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Abstract 

The unmatched efficiency of the direct dimethyl carbonate (DMC) synthesis from CO2 and 

methanol over CeO2 catalysts in the presence of an organic dehydrating agent (2-

cyanopyridine, 2-CP) was recently reported with high DMC yield (>90%) in both batch 

and continuous operations. However, the CeO2 catalyst gradually deactivates in the time-

scale of days due to suggested surface poisoning by 2-picolinamide (2-PA) produced by 

hydration of 2-CP. This work seeks for active and stable CeO2-based catalysts and aims 

to understand the material factors influencing the catalytic performance. Surface 

modification of CeO2 by the addition of rare earth metal (REM) was found effective to 

improve the catalyst stability. Surface basicity and reducibility of the Ce4+ species play 

important roles in preventing catalyst deactivation by stabilizing the reactive methoxy 

species in comparison to the poisoning species (2-PA or species alike). This has been 

evidenced by in situ ATR-IR spectroscopy. CeO2 materials promoted with 1 wt% rare 

earth metals (La, Gd, and Pr) greatly enhanced the catalyst stability while retaining the 

high catalytic activity of CeO2. Among them, 1 wt% Pr promotion to CeO2 was the most 

effective, affording 35% higher DMC yield in comparison to bare CeO2 after 150 h time 

on stream under the optimized reaction condition of 30 bar and 120 °C. 

Keywords: carbon dioxide, methanol, dimethyl carbonate, cerium oxide, 2-

cyanopyridine, rare earth metal, surface properties, in situ ATR-IR. 
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1. Introduction 

One of the major global challenges urged by the climate change and the desired paradigm 

shift from the fossil-fuels dependent society to a more sustainable one is the carbon 

management, i.e. how to efficiently utilize carbon dioxide (CO2) being emitted and 

accumulated in the atmosphere. Catalytic transformation of CO2 into useful chemicals 

such as organic and inorganic carbonates via non-reductive CO2 transformations has 

been widely investigated for that aim.1-3 Among others, the synthesis of alkyl carbonates 

through direct carboxylation reaction of alcohols like methanol (Reaction 1, synthesis of 

dimethyl carbonate (DMC)) is very attractive in terms of atom economy.1, 4 

 

DMC is a versatile chemical and represents an ecologically benign alternative to toxic 

and corrosive methylating or carbonylating agents such as methyl halides (CH3X), 

dimethyl sulfate (DMS), and phosgene (COCl2).1, 4-7 DMC is used in the synthesis of 

polycarbonates and polyurethanes, as solvent replacing methyl ethyl ketone, butanone, 

and tert-butyl acetate, and as electrolyte in lithium ion batteries.1-2, 4 Furthermore, DMC 

has gained wide attention as an oxygenate fuel additive due to its high oxygen content, 

thus increasing combustion performance.8 

In the methanol carboxylation reaction with CO2, many heterogeneous catalysts have 

been investigated to date. ZrO2, SiO2, Al2O3, TiO2, H-ZSM5, H-USY, H-MOR, ZnO, MoO3, 

Bi2O3, MgO, Y2O3, HfO2, La2O3, Pr6O11, Ga2O3, GeO2, In2O3, Sb2O3, and hybrid ones 

(e.g. H3PO4/V2O5 and Cu-Ni/V2O5-SiO2) have been tested, but without or with very low 
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activity (e.g. 0.3 mmol DMC gcat-1 h-1 for zirconia (ZrO2) materials).9-13 Occasionally, 

dimethyl ether (DME) instead of DMC was produced via dehydration reaction of methanol, 

which is commonly catalyzed by acidic sites, especially at elevated temperatures (>150 

°C). According to previous studies, ZrO2 and ceria (CeO2) are the unique materials 

effectively catalyzing the DMC formation.9-10, 14-21 However, the major challenge is 

associated with the thermodynamics of Reaction 1, which is generally unfavorable due 

to equilibrium limitation. Even under thermodynamically favorable high-pressure 

conditions (ca. 400 bar), DMC yield is ca. 1% in accordance with the thermodynamic 

expectation.22-24 Therefore, it is imperative to employ an effective mean to shift the 

equilibrium to the product side for potential commercialization of DMC synthesis from CO2 

and methanol. It is well known that water removal can shift the equilibrium improving DMC 

yield. Chemical (e.g. 2, 2-dimethoxy propane) or physical water traps17, 25 and catalytic 

membrane reactors26 have been employed for this purpose, but the improvement had 

been relatively minor.  

In 2013, Tomishige et al. described the DMC synthesis over CeO2 in a batch reactor using 

a nitrile (2-cyanopyridine, 2-CP) as an organic dehydrating agent and reported an 

exceptionally high DMC yield of 94%. In the reaction, CeO2 functioned as an effective 

catalyst for both DMC synthesis and nitrile hydrolysis, forming the corresponding amide 

(2-picolinamide, 2-PA, Reaction 2).27-28 
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They also verified the recyclability of 2-PA by dehydrating 2-PA back to 2-CP with 

Na2O/SiO2 as catalyst. Together with the formation of DMC and 2-PA, very small amounts 

of methyl picolinate (Me-PCN) and methyl carbamate (Me-CBM) were found as 

byproducts. Me-PCN is co-produced with NH3 arising from the reaction between 2-PA 

and methanol, while Me-CBM originates from the reaction between DMC and NH3 

(Scheme S1, Supporting Information).  

Inspired by the work of Tomishige et al., our group reported continuous DMC synthesis 

over CeO2 in a fixed-bed reactor in the presence of 2-CP under low-to-high pressure 

conditions (up to 300 bar).24 Although striking DMC yields >90% were achieved during 

the continuous operation above 30 bar, a severe catalyst deactivation was noticed, 

resulting in more than 50% drop in methanol conversion in 10 days with a small loss (8-

9%) in DMC selectivity. Our following investigation allowed unravelling the cause of the 

catalyst deactivation by visual and spectroscopic inspections using an optically 

transparent fused quartz reactor. Most importantly, results showed molecularly adsorbed 

2-PA over the deactivated CeO2 catalyst. However, the catalyst could be reactivated 

when the adsorbed 2-PA was removed from the surface by a simple thermal treatment in 

air at 300 °C which is close to the boiling point of 2-PA (284.1 °C).29  

Motivated by the previous results and the superior DMC yield in the presence of 2-CP in 

comparison to other dehydrating agents17, 30-31 using CeO2 as catalyst, the present study 

seeks for stable and active CeO2-based catalyst in the reaction under continuous 

operation as well as to understand material factors influencing the catalytic performance. 

The uniquely high catalytic activity of CeO2 in this reaction may originate from the redox 

capabilities of the cerium oxide in conjunction with its acid-base properties32-36. Therefore, 
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in this work common strategies to modify the chemical properties (acidity/basicity) of 

CeO2 by the addition of metal/metal oxides to CeO2 to influence the oxygen storage 

capacity, defect stability, and mobility of oxygen atoms were examined and their impacts 

on catalyst stability were thoroughly investigated. Particularly, the effects of La,37-39 Gd,40-

41 and Pr42-45 promoters were investigated in depth to influence the oxygen 

defects/mobility of CeO2 based materials while mildly altering the acid/base properties. 

Besides the use of an ordinary stainless-steel tubular reactor, an optically transparent 

fused-quartz tubular reactor was employed in order to visually assess the deactivating 

state of the catalysts under the optimized reaction conditions (30 bar and 120 °C).29 The 

catalysts before and after the reactions were characterized by several techniques to 

identify critical material factors determining the catalytic activity and stability of the 

materials. Furthermore, molecular insights into the surface adsorbed active species 

responsible for the reaction and deactivation were gained by in situ attenuated total 

reflection (ATR)-IR spectroscopy, elucidating the nature of surface poisoning process and 

how REM promotion prevents it. 

2. Experimental 

2.1. Materials 

High surface area powder of CeO2 was kindly supplied by Daiichi Kigenso Kagaku Kogyo 

Co. Ltd., Japan and used without any further treatment. The CeO2 material is nano-sized 

(high surface area) but highly crystalline, fulfilling the important requisites as active 

catalyst for the target reaction as reported by Tomishige et al. and for some CeO2 

materials such materials states can be effectively obtained after calcination at 600 °C.19, 

27  Rare earth metals (REM) promoted ceria materials (x wt% M on CeO2, where x = 0.25, 
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1, and 5 and M = La, Gd, and Pr) were synthesized by the incipient wetness impregnation 

of the pristine CeO2 with an aqueous solution of the metal precursor (lanthanum (III) 

nitrate hexahydrate, gadolinium (III) nitrate hydrate, and praseodymium (III) nitrate 

hydrate, respectively). The metal nitrates (99.9% purity) were purchased from Alfa Aesar. 

The impregnated materials were dried overnight at 80-90 °C in an oven and calcined at 

400 °C for 4 h in a static air after a temperature ramp of 2 °C min-1. Methanol (≥99.9%, 

HPLC grade) and 2-cyanopyridine (2-CP, 99%) were purchased from Sigma Aldrich. High 

purity CO2 gas (>99.9993%) was purchased from Abelló Linde, Spain. 

