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Abstract

The direct synthesis of dimethyl carbonate (DMC) from methanol and COz2 requires the
use of a dehydrating agent such as 2-cyanopyridine (2-CP) to overcome thermodynamic
limitations, alongside controlled catalyst surfaces to limit competing side reactions. In this
study, mesostructured CeO: catalysts were synthesized via a nanocasting approach using
SBA-15 as a hard template. The specific impact of the precursor infiltration method and
the final thermal treatment on catalytic performance were evaluated. While a one-step
precursor infiltration route yielded the most ordered mesostructure after template re-
moval, the final calcination step emerged as the dominant variable governing catalyst ac-
tivity and selectivity. Textural analysis confirmed that calcination preserved the intercon-
nected nanorod morphology with only a minor decrease in specific surface area. Temper-
ature-programmed desorption (TPD) revealed that the thermal treatment induced a re-
distribution of surface acid-base sites, specifically increasing the ratio of medium-strength
basic to acidic sites. In situ DRIFTS demonstrated that this tailored surface chemistry fa-
cilitated CO2 activation, promoted the formation of bidentate carbonates, and favored the
monomethyl carbonate (MMC) intermediate formation. Consequently, the calcined CeO»-
OS catalyst achieved 74% methanol conversion and 91% DMC yield at 120 °C and 5 MPa,
outperforming its uncalcined counterpart by suppressing 2-CP-related secondary reac-
tions.

Keywords: dimethyl carbonate; cerium oxide; nanocasting; surface basicity; in situ
DRIFTS; 2-cyanopyridine

1. Introduction

The direct catalytic synthesis of dimethyl carbonate (DMC) from carbon dioxide and
methanol offers a straightforward route for CO: utilization and green solvent production
[1]. Despite its environmental appeal, the reaction is heavily restricted by its thermody-
namics [2-4]. Water is formed as a primary stoichiometric byproduct, rapidly shifting the
chemical equilibrium back toward the reactants and limiting methanol conversion to val-
ues typically below 1% under standard conditions. To drive the reaction forward, physical
and chemical water-removal strategies must be integrated into the process. The use of
organic dehydrating agents, particularly nitriles such as 2-cyanopyridine (2-CP), effec-
tively circumvents this thermodynamic barrier [5]. In the presence of a suitable catalyst,
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2-CP reacts with water to form 2-picolinamide (2-PA), keeping the water activity in the
reaction medium extremely low and driving DMC formation.

In this integrated system, cerium oxide (CeO2) acts as a dual-purpose catalyst. It must
activate both CO2 and methanol for DMC synthesis while simultaneously catalyzing the
hydration of the nitrile [6,7]. The catalytic performance of CeO2 depends directly on its
dynamic surface chemistry, characterized by oxygen vacancies (Ov), Ce*/Ce% redox pairs,
and the density of Lewis acid-base sites. Medium-strength acid-base pairs are generally
required for the co-activation of the reactants [8]. One approach to controlling the abun-
dance of these sites relies on the morphology of the catalyst. For instance, CeO2 nanorods
exhibit a higher concentration of active acid-base pairs compared to nanocubes or octahe-
dra, leading to superior catalytic performance [9]. This enhanced activity is attributed to
the preferential exposure of the (111) and (110) surface planes; density functional theory
(DFT) calculations demonstrate that the (110) facet is particularly active, presenting the
lowest formation energy of Ov [10].

Balancing the surface acid-base sites remains a complex challenge. Stoian et al. [11]
demonstrated that a basic-to-acidic site ratio greater than one shifts the reaction favorably,
leading to a higher DMC yield by prioritizing the role of basic sites in reactant activation.
Building on this, Zhang et al. [12] investigated the reaction mechanism over Zn-modified
CeO2 and showed that a surface presenting fewer acidic sites and an enriched moderate
basicity significantly raises the energy barriers of side reactions. Specifically, the enhanced
Lewis basicity restricts the excessive interaction of methanol with the 2-CP dehydrating
agent and its derivative 2-PA, effectively increasing the activation energies required to
form undesired byproducts such as methyl picolinate (MP) and methyl-2-pyridinecar-
boximidate (MPCI). Consequently, moderate strength basicity actively suppresses these
parasitic pathways, improving overall DMC selectivity.

