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Photoelectrochemical (PEC) technology has emerged as a
promising platform for sustainable energy conversion and chemical
synthesis, utilizing solar energy to facilitate redox reactions. While PEC
systems have been extensively studied for water splitting, CO, reduction,
nitrogen reduction for value-added compounds synthesis, the sluggish
oxygen evolution reaction (OER) on the anode side and the less

- T (<
economic value of O, limit system efficiency. To address this, researchers g
have explored paired chemical upgrading strategies, coupling selective - K3 <=
anodic organic oxidation reactions (OORs) with cathodic reduction - ;:' =
()

reactions. This approach enabled the simultaneous production of high-

value chemicals and fuels, enhancing the PEC system efficiency and :]
economic viability. In this Perspective, we highlight the latest advance-

ments and milestones in coupling anode OORs and cathode reduction

reactions within PEC cells. Particular emphasis is placed on the key design principles, catalyst development, reaction mechanisms,
and the performance of paired PEC cells. In addition, challenges and perspectives are provided for the future development of this
emerging and sustainable technology.

photoelectrocatalysis, paired chemical upgrading, CO, reduction, organic oxidation, cathode reduction

(NH,),”® respectively. Meanwhile, the O, molecules were
generated on the anode via the oxygen evolution reaction
(OER), completing the redox process (Figure 1a). However,
the overall PEC efficiency and practicality are often limited by
the sluggish O—O coupling process involved in O, production
and the low economic value of O, as a byproduct.”’

To address the above limitations, researchers have
increasingly focused on identifying thermodynamically favor-
able oxidation reactions to replace the OER process. Recently,
PEC organic oxidation reactions (OORs) have attracted
increasing attention for valorizing simple organic substances.
Remarkably, OORs are both thermodynamically and kineti-
cally more favorable than the OER, as they have lower
theoretical equilibrium potentials. By replacing the OER at the
anode with OORs, paired PEC systems are created, providing
opportunities for the simultaneous production of fuels and
value-added chemicals at both the cathode and anode.”® For
instance, alcohols can be selectively oxidized into aldehydes or
carboxylic acids, and amines can be converted into imines or

Photoelectrochemical (PEC) technology has evolved into a
versatile and promising platform for sustainable energy
conversion and chemical synthesis by harnessing/utilizing
solar energy to drive redox reactions, since the discovery of
photoelectric effect.’ Compared to other green chemistry
technologies, PEC technology, on one hand, can be coupled
with photovoltaic cells to achieve “full-spectrum utilization,”
addressing the low quantum yield and the high demand for
sacrificial agents associated with photocatalysis.”~* On the
other hand, PEC technology offers lower costs than traditional
electrocatalysis. Additionally, it exhibits superior energy
efficiency and stability compared to biocatalysis.” In PEC
systems, light absorption by a semiconducting photoelectrode
generates electron—hole pairs, where holes facilitate oxidation
reaction at the anode and electrons drive reduction reaction at
the cathode.”” Meanwhile, electrochemistry also plays a crucial
role in enabling efficient charge transfer between electrodes
and the electrolyte,” minimizing energy losses and enhancing

. nitriles.”” " Similarly, biomass derivatives, such as glycer-
reaction performance. Over the past decades, PEC cells have
been extensively investigated for applications such as water
. 9-15 ; . 16—18 . January 31, 2025
splitting, CO, reduction reaction (CO,RR), nitrogen ’
reduction reaction (NRR),'” and nitrite reduction reaction March 25, 2025
(NO;RR).>*™** By rational design of functional photo- March 27, 2025

electrode materials, cathode reduction reactions enabled the April 23, 2025

production of value-added H,,**** carbon-compounds (e.g.,
CO, CH,, CH;0H, and C,, components),”> ammonia
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Figure 1. Schematic representation of (a) PEC systems for reduction reactions-OER, (b) PEC systems for HER-OORs and (c) paired PEC

systems for -reduction reactions-OORs.
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can be upgraded into fine chemicals,
adding significant economic value to the process. Other
substrates, including C—H bonds,>>™*° sulfides,*’ and
alkenes,””™** have also been successfully converted into high-
value chemicals in PEC systems. These systems typically
produced H, on the cathode via the hydrogen evolution
reaction (HER) from water splitting (Figure 1b). In addition
to HER from the water splitting, the PEC dehydrogenation of
organic substrates in organic media could also release H,. The
representative examples include PEC C—H functionalization
and R'-H/R*H cross-coupling, such as amination,"” phos-

39,48 49,50 51,52

phorylation, enantioselective cyanation, alkylation,

alkenylation arylation,”> [2 + 2] cycloaddition,”* and a-
oxyamination.”> These advancements demonstrate the versa-
tility and efficiency of PEC technology for sustainable H, fuel
production and chemical upgrading. Such PEC HER-OOR
coupling systems have been systematically discussed in a
number of excellent review papers, examining both the design
of the photoelectrode and the exploration of underlying
reaction mechanisms.’®™>® In recent years, the coupling of
OORs with processes such as CO,RR, NRR, and NO;RR has
also garnered increasing attention,”’ empowering the simulta-
neous conversion of small resource molecules and upgrading of
organic substrates (Figure Ic).

