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Rapid industrialisation has resulted in severe greenhouse gas emissions through extensive fossil fuel
extraction and an increasing volume of solid waste disposal. This perspective review examines the
photoelectrochemical (PEC) valorisation of organic waste as a promising solution for addressing the
energy crisis and environmental pollution. The current stage of PEC organic valorisation has yet to
meet industrial requirements, hindered by its relatively low efficiency, limited robustness, and poor
scalability compared to conventional technologies. A better understanding of the working principle of
the PEC reaction mechanism, the properties of state-of-the-art photoelectrodes, and the organic
waste pre-treatment process is required to pave the path toward practical implementation. In this
perspective review, we demonstrate that the strategies employed in the design of photoanodes,
including doping, heterojunction formation, co-catalyst modification, nanostructuring, and crystal
facet engineering, have different effects on activity, selectivity, and stability. In addition to the
hydrogen evolution reaction, selected organic reduction reactions for the synthesis of value-added
chemicals in a PEC cell are also discussed, followed by recent progress on integrated PEC cells and
their practical assessment for solar fuel and value-added chemical production. Since stability and
scalability are also essential parameters beyond efficiency for assessing the techno-economic
feasibility of a PEC organic valorisation system, we additionally addressed stability, scalability and the
compatibility of photoelectrodes in organic waste valorisation. Finally, conclusions and future

“Department of Chemical Engineering, National Cheng Kung University, No. 1,
University Road, Tainan City 701, Taiwan. E-mail: cyld44@mail. ncku.edu.tw
*Department of Materials Science and Engineering, National Cheng Kung University,
No. 1, University Road, Tainan City 701, Taiwan. E-mail: yhlai@gs.ncku.edu.tw

Fitri Nur Indah Sari received her
PhD degree from the Department
of Materials Science and Engi-
neering at National Cheng Kung
University in 2018. She is
currently a postdoctoral fellow
at the Department of Chemical
Engineering, National Cheng
Kung University. Her research
interests focus on the design and
synthesis of advanced organic
and inorganic nanomaterials,
including graphene and its
composite, MoS,, ceramics, and
high entropy material. These materials have been explored for
functional applications, especially in energy conversion, energy
storage, and environmental remediation.

Fitri Nur Indah Sari

13966 | Chem. Sci, 2025, 16, 13966-13996

‘Hierarchical Green-Energy Materials (Hi-GEM) Research Center, National Cheng
Kung University, Tainan City 70101, Taiwan
DOI:

T Electronic  supplementary information available.  See

https://doi.org/10.1039/d5sc03146j

(EST)

Ping-Chang Chuang obtained
a BS in Chemical and Materials
Engineering from the National
University of Kaohsiung in 2018,
followed by an MS in Materials
and Optoelectronic Science from
National Sun Yat-Sen University
in 2020. Since then, he has been
working towards his PhD in the
Department of Materials Science
and Engineering at National
Cheng-Kung University, men-
tored by Prof. Yi-Hsuan Lai. His
current research focuses on
electrocatalytic biomass valorisation and artificial photosynthesis.

Ping-Chang Chuang

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc03146j&domain=pdf&date_stamp=2025-08-06
http://orcid.org/0000-0002-6499-6973
http://orcid.org/0000-0001-9591-9260
http://orcid.org/0000-0003-1979-4720
https://doi.org/10.1039/d5sc03146j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03146j
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016031

Open Access Article. Published on 21 julho 2025. Downloaded on 27/04/2026 22:42:16.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

View Article Online

Chemical Science

perspectives on feasible strategies for PEC valorisation are discussed. We hope this review will serve as
a helpful guide in designing effective, robust, and scalable PEC organic waste valorisation systems,

making it a viable technology for real-world applications.

1. Introduction

Meeting the energy demand sustainably to alleviate greenhouse
gas (GHG) emissions has reached a global consensus.' Over
the past few centuries, overdependence on fossil fuels has
resulted in irreparable climate change due to the greenhouse
effects. On the other hand, rapid technological development
has led to a significant increase in the generation of solid waste,
such as biomass and plastics, which also contribute to non-
negligible GHG emissions.*® In addition, the predominant
waste processing methodologies, landfilling and incineration,
have caused severe environmental pollution and the loss of
valuable resources. The exploration of technologies that align
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with the principles of a carbon circular economy for sustainable
energy production and waste valorisation is therefore highly
promising and urgently needed.*”

