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Electrochemical synthesis has gained renewed interest due to advancements in material science and sustainable chemistry. 
This review explores Kolbe electrolysis, a green and e�cient method for decarboxylating carboxylic acids to produce alkanes, 
as a sustainable renewable, and greener alternative to traditional chemical processes. It examines the mechanistic insights 
of the process, including reaction pathways, intermediate species, and kinetics. Factors in⿿�uencing reaction kinetics include 
concentration, temperature, pressure, electrode materials, and power sources. The review also discusses advancements in 
electrode materials, such as platinum (Pt) based modi῿�ed electrodes, boron-doped diamond (BDD), ruthenium oxide (RuO2), 
coated electrodes, etc., and discusses the signi῿�cance of green electrolyte (aqueous), as well as innovative electrolyte (ionic 
liquids, and deep eutectic solvents). Modern electrolysis cell con῿�gurations, such as microreactors and continuous ⿿�ow cells, 
are examined for their scalability, control over reaction parameters, and reduced side reactions. The review also discusses 
future challenges and opportunities in leveraging Kolbe electrolysis to electri῿�cation of the chemical industry.
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Introduction

Electrochemical methods are crucial in organic 
synthesis due to their alignment with green chemistry 
principles, such as waste avoidance, hazardous chemical 
replacement, safer solvents, energy efficiency, and the 
use of renewable feedstocks [1, 2]. Electrosynthesis is 
a sustainable approach that offers precise control over 
reaction conditions, enhancing selectivity, yield, and 
efficiency [2, 3]. It can be applied to a variety of organic 
transformations, making it valuable for synthesizing fine 
chemicals [4], pharmaceuticals [5], and complex natural 
products [6]. Industrial applications include metal plating 
[7], energy storage and conversion [8], waste treatment 
[9], and electro-organic synthesis.

Electrolysis is a technique used in organic synthesis 
to convert raw materials into reactive intermediates, 
achieving high atom economies. It can be accelerated 
using direct or indirect strategies. Indirect electrolysis 
involves metal catalysts and organic mediators while 
direct electrolysis occurs on electrode surfaces without 
mediators [10]. Kolbe electrolysis has emerged as a clean 
tool for various applications, including the synthesis of 
ligands [11], fatty acids [12], benzathine derivatives 
[13], fuel production, and fine chemicals [14] as well 
as dimerized silyl acetic acids [15]. The history of 
electrochemical methods dates back to the 18th century, 
with key discoveries that laid the groundwork for 

modern electrochemistry. Luigi Galvani's experiments 
with "animal electricity" in 1789 sparked an interest in 
bioelectricity [16]. Alessandro Volta invented the Voltaic 
Pile in 1800, demonstrating the chemical generation of 
electricity [17]. Michael Faraday's work in the 1830s 
established the laws of electrolysis, quantifying the 
relationship between electric current and chemical 
changes [18]. Faraday's laws were foundational for 
understanding the correlation between electrical energy 
input and chemical changes during electrolysis, critical 
for chemists like Hermann Kolbe, who explored 
electrochemical reactions.

Kolbe electrolysis, first described by Hermann Kolbe 
in 1849, is an electro-organic process that converts 
carboxylic acids through anodic oxidation [19, 20]. It 
works with various substrates but requires large current 
densities and can cause undesired side reactions [21, 
22]. A "non-Kolbe" pathway may result from a second 
oxidation producing a cation, leading to nucleophile 
addition, rearrangement, or fragmentation [23]. A pseudo-
Kolbe reaction occurs when electron transfer from a 
tethered moiety with a lower oxidation potential occurs. 
Factors influencing efficiency and selectivity include 
electrolyte concentration, current density, solution pH, 
temperature, and pressure [24]. Kolbe electrolysis is a 
crucial method for symmetrical hydrocarbon synthesis, 
using electricity as a power source and water as a 
solvent. It produces various hydrocarbons like alkanes, 
alkenes, and aromatic compounds while electrolyzing 
different functional groups like alcohols or ketones. 
This method minimizes waste and uses milder, more 
sustainable reagents compared to traditional synthesis 
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routes [25-27]. Unlike electrochemical reduction, which 
requires specific catalysts and controlled conditions [28], 
Kolbe electrolysis uses readily available carboxylate 
salts under milder conditions. It operates at lower 
temperatures, minimizing side reactions and enhancing 
energy efficiency [21, 29]. This review article emphasizes 
recent developments in Kolbe electrolysis, providing 
a mechanistic overview and discussing its impact on 
reaction kinetics, advancement in electrode materials 
as well as electrochemical microreactor technology for 
industrial scale-up. It concludes with the prospects for 
the electrification of the chemical industry in the context 
of Kolbe electrolysis.

Principle of Kolbe electrolysis and formation of 
product (alkane dimer)

Kolbe electrolysis, named after German chemist 
Herrmann Kolbe, is an electrochemical conversion 
of carboxylic acids to valuable products [21]. The 
anodic oxidation of carboxylic acid derivatives 
leads to decarboxylation, resulting in key radical 
intermediates. The process can result in dimerization, 
unsymmetric radicals, and cyclization processes [10]. 
It is a crucial reaction in electroorganic synthesis, 
producing functionalized homo- and hetero-dimers with 
high selectivity and chirality [30, 31]. During Kolbe 
electrolysis, the oxygen evolution reaction (OER) is the 
main side reaction at the anode in aqueous conditions and 
is suppressed in anhydrous conditions [32-33]. Platinum 
(Pt) and other noble-metal oxides such as iridium oxide 
(IrO2), ruthenium oxide (RuO2), and graphene are the 
most investigated anodes [34]. An electric current causes 
carboxylic acid to break down into hydrogen, carbon 
dioxide (CO₂), and an oleaginous liquid [21]. Biomass 
resources can be used as feedstock in a sustainable and 
eco-friendly process, addressing the twelve principles of 
green chemistry and integrating easily into biorefinery 
concepts for future applications, making it a flexible and 
environment friendly approach [21, 35]. Fig. 1 presents 
a schematic overview of the Kolbe electrolysis setup. 

The reaction mechanism involves anodic oxidation 
i.e. deprotonation of carboxylic acid (RCOOH), where 
carboxylate ions lose electrons to form carboxyl radicals 
(RCOO•). These radicals undergo decarboxylation, 
releasing CO₂ and forming alkyl radicals (R•). The 
alkyl radicals couple to form a new carbon-carbon 
bond, forming a hydrocarbon (R-R) dimer, and hydrogen 
evolution reaction (HER) occurs at the cathode. The 
reaction pathway involves several key steps, including: 

Anodic oxidation 
Formation of carboxylate ions:
The carboxylic acid (RCOOH) dissociates in the 

electrolyte to form carboxylate ions (RCOO-) and 
protons (H+).

RCOOH → RCOO− + H+  (1)

Formation of radical:
The carboxylate ion at the anode surface loses an 

electron to form a carboxyl radical (RCOO•).

RCOO− −e− → RCOO•  (2)

Decarboxylation of the carboxyl radical:
The carboxyl radical quickly loses a CO2 molecule, 

forming an alkyl radical (R•).

RCOO• → R•+CO2   (3)

Coupling of alkyl radicals:
The alkyl radicals couple to form a new alkane (R-R).

2R• → R−R  (4)

Cathodic Reduction 
At the cathode, water is typically reduced to hydrogen 

gas and hydroxide ions. 