Mesoporous CeO: materials synthesized via nanocasting offer high surface areas and
highly accessible active sites, making them ideal candidates for this reaction network.
While the morphological advantages of these templated structures are well documented,
the specific impact of post-synthesis thermal treatments on their surface reaction mecha-
nisms under COz/methanol/2-CP conditions remains unclear. This study evaluates meso-
porous CeO: catalysts prepared via three different SBA-15 nanocasting routes. It demon-
strates that the final calcination step overrides the structural differences induced by the
synthesis routes themselves. By coupling quantitative TPD analysis with in situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS), it shows how calcination
redistributes the acid-base sites, stabilizes the key monomethyl carbonate (MMC) inter-
mediate, and actively suppresses secondary reactions.
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2. Results and Discussion

2.1. Textural and Structural Properties

Negative replication of the SBA-15 template succeeded across all synthesis routes. As
shown in Figure 1a, the uncalcined catalysts exhibited type IV isotherms featuring H1
hysteresis loops with a sharp capillary condensation step at relative pressures (P/P0)
above 0.8, characteristic of well-defined mesoporous architectures. However, the precur-
sor infiltration method influenced the pore size distribution. The CeO2-W-U catalyst dis-
played a broader distribution centered at ~5 nm (Figure 1b), indicating partial mesopore
obstruction, likely resulting from the multiple cycles of wet impregnation and intermedi-
ate thermal decompositions required by this synthesis route. Conversely, the CeO2-OS-U
and CeO2-I-U catalysts exhibited narrower pore size distributions centered at ~4 nm, re-
flecting a higher fidelity to the original template structure.
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Figure 1. (a) Nitrogen adsorption—-desorption, (b) Pore sizes distribution calculated by NLDFT, (c)

low angle and (d) wide angle X-ray scattering.

SAXS profiles (Figure 1c) indicate that CeO2-OS-U and CeO2-1-U retained the highest
degree of mesostructural ordering after template removal, as evidenced by the more
clearly defined low-angle reflection compared with CeO2-W-U. This trend is consistent
with the corresponding TEM images, which show a more regular mesostructural
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arrangement for CeO2-OS-U (Figure 2c). The improved structural order is attributed to
the continuous refluxing conditions combined with the use of a non-polar solvent (1n-hex-
ane). This medium forces the polar cerium precursor into the hydrophilic silica channels,
reducing capillary stress and facilitating a homogeneous precursor distribution within the
mesopores [17]. Wide-angle XRD patterns confirmed that all synthesized materials crys-
talized in a phase-pure face-centered cubic fluorite structure. Application of the Scherrer
equation revealed average crystallite sizes ranging between 7.5 and 10.5 nm for the tem-
plated catalysts, which closely matches the channel diameter of the original SBA-15 (8.1
nm). This agreement indicates that crystallite growth was effectively confined within the
silica pores. This confinement was visually corroborated by TEM imaging (Figure 2),
which revealed the interconnected CeO:2 nanorod arrays characteristic of the hard-tem-
plating method using SBA-15 as the hard template. The nanorods exhibited well-defined
lattice fringes corresponding primarily to the (111) and (220) planes [10,18], consistent
with an anisotropic growth pattern that favors the exposure of the active (110) surface
facets.

|
0,19 nm

(110)

031 am,,
Wil

iyl

Figure 2. TEM images of (a) CeO2-W-U, (b) CeO2-I-U, and (c,d) CeO2-OS-U.
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Subjecting the recovered CeO: to a final calcination step at 450 °C caused a minor
structural contraction without inducing pore collapse. The BET specific surface area of
sample CeO2-OS was the highest and presented a moderate decrease from 142.5 m?/g (un-
calcined) to 133.8 m?/g (calcined). The total pore volume remained virtually unchanged,
indicating that the thermal treatment preserved the internal mesoporous network re-
quired for reactant diffusion while increasing the local crystallinity of the nanorods. Table
1 provides complete information on textural and structural parameters of the synthetized
catalysts and the SBA-15 template used.

