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Oxidative coupling of carbon monoxide to dimethyl oxalate: Catalysts 1 

design, reaction mechanism and process intensification 2 

Significant efforts have been directed towards the advancement of active and 3 

durable Pd-based catalysts for the gas-solid phase oxidative coupling of carbon 4 

monoxide (CO) to dimethyl oxalate (DMO). The reaction takes place under 5 

moderate conditions with high selectivity above 95% following the C1 6 

chemistry route and converting C1 feedstocks, i.e., CO and methanol (CH3OH) to 7 

DMO product. The inaugural plant capable of processing 200,000 tons annually, 8 

was commissioned in 2009, and as of 2023 more than 30 such plants are in 9 

operation. Noteworthy attention has been dedicated to enhancing catalytic 10 

activity while minimizing the Pd active component, achieved through the 11 

construction of efficient nanostructured catalysts. In this review, we highlight the 12 

recent advances in the CO oxidative coupling to DMO, particularly focusing on 13 

the design of Pd-based catalysts, structure-function relationship, catalytic reaction 14 

mechanism and process intensification utilizing structured catalysts. 15 

Additionally, an overview addressing challenges and opportunities for future 16 

research associated with CO oxidative coupling to DMO is presented. 17 

Keywords: Palladium; Structured catalyst; Reaction mechanism; C1 catalysis; 18 

Dimethyl oxalate 19 

1. Introduction 20 

According to the twelve principles of green chemistry, products for the modern world 21 

need to be produced in a sustainable, non-hazardous and non-polluting way that 22 

integrate the concepts of green chemistry and green engineering 
[1-3]

. However, the 23 

traditional production of dimethyl oxalate (DMO) is based on the homogeneous 24 

esterification between oxalic acid and methanol, in which mineral acids (e.g., H2SO4) 25 

are typically used as catalysts and the generated water by-product is removed by the 26 

dehydrating agents (e.g., toluene or chloroform) 
[4,5]

. The use of inorganic acid and 27 

significant discharge of waste water may lead to the serious equipment corrosion and 28 

environmental pollution, conflicting with the 12 principles of green chemistry 
[6]

. 29 
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C1 chemistry that mainly addresses the transformations of one-carbon molecules 1 

such as CO, CO2, CH3OH, HCOOH and CH4, plays an important role in the production 2 

of high-value-added chemicals and fuels 
[7-9]

. These C1 molecules are facilely produced 3 

from abundant alternative carbon resources such as coal, natural gas, organic waste and 4 

biomass 
[10-12]

. The gas-solid phase CO oxidative coupling to DMO converts C1 5 

feedstocks (CO and CH3OH) to (COOCH3)2 product 
[13,14]

. This process has been 6 

industrialized using the Pd/-Al2O3 catalyst 
[15,16]

. The DMO is closely related with the 7 

production of ethylene glycol via hydrogeneration. Commercial ethylene glycol is 8 

mainly produced from petroleum-derived ethylene through the hydration of ethylene 9 

oxide 
[17,18]

. As an alternative synthesis technology, the transformation of coal to 10 

ethylene glycol has received considerable attention due to the potential depletion of 11 

petroleum resources 
[19,20]

. As shown in Scheme 1, this technology includes three stages 12 

[21-23]
: (1) gasification of coal to syngas, (2) CO oxidative coupling to DMO, and (3) 13 

hydrogenation of DMO to ethylene glycol. This process was initially proposed by UBE 14 

company in the 1970s, and extensively studied by several teams in China, including Ma 15 

[24]
, Xiao et al. 

[25]
, Yao and Guo 

[26]
, Wang et al. 

[27]
, Yuan et al. 

[28]
 and Lu et al. 

[29]
 in 16 

the universities, petrochemical and coal-chemical institutes. The world’s first plant 17 

capable of 200,000 tons ethylene glycol per year was built in China in 2009 
[29]

. The 18 

total capacity in China has increased dramatically to about 7.0 million tons in 2023, 19 

with an average increase of 29% per year 
[25,31]

. 20 

The development of high-performance catalyst is a crucial point for the 21 

industrialization of the DMO synthesis. In comparison to the first-generation industrial 22 

catalyst consisting of 2.0 wt% Pd, the second-generation catalyst is highly active with 23 

ultra-low Pd content of 0.13 wt% 
[32]

. The total investment of the process was decreased 24 

by about 25%. 25 
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 1 

Scheme 1. Schematic presentation of the commercial process of coal to DMO and 2 

further to ethylene glycol. 3 

 4 

Several reviews related to the DMO, especially catalytic hydrogenation of DMO 5 

have been published. Ye et al. 
[30]

 demonstrated that the hydrogenation of DMO 6 

provided an economical and versatile process for the synthesis of methyl glycolate, 7 

ethylene glycol and ethanol over the different catalysts. The synthesis of ethylene glycol 8 

via fossil fuels (petroleum, natural gas and coal) and biomass-based resources has been 9 

reviewed by Yue et al. 
[24]

. Furthermore, the emergence of non-DMO routes for 10 

synthesis of ethylene glycol (EG) such as a two-step process from CO through 11 

homogeneous catalysis 
[33]

, direct synthesis from syngas 
[34]

, photocatalysis 12 

(formaldehyde to EG, methanol to EG and methane to EG) and electrocatalysis (CO2 to 13 

EG, CO2 to EG and ethylene to EG) 
[35]

 has gathered significant attention. Wang et al. 14 

[36]
 made an in-depth analysis of the key functional motifs of the Pd-based catalysts that 15 

tune the selectivity towards DMO and dimethyl carbonate. The synthesis of DMO and 16 

dimethyl carbonate over the Pd catalysts have been studied by Yamamoto 
[37]

. Uchiumi 17 

et al. 
[38]

 described four Pd-catalysed oxidative reactions with the recycled agent of alkyl 18 

nitrite, including dialkyl oxalate, dialkyl carbonate, oxidation of olefins and oxidative 19 

carbonylation of olefins.  20 
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To our knowledge, a specific review of the CO oxidative coupling to DMO 1 

focusing on the catalysts design, catalytic reaction mechanism and process 2 

intensification has not been published yet. In this review, the recent advances in the 3 

preparation of Pd-based catalysts for the gas-solid phase CO oxidative coupling to 4 

DMO are outlined. The main focus is on the development of high-performance catalyst 5 

with low Pd content by constructing various nanostructures. The catalytic reaction 6 

mechanism including reaction intermediates, rate-determining step and reaction 7 

pathways is discussed. Moreover, we concisely retrospect the development of structured 8 

catalysts and how the unique structured catalysts enhance the mass/heat transfer is 9 

discussed. Finally, a brief perspective on the challenges and future directions of 10 

catalysts design for the CO oxidative coupling to DMO is presented. 11 

2. Applications of dimethyl oxalate 12 

DMO is an important platform chemical with useful and versatile chemical properties. 13 

As shown in Scheme 2, DMO can be used as feedstock for the synthesis of high-value-14 

added products, including methyl glycolate, ethylene glycol, ethanol, phenol, oxamide, 15 

oxalic acid and dimethyl carbonate. The main applications of DMO will be discussed in 16 

the following subsections. 17 
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 1 

Scheme 2. The main applications of dimethyl oxalate. 2 

 3 

2.1. Hydrogenation of DMO to methyl glycolate, ethylene glycol and ethanol 4 

The catalytic hydrogenation of DMO includes three main reactions as shown in 5 

Scheme 3: incomplete hydrogenation of DMO to methyl glycolate (Eq. 1), further 6 

hydrogenation to ethylene glycol (Eq. 2), and deep hydrogenation to ethanol (Eq. 3). 7 

The different active sites of catalysts are responsible for various reaction pathways of 8 

DMO hydrogenation. For example, the Ag/SiO2 
[39]

, Cu/SiO2 
[40]

 and Cu/Al2O3 
[41]

 9 

catalysts exhibited the high yield of 92% methyl glycolate, 95% ethylene glycol and 10 

95% ethanol, respectively through the DMO hydrogenation. Methyl glycolate is a 11 

versatile platform compound due to its unique molecular structure comprised of 12 

hydroxyl, -hydrogen and ester groups. Both the ethanol and the ethylene glycol are 13 

crucial bulk chemicals in industry. The products of DMO hydrogenation can be tuned 14 

efficiently to produce methyl glycolate, ethylene glycol and ethanol, which could 15 

decrease the dependence on the petroleum resource to some extent. 16 

(COOCH3)2 + 2H2 → HOCH2COOCH3 + CH3OH (1) 
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(COOCH3)2 + 4H2 → (CH2OH)2 + 2CH3OH (2) 

(COOCH3)2 + 5H2 → C2H5OH + H2O + 2CH3OH (3) 

 1 

Scheme 3. Schematic presentation of consecutive hydrogenation of DMO (COOCH3)2 2 

to methyl glycolate (CH2OHCOOCH3), ethylene glycol (CH2OH)2 and ethanol 3 

(CH3CH2OH). 4 

 5 

2.2. Transesterification of DMO with phenol 6 

Diphenyl carbonate is an important intermediate used to produce polycarbonate 7 

[42]
. Diphenyl carbonate was traditionally synthesized from phenol using toxic 8 

phosgene. Considerable efforts have been given towards development of novel routes 9 

different from the phosgene method 
[43]

. The oxidative carbonylation of phenol and 10 

transesterification reactions have been developed as an environmentally benign 11 

phosgene-free synthesis approach 
[44,45]

. The transesterification of DMO with phenol to 12 

diphenyl oxalate followed by decarbonylation to diphenyl carbonate (Eqs. 4 and 5), is 13 

considered as a high atom economy process with low cost and easy separation of 14 

products 
[46,47]