2 H2O + 2 e− → H2 + 2 OH−  (5)

Overall reaction 

2RCOO− → R-R + 2CO2 + 2e−  (6)

Non-Kolbe product and side reactions
Kolbe electrolysis primarily produces alkane dimers 

through radical coupling; however, additional oxidation 
or side reactions, such as the Hofer-Moest reaction, 
can lead to the formation of non-Kolbe products like 
esters, alcohols, and alkenes [34, 35]. In these reactions, 
carboxylate ions undergo decarboxylation, with the 

Fig. 1. Schematic overview of Kolbe electrolysis setup showing 
the production of hydrocarbons using carboxylic acid as substrate 
under mild conditions.
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resulting radicals either coupling (Kolbe reaction) or 
undergoing further oxidation to form carbocations R+, 
leading to non-Kolbe products. Non-Kolbe reactions are 
particularly effective for anodic oxidation of compounds 
with α-heteroatoms like lactams and amides, without 
requiring external catalysts or oxidants [10]. High current 
densities are crucial for both processes, Pt is commonly 
preferred for both reactions due to its catalytic efficiency, 
but carbon electrodes can be used as a cost-effective 
alternative in non-Kolbe pathways [36]. The schematic 
reaction mechanism of non-Kolbe electrolysis is shown 
in Fig. 2.

Factors affecting reaction kinetics (Effect of 
concentration, Temperature, Pressure, electrode 
material, and power source)

The Kolbe electrolysis reaction's efficiency, selectivity, 
and success are significantly influenced by reaction 
conditions such as reactant concentration [37], temperature 
[21], pressure [38], choice of electrode material [32], and 
applied current or voltage [39]. These conditions must be 
optimized to maximize hydrocarbon product yield and 
minimize side reactions and waste. The Kolbe coupling 
reaction in an aqueous solution requires high anode 
current density, a smooth Pt anode, a temperature below 
27 °C, a neutral or slightly alkaline medium, and a high 
carboxylate concentration [21]. Oxygen evolution is the 
primary reaction at anode potentials up to 2.0 V, with 
the reaction triggered at higher potentials (2.1 to 3.0 V) 
and suppressed at lower potentials [40]. 

Organic acid concentration in Kolbe electrolysis 
significantly impacts conversion rates, with higher 
concentrations increasing reactant availability and yield, 
while excessive concentrations can favor non-Kolbe 
reactions [37]. Higher temperatures increase reaction rate 
and produce radicals quickly, but can affect intermediate 
radical stability, leading to side reactions and reduced 

hydrocarbon yield. Temperature-dependent selectivity 
favors different products due to increased energy 
availability, and temperatures above 50 °C should be 
avoided to maintain selectivity and product yield [38, 41]. 
Pressure affects gas solubility in electrolytes, with higher 
pressures causing more gas dissolution and potentially 
affecting reaction dynamics and separation efficiency. 
Lower pressures may cause gas bubble formation, 
hindering electrode surface area and reaction efficiency. 
Higher pressures require robust equipment and energy 
[42-44]. The choice of electrode material significantly 
impacts electrode kinetics, reaction yield, electrochemical 
behaviors, current density, and faradaic efficiency, 
ensuring successful Kolbe product outcomes [32]. The 
power supply significantly influences the successful 
outcome of Kolbe electrolysis. The potentiostatic mode 
uses a potentiostat to apply a constant potential to the 
electrolyte over time, requiring substrate redox potential 
knowledge. This mode is more complex and expensive, 
especially in large-scale cells. Cell current drops when 
carboxylate concentration decreases, indicating 98% 
starting material consumption. A third electrode is needed 
for reproducible results [39]. The galvanostatic mode 
uses a constant current and power supply, making it 
simpler than potentiostat. It requires only two electrodes 
and an inexpensive power supply. However, it doesn't 
control potential, leading to substrates with low redox 
potential. Continued electrolysis can increase potential, 
causing over-oxidation. Reporting applied current, 
electrode dimensions, total charge, or time is crucial 
for reproducibility [45, 46]. Table 1 shows the various 
optimizing parameters studied during Kolbe electrolysis.

Electrode selection for efficient Kolbe electrolysis
Catalytic electrodes are gaining attention for their 

advantages like minimal waste, high atom economy, 
green reagents, high selectivity, and shorter pathways 
for multi-step organic reactions. They optimize the 
electrical double layer, electrode surface properties, 
and reactant adsorption. A cost-efficient alternative is 
using affordable materials like nickel (Ni), copper (Cu), 
cobalt (Co), iron (Fe), palladium (Pd), iridium (Ir), silver 
(Ag), and gold (Au), stainless steel, sacrificial anodes, 
boron-doped diamond (BDD), carbon-based electrodes, 
and conducting carbons [47, 56, 57]. These electrodes 
produce reactive species by oxidizing or reducing 
reactants, reducing stable organic complexes, and 
generating reactive intermediates that further participate 
in the organic transformation [57]. Recent advancements 
in Kolbe electrolysis are expected to improve efficiency, 
selectivity, and industrial applicability [37]. The high 
performance of Pt makes it a popular choice for anode 
materials in carboxylic acid conversion [27]. Researchers 
are seeking innovative electrode materials to increase 
the surface area, reaction rate, and cost-effectiveness of 
catalytic electrodes.

Fig. 2. Schematic representation of the mechanism of non-Kolbe 
electrolysis.
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Pt-based electrode modifications
Pt and its alloys are superior electrodes due to 

their high corrosion-resistive electrochemical stability, 
and excellent HER and oxygen reduction reaction (ORR) 
catalytic activity, making them a benchmark for various 
electrochemical energy conversion reactions [56, 85]. 
Due to these unique features, most studies primarily 
focus on Pt electrodes, while other self-made electrode 
materials like thin film Pt, RuO2, IrO2, or BDD have 
been explored but less commonly used than Pt in large-
scale applications [88, 89]. 

Harnisch proposed platinized titanium (Pt-Ti) electrodes 
as a cost-effective alternative to platinum bulk electrodes 
[90, 91], but these anodes are not suitable for alternating 
current, leading to rapid electrochemical activity loss 

[14]. Neubert and colleagues have found that Pt-Ti 
can efficiently convert n-hexanoic acid to n-decane in 
aqueous solution, achieving a coulombic efficiency of 
93.1±6.7%. This results in product selectivity of 66.9 
±0.9%, making Pt-Ti a suitable anode material for Kolbe 
electrolysis. The degree of Ti surface coverage with Pt 
was found to be the most important factor, causing a 
50% deterioration in coulombic efficiency. Significantly, 
the process produced 56.7 mL of liquid fuel per mole 
of n-hexanoic acid, converting to an energy demand of 
6.66 kWh and 1.22 € per L, respectively [90]. Recently, 
a study suggested a self-regulated transition from batch 
to continuous valeric acid to n-octane using Pt-Ti. The 
1 M valeric acid exhibits high selectivity and coulombic 
efficiency compared to typical batch operations. 

Table 1. Optimization parameters and their effects on product yield and selectivity.
Optimization 
Parameter Effect on Product Yield Effect on Selectivity Reference

Electrode 
Material

The yield of various materials like Pt, BDD, 
graphite, etc., can be influenced by their 
electron transfer efficiency.

Selectivity can be impacted by electrode 
materials because they can change which 
products are formed-desired or undesirable.

[47-57]

Electrolyte 
Type

Enhanced ionic conductivity leads to 
increasing product yield (E.g. KOH/NaOH 
etc., or innovative electrolytes such as ILs and 
DES).

Stabilize specific intermediates, improving 
selectivity for the desired product.

[58-67]

Solvent and Co-
Solvent

Yield can be impacted by solvents such as 
water, methanol, and their mixes, which can 
change how soluble reactants and intermediates 
are.