Table 1. Textural and structural properties of SBA-15 and CeOz samples.

Crystallite Medium
2 ore ore a
Sample Sger (m%/g) Vpore (mL/g) dpore 2 (nm) Size b (nm)
SBA-15 835.6 0.98 8.2 -
CeO2-W-U 135.0 0.33 3.8 104
CeO2-I-U 138.6 0.21 41 8.3
Ce02-05-U 142.5 0.32 41 7.5
CeO2-W-C 120.9 0.21 3.8 10.5
CeO2-1-C 118.5 0.21 4.4 8.5
Ce02-0OS-C 133.8 0.28 49 7.6
2 Calculated from NLDFT distribution of pore size. ® Calculated from Scherrer equation using XRD
(111) plane.
2.2. TPD Analysis
The acid-base properties of the synthesized materials were characterized by CO»-
TPD and NHs-TPD (Figures 3 and 4), and the quantitative results are summarized in Ta-
ble . Weak, medium-strength, and strong sites were assigned to desorption events occur-
ring below 200 °C, between 200 and 450 °C, and above 450 °C, respectively [19].
a Ce02-W-U b Ce02-W-C
CeO2-1-U Ce02-1-C
P Ce02-0S-U = Ce02-0S-C
S S
2 2
= =
c c
E ~ ] E e N
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Figure 3. CO2-TPD of samples (a) uncalcined and (b) calcined.
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Figure 4. NHs-TPD of samples (a) uncalcined and (b) calcined.

The CO:-TPD profiles (Figure 3) reveal that calcination induces a distinct shift in the
basic site speciation. For all three catalysts, weak basic sites —typically attributed to sur-
face hydroxyl groups that interact with CO2 to form bicarbonate species [20] —shifts to
slightly higher temperatures (approximately 80-110 °C) after the thermal treatment. In
contrast, the peak corresponding to strong basic sites displaces toward lower desorption
temperatures. This reorganization is consistent with changes reported for other mesopo-
rous CeO:2 systems after calcination under comparable conditions [21] and can be inter-
preted in terms of the underlying surface restructuring induced by the thermal step. Spe-
cifically, calcination at 450 °C promotes the consolidation of Ce*—O? ionic pairs, which
are primarily associated with medium-strength basic sites forming bidentate carbonates
[20], while concurrently depleting the population of highly coordinatively unsaturated
oxygen anions, reported to be responsible for strong basicity [11,20,22]. This redistribution
is accompanied by a net increase in the total density of basic sites, as reported in Table .

Table 2. Acid-base properties of CeO2 samples.

Sample

Acidity » (umol/g, NHs;-TPD)

Basicity * (umol/g, CO2-TPD)

Weak

Medium Strong Weak Medium Strong

CeO2-W-U
CeO2-1-U
Ce0O2-05-U
CeO2-W-C
CeO2-1-C
Ce02-0OS-C

24
58
31
16
15
10

183 80 53 51 117
199 53 69 36 119
237 41 63 98 66
144 19 72 132 55
212 46 76 105 68
131 37 88 128 49

2Weak (<200 °C), Medium (200-450 °C) and strong (>450 °C).

The NHs-TPD profiles (Figure 4) exhibit a complementary trend. After calcination, a
decrease in the total acid site density is observed, accompanied by a shift of the main acid
desorption peak (located around 250 °C for uncalcined materials) toward higher temper-
atures (~280 °C). This displacement suggests the selective stabilization of specific Lewis
acid sites. This behavior is likely linked to the elimination of surface hydroxyl groups dur-
ing calcination [23], which reduces the number of weakly acidic -OH species while pre-
serving the medium-strength Lewis acid sites associated with under-coordinated Ce* cat-
ions [22]. Contributions from strong acid sites (>450 °C) remain negligible across all sam-
ples.

