
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
2/

20
26

 1
2:

40
:3

7 
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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Photocatalysts fo
College of Chemistry and Chemical Engineer

Hunan 410083, China. E-mail: hongjianpen

Cite this: RSC Adv., 2026, 16, 24095

Received 18th February 2026
Accepted 26th March 2026

DOI: 10.1039/d6ra01440b

rsc.li/rsc-advances

© 2026 The Author(s). Published by
r the decarboxylation conversion
of C(sp3)-carboxylic acids: a review

Changwen Gao, Jiasheng Zhang, Guangsong Li and Hongjian Peng *

C(sp3)-carboxylic acids are derived from a broad spectrum of sources and possess excellent biosafety. Its

decarboxylation conversion provides an important route for constructing C–H, C]C and C–X (X = C, O,

and F) bonds. Photocatalysis provides a mild and efficient method for achieving this conversion. In this

paper, the photocatalysts used in the decarboxylation of C(sp3)-carboxylic acids over the past 8 years are

systematically reviewed. They are classified into four categories: organic transition metal complexes,

simple transition metal salts, metal-free homogeneous photocatalysts and semiconductor material

photocatalysts. The structural characteristics, catalytic principles and reaction mechanisms of various

catalysts are described in detail, and the core reaction paths of different catalytic systems are analyzed.

The advantages and disadvantages of various catalysts in terms of catalytic efficiency, substrate

applicability, cost and recovery were compared. Finally, the key challenges in this field are pointed out,

and the future development directions, such as the design of near-infrared light-responsive catalysts and

the improvement of quantum efficiency, are proposed.
1. Introduction

C(sp3)-carboxylic acids are abundant in nature (e.g., amino
acids, fatty acids, and sugar acids) and play key roles in organic
synthesis and biodiesel production. The world produces 181.5
billion tons of lignocellulosic biomass every year, with only
about 8.2 billion tons of biomass being utilized. The difficult
degradation and structural complexity of lignocellulose have
greatly hampered its effective utilization. Carbohydrates can
usually be obtained from various biomass raw materials by
enzymes or acids, and then further converted into biomass-
derived platform compounds.1,2 In addition, waste edible oils
(WCO) and low-value by-products from petroleum processing
and papermaking contain large amounts of fatty acids,3–9 which
are readily available at low cost for biodiesel production via
hydrodecarboxylation. Using these materials can not only
realize the comprehensive utilization of waste and provide safe,
efficient and renewable energy but also eliminate potential risks
to food safety and deliver good economic benets. For example,
a hydrogen-enriched Pt/TiO2 catalyst can convert C12–C18 fatty
acids from biological sources into Cn−1 alkanes with high
selectivity under mild conditions, and the yield can exceed 90%,
making it suitable for industrial low-value fatty acid mixtures
such as soybean oil and rosin oil.10 By constructing a hydrogen-
decient catalytic interface, a Ru/TiO2 catalyst enabled the
decarboxylative coupling reaction of fatty acids, generating
long-chain alkanes and simultaneously producing hydrogen,
ing, Central South University, Changsha,
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thereby improving energy utilization efficiency.11 Photocatalysis
(using fatty acid photodecarboxylase (FAP)), combined with
a membrane reactor, enables continuous ow production,
enhances catalytic stability and reusability, and provides tech-
nical support for large-scale production.12 In addition, carbox-
ylic acids have not only been widely commercialized but also
exhibit less toxicity and higher stability during organic
synthesis compared to more reactive coupling partners (such as
halides or organic metals).13–18 Photocatalytic decarboxylation is
emerging as an effective method for generating C–H, C]C and
C–X (X = C, O or F) bonds via free radical processes under mild
reaction conditions. Introducing visible light into the decar-
boxylation reaction can promote the chemoselective activation
of molecular substrates. This broadens the scope for designing
and discovering new chemical transformations.19–24 Covalent
organic framework (COF)-based photocatalysts have been used
in the decarboxylative uorination reaction to enable the post-
functionalization of anti-inammatory drugs and steroid
derivatives.25 The cobalt–cerium synergistic photocatalytic
strategy is used for the decarboxylation Heck reaction of fatty
acid substrates, which is suitable for the late modication of
active drug molecules, and the by-products are environmentally
friendly hydrogen and carbon dioxide.26 The iron/copper dual
catalytic system supports the decarboxylative amination and
alkylation of a variety of complex drugs and natural products,
which is helpful for the rapid construction of drug libraries and
the discovery of new drugs.27 These studies have shown that
photocatalytic decarboxylation provides an efficient, mild and
environmentally friendly strategy for the synthesis and modi-
cation of drug skeletons.28 However, current photocatalysis still
RSC Adv., 2026, 16, 24095–24127 | 24095
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Fig. 1 Typical photocatalysts for decarboxylation conversion.
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faces many problems, such as the lack of cheap, suitable green
photocatalysts and high time consumption due to low catalytic
efficiency. These are all urgent problems to be solved.29–32 In the
past few decades, many efforts have been devoted to the direct
decarboxylation of C(sp3)-carboxylic acids without extra pre-
activation to generate carbon-centered free radicals.33–37

Based on previous studies, different kinds of photocatalysts
have been reported (Fig. 1), mainly including organic transition-
metal complexes (noble metal Ru, Rh, Ir complexes),38,39 simple
transition metal salt photocatalysts (FeCl3, CuCl2, etc.),40,41

metal-free photocatalysts such as organic dyes/conjugated
aromatic hydrocarbons (e.g., eosin, acridine, and
polycyanoarenes)42–45 and semiconductor materials (TiO2, CdS,
ZnO, etc.).46,47 According to the different roles of these types of
photocatalyst materials in the decarboxylation reaction, four
mechanisms are summarized in Scheme 1.48–52 In the rst
mode, the carboxylate is oxidized by the excited photocatalyst,
and a carboxyl radical is generated via single-electron transfer
(SET). This radical spontaneously releases carbon dioxide and
simultaneously forms a carbon-centered radical (Scheme 1a).
The second mode involves ligand exchange between carboxylic
acids and metal salts to form ground-state carboxylates.
Subsequently, these carboxylates are excited under light and
undergo homolysis via ligand-to-metal charge transfer (LMCT),
producing carboxyl radicals and low-valent metal centers. Alkali
is essential for the rst two modes (Scheme 1b). The third mode
is called the proton-coupled electron transfer (PCET) process. In
this mode, electron transfer and proton coupling work together.
Hydrogen bond complexes are formed between the carboxylic
acid and photocatalyst (acridine), and photoexcited states are
generated under visible light irradiation. Aer the photocatalyst
accepts electrons, the negative charge density increases, which
just promotes proton binding. The proton binding stabilizes the
negative charge and reduces the energy barrier of the next
electron transfer. The result is to generate carboxyl radicals by
24096 | RSC Adv., 2026, 16, 24095–24127
homolysis. The advantage of using this catalyst is that it not
only has a low oxidation potential, but also does not require the
participation of alkali (Scheme 1c). The fourth mode is a semi-
conductor photocatalyst, and its catalytic mechanism is signif-
icantly different from the rst three. Taking TiO2 catalyst as an
example, it can absorb photons with energy higher than the
semiconductor's band gap and then excite electrons to the
conduction band (CB) and create holes in the valence band (VB).
Holes formed in the valence band exhibit strong oxidizing
ability; they can oxidize carboxylates to form carboxyl radicals.
Carboxyl radicals spontaneously release CO2 and simulta-
neously form carbon-centered radicals (Scheme 1d). The most
prominent advantage of this kind of photocatalyst is that it is
a kind of heterogeneous phase, which is convenient for subse-
quent separation from the products.
2. Organic transition-metal
complexes

Organic transition-metal complexes that harvest visible light
now underpin a large fraction of modern photocatalysis,
enabling mild radical chemistry, C–C/C–heteroatom bond
formation, and polymerization. Transition-metal complexes
(Ru, Ir, Cu, Co, Pd, Pt, rst-row metals) absorb visible light to
reach long-lived excited states that participate in SET, energy
transfer (EnT), atom transfer, or inner-sphere radical
processes.53,54 Classical Ru(bpy)3