Co-solvents can regulate the reaction 
environment, which can affect product form and 
enhance selectivity.

[40,45,61,68-
73].

Current Density Elevated current densities have the potential 
to boost yield by speeding up electrolysis, but 
they also run the risk of producing adverse 
effects.

Selectivity can be increased by minimizing side 
reactions with an ideal current density.

[35,39-
40,46,74].

Temperature Elevated temperatures favor an increased rate 
of reaction and yield, but the probability of 
undesirable reaction cannot be ruled out.

By preserving the ideal temperature, selectivity 
can be increased by favoring the intended 
reaction pathway.

[21,37-38,40-
41,75-77].

Pressure Increased pressure may make gases more 
soluble in the electrolyte, which could lead to 
an increase in yield.

Selectivity may be impacted by pressure's effects 
on reaction kinetics and intermediate stability.

[38,41-44,60]

pH of the 
Electrolyte

The protonation state of the reactants can be 
impacted by pH, which might impact yield.

Optimal pH levels can reduce adverse responses 
and improve the product's selectivity.

[21,27]

Electrode 
Surface Area

Larger surface areas can enhance the reaction 
rate, improving yield.

Large surface area can provide more active 
sites, improving selectivity by stabilizing desired 
intermediates.

[39,42-
44,46,52-
53,78-79]

Cell Design Optimized cell design can improve mass 
transfer and electrode efficiency, increasing 
yield.

Improved cell design can help control the 
reaction environment, enhancing selectivity.

[39,74,80-82]

Mode of 
Operation 
(Continuous/
Batch)

Continuous operation can improve efficiency 
and yield over time compared to batch 
operation.

Continuous flow systems can provide more 
consistent conditions, improving selectivity 
compared to batch processes.

[83-84]

Addition of 
Catalysts

Catalysts can lower activation energy, 
increasing yield.

Catalysts can selectively stabilize intermediates, 
improving selectivity for the desired product.

[10,28,35, 
61,71, 85-87]



Electrochemical synthesis for a greener future: Insights from Kolbe electrolysis 1091

The study proposes continuous electrosynthesis with 
product separation, electrolyte recirculation, and online-
pH-controlled valeric acid feeding rate, enhancing 
performance measures at the end of the reaction [91]. 
Taube et al. study compared the Kolbe electrolysis of 
myristic acid to produce bio-based hydrophobic paraffin 
waxes using Pt-Ti as an anode material. Despite no 
significant performance difference, the low cost of Pt-Ti 
anodes is advantageous. Further experiments are needed 
to investigate long-term performance and stability [14]. 
Yuan et al. developed a method to convert biomass-
derived carboxylic acids into fuel-range hydrocarbons 
using renewable electricity. They used self-supporting 
core-shell Pt@Ir nanothorns on 3D porous carbon fiber 
paper anodes, resulting in higher yield and faraday 
efficiency than commercial Pt/C. The study also found 
that Pt@Ir nanothorns produced higher tetradecane 
production, while C7 hydrocarbons (heptane and heptene 
isomers) were predominant when used as an anode [92]. 

Nanoparticle-based electrodes coated with Pt signifi-
cantly improve Kolbe electrolysis performance due to 
their superior electrochemical properties and catalytic 
activity. These electrodes facilitate efficient radical 
formation, improve reaction kinetics and selectivity, 
and yield desired products. However, the impact 
of different Pt nanoparticle morphologies on Kolbe 
electrolysis remains unclear [93, 94]. A low-cost, 
environmentally friendly method was developed to 
create self-supporting Pt nanospheres on 3D porous Ti 
sponge composite electrodes. The Pt-doped Ti sponge 
(Pt@TS) anode showed enhanced activity and stability 
for electrocatalytic biofuel production. Both Pt and Pt@
TS function as current collectors, but Pt@TS is superior 
due to its low usage, high surface area, good electrolyte 
and gas diffusion, and low price compared to pure Pt 
[93]. Xu and colleagues fabricated Pt nanoparticles (Pt-
NPs) on carbon fiber paper to convert n-octanoic acid 
into n-tetradecane, n-heptane, and n-heptene. The Pt 
(No.311) plane showed the best selectivity and intrinsic 
activity for decarboxylation products, especially for 
Kolbe hydrocarbons. Pt nanothorn (Pt-NT) achieved high 
selectivity (75%), yield (35%), and faraday efficiency 
(34%), significantly higher than Pt nanoflowers, Pt 
nanospheres, and Pt/C [94]. 

Modified BDD electrodes for enhanced performance
Diamond, a highly abrasive and corrosion-resistant 

carbon polymorph, has been widely used as an electrode 
in modern electrochemistry due to its high stability 
and hydrogen and oxygen overpotentials making it 
a potential alternative to electrodes with substantial 
HER, OER, and ORR activity, as it offers the widest 
stable electrochemical potential window in the aqueous 
medium [56]. Compton introduced boron-doped 
diamond i.e. BDD to Kolbe electrolysis as it enhances 
its electrocatalytic activity and stabilizes organic 
intermediates [14]. It offers a viable anode material due 

to its large hydrogen and oxygen overpotentials, excellent 
chemical stability [14], wider potential windows than Pt 
[55], and low operational cost making them suitable for 
harsh electrochemical environments [95-97]. They are 
emerging next-generation electrode materials for various 
electrochemistry applications including sensors, organic 
synthesis, CO2 reduction, ozone water generation, 
and electrochemiluminescence. Their electrochemical 
properties are determined by surface termination, surface 
orientation, and boron doping level [96]. They excel in 
the complete oxidation and mineralization of persistent 
organic pollutants, making them versatile for various 
industrial wastewater treatment applications. 

Ashraf and co-investigators found that decarboxylation 
of acetic acid on BDD electrodes without the OER 
results in the formation of methanol and methyl 
acetate. The performance of BDD remains unaffected 
by current density, concentration, or pH. The selectivity 
of Pt-modified BDD electrodes to ethane depends on 
the shape and geometry of Pt particles. Nano-thorn-like 
Pt particles achieve 40% faradaic efficiency towards 
ethane, while 3D porous Pt nanoparticles show high 
selectivity towards the OER. BDD is an ideal substrate 
for Pt functionalization, offering stability and high-
value product formation [98]. A study found that a 
BDD electrode with current densities of 50 mA/cm2 
and 5 mA/cm2 reduced energy usage by 37% for 
75% defluorination of perfluorooctanoic acid (PFOA), 
compared to 50 mA/cm2 alone. Further research on 
ion-exchange regeneration solutions shows promise 
for PFOA oxidation [99]. Zeidabadi et al. investigated 
the use of a BDD anode for remediating common 
alternatives of PFOA, including perfluorobutanoic acid 
(PFBA), hexafluoropropylene oxide dimer acid (HFPO-
DA, known as GenX and fluorotelomer carboxylic acid 
(FTCA), in sodium sulfate (Na2SO4) as an electrolyte. 
Results showed that shorter chains were harder to break 
down, with PFBA being the most difficult to break down 
within 120 minutes of electrolysis which follows the order 
as [PFBA (65.6 ± 5.0%) < GenX (84.9 ± 3.3%) < PFOA 
(97.9 ± 0.1%) < FTCA (99.4 ± 0.0%)] [100]. Lin and 
colleagues created nanoporous BDD, a modified BDD 
electrode with a wide electrochemical window, promising 
but preventing anodization due to its high stability. High-
energy Si (II) ion irradiation forms sp2 defects, allowing 
BDD anodization and forming nanoporous BDD. 
Sp2 carbon is pre-formed inside BDD by irradiation. 
Exposure to electrolytic solution enhances anodic 
oxidation, potentially causing frontier to intrude into 
BDD bulk. However, prolonged anodization prevents 
deeper nanoporous BDD production due to nanopore 
disappearance, possibly due to electropolishing [101]. 
Previous research found that BDD electrode surface 
corrosion occurs in acetic acid solutions, not formic 
acid solutions, due to methyl radicals formed during 
Kolbe electrolysis, forming dangling bonds [102]. The 
study explores Kolbe coupling processes at biphasic 
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Pt and BDD electrodes for electrochemical oxidation 
of aliphatic carboxylic acids, hexanoic, heptanoic, and 
lauric acids in the presence of powered ultrasound. 
The aim was to create an emulsified medium and 
remove reaction products continuously. The Kolbe 
dimer product R-R was formed in up to 75% yield 
with 45% current efficiency for hexanoic acid. The 
mechanism is explained by a dynamically modified 
electrode surface, trapping hydrophobic products. Kolbe 
electrosynthesis is conducted at Pt electrodes and free-
standing polycrystalline BDD electrodes to minimize 
surface erosion [88]. Nonetheless, the question arises as 
to why boron is doped in diamond and why it cannot 
act as an electrode alone in organic electrosynthesis. This 
is because diamond, a metastable carbon allotrope, is 
not suitable as an electrode material due to its insulator 
characteristics, such as a bandgap of 5.45 eV at 300 
K and high electrical resistivity of 1020 Ω/cm. To 
reduce ohmic resistance and increase electrical current 
conductivity, doping with boron creates a semiconductor 
with a narrow band gap, requiring a large density of 
boron impurities for sufficient conductivity. Diamond's 
strong σ-bonds and sp3-hybridized carbon atoms provide 
outstanding chemical and electrochemical stability. The 
most striking electrochemical properties of BDD are the 
large overpotentials in aqueous media for hydrogen and 
oxygen evolution, allowing the formation of hydroxyl 
radicals and ozone [103]. To improve electrode quality, 
input from materials scientists, chemists, and physicists 
is needed.