Photoelectrochemical (PEC) valorisation has been demon-
strated to be one of the most promising technologies for
addressing energy and environmental pollution issues. It
supports carbon-neutral sustainability by converting organic
waste into value-added chemicals using sustainable energy
sources (Fig. 1).*** In particular, PEC reactions generally oper-
ate at room temperature under ambient conditions, thereby
eliminating the substantial energy demands associated with the
high temperatures and pressures typically required in conven-
tional waste valorisation methods.>*® In addition, PEC valor-
isation utilises solar energy, the most abundant renewable
energy resource, to drive chemical reactions using organic waste
as feedstock. Therefore, solar energy can be stored in the form
of solar fuels in the co-production of value-added chemicals
through PEC valorisation. Compared to water splitting, one of
the most extensively studied reactions in PEC systems, organic
waste valorisation offers an alternative pathway for generating
more economically valuable products. For example, oxygen (O,)
is the oxidation product in water splitting and has an economic
value of only 0.04 USD per kg.® In contrast, formic acid (FA),
which can be generated from various organic oxidation
processes, possesses an economic value approximately ten
times higher than that of 0,.*

Decreasing the energy demand in PEC reactions and
enhancing the production rate of products are additional
advantages of replacing water oxidation with organic oxidation.
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Fig. 1 Overview of PEC organic waste valorisation to drive value-
added chemical and solar fuels production in a circular economy.

Water splitting consists of an oxygen evolution reaction (OER)

and a hydrogen evolution reaction (HER):***¢

Reduction : 4H" +4e” —>2H, E, =0 Vgug (1)
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Oxidation : 2H20—>02 + 4H +4e” E; =1.23 VRHE (2)

Overall reaction: 2H,0 — O, + 2H, AG° = 237 kJ mol™! (3)

As shown in eqn (3), water splitting requires a high endothermic
free energy change (AG®) of 237 k] mol ™", which corresponds to
AE,, = —1.23 V per electron transferred.?’

On the other hand, replacing the OER with organic oxida-
tion, ie., coupling HER with organic oxidation, results in
a thermodynamically favourable or marginally endothermic
reaction (Table 1). For example, the HER coupled with glycerol
valorisation to dihydroxyacetone (DHA) requires a marginal
endothermic AG® of only 10.3 k] mol~". The potential required
to oxidise glycerol to DHA is approximately at 0.05 V vs. the
reversible hydrogen electrode (Vgug). Another example is
ethylene glycol (EG), a monomeric unit of polyethylene tere-
phthalate (PET), whose valorisation to FA coupled with the HER
constitutes a thermodynamically favourable reaction. The
potential required to oxidise EG to FA is located at a —0.25 Vgyg
(Table 1).

Therefore, using a PEC system to drive a PEC organic valor-
isation reaction coupled with H, evolution generally results in
a higher product formation rate than using the same PEC
system to drive water splitting. Fig. 2a and b show that the
photogenerated holes can provide greater kinetic energy, ie.,
a higher overpotential (nox), to drive organic oxidation, as
organic oxidation requires less thermodynamic energy than the

Table 1 Standard molar Gibbs free energy change (AG®), standard half-cell potentials (E, and E.) and standard electromotive force of the cell

(AE,

xn

) for the reaction of organics valorisation couple with H, production

Overall reaction

Cathodic half-cell reaction

Anodic half-cell reaction

CeHgO; (HMF) + 2H,0 < C¢H,O5 (FDCA) + 3H,
“AG° = 173.7 k] mol ™, ’AE; , = 0.30 V
C,HqO, (EG) + 20H™ < 2 HCOO™ (FA) + 3H,
‘AG° = —147.5 kJ mol ™}, AE, =025V
C,HqO, (EG) + H,0 < C,H,0; (GLA) + 2H,
‘AG® = 105.2 k] mol ™, “AE, = 027V
C3HgO; (glycerol) <> C3H¢O3 (DHA) + H,

°AG° = 10.3 kJ mol ', “AE, , = -0.05V

C3HgO; (glycerol) < C3HgO3 (GLAD) + H,

‘AG° =37.3 kJ mol !, ‘AE] = -0.19V

C3H;0; (glycerol) + 30H™ < 3 HCOO™ (FA) + 4H,
°AG° = 65.6 k] mol ™%, IAE, = —0.09V

CeH1,06 (glucose) + 60H™ <> 6 HCOO™ (FA) + 6H,

‘AG° = 47.9 kJ mol !, IAE, | = —0.04 V°

CeH1,06 (glucose) + H,O <> CgH;,0; (GNA) + H,
‘AG° = 70.9 kJ mol ', “AE, = 037V

CeH1,06 (glucose) + 2H,0 <> CgH;00g (GRA) + 3H,
‘AG° = 179.1 k] mol ', “AE, = 031V

6H" + 6e~ < 3H,

E, = 0.00 Vrug

6H,0 + 6e~ < 3H, + 60H "
E, = 0.00 Vrug

4H,0 + 4e~ « 2H, + 4OH™
2H" +2e~ < H,

E, =0.00 Vg

2H" +2e~ < H,

E; = 0.00 Vgig

8H,O0 + 8¢~ < 4H, + SOH ™
12H,0 + 12~ < 6H, +
120H"