2.2. Reaction system 

The details of the reaction set-up and analytical method for the identification and 

quantification of reaction products were described in our previous works.24, 29 In a typical 

experiment, 300 mg of the catalyst (pelletized, crushed, and sieved to 200-300 µm particle 

size) was loaded into the reactor tube (a stainless-steel tube with ID: 1.74 mm and OD: 

3.17 mm). For the visual inspection experiments, a fused quartz reactor (ID: 2.0 mm and 

OD: 3.0 mm) was used.29 The CO2 flow rate was kept at 6 NmL min-1. The mixture of 

methanol and 2-CP at 2:1 molar ratio (methanol:CO2 = 1:2.5, molar ratio) was passed to 

the reactor at 10 µL min-1 by means of an HPLC pump (Jasco, PU-2080 Plus). 

All catalytic tests were performed under optimized reaction conditions where the DMC 

yield is high while the reaction pressure is relatively mild (30 bar and 120 °C).29 We aimed 

to perform the reaction for over 100 h, but occasionally the reaction had to be stopped 

before due to the sealing issue of back pressure regulator (Jasco, BP-2080 Plus) caused 

by the high-temperature kept at the regulator and the clogging or damage of the sealing 
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materials.29 Nevertheless, the reaction was performed more than 48 h to observe a clear 

trend in catalytic activity, evaluate catalyst deactivation, and calculate its rate. 

  

2.3. Characterization  

X-ray diffraction (XRD) measurements were made using a Siemens D5000 diffractometer 

(Bragg-Brentano parafocusing geometry and vertical θ-θ goniometer) fitted with a curved 

graphite diffracted-beam monochromator, incident and diffracted-beam Soller slits, a 

0.06° receiving slit and scintillation counter as a detector. The angular 2θ diffraction range 

was between 5 and 70°. The data were collected with an angular step of 0.05° at 9 s per 

step (which resulted in a scan rate of 1°/3 min) and sample rotation with Cu-Kα radiation 

at 40 kV and 30 mA.   

Temperature programmed desorption (TPD) experiments were performed using a 

Thermo Scientific™ TPDRO 1100 Advanced Catalyst Characterization System equipped 

with a flow-through quartz reactor and a thermal conductivity detector with a tungsten 

filament. In a typical experiment a catalyst material (100-150 mg) was firstly subjected to 

the following pretreatments, (i) drying / thermal treatment under He at 400 / 600 °C for 1 

h, (ii) CO2 (4% CO2 in He) / NH3 (5% NH3 in He) saturation at 80 °C for 30 min, and (iii) 

flushing under He at 80 °C for 30 min. A TPD experiment consisted of ramping the 

temperature from room temperature to 800 °C at a ramp of 10 °C min-1 under He flow at 

20 mL min-1. The effluent gases were analyzed by a mass spectrometer (Pfeiffer Omnistar 

GSD 301 C). An anhydrous magnesium perchlorate (Mg(ClO4)2) trap was used for CO2-
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TPD experiments to absorb mainly H2O, whereas no trap was used for NH3-TPD 

experiments.  

Temperature programmed reduction experiments with hydrogen (H2-TPR), were 

performed using the same apparatus as in the TPD experiments. 50-70 mg of a sample 

was first pretreated at 100 °C for 1 h under N2 stream and subsequently heated from 50 

to 800 °C at the ramp rate of 5 °C min-1 under the flow of 5% H2 in N2 at 20 ml min-1. A 

soda lime (CaO + Na2O) trap was used to remove H2O and CO2. 

The textural properties (BET surface area and BJH pore size distribution) of the materials 

were determined by N2 physisorption experiments using Quantachrome Instruments, 

AUTOSORB iQ. The material (100-150 mg) was firstly outgassed at 150 °C at 4 mbar to 

clean the sample surface and pores prior to the measurements.  

In situ ATR-IR measurements (ZnSe crystal, multiple reflections) were performed using a 

PIKE HATR accessory on a Bruker Tensor 27 spectrometer equipped with a LN-MCT 

detector at 4 cm-1 resolution. An aqueous slurry containing catalyst particles was 

deposited via drop-casting method over the ZnSe crystal at room temperature and dried. 

The reaction cell was then closed and the temperature was increased to 120 °C. The 

catalyst was kept for 2-3 h under a flow of inert (N2). The measurements were performed 

with the N2 flow saturated with methanol or methanol+2-CP mixture (15 mmol 2-CP in 

methanol) at room temperature. For all the experiments the gas flow rate was 10 NmL 

min-1. 

Ex situ Raman measurements were carried out on a Thermo Scientific™ Nicolet™ iS™50 

FT-IR spectrometer equipped with 1064 nm near-infrared excitation laser. The instrument 



10 
 

was preferably used to avoid the strong fluorescence shown by the samples after the 

catalytic test with 532/785 nm laser.29 Ex situ Raman measurements (for fresh materials) 

were carried out on a BWTEK dispersive i-Raman spectrometer equipped with 532 nm 

excitation laser and a TE-cooled linear array detector. 

FT-IR measurements of the samples before and after the reaction were performed on a 

Bruker Alpha spectrometer equipped with a DTGS detector at 2 cm-1 resolution in an ATR 

sampling configuration with a diamond internal reflection element. 

Thermogravimetric analysis (TGA) of the samples before and after the reaction was 

performed on a Mettler Toledo TGA/SDTA 851 equipment. In a typical experiment, 3-5 

mg of a catalyst placed in an alumina crucible were subjected to heating from 25 to 800 

°C at a ramp rate of 5 °C min-1 under a flow of synthetic air at 50 mL min-1. 

3. Results and discussion 

3.1. Effects of rare earth metal promotion  

We have thoroughly examined the effects of surface modifications by REM addition on 

the stability of CeO2 catalyst during the DMC synthesis and on the physicochemical 

properties of the catalyst materials. Different approaches to improve the stability, such as 

Ce-Zr solid-solutions and precious metals (PM) promoted CeO2 (i.e. 1 wt% Rh, Ru, and 

Pd) were also studied but these approaches were not effective in improving the stability; 

rather they suppressed the catalytic activity of CeO2. Therefore, these results are 

described in detail only in Supporting Information.  

Figure 1a depicts the effects of La addition to CeO2 (0.25, 1, and 5 wt% La) on the long-

term stability of the catalytic activity (methanol conversion, XMeOH and DMC selectivity, 
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SDMC) in the continuous DMC synthesis. Initially, slightly lower XMeOH values (ca. 88%) 

were detected for all La-promoted CeO2 materials as compared to that of the bare CeO2 

(92.5%), but all La-containing catalysts performed better than CeO2 after 60 h. About 74% 

XMeOH was observed for 0.25 wt% La-CeO2 at 71 h and 5 wt% La-CeO2 showed ca. 75% 

XMeOH at 86 h of the reaction. Remarkably, the most stable catalyst within the La-series 

was 1 wt% La-CeO2 which maintained a high activity (>80% of XMeOH) even at 120 h, in 

contrast to ca. 60% XMeOH with CeO2 at the same time on stream. The La addition also 

impacted on the DMC selectivity. Initially, the higher the La loading, the poorer the SDMC 

(>99% for bare CeO2 and ca. 85% for the 5 wt% sample). The SDMC values leveled off 

with time to ca. 92-93% and the most stable sample, 1 wt% La-CeO2, displayed 94% SDMC 

at 120 h of reaction.  

The effects of Gd addition (0.25, 1, and 5 wt% Gd) to CeO2 on the long-term reactivity 

are compared in Figure 1b. 0.25 and 1 wt% Gd catalysts exhibited a higher level of initial 

XMeOH compared to the La-promoted catalysts and at the same level as that of CeO2. 

However, further increase of Gd loading to 5 wt% lowered the initial XMeOH to 87%. 

Importantly, all the Gd-containing catalysts displayed better long-term stability than CeO2. 

81-82% XMeOH was observed for 0.25 and 5 wt% Gd-CeO2 at 68 and 50 h of the reaction, 

respectively. Similarly to the case of the La-promoted CeO2, the most stable catalyst was 

1 wt% Gd-CeO2 which maintained a very high activity (84% XMeOH) even at 100 h of the 

reaction, which is significant considering 63% XMeOH using CeO2 at 100 h.  Furthermore, 

Gd addition resulted in high and stable SDMC (mostly >98%) at all loadings over the 

reaction time tested. Based on the superior stability of the catalytic activity at high SDMC, 

1 wt% was found to be the optimal Gd loading for the DMC synthesis. 
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Figure 1. Effects of REM promoters on the stability of methanol conversion (XMeOH, lower panels) and DMC selectivity 

(SDMC, upper panels) in the DMC synthesis from CO2 and methanol in the presence of 2-CP at 120 °C, 30 bar for a. La-

CeO2 (left panels), b. Gd-CeO2 (middle panels), and c. Pr-CeO2 (right panels). Different symbols are used to distinguish 

the data points of catalyst materials as follows: black circles - bare CeO2, red squares – 0.25 wt% REM, green stars – 

1 wt% REM, and blue triangles – 5 wt% REM. The dashed lines represent the trend lines to guide eyes for SDMC and 

to calculate deactivation rates of XMeOH (Figure 2) with a linear fitting.  

