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Understanding the Role of Morphology in the Direct Synthesis
of Diethyl Carbonate Over Ceria-Based Catalysts: An In Situ
Infrared and High-Resolution TEM Study

Mara Arduino,! Enrico Sartoretti,*1? Eleonora Cali,*!2] Samir Bensaid, !

and Fabio Alessandro Deorsolal®

The direct CO, conversion to organic carbonates such as diethyl
carbonate (DEC) offers a safer alternative to conventional haz-
ardous routes involving toxic reagents. However, the thermo-
dynamic stability of reactants poses challenges to efficiency. In
this work, nanosized ceria-based catalysts with varying morphol-
ogy were synthesized through precipitation and hydrothermal
method and tested to investigate the mechanism of DEC syn-
thesis from ethanol and CO,. In situ Fourier transform infrared
(FTIR) spectroscopy revealed that CO, is mostly adsorbed in the
form of bicarbonates and bidentate carbonates, while type |
standing-up ethoxy are the most reactive ethoxy species. Addi-
tionally, signals related to the formation of monoethyl carbonate

1. Introduction

The increasing amount of CO, in the atmosphere is generating
global concern due to the major contribution of CO, emis-
sions to the greenhouse effect. At the same time, CO, can be
considered an inexpensive, abundant, and renewable source of
carbon. Hence, much attention has been paid to the develop-
ment of novel technologies for CO, capture and utilization!"
Various CO, utilization paths have been studied, which can be
summarized into reductive and nonreductive CO, conversion
routes.’! The first path requires high-energy input and includes
the CO, conversion to carbon monoxide (CO), methane, formic
acid, formaldehyde, methanol, and hydrocarbons, while the sec-
ond route involves the conversion to urea, carbamates, and
organic carbonates."**"?! Although only a small fraction of the
total emitted CO, can be used this way, the sequestration of
CO, in organic carbonates is of significant interest to the sci-
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intermediate were also identified in the IR spectra collected dur-
ing exposure of ethanol-saturated ceria to CO,. High-resolution
TEM analysis revealed that the rod-shaped morphology exhibits
a greater abundance of surface defects, such as nanovoids
and surface steps, compared to the cube and nanoparticle
ones, responsible for the highest activity of the rod ceria cat-
alyst. The rod-shaped catalyst retained high performance over
four sequential regeneration and reuse cycles, demonstrating
its stability and reusability. These findings provide key insights
into the structure-activity relationship of ceria-based catalysts,
offering a promising pathway for improving DEC synthesis from
CO,.

entific community as it involves the long-term incorporation
of CO, into useful compounds. Indeed, organic carbonates are
gaining widespread attention due to their promising proper-
ties, including very low toxicity, strong solvating ability, and
good biodegradability.™ The most extensively researched linear
organic carbonate is dimethyl carbonate (DMC); however, diethyl
carbonate (DEC), the second homologue of the linear carbon-
ate family is also of particular interest due to its wide range of
applications.™ It is used as an electrolyte for lithium-ion bat-
teries and in the production of polycarbonates, an interesting
and commercially successful class of polymers.™>®1 It is an excel-
lent green solvent and can be used as a carbonylation reagent
and alkylating agent instead of hazardous compounds such as
phosgene or alkyl halides.™ Due to its higher oxygen con-
tent (40.6 wt.%), DEC has also been proposed as a substitute
for methyl tert-butyl ether (MTBE) as an oxygen-containing fuel
additive.l”! A further advantage of DEC over MTBE, which has
been identified as a common and persistent groundwater con-
taminant is that it is biodegradable and decomposes to CO, and
ethanol.

Thus, efforts have been made to develop new synthetic path-
ways within the context of sustainable advances. For example,
the alcoholysis of urea!™ and the direct conversion of alcohol
and CO,. Among them, the latter route is the most attractive
from the environmental point of view thanks to the direct use of
a greenhouse gas (i.e., CO,) as feedstock and the low toxicity of
the reagents. Moreover, this method requires only one reaction
step and produces water as the only co-product (reaction 1). Fur-
thermore, especially for DEC synthesis, ethanol can be obtained
from biomass in the biorefinery process by the fermentation of
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sugar, starch or lignocellulosic materials.™! Thus, the synthesis
of DEC starting from bioethanol and CO, is a desirable green
chemistry approach.

2CH3;CH,0H+CO, & DEC+H,0 m

The direct synthesis requires, however, the activation of CO,,
which is a kinetically inert and thermodynamically stable com-
pound (AG? = —396 kJ/mol). Hence, the exploration of catalysts
with effective sites for CO, activation is necessary. In addi-
tion, this reaction shows thermodynamic equilibrium limitations
thus, it suffers from extremely low yields®® and is hence cur-
rently still being investigated at the laboratory scale. In detail,
while the direct route to DMC has been widely researched
and it is therefore considered a model route for linear car-
bonates synthesis.”3! The direct DEC synthesis from ethanol
and CO, has been barely investigated to the best of our
knowledge.l”?*-261 A wide range of homogeneous catalysts has
been tested for CO, direct conversion, especially for DMC syn-
thesis, such as tin alkoxides, alkali-metal halides, alkyl halides,
bases, and ionic liquids.”-*! Although they exhibit high effi-
ciency, the major issue lies in catalyst separation and recovery.
Conversely, heterogeneous catalysts are more suitable because
of their superior stability and the easier separation of the cata-
lyst from the products. To date, transition-metal oxides are the
most intensively investigated heterogeneous catalysts for the
direct synthesis of dialkyl carbonates.**"! It has been reported
that CeO,, ZrO,, and Ce,Zr,O, solid solutions are effective for
this synthesis due to the acid-base bifunctionality of their active
sites. Tomishige et al.*®! first suggested that the activity and
selectivity of amphiprotic oxides for the DMC production could
be related to the presence of acid and basic sites on the cata-
lyst surface. Subsequently, numerous studies have investigated
and highlighted the importance of both acid and basic sites in
determining catalytic activity.?*33] However, its dependence
on acid-base sites has not been fully understood yet. Also, the
nature of active sites could play an important role, since the
presence of strong acid sites might induce alcohol dehydra-
tion and produce ether, an undesirable product.[*”} Thus, further
investigation is still needed to understand how the catalyst acid-
ity and basicity should be tailored in order to obtain stable and
efficient catalysts.

