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ABSTRACT: The direct synthesis of dimethyl carbonate (DMC) from CO,

and methanol presents a promising alternative to conventional methods that use

toxic chemicals, but its yield is limited by equilibrium. Coupling this reaction

with 2-cyanopyridine (2-Cp) hydrolysis over CeO,-based catalysts was found to

significantly boost the DMC yield by removing water. Our recent study has

revealed that methanol is the key species being activated by surface Ce sites to

produce DMC. The reactivity of surface methoxy species toward CO, varies

greatly with their configuration, which is determined by the Ce coordination

structures. A similar challenge remains in understanding the CeO, surface

feature governing the hydrolysis of 2-Cp to 2-picolinamide (2-PA). Herein,

CeO, nanocrystallites with well-defined (111), (110), and (100) surfaces were used to study the effects of Ce coordination
structures and their arrangements in this reaction and coupled DMC synthesis. We found that the synergistic adsorption of 2-Cp via
cyano-N and pyridine-N on (111) and (110) surfaces enables nucleophilic addition of lattice oxygen, producing imino-like N with
stronger Lewis basicity, which in turn facilitates hydrolysis. The (111) surface outperforms the (110) surface due to its unique Ce
coordination structure and arrangement, which allows more 2-Cp activation and easier 2-PA desorption. Notably, the (111)-
enclosed octahedral CeO, used herein outperforms the reported pristine CeO, catalysts in this coupled reaction. In contrast, this
synergistic adsorption/activation does not occur on the (100) surface, leading to low activity. These findings provide insights for
designing CeO,-based catalysts for CO, conversion with alcohols and amines using 2-Cp as a dehydrant.
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B INTRODUCTION

most effective compound in this coupled reaction and can be

Dimethyl carbonate (DMC) is a valuable raw material
extensively utilized in solvents, polymer synthesis, fuel/battery
additives, and other applications,' > contributing to a global
market expected to reach US$ 760 million by 2025.*
Conventional DMC production methods rely on the use of
hazardous and explosive chemicals, such as phosgene and
carbon monoxide. To address these concerns, the direct
synthesis of DMC by upgrading CO, with methanol (reaction
(i)) has gained considerable attention due to its environ-
mentally friendly nature.” However, the yield of DMC is
strongly limited by the thermodynamic equilibrium. To
overcome this limitation, water removal techniques such as
molecular sieves or organic dehydrants are often employed in
conjunction with the reaction to enhance DMC yield.” Honda
et al, discovered that a tandem carboxylation-hydration
reaction catalyzed by CeO, can greatly enhance the yield of
DMC when combined with nitriles.’ This intriguing finding
revealed that CeO,, used for direct DMC synthesis, also acts as
a catalyst for the hydrolysis of nitriles (reaction (ii)). Among
various nitriles, 2-cyanopyridine (2-Cp) was identified as the
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regenerated after use. Subsequently, the research interest has
mainly focused on the development of CeO,-based catalysts
due to their considerable activity in the coupled reaction,

surpassing other common oxide catalysts.”””

Despite extensive research, the key CeO, surface feature that
determines the activity in the direct DMC synthesis (reaction
(i)) was not disclosed until very recently by our group.'” The
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literature often presents discrepancies regarding the influence
of Lewis acidity and basicity on DMC yield (Table S1),"'~"°
which we attributed to the heavy reliance on NH;/CO,-
temperature programmed desorption (TPD) for acidity/
basicity characterization. The “coordination structure” of
active sites is known to be convoluted in a way that affects
the measured acidity/basicity in these reports, making simple
correlations between these overall properties and catalytic
activity insufficient for identifying the key surface feature.'”
Additionally, since NHj is not used as a reactant in the
reaction, the degree of its desorption from CeO, surfaces
provides no insights into the atomic interplay between
methanol and CeO, surfaces. The use of catalysts with poorly
defined (or nonuniform) active sites in many studies further
increases difficulties in establishing reliable catalytic correla-
tions.'® We recently addressed this by employing uniform Ce
sites enclosed by distinct coordination structures on three
common CeQ, surfaces.'” "' As shown in Scheme 1a, the Ce

Scheme 1. Illustration of Ce Coordination Structures (with
Highlighted Local Geometry of Vacant Orbitals) and Their
Arrangements on CeO, (a) (111), (b) (110), and (c) (100)
Surfaces

site on the (111) surface is coordinated by seven oxygen atoms
with a vacant orbital (from a missing oxygen) oriented
perpendicular to the surface plane. In comparison, Ce sites
exposed on the (110) (Scheme 1b) and (100) (Scheme 1c)
surfaces are coordinated by six oxygen atoms, with the local
geometry of vacant orbitals determined by their crystallo-
graphic orientation. It is noted that these vacant orbitals (or
missing oxygens) are naturally preserved on the pristine CeO,
surfaces due to the suspension of crystal growth. The
coordination structure of the Ce sites associated with these
missing oxygens is much more uniform compared to the
oxygen vacancy-associated Ce sites often reported in the
literature,”* providing a better platform for in-depth study.
Interestingly, we found that the sp* oxygen of methanol tends
to fill the vacant orbitals on CeO, surfaces (cf. the sp* oxygen
of CO,), making methanol the key species being activated to
produce methyl carbonate and later DMC.'® The reactivity of
the surface methoxy species toward gaseous CO, varies
considerably, depending on its configuration determined by
the geometry of the vacant orbitals on these CeO, surfaces.
The hydrolysis of 2-Cp to 2-picolinamide (2-PA, reaction
(il)) presents similar challenges in understanding the key CeO,
surface feature. For example, Giram et al. correlated a
significant decrease in the yield of 2-PA in CeO, doped with
Al/Cu/Ni/Zr/Zn (cf. pristine CeO,) to an imbalanced
acidity/basicity ratio suggested by NH,/CO,-TPD.'® Con-