In this Perspective, we provide an overview of the latest
advancements in coupling anode OOR and cathode reduction
reactions within PEC cells. Innovations emphasize the
integration of selective oxidation and reduction reactions,
enabling the efficient utilization of solar energy for the
simultaneous coproduction of high-value chemicals. We place
particular emphasis on the design of coupled systems, focusing
primarily on CO,RR, NRR, NO;RR, and various organic
reduction reactions on the cathode, paired OOR on the anode.
For each system, we discuss the key design principles, catalyst
development, reaction mechanisms, and the performance of
paired PEC cells. Furthermore, we address the challenges and
provide perspectives for the future development of these
emerging coupled systems. Our goal is to provide a state-of-
the-art update on innovative coupled chemical upgrading
technologies and highlight their significant potential for
advancing future sustainable chemical synthesis.
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The increasing concentration of CO, in the atmosphere,
primarily from fossil fuel combustion and industrial activities,
has become a major driver of global climate change.”” Effective
CO, conversion into value-added products presents a
sustainable solution to reduce greenhouse gas emissions
while addressing the growing demand for renewable energy
and chemicals. This approach not only mitigates CO,
accumulation but also transforms it into fuels (e.g., methane,
methanol) and valuable chemical feedstocks (e.g, carbon
monoxide, ethylene, and formate), contributing to a circular
carbon economy.®"*> PEC CO, reduction offers an energy-
efficient pathway for CO, conversion. Since Halmann’s
pioneering work in 1978, demonstrating CO, reduction
using p-type GaP photocathodes,” significant progress has
been made in PEC CO,RR over the last decades. These
advancements have enabled the successful production of
various value-added carbon-based products on the 6photo-
cathodes, includin?g CO,** % HCOOH,* CH;O0H, +72-74
CH,”* C,H,’*”" C,H,OH,*”° and CH,COOH.* Con-
currently, the anodic reactions in these systems ically
involve water oxidation, leading to the generation of O,.” L8182

In 2021, Bharath et al. introduced and verified an innovative
dual-functional paired PEC system that coupled CO,RR with
OOR.™ In this system, CH;OH was produced via PEC
CO,RR on a plasmonic Au/a-Fe,O;/reduced graphene oxide
(RGO) photocathode. Simultaneously, 2-furoic acid and $-
hydroxyfuroic acid were generated on a Ru/RGO/Pt electrode
through the anodic oxidation of furfural. Later on, growing
attention has been directed toward the development and
exploration of this emerging paired strategy. These CO,RR-
OOR systems have enabled the efficient conversion of CO, at
the (photo)cathode while simultaneously upgrading simple
organic substances at the (photo)anode. For example, in 2022,
Reisner and co-workers reported the coupling of CO,RR to
formate with alcohol oxidation to aldehyde in a bias-free PEC
device (Figure 2a).** The photoanode was fabricated by co-
immobilization of a diketopyrrolopyrrole-based chromophore
and a nitroxyl-based alcohol oxidation catalyst on a
mesoporous TiO, (mTiO,) scaffold, thereby providing a
noble-metal-free dye-sensitized photoanode. The resultant
photoanode was connected to a biohybrid cathode consisting
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Figure 2. (a) Schematic representation of a fully assembled two-electrode PEC cell for CO,RR and alcohol oxidation. Orange arrows indicate the
electron flow. On light excitation of the dye, an electron was transferred from its excited state to the conduction band (CB) of the mTiO,
semiconductor. The resulting oxidized dye species was quenched by the catalyst, which prompted alcohol oxidation into its corresponding
aldehyde. The electron was transferred from the mTiO, photoanode to the mITO cathode and delivered to FDH, capable of reducing CO, to
formate. Reproduced with permission from ref 84. Copyright 2022 Springer Nature. (b) Schematic illustration of the tandem PEC cell for formate
production from biomass and CO,. Reproduced from ref 8S. Available under a CC-BY license. Copyright 2023 Pan et al. (c) Schematic of a bias-
free photochemical diode device consisting of a photocathode and a photoanode separated by a bipolar membrane under red light irradiation.
Reproduced with permission from ref 92. Copyright 2024, Springer Nature. (d) Schematic illustration of the perovskite-BiVO, artificial leaf device
toward unassisted C, hydrocarbon synthesis at the photocathode. (e) The schematic illustration of the PEC device wiring a nanowire Si
photoanode to a PVKICuyy photocathode. Reproduced from ref 93. Available under a CC-BY license. Copyright 2025 Andrei et al.

of a W-containing CO, reduction enzyme formate dehydro-
genase (FDH) on a mesoporous indium tin oxide (mITO)
that supported by a mesoporous FTO electrode to form a
complete PEC device. This unbiased PEC cell achieved a
sustained photocurrent of up to 30 #A cm™> under visible light
irradiation, simultaneously reducing CO, to formate and
oxidizing 4-methylbenzyl alcohol to its corresponding
aldehydes. Moreover, they expanded the substrate range to
the anode oxidation of 5-(hydroxymethyl) furfural, leading to a
current density of 10 gA cm™ with concurrent reduction of
CO,. This study showed that only a single light-absorbing unit
could provide sufficient driving force for CO,RR and OOR,
without the need for applied bias and noble metals.

