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Abstract:

Esters play a critical role in industrial chemistry, serving as key components in the production of fine chemicals, polymers, and 

liquid fuels. Although traditionally synthesised by acid esterification, esters can also be prepared by the direct oxidative esterification 

of diverse starting materials, including aldehydes, alcohols and olefins. Metal oxides are promising heterogeneous catalysts for 

oxidative esterification, and their use in conjunction with a support phase affords synergies that can promote performance. Carbon 

supports are ubiquitous in catalysis due to their tuneable porosity, acid-base properties, high conductivity and chemical stability. 

This review discusses recent advances in the oxidative esterification of alcohols, aldehydes, alkenes, and alkynes over carbon-

supported catalysts, outlining the commercial importance of esters and traditional esterification methods, and potential advantages 

of oxidative esterification. Methods to synthesise carbon catalysts and bifunctional heteroatom-doped analogues are introduced, 

with resulting structure-activity relationships for oxidative esterification highlighted, including the role of radicals. The resulting 

insight helps to identify strategies to circumvent current challenges in oxidative esterification and future opportunities to apply this 

methodology.

Keywords: Ester; Heterogeneous catalysis; Oxidation; Activated carbon; Bifunctional catalysis
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1. Introduction

Esters are essential compounds in various fields of chemistry, serving as key components in the production of liquid biofuels/fuel 

additives and flavours and fragrances, including fatty acid alkyl esters (biodiesel), methyl valerate, methyl crotonate, and methyl 

decanoate.1 They are also widely used as solvents, e.g., ethyl acetate, methyl acetate, and ethyl levulinate, and as pharmaceuticals 

such as eugenol acetate, known for its antioxidant and antimicrobial properties,2-4 and methyl salicylate, commonly used as a pain 

reliever and in wintergreen formulations.5-7 Esters also find applications as plasticizers, such as bis(2-ethylhexyl) terephthalate (from 

the reaction of p-terephthalic acid and 2-ethylhexyl alcohol),8, 9 surfactants, food additives, and other industrially significant 

compounds (Figure 1).10 Their pleasant aroma/flavour and solvent properties render esters valuable in diverse industrial applications 

where they convey unique functionality that enhances the efficacy and consumer appeal of products.11-14

 
Figure 1. Industrially important esters and their 2024 market values.17-20

Ester production is economically significant within the global chemical industry, with the market predicted to grow from USD104.6 

billion (B) in 2025 to USD 178.7 B by 2035.15 Manufacturers including Lanxess, BASF SE, Cargill Incorporated, Exxon Mobil 

Corporation, Croda International Plc, NYCO, Ashland, DowDuPont, and Esterchem produce vast quantities of esters annually to 

meet the demand for pharmaceuticals, foods, and consumer goods.16 The market price for methyl benzoate is ~USD150 million 

(M), while ethyl acetate commands a significantly higher value at ~USD 4,700 M.17 Bio-derived esters are also gaining traction, 

with methyl levulinate and ethyl levulinate estimated at ~USD 1,500 M and USD 55 M, respectively.17-20 Innovation in ester 

production through advanced catalytic processes is required to meet growing global demand while addressing sustainability 

concerns. Historically, ester synthesis has relied on acid-catalysed reactions between alcohols and carboxylic acids 21-23 or activated 

acid derivatives such as acyl chlorides and acid anhydrides (Scheme 1).23, 24 Homogeneous carbonylation of aryl halides can also 

produce acyl intermediates in-situ that can be subsequently esterified with alcohols.25 Historically, oxidative esterification employed 

homogeneous catalysts in combination with stoichiometric oxidants such as potassium permanganate (KMnO4),26 ozone (O3),27 

oxone (2KHSO5·KHSO4·K2SO4),28 tertiary butyl hydroperoxide (TBHP)29 or hydrogen peroxide (H2O2).30 Unfortunately, these 

generate significant waste by-products (including aqueous waste from quenching of soluble reagents and catalysts), employ 
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hazardous conditions (e.g. associated with corrosive halogen species in carbonylation), and/or are energy intensive, necessitating 

more sustainable routes involving heterogeneous catalysts and dioxygen.31 Although the use of O2 as an oxidant would improve the 

atom-economy of oxidative esterification and simplify product separation and catalyst reuse, the stable triplet O2 ground state 11 

must first be activated through energy or charge transfer processes.32

Scheme 1. (left) Acid and metal catalysed esterification routes, and (right) oxidative esterification of diverse substrates to prepare 

esters. 

In most heterogeneous catalysts, the active phase primarily responsible for bond making/breaking is dispersed over and/or 

throughout a support matrix to increase the number and stability of surface active sites, by modifying the reactivity of existing active 

sites in the support, or introducing additional active sites or cooperative effects. Common supports include carbons and polymers, 

and mono- or mixed-metal oxides such as TiO2, SiO2, Al2O3, CeO2, zeolites, and layered double hydroxides (Figure 2).33, 34 

Activated carbon, graphene, heteroatom-doped carbon, and mesoporous carbon are popular choices due to their advantageous 

properties outlined above, accessibility from abundant biomass feedstocks, and ease of surface functionalisation. Such attributes 

make carbon supports an attractive option for oxidative esterification and biomass valorisation,35 for which their performance and 

economic feasibility can surpass simple oxides, as exemplified by the Au catalysed conversion of furfural to methyl 2-furoate 

(Scheme 2).36 Gold nanoparticles dispersed over an ordered mesoporous silica (SBA-15), a carbon analogue created by carbonising 

sucrose with sulfuric acid in a SBA-15 template (CMK-3), or an unspecified titania phase (TiO2) were all active for the oxidative 

esterification using excess TBHP oxidant. However, Au/TiO2 and Au/SBA-15 respectively exhibited lower selectivity (80 % versus 

97 %) and lower conversion (73 % versus 78 %) for the desired methyl 2-furoate than Au/CMK-3, which is thus more favourable 

for applications requiring a high purity ester. The superior performance of Au/CMK-3 was attributed to the combination of 

mesoporosity and high surface area which facilitate better dispersion of Au nanoparticles and faster mass transport. Electron transfer 

between the conductive CMK-3 support and Au nanoparticles was also suggested to confer a synergy that stabilises reaction 

intermediates. CMK-3 also exhibits excellent stability in the presence of a strong base, enabling the use of 1 bar O2 as the oxidant 

in the presence of a Cs2CO3 cocatalyst to achieve a 72 % yield of methyl 2-furoate. Previous reviews on the oxidative esterification 

of alcohols with aldehydes have focused on direct conversion pathways using homogeneous metal complexes such as V2O5, 

Fe(ClO4)3·xH2O, HAuCl4,22 metal oxides,23, 37 (non)-noble metal catalysts including homogeneous (Ru(II) hydride)38, and 

heterogeneous gold-based catalysts.39 Other related reviews target either a narrow range of substrates21, 22, 39-41 or a specific product 

such as furan-2,5-dimethylcarboxylate (from 5-Hydroxy methyl furfural).42 In contrast, this review critically examines the utility of 

carbon supported noble and base metal catalysts for the oxidative esterification of diverse substrates.

Acid catalyzed esterification of acid or acid 
chlorides with alcohols

Metal catalyzed esterification of acid or acid 
chlorides with alcohols

Oxidative esterification of aldehydes, alcohols,
alkenes, or alkyenes
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5

 
Figure 2. Comparison of carbon and oxide supports and their application to Au-catalysed oxidative esterification of furfural.36

In oxidative esterification clearly demonstrate that carbon-based supports often outperform conventional oxide supports due to their 

unique textural and electronic properties. For example, in Pd-catalyzed oxidative esterification of benzyl alcohol, Pd supported on 

activated carbon (Pd/C) achieves nearly complete conversion and excellent ester selectivity under mild conditions, whereas 

homogeneous Pd salts or oxide-supported analogues typically show lower selectivity.43 This enhancement is attributed to the high 

surface area and electron-rich nature of carbon, which improves metal dispersion and facilitates oxygen activation. Furthermore, 

carbon-based solid acid shows high turnover frequencies (TOF), demonstrating the superior intrinsic activity of carbon frameworks. 

Structural effects are also pronounced: two-dimensional carbon materials. The carbon supports not only enhance conversion and 

selectivity but also significantly improve intrinsic activity (TOF) relative to oxide and polymer supports, primarily due to better 

dispersion of active species, tunable surface chemistry, and improved reactant–catalyst interactions.44

2. Oxidative esterification

2.1. History and traditional methods

Oxidative esterification dates back to the early days of organic chemistry (Scheme 2) and was typically performed by the oxidation 

of alcohols or aldehydes to acids, hemiacetals, or other intermediates, which were then esterified.45-48 In the late 1970s, oxidative 

esterification of various alcohols was reported using cyanide in combination with 3,4,5-trimethylthiazolium salts as oxidizing 

reagent systems. Subsequently, in 1988, bromine was employed as an oxidizing agent for the synthesis of esters.22 More recently, 

homogeneous catalysis has been exploited, with significant progress made in 1980-90s on the development of metal-based catalysts 

for oxidative esterification.49 In 1983, the homogeneous noble metal catalysts tetrakis(triphenylphosphine)palladium and palladium 
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acetate were reported to facilitate the oxidative esterification of primary and secondary alcohols to esters.49 Noble metals such as 

Pd,50 Ir,51 and Au52 supported on various substrates became popular due to their high catalytic activity and selectivity53 for the direct 

oxidative esterification of alcohols and aldehydes, often using O2 as the oxidant. Later in the 2000, Au supported on CeO2 and TiO2 

was reported for the aerobic oxidation of primary alcohols to esters.54-56 This period also saw the introduction of bimetallic catalysts 

and the use of non-precious metals such as Cu57 and Co58 as cost-effective alternatives. At the beginning of the 21st century, the 

principles of green chemistry played a more prominent role in oxidative esterification research, with a focus on catalysts that could 

operate under milder conditions and with greener oxidants, such as molecular oxygen or air to minimise environmental impacts.59 

Different types of supported metal catalysts have been explored with metal-support interactions significantly influencing their 

catalytic performance.60 

Scheme 2. Two-step oxidative esterification of alcohols or aldehydes.

Porous solid acids such as zeolites61 and metal-organic frameworks (MOFs)62 are increasingly popular in commodity/fine chemicals 

manufacturing due to their high surface area and tuneable properties, and solid bases such as MgO,63 hydrotalcite (HT),64 layered 

double hydroxides (LDH),65 and carbons also show promise.66-68 In 2015, Jain and co-workers reported the oxidative esterification 

of aldehydes to the corresponding esters using graphene-supported Co3O4 with TBHP as the oxidant.69 Most interest in the use of 

carbons for oxidative esterification11, 70, 71 focuses on the role of oxygen-containing surface functions (e.g., hydroxyl, carbonyl, and 

carboxyl groups) in enhancing the anchoring and dispersion of transition metal species and promoting catalytic activity through 

synergistic interactions. In 2019, tailored carbons, especially those derived from renewable sources like lignin, can also be 

engineered via doping (e.g., with nitrogen or metals) and pyrolysis to form single-atom catalysts (SACs).72 These SACs often exhibit 

enhanced catalytic efficiency and selectivity in oxidative esterification under mild conditions, with the different carbon 

functionalities acting as ligands to complex transition metal atoms.72 Recent innovations have focused on tailoring carbon supports 

to improve the efficiency and sustainability of oxidative esterification73, 74 including the use of non-precious metals, and hybrid 

materials that combine metal and carbon properties, and developing catalytic systems that can operate under ambient conditions.75 

Advanced techniques such as in-situ spectroscopies can help elucidate catalyst behaviour and reaction mechanisms to identify active 

sites and thus guide the design of next-generation catalysts.76, 77 Such advances could lead to more efficient industrial processes with 

better environmental outcomes, promoting the adoption of oxidative esterification in fine chemical, pharmaceutical, and 

agrochemical production.78 The oxidative esterification of aldehydes or alcohols is facilitated in the presence of a base, which 

neutralizes acidic by-products, stabilizes reaction intermediates, enhances the reaction rate, and promotes the nucleophilic activation 

of alcohols through alkoxide formation. This effect can be understood by comparing reactions carried out in the presence of sodium 

bicarbonate (NaHCO3) as a base with different catalyst supports, including γ-A2O3, MgO, and hydrotalcite (HT).37,48,61,79-90

Compared with other supports (γ-A2O3, MgO, hydrotalcite (HT), MCM-41 and ZrO2) carbons offer tuneable surface properties, 

enabling them to function as either acid or base supports depending on the specific requirements or reaction conditions.80,81,88-90 The 

incorporation of heteroatoms such as phosphorus and boron into carbon frameworks imparts acidic character, whereas nitrogen 

doping introduces basicity.68, 91-93 Nitrogen-doped carbons have been extensively studied for oxidative esterification while 

phosphorus and boron functionalised acidic carbons have received limited attention, which may reflect the challenge in precisely 
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controlling the acidity of such materials. Consequently, the development and application of acidic carbon-based catalysts in 

oxidative esterification remains an emerging area with significant potential for further exploration. 