versely, Gupta et al. attributed a 50% increase in activity after
doping CeO, with Sm/Ru to an optimal acidity/basicity ratio
also revealed by NH,/CO,-TPD.”® Other research groups
have explored the influence of pristine CeO, surfaces on 2-Cp
hydrolysis. Using spherical CeO, without shape control,
Tamura et al. attributed the observed activity to its (111)
surface.”* However, it has been reported that the surface of
spherical CeO, is rough and comprises not only (111) but also
(100) surfaces.”>*® The Ce sites on these two ill-defined
surfaces are expected to demonstrate distinct reactivities
compared with their well-defined counterparts. Later, Wang
et al. compared CeO, crystallites in 2-Cp hydrolysis and found
that rod-shaped CeO, enclosed by the (110) surface showed
superior performance compared to the CeO, octahedron
(octa.) and cube, exposing (111) and (100) surfaces,
respectively.”” However, the report did not consider the
surface area of the CeO, crystallites involved in the reaction.
Despite the rod’s activity being ca. 4 times higher than that of
the octa., the surface area of the latter (in microscale) was 30
times smaller than the former (in nanoscale). Additionally, the
phosphate stabilizer used in preparing the octahedron was not
removed prior to the reaction, which may further suppress the
observed activity of this shape.

Herein, surfactant-free CeO, nanocrystallites with compara-
ble sizes in the shapes of cube, rod, and octa. enclosed by well-
defined (111), (110), and (100) surfaces, respectively, were
employed to study the effect of Ce coordination structures and
their surface arrangements on the hydrolysis of 2-Cp and the
coupled DMC synthesis. The activity of 2-Cp hydrolysis was
found to closely correlate with these two factors in the order of
(111) > (110) > (100) at all tested temperatures. The
adsorption and activation of 2-Cp, as well as the desorption of
2-PA, on these surfaces were carefully investigated with the
support of DFT calculations. The synergistic adsorption of 2-
Cp, where the cyano-N and pyridine-N coordinate with the
CeO, surfaces, was identified as the key configuration for the
subsequent nucleophilic addition of the lattice oxygen on the
(111) and (110) surfaces. This converts the cyano-N into
imino-like N with higher Lewis basicity, facilitating the 2-Cp
hydrolysis via a pathway distinct from that of the typical
pathway on the (100) surface. Although comparable activation
energy was obtained for the (111) and (110) surfaces, the high
activity of the (111) surface was attributed to its unique Ce
coordination structure and arrangement, which enables higher
number of 2-Cp activations and easier desorption of 2-PA
compared to the (110) surface. The established structur-
e—activity correlation is expected to guide the design of CeO,-
based catalysts for CO, conversion with amines and higher
alcohols using 2-Cp as a dehydrant.

B RESULTS AND DISCUSSION

Catalyst Characterization and Catalytic Testing. Well-
defined CeO, crystallites in the shapes of cube, rod, and octa.
were synthesized using the methods described in previous
reports.'”~>* It is noteworthy that the preparation method
used for the cube and the rod in this study is similar to the
approach employed by Wang et al.”” However, the octa.
prepared in this study is much smaller and does not involve the
use of surfactants (Figure S1). The fluorite structure of these
samples was first confirmed by X-ray diffraction (XRD)
(Figure S2). Their shape and terminal surface were examined
using transmission electron microscopy (TEM) (also see
Figure S3 for scanning TEM images) and high-resolution TEM
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Figure 1. Transmission electron microscope (TEM) images of CeO, (a) cube, (b) rod, and (c) octa. and their corresponding high-resolution TEM
images (row below). (d) Time-dependent yield of 2-PA in 2-Cp hydrolysis over CeO, shapes with equal tested weight (8 mg for each shape) and
surface area (10.6 mg for cube, 3.6 mg for rod, and 8 mg for octa.) at room temperature. (e) Corresponding first-order rate constants.

Figure 2. Temperature-dependent yield of 2-PA over CeO, shapes with the equal tested surface area at (a) 40, (b) 50, (c) 60, and (d) 70 °C.

Comparison of their respective (e) k constant and (f) activation energy.