2+/Ir(III) complexes operate
mainly via outer-sphere SET, while newer Mn/Co/Cu/Pd systems
use photoinduced inner-sphere mechanisms where substrate–
metal binding is crucial. Pd, Co and Pt complexes can act
simultaneously as chromophore and cross-coupling catalysts,
redirecting oxidative addition into radical pathways and
enabling stereodivergent or previously inaccessible
transformation.55–57 The activity and selectivity of organic tran-
sition metal complexes for photocatalytic decarboxylation
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Four mechanisms of the photocatalytic decarboxylative reaction. (a) SET, single-electron transfer. (b) LMCT, ligand metal charge
transfer. (c) PCET, proton-coupled electron transfer. (d) general catalytic mechanism of semiconductor photocatalysts. (This figure has been
adapted/reproduced from ref. 22 with permission from Royal Society of Chemistry, copyright 2025).
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mainly depend on the electronic structure of the metal center
and its interaction with the ligand. Light excitation causes the
metal complex to enter the excited state and change its redox
potential, thereby promoting the electron transfer process and
generating carbon radicals to achieve the decarboxylation
reaction. The electron recombination of this excited state is
a key step. By adjusting the ligand structure and replacing the
central metal atoms, the redox potential can be nely regulated
to match the reaction requirements. But such photocatalysts
usually require expensive precious metals and ligands and are
not easily separated and recovered in the later stage, which
limits their large-scale application in terms of cost.

In 2018, the Ritter group used Ir[dF(CF3)ppy]2(dtbbpy)PF6 as
a photocatalyst and Co(dmgH)2(4-OMe-py)Cl as a proton
reduction catalyst to achieve the rst dehydrogenative deca-
rboxylative olenation of carboxylic acids without stoichio-
metric additives.58 The production of olens from carboxylic
© 2026 The Author(s). Published by the Royal Society of Chemistry
acids by decarboxylation is a two-electron oxidation process of
the carbon chain. Therefore, hydrogen must be released in the
absence of stoichiometric oxidants. The study harnesses the
reducing ability of the Co(III) complex (Ered1/2 [Co

III/CoII] =−0.68 V
versus the saturated calomel electrode (SCE) in MeCN), stronger
than the photoexcited iridium catalyst (Ered1/2 [IrIV/*IrIII] =

−0.89 V versus the SCE in MeCN). The result is the formation of
a Co(II) complex and a highly oxidizing Ir(Ⅳ) complex (Ered1/2 [Ir

IV/
IrIII] = 1.69 V versus SCE in MeCN). The Co(II) complex is then
ready to accept alkyl radicals formed by the decarboxylative
oxidation of alkyl carboxylates by Ir(IV) to generate the Co(III)
complex. During photodegradation, the cobalt–carbon bond is
split, and the Co(III) compound is subjected to b-hydrogen
capture to form olens and Co(III) hydrides. The Co(III) hydride
is protonated by carboxylic acid, and then the Co(III) catalyst is
regenerated to complete the catalytic cycle (Scheme 2a). Enzy-
matic and chemical catalytic reactions are usually carried out
RSC Adv., 2026, 16, 24095–24127 | 24097
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Scheme 2 (a) Photocatalytic decarboxylative elimination reported by the Ritter group. (This figure has been adapted/reproduced from ref. 58
with permission from Springer Nature, copyright 2018). (b) Acridine/cobalt oxime dual catalytic system proposed by the Nguyen group. (This
figure has been adapted/reproduced from ref. 59 with permission from the American Chemical Society, copyright 2019).
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under incompatible conditions. For example, enzymatic reac-
tions are carried out in aqueous solutions at near room
temperature and at a controllable pH, while chemical catalytic
reactions may require anhydrous conditions and high temper-
ature. Therefore, the synergistic chemoenzymatic catalytic
process is still relatively rare and only suitable for a few reac-
tions. In 2019, the Nguyen and colleagues developed a “triple
24098 | RSC Adv., 2026, 16, 24095–24127
catalytic system” (LACo) that combines photocatalysis and
enzyme catalysis (double photocatalysis and enzyme catalysis),
which is achieved through the coupling of the photoinduced
acridine-catalyzed O-H-HAT and cobalt oxime-catalyzed C-H-
HAT process.59 The reaction realizes the HAT of the O–H bond
through proton-coupled electron transfer (PCET) to generate
acridine radicals (HAc) and carboxylate radicals (Scheme 2b).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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This mechanism avoids strong alkaline conditions and a high
redox potential, allowing the chemical process to coexist with
enzymes (enzymatic reactions). In addition, it is known that the
unsubstituted acridine affects the HAT process (BDE
112 kcal mol−1) through a strong O–H bond, and its photo-
catalytic performance can be adjusted by introducing an alter-
native group to the pyrimidine core to form a new type of
organic photocatalyst different from the traditional metal (Ru,
Ir) or acridinium catalyst. The gram-scale verication is suitable
for unrened biomass.
Scheme 3 (a) Decarboxylative addition reaction based on a nickel/pho
figure has been adapted/reproduced from ref. 60 with permission from
radical addition reaction of g-amino acids with vinyl borates. (This figure
copyright 2018).

© 2026 The Author(s). Published by the Royal Society of Chemistry
In 2018, MacMillan and co-workers developed an integrated
strategy of “open-shell radical-closed-shell metal migration–
insertion”.60 Thus, the selective intermolecular addition of
nucleophilic free radicals to inactivated alkynes was realized. The
authors proposed the following mechanism (Scheme 3a): N-Boc-
proline deprotonates, and the resulting carboxylate undergoes
single-electron oxidation by Ir(III)* B to generate alkyl radical C
and the reduced Ir(II) D. The open-shell alkyl species E is antici-
pated to quickly undergo oxidative radical capture with low-
valent nickel species F, forming alkyl-Ni(II) complex G. This
nucleophilic Ni(II) intermediate is then poised to undergo the
toredox dual catalytic system reported by the MacMillan group. (This
the American Chemical Society, copyright 2018). (b) Decarboxylative
has been adapted/reproduced from ref. 61 with permission fromWiley,

RSC Adv., 2026, 16, 24095–24127 | 24099
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crucial migratory insertion coupling step with alkyne H, gener-
ating the vinyl–nickel complex I. Finally, protodemetalation by
either a protonated base or carboxylic acid would afford the
C(sp3)–C(sp2) coupled product K. The hydrogen alkylation reac-
tion of various asymmetric acetylene systems exhibits excellent
regional control, and its selectivity comes from the preference of
alkyl migration insertion: the nickel center tends to be located at
the sp carbon site with the highest electron cloud density in the
alkyne, while the introduced alkyl is located at the highest elec-
trophilic point based on the potential polarity of the alkyne. In
addition, compared with the reaction products of sterically
hindered asymmetric alkynes, the introduced alkyl groups are
preferentially located at sites far from the large substituents of
alkynes. In the same year, the Aggarwal group efficiently
synthesized g-amino borates by directly using readily available
carboxylic acids (e.g., g-amino acids) and vinyl borates.79 Deute-
rium labeling experiments and DFT calculations show that the
reaction mechanism involves the single-electron reduction
process of a-boryl radicals by reduced photocatalysts. This
method exhibits excellent functional group tolerance to a variety
of substrates (including natural products and drug skeletons).
Importantly, this method can rapidly synthesize alkyl borates
with diverse structures, which is of great value for pharmaceutical
chemistry (Scheme 3b).