Several studies have been focused on unravelling the reac-
tion mechanism of direct synthesis of DMC over ceria-based
materials.!3#%2 According to Aresta et al, CO, directly reacts
with the methoxy group on the catalyst surface, while Santos et
al."3! proposed that CO, and methanol are both adsorbed on the
active sites before they combine with each other to give DMC,
suggesting that methanol is activated to methyl and methoxy
species on acid and basic sites, respectively. Methoxy species
on the basic sites then react with CO, to create monoden-
tate methoxy carbonate (MMC). Finally, MMC reacts with methyl
species produced on the acid sites to give DMC. It has also been
suggested that the activation of methanol to methyl species on
the acid sites of the catalyst is the step determining the reac-
tion rate among these processes.!**! Therefore, a large number of
acid sites could be favorable to the direct synthesis of DMC from
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methanol and carbon dioxide. Although it is often assumed that
the mechanism of formation of DEC is similar to that of DMC and
some studies have explored the mechanism of DEC synthesis
through various routes (i.e., urea ethanolysis!**® and oxidative
carbonylation!¥=*) or the ethanol activation and conversion to
other valuable products,’®4 only a few have specifically inves-
tigated ethanol activation for the direct synthesis of DEC and the
identification of its reaction intermediates."”>3!

To date, research on DEC synthesis remains limited. In par-
ticular, to the best of our knowledge, no IR study has yet been
reported on the investigation of the behavior of ceria-based cat-
alysts for the direct synthesis of DEC. Given that the direct route
is both promising and challenging, this work aims to advance
understanding in this field by identifying the most active species
involved in the reaction and determining the key structural prop-
erties of the catalyst that promote their formation and reactivity.
In the past years, the role of CeO, morphology on catalytic
activity has been investigated. Wang et al. found that, when
compared to CeO, nanocubes exposing the (100) facet and CeO,
nanooctahedra exposing the (111) facet, CeO, nanorods with pre-
dominant (110) facet showed the highest catalytic activity for the
direct production of DMC.** According to theoretical calcula-
tions, this was due to the adsorption of CO, on oxygen vacancy
active sites being energetically favored; moreover the (110) sur-
face plane of CeO, was found more suitable for the production
of oxygen vacancies compared to the (100) and (111) facets.>
According to in situ infrared spectroscopy characterizations, this
activity improvement is caused by an active bidentate carbonate
intermediate from CO, adsorption on surface oxygen vacancy
sites of CeO, nanorods.!%%!

As mentioned above, this reaction has very low yields. In
order to increase the DEC yield, the DEC synthesis can be carried
out in the presence of high CO, pressure or supercritical CO,.
Such conditions, however, require a high energy input for pres-
surization. Anyway, other alternative strategies were proposed
to enhance the yield. Nonreactive dehydration systems, such
as inorganic absorbents (zeolites, molecular sieves, magnesium
oxide), gas phase systems, or membrane separation, have been
investigated in order to remove the water product and thus ben-
eficially affect the thermodynamics of the process.””! These have
the advantage of not interfering with the activity of the catalyst
and the kinetics of the reaction, but do not satisfactorily increase
the yields. Besides, reactive dehydration systems are inorganic
or organic compounds that actively react with water.”” Several
reactive compounds have been tested for this purpose, such
as butylene oxide, orthoesters,*®! acetals, trimethyl phosphate
(TMP), ionic liquids, iodomethane (CHsl), dicyclohexylcarbodi-
imide (DCC) and nitriles.!® Among them, nitriles (acetonitrile,
benzonitrile, 2-cyanopyridine) have proved to be very effective,
especially when coupled with cerium-based catalysts. Honda et
al. successfully achieved 94% DMC yield with 96% selectivity
when using 2-cyanopyridine as the dehydration agent and CeO,
as the catalyst. Furthermore, 2-picolinamide, obtained by hydra-
tion of 2-CP, was dehydrated using Na,O/SiO, as catalyst, yielding
84% and exhibiting a selectivity higher than 99%.3"

In the present work, CeO, and Ce,Zr,,O, catalysts with dif-
ferent morphologies and various Ce/Zr ratios were synthesized
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and tested, coupled with 2-cyanopyridine (2-CP) as dehydrat-
ing agent, for the direct synthesis of DEC from ethanol and
CO,, in order to develop a process which can operate at mild
conditions of moderate temperature and pressure. The DEC syn-
thesis mechanism was originally investigated by performing in
situ FTIR measurements, analyzing the catalyst interaction with
carbon dioxide, ethanol and diethyl carbonate to identify active
species. To further investigate the potential influence of mor-
phology on the obtained results, high-resolution TEM analysis
was also carried out.

2. Experimental Section

CeO, and Ce,Zr 4O, catalysts with different morphologies were
prepared by the precipitation and hydrothermal methods and char-
acterized by various techniques, such as N,-physisorption, X-ray
diffraction (XRD), field emission scanning electron microscopy (FE-
SEM), transmission electron microscopy (TEM), and temperature
programmed desorption analyses (CO,-TPD and NH;-TPD).

2.1. Catalysts Synthesis

Catalysts were prepared by using sodium hydroxide (NaOH, 98%)
(Merck, Germany) as precipitating agent, cerium nitrate hexahy-
drate (Ce(NOs),e6H,0, 99%) (Merck, Germany) as cerium ion source,
and zirconium oxynitrate hydrate (ZrO(NOs),eH,0, 99%) (Merck,
Germany) as zirconium ion precursor.

For the synthesis of nanorods (R), 20 mL of a 1 M solution of
Ce(NOs),06H,0, and ZrO(NOs),eH,0 was prepared, dosing the two
nitrates in the proper molar ratio. 130 mL of 6 M NaOH solution was
added dropwise into the nitrates one to induce precipitation. The
system was stirred at room temperature for 1 h. The suspension was
then transferred into an autoclave reactor and heated up to 100 °C
for 24 h. After cooling down the reactor to room temperature, the
precipitate was subjected to centrifugation and washing cycles, ini-
tially with water until reaching neutral pH and subsequently with a
final ethanol washing.

