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a b s t r a c t

Direct synthesis of glycerol carbonate (GC) from CO2 and glycerol (a byproduct of biodiesel production)

is a route to obtain a high-value chemical from waste and low-cost byproducts but has not yet industri-

alized due to the lack of efficient catalysts. Ceria (CeO2) exhibits the highest catalytic activity and GC se-

lectivity among the heterogeneous catalysts studied so far. However, the mechanism of this reaction over

CeO2 catalysts has not been studied in detail. Herein, we synthesized CeO2 nanocrystals with different

morphologies as model catalysts that can predominantly expose {111}, {110}, and {100} facets, and their

surface acid-base properties were characterized using high-sensitivity temperature-programmed desorp-

tion of NH3 and CO2 with quadrupole mass spectrometry as detector (NH3-TPD-QMS and CO2-TPD-QMS).

We found that the catalytic performance (GC formation rate) is strictly linearly dependent on the density

of basic sites, which is relevant to the adsorption and activation of CO2. In addition, to illustrate a more

microscopic reaction mechanisms underlying the formation of GC from CO2 and glycerol on all three

low-index surfaces (111), (110) and (100), we also performed comprehensive first principles calculations.

A three-step Langmuir–Hinshelwood (LH) mechanism was identified in which the annulation reaction is

the rate-limiting step. The CeO2 (111) surface exhibits the lowest overall activation energy, which agrees

well with the catalytic performance that the CeO2 nano-octahedra, predominantly exposing {111} facets,

have the highest GC formation rate. This work is the first to combine experiments on shaped CeO2 model

catalysts with first-principles calculations to gain insight into the mechanism of direct synthesis of GC

from CO2 and glycerol, and will aid in the development of catalysts with improved performance.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In 2021, global CO2 emissions from energy combustion and in-

dustrial processes reached the highest annual level ever recorded,

36.3 billion tons [1]. To achieve the IPCC (Intergovernmental Panel

on Climate Change) goal of limiting global warming to 1.5 °C by

2100, global greenhouse gas emissions, especially CO2, must be

significantly reduced. Using CO2 as a feedstock to produce value-

added chemicals is a more economically valuable way to reduce

carbon than storing it deep underground. Currently, the reaction

routes for converting CO2 into chemicals can be divided into reduc-

tive and non-reductive reactions. Products that can be obtained by

reductive reactions include CO, methane, methanol, formaldehyde,

formic acid, carbon-rich hydrocarbons, oxygenated compounds, etc.

Since CO2 has a very low Gibbs free energy and carbon is in its
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highest oxidation state, it is chemically inert in most cases. There-

fore, reduction of CO2 requires external energy or the use of high-

energy molecules (e.g., H2). Non-reductive reactions are another

route for CO2 conversion that require less external energy input

because the oxidation state of the carbon in the target product

is the same as in CO2. This route can produce urea, carbamates,

organic carbonates, etc. Among them, direct synthesis of organic

carbonates from CO2 and alcohols is an attractive process [2,3].

For example, using CO2 and glycerol as feedstock to produce GC

(Eq. 1) cannot only help reduce CO2 emissions, but also consume

glycerol, a byproduct generated in biodiesel production. GC can be

used as an environmentally friendly solvent, additive, chemical in-

termediate, polymer monomer, etc. [4,5]. Especially in recent years,

with the explosive development of the new energy vehicle indus-

try, the demand for organic carbonates as the electrolyte compo-

nent of lithium-ion battery grows rapidly.

https://doi.org/10.1016/j.cclet.2023.108395
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The atomic utilization (atom economy) of this process is 87%

and the only byproduct is H2O, which is a typical reaction in accor-

dance with the principles of "green chemistry" [6]. However, this

process has not yet been commercialized due to the lack of highly

active and long-lived catalysts, in addition to the low yield caused

by the thermodynamic equilibrium limitation of the reaction, but

this limitation can be overcome to some extent by innovating the

reaction process [7], using dehydrating agents to remove the water

produced during the reaction [2,3], or applying an external field

[8]. Organic tin compounds were first used as homogeneous cat-

alysts to catalyze this reaction, mainly nBu2SnO or nBu2Sn(OMe)2
[9,10]. However, there have been few follow-up studies for this cat-

alyst due to its strong toxicity and difficulty in recycling. Heteroge-

neous catalysts such as inorganic bases, Cu/La2O3 [11], La2O2CO3-

ZnO [12], Zn/Al/La and Zn/Al/La/M (M= Li, Mg, Zr) [13] also have

been studied for this reaction, which have the advantage to be eas-

ily separated.