Notably, all samples displayed very similar TPD profiles regardless of the synthesis
route. This suggests that the different infiltration routes had only a minor influence on the
acid-base properties, which is consistent with the small differences observed in their
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textural and structural characteristics. In contrast, calcination clearly induced the main
changes in the distribution and strength of the surface acid-base sites.

2.3. Activity Test

Catalytic tests showed that calcination systematically improved methanol conversion
and DMC yield for all three nanocast catalysts, regardless of the infiltration route (Figure
5). Among the samples studied, CeO2-OS-C was the slightly more active catalyst, with
methanol conversion increasing from about 58% for the uncalcined material to 74% after
calcination. For comparison, a calcined commercial CeO: reference (6.4 m?/g) evaluated
under identical conditions yielded 68% DMC with only 15% methanol conversion at an
equivalent catalyst mass (0.21 g) (Figure S1). Even after scaling the commercial catalyst
loading to 3.18 g to provide an equivalent total surface area, the conversion reached 70%,
remaining slightly below that of the mesoporous CeOZ-OS-C.HThe overall results indicate
that, among the synthesized materials, the final calcination step, rather than the specific
nanocasting route, was the dominant factor governing catalytic performance, consistent
with the calcination-induced redistribution of surface acid-base sites discussed above.

100 80
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< 60 - 5 =
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Figure 5. (a) DMC yield (bars), methanol conversion (symbols), and (b) selectivity of uncalcined and
calcined catalysts. Reaction conditions: Catalyst 0.21 g, methanol 100 mmol, 2-CP 50 mmol, CO2 5
MPa, T=120°C, 16 h.

Table 3 further shows that 2-CP conversion evolved in parallel with methanol con-
version and remained within the same order of magnitude for all catalysts. This behavior
is consistent with the coupled reaction network, in which water formed during DMC syn-
thesis is consumed by 2-CP to produce 2-PA. At the same time, the DMC and 2-PA yields
did not coincide exactly, and the product identification by MS revealed the formation of
MP and MPCI, confirming that methanol and 2-CP also participate in competitive second-
ary reactions, as reported for CeO2/2-CP systems in previous mechanistic studies [24,25].
Scheme 1 represents the possible reaction pathways taking place in the system when 2-CP
is used as a dehydrating agent. Alongside the main formation of DMC and the expected
hydration of 2-CP to 2-PA, the scheme highlights the parallel secondary reactions of the
system.
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Scheme 1. Possible reaction pathways of 2-CP.

Table 3. Catalytic activity of CeO: calcined and uncalcined samples.

Sample Xwmeon (%) Xa-cp (%) Yowmc (%) Y2-ra (%)
CeO2-W-U 56 53 78 82
CeO2-1-U 55 50 76 81
CeO2-0OS-U 58 50 79 81
CeO2-W-C 71 66 89 87
CeO2-1-C 66 56 92 88
Ce02-0S-C 74 66 91 86

Reaction conditions: Catalyst 0.21 g, methanol 100 mmol, 2-CP 50 mmol, CO25 MPa, T =120 °C, 16

h.

As shown in Figure 5b, calcination systematically increased DMC selectivity from

approximately 91% to near 95% across all synthesis routes. Product distribution analysis

indicates that this difference is primarily driven by the formation of MPCI. Correlating

these catalytic results with the TPD profiles, the uncalcined samples (which exhibit a

higher density of surface acid sites and lower overall basicity) show a higher propensity

for MPCI production. This suggests that a more acidic surface profile promotes the side

reaction between methanol and 2-CP. Following calcination, the reduction in surface acid-

ity and the relative increase in basic sites effectively suppress this parasitic reaction, lead-

ing to the observed improvement in DMC selectivity [11,12]. Table 4 compares the opti-
mized CeO:-OS-C with other CeO: catalysts from the literature. Driven by its tuned acid-
base profile, our material achieves a 91% DMC yield and 74% methanol conversion at

120 °C, demonstrating a catalytic efficiency that is comparable to recent ceria-based sys-

tems for 2-CP assisted DMC synthesis.