For the synthesis of nanocubes (C), 10 mL of a 2 M
Ce(NOs),06H,0 solution, and 70 mL of an 8 M NaOH solution
were prepared. The same precipitation step described before was
carried out after which the suspension was transferred into an
autoclave reactor and heated to 180 °C for 24 h. After cooling down
the reactor to room temperature, the precipitate was centrifuged
and washed as described for the nanorods.

The hydrothermal synthesis parameters were optimized based
on the findings of Piumetti et al.l! by varying the NaOH molar-
ity and reaction temperature. This approach aimed at obtaining
samples with a uniform and well-defined morphology.

Nanoparticles (NP) were also synthesized by precipitation, using
10 mL of a 4 M Ce(NOs3),06H,0 solution and 70 mL of a 2 M NaOH
solution. The NaOH solution was added dropwise into the nitrate
one until precipitation occurred. The system was stirred for 1 h.
Finally, the precipitate was centrifuged and washed as described
above.

All the samples were then dried overnight at 70 °C and sub-
sequently calcined in a muffle furnace at 550 °C with a 5 °C/min
ramp for 2 h. In order to obtain a rod-shaped catalyst with a sur-
face area similar to the cube-shaped one, a sample of rod-shaped
cerium oxide (CeO,-R) underwent an additional calcination step in a
muffle furnace at 950 °C with a 5 °C/min ramp for 6 h (CeO,-R-C950).
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2.2. Catalysts Characterization

N, physisorption was performed by using a Micromeritics ASAP
TRISTAR 3020 instrument. All samples were pretreated at 200 °C for
2 h prior to the measurements. The surface area was measured
with the Brunauer-Emmett-Teller (BET) method, while the Barrett-
Joyner-Halenda (BJH) desorption analysis was used to determine
the pore area and specific pore volume.

The structural properties of the catalysts were investigated by
X-ray diffraction (XRD) with a Panalytical X'pert diffractometer using
Cu ka radiation. The diffractograms were collected in the range 20°<
20 <80° with a scan rate of 2.0 °/min.

Surface acid and basic properties of the catalysts were deter-
mined through temperature-programmed desorption (TPD) using
respectively ammonia (NH3-TPD) and carbon dioxide (CO,-TPD) as
probe molecules. CO,-TPD were carried out with a Thermo Scien-
tific TPD/R/O 1100 instrument. Approximately 100 mg of powder was
degassed with 30 mL/min of helium (He) at 200 °C for 2 h, the sam-
ple was then cooled to 100 °C and treated with 30 mL/min of CO, for
30 min. Subsequently, the physisorbed CO, was removed by flowing
30 mL/min of He for 30 min. Finally, the temperature was increased
from 100 to 900 °C with a ramp rate of 10 °C/min and dwelled at 900
°C for 30 min.

NH;3-TPD were carried out in a quartz tube reactor placed in a
PID-controlled vertical oven connected to an Infrared ABB Uras 26
analyzer module for NH; quantification. Approximately 300 mg of
powder was inserted in the reactor and degassed with 200 mL/min
of N, at 250 °C for 30 min, then the sample was cooled to 100 °C and
treated with 200 mL/min of 2500 ppm NHs in a helium stream at
100 °C for 30 min. Subsequently, the physisorbed NH; was removed
by flowing 200 mL/min of N, for 60 min. Finally, the TPD was car-
ried out by flowing 200 mL/min of N,, while the temperature was
increased from 100 to 450 °C at a ramp rate of 5 °C/min and kept at
450 °C for 30 min.

Field-emission scanning electron microscopy (FE-SEM) was per-
formed in a Zeiss Merlin operating in imaging mode at a voltage
of 3 kV and equipped with a Gemini Il column and an Oxford EDX
detector for elemental analysis (performed at 15 kV). Transmission
electron microscopy (TEM) analysis was carried out with a Thermo
Scientific Talos F200X TEM, operating at a voltage of 200 kV and
equipped with a CMOS 16 Mpx camera. The samples for TEM analysis
were prepared by dispersion of the powder catalysts in high-purity
propan-2-ol (99.8%) (Merck, Germany) followed by sonication for
10 min and then drop-cast on holey-C coated Cu TEM grids (Agar
Scientific, United Kingdom) previously plasma-cleaned in Ar for 20
.

2.3. Experimental Testing Setup

Tests were carried out in a laboratory-scale stirred autoclave reactor
with an inner volume of 310 mL. Prior to the experiment, the cata-
lyst was dried at 100 °C overnight in a drying oven. The optimum
catalyst amount (1 g) was identified based on yield and productivity
data obtained through preliminary screening of 0.1-2 g catalyst load-
ings. 2-CP was employed as a dehydrating agent, standardly used
to shift the thermodynamic equilibrium towards the products.[676%!
Known amounts of ethanol, catalyst, and 2-CP were loaded in the
reactor, which was then purged with CO, three times at room tem-
perature. The reaction system was then pressurized up to 25 bar
with CO,. After a stabilization time, required for the CO, dissolu-
tion in ethanol, the reactor was heated to 130 °C and mechanically
stirred (500 rpm) for 4 h. Finally, the reactor was cooled to room
temperature and depressurized. The catalyst was then recovered by
filtration and the reaction mixture was analyzed on an Agilent 7890A
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GC-MS equipped with a HP5 MS capillary column (0.25 mm x 30
m x 0.25 pm) and quantified on an 8890 GC-FID equipped with a
CP-sil 8 CB capillary column (0.32 mm x 25 m X 5 um).

The following equations were applied to determine conversion,
selectivity, and yield, where n;, and ng, are respectively the initial
and final mols of a given compound present in the reactor, while EP
and EC stand for ethyl picolinate and ethyl carbamate, respectively,
which are the main reaction byproducts.

