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ABSTRACT

Selective CO> methanation using green H> offers a promising approach for tackling
both energy and environmental challenges. Herein, a Ni/CeO catalyst was synthesized
using a one-pot method in the presence of sacrificial C3N4 and evaluated for CO:
methanation. The catalyst exhibited a high CO; conversion of 82.6% and a CHg4
production rate of up to 178 mmol ge' h'!, with high CHy selectivity (99.4%) at a
remarkably low temperature of 250 °C. Surface characterization techniques, including
Raman spectroscopy, XPS, *'P-MAS-NMR of adsorbed trimethylphosphine, and CO»-
TPD, demonstrate that the addition of C3N4significantly enhanced the concentration of
surface oxygen vacancies and medium-strength basic sites. In situ DRIFTS analysis
indicated that CO; methanation over Ni/CeO> proceeded via the RWGS+CO
hydrogenation and formate pathways, with the former being predominant at low
temperatures. The exceptional low-temperature methanation performance of this new
catalyst is attributed to the increased density of oxygen vacancies and medium-strength

basic sites.
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1. INTRODUCTION

CO; methanation (CO; + 4H, — CHa4 + 2H>0, AHaosk = -165 kJ mol ™), the so-called
Sabatier reaction, has attracted extensive attention for several decades owing to its
potential for COx recycling and optimizing energy structures.!? Given the exothermic
nature of the reaction, low reaction temperature is beneficial to the effectiveness of this
process.® On the contrary, high reaction temperature is required due to the chemical
inertness and thermodynamic stability of the CO, molecule.* Among the numerous
kinds of catalysts for CO2 methanation, Ni-based catalysts are the most studied due to
their high catalytic performance (above 300 °C) and attractive cost-effectiveness.>®
However, there is still a great challenge to achieve a superior low temperature

methanation activity (especially below 250 °C) for the Ni-based catalysts.

The CO: methanation mechanism can be categorized into formate pathway and
RWGS+CO hydrogenation pathway.’” '° Instead of mutually independent, those two
pathways could occur in parallel.!"'> Formate pathway involves the stepwise
hydrogenation of adsorbed CO; species into CHs with the formate from the
hydrogenation of monodentate carbonate as an important intermediate. In this pathway,
tailoring the catalyst basicity is thought to be a key strategy for tuning the CO>
adsorption behavior. Monodentate carbonate originates from the adsorption of CO> on
medium basic sites, and medium basicity is widely accepted as optimal for CO;
methanation.'? Pan et al. combined CO,-TPD and in-situ FTIR analyses and proposed
that intermediate species formed on the medium basic sites of Ni/Ceo.5Zro.s02 could be
converted to methane more quickly than those on weak basic sites.'* Additionally, they
reported that the strong basic sites of Ni/Al2O3 could hinder further hydrogenation of

carbonate intermediates.

RWGS+CO hydrogenation pathway involves the dissociation of CO» to CO, followed
by the subsequent hydrogenation of CO to CHas. According to the literature, enhancing
CO activation represents a promising approach to improving -catalytic

performance.'>!® Different strategies have been developed in an attempt to promote this
3
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process. One key strategy is to select proper support. Among the numerous candidates,
CeO; is an interesting support due to the abundant surface oxygen vacancies and redox
properties.'’ 2! Another crucial step is to choose a preparation method. Rui et al.
prepared a Ni/CeO» catalyst by a low-temperature plasma decomposition method,
which led to an interfacial structure where Ni atoms bind with O atoms from ceria and
caused a strong metal-support interaction.?? As a result, the plasma prepared Ni/CeO2
catalysts with small particle size and abundant metallic Ni as active sites for splitting
H> showed balanced active sites for H» splitting and CO, activation, and thus high
catalytic activity at low temperature. Ye et al. prepared a Ni/CeO; catalyst by citrate
sol-gel method.”> The synergy of efficient dissociation of H» by small nickel
nanoparticles and the strong adsorption and activation of CO2 by CeO2 support resulted
in the high activity of the prepared catalyst. Clearly, the preparation method has a strong

influence on the catalyst properties and related performance.

In this study, a high-performance Ni/CeO; catalyst (denoted Ni/CeO2-CN-OP) is
prepared by one-pot method assisted with carbon nitride (C3N4). While C3N4 is known
as a good catalyst support for electro- and photocatalytic COx reduction processes,?*2°
it is here simply used as an additive during the catalyst preparation. Despite being
removed by calcination at the end of the catalyst preparation, C3N4 is shown to
significantly modify the catalyst properties. The exceptional methanation activity of
Ni/CeO2-CN-OP is attributed to an increased concentration of oxygen vacancies, as
well as a higher density of medium basic sites on the catalyst surface. Furthermore, the
CO: methanation mechanism is investigated by in-situ diffuse reflectance infrared

Fourier transform spectroscopy (DRIFTS), showing that the activation of CO; and the

conversion of monodentate carbonate species are notably enhanced.