In oxidation reactions using carbon-based catalysts (such as activated carbon, graphene-derived materials, or doped carbon), the 

choice between flow and batch systems significantly influences catalytic performance, selectivity, and scalability.94 In batch 

processes, reactants and catalysts are combined in a closed vessel, allowing extended contact time and straightforward control over 

reaction conditions; however, limitations such as poor mass transfer, catalyst deactivation due to product accumulation, and 

difficulty in heat management often arise, especially for gas–liquid or liquid–solid oxidations.95 In contrast, flow systems (e.g., 

fixed-bed or continuous-flow reactors) offer enhanced mass and heat transfer, continuous removal of products, and improved control 

over reaction parameters, which can lead to higher selectivity and prolonged catalyst lifetime. Carbon catalysts, particularly those 

functionalized with heteroatoms (N, S, or B doping), benefit from flow conditions because their active sites are more efficiently 

utilized and less prone to fouling. Additionally, flow setups facilitate safer handling of oxidants such as oxygen or hydrogen peroxide 

by minimizing their accumulation, making them preferable for industrial-scale oxidation processes. Despite these advantages, 

challenges in flow systems include reactor design complexity, catalyst packing issues, and potential pressure drop across the reactor 

bed. Overall, while batch systems remain valuable for mechanistic studies and small-scale synthesis, flow reactors are increasingly 

favoured for sustainable and scalable oxidation processes involving carbon-based catalysts.94,96

2.2. Carbon material development

The first use of carbons in catalysis can be traced back to the 1960s and 1970s,97 with activated carbon (AC) and carbon black 

gaining prominence in the 1970s and 1980s98 as high area supports for metal catalysts.10 The focus during this period for oxidative 

esterification was mainly on homogeneous catalysts, which despite their high activity were problematic for separation and reuse. 

The transition from homogeneous to heterogeneous catalysis gained momentum in the 1990s,99 when carbons such as AC, carbon 

black, and graphite were explored as supports for esterification and oxidation (Figure 3).100, 101

Figure 3. Discovery of carbons and their use in catalysis.102, 103

The thermal stability, chemical inertness, and tuneable surface properties of carbons render them attractive in catalysis.104, 105 The 

emergence of N-doped carbons, wherein the incorporation of nitrogen into carbon skeletons introduces basic sites through electron-

donation, is beneficial for various oxidation reactions.106-108 The early 2000s saw significant advances in the synthesis and 

application of N-doped carbons,109 with methods developed to control the type and distribution of nitrogen species within the carbon 

matrix and hence optimise catalytic performance. Chemical vapor deposition (CVD), pyrolysis of N-containing precursors, and 

hydrothermal synthesis were used to produce such materials.110 Consequently the use of N-doped carbon materials in oxidative 

esterification of aldehydes and alcohols gained traction.111 

Use of AC supported metal catalysts for the oxidation of alcohols and aldehydes to esters112-114 under harsh oxidation conditions 

and with homogeneous bases is undesirable. The 1990s therefore saw a shift towards designing more sustainable and 

environmentally friendly processes,115 with the possibility to tune the surface functionality of carbon materials offering opportunities 
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for bifunctional catalysis. During this period, various carbons, including mesoporous carbon and carbon nanotubes, were explored 

in oxidative esterification reactions.77, 116 These materials allowed better control of pore structure and surface properties, improving 

active site accessibility and catalytic performance. The emergence of N-doped carbons with varied doping levels and types of 

nitrogen species117 offered significant improvements over traditional carbon catalysts with basic sites increasing catalytic activity 

and selectivity in oxidative esterification,118, 119 by facilitating activation of molecular oxygen. The last decade has also seen rapid 

progress in the development of more sophisticated carbons such as graphene oxide, carbon quantum dots, and MOFs derived 

carbons.120 These materials have been used in various oxidative esterification processes and demonstrated high catalytic activity 

and selectivity.83, 121 The incorporation of metal nanoparticles on carbon supports, particularly N-doped carbons, has been notable, 

with hybrid catalysts combining the advantages of metal and carbon catalysts resulting in improved performance and stability.

2.3. Synthesis of heteroatom-doped carbons

Incorporating heteroatoms such as O, N, P, B, or S into carbons tunes the electronic structure, surface functionality, and chemical 

activity of the resulting materials.122 Precise control of the doping process is essential to achieve uniform heteroatom dispersion, 

optimal activity and tailored structural features, and thus the synthesis method plays a key role in determining the extent and nature 

of doping. For example, in-situ methods often result in higher doping levels and uniform dispersion of heteroatoms throughout the 

carbon matrix,123 whereas post-functionalisation methods are more effective in modulating surface properties, allowing fine-tuning 

of active sites on the carbon material.124 The synthesis and application of heteroatom-doped carbon catalysts are comprehensively 

reviewed elsewhere for various reactions.125-127 Carbons can be prepared through various methods, each offering distinct advantages 

in terms of structural control, scalability, and cost (Figure 4), including pyrolysis,128-134 CVD,135-138 hydrothermal carbonisation 

(HTC),139-141 solvothermal route,140 template-assisted routes,139, 142-148 mechanochemistry,149-151 and electrochemistry.152

Figure 4. Comparison of synthetic routes to heteroatom-doped carbons summarising doping efficiency, scalability, and cost.
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The preceding methods enable tailoring of surface area, porosity, morphology, and heteroatom doping to suit specific catalytic 

applications. Each technique varies in its ability to achieve uniform metal dispersion, a critical factor for catalytic performance. 

Numerous review articles have comprehensively evaluated these synthesis strategies and merits in terms of metal loading efficiency, 

economic feasibility, and scalability.141, 153-169 Diverse carbonaceous precursors has been explored for the synthesis of functional 

carbons, each offering distinct structural and chemical characteristics that influence their catalytic performance (Table 1). Coal and 

heavy oil residues have long been utilised due to their high carbon content and availability. However, growing environmental 

concerns have directed interest toward more sustainable and renewable alternatives. Biomass-derived waste materials, including 

agricultural byproducts such as bagasse, coconut shells, corncob residue, and wheat straw, offer a cost-effective and eco-friendly 

route to porous carbons with tuneable surface functionalities. Animal-derived wastes such as crab shells (chitin/chitosan) are gaining 

attention in marine waste valorisation due to their high nitrogen and calcium content, which can aid in heteroatom doping and 

structural development. More recently, plastic waste has emerged as a non-conventional yet promising carbon precursor, supporting 

the circular economy by converting environmental pollutants into valuable carbon-based catalysts. The choice of precursor 

significantly influences the surface area, pore structure, and heteroatom content of the resulting carbon, and hence catalytic 

performance in oxidative esterification.153, 158, 170-173 

Table 1. Carbonaceous precursors to functional carbons and their typical textural properties.

Source Method or activating agent Surface area 
/ m2 g−1

Pore volume
/ cm3 g−1

Ref.

Cornstalk NaCI, KCl 1588 1.0 166

Chitin KMnO4 1488 1.3 166

Corncob residue Steam 1210 0.7 166

Waste Plastics KOH 3200 3.7 155

Coal tar pitch + petroleum pitch ZnO 1163 0.6 163

Coal tar KOH 1215 0.7 163

Comparative analysis of synthesis routes to N-doped carbons/polymers from melamine and formaldehyde (Table 2) highlights 

notable differences in physicochemical properties. Mechanochemistry is particularly attractive for high area carbons (1080 m2.g-1) 

and high N content (16 wt%). Although HTC delivered the highest N loading (48 wt%), the corresponding surface area is modest 

(328 m2 g-1). In contrast, solvothermal routes produce low surface area carbons (205 m2 g-1) and poor nitrogen retention. Pyrolysis 

delivers a balanced N content and surface area (657 m2.g-1), whereas CVD yields the lowest surface area (39 m2 g-1) albeit with 14 

at% N-doping. Chemical activation of biomass feedstocks (bamboo sawdust precursors) achieves a high surface area (1069 m2 g-1) 

and N content (13.3 at%). Mechanochemical and biomass activation methods are thus optimal for high surface areas and nitrogen 

loadings for oxidative esterification.[171]

To elucidate the influence of carbon sources and catalyst supports, Co-containing N-doped carbons and metal oxides (CeO2, MgO, 

ZrO2) were evaluated for the oxidative esterification of 5-HMF to 2,5-furandicarboxylic acid dimethyl ester (2,5 FDCA-DME). 

Co@CN-Zn12-5 (derived from chitosan) delivering the highest yield of 2,5 FDCA-DME (94 %) with an activity of 261 mmol gcat-

1.h-1 (Table 3). This performance was attributed to its large surface area (658 m2 g-1) and accessibility to active sites, and uniform 

dispersion of Co species promoted by N-doping. In contrast, catalysts derived from sucrose–urea and 1,10-phenanthroline (surface 

areas of 40 and 369 m2 g-1, respectively) were less effective. Although the 1,10-phenanthroline-derived catalyst showed an 

exceptional activity of 1700 mmol gcat-1 h-1, it only afforded only a 52 % yield of 2,5 FDCA-DME, suggesting that undesired side 

reactions occurred under high oxygen pressure, illustrating a trade-off between activity and selectivity. In comparison, Co supported 
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on MgO, ZrO2, and CeO2 showed markedly lower performance, with conversions <25 % and yields <6 %. The lower activities of 

these oxide systems (≤17 mmol gcat-1 h-1) are likely due to their lower surface areas and poor stabilisation of Co active sites that 

lead to larger nanoparticles.

2.4. Bimetallic systems 

Some binary metal combinations with N-doped carbons promote oxidative esterification, with the second metal either modulating 

the electronic properties of the principal metal active sites or facilitating key reaction steps (such as oxygen activation, reductive 

elimination, or hydrogen transfer). Such synergy between metals can improve selectivity and yield in oxidative esterification.105, 174 

Incorporating Ni into CoxNiy-CNTs (CNT = carbon nanotubes) significantly enhanced catalytic performance by introducing new 

active sites containing Ni-N bonds. These Ni-Nx sites were proposed to facilitate electron migration between Ni and N atoms and 

thereby promote O2 activation. Nickel addition also enhanced the basicity of Co-CNTs, thus favouring β-hydride elimination and 

the formation of carbonyl intermediates. FTIR identified showing that Ni-N bonds were responsible for substrate adsorption and 

promoted oxidative esterification.175 CoxCuy-NC catalysts with varying Co:Cu molar ratios (9:1, 7:3, and 4:6) were also reported for 

the oxidative esterification of 5-HMF; a Co7Cu3-NC catalyst achieved a 95 % yield of furan-2,5-dimethylcarboxylate. Copper 

addition was proposed to generate basic Co-Nx sites and hence promote β-hydride elimination of 5-HMF.176

Table 2. N-doped carbons/polymers from melamine with either formaldehyde or bamboo sawdust.

Methods Surface 
area 
/ m2 g−1

Pore 
volume
/ cm3 g−1

N loading 
/ wt% or 
at%

Treatment Ref.

Templating 400-600 - 10 Pyrolysis under inert gas. 173

Mechanochemical 1080 16 Room temperature ball milling 
(5-120 min)

177

CVD 39 - 14a 800 °C under H2
178

HTC 328 2.1 48 150 °C 179

Pyrolysis 657 0.7 13 Flowing N2
180

Solvothermal 205 0.6 - DMF pretreated at 90 °C 181

Activated melamine/formaldehyde 2140  0.6 5a KNO3 activator 182

Activated melamine/bamboo 
sawdust a,b

1069 0.6 13 K2CO3 activator 183

aAtom%, bBamboo sawdust as carbon source; N-doped carbon used for oxidative esterification of 5-HMF.

Table 3. Comparison of N-doped carbon and metal oxide supported Co catalysts for 5-HMF oxidative esterification.

Catalyst 
(carbon 
source)

Surface 
area / m2 
g−1

Pore 
volume
/ cm3 g−1

Reaction 
conditions

Conversion
/ %

Yield 
/ %

Specific 
activity
/ mmol 
gcat

-1 h-1

Ref.

Co@CN-
Zn12-5 
(chitosan) 

658 - 0.3 mmol HMF, Co@CN-
Zn12-5 (15 mol% Co), 3 mL 
MeOH, 1 bar O2, 50 °C, 24 h 

100 94 261 184

Sucrose, urea 40 - 0.5 mmol HMF, 100 mg 
Co/CoN/CN-700 (32 wt% Co), 

96 92 163 170
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5 mL MeOH, 1 bar O2, 80 °C, 
5 h

Co@NC-2ST 837 - 0.5 mmol HMF, catalyst (Co, 
2.3 mol%), 5 mL CH3OH, 
atmospheric air, 80°C, 3 h

100 96 - 185 

Co(1,10-
phen)

369 0.50 0.5 mmol HMF, 25 mg CoxOy–
N@C-800 (3 % Co, 10 bar O2, 
60 °C, 12 h, 

100 52 1700 186

Co@MgO - - 12 - - 184

Co@ZrO2 - - 19 2 5.56

Co@CeO2 - -

0.3 mmol HMF, Co@CN-
Zn12-5 (15 mol% Co), 3mL 
MeOH,1 bar O2, 50 °C, 24 h 

25 6 16.7

All carbons synthesised by pyrolysis.