Furthermore, the effect of Pr addition (0.25, 1, and 5 wt% Pr) to CeO2 on the reactivity 

was investigated (Figure 1c). The initial XMeOH slightly decreased more notably at 

increased Pr loading, i.e. 92% (0.25 wt%), 90% (1 wt%), and 88% (5 wt%). However, 

similar to Ga-promoted catalysts, XMeOH for all Pr-promoted catalysts became higher than 

that of CeO2 after ca. 30 h due to the higher long-term stability. 83% XMeOH was observed 

for 0.25 wt% Pr-CeO2 at 60 h, while 5 wt% Pr-CeO2 showed 80% XMeOH at 88 h. As in the 

case of the other REM addition, the most stable catalyst was once again confirmed to be 

at 1 wt% loading. The catalyst could maintain remarkable 82% XMeOH in comparison to 

50% observed for CeO2 at 150 h. Moreover, Pr addition showed similarly stable SDMC as 
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observed for the Gd-promoted catalysts. 0.25 and 1 wt% Pr catalysts were highly 

selective to DMC (>98% at ca. 150 h of the reaction for the 1 wt% sample), whereas 5 

wt% Pr catalyst showed comparably lower SDMC, especially during the initial phase.  

The above study of REM (La, Gd, Pr) promotion to CeO2 clearly shows its positive 

impacts, leading to higher stability in both activity (XMeOH) and DMC selectivity, thus 

significantly improving the overall performance. When 1 wt% Pr-CeO2 and CeO2 are 

compared, an increase of around 35% in the DMC yield for the Pr-promoted catalyst was 

obtained at ca. 150 h, which is significant and of high relevance in practice.  

Figure 2 summarizes the results on the catalyst stability in terms of deactivation rate, 

expressed by the drop in XMeOH (%) per hour. Since the deactivation was reasonably linear 

for all REM-promoted samples (Figure 1), the slope was calculated with the least squares 

method assuming a linear trend line of XMeOH. Obviously, the incorporation of REM was 

positive in terms of long-term catalytic activity and the positive effects were more evident 

for Gd- and Pr-CeO2. As noted above, the best materials were 1 wt% REM catalysts, 

showing the lowest rate of deactivation (0.080, 0.075, and 0.055 % h-1 for La-, Gd-, and 

Pr-CeO2 respectively) in comparison to 0.253 % h-1 of CeO2. In addition, it should be 

reminded that 1 wt% Gd- and Pr-promoted catalysts were the best materials in terms of 

long term stability in SDMC. When the REM loading is higher (at 5 wt%), the catalytic 

activity is lowered due to more influential effects of pure REM oxides (e.g. La and Pr) 

which show intrinsically lower catalytic activity compared to CeO2 for the hydration of 2-

CP to 2-PA.46  
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Figure 2. Rate of deactivation during the DMC synthesis (120 °C, 30 bar) expressed by the drop in XMeOH (%) per hour 

for pristine CeO2 and REM-promoted CeO2 materials. 

3.2. Characterization of pristine and as-synthesized catalysts 

The stability studies presented in section 3.1 showed the positive effects of REM as 

promoter of CeO2 in the DMC synthesis in the presence of 2-CP, especially at 1 wt% 

loading. In order to identify the origin of the enhanced stability of the REM-promoted 

catalysts, the chemical and structural properties of the pristine and as-synthesized 

catalysts as well as spent catalysts were investigated in detail.  

Structural and textural properties  

The XRD patterns of the pristine CeO2 and as-synthesized materials incorporating REM 

are presented in Figure S2 (Supporting Information). CeO2 showed the peaks 

corresponding to (111), (200), (220), and (311) planes of cubic fluorite phase. The 

materials with REM showed negligible structural changes, indicating that metal promoters 

were finely dispersed on the surface of CeO2.  
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The BET surface area and pore volume of all materials are presented in Table S1 

(Supporting Information). Addition of REM to CeO2 consistently decreased the surface 

area (the higher the loading, the lower the surface area), while the materials containing 5 

wt% REM showed a clear reduction in the pore volume. Importantly, the changes in the 

textural properties and bulk structure of the materials are not correlated with the catalytic 

activity and stability.  

Raman investigation 

To elucidate the effects of REM addition on the CeO2 structure, the materials were further 

characterized by Raman spectroscopy (Figure S3). The results suggest that the REMs 

are atomically incorporated into CeO2 judging from the absence of REM sesquioxide 

bands47 near 400-420 cm-1, corroborated with a minor shift and with an intensity change 

of the F2g Raman active band of CeO2 at ca. 460 cm-1. Moreover, the characteristic band 

due to oxygen vacancies of CeO2 at ca. 570 cm-1 emerges upon REM-doping.48 This 

band is more pronounced at higher amount of doped REM. Among REM-CeO2 materials, 

Pr-CeO2 shows the highest intensity ratio of the bands at 570 and 460 cm-1 (I570/I460), 

commonly used as the measure of oxygen vacancies.49 Another indication in this direction 

is the small band around 250 cm-1 which is more prominent for Pr-CeO2. These features 

imply that in case of Pr-CeO2, oxygen vacancies are located closer to the surface where 

catalysis takes place in comparison to La- and Gd-CeO2. Therefore, it can be inferred that 

Pr is the best promoter to effectively modify the CeO2 surface structure by its atomic-level 

dispersion, creating oxygen vacancies near the surface. Also 5 wt% Pr addition likely 

leads to over-modification and the loss of active CeO2 surface required for the reaction 

due to intrinsically lower activity of PrO2 compared to CeO2.46 Creation of oxygen 
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vacancies on CeO2 can lead to the creation of a unique surface state which enhances the 

surface exposed Ce atoms and improves the stability of the catalyst as discussed later.  

 

Basicity and acidity of the catalysts 

As mentioned in Introduction, several acid-base heterogeneous catalysts have been 

tested in the direct carboxylation of methanol with CO2. While the basic sites are generally 

required to activate CO2 molecule, both acidic and basic sites are often reported to be 

mandatory for methanol activation (CH3O- and CH3+ formation). It has been widely 

reported that ZrO2, CeO2, and CeO2–ZrO2 solid solution show both acidic and basic 

characters.50 CeO2 possesses Lewis acidic (Ce4+) and basic (O2-) sites and the material 

may have exactly the right acidity-basicity balance to catalyze the reaction, more precisely 

the two reactions of DMC synthesis and hydration reaction of 2-CP.27-28 Besides the acid-

base property, the unique feature of the CeO2 material compared to many other oxides is 

the reducibility of the catalyst and lattice/surface oxygen mobility. It is not yet clear but the 

latter features may play pivotal roles in DMC synthesis and related to the catalyst stability. 

Similarly, it has been previously suggested that addition of Cu in low amount (0.1 to 0.5 

wt%) may work cooperatively with CeO2 catalysts to accelerate the partial reduction of 

Ce4+ sites to Ce3+, enhancing the DMC yield by 20-60%.51 For these reasons, acidity and 

basicity characterization by NH3- and CO2-TPD and material reducibility by H2-TPR were 

performed to evaluate possible correlations between material properties and catalytic 

performance. 
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According to Hutter et al. 52 who investigated the adsorption mechanism of CO2 on CeO2 

(111) by DFT calculations, three stable configurations of CO2 on the CeO2 surface have 

been identified: (i) monodentate carbonate, (ii) bidentate carbonate, and (iii) linearly 

adsorbed species. Among these three configurations, the linear species are represented 

as a physically adsorbed CO2 (no hybridization of orbitals of the linear CO2) and the 

monodentate species are the most stably adsorbed ones. On the other hand, both mono- 

and bi-dentate carbonate species are represented by bent CO2 configurations having the 

C atom chemically bonded to O atom on the surface. The stronger the interaction of CO2 

with the CeO2 surface, the higher its desorption temperature, i.e. the low (20-200 °C), 

medium (200-450 °C), and high temperature (>450 °C) desorption peaks are assigned to 

linear, bidentate and monodentate carbonates, respectively.53 In the same manner, the 

low (20-200 °C), medium (200-450 °C), and high temperature (>450 °C) desorption peaks 

in NH3-TPD measurements will be attributed to the weak, medium, and strong acid sites, 

respectively. 

CO2- and NH3-TPD profiles of all catalysts are presented in Figure S4 in Supporting 

Information and the amounts of adsorbed-desorbed CO2 and NH3 are summarized in 

Table S2 (Supporting Information), respectively. Generally, the addition of a foreign atom 

on/in the CeO2 structure reduced the amount of adsorbed CO2/NH3 and thus the total 

number of acidic and basic sites. In other words, the bare CeO2 material is more acidic 

and more basic compared to the doped/promoted CeO2 materials, judging from the 

number of the sites. There were clear and consistent trends in the changes of acidity and 

basicity by the addition of REM to CeO2 (Figure S4 B). In all cases, the total number of 

acidic and basic sites became smaller, and the degree of the decrease was less at lower 
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REM loading without affecting the characteristics of the strength of acidity and basicity, 

as evident from the similar desorption profiles of CO2- and NH3-TPD for the 0.25 wt% 

REM-CeO2 to those of CeO2. Upon increasing the REM loading to 1 and 5 wt%, there 

were notable changes in the nature of the strong acidic and basic sites with the formation 

of two types of strong basic sites (desorption at ca. 500 and 700 °C). For acidic sites, 

mildly strong sites (desorption at ca. 500 °C) were reduced but strong sites (at ca. 750 

°C) were enhanced. Thus, it can be concluded that higher loading of REM reduces the 

number of weak-moderate acidic/basic sites but increases that of strong acidic/basic 

sites.  