In 2020, the Rueping group utilized a similar catalytic system
to realize the anti-Markovnikov regioselective alkylation of
terminal alkynes with alkyl carboxylic acids (e.g., amino acid
derivatives) (Scheme 4a).62 The energy barrier for the migration
of the alkyl from the Ni center to the terminal carbon atom of
the alkyne is only 6.3 kcal mol−1 (transition state B-TS), which is
much lower than the path of migration to the internal carbon
atom (16.8 kcal mol−1, B-TS0), explaining the anti-Markovnikov
selectivity. At the same time, a one-pot three-component
coupling reaction was developed, enabling the efficient
synthesis of trisubstituted olens via the synergistic reaction of
aryl bromides, alkyl carboxylic acids, and terminal alkynes
(Scheme 4b). Finally, gram-scale synthesis (2.0 mmol) was
successfully achieved, even for compounds with complex
structures, such as steroids and heterocycles. The Ernouf group
developed a method for obtaining functionalized 1,3-disubsti-
tuted cyclobutane (Scheme 4c).63 Compared with the high
abundance of cyclohexane and cyclopropane in commercially
available drugs, the frequency of cyclobutane is lower.64 The
bicyclo[1.1.0]butane (BCB) framework has a very high ring
strain energy (64 kcal mol−1), and its central carbon–carbon
bond has high p orbital characteristics, which can be used as
a substitute for the corresponding olens. The Giese-type
addition reaction of the C(sp3) center radical with high-
tension bicyclo[1.1.0]butane was realized by photochemical
strain release drive. The strong reducible excited-state photo-
catalyst oxidizes a carboxylate Ir(III) complex (E*

1=2 ¼ �1:21 V) by
SET to generate free radicals. The radical addition initiates the
heterolytic cleavage of the central bond of the BCB skeleton,
accompanied by a huge tension release (calculated to show
a stabilization energy of about 38.9 kcal mol−1). This process
provides a strong thermodynamic driving force, overcomes the
kinetic energy barrier of the radical addition step, and makes
24100 | RSC Adv., 2026, 16, 24095–24127
the reaction irreversibly push toward the product direction.
This method has signicant practicability and can be directly
used for the late cyclobutylation of complex molecules,
providing a tool for pharmaceutical chemistry to expand
chemical space. In the same year, the Sun group used O2 as
a green oxidant, Cs2CO3 as a base, and Ir[(dF(CF3)ppy)2(dtbpy)]
PF6 as a photocatalyst to develop a universal carboxylic acid
decarboxylation and hydroxylation method.65 The mechanism
of this reaction is consistent with the SET of general organic
transition metal complexes (Scheme 4d). It is worth noting that
when NaBH4 is added at the end of the reaction, the target
alcohol yield is only 65%; in contrast, the addition of NaBH4

before the start of the reaction increased the yield to 99%. This
is due to the instability of the peroxy radicals generated during
the reaction, resulting in a limited range of substrates. Through
the role of in situ reducing agent NaBH4, the free radical inter-
mediates can be stabilized, which improves the yield and
broadens the substrate range. Thus, different sp3-hybridized
carbon-containing carboxylic acids have been successfully used
as substrates, including substituted phenylacetic and aliphatic
carboxylic acids.

In 2021, Terrett and co-workers proposed a method for the
synthesis of alcohols in a mixed solvent system of dichloro-
ethane (DCE) and hexauoroisopropanol (HFIP), using
[Ru(dtbbpy)3](PF6)2 combined with an iodine(III) oxidant, 2-
toluenesulfonyl-2,3-dihydrobenzimidazole acetate, to directly
generate carbocations from benzyl carboxylic acids, followed by
alcohol or water molecule capture to achieve C–O coupled
products.66 This method uses an organic iodine photooxidation
system but does not involve peroxide intermediates aer
decarboxylation. Instead, it innovatively uses the free radical-
polar cross (RPC) mechanism to shi the decarboxylation
reaction from the traditional free radical path to the carboca-
tion path (Scheme 5). This method overcomes the limitation
that carbon radicals produced by photoredox decarboxylation
cannot directly react with nucleophilic alcohols. This is
different from the known hydroboration process and is milder
than the hydration conditions of standard olens. This plat-
form is also suitable for the decarboxylation of carbocations
with C, N, and X (halogen) atom nucleophiles to achieve
carbon–carbon and carbon–heteroatom coupling.

g-Methylene-d-valerolactone (GMDV) is a multifunctional
C4-ring ligand notable for its role in the palladium-catalyzed
decarboxylative O-allylation of phenols, where it efficiently
forms Csp3–O bonds under mild conditions, demonstrating
high selectivity and efficiency as an allylation reagent.67 GMDV
also participates in phenol-mediated decarboxylative proton
transfers to produce polysubstituted (E)-2,4-pentadienoates
with excellent yields and stereoselectivity, highlighting its
versatility in organic syntheses.68 In 2025, the Lv group realized
the free radical decarboxylative sp3-sp3 carbon cross-coupling
reaction of GMDV with alkyl carboxylic acids through a combi-
nation of photocatalysis and palladium catalysis.69 The photo-
catalytic process of the reaction (Scheme 6a) is as follows: The
Ir(III) photocatalyst is excited to the excited state Ir(II)* under the
irradiation of 370 nm LED; the excited state Ir(III)* oxidizes the
carboxylate L generated by the alkyl carboxylic acid through the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 (a) Photocatalytic decarboxylative addition reaction of terminal alkynes with amino acid derivatives. (b) One-pot decarboxylative
three-component coupling;62 (c) photoredox-catalyzed decarboxylative radical cyclobutylation reaction;63 (d) photocatalytic decarboxylative
oxidation reported by the Sun group. (This figure has been adapted/reproduced from ref. 65 with permission from the American Chemical
Society, copyright 2020).

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 24095–24127 | 24101
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Scheme 5 Photocatalytic decarboxylative oxidation using an organic iodine photo-oxidation system reported by the Terrett group. (This figure
has been adapted/reproduced from ref. 66 with permission from the American Chemical Society, copyright 2021).
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SET process and is reduced to Ir(II), while carboxylate L is con-
verted into the benzyl radical K. The generated Ir(II) undergoes
a SET reaction with the Pd(I) generated in the palladium cycle.
24102 | RSC Adv., 2026, 16, 24095–24127
Ir(II) is oxidized back to the ground-state Ir(III) (photocatalyst
regeneration), and Pd(I) is reduced back to Pd(0) (palladium
catalyst regeneration), completing the entire dual catalytic
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 (a) Free radical decarboxylative coupling of GMDV and alkyl carboxylic acids reported by the Lv group. (This figure has been adapted/
reproduced from ref. 69 with permission from the Royal Society of Chemistry, copyright 2025). (b) Photocatalytic decarboxylative oxidation
reaction combining nickel catalysis and photoredox catalysis.70

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 24095–24127 | 24103
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Scheme 7 Photocatalytic decarboxylative oxidation reaction of a cerium complex photocatalyst reported by theMashima group. (This figure has
been adapted/reproduced from ref. 80 with permission from the American Chemical Society, copyright 2021).
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cycle. For the rst time, GMDVs were used in a photocatalytic
decarboxylative coupling system, which provided a mild and
efficient method for C(sp3)–C(sp3) bond construction. The Beil
group achieved the selective oxidation of a-hydroxy acids
(especially mandelic acid) by combining nickel catalysis and
photoredox catalysis, which can efficiently produce aldehydes
and ketones without peroxidation.70 This method proceeds
efficiently under radical conditions via decoupled decarboxyl-
ation and alcohol oxidation steps, and it was further extended to
the decarboxylative oxidation of b-hydroxy acids and phenyl-
glycine, affording carbonyl compounds upon hydrolysis
(Scheme 6b).
3. Simple transition metal salt
photocatalysts

The simple transition metal salt catalyst for photocatalytic
decarboxylation mainly excites the metal center through the
LMCT process to generate the free radical intermediates of
carboxylic acid derivatives, thereby achieving decarboxylation.
Typical catalysts include iron salts, copper salts, and cerium–

zirconium-manganese mixed metal clusters.71–73 These metal
salts can efficiently promote the decarboxylation, nitridation,
halogenation, and oxidation of carboxylic acids under visible
light irradiation. The advantages of these simple transition
metal salt catalysts are their low cost, simple operation,
24104 | RSC Adv., 2026, 16, 24095–24127
environmental friendliness, and good functional group
compatibility. At the same time, the synthesis and use of
complex ligands are avoided, and the system complexity and
risk of by-product formation are reduced.74–76