2. MATERIALS AND METHODS
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Catalyst Synthesis. Synthesis of carbon nitride. C3Ns was prepared by heating
dicyandiamide (about 10 g) in a crucible with a cover to 550 °C for 2 h at a ramp rate
of 5 °C/min in a muffle furnace.?’” After being cooled to room temperature naturally,
the obtained yellow product was ground into powder and designated as CN. The XRD

pattern shown in Figure S7 confirms successful synthesis of C3N4 configuration.

Synthesis of CeO> support. CeO, support was obtained by calcining the
Ce(NO3)3-6H20 in a covered crucible to 550 °C for 4 h with a ramp rate of 5 °C/min in

a muffle furnace.

Synthesis of CeO2(CN) support. 2.2706 g of Ce(NO3)3-6H>O was dissolved in 40 mL
water. After stirring for 1 h, 2 g C3Ns4 powder was added into the solution and
continuously stirred at room temperature for 4 h. The mixture was evaporated in the
water bath at 70 °C under vigorous stirring and then further dried at 70 °C overnight.
The obtained solids were calcined in a crucible with a cover at 550 °C for 4 h with a

ramp rate of 5 °C/min in a muffle furnace.

Synthesis of Ni/CeO,-CN-OP catalyst. Ni/CeO,-CN-OP catalyst was prepared in one-
pot method. Typically, 2.2706 g of Ce(NO3)3-6H>O and 1.1014 g Ni(NO3)>-6H>O were
dissolved in 40 mL water. After stirring for 1 h, 2 g C3N4 powder was added into the
solution and continuously stirred at room temperature for 4 h. The mixture was
evaporated in the water bath at 70 °C under vigorous stirring and then further dried at
70 °C overnight. The obtained solids were calcined in a crucible with a cover at 550 °C
for 4 h with a ramp rate of 5 °C/min in a muffle furnace. Finally, the samples were
reduced under a pure H> flow (20 mL/min) at 350 °C for 2 h. The sample preparation
protocol is illustrated in Scheme 1. N1/CeO,-OP catalyst was prepared in the same way

as Ni/CeO2-CN-OP without adding the CN in the preparation process.
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Scheme 1. Sample preparation protocol.

For comparison, Ni/CeO2-IM and Ni/CeO2(CN)-IM were synthesized with
conventional impregnation method. The CeO; or CeO2(CN) support was impregnated
into the aqueous solution of Ni(NO3)2:6H20. After stirring for 1 h, the mixture was
evaporated in the water bath at 70 °C under vigorous stirring and then further dried at
70 °C overnight. The obtained solids were calcined and reduced in the same method
used for treating Ni/CeO2-CN-OP. The final obtained catalysts are denoted Ni/CeO»-

IM and Ni/CeO2(CN)-IM, respectively.

Catalyst Characterization. The morphologies, textural properties, crystal structure,
surface properties of the bare CeO» supports and Ni/CeO, catalysts were characterized
by transmission electron microscopy (TEM), N> adsorption-desorption, X-ray
diffraction (XRD), H> chemisorption, inductively coupled plasma-atomic emission
spectroscopy (ICP-AES), H: temperature-programmed reduction (H2-TPR), CO>
temperature-programmed desorption (CO2-TPD), Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), solid state nuclear magnetic resonance (NMR). The
catalytic behavior of active sites and the CO> methanation mechanism over Ni/CeO-
catalysts were explored by in situ DRIFTS experiments. The details of characterizations

are listed in the Supporting Information (SI).

Catalyst Testing. The catalytic performance testing was performed using an in-house

reaction setup (for details see Figure S1). Typically, 50 mg of catalyst was in situ
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reduced at 350 °C for 2 h under pure H> flow (20 mL/min). After the catalyst bed was
cooled to 200 °C under He flow, a 30 mL/min feed gas consisting of 13.3% C02/53.2%
H>/He (CO2 = 4 mL/min, H, = 16 mL/min, He = 10 mL/min) was introduced into the
reactor, corresponding to a gas hourly space velocity (GHSV) of 36,000 mL g h'!. The
test was carried out in the temperature range of 200—325 °C at a temperature interval
of 25 °C. The gas exiting the reactor was analyzed on a gas chromatograph (Varian
CP3800), equipped with Hayesep Q, Molsieve 5A, and CP-Sil-5CB columns. The
separated gases were analyzed with a flame ionization detector (CH4) and a thermal
conductivity detector (CO and CO»). All transfer lines were maintained at 125 °C to
avoid water condensation. Conversion (Xco2) and selectivity (Scus) were calculated

according to the following equations (Eq. (1) and (2), respectively):