Later on, Pan et al. demonstrated solar formate production
by coupling CO,RR with the oxidation of readily available
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biomass waste (ie., glucose), utilizing Bi/GaN/Si wafer
photocathode and NiOOH/a-Fe,O; photoanode (Figure
2b).* This coupled CO,RR- biomass oxidation PEC system
reduced the cell voltage by 32% compared with traditional
CO,RR-OER PEC cell. Eventually, it achieved Faraday
efficiencies (FEs) exceeding 100% for formate generation,
with a record yield of 23.3 ymol cm™ h™'. Moreover, the
system showed excellent stability, maintaining continuous
operation for 10 h without obvious performance decline.

In addition to glucose oxidation, this concept has also been
applied to coupling CO,RR with glycerol oxidation, another
important feedstock molecular derived from biomass or
byproduct of biodiesel production.’***™" In 2024, Kim et
al. reported a photochemical diode device capable of using red
light (740 nm) to simultaneously drive photoanodic glycerol

https://doi.org/10.1021/jacsau.5c00115
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Figure 3. (a) Exploded schematic view of the PEC flow cell for coupling CO,RR with GOR. (b) Photovoltammogram of a Ni-covered Si
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The anolyte was 0.5 M glycerol containing 1.0 M CsOH. CO,RR was performed on the cathode side using 25 mL min™' CO, flow, while the
anolyte was non-recirculated, and the flow rate was 2 mL min~". The temperature of the cell and the anolyte was 35 °C. Reproduced from ref 94.
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oxidation reaction (GOR) and biophotocathodic CO,RR to
acetate.”> As shown in Figure 2c, the device comprised the
highly efficient CO,-fixing microorganism (i.e, Sporomusa
ovata) integrated with a p-type silicon nanowire photocathode
(S. ovata/p-Si) and a platinum—gold-loaded n-type silicon
nanowire photoanode (Pt—Au/n-Si). Under low-intensity (20
mW cm™?) 740 nm red light-emitting diode (LED) irradiation,
the PEC device generated a photovoltage of 0.85 V, which was
sufficient to simultaneously drive the biological CO,RR and
GOR. As a result, this silicon p/n-configured photochemical
diode delivered a maximum bias-free current density of ~ 1.2
mA cm ™ for PEC CO,-to-C, reduction with a high FE of ~
80% for both the cathodic and anodic reactions. The emerging
PEC diode devices enabled the efficient conversion of CO,
into valuable chemicals and the upgrading of glycerol by
synergistically utilizing light energy through highly efficient
CO,-fixing microorganisms and abundant silicon materials on
the earth. To further enhance the selectivity of CO, reduction
to C, products (C,H,, C,Hg, etc.) in a bias-free coupling
system, Yang’s team designed an innovative PEC device. This
PEC device featured a Cu nanoflower catalyst interfaced with
perovskite PV devices using graphite epoxy paste to form
buried-junction photocathodes (abbreviated as PVKICuNF),
which served as the photoelectrocathode for CO, reduction
(Figure 2d). Meanwhile, the photoanode was constructed by
wiring the perovskite photocathodes to Si photoanodes for
GOR (Figure 2e). This unassisted perovskite-silicon PEC
device attained partial C, hydrocarbon photocurrent densities
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of 155 pA cm™2, which was ~ 200 times higher than that of
conventional perovskite-BiVO, artificial leaves used for water
and CO, splitting. Moreover, the resulting perovskite photo-
cathodes exhibited a 9.8% Faradaic yield toward C, hydro-
carbon production at 0 V vs reversible hydrogen electrode
(RHE).”

The above examples highlighted the successful coupling of
CO,RR with OOR, offering a sustainable pathway to mitigate
excessive CO, emissions while efficiently producing valuable
chemicals from CO, and simple organic precursors. However,
these studies were typically conducted in an “H-cell”’, where
catalytic efficiencies were limited by slow mass transfer, posing
a significant challenge to the scale-up and industrialization of
PEC chemical upgrading technology. In response to this
challenge, Janaky and co-workers proposed a membrane (i.e.,
anion-exchange membrane, AEM)-separated continuous-flow
PEC cell featuring an n-Si photoanode and the gas diffusion
electrode (GDE) cathode, which was employed for pairing
CO,RR and GOR.” As shown in Figure 3a, this continuous-
flow PEC cell featured an innovative design enabling front-side
illumination in PEC experiments, accommodating opaque
substrates, and broadening the range of suitable semi-
conductors. Photovoltammetry tests indicated that the onset
potential for glycerol oxidation was approximately 0 V vs Ag/
AgCl (Figure 3b). With increasing bias, the photocurrent
increased and exceeded 110 mA cm™2, much higher than the
values previously reported for PEC GOR (<10 mA cm™2). The
constant potential test at 1.0 vs Ag/AgCl showed excellent

https://doi.org/10.1021/jacsau.5c00115
JACS Au 2025, 5, 2061-2075


https://pubs.acs.org/doi/10.1021/jacsau.5c00115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00115?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