2H" +2e” < H,

E; = 000 VRHE

6H' + 6e~ < 3H,

E. = 0.00 Vgug

CeHe0; (HMF) + 2H,0 — CgH,05 (FDCA) + 6H' + 6¢~

“E, = 0.30 Vrur

C,He0, (EG) + 8OH™ — 2 HCOO (FA) + 6H,0 + 6e~
PE; = -0.25 Vgug

C,He0, (EG) + 40H™ — C,H,0; (GLA) + 3H,0 + 4e~
PE, = 0.27 Viup

C;3H;0; (glycerol) — C3HO; (DHA) + 2H' + 2¢”

PE; = 0.05 Vug

C;3H;0; (glycerol) — C3HO; (GLAD) + 2H' + 2~
PE, = 0.19 Vyup

C3H,0; (glycerol) + 11 OH™ — 3 HCOO™ (FA) + 8H,O + 8¢~

bE; =0.09 VRHE

CoH 1,05 (glucose) + 180H™ — 6 HCOO™ (FA) + 12H,0 + 12¢~

bE; = 004 VRHE

CeH1,06 (glucose) + H,O — C¢H;,0, (GNA) + 2H' + 2e~

bE; = 037 VRHE

CeH1,06 (glucose) + 2H,0 — CeH,;00g (GRA) + 6H' + 6e~

PE. = 0.31 Vgue

“ Derived from ref. 6. ” Obtained by AE,, = E, — E, ° Obtained by AG® = 3" mAG; (product) — mAG; (reactant), where m is the respective

0 s . . o AG
coefficient in the balanced chemical reaction and AG; is the standard molar Gibbs free energy of formation (Table S1). ¥ AE, = - where
n

n is the number of electrons transferred (mol) and F is the Faraday constant of 96 485 (C mol™'). HMF: 5-hydroxymethylfurfural; FDCA: 2,5-
furandicarboxylic acid; FA: formate; EG: ethylene glycol; GLA: glycolic acid; DHA: dihydroxyacetone; GLAD: glyceraldehyde; GNA: gluconic acid;

and GRA: glucaric acid.
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Fig. 2 Tandem PEC cells for (a) water splitting and (b) organic waste
valorisation. (c) Overlaid current (J) potential (E) curves measured in
a three-electrode system with a photocathode (red) and a photoanode
(blue) in water with (dash) or without (solid) organic substrates under
light irradiation. The operating photocurrent of a two-electrode
tandem PEC cell can be predicted by the intersection of the oxidation
and reduction photocurrents. E¢ , and Eg , represent the flat band edge
of the n-type (photoanode) and p-type (photocathode) semi-
conductor, respectively, under light illumination.

OER. Severe surface charge recombination caused by the slug-
gish kinetics of the OER would result in the onset potential for
OER (Eon,0rr) deviating significantly from the flat band poten-
tial of the photoanode (Er ), as shown in Fig. 2c. In contrast,
surface charge recombination can generally be mitigated by
replacing the OER with a suitable organic oxidation reaction, in
which the onset potential of organic valorisation (E,y vr) can be
negatively shifted toward the E ,, of the photoanode. Taking o-
Fe,0O; as an example, the onset potential shifted from 1.1 Vyyg
to 0.85 Vgug by replacing the OER with the EG oxidation reac-
tion,® while it shifted from 1.0 Vgyg to 0.7 Vrug by replacing the
OER with the glucose oxidation reaction.' The deviation range
between the onset potential and the Egj,, of the photoanode is
crucial in determining the overall PEC cell performance. If an
integrated PEC system comprising a photocathode and a pho-
toanode is employed, the operating photocurrent (Jop) is
determined by the intersection of the photocurrents of the two
half-reactions (oxidation and reduction) (Fig. 2c). The difference
between Eqp, opr and Eqp vr for the same photoanode resulted in
the Jop of PEC water splitting (Jop;) being lower than that of PEC
organic valorisation coupled with the same reduction reaction
Uors)-