2
Yield (%):y = 22D 400

Nin,EtOH

Nfin, DEC

Selectivity (%) :S = x 100

Nfin,DEC + Nfin,ep + Nfin EC

Recycle tests were carried out for the most active catalyst. After
every run, the catalyst was thoroughly washed with ethanol and
distilled water, which were then removed by drying the catalyst
overnight at 70 °C.

2.4. In Situ FTIR Investigation

FTIR measurements were performed with a Bruker Invenio S spec-
trometer equipped with a mercury cadmium telluride detector and
a quartz cell with transparent KBr windows. In situ FTIR spectra
were collected in transmission mode while introducing increasing
quantities of probe molecules in the IR cell containing the catalyst,
previously pressed into a thin disk. Prior to the measurements, cata-
lysts were pretreated in vacuum at 300 °C, reaching this temperature
with a 5 °C/min heating rate and maintaining it for 30 min. All the
spectra were subtracted with respect to the spectrum of the as-
synthesized catalysts, collected at 25 °C after the pretreatment and
before sending the probe molecule to the cell. CO,, ethanol, and
DEC were used as probe molecules. FTIR spectra were recorded at
increasing pressures of probe molecules. Then, in order to identify
the most active species, an FTIR study of ethanol adsorption fol-
lowed by CO, adsorption was performed: after sending ethanol to
the sample, physisorbed ethanol was removed by evacuation and
then an increasing amount of CO, was sent into the IR cell. The col-
lected IR spectra were then normalized with respect to the density
of the catalyst disks.

3. Results and Discussion
3.1. Structural and Morphological Properties of the Catalysts

Figure 1a reports a comparison of the XRD patterns acquired on
the synthesized catalysts. All samples exhibited the fluorite cubic
structure, typical for cerium oxide, and its derivatives!®! with
signals characteristic of the CeO, pattern (JCPDF00-004-0593).
Examining the Ce-Zr-O catalysts, no peaks related to the pres-
ence of monoclinic and tetragonal zirconium oxide phases were
detected, possibly suggesting that Zr was successfully doped
into the ceria lattice structure. SEM-EDX measurements con-
firmed the desired doping ratios for all the samples with only
slight deviations (£ 0.015) from the aimed elemental ratios for
all targeted Ce-Zr-O compositions (Table S1 and Figures S1-S4
in the Supporting Information). Nanoparticles and rod-shaped
catalysts showed broader XRD peaks due to the lower crystal-
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lite size, whereas sharp peaks for cubes suggested larger particle
dimensions, which was confirmed by TEM and SEM (Figures 1b,c,
S5,56, and Table S2).

The SEM and TEM analyses also revealed that the nanopar-
ticles presented uniform particle sizes, whereas rods and cubes
had greater inhomogeneity (Figures S5,56). For the Zr-doped
CeO, samples, despite the decrease in rod size with increasing
Zr content, the rod morphology remains preserved throughout
the Zr-doping amounts (Figures 1c and S7).

As reported in Table 1, the textural properties of the catalysts
were affected by the synthesis method. Nanorod catalysts exhib-
ited the highest surface area and pore volume, while nanocubes
showed the lowest surface area and a rather low pore volume
(physisorption isotherms of the samples are reported in Figures
S8-S15). Besides, doping with zirconium resulted in a decrease
in the surface area, which is in line with literature data.*! The
calcination of the rod-like catalyst (CeO,-R) at 950 °C demon-
strated remarkable efficacy in reducing its surface area to levels
comparable to those of the CeO,-C catalyst.

3.2. Acid-Base Properties of the Catalysts

As the presence of acidic and basic sites has been reported
to influence catalyst activity towards the conversion from CO,
to DEC'?**! the synthesized samples were then tested by CO,-
and NH;-TPD. All samples showed an intense CO, desorption
peak between 50 and 200 °C (Figure S16a), related to weak basic
sites,38) except the CeO,-C catalyst, as well as a small amount
of medium-strong basic sites (peaks from 250 to 500 °C).8! The
total basicity calculated for each catalyst is reported in Table 1
and shows that the basicity decreased in the following order:
rod-shaped > nanoparticles > cube-shaped. The CeO,-R sample
showed the highest specific number of basic sites (411 umol/qg)
while, by increasing the Zr content, the basicity progressively
decreased.

The acidic nature of the samples was investigated by NHs-
TPD (Figure S16b). Interestingly, the acidic behavior was affected
both by the catalyst morphology and by the zirconium content.
Almost no acidic sites were detected in the CeO,-C sample, pos-
sibly due to its low surface area. CeO,-NP showed a bimodal
distribution related to the presence of weak and medium-
strength acidic sites, while CeO,-R showed the highest number
of acidic sites among the undoped ceria catalysts. The increase
in Zr loading was effective in enhancing the catalyst acidity while
decreasing the basicity, and the CegpZro200,-R sample exhib-
ited the highest specific number of acidic sites (107 pmol/g) as
reported in Table 1.

3.3. Catalytic Activity Tests

Catalytic tests of the synthesized samples were carried out at
130 °C and 25 bar CO, pressure for 4 h and the catalytic activity
of all samples is compared in Table 1. High values of selectivity
were obtained with all the catalysts, among which the CeO,-
NP catalyst displayed the lowest one (96%). The main byproduct
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Figure 1. (@) XRD patterns of the different-morphology CeO, and Zr-doped CeO, samples described in this work: NP (nanoparticles), C (nanocubes), and R
(nanorods); (b) TEM images of NP, R, and C ceria samples showing the different shapes obtained; (c) SEM characterization of the morphological distribution

of these samples.

Table 1. BET surface area (BET-SA), pore properties, acidic and basic properties, and catalytic activity of the catalysts described in this work.