With the aim to identify the role of acidity, basicity and their synergy in the reaction, we 

evaluated the relations between acidity, basicity, or a unifying parameter (i.e. 

basicity/acidity ratio calculated from the total amount of the adsorbed probe molecules) 

of the examined materials and their catalytic performance and stability. When the 

basicity/acidity ratio is larger than 1 (i.e. more basic catalysts; CeO2 and REM-promoted 

CeO2), all the materials display good catalytic activity at the initial phase of the reaction. 

In contrast, when the basicity/acidity ratio is <1 (i.e. more acidic) the materials such as 

CeO2-ZrO2 solid solutions, ZrO2 and PM-CeO2 series exhibited lower activity (Figure 3). 

It is widely reported that DMC synthesis from CO2 and methanol requires the presence of 

both acidic and basic sites.10 This study comes as a confirmation to that statement as 

well as an indication of the importance of a proper balance between acidity and basicity 

of catalyst. Weak acidity is important in the selective DMC synthesis since the formation 

of common by-product, dimethyl ether (DME), is more easily catalyzed over strong acid 

sites, especially at higher temperatures.54 Moreover, 2-PA (weak base) adsorption over 
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the acidic sites of CeO2 leads to a severe catalyst deactivation.29 Importantly, basicity 

seems playing more important roles by activating the CO2 molecule and formation of 

CH3O- species and monodentate methyl carbonate (MMC, CH3OCOO-metal atom) as 

possible reaction intermediates.9, 19, 55 The relatively high basicity of CeO2 against its 

acidity is mildly influenced by the addition of REM unlike the materials with comparably 

lower basicity when Zr and PM are added (Table S2, Supporting Information). This 

basicity/acidity ratio is thus a good indicator to evaluate the activation capability of catalyst 

for the reaction and it should be higher than the threshold (in our case >1).  

 

Figure 3. Initial DMC yield against basicity/acidity ratio for all examined materials of this study at 120 °C, 30 bar. 

Different symbols are used to distinguish the data points of catalyst materials as follows: squares for pure CeO2 (green), 

pure ZrO2 (red) and CeO2-ZrO2 solid solutions (orange), blue stars for PM-CeO2, and the black circles for REM-CeO2. 

The data points can be extracted from Figure S4/Table S2. 
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Figure 4. Rate of deactivation in the DMC synthesis plotted against (a) acidity and (b) basicity of CeO2 and REM-CeO2 

materials. Filled circles are for pristine CeO2, while the half-empty circles correspond to the REM promoted CeO2. The 

orange rectangles mark the values for the 1 wt% REM promoted materials. 

Furthermore, possible correlations of the rate of deactivation with the parameters related 

to acidity or basicity were sought for the promising REM-promoted materials. Figure 4 

presents the rate of deactivation for CeO2 and REM-CeO2 as a function of the basicity 

and acidity expressed by the total number of sites determined by the CO2- and NH3-TPD 
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experiments. Albeit no clear correlation was found for the deactivation rate with acidity, 

the influence of the basicity on the deactivation was consistent; the lower the basicity, the 

lower the rate of deactivation. This implies that basicity likely induces the surface 

poisoning and thus deactivation, which is rather non-intuitive due to the expected stronger 

interaction of 2-PA with acidic sites. This point will be discussed in detail later with the 

identification and quantitative analysis of surface adsorbed species during the reaction. 

Reducibility of the catalysts 

The reducibility of the CeO2-based catalysts reflected by the oxygen mobility56-58 were 

studied by H2-TPR. The H2-TPR profiles of pristine CeO2 and REM-promoted CeO2 are 

presented in Figure S5 and Figure S6 (Supporting Information), respectively. Figure 5 

presents a comparison of the profiles for the best performing materials (1 wt% REM-

CeO2) and pristine CeO2. Table S3 (Supporting Information) summarizes the H2 uptake 

of all the samples investigated. 

The reduction of CeO2 is known to proceed in two steps; the first one at ca. 500 °C, 

corresponding to the reduction of surface Ce (IV) atoms more relevant for the catalytic 

processes, and the second one at ca. 800 °C, corresponding to the bulk reduction of the 

material (elimination of O2- from the lattice and formation of Ce2O3).34, 58-59 The reducibility 

of ceria is known to be strongly dependent on the CeO2 crystallite size.33, 60 The CeO2 

used in this study has a high surface area with a crystallite size of ca. 10 nm (as calculated 

from the Scherrer equation using the (111) reflection peak) and it presents clearly the two 

major peaks assignable to surface reduction (peak at 487 °C) and bulk reduction (peak 

at 816 °C) processes (Figure S5). 
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Figure 5. H2-TPR profiles (corresponding to the surface reduction region) for CeO2 and 1 wt% REM-CeO2 materials. 

Clear and consistent changes in the material reducibility were observed for the REM 

promoted CeO2 materials (Figure S6). At 0.25 wt% REM loading, the changes in 

reducibility were not pronounced. At 1 and 5 wt% REM loading, the appearance of highly 

reducible features of the materials was evident with a new shoulder-peak at ca. 310-380 

°C for all REM types (5 wt% La displayed two shoulders). Interestingly, the presence of 

such a shoulder-peak near the low temperature CeO2 reduction has been attributed to 

the existence of Ce4+ located in different chemical environment, such as the subsurface 

region.61-63 Even more importantly, in the case of the catalysts with high stability in the 

reaction (i.e. 1 wt% REM loading) the surface reduction peak was shifted to slightly lower 

temperatures as compared to the case of CeO2 (Figure 5), reported previously due to the 

enhanced redox property of CeO2, for example by the function of Pr.64 Precisely, the low 

temperature peak which started to rise at 235 °C for CeO2 shifted to lower reduction-onset 

temperature of 210, 170, and 220 °C for 1 wt% La-, Gd-, and Pr-CeO2, respectively. 
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Among 5 wt% REM-CeO2 materials, only the La-CeO2 showed the same behavior 

reducing the onset temperature of surface reduction at ca. 160 °C, whereas for Gd- and 

Pr-CeO2 showed higher onset temperature compared to the corresponding 1 wt% REM-

CeO2. Also, it is worth noting that 0.25 and 1 wt% REM loading did not affect considerably 

the shape of the surface reduction peak, while at 5 wt% REM loading, the materials 

displayed a small decrease of the peak. This is in a good agreement with the textural 

properties where increasing the REM loading to 5 wt% resulted in a decrease of ca. 25% 

in the SBET, indicating less CeO2 available on the surface.  

In summary, at 1 wt% REM loading the reducibility of CeO2 is enhanced while retaining 

the good reducibility of surface CeO2 which may be responsible for the catalytic activity. 

On the other hand, at 0.25 wt% REM loading does not sufficiently influence material 

properties determining the catalytic activity (i.e. acid-base properties and reducibility), 

while 5 wt% REM loading leads to an over-enhanced basicity and diminished active 

surface area (notable loss in surface area and pore volume) besides intrinsic lower activity 

of REM oxides compared to CeO2.46  

3.3. Characterization of pristine and 1 wt% REM-CeO2 before and after the 

reaction 

The long-term stability of CeO2 catalyst in the direct DMC synthesis in the presence of 2-

CP was markedly improved using REM promoters (i.e. La, Gd, and Pr), but there was still 

a gradual and substantial deactivation of the catalyst materials over more than 100 h of 

reaction. To better understand and explain the effects of the REM promoters and their 

functions during the reaction, bare CeO2 and 1 wt% REM-CeO2 after the reaction were 

characterized by visual, spectroscopic and thermal analyses. The reactions (120 °C, 30 
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bar, for 30 h) were performed in a fused quartz reactor to enable visual inspection and 

Raman spectroscopy of the materials within the reactor. Prior to the analyses, the 

catalysts were thoroughly washed with methanol at 120 °C at 3 mL min-1 for 15 min in the 

reactor to remove the crystallites of 2-PA deposited over the catalyst surface, accordingly 

to our previous study.29 This washing procedure is necessary to identify strongly adsorbed 

surface molecular species causing catalyst deactivation by Raman and ATR-IR 

spectroscopic studies.29  

 

Visual inspection and spectroscopic investigation 

Figure 6 shows the photographs of the catalysts before and after the reaction with 

subsequent hot methanol washing. Initially, all materials displayed a light-yellow color 

characteristic of pristine CeO2 except Pr-CeO2 in a reddish tint. After the reaction, all the 

materials turned darker and there seems a correlation between the degree of catalyst 

deactivation and the degree of the color change. This tendency is the most noticeable for 

CeO2 turning into dark maroon and less color change was observed for 1 wt% La-CeO2. 