] a
&2 S
{ y ]
A
/\c Cu,,Pd,,
PET plastics
H14 P J
p or7.2 l
Ni|Cu,,Pd,;  Bipolar PVKICO,R
membrane o
O
HO\)J\ _
O & v@ {v @ /\}‘? %‘ O \,bc?
Glycolate
b \ c

OCU
Oln

\CmHa:

co,
CZe', 2H*
CcO

+2e7, 2H"
Syngas
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stability of the PEC device (Figure 3c). The FE of the cathodic
CO,RR was nearly 100%, with 95% for CO and 5% for H,.
Meanwhile, the FE of the anode GOR was calculated to be
~85%, with mixed product formation including formate,
glycerate, glycolate, oxalate, tartronate, and lactate, surpassing
values reported in the existing literature (Figure 3d). This
study established a new research paradigm for the design and
mechanistic exploration of PEC continuous-flow cells.

Plastics have become indispensable in various industries and
daily life due to their versatility and durability. However, their
indiscriminate disposal and inadequate waste management
have led to a severe global environmental and ecological
crisis.”> Currently, plastic waste is predominantly managed
through incineration and landfilling, which not only generate
minimal value-added products but also cause significant
environmental pollution. A more sustainable alternative
strategy is plastic recycling and upgrading, which can be
achieved through two prlmary methods: mechanical recycling
and chemical processing.”””” Due to the progressive
degradation of structural properties with each recycling cycle,
mechanical recycling typically results in downcycling, yielding
lower-value products, such as carpets and building materials.
Additionally, its applicability is restricted to uncontaminated,
single-component thermoplastics, limiting broader implemen-
tation. In contrast, chemical recycling often relies on harsh
reaction conditions and highly toxic reagents, posing
challenges to sustamablhtgy and contradicting the principles
of green development.”®”” The catalytic approaches (e.g,
photochemical and electrochemical methods) enable efficient
upcycling of plastic waste into value-added chemicals, aligning
with the principles of environmentally sustainable develop-
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ment. Furthermore, these catalytic strategies possess unique
capability for selective activation of specific functional groups,
thereby achieving exceptional product selectivity during the
transformation process. Therefore, recently, photo- and
electrocatalytic technologies, driven by renewable energy
under mild conditions, have garnered significant attention,
offering a promising solution for sustainable plastic manage-
ment.'"°~'% PEC upgrading technologies retain various
advantages of photo- and electrocatalysis and remove
restrictions among different technologies. In recent years,
PEC polyethylene terephthalate (PET) oxidation reforming
has successfully been realized on several common photo-
electrodes, including Ni-Pi/a-Fe,0;,'"* Ti—Fe,0,/Ni-
(OH),,'"” CuyoPd,o/perovskite/Pt,"*° Fe,0,/Ni(OH),,""’
Co;0,/NF,'® and nano-TiO,/nano—Ni-P'” and TiO,-
modified boron-doped diamond.''® The PEC polyimide
oxidation reforming can be also achieved on a Ti-doped a-
Fe,0; photoanode." "'

In 2022, Reisner’s team innovatively paired solar-driven
CO,RR with plastic reforming for the generation of value-
added products employing a single-light absorber with no
applied bias."'> As depicted in Figure 4a, lead halide perovskite
devices (PVKs) were employed in the coupling system as
perovskites could be used as efficient light absorbers and be
seamlessly integrated with encapsulation as part of the
photocathode in the PEC architecture. In addition, three
distinct types of CO,RR catalysts (CO,Rcat) were integrated
with a perovskite light absorber to form the photocathodes.
These catalysts included a lipophilic alkyl-functionalized cobalt
porphyrin (CoP;) molecular catalyst, a copper—indium
(CugIng) bimetallic alloy, and a tungsten-based FDH derived
from Desulfovibrio vulgaris Hildenborough (Figure 4b-d). A

https://doi.org/10.1021/jacsau.5c00115
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Fe,0; coupling with NRR. Reproduced with permission from ref 120. Copyright 2023 Elsevier.

bimetallic Cu,,Pd; alloy was employed as an anode catalyst to
form a Cu,,Pd,;llIPVKICO,R,, PEC device. Remarkably, the
Cu,,Pd;|[PVKICoP;, Cu,,Pds/IPVKICuqIn,, and Cu,,Pdll
PVKIFDH cells selectively produced CO, syngas, and formate
on the photocathode via CO,RR, respectively. Concurrently,
value-added glycolic acid (GA) was generated at the Cu,,Pd;
anode through the oxidation reforming of real-world PET
plastic. Notably, the Cu,,Pd;|[PVKI CoPy cell produced 263 =+
99 umol cm™ of CO after 10 h at zero applied voltage, with a
high FE of ~ 90%. The turnover number for CO (TON¢o)
and turnover frequency (TOF() were estimated to be 1.1 X
10* and 0.3 s, respectively. GA was produced at the anode
with a yield of 31 + 7 pmol and a FEg, of 98 + 0.3%. This
work provided a novel demonstration of solar-driven, selective
CO,RR integrated with the valorization of plastic waste for the
generation of valuable chemicals.