PEC organic waste valorisation may also provide an alter-
native approach to mitigate the instability of photoelectrodes in
PEC water splitting. The thermodynamic stability of a photo-
electrode depends on the relative thermodynamic potential of
the semiconductor and the potential of the target redox reac-
tion. Taking water oxidation as an example, if the thermody-
namic oxidation potential (E.) of a photoanode is more
negative than the potential of the OER (1.23 Vgyg), the photo-
anode would undergo photocorrosion by its photogenerated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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holes.” Most non-oxide semiconductors, such as ZnS, CdS,
ZnSe, etc., and some oxide semiconductors, such as ZnO, are
susceptible to oxidation based on thermodynamic predic-
tions.” However, if these photoanodes are used for glycerol
valorisation, for example, they are thermodynamically resistant
to photocorrosion, as their E, is more positive than the
potential for glycerol valorisation to DHA (0.05 Vgyg). Given
these advantages, research on PEC organic waste valorisation
has rapidly increased in recent years. This perspective review
focuses on PEC organic waste valorisation. Organic waste
substrates, including biomass, its derivatives, and plastics, are
particularly highlighted in this review, since biomass derived
from food and lignocellulosic sources accounts for the majority
composition (~60%) of solid waste. Although plastics represent
a smaller fraction (12%) compared to plant-derived materials,
their non-biodegradability poses a significantly detrimental
effect on soil, water, marine life, and human health. Beyond the
substrate used in PEC valorisation, variables such as solution
pH, operation duration, and light intensity also influence PEC
performance (Fig. 3). In particular, the properties of the pho-
toelectrode represent the most crucial factor determining the
upper limit of PEC valorisation system performance. Hence, in
this perspective review, the working principle of a PEC reaction
is introduced, followed by an overview of the materials and
optical properties of the state-of-the-art photoelectrodes applied
in PEC organic valorisation. Recent progress in designing effi-
cient photoanode strategies for organic waste oxidation to
generate value-added chemicals is subsequently discussed.
Value-added chemical synthesis through reduction reactions
using PEC cells is then covered, although the reported research
in this area remains relatively limited compared to oxidation.
Finally, recent developments in integrated PEC cells and their
practical evaluation for solar fuel and value-added chemical
production are reviewed, followed by a discussion of perspec-
tives. Efficiency, stability, and scalability are the three key
system requirements for the successful deployment of PEC
systems.”® Long-term stability is an essential criterion for the
practical implementation of PEC technologies. Without sus-
tained performance over long-term operation, even highly effi-
cient PEC devices cannot satisfy the economic, safety, and
reliability standards required for commercialisation. Therefore,
unlike most recent review papers, this work not only focuses on

External:
Temperature, time, etc.

Electrical: Potential, etc.

Photoelectrode :
Composition, bandgap,
band structure,

surface area, surface
properties, etc.

Light:
Spectrum,
intensity, etc.

Solution: Mass transfer:

pH, substrate concentration, ~ Transfer model,
supporting electrolyte  surface concentration,
composition, etc. etc.

Fig. 3 Parameters affecting the performance of a PEC cell for organic
waste valorisation.
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efficiencies but also addresses stability, scalability, and the
compatibility of photoelectrodes and co-catalysts in integrated
PEC cells. Finally, conclusions and future perspectives on
feasible strategies for PEC valorisation are discussed. We hope
this will guide readers in designing effective, robust, and scal-
able PEC systems for organic waste valorisation, particularly in
the context of integrated PEC cells.

2. PEC valorisation
2.1 Working principle of PEC reactions

PEC devices directly employ the solid-liquid junction to drive
desired reactions under light illumination. When the photo-
electrode is immersed in the electrolyte, charge transfer occurs
between the semiconductor and the electrolyte until equilib-
rium is reached between the Fermi level of the semiconductor
and the redox potential of the electrolyte. The built-in electric
field at the surface of an n-type semiconductor resulted in
upward band bending, favouring photo-driven oxidation reac-
tions. In contrast, the built-in electric field at the surface of a p-
type semiconductor resulted in downward band bending,
favouring photo-driven reduction reactions. Upon light

Ared Jv.
F Evs
0 oo
(i) (i) h*
electrolyte photoanode

Fig. 4 Schematic of a photoanode performing a PEC reaction under
light illumination. The process can be decoupled into three major
steps: (i) light absorption to generate electron—hole pairs, (ii) transport
of photogenerated holes to the photoanode surface, and (iii) interfacial
charge transfer to oxidise A,eq t0 Aoxi in the electrolyte. Unfavourable
recombination paths, including (ii’) bulk recombination and (iii’) surface
recombination, are also shown.
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irradiation, e /h" pairs are photo-generated within the photo-
electrodes, as indicated by route (i) in Fig. 4. The photo-
generated minority charge carriers, ie., holes for n-type
semiconductors and electrons for p-type semiconductors, are
then transported to the electrode surface, driven by the built-in
electric field at the semiconductor/liquid interface, and subse-
quently transferred into the electrolyte to carry out the redox
reaction, as shown in routes (ii) and (iii). However, it should also
be noted that to drive a desired oxidation reaction, the holes
from the valence band (Eyg) of a photoelectrode must possess
sufficient driving force to overcome both the thermodynamic
and kinetic barriers of the oxidation process. Conversely, the
photogenerated electrons from the conduction band (Ecg) must
have adequate energy to drive the reduction reaction.