Recently, various metal oxide catalysts (including CeO2, ZnO,

TiO2, ZrO2, Al2O3, Ho2O3, Pr6O11, Nd2O3, Sm2O3, Bi2O3, Er2O3,

GeO2, SrO, Gd2O3, and Mo2O3) were tested for the direct syn-

thesis of CO2 and glycerol to GC and found that CeO2 showed

the best catalytic performance [14,15]. However, to our knowledge,

no experimental study with CeO2 model catalysts (single crys-

tals or shaped nanocrystals) and no theoretical study on the cat-

alytic mechanism of the direct GC formation from CO2 and glyc-

erol on CeO2 (111), (110) and (100) surfaces have been reported.

In the present study, we synthesized single-crystalline CeO2 nano-

octahedra, nanorods, and nanocubes as model catalysts, which pre-

dominantly expose {111}, {110}, and {100} facets, respectively. The

nanocrystals and reaction system were characterized by scanning

and transmission electron microscopy (SEM, TEM), X-ray diffrac-

tion (XRD), temperature programmed reduction of H2 (H2-TPR),

temperature programmed desorption of CO2 and NH3 (CO2-TPD,

NH3-TPD), Raman spectroscopy, and attenuated total reflectance

infrared spectroscopy (ATR-IR). We also systematically investigated

the mechanism of adsorption, activation, and reaction of CO2 and

glycerol on the surface of CeO2 using first-principles calculations.

This study for the first time determined the relationship between

the surface structure, acid-base properties of CeO2 and its catalytic

performance, provided deeper insights into the catalytic mecha-

nism at the molecular level and thus will support the development

of CeO2-based catalysts for direct GC synthesis.

Figs. 1a−h show the SEM and TEM images of the as-synthesized

CeO2 nanocrystals with different morphologies. The CeO2 nano-

octahedra have a size of 200−500nm and predominantly expose

{111} facets. Both nanorods have a diameter of 10−15nm and the

length varying from 150 to 500nm with the {110} (or {100}) facets

preferentially exposed. The nanocubes reveal a regular shape with

edge lengths in the range of 150−200nm, and the surface is dom-

inated by {100} facets.

Fig. S1 presents the XRD patterns collected for the CeO2

nanocrystals. All these samples display diffraction peaks at 2θ of

28.7°, 33.1°, 47.5°, 56.4°, and 59.1°, which are in line with the (111),

(200), (220), (311), and (222) planes of pure fluorite cubic structure

of CeO2 (JCPDS 34-0394). The XRD peaks of CeO2 nanorods are rel-

atively broader compared to other CeO2 nanocrystals, since CeO2

nanorods have smaller size in some dimensions. The Raman spec-

tra of the CeO2 nanocrystals are collected as shown in Fig. S2. To

visualize and compare the intensity difference between the differ-

Fig. 1. SEM and TEM images of CeO2 nano-octahedra (a, e), nano cubes (b, f),

nanorods from Ce(NO3)3 (c, g), nanorods from CeCl3 (d, h).

Fig. 2. H2-TPR-QMS profiles of the CeO2 nanocrystals.

ent vibrational bands, all Raman spectra in Fig. S2 have been nor-

malized to the F2g band at 462 cm−1. The band at about 258 cm−1

is assigned to the second-order transverse acoustic (2TA) mode

[16]. The band at ca. 598 cm−1 has been attributed to the defect-

induced (D) mode [16], which is very weak for all CeO2 nanocrys-

tals as synthesized indicating that the amount of oxygen vacancies

on the sample surface can be neglected.

Table 1 summarizes the average particle sizes determined from

SEM and TEM images, the specific surface areas measured by

Brunauer−Emmett−Teller (BET) analysis, and the density of ba-

sic and acid sites obtained from TPD-QMS. The specific area of

CeO2 nano-octahedra and nanocubes is comparable, but an order

of magnitude smaller than that of nanorods. The acid-base proper-

ties will be discussed in detail below.