FCOZ,in - FCOZ,out

(1)

X =
€02 FCOz,iTl

FCH4,out (2)

S Ha —
4
¢ Fco,,in=Fco,,out

where F is the molar flow rate. The turnover frequency (TOF) was calculated by the
following equation (Eq. (3)):

Xco, X Fco,in
mole of surface Ni atoms

TOF (s71) = 3)

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology. Textural properties of the supports and reduced
catalysts were measured by N> adsorption, as shown in Figure S2. The detailed textural
parameters were listed in Table S1. The profile of CeO» (Figure S2a) displays a type
IV isotherm, indicating the existence of mesoporous structure.?® The apparent H2 type
hysteresis loop is associated with capillary condensation taking place in the particles
with neck bottle-shaped pores.?’ The surface area, pore volume, and average pore
diameter of CeO; are 68 m? g'!, 0.22 cm® g'!, and 10.9 nm, respectively. As C3Ns was
added during the preparation of CeO2(CN), the type IV isotherm with H2 hysteresis

loop remains basically unchanged (Figure S2a). Compared with CeO», the surface area,
7
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pore volume, and average pore diameter of CeO2(CN) increased to 79 m? g, 0.29 cm?
g’ and 13.2 nm, respectively, which is due to removal of C3N4 during the calcination
process. The impregnation of Ni decreases these three parameters of both the Ni/CeO»-
IM and Ni/CeO2(CN)-IM catalysts compared with the corresponding supports. For the
catalysts prepared by one-pot method, the profile of Ni/CeO»-OP also displays the type
IV isotherms with H2 type hysteresis loop (Figure S2b). Differently, mesoporous
Ni/Ce02-CN-OP catalyst shows H3 type hysteresis loop, characteristic of plate-type
particles with slit-shaped pores.’® The average pore diameter of Ni/CeO,-OP and
Ni/Ce02-CN-OP is in the same range of 8.5-8.9 nm. Ni/CeO,-CN-OP exhibits a smaller
BET surface area (50 m? g'!) and total pore volume (0.11 cm?® g!) than Ni/CeO,-OP (89

m? g, 0.23 cm® g!).

XRD measurement was performed to identify the crystal structure of the supports and
reduced catalysts. For all bare CeO> support (Figure S3a) and Ni/CeO; catalysts (Figure
S3b), the main diffraction peaks at 28.6, 33.1, 47.5, 56.4, 59.1, 69.4, 76.7 and 79.1° can
be attributed to the (111), (200), (220), (311), (222), (400), (331) and (420) planes of
CeO; in fluorite structure (PDF 34-0394). Moreover, the diffraction peaks at 44.5 and
51.8° originate from the (111) and (200) planes in the Ni® cubic structure (PDF 04-
0850).3! The morphologies of Ni/CeO, were investigated using (HR)TEM. As shown
in Figure la-1d, Ni/CeO,-CN-OP exhibits smaller particles compared with Ni/CeO»-
OP, Ni/Ce0O>-IM and Ni/CeO,-CN-IM. However, the small difference in the contrast
between Ni and CeO, makes it difficult to discern them.**** EDX analysis (inset Figure
la-1d) confirmed the presence of nickel. Furthermore, much more serious
agglomeration can be observed over Ni/CeO2-OP and Ni/CeO;-IM compared with
Ni/CeO2-CN-OP. While only qualitative, this observation is consistent with the sharper
Ni diffraction peaks observed for these samples. In contrast, the broader Ni peaks in
Ni/CeO2-CN-OP indicate smaller, more highly dispersed Ni nanoparticles, reflecting
better stabilization by the g-C3;Nas-assisted synthesis. Higher Ni dispersion (9.4%) in

Ni/CeO2-CN-OP compared with that in Ni/CeO2-OP (7.1%), Ni/CeO2-IM (5.5%), and

8
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Ni/CeO2(CN)-IM (8.5%) is also confirmed by H> chemisorption measurement, as
presented in Table S1. The average metal particle size can be further estimated from
dispersion, and the higher dispersion of Ni/CeO;-CN-OP reveals the smaller particle
size on its surface. The lattice fringes of the metal nanoparticles are also visible in
HRTEM images. In Figure le-1h, the clear lattice fringe distances are 0.19, 0.27 and
0.31 nm, corresponding to the CeO2 (220), CeO: (200) and CeO; (111) planes,
respectively. The first two suggest the presence of CeO: (110) and (100) planes,

respectively.>*

EDX
Ni (22.3%)

EDX
. Ni(13.5%)

EDX
Ni (17.6%)

0:27 nm 2

£e0, (200) g.:é n(Tll)
ot . z 3
‘)(0 31 nm i A

Ce0, (11 X
¢ - 0.31 nm

=X W . CeO, (111)

0,27 nm ¥irse
G0 (200035 7l 0.27 nm

031 nm ¢
CceO, (111)"

CeO, (200)
$

031 om
CeQ; (111)

¥ S80310m

CeO, (111)




202
203
204

205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228

Figure 1. TEM images of (a) Ni/CeO,-CN-OP, (b) Ni/CeO,-OP, (c) Ni/CeO»-IM, and
(d) Ni/CeO2-CN-IM. HRTEM images of (¢) Ni/CeO,-CN-OP, (f) Ni/CeO,-OP, (g)
Ni/CeO>-IM, and (h) Ni/CeO,-CN-IM.