. Notably, the high yield (95) and high selectivity (99%) has been 15 

reported for decarbonylation of diphenyl oxalate to diphenyl carbonate 
[48]

. 16 

(COOCH3)2 + 2C6H5OH → (COOC6H5)2 + 2CH3OH (4) 

(COOC6H5)2 → CO(OC6H5)2 + CO (5) 
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2.3. Ammonia exchange of DMO to oxamide 1 

Oxamide has a low solubility in water and thus can be used as a slow-release 2 

nitrogen fertilizer for agriculture purposes 
[49,50]

. The traditional synthesis of oxamide is 3 

based on the oxidation of toxic hydrogen cyanide, HCN 
[51,52]

. Oxamide is still not 4 

produced on a large scale due to the high cost and complicated synthesis method 
[52]

. 5 

Since DMO has been industrially produced with a low cost, the ammonia exchange of 6 

DMO to oxamide is considered as a promising route (Eq. 6). This method has the 7 

advantages of high atom efficiency, low cost and moderate reaction conditions 
[53]

. 8 

(COOCH3)2 + 2NH3 → (CONH2)2 + 2CH3OH (6) 

2.4. Hydrolysis of DMO to oxalic acid 9 

Oxalic acid is the simplest organic diacid with extensive applications, including 10 

extraction of rare earth, cleaning of metal surface, printing and dyeing, catalyst 11 

preparation and pharmaceutical synthesis 
[54]

. Conventionally, oxalic acid is produced 12 

by both carbohydrate and sodium formate methods 
[55]

. The carbohydrate process 13 

involves the oxidation of sugar or starch using nitric acid, but it is disadvantaged by a 14 

low yield of oxalic acid and high NOx emissions 
[55]

. Although the sodium formate 15 

method provides a high yield of oxalic acid, this process has several disadvantages 16 

including long reaction path, difficult recovery of calcium sulfate and high consumption 17 

of sulfuric acid 
[56]

. The hydrolysis of DMO to oxalic acid has attracted much interest 18 

due to the mass-produced DMO with low cost (Eq. 7) 
[56]

. Recently, this process has 19 

been successfully commercialized by Tongliao GEM Chemical Co. Ltd., China 20 

(100,000 tons/year) 
[53]

. 21 

(COOCH3)2 + 2H2O → (COOH)2 + 2CH3OH (7) 
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2.5. Decarbonylation of DMO to dimethyl carbonate 1 

Dimethyl carbonate (DMC) is considered as an environmentally benign building 2 

block due to good biodegradability, high solubility and low toxicity. DMC is widely 3 

considered as green solvent, lithium battery electrolyte, additive for fuel oil, reagent for 4 

methylation and carbonylation reactions, and raw material for the synthesis of 5 

pharmaceuticals, antioxidants and agrochemicals 
[57,58]

. The traditional industrial 6 

synthesis of DMC uses toxic phosgene, COCl2 as feedstock, which is gradually being 7 

abandoned 
[59,60]

. Therefore, it is of the utmost importance to develop phosgene-free 8 

processes for DMC production. The environmentally sustainable approaches for DMC 9 

synthesis include the direct/indirect oxidative carbonylation of methanol, 10 

transesterification of ethylene or propylene carbonate and methanol, the direct synthesis 11 

from carbon dioxide and methanol, the methanolysis of urea, and decarbonylation of 12 

DMO 
[61-64]

. Among them, decarbonylation of DMO to DMC is a promising route due 13 

to the low-cost and mass-produced DMO. Hao et al. reported that a complete 14 

conversion of DMO to DMC via decarbonylation can be achieved based on 15 

thermodynamic calculations 
[65]

. Despite the above-mentioned advantages, little 16 

research has been dedicated to the decarbonylation of DMO to DMC. 17 

(COOCH3)2 → CO(OCH3)2 + CO (8) 

3. Process of CO oxidative coupling to dimethyl oxalate 18 

Fenton et al. 
[66]

 discovered that diethyl oxalate was formed by oxidative carbonylation 19 

of ethanol with a PdCl2-CuCl2 catalyst in a liquid phase at 6.9 MPa and 125 ºC (Eq. 9). 20 

But this reaction cannot proceed in the presence of water, and thus the excess of ethyl 21 

orthoformate must be used as dehydrating agent which is an essential drawback of the 22 

method due to high cost 
[38,66]

. 23 
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2CO + 2CH3CH2OH + 0.5O2 → (COOCH2CH3)2 + H2O (9) 

To avoid the use of expensive ethyl orthoformate, methyl nitrite was employed 1 

as an effective recycling agent. As shown in Scheme 4, the indirect oxidative 2 

carbonylation of methanol to DMO is a chemical-looping and two-step process 
[67]

. The 3 

first step is the Pd-catalysed CO oxidative coupling to DMO from methyl nitrite and CO 4 

(Eq. 10). The second step is the non-catalytic regeneration of methyl nitrite from 5 

methanol, oxygen and recycled nitric oxide (Eq. 11). Both methyl nitrite and nitric 6 

oxide can be fully recycled in the process. The first step can be operated in a fixed-bed 7 

reactor under moderate reaction conditions. Notably, the water by-product can be easily 8 

removed in the second step (Eq. 11) and thus the DMO synthesis is conducted in an 9 

anhydrous system in the first step (Eq. 10) 
[63,67]

. The overall reaction results in a self-10 

closing and environmentally-benign process, converting C1 feedstocks of CH3OH and 11 

CO to (COOCH3)2 product (Scheme 4). 12 

2CH3ONO + 2CO → (COOCH3)2 + 2NO (10) 

2NO + 2CH3OH + 0.5O2 → 2CH3ONO + H2O (11) 

2CO + 2CH3OH + 0.5O2 → (COOCH3)2 + H2O (12) 

 13 

Scheme 4. Schematic presentation of the commercial indirect oxidative carbonylation 14 

of methanol to DMO process. 15 

 16 
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It should be noted that the recycling agent of methyl nitrite is responsible for the 1 

high activity and selectivity in the indirect oxidative carbonylation of methanol to DMO 2 

(Scheme 4). Methyl nitrite is a reactive molecule due to the weak CH3ONO bond (176 3 

kJ mol
1

) 
[68]

. The dissociation of methyl nitrite on the Pd-based catalysts is widely 4 

considered as the first step for the DMO formation 
[69,70]

. The boiling point of methyl 5 

nitrite is only 12 ºC, which is beneficial for the gas-solid phase reaction. However, the 6 

experimental and theoretical data revealed a potential explosion risk of methyl nitrite 7 

[71]
. To prevent an explosion in the commercial reactors, the concentration of methyl 8 

nitrite should be kept below 20%. Moreover, methyl nitrite can be easily synthesized by 9 

dropping H2SO4 into an aqueous solution of CH3OH and NaNO2 at laboratory scale 10 

(Eq. 13) 
[72]

. The industrial synthesis of methyl nitrite is from methanol, oxygen and 11 

recycled nitric oxide as stated previously (Eq. 11). 12 

2NaNO2 + 2CH3OH + H2SO4 → 2CH3ONO + Na2SO4 + 2H2O (13) 

4. CO oxidative coupling to dimethyl oxalate: Pd-based catalysts 13 

Pd-based catalysts play a crucial role in the process of coal to ethylene glycol. The 14 

second-generation industrial catalyst had a much lower Pd content of 0.13 wt% in 15 

comparison to the first-generation industrial catalyst of 2.0 wt% Pd. The total cost was 16 

decreased by about 25% using the second-generation industrial catalyst 
[32]

. The effects 17 

of the active component (Pd), catalyst supports and promoters have been intensively 18 

investigated. Table 1 summarizes various types of Pd-based catalysts used for the CO 19 

oxidative coupling to DMO. 20 

Table 1 Pd-based catalysts used for the CO oxidative coupling to DMO. 21 

No. Catalyst Pd 

(wt%)
 

CO/CH3O

NO 

GHSV 

(L kg
1

 h
1

) 

T 

(ºC)
 

CO 

conv. 

DMO sel. 

(%)
a
 

TOS 

(h)
b
 

Ref. 
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(mole)
 

(%)
a
 

1 Pd/Al2O3 0.5 1.3 2160 110 39 96 480 
[73]

 

2 Pd/-Al2O3 0.1 2.0 3000 120 42 95 --- 
[74]

 

3 Pd/-Al2O3 0.37 1.4 3000 130 --- 99 100 
[26]

 

4 Pd/-Al2O3 0.5 1.0 2000 110 --- 97 --- 
[38]

 

5 Industrial Pd/-

Al2O3 

2.0 1.4 

3000 130 

34 95 --- 
[32]

 

6 Pd/-Al2O3 0.13 1.4 3000 130 62 97 100 
[32]

 

7 Pd/Mg-ZnO 0.5 1.4 3000 130 67 98 100 
[75]

 

8 Pd/MgO 0.42 1.4 3000 130 63 97 120 
[76]

 

9 Pd/TiO2 0.43 1.4 3000 130 26 90 --- 
[76]

 

10 Pd/-Al2O3 0.41 1.4 3000 130 20 88 --- 
[76]

 

11 Pd/active-carbon 0.42 1.4 3000 130 15 89 --- 
[76]

 

12 Pd/active-carbon 0.5 1.0 2000 110 --- 95 --- 
[37]

 

13 Pd/-Al2O3 0.5 1.0 2000 110 --- 93 --- 
[38]

 

14 Pd/SiO2 0.5 1.0 2000 110 --- 94 --- 
[37]

 