RuO2-modified electrodes for improved efficiency
RuO2 electrodes are a promising choice for Kolbe 

electrolysis and other electrochemical processes due 
to their high catalytic activity, selectivity towards 
decarboxylation reaction, unique surface properties, 
and excellent electrical conductivity [104]. Compared 
to other metal oxide electrodes, RuO2 shows superior 
stability under harsh oxidative conditions [105]. They 
can be optimized for optimal catalytic activity and 
selectivity, and their performance and durability can be 
enhanced by doping or alloying with other elements. 
RuO2 electrodes have been successfully used in organic 
compound electrochemical synthesis, making them 
valuable for wastewater treatment and environmental 
remediation [106-109]. 

An important work on Kolbe electrolysis investigated 
the structurally disordered amorphous RuO2 (a-RuO2), 
which is highly effective in electrocatalytic oxidative 
decarboxylation of hexanoic acid, producing decane 
with a yield 5.4 times higher than commercial RuO2. 
The enhanced product yield is attributed to more 
efficient carboxylate anions oxidation for alkane dimer 
formation. This design idea offers a new electrocatalyst 
candidate for Kolbe electrolysis [110]. On the other 
hand, the potential of RuO2-coated Ti electrodes has 
been explored, but the results remain ambiguous due to 

variations in anode fabrication and reaction conditions 
[14]. Creusen et al. proposed Ru–Ti-dioxide-coated Ti 
electrocatalysts as an economical alternative to expensive 
Pt electrodes for dimerization of ethyl succinate to adipic 
acid diethyl ester in methanol and aqueous mixtures 
reactions. Results showed the highest selectivity in 
methanol (74%). Ti\(RuxTi1–x) O2 electrodes yielded 
similar current efficiency in methanol up to 75 mol% 
TiO2 in the coating. Ti\RuO2 anodes also replaced Pt 
with similar efficiency in aqueous systems. The study 
confirms an efficient dynamic operation, paving the 
way for a sustainable chemical industry powered by 
efficient transient electrocatalytic processes based on 
windmill energy profiles [111]. The study by Qui et 
al. presents an electrocatalytic decarboxylation (ECDX) 
method for converting carboxylic acids into paraffin, 
olefins, and alcohols using non-Kolbe electrolysis on 
thin films (TFs). The rate, product selectivity, and 
current efficiency depend on the electrode. RuO2-TF 
showed similar activity to Pt foil but lower selectivity 
to Kolbe products [89]. The research group used RuO2 
and Pt nanoparticles to enhance the ECDX of valeric 
acid into paraffins, olefins, and alcohols. The optimal 
size for ECDX on RuO2 is around 12 nm, with bulk 
Pt active for ECDX and Pt NPs only active for oxygen 
evolution reactions. ECDX current efficiency remains 
constant on RuO2 NPs. Esterification is preferred at 2.5 
V vs. RHE, while Kolbe electrolysis is preferred at 4.5 
V vs. RHE [112]. 

Other electrode systems 
As stated, Pt is commonly used as an anode for Kolbe 

electrolysis due to its high potential stability. Still, other 
electrode materials like iridium, graphite, carbon, and 
gold (Au) also catalyze Kolbe radical generation due to 
their good electrical conductivity and chemical resistivity 
[32,113-115]. Ahmad et al. found that Pt-coated copper 
electrodes (Pt-Cu) can efficiently conduct the coupling 
reaction for the electrochemical oxidation of lauric 
acid, yielding 45% n-docosane. However, an Au-coated 
copper electrode (Au-Cu) only yielded 16% n-docosane 
at a constant current intensity of 85 mA, and no Kolbe 
product was formed when the current dropped below 85 
mA. No further optimization is currently being done, but 
experimental tests with massive electrodes are ongoing 
[114]. Interestingly, the Pt-Cu electrodes have a short 
service life due to surface dissolution effects [114]. 
This anodic damage may be attributed to the direct 
dissolution of Pt in the form of Pt ions [116]. Andreev 
et al. study investigates the conditions for Kolbe cross-
electrosynthesis of 10-undecylenic and acetic acids on 
various catalyst anodes. The main product formed was 
either hydrocarbon CH3CH2CH(CH3)(CH2)7CH2CH3 (58 
wt%), formed by adding three methyl radicals to a vinyl 
radical, or olefin CH2=CH(CH2)7CH2CH3 (57 wt%), 
produced by dimerization of vinyl and methyl radicals 
[113]. In the late 1960s, researchers studied the Kolbe 



Electrochemical synthesis for a greener future: Insights from Kolbe electrolysis 1093

reaction at Au in trifluoroacetic acid solutions. They 
found similarities between Au and Pt but qualitatively 
different behavior. Au showed a significant arrest in open-
circuit decay, possibly due to adsorbed intermediates. Pt 
showed the effectiveness of trifluoroacetic anhydride in 
removing water, with oxide co-adsorption occurring in 
excess water and oxygen being the main reaction product 
[32]. The Kolbe electrolysis of n-octanoic acid produced 
tetradecane in an aqueous alkaline electrolyte. Pt-Ti 
anodes showed similar results to original Pt-stainless 
steel electrodes but with better long-term stability and 
no visible corrosion effects. Insufficiently coated parts 
showed passivation in Ti, while corrosion and solid iron 
oxide formation were observed in stainless steel [78]. 