Fig. 2 shows the H2-TPR of CeO2 nanocrystals. It is known that

TPR gives indications of the reducibility of surface and bulk of ce-

ria. The reduction of conventional CeO2 powders is characterized

by a bimodal shape with a peak (or peaks) at low temperature

characteristic of surface reduction and a large peak at high temper-

ature typical of bulk reduction. In agreement with previous studies,

the bulk reduction of all samples in this study shows a major peak

in the temperature range from 650 °C to 850 °C, which is nearly

independent of the facets exposed by the nanocrystals. However,

CeO2 nanocrystals of different morphologies show a strongly dif-

ferent behavior for the low temperature peaks. The starting tem-

perature of surface reduction of the CeO2 nanocrystals follows the

order of rods (200 °C) < cubes (320 °C) < octahedra (390 °C). This
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Table 1

Physicochemical properties of the CeO2 nanocrystals. rod-N and rod-C refer to nanorods synthesized with Ce(NO3)3 and CeCl3, respectively.

Catalysts Size (nm) SBET (m2/g) Basic sites (μmol/m2) Acidic sites (μmol/m2)

Octahedron 200−500 5.677 0.0631 0.3126

Cube 150−200 7.816 0.0433 0.0253

Rod-N (10−15)× (150−500) 84.64 0.0237 0.1030

Rod-C (10−15)× (150−500) 75.46 0.0232 0.1228

indicates that the surface reducibility follows the order (110) <

(100) < (111), which are predominantly exposed by CeO2 nanorods,

nanocubes, and nano-octahedra, respectively. Since the reduction

of the surface leads to the formation of surface oxygen vacan-

cies, the formation energy of surface oxygen vacancies should play

a decisive role in the reducibility of the CeO2 surface. Previous

DFT calculations show that the oxygen vacancy formation energy

of low-indexed CeO2 surfaces follows the order (110) < (100) <

(111) [17,18], which is thus consistent with our experimental ob-

servations. Two ceria nanorods synthesized with Ce(NO3)3 and

CeCl3 exhibit almost the same TPR profiles, with the surface re-

duction even showing a relatively higher peak intensity than the

peak of bulk reduction at high temperature. The surface reduc-

tion of the CeO2 nanocubes leads to two peaks at 400 and 560 °C,
with the second peak being quite close to the surface reduction

peak of the CeO2 nano-octahedra (545 °C). This is because above

500 °C the nanocubes begin to change their morphology, resulting

in the development of extended flat {111} facets (corner-truncated)

and {110} planes (edge-truncated) [19–21]. And the edge-truncated

{110} planes are further fully {111}-faceted, exposing a characteris-

tic sawtooth-like structure [21,22].

Based on previous studies on the synthesis of organic carbon-

ates from alcohols and CO2, acid-base properties are crucial for the

catalyst performance since acidic sites usually facilitate the adsorp-

tion of methanol and basic sites activate CO2. To investigate the

acid-base properties of the catalysts, we measured the temperature

programmed desorption (TPD) of NH3 and CO2. The chemisorption

analyzer equipped with a downstream quadruple mass spectrome-

ter (QMS) as detector can provide very high sensitivity. The NH3-

TPD-QMS profiles of all catalysts used to study the amount and

strength of acid sites are shown in Fig. 3a. As expected, the NH3-

TPD-QMS profiles of CeO2 nanocrystals of different morphologies

are very different. The desorption peaks at 100–300 °C and 430–

600 °C are attributed to the weak and strong acidic sites, respec-

tively. It can be observed that two CeO2 nanorods show nearly

the same desorption behavior, a large peak for NH3 desorbed from

weak acid sites and a small peak desorbed from strong acid sites.

The CeO2 nano-octahedra exhibit a relatively small peak for NH3

desorbed from weak acid sites. Surprisingly, the CeO2 nanocubes

show nearly no visible NH3 desorption peak, indicating the ab-

sence of acidic sites on the (100) surface.

The CO2-TPD-QMS profiles of all catalysts used to study the

amount and strength of basic sites are shown in Fig. 3b. The

CO2-TPD-QMS profiles suggest that the CeO2 nanocrystals contain

weak, moderate, and strong basic sites with peak maxima of <200,

200−400, and >450 °C, respectively. Again, the two CeO2 nanorods

exhibit almost the same CO2-TPD-QMS profiles, indicating the

quite similar surface properties of these two CeO2 nanorods syn-

thesized with different cerium salt precursors. The CeO2 nano-

octahedra and nanocubes exhibit similar desorption peaks, namely

a large peak at about 100 °C for CO2 desorbed from weak basic

sites and a broad peak with peak maxima above 450 °C for CO2

desorbed from strong basic sites. In addition, the nano-octahedra

also exhibit a small peak at about 260 °C for CO2 desorbed from

moderate basic sites. The CO2-TPD-QMS profiles over CeO2 nano-

octahedra and nanocubes agree well with those over well-defined

CeO2 (111) and (100) single crystalline films [23–25], suggesting

Fig. 3. NH3-TPD-QMS (a) and CO2-TPD-QMS (b) profiles of CeO2 nanocrystals with

different morphologies.

that the CeO2 nano-octahedra and nanocubes predominantly ex-

pose {111} and {100} facets.