Even less change in color was observed for 1 wt% Gd-CeO2. 1 wt% Pr-CeO2 changed its 

color to brick-red due to the reddish color of the as-synthesized material.  
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Figure 6. Photographs of CeO2 and REM-CeO2 materials before (top) and after (below) the reaction at 120 °C, 30 bar 

for 30 h and a subsequent hot methanol washing at 120 °C for 15 min.  

Interestingly, the degree of the color changes was in good agreement with the changes 

in the surface area (SBET) and pore volume of the materials after the reaction (Table 1). 

32.5% SBET loss was observed for CeO2, while the La, Gd, and Pr promoted samples 

showed ca. 29% (La and Gd) and 24% (Pr) SBET loss. Moreover, the decrease in the pore 

volume of the materials was perfectly in accordance with the rate of deactivation (Figure 

2); CeO2 losing 31.5% of its pore volume and La, Gd, and Pr samples losing 18.3%, 

12.1%, and 9.2%, respectively. No structural change in the crystallinity of the materials 

was detected by XRD after 30 h of the reaction (Figure S9, Supporting Information). 
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Table 1. BET surface area and pore volume of CeO2 and REM-CeO2 before and after the reaction (120 °C, 30bar, for 

30 h) and subsequent hot methanol washing at 120 °C. 

Material 
Surface area (m2 g-1) Decrease 

(%) 

Pore volume (cm3 g-1) Decrease 

(%) Before After Before After 

Pristine 
CeO2 

160 108 32.5 0.197 0.135 31.5 

1 wt% La-
CeO2 

135 97 28.1 0.186 0.152 18.3 

1 wt% Gd-
CeO2 

146 104 28.8 0.199 0.175 12.1 

1 wt % Pr-
CeO2 

139 106 23.7 0.184 0.167 9.2 

 

Ex situ Raman and ATR-IR measurements were performed to clarify the cause of the 

catalyst deactivation by identifying the surface adsorbed species (Figure S10). Both 

Raman and IR studies indicate that 2-PA-like species (more precisely, 2-PA monoanion, 

Py-CONH-) are adsorbed on the surfaces in accordance with our previous study of bare 

CeO2 where band assignments are described,29 implying that the REM promoters do not 

influence the adsorption mode and origin of deactivation. Based on the intensity of the 

Raman bands, the amount of 2-PA adsorbed on the surface of the pristine CeO2 was 

suggested to be higher than that on the surface of REM-CeO2 materials. This is in good 

agreement with the catalytic activity; catalyst deactivation is more pronounced when 

surface is more poisoned by a larger amount of adsorbed 2-PA. It is important to mention 

that the four materials re-gained their initial color and catalytic activity upon mild 

calcination treatment at 300 °C in air as demonstrated for CeO2.29 
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TGA  

Furthermore, thermogravimetric analysis (TGA) was performed for the catalyst materials 

before and after the reaction and the results are summarized in Table 2 (TGA profiles are 

shown in Figure S11, Supporting Information). All the materials before the reaction 

showed only one desorption peak, assigned to the removal of surface impurities (i.e. 

physically adsorbed water). On the other hand, an additional feature of a peak slightly 

below 300 °C was observed for the materials after the reaction. This peak corresponds 

to the 2-PA elimination from the CeO2 surface as the boiling point of 2-PA is 284.1 °C. It 

is interesting to note that the peak slightly shifts towards lower temperatures (ca. 270 °C) 

for 1 wt% REM-CeO2 promoted materials as compared that of pristine CeO2 (ca. 280 °C), 

as determined by peak calculation taking the first derivative of the weight loss curve. This 

is a good indication of weaker interaction between the 2-PA and the catalyst surface when 

CeO2 is promoted with 1 wt% REM. The lower amount of 2-PA adsorption indicated by 

the Raman study was also confirmed by TGA (Table 2) where the REM promotion clearly 

reduced the degree of the weight loss for the catalysts after the reaction. These results 

agree with the changes of surface area and pore volume; the less 2-PA adsorbed, the 

less changes in the surface area and pore volume. REM promotion at the effective 

amount (1 wt%) leads to the reduction in basicity (Figure 4) and decreases the interaction 

between 2-PA and the catalyst surface. This results in reducing the rate of poisoning by 

2-PA, thus enhancing the catalyst stability when 2-CP is used as dehydrating agent. 

When the basicity is sufficiently high compared to the acidity, the high activity of CeO2 

itself is retained also enhanced and become ideal for this reaction. 
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Table 2. Summary of TGA of the materials (CeO2 and 1 wt% REM) before and after the reaction. 

Material 
Peak 
no. 

Before reaction After reaction 

Weight 
loss / % 

Peak 
max / °C 

Weight 
loss / % 

Peak 
max / °C 

CeO2 
1 7.23 50.8 2.83 31.5 
2 - - 5.21 277.5 

1 wt% La-CeO2 
1 5.34 41 2.01 30.5 

2 - - 4.64 272.9 

1 wt% Gd-CeO2 
1 5.77 38.9 2.83 30.5 
2 - - 3.59 268.5 

1 wt% Pr-CeO2 
1 5.49 41.7 3.02 39.3 
2 - - 3.39 268.5 

 

Another important factor influencing the catalyst stability is the reducibility of the catalyst 

surface, which was promoted by REM, especially at 1 wt%, as discussed above. Redox 

properties change the charge state of atoms and this can consequently modulate the 

acid-base properties. When the reducibility is enhanced while retaining the active CeO2 

sites by REM (presumably those characterized by the H2-TPR peak <500 °C), it is 

possible that the catalyst surface poisoned by 2-PA may change its redox state (Ce4+  

Ce3+) flexibly under the reaction condition and create an environment facilitating 2-PA 

desorption from the surface. This hypothesis is supported by the lower desorption 

temperature of 2-PA in TGA for 1 wt% REM samples as discussed above. This would be 

naturally positive for the catalyst stability and it is speculated that 1 wt% Gd or Pr 

promotion is particularly effective in inducing such a function while retaining the active 

catalytic sites of CeO2. 
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3.4. Understanding the deactivation mechanism: In situ ATR-IR studies 

To gain deeper molecular insights into the deactivation mechanism and consequently the 

nature of active sites, we performed a series of in situ ATR-IR studies to identify the types 

of methoxy species formed over the catalyst surfaces and their relation to surface 

poisoning process by 2-PA or species alike. For comparison, we have studied chemical 

interactions of methanol and 2-CP with the surfaces of CeO2 and 1 wt% Pr-CeO2. Figure 

7 displays ATR-IR spectra obtained by alternatingly passing methanol vapor and N2 over 

CeO2 or Pr-CeO2 at 120 °C. For both materials, as soon as the methanol vapor passes 

over the catalysts, the methoxy bands at ca. 1110 and 1060 cm-1 appeared and they 

gradually disappeared under N2 flow accompanying redshifts which are indicative of 

stronger interaction of methoxy species with the surface at lower coverage. Marked 

differences were observed for the two catalysts in the absorbance, the relative ratio of the 

two bands, stability of the methoxy species under N2 and band positions observed. 
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Figure 7. (right) In situ ATR-IR spectra of surface species formed by alternatingly passing methanol vapor in N2 and 

N2 over CeO2 (top) and 1 wt% Pr-CeO2 (bottom) at 120 °C. The background was taken in N2 before admission of 

methanol. The scale is in absorbance. (left) The temporal evolution of the area of the two bands assigned to terminal 

methoxy (t-OCH3, ca. 1110 cm-1) and bridged methoxy (b-OCH3, ca. 1060 cm-1).  

 

It is widely acknowledged that methanol can be easily dissociated on the acid−base sites 

of CeO2 to form surface methoxy species (on the Lewis acid sites, Cen+) and proton (on 

the Lewis base sites, O2-) even at room temperature.65 The observed two bands can be 

unambiguously assigned to the C–O stretching modes of terminal (t-OCH3, at ca. 1110 

cm-1) and bridged (b-OCH3, ca. 1060 cm-1) methoxy species.19, 65 For the synthesis of 

DMC from CO2 and methanol, t-OCH3 was reported to play key roles since monomethyl 

carbonate (MMC, CH3O-COO-), the suggested intermediate, can be formed by the 
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reaction between CO2 and t-OCH3.19 On the other hand, the existence of b-OCH3 species 

is related to the presence of oxygen defect sites on CeO2.66-68  

Figure 7 evidences higher amounts of adsorbed methoxy species of both types over Pr-

promoted CeO2. This may be closely related to the less number of basic sites as observed 

for 1wt% REM-CeO2 (Figure 4), which can be interpreted as lower number of surface 

oxygen atoms of CeO2 and thus consequently a higher number of surface exposed Ce 

atoms where the methoxy species can be formed. Interestingly, the temporal evolutions 

of the band areas of the two methoxy species (Figure 7) show that the ratios of t-OCH3 

to b-OCH3 over the surface are different for the two catalysts. The Pr promotion enhanced 

the ratio of t-OCH3 to b-OCH3 from around 1 (CeO2) to around 1.5 (Pr-CeO2). Since defect 

sites are expected to enhance b-OCH3, the enhanced relative population of t-OCH3 

observed for Pr-CeO2 is counter-intuitive. A closer look into the spectral features (Figure 

7) shows that the b-OCH3 band on Pr-CeO2 (1055 cm-1) is redshifted and broadened in 

comparison to that on CeO2 (ca. 1060 cm-1). The broadness is indicative of the presence 

of various similar geometrical configurations of adsorbed methoxy species, thus of the 

existence of more defective adsorption sites over Pr-CeO2. Pr can be directly involved in 

the enhanced interaction of methoxy with the surface as indicated by the redshift, but 

possibly methoxy species may be preferably adsorbed on the hollow Ce sites on Pr-CeO2. 