Plasma modification has emerged as an effective and versatile strategy to tailor the surface properties of carbon-based catalysts for 

oxidation reactions. Techniques such as oxygen, nitrogen, or argon plasma treatment enable the introduction or tuning of surface 

functional groups, defect density, and electronic structure without significantly altering the bulk properties of the carbon material. 

For instance, oxygen plasma can introduce oxygen-containing functionalities that act as active sites for oxidation reactions or 

improve wettability, while nitrogen plasma can incorporate pyridinic and graphitic nitrogen species that enhance electron transfer 

and facilitate oxygen activation.187 Plasma treatment also increases surface defects and edge sites, which are often correlated with 

higher catalytic activity in reactions such as the aerobic oxidation of alcohols or hydrocarbons. Compared to conventional chemical 

oxidation methods, plasma modification is cleaner, faster, and more controllable, avoiding the use of harsh reagents and minimizing 

waste generation.188 However, challenges remain in achieving uniform functionalization and maintaining long-term stability under 

reaction conditions. Overall, plasma-engineered carbon catalysts have shown improved activity, selectivity, and durability in 

oxidation processes due to their tunable surface chemistry and enhanced active site accessibility.189

2.5. Impact of physicochemical properties of catalyst supports

Hydrophobicity plays a crucial role in determining the activity and selectivity of carbon-based catalysts in oxidation reactions, 

particularly in aqueous or biphasic systems. Hydrophobic carbon surfaces such as those found in graphitized carbons, carbon 

nanotubes, or heteroatom-doped carbons tend to preferentially adsorb nonpolar organic substrates while repelling excess water, 

thereby enhancing substrate-catalyst interactions at active sites. This effect is especially beneficial in liquid-phase oxidations,190 

where water can otherwise block active sites or promote unselective side reactions. Increased hydrophobicity has also been shown 

to facilitate oxygen activation by stabilizing adsorbed oxygen species and improving electron transfer on the carbon surface.191 

Moreover, tuning the surface functional groups allows control over the hydrophobic–hydrophilic balance, which directly impacts 

catalytic turnover frequency and resistance to deactivation. However, excessively hydrophobic surfaces may limit accessibility for 

polar oxidants like hydrogen peroxide, indicating that an optimal balance is required. Overall, tailoring hydrophobicity is a key 

design strategy for improving the efficiency and durability of carbon catalysts in oxidation chemistry.192

Gold/carbon catalysts (Table 4), such as partially thiolated Au25 nanoclusters in Au25(PET)/carbon mesosponge (CMS) and 

Au25(PET)/graphene mesosponge (GMS) materials, demonstrate excellent catalytic performance in the oxidative esterification of 

benzyl alcohol.193  Au25(PET)/GMS showed the highest catalytic activity, achieving 86 % conversion and 39 % selectivity under 

mild conditions (30 °C and 1 bar O2), outperforming conventional Al2O3, TiO2, CeO2, Ce(30)-Al, and MgO supports. Although 

Au/Al2O3 showed 100 % conversion it was only 10 % selective to the ester product; Au/TiO2 and Au/Ce(30)-Al achieved 83 % and 

85 % conversion with 23 % and 15 % selectivity, respectively, whereas Au/CeO2 and Au/MgO displayed significantly lower 
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conversions of 4 % and 38 % and selectivities of 1 % and 33 %, respectively. The superior activity and selectivity of the carbon 

supported catalysts was attributed to their high surface areas (up to 1738 m2 g-1), dispersion of active gold species, and stability in 

alkali conditions. Mechanistic investigations revealed that the hydrophobic GMS support improved selectivity by suppressing the 

nucleophilic attack of hydroxide ions on the aldehyde intermediate and facilitating benzylic anion attack, and inhibiting hydrolytic 

degradation of the benzyl benzoate product.

To enhance pore order and surface area, mesoporous N-doped carbons synthesised using different sacrificial templates e.g., MCM-

41, ZSM-5, and SBA-15, have been used to prepare ordered metal/carbon catalysts denoted as Co-NOPC-M, Co-NOPC-Z, and Co-

NOPC-S, respectively (Table 5). A strong correlation was observed between oxidative esterification performance and the presence 

of pyridinic nitrogen, with the MCM-41-templated catalyst (Co-NOPC-M) exhibiting the highest surface area (532 m2 g-1), 

proportion of pyridinic nitrogen, and smallest average Co nanoparticle size (2.8 nm, 2.7 wt% loading). These desirable properties 

were reflected in the oxidative esterification of furfural to methyl 2-furoate, wherein Co-NOPC-M achieved >99 % conversion and 

a methyl 2-furoate selectivity of 96 %. In contrast, Co-NOPC-S (derived from SBA-15) possessed a lower surface area (395 m2.g-

1), pyridinic N content, and larger Co nanoparticles (3.5 nm), and only achieved 65 % conversion and 46 % selectivity. The lowest 

area (258 m2 g-1), and pyridinic N content Co-NOPC-Z catalyst exhibited the lowest Co dispersion (5.7 nm) and activity (43 % 

conversion and 38 % selectivity). These observations indicate a strong structure sensitivity, with small Co nanoparticles essential 

for high aldehyde conversion and ester selectivity. The influence of the N dopant was also investigated for Co@C catalysts. In the 

absence of nitrogen, a low methyl 2-furoate yield (12 %) was observed, which increased to 98 % for a N-doped Co@NC catalyst.194 

Comparison of different nitrogen species (pyridinic, pyrrolic, and indolic) identified pyridinic nitrogen as conferring the highest 

activity, ascribed to its Lewis basicity and localised lone electron pair, whereas cobalt coordinated to pyrrolic, graphitic, or pyridine 

N-oxide species either lacked basicity or exhibited reduced Lewis basicity due to “N” electron delocalisation across the carbon 

conjugated π-system.67, 195, 196 These differing reactivity of  N species was highlighted for benzyl alcohol oxidation, with N-doped 

graphene achieving 4 % conversion and 100 % benzaldehyde selectivity, whereas undoped graphene and AC showed negligible 

activity.197 The chemical nature of N-dopants in carbons is thus as important as their concentration for oxidation catalysis.198, 199

Table 4. Supported Au catalysts for benzyl alcohol (BA) oxidative esterification.

Catalyst Surface 
area 
/ m2 g−1

Pore 
volume
/ cm3 

g−1

Au 
loading

Reaction 
conditions

Conversion
/ %

Selectivity
/ %

Specific 
activity 
/ mmol gcat

-1 
h-1

Ref.

Au/Al2O3 - - 0.4 
mol%

0.97 mmol BA, 
100 °C, 10 bar 
O2, 0.38 mol% 
catalyst, 1 ml 
water and 1 ml 
toluene, 1 h

100 10 2 200

Au/TiO2 0.1 
mol%

29 mmol BA, 0.1 
mol% catalyst, 
373 K, 10 bar O2, 
8 h

83 23 6 201

Au/CeO2 39 - 1.0 wt% 2 g BA, 20 mg 
catalyst, 120 C, 
4 h

3.7 1.2 10 202

Au/Ce(30)-
Al)

272 12 1.9 wt% 2.5 mmol BA, 10 
mg catalyst, 3 mL 
MeOH, 110 °C, 
10 bar O2, 10 h

85 15
3

203
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Au/MgO 41 - 1.3 
mol%

2.5 mmol BA, 10 
mg catalyst, 2 mL 
MeOH, 110 °C, 
10 bar O2, 1 h

38 33a 31 204

Au/Au25 
(PET)/GMSb

1738 3 0.33 
mol%

5 mg catalyst, 
300 mol% NaOH, 
2 mL H2O, 1 bar 
O2 ,30 °C

86 39 67 193

aBenzyl benzoate or methyl benzoate, bAqueous solutions of benzyl alcohol (Au 0.33 mol%).

2.6. Structure-reactivity relationships of heteroatom-doped carbons

Heteroatoms such as N, B, P, and S introduced into carbons can create catalytically active sites for oxidative esterification. X-ray 

photoelectron spectroscopy (XPS) analysis reveals that N-doped carbons typically comprise four nitrogen species: pyridinic, 

pyrrolic, graphitic, and quaternary nitrogen (Figures 5a and 5b). All these species promote electron transfer, acting as either 

electron-donors or -acceptors to activate molecular oxygen and organic substrates, or to modulate the electronic properties and 

stability of metal co-catalysts.198, 205 A study of N-doped carbon analogues for benzyl alcohol oxidative esterification revealed that 

pyridinic N was active under mild conditions whereas pyrrolic and graphitic N showed poor activity (Figure 5c).206 Comparing 

acridine (AD and pKa:5.6), phenanthridine (PAD and pKa:5.8), and phenazine (PZ and pKa:1.2) revealed AD (with pyridinic 

nitrogen) as the most active. Catalytic activity increased using larger π-conjugated model catalysts such as quinoline (QL) and 

dibenz[a,i]acridine (DBAD), suggesting that extended conjugation enhances electron transfer and substrate activation (Figure 5d). 

Variations in edge configurations, such as zigzag versus armchair arrangements of pyridinic nitrogen, had minimal impact on the 

turnover frequency (TOF). The presence of pyridinic nitrogen was more important than its location. Pyridinic nitrogen is believed 

to promote aldehyde adsorption and the activation of molecular oxygen, while providing Lewis base sites that enhance the reactivity 

of adjacent carbon atoms for the activation of methylene groups in alcohols.

Table 5. Physiochemical properties of Co-NOPC catalysts.66

Sample Surface area 
/ m2 g-1a

Metal loading 
/ wt%b

Co particle size
/ nm

N content
/ wt%c

Pyridinic N
/ wt%d

Co-NOPC-M 532 2.7 2.8 ± 0.5 9.2 1.24

Co-NOPC-S 395 2.3 3.5 ± 0.7 7.9 0.82

Co-NOPC-Z 258 1.7 5.7 ± 1.4 8.3 0.43

aBET, bICP–MS, cOrganic element analyzer, dXPS.
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Figure 5. (a) Nitrogen species present in N-doped carbons and common metal coordination sites, (b) molecular structures of N-

species in N-doped carbons, and turnover frequencies (TOFs) of (c) different N-doped carbon (three ring) catalysts, and (d) pyridinic 

N-doped carbon catalysts (with extended π-conjugation) for the conversion of benzyl alcohol to benzaldehyde. Reaction 

conditions: 0.2 mmol catalyst, 2.0 mmol Ph-CH2OH, 2 mmol TBHP, 5 mL ACN, 70 °C, 4 h. Reproduced with permission from 

ref [189]. Copyright 2019 American Chemical Society.

The role of active sites in N-doped carbon for oxygen activation during the oxidation of styrene to benzaldehyde using N-doped 

carbon derived from natural eumelanin (Table 6), AC, and the model molecular catalysts phenol (pKa:10), indole (containing 

pyrrolic N and pKa:16.2), pyridine (containing pyridinic N and pKa:5.2), benzyltrimethylammonium chloride, and cetylpyridinium 

chloride (containing quaternary N+).199 Neither AC nor phenol exhibited any oxidation activity, however indole, pyridine, 

benzyltrimethylammonium chloride, and cetylpyridinium chloride were active. 

Table 6. Styrene oxidation to benzaldehyde over N-containing organocatalysts.188

Selectivity / %Entry Model catalyst Conversion  / %
SO BAL Others

Catalytic activity 
/ mmol gcat

-1 h-1

1 AC - - - - -
2 OH - - - - -

3

N

22 45 55 - 0.96

4 Eumelanin 4 - 48 52 0.15
5

N+
Cl- 21 42 58 - 0.97
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6
N+

CH2(CH2)14CH3

Cl-

5 63 37 - 0.15

7

N
H

10 - 100 - 0.80 

8a PNDC + TEMPO trace - - - -
Reaction conditions: 1 mmol of styrene and 10 wt.% of substrate to catalyst was dissolved in 1 mL of 1,4-dioxane for 12 h under 
1 atm O2. aTEMPO (1 mmol). SO: styrene oxide, BAL: benzaldehyde

The preceding observation is consistent with other studies of alcohol oxidation over N-doped carbon catalysts, wherein nitrogen 

promoted benzyl alcohol oxidation (Table 7)197, 207 to achieve activities comparable to commercial Pt/C.207 Pyridinic and quaternary 

N species were particularly effective, achieving 12 % conversion.208 Mechanistic studies indicate the reaction proceeds via epoxide 

and peroxide intermediates through a radical mechanism. 1-Benzyl-4-cyanopyridin-1-ium bromide, which contains a pyridinium 

moiety, achieved 39 % conversion of p-xylene under aerobic oxidation conditions, although tetrabutylammonium bromide (TBAB) 

only achieved 4 % conversion, highlighting the importance of pyridinium functions. Studies of N-alkyl pyridinium salts for the 

aerobic oxidation of methyl aromatic hydrocarbons revealed that N-alkyl pyridinium salts enhance the decomposition of peroxide 

intermediates; 1-benzyl-4-cyanopyridin-1-ium bromide catalyses the decomposition of 35 % of TBHP, whereas the uncatalysed 

reaction achieves only 10 % decomposition.208

Table 7. Benzyl alcohol oxidation to benzaldehyde over graphene catalysts.186 

Entry Substrate Product Catalyst Temperature 

/ C

Conversion 

/ %

Selectivity 

/ %

Specific activity

/ mmol gcat
-1 h-1

1 OH O Undoped graphene 70 0.3 100 0.042

2 OH O N-doped graphene 70 12.8 100 0.001

Reaction conditions: 30 mg catalyst; 0.1 mmol BA, 80 mL H2O; 1300 rpm; 10 h.