The performance of a photoelectrode in terms of photocur-
rent density (Jpec) can be described by eqn (4):
(4)

JPEC = Jmax X NMLHE X Msep X Mint

Here, Jmax is the maximum theoretical photocurrent density,
determined by the bandgap of the photoelectrode, and can be
estimated by assuming 100% incident photon-to-current
conversion for photons with energies exceeding the bandgap.
On the other hand, nyug represents the light-harvesting effi-
ciency of the photoelectrode, while the charge separation effi-
ciency of 74, and charge transfer efficiency of 7, are the yields
of minority carrier transport to the photoelectrode surface and
interfacial charge transfer, respectively. It is therefore known
that an ideal photoelectrode should have (i) suitable band
positions to provide enough driving force for a desired reaction,
(ii) as narrow bandgap as possible to have a high Jiax, (iii)
a sufficient material thickness to harvest all incident photons,
(iv) effective charge separation to prevent charge recombination
within the semiconductor, (v) excellent surface catalytic activity,
and (vi) last but not least, stability and scalability, for the
successful development of a PEC technology.

2.1.1 Band structure. The first step in the PEC reaction is to
harvest solar light, and therefore, the ability to utilise energy in
the solar spectrum determines the J,.x of a semiconductor.
Therefore, a semiconductor with a smaller bandgap results in
a higher /.y, as shown in Fig. 5a. However, appropriate band

(@) 30 (b)
OTiO,, ZnO @B, WO, @®WO,, g-CN, 1.0 74N LU0 cds g-CN, —1-0
25 |oBiVo,, CdS O Cuwo, @Cu,0, Fe,0, + CiBlO:1i0, zno r/ Eﬁ/glfcose
BiVO,
OTaN, @CuBi,0, oL o 0 =—~DHA/Glycerol
oNs H*/H, 40 Bi,WO, WO, ¢ - —GLAD/GI |
20}k fl. e © 3 Fe,Os uwo, eV eV ycero
v 1 E + " FDCAHMF
S 410 : 1.0
<15} oV eV [ 00
E w T T ¢
S 10 2 1, Ll 20
I 5 : g
> A4 >
. S T >
[ \ ) 30+ W
i 1 . . i P-type i
32 > 5 =2 >0 15 semiconductors N-type semiconductors
Bandgap/eV

Fig.5

spectrum. (b) Band structure of representative photoelectrodes.
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alignment is essential to carry out the PEC reactions effectively.
The Ecp of the semiconductor should be more negative than the
potential of a reduction reaction to provide sufficient reductive
power for a desired reaction by the photo-generated electrons.
For example, to perform H, evolution, the Ecg of a photo-
cathode must be more negative than 0 Vyyg, which is the redox
potential of H'/H,. Well-known photocathodes for H, evolution
include Cu,0,>* CuBi,0,4,>*** and CuFe0,.***” Although the
photo-driven electrons of those Cu-based photocathodes might
have sufficient driving force for some organic reduction reac-
tions, such as 5-hydroxymethylfurfural (HMF) reduction to 2,5-
bis(hydroxymethyl)furan (BHMF),*® their use in PEC organic
valorisation is still limited.

On the other hand, the Eyg of the semiconductor should be
more positive than the potential of an oxidation reaction, such
as water oxidation or organic oxidation. This ensures that the
holes created by light absorption possess sufficient oxidative
power to oxidise water or organic waste.”*>* In PEC water
splitting, the state-of-the-art photoanode includes TiO,,***
Zn0,* BiVO,,**?° WO3;,**** g-Fe,0;.***® Those photoanodes
have an Eyg located at =2.5 Vg (Fig. 5b), providing significant
overpotential for water oxidation. As previously mentioned, the
redox potential of most organic oxidations in organic valor-
isation research is less positive than that of the OER. Most of the
photoanodes used in PEC water oxidation can be utilised and
have been investigated as effective photoanodes in PEC organic
oxidation. However, the photo-driven holes have a sufficient
driving force for both the oxidation of water and organics. The
selectivity of organic valorisation might remain an issue, as the
parasitic reaction of the OER could occur.