The reduction of N, into NHj is critical for supporting global
food production and chemical manufacturing as NH; serves as
a key feedstock for fertilizers, fuels, and other chemicals.' "
Traditionally, the Haber-Bosch process has been used to
synthesize ammonia, but it is highly energy-intensive,
consuming approximately 1—2% of global energy and
contributing significantly to greenhouse gas emissions." ' #" "
Therefore, developing sustainable and energy-efficient alter-
natives for N, reduction is essential. In 2016, Ali et al. first
reported solar-driven PEC NRR using a plasmon-assisted Si
photocathode with Au nanoparticles (NPs), achieving a high
NH; production rate of 13.3 mg m™> h™' under 2 sun
irradiation.''® Subsequently, Gong and co-workers promoted
PEC NRR to NH; by integrating surface oxygen vacancies
(Oye) and plasmonic Au NPs into TiO,/Au/a-TiO, photo-
electrodes."”” Wu’s group further advanced the field by
demonstrating PEC NRR without applied bias using an Ag-
loaded black Si photocathode, generating NH; with a high
yield (2.87 pmol h™' cm™) and FE (40.6%)."'® Further
advancements in photocathode engineering and cell design
have improved the performance of PEC NRR systems.””"!

In 2023, Park and his colleagues reported an unbiased
pairing of NH; production from NRR with enantioselective
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oxyfunctionalization aided by enzyme chemistry using a
Mo:BiVO,ISi(1.80 V)/a-Fe,0; PEC device.'”" As illustrated
in Figure Sa, both Mo: BiVO, and Si photoelec trodes
absorbed solar energy to generate photoexcited electrons and
holes, resulting in the corresponding quasi-Fermi levels of
electrons (Eg,) and holes (Eg,). The Mo:BiVO, photoanode
transferred its photoexcited holes to H,O, producing H,O,.
The generated H,0O, was then utilized by Agrocybe aegerita
(rAaeUPO), forming the catalytically active oxoferryl heme,
which facilitated enantioselective oxygenation reactions.
Simultaneously, the photoexcited electrons from Mo:BiVO,
recombined with the photoexcited holes from the Si
photovoltaic (PV) layer, while the Si PV’s photoexcited
electrons were transferred to the conduction band of a-Fe,0;.
These excited electrons drove the N,-to-NH; conversion at the
surface of a-Fe,0s;, completing the paired process of NH,
production and enantioselective oxyfunctionalization. As a
result, this system selectively hydroxylated ethylbenzene to
enantiopure (R)-1-phenylethanol [>99% enantiomeric excess
(e.e.)], achieving a turnover frequency for rAaeUPO
(TOF pcup0) Of 8340 h™ and a total turnover number of
rAaeUPO (TTN,scupo) of 41700 in the anodic site.
Simultaneously, N, was reduced to NH; at a rate of 1.38 ug
h™" at the cathodic site. Remarkably, the NRR could also be
coupled with other enantioselective hydroxylation reactions in
this cell, such as tetralin and cyclohexane, achieving >99% e.e.,
along with high TOF and TON values (Figure Sb). This work
established a novel platform for unbiased chemical synthesis
utilizing N,, H,O, and sunlight as sustainable inputs. However,
it is clear that NH; generation remains extremely low,
highlighting the need for catalyst discovery and optimization
to further enhance the NH; production rate.

While NO;™ is an essential component of the nitrogen cycle,
excessive nitrate levels in water bodies, primarily from
agricultural runoff and industrial waste, lead to severe
environmental issues such as water eutrophication and
contamination of drinking water, posing risks to human health.
NO;RR offers a promising pathway to mitigate pollution while
converting harmful nitrates into valuable products (e.g,
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NH,)."*'7"** In 2022, Kim et al. demonstrated PEC NO;RR
using a Au-decorated ordered silicon nanowire (O_SiNW/Au)
array photocathode, producing NH; with a FE of 95.6% at 0.2
V vs RHE.'** Later on, various photocathodes based on
Znln,S,/BivV0O,,'** Ti0O,/CdS/Cu,ZnSnS,,"*® Ce0,—C/
BiVO,,"”” CoCu/Ti0,/Sb,Se;,'** CuSn/Ti0,/Sb,S;,"** cop-
per-decorated black silicon,"*” and organic p—n junctions,"”"
have been developed, achieving efficient NH; production rates.
In these systems, the anodic side generated O, through water
oxidation.