(HRTEM), respectively. The CeO, cube, with a size ranging
from 30 to 50 nm, displays a lattice spacing of 0.27 nm,
suggesting its (100) termination (Figure la). The CeO, rod
has a diameter of 10 nm and varies in length from 100 to 250
nm. The lateral surface of this sample exhibits a lattice spacing
of 0.19 nm, indicating preferential exposure of the (110)
surface (Figure 1b). The CeO, octa. is about 25 nm in size and
primarily exposes the (111) surface, as confirmed by the lattice
spacing of 0.32 nm (Figure 1c). Although TEM techniques do
not provide information regarding the distribution of facets for
each morphology, our recent study using probe-assisted
NMR**7** showed that these CeO, shapes exhibit a facet
purity of > 90% (from well-separated *'P peaks) and provide
comparable structural uniformity for their hosted Ce sites
(from the full width at half-maximum (fwhm)) (Figure $4).”
Despite several facet distribution models proposed for CeO,
rods (Figure SS), our recent findings indicate that this
morphology is primarily enclosed laterally by the (110)
surface, with a small amount of rough (111) surfaces
comprised of hydroxylated Ce atoms located at the tips.”'

These Ce atoms are chemically distinct from their counterparts
on the well-defined (111) surfaces of CeO, octa.”” The surface
areas of the CeO, samples are measured in Figure S6, with
CeO, rod bearing the highest surface area of 953 m’/g,
followed by the octa. (43.6 m*/g), and the cube (32.8 m*/g).
This trend aligns with the crystallite sizes suggested by their
XRD peak widths in the order of cube > octa. > rod.

The catalytic activity of the CeO, samples in 2-Cp hydrolysis
was first investigated at room temperature for 6 h. As shown in
Figure 1d, no 2-PA was produced in the absence of CeO,.
When testing the same weight of CeO, (8 mg), the octa.
exhibits the highest activity, followed by the rod, while the
cube displays negligible activity. This trend can be supported
by the infrared (IR) spectra of the spent CeO, samples, where
the octa. exhibits the most prominent 2-PA signals, followed by
the rod and cube (Figure S7). It is interesting to see that the 2-
Cp cyano group is red-shifted from 2237 to 2218 cm™" on the
octa., while such a shift is much smaller for the rod and
negligible for the cube. The recyclability of the CeO, samples
was evaluated over three consecutive cycles (Figure S8). The
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Figure 3. (a) EPR, (b) XPS Cey, (c) XPS O,,, and (d) Raman spectra of CeO, shapes.

slight decrease in their activity during the second and third
rounds can be attributed to catalyst loss during recycling or
residual surface-adsorbed 2-Cp/2-PA on the spent catalysts.
Both their morphology (Figure S9) and fluorite structure
(Figure S10) were maintained throughout the cycles. The rate
constant k (X107 h™') for the first round (Figure 1d) was
calculated to be 23.8 for the octa., 16.1 for the rod, and 0.7 for
the cube (Figure le). No correlation was found between these
k constants and their surface area, pore volume, or pore
diameter obtained from nitrogen adsorption—desorption
isotherms (Figure S6). For example, the octa. has only half
the surface area of the rod but demonstrates a higher rate
constant k (ca. 1.4 times). Also, the slight difference in the
surface area between the octa. (43.6 m*/g) and the cube (32.8
m?/g) cannot account for the extreme activity observed in
their k constants. These findings suggest that the performance
of CeO, crystallites is mainly determined by their exposed
surfaces (qualitative factor) compared to their corresponding
surface areas (quantitative factor). Given >90% facet purity for
these CeO, shapes, we then focused our discussion on their
dominant surfaces to simplify the analysis. To evaluate surface
activity, CeO, samples were further examined under similar
total surface areas (i.e., 8 mg for the octa., 3.6 mg for the rod,
and 10.6 mg for the cube). As expected, the octa. (111) surface
outperforms the other two surfaces (Figure 1d), exhibiting k
constants 4 and 22 times higher than that of the rod (110) and
cube (100) surfaces, respectively (Figure le). A similar trend
in activity (Figure 2a—d) and k constants (Figure 2e, see
kinetic plots in Figure S11) can also be observed for these
samples at elevated temperatures from 40 to 70 °C. Although
the rod sample in this study comprises a (ca. 10%) rough
(111) surface with hydroxylated Ce atoms, their contribution
to the activity is considered negligible due to steric hindrance
from surface hydroxyl groups affecting 2-Cp adsorption/
activation (vide infra). The activation energy (E,) of CeO,
surfaces was calculated to be 85.4 kJ/mol for the cube (100)
surface, 72.8 kJ/mol for the rod (110) surface, and 66.0 kJ/mol

for the octa. (111) surface (Figure 2f). Altogether, we
demonstrate that 2-Cp can be activated very differently
among CeO, surfaces, and the (111) surface is the most
active surface rather than the previously reported (110)
surface. However, in our opinion, the small difference in their
E, may not fully explain the large difference observed in their
surface activities (Figure 2e). It is likely that some other factors
collectively contribute to the observed activity.