Fig. 4a shows the rate of GC formation per unit surface area

with varying reaction time over CeO2 nano-octahedra, nanorods,

and nanocubes at 160 °C and 40bar of CO2 pressure. The rate of

GC formation was high at the initial phase and decreased after

10 h. According to previous studies, a longer reaction time leads

to the decomposition of GC, i.e., the reverse reaction, and thus to a

lower instantaneous GC formation rate of the catalysts. At 24 h,

the CeO2 nano-octahedra have the cumulative formation rate of

1.548mmol/m2, while the two CeO2 nanorods show much lower

cumulative formation rate of 0.155mmol/m2 and 0.134mmol/m2,

with the formation rate over CeO2 nanocubes being in between,

0.988mmol/m2. CeO2 nanorods synthesized with Ce(NO3)3 and

CeCl3 have almost the same activity, indicating that the residual

NO3
− and Cl− anions have a similar influence on the activity or

the influence can be neglected. Fig. S3 shows the comparison of

ATR-IR spectra for glycerol carbonate and products obtained after

16 h of reaction with CeO2 nanocrystal catalysts. Glycerol carbon-

ate exhibits a C−O vibrational band at 1760 cm−1, which appears

for the products of all CeO2 nanocrystal catalysts, indicating the

formation of GC. Figs. S4 and S5 show the SEM and XRD data after

catalytic reactions of the CeO2 nanocrystals, which retained their

original morphology and structure, indicating the high stability as

reported in previous study [14].

It is commonly reported that for the synthesis of organic car-

bonates from CO2 and alcohol, both acidic and basic sites must

be present on the catalyst surfaces. In many reactions catalyzed

3
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Fig. 4. (a) GC formation rate per unit surface area at different reaction time over

CeO2 nano-octahedra, nanorods, and nanocubes. Reaction conditions: 160 °C, 40bar
CO2, 4.68 g glycerol, 8.515 g 2-cyanopyridine, 0.52 g CeO2, and 24.44 g DMF. (b) Cor-

relation between the catalytic activity (GC formation rate at reaction time of 5 h)

and the basicity. The density of basic sites can be obtained by dividing the peak

area value of basic sites (Fig. 3b) by the specific surface area.

by CeO2, the catalytic reactivity is attributed to the redox proper-

ties of CeO2, which are related to the oxygen vacancies or cerium

cations of multiple oxidation states (Ce3+/Ce4+) [25–31]. Their im-

portance in the present reaction cannot be completely ruled out.

However, it should be noted that this reaction occurs under mild

and non-reducing conditions, so it is unlikely that oxygen vacan-

cies and Ce3+ cations are involved. The reaction is probably cat-

alyzed only by acid and base sites.

According to Fig. 4b, we found that the catalytic performance

(GC formation rate) is not strictly linearly dependent on the acid-

ity and the ratio of acidity to basicity, but linearly dependent on

the density of basic sites. The oxygen anions on the CeO2 surface

are Lewis basic sites, which are relevant to the adsorption and ac-

tivation of CO2. It is quite plausible that CO2 activation is more

important for a three-phase reaction in which a very inert gaseous

reactant, CO2, and a high-velocity liquid reactant, glycerol, are cou-

pling up over the surfaces of a solid catalyst, CeO2. This correlation

is also mentioned by many previous studies [12,13,32,33].

To depict a more microscopic reaction mechanism underlying

the formation of GC from CO2 and glycerol on all three CeO2 (111),

(110), and (100) surfaces, we also performed a comprehensive first

principles calculations.