In 2022, Song et al. designed a pairing approach by
designing a heterostructure photoanode (CdS/CdIn,S,) and
protective photocathode (TiO,/AZO/Cu,0/Au, AZO=Al
doped ZnO) at an artificial PEC cell to drive PEC benzyl
alcohol oxidation and NO;™-NH; conversion."*” The hetero-
structured photoanode exhibited >98% selectivity for benzal-
dehyde and >99% FE for benzyl alcohol oxidation at 0.67 V vs
RHE. Moreover, the photocurrent density of the photoanode
and photocathode-integrated PEC device demonstrated about
2.7 mA cm™ at the working voltage of 2.5 V vs RHE and
maintained 95% of the original photocurrent density after
continuous irradiation. This work innovatively integrated
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organic oxidation and NO;RR in a PEC device, providing
insights into the design and construction of subsequent PEC
cells. In 2024, Jang and co-workers coupled PEC NO;RR with
GOR to obtain higher economic value.'*® As illustrated in
Figure 6a, the PEC NO;RR-GOR cell consisted of two
compartments. On the photocathode side, a light-absorbing
perovskite material, Cso5(FAgs3MAg 17)0.9sPb(Bro,17103)3 was
paired with Ru@TiNS as the electrocatalyst, enabling selective
NO;RR in a nitrate-containing basic solution. On the anode
side, glycerol was oxidized in a basic solution using a Pt@TiNS$
GOR catalyst. Under AM 1.5 G simulated one-sun
illumination, this coupling PEC cell demonstrated a high
photocurrent of 21.2 + 0.7 mA cm™, achieving a solar-to-
ammonia productivity of 1744.9 + 20.6 ugyy; cm > h™' with a
FE of 99.5 + 0.8% without applying any additional bias (Figure
6b, c). Simultaneously, glycerol was oxidized at the anode for
the formation of value-added GA and lactic acid (LA) with FE
of 98.1 + 2.4% (Figure 6d).

Moreover, the PEC cell showed superior stability for 24 h
without noticeable degradation. This work presented a novel
system for the co-upgrading of contaminants and representa-
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Society.

tive biomass-derived waste, enabling the production of valuable
compounds.

Apart from OOR for organic upgrading, reduction reactions
are also commonly employed strategies for upconverting
organic substrates, such as hydrogenation reactions and
reductive coupling reactions. Similar to the previously
discussed paired systems, this approach can be applied to
integrate organic reduction reactions with OORs, facilitating
the simultaneous upgrading of organic compounds at both the
(photo)anode and (photo)cathode. In 2021, Dixit et al.
reported the paired oxidation and reduction of biomass-
derived furfural to furoic acid and furfuryl alcohol using a Cu—
Ni/NF cathode/TiO, nanotube photoanode in a PEC cell.**
They revealed that 0.75 + 0.02 umol h™" cm™ of furfuryl
alcohol could be generated using TiO, photoanode instead of
Pt electrode at 1 V applied bias. Furthermore, they designed
the flow PEC cell to enhance the paired oxidation and
reduction of furfural, optimizing the production rates of
furfuryl acid and furfuryl alcohol. This study offered a high-
value-added and sustainable pathway for synthesizing platform
chemicals. Integrating PEC technology with enzyme chemistry
can further enhance catalytic efficiencies, leveraging the high
specificity and activity of enzymes. Park and co-workers
proposed coupling lignin oxidation and biocatalysis and
successfully achieved unbiased lignin decomposition and the
biocatalytic reaction of a-ketoglutarate to L-glutamate using a
PEC device integrated with a perovskite photovoltaic solar cell.
Lignin oxidation was generated at the BiVO, photoanode,
which drove the electroenzymatic reaction at the cathode.'*
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In the same vyear, they reported a dual biocatalysis PEC
platform featuring a molybdenum-doped BiVO, (Mo:BivVO,)
photoanode and an inverse opal ITO (IO-ITO) cathode to
drive the coupling of peroxygenase and ene-reductase-
mediated catalysis (Figure 7a). %% Thereinto, photoexcited
electrons generated from the Mo:BiVO, were transferred to
the IO-ITO cathode, where they regenerated reduced flavin
mononucleotides to drive the ene-reductase-catalyzed trans-
hydrogenation of ketoisophorone to (R)-levodione. Simulta-
neously, bias-free photoactivated Mo:BiVO, produced H,0, in
situ via a two-electron water oxidation process, supplying
peroxygenases (i.e, AeaUPO) to catalyze selective hydrox-
ylation of ethylbenzene into enantiopure (R)-1-phenyl-1-
hydroxyethane (e.e. > 99%). As shown in Figure 7b, the
generation rate of enantiopure (R)-1-phenyl-1-hydroxyethane
increased with the applied bias (i.e.,, from 0.5—0.8 V) at the
Mo:BiVO, photoanode. However, the yield began to decline
when the bias exceeded 0.8 V, likely due to the competition of
biocatalysis and water oxidation at higher biases. On the
contrary, the production of (R)-levodione by ene-reductase of
the Old Yellow Enzyme family from Thermus scotoductus
(TsOYE) increased with applied bias (Figure 7c). At a bias of
1.0 V, the maximum conversion rate of 0.5 mM h™! with 82%
e.e. was achieved. When the applied bias exceeded 0.9 V, only a
slight increase in yield was observed, suggesting inefficient
energy transfer at the high voltage. This PEC-biocatalysis
system showed excellent conversion efficiency with an optimal
performance observed at least a bias of 0.8 V. To address
dependence on applied bias, a biocatalysis-PEC system with a
dual-bandgap configuration has been proposed. In 2022, the
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same team reported a bias-free @-Fe,0;/Si/mesoporous ITO
(a-Fe,03/Si/mesolTO) PEC cell capable of driving lignin
oxidation and biocatalysis-mediated enantioselective reduction
of a,f-unsaturated hydrocarbons, as illustrated in Figure 7d.1%7
In this PEC-biocatalysis system, the asymmetric hydrogenation
of the C=C bond required a combination of solar, Si
photovoltaic(Si PV), and a photosynthetic unit ([eCp*Rh-
(bpy)H,0]**, M1, (m)NAD+, TsOYE) (Figure 7e). The
photoanode and photocathode absorbed solar energy,
generating charge carriers. Photogenerated holes by a-Fe,0;
were utilized for lignin oxidation, while the photogenerated
electrons from the Si photocathode were used to reduce M1.
This reduction facilitated the regeneration of mNADHEs,
driving TsOYE-catalyzed trans-hydrogenation of conjugated
C=C bonds. The lignin oxidation reaction at the photoanode
was faster than OER, providing a more electron source to
accelerate the hydrogenation reaction. Consequently,
TTNroye increased continuously with the rising concen-
tration of anodic lignin (Figure 7f).