3.2. Reducibility and Basicity. The reducibility of the Ni/CeO, catalysts and the
corresponding support was investigated using H>-TPR measurements, as shown in
Figure 2a and Figure S4. For CeO, supports (Figure S4), small reduction peaks at 400-
600 °C and 700-900 °C can be attributed to the reduction of surface capping oxygen
and bulk lattice oxygen of CeO,, respectively.®> For all the Ni/CeO, catalysts, two
major H> consumption peaks, labeled as B and d, can be distinguished (Figure 2a). The
B peaks centered in the temperature range of 310-370 °C can be attributed to reduction
of NiO species moderately (B1, 310-330 °C) and strongly (B2, 360-410 °C) interacting
with CeO2."* Obviously, the proportion of NiO strongly interacting with CeO, is
significantly higher in catalysts synthesized via the one-pot method compared to those
prepared by the impregnation method. Furthermore, the incorporation of C3N4 further
enhances this interaction. These findings indicate that the one-pot synthesis approach,
combined with C3N4 addition, effectively strengthens the metal-support interaction.
The & peak located at around 750 °C shows the reduction of crystalline CeO> from Ce**
to Ce*". In addition to these two major peaks (B and §), for the Ni/CeO»(CN)-IM,
Ni/Ce0,-OP and Ni/CeO2-CN-OP catalysts, a new reduction peak (labeled as o) at
lower temperature (190-230 °C) is detected. According to the literature, this peak is
ascribed to the reduction of adsorbed oxygen species, which is from the Ni-O-Ce
interfacial sites and can be easily removed by hydrogen.?>?* There is no o reduction
peak for Ni/CeO,-IM and Ni/CeO,-CN-OP has larger a peak than Ni/CeO,-OP and
Ni/CeO2(CN)-IM, which indicate that C3N4 addition and one-pot preparation method
could facilitate the formation of Ni-O-Ce solid solution. The Ni/CeO2-CN-OP catalyst
also shows an extra peak at 440 °C (labeled as y), which is related to the surface

reduction of CeO by spillover hydrogen at the Ni-CeO interface.*®

10
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Figure 2. (a) H>-TPR profiles of the Ni/CeO, catalysts; (b) CO>-TPD spectra of
Ni/CeO; catalyst; (¢) in-situ CO> desorption DRIFTS of the Ni/CeO,-CN-OP and
Ni/CeO,-IM catalyst. Symbol definition: bicarbonate (), monodentate carbonate (),
bidentate carbonate (#), polydentate carbonate (*), monodentate formate (*), carbonyl

(v).
CO»-TPD measurement was performed to evaluate the basicity of the Ni/CeO; catalysts.
The CO; desorption curve (Figure 2b) is fitted and divided into three temperature
regions based on basicity strength including 50-150 °C, 150-400 °C and 400-700 °C,
which are ascribed to weak, medium, and strong basic site, separately.’ A series of
works indicated that increasing the amount of medium basic site could promote the
methanation performance, while the strong basic sites did not play a positive role in
enhancing methanation activity due to the suppression of further hydrogenation.!#3"-3
For comparison, Table S2 presents the amount of desorbed COx. It can be seen that the
Ni/CeO2-CN-OP has the lowest amount of weak basic site compared with the other
three catalysts. On the contrary, medium and strong basic sites predominate over

Ni/CeO2-CN-OP, and the amount of medium and strong basic sites are higher than the

other three catalysts.

The adsorbed CO: species were further investigated using the in-situ DRIFTS
characterization. As shown in Figure 2b, after being saturated by CO» and then flushed
under He atmosphere at 50 °C for 30 min, the spectrum of Ni/CeO;-CN-OP and
Ni/CeO2-IM both displays clear signature of bicarbonate (1482, 1295 cm™),
monodentate carbonate (1582 c¢cm), and bidentate carbonate (1398 ¢cm™).>**! For
Ni/Ce02-CN-OP and Ni/CeO,-IM, the peaks for the bicarbonate species decrease

progressively and could be removed totally below 200 °C. For the monodentate

11
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carbonate species, increasing the temperature also leads to a gradual decrease of peak
intensity on Ni/CeO2-CN-OP and Ni/CeO>-IM. When the temperature increases to
300 °C, the peak for monodentate carbonate on Ni/CeO>-CN-OP disappears completely.
However, there is still a small shoulder peak for monodentate carbonate on Ni/CeO»-
IM until the temperature increases to 350 °C. The intensity of bidentate carbonate peak
remains almost unchanged below 350 °C. Meanwhile, the formation of polydentate
carbonate species (1454 cm™)* occurs above 100 °C on Ni/CeO,-CN-OP and Ni/CeO»-
IM, and extra peaks attributed to carbonyl and monodentate formate species are formed

on Ni/CeO,-CN-OP.