Table 4. Comparison of catalytic performance and reaction conditions for direct DMC synthesis

assisted by 2-CP over different CeO2-based catalysts.

Reaction Time

Sample T (°C) P(MPa) Cat. Mass (g) (h) Yomc (%) Xwmeon (%) Reference
CeO2 Nanorod 150 5 0.1 2 71 50 [8]
CeO2 140 3.5 0.1 4 83 45 [26]
CeO2-FD 140 0.5 0.1 4 84 23 [12]
CeO2 120 5 0.34 12 94 96 [5]

Ce02-0S-C 120 5 0.21 16 91 74 This work
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Figure 6. Correlation between the DMC space-time yield and (a) total and medium-strength basic-
ity, and (b) total and medium-strength acidity. (c) Correlation of the MPCI space-time yield with

total acidity and weak acid sites. Reaction conditions: Same as in Table 3.

A similar conclusion emerges from the correlations presented in Figure 6a,b. The
DMC space-time yield increased with both total and medium-strength basicity, (Figure
6a). This interpretation is highly consistent with literature reports demonstrating that cat-
alytic activity is fundamentally linked to the presence of accessible basic sites, which are
essential for COz adsorption and the subsequent formation of reactive carbonate species.
Specifically, bidentate carbonates have been identified as the key reactive intermediates
in the primary DMC formation pathway [20,22,27]. Conversely, the DMC space-time yield
decreased with total acidity (Figure 6b). The correlation with medium-strength acid sites
was notably weaker, suggesting that medium-strength acidity is not the primary factor
hindering DMC production. Rather, the competitive reactions between methanol and 2-
CP appear to be driven primarily by the weaker acid sites. This interpretation is corrobo-
rated by Figure 6c, which demonstrates a positive correlation between the space-time
yield of the byproduct MPCI and both total acidity and weak acid sites. Therefore, while
basicity selectively drives the formation of reactive bidentate carbonates for DMC synthe-
sis, it is the abundance of weak acid sites that actively promotes the undesired secondary
pathway, ultimately lowering the overall DMC performance.

2.4. In Situ DRIFTS

In situ DRIFTS experiments were performed on CeO2-OS-U and CeO2-OS-C to clar-
ify how calcination modifies the evolution of adsorbed surface species under conditions
relevant to DMC synthesis. All measurements were carried out at 120 °C.

https://doi.org/10.3390/catal16070606


https://doi.org/10.3390/catal16070606

Catalysts 2026, 16, 606

10 of 16

a, | }.’
N
Nt
0.8 Bidentate
=i carbonate
& 06
[
5]
c
©
Q
S
o
]
Q
<
-0.2

2 2 b, i % g
2 < g - % a
! & X 2 2
! g 3 Bicarbonate O\C/B I
¢ B 3 i e )
o’ 9 0 0.8 1 Bidentate 0/‘ % 2 & Bicarbonate
s 5 § ¥ carbonate P =@ S o F
Ce i — (l) et Ceb 2 } i Vad
Formate ! cett 0.6 Formate | 2 | & e

1
g—e

Absorbance (a.u.)
o
S

o
N

-0.2

2s 60s —

120s

2000 1900 1800 1700 1600 1500

300s

. 2000 1900 1800 1700
Wavenumber (cm™)
300s 600's 1200’ s

1400 1300 1200 1100
Wavenumber (cm™)
600s 1200s

1800s 3600s 2s 60s ——120s 1800's 3600 s

Figure 7. In situ DRIFTS spectra recorded during Ar purge following CO: adsorption on (a) CeO2-
OS-C and (b) CeO2-OS-U samples.