15 Pd/carbon-

nanofiber 

1.0 1.3 4500 

120 71 99 --- 
[77]

 

16 Pd-CeO2/-

Al2O3 

0.8 1.2
c
 1200 

140 65 93
d
 72 

[78]
 

17 Pd-CeO2/-

Al2O3 

1.0 1.2 3500 

140 75 --- --- 
[79]

 

18 Pd-Fe/-

Al2O3/Cordierite 

1.0 1.3 2000 120 60 96 --- 
[80]

 

19 Pd-Fe/-

Al2O3/Cordierite 

1.0 1.3
c
 2500 120 36 93

d
 --- 

[81]
 

20 Pd/ns- 0.25 1.4 3000 150 66 94 200 
[29]
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AlOOH/Al-fiber 

21 Pd/AlOOH/Al-

fiber 

0.26 1.4 3000 

150 67 96 150 
[82]

 

22 PdCx/AlOOH/Al-

fiber 

0.25 1.4 20000 

150 67 95 150 
[83]

 

23 Pd/-Al2O3/Al-

fiber 

0.25 1.4 20000 150 58 95 150 
[84]

 

24 Np-Pd/Al-fiber 0.28 1.4 3000 150 55 95 150 
[85]

 

25 Pd/HKUST-1 5.81 1.6 3000 130 60 91 100 
[86]

 

26 Pd/ZnTi-LDH 0.06 1.4 3000 130 65 96 100 
[87]

 

27 Pd/Zn-Al-O 0.53 1.4 3000 130 64 98 --- 
[88]

 

28 Pd/Nb2O5 1.0 1.6 3000 130 63 93 50 
[89]

 

29 Pd/MgO/-Al2O3 0.4 1.1 4000 125 48 94 100 
[90]

 

30 Pd/-Al2O3- ball-

milling 

1.0 1.4 12000 125 35 99 100 
[91]

 

31 Pd/UiO-66 0.9 1.6 3000 130 30 89 --- 
[92]

 

a
 CO conversion, and DMO selectivity based on the CO or CH3ONO reactant. 1 

b
 Time on steam (TOS). 2 

c
 The CH3CH2ONO is used instead of CH3ONO, and thus the (COOCH2CH3)2 is formed through the 3 

reaction (2CH3CH2ONO + 2CO → (COOCH2CH3)2 + 2NO). 4 

d
 The selectivity of (COOCH2CH3)2 instead of (COOCH3)2. 5 

4.1. Active Pd component of catalysts 6 

Palladium has been demonstrated to be the most active component for the CO 7 

oxidative coupling to DMO [93,94]. However, the industrial Pd/-Al2O3 catalyst needs a 8 

relatively high Pd loading of 2 wt% thus affecting the catalyst price [32]. Therefore, 9 

lowering the Pd content of the catalysts by enhancing the activity is an ongoing avenue 10 
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of research. The recent trends in the development of low-Pd-content catalysts are 1 

summarized below. 2 

4.1.1. Control of Pd size 3 

In the heterogeneous catalysis, the reactants interact with the surface-active sites 4 

while the underlying atoms are not accessible to the reactants in the reaction process 
[95]

. 5 

Hence, reducing the size of the active component is a commonly used method for 6 

producing more active sties 
[96]

. Peng et al. proposed a plausible Cu
2+

-assisted growth 7 

mechanism of Pd nanoparticles during the catalyst preparation (Scheme 5) 
[32]

. The 8 

introduction of Cu
2+

 was found to inhibit the reduction of PdCl4
2

 and changed the 9 

growth kinetics of Pd nanoparticles. The Pd/-Al2O3 catalyst with Cu
2+

-assisted 10 

preparation showed an average size of Pd nanoparticles of 2.7 nm with a Pd dispersion 11 

of 19.8%, while the catalyst without Cu
2+

 had a size of 11.6 nm with a dispersion of 12 

5.4%. This new Pd/-Al2O3 catalyst with an ultra-low Pd loading of only 0.13 wt% 13 

exhibited high activity and stability for the DMO synthesis (Table 1) 
[32]

. Wang et al. 14 

found that the Pd dispersion was sensitive to the thickness of boehmite (AlOOH) 15 

nanosheets support (Scheme 6) 
[82]

. The best-performing catalyst was the one using the 16 

thinnest AlOOH nanosheet of 26 nm loaded with a Pd content of 0.26 wt%. This 17 

catalyst showed high CO conversion of 67% and DMO selectivity of 96%, that 18 

maintained for at least 150 h (Table 1). The anchoring of metal atoms onto surface 19 

oxygen vacancies is an effective method for preparation of single-atom catalysts 
[97]

. 20 

Ling et al. 
[98]

 reported on Pdn (n = 1, 4 and 6) clusters anchored on single-vacancy 21 

graphene with high activity and selectivity for the DMO synthesis by density functional 22 

theory (DFT) calculations. They also found that Pd clusters loaded on TiO2 with an 23 



15 

 

oxygen vacancy (TiO2-v) had a remarkable influence on the catalytic performance 1 

following the order of Pd4/TiO2-v  Pd6/TiO2-v  Pd2/TiO2-v  Pd3/TiO2-v 
[99]

. 2 

 3 

Scheme 5. Schematic diagram of catalyst with Pd nanoparticles prepared in the 4 

presence of Cu
2+

 ions. (Reproduced with permission from ref.
[32]

. Copyright 2013 Royal 5 

Society of Chemistry). 6 

 7 

 8 

Scheme 6. Schematic diagram representing the effect of boehmite (AlOOH) 9 

morphology on the Pd dispersion over the Pd/AlOOH/Al-fiber catalyst. (Reproduced 10 

with permission from ref.
[82]

. Copyright 2017 American Chemical Society). 11 

 12 
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4.1.2. Control of Pd facet 1 

Studies on single crystal surfaces have revealed that different crystal planes 2 

exhibit diverse catalytic performance 
[100]

. The possibility to enhance the catalyst 3 

activity by synthesizing shape-controlled nanomaterials has been reported 
[101]

. Xu et al. 4 

synthesized the mono-dispersed Pd nanocrystals with exposed (111) or (100) facets 5 

through preferentially oriented facet growth method (Figure 1). They found that the 6 

(111) facets of Pd nanocrystals are the active planes for the DMO synthesis 
[26]

. Five 7 

kinds of Pd nanoparticles including concave cubes, nano-cubes, truncated octahedral, 8 

decahedra and icosahedra shapes were prepared by a liquid-phase reduction approach 9 

[102]
. It was demonstrated that the Pd (111) facets were responsible for the high activity 10 

of DMO synthesis, as the result of promoted adsorption of bridged CO 
[102]

. Wang et al. 11 

reported the preparation of nanoporous palladium (np-Pd) catalyst on microfibrous-12 

structured Al-fibers for the DMO synthesis (Figure 2) 
[85]

. The catalyst of np-Pd/Al-13 

fiber was fabricated by a spontaneous deposition of Pd
2+

 and Al metal (2Al + 3Pd
2+

  14 

2Al
3+

 +3Pd). The catalyst with a Pd loading of 0.28 wt% showed four times higher 15 

intrinsic activity (i.e., turnover frequency) than the Pd/-Al2O3 catalyst. 16 
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 1 

Figure 1. TEM images of Pd (a,b) nano-polyhedra and (c,d) nano-cubes. Insets of (a,c) 2 

are the corresponding size distributions of Pd. Insets of (b,d) show the corresponding 3 

FFT patterns and models. (Reproduced with permission from ref.
[26]

. Copyright 2013 4 

American Chemical Society). 5 

 6 

 7 
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Figure 2. (A) Schematic illustration for the preparation of np-Pd/Al-fiber catalyst (np: 1 

nanoporous). (B, C) SEM and (D) TEM images of the np-Pd/Al-fiber catalyst. 2 

(Reproduced with permission from ref.
[85]

. Copyright 2019 Elsevier). 3 

 4 

4.1.3. Control of Pd structure 5 

The preparation of highly active catalysts with low Pd content by constructing 6 

novel structures has been reported 
[103,104]

. A high-performance and low Pd-containing 7 

catalyst was prepared by carburizing a Pd/AlOOH/Al-fiber (0.25 wt% Pd) using 8 

ethylene gas 
[83]

. The O2-TPO results suggested that an amorphous carbon was 9 

‘physically’ attached on the surface of Pd nanoparticles (a peak at 239 ºC in the O2-10 

TPO). While the peaks at 325 and 450 ºC in the O2-TPO implied that the carbon on the 11 

Pd nanoparticles resulted in the formation of surface PdCx species (Figure 3) 
[105,106]

. 12 

These PdCx species improved the turnover frequency (TOF) of the DMO synthesis 
[83]

. 13 

An egg-shelled Pd/-Al2O3 pellet catalyst was prepared by adjusting the pH of the 14 

precursor solution 
[107]

. It was reported that the Pd active component should be placed as 15 

a thin layer at the external surface of the pellet. The optimal Pd loading and 16 

impregnated depth of the catalyst were 0.10 wt% and 16 m, respectively. In addition, 17 

the paired- and isolated-Pd
2+

 centers have been embedded in the MOFs framework of 18 

HKUST-1 type material 
[86]

. The synthesized paired-Pd
2+

/HKUST-1 catalyst showed a 19 

high DMO selectivity of 91%, while the isolated-Pd
2+

/HKUST-1 catalyst exhibited a 20 

high dimethyl carbonate selectivity of 85%. This suggested that the DMO was formed 21 

from the neighboring COOCH3 species adsorbed on the paired-Pd
2+

 centers through the 22 

Langmuir-Hinshelwood mechanism, while the dimethyl carbonate was generated by the 23 

gaseous CH3ONO and COOCH3 species adsorbed on the isolated-Pd
2+

 centers through 24 

the Eley-Rideal mechanism. 25 
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 1 