Based on the results of CO,-TPD and in-situ DRIFTS, the amount and nature of the
adsorbed CO; species are identified. Specifically, CO2 can adsorb on weak basic site
and form bicarbonate, which could be removed from the catalyst surface below 200 °C.
Meanwhile, CO> adsorption on medium basic sites results in the formation of
monodentate carbonates, the amount of which decreases in the following order:
Ni/CeO2-CN-OP > Ni/CeO2(CN)-IM > Ni/CeO2-OP > Ni/CeO,-IM as presented in

Table S2.

3.3. Oxygen Vacancies. Oxygen vacancies are critical defects in cerium-based
catalysts for CO, methanation, as they play a key role in facilitating CO» activation.
The formation and concentration of oxygen vacancies were evinced and estimated by
Raman spectra and XPS. The observed Raman features of the CeO> supports (Figure
S5) at 462 and 598 cm’' are assigned to the vibration model of octahedral local
symmetry from the CeO» lattice (F2¢) and defect-induced mode (D), respectively.*? The
ratio of the intensity for the D band and F»; band is calculated to evaluate oxygen
vacancy concentration. The ratio increases from 0.035 of CeO» to 0.045 of CeO2(CN),
which means that the addition of C3N4 would increase the amount of oxygen vacancies.
The Raman features of the Ni/CeO; samples are displayed in Figure 3a. After the
loading of Ni and reduction, a significant increase in the Ip/Ir2g value occurs (Figure 3b)

as a result of Ni incorporation into CeO3 lattice. The Ip/Ir2¢ value of Ni/CeO2-CN-OP
12
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(~0.59) is much higher than that of Ni/CeO2-OP (~0.39), Ni/CeO2-IM (~0.35) and
Ni/CeO2(CN)-IM (0.43), demonstrating more oxygen vacancies generated on Ni/CeO»-
CN-OP. Furthermore, an evidently lower Raman shift of F2, band is observed for
Ni/CeO2-CN-OP, Ni/CeO2-OP and Ni/CeO2(CN)-IM. This shift indicates the lower
symmetry of Ce—O bond in Ni/CeO,-CN-OP, Ni/Ce0,-OP and Ni/CeO2(CN)-IM,
which can be explained by the formation of NixCe1-xO2-5 solid solution in accordance

with the Ho-TPR results.*>**
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Figure 3. (a) Raman spectra and (b) relative intensity of Ip/Irze of the Ni/CeO»
catalysts.

The information on surface elemental composition and the chemical state over the
Ni/CeO; catalysts were also determined by XPS analysis. As shown in the Ni 2p3»
spectra (Figure 4a), coexistence of Ni® (at 852.5 eV) and Ni** (at 855.2 eV and satellite
at 860.6 eV) can be found for all catalysts.*® The existence of Ni** is attributed to the
formation of Ni-O-Ce solid solution mentioned above and the quick oxidation of active
Ni in air.® The difference of surface Ni® percentage over these catalysts is small as
displayed in Table S3. In the XPS spectra of O 1s (Figure 4b), two deconvoluted peaks
at 529.3 eV and 531.3 eV can be assigned to lattice oxygen (Or) and surface-adsorbed
oxygen species (Oads), including surface hydroxyl (OH) and carbonate (CO3%). The
presence of CO3?" is also evident from the peak at 288.7 eV in the C 1s spectra (Figure
4¢).'%% The ratio of Oa4s/(Oads + Or), presented in Table S3, follows the order: Ni/CeO,-