The unique reactivity of Ce(OAc)4, a highly oxidized metal
acetate, can easily produce reactive carboxyl radicals under light
irradiation, which can be carried out with only a catalytic
amount. The continuous homolysis of the covalent bonds of
Ce(IV)−ligands produces synthetically useful organic radicals,
which are used for the formation of various C–C, C–N and C–O
bonds. At the same time, the electronic transition of Ce(III), i.e.,
4f / 5d excitation, produces the excited Ce(III) species as
a strong reducing agent. In these Ce(III) photocatalysts, since
the energy level of the 5d orbital is very sensitive to the sup-
porting ligand, the emission properties of 5d / 4f can be
controlled by the molecular design of the ligand.77–79 In 2021,
the Mashima group studied the photocatalytic carboxylate
decarboxylation oxidation strategy of Ce(IV).80 The carboxylate
Ce(IV) complex, spontaneously formed from the precursor
Ce(OtBu)4 and the corresponding carboxylic acid in toluene,
acts as an effective photocatalyst for the decarboxylation of
aliphatic carboxylic acids. This complex catalyzes aliphatic
carboxylic acids to form C–O bond products, including alde-
hydes, ketones, and alcohols. Based on the experimental results
and relevant literature reports, a plausible reaction mechanism
is proposed (Scheme 7): Ce(OtBu)4 reacts with the substrate
© 2026 The Author(s). Published by the Royal Society of Chemistry
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carboxylic acid to form a hexanuclear carboxylic acid Ce(IV)
carboxylate A, which is then photolyzed to form the corre-
sponding carboxyl radical B, and Ce(IV) species A is reduced to
Ce(III) species C. Because the carboxyl radical is very unstable, it
readily undergoes spontaneous decarboxylation to obtain the
corresponding alkyl radical, which easily reacts with oxygen to
form an alkyl peroxide radical. Subsequently, the peroxyl radical
oxidizes Ce(III) to obtain peroxidized Ce(IV) alkyl D. The
exchange of ligands with carboxylic acid E leads to the regen-
eration of carboxylic acid Ce(IV) and the release of alkyl hydro-
peroxide F. The alkyl hydroperoxides in the reaction mixture are
decomposed by Ce(III) and Ce(IV) to obtain the corresponding
aldehydes G and alcohols H, respectively. The reaction features
a broad substrate scope and notable functional group tolerance:
beyond various aliphatic carboxylic acids, ortho-, meta-, and
para-substituted arylacetic acids with different electronic
properties (e.g., halogenated, methoxylated derivatives) are also
compatible with this reaction.

In 2023, for the rst time, the West group combined an iron
catalyst (Fe3+) with a thiol derivative (TRIP disulde) to achieve
Scheme 8 Photoinduced iron/thiol dual-catalyzed decarboxylative pro
permission from Springer Nature, copyright 2023).

© 2026 The Author(s). Published by the Royal Society of Chemistry
decarboxylative protonation.81 Although iron has been shown to
catalyze decarboxylation, most of these reactions are thermally
driven and require activated carboxylic acids and strong stoi-
chiometric oxidants. This reaction requires no substrate pre-
activation or noble metal photocatalysts (e.g., Ir/Ru); it only
uses earth-abundant iron to overcome the limitation of
substrate compatibility. The author proposes that the mecha-
nism of the reaction goes through the inner LMCT process,
which can avoid the non-selective outer electron transfer of the
electron-rich functional groups in the SET process, thereby
signicantly expanding the substrate range of the hydrode-
carboxylation. Thus, the substrate that is incompatible with the
acridinium method can participate in the reaction. In addition,
the covalent pre-binding of the substrate to the iron photo-
catalyst avoids the lifetime limitation of the excited state caused
by the excitation-dependent molecular bimolecular reaction in
the outer electron transfer method (Scheme 8). Deprotonated
carboxylate anions and Fe3+ form complex A; A becomes an
excited state B under light irradiation, and then B generates Fe2+

C and D through the LMCT process. At the same time, TRIP
tonation. (This figure has been adapted/reproduced from ref. 81 with

RSC Adv., 2026, 16, 24095–24127 | 24105
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disulde is homolytic to form free radical F; F captures the
electrons in C and the proton-generating substance G in the
acid, and G nally generates the nal reduction product
through the HAT process. It is worth noting that the use of this
condition can make the dicarboxylic acid substrate undergo
double decarboxylation to obtain 82% of the product. The
authors also examined the applicability of a variety of complex
natural products and drugs. For example, the reaction of loxo-
profen at the gram scale can produce 82% of the product
overnight. In the same year, the team also used Fe(NO3)3$9H2O
as a dual-use catalyst and oxidant to directly convert a variety of
challenging inactivated primary, secondary and tertiary
substrates into organic azides under visible light irradiation
conditions.82 They demonstrated that nitrate acts as an essen-
tial terminal oxidant against anions, thereby eliminating the
need for external chemical oxidants and solving the long-term
problem of catalyst turnover in the LMCT/RPC process. In
addition, they elucidated the mechanism by which LMCT
initiates decarboxylation to generate alkyl radicals, which then
inhibit unnecessary elimination and rearrangement pathways
through RLT rather than RPC.

In 2025, the Li group developed an iron-catalyzed deca-
rboxylative alkynylation reaction, enabling the efficient
coupling of carboxylic acids with alkynyl bromides.83 With
commercially available Fe(OTf)3 (5 mol%) as the catalyst, under
390 nm visible light irradiation at room temperature and with
Cs2CO3 as the base, high-yielding decarboxylative alkynylation
products are obtained in a CH3CN solvent. The reaction is
compatible with structurally diverse carboxylic acids, including
a-amino acids, dipeptides, aliphatic acids, and complex
medicinal acids. Based on the mechanism verication, the
reaction mechanism conforms to the general LMCT process
(Scheme 9). In the same year, the Tsurugi group proposed the
introduction of light-responsive Ce(IV) centers into photo-
chemically stable Zr/Hf oxygen/hydroxyl bridged clusters.84

Through metal-to-metal substitution, a single cerium-doped
six-core mixed metal cluster (CeZr5 core) is formed. UV-vis
spectroscopy and DFT calculations show that the introduction
of Ce(IV) affects the HOMO–LUMO energy gap, making the
cluster absorb in the visible region, and that the introduction of
manganese increases the electron density of the cluster. Using
Ce–Zr bimetallic synergistic catalysis, a variety of carboxylic
acids were converted into alcohols with one less carbon atom in
an air atmosphere, and the yield was excellent.
4. Metal-free homogeneous
photocatalysts

The metal-free photocatalyst completely avoids metal, and the
reaction conditions are extremely mild. Thus, the reaction can
be applied to the post-modication of polypeptides and drug
molecules (such as aspirin and penicillin derivatives) without
destroying the existing complex structures in the molecules.
Such catalysts usually induce carboxylic acid derivatives to
generate free radical intermediates through the SET process or
energy transfer mechanism generated by photoexcitation; they
24106 | RSC Adv., 2026, 16, 24095–24127
mainly include acridine and 4CzIPN.85–87 In addition, some
organic dyes, such as uorescein dimethylammonium, have
been shown to achieve the decarboxylative acylation of pyridine
N-oxides at room temperature.88 Conjugated aromatic hydro-
carbon materials represented by covalent triazine framework
(CTF-2) can be used as solid-state photocatalysts to achieve
decarboxylative addition reactions with good recyclability and
stability.89 Such catalysts have diverse structures and can easily
regulate their electronic properties. They can efficiently absorb
visible light and participate in reversible redox processes,
thereby driving the reaction. However, the catalytic efficiency is
limited by their absorption of visible light and the lifetime of
the excited state, resulting in unstable reaction efficiency.
Second, organic dyes are prone to photodegradation or struc-
tural damage during repeated use, affecting the stability and
recycling of the catalyst, thereby increasing the cost and diffi-
culty of waste treatment. Although the metal-free advantage is
obvious, the synthesis of some organic dyes is complex and
costly, which is not conducive to large-scale industrial applica-
tions. Therefore, improving the stability, selectivity and
economy of organic dyes and conjugated aromatic photo-
catalysts is still an important challenge in current research.90–93