This study indicated that lignin-fueled regeneration of
superior cofactor analogues offered a renewable and sustain-
able strategy for efficient biocatalytic photosynthesis, using
lignin waste and solar light.

The reduction of organic compounds at the cathode can also
be coupled with the anodic oxidation of plastic recycling within
a PEC system. In 2022, Park and co-workers described a solar-
driven PEC-biocatalysis platform that utilized nonrecyclable,
real-world PET microplastics as an electron feedstock. This

system enabled the synthesis of value-added compounds by
combining photoelectrocatalysis with redox biotransforma-
tions, including oxyfunctionalization of C—H bonds, amination
of C=0O bonds, and asymmetric hydrogenation of C=C
bonds.'*® As shown in Figure 8, the PEC-biocatalysis system
consisted of three key components. First, a zirconium-doped
hematite (Zr:a-Fe,0;) photoanode was used to extract
electrons from hydrolyzed PET solutions derived from
postconsumer commercial PET waste. Second, a carbon fiber
paper (CFP) cathode or an anthraquinone-2-carboxylic acid-
anchored CFP (AQC/CFP) cathode generated either 1,4-
dihydronicotinamide adenine dinucleotide (NADH) or H,0,,
respectively. Third, a redox enzyme, such as NADH-dependent
L-glutamate dehydrogenase (GDH), NADH-dependent ene-
reductase from the old yellow enzyme (OYE) family, or H,O,-
dependent unspecific peroxygenase (UPO)-was employed to
drive synthetic reduction reactions. The Zr:a-Fe,O;/CFP-
based systems demonstrated broad applicability to various
enzymatic substrates and achieved high total turnover numbers
(TTNs) for the enzymes. Under the optimized applied bias for
each enzymatic reaction, the photobiocatalytic system achieved
a TTN,..upo of 113000 over 3 h, a TTNgpy of 144000 over
56 h, and a TTNp,oyg of 1300 over 7 h. These values
significantly exceeded those of state-of-the-art PEC-biocatalysis
systems that used water as the electron feedstock. Simulta-
neously, Zr:a-Fe,0; generated formate and acetate during the
PEC reactions via PEC oxidations, highlighting the concurrent
production of value-added compounds at both the anodic and
cathodic sites.
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This Perspective highlights recent advances in cathode
reduction reaction coupled with anode OOR in PEC cells.
The representative cathodic reductions include CO,RR, NRR,
NO;RR, and organic reduction reactions. These emerging
paired PEC systems open an innovative and sustainable
approach to producing high-value-added chemicals. Although
the coupling strategy has demonstrated remarkable advantages
and achieved significant progress, it is still in its infancy.
Challenges such as limited conversion efficiency and narrow
substrate range persist. To address these challenges, the
rational design of high-performance photoelectrodes, compre-
hensive mechanism exploration, and intelligent construction of
PEC cells will be essential for enabling future industrial
applications. Below, we outline our perspectives on the future
directions for advancing sustainable paired systems in PEC
chemical upgrading.

(1) Stable and efficient semiconductor photoelectrodes are
always the prerequisite for the PEC upgrading of
chemicals. Currently, commonly used photoelectrode
semiconductors (e.g., TiO,, a-Fe,0;, BiVO,, WO;, and
Cu,0) present limitations, such as poor stability, wide
band gaps, and poor light adsorption. To overcome
these limitations, effective strategies must be imple-
mented to enhance the light absorption and charge
separation efliciencies. These strategies include energy-
band engineering, the incorporation of cocatalysts, and
the development of hybrid materials. Furthermore, the
development of emerging semiconductor photoelectr-
odes with visible and near-infrared light absorption
capabilities along with excellent charge separation and
transfer efficiencies will enable more effective utilization
of solar energy for chemical upgrading.