Catalyst BET-SA (m?/g)  Pore Volume BJH Pore Size  Acidic Sites Basic Sites Yield (%) Selectivity (%)
(cm3/g) (nm) (umol/g) (umol/g)

CeO,-NP 53 +1 0.08 £+ 0.02 5+1 13 172 20+ 3 96

Ce0,-C 15+ 8 0.13 &+ 0.06 28 +£3 1 14 6 +2 100

CeO,-R 98 +1 0.77 + 0.12 31+ 4 17 amn 41 +£1 98

Ceo.05Zr00s02-R 97 £ 1 0.69 + 0.01 31+2 30 313 32+3 98

Ceo.90Zr0100>-R 95 + 2 0.68 =+ 0.01 29 +1 19 300 38 +1 99

CeogsZros0s-R 87+ 4 0.39 + 0.04 24 £ 2 a4 253 25 + 3 99

Ceo80Zr0200>-R 96 + 2 075 + 0.03 304+ 0 107 213 32+0 98

Ce0,-R-C950 23 +1 0.10 £ 0.02 2 +0 8 250 29 +2 97

Reaction conditions: Ethanol quantity: 860 mmol, 2-CP quantity: 430 mmol, catalyst quantity: 1g, pressure of CO, at 25 °C: 25 bar, temperature: 130 °C,

time: 4 h, stirring velocity: 500 rpm.

was ethyl picolinate, which can be produced upon reaction of
ethanol with 2-picolinamide. The rod-shaped catalysts showed
the best performance with yields varying from 25 to 40%, while
the CeO,-NP and CeO,-C exhibited the lowest activities with
yields of 20% and 6%, respectively. For the sake of compari-
son, catalytic tests in absence of 2-CP were also conducted to
ascertain that the catalytic activity trends obtained would be
analogous despite the much lower yields (Table S4).These results
are in line with those obtained by different authors studying
DMC synthesis.[°664]

As frequently reported in the literature, a large number
of acid and basic sites is necessary to increase the reaction
yield,1®>¢") provided that these are not excessively strong.!®!

ChemCatChem 2025, 17, e00140 (5 of 13)

However, despite the increase in the acidity given by the Zr
doping (Table 1), no remarkable enhancement in the catalytic
activity was observed and the rod-shaped pure ceria (CeO,-R)
sample exhibited the best performances. Liu et al.l® observed
a different behavior and attributed the higher activity of the
Zry;Ce sample to a greater presence of oxygen vacancies. While
our study also explored this correlation (see Figures $17-524 and
Table S3), we did not find conclusive evidence to confirm it.
Even the highest number of acid sites of the CeggoZrg200,-
R sample does not seem to have an appreciable effect on the
yield (see Table 1). This sample was also tested for possible Zr
leaching after 4 h and 8 h catalytic tests, with results show-
ing a slight decrease in Zr content, from 0.24 to 0.7 after the
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longest catalytic test (Table S5 and Figure S25). Instead, a cor-
relation can be found between basicity and yield, indicating
that weak- and moderate-strength basic sites promote the activ-
ity (Figure S26). Gao et al.l°! reported similar observations in
their experiments, which showed that activity is linearly depen-
dent on the number of basic sites rather than strictly linearly
dependent on the acidity or the ratio between acidity and
basicity.

To verify whether the obtained catalytic results were only dic-
tated by the higher surface areas of the rod-shaped samples,
a proof-of-concept experiment was performed by calcining the
best-performing CeO,-R sample to 950 °C, which resulted in a
significantly decreased surface area (Table 1). When tested for
the conversion of CO, and ethanol to DEC, this sample exhib-
ited a substantially higher yield compared to the cube-shaped
cerium oxide (29.2 versus 6.2%, respectively), despite the simi-
lar surface areas measured (23 versus 15 m?/g) as reported in
Table 1.

Many works suggest that the catalytic reactivity of CeO,
can be also attributed to the presence of oxygen vacancies or
to the Ce>*/Ce** ratio.?>’°71 Even if their role in the current
reaction cannot be totally ignored, Ce3™ cations are unlikely
to be involved because this reaction occurs under mild and
nonreducing conditions. On the other hand, oxygen vacancies
could act as basic sites capable of adsorbing CO, as carbon-
ates. Therefore, mainly acid and basic sites are expected to
catalyze this reaction. The similar results obtained when testing
the Ceggs5Zrp150,-R and the Ce0,-R-C950 samples (which have
the same number of basic sites) corroborate this hypothesis, as
a very similar yield was obtained for these samples (25.3% ver-
sus 29.2%, respectively), despite the remarkably lower surface
area measured for the rod-shaped sample calcined at 950 °C
(23.0 m?/g versus 872 m?/g for CeggsZro150,-R). Nonetheless,
these results suggest that the morphology seems to affect the
number of basic sites obtained, and, as a consequence, the cat-
alytic activity: indeed, all rod-shaped samples reported a higher
number of basic sites compared to the spherical and cube-
shaped samples (Table 1), in line with previous findings by Wang
at al.le¥

Table 2 compares the results of this study with previously
reported catalytic performance for the direct synthesis of DEC,
expressed as catalyst productivity (mmolpec/geat). The use of
dehydrating agents significantly enhanced productivity com-
pared to reactions conducted without them. Moreover, reactive
dehydrating agents such as 2-cyanopyridine, butylene oxide,
and triethyl orthoacetate proved to be more effective than
nonreactive alternatives like molecular sieves, which led to pro-
ductivity values that were two orders of magnitude lower.2%3%74
Giram et al. also observed higher activity for the CeO, catalyst
compared to the Ce-Zr mixed oxide. While a direct compari-
son is difficult due to differences in reaction parameters, the
Ce0,-R sample shows a productivity that is relatively close to
that reported by Giram et al., despite their reaction being car-
ried out at twice the pressure. This suggests that CeO,-R may
have favorable properties under the conditions used in this
study.

ChemCatChem 2025, 17, e00140 (6 of 13)

3.4. Mechanistic Investigation Through In Situ FTIR

In situ FTIR analyses were performed to investigate whether mor-
phology played a role in the reaction mechanism. For this FTIR
investigation, the CeO,-R and CeO,-C samples were selected, as
they showed the highest and lowest activity, respectively.

First, the two catalysts were exposed to increasing pressures
of the probe molecules, that is CO,, ethanol, and DEC; detailed
results about the species forming on the samples are reported in
the Supporting Information (Figures S27-S32, Tables S6 and S7).
Briefly, CO, mostly adsorbs forming bicarbonates and bidentate
carbonates on both materials; monodentate and polydentate
carbonates appear too, but in minor proportion. Ethanol adsorp-
tion on the two CeO, samples gives rise to three types of ethoxy
species: (i) monodentate ethoxy, also known as standing up or
type |, (i) bidentate ethoxy, also known as lying down or type II,
and (iii) tridentate ethoxy, also known as type Ill. Monodentate
species, which are more labile, are prevalent on CeO,-R, while
type Il and type Il ethoxy, more stable, preferentially form on
Ce0,-C.