The Nicewicz group developed an acridinium photocatalytic
system with Mes-Acr-Ph as the photosensitizer and (PhS)2 as the
cocatalyst, enabling the efficient hydrodecarboxylation of
diverse carboxylic acids.94 However, this reaction requires
expensive triuoroethanol (TFE) as a solvent, and the yield of
this reaction for long-chain fatty acids is only 49%. The reaction
produces carbon radicals through the SET process. In the
presence of electron-rich aromatics, this competitive outer
electron-transfer process leads to the low efficiency of the
formation of key carboxyl radicals required for decarboxylation.
In 2018, the Sun group reported the decarboxylative alkylation
tandem nitrile insertion/cyclization reaction of alkyl carboxylic
acids with aryl acrylamide derivatives.95 The authors inge-
niously combined an organic dye (eosin Y) with (NH4)2S2O8 to
achieve the decarboxylative radical reaction of alkyl carboxylic
acids, enabling subsequent nitrile insertion and cyclization to
afford alkyl phenanthridine compounds (Scheme 10a). The
reaction involves imine nitrogen radical intermediates. Except
for pivalic acid, primary carboxylic acids (isovaleric acid, 2-
cyclohexylacetic acid) and cyclic secondary carboxylic acids can
be smoothly coupled with N-arylacrylamide to obtain addition/
cyclization products in good yields. In 2018, the Aggarwal group
achieved the direct synthesis of cyclopropanes from carboxylic
acids and chlorinated olens via a photocatalytic deca-
rboxylative radical addition-polar cyclization cascade reaction.96

The authors propose that alkyl carboxylic acids and electron-
decient olens can be converted into carbanion intermedi-
ates via radical polarity reversal during reduction; these inter-
mediates then undergo intramolecular alkylation with alkyl
chlorides to afford cyclopropane compounds (Scheme 10b).
This reaction system is compatible with various alkyl carboxylic
acids and haloalkyl olens as substrates, providing a highly
atom-economical synthetic route for preparing diverse cyclo-
propane compounds.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 9 Fe(OTf)3-catalyzed decarboxylative alkynylation reaction reported by the Li group. (This figure has been adapted/reproduced from
ref. 83 with permission from the American Chemical Society, copyright 2025).
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In 2020, the Mastandrea and his co-workers reported an
innovative cooperative copper-photoredox dual catalytic system,
enabling the decarboxylative hydroalkylation of heteroaromatic
terminal alkynes with carboxylic acids. Notably, the Z/E
stereochemistry of the products can be switched by adjusting
the combination of the ligand and base, and it is applicable to
the stereoselective coupling of primary, secondary, and tertiary
alkyl radicals (generated from carboxylic acids) with alkynes.97

This mechanism was proposed by the author (Scheme 11).
Under light irradiation, the photocatalyst (4CzIPN) attains its
excited state (PC*) and can both reduce Cu(II) complexes in the
solution and oxidize a-amino and a-oxy carboxylates. The Cu(I)
complex generated either through the disproportionation of the
Cu(II) source or the SET process from PC* can form complex A
(which may exist as a monomer, polymer, or both) with the aid
of a base (CsOAc). The direct photoexcitation of A to A* could
induce charge depletion on the alkyne moiety via the LMCT
process, thereby accelerating the attack by radical E (formed
© 2026 The Author(s). Published by the Royal Society of Chemistry
through the deprotonation and single-electron oxidation of D,
possibly mediated by PC*). This addition leads to the formation
of vinyl radical B, which then reacts to form the corresponding
vinyl anion C while oxidizing PCc−. Subsequent protonation of
the anion and proto-demetallation of the Cu–C bond yield the
target product. This dual catalytic system activates alkynes
through the LMCT process of copper–acetylene complexes and
couples with photoredox catalysis to generate alkyl radicals,
thereby surmounting the kinetic barriers associated with alkyne
radical addition. The method is compatible with a wide range of
alkyl carboxylic acids (including those containing a-hetero-
atoms) and hetero aryl alkynes and has been extended to the
C–H vinylation of aromatic amines.

In 2020, The Mega and colleagues achieved the rst deca-
rboxylative coupling of vinyl borates through a nickel/
photoredox dual catalytic strategy, achieving three-component
efficient coupling,98 overcoming the secondary alkyl radical
side-reaction problem and expanding the application of a-
RSC Adv., 2026, 16, 24095–24127 | 24107
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Scheme 10 (a) Decarboxylation method involving the combination of eosin Y and (NH4)2S2O8 reported by the Sun group.95 (b) Decarboxylative
radical addition-polar cyclization tandem reaction using the 4CzIPN photocatalyst. (This figure has been adapted/reproduced from ref. 96 with
permission from Wiley, copyright 2018).
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amino acids in coupling reactions. The author proposes the
following mechanism (Scheme 12): the photocatalyst PC
(4CzIPN) is excited by blue light to form PC*; PC* and A undergo
a SET process to form a carboxylic acid radical. The carboxylic
acid radical quickly removes CO2 to form an alkyl radical B. The
alkyl radical B is added to the double bond of the vinyl borate C
to form an a-boryl radical D. The stabilizing effect of the a-boryl
free boron is more stable than that of ordinary alkyl radicals and
inhibits side reactions. At the same time, the Ni catalyst is
oxidized to aryl iodide to form an aryl Ni(II) complex. The a-boryl
radical D is captured by the aryl Ni(II) complex to form the Ni(III)
24108 | RSC Adv., 2026, 16, 24095–24127
intermediate E. Finally, the Ni(III) intermediate is reduced and
eliminated to form the three-component coupling product F
and Ni(I) species. The reduced state (PCc−) of the photocatalyst
oxidizes the Ni(I) species to Ni(0) and completes the nickel
catalytic cycle. At the same time, PCc− is oxidized to PC and
completes the photocatalytic cycle.

In 2022, the Sun and colleagues achieved the decarboxyl-
ation of C10–C18 fatty acids with a yield of up to 98% using
a methoxy-substituted mediator and 4,40-dimethyldiphenyl di-
sulde as the HAT reagent, with low-cost ethyl acetate as the
solvent.99 At the same time, heavy water (D2O) was used as the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 11 Photoredox/copper-catalyzed decarboxylative alkylation of alkynes. (This figure has been adapted/reproduced from ref. 97 with
permission from the American Chemical Society, copyright 2020).
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deuterium source to achieve an efficient decarboxylative
deuteration reaction. Through a variety of experimental veri-
cation processes, the following mechanism is proposed
(Scheme 13). Photocatalyst A changed from ground state to
excited-state B under visible light irradiation. B exhibits strong
oxidizability. The electron of deprotonated C was captured by
the SET process to generate D, and then D quickly removed CO2

to generate alkyl radical J. At the same time, disulde F was
homolyzed under light irradiation to generate free radical G. G
© 2026 The Author(s). Published by the Royal Society of Chemistry
rapidly captured the electrons in catalyst E to generate thio-
phenol anion H. H obtained protons in acid to generate I. The
nal product is obtained via the hydrogen atom transfer
process. This synergistic mechanism may effectively inhibit
competitive side reactions by quenching active alkyl radicals.

In 2022, the Kim and colleagues reported a visible light-
mediated photocatalytic decarboxylative pyridine reaction.100