Figure 3. The O2-TPO profiles of the fresh PdCx/AlOOH/Al-fiber catalyst (CAT-2) 2 

(A), and the CAT-2 samples after post calcination in air at (B) 250 ºC: CAT-2/250, (C) 3 

300 ºC: CAT-2/300 and (D) 400 ºC: CAT-2/400. (E) Schematic illustration of the 4 

evolution behaviour of carbon species after calcination. Note: the mass spectrometer 5 

(MS) intensity at m/e 44 represents the CO2. (Reproduced with permission from ref.
[83]

. 6 

Copyright 2019 Elsevier). 7 

Furthermore, Han et al. reported that both Pd single-atom-doped Cu (111) and 8 

Ag (111) surfaces exhibited higher activity than pure Pd (111) based on DFT 9 

calculations 
[108,109]

. It is worth noting that both Cu (111) and Ag (111) participated in 10 

the adsorption of CO and CH3ONO reactants and the formation of DMO. Based on the 11 

reaction mechanism conducted by DFT, a Cu monolayer supported on carbon-12 

terminated Mo2C(001) (CuML/Mo2C(001)-C) exhibited high activity for DMO synthesis 13 

due to the synergistic effect between the Cu monolayer and the Mo2C(001) 
[110]

. 14 
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Therefore, it is reasonable to consider elements close to Pd in the periodic table, such as 1 

Fe, Co, Ni, Cu, Zn, and Ag, as potential candidates for non-noble metal doping catalysts 2 

to replace the high-cost Pd catalysts. However, palladium is widely considered to be the 3 

most active component for DMO synthesis. The effectiveness of tuning the Pd active 4 

sites can be ranked in the following order: the control of Pd size > the control of Pd 5 

structure > the control of Pd facet. 6 

4.2. Catalyst supports 7 

4.2.1. Types of catalyst support 8 

Acidity of catalyst support is considered to be harmful to DMO formation. It 9 

was suggested that acid sites can accelerate the decomposition of methyl nitrite reactant 10 

(Eq. 14), which is a parallel competing reaction to the DMO formation 
[111]

. Uchiumi et 11 

al. reported the decomposition of methyl nitrite on acid sites with a very low activation 12 

energy of 52.7 kJ mol
1

 based on Gaussian calculations 
[38]

. The effect of alkyl nitrite 13 

decomposition on the catalytic performance was also reported by Li et al. 
[112]

. By 14 

combining experimental and DFT studies it was found that the ethyl nitrite decomposed 15 

more easily than the methyl nitrite using the same Pd-Fe/-Al2O3 catalyst. Yamamoto 16 

showed that the Pd supported on active carbon, SiO2, SiO2-Al2O3, NaY exhibited lower 17 

activity than on -Al2O3 support 
[37]

. The high activity of -Al2O3 support may be 18 

attributed to its neutral property and the optimal interaction between Pd and the support 19 

[113,114]
. 20 

4CH3ONO  CHOOCH3 + 2CH3OH + 4NO (14) 

The catalytic activity of Pd supported catalysts is strongly dependent on the type 21 

of supports, and thus it is essential to consider the development of new supports for the 22 

CO oxidative coupling to DMO 
[115]

. Peng et al. firstly found that the basic MgO could 23 
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be employed as an appropriate support for DMO synthesis 
[76]

. CO conversion increased 1 

from 43% to 69% with increasing the Pd loading from 0.1 wt% to 2.0 wt% on the MgO 2 

support, as the result of the increased and accessible surface-active sites. Yang et al. 3 

demonstrated that a Pd/MgO/-Al2O3 catalyst exhibited 3 times higher space time yield 4 

than that of Pd/-Al2O3 
[90]

. The -Al2O3 surface was covered by 30 wt% MgO layer, 5 

which increased the surface basicity and enhanced the interactions between Pd and 6 

MgO. Wang et al. reported the use of boehmite (AlOOH) nanosheet support with a low 7 

Pd loading (0.25 wt%), and the as-obtained Pd/AlOOH/Al-fiber catalyst showed high 8 

activity and stability for DMO synthesis 
[94]

. The AlOOH nanosheets on the Al-fiber 9 

were prepared with the aid of oxidation reaction between Al metal and water (2Al + 10 

4H2O  2AlOOH + 3H2). After the oxidation of Al metal, the AlOOH nanosheets were 11 

formed and disorderedly aligned to a homogeneous honeycomb-like shell along with the 12 

Al-fiber core (Figure 4). The method for preparation of AlOOH nanosheets can be 13 

applied to various shaped Al substrates, including powders, foams, wires, foils, tubes 14 

and microchannels (Figure 5) 
[94]

. The results of reaction pathway, energy barrier and 15 

microkinetic analysis deduced from DFT calculations, predicted that the Pd supported 16 

on defective graphene, TiO2 with oxygen vacancy, C2N motif, and N-doped or oxidized 17 

graphene are effective catalysts for the DMO synthesis 
[98,99,116-118]

. 18 
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 1 

Figure 4. (A) Low-magnification SEM image, showing a characteristic irregular 3D 2 

open network (inset: optical photograph). (B) High-magnification SEM image, showing 3 

honeycomb-like morphology of boehmite (AlOOH) nanosheets (inset: thickness of 4 

nanosheets). (C) SEM image of core(Al-fiber)-shell(AlOOH) material. (D) N2 5 

adsorption-desorption isotherm of core(Al-fiber)-shell(AlOOH) material (inset: Barrett-6 

Joyner-Halenda (BJH) mesopore size distribution). (Reproduced with permission from 7 

ref.
[94]

. Copyright 2015 Royal Society of Chemistry). 8 

 9 
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 1 

Figure 5. The optical photographs and SEM images of (A1,A2) Al powders, (B1,B2) 2 

Al foams, (C1,C2) Al wires, (D1,D2) Al foils, (E1,E2) Al tubes and (F1,F2) Al 3 

microchannels after the oxidation of Al metal in steam flow at 120 ºC for 6 h. 4 

(Reproduced with permission from ref.
[94]

. Copyright 2015 Royal Society of 5 

Chemistry). 6 

 7 

4.2.2. Interactions between active Pd and support 8 

Although the nature of metals plays an important role in the catalytic 9 

performance, the interactions of the supports with the nanoparticles are considered as an 10 

integral part in controlling the activity and stability of metal supported catalysts 
[119-121]

. 11 

A nearly linear relationship between the turnover frequency (TOF) and the amount of 12 

hydroxyls on the Pd/AlOOH/Al-fiber catalysts has been found (Figure 6) 
[29]

. All four 13 

catalysts considered for establishing the relationship possessed identical Pd loading, 14 

similar Pd nanoparticle size and Pd oxidation state while contained different hydroxyl 15 

groups. Based on this study, it was suggested that the Pd-hydroxyl interactions were 16 

responsible for the intrinsic activity improvement. In situ diffuse reflectance infrared 17 
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Fourier transform spectroscopy (DRIFTS) experiments further confirmed that hydroxyl 1 

groups promoted the adsorption of bridged CO, which is an active intermediate for the 2 

DMO formation 
[29,70]

. In addition, a high-surface-area α-Al2O3 rich in hydroxyls was 3 

prepared by ball-milling approach 
[91]

. The surface hydroxyls inhibited the aggregation 4 

of Pd nanoparticles and enhanced the interactions between Pd and α-Al2O3 support. The 5 

optimal Pd/α-Al2O3-B800 catalyst exhibited the highest DMO space time yield of 2663 6 

g L
1

 h
1

 and 99.8% DMO selectivity. 7 

 8 

Figure 6. (A) The TPD profiles of dehydroxylation (the data in parentheses show the 9 

peak areas from 150 ºC to 580 ºC) and (B) the linear relationship between the hydroxyl 10 

amount (TPD peak areas) and TOFs of the four catalysts. (Reproduced with permission 11 

from ref.
[29]

. Copyright 2016 Elsevier). 12 

 13 

A Pd/ZnO catalyst with high CO conversion of 67% and DMO selectivity of 14 

98% at 130 ºC was also presented by Peng et al. (Figure 7) 
[75]

. The Pd/ZnO catalyst 15 

gradually deteriorated within 100 h (Figure 7). In order to ameliorate the problem, Mg
2+

 16 

ions were introduced into the ZnO support. Interestingly, the Pd catalyst supported on 17 

the Mg
2+

-doped ZnO (Pd/Mg-ZnO) was found to be stable for at least for 100 h (Figure 18 

7). The HAADF-STEM-EDS elemental mapping showed that the Zn and Mg were 19 

homogeneously distributed on the Mg
2+

-doped ZnO support. Fourier transform infrared 20 

spectroscopy (FTIR), and H2-temperature-programmed reduction (H2-TPR) results 21 
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further indicated that the Mg
2+

 ions resulted in a strong metal-support interaction caused 1 

by electron transfer from the ZnO support to the Pd nanoparticles, thus resulting in 2 

excellent resistance of Pd to sintering. 3 

 4 

Figure 7. (a) CO conversion and DMO selectivity on the Pd/ZnO and Pd/Mg-ZnO 5 

catalysts as a function of reaction temperature for the CO oxidative coupling to DMO. 6 

(b) Lifetime test of Pd/ZnO and Pd/Mg-ZnO catalysts at 130 ºC. (Reproduced with 7 

permission from ref.
[75]