The latter interpretation is consistent with the increased number of t-OCH3 compared to 

b-OCH3 observed for Pr-CeO2, since involving more Ce atoms by hollow site adsorption 

(3 coordinating Ce atoms) than bridged site adsorption (2 coordinating Ce atoms) can 

lead to less b-OCH3 species and thus increase t-OCH3 population comparably.  
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Another important observation during this methanol sorption study is the stability of the 

methoxy species. Upon switching from methanol vapor to N2 at the reaction temperature 

(120 °C), the number of surface methoxy species decreased, but to a different extent for 

the two materials. Within the duration of our experiments (N2 flow for ca. 90 min), t-OCH3 

disappeared almost completely, whereas about 40% of b-OCH3 (assuming the band area 

is proportional to the concentration of the methoxy species) remained on the bare CeO2 

after ca. 90 min of N2 flow, clearly showing higher stability of b-OCH3.69 Strikingly, the 

stability of both methoxy species are greatly enhanced by Pr-promotion. The higher 

stability of b-OCH3 compared to t-OCH3 was also confirmed for Pr-CeO2, showing even 

>70% of the b-OCH3 present on the surface after ca. 90 min of N2 flow at 120 °C.  

To further clarify the importance of the enhanced stability of the methoxy species in terms 

of catalyst stability, we performed another in situ ATR-IR study by alternatingly passing a 

vapor containing 2-CP and methanol and that of methanol over the two materials at 120 

°C to monitor surface chemical processes causing catalyst poisoning (Figure 8).  
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Figure 8. In situ ATR-IR spectra of surface species formed by alternatingly passing the vapor of methanol + 2-CP and 

that of methanol, both saturated in N2, over CeO2 (top) and 1 wt% Pr-CeO2 (bottom) at 120 °C. The background was 

the material under N2. The scale is in absorbance.  

 

For CeO2, as soon as the mixture of 2-CP and methanol passed over the catalysts the 

appearance of characteristic t-OCH3 and b-OCH3 bands at ca. 1110 and 1060 cm-1 was 

confirmed, followed by the gradual but significant decrease of the bands with time. This 

decrease of the methoxy bands accompanied the emergence of the bands characteristic 

of 2-PA anion (Py-CONH-), assigned as 1560 cm-1 (δNH), 1390 cm-1 (νC-N) and 750 cm-1 
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(δring), as the surface intermediate in the hydrolysis of 2-CP towards 2-PA. Upon switching 

to methanol vapor as an attempt to “clean” the CeO2 surface, the spectrum remained 

unaltered; the number of 2-PA-like species remained constant and the number of the 

methoxy species could not be recovered. Another admission of the vapor of 2-CP and 

methanol led to further decrease of the methoxy species and increase of the 2-PA-like 

species in exchange. Between the two methoxy species, the decrease of the band of t-

OCH3, which is suggested to be responsible for DMC formation, was more pronounced. 

It is interesting to note that this t-OCH3 band could be recovered slightly by passing the 

vapor containing only methanol again, while b-OCH3 band could not as much. These 

results prove that 2-PA-like species and methoxy species competitively adsorb on the 

same surface sites of CeO2, thus causing surface poisoning by reducing the number of 

catalytically active methoxy species. The surface sites responsible for the formation of b-

OCH3 are more resistant to the poisoning likely due to the stronger adsorption strength of 

b-OCH3 than t-OCH3, while the recovery of the surface sites is difficult once they are 

poisoned.  

The identical study with Pr-CeO2 shows highly contrasting results with clear molecular 

insights into the REM promotion effects (Figure 8). As in the case of CeO2, the 2-PA-like 

species were formed with time when the vapor of 2-CP and methanol was passed over 

Pr-CeO2 but to a much lesser extent. Obviously, the stability of both methoxy species 

were greatly enhanced and thus made the surface highly resistant to the poisoning. 

Passing methanol vapor could not recover the surface methoxy species, indicating that 

when the sites are poisoned, the recovery is very difficult, in agreement with the slower 

but continuous decrease in the catalytic activity of the REM-promoted catalysts. 
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3.5. Active sites and deactivation mechanism 

Based on the above studies, Figure 9 summarizes mechanistic views on the active sites 

and deactivation of CeO2 during the DMC synthesis from CO2 and methanol in the 

presence of 2-CP. Methanol molecules adsorb over CeO2 as t-OCH3 and b-OCH3 species 

(Figure 9a). When 2-CP reaches the surface, it is adsorbed as 2-PA like species (Figure 

9b). A possible structure of adsorbed 2-CP over the defect site of CeO2 was recently 

reported by Tamura et al.65 and this state closely resembles the molecular structure of 2-

PA and most likely this or the chemical state where N atom is hydrogenated/protonated 

is the state we have noted as 2-PA like species in this work. It is important to point out 

that this state of surface species can block both t-OCH3 as well as b-OCH3 sites. It was 

evidently shown that the surface sites of CeO2 is competitively accessed by methanol and 

2-CP. Over the surface of pure CeO2, the 2-PA-like species are formed rapidly by 

occupying the sites capable of methoxy formation as shown spectroscopically (Figure 8). 

Since this 2-PA-like species hinders also the formation of t-OCH3 species, thus the 

catalyst deactivates over time. 

This study clearly demonstrated that REM-promotion could slow down the blocking of the 

active sites by 2-PA-like species by strengthening the adsorption of methoxy species, 

especially that of b-OCH3 species. REM promoters enhanced the number of surface 

defects and sites allowing multiple coordination of Ce to stabilize the methoxy species. 

Also, the enhanced redox properties of REM-CeO2 especially at 1 wt% REM loading 

seem optimum to achieve the most efficient stabilization of methoxy species while 

retaining sufficient number of t-OCH3 sites for DMC synthesis. Besides, the enhanced 

oxygen mobility by REM may also slow down the formation of 2-PA-like species since the 
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oxygen defects in subsurface may facilitate conversion of the 2-PA-like species back to 

2-CP.  

 

Figure 9. Simplified reaction scheme for DMC synthesis over CeO2 in the presence of 2-CP. While DMC is formed by 

the reaction between CO2 and t-OCH3 (a), the adsorption of 2-CP and/or the subsequent hydrolysis step produces an 

intermediate (dark red) that leads to the poisoning of the methanol adsorption sites (b). Surface hydrogen 

atoms/protons are not shown for the sake of brevity. 

 

4. Conclusions 

Effects of different promoters to CeO2 on the long-term behavior of catalytic performance 

in continuous DMC synthesis from CO2 and methanol in the presence of a dehydrating 

agent (2-CP) were evaluated. Among them, 1 wt% rare earth metal (REM: La, Gd, or Pr)-

promoted catalysts, especially Gd-CeO2 and Pr-CeO2, exhibited the highest stability 

without deteriorating the catalytic performance of pristine CeO2. The visual, spectroscopic 
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(IR and Raman) and TGA investigations clarified that the surface adsorption of 2-PA 

produced by the hydration reaction of 2-CP is the cause of the catalyst deactivation and 

there was a clear relation between the amount of 2-PA adsorbed and the degree of 

catalyst deactivation. The origins of the promoter effects were studied in detail by 

characterizing the textural properties, acidity-basicity, and reducibility of the catalyst 

materials. The right balance in basicity and acidity, especially sufficiently high 

basicity/acidity ratio, is found necessary to achieve enhanced catalytic activity. The pure 

CeO2 has the right acidity-basicity balance and this characteristic is retained for REM-

promoted CeO2 materials. Regarding the catalyst stability, when the number of basic sites 

is smaller and the catalyst reducibility is higher (i.e. easier to create surface defects and 

increased mobility of sub-surface O atoms to/from the CeO2 surface), there were clear 

improvements. Remarkably, compared to CeO2, 1 wt% Pr-CeO2 and 1 wt% Gd-CeO2 

exhibited 35% higher DMC yield after 150 h and 25% higher DMC yield after 100 h of 

time on stream, respectively. This greatly enhanced catalyst stability by the REM 

promoters in the light of the previously found reactivation strategy (calcination at 300 °C 

in air) render the process more attractive in practice to produce DMC from CO2 and 

methanol. Furthermore, molecular insights into the catalyst deactivation and thus the 

nature of active sites were uncovered by in situ ATR-IR spectroscopic studies. They 

clearly show that REM promoters enhance adsorption strength of methoxy species and 

thus prevents the 2-PA-like species from adsorbing and thus blocking the sites for DMC 

synthesis.  
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Scheme S1. By-products formation (methyl picolinate, Me-PCN and methyl carbamate, Me-CBM) in the continuous 

DMC synthesis in the presence of a dehydrating agent (2-cyanopyridine, 2-CP). 2-CP hydrolysis leads to the formation 

of the corresponding amide, 2-picolinamide, 2-PA. 