Figure 7a,b show the spectra recorded during Ar purge after CO2 adsorption. For the
calcined sample, the spectra are dominated by bands assigned to bidentate carbonates
(1585 and 1292 cm™) and bicarbonates (1395 and 1217 cm™), together with more persistent
contributions attributed formate species at 1549 and 1353 cm™ [20,22,27]. In contrast, the
uncalcined sample displays a markedly lower relative contribution of bidentate car-
bonates, while formate species (at 1549 and 1353 cm™) become comparatively more prom-
inent at longer purge times [26,28,29].

This difference indicates that calcination favors the activation of CO2 and the for-
mation of absorbed reactive specie bidentate carbonate [20,22,27]. This is fully consistent
with the CO2-TPD results (Figure 4), which showed that calcination increases the relative
contribution of medium-strength basic sites. The uncalcined catalyst, possessing fewer
basic sites, provides an environment that is less favorable for the stabilization of these
bidentate carbonates.
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Figure 8. In situ DRIFTS spectra during CO: adsorption after prior methanol adsorption on (a)
Ce02-0S-C and (b) CeO2-0OS-C samples.

Figure 8a,b present the evolution of surface species during CO2 adsorption after prior
methanol adsorption (methanol saturation representing t = 0). In the 1250-1020 cm™! re-
gion, bands at 1197 and 1115 cm™ are assigned to terminal methoxy species, whereas the
band at 1050 cm™ corresponds to bridging methoxy species [26,27,30]. The overall inten-
sity of these methoxy-related bands is similar for the calcined and uncalcined samples,
indicating that both surfaces are able to activate methanol to a comparable extent. This
observation is further nuanced by the OH region (Figure S2), in which the uncalcined cat-
alyst exhibits a more pronounced depletion of the band at 3645 cm™!, assigned to bibridged
surface -OH groups [27], suggesting a greater involvement of these sites in methanol ac-
tivation relative to the calcined material.

The main difference, however, appears after CO: introduction. In the 1300-1600 cm™
region, bands at 1591, 1463, and 1343 cm™ assigned to MMC species increase more clearly
on the calcined catalyst, while the methoxy bands decrease simultaneously with time
[27,30]. This behavior reflects a more efficient transformation of adsorbed methoxy species
into MMC when the catalyst has been calcined. Conversely, MMC formation remains less
pronounced on the uncalcined material, even though the initial methoxy population is of
similar magnitude.

In addition, two bands are observed around 1380 and 1364 cm™!, which may be as-
signed to the C-H deformation of formates and to the stretching vibration of formates
coordinated to Ce* sites, respectively [31]. The lower intensity of the 1364 cm™ band on
the uncalcined catalyst suggests a lower availability of Ce** sites, potentially contributing
to the weaker stabilization of bidentate carbonates. These observations point to a more
defective surface state for the uncalcined material. This confirms that the primary limita-
tion of the uncalcined catalyst is not methanol activation itself, but rather its less effective
CO: activation and a less favorable coupling between adsorbed methoxy species and bi-
dentate carbonate surface intermediate.

Those results highlight the critical role of basicity in DMC formation and selectivity.
In our system, calcination appears to modify the surface defect density, which likely im-
plies a reorganization of the Ce*/Ce* redox couples along with the distribution and
strength of the acid-base sites. This interpretation aligns well with the results reported by
Zhang et al. [12], who demonstrated that a surface presenting fewer acid sites and more
moderate basic sites strongly increases the energy barriers for secondary reactions,
thereby reducing MPCI formation.

https://doi.org/10.3390/catal16070606


https://doi.org/10.3390/catal16070606

Catalysts 2026, 16, 606

12 of 16

Based on this, two complementary hypotheses can be proposed to explain the behav-
ior of the studied catalysts. (1) On the uncalcined catalyst, the reduced basic site density
disfavors CO:2 activation. This slows down the DMC synthesis pathway relative to the
secondary routes involving 2-CP, leading to a relatively higher formation of MPCI. (2) The
preferential consumption of bibridged —OH groups (3645 cm™) on the uncalcined surface
promotes methoxy species in surface environments that are more accessible to 2-CP,
which could facilitate the formation of MPCL. In contrast, calcination reduces the density
of these specific sites while promoting a surface chemistry more conducive to CO: activa-
tion and DMC formation. In this sense, our results may complement the mechanism pro-
posed by Zhang, where a high density of Lewis basic sites disfavors the initial step of the
proton-assisted formation of the Py-CNH* intermediate, the key step in the secondary
pathway leading to MPCI. Although their study does not identify the exact surface envi-
ronments where this secondary route takes place, our results suggest that the local envi-
ronments associated with bibridged -OH groups may be involved in promoting the inter-
action between methanol-derived species and adsorbed 2-CP on the uncalcined catalyst.