2.1.2 Light harvesting, charge separation, and charge
transfer. The three indicators of 7y g, 7sep, and nin; determine
the efficiency of a given photoelectrode. The thickness of
a photoelectrode must be greater than its absorption length to
absorb all incident photons that have energy greater than the
bandgap of the photoelectrode. The absorption length can be
estimated by the inverse of the absorption coefficient of the
semiconductor near its band edge.” The lifetime and diffusion
length of the charge carriers in a given electrode govern its ngep.
The transportation length for minority charge carriers must be
shorter than the diffusion length of the charge carriers, or
severe charge recombination will occur. It is worth noting that
contradictory requirements exist in obtaining promising 7y yg
and 7p in a planar electrode, as the light-harvesting direction
is the same as that of charge carrier transport. Nanostructuring
a photoelectrode is generally an effective strategy for decoupling
the direction of light harvesting and minority charge carrier
transport, thereby achieving high yields in both 7 ;g and ngep."”
However, nanostructuring also leads to a decrease in photo-
voltage.” Other efforts, including heterojunction and doping,
have been devoted to enhancing nyug and 7,ep. The third indi-
cator, 7y, is closely related to the activity of surface catalysts for
the chemical reactions. Some photoelectrodes themselves act as
efficient catalysts for a desired reaction, while others do not. In
the latter case, an efficient co-catalyst must be applied to the
surface of a photoelectrode to improve its 7jy;.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.1.3 Stability. Meeting the criterion of long-term stability
is crucial for the PEC system to be implemented for practical
applications. To be applicable for practical use and compete
with other technologies, a techno-economic analysis of PEC
cells for H, production has shown that a PEC cell should have
a solar-to-H, efficiency of over 26% and a PEC cell lifetime of
over 2 years.” The relative potential between the redox couple
and the oxidation/reduction potential (Eox/Ereq) of the semi-
conductor provides a first prediction of the stability of a photo-
electrode in carrying out a particular reaction.” Taking PEC H,
evolution as an example, a photocathode is susceptible to
photocorrosion if its E..q is more positive than the hydrogen
evolution potential (Eqym,))- A typical example is Cu,O, which is
readily reduced to Cu by its photo-generated electrons during
the HER. Surface modification has been demonstrated to be an
effective strategy for enhancing the photochemical stability of
semiconductors.*”®*>" For instance, the application of a TiO,
protection layer on a Cu,O photocathode enabled stable oper-
ation for over 100 h in PEC water splitting.”> Conversely,
a photoanode resists photocorrosion during water splitting if its
E,x is more positive than the potential of the OER (1.23 Vgyg).
TiO, and WO; are examples of such materials and are widely
used as photoanodes for water splitting. However, in addition to
the thermodynamic considerations during PEC, chemical and
kinetic factors must also be accounted for when evaluating the
robustness of a photoelectrode. For example, the presence of
OH™ ions in the electrolyte results in the dissolution of WO,
making it chemically unstable in a solution with pH = 7.°* In
addition, due to the sluggish kinetics of water oxidation, by-
products such as H,0, may form and subsequently corrode
WO; during the OER.

The replacement of water oxidation with less energy-
demanding organic oxidation, at least, partially alleviates the
thermodynamic and kinetic constraints in selecting photo-
anodes. For example, nanosheet-structured WO; lost 50% of its
initial photoactivity during water splitting in a neutral solution
within a few minutes.”® However, the nanosheet-structured WO,
does not lose 50% of its initial photoactivity until 12 h of
operation in the glycerol valorisation reaction.” The stability
difference between water oxidation and glycerol valorisation on
WO; possibly resulted from difference in their reaction kinetics.
Peroxo-species are readily formed during sluggish water oxida-
tion, which leads to the corrosion of WO;. In contrast, peroxo-
species are possibly eliminated during glycerol valorisation.
Similar results have also been reported for BiVO,.”> However,
the mechanisms by which photocorrosion is alleviated when
replacing water oxidation with organic valorisation might vary
among different photoanodes. Eliminating surface charge
recombination may be another contributing factor to why
a photoanode, such as BiVO,, typically exhibits better stability
for organic (e.g., EG, glycerol) valorisation than for water
oxidation. To date, PEC organic valorisation in the half-cell has
achieved a maximum operation time of up to 150 h,*® and 80 h
has been reported for an integrated cell.® This highlights that
the current progress in stability remains significantly below the
criteria required for practical implementation and warrants
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further effort. The long-term stability of PEC valorisation based
on recently reported studies is further discussed in a later
section.

2.1.4 Scalability and earth-abundancy. Scalability is an
essential factor in the practical consideration of a new tech-
nology.”® Meeting scalability criteria should encompass mate-
rial compositions, synthetic procedures and system designs.
The ready accessibility of earth-abundant materials ensures
a reliable supply chain, which is critical for scaling up produc-
tion to meet global energy demands.”” Rare elements in the
earth's crust, including Pt, Re, Ru, Rh, Ir, Pd, Au, Ag, Ga, and In,
are recommended for exclusion from PEC cells, as their scarcity
might hinder scalability.*® For example, the availability of Fe in
the earth's crust is 41 x 10 ppm, which is substantially higher
than that of Pt (1 x 10~° ppm).**® Therefore, the prices of
precious metals are typically quoted per gram, whereas the cost
of Fe is quoted per kilogram.** Furthermore, the use of abun-
dant materials reduces dependence on intensive mining prac-
tices associated with precious metals, which are often
environmentally damaging.®

2.1.5 State-of-the-art photoelectrodes for PEC organic val-
orisation. Since Honda and Fujishima demonstrated that TiO,
could perform PEC water splitting under UV irradiation in
1972,” immense efforts have been devoted to exploring other
materials for PEC reactions. Except for TiO,, the most widely
investigated photoelectrode materials include WO;, BiVO,, and
a-Fe,0;. Their progress in PEC organic valorisation is briefly
summarised in the following section.