Then, in order to identify the most active species and eluci-
date the possible differences in the reaction mechanism for the
two analyzed catalysts, an in situ FTIR study of ethanol adsorp-
tion followed by CO, adsorption was performed. When the two
ceria catalysts with pre-adsorbed ethanol were exposed to CO,,
the FTIR spectra changed considerably. From Figure 2a, it can
be observed that bands at 1121, 1063, and 905 cm™, attributable
to type | ethoxy species,”®>?! significantly decreased, whereas
the intensity of bands at 1103, 1053, 888, and 882 cm™' showed
only a slight decrease. The Ce0O,-C catalyst also showed the
same trend as illustrated in Figure 2b. This suggests that type |
ethoxy could be more reactive than other ethoxy species in the
cases presented here. In the frequency range 1800-1200 cm™,
the bands at 1575, 1475, 1402, 1381, 1318, and 1300 cm ™' were found
to increase. Despite the bands at 1575, 1402, and 1300 may also
be related to the adsorption of CO, with formation of bidentate
carbonates and bicarbonate species (see Table S6), the bands at
1381 and 1318 cm™ are only present in the DEC adsorption spec-
tra as highlighted in Figure 2e and Figure 2f; hence, these bands
could be related to the formation of the diethyl carbonate or be
ascribed to the monoethyl carbonate as a reaction intermediate.
It is suggested, however, that the production of the intermedi-
ate is more favorable and that DEC is not detected given the
low-pressure analytical conditions.[®®”®! Various studies on the
reaction mechanism of DMC indicate that observing features of
DMC is challenging under typical experimental conditions due
to its low concentration. Nevertheless, according to the principle
of microreversibility, the decomposition of a compound should
follow the same elementary steps that led to its synthesis.””!
Consequently, the dissociation of DEC on the surface may reveal
the intermediate needed to produce DEC. The suggestion arises
from observations during the adsorption of diethyl carbonate
on the catalysts (See Figures S31 and S32), which revealed spe-
cific wavenumber signals associated with the presence of ethoxy
and carbonates. This suggests that diethyl carbonate under-
goes initial dissociation into ethoxy and monoethyl carbonate,
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Figure 2. FTIR spectra of CO, adsorption on pre-adsorbed ethanol in the frequency range 1460-860 cm~" on (a) the CeO,-R catalyst and (b) the CeO,-C
catalyst (red dashed lines correspond to signals associated with ethanol adsorption, while blue dashed lines indicate the signals arising from

CO, + ethanol reaction, leading to the formation of DEC or monoethyl carbonate intermediate); FTIR spectra of CO, adsorption on pre-adsorbed ethanol
in the frequency range 3050-2750 cm™' on the (c) CeO,-R catalyst and (d) the CeO,-C catalyst (black dashed lines refer to CH, stretching IR frequencies of
adsorbed DEC, while red dashed lines correspond to CHy stretches of adsorbed ethanol); comparison between the IR spectra of all the in situ experiments
carried out for (e) CeO,-R catalyst and (f) CeO,-C catalyst, with each spectrum corresponding to the highest pressure of probe molecule sent to the
catalysts for ethanol, CO,, DEC, and ethanol + CO,.
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Table 2. Catalytic performance of different catalysts in the direct synthesis of DEC, as reported in previous studies and the current work.
Catalyst Synthesis Conditions Test Conditions Productivity REF
(mmolpec/geat.)
CeO,-R Direct NaOH precipitation and EtOH: 860 mmol, 2-CP: 430 mmol, 178 This work
hydrothermal treatment at 100 °C for catalyst: 1 g, P: 25 bar, T: 130 °C, t:
24 h. Calcination at 550 °C for 2 h 4 h
CeO, Direct ammonia precipitation at 50 EtOH: 337 mmol, catalyst: 0.2 g, P: 3.20 [75]
°C and pH 10. Calcination at 600 °C 40 bar, T: 120 °C, t: 4 h
for 4 h
CeO, Supplied by Daiichi Kigenso Kagaku EtOH: 140 mmol, catalyst: 0.5 g, P: 0.314 [58]
Kogyo, CeO,-HS. Calcination at 600 65 bar (120 °C), T: 120 °C, t: 4 h
°Cfor3 h
Ce0, Supplied by Daiichi Kigenso Kagaku EtOH: 140 mmol, 1.6 [58]
Kogyo, Ce0,-HS. Calcination at 600 2,2-Diethoxypropane: 21 mmol,
°C for3 h catalyst: 0.5 g, P: 65 bar (120 °Q),T:
120°C, t:4 h
CeO, Supplied by Daiichi Kigenso Kagaku EtOH: 100 mmol, 2-CP: 50 mmol, 2252 [39]
Kogyo, CeO,-HS. Calcination at 600 catalyst: 0.1 g, P: 50 bar, T: 150 °C,
°Cfor3 h t:3h
CepoZrg10y5 Urea precipitation followed by EtOH: 100 mmol, 2-CP: 50 mmol, 46.5 [39]
hydrothermal synthesis at 120 °C for catalyst: 0.1 g, P: 50 bar,T:150 °C,
8 h. Calcination at 600 °C for 5 h t:3h
CeO, Reverse NH,OH precipitation at pH EtOH: 314 mmol, butylene oxide: 2 [38]
1. Calcination at 600 °C for 3 h 19 mmol, catalyst: 1 g, P: 5 bar, T:
180 °C, t: 25 h
CeO, Supplied by Daiichi Kigenso Kagaku EtOH: 43 mmol, 131 [74]
Kogyo. No calcination triethylorthoacetate: 11 mmol,
catalyst: 0.04 g, P: 50 bar, T: 160
°C,t:20 h
Ce0O, Supplied by Daiichi Kigenso Kagaku EtOH: 43 mmol, 24,1 [74]
Kogyo. No calcination triethylorthoacetate: 11 mmol,
catalyst: 0.37 g, P: 50 bar, T: 160 °C,
t:120 h
Zr0O, NH4OH precipitation. Calcination at EtOH: 343 mmol, catalyst: 0.5 g, P: 03 [26]
600 °C for 2 h 70 bar, T: 150 °C, t: 2 h
ZrO, NH4OH precipitation. Calcination at EtOH: 343 mmol, catalyst: 0.5 g, 0.71 [26]
600 °C for 2 h molecular sieve: 0.1 g, P: 70 bar, T:
150 °C, t: 2 h

followed by subsequent breakdown into carbonates and ethoxy.
Based on the experiments presented here, we speculate that the
unassigned frequencies (1381 and 1318 cm™) correspond to the
monoethyl carbonate intermediate.