. Copyright 2015 American Chemical Society). 8 

 9 

Ultrathin ZnTi-layered double hydroxide (LDH) nanosheets with abundant 10 

oxygen defects were prepared and used to anchor Pd clusters 
[87]

. The Pd/ZnTi-LDH 11 

catalyst with rich oxygen defects showed excellent stability for the DMO synthesis, 12 

while the Pd/ZnAl-LDH catalyst with low oxygen defects exhibited relatively poor 13 

stability. The interfacial electron transfer was 0.62 e on the Pd/ZnTi-LDH catalyst and 14 

only 0.08 e on the Pd/ZnAl-LDH catalyst. It was suggested that the Pd clusters possibly 15 

occupied the oxygen defects and were bonded with Zn and Ti atoms, thus forming a 16 
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metal-metal bond on the ZnTi-LDH nanosheets. The interfacial electron transfer via 1 

defect induction was responsible for the high stability (Scheme 7). In addition, 2 

hierarchical Nb2O5 microspheres 
[89]

 and spinel-like Zn-Al-O oxide 
[88]

 rich in oxygen 3 

defects were also prepared and used for the stabilization of Pd clusters. The electron 4 

transfer between Pd and Nb species led to the formation of interfacial Pd-NbOx sites on 5 

the Pd/Nb2O5 catalyst, which contributed to the high catalytic performance for the DMO 6 

synthesis. 7 

 8 

Scheme 7. Schematic presentation of the metal-support interactions via introduction of 9 

oxygen defects. (Reproduced with permission from ref.
[87]

. Copyright 2021 American 10 

Chemical Society). 11 

 12 

Recently, Pd nanoparticles of about 2 nm were incorporated into the metal-13 

organic frameworks (MOFs) UiO-66-X (X = H, NO2, NH2), forming Pd@UiO-66-14 

X catalyst (Figure 8) 
[92]

. The Pd@UiO-66-X catalyst exhibited high selectivity of 15 

dimethyl carbonate of 99%, while the Pd nanoparticles on the surface of UiO-66 16 

(Pd/UiO-66) showed high DMO selectivity of 89% (Scheme 8). It was revealed that the 17 

microenvironment of Lewis acid sites could affect the interface between Pd and Zr-oxo 18 

clusters, and thus Pd location relative to the UiO-66 support was closely related to the 19 

product selectivity. 20 
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 1 

Figure 8. The HAADF-STEM images and corresponding elemental mapping of (ad) 2 

Pd@UiO-66 and (eh) Pd/UiO-66; (i) Schematic diagram for slicing up of resin-3 

embedded catalysts; (j) sliced Pd@UiO-66 and (k) sliced Pd/UiO-66 catalysts. 4 

(Reproduced with permission from ref.
[92]

. Copyright 2023 Wiley-VCH). 5 

 6 

 7 
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Scheme 8. Schematic diagram for different catalytic performance on the syntheses of 1 

DMO and dimethyl carbonate (DMC) over the Pd@UiO-66-X (X = H, NO2, NH2) 2 

and Pd/UiO-66 catalysts. (Reproduced with permission from ref.
[92]

. Copyright 2023 3 

Wiley-VCH). 4 

 5 

4.3. Catalyst promoters 6 

The promoter by itself has little or no catalytic effect, while interacting with the 7 

active component the promoter would alter the performance of the catalysts 
[122,123]

. For 8 

example, Pd/-Al2O3 catalyst with an iron promoter showed high catalytic activity and 9 

was stable for 1000 h 
[124]

. The results suggested that the iron promoter was 10 

preferentially dispersed on the -Al2O3 support, and the active component Pd preferred 11 

to locate on the FeO layer. In summary, the sandwich-like Pd/FeO/-Al2O3 structure 12 

was formed. Additionally, Zhao et al. confirmed that the Fe promoter increased the 13 

dispersion of Pd 
[125]

. The Pd loading was reduced from 1.0 wt% to 0.3 wt% without 14 

lowing the activity of the catalysts. It was found that the CeO2 promoter not only 15 

improved the Pd dispersion, but also enriched the Pd concentration on the catalysts 16 

surface 
[79]

. The adsorption of CO on the Pd-CeO2/-Al2O3 catalyst was stronger than 17 

that on the Pd/-Al2O3 catalyst, which played an important role in the DMO formation. 18 

Another study reported on the Mg promoter added into the Pd/ZnO catalyst for the 19 

DMO synthesis 
[75]

. It was demonstrated that a small portion of Mg
2+

 ions promoter was 20 

incorporated into the lattice of the ZnO support. The introduction of Mg
2+

 ions caused 21 

the electron transfer from the ZnO support to Pd nanoparticles that restrained the Pd 22 

sintering and thereby enhanced the catalysts stability 
[75]

. Zhao et al. based on DFT 23 

calculations suggested that the Cu promoter improved both the conversion and 24 
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selectivity of the Pd/Graphdiyne catalyst 
[27]

. The decreased charge density of Pd 1 

clusters was found to be responsible for the enhanced DMO selectivity. 2 

5. CO oxidative coupling to dimethyl oxalate: reaction mechanism 3 

Understanding the reaction mechanism is of great importance for the rational design and 4 

fine tuning of catalysts 
[126-128]

. Although the CO oxidative coupling to DMO has been 5 

successfully industrialized, the reaction mechanism is still open for debate. The reaction 6 

intermediates, rate-determining step, reaction pathway and kinetics will be presented in 7 

the following subsections. 8 

5.1. Reaction intermediates 9 

The dissociation of methyl nitrite (CH3ONO) on the Pd-based catalysts is 10 

considered as the first step for DMO formation. The dissociation adsorption of 11 

CH3ONO formed the CH3O* and NO* species (*, a surface site) 
[93]

. As shown in 12 

Figure 9, the CH3O* species were detected by DRIFTS spectroscopy; the CH3ONO 13 

adsorption suggested that the formed NO* desorbed directly or partially migrated to the 14 

support and generated the nitrates and nitrites 
[129,130]

. Further the catalytic dissociation 15 

of CH3ONO to CH3O* and NO* was proved by DFT; a low activation energy of 0.03 16 

eV was calculated in the presence of catalyst, while without catalysts the activation 17 

energy is as high as 1.91 eV 
[131]

. Other DFT calculations approved that the dissociation 18 

adsorption of CH3ONO resulted in the formation of CH3O* species 
[132,133]

. 19 
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 1 

Figure 9. DRIFTS spectra of methyl nitrite (CH3ONO) reactant adsorbed on the 2 

Pd/AlOOH/Al-fiber catalyst at different temperatures: (a) 35, (b) 50, (c) 100 and (d) 150 3 

ºC. The bands at 2947, 2826 and 1035 cm
1

 were attributed to the stretching vibration 4 

() of CH3 and CO corresponding to the OCH3 species. The bands at 1605, 1524, 5 

1410, 1330 and 1308 cm
1

 were assigned to the alumina bound nitrates and nitrites. 6 

(Reproduced with permission from ref.
[93]

. Copyright 2016 Elsevier). 7 

 8 

Carbon monoxide is not only a common probe molecule but also the reactant for 9 

DMO synthesis. Two main categories of carbonyls were identified on Pd
0
 characterized 10 

by the CO stretching vibrations: linear CO species in the 21302000 cm
1

 region and 11 

bridged CO species in the 20001800 cm
1

 region 
[134,135]

. There is still ongoing 12 

discussion whether the linear or bridged CO takes part in DMO formation. Ji et al. 13 

revealed that CO adsorption generated linear and bridged CO species on the Pd/-Al2O3 14 

catalyst, but only the bridged CO participated in the DMO synthesis 
[70]

. Wang et al. 15 

observed that the bridged CO was consumed by the pulsed CH3ONO reactant at 100 ºC 16 

and 150 ºC on the Pd/AlOOH/Al-fiber and Pd/-Al2O3 catalysts, respectively (Figure 17 

10) 
[29]

. They found that the CO conversion was related to the adsorption of bridged CO. 18 

In conclusion, the linear CO was reported as a spectator and only bridged CO was a 19 
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participant for the CO oxidative coupling to DMO. In addition, Gao et al. suggested that 1 

the active linear CO easily inserted metal ion-alkoxyl ion bond, since the adsorption of 2 

linear CO was weaker than that of bridged CO 
[69]

. Additionally, the CO adsorption on 3 

the Pd/-Al2O3 catalyst mainly was linear, and thereby suggested that linear CO 4 

participated in the DMO formation 
[26]

. However, the band of linear CO was overlapped 5 

with the gaseous CO, and it was difficult to evaluate the amount of linear and bridged 6 

CO 
[26]

. 7 
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Figure 10. Dynamic changes of DRIFTS spectra on the (a,b) Pd/AlOOH/Al-fiber 1 

(CAT-1) and (c,d) Pd/α-Al2O3 catalysts with pre-adsorbed CO reactant at 100 ºC and 2 

150 ºC as a function of CH3ONO pulse number (0, 1, 3, 5, 9, 13, 17 and 25), and the 3 

relationship between the band area of bridged CO (20051800 cm
1

) and pulse number. 4 

(Reproduced with permission from ref.
[29]

. Copyright 2016 Elsevier). 5 

 6 

5.2. Reaction pathway and rate-determining step 7 

Reaction pathway analysis shows the consumption of reactants, the formation of 8 

intermediates and products during the reaction process 
[136,137]