Overall properties such as oxygen vacancies, Ce**/Ce*"
ratio, hydroxyl groups, and Lewis acidity/basicity on the
catalysts’ surface have often been utilized in the literature to
account for differences in the observed activity.””** Electron
paramagnetic resonance (EPR) was first employed to confirm
the absence/presence of surface oxygen vacancies, as the signal
at ¢ = 2.00 is typically associated with unpaired electrons
trapped in surface oxygen vacancies by adsorbed O,.”> The
absence of this signal in the CeO, shapes suggests that the
contribution of surface oxygen vacancies to their activity is
negligible (Figure 3a). This finding is also supported by their
similar X-ray photoelectron spectroscopy (XPS) Ce,q spectra
with comparable Ce*/Ce*" ratios (Figure 3b). Bear in mind
that the surface oxygen vacancies typically mentioned in the
literature are distinct from the missing oxygens preserved on
the pristine CeO, surfaces here (Scheme 1).> The XPS O,
spectra of all the CeO, shapes (Figure 3c) show a prominent
peak corresponding to lattice oxygens (Op) at around 529.5
eV, along with a shoulder peak deconvoluted into surface
oxygen species (Og) at ca. 531 eV and surface hydroxyl groups
(Oy) at ca. 532 €V.*° Given the absence of the surface oxygen
vacancies revealed above, it is more likely that the surface
coordination unsaturated oxygen atoms are the main
contributor to Og in these CeO, shapes, as supported by the
correlation between its intensity and their BET surface areas.
Considering that (1) the octa. and cube, which exhibit
opposing activity, possess similar amounts of Og and Oy and
(2) the rod, which has the highest amount of Og and Oy, only
exhibit medium activity, these two surface species should thus
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Figure 4. (a) Analysis of distances between N atoms in 2-Cp and Ce sites on CeO, surfaces. The adsorption configuration and energy of 2-Cp on
(b) (100), (c) (110), and (d) (111) surfaces with side (left) and top (right) views.

play a negligible role in influencing the activity of the CeO,
shapes (Figure 2). This crystallite size-dependent property is
also evident in their Raman spectra (Figure 3d), where the rod
sample exhibits a significantly broader F,, peak at ~452 cm™
(cf. the cube and octa.) and is accompanied by a tiny LO mode
(Raman inactive) located at 595 cm™". This suggests that the
rod, which has the highest surface area, contains a greater
proportion of surface or subsurface oxygen atoms in the
Ce—Og_, units, which are stretched in a less symmetric
manner relative to the bulk oxygen atoms in the Ce—Og
units.”” Regarding the Lewis acidity/basicity of CeO, shapes
revealed by NH,;/CO,-TPD (Figure S12), we found no
correlation with their activity in this reaction likely due to the
convolution of Ce coordination structures, as discussed in the
Introduction. Altogether, these overall properties often used in
the literature for catalytic correlation fail to explain the
differences in activity even for catalysts as simple as pristine
CeO, here.

Insights from Density Functional Theory (DFT)
Calculations. The atomic arrangement and coordination
structure of the Ce sites on the CeO, surfaces have been
demonstrated to have a profound influence on regulating not
only the adsorption and activation of reactants but also the
desorption of products.'”~** In this study, 2-Cp is believed to
adsorb on the CeO, surfaces through the interaction between
its pyridine-N/cyano-N atoms and the vacant orbital(s) of
surface Ce sites (Scheme 1). The distance between the
pyridine-N and cyano-N atoms in 2-Cp (3.45 A) is close to the
shortest Ce—Ce distance (3.87—3.88 A) on the CeO, surfaces
(Figure 4a), suggesting that they may also synergistically
facilitate the adsorption of 2-Cp. DFT calculations were
employed to provide atomic insights into this adsorption
process. On the (100) surface (Figure 4b), no synergistic effect
was observed between the pyridine-N and cyano-N atoms of 2-

Cp during adsorption. Instead, its adsorption configuration was
primarily dictated by the geometry of the vacant orbitals on the
surface, where the cyano-N atom tends to fill the missing
oxygen site, leading to adsorption energies (E,q) of —0.63 eV
for (Figure 4b(iii)) and —0.70 eV for (Figure 4b(iv)).
Interestingly, the pyridine-N atom, which has stronger Lewis
basicity compared to the cyano-N, was not able to interact with
Ce sites on this surface, likely due to the mismatch in their
orbitals and the steric hindrance effect from the cyano group. A
different adsorption behavior of 2-Cp was observed on the
(110) surface, (Figure 4c). The cyano-N and pyridine-N can
independently interact with the surface Ce sites along their
vacant orbitals (with a slight tilt), but these individual
interactions are relatively weak with an Eg4 of —0.17 eV
(Figure 4c(ii)) and —0.39 eV (Figure 4c(iii)), respectively. A
synergistic 2-Cp adsorption mediated by both the cyano-N and
pyridine-N was observed on the Ce sites that are close next to
each other at a distance of 3.88 A, resulting in the most
negative E,4 of —0.55 €V on this surface (Figure 4c(iv)). No
such synergistic 2-Cp adsorption can be seen for the Ce sites
that are further apart in distances of 5.49 and 6.72 A on the
(110) surface (Figure 4a). Interestingly, all the 2-Cp
adsorption cases on the (111) surface were mediated by
both the cyano-N and pyridine-N (Figure 4d) with E
increasing from —0.14 eV in a flat configuration (Figure
4d(ii)) to a more negative value of —0.35 eV in a stand-up
configuration (Figure 4d(iv)). We attributed this to the unique
arrangement and coordination structure of the Ce sites on this
surface, where all the Ce sites with vacant orbitals
perpendicular to the surface plane are situated at a distance
close to the distance between the pyridine-N and cyano-N
atoms in 2-Cp. These findings highlight the critical role of the
surface atomic arrangement and coordination structure of the
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Figure S. (a) Typical Lewis acid-catalyzed nitrile hydrolysis and (b) proposed activation of the adsorbed 2-Cp by CeO, and its facilitated
hydrolysis. The nucleophilic addition of the surface Oy, to the cyano-C atom of adsorbed 2-Cp on (c) (110) and (d) (111) surfaces. The Bader
charge analysis of (e) 2-Cp and the adsorbed 2-Cp before and after activation on (f) (110) and (g) (111) surfaces.