Commercial titanium dioxide (TiO2) and synthesized 
TiO2 nanorods decorated by Pt or Au were successfully 
utilized in the reforming of butyric acid. The study 
suggests that the coproduction of essential molecules, 
such as light alkanes and alkenes beyond H2, can be 
achieved by fine-tuning photocatalyst features [87]. 
Advanced carbonaceous materials like carbon nanotubes 
and graphene offer opportunities for electrocatalysis in 
electro-organic synthesis. Carbon fiber electrodes, with 
a lower oxidation potential of 1.75 V, significantly 
mediate C-C coupling and generate radicals and 
carbocations [117]. Reticulated vitreous carbon (RVC) 
is a suitable anode for electrochemical C-C activation 
reactions due to its high surface area and potential zero 
charge. However, it is unsuitable for an aqueous medium 
due to its instability in both acidic and basic conditions. 
This results in many reactions being performed in 
mild conditions, as organic chemists are not familiar 
with the stability issues of carbon electrodes [118]. 
Researchers are exploring methods to enhance carbon 
electrode stability in an aqueous medium within a mild 
electrochemical potential window [119], similar to 
porous bismuth vandate (BiVO4) photoelectrodes, which 
were performed at <2 V [120]. 

Ni, a high proton reduction metal, is commonly used 
as a cathode material in alkaline water electrolyzers as 
a pristine metal and its compounds [121]. However, 
due to its high dissolution rate and poor stability, it is 
not suitable for use in highly acidic environments like 
sulfuric acid (H2SO4), hydrochloric acid (HCl), and 
perchloric (HClO4) [122]. A mild organic acid like 
pivalic acid is an excellent catholyte for Ni electrodes 
[123] which exhibits significant electrocatalytic 
activity towards alcohol oxidation in basic solutions, 
making it suitable for direct methanol fuel cells [124]. 
Photoelectrochemical alcohol oxidation generates a 
methoxy radical on ferric oxide (α-Fe2O3), which can be 
used for organic conversion and the development of new 
molecules in a sustainable way [125]. Due to the absence 
of a carboxylate-barrier layer on Au and Ni electrodes, 
these materials are considered inactive for (non-) Kolbe 
electrolysis [27]. For anodic substitution reactions 
including fluorination, methoxylation, acetoxylation, and 

cyanation of heteroatom compounds containing a sulfur 
or nitrogen atom, which are fairly similar to Pt, BDD 
is also shown to be quite successful, followed by glassy 
carbon electrodes [51]. 

Active alkaline-earth and d and p-block metals like 
magnesium, zinc, and aluminum are used as sacrificial 
electrodes in electro-organic syntheses due to their high 
oxidation potential. These metals are electrochemically 
coupled with another material to prevent corrosion, 
such as stainless steel with magnesium, resulting in a 
reductive cathode with HER and ORR. This strategy 
can also be used for electrochemical reduction reactions 
[56, 126-128]. Adsorption of H+, OH−, and nitrogen 
atoms in hetero-organic compounds on Pt, Ni, and 
BDD surfaces is more favorable in terms of energy, 
enhancing the kinetics of the electro-organic reaction 
[56, 129, 130]. This anodic oxidation reaction coupled 
with cathodic reduction reactions like HER and ORR 
plays a critical role in controlling the rate of various 
activation reactions [130, 131]. Electro-organic syntheses 
involve spontaneous reactions of organic intermediates 
from the counter electrode to form desired products. 
Hydrogen adsorption occurs via polar hydrogen bonds 
and aromatic C–H bonds, with hydrogen having a partial 
positive charge having a higher affinity for electrode 
surfaces with negative potential. Active intermediates 
like superoxide and peroxide radicals simplify this 
process [131]. Table 2 presents an overview of recent 
synthetic applications of Kolbe electrolysis under various 
electrode types.

Electrolyte advancements
Importance of green electrolytes
Electrolysis involves subjecting an organic mixture 

to an electrical current in the presence of solvents, 
supporting electrolytes, and catalysts. The choice 
of solvent plays a critical role in the success of the 
electrolysis and the desired product yield [61, 71]. 
Kolbe electrolysis commonly uses methanol with a 
neutral to slightly acidic pH, but nonaqueous solvents 
like dimethylformamide can be used with gold or 
platinum electrodes, though they require higher voltage 
and cooling due to their resistivity [68, 85]. However, 
aqueous solvents are increasingly favored for their 
environmental benefits and higher conductivity, which 
promotes faster reaction rates and supports continuous 
processes [1, 78]. Aqueous media also facilitate product 
separation due to the difference in polarity and density 
between organic products and the solvent, simplifying 
phase separation and enabling efficient recycling of the 
aqueous phase [33, 36, 140, 141].

In electro-organic syntheses, supporting electrolytes is 
essential for reducing cell resistance and ensuring the 
efficient transport of reagents like reactants and products 
[61, 71]. These electrolytes are redox stable and provide 
sufficient electrolytic conductivity (κ), facilitating the 
passage of electricity throughout the reaction medium. 
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In aqueous solutions, common supporting electrolytes 
include strong acids, bases, and salts like H2SO4 or 
potassium hydroxide (KOH), while in organic solvents, 
they often consist of alkali metals or tetra-alkyl-ammonium 
salts paired with counter ions such as perchlorates or 
halides [71]. Organic salts, like pyridinium or quaternary 
ammonium salts, are typically soluble in organic solvents 
but can complicate product purification [72, 73]. Some 
reactants and additives may also serve as ionizable 
substances, enhancing conductivity while acting as 
reactants. However, selecting appropriate electrolytes 
for reactions requiring high electrode potentials presents 

challenges, and their impact on cost, electrode surfaces, 
and potential side reactions must be carefully considered 
[61]. Table 3 highlights various solvent systems used in 
Kolbe electrolysis.

Next-generation electrolytes
Ionic liquids (ILs)
Ionic liquids (ILs) are highly attractive for high-

voltage reactions, such as Kolbe electrolysis, due to 
their low volatility, high thermal and chemical stability, 
and excellent ionic conductivity [107, 150]. With a wide 
electrochemical window and negligible vapor pressure, 

Table 2. Overview of recent studies on Kolbe electrolysis using various electrode types.

Sl. 
No. Electrode type

Substrate 

to Product
Electrolyte

Parameters
ReferenceConver-

sion Yield Selectivity Faradic 
efficiency

1. Platinized titanium 
plate

Valeric acid to 
n-Octane

Aqueous - -

47% 52%

[91]

2. Platinized titanium Hexanoic acid to 
Decane

Sodium sulfate 
(Na2SO4)

- 0.73  
gL-1h-1cm-2

76.3-97.8% 68% [79]

3. Boron doped 
diamond 

Succinic acid to

Cyclic anhydride

Acetonitrile - 71% - - [133]

4. Titanium 
electroplated with a 
platinum layer

Octanoic acid to 
Tetra-decane

Aqueous 58–63% - 90-92% 58-69% [78]

5. Platinum electrode Butyric acid to 
Hexane

Chloroplatinic 
acid (H2PtCl6) + 
H2SO4

52% 0.52 
mol/L*h

67% 0.8982% [134]

6. Platinum electrode Cyanopropanoic acid 
to Adiponitrile

MeOH/Water - - - 42% [135]

7. Ruthenium oxide 
(RuO2)

Hexanoic acid to 
Decane

Aqueous KOH 80-95% 40-50% - - [35]

8. Copper electrodes 
coated in gold and 
platinum

Lauric acid to 
Docosane

MeOH - 45% - - [114]

9. Platinum foil Valeric acid to 
n-octane

Aqueous - - - 60-80% [136]

10. Platinum foil Acetic acid to Ethane Aqueous - - - 90% [137]

11. Stainless steel), 
coated with PTFE

n-octanoic acid to 
Tetradecane

Aqueous KOH 70% 90% 80% [78]

12. Platinum Hexanoic acid to 
Decane

0.25 M 
Na2SO4

- 68.6 
±18.6

68.4±4.9 70% [138]

13. Pure Platinum 
Platinized Ti

Hexanoic acid to 
Decane

0.25 M 
Na2SO4

- 69.9±1.8 
60.4±43

63.7±12.4 
63.9±2.3

- [90]

14. Platinum foil Acetic acid to Ethane Aqueous - - - 90-96% [139]
15. Platinum 

nanocrystals
n-octanoic acid to 
Tetradecane

H2PtCl6 + H2SO4 - 35% 75% 34% [94]
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ILs are ideal for sustained electrochemical operations in 
both laboratory and industrial settings, offering enhanced 
safety [150]. 