(2) The PEC-paired upgrading of chemical compounds is
typically a complex process involving multistep chargers
and energy transfers as well as intricate interactions
during chemical bond breaking and formation. Although
great progress has been made in the activation of bonds,
such as C—H and O—H, the mechanisms underlying the
transformation and energy conversion of many chemical
compounds with diverse chemical bonds remain unclear.
In addition, compared to single electrode upgrading
systems, paired systems require careful consideration of
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3)

(4)

the bias distribution’s impact on the reaction process, as
it is partially influenced by the properties of the
electrodes. Furthermore, a deeper understanding of the
structural features of (photo)electrodes, such as crystal
structure, morphology, band structure, and surface
properties, in relation to their PEC performance, is
essential for identifying active sites and elucidating
reaction mechanisms. This knowledge is critical for
optimizing and designing (photo)electrodes and under-
standing the reaction mechanism with promoted
performance. Achieving this goal required the utilization
of advanced characterization techniques to gain detailed
insights into the morphology, crystal structure, chemical
composition, and electronic properties of photoelectrode
materials. In addition, cutting-edge operando techni-
ques, such as in situ X-ray absorption fine structure
(XAFS), in situ Raman spectroscopy, and in situ Fourier
transform infrared spectroscopy (FTIR) can be used to
identify the true active sites and monitor the key
intermediates at the atomic level. Furthermore,
computational modeling and simulation methods play
a vital role in studying structure-performance relation-
ships.

The paired upgrading process in PEC cells should
prioritize not only efficiency but also product selectivity.
This is particularly important when working with
substrates like glycerol, which can yield numerous
oxidation products. Ensuring selectivity not only
facilitates access to higher-value chemicals but also
simplifies the isolation of downstream products. Recent
studies have demonstrated that auxiliary physical fields,
such as thermal and magnetic coupling, could improve
the selectivity and efficiency of PEC reactions. The
integration of auxiliary physical fields into the paired
PEC systems can significantly enhance the reaction
efficiency and improve selectivity.

The economic feasibility of PEC devices cannot be
overlooked as they move toward industrialization.
Although the pairing of two efficient half-reactions
enables high energy utilization efficiency, the economic
value of industrial processes is not solely determined by
energy efficiency. The separation and collection of
products, as well as the atomic utilization of substrates,
also play a crucial role in enhancing economic benefits.
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The convergent paired PEC cells, enabling cogeneration
of identical products from distinct substrates in cathodic
and anodic cells, offer a promising solution to the
technical challenges associated with product separation
and collection (Figure 9a). For example, formic acid
could be produced from glucose and CO,.** Moreover,
the construction of symmetric linear paired PEC cells is
emerging to maximize resource and energy utilization
(Figure 9b). The linear paired strategy will achieve high
atom utilization by producing the same product from a
common substrate through different PEC reactions at
the electrodes, avoiding the separation of different
upgraded chemicals as discussed above. This can be
realized by an H,0,-mediated catalytic process using O,
as the oxidant, as employed previously in electro-
catalysis."*”'*° Additionally, cascade reactions in paired
PEC cells can facilitate new bond formation, enabling
the synthesis of valuable chemicals (Figure 9c). For
example, through careful system design and optimiza-
tion, a reduction intermediate can be coupled with an
oxidation intermediate within a PEC cell to generate a
single target compound. This strategy offers significant
potential for C—C bond formation by pairing CO,
reduction at the cathode with organic oxidation
reactions at the anode, utilizing CO, as one of the
carbon sources. However, a key challenge remains in
controlling the lifetime and stability of the reactive
intermediates formed at the (photo)anode and (photo)-
cathode, including their efficient binding and subsequent
coupling.

(5) In terms of scale-up applications, it is necessary to
develop a suitable cell configuration that not only
delivers high performance but also ensures robustness
and safety. The rational design of reactors must address
several challenges, including efficient light utilization,
enhanced mass transfer, and effective product separa-
tion. As mentioned before, continuous-flow cells are
promising options, as they can provide a sufficient
supply of substrates and facilitate mass transfer.
Additionally, systems can be designed for efficient and
sustainable organic synthesis through the series config-
uration of photoanodes and photocathodes or by
integrating PEC cells with photovoltaic modules.
Furthermore, the economic feasibility of technology,
including limitations, downstream separation, and
purification processes, needs thorough analysis. Finally,
the transition from lab-scale prototypes to industrial-
scale production facilities requires careful planning and
continuous improvement to ensure scalability, efficiency,
and economic viability.

In conclusion, paired chemical upgrading in PEC cells offers
a sustainable and cost-effective pathway for green chemical
production. With ongoing exploration and innovation, this
emerging technology is steadily toward practical application in
chemical manufacturing.
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