The C4-selective C–H alkylation of carboxylic acids with N-
amido pyridinium salts has been achieved utilizing in situ-
RSC Adv., 2026, 16, 24095–24127 | 24109
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Scheme 12 Three-component decarboxylative coupling catalyzed by metal photoredox reported by the Mega. (This figure has been adapted/
reproduced from ref. 98 with permission from Wiley, copyright 2020).
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generated amide radicals as oxidants without the need for
external oxidants or metals. This protocol addresses key limi-
tations of traditional Minisci-type reactions, including the
requirement for strong acids, excessive use of carboxylic acids,
generation of toxic waste, and poor selectivity. The radical
mechanism was conrmed via radical trapping experiments
and Stern–Volmer quenching studies (Scheme 14a): under
alkaline conditions, the carboxylic acid rst deprotonates to
form carboxylate D. At the same time, photocatalyst A is excited
to the excited-state B under blue light irradiation. The excited
photocatalyst oxidizes carboxylate via the SET process to
generate a carboxyl radical and reduced photocatalyst C. The
carboxyl radical rapidly releases CO2 to generate a highly active
alkyl radical. The generated alkyl radical selectively attacks the
C4 position F of an N-amido pyridinium salt (N-amido substi-
tution endows the pyridinium salt with inherent C4 reactivity,
avoiding the C2/C4 selectivity problem of traditional Minisci
reactions), forming pyridyl-alkyl addition intermediate G. This
24110 | RSC Adv., 2026, 16, 24095–24127
step is key to achieving “C4 selectivity” in the reaction. Inter-
mediate G was deprotonated rst, then decomposed by N–N
bond homolytic cleavage to generate the target product I and
the in situ-generated amide radical H. H exhibits strong oxida-
tion ability. The excited-state C was regenerated into the
ground-state photocatalyst A through the SET process, and it
was converted into a stable amine product. This step does not
require an external oxidant. Reverse glycosyl uoride (RGF) is
a uorinated sugar with a special structure; it is the key inter-
mediate of many drugs (such as anti-hepatitis B drug precursors
and anti-tumor drugs). Because the carboxylate anion of uronic
acid is difficult to oxidize, it is difficult to synthesize nucleosides
with this specic stereo conguration by traditional ion reac-
tions. The oxidation potential of the commonly used Ir complex
Ir[dF(CF3)ppy]2(dtbbpy)PF6) is about 1.69 V (vs. SCE), and the
oxidation potential of riboavin (vitamin B2 derivative) is about
1.50 V (vs. SCE). In 2022, RGF was synthesized using 9-
methylthio-10-methylacylperchlorate (Mes-Acr ClO4) as
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 13 Hydrodecarboxylation using a methoxy-substituted acridine photocatalyst. (This figure has been adapted/reproduced from ref. 99
with permission from Wiley, copyright 2022).
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a photocatalyst with its high excited oxidation-state potential
(2.06 V vs. SCE).101 The reaction showed good adaptability to
both furanuronic and pyranuronic acids. RGFs containing
tertiary carbon–uorine bonds and disaccharide-derived RGFs
were successfully synthesized. It is especially suitable for the
uronic acid of D-ribose and L-lyxose congurations and can also
enable the efficient preparation of rare L-lyxose-conguration
RGF nucleosides (Scheme 14b).

Tetraalkyl-substituted pyridine photoredox catalysts (PPTs)
are effective organic photocatalysts with strong excited-state
oxidation ability (E*

red ¼ þ2:10 V vs. SCE in MeCN). These
catalysts can be synthesized via photo-mediated oxygen atom
transfer from their n-oxide precursors and exhibit a three-state
© 2026 The Author(s). Published by the Royal Society of Chemistry
excited state.102 As dual-photoredox catalysts and hydrogen
atom transfer catalysts, they can achieve a variety of trans-
formations, such as the hydroacetoxylation of activated olens,
hydroamination of styrene and primary amines, and decar-
boxylation of electron-decient olens. Tetraazasubstitution
improves their catalytic activity and stability, allowing efficient
single-electron oxidation processes under mild conditions
without the need for metals.103–105 In 2022, the Mayer and
colleagues used an organic pyrimidine–pteridine photoredox
catalyst for different primary, secondary, and tertiary carboxylic
acids.106 The reaction conditions were optimized via statistical
experimental design (DoE). This work achieved the use of
commercially available tablets of non-steroidal anti-
RSC Adv., 2026, 16, 24095–24127 | 24111
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Scheme 14 (a) C4-selective decarboxylative alkylation of heteroarenes reported by the Kim and colleagues. (This figure has been adapted/
reproduced from ref. 100 with permission from the American Chemical Society, copyright 2022). (b) Photocatalytic decarboxylative fluorination
reaction reported by the Li group.101
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inammatory drugs (NSAIDs) and gram-scale conversion. The
reaction mechanism was discussed through experiments
(Scheme 15). Carboxylic acids E undergo deprotonation with
K3PO4 to form aliphatic carboxylates F. These carboxylates then
undergo oxidative decarboxylation under the mediation of
photoexcited PrPPT* B, producing alkyl radicals G and the
radical anion catalyst PrPPTc− C. Next, PrPPTc− C accepts
a proton from another carboxylic acid molecule to form
PrPPTHc D. Finally, PrPPTHc D carries out hydrogen atom
transfer to alkyl radicals G; alkane products H are formed, and
the photocatalyst is regenerated. The reaction substrates cover
a variety of biologically active aliphatic carboxylic acids. When
24112 | RSC Adv., 2026, 16, 24095–24127
D2O is used as a cheap deuterium source, the deuteration rate
can reach up to 95%.

In 2024, the Zhang and colleagues proposed the use of
simple aliphatic ketones (diacetyl) as a photocatalyst to replace
expensive metal complexes and complex organic dyes to directly
decarboxylate uorinated aliphatic carboxylic acids and
diacids.107 Decarboxylative uorination is preferred over C(sp3)–
H, which is common in ketone catalysts, because the deca-
rboxylative SET kinetic rate is signicantly faster than the HAT
rate. The oxidation ability of the ketone radical cation deter-
mines the scope of application of the carboxylic acid substrate,
and its oxidation potential needs to be higher than that of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 15 Hydrodecarboxylation catalyzed by an organic pyrimidine pteridine photoredox catalyst. (This figure has been adapted/reproduced
from ref. 106 with permission from Wiley, copyright 2022).
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carboxylate (such as the oxidation potential of the caproate at
1.16 V). The free radical cation oxidation potential of ketones,
such as diacetyl and acetophenone, is sufficient (1.28 V), but
ketones with a high electron cloud density (such as electron-rich
aromatic ketones) may lead to a decrease in SET oxidation
efficiency due to the insufficient stability of free radical cations.
Based on the experimental verication of the mechanism, the
author proposes the following mechanism (Scheme 16): the
ground-state ketone photocatalyst A becomes an excited-state B
under visible light irradiation, and B exhibits strong oxidiz-
ability. The carboxylate is quickly oxidized to a free radical F
through the SET process, and the electron is converted into
a ketone free radical C. Then, F quickly removes CO2 and
converts it into an alkyl radical G. Finally, alkyl radical G and
© 2026 The Author(s). Published by the Royal Society of Chemistry
Selectuor obtain the target product H through the SET
pathway.

In 2025, the Deng group developed a synergistic catalyst
system consisting of acridine and thiophenol. Reaction opti-
mization signicantly reduced the catalyst loading, only using
4 mol% acridine and 1 mol% thiophenol.108 This process
introduces an innovative use of waste edible oils (WCO) as the
raw material. A design that obviates the requirement for
subsequent processing procedures like solvent separation.
Notably, when the residence time is 1 hour, the yield of Cn−1

alkanes can exceed 90% (Scheme 17a). Nitrogen heterocyclic
compounds (such as pyrazolidinone derivatives) are widely
present in drug molecules with anti-inammatory, antipyretic,
analgesic and other activities. The construction of such
RSC Adv., 2026, 16, 24095–24127 | 24113
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Scheme 16 Decarboxylation fluorination reaction with a ketone as a photocatalyst reported by the Zhang and colleagues. (This figure has been
adapted/reproduced from ref. 107 with permission from Elsevier, copyright 2024).
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skeletons by the C–H (amino) alkylation of hydrazone imines is
an important strategy in modern synthesis. The Nasireddy and
colleagues109 realized the decarboxylative aminoalkylation of
hydrazone imines by N-aryl and N-Boc-protected glycine deriv-
atives for the rst time using a catalytic amount of 4CzIPN. In
this reaction, the 4CzIPN photocatalyst absorbs blue photons to
reach the excited state to obtain a strong oxidizing ability to
deoxidize carboxylate anions to form free radical cations and
then removes carbon dioxide to form alkyl radicals. The alkyl
radicals can be added to the hydrazone imine to form a new N-
center free radical cation, and the electrons are nally obtained
24114 | RSC Adv., 2026, 16, 24095–24127
using 4CzIPN* and protonated to form the target product
(Scheme 17b).
5. Semiconductor material
photocatalysts