Building on the promise of N-doped carbons for benzyl alcohol oxidation their role in esterification has also been explored. In the 

absence of noble metals, it is notable that (metal-free) N-doped mesoporous carbon efficiently catalyse the oxidation of various 

alcohols such as benzyl alcohol, 5-HMF, cyclohexylmethanol, 1-heptanol, and cinnamyl alcohol to the corresponding carbonyl 

compounds, and tandem oxidative esterification of benzyl alcohol to methyl benzoate in methanol (Table 8).207 N-doped carbons 

from biomass-derived bamboo sawdust and melamine can also facilitate the oxidative transformation of HMF to value-added furan 

derivatives such as 2,5-furandicarboxylic acid (FDCA) and methyl-5-formylfuran-2-carboxylate (MFFC) in the absence of 

homogeneous base.183 

Table 8. Alcohol oxidation to aldehydes over N-doped carbon and Pt/C catalysts. 207

Entry Substrate Product Catalyst Time 

/ h

Conversion 

/ %

Selectivity 

/ %

Specific activity

/ mmol gcat
-1 h-1

3 OH O 100 mg N-

doped 

carbon

5 23 100 0.25

4 OH O 10 mg Pt/C 0.5 7 100 15.4

5 OH O 100 mg N-

doped 

carbon 

5 0 - -
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6 OH O 10 mg Pt/C 5 20 - -

7a OO OH OO O 100 mg N-

doped 

carbon

15 24 93 0.16

8a OO OH OO O 10 mg Pt/C 5 29 0 -

Reaction conditions: 5 mL ethanol, 1.1 mmol alcohol, 120 °C; a80 °C.

Synergies in the oxidative esterification of 5-HMF to dimethyl furan dicarboxylate (DMFDCA) are reported for Co@C-N catalysts 

(Table 9). Co@C-N was synthesised via precipitation of a ZIF-67 precursor and its subsequent pyrolysis at 600-900 °C under an 

Ar atmosphere (denoted as Co@C-N(600), Co@C-N(700), Co@C-N(800), and Co@C-N(900)). For comparison, a Co@C(800) 

sample was synthesised by mixing Co and trimesic acid followed by pyrolysis at 800 °C for 6 h. The Co@C-N(800) catalyst 

achieved 99 % 5-HMF conversion and 98 % selectivity to DMFDCA. Controls without a catalyst or using AC resulted in low 5-

HMF conversion and a negligible DMFDCA yield (Table 9, entries 1 and 2). Some activity was retained after treating Co@C-

N(800) with aqua regia to remove cobalt (Table 9, entry 3), suggesting a contribution from the N-doped carbon or incomplete Co 

removal. Reduction of Co@C-N(800) at 400 °C under H2 formed metallic cobalt but suppressed activity (Table 9, entry 4) which 

may reflect sintering of Co or the need for electron-deficient Con+. A physical mixture of metallic cobalt and AC also showed poor 

activity (Table 9, entry 5) whereas combining metallic cobalt with a N-doped carbon improved the DMFDCA yield (Table 9, entry 

6), albeit this was not superior to the leached N-doped carbon (Table 9, entry 3). Nitrogen-free Co@C(800) produced 18 % 

DMFDCA (Table 9, entry 7) indicating that unreduced Co species can drive oxidative esterification. Understanding the origin of 

this synergy between metals and N-doped carbons requires further investigation.72, 87, 207, 209

Table 9. Oxidative esterification of HMF to DMFDCA over carbon catalysts.72

Entry Catalyst Conversion 
/ %

DMFDCA yield 
/ %

Specific activity 
/ mmol gcat

-1 h-1

1 - 21 <1 0.01
2 AC 25 <1 0.01
3 C-N 85 12 0.12
4 Co 38 <1 0.01
5 Co + C 28 2 0.02
6 Co + C-N 86 13 0.13
7 Co@C(800) 60 18 0.18
8 Co@C-N(800) 99 98
Reaction conditions: 100 mg catalyst, 0.5 mmol HMF, 30 mol% Na2CO3 (vs. HMF), 5 mL MeOH, 2 MPa O2, 100 °C, 5 h.

3. Oxidative esterification over carbon catalysts

Having outlined the general properties of carbon catalysts for oxidative esterification, the oxidative esterification of aldehydes, 

alcohols, and olefins over carbons is now critically assessed in more detail.

3.1. Oxidation of aldehydes to esters

The selective oxidation of aldehydes to their corresponding esters is a fundamental chemical transformation in the laboratory and 

on at industrial scale. Base-free aerobic oxidative esterification of furfural using Co, Ni, and bimetallic Co0.8Ni0.2 nanoparticles 

immobilised on CNTs has been explored.175 Co-CNTs achieved 75 % furfural conversion and a 67 % yield of methyl furoate whereas 

Ni analogues only achieved 26 % conversion and 11% yield. However, despite these differences between the individual metals, 

bimetallic variants (Co0.8Ni0.2-CNTs) delivered a 94 % yield of methyl furoate attributed to cooperativity between Co-Nx and Ni-Nx 

sites: Co-Nx was responsible for oxygen activation, with Ni-Nx proposed to enhance basicity and -hydride elimination, while 
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favouring the adsorption of furfural via the aldehyde group. The surface composition of Co0.8Ni0.2-CNTs revealed three different N 

species with photoelectron binding energies of 398.4, 399.9, and 400.9 eV, assigned to pyridinic, pyrrolic, and graphitic N species 

respectively; the former increased with the Ni content of Co0.8Ni0.2-CNTs. Base-free aerobic oxidative esterification of furfural was 

also studied over Au, Pd, Pt, and Ni doped mesoporous carbons (CMK-3) synthesised by a nanocasting method from SBA-15 hard 

template. Au/CMK-3 exhibited superior catalytic activity for the oxidative esterification of furfural (Table 10), achieving a 78 % 

conversion and 97 % selectivity to methyl 2-furoate. Although Ni/CMK-3 was 100 % selective to the desired ester, furfural 

conversion was only 29 %. Comparison with different supports, including graphite, graphene, AC, and TiO2, confirmed Au/CMK-

3 as optimal; despite a high conversion, Au/TiO2 exhibited poor ester selectivity, producing significant acetal biproduct a likely 

consequence of its higher support acidity.36

Table 10. Catalytic oxidative esterification of furfural over various catalysts. 36

Selectivity / %Catalysts Conversion
/ % Methyl 2-furoate 4-Furaldehyde-dimethyl-acetal

Specific activity 
/ mmol gcat

-1 h-1

Au/CMK-3 78 97 3 18
Pd/CMK-3 80 92 8 19
Pt/CMK-3 60 88 12 15

Ni/CMK-3 29 100 - 7

Au/SBA-15 73 >99 - 16

Au/Graphite 76 87 13 18

Au/ Graphene 41 85 15 10

Au/MWCNT 73 93 7 18

Au/AC 27 99 1 7

Au/TiO2 94 80 20 20

Reaction conditions: 300 μL furfural, 3 eq. TBHP, 50 mg catalyst, metal loading 5 wt%, 20 mL MeOH, 393 K, 3 h.

Oxidative esterification of furfural over Co-N-C/MgO catalysts attained in 93 % and 99 % selectivity to methylfuroate (Figure 6a). 

To explore the impact of solid base, the catalyst was treated with HCl to remove the MgO support resulting in primarily acetal 

production (Figures 6b and 6c). Investigations under a nitrogen atmosphere confirmed that ester production was dependent on the 

support material, with MgO facilitating dehydrogenation reactions. Doping the HCl-treated Co-N-C catalyst with MgO restored 

ester formation, highlighting the importance of support basicity in promoting oxidative esterification over carbons. 66
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Figure 6. (a) Dehydrogenative esterification of furfural with methanol. Reaction conditions: 0.5 mmol furfural, 80 mg catalyst, 5 

mL MeOH, 100 ℃, 0.1 MPa N2, 12 h. (b and c) Control experiments wherein MgO is leached away by HCl and then replenished.66 
Reproduced with permission from ref [61]. Copyright 2017 Elsevier.

Table 11 compares selected literature reports of the catalytic oxidative esterification of aldehydes. Metal free, Au, Cu, and Co 

carbon catalysts have been studied reported for the oxidative esterification of benzaldehyde, furfural, and 4-methylbenzaldehyde, 

with Au/carbons exhibiting the highest activities, reaching 58 mmol gcat
-1 h-1 (Table 11, entry 3). In all cases, oxidation was highly 

selective to the ester. Supporting Co on a N-doped highly (meso)porous carbon (HC) improves it activity to 48 mmol gcat
-1 h (Table 

11, entry 7). However, the high conversions used in these studies prohibit their quantitative comparison as catalysts were operating 

under mass transport limited conditions. This hinders observation of structure-activity relationships, and for the field to advance 

future studies must focus on measuring intrinsic catalyst activity and selectivity under (low) iso-conversion of aldehydes. 

Benchmarking different catalysts is also hindered by the wide range of oxygen pressures and substrate:catalyst concentrations 

employed, and occasional use of soluble bases. CuC4/CoN4@HC catalysts synthesised via molten salt assisted pyrolysis followed 

by a “misplaced deposition” strategy (Figure 7a) are also reported for the oxidative esterification of furfural with methanol. 

Monometallic Co and Cu catalysts exhibited lower furfural conversions than bimetallic CuCo counterparts, with CuC4/CoN4@HC 

achieving complete furfural conversion and 100 % selectivity to the ester. Density functional theory (DFT) calculations identified 

the Co sites as responsible for O2 activation. CuC4 adsorbed O2 with a 1.23 Å O=O bond length, insufficient to activate the molecular 

bond, whereas CoN4 sites strongly adsorbed O2 (-0.64 eV) accompanied by a significant stretching of the O═O bond (Figure 7b). 

Genesis of CoN4 sites was essential to achieving high activity in CuC4/CoN4@HC catalysts.210 The effect of N and S dopants on 

furfural oxidative esterification was explored for hollow carbon-encapsulated Cu/Co2P nanoparticles (denoted as Cu/Co2P@C-NS) 
211 derived by pyrolysis of a ZIF-67 core coated with a poly(cyclotriphosphazene-co-4,4′-sulfonyldiphenol) shell that coordinates 
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Cu2+ species. This catalyst achieved high conversion and 99 % selectivity towards methyl furoates, attributed to a synergy between 

Cu and Co2P components, although the performance of Co@C-N and Co2P@C-NS controls and Cu/Co2P@C-NS was compared at 

>99 % conversion under which reactions were diffusion-limited hindering quantitative assessment of the benefits of N/S co-doping.

Table 11. Summary of carbon catalysts for oxidative esterification of aldehydes to esters.
Entry Catalyst Substrate Oxidant

/ additive
Reaction conditions Conv. 

/ %
Sel. 
/ %

Specific 
activity
/ mmol 
gcat

-1 h-1

Ref. 