Ce sites in collectively affecting the adsorption behavior of 2-
Cp on the CeO, surfaces.

Interestingly, the trend in E 4 obtained for 2-Cp on these
CeO, surfaces (i.e., (100) > (110) > (111)) is opposite to
their activity (i.e,, (111) > (110) > (100)), suggesting that the
adsorption of 2-Cp is not the key step leading to observed
activity. As is known, a strong adsorption of a reactant without
being effectively activated could even poison the active site.
Distinct from the typical Lewis acid-catalyzed mechanism
(Figure 5a), Tamura et al.”® proposed that the nucleophilic
addition of CeQ, surface lattice oxygen (Ojyicee) to the cyano-
C atom of the adsorbed 2-Cp can convert cyano-N into a
negatively charged imino-like N (Figure Sb). This imino-like N
is believed to facilitate 2-Cp hydrolysis by deprotonating H,O
to form a hydroxide with a stronger Lewis basicity (cf. H,O in
Figure Sa). A similar mechanism was also proposed by Sawabe
et al”’ To examine this pathway on CeO, surfaces, the
strength of the Ce—O), bonds on the CeO, surfaces was
further analyzed using the crystal orbital Hamilton population
(COHP) method (see the experimental section for details).*
This approach allows us to quantitatively assess the ease of
lifting the surface Oy in the proposed nucleophilic addition
step. The integrated COHP (ICOHP) values indicate the
magnitude of the bond strength; to make these values more
intuitive, ICOHP was represented as -ICOHP here, where
higher ICOHP values indicate stronger bond strength. As
shown in Figure S13, the (100) surface exhibits the highest
Ce—Op,ice bond strength of 3.88 eV, followed by 3.03 eV for
the (110) surface and 2.94 eV for the (111) surface. This result
suggests that the difficulty of lifting surface Oy for
nucleophilic addition is in the trend of (100) > (110) >
(111), which is in a good correlation with their E, obtained in
Figure 2f (see Figure S14).

We then examined the proposed activation pathway of
adsorbed 2-Cp on CeO, surfaces using their adsorption
configurations with the most negative E,4. The nucleophilic
addition of the surface Oy, on the cyano-C atom of the
adsorbed 2-Cp was not successful on the (100) surface, likely
due to the long distance between them (Figure 4b(iv)) and the
high energy required to lift the surface Opyc.. For the (110)
surface, the surface Oy, is able to undergo nucleophilic
addition to the cyano-C atom of adsorbed 2-Cp in the
configuration shown in Figure 4c(iv). Given the limited
distance for the surface to lift the Oy, the activated 2-Cp
exhibits a tilted configuration on this surface with the E4
nearly doubled to —1.06 eV (Figure Sc). However, such a
tilted configuration is believed to impose steric hindrance to
the activation of other 2-Cp sitting on Ce sites in the next row,
limiting the number of 2-Cp being effectively activated. The
activation of adsorbed 2-Cp is also allowed on the (111)
surface for the configuration shown in Figure 4d(iv). In
contrast, activated 2-Cp was found to remain in a stand-up
configuration with E,q slightly increased to —0.57 eV (Figure
5d). Such a stand-up activated configuration of 2-Cp, together
with the closely packed Ce sites on the (111) surface, allows
for the activation of a higher number of 2-Cp compared to the
(110) surface. However, it was observed that the synergistic
adsorption of 2-Cp is thermodynamically unfavorable on the
25% hydroxylated (111) surface (Figure S15), suggesting that
the contribution of hydroxylated Ce atoms on the rough (111)
surface to the rods’ activity is very limited. Consequently, the
observed activity of the rod sample should primarily originate
from its lateral (110) surface in this reaction. We further
analyzed the Bader charge of the pyridine-N, pyridine-C,
cyano-C, and cyano-N atoms in pristine 2-Cp (Figure Se) and
its adsorption on the (110) (Figure Sf) and (111) (Figure Sg)
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Figure 6. (a) Direct DMC synthesis catalyzed by CeO, shapes in the absence/presence of 2-Cp at 140 °C, (b) production of 2-PA during the

direct DMC synthesis with 2-Cp, and (c) corresponding E,.