First, various placements and geometric configurations of pre-

adsorbed CO2 and glycerol are examined. After full geometry opti-

mization, the adsorption energies of CO2 and glycerol on the stoi-

chiometric CeO2 (111), (110) and (100) surfaces are computed. Note

that the CeO2 (100) is a polar surface and must be restructured

to compensate the surface polarity. Although the structure of the

CeO2 (100) surface reconstruction is still in debate currently, herein

we adapted the more accepted O-terminated (2×2) model by re-

moving 50% of surface oxygen atoms [21].

As shown in Fig. 5a, on all three surfaces, the adsorbed CO2 can

be in either linear or bent configuration. In the linear configura-

tion, the CO2 molecule retains the linear geometry as in the gas

phase, and no C–O bond is formed between CO2 and CeO2 sur-

face. In the bent configuration, the CO2 molecule forms a C–O bond

(denoted as C–Olatt) with a lattice O on the CeO2 surface. Due to

the formation of the C–Olatt bond, the CO2 molecule is negatively

charged with the C–O double bond being elongated, resulting in

a carbonate species. In such a bent configuration, the carbonate

species forms a ‘Y’ shape with the original two oxygen atoms of

CO2 dangling toward the vacuum. Linear adsorption of CO2 on

CeO2 (111), (110) and (100) surfaces entail comparable adsorption

energies of −0.23, −0.25 and −0.21 eV, respectively. Stronger ad-

sorption is expected in the bent configuration, which is true for

(110) and (100) surfaces with more negative adsorption energy of

−0.32 and −0.57 eV, respectively. Unexpectedly, the bent configu-

ration of CO2 adsorption on the CeO2 (111) surface is a bit weaker

than that for the linear configuration, entailing an adsorption en-

ergy of −0.19 eV; this is due to a larger distortion of surface lattice

upon CO2 adsorption on the CeO2 (111) surface.

Fig. 5b shows the adsorption configurations of glycerol on the

CeO2 (111), (110), and (100) surfaces. The glycerol molecules can be

adsorbed molecularly and dissociatively. In the molecular adsorp-

tion configuration, two glycerol O bind to the surface Ce cations

and the −CH2OH group dangles toward the vacuum. The molecu-

lar adsorption configurations of glycerol on CeO2 (110) and (100)

entail close adsorption energies, −1.30 and −1.51 eV, respectively,

which are more negative than that of the molecularly adsorbed

glycerol on the CeO2 (111) surface (−0.94 eV). That sugg-ests the

stronger binding of glycerol on the CeO2 (110) and (100) surfaces.

The dissociative adsorption configurations with one H dissociated

from the −OH group of glycerol on CeO2 (110) and (100) surfaces

have more negative adsorption energies, −2.00 and −1.55 eV, re-

spectively, than the molecular adsorption counterpart. Again, the

dissociative adsorption of glycerol on the CeO2 (111) surface is

slightly weaker than the molecular adsorption and it has an ad-

sorption energy of −0.82 eV.

Upon the adsorption of two reactants, CO2 and glycerol, three

successive steps are identified towards the formation of GC on

the CeO2 surface, as shown by the calculation: the interaction of

glycerol with the CeO2 surface to form an adsorbed glyceroxide,

which then attacks the CO2 molecule to form a linear carbon-

ate intermediate. Subsequently, the secondary hydroxyl of glyc-

erol attacks the linear carbonate group to form the cyclic car-

bonate. Fig. 6 shows the most favorable energy profile for the

formation of a GC from a CO2 and a glycerol molecule on the

CeO2 (111), (110) and (100) surfaces. The activation energy for

the first step on the CeO2 (111), (110) and (100) surfaces is compa-

rable and is 0.54, 0.50, and 0.55 eV, respectively.

On the CeO2 (111) surface (black dotted curve in Fig. 6), the

linear carbonate intermediate can be formed from a slightly en-

dothermic reaction between the adsorbed CO2 (bent structure) and

a co-adsorbed glycerol molecule. The formation of the linear car-

bonate intermediate from the bent CO2 entails an activation en-

ergy barrier of 0.5 eV. Note that the formation of the intermediate

from the linear CO2 is also considered and both CO2 configurations

exhibit comparable activation energy barrier, which is also true for

CeO2 (110) and (100) surfaces. The subsequent attack of the sec-

ondary hydroxyl of glycerol to the carbonate group leads to the

formation of GC. Such a step must overcome a high activation en-

ergy barrier (1.24 eV). On the CeO2 (111) surface, the annulation

step is the rate-limiting step for GC formation.