Applications in cosmetics and pharmaceuticals, 
such as Dierker's fatty acid dimerization and Bradin's 
conversion of sugars and triglycerides into fuels, 
underscore the importance of electrolyte choice. Bradin 
et al. recommended ILs to improve efficiency in Kolbe 
electrolysis, particularly for acid transformations where 
water sensitivity is an issue. Alkane products derived 
from triglycerides could further serve as fuels or base 
stock oils [108]. Moreover, ILs have shown success 
in decarboxylation processes, such as the synthesis of 
hydroxyapatite, decarboxylation of itaconic acid, and the 
catalytic conversion of cyclic carbonates to epoxides, 
showcasing their versatility beyond traditional Kolbe 
electrolysis [109-111]. 

Deep eutectic solvents (DES)

Deep eutectic solvents (DESs) are a sustainable and 
eco-friendly alternative to traditional solvents in chemical 
processes. Their low volatility, tunable solubility, and 
ease of preparation make them ideal for green chemistry 
applications, particularly in decarboxylation of fatty 
acids, crucial for hydrocarbon production and biofuels 
[147, 151]. DES is a type of IL, composed of a mixture 
of two or more components, forming a eutectic mixture 
with a lower melting point than individual components. 
Common components include quaternary ammonium 
salts like choline chloride and hydrogen bond donors like 
urea, glycerol, or organic acids [59]. Exploring DES for 
its environment-friendly properties and ability to dissolve 
a wide range of substrates is highly recommended. 
The limited solubility of phenolic acid decarboxylase 
enzyme in industrial processes has been overcome by 
DES i.e. Choline chloride (ChCl)-based eutectic solvents 
with 0-50% water content. The choice of solvent also 
influences substrate acceptance, as DES strongly favors 

Table 3. Comparative analysis of different solvent types in Kolbe electrolysis. 

Solvent Properties Reaction 
Efficiency

Product 
Yield Selectivity  Suggestions Reference

Water (H₂O) High polarity, good ion 
solvation, high dielectric 
constant.

Moderate to 
high

Moderate to 
high

Moderate 
to high

Commonly used, safe, and 
environment friendly, but may 
require higher energy input.

[23,26,27]

Methanol 
(MeOH)

Polar, good solvent for 
both organic and inorganic 
compounds, lower dielectric 
constant than water.

High High High Enhances solubility of 
carboxylic acids and ionic 
species, often used as a co-
solvent.

[40,50, 
68, 76-77, 
142-144]

Acetonitrile 
(ACN)

Polar aprotic, high dielectric 
constant, low viscosity.

High High High Good for stabilizing 
intermediates, but can be 
more expensive and less 
environment friendly.

[145-146]

Ionic Liquids 
(ILs)

Very high ionic conductivity, 
wide electrochemical 
window, low volatility.

Very high Very high Very high Customized properties, 
expensive, and may require 
special handling.

[58,60, 63, 
65-67]

Deep Eutectic 
Solvents 
(DESs)

Good ionic conductivity, 
environmentally friendly, 
biodegradable.

High High High Similar to ILs, but typically 
cheaper and easier to handle.

[59,62, 
64,147]

Tetrahydro-
furan (THF)

Polar aprotic, medium 
dielectric constant, good 
solubility for organic 
compounds.

Moderate Moderate Moderate Useful for specific organic 
transfor-mations, volatile and 
requires careful handling.

[148]

Dichloro-
methane 
(DCM)

Non-polar, low dielectric 
constant, good solubility for 
non-polar compounds.

Low to 
moderate

Low to 
moderate

Low to 
moderate

Effective for extracting non-
polar products, volatile and 
toxic.

[148]

Petroleum 
Ether (PE)

Non-polar, low dielectric 
constant, primarily a solvent 
for non-polar compounds.

Low Low Low Used in biphasic systems 
for product extraction, low 
solubility for ionic species.

[137,148]

Acetone Polar aprotic, good solvent 
for both organic and 
inorganic compounds, high 
volatility.

Moderate to 
high

Moderate to 
high

Moderate 
to high

Effective for certain organic 
reactions, highly volatile and 
flammable.

[149]
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the conversion of caffeic acid, which is only poorly 
converted in aqueous media [64]. 

Electrolysis cell configurations in Kolbe reaction 
Advances in cell design and configuration are crucial 

for enhancing the performance of electrochemical 
synthesis [52]. The Kolbe reaction is often performed 
in simple setups, such as an undivided cell, beaker, or 
tube, with two platinum electrodes and a power supply 
with high anode potential and current density [10, 
153]. Cooling equipment, such as ice baths or chillers, 
is used for temperature control [154]. modern electro-
organic synthesis, undivided cells are common and 
straightforward, involving two parallel plates immersed 
in an electrolytic solution. For higher productivity, 
multiple parallel plates can be used. Although undivided 
cells are simple, they risk reverse reactions at the counter 
electrode, leading to non-productive processes. This 
issue can be mitigated by using a sacrificial reaction, 
such as hydrogen gas evolution at the cathode [39]. 
The more complex H-cell, or divided cell, prevents 
undesired reactions at the counter electrode by separating 
the anode and cathode compartments with a porous 
material or membrane. This design is particularly useful 
in paired electrolysis and simplifies product isolation 
[39]. The quasi-divided cell design, which combines 
the advantages of divided and undivided cells, uses a 
large working electrode with low current density and 
a small counter electrode with high current density, 
preventing the electrolysis of starting materials at the 
counter electrode [39, 46,74]. 

Modern cell design: Continuous flow cells and 
Microreactors 

Over the past two decades, flow technology has 
significantly impacted the manufacturing of chemical 
entities, particularly pharmaceuticals, blurring the lines 
between chemistry and chemical engineering. This trend 
suggests that flow chemistry and related technologies will 
play a crucial role in modern chemical manufacturing, 
laying the foundation for the 4th industrial revolution 
[83]. Continuous flow technologies improve efficiency, 
product quality, reduce reaction times, and allow 
consistent reaction conditions (Fig. 3) [83]. On the other 
hand, microreactors provide precise control over reaction 
parameters, enhance safety, and enable high-throughput 
screening of reaction conditions, (Fig. 4) [84]. 

Electrolysis under flow conditions, where a reactant 
solution is pumped between electrodes at short distances, 
reduces cell resistance and allows for lower concentrations 
of added electrolytes compared to batch electrolysis. 
This method eliminates the risk of overoxidation, a 
major drawback of batch reactor setup (Fig. 5). Various 
research groups have developed electrochemical flow 
cells for diverse reactions, and some designs have been 
commercialized, making flow electrolysis an attractive 
alternative in organic synthesis [80-82, 155]. Continuous 

flow reactors, operating under steady-state conditions, 
provide improved control over reaction parameters, 
enhancing reaction efficiency and selectivity. They 
also facilitate safer handling of reactive chemicals by 
processing smaller volumes, making them suitable 
for industrial-scale production. In Kolbe electrolysis, 

Fig. 4. Schematic representation of microreactor operation for 
Kolbe electrolysis.

