the Ni catalysts, similar sizes were found for
NiCe/ACH and NiCe/ACC (7 and 8 nm, respectively) among
the Ce-containing ones.
3.3. Catalytic Performances

Catalysts were tested under carbon dioxide methanation
conditions, with CO2 conversions and CH4 yields being
presented in Figure 9. For Ni/ACs, the results followed the
trend: Ni/ACC > Ni/ACZ > Ni/ACH. These results could be
explained by (i) the basicity of the AC supports (pHPZC: ACC

> ACZ > ACH), known as a favorable property for CO2
methanation since it promotes CO2 adsorption and stabilizes
the intermediate species formed upon CO2 activation;

7 (ii) the
presence of impurities in the ACZ and ACH carbons which
could potentially inactivate Ni; and (iii) the average nickel
particle sizes in the catalysts: Ni/ACZ (24 nm) > Ni/ACH (21
nm) > Ni/ACC (16 nm), taking into account that, for a fixed
mass of catalyst, smaller Ni0 particles provide a higher number
of exposed metal sites available for the dissociative adsorption
of H2, with frequent positive consequences on the kinetics of
the reaction and on the observed conversion. The relative
importance of these factors may, however, change among the
samples. In particular, Ni/ACH exhibits smaller Ni particles
than Ni/ACZ but lower activity, which suggests that in the
absence of a dedicated CO2-activating phase, support basicity
(together with the impurity content) plays a more decisive role
than metal dispersion in this series.
Regarding NiCe/ACs, it is clear that the addition of ceria,

responsible for a remarkable reduction in nickel particle sizes
and known to be able to activate CO2 molecules,36,44,45

boosted the CO2 methanation performance. Indeed, CH4
yields higher than 50% were obtained for all NiCe/ACs
above 305 °C, while none of the Ni/AC samples reached these
values even at the highest tested temperature (450 °C). When
comparing among catalysts, the results followed the trend:
NiCe/ACH = NiCe/ACC > NiCe/ACZ. Considering that the
ceria loading was the same in all catalysts, its effect on the CO2
adsorption capacity is expected to be similar in all samples.

Figure 6. TEM micrographs obtained for Ni-based activated carbons.

Figure 7. TEM micrographs obtained for Ni−CeO2-based activated carbons.
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Thus, the almost coincident results from ACH and ACC-based
NiCe catalysts could be ascribed to the average Ni0 sizes in the
samples (7 and 8 nm, respectively), significantly lower than
that determined for NiCe/ACZ (13 nm), which translates into
a larger fraction of Ni0 sites available for H2 dissociation. In
addition, as the NiCe/ACZ hydrophobicity (h index = 0.82)
was lower than that of NiCe/ACC and NiCe/ACH (h index =
0.91 in both cases), the potentially lower inhibitory role of
water in the last two catalysts could also be behind their better
performance. It should be pointed out that basicity played a
more important role in the absence of effective active sites for
carbon dioxide activation (CeO2), while, once this function-
ality is guaranteed in the catalysts, their activity (remarkably
higher) is more dependent on other factors such as water
affinity and Ni0 average particle size. All catalysts were analyzed
by XRD after the tests, with the patterns being presented in
Figure 4. As observed, no reoxidation of metallic nickel into

NiO was identified, as shown by the absence of diffraction
peaks attributed to this phase.
In the case of NiCe/ACC, a longer catalytic test was run,

with the results being presented in Figure 10. As observed, a
5% loss of CO2 conversion (from 74% to 69% at ∼350 °C)
and a 2% loss of CH4 selectivity (from 99% to 97% at ∼350
°C) were registered after 43 h under reaction conditions. It
should be pointed out that, after the step carried out at the
lower reaction temperature (∼250 °C), the activity and
selectivity at 350 °C were maintained. Furthermore, before and
after the long-term experiment, a one-day test at variable
temperatures was conducted on the same sample. The catalytic
performance for these two tests can be seen in Figure 11 and
shows that while the activity is similar in both tests above 350
°C, the long-term experiment had a greater impact on the
performance at lower temperatures (300 to 350 °C). This
indicates that the catalyst’s properties might be affected by the
experiment, potentially contributing to particle growth.