4
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Fig. 5. Computed adsorption energies and optimized geometries of CO2 (a) and glycerol (b) adsorbed on the CeO2 (111), (110) and (100) surface. The black, red, white, and

gray balls represent C, O, H, and Ce atoms, respectively. “dis” and “mol” refer to dissociative and molecular adsorption, respectively.

Fig. 6. Energy profiles of the GC formation on the CeO2 (111), (110) and (100) surfaces.

The formation of GC from CO2 and glycerol on the CeO2 (110)

surface proceeds via a three-step mechanism similar to that on

the CeO2 (111) surface. As shown in Fig. 6 by the red dotted

curve, the co-adsorbed CO2 and glycerol react with each other

to form the linear carbonate intermediate with a higher activa-

tion energy barrier of 1.03 eV compared to the CeO2 (111) sur-

face. This process is slightly endothermic with an energy input

of 0.48 eV. The subsequent annulation step entails a very high

activation energy barrier of 2.61 eV, leading to the formation of

the GC. As with the CeO2 (111) surface, the annulation step is

the rate-limiting step with a high activation energy barrier of

2.61 eV, which is 1.37 eV higher than that on the CeO2 (111)

surface.

Next, we investigate the formation of GC on the CeO2 (100) sur-

face. The CeO2 (100) surface is a polar surface and has a higher

surface energy compared to the CeO2 (111) and (100) surfaces. As

shown in Fig. 6 by blue dotted curve, the GC formation on the

CeO2 (100) surface also follows the three-step mechanism as on

the CeO2 (111) and (110) surface. On the CeO2 (100) surface the

co-adsorbed CO2 and glycerol react with each other and form the

linear carbonate intermediate with an activation energy barrier of

1.28 eV. On the CeO2 (100) surface, this step is associated with a

higher activation energy barrier than on the CeO2 (111) and (110)

surfaces. In the following step, the annulation reaction to form

GC is the rate-limiting step with the activation energy barrier of

1.45 eV. Passing the transition state leads to the formation of GC

and hydration of the CeO2 surface, and the activation energy is

higher than for CeO2 (111) but lower than for CeO2 (110).

From the optimized energy profile, the overall activation energy

of GC formation on the CeO2 surface follows the order of (111) <

(100) < (110), which agrees well with the evaluation of the perfor-

mance of CeO2 nanocrystal catalysts, i.e., the CeO2 nano-octahedra,

5
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predominantly exposing {111} facets, exhibit the highest GC for-

mation rate and the CeO2 (110) nanorods, predominantly exposing

{110} facets, show the lowest GC formation rate.

In summary, we synthesized CeO2 nanocrystals with well-

defined surface structure as model catalysts to investigate the re-

action mechanism for the direct synthesis of GC from glycerol and

CO2. Under the same reaction conditions, CeO2 nano-octahedra,

predominantly exposing {111} facets, showed the highest GC for-

mation rate than CeO2 nanorods and nanocubes, which predom-

inantly expose {110} and {100} facets, respectively. Using high-

sensitivity TPD with quadrupole mass spectrometry as detector, we

characterized the acid-base properties of CeO2 nanocrystals. The

catalytic performance (GC formation rate) was found to be strictly

linearly dependent on the density of basic sites, suggesting that the

density of surface basicity is crucial for the high catalytic perfor-

mance, which is relevant to the adsorption and activation of CO2.

We have also performed the first principles calculations for

adsorption, activation, and reaction of CO2 and glycerol over

CeO2 (111), (110), and (100) surfaces and obtained deeper in-

sights into the catalytic mechanism at the molecular level. It is

found that CO2 can be adsorbed on CeO2 surfaces in either a lin-

ear or bent configuration, and glycerol can be adsorbed on CeO2

surfaces molecularly and dissociatively. A three-step Langmuir–

Hinshelwood (LH) mechanism was identified in which the annu-

lation reaction is the rate-limiting step. The CeO2 (111) surface ex-

hibits the lowest overall activation energy, which agrees well with

the catalytic performance that the CeO2 nano-octahedra, predom-

inantly exposing {111} facets, have the highest GC formation rate.

The CeO2 (110) surface exhibits the highest overall activation en-

ergy, which agrees well with the catalytic reaction performance

that the CeO2 nanorods, predominantly exposing {110} facets, have

the lowest GC formation rate. Clarification of the catalytic reaction

mechanism will help to develop CeO2-based catalysts with better

performance.
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