Fig. 3. Schematic representation of continuous flow operation 
for Kolbe electrolysis.
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continuous flow reactors maintain optimal reaction 
conditions and ensure consistent product quality, critical 
for industrial applications [78, 91, 155]. For example, 
continuous production of ethane from acetic acid using 
Pt or BDD electrodes yields high selectivity under 
controlled conditions [98]. Dos Santos et al. demonstrated 
that using a flow reactor with reduced residence time 
increased the selectivity of Kolbe products, such as 
n-octane, from 51% to 81% [140]. 

Microreactors are particularly advantageous for Kolbe 
electrolysis, enabling the rapid screening of reaction 
conditions and facilitating high throughput, which leads 
to high yields of higher alkanes from fatty acids under 
controlled conditions. These systems are modular, safe, 
and easily scalable for both research and production. 
Microreactors are particularly advantageous for Kolbe 
electrolysis, enabling rapid screening of reaction 
conditions and high throughput, leading to high yields 
of higher alkanes from fatty acids under controlled 
conditions [78, 79]. A pilot plant for continuous Kolbe 
electrolysis of fatty acids was constructed using a 
modular electrochemical microreactor from Fraunhofer-
Institut für Mikrotechnik und Mikrosysteme (Fraunhofer 
IMM). This system integrates continuous electrosynthesis, 
separation of the organic phase from the aqueous 
electrolyte, electrolyte recycling, and automated product 
reconcentration. The electrodes, featuring integrated 
heat exchanger channels, were fabricated through 
selective laser melting and electroplated with Pt. The 
microreactor design includes a plane electrode arranged 
between two microstructured electrodes, housed in a 
reactor volume of 0.64 mL per electrochemical cell, 
with Polytetrafluoroethylene (PTFE) sealings to prevent 
leakage [78, 141]. Therefore, addition of aqueous KOH is 

essential for stabilizing the electrolyte's pH and reducing 
potassium bicarbonate (KHCO3) concentration, achieving 
stable conversion and Kolbe selectivity within 75 minutes. 
To optimize electrolysis times, KHCO3 removal before 
reconcentration was suggested. Significant studies on 
Kolbe flow-cell electrolysis have been conducted by the 
Schröder and Wirth groups, who successfully suppressed 
the undesired Hofer-Moest product 1-butanol during the 
Kolbe dimerization of valeric acid to n-octane. The Wirth 
group also demonstrated a custom-designed microreactor 
for the dimerization of aromatic carboxylic acids, while 
Brown and Pletcher explored the dimerization of biogenic 
monomethyl adipate [86,140,156-158]. Additionally, 
Kurig et al. focused on implementing Kolbe chemistry in 
flow electrochemistry, achieving a 75% optical density 
in the semi-batch dimerization of levulinic acid, which 
surpassed batch results. They successfully converted the 
biobased substrate 3-hydroxy decanoic acid (3-HDA) in 
a single-pass setup, achieving 98% selectivity and a five-
fold increase in hourly production [159]. 

A study has successfully transitioned valeric acid 
to n-octane from a batch to a continuous reaction 
using MicroFlowCell (ELECTROCELL, Denmark). 
The process, which uses PTFE flow frames and Pt-Ti 
plate electrodes, addresses key green chemistry rules, 
improving waste prevention, and energy efficiency, and 
allowing for easy control through online monitoring. 
The design also enhances selectivity, coulombic 
efficiency, passive product separation, and electrolyte 
reconditioning, ensuring a sustainable and efficient 
process [91]. A two-chamber electrochemical flow 
cell was used for scaling and process engineering of 
Kolbe electrolysis, specifically for converting n-hexanoic 
acid. The cell had a chamber volume of 100 mL and 
electrodes equipped with a turbulence promoter mesh. 
Both electrodes were Pt-Ti with a liquid contact surface 
area of 100 cm2. The electrolysis performance was 
exceptional, with a maximum n-decane production rate 
of 0.73 g L−1h−1 cm−1, selectivity between 76.3% and 
97.8%, and coulombic efficiencies up to 68% [79]. 
A study presents a cascading continuous stirred tank 
reactor (CSTR) with individual cell potential control, 
demonstrating a balance between high selectivity and 
throughput for electrochemistry in electrochemical 
synthesis. The IKA ElectraSyn 2.0 was used for small-
scale reactions, offering greater modularity and access to 
commercially available electrode materials. Future efforts 
will focus on improving mass transport through impeller 
geometry optimization and characterization to increase 
throughput, reducing the barrier to implementing scale-
up electrochemical reactions [160]. Finally, automation 
and smart reactors are transforming the industry by 
integrating sensors and automated control systems in 
continuous flow and microreactors, ensuring real-time 
monitoring and parameter adjustment, and using artificial 
intelligence (AI) and machine learning (ML) to predict 
optimal conditions, and dynamically adjust parameters, 

Fig. 5. Schematic representation of batch operation for Kolbe 
electrolysis.
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and diagnose issues [161-163]. In conclusion, continuous 
flow and microreactor technologies are poised to 
revolutionize Kolbe electrolysis for hydrocarbon 
synthesis. They offer enhanced efficiency, scalability, and 
control while integrating advanced materials, automation, 
and sustainable practices for a greener future. 

Future directions: Electrifying chemical synthesis 
with Kolbe electrolysis

The chemical industry, which produces essential 
products like polymers, fuels, fertilizers, and 
pharmaceuticals, is a cornerstone of modern civilization 
[164]. However, the sector's heavy reliance on fossil 
fuels for both energy and raw materials has historically 
contributed to significant greenhouse gas (GHG) 
emissions [165]. The ongoing shift towards electrification 
presents a transformative opportunity to realign the 
chemical industry with sustainable development goals 
[166]. Electrification involves replacing fossil fuel-based 
processes with renewable electricity, driving chemical 
reactions through electrosynthesis and electrochemical 
processes, and integrating renewable energy sources such 
as wind, solar, and hydropower to reduce thermal energy 
dependence [167, 168]. The integration of renewable 

Fig. 6. An outlines showing the benefits of modern electrolysis 
cells.

Table 4. Comparison of conventional vs. electrified processes in the chemical industry.
Parameter Conventional Chemical Processes Electrified Processes (Kolbe Electrolysis) Reference
Energy source Fossil fuels (e.g., natural gas, coal, oil). Electrical energy (Galvanostat/potentiostat) or 

(renewable sources like solar, wind). [22,180-181] 

Energy 
efficiency

Moderate to low, due to heat losses and 
multiple steps.

High, direct use of electrical energy in a single step 
process. [21,63] 

Environmental 
impact

High, with significant CO₂ and other 
greenhouse gas emissions.

Low, especially if powered by renewable energy 
sources. [182] 

Reaction 
conditions

Often high temperature and pressure, 
energy-intensive.

Mild conditions, typically at ambient temperature and 
pressure. [183] 

Scalability Well-established for large-scale 
production.

Increasingly scalable with advancements in continuous 
flow and microreactor technologies. [184]

Operational 
Complexity

Can be complex with multiple stages and 
purification steps.

Simplified with direct electrochemical conversion. [184] 

Product purity Requires extensive purification steps Potentially higher purity due to fewer side reactions [184]
Process control Challenging, due to the need to maintain 

high temperatures and pressures.
Easier, with precise control over electrochemical 
parameters (voltage, current). [184]

Flexibility Limited to specific reactions and 
conditions.

High, adaptable to various carboxylic acids and 
conditions. [184]

Capital costs High, due to infrastructure for high 
temperature/pressure conditions.