. Based on the 9 

stoichiometric equation of DMO formation (Eq. 10), Waller 
[138]

 proposed a possible 10 

COOCH3COOCH3 coupling route. The reaction was initiated by the oxidative addition 11 

of CH3ONO reactant to generate an intermediate NOPdOCH3, followed by the 12 

insertion of CO reactant to generate an intermediate NOPdCOOCH3, which was 13 

coupled with another NOPdCOOCH3 intermediate to yield DMO. The COCOOCH3 14 

coupling route involving the consecutive CO insertion into NOPdCOOCH3 forming 15 

NOPdCOCOOCH3 and reacting with NOPdOCH3 to produce DMO was also 16 

proposed 
[138]

. The reaction pathway focused on the two ways of coupling carbon atoms, 17 

including the COOCH3COOCH3 and COCOOCH3 coupling routes. 18 

The reaction mechanism was revealed by conducting a series of in situ DRIFTS 19 

experiments 
[93]

. An unknown intermediate consisting of C=O and CO stretching 20 

vibrations and CH3 rocking vibration was captured by both steady-state and dynamic 21 

pulse experiments. The intermediate was confirmed to be COCOOCH3* through the 22 

dissociative adsorption of CH3COCOCl thus matching well with the observed 23 

intermediates. Thus, the COCOOCH3 coupling route was proposed to be more 24 
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probable (Scheme 9); the consumption of COCOOCH3* was the rate-determining step 1 

for the DMO formation 
[93]

. 2 

 3 

Scheme 9. Proposed mechanism of the CO oxidative coupling to DMO complied with a 4 

COCOOCH3 coupling route. (Reproduced with permission from ref.
[93]

. Copyright 5 

2016 Elsevier). 6 

 7 

The catalytic reaction mechanism on a Pd (111) surface was further elucidated 8 

by DFT 
[132]

. The OCH3* species was reported to approach the CO and formed the first 9 

COOCH3* intermediate via a transition state (Figure 11), followed by the second 10 

COOCH3* intermediate generation (an energy barrier of 15.21 kcal mol
1

). However, a 11 

very high energy barrier of 37.18 kcal mol
1

 was required due to the formation of 12 

carbon-carbon bond, steric effect and electrostatic interactions. This strongly suggested 13 

that the COOCH3COOCH3 coupling route was extremely difficult. Compared with the 14 

COOCH3COOCH3 coupling, the COCOOCH3 coupling route occurred at early stage 15 

with a low steric hindrance, and only needed to overcome a moderate barrier of 27.39 16 

kcal mol
1

. In summary, the COCOOCH3 coupling route was suggested to be more 17 

favorable than the COOCH3COOCH3 coupling route on the Pd (111) surface 
[132]

. 18 
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 1 

Figure 11. The energy profile of the COOCH3COOCH3 coupling route for the CO 2 

oxidative coupling to DMO. All energies are given in kcal mol
1

. The MS and TS 3 

represent the intermediate state and transition state, respectively. (Reproduced with 4 

permission from ref.
[132]

. Copyright 2015 Royal Society of Chemistry). 5 

 6 

Han et al. 
[139]

 also investigated the catalytic reaction mechanism on a Pd (111) 7 

surface by DFT. As shown in Scheme 10, three possible pathways for the CO oxidative 8 

coupling to DMO were considered, including COOCH3COOCH3 (Path 1), 9 

COCOOCH3 (Path 2) and COCO coupling routes (Path 3). The OCH3* approached 10 

the carbon of the adsorbed CO* through its oxygen forming the first COOCH3* (Path 1, 11 

Figure 12). The formation of the second COOCH3* was exothermic (17.5 kJ mol
1

) 12 

with an energy barrier of 52.5 kJ mol
1

 (Path 1, Figure 12). Subsequently, DMO was 13 

generated by two COOCH3* coupling with a high energy barrier of 120.6 kJ mol
1

, 14 

which was the rate-determining step of Path 1. In Path 2, the formation of 15 

COCOOCH3* needed to overcome a high energy barrier of 160.1 kJ mol
1

 (Figure 12). 16 

In Path 3, the coupling of two adsorbed CO* was accompanied by a high energy barrier 17 

of 165.0 kJ mol
1

. As a result, the COOCH3COOCH3 coupling route was suggested as 18 

the favorable pathway for the CO oxidative coupling to DMO on the Pd (111) surface 19 
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(Figure 12). This result is varying to the previous DFT calculations, possibly due to the 1 

differences in software packages (Dmol
3
 software package vs. Vienna ab initio 2 

simulation package (VASP)) used and Pd models applied (five-layer slabs with a 3 

p(     ) supercell vs. three-layer supercell with dimensions of 3  4  1) 
[132]

. In 4 

addition, the formation of dimethyl carbonate had to overcome a high energy barrier of 5 

153.5 kJ mol
1

, which was much higher than 120.6 kJ mol
1

 of COOCH3COOCH3 6 

coupling to DMO 
[139]

. This was consistent with the fixed-bed result reporting the high 7 

DMO selectivity of 94% while the low selectivity of dimethyl carbonate was only 6% 8 

[29]
. 9 

 10 

 11 

Scheme 10. The three possible pathways for the CO oxidative coupling to DMO. 12 

Reproduced with permission from ref.
[139]

. Copyright 2018 Royal Society of 13 

Chemistry). 14 

 15 
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 1 

Figure 12. Potential energy diagram of the CO oxidative coupling to DMO, and the 2 

corresponding configuration of initial states, transition states and final states on the Pd 3 

(111) surface. (Reproduced with permission from ref.
[139]

. Copyright 2018 Royal 4 

Society of Chemistry). 5 

 6 
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A comprehensive kinetic model including the COOCH3COOCH3 and 1 

COCOOCH3 coupling routes was proposed (Scheme 10) 
[25]

. The Langmuir-2 

Hinshelwood (LH) mechanism with dissociation of CH3ONO based on the 3 

COOCH3COOCH3 coupling described well the overall reaction. The kinetic model 4 

demonstrated that the strong competitive adsorption of CO and NO would suppress the 5 

reaction rate. The correctness of the model was verified by three pilot-scale fixed-bed 6 

reactors. The kinetic model is an essential basis for the design of commercial reactor 7 

and optimization of operation conditions. 8 

5.3. Reaction kinetics 9 

Reaction kinetics study provides the important information about reaction rates, 10 

reaction intermediates and pathways 
[140]

. Several features of the CO oxidative coupling 11 

to DMO have been observed by Uchiumi et al. 
[38]

: (1) the formation rate of DMO 12 

reached a maximum when the partial pressure of CO reactant was about 20%; (2) the 13 

reaction rate depended on the partial pressure of CH3ONO reactant; (3) the NO product 14 

could retard the DMO formation; and (4) the reaction rate was independent of the 15 

concentration of alcohol. A power-law equation according to a Langmuir-Hinshelwood 16 

mechanism was also reported (Eq. 15) 
[93]

. The reaction order of 0.83 with respect to 17 

CH3ONO reactant indicated the reaction rate was related to the partial pressure of 18 

CH3ONO. The reaction order of 1.11 of CO reactant showed a suppression effect on 19 

the reaction rate, suggesting the competitive adsorption between CO and CH3ONO 20 

reactants on the active sites. 21 

                  
        

  
    

        
     (15) 

Meng et al. 
[141,142]

 studied the reaction kinetics of the CO oxidative coupling to 22 

diethyl oxalate (2CH3CH2ONO + 2CO → (COOCH2CH3)2 + 2NO), similar to the CO 23 
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oxidative coupling to DMO (2CH3ONO + 2CO → (COOCH3)2 + 2NO). First, both 1 

internal and external diffusion by kinetic experiments were studied. The reaction was 2 

found to be kinetically controlled at the following conditions: a catalyst particle size less 3 

than 3 mm, a flow rate larger than 0.1 mol h
1

 and a reaction temperature below 116 ºC. 4 

The power-law model was proposed and kinetic parameters were calculated according 5 

to the damped least-square method (Eqs. 16 and 17). The generated nitrogen monoxide 6 

partially occupied the active sites and thus showed an inhibiting effect of the formation 7 

of diethyl oxalate. 8 

              
        

  
    

       
       

      (16) 

               
        

  
    

       
       

      (17) 

Where DEO is diethyl oxalate, DEC diethyl carbonate, and EN ethyl nitrite. 9 

Further microkinetic modeling of surface reactions allowing better 10 

understanding of the reaction mechanism was reported 
[143,144]

. The microkinetic 11 

analysis with DFT was used to identify the key reaction intermediates and rate-12 

determining step, thereby providing critical information for catalysts design 
[145-149]

. The 13 

microkinetic modeling provided information of catalytic activity and selectivity for the 14 

CO oxidative coupling to DMO on Pd (111), Pd-Cu (111) and Pd-Al (111) surfaces 15 

[139,150]
. All possible reaction steps for DMO formation were listed in Table 2. The site 16 

balance of surface coverage () of different reaction intermediates and active sites (*) 17 

can be presented as follows (Eq. 18). 18 

                                       (18) 

 19 
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Table 2 All possible elementary reactions of the DMO formation for the CO oxidative 1 

coupling to DMO. (Reproduced with permission from ref.
[139]

. Copyright 2018 Royal 2 

Society of Chemistry). 3 

No. Rate constant Elementary reactions (*, a surface site) 

1 k1 CO* + OCH3*  COOCH3* 

2 k2 COOCH3* + CO* + OCH3*  2COOCH3* + * 

3 k3 2COOCH3*  (COOCH3)2 + 2* 

4 k4 COOCH3* + CO*  OCCOOCH3* + * 

5 k5 OCCOOCH3* + OCH3*  (COOCH3)2 + 2* 

6 k6 2CO*  OCCO* + * 

7 k7 OCCO* + OCH3*  OCCOOCH3* + * 

8 k8 COOCH3* + OCH3*  CO(OCH3)2 + 2* 

 4 

The calculated rate constants (k) (Table 3) indicated that the elementary 5 

reactions of 2COOCH3*  (COOCH3)2 + 2*, COOCH3* + CO*  OCCOOCH3* + *, 6 

and 2CO*  OCCO* + *, were the rate-determining steps in the Path 1, Path 2 and 7 

Path 3 of DMO formation (Scheme 10) on Pd (111) surface, respectively 
[139]