surfaces before/after activation (i.e., nucleophilic addition by
Olattice)- The results show that the pyridine-N and pyridine-C
experience a minor change in Bader charge (<0.2 e”) during
the adsorption and activation of 2-Cp. In contrast, the Bader
charge of the cyano-C decreases significantly from around 3.2
e for the pristine/adsorbed 2-Cp to about 2.7 e™ after being
nucleophilically attacked by the Oy, on both the (110) and
(111) surfaces. Such activation of 2-Cp not only makes the
cyano-C more acidic for the subsequent nucleophilic addition
of H,0/hydroxides (step S in Figure Sb) but also induces an
increase in the Bader charge of the cyano-N from around 6.0
e~ for the pristine/adsorbed 2-Cp to about 6.3 e”. The
accompanied weakening of the C=N triple bond can be
evidenced by the bond lengthening from 1.16 to 1.17 A for the
pristine and the adsorbed 2-Cp to 1.26—1.27 A after the
nucleophilic addition of the O (the bond length for the
C=N double bond is 1.37 A). This is experimentally
supported by the red shift of the 2-Cp cyano (C=N) signal
from 2237 to 2218 cm™" in the IR spectra of the octa. and rod
(Figure S7). The extent of this shift is closely related to the
number of successfully activated 2-Cp molecules with the octa.
showing a higher population than that of the rod. Since
nucleophilic addition of Oy is hindered on the (100)
surface, no such shift can be observed for the cube. All these
findings suggest that the activation of the adsorbed 2-Cp can
be facilitated via the proposed pathway on both the (110) and
(111) surfaces, with the (111) surface exhibiting more effective
activations owing to its unique Ce coordination structure and
surface arrangement.

In addition to the adsorption (Figure 4) and activation
(Figure S) of 2-Cp, the desorption of the product, 2-PA, from
the (110) and (111) surfaces was also studied, as this step may
affect the regeneration of the Ce sites and hence the observed
surface activity. As shown in Figure S16, the E 4 of 2-PA on the
(110) surface (—0.87 V) is nearly twice as high as that on the
(111) surface (—0.46 eV), with an extra hydrogen bond
formation between the surface Oy, and the H atom of 2-PA
on the (110) surface. The desorption of 2-PA from the (110)
surface is thus expected to be slower than that from the (111)
surface. However, this desorption step alone may not account
for the significant difference in their observed activity (Figure
2e) at a close E, (Figure 2f). We have correlated the
comparable E, obtained for these two surfaces to their barrier
required to undergo the alternative activation pathway (Figure
S14). Given this, the observed activity should be closely related
to the number of activated 2-Cp molecules via the pathway,
wherein a synergistic 2-Cp adsorption mediated by both
cyano-N and pyridine-N is required. Since all Ce sites on the
(111) surface can participate in the synergistic 2-Cp adsorption

and activation w/o steric hindrance compared to their
counterparts on the (110) surface (Figure 4), this should
collectively explain the significant difference in activity
observed between the octa. and the rod. The negligible
activity of the cube (100) surface in 2-Cp hydrolysis at room
temperature can be attributed to the high E, of the traditional
Lewis acid-catalyzed pathway (Figure Sa). We further
confirmed this point on the octa. by replacing 2-Cp with
benzonitrile and compounds with their cyano-N and pyridine-
N in the meta (i.e, 3-Cp) and para (i.e., 4-Cp) positions. As
expected, no synergistic adsorption configuration can be seen
for them on the (111) surface (Figure S17), and no hydrolysis
of these molecules was observed on the octa. at room
temperature (Table S2).

Direct DMC Synthesis Coupled with 2-Cp Hydrolysis.
The impact of 2-Cp as a dehydrant in the direct DMC
synthesis was further explored over these CeO, shapes to
demonstrate the critical role of Ce coordination structures and
their arrangements in the coupled reaction. In the absence of
2-Cp (blue column, Figure 6a), the production of DMC in
three hours was 0.3 mmol/m? for the octa., which is two times
and seven times higher than that of the rod (0.14 mmol/m?)
and the cube (0.04 mmol/m?®), respectively. In our previous
report,'” the difference in their DMC activity was attributed to
the formation of surface methoxy species with varying
reactivities toward CO,. When 2-Cp was added (red column,
Figure 6a), a notable enhancement in the DMC yield can be
observed for CeO, shapes within the same period of time. The
octa. showed a 41.5-fold increase in DMC yield to 12.44
mmol/m?, followed by 21.7-fold and 5.3-fold increases for the
rod (to 3.04 mmol/m?) and the cube (to 0.21 mmol/m?),
respectively. Surprisingly, the DMC yield of the octa. w/o 2-
Cp concentration (0.3 mmol/m?*) was even higher than that of
the cube with 2-Cp (0.21 mmol/m?), highlighting the
importance of surface understanding and control in this
coupled reaction. The added 2-Cp was found to remove H,O
produced from the direct DMC synthesis in a nearly one-to-
one manner, as evidenced by the similar amount of 2-PA yield
(cf. DMC) for CeO, shapes (Figure 6b). This, together with
their maintained E, in the absence/presence of 2-Cp (Figure
6¢, also see Figure S18), suggests that the substantial increase
in DMC yield observed for the octa. is due to the effective
hydrolysis of 2-Cp by the (111) surface, which greatly drives
the equilibrium to the product side. The DMC activity of the
CeO, shapes was further compared with those of pristine
CeO, catalysts reported in the literature. In the absence of a
dehydrant (Table S3), many of these catalysts outperform the
octa. in terms of the DMC formation rate (mmol/g/h), likely
due to their higher surface area. However, when a dehydrant is
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Table 1. Comparison of DMC Activity among Pristine CeO, Catalysts (in the Presence of a Dehydrant) Reported in the