CN-OP > Ni/CeO2(CN)-IM > Ni/CeO2-OP > Ni/CeO2-IM. In this case, the
13
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concentration of surface-adsorbed oxygen species may indirectly reflect the oxygen
vacancy concentration, as gas molecules tend to adsorb preferentially onto oxygen
vacancies.*® Therefore, Ni/CeO,-CN-OP has higher amount of oxygen vacancy on its
surface due to its highest ratio of Oads/(Oadgs + Or), which aligns well with the oxygen
vacancy concentration derives from Raman results. The Ce 3d spectra is shown in
Figure 4d. The pairs of spin-orbit coupling (3ds» and 3d3») are labeled as u and v,
respectively. The peaks at 916.2 eV (u'’), 906.8 eV (u”), 900.5 eV (u), 897.7 eV (v'"),
888.4 eV (v'"), and 882.1 eV (v'") correspond to surface Ce*" species, and the remaining
four peaks at 902.3 eV (u’), 898.7 eV (uo), 884.3 eV (v'), and 880.7 eV (vo) are assigned
to surface Ce*" species.*’ According to the electrostatic balance mechanism, the ratio
of Ce**/(Ce** + Ce*") could also reflect the content of oxygen vacancies. However, the
difference in the ratio of Ce**/(Ce*" + Ce®") between those four catalysts (Table S3) is
smaller than that in the ratio of Oads/(Oags + OL). This discrepancy may be explained by
the fact that the oxygen vacancy is more abundant on the surface because oxygen

vacancy is enriched at interfacial sites between Ni and CeQ,.!%??
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Figure 4. XPS spectra of the Ni/CeO; catalysts: (a) Ni 2p3/2, (b) O 1s, (c) C Is, (d) Ce
3d.

What factors lead to the difference in oxygen vacancy concentration over those
prepared catalysts? From the HRTEM of the prepared catalysts (Figure 1e-1h), more
CeO2 (110) facets could be observed over the surface of Ni/CeO2-CN-OP compared
with the other three catalysts. According to the literature, the oxygen vacancy formation
energies are 2.28, 1.49, and 1.18 eV over the CeO; (111), (100), and (110) facet,
respectively.*® It is reasonable that Ni/CeO>-CN-OP with more CeO, (110) facet
possesses higher amount of oxygen vacancy. However, HRTEM represents only a
small part of the sample, it could not be used to quantify the different facets of the
support. In order to distinguish surface Ce species among CeO> facets and obtain their
concentrations, *'P MAS NMR test after adsorption of trimethylphosphine was
performed (TMP->'P NMR).* TMP-*!'P NMR is only applicable for pure CeOx support,
thus we just conduct it for CeO, and CeO2(CN) support. Farahnaz et al. reported that

3P chemical shift (5°'P) is -46 ppm on CeO, (110) facet obtained by DFT
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calculations.>® In Figure 5a, a 8°'P signal of -44.8 ppm, closer to -46 ppm, can be
observed for the CeO>(CN) support, indicating that the CeO2(CN) support
predominantly exposes (110) facets. The °'P depends on the surface electron density.
Higher electron density could lead to a weaker interaction of TMP-Ce adducts and more
negative 8*'P.>! The surface Ce has higher electron density on (100) facet than that on
(110) facet.’? Therefore, more negative &*'P for the CeO» support (-51.9 ppm)
compared with the CeO2(CN) support (-44.8 ppm) should point to the more (100) facet
on the CeO; support. The degree of electron sharing between the P atom of TMP and
the surface Ce cation determines the electron density of *'P nuclei and hence its
magnetic susceptibility under *'P NMR. This implies that the adsorption energy (Ead)
of TMP on CeO; facets should have a linear relationship with § 3'P. The E,q of free
TMP and the Eaq of TMP on two CeO; facets are 0 eV, -0.81 eV for (110) facet, and -
0.38 for (100) facet,* exhibiting a linear relationship (R?> = 0.974) with & 3'P of the

corresponding facet (Figure 5b). This confirms the correspondence of § *!P (-51.9 ppm)

and CeO; (100) facet.
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__ 0ot /o
> 7 TMP
9,
L s
3-0.2 P
(] 7
5 os (100)
o s
§e] s
B s
6 -0.6 + /7
2 s
< 7
-08+ 2o (110)
-20 -40 -60 45 -50 -55 -60 -65
Chemical shift (ppm) Chemical Shift (ppm)

Figure 5. (a) TMP-*'P NMR spectra of CeO, and CeO>(CN); (b) Linear regression
plot using experimental & *'P and calculated E.q of CeO: facets. Note that § *'P for a
pure TMP molecule is -63 ppm (i.e., adsorption energy = 0 eV).

Based on the Raman, XPS, and TMP->'P NMR test, the addition of carbon nitride
during the preparation process could lead to the major exposure of CeO (110) facet

with the lower oxygen vacancy formation energies, thus leading to the higher
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concentration of oxygen vacancies. Overall, the effects of g-C3N4 addition are clear,
but the mechanisms leading to these changes in the CeO; structure remain hypothetical.
We suggest this is mostly related to the impact on CeO: crystallites (more anisotropic
and showing more of the (110) facet), which may be related to the mildly basic feature
of carbon nitride. When added to the aqueous precursor it may locally raise the pH at
the Ce-containing interface. That can accelerate the hydrolysis and condensation of Ce
species, producing faster nucleation/growth and leading to more anisotropic crystallites.
Under these kinetically dominated conditions, higher-energy surfaces such as
Ce0O2(110) can be preferentially exposed. A more physical blocking/templating effect

of g-C3N4 on the growth of CeO; and the resulting morphology.