Semiconductor photocatalysis has developed rapidly, and metal
oxides, suldes and non-metallic compounds have been
discovered. The material has excellent redox properties, and the
controllable oxidation and reduction of the substrate can be
achieved by properly adjusting the VB and CB. Aiming to
address the limitations that many photocatalysts face, such as
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 17 (a) Hydrodecarboxylation catalyzed through a synergistic system composed of acridine and thiophenol.108 (b) Decarboxylative
aminoalkylation catalyzed by 4-CzIPN. (This figure has been adapted/reproduced from ref. 109 with permission from the American Chemical
Society, copyright 2025).
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a limited number of active centers, wide band gaps, low
sunlight utilization rates and high recombination rates of
photogenerated carriers, a variety of effective engineering
modication technologies have been proposed. These include
morphology and crystal structure regulation, doping induction,
heterostructure fabrication with other semiconductor mate-
rials, and dye sensitization to improve photocatalytic ability and
achieve the precise regulation of redox reactions. Although
organic semiconductor photocatalysts have excellent light-
absorption ability and structural tunability, their poor chem-
ical stability, high exciton dissociation energy and low carrier
© 2026 The Author(s). Published by the Royal Society of Chemistry
mobility have become bottlenecks to improving performance.
Future development directions include the development of
efficient and stable organic–inorganic composite materials, the
synergistic effect of broad spectral response and long-life
carriers, and an in-depth understanding of the reaction mech-
anism to guide the molecular-level design of catalysts.
Compared with homogeneous catalysts, heterogeneous cata-
lysts have the advantage of easy recovery due to their
insolubility.110,111

The boron carbonitride (BCN) photocatalyst is a metal-free
heterogeneous photocatalyst with a wide adjustable band gap
RSC Adv., 2026, 16, 24095–24127 | 24115

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01440b


Scheme 18 BCN40-mediated visible-light photocatalytic decarboxylation of carboxylic acids reported by the Shi and colleagues. (This figure has
been adapted/reproduced from ref. 118 with permission from the Royal Society of Chemistry, copyright 2021).
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and good visible-light response. The BCN material is composed
of boron, carbon and nitrogen ternary elements, with a large
specic surface area and rich active sites. The carrier separation
efficiency and photocatalytic activity can be signicantly
improved by forming heterojunctions or doping.112–116 In the
eld of photocatalytic organic synthesis, BCN photocatalysts
have been able to use visible light to induce the single-electron
transfer of organic halides to construct C–H, C–C and C–S
bonds, and exhibit high selectivity and good cycle perfor-
mance.117 In addition, BCN is also used for sp2 C–H bond
functionalization, dehydrogenation reactions and other organic
transformations. In 2021, the Shi and colleagues118 developed
a system that uses carbon-doped metal-free heterogeneous
semiconductor photocatalysts (BCN) with carbon-regulated
band structures and uses methanol as a hydrogen source to
achieve efficient decarboxylative hydrogenation (yields reaching
up to 93%) (Scheme 18). The mechanism of the reaction is as
follows: BCN absorbs photons to form hole–electron pairs, and
then the holes and electrons are separated and transferred to
the organic substrate. First, the carboxylic acid undergoes
deprotonation to form carboxylate anions; subsequently, the
anions are oxidized to acyloxy radicals by photogenerated holes,
24116 | RSC Adv., 2026, 16, 24095–24127
and the acyloxy radicals release CO2 to form carbon-centered
radicals. In the hydrogenolysis decarboxylation reaction, the
carbon-centered radical captures hydrogen atoms from meth-
anol through a single-electron transfer pathway to obtain the
nal reduction product.

In 2024, the Hao group utilized the photothermal conversion
effect of a-Fe2O3 to enable self-heating, raising the efficiency
and product concentration of its photocatalytic decarboxylation
to an industrial level.119 The purpose of this reaction is to
optimize the substrate adsorption mode and charge transfer
path through the photothermal synergistic effect and nally
realize the efficient conversion of long-chain fatty acids into
Cn−1 alkanes. Under strong visible-light excitation, a-Fe2O3

produces hole–electron (h+/e−) pairs; at low temperature, the
long-chain part of the amphiphilic long-chain fatty acid is
perpendicular to the interface of the polar a-Fe2O3 surface,
which makes the photogenerated h+/e− difficult to approach
and attack the C–COO bond, so the apparent quantum effi-
ciency (AQE) is extremely low at room temperature. However,
the high temperature generated by the incident light-induced
self-heating can make the long chain of upright fatty acids
spread to the surface of a-Fe2O3, which is convenient for the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 19 Mechanism of the photocatalytic decarboxylation of fatty acids in boiling long-chain n-alkane solvents over a-Fe2O3 catalysts. (a) At
high temperatures, fatty acids attach to the surface of a-Fe2O3, absorbing heat energy and thereby enabling hole activation; and (b) proposed
overall reaction pathway: (1) major transfer direction of e− and (2) minor transfer direction of e−. (This figure has been adapted/reproduced from
ref. 119 with permission from Elsevier, copyright 2024).
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nearby h+ to attack the C–COO bond with greater tension
(Scheme 19a). In addition, with an increase in temperature, the
reactivity of the photogenerated e− changes from the PCET
pathway (Scheme 19b). Obviously, the further conversion of
photogenerated free electrons preferentially leads to the
formation of R−, and if the R− intermediate is rapidly
consumed, h+/e− recombination will be largely suppressed.
Since the reaction between R− and H+ is directly controlled by
thermodynamic collision, rather than photogenerated h+/e−,
the reaction rate is greatly dependent on temperature. There-
fore, combined with the photothermal effect of the a-Fe2O3

photocatalyst, the incident light energy can be effectively
utilized, and the substrate conversion can be accelerated by
increasing the reaction temperature. In this study, stearic acid
was converted into approximately 0.5 M n-heptadecane in
a single reaction, with a selectivity of 91%, which is far more
than the concentration limit of traditional photocatalysis,
which typically does not exceed the millimolar level.

In 2025, the Vilé group used carbonitride nanosheets
(nCNx)120 prepared via the one-step calcination of cheap raw
materials. This nCNx, in synergy with nickel catalysis, enables
© 2026 The Author(s). Published by the Royal Society of Chemistry
the direct cross-coupling of carboxylic acids with alkyl halides.
The substrate scope is broad: the method delivers high yields
for common cyclic and linear a-amino acids, heteroatom-
containing carboxylic acids, and drug molecules (e.g., levo-
dopa precursor, 71% yield) (Scheme 20a). The Sankar and
colleagues realized the decarboxylation of readily available
carboxylic acids and the oxidation of olens and alkanes by
visible light using g-C3N4 as a stable and recyclable catalyst.121

This scalable method affords a range of aldehydes and ketones
under mild reaction conditions, requiring only molecular
oxygen as the oxidant. It is worth noting that no stoichiometric
base is needed. Furthermore, the reaction proceeds efficiently
even under open-air conditions and exhibits excellent activity
toward diverse substrates, including phenylacetic acids,
heterocyclic acetic acids, olens, and alkanes (Scheme 20b). The
Jati and colleagues developed a robust photocatalyst based on
a covalent organic framework (COF),122 which can realize the
photocatalytic decarboxylative uorination reaction of various
carboxylic acids to produce alkyl uorides with signicant effi-
ciency. The catalytic activity of an anthraquinone-based COF
catalyst (TpAQ) is better than that of other b-ketoamine COFs
RSC Adv., 2026, 16, 24095–24127 | 24117
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Scheme 20 (a) Cross-coupling reaction of alkyl halides and carboxylic acids catalyzed by nCNx. (This figure has been adapted/reproduced from
ref. 120 with permission from Springer Nature, copyright 2025). (b) Decarboxylation oxidation reaction using g-C3N4 as a photocatalyst, as
reported by the Sankar and colleagues. (This figure has been adapted/reproduced from ref. 121 with permission from Wiley, copyright 2024).
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with similar structures. Its b-ketoenamine skeleton, high
specic surface area (1115 m2 g−1), long excited-state lifetime
(3.83 ns) and efficient charge separation efficiency enable an
24118 | RSC Adv., 2026, 16, 24095–24127
efficient reaction. In addition, the TpAQ catalyst exhibits
excellent durability, making it a sustainable and cost-effective
solution. Under the irradiation of purple LED, the electrons
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01440b