Lower, particularly with advancements in low-cost 
electrode materials and reactors. [184]

Operating costs High, due to energy and maintenance 
costs.

Potentially lower, especially with renewable energy 
and reduced maintenance. [183-185]

Safety Risks associated with high temperature/
pressure and hazardous chemicals.

Improved safety with milder conditions and less 
hazardous chemicals. [22,186] 

Innovation and 
R&D

Slower pace of innovation, well-
established methodologies.

Rapid innovation with new electrode materials, 
electrolytes, and reactor designs. [10,187] 

Sustainability Low, reliant on non-renewable resources. High, especially with integration of renewable energy 
sources. [136,188] 
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electricity into chemical production processes is crucial 
for eliminating the industry's carbon footprint, thereby 
contributing to global climate goals. Recent technological 
advancements and cost reductions in renewable energy 
have accelerated the decarbonization of the power 

sector [169], but pathways to decarbonize the industrial 
sector responsible for 24% of global GHG emissions 
in 2019 remain more complex. Scalable and sustainable 
technologies are needed to decouple economic growth 
from rising emissions [170]. Among these technologies, 

Table 5. List chemical industries, academic institutes, and startups working in the field of electrochemistry.
Category Name Description Weblinks/Sources
Chemical 
Companies

BASF SE A prominent chemical corporation is actively 
conducting extensive research in various areas 
of electrochemistry.

http://basf.com/

Dow Chemical Company Known for R&D in electrochemical processes. https://dow.com/
Evonik Industries AG Active in exploring innovative electrochemical 

processes for industrial applications.
http://corporate.evonik.com/

DuPont Engages in the development of electrochemical 
technologies for various applications.

http://www.dupont.com/

Clariant Works on innovative chemical processes, 
including those involving electrochemistry.

http://clariant.com/

ElectraTherm Inc. Specializes in waste heat to power systems, 
potentially utilizing electrochemical processes.

https://electratherm.com/

LANXESS Conducts research in sustainable and 
electrochemical processes.

http://lanxess.com/

Johnson Matthey Known for their work in catalysis and 
electrochemical applications.

https://matthey.com/

Solvay Involved in various chemical processes, 
including electrochemical applications.

https://www.solvay.com/

Shell Engages in research and development of 
electrochemical processes for energy and 
chemical production.

https://www.shell.com/

Research 
Institutions 
and 
Universities

Max Planck Institute for 
Chemical Energy Conversion

Conducts advanced research in electrochemistry. https://www.mpg.de/151194/
chemical-energy-conversion

Fraunhofer Institutes Various institutes within the Fraunhofer Society 
work on electrochemical processes.

https://www.fraunhofer.de/en/
institutes.html

MIT (Massachusetts 
Institute of Technology) 
Electrochemical Energy Lab

Known for pioneering research in 
electrochemical engineering.

https://www.rle.mit.edu/eel/

Stanford University Conducts extensive research in electrochemistry 
and related fields.

https://suncat.stanford.edu/theory/
research/electrochemical-fuels

ETH Zurich Engages in high-level research in 
electrochemistry.

https://electrochemistry.ethz.ch/
research.html

University of Oxford Researches electrochemical processes among 
other fields.

https://www.chem.ox.ac.uk/
people/richard-compton

University of California, 
Berkeley

Active in electrochemical research. https://electrochemistry.berkeley.
edu/

Start-ups and 
Specialized 
Companies

Electrochaea Focuses on power-to-gas technology using 
electrochemical methods.

https://www.electrochaea.com/

Enapter Specializes in electrochemical hydrogen 
production.

https://www.enapter.com/

AgriMetis Uses electrochemical processes for agricultural 
applications.

https://www.
syngentagroupventures.com/
agrimetis

Siemens Engages in various electrochemical processes for 
energy and industrial applications.

https://www.siemens.com/
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Kolbe electrolysis offers significant potential for the 
electrification of chemical processes. This electrochemical 
process has been used for various industrial applications, 
including the commercial production of sebacic acid, bio-
lubricants, and even biodiesel from biomass [171, 172]. 
What makes Kolbe electrolysis particularly relevant in 
the context of electrification is its ability to operate 
under mild conditions, reduce reliance on hydrogen, 
and integrate seamlessly with renewable energy sources, 
thereby enhancing its environmental benefits (Fig. 6).

Kolbe electrolysis also plays a role in decarbonizing 
the chemical industry by reducing the need for carbon-
intensive feedstocks. For example, it enables the 
commercial production of sebacic acid from adipic 
acid, through the decarboxylative dimerization of 
carboxylic acids [173], conversion of biomass into 
biodiesel [171, 172], and carbon electrode grafting 
[174, 175]. This makes it a promising technology to 
produce bio-lubricants and other high-value chemicals 
while minimizing environmental impacts. The process 
is efficient in producing high-quality hydrocarbons and 
can be adapted for use with renewable energy, further 
lowering its carbon footprint [171]. However, despite its 
advantages, several challenges remain. The scale-up of 
Kolbe electrolysis is one of the most pressing issues, as 
is the recovery of dissolved electrode materials and the 
separation of electrolytes. Addressing these challenges 
will be critical to making the process economically 
viable on an industrial scale. Additionally, the market 
price of bio-lubricant products may influence the overall 
economic feasibility of this technology [171, 172, 
174, 176]. Table 4 presents a comparative analysis of 
various parameters between conventional and electrified 
processes in the chemical industry.

Electro catalytic processes are used to drive biological 
or biochemical transformations, offering a sustainable 
approach to energy production and chemical synthesis 
[177-179]. Kolbe electrolysis is a promising reaction 
for the transformation of biologically derived chemicals 
to value added products. Intensive research and 
development will be essential to overcome the obstacles 
and unlocking the full potential of Kolbe electrolysis. 
Innovations in reactor design, the use of ionic liquids 
as electrolytes, and the development of more efficient 
electrocatalysts could significantly enhance the process's 
performance and make it highly competitive in the 
production of sustainable chemicals. The ongoing 
collaboration between leading chemical companies and 
research institutions highlights the importance of this 
technology in driving the future of industrial chemistry 
toward greener and more eco-friendly solutions. Kolbe 
electrolysis, when integrated with renewable energy 
and aligned with the goals of electrification, represents 
a promising avenue for the sustainable transformation 
of the chemical/biochemical industry. Table 5 provides 
a comprehensive list of various research organizations 
and institutes involved in electrochemical processes, 

potentially including Kolbe electrolysis.

Conclusion

Kolbe electrolysis, a traditional method for decarbox-
ylating carboxylic acids to produce hydrocarbons, has 
seen significant advancements and is now a crucial 
technique in modern chemical synthesis. The process 
involves optimizing reaction conditions like temperature, 
pressure, and cell design, as well as choosing the right 
electrolytes and solvents. The mode of operation also 
significantly impacts the efficiency and selectivity of 
electrochemical reactions. Recent applications of Kolbe 
electrolysis demonstrate its versatility and potential for 
synthesizing a wide range of hydrocarbons. This process 
aligns with green chemistry goals, especially when 
integrated with renewable energy sources, supporting the 
electrification of the chemical industry. The transition to 
continuous flow and microreactor technologies enhances 
the control, scalability, and safety of electrochemical 
processes. The future of Kolbe electrolysis is promising, 
driven by innovations in electrode materials, the 
introduction of novel electrolytes, and advanced reactor 
designs. As the chemical industry evolves towards 
more sustainable practices, Kolbe electrolysis remains a 
powerful and adaptable tool, contributing significantly to 
the future of sustainable chemical production.
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