3.4. Catalytic Performance. The CO> methanation performance was evaluated over
Ni/CeO;, catalysts in the temperature range between 200 and 325 °C with the GHSV of
36000 mL g h'!, and the results are shown in Figure 6a. In terms of CHs selectivity,
all catalysts attain almost 100 % at reaction temperature below 275°C. At higher
temperature, Ni/CeO2-CN-OP, Ni/CeO:-OP and Ni/CeO2(CN)-IM catalyst still
maintain the CHy selectivity above 99 %, whereas a little byproduct CO is generated
over Ni/CeO-IM catalyst via the reverse water gas shift (RWGS) reaction, resulting in
97 % CHgy selectivity. In terms of CO2 conversion, the activity of Ni/CeO2-CN-OP is
higher than that of the other three catalysts at the whole testing temperature range.
Especially, at 250 °C, the CO: conversion for Ni/CeO2-CN-OP achieves 82.6%. A
comparison of catalytic activity over recently reported catalysts is presented in Table
S4. Importantly, the catalytic activity of Ni/CeO,-CN-OP at low temperature (250 °C)
is comparable to the state-of-the-art methanation catalysts in the previous report.
Generally, the TOF value is calculated to appraise the intrinsic activity of catalysts. As
shown in Table S1, the TOF value of CO» conversion over Ni/CeO,-CN-OP at 225 °C
is up to 0.047 s, which is 1.24 times, 1.52 times and 1.42 times higher than those over

Ni/Ce02-OP (0.038 s™'), Ni/CeO2-IM (0.031 s), and Ni/CeO2(CN)-IM (0.033 s™)
17
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respectively. The fact that Ni/CeO2-CN-OP stand out in terms of TOF, as compared to
the other catalysts in the series suggests that Ni dispersion alone is not the main factor
that explains the high activity of this catalyst (as discussed below). The stability of
Ni/Ce02-CN-OP was also tested with the GHSV of 36000 mL g! h™! at 250 °C for 72
h, as shown in Figure 6b. Ni/CeO2-CN-OP could maintain CO> conversion and

selectivity above 80% and 99%, respectively.
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Figure 6. (a) CO2 methanation performance in terms of CO; conversion and CHy
selectivity as a function of temperature. (b) CO> conversion at 250 °C against time on
stream over Ni/CeO2-CN-OP.

3.5. Mechanistic aspects of methanation and impact of C3N4

In general, the proposed CO; methanation mechanism can be categorized into
RWGS+CO hydrogenation pathway and formate pathway. The former pathway
involves the dissociation of CO; to CO and the hydrogenation of formed CO to CHa.
The latter pathway involves the stepwise hydrogenation of adsorbed CO: species into
CH4 without creating any CO species. Here, in-situ DRIFTS were performed under
reaction conditions to provide information on the surface intermediates and reaction
mechanism. The DRIFTS spectra with the introduction of CO2 and H> on Ni/CeO>-CN-
OP and Ni/CeO»-IM as a function of temperature are shown in Figure 7a and 7b. For
Ni/CeO2-CN-OP (Figure 7a), as the reaction begins at 50 °C, appreciable peaks
assigned to bicarbonate (1477, 1283 cm!), monodentate carbonate (1587 cm™), and
bidentate carbonate (1402 cm’') are observed. The peaks of bicarbonate decrease

gradually as the temperature increases and can be removed completely below 200 °C.
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With the further increase of temperature, the peaks ascribed to monodentate carbonate
and bidentate carbonate vanish in succession below 300 °C, accompanied with the
growth of some new peaks attributed to monodentate formate (1562 cm™, 1348 cm™)
and bidentate formate (1518 cm™, 1379 cm™). It has been reported that monodentate
formate and bidentate formate can be derived from the hydrogenation of monodentate
carbonate and bidentate carbonate, respectively.'* In addition to the carbonate and
formate species, the peaks for linear CO (1992 cm™) and bridged CO (1909 cm™)
species can be clearly seen since 200 °C and 275 °C, separately. CH4 signal (3015, 1306
cm™!) appears from 225 °C and increases with temperature. Resembling Ni/CeO,-CN-
OP, carbonate and formate species are observed on Ni/CeO»-IM (Figure 7b) and their
evolution has no obvious difference compared with Ni/CeO,-CN-OP. However, linear
CO on Ni/CeO»-IM appears at higher temperature (250 °C) than that on Ni/CeO,-CN-
OP (200 °C).