The intermediate formation could also be verified by compar-
ing the FTIR spectra of the ethanol-CO, adsorption with the DEC
adsorption on the rod catalyst in the range of vCH, (3000-2800
cm™). As reported in Figure 2¢, by incrementing the CO, pres-
sure, a gradual peak shift from the CH, stretching frequencies
related to ethanol adsorption to the CH, stretches associated
with DEC adsorption was observed. Indeed, the FTIR spectra
collected at high CO, loading are nearly identical to the DEC
adsorption spectrum. Thus, observing the FTIR spectra in this
region allowed to identify the reaction pathway for the rod
catalyst.

The same investigation was carried out for the CeO,-C cat-
alyst (see Figure 2d): by incrementing the CO, amount, a peak
shift from peaks related to ethanol adsorption to peaks linked
to DEC adsorption was also observed in this case. However, the

ChemCatChem 2025, 17, e00140 (8 of 13)

final spectrum retained more similarities to the ethanol adsorp-
tion spectrum than to the one of DEC, suggesting a significant
presence of unreacted ethoxy species on the catalyst surface.
This can be verified by analyzing the spectra of the two cata-
lysts when performing in situ ethanol adsorption (Figures S29
and S30). Specifically, ethanol interacts with the catalyst sur-
face by producing ethoxy species. According to several works,
these bands may be generated by ethanol dissociation on the
CeO, surface into two types of ethoxy species with different
thermal stability. Monodentate ethoxy are more labile (E.4s =
—0.95 eV), while bidentate ethoxy are more stable species (E.qys
= —2.68 eV).’?] DFT calculations revealed that another type of
ethoxy species can also be obtained when ethanol adsorbs on
the hydroxylated CeO, surface, named type Il ethoxy, which is
a tridentate type.*®! From the two spectra, it can be noted that
the Ce0,-C sample showed the presence of more type Ill ethoxy
groups than type I; the former species do not react with CO, to
produce DEC since the intensity of the associated peaks (1046
and 880 cm™') remain unchanged, as evident in Figure 2b.
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(110) #

Figure 3. TEM and FFT images of (a) and (b) the CeO,-C catalyst, showing a homogeneous-contrast surface, (c) and (d) the CeO,-R catalyst, and (e) and (f)
the Ce0,-R-C950 catalyst for which the lower-contrast defects are extensively observed throughout the analyzed areas.

3.5. Investigating the Role of Morphology Through
High-Resolution Electron Microscopy and FFT Analysis

To understand the possible role of morphology in the observed
catalytic results and mechanistic elucidation, the morphology
of the two catalysts was further examined by TEM analysis.
When imaging the rod catalyst at high resolution, several irreg-
ularities were found. These defects, which appear as areas of
lower contrast as can be seen in Figure 3, are instead absent
in ceria cubes and nanoparticles. Interestingly, the presence
of such defects is also found quite pronounced in the CeO,-
R-C950 catalyst. Recently, it has been proposed that defect
chemistry in CeO, can play a crucial role in boosting its activ-

ChemCatChem 2025, 17, e00140 (9 of 13)

ity when employed for several catalytic reactions.”®-#"! Previ-
ous work has suggested that voids within ceria nanorods are
developed through aggregation of oxygen vacancies within
the body of the nanorod during synthesis.®2! This is in line
with our work, as in the Ce0O,-R-C950 sample bigger and
elongated voids are observed, which are suggested by ear-
lier research to be formed through the aggregation of adja-
cent voids at higher temperatures, aiming to minimize the
overall surface energy.'®¥ This finding would therefore explain
the observed higher activity of this catalyst compared to the
cube-shaped CeO,, despite the similar surface area, suggest-
ing that such defects are responsible for the increased catalytic
performance.
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Fast Fourier Transform (FFT) analysis was hence carried out
on the acquired images to investigate the possible correlation of
void formation with specific crystal facets. The analysis showed
preferentially (100) planes for the CeO,-C catalyst, while (111) and
(110) exposed facets were mainly found for the CeO,-R catalyst.
Previous research has correlated the presence of surface defects
to the crystal structure and exposed facets of CeO,-based mate-
rials, as based on the different formation energies of oxygen
defects for the different crystal planes.®*%5 Specifically, it has
been proposed by experimental and DFT findings that the (110)
crystal plane has a lower energy of formation of oxygen vacan-
cies compared to (100) and (111) facets, consequently resulting in
a higher amount of oxygen defects, and hence increasing the
reactivity and catalytic performance.