Literature”

CeO, surface area  amount amount of CO, pressure
entry  shapes (m*/g) (2) MeOH (mmol) (MPa)
1 sphere 80 0.17 200 0.5
2 sphere 80 0.17 100 0.5
3 sphere 80 0.01 200 S
4 rod nr. 0.1 370 S
S octa. nr. 0.1 370 N
6 cube nr. 0.1 370 S
7 sphere nr. 0.1 370 S
8 sphere 77 0.1 100 S
9 cube 43 0.1 100 S
10 rod 108 0.1 100 S
11 spindle 36 0.1 100 S
12 spindle nr. 0.1 370 N
13 octa. nr. 0.1 370 S
14 cube nr. 0.1 370 S
15 cube 32.8 0.05 370 4
16 rod 95.3 0.05 370 4
17 octa. 43.6 0.05 370 4

dehydrant agent temp. time DMC amount DMC rate
(mmol) ( K§ (h) (mmol) (mmol/g/h) ref
CH,CN (600) 423 2 2 5.9 41
PhCN (300) 423 2 4.7 14 42
2-Cp (10) 393 0-2 0.5-2.0 75 43
2-Cp (50) 413 3 37.8 126 27
2-Cp (50) 413 3 6.6 22 27
2-Cp (50) 413 3 0.96 32 27
2-Cp (50) 413 3 35 116 27
2-Cp (50) 423 2 15.8 79 44
2-Cp (50) 423 2 15.7 79 44
2-Cp (50) 423 2 17.7 89 44
2-Cp (50) 423 2 30.5 150 44
DMP (29) 413 2 2.8 14 45
DMP (29) 413 2 0.83 42 45
DMP (29) 413 2 0.28 1.4 45
2-Cp (50) 413 3 0.344 2.296 this
work
2-Cp (50) 413 3 14.48 96.57 this
work
2-Cp (50) 413 3 27.12 180.79 this
work

“The “Sphere” symbol used in the column of the "CeQ, shape” represents catalysts without shape control.

added (Table 1), the octa., which has a relatively low surface
area, exhibits the highest DMC formation rate reported among
pristine CeO, catalysts to date.””*'~* This indicates that the
hydrolysis of nitrile (reaction (ii)) is more surface-sensitive
compared to direct DMC synthesis (reaction (i)) in the
coupled reaction, underscoring the significance of surface
control even for pristine catalysts.

B CONCLUSIONS

In summary, this work has unraveled the pivotal influence that
the “coordination structures” and “arrangements” of Ce sites
on CeO, (100), (110), and (111) surfaces exert on the
hydrolysis of 2-Cp. The kinetic studies revealed that the rate
constant for 2-Cp hydrolysis is surface-dependent, with the
(111) surface exhibiting the highest catalytic activity, followed
by the (110) surface, while the (100) surface displays
negligible activity at room temperature. Overall properties
such as oxygen vacancies, the Ce**/Ce*" ratio, and hydroxyl
groups were found to be comparable among these surfaces and
hence fail to account for the observed differences in their
activity. DFT calculations suggest that the synergistic
adsorption of 2-Cp via its cyano-N and pyridine-N on the
(110) and (111) surfaces is the key configuration for the later
nucleophilic addition of the Oy, which produces acidic
cyano-C and imino-like N collectively facilitating 2-Cp
hydrolysis via the proposed pathway. Although the E, required
for this process is comparable for these two surfaces, the (111)
surface allows more effective activations due to its unique Ce
coordination structure and surface arrangement. This, together
with the higher 2-PA desorption energy required for the (110)
surface, explains why the (111) surface can display significantly
higher activity in 2-Cp hydrolysis and coupled DMC synthesis.
The (111)-enclosed octahedral CeO, was even found to
outperform all pristine CeO, catalysts reported to date in this
coupled reaction. The absence of synergistic 2-Cp adsorption
on the (100) surface and the high E, required for the typical
activation pathway result in low activity in both 2-Cp

16868

hydrolysis and the coupled DMC synthesis. The atomic
insights revealed in this study should guide the design and
synthesis of CeO,-based catalysts in 2-Cp hydrolysis to couple
with not only CO, conversion with methanol but also higher
alcohols and amines into valuable (poly)carbonates, ureas, and
carbamates (Figure S19).

B METHODS

Catalyst Preparation. The CeO, sha%)es were synthesized
following previously reported methods.””~>' For the cube,
0.651 g of Ce(NO;);-6H,0 and 3.6 g of NaOH were mixed
with 30 mL of water and stirred for 30 min. To prepare the
rod, the same procedure was used but with an increased
amount of NaOH (7.2 g). The resulting mixtures were then
transferred to Teflon-lined stainless-steel containers and heated
at 180 °C for the cube and 100 °C for the rod, both for 24 h.
For the octa, 0.8141 g of Ce(NO;);:6H,0 and 0.7005 g of
hexamethylenetetramine (HMT) were added to 110 mL of
water and stirred for 3 h at 75 °C. All catalysts were collected
by centrifugation, washed three times with ethanol, and then
calcined/dried in air at 200 °C before use.