Moreover, in-situ DRIFTS experiments were also carried out by switching off the
reaction gas 13.3% C02/53.2% Ha/He after 30 min exposure at 300 °C and subsequently
introducing the gas of 61.5% H/He (Figure 7c and 7d). For both Ni/CeO,-CN-OP and
Ni/CeO:2-IM catalysts, the CO peaks disappear immediately (3 min) once upon
switching off CO;. After the depletion of the adsorbed CO, monodentate formate
species continuously decreased. Meanwhile, the intensity of CHs peak decreases
gradually. Consequently, it can be concluded that CO and monodentate formate species
over the Ni/CeO;, catalysts are both the active species in this methanation reaction, with
the former is more active and the main contributors to the low temperature methanation
performance. It has been reported that oxygen vacancy is crucial for the CO>
dissociation.>? To confirm the roles of oxygen vacancy in CO; methanation, the
relationship between the oxygen vacancy (estimated from the Ip/Iz¢ ratio in Raman
results) and the CO; conversion is described. As shown in Figure S6, an acceptable
correlation between these two parameters is observed at 200 and 225 °C (higher testing

temperature is excluded due to the corresponding CO: conversion reaching the
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equilibrium). It should be noted that the determination coefficient (R?) is 0.98 at 200 °C,
but it decreases to 0.95 upon increasing the temperature to 225 °C, which is due to the
proportion of CH4 formed from RWGS+CO hydrogenation pathway decreases at higher
temperature. Thus, it indicates that oxygen vacancy indeed plays a vital role in the

methanation reaction, especially at low temperatures.
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Figure 7. In-situ DRIFTS results of CO; hydrogenation on (a) Ni/CeO,-CN-OP and
(b) Ni/CeO»-IM catalyst; In-situ DRIFTS results of (¢) Ni/CeO2-CN-OP and (d)
Ni/CeO2-IM catalyst at 300 °C under continuous flow of gas 61.5% Hx/He after
maintaining at 300 °C for 30 min under reaction gas (13.3% CO2/53.2% Hx/He).

Symbol definition: bicarbonate (e), monodentate carbonate (#), bidentate carbonate

(), monodentate formate (*), bidentate formate (+), carbonyl (¥).

Furthermore, the evolution of monodentate formate on Ni/CeO2-IM is slower than that
on Ni/CeO,-CN-OP, as observed from Figure 7c and 7d. This difference is due to the
less efficient H> dissociation on Ni/CeO2-IM, which may not be sufficient for
hydrogenation of the formed monodentate formate species. The amount of chemisorbed

H> is also calculated for Ni/CeQ,-CN-OP and Ni/CeQ;-IM. Ni/CeO,-CN-OP shows a

20



453
454

455
456
457
458
459
460
461

462

463
464

465

466
467
468
469
470
471
472
473
474
475

higher amount of chemisorbed H» (146 pmol/gcat) than Ni/CeO2-IM (94 umol/gcat), thus

generating more dissociated hydrogen and further improving hydrogenation activity.

Based on these findings, the RWGS+CO hydrogenation pathway and the formate
pathway occurring in parallel over the Ni/CeO; catalysts can be identified (Scheme 1).
CO: is adsorbed by the medium basic site over catalyst surface with the formation of
monodentate carbonate, which can be hydrogenated to monodentate formate and then
reacts with H atom until CHy is formed. In parallel, direct dissociation of CO> can be
facilitated by surface oxygen vacancies, and the generated CO is further hydrogenated
to CHas. Ni/CeO2-CN-OP possesses a large amount of oxygen vacancies and medium

basic sites, which results in its higher catalytic performance.

RWGS+CO hydrogenation pathway

I—» *CO, “CO — ]

o, CH,
L. *C0, — *HCO; — *HCOO _

formate pathway

Scheme 1. Proposed reaction pathways of CO> methanation over Ni/CeO; catalyst.

4. CONCLUSION

In this work, a highly active Ni/CeO> was synthesized via a one-pot method promoted
with the addition of CsN4. The catalyst demonstrated exceptional performance,
achieving a high CO: conversion (82.6%) and CH4 selectivity (99.4%), corresponding
to a CH4 production rate of 178 mmol geae ' h™! at 250 °C. Notably, this specific methane
productivity represents the highest reported for Ni-CeO catalysts at 250 °C.
Furthermore, this catalytic activity was fully maintained during a 72-h on-stream test.
Mechanistic investigations confirmed that both the RWGS+CO hydrogenation pathway
and formate pathway contribute to CO> methanation, with the former dominating at low
temperatures. The one-pot synthesis approach and C3N4 addition were found to enhance

the concentration of oxygen vacancies and the density of surface medium-strength basic
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sites, thereby promoting CO- activation and the formation of monodentate carbonate
species. As a result, both reaction pathways were significantly accelerated, contributing

to the catalyst's superior methanation performance.
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