. The 8 

surface coverage () of COOCH3* was about 1.00 while the sum of other reaction 9 

intermediates was lower than 0.01. Based on the law of mass action, the reaction rates 10 

(r) of DMO and DMC were proportional to the surface coverage () of reaction 11 

intermediates and rate constants (k). The calculated reaction rates of DMO (rDMO) were 12 

much higher than that of DMC in the temperature range of 102142 ºC (e.g., rDMO of 13 

4.7210
6

 s
1

 vs. rDMC of 4.02 10
14

 s
1

 at 102 ºC; Table 3) 
[139]

. This suggested that the 14 

formation of DMC byproduct was difficult, which was consistent with experimental 15 
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results (DMO selectivity of 98% vs. DMC selectivity of 2% at 110 ºC on the Pd-based 1 

catalysts) 
[29]

. 2 

 3 

Table 3 The rate constant (k, s
1

), surface coverage () of different reaction 4 

intermediates, and reaction rates (r, s
1

) of DMO and DMC in the temperature range of 5 

102142 ºC on Pd (111) surface for the CO oxidative coupling to DMO. (Reproduced 6 

with permission from ref.
[139]

. Copyright 2018 Royal Society of Chemistry). 7 

Entry 102 ºC 112 ºC 122 ºC 132 ºC 142 ºC 

k1 2.1310
6 

2.9310
6
 3.9710

6
 4.5910

6
 6.9410

6
 

k2 2.5210
4
 3.8910

4
 5.8710

4
 7.1610

4
 1.2610

5
 

k3 4.7210
6

 1.2910
5

 3.3510
5

 5.3110
5

 1.9810
4

 

k4 1.5410
10

 5.9210
10

 2.1210
9

 3.9210
9

 2.2710
8

 

k5 4.0310
8
 5.2810

8
 6.8110

8
 7.7010

8
 1.0910

9
 

k6 2.9410
11

 1.1710
10

 4.3210
10

 8.1210
10

 4.9110
9

 

k7 1.4910
9
 1.9810

9
 2.6010

9
 2.9610

9
 4.3010

9
 

k8 1.4310
9

 5.2310
9

 1.7910
8

 5.7910
8

 1.7710
7

 

* 5.0410
27

 1.8310
26

 7.6010
26

 2.5310
25

 1.0710
24

 

CO 7.7610
8

 9.2710
8

 1.3510
7

 1.6410
7

 2.6810
7

 

OCH3 2.8110
5

 4.6810
5

 6.2010
5

 6.9410
5

 1.0410
4

 

COOCH3 1.00 1.00 1.00 1.00 1.00 

COCOOCH3 1.0610
21

 2.2210
21

 6.7610
21

 1.2110
20

 5.3310
20

 

OCCO 4.2210
30

 1.0810
29

 4.8610
29

 1.0710
28

 7.8810
28

 

rDMO 4.7210
6

 1.2910
5

 3.3510
5

 5.3110
5

 1.9810
4

 

rDMO 4.0210
14

 2.4510
13

 1.1110
12

 4.0210
12

 6.0410
12

 

 8 
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6. CO oxidative coupling to dimethyl oxalate: process intensification using 1 

structured catalysts 2 

For commercial applications, powder catalysts need to be shaped and meet the 3 

requirements for industrial reactors 
[151,152]

. The packed-bed/fixed-bed reactors are 4 

widely used for catalytic processes. However, the random nature of the shaped catalyst 5 

packing poses some problems, such as flow maldistributions, dead zones, bed 6 

channeling, packing issues and high pressure drop 
[153]

. Additionally, unexpected hot 7 

spots and thermal runaway may occur for strong exothermic reactions 
[154]

. These 8 

negative effects result in poor intraparticle/interbed mass and heat transfer rates, and 9 

thus decrease the overall performance 
[155]

. 10 

To address the problems of traditional packed-bed reactors, structured catalysts 11 

and reactors (SCRs) have been developed. The most well-known SCRs are the ceramic 12 

honeycomb type catalysts 
[156]

. The honeycomb catalysts consist of millimeter-sized 13 

opening parallel channels with a void fraction of 0.70.9 (lower than 0.5 for typical 14 

packed-bed reactors). Such structures of SCRs showed a pressure drop up to two orders 15 

of magnitude lower than that in conventional packed-bed reactors 
[157]

. The SCRs 16 

showed remarkable enhancement and improvement in both catalytic performance and 17 

reactor engineering 
[158,159]

. The SCRs allowed a controlled integration of active 18 

components with optimized compositions and morphologies 
[160,161]

. Thus the SCRs 19 

were used in hydrogenation of dimethyl oxalate 
[162]

, dehydrogenation of ethane 
[163]

, 20 

methane reforming to syngas 
[164]

, catalytic combustion of methane 
[165]

, and methanol 21 

to propylene processes 
[166]

. The SCRs demonstrated enhanced heat/mass transfer, low 22 

pressure drop, uniform flow patterns and residence times 
[167,168]

. More efficient reactor 23 

design and operation were achieved for decoupling of hydrodynamics and reaction 24 

kinetics 
[169,170]

. 25 
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6.1. CO oxidative coupling to dimethyl oxalate: heat transfer 1 

Studies into heat transfer in a fixed-bed reactor has been a hot topic. The hot 2 

spot generation (sudden and uncontrollable temperature increase) at the catalyst bed 3 

typically occurred in the highly exothermic reactions 
[171]

. The CO oxidative coupling to 4 

DMO is a strong exothermic reaction with a H25 ºC of 159 kJ mol
1

 (Eq. 19) 
[29]

. 5 

Beyond thermal runaway risks, poor control of the bed temperature causes the catalysts 6 

deactivation, sintering and undesired side reactions 
[172]

. As previously stated, most 7 

studies were focused on the catalysts in the CO oxidative coupling to DMO process. 8 

However, less attention was paid to the heat properties of the CO oxidative coupling to 9 

DMO, including the hot spot and the thermal runaway. The reaction temperature, gas 10 

hourly space velocity (GHSV), reactant concentration of CO and methyl nitrite should 11 

be strictly controlled in order to decrease the hot-spot temperature in the scale-up 12 

production of DMO. Usually, a tubular fixed-bed reactor must be used to enhance the 13 

heat transfer in the CO oxidative coupling to DMO (Figure 13) 
[173]

. In fact, the tubular 14 

fixed-bed reactor has a low capacity of less than 50,000 tons per year; This means if the 15 

plant has a total capacity of 200,000 tons per year, the four tubular fixed-bed reactors 16 

should be used in parallel. To increase the reactor capacity, a two-dimensional 17 

heterogeneous reactor model was established to simulate and optimize the tubular fixed-18 

bed reactor. After the operating conditions of the reactors were optimized by the genetic 19 

algorithm, the annual production capacity could be increased to 120,000 tons per reactor 20 

[174]
. 21 

2CH3ONO + 2CO → (COOCH3)2 + 2NO       H25 ºC = 159 kJ mol
1

 (19) 
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 1 

Figure 13. Diagram of an industrial tubular fixed-bed reactor for the CO oxidative 2 

coupling to DMO. 3 

 4 

A model of one-dimensional pseudo-homogeneous reactor was established 5 

based on the kinetic data obtained from CO oxidative coupling to DMO in a tubular 6 

fixed-bed reactor 
[175]

. The sensitivity of hot-spot temperature was studied with the one-7 

dimensional pseudo-homogeneous model (Figure 14). The results suggested that the 8 

coolant temperature had a significant impact on the hot-spot temperature (Figure 14). 9 

The gas hourly space velocity less than 2000 h
1

 led to a thermal runaway in the reactor. 10 

In addition, a two-dimensional pseudo-homogeneous reactor model was built to 11 

simulate the performance of fixed-bed reactor for CO coupling to diethyl oxalate 
[176]

. 12 

The validity of the reactor model was confirmed by comparing the model prediction and 13 

the measured data from different-scale processes. The simulated results showed that the 14 

coolant temperature had a remarkable effect on the reactor bed temperature and the hot 15 

spot in the reactor. In practice, the high coolant temperature resulted in an increase of 16 

reactor temperature. Thus, increased temperature of the reactor would accelerate 17 

reaction rates and accumulate the heat. As a consequence, this further would lead to an 18 

increase of hot spot temperature and backward shift of hot spot position 
[177]

. The order 19 
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of parameter affecting the hot spot temperature was as follow: coolant temperature  1 

feed gas temperature  carbon monoxide composition  space velocity (Figure 15). 2 

 3 

 4 

Figure 14. (a) Effect of coolant temperature (TC) on the axial temperature’ distribution; 5 

(b) effect of the TC, gas hourly space velocity (GHSV), inlet pressure (P0) and inlet 6 

temperature (T0) on the hot-spot temperature. (Reproduced with permission from 7 

ref.
[174]

. Copyright 2022 Chemical Industry Press (China)). 8 

 9 

 10 

Figure 15. Effects of the coolant temperature (TC), feed gas temperature (T0), carbon 11 

monoxide composition (nCO) and space velocity (SV) on the hot-spot temperature. 12 

(Reproduced with permission from ref.
[177]