1 Co0.8Ni0.2-CNTs FF O2 0.3 mmol furfural, 0.05 g 
catalyst (2.5 wt% total metal, 3 
mL MeOH, 20 bar O2, 100 ℃, 3 
h

>99 >99 2 175

2 5% Au/CMK-3 FF O2 300 μL furfural, 0.05 g catalyst 
(5 wt% Au), 20 ml MeOH, 15 
bar O2, 100 ℃, 3 h

>99 >99 24 36 

3 Au@UiO-66-
COOH

FF O2/K2CO3 0.1 g furfural, 25 mg catalyst 
(4.6 wt% Au), 15 mL EtOH, 3 
bar O2, 140 ℃, 4 h

67 84 58 212

4 CMK-3@PDA/Pd 4-MBz O2/K2CO3 1 mmol 4-MBz, 0.1 mol% 
catalyst, 3 mL MeOH, O2, 80 
℃, 8 h

100 96 - 116 

5 Co‐N‐C/MgO FF O2/K2CO3 0.5 mmol furfural, 0.05 mmol 
Co catalyst, 5 mL MeOH, 5 bar 
O2, 100 ℃, 6 h

93 99 1 66 

6 HCP-BzmimCl FF O2/DBU 1 mmol furfural, 1 mmol 
catalyst, 2 mL MeOH, 5 bar O2, 
120 °C, 4 h

98 100 - 213

7 Co-NOPC-M FF O2 50 mmol furfural, 0.5 g catalyst 
(4 wt% Co), 500 mmol MeOH, 
5 bar O2, 80 °C, 2 h

>99 96 48 68 

8 CuC4/CoN4@HC FF O2/K2CO3 0.5 mmol furfural, 5 mol% 
catalyst (1.20 Cu:1.84 Co 
mol%), 4 mL CH3OH; 1 bar O2, 
50 °C, 2 h

100 100 - 210

9 Cu/Co2P@C-NS-
36 nm

FF O2/K2CO3 0.1 mmol furfural, 0.2 g catalyst 
(25 Cu:5 Co wt %), 2 mL 
MeOH, 20 bar O2, 120 °C, 3 h

>99 99 1 211

10 Kaolin@CS-
Starch

4-MBz O2/K2CO3 1 mmol 4-MBz, 20 mg catalyst, 
3 mL CH3OH, O2, 80 °C, 8 h

100 96 6 214

11 Graphite oxide Bz Oxone 1 mmol Bz, 0.2 g catalyst, 4 mL 
MeOH, 1 mmol oxone, 60 °C, 
0.5 h

100 90 9 28 

Photocatalytic conversion

Entry Catalyst Substrate Light source Reaction conditions Conv. 
/ %

Sel.
/ %

Specific 
activity
/ mmol 
gcat

-1 h-1

Ref. 

12 Ag/CeO2-rGO Bz W lamp
(400-800 nm)

1 mmol Bz, 20 mg catalyst (0.8 
wt% Ag), 10 mL MeOH, O2, 
RT, 8 h

87 99 5.4 215

13 Co@npg-C3N4 Bz Visible (>400 
nm)

1 mmol Bz, 0.1 g catalyst (1 
wt% Co), 5 mL MeOH, O2, RT, 
12 h

97 96 0.8 216
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14 Graphitic C3N4 Bz 300 W Xe lamp 
with 420 nm UV 
cut-off filter

1 mL Bz, 0.1 g catalyst, 8 mL   
MeOH, 50 °C, 4 h

32 - 0.1 217

15 mpg-C3N4 Bz 300 W Xe lamp 
with 420 nm UV 
cut-off filter

1 mmol Bz, 50 mg catalyst, 5 
mL EtOH; RT, 12 h

20 99 0.3 218

FF: Furfural, Bz: Benzaldehyde, 4-MBz: 4-methylbenzaldehyde, CNTs- carbon nanotubes, DBU-1, 8-diazabicyclo [5.4.0] under-
7-ene, Au@SiO2/ZA- SiO2-coated Zn-Al hydrotalcite-supported Au NPs. 

Figure 7. (a) Schematic of CuC4/CoN4@HC synthesis, and (b) computed optimum configurations of molecular oxygen and 

CuC4@HC versus molecular oxygen adsorbed on CuC4/CoN4@HC. O atoms in sky-blue; Cu atoms in orange; Co atoms in pink; 

carbon atoms in grey.210 Reproduced with permission from ref [195]. Copyright 2021 American Chemical Society.

There are a few reports on the photocatalytic oxidative esterification of aldehydes (Table 12, entries 12-15), and none that provide 

apparent quantum yields which is critical for quantitative benchmarking to account for different spectral outputs and light fluxes. 

Inorganic semiconductor photocatalysts are reported for the conversion of benzaldehyde to methyl benzoate using alcohols. A 

Ag/CeO2-rGO catalyst achieved 89 % conversion and 99 % selectivity to methyl benzoate under visible light (400-800 nm) with a 

specific activity of 5.39 mmol gcat
-1 h-1 at 25 °C (Table 12, entry 12). Co@npg-C3N4 also showed 97 % and 96 % selectivity to 

methyl benzoate under visible light, but with a lower activity of 0.78 mmol gcat
-1 h-1 (Table 11, entry 13). In contrast, pristine g-

C3N4 and mesoporous g-C3N4 (mpg-C3N4) only afforded 32 % and 20 % benzyl alcohol conversion respectively, with corresponding 

activities of 0.08 and 0.33 mmol gcat
-1 h-1 (Table 11, entries 14 and 15). Although metal co-catalysts appear necessary to stabilise 

separated photoexcited charges, and oxygen activation, for efficient photocatalysis, the modest activity of mpg-C3N4 shows the 

promise of metal-free photocatalyst for the oxidative esterification of aldehydes to esters, with the reaction proposed to proceed via 

the a hemiacetal intermediate (Scheme 4).218
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Scheme 3. Proposed mechanism of the photocatalytic 4-nitro benzaldehyde esterification reaction.207 Reproduced with permission 

from ref [203]. Copyright 2023 American Chemical Society. 

3.2. Oxidation of alcohols to esters 

The selective oxidation of alcohols can also be used to drive oxidative esterification cascades (Scheme 2); a recent perspective on 

the use of carbons for the catalytic oxidation of HMF provides valuable insight in this regard.11 Various carbons are demonstrated 

for the oxidative esterification of alcohols, including graphene, nanotubes, MOF-derived materials, and N, S, and/or P-doped 

carbons. Cobalt single atoms on N-doped carbons (Table 12, Entry 2) exhibit the best performance with a specific activity of 220 

mmol.gcat
-1.h-1, with the added advantage of not requiring soluble base (important to avoid the production of base-contaminated 

liquid waste); the intrinsic basicity of the dopant being sufficient. Nevertheless, most reports employ K2CO3 to increase the solution 

basicity.195, 219 Cobalt is particularly effective in combination with N-doped carbons for oxidative esterification, conferring high 

activity for benzyl alcohol and selectivity to methylbenzoate, even at 60 °C and 1 bar O2 or air. However, activity and selectivity 

were strongly affected by substitution of the benzyl ring, with 4-methyl-, 4-methoxy-, and 4-nitro- substituents favouring high 

conversion (78 %, 96 %, and 69 %, respectively) over a Co-MOF derived catalyst (Table 12, Entry 9),62 whereas benzyl alcohol 

and its 4-bromo-, and 4-chloro-analogues only achieved ~50 % conversion. High ester selectivity was only attained for Br- (82 %), 

Cl- (100 %), and methyl- (78 %) substituted benzyl alcohols, with the parent benzyl alcohol only undergoing oxidative 

dehydrogenation to benzaldehyde. A separate study of 4-nitrobenzyl alcohol oxidative esterification over a different MOF-derived 

Co/carbon catalyst (Table 12, Entry 10) observed a high ester selectivity,12 although this was conducted using lower oxygen 

pressure and temperature, a much longer reaction time, and without K2CO3 additive. Moderate to high Co loadings are common, 

spanning 2 wt% (Table 12, Entry 5) to 33 wt% (Table 12, Entry 6), although there is no evidence of any structure-sensitivity in 

terms of rate or selectivity. While Au and Pd carbon catalyst have also been investigated, these show no benefits over Co analogues, 

and indeed the former generally exhibit lower rates, with the notable exception of Au-Pd/graphene prepared by deposition-

precipitation of chloride salts (Table 12, Entry 16) to yield bimetallic Au2.5Pd0.5 nanoparticles on graphene sheets which attained 

40 mmol gcat
-1 h-1 at only 25 °C.32 Reaction profiles indicated that benzyl alcohol was first selectively oxidised to benzaldehyde, 

with K2CO3 subsequently abstracting a hydrogen atom promoting O-H bond cleavage to form metal alkoxide and hydride species. 

Methanol reacts with benzaldehyde via nucleophilic addition reaction to form the hemiacetal intermediate which then undergoes 

oxidative dehydrogenation to yield methyl benzoate. Excitation of the Au surface plasmon resonance had no impact on reactivity.

Page 21 of 47 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
8/

20
26

 1
:5

2:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CY01579K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01579k


22

Table 12. Summary of carbon-based materials for oxidative esterification of alcohols to esters.
Entry Catalyst Substrate Oxidant

/ additive
Reaction conditions Con.

/ %
Sel.
/ %

Specific 
activity
/ mmol 
gcat

-1 h-1

Ref. 

1 Co@NC-4 BzOH O2 0.5 mmol BzOH, 7 mg catalyst (5.5 
mol% Co), 1 bar O2, 4 mL MeOH, 60 ℃, 
12 h

99 98 5.8 195, 

220

2 Co SAs-N@C BzOH O2 0.5 mmol BzOH, 7 mg catalyst, 1 bar O2, 
5 mL MeOH, 60 ℃, 3 h

>99 98 220 72

3 Co@NC-Gr7 BzOH O2/K2CO3 250 mg BzOH, 40 mg catalyst (13 wt% 
Co), 1 bar O2, 4 mL MeOH, 60 ℃, 12 h

88 96 4.1 219

4 CoCu@NC2 BzOH O2 0.5 mmol BzOH, 40 mg catalyst (9 wt% 
Co), 1 bar O2, 5 mL MeOH, 60 ℃, 12 h

100 >99 1.0 221

5 CoNC/CNT BzOH O2/K2CO3 0.4 mL BzOH, 200 mg catalyst (1.8 wt% 
Co), 20 bar O2, 32 mL MeOH, 60 ℃, 12 h

88.1 92 1.3 222

6 Co-CoO@NC BzOH O2/K2CO3 1 mmol BzOH, 25 mg catalyst (33 wt% 
Co), 1 bar O2, 8 mL MeOH, 80 ℃, 12 h

100 >99 3.3 223

7 Co-NC BzOH Air/K2CO3 0.5 mmol BzOH, 25 mg catalyst (9 % 
Co), 1 bar air 4 mL MeOH, 60 ℃, 24 h

99.3 >99 0.8 224

8 Co SACs@NG-
800-50

BzOH O2/K2CO3 0.5 mmol BzOH, 20 mg catalyst (10 wt% 
Co), 1 bar O2, 4 mL MeOH, 60 ℃, 24 h

>99 >99 1.0 224

9 Co-MOFs-800 4-RBzOH O2/K2CO3 1 mmol 4-RBzOH, 20 mg catalyst (32 
wt% Co), 10 bar O2, 5 mL MeOH, 60 ℃, 
24 h

50-96 0-
100

1.3 62

10 Co@C-N(800) 4-NO2-
BzOH

Air 0.5 mmol 4-NO2-BzOH, catalyst (15 
mol% Co), 1 bar air, 1 mL MeOH, 25 ℃, 
96 h

>99 >99 0.4 12

11 Au0.05Co@NC BzOH O2/K2CO3 0.5 mmol BzOH, 20 mg catalyst (39 wt% 
Co), 1 bar O2, 10 mL MeOH, 120 ℃, 4 h

100 >99 6.3 226

12 PdBi0.47Te0.09 BzOH O2/K2CO3 0.5 mmol BzOH, 21 mg catalyst (0.1 mol 
% Pd), 1 bar O2, MeOH (flow), 60 ℃, 8 h

>99 >99 3.0 227

13 Co@NC-2-900 BzOH Air/K2CO3 0.5 mmol BzOH, 30 mg catalyst (5 wt% 
Co), 10 bar O2, 4 mL MeOH, 60 ℃, 24 h

>99 97 0.7 228

14 Pd5Bi5/NCB BzOH Air/K2CO3 0.5 mmol BzOH, 10 mg catalyst (20 wt% 
Pd), 1 bar air, 2 mL MeOH, 80 ℃, 2 h

>99 96 24 180

15 CoOx-N@C, 
PAN

BzOH O2 /K2CO3 1 mmol BzOH, 0.15 g catalyst (22 wt% 
Co), 1 bar air, 4 mL MeOH, 60 ℃, 24 h

92 99 0.3 229

16 Au-Pd/graphene BzOH O2/K2CO3 2 mmol BzOH, 50 mg catalyst (2.7 wt% 
Au, 0.3 wt% Pd), 1 bar O2, 5 mL MeOH, 
25 ℃, 1 h

100 >99 40 32

17 Co@NOSC BzOH O2 0.5 mmol BzOH, 60 mg catalyst (21 wt% 
Co), 1 bar O2, 5 mL MeOH, 60 ℃, 24 h

97 >98 0.3 230

18 Au-G 
nanocatalyst

BzOH O2/K2CO3 2.5 mmol BzOH, 50 mg catalyst (18 wt% 
Au), 1 bar O2, 6 mL MeOH, 45 ℃, 6 h

100 97 8.1 231

Photocatalytic conversion
Entry Catalyst Substrate Light 

source
Reaction conditions Conv.

/ %
Sel.
/ %

Specific 
activity
/ mmol 
gcat

-1.h-1

Ref. 