3. Experimental Section
3.1. Catalyst Preparation

Mesoporous silica SBA-15 was synthesized using Pluronic P123 (BASF) as the struc-
ture-directing agent and tetraethyl orthosilicate (TEOS, Sigma Aldrich) as the silica source
under acidic conditions. The resulting gel was aged and calcined at 550 °C to generate the
rigid template [13]. Mesoporous CeO: was then prepared by nanocasting using
Ce(NOs3)3-6H20 (Sigma-Aldrich) as the cerium precursor through three different infiltra-
tion routes as follows.

3.1a. CeO2-W was synthesized by a wet impregnation method involving multiple
impregnation—decomposition cycles [14]. For each cycle, 0.64 g of precursor was dissolved
in 9 mL of ethanol (Greenfield), followed by the addition of 1 g of SBA-15 under stirring
for 30 min. Solvent evaporation was carried out at 60 °C for 2 h, and the subsequent de-
composition of the nitrate salt was achieved by calcination in static air at 500 °C for 5 h.

3.1b. CeO2-1 was prepared by an incipient wetness impregnation route, following the
wet impregnation protocol but relying on the adjustment of the precursor solution volume.
This volume was calculated to match the available pore volume of the intermediate
CeO2/SBA-15 composite (previously determined by N2 physisorption), aiming to achieve
a CeO2 mass loading of approximately 50% per cycle [15].

3.1c. CeO2-0OS was obtained by a one-step synthesis under reflux using a concen-
trated precursor slurry in a non-polar solvent (n-hexane, Ficher Chemicals) to promote
direct capillary infiltration during an 18 h reflux period at 70 °C [16].

After precursor infiltration, the silica template was removed by stirring the compo-
site in a 2 M NaOH solution three times over 24 h at room temperature. The recovered
CeO2 powders were split into two batches: one left uncalcined and another calcined at
450 °C for 4 h to evaluate the isolated effect of the thermal treatment. Hereafter, samples
are denoted with the suffix -U for uncalcined and -C for calcined; thus, the corresponding
materials are labeled CeO2-W-U/C, CeO2-I-U/C, and CeO2-OS-U/C.

3.2. Characterization

All the prepared catalysts were characterized using different techniques. Textural
properties were determined from N2 physisorption at 77 K with a Autosorb iQ TPX (An-
ton Paar) after degassing the samples under vacuum at 250 °C for 3 h. The BET method
was used to calculate the specific surface area, whereas pore size distributions were
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obtained from the adsorption—desorption isotherms by NLDFT using the equilibrium
model for N2 at 77 K.

Wide-angle X-ray diffraction (XRD) patterns were recorded on an Aeris diffractome-
ter (PANalytical, 2017) using Cu Ka radiation (1 = 1.5418 A) over a 26 range of 10-90°
to identify the fluorite CeO2 phase and estimate the average crystallite size from line
broadening using the Scherrer equation. Small-angle X-ray scattering (SAXS) measure-
ments were carried out on a SAXSpoint 2.0 instrument (Anton Paar) to evaluate
mesostructural order and periodicity, and to verify the preservation of the mesostructured
framework after synthesis and thermal treatment.