Scheme 21 (a) Proposed reaction mechanism of the composite photocatalyst 1.5Au0.8Pd/TiO2 and (b) sulfide-modified TiO2. (This figure has
been adapted/reproduced from ref. 124 with permission from the American Chemical Society, copyright 2023).
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on the VB of TpAQ are excited to the CB to form a stable hole–
electron pair. At the same time, the carboxylate substrate is
oxidized by the VB hole of TpAQ through the SET process in the
presence of alkali. The oxidized carboxylate intermediate
rapidly releases CO2 to form alkyl radicals; the F atom is directly
captured in the alkyl radical Selectuor to form the target
product alkyl uoride, and Selectuor is converted into a free
radical cation. The conduction band electron of TpAQ needs to
reduce the free radical cation generated by Selectuor to
complete the cycle, but the reaction rate of Selectuor with the
conduction band electron needs to match the uorination rate
of the alkyl radical. When the rate of free radicals generated by
the substrate is too slow (such as carboxylic acids containing
large sterically hindered functional groups), this leads to the
accumulation of conduction band electrons and triggers the
reduction of COF itself or Selectuor decomposition. However,
the valence band potential of TpAQ (1.61 V vs. Ag/AgCl) is only
slightly higher than the oxidation potential of carboxylates
(1.52 V vs. Ag/AgCl), and the oxidation driving force is limited.
For carboxylic acids with extremely low electron cloud density
(such as peruorophenoxyacetic acid, the yield is 42%), the SET
process efficiency decreases, and the yield is low. This work lays
© 2026 The Author(s). Published by the Royal Society of Chemistry
the foundation for the development of efficient and sustainable
light-driven synthesis methods using COFs as photocatalysts.

TiO2, one of the most studied photocatalysts, has shown
remarkable catalytic activity in the decarboxylation of fatty
acids. Through the incorporation of different supported active
metals (Pt, Pd, Ru, Ni, Cu, and La), its catalytic activity can be
signicantly improved.123 In 2023, Hu, Garćıa, and their
colleagues compared the performance of TiO2-supported
monometallic Au or Pd catalysts with that of bimetallic Au–Pd
core–shell catalysts.124 They found that the latter exhibited
signicant advantages: under UV-visible light irradiation
(without H2), the conversion of hexanoic acid reached 94.7%,
and the selectivity for pentane was nearly 100%, far better than
that of monometallic catalysts. Such enhancement stems from
the synergistic effect of Au-core/Pd-shell nanoalloys, which
improves charge separation efficiency under visible-light exci-
tation. The catalyst can efficiently convert various fatty acids
and shows good stability aer multiple repeated uses. Density
functional theory calculations reveal that carboxylates are
oxidized on TiO2 to form alkyl radicals, which then adsorb on
metal particles. The Au–Pd core–shell alloy achieves excellent
catalytic performance due to its weak H adsorption and low
overpotential for the hydrogen evolution reaction (Scheme 21a).
RSC Adv., 2026, 16, 24095–24127 | 24119
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In 2024, the Guo and colleagues studied the composite photo-
catalyst of sulde-modied TiO2 (MS2/TiO2, M = Ni, Co, Fe).125

Among them, NiS2/TiO2 achieved the efficient decarboxylation
of biomass fatty acids at 10 °C under vacuum (no H2), with
a palmitic acid conversion rate of 60.2% and a pentadecane
selectivity of 72.6%, signicantly outperforming pure TiO2 and
other MS2/TiO2. The study found that the introduction of NiS2
shis the absorption edge to red, constructs a built-in electric
eld, and simultaneously enhances light absorption and the
separation efficiency of photogenerated carriers, which is the
major reason for the improved catalytic performance (Scheme
21b). The study emphasizes the formation of alkanes without
external hydrogen sources, and it is speculated that hydrogen
originates from the dissociation of fatty acids themselves.

In 2025, the Liu group developed a method for the synthesis
of linear a-olens and hydrogen by the decarboxylative ole-
nation of fatty acids in an acetonitrile solvent through the
synergistic effect of Ag/TiO2 and a Co3+ cocatalyst.126 Compre-
hensive characterization and density functional theory (DFT)
calculations show that the loading of Ag nanoparticles
enhances the decarboxylation activity of TiO2. Due to the weak
adsorption characteristics of Ag nanoparticles on alkyl radicals
and the solvent stabilization effect, the alkyl radical interme-
diates can be quickly desorbed and diffused from the Ag/TiO2

catalytic interface and captured by the molecular Co3+ cocata-
lyst, thereby generating linear a-olens and hydrogen (Scheme
22a). In 2026, the Wang group achieved the efficient conversion
of fatty acid derivatives via photocatalytic decarboxylative
Scheme 22 (a) Proposedmechanism for the synthesis of LAOs from fatty
has been adapted/reproduced from ref. 126 with permission from the A
ration of the RhOx/TiO2 and Rh/TiO2 samples. (This figure has been ad
Chemical Society, copyright 2026).

24120 | RSC Adv., 2026, 16, 24095–24127
hydrogenation or C–C coupling using Rh co-catalyst-modied
TiO2.127 The oxidized Rh(RhO) acts as a hole cocatalyst to
promote the combination of Hc and Rc and drive the decar-
boxylation hydrogenation reaction. On the contrary, metal Rh
acts as an electron cocatalyst to enhance the self-binding of Hc

to generate H2, while allowing the remaining Rc to undergo C–C
coupling. By adjusting the valence state of Rh, the spatial
separation of free radical intermediates is achieved, thereby
guiding the reaction path (Scheme 22b).

In 2026, the Sun group adopted the photo-induced ligand
exchange (PILE) strategy, using the lone pair electrons of the
carbon nitride-rich N atom to anchor the Fe atom and
promoting ligand exchange under light to form atomically
dispersed Fe–N2 sites.128 The catalyst has two electron transfer
mechanisms of homogeneous and heterogeneous catalyses and
is capable of LMCT (activated carboxylic acid) and SET (acti-
vated electron-decient olen) without additional ligands or
sacricial reagents. Here, the carboxylic acid molecule rst
coordinates with the Fe(III) site on the catalyst. Under illumi-
nation, the electrons directly transition from the orbital of the
carboxylic acid ligand to the orbital of the Fe metal center,
resulting in the homolysis of the Fe–O bond, generation of alkyl
radicals and release of CO2. This step bypasses the limitation
that the semiconductor band is unable to directly oxidize the
alkyl carboxylic acid with high oxidation potential (Scheme 23).
Ibuprofen derivatives can be obtained in 99% yield using only
a catalyst and solvent, showing the potential for drug
modication.
acids catalyzed by Ag/TiO2 andmolecular CoIII cocatalysts. (This figure
merican Chemical Society, copyright 2025). (b) Scheme of the prepa-
apted/reproduced from ref. 127 with permission from the American

© 2026 The Author(s). Published by the Royal Society of Chemistry
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6. Conclusions and outlook

The radical decarboxylative functionalization of carboxylic acids
is a powerful and versatile strategy in organic synthesis,
enabling the conversion of abundant natural carboxylic acid
resources into high-value chemicals. In summary, various
photocatalysts have been developed to generate alkyl radicals
© 2026 The Author(s). Published by the Royal Society of Chemistry
via decarboxylation, followed by diverse functionalization
processes, such as protonation, elimination and coupling.
However, this eld still faces several challenges, including the
decarboxylation of carboxylic acids bearing specic functional
groups, chemoselectivity and reactivity of alkyl radicals, effi-
cient control of stereoselectivity in radical alkylation reactions,
and development of visible-light catalytic systems. In addition,
RSC Adv., 2026, 16, 24095–24127 | 24121
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the performance of the currently reported photocatalysts for
C(sp3)-carboxylic acid decarboxylation is mainly reected in the
yield and selectivity. Quantum efficiency is also an important
parameter for evaluating photocatalysts. Therefore, improving
the quantum efficiency of photocatalysts is vital. In addition,
there are a variety of photocatalysts that can respond to stronger
penetration depths and milder near-infrared light (NIR) reac-
tion conditions, including MOFs, organic molecular photosen-
sitizers, and nanocrystalline composites. These materials
achieve effective photocatalytic activity by directly absorbing
NIR light or using a two-photon excitation mechanism.
Although the decarboxylation reaction driven by low-energy NIR
and infrared light still faces the challenge of excitation effi-
ciency and mechanism understanding, it is believed that the
design of new materials and multiple excitation strategies will
provide strong support for the realization of efficient and highly
selective near-infrared photocatalytic decarboxylation in the
future.
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