TiO, has been widely investigated in PEC water splitting;
however, the application of simple TiO, in PEC organic valor-
isation is relatively limited. TiO, generally exhibits low selec-
tivity toward selected value-added chemicals in PEC organic
valorisation (Table 2). Surface modification with a secondary
material is generally required to achieve high selectivity.
Inspiring examples include Bi,O; heterojunction with TiO, for
glycerol valorisation to DHA,*® ultrathin BiO,-covered TiO,
converting succinic acid into C,H,,* and Bi,Oz-modified TiO,
converting cellulose into FA.**

Owing to its widespread application in the OER, the WO;
photoanode has also been intensively studied in PEC organic
valorisation in recent years (Table 2). Examples include the
conversion of cyclohexane to KA oil (a mixture of cyclohexanol
and cyclohexanone),® glycerol into value-added C; products,*®
and HMF to furandicarboxaldehyde (DFF) and FDCA.*” The
crystal structure and predominantly exposed facets of WO; also
significantly affect the selectivity of PEC organic valor-
isation,®®® which are also discussed in a later section.

Like TiO, and WOj;, BiVO, has been intensively investigated
for PEC organic valorisation. Pioneering work on BiVO, for PEC
biomass valorisation was reported by K.-S. Choi's group.” In the
presence of 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO),
a faradaic efficiency (FE) of over 90% toward FDCA from HMF is
achievable using BiVO, as the photoanode.” Beyond the valor-
isation of HMF, BiVO, has also been investigated for the PEC
valorisation of lignin"”> and methanol,” and has been partic-
ularly well explored for glycerol valorisation (Table 2).>747¢
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a-Fe,03 has also shown great potential and has attracted
considerable attention in PEC organic valorisation. a-Fe,O; has
been investigated in glycerol, glucose, cyclohexene, methanol,
and EG valorisation (Table 2). In addition, a-Fe,O; is particu-
larly suitable for polymer-waste valorisation. Because depoly-
merisation of plastics by alkaline hydrolysis is generally
required prior to PEC valorisation, the high stability of a-Fe,0;
in strongly alkaline solutions makes it the most frequently
applied photoanode for plastic valorisation.

As mentioned in the previous section, most work on PEC
organic valorisation has focused on earth-abundant photo-
anodes such as TiO,, WO;, and a-Fe,O;. Given its extensive
investigation in PEC reactions, BiVO, is also reviewed here,
though Bi and V are not highly earth-abundant elements. Other
earth-abundant photoelectrodes beyond those mentioned
above, including CuWO,,””” TazN5,*** n-Si,**** ZnO,*
Cu,0,*#* and CuBi,0,,** have also been intensively studied
for PEC water splitting; nevertheless, they have received
significantly less, or no, attention in PEC valorisation (Table 2).
For instance, CuWOy,, an n-type semiconductor with a bandgap
of 2.2 eV, is capable of utilising visible light up to approximately
550 nm to drive PEC oxidation reactions and exhibits chemical
stability from acidic to slightly alkaline conditions.*®** Only
recently has CuWO, been demonstrated as a versatile photo-
electrode for converting glucose, fructose, and glycerol into
several value-added chemicals, including FA, glycolate (the
conjugate base of GLA), DHA, and GLAD.**

2.2 System and half-cell figures of merit

Solar-to-fuel energy conversion efficiency (nsrg) is a critical
performance indicator for systems used in solar water splitting
and CO, reduction reactions, as it is broadly applicable to
various designs of artificial photosynthesis systems. nsrg is
determined by the ratio of the output energy of the solar fuel to
the incident solar energy, as described in the following equa-
tion. Measurements are generally conducted under one-sun
solar irradiation (1000 W m™2) with a solar spectrum of Air
Mass 1.5 Global (AM 1.5 G):

Rproduc‘(mOI Sil) X AG(J molfl)
Pin(Wm=2) x 4(m?)

NsTE = (5)
In eqn (5), Rproduct i the product generation rate, AG is the
Gibbs free energy change, P;, is the incident solar energy, and A
is the geometric illuminated area. Specifically, for water split-
ting, AG is 237 kJ mol™" at 25 °C, and the solar-to-hydrogen
conversion efficiency (nsr) can be calculated using eqn (5)
with this AG value.

However, in PEC organic waste valorisation, ngrr values are
generally low, regardless of Ryroduct, due to the typically small
AG. In particular, some organic waste reactions have a negative
AG, which limits the applicability of ngrr. Given the substantial
variation in AG across different organic waste valorisation
reactions, relying on nsrr would result in inequitable compari-
sons among solar-driven valorisation systems. As an alternative,
areal activity (Rareal) can serve as another indicator, providing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a unified quantification of product generation per unit of illu-
minated area and reaction time."

nproduct (l’IlOl)

Rarca] = m (6)

Here, Nproducts 4, and ¢ represent the amount of product, the
irradiated area, and the reaction time, respectively.