Catalyst Characterization. XRD using a D2 PHASER
second generation Bruker instrument with monochromatized
Cu Ka radiation was employed to identify the crystalline
phases of CeQO,. The material morphology was investigated
using a Philips Technai TEM. HRTEM images were obtained
with a JEOL 1200F microscope operating at an acceleration
voltage of 200 kV to observe the lattice spacing of the CeO,
samples. XPS data were recorded on a Thermo Scientific
Nexsa system (12 kV, 6 mA), with binding energies calibrated
using the C;, peak at 284.8 eV. Nitrogen adsorption—desorp-
tion isotherms for the CeO, samples were measured at 77 K
using a Micromeritics ASAP 2460 instrument. Infrared and
Raman spectroscopies were conducted with Perkin—Elmer
Spectrum 100 and Bayspec Agility (785 nm), respectively. EPR
measurements were performed at ambient temperature using
an ADANI SpinscanX spectrometer, operating at a 100 kHz
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field modulation with a modulation amplitude of 150
microtesla (uT).

2-Cp Hydrolysis. The hydrolysis of 2-Cp (to 2-PA) was
assessed using CeO, samples as follows: 1 mmol of 2-Cp and 8
mg of CeO, were added to 5 mL of H,O to initiate the
reaction. At each time point, the solution was centrifuged at
12,000 rpm for 8 min to separate CeO,, followed by product
analysis using GC-MS (Agilent 5890, column: 30 m X 0.25
mm X 0.25 ym) and GC (Agilent 6890, column: TG-SSilMS,
30 m X 0.25 mm X 0.25 ym). The concentration of the target
product in the solution was determined by integrating the area
of its peak and comparing it with commercial reference
standards. The conversion at each time point was calculated
based the equation below:

moles of 2 — PA
initial moles of 2 — Cp

X 100%

Conversion =

The activation energy for CeO, samples in this reaction was
calculated by the Arrhenius equation concerning the depend-
ence of the rate constant of a chemical reaction on the absolute
temperature as

Ea
Ink = — + InA
RT

where k is the rate constant (frequency of collisions resulting in
a reaction); T is the absolute temperature; A is the pre-
exponential factor or Arrhenius factor or frequency factor; E, is
the molar activation energy for the reaction; and R is the
universal gas constant.

DMC Synthesis. The direct DMC synthesis from CO, and
methanol was performed in an autoclave. In a typical
experiment, the autoclave was charged with 15 mL of
methanol, 50 mmol of 2-Cp, and 50 mg of the catalyst. It
was then purged with CO, five times to remove air before
being pressurized with CO, to 4 MPa and heated to 140 °C for
3 h. After the reaction, the solution was centrifuged at 12,000
rpm to separate CeO,, and the products were analyzed using
GC-MS. For the DMC synthesis without a dehydrant, the
same reaction conditions were applied, excluding the addition
of 2-Cp. To evaluate the activation energy for the CeO,
samples with and without 2-Cp, reactions were carried out at
temperatures ranging from 120 to 180 °C for 30 min to obtain
the initial reaction rates for use in the Arrhenius equation
described above.

Computational Details. Density functional theory (DFT)
calculations were performed using the Vienna ab initio
simulation package (VASP),** which employs plane-wave
basis sets to expand electronic wave functions. The
projected-augmented wave (PAW)*”*® method was utilized
to describe the valence-core electronic interactions, with a
cutoff energy of 460 eV. It is well-known that the (semi)local
functional, such as general gradient approximation (GGA),*
would fail to accurately describe the electronic structure of
systems with strongly correlated electrons occupying f-orbitals.
To address this issue, the on-site DFT+U proposed by
Dudarev et al. was implemented, with a U value of 3.5 eV.”
The optimized primitive lattice constant of CeO, was found to
be 3.88 A. Five-layered (100), (110), and (111) CeO, surface
slabs were constructed, with the bottom three layers fixed and
the top two layers allowed to relax. To ensure comparable
coverage of different adsorbates, the surface supercell models

(100)-4 X 4, (110)-3 X 4, and (111)-4 X 24/3-R30° with areas

of 2.41, 2.56, and 2.07 nm?, respectively, were considered. The
k-points of 2 X 2 X 1 were used to sample the Brillouin zone
for three models. To eliminate the fictitious interactions
between periodic images, a 20 A-thick vacuum slab was built
into surface models. The adsorption energy (E,) was
calculated using the equation: E 4 = E, 1 — Egurface — Emoleculer
where E ., Egpceo and Egjecue epresent the total energy of
the system, the energy of the pristine surface, and the energy of
the adsorbate (e.g, 2-Cp, 3-Cp, and 4-Cp, benzonitrile, and
nicotinamide), respectively. To analyze the bond strength of
surface Ce—O, we employed the integrated crystal orbital
Hamiltonian populations (ICOHP) through LOBSTER,"
which directly extract chemical bonding information from
DFT calculations. This approach provides insights into the
bonding/antibonding interactions by partitioning the elec-
tronic density of states into bonding, nonbonding, and
antibonding contributions.
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