 

 

Experimental: materials 

High surface area powders of CeO2 and CeO2-ZrO2 solid solutions (78-22, 50-50, and 

25-75 wt%) were kindly supplied by Daiichi Kigenso Kagaku Kogyo Co. Ltd., Japan and 

used without any further treatment. High surface area ZrO2 (1/8” pellets) was purchased 

from Alfa Aesar and used as received. Precious metals (1 wt% Ru, Rh, Pd) were 

synthesized by the incipient wetness impregnation of the pristine CeO2 with an aqueous 

solution of the metal precursor (chlorides). The metal chlorides (99.9% purity) were 

purchased from Alfa Aesar. The impregnated materials were dried overnight at 80-90 °C 

in an oven and calcined at 400 °C for 4 h in a static air after a temperature ramp of 2 °C 

min-1. 
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Direct methanol carboxylation: effect of Zr and precious metal (PM)  

Figure S1 (a) shows the catalytic performance in terms of methanol conversion (XMeOH) 

and DMC selectivity (SDMC) during the initial phase (0-2 h) and at 24-26 h of the DMC 

synthesis using CeO2, ZrO2 and CeO2-ZrO2 solid solutions. The reaction time, more 

precisely time on stream, is shown as 2 h interval due to the residence time of the liquid 

solution in the reaction system. The liquid sample was analyzed every 2 h when enough 

liquid product (ca. 1 mL) was collected (when one number is shown for the reaction time, 

the initial value of the interval is taken). Although the addition of Zr to CeO2 has been 

reported to positively affect the catalytic activity1-5 for the reaction, in this work negative 

effects of Zr incorporation were obvious. Regarding the initial activity (0-2 h), the decrease 

in XMeOH became consistently more prominent at higher Zr content, decreasing from 

92.4%, 88.4%, 72.9% to 37.3% for 0, 22, 50, and 75 wt% ZrO2 amount in the solid 

solution, respectively. Moreover, the use of high surface area ZrO2 gave only a trace 

amount of DMC. After 24 h, catalyst deactivation was observed for all catalysts and it was 

more pronounced for Ce-Zr [50/50] (ca. 21% activity drop compared to 6-8% drops of the 

other samples). On the other hand, the drop in catalytic activity did not affect SDMC 

significantly, showing >95% with the formation of small amounts of Me-PCN (from 1.0 to 

4.3%) and Me-CBM (0.4 to 1.6%). Interestingly, at higher ZrO2 content in the solid 

solutions, the decrease in SDMC was smaller over 24 h (ca. 5% SDMC decrease for Ce-Zr 

[100/0], while only ca. 1% decrease for Ce-Zr [25/75]), indicating positive influences of Zr 

promotion on the catalyst stability in terms of DMC selectivity.  

Figure S1 (b) presents the catalytic performance using CeO2-supported Ru, Rh and Pd 

catalysts. Clearly, these results indicate strongly negative influences of the PMs on the 
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performance. For 1 wt% Pd-CeO2 and 1 wt% Rh-CeO2, ca. 63% XMeOH was initially 

observed, while the addition of 1 wt% Ru resulted in much lower activity of 34% XMeOH. 

Regarding the catalyst stability, it is very striking to note that both 1 wt% Rh-CeO2 and 1 

wt% Ru-CeO2 catalysts showed a tremendous loss in activity after 24 h (XMeOH of ca. 7 

and 12%, respectively). In contrast, a slight increase in XMeOH (from 63 to 70%) was 

detected for 1 wt% Pd-CeO2. The incorporation of the PMs consistently impacted 

negatively on DMC selectivity, showing ca. 75-80% SDMC for the three catalysts. 

Interestingly, unlike CeO2 and CeO2-ZrO2 solid solutions, all ceria-supported PM catalysts 

displayed an increase in SDMC by ca. 10% after 24 h of the reaction. Still, SDMC values 

were considerably lower compared to that observed for CeO2 and the by-products were 

1.6-20.4% Me-PCN and 1.1-5.4% Me-CBM. The high selectivity to Me-PCN indicates that 

2-PA is formed via the hydration reaction of 2-CP and that the reaction between 2-PA and 

methanol (Scheme S1) is promoted by the PMs or by the sites created by the specific 

interactions between CeO2 with the PMs. The reaction is similar to urea methanolysis 

where -NH2 group is replaced by -OCH3 group and both acidic and basic catalysts are 

known to catalyze the reaction.6-7 CeO2-based materials are known to be active in the 

reaction8-9, and it is implied that promotion of CeO2 by the PMs can be highly effective for 

methanolysis reactions.  

Generally, both Zr and PMs incorporation showed negative influences on the catalytic 

performance, especially on the reactivity (XMeOH). The lower reactivity of the catalysts at 

higher Zr contents implies that the reactivity originates from CeO2 and its surface. In case 

of PMs addition, the impact on the reactivity was drastic despite the relatively low amount 

of the PMs (1 wt%) with respect to CeO2. Considering the much lower initial reactivity and 
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the very low catalytic stability of Rh-CeO2 and Ru-CeO2 compared to CeO2, it can be 

concluded that the PMs alter the chemical surface properties (e.g. acid-base, redox) 

completely, as confirmed later. Nonetheless, the effects of incorporating both Zr and PMs 

in CeO2 were found negative for the activity and stability in the reaction. 

 

Figure S1. Methanol conversion and DMC selectivity during the continuous DMC synthesis at 120 °C, 30 bar at time 

on stream of 0-2 and 24-26 h using a. Ce-Zr mixed oxides and b. precious metal-CeO2 as catalyst. Black and grey 

columns represent methanol conversion and DMC selectivity, respectively.  
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Characterization: structural and textural properties (XRD, Raman, N2 physisorption) 

The XRD patterns of the pristine CeO2, CeO2-ZrO2 solid solutions, ZrO2 and as-

synthesized materials incorporating PM and REM are presented in Figure S2. CeO2 

showed the peaks corresponding to (111), (200), (220), and (311) planes of cubic fluorite 

phase, while ZrO2 exhibited the peaks for a monoclinic phase with a small amount of a 

tetragonal phase. CeO2-ZrO2 solid solutions preserved a single cubic fluorite phase 

characteristic of CeO2 without a detectable monoclinic/tetragonal phase characteristic of 

ZrO2. It should be noted that the characteristic XRD peaks of CeO2-ZrO2 solid solutions 

slightly shifted to higher angles compared to the peaks for cubic fluorite phase of CeO2. 

This can be explained by the insertion of zirconium atoms in the CeO2 cubic matrix with 

the shrinkage of its unit cell (Ce4+ ionic radius is 0.97 Å, whereas Zr4+ ionic radius is 0.82 

Å) and by the deformation of the cubic phase to be transformed into the tetragonal phase 

for higher zirconium loading.10 The materials with PM and REM showed negligible 

structural changes, indicating that metal promoters were finely dispersed on the surface 

of the support.  

Figure S3 shows the Raman spectra of 1wt% (left) and 5 wt% (right) REM-doped CeO2 

materials in comparison to the spectrum of pristine CeO2. The major changes were 

observed for Pr-doped CeO2 materials. The origin of the spectral changes and influence 

on catalytic activity are discussed in the main text. 

The BET surface area and pore volume of all materials are presented in Table S1. Higher 

amount of incorporated Zr or REM to CeO2 consistently decreased the surface area, 

although there was no clear trend in the pore volume with the type and loading of REM. 

In case of the PM-loaded materials, the surface area was also reduced and it was most 
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pronounced for Pd-CeO2. The pore volume of the three PM-CeO2 samples were similarly 

reduced by ca. 10%. Importantly, the changes in the textural properties and bulk structure 

of the materials are not correlated with the catalytic activity and stability.  

Figure S2. X-ray diffraction (XRD) patterns of the pristine CeO2, CeO2-ZrO2 solid solutions, ZrO2 and as-synthesized 

materials incorporating precious metal and REM promoters.  
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Figure S3. Raman spectra (excitation laser: 532 nm) of pristine CeO2 (red) and REM (La (orange), Gd (blue) and Pr 

(green))-CeO2. (left) 1 wt% REM-CeO2 materials and (right) 5 wt% REM-CeO2.  

 

Characterization: acidity and basicity 

Generally, the addition of a foreign atom on/in the CeO2 structure reduced the amount of 

adsorbed CO2/NH3, thus the total number of acidic and basic sites. The exceptions were 

CeO2-ZrO2 solid solutions and ZrO2 for which the weak acidity was greatly enhanced 

when the ZrO2 content was >50 wt% due to more pronounced influence of highly acidic 

ZrO211-14 in the solid solutions (Figure S4 A). Zr-addition to CeO2 resulted in weakening 

of the strong acidity/basicity as indicated by the small amount of adsorbed NH3/CO2, 

respectively, at temperature above ca. 500 °C.  