19 Co@NC BzOH 300 W Xe 
UV-Vis 

BzOH (0.5 mmol), catalyst (0.01 g), O2; 
0.1 MPa, CH3OH: 4 mL; 60 ℃, 1 h, 
K2CO3

100 >99 50 232

BzOH: benzyl alcohol; 4-NO2BzOH: 4-nitrobenzyl alcohol; 4-RBzOH: R=CH3, CH3O, NO2, Cl, and Br.
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Base-free oxidative esterification of alcohols to esters is also reported using a Co/N-doped carbons, wherein electron transfer across 

the Schottky barrier formed at the metal/N-doped carbon interface (Figure 8) enhanced the oxidative esterification of alcohols to 

esters.195 Nitrogen atoms bound to carbons acted as Lewis base sites, while metal atoms acted as Lewis acid sites. Carbon atoms 

nitrogen are can also activate small electron-rich molecules such as O2, facilitating redox reactions.233

Figure 8. Mott–Schottky effect in Co single atoms dispersed in N-rich carbons. 195 Reproduced with permission from ref [180]. 
Copyright 2017 American Chemical Society.

Bioinspired SACs comprising Fe, Co, Ni or Cu immobilised on N-doped carbons are reported for the base-free, aerobic oxidative 

esterification of primary alcohols. Their synthesis involved the coordination of metal ions with a phenolic network to form insoluble 

lignin complexes (Figures 9a and 9b) whose pyrolysis creates in a homogeneous distribution of metal single atoms (Figures 9c 

and 9d). Experimental and computational studies indicate that isolated metal-N3C moieties are the active sites. 72

Figure 9. (a-b) Synthesis of carbon-supported SACs using metal-lignin (M-L) complexes. (c-e) TEM and HAADF-STEM images 

of Co SAs-N@C.72 Reproduced with permission from ref [66]. Copyright 2019 Elsevier.

Page 23 of 47 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
8/

20
26

 1
:5

2:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CY01579K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01579k


24

Solvent-free mechanochemical routes to Co@N-doped carbon catalysts have also been developed for the oxidative esterification of 

benzyl alcohol to methyl benzoate, conferring higher activity than Co@NC-Phen and Co@NC-ZIF based catalysts (Table 11, Entry 

4).219 Ball-milling and carbonization provide a low cost route to bimetallic analogues metal (CoCu@NCn) for the base-free oxidative 

esterification of various alcohols under mild reaction conditions.221 Mechanical mixing and subsequent pyrolysis of chitosan as a 

carbon source, with melamine as a nitrogen precursor, and CoCl2·6H2O, and CuCl2·2H2O metal precursors, yielded a N-doped 

carbon embedded with cobalt and copper nanoparticles. HRTEM (Figure 10a-c) demonstrated uniformly dispersed nanoparticles 

throughout the N-doped carbon matrix (Figure 10e). Synergy between proximate Cu and Co nanoparticles significantly enhanced 

the catalytic performance (Figure 10d) for oxidative esterification of electron donating and withdrawing alcohols with high 

conversion (up to 100 %) and selectivity (up to 100 %).

Figure 10. (a–c) HRTEM images, (d) schematic of CoCu@NC2, and (e) EDS maps of C, O, N, Co, and Cu for CoCu@NC2.221 

Reproduced with permission from ref [206]. Copyright 2020 Royal Society of Chemistry.

The oxidative esterification of benzyl alcohols over Co@CNT catalysts has also been explored, with Co3O4 containing catalyst 

particularly effective.222 In contrast, unfunctionalised and N-doped CNTs were inactive. The stability of Co@CNT catalysts was 

assessed by washing with HCl and HNO3: only a small activity loss occurred after HCl treatment, however, HNO3 significantly 

lowered activity, likely due to leaching (Figure 11). 
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Figure 11. CoNC catalyst for benzyl alcohol oxidative esterification (and nitrobenzene hydrogenation or the hydrogenated coupling 

of nitrobenzene with benzaldehyde).222 Reproduced with permission from ref [207]. Copyright 2016 Royal Society of Chemistry.

Co and CoO nanoparticles incorporated into N-doped MOF-derived carbons are highly effective for the direct oxidation of alcohols 

to esters (Figure 12) due to the rich redox chemistry of cobalt.223 N-doped carbons help stabilise Co@CoO core-shell nanoparticles, 

preventing their aggregation and deactivation. Nitrogen-doping also enhances the electronic properties of the carbon support, 

facilitating alcohol adsorption near active sites. The high porosity and surface area of the carbon also ensures efficient diffusion of 

reactants/products to/from active sites. Although catalyst recycling was explored, it was performed at high alcohol conversion and 

hence little can be deduced about catalyst stability.

Figure 12. (a) Schematic synthesis of Co–CoO@N-doped carbons by ZIF-67 pyrolysis (inset, SEM image of Co@CoO particle), 

(b) conversion and selectivity for benzyl alcohol oxidative esterification with methanol, (c) catalyst recycle and filtration test (inset 

shows magnetic separation), (d) TEM image of NC-700-3h, and (e) corresponding SAED pattern, (f) HRTEM image showing lattice 

fringes of Co nanoparticle and graphitic layers, and (g) elemental maps showing uniform dispersion of Co, C, N and O. Reproduced 

with permission from ref 223. Copyright 2015 Royal Society of Chemistry.

Co-NC catalysts prepared with and without a salt template have also been compared for the aerobic oxidative esterification of benzyl 

alcohol with methanol at 60 °C. The salt-templated Co-N-C catalyst possessed a higher surface area (1011 m2 g-1) and pore volume 
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(1.05 cm3.g-1) and achieved 99 % alcohol conversion and 99 % selectivity to methyl benzoate. In contrast, the template-free Co-N-

C catalyst (164 m2 g-1 and 0.15 cm3 g-1) only achieved 30 % conversion, and a metal-free N-doped carbon only 6 % conversion,  

highlighting the importance of cobalt and carbon textural properties on performance.213 Recently, Co SACs@NG-800-50 

synthesised using a hard template-assisted (spatial confinement) strategy was reported for the oxidative esterification of aromatic 

alcohols to esters (Figure 13A). Cobalt single atoms were identified as the active sites (Figure 13B), with the formation of CoN3 

species deemed responsible for O2 activation to form ˙O2- species which facilitate oxidative esterification. Molecular catalysts such 

as cobalt phthalocyanine were inactive. The high conversion of benzyl alcohol and selectivity to methyl benzoate over Co 

SACs@NG-800-50 was attributed to its high surface area and density of Co active sites achieved through the dicyandiamide N-

precursor.225 However, this study did not provide quantitative elemental analysis or information on the dispersion of Co and/or CoN3 

species, hence the assignment of active sites is not definitive and impact of synthesis protocol remains unclear.

Figure 13. A) Synthesis of Co SACs@NG-T-n, B) (a) TEM, (b) HRTEM, (c and d) HAADF-STEM, (d) corresponding elemental 

maps, and (e) energy loss spectrum of Co SACs@NG-800-50, and (f) HRTEM image of Co0.9Cu0.1@NG-800-50.225 Reproduced 

with permission from ref [210]. Copyright 2023 Royal Society of Chemistry.

Co@C-N prepared by the one-step thermolysis of a Co-containing ZIF-67 (synthesised from Co(MeIM)2, MeIM = 2-

methylimidazole) is also reported for the oxidative esterification of p-nitrobenzyl alcohol with methanol at 25 °C (Figure 14).12 The 

parent ZIF-67 was inactive under base-free conditions, whereas the pyrolysed material achieved >99 % ester yield. Calcination and 

reduction under hydrogen to remove carbon and nitrogen and reduce CoOx species to the metal (resulting in a material of ~99 wt% 

Co) dramatically deactivated the catalyst resulting in only 5 % alcohol conversion. Leaching of Co from the Co@C-N catalyst using 

aqua regia to produce metal-free N-doped carbon also resulted in deactivation: both Co and N)-doped carbon) components were 

required to activtate alcohols. Further insight into the nature of the active site in Co@C-N(800) was obtained from N 1s XPS of the 

ZIF-67 and derived Co@C-N(600), Co@C-N(700) and Co@C-N(800) catalysts (Figure 14C). ZIF-67 only possessed pyridinic 
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nitrogen (398.7 eV binding energy) whereas Co@C-N possessed pyridinic and graphitic nitrogen species (401.0-402.0 eV). This 

observation is at odds with previous studies that suggest pyridinic-N is preferential for oxidative esterification, and reflects incorrect 

assignment of the N 1s species in the ZIF framework. The parent ZIF-67 contains an imidazole linker (from the pyrrole family) 

which is weakly basic compared to pyridine as the N lone pair is delocalised across the aromatic system. Nitrogen within the pyrrolic, 

methyl imidizole linker of Co-ZIF-67 therefore does not provide the optimum basicity for oxidative esterification. The graphitic-N 

species generated by pyrolysis offer increased basicity for O2 activation and cooperative interactions. Hence graphitic-N, while 

inferior to pyridinic-N, is more effective for oxygen activation than pryrrolic-N species.

Figure 14. (A) Schematic of a Co/N-doped graphite catalyst prepared by one-step pyrolysis of ZIF-67, (B) HRTEM images of (a) 

Co@C-N(600), (b) Co@C-N(700), (c) Co@C-N(800), and (d) Co@C-N(900). Red lines in (c) indicate a Co nanoparticle 

encapsulated by graphite layers (shown enlarged in panel (e)), and (C) N 1s spectra of (i) ZIF-67, (ii) Co@C-N(700), (iii) Co@C-

N(800), and (iv) Co@C-N(900).12 Reproduced with permission from ref [12]. Copyright 2015 American Chemical Society.

Au0.05Co@NC has also been investigated, with Au employed to regulate the electronic structure of the catalyst, and Co-Nx sites 

responsible for O2 adsorption and activation.226 Gold hypothesised to increase the electron density on Co-Nx species, supported by 

CO2 temperature programmed desorption (CO2-TPD) measurements (Figure 15a) which showed a slight increase in the CO2 

desorption maxima with increasing Au content. The basicity of Co@NC also increased from 1.54 mmol.g-1 for Co@NC to 3.29 

mmol.g-1 for Au0.10 Co@NC; the density of base sites was thus enhanced by Au addition (Figure 15c). Raman spectroscopy was 

used to identify the defect density of the carbons, with the higher ID:IG value of Au0.05Co@NC (1.196) versus Co@NC (1.107) 

consistent with surface defect formation (Figure 15b). Specific activity and TOF (per Co site) for the selective oxidative 

esterification of benzyl alcohol with methanol both increased with Au content/basicity up to a maximum of 0.00416 mol.g-1.h-1 and 

0.626 mol.mol-1.h-1, respectively, for Au0.05Co@NC. A moderate enhancement of basicity improves methanol activation and 

stabilises reaction intermediates, thereby promoting selectivity toward methyl benzoate. Further increases in Au content and basicity 

may lowered performance, possibly due to destabilisation of active sites or the promotion of side reactions. Unfortunately, catalyst 
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testing was again performed under diffusion-limited conditions, making it impossible to unequivocally comment on the origin of 

Au promotion. Reported activities based on 100 % benzyl alcohol conversion may also be an underestimate, and further studies at 

low iso-conversion are needed to extract kinetic data. TOFs based solely on the surface Co may also be misleading as Au itself is 

active for oxidative esterification, and it would be more meaningful to consider the total surface metal content.

Figure 15. (a) CO2 TPD profiles, (b) Raman spectra, and (c) relationship between Au content and catalyst basicity and performance 

for AuxCo@NC catalysts.226 Reproduced with permission from ref [211]. Copyright 2022 American Chemical Society.

Approximately 400 metal salt were screened in combination with Pd/C undertake to identify optimal catalysts for the oxidative 

esterification of 1-octanol with methanol (Figure 16),227 with Bi and Te identified as the most effective promoters. Subsequent 

synthesis of PdBi0.47Te0.09/C and PdBi0.35Te0.21/C via wet impregnation yielded active catalysts for the oxidative esterification, with 

PdBi0.35Te0.21/C showing superior activity to PdBi0.47Te0.09/C. Further testing with various primary alcohol substrates showed that 

PdBi0.35Te0.21/C was a versatile catalyst achieving yields 90 % for all primary alcohols tested.
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Figure 16. Admixture screening (methyl octanoate yields) for the aerobic oxidation of 1-octanol with catalysts composed of 

Pd/charcoal in combination with one or two additives. Colour code reflects methyl octanoate yields: <Pd (white), >Pd (yellow), >60 

% (orange), and ≥80 % (red). 216 Reproduced with permission from ref [212]. Copyright 2017 American Chemical Society.