Catalyst morphology and local crystallographic organization were examined by
transmission electron microscopy (TEM) using a JEOL JEM-2100 Plus microscope
equipped with a LaB6 source and operated at 200 kV. Interplanar spacings were measured
using Image]. Surface acidity and basicity were quantified by NHs-TPD and CO2-TPD us-
ing an RXM-100 apparatus (ASDI). Prior to adsorption, the samples were pretreated under
inert gas at 250 °C for 1 h and then cooled to room temperature. The catalysts were satu-
rated with 15 vol% NHs/Ar for 15 min or 15 vol% CO2/He for 45 min, followed by purging
with the corresponding carrier gas at 30 mL min~' to remove physisorbed probe molecules.
The desorption step was then performed from 50 to 650 °C, and the signal was monitored
continuously with a thermal conductivity detector (TCD).

Surface intermediates were identified by in situ DRIFTS using a Spectrum 3 spec-
trometer (PerkinElmer) equipped with an in situ (Harrick) reaction cell. For each experi-
ment, the catalyst powder was pretreated at 250 °C for 1 h under Ar. The temperature was
then stabilized at 120 °C, and a background spectrum was recorded before reactant expo-
sure. The reactive sequence consisted of adsorption of CO2 or methanol for 30 min, fol-
lowed by Ar purging or sequential co-adsorption with the second reactant for 1 h, de-
pending on the protocol as indicated in the legends of Figures 7 and 8. Spectra were col-
lected at different times with a resolution of 4 cm™'.

3.3. Catalytic Testing

Catalytic tests were carried out in a 50 mL T316 stainless steel high-pressure batch
reactor (Parr Series 4590). In a typical experiment, 100 mmol of methanol, 50 mmol of 2-
CP, and 0.21 g of catalyst were introduced into the reactor, which was then purged three
times with CO2 to remove residual air at room temperature. The reactor was subsequently
charged with CO2 to an initial pressure of 5 MPa, stirred at 400 rpm for 15 min to promote
gas dissolution in the liquid phase, and heated to 120 °C. The reaction time was fixed at
16 h from the moment the target temperature was reached. At the end of the run, the
reactor was cooled in a cold-water bath, depressurized slowly after reaching about 35 °C,
and the reaction mixture was recovered for analysis.

The catalyst was separated from the liquid phase by filtration, and the products were
quantified by gas chromatography using a Varian CP-3800 instrument equipped with a
flame ionization detector (GC-FID). Prior to quantitative analysis, product identities were
verified by GC-MS. For a typical GC analysis, the reaction mixture was diluted in acetone,
and methyl benzoate was added as an internal standard to correct for injection variability.
External calibration curves were established for methanol, DMC, and 2-CP using standard
solutions of concentration. The amounts of 2-PA, MP, MPCI, and MC were determined
using the effective carbon number (ECN) method. Methanol conversion, 2-CP conversion,
DMC/2-PA yield were calculated according to Equations (1)—(4).

2Xn +nyp+n
XMeOH — DMC MP MC % 100% (1)
2x Npmc + Nyp + Nmc + Nunreacted MeOH
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2Xn +nyp+n
Koo = pmc + Nyp + Nyc % 100% o)
2 X Npyc + yp + Nye + Nunreacted Meon

2Xn
Ypue = ——2H€ % 100% ©)

Nyeacted MeOH

N2-pa
Vppa =~ X 100% 4)
reacted 2—CP

The selectivity towards the product i was defined as in Equation (5)
N i Xn;

S. =
' YN xn (products derived from methanol)

x 100% )

4. Conclusions

This work allowed establishing that using the mesostructured silica SBA-15 as a hard
template in the synthesis of CeO: catalysts, generated this oxide under the form of nano-
rods. This morphology is known to be beneficial for the direct catalytic production of di-
methyl carbonate in the presence of 2-cyanopyridine as dehydrant. The reported results
confirmed that the hard templated nanorods of CeO: displayed a high density of exposed
(110) crystal faces associated with the satisfactory catalytic behavior in this reaction.

This study moreover examined the differences in catalytic behavior associated with
both the hard templating procedure and the calcination process. It was found that the
effect of calcination is more significant. The latter was shown to result from evolution of
the basic and acidic surface sites which affect differently the activation of CO2 and meth-
anol.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal16070606/s1.
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