Figure 8. Histograms obtained for Ni and Ni−CeO2-based activated carbons.
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Regarding the comparison with the literature results (Table
5), NiCe/ACH and NiCe/ACC present similar or even better
performance, especially considering the high activity and
selectivity registered for these catalysts at a relatively low
reaction temperature (310 °C). Worth pointing out is the
study conducted by Li et al.,46 who tested a commercial
coconut shell (CSC)-derived activated carbon, chemically
activated with HNO3, and impregnated with Ni and different
loadings of Mg as a promoter to obtain Ni/Mg ratios of 0.13,
0.26, and 0.39. The best results were achieved with the Ni−
Mg0.26/CSC catalyst, with the performance attributed to this
material’s higher basicity and smaller Ni0 particle size (∼18
nm). However, at temperatures between 300 and 350 °C, the
NiCe/ACC catalyst of the present work performs better in
terms of CO2 conversion (300 °C: 71% vs 20%; 350 °C: 78%
vs 67%) and shows similar CH4 selectivity (300 °C: 98% vs
96%; 350 °C: 99% vs 98%).

4. CONCLUSIONS
This work examines the effect of chemical (H3PO4 and ZnCl2)
and physical (CO2) activation on coconut shell-derived
carbons for use as catalyst supports in the Sabatier reaction.

The findings show that chemical activation significantly
enhances the SBET surface area, attributed to a higher
concentration of mesopores compared to the physically
activated carbon. Additionally, a key difference between the
activation methods is that CO2-activated carbons are free from
chemical contaminants and exhibit greater basicity (ACC >
ACZ > ACH), a crucial property for CO2 activation during the
methanation process. TGA experiments confirm that all
activated carbons remain stable up to 500 °C, which falls
within the operational temperature range of the Sabatier
reaction. Monometallic and bimetallic catalysts were prepared
via impregnation and coimpregnation, respectively, using the
three activated carbons as supports. Ni incorporation had a
stronger impact on the textural properties of the chemically
activated carbons (ACH and ACZ), reducing the mesoporous
volume and BET surface area, while ACC remained largely
unaffected (∼0.06 cm3 g−1 Vmeso, ∼500 m2 g−1 SBET).
Compared to the monometallic catalysts, CeO2 addition
presents both benefits and challenges. It reduces the textural
properties [SBET (m2 g−1): ACZ (902 to 487) > ACC (531 to
322) > ACH (763 to 281)], likely due to particle deposition
inside the pores or on the catalyst surface, and decreases the
hydrophobicity, with the hydrophobicity index dropping from
0.95−1 to 0.82−0.91, due to the higher affinity of CeO2 for
water molecules. However, CeO2 also decreases the Ni0
particle size by 67%, 46%, and 50% for ACH, ACZ, and ACC,
respectively, resulting in Ni0 particles of 7, 13, and 8 nm, while
improving the dispersion of Ni0 active sites, as observed in the
TEM analysis.
As a result, improved catalytic performance was observed for

the bimetallic catalysts, with the highest CH4 yield (∼80% at
370 °C) achieved for the H3PO4 and CO2-derived activated
carbons. This demonstrates that the smaller Ni0 particles,
enhanced metallic dispersion, and the promotion of CO2
activation on CeO2 sites significantly boosted the catalytic
activity. The ACC catalyst was selected for evaluation under
aging conditions in a 43-h test due to its optimal combination
of greener preparation and high performance, demonstrating
stability with no significant activity loss.
Compared with other Ni-supported catalysts in the

literature, the coconut shell-derived activated carbons from

Figure 9. CO2 conversions (left) and CH4 yields (right) obtained for
Ni- and Ni−CeO2-based activated carbons. Conditions: atmospheric
pressure, 86100 mL gcat−1 h−1, PCO2 = 0.16 bar, H2:CO2 = 4:1.

Figure 10. Catalytic performances obtained for NiCe/ACC during a long-term experiment of 7 days (∼6 h/day). Conditions: atmospheric
pressure, 86100 mL gcat−1 h−1, PCO2 = 0.16 bar, H2:CO2 = 4:1.
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the present study presented similar and/or better results,
highlighting their potential for this reaction.
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