Heteroatom-doped Co/carbon nanotubes containing N, S, and O (Co@NOSC, Co@NC and Co@OSC) were explored for the 

oxidative esterification of alcohols. Tri-doped carbons prepared by direct mixing and freezing drying of precursors followed by 

carbonisation at 900 °C show excellent conversions (up to 97 %) for alcohols with ester selectivity up to 99 %. 230 However, the Co 

contents varied significantly across these catalyst families, from 21 wt% in Co@NOSC, to 37 wt% in Co@OSC, and 61 wt% in 

Co@NC which may be responsible for observed performance differences. Although efforts were made to record Co:benzyl alcohol 

ratios, these also varied significantly across samples, and the impact of Co particle size and presence of different Co phases (e.g. 

metallic Co in Co@NC, metallic Co and 23 % Co9S8 in Co@NOSC, and metallic Co with 70 % Co9S8 in Co@OSC) was also not 

considered. Particle sizes (of 40 nm) for Co metal and Co9S8 were reported for Co@NOSC, but corresponding values were not 

reported for Co@NC or Co@OSC. Furthermore, Co in Co@CN (synthesised from a urea based gel) was only partially encapsulated 

by a carbon shell, whereas that in Co@OSC and Co@NOSC was embedded in a heteroatom rich shell. The latter suggests that using 

carrageenan as the gelling medium during catalyst synthesis conferred a more uniform Co distribution. It remains unclear whether 

S directly contributes to the reaction, or simply aids the synthesis to produce more stable/active forms of Co. 

Co@NC has also been investigated for the photocatalytic oxidative esterification of benzyl alcohol to methyl benzoate under UV-

visible light irradiation (300 W). This catalyst achieved complete conversion of benzyl alcohol to methyl benzoate, with a specific 

activity of 50 mmol gcat
-1 h-1 at room temperature (Table 13, entry 19), highlighting the potential of graphitic carbon-based 

photocatalysts in driving oxidative esterification of alcohol (albeit in the presence of K2CO3) with minimal energy input.
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3.3. Oxidation of alkenes to esters

The synthesis of carbonyl compounds (aldehydes, ketones, esters, and acids) from alkenes is highly desirable due to their extensive 

use as synthons in the pharmaceutical industry. These transformations facilitate the production of essential intermediates for a wide 

range of chemical processes and drug manufacture.234 However, the conversion of generally inactive olefins to carbonyl compounds 

presents significant challenges requiring highly efficient and selective catalysts to achieve the desired transformations under mild 

conditions. There are relatively few reports on the conversion of olefins to esters using carbon catalysts. Recent studies have shown 

that carbons doped with metals (e.g., Fe) and nitrogen are effective for the oxidative esterification of alkenes.235 Incorporating iron 

into N-doped carbon was recently reported for the oxidative esterification of olefins using molecular O2 or TBHP as oxidants. High-

resolution transmission electron microscopy showed that the catalyst comprised metallic Fe and Fe3C nanoparticles encapsulated 

by graphitic carbon with lattice spacings of 0.2 nm and 0.21 nm, respectively, and nanoparticle sizes of 5 and 20 nm (Figures 17a-

17d). Mechanistic studies indicated that the reaction involved radicals in a cascade process with both Fe nanoparticles and the N-

doped carbon playing important roles; radical scavengers (BHT or TEMPO) inhibited oxidative esterification. Trace amounts of 4a, 

4b, 4e, and 4g (Scheme 4) were detected during the oxidative cleavage of styrene, and these molecules proved suitable starting 

materials for oxidative esterification suggesting that they are intermediates in cascades A and B. The catalyst was particularly 

effective for the oxidative esterification of halogenated aryl olefins which exhibited good to moderate conversions without the 

formation of dehalogenation products. Functional groups on the aromatic ring had little effect on catalytic activity, demonstrating 

its versatility.235

Figure 17. Electron microscopy analysis of Fe-NC-900. (a) SEM images under BED-C mode. (b) TEM image (the inset is the 

particle size distribution of nanoparticles) and (c) HRTEM image. (d) Elemental mapping images.235 Reproduced with permission 

from ref [220]. Copyright 2022 Elsevier.
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Scheme 4. Proposed reaction pathways for the oxidative cleavage of C=C bonds to esters over Fe-NC-900.235 Reproduced with 

permission from ref [220]. Copyright 2022 Elsevier.

The hydroxyl-mediated oxidative esterification of various alkenes is reported using tubular carbon nitride (TCN) as a photocatalyst 

under 250 W Xe lamp irradiation. TCN achieved good yields of aromatic esters (48 % to 89 %), however the valence band potential 

of TCN was too small to activate aliphatic olefins (Figures 18a and 18b). The TCN photocatalyst exhibited good reusability, 

maintaining activity for four cycles, before conversion dropped to ~60 % due to corrosion of the g-C3N4 support by acid by-

products.236

Figure 18. (a) UV-visible absorption spectra of g-C3N4, TCN (inset shows band gap energies), and (b) their band structure 

alignments.236 Reproduced with permission from ref [221]. Copyright 2021 Royal Society of Chemistry.

3.4. Oxidation of alkynes to esters

Significant progress has been made in the catalytic cleavage of -C-C- and -C=C- bonds, however the activation of -C≡C- bonds 

remains challenging due to their high bond dissociation energy (>200 kcal/mol).237, 238 Nevertheless, the oxidative cleavage of -

C≡C- to form esters using molecular oxygen has been reported over a Co@NC-800 catalyst.239 HRTEM analysis revealed a metallic 

cobalt core surrounded by graphitic carbon layers, with Co-Nx coordination sites in the carbon shell (Figures 19a and 19b). The 

oxidative esterification of phenylacetylene with methanol resulted in a 93 % yield of methyl benzoate. Treatment of Co@NC-800 
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with aqua regia removed cobalt nanoparticles (Figures 19c and 19d). The acid-treated Co/NC-800-H+ material was inactive for 

oxidative esterification of alkynes, confirming the critical role of cobalt. Mechanistic studies showed that ketones were formed as 

reaction intermediates (Figure 20), suggesting that cobalt nanoparticles were essential for activating molecular oxygen and oxygen 

insertion. 

Figure 19. TEM images of (a-b) Co/NC-800, and (c-d) Co/NC-800-H+.239 Reproduced with permission from ref [224]. Copyright 

2023 Elsevier.

Figure 20. Possible pathway for the oxidative esterification of alkynes.239 Reproduced with permission from ref [224]. Copyright 

2023 Elsevier.

Photocatalytic oxidative esterification of alkynes was also explored using a recyclable, carbon nitride semiconductor 

(potassium/sodium poly(heptazine imide, K,Na-PHI) under 7 W UV LED light in the presence of O2.240 The catalytic system was 

effective for activating substrates with electron-withdrawing and electron-donating groups. Electron-withdrawing substrates 

resulted in lower ester yields compared to electron-donating substrates. Control experiments and electron paramagnetic resonance 

(EPR) analysis highlighted the role of superoxide radicals in the reaction mechanism. Reactions performed with either H2O18 or 
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18O2 resulted in 18O labeled esters, suggesting that the oxygen originates from water and dioxygen. Replacing the alkyne with an 

aldehyde gave a 92 % ester yield of esters, whereas replacing it for an acid did not give any ester product, indicating aldehyde as a 

reactive intermediate. However, when methionine was used as a trap to identify the dioxetane intermediate no diol formation was 

observed, suggesting that the reaction does not proceed via dioxetane (Figure 21A). Evidence for a radical pathway was provided 

by using 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) as a radical trap, which resulted in only trace oxygenated products during 

phenylacetylene oxidation. EPR confirmed the presence of hydroxyl and superoxide radicals when reactions were performed in the 

presence of p-benzoquinone and tertiary butanol as superoxide and hydroxyl radical scavengers (Figure 21B and 21C). Finally, 

control experiments using CCl4 and HCOONH4, as scavengers of photoexcited electrons and holes respectively, showed a significant 

decrease in the yield of oxygenated products (to 27 % and 35 % respectively), confirming that reaction was light-driven; 

photogenerated hydroxyl radicals act as a green oxidant in the esterification according to a putative mechanism for photocatalytic 

oxidative cleavage of alkynes (Figure 21D) Although this water-soluble catalyst was recyclable, its recovery requires CH2Cl2 

extraction, whose use is now banned by the US Environmental Protection agency in industrial applications.241 Alternative separation 

protocols are thus required for such molecular carbon catalysts.

Figure 21. (A) Oxidative esterification of phenylacetylene over K,Na-PHI using oxygen isotopes, and control reactions using 

benzaldehyde or benzoic acid. ESR spectra of KNaPHI with/without visible light irradiation to detect (B) O2
˙−, and (C) ̇ OH radicals, 

(D) plausible reaction mechanism, and (E) direct solar energy mediated -C≡C- bond cleavage on the gram scale.240 Reproduced with 

permission from ref [225]. Copyright 2022 Royal Society of Chemistry.

The photocatalytic aerobic oxidative cleavage of -C≡C- bonds has also been demonstrated for electron-withdrawing and electron-

donating aromatic alkynes, with diazonium salts as an aryl radical initiator, over porous graphitic carbon nitride (p-g-C3N4). This 

approach can be driven by solar irradiation, with results comparable to those under a Xe lamp for the aerobic oxidative conversion 

of phenylacetylene and diazonium salts. Use of solar energy is essential for large-scale ester production (Figure 21E).242 
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4. Progress and challenges in the oxidative esterification of alkynes and alkenes

Gold and palladium supported on solid acid catalysts have been extensively studied for the oxidative esterification of aldehydes and 

alcohols, demonstrating high efficiency and selectivity. More recently, cobalt catalysts have attracted attention for oxidative 

esterification reactions due to the redox properties of cobalt. Despite progress in the oxidative esterification of aldehydes and 

alcohols, the direct one-pot conversion of alkenes or alkynes to esters remains a formidable challenge which requires further 

investigation.

4.1. Challenges

The principal challenges associated with oxidative esterification of alkenes and alkynes are: (i) the low reactivity of alkenes and 

alkynes which hampers their selective thermal activation under oxidative conditions; (ii) competing pathways such as epoxidation, 

hydration, oxidative dehydrogenation, and polymerisation, which lower the yield of desired esters; (iii) poor catalyst efficiency for 

both oxidation and esterification steps under the same conditions (required for a one-pot cascade).

4.2. New strategies

While the oxidative esterification of alkenes to esters is reported over core-shell Fe and Fe3C nanoparticles supported on graphitic 

carbon with TBHP as an oxidant, there are no reports of corresponding aerobic oxidation which is necessary to ensure environmental 

sustainability and process safety.235 A different approach to the tandem aerobic oxidative esterification of alkenes was recently 

reported for a bifunctional Cu-Al-SBA-15 catalyst wherein the copper activated molecular oxygen and the acidic Al-SBA-15 support 

catalysed esterification.234 Such bifunctional, heterogeneous catalysts may exploit spatial compartmentalisation of metal and acid 

active sites, e.g., through hierarchical pore networks, to separate each step of the cascade and exploit substrate-channeling.243, 244 

This strategy would ensure that alkenes/alkynes are partially oxidised by co-adsorbed atomic oxygen at metal sites in large pores 

before encountering acid sites localised within smaller pores. Alternatively, if the lifetime of partially oxidised reactive intermediates 

is on the order of seconds, continuous flow reactors could be exploited: contiguous dual-beds would permit alkene/alkyne oxidation 

over a first metal catalyst bed, with any residual oxygen separated from the solution prior to contacting the aldehyde/ketone 

intermediate with a second acid catalyst bed.245, 246  Such catalytic cascades would streamline process efficiency and productivity 

(and the latter permit different reaction temperatures for Steps 1 and 2 of Scheme 2). Overcoming these challenges in oxidative 

esterification will not only broaden the scope of this powerful transformation but also enable sustainable and efficient synthesis of 

esters directly from hydrocarbons such as alkenes and alkynes, reducing dependency on pre-functionalised substrates like aldehydes 

or alcohols.

 

5. Mechanistic insights into the oxidative esterification of aldehydes, alcohols, alkenes, and alkynes

The oxidative esterification of alcohols, and aldehydes (and to a lesser extent alkenes and alkynes) has been extensively studied to 

elucidate mechanistic pathways, and the nature of active sites and synergies therein.

5.1. Synergies between metals and metal oxides

Cooperative effects between metals and metal oxides on carbons have been most studied for cobalt catalysts containing e.g., Co3O4 

and Co nanostructures. For example, catalysts prepared by pyrolysing Co-based precursors on carbon supports at 300 °C were 

subsequently air-exposed to partially oxidise the Co nanoparticle surface to Co3O4 (confirmed by powder X-ray diffraction).247 Pure 

Co3O4 nanoparticles only showed 4 % conversion for the oxidative esterification of alcohols, whereas Co3O4/Co nanoparticles 

achieved 99 % conversion. This synergy was attributed to electron transfer from metal nanoparticles to the (large work function) 

heteroatom-doped carbon support, The resulting Mott-Schottky junction permits the Co nanoparticle core to serve as an electron 

source (Lewis base), enable the reaction to proceed in the absence of soluble bases. 
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5.2. Effect of acidic and basic supports

The choice of acidic or basic supports significantly impacts on oxidative esterification. For example, acidic Al2O3 is less effective 

than basic MgO (or soluble bases) for the oxidative esterification of HMF.85 To understand the role of nitrogen atoms in carbon 

materials, pure carbon, N-doped carbon, and physical mixtures of cobalt with both carbon types were compared for the oxidative 

esterification of 5-HMF (Table 3).64 The most basic N-doped carbon exhibited the highest conversion and selectivity. 