On the other hand, PM addition to CeO2 induced remarkable changes in the 

acidity/basicity of the material (Figure S4 A). Upon Rh and Ru addition to CeO2, weak 

and moderate acidic sites were decreased, but mildly strong acidic sites (desorption at 

ca. 520 °C) became less and, in contrast, highly strong acidity (desorption at ca. 700 °C) 

was enhanced. For Rh- and Ru-CeO2, the number of strong basic sites were reduced 
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significantly, although the formation of stronger basic sites characterized by the 

desorption peaks at 680 and 760 °C was observed for Ru-CeO2. Pd addition resulted in 

very different changes in both acidity and basicity from those of Rh and Ru addition. 

Notably, the weak-moderate basicity of CeO2, characterized by the broad CO2 desorption 

peaks in the range of 100-450 °C, was largely suppressed and, instead, strong basic sites 

(desorption at ca. 640 °C) were formed. The similarity of acid-base properties of Rh- and 

Ru-CeO2 in comparison to Pd-CeO2 was consistently reflected in the catalytic activity and 

stability trend (Figure S1). This implies that acid-base properties are playing roles in the 

DMC synthesis from CO2 and methanol in the presence of 2-CP.  

 

 

Figure S4 (A). Temperature programmed desorption (TPD) profiles of the CeO2-ZrO2 solid solutions and precious 

metals (PM) promoted CeO2 materials. Upper panels correspond to those of CO2-TPD, whereas the lower ones to 

those of NH3-TPD. 

 

A
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Figure S4 (B). Temperature programmed desorption (TPD) profiles of the rare earth metals (REM) promoted CeO2 

materials. Upper panels correspond to those of CO2-TPD, whereas the lower ones to those of NH3-TPD. 

 

Figure S5. H2-TPR profiles of the high surface area CeO2 used throughout this study. Both surface (low temperature) 

and bulk (high temperature) reduction peaks can be clearly identified.   

 

B
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Figure S6. H2-TPR profiles of the REM-CeO2 materials used throughout this study. Surface reduction peak is 

represented.  

As well known, Zr addition to CeO2 induced drastic changes in the reducibility of CeO215-

17 (Figure S7). The TPR profiles of the CeO2-ZrO2 solid solutions displayed only one main 

broad reduction peak in the region between 500–580 °C at different peak positions (507, 

543, and 576 °C for CeO2-ZrO2 [78-22], [50-50], and [25-75], respectively). In contrast, 

the high surface area ZrO2 used in the present study showed no reduction peaks under 

the condition investigated (Figure S7). Although the overall reducibility of CeO2-ZrO2 is 

enhanced by facilitating the bulk reduction compared to CeO2, it should be noted that the 

reduction of surface Ce atoms is more facile for CeO2 than CeO2-ZrO2 at lower 

temperatures (<400 °C, Figure S5). The catalytic tests clearly showed that CeO2 and not 

ZrO2 is responsible for activation of CO2 and methanol (Figure S1), and this indicates 

that the reducibility of surface Ce may play important role in the reaction mechanisms 

besides the balance between basic/acidic sites. The importance of redox sites in the 

catalytic cycle have been investigated by operando spectroscopic means and will be 

communicated separately. 

PM addition to CeO2 resulted in totally different TPR profiles (Figure S8). The three 

catalysts are characterized by the appearance of a new large peak in the TPR profiles at 
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very low temperatures around 100-180 °C, characteristic of Ru, Rh, and Pd oxides 

reduction. The peak corresponding to the CeO2 surface reduction was reduced drastically 

for the three PM-CeO2 materials. As in the cases of the catalytic activity (Figure S1) and 

TPD results (Figure S4), the reducibility of Ru- and Rh-CeO2 presented some similarities, 

showing the reduction peak at ca. 100 °C, while a higher reduction peak ca. 180 °C was 

observed for Pd-CeO2. This indicates possible correlations among catalyst reducibility, 

acidity-basicity, and catalytic performance. Based on the H2-TPR profiles of PM-CeO2, 

the H2 consumption is high at low temperatures below 200 °C considering that it is the 

reduction of 1 wt% PM. This observation together with lowered reduction peak at ca. 500 

°C imply the promoted reduction of surface Ce by the catalytic function of PM, facilitating 

the reactivity of surface oxygen of CeO2. Nevertheless, this high reducibility of surface 

CeO2 did not positively affect the catalytic performance of PM-CeO2 (Figure S1) and 

further investigation is required to elucidate the PM effects on the reactivity and product 

selectivity. 

 

Figure S7. H2-TPR profiles of the CeO2-ZrO2 solid solutions (black for pure CeO2 and orange for pure ZrO2). 
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Figure S8. H2-TPR profiles of the precious metals (PM) promoted CeO2 materials (surface reduction region). 

 

Figure S9. XRD patterns of the used materials (CeO2 and 1 wt% REM promoted CeO2) after the 30 h catalytic 

comparison test. 
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Figure S10. Raman (left) and ATR-IR (right) studies of the catalysts after the reaction and methanol washing. The 

spectral contribution due to CeO2 has been subtracted and the Raman spectra have been normalized with respect 

to CeO2 F2g mode at ca. 460 cm-1. 

 

Figure S11. TGA of CeO2 and 1 wt% REM promoted CeO2 before and after the reaction. 
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Table S1. The BET surface area (m2 g-1) and pore volume (cm3 g-1) of the pristine CeO2, CeO2-ZrO2 solid solutions, 

ZrO2 and as-synthesized materials incorporating precious metal and rare earth metal promoters.  

Material type BET surface area (m2 g-1) Pore volume (cm3 g-1) 

CeO2-ZrO2 solid 
solutions 

CeO2 160 0.197 
CeO2-ZrO2 [78-22] 75 0.247 
CeO2-ZrO2 [50-50] 59 0.199 
CeO2-ZrO2 [25-75] 58 0.230 

ZrO2 97 0.320 

Precious metals 
(PM) – CeO2 

1 wt% Rh-CeO2 141 0.173 
1 wt% Ru-CeO2 147 0.176 
1 wt% Pd-CeO2 123 0.177 

Rare earth 
metals (REM) – 

CeO2 

0.25 wt% La-CeO2 149 0.175 
1 wt% La-CeO2 135 0.186 
5 wt% La-CeO2 122 0.172 

0.25 wt% Gd-CeO2 156 0.198 
1 wt% Gd-CeO2 146 0.199 
5 wt% Gd-CeO2 123 0.177 

0.25 wt% Pr-CeO2 152 0.180 
1 wt% Pr-CeO2 139 0.184 
5 wt% Pr-CeO2 126 0.173 

 

Table S2. The amounts of adsorbed-desorbed CO2 and NH3 expressed in μmol gcat.
-1 (a measure of the basicity and 

acidity of the materials) for the catalysts tested in the long term studies of DMC synthesis. 

Material type μmol CO2 gcat.
-1 μmol NH3 gcat.

-1 

CeO2-ZrO2 solid 
solutions 

CeO2 520.8 396.2 
CeO2-ZrO2 [78-22] 140.1 511.2 
CeO2-ZrO2 [50-50] 137.7 710.0 
CeO2-ZrO2 [25-75] 149.0 316.3 

ZrO2 313.6 1410.8 

Precious metal 
(PM) – CeO2 

1 wt% Rh-CeO2 259.6 255.8 
1 wt% Ru-CeO2 176.8 299.5 
1 wt% Pd-CeO2 118.1 360.1 

Rare earth metal 
(REM) – CeO2 

0.25 wt% La-CeO2 411.7 259.3 
1 wt% La-CeO2 380.3 317.9 
5 wt% La-CeO2 399.0 308.7 

0.25 wt% Gd-CeO2 410.8 364.3 
1 wt% Gd-CeO2 377.1 243.0 
5 wt% Gd-CeO2 386.2 286.1 

0.25 wt% Pr-CeO2 414.5 213.8 
1 wt% Pr-CeO2 374.4 317.6 
5 wt% Pr-CeO2 400.6 293.4 
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Table S3. H2 uptake (μmol gcat.
-1) of the CeO2-ZrO2 solid solutions, precious metals (PM) promoted CeO2, and rare 

earth metals (REM) promoted CeO2 catalysts used in long-term DMC synthesis. For the PM and REM promoted 

materials only the contribution for the surface reduction has been included. 

Material type 
H2 consumption  

in μmol gcat.
-1 

CeO2-ZrO2 solid 
solutions 

CeO2 376 (surface + bulk = 733) 
CeO2-ZrO2 [78-22] 401 
CeO2-ZrO2 [50-50] 532 
CeO2-ZrO2 [25-75] 408 

ZrO2 no reduction 

Precious metals 
(PM) – CeO2 

1 wt% Rh-CeO2 355 
1 wt% Ru-CeO2 274 
1 wt% Pd-CeO2 533 

Rare earth 
metals (REM) – 

CeO2 

0.25 wt% La-CeO2 372 
1 wt% La-CeO2 434 
5 wt% La-CeO2 472 

0.25 wt% Gd-CeO2 406 
1 wt% Gd-CeO2 479 
5 wt% Gd-CeO2 369 

0.25 wt% Pr-CeO2 404 
1 wt% Pr-CeO2 420 
5 wt% Pr-CeO2 371 
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