. Copyright 2011 Elsevier). 13 

 14 
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Moreover, the effects of reactor temperature jump on the deactivation of a Pd-1 

Fe/-Al2O3 catalyst for CO oxidative coupling to diethyl oxalate were investigated 
[178]

. 2 

The degree of catalyst deactivation was closely related to the position of the catalyst in 3 

the reactor. After the destructive catalyst test at a high temperature, the size of Pd 4 

particle was increased substantially. After the deactivation, most of Pd
0
 species were 5 

oxidized to Pd
2+

 and Fe
2+

 species to Fe
3+

. The deactivated catalyst could be partially 6 

regenerated, but the catalytic activity of regenerated catalyst was lower than the fresh 7 

catalyst. 8 

6.2. CO oxidative coupling to dimethyl oxalate: preparation of structured 9 

catalysts 10 

The preparation of structured catalysts is considered as a promising strategy to 11 

address the weaknesses of traditional fixed-bed reactors thanks to the enhanced 12 

hydrodynamics and improved heat/mass transfer 
[179]

. The structured supports mainly 13 

include ceramic (cordierite, SiC and Al2O3) and metal (aluminum, copper, stainless 14 

steel and FeCrAl) substrates in the shape of honeycomb monoliths, foams and fibers 15 

[157,180]
. The preparation of structured catalysts involved a surface pre-treatment of 16 

substrates, followed by activation 
[155,169,170]

. The approaches applied for structured 17 

catalysts are shown in Figure 16 
[155]

. 18 
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 1 

Figure 16. Main approaches for the preparation of structured catalysts. (Reproduced 2 

with permission from ref.
[155]

. Copyright 2014 Royal Society of Chemistry). 3 

 4 

Since the CO oxidative coupling to DMO is a strong exothermic reaction with a 5 

H25 ºC of 159 kJ mol
1

 (Eq. 19), the cordierite monolith was used to enhance the heat 6 

and mass transfer. A Pd-Fe/-Al2O3/cordierite monolithic catalyst was prepared by a 7 

dip-coating process followed by the active phase impregnation (Figure 17) 
[80,81]

. The 8 

Pd-Fe/-Al2O3/cordierite monolithic catalyst was tested in the CO coupling to DMO 9 

and it was found that their catalytic performance was dependent on the particle size of 10 

-Al2O3 sol, thickness of -Al2O3 coating, pore structure and acidity of -Al2O3, and 11 

distribution of active metals. The monolithic catalyst exhibited a much higher Pd 12 

efficiency of 733 DMO(g) Pd(g)
1

 h
1

 than a reference Pd-Fe/-Al2O3 granular catalyst 13 

of 60 DMO(g) Pd(g)
1

 h
1

. The high activity was attributed to the honeycomb structure 14 

and the large pore size of -Al2O3 coating 
[80]

. 15 
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 1 

Figure 17. Photograph and SEM image of cross-section of the Pd-Fe/-Al2O3/cordierite 2 

monolithic catalyst with an -Al2O3 coating of about 15 m. (Reproduced with 3 

permission from ref.
[81]

. Copyright 2011 Elsevier). 4 

 5 

The microfibrous-structured Al-fiber felt with an open three-dimensional porous 6 

network was used for the CO coupling to DMO 
[29]

. As shown in Figure 18, the pristine 7 

Al-fiber felt has an inactive surface and low surface area. After a water-only 8 

hydrothermal oxidation (2Al + 4H2O  2AlOOH + 3H2), the free-standing boehmite 9 

(AlOOH) nanosheets were formed, and disorderedly aligned to a homogeneous 10 

honeycomb-like shell along with the Al-fiber core. The active component of palladium 11 

was highly dispersed on the AlOOH nanosheets. The as-obtained Pd/AlOOH/Al-fiber 12 

catalyst exhibited two times higher intrinsic activity (i.e., turnover frequency) than the 13 

Pd/-Al2O3 reference catalyst. The Pd-hydroxyl synergistic interactions were 14 

responsible for the enhanced catalytic performance as discussed above 
[29]

. The effect of 15 

morphology of AlOOH nanosheets 
[82,94]

, phase of AlOOH 
[84]

, promoter of carbon 
[83]

, 16 

loading method of Pd 
[85]

 and catalytic reaction mechanism 
[93]

 on the Pd/AlOOH/Al-17 

fiber catalyst were investigated. 18 

 19 
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 1 

Figure 18. (A) Strategy for preparation of Pd/AlOOH/Al-fiber catalyst. Optical 2 

photographs of (B) pristine Al-fiber felt and (C) AlOOH/Al-fiber. SEM images of (D,E) 3 

pristine Al-fibers and (F) Pd/AlOOH/Al-fiber catalyst. (Reproduced with permission 4 

from ref.
[82]

. Copyright 2017 American Chemical Society). 5 

 6 

To examine the ability for heat-transfer, the computational fluid dynamics 7 

(CFD) simulation was employed. The temperature distribution in the microfibrous-8 

structured catalyst (Pd/-Al2O3/Al-fiber) and randomly packed catalyst (Pd/-Al2O3) 9 

was obtained. As shown in Figure 19, the simulated temperature distribution of the 10 

microfibrous-structured Pd/-Al2O3/Al-fiber catalyst was more homogeneous than the 11 

Pd/-Al2O3 catalyst; the former exhibited a hot spot with temperature rise of 8 ºC, while 12 

the latter had a temperature rise of 30 ºC 
[84]

. The lower temperature rise was assigned to 13 

the enhanced thermal conductivity of microfibrous-structured Al-fiber, which rapidly 14 

dissipated the reaction heat. The experimental results were consistent with the CFD 15 

result. The temperature rise measured by a K-type thermocouple was 5 ºC on the Pd/-16 

Al2O3/Al-fiber catalyst, and 11 ºC on the Pd/-Al2O3 catalyst 
[84]

. 17 
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 1 

 2 

Figure 19. (A) Schematic diagram of the tubular reactor with one isothermal section 3 

and two adiabatic sections for CFD simulation, and (B) reactor temperature distribution 4 

obtained by the steady-state CFD simulation on the Pd/-Al2O3/Al-fiber catalyst and 5 

the Pd/-Al2O3 reference catalyst. (Reproduced with permission from ref.
[84]

. Copyright 6 

2020 Elsevier). 7 

7. Summary and perspective 8 

We have witnessed the remarkable progress and applications of coal to ethylene glycol 9 

(EG) via DMO hydrogeneration during the past fourteen years. The world’s first plant 10 

was built in 2009 in China, and as of 2023 there are more than 30 plants running with 11 

total capacity of about 7.0 million tons. However, there are still challenges that have to 12 

be addressed in the near future. The applications of DMO should not be limited to the 13 

production of EG. Potentially the consumption of DMO to high-value chemicals, such 14 

as methyl glycolate, diphenyl carbonate and dimethyl carbonate have to be facilitated. 15 
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Moreover, the emerging synthesis of EG through non-DMO routes, such as 1 

photocatalysis (formaldehyde to EG, methanol to EG and methane to EG) and 2 

electrocatalysis (CO2 to EG, CO2 to EG and ethylene to EG) has attracted significant 3 

attention due to the moderate conditions applied. The coal to EG process is relatively 4 

mature, while the emerging technological routes still face numerous challenges in large-5 

scale production. 6 

More attention has been paid to the development of high-performance catalyst 7 

for the CO oxidative coupling to DMO. The effects of the active component (Pd), 8 

catalyst supports and promoters have been widely investigated. Reducing the amount of 9 

the Pd precious metal and development of non-noble metal catalysts are of great 10 

importance and are under intensive fundamental and industrial-related studies. The 11 

rapid development of computational chemistry, particularly DFT, provides the potential 12 

ideas of new catalysts design. The DFT indicated that the Cu monolayer supported on 13 

the carbon-terminated Mo2C(001) (CuML/Mo2C(001)-C) exhibited excellent catalytic 14 

activity, making it a potential candidate to replace the noble metal Pd catalyst. 15 

Significant attention was paid to understanding the mechanism of DMO 16 

synthesis. The two possible reaction mechanisms were proposed, including the 17 

intramolecular coupling and the double carbonylation. The reaction species of CO*, 18 

OCH3*, COOCH3*, COCOOCH3* and NO* were found to be involved. The rate 19 

determining step is the formation of COCOOCH3* (CO* + COOCH3*  COCOOCH3* 20 

+ *) for the double carbonylation pathway, while is the coupling of two COOCH3* for 21 

the intramolecular coupling pathway (COOCH3* + COOCH3*  (COOCH3)2* + *). 22 

Based on the proposed reaction mechanism, various catalyst models such as Pd-doped 23 

Cu (111) and PdML/Ni (111) were studied theoretically in order to reduce the use of Pd 24 

precious metal. 25 
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The low efficiency of the current industrial-scale reactor is caused by the safety 1 

concern due to the exothermic feature of CO oxidative coupling to DMO. Structured 2 

catalysts (metal foams and fibers) pave the way to the “ideal” reactor demonstrating 3 

ultralow pressure drop and remarkable decrease of hot-spot temperature. Both Pd-Fe/-4 

Al2O3/cordierite monolithic and microfibrous-structured Pd/Al-fiber catalysts not only 5 

delivered the satisfactory activity and stability for DMO synthesis, but also showed the 6 

intensified heat and mass transfer of the unique structures. However, to date, structured 7 

catalysts have not been commercially utilized in the DMO synthesis. They may face 8 

challenges associated with high cost and complex manufacturing processes. 9 

Additionally, further optimization of mass and heat transfer behaviour has to be 10 

considered prior their application on an industrial scale. 11 

  12 
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