5.3. Role of radicals in reaction pathways 

Radical scavengers suppress oxidative esterification, confirming the involvement of radical species such as the superoxide anion 

radical (•O2
-) in the mechanism. Electron paramagnetic resonance spectroscopy provides direct evidence for radical-mediated 

pathways involving intermediates such as carbocations, carbanions, and free radicals, with the superoxide anion radical (•O2
-) 

identified as critical to high conversion.210 Quenching experiments (Figure 22a-b) over a CuC4/CoN4@HC catalyst using 1,4-

benzoquinone (BQ), and butylated hydroxytoluene (BHT) identified the formation of peroxide radicals, while isopropyl alcohol 

(IPA) evidenced hydroxyl radicals. In the oxidative esterification of furfural to methyl 2-furoate (MF), BQ and BHT addition 

suppressed the MF yield to 10 % and 29 %, respectively, suggesting that both superoxide and peroxy radicals are important oxidants 

(Figure 22c-d). In contrast, IPA had little effect on the MF yield which remained ~71 %, suggesting that hydroxyl radicals are less 

important. Addition of KSCN was also explored to test catalyst stability (Figure 22e), with minimal loss of activity observed, 

however the relevance of this test to thermal oxidative esterification is unclear as this additive is mainly exploited in electrocatalytic 

oxygen reduction wherein low valence sulfur species can poison anodic oxidation.237

Figure 22. (a-b) MF yields over CuC4/CoN4@HC in the presence of different radical traps. Reaction conditions: 0.5 mmol furfural, 

5 mol% metal, 0.1 mmol K2CO3, 4 mL CH3OH, 1 bar O2, 50 °C, 6 h. Schematic of FFA oxidative esterification over 

CuC4/CoN4@HC in the presence of (c) BQ, (d) BHT, or (e) SCN-.210 Reproduced with permission from ref [195]. Copyright 2021 

American Chemical Society.

5.4. General mechanistic aspects

The general pathway for oxidative esterification involves the initial chemisorption of dissolved oxygen at the catalyst surface 

resulting to form •O2 radicals (Scheme 5). 88, 215, 239, 240 Co-adsorbed organic substrates react with the superoxide radical via the C=C 

or CC bond in alkenes or alkynes, resulting in the formation of aldehydes (from alkenes) and ketones (from alkynes).  Under basic 
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conditions, alcohols readily undergo hydrogen abstraction or dehydrogenation to form aldehydes. Aldehydes are further converted 

to hemiacetal intermediates in the presence of alcohols,88, 235, 240 and soluble bases (such as Na2CO3, KOH, or K2CO3) or basic 

supports (such as N-doped carbons). However, aldehydes can also be oxidised to carboxylic acids, which can be converted to esters 

over acidic supports. Although the formation of acids during the reaction can potentially deactivate the catalyst, the presence of 

soluble bases or basic supports helps to neutralise these thereby maintaining catalytic activity. For alkynes, the reaction proceeds 

through the formation of ketones, which are then converted to hemiacetal intermediates, whose subsequent oxidation forms 

ketoesters. Ketoesters are converted to esters via a 1,2-hydride shift or C-C bond cleavage (Figure 20).239 This mechanism highlights 

the role of both radicals and non-radical intermediates in the oxidative esterification process, as well as the importance of bases or 

basic supports in facilitating various reaction steps and neutralising by-products.

  
Scheme 5. General reaction pathways for the oxidative esterification of alkenes, alkynes, alcohols, and aldehydes.

6. Conclusions and future perspectives

The oxidative esterification of aldehydes, alcohols, alkenes and alkynes has emerged as a versatile and sustainable approach to ester 

synthesis, particularly with the development of heterogeneous carbon catalysts which offer recyclability, low by-product formation, 

and reduced environmental impact. Carbons such as graphene, mesoporous carbons, and N-doped carbon have shown promise due 

to their high surface area, stability, and tuneable basicity. Among these, N-doped carbons with pyridinic or graphitic N-species 

exhibit the optimal basicity. In contrast, acidic carbon materials, particularly those doped with P or B, have received considerably 

less attention. This limited exploration may be attributed to the challenges in precisely tuning the acidity of these materials to 

suppress side reactions such as acetal formation. Investigating and optimising the acidic properties of P and B doped carbon materials 

could open new avenues for enhancing catalytic efficiency and selectivity in oxidative esterification processes. In addition, the use 

of molecular oxygen as a green oxidant is consistent with the principles of green chemistry and provides a more sustainable route 

to ester production. Oxidative esterification using carbon-based materials has been extensively explored under thermocatalytic 

conditions (Figure 23). Thermocatalysis offers well-established reaction pathways, good substrate scope, and high selectivity when 

Page 36 of 47Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
8/

20
26

 1
:5

2:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CY01579K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01579k


37

using functionalised carbons (e.g., doped graphene or activated carbon) as supports. Currently, most oxidative esterification 

reactions focus on aldehydes and alcohols, which are typically derived from alkenes and alkynes. However, the relatively low 

reactivity of alkenes and alkynes in oxidative esterification has limited their exploration in this field. Given their synthetic potential, 

further research in this area could lead to the development of novel methodologies and expanded industrial applications.

Figure 23. Catalytic approaches for the oxidative esterification of aldehydes, alcohols, alkenes and alkynes using carbons.

Doped carbons benefit from thermal stability, tuneable surface functionalities, and compatibility with metal co-catalysts. However, 

the requirement of elevated temperatures often leads to high energy consumption and possible over-oxidation, especially with 

sensitive substrates like alkenes or alkynes. Au/carbon catalysts are predominantly employed in the oxidative esterification of 

alcohols to esters, owing to their high selectivity and ability to activate oxygen under mild conditions. In contrast, Co/carbon 

catalysts are widely utilised for the oxidative esterification of bio-derived aldehydes such as furfural and 5-HMF to their 

corresponding esters. Notably, the incorporation of N dopants into the carbon support enhances catalytic performance by modulating 

the electronic environment of metal (e.g., Au or Co) nanoparticles. The electron-donating nature of N-doped carbons facilitates 

charge transfer to the metal (Au, Co) centres, thereby tuning their oxidative properties and improving overall catalytic activity and 

selectivity. However, the conversion of hemiacetal intermediates to esters remains both kinetically challenging and 

thermodynamically unfavourable, particularly when employing bulky alcohols.

Photo-oxidative esterification using carbon-based photocatalysts remains relatively underexplored, with only a few reports 

demonstrating activity under UV or visible light. These approaches offer greener alternatives by utilising solar energy and mild 

conditions, yet they are limited by poor light absorption, fast electron-hole recombination, and challenges in selectively activating 

both the oxidant and the substrate. Electrochemical processes driven by renewable electricity are viewed as a promising way to 

decarbonize the chemical industry.249 However, to date, electrochemical oxidative esterification using carbon catalysts has not been 

reported, likely due to the complexity of managing multiple electron-transfer steps, the need for selective coupling between 

intermediates, and insufficient understanding of reaction kinetics at the electrode interface. This highlights a significant research 

gap and an opportunity for innovation in the development of mild, selective, and energy-efficient electro-oxidative esterification 

protocols. Electrochemical oxygen reduction reaction has been extensively studied using heteroatom-doped carbon materials in 

combination with redox-active molecules, with the role of metals in N-doped carbons recently reviewed.250 Electrochemical 

esterification has emerged as a promising reaction, with the electrochemical dehydration of carboxylic acids with alcohols using 
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trimethoxy-N-phenylphenothiazine as a catalyst reported.251 Oxidative coupling of aldehydes and alcohols using 

tetrabutylammonium fluoride (TBAF) as an electrolyte and methanol solvent is also possible at room temperature (Figure 24).252

Figure 24. (a) Conventional catalytic esterification is complicated by opposing electronic demands on the catalyst electron density 

in different steps of its cycle. (b) Electrochemical processes may overcome this challenge by modulating the catalyst oxidation 

states.247 Reproduced with permission from ref [236]. Copyright 2023 American Chemical Society.

Despite these advances, carbon-based electrocatalysts, which have been widely used in oxygen reduction reactions, have not been 

extensively applied to electrochemical oxidative esterification reactions, making this an exciting area for future development. As 

illustrated in recent mechanistic analyses (Figure 24 a-b), a key challenge in catalytic esterification lies in reconciling the opposing 

electronic demands of the catalytic cycle. The electron-poor conditions favour acid activation and nucleophilic acyl substitution, 

while electron-rich conditions promote catalyst turnover through water elimination. Electrochemical approaches offer a unique 

opportunity to overcome this limitation by dynamically modulating the oxidation state of the catalyst during the reaction. For 

instance, electrochemical oxidation can generate electron-deficient catalytic species to facilitate acyl activation, while subsequent 

reduction restores electron richness to enable dehydration and catalyst regeneration. Extending this redox-switchable concept to 

carbon-based electrocatalysts such as N-doped carbon and mesoporous carbon could provide tuneable electronic environments, high 

stability, and scalable platforms for sustainable oxidative esterification processes. The potential of carbon materials in 

electrochemical esterification is significant due to their low cost, structural diversity, and tuneable properties. However, a critical 

aspect to consider with “metal-free” carbon materials is whether residual metal impurities play a role in the reaction. At low 

concentrations, these impurities are often difficult to detect using conventional techniques such as XPS and energy dispersive X-

ray spectroscopy (EDX). However, it has been shown how metal residues can enhance catalytic activity in electrochemical oxygen 

reduction reactions, raising an important question regarding the true metal-free nature of certain carbon-based catalysts.253

This review has highlighted the critical role of catalyst supports and their influence on oxidative esterification reactions, with the 

importance of using systematic control experiments to identify the nature of active sites in heteroatom-doped carbon materials. Even 

though significant progress has been made in this area, important challenges remain, notably improvements in the activation of 

molecular oxygen, control of reaction selectivity and long-term stability of carbon-based catalysts are required. In addition, the 

development of high-performance base metal catalysts as alternatives to precious metals could improve cost effectiveness and 

sustainability. A deeper understanding of the specific roles that different carbon structures and functional groups play in catalysis 

will be critical in designing next generation carbon materials with improved selectivity, durability, and efficiency. However, to 
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achieve this requires a change in the way many studies are reported with more emphasis on detailed characterisation and control 

over the particle size and accessibility of metal/metal oxide dopants. Many studies operate under reaction conditions that are 

focussed on high conversion and consequently diffusion limited making it impossible to discern trends in catalytic activity and 

identify the nature of the active site for optimisation. Without accurate kinetic studies to determine activity and productivity, the 

ability to identify structure-activity-basicity relationships and inform optimisation of next generation catalysts will continue to falter.

Flow oxidative esterification presents a scalable and sustainable route for ester synthesis, particularly when leveraging advanced 

catalyst systems. A recent study has demonstrated a continuous-flow method utilising in-situ generated persulfuric acid for aldehyde 

esterification, effectively mitigating the hazards associated with batch use of strong oxidants while achieving high conversion of 

aldehydes (82-100 %) and selectivity of various aromatic esters (44-99 %) under controlled conditions.254 Similarly, a base-free 

oxidative esterification of allylic, aliphatic and benzylic alcohols using H2O2 and Au/TiO2 catalysts has been reported in flow, where 

reaction selectivity could be tuned simply through temperature adjustments, offering flexibility and safety for industrial adaptation. 

The oxidative esterification of 1-decanol was conducted at >70 °C achieving 100 % selectivity towards esters,255 with further 

advances demonstrating the efficacy of Au/ZnO for the oxidative esterification of octanal and 1-octanol with ethanol in both batch 

and flow systems, highlighting the improved reaction control and scalability afforded by flow reactors.256

Use of bimetallic metal nanoparticles can offer additional synergy, with Co and Ru deposited on N-doped ordered porous carbon 

(CoxOy−N+RuOx−N@C-irregular), achieving outstanding activity and selectivity in the base-free oxidative esterification of HMF. 

Additionally, under flow conditions a 15-fold increase in FDCM production was observed compared to batch reactions.257 

Complementing this a bimetallic Co7Fe3-NC catalyst has been reported that efficiently converted HMF to FDMC with high yield 

and formation rate under mild conditions, attributing its performance to synergistic metal interactions and the basicity of the 

nitrogen-doped carbon support.55 Future research should focus on refining carbon support architectures through heteroatom doping, 

pore design, and surface functionalization and on integrating these catalysts into continuous-flow systems. Such advancements align 

well with green chemistry and circular economy goals, positioning carbon-based flow catalysis as a transformative approach for 

sustainable ester synthesis.
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