Moreover, Figure 3e and 3f show that larger pits are obtained
for the sample calcined at higher temperature (950 °C); these
voids exhibit symmetry with clearly defined facets, predom-
inantly consistent with {100}-truncated {111}-octahedra. Lattice
fringes cross the void region by retaining the same orienta-
tion and there is no evidence of moiré patterns, implying that
these voids are enclosed inside a single crystal grain, rather
than consisting of smaller grains that would exhibit a differ-
ent contrast due to an out-of-focus effect. This feature hence
suggests that the single crystalline structure remains continu-
ous despite the defects. Brambila et al. studied the evolution of
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Figure 4. Scheme of the proposed reaction mechanism on the CeO,-R
catalyst.

voids with the calcination temperature in rod- and cube-shaped ) HyC )]

cerium oxide samples, and they evaluated through DFT simu- C.“zH

lations the amount of energy needed to remove oxygen from CHCH,OH /?\I - >

the nanoceria surface. Their work showed that extracting surface —_— ceo, e

oxygen from a nanorod with voids is thermodynamically eas- 100) CH,4CH,0H
ier compared to ceria nanorods lacking voids.®? Furthermore, OH H, © /
previous studies have demonstrated that the most stable step oo Hac’c‘o)J\o

edges of nanoislands and pits on the ceria (111) surface corre- —- -
spond to (110) and (100) facets.®s] When tested for methanol 8 8
adsorption, these were found to serve as active sites, where (012:; ?122;
methanol dissociates to form methoxy on step edges resem- o

bling (110) facets and bridging methoxy on those resembling ~ ©©: O/U\o >

(100) facets.®®) Consequently, the simulations suggested that N7 4~

voids activate {111} surfaces. According to these results, as our 8

rod catalysts expose mostly the (110) and the defective (111) crys- Eeooo)z

tal planes, similar findings can be drawn on the dissociation

of ethanol on ceria nanorods. Thus, our results suggest that ) v o

ethanol adsorbs on these facets preferentially as type | ethoxy, /E'i L ,23 + H,0
while on the (100) plane the bridging and three-coordinated HiC, LA
ethoxy formation is mostly favored./®”! The highest activity of the g j\ 9“; I
rod-shaped cerium oxide catalysts could therefore be attributed He™ 0 ? ' B _

to the presence of such mesoporous structural defects, such fg_' :g_'

as clustered vacancy voids preferentially formed on certain 71200)1 (c&(;)’

facets.

Based on these results, a possible reaction mechanism is
proposed for the DEC synthesis with the CeO,-R catalyst, as
illustrated in Figure 4. According to this, type | ethoxy species
adsorbed on the catalyst surface defects react with adsorbed
bidentate carbonate or bicarbonate species to give rise to
monoethyl carbonates. Finally, their interaction with another
ethoxy species produces DEC and water. A comparable mecha-
nism has been proposed for the CeO,-C catalyst in Figure 5: the

ChemCatChem 2025, 17, €00140 (10 of 13)

Figure 5. Scheme of the proposed reaction mechanism on the Ce0O,-C
catalyst.

key differences are the dissociation of ethanol into type Ill ethoxy
for this catalyst, and the limited adsorption of CO, on the (100)
plane, which result in reduced formation of intermediates and,
consequently, lower diethyl carbonate production.
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100 - 100 sure, indicating its conversion. The main difference between the
two catalysts was found in the mechanism of ethanol activa-
| g0 tion, with the formation of type I and Il ethoxy species for CeO,
rods, whereas of type Il and Ill ethoxy species for cube-shaped
Ce0,. To address the lack of understanding on DEC adsorption
- 60 on Ce0, surfaces, this was also investigated, as studying the FTIR
g spectra in the vCH, region can be useful to understand if the
. DEC production has occurred. Our new results indeed allowed
40 us to identify and understand the different reaction pathways
for the rod- and cube-shaped catalysts. Finally, high-resolution
| 20 TEM and FFT analyses were performed to investigate the rea-
son behind these differences. We found that extensive structural
defects were present in the rod-shaped catalysts, which were
Lo

Cycle

Figure 6. Recycle tests for the CeO,-R catalyst. (Ethanol quantity: 0.86 mol,
2-CP quantity: 0.43 mol, catalyst quantity: 1 g, Pco, at 25 °C: 25 bar,
temperature: 130 °C, time: 4 h, stirring velocity: 500 rpm.)

3.6. Catalyst Stability Investigation

Finally, to verify the possible reuse of the best-performing cat-
alyst presented in this work, recycling tests were carried out at
the same operating conditions for the CeO,-R catalyst, which
showed the highest catalytic activity. As shown in Figure 6, the
catalytic performance was retained for four sequential cycles
with only a very slight decrease in selectivity (from 99.6% for
cycle | to 99.4% after the IV cycle). These results highlight the
catalyst excellent stability, as it maintains its activity and selec-
tivity over several uses, requiring less frequent replacement and
demonstrating promising feasibility and sustainability in a real
application scenario.

4. Conclusion

In this work, cerium-based catalysts with different morphologies
were synthesized through the precipitation and the hydrother-
mal synthesis methods and then tested for the DEC direct
synthesis from ethanol and CO,. The synthesis method affects
the properties of the catalysts, and morphology was found to
play a key role in the catalytic activity towards DEC direct
synthesis. Rod ceria-based catalysts displayed the highest cat-
alytic activity followed by nanoparticles and cubic-shaped ceria.
Despite doping with Zr was effective in increasing the acidic
character of the catalyst, Ce-Zr mixed oxides showed a lower
activity with respect to the pure ceria rod catalyst; the latter
sample was characterized by a higher number of basic sites,
suggesting that acidity plays a secondary role in comparison to
basicity.

To understand the mechanism behind the catalytic activity, in
situ FTIR investigation was performed on the CeO,-R and CeO,-
C catalysts, exhibiting respectively the highest and the lowest
catalytic activity. The results showed that type | ethoxy is more
reactive than the other ethoxy species, as the FTIR signals of
type | ethoxy quickly disappeared when increasing the CO, pres-

ChemCatChem 2025, 17, 00140 (11 of 13)

instead absent in the cube-shaped ceria. By combining the
acidity-basicity, mechanistic, and structural investigation results,
we were able to understand the observed superior catalytic
activity exhibited by the best-performing rod-shaped sample,
which was demonstrated to be active and stable even after four
consecutive catalytic tests. Overall, these results elucidate the
advantages of tuning the morphology and defect chemistry of
Ce0,-based catalysts for their most efficient use in the DEC direct
synthesis from ethanol and CO,.

Supporting Information

A file including additional SEM and TEM images, nitrogen
adsorption-desorption isotherms, XPS, CO,-TPD, and NHs-TPD
profiles, and in situ CO,, ethanol, and DEC adsorption FTIR spec-
tra is available in the Supporting Information. The authors have
cited additional references within the Supporting Information
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