To recognize the economic value of each type of organic
waste valorisation process, the solar-to-value (STV) creation rate
(rstv) proposed by E. Reisner's group has been introduced:*

n

> (Ci)(£ per mol) x n;(mol) —

i
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different organic valorisation reactions. The 7, generally
deviates from unity during water oxidation due to its sluggish
kinetics. However, 7, can be assumed to be unity, as most
photoelectrodes provide significantly greater driving force than
that required for water oxidation. Table 2 summarises the key
parameters of reported PEC organic valorisation systems and
categories of photoelectrodes based on their composition and
modification methods. The ¢pg in Table 2 is calculated using
eqn (9) and assuming 7;y,, is unity.

n

3 (G + Cpy) (£ per mol) x n;(mol)

rstv =

where C;, Cj, and C,; are the costs of product i, substrate j, and
its pre-treatment, respectively.

However, the cost of PEC cells should also be considered and
is not negligible, particularly when noble metals are used in the
composition of the photoelectrodes or when the synthesis of
photoelectrodes involves arduous procedures. Therefore, rsry is
further modified as follows:

n

J

ﬁ: (Ci)(£ per mol) x n;(mol) —

COET) )

The FE and power-saved metrics are advantageous for
comparing the performance of different photoelectrodes under
the same PEC organic valorising reaction. FE, defined as the
percentage of passed charge used in the desired reaction, is an
essential metric for evaluating selectivity in both EC and PEC
systems. FE can be described by the following reaction:

(G + Cpry) (£ per mol) x ny(mol) — 3~ (Ci + Cyynnc) (£ per mol) x ny(mol)
%

rstv =

In eqn (8), Cx and Cgynen i refer to the cost of photoelectrode
component and its synthesis, respectively. Although the rgry
might vary depending on the market conditions, it provides an
essential indication of the economic value of PEC valorisation
processes.

Although the g, Rareal, and rsry parameters can be used to
estimate the overall performance of an integrated PEC cell,
additional indicators are necessary to evaluate half-cell perfor-
mance. Since half-cell performance is predominantly governed
by the intrinsic properties of the photoelectrodes, the inherent
performance of a photoelectrode (¢pg) using the following
equation is suggested for the assessment of the half-cell
performance of a PEC cell:

_ Jec (9)

PpE TLHE X 1]%6[)
) Jl ax X N;
nax nt

The ¢pg allows for the assessment of the intrinsic perfor-
mance of a photoelectrode by neglecting reaction substrates in
a PEC system. It could be a promising indicator for comparing
the performance of a PEC cell using the same photoelectrode for

© 2025 The Author(s). Published by the Royal Society of Chemistry

A(m?) x 1(h)

(8)

z % 96485(C molfl) x n;(mol)
2 (C)

where z is the electron transfer number required per mole of the
specific product, 96485 is the Faraday constant, n; is the
number of moles of the generated specific product (i), and Q is
the amount of charge passed during the PEC reaction.

Some literature presents selectivity using the ratio of the
amount of a desired product to the total amount of product or
the ratio of the amount of a desired product to the amount of
substrate. If there is an unknown product, it will lead to
a deviation using the former method, while the selectivity can
be enhanced within a specific reaction time by lowering the
initial amount of substrate using the latter method. Therefore,
these two types of selective presentations may not be sufficiently
objective, and FE will be used primarily in the discussion about
selectivity.

Power-saved metrics enable the evaluation of the effects of
input solar illumination on a half-cell.*® In a three-electrode
system, the power stored at a specific current density I (Psaye(-
1), W m™?) is derived by the product of the current density I and

x 100

FE(%) = (10)

Chem. Sci., 2025, 16, 13966-13996 | 13975


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03146j

Open Access Article. Published on 21 julho 2025. Downloaded on 27/04/2026 22:42:16.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

the potential difference of driving a half-reaction at current
density I between a selected working electrode in the dark and
a photoelectrode in the light:

PoveaD) = IA m™?) x (Egan(I) — Eignd(D(V)) (11)

The Eqarc(I) and Ejjgne(f) are the potential of driving a half-
reaction at current density I of the dark electrode and photo-
electrode, respectively.

2.3 Comparison of electrochemical (EC) and PEC organic
valorisation

In addition to PEC organic valorisation, EC organic valorisation
has also been demonstrated to convert organic waste into fuel
and value-added chemicals. In EC systems, the energy required
to drive the reaction relies on the external bias, and the catalytic
current increases monotonically with the applied overpotential
until it becomes limited by mass transfer. In contrast, in PEC
systems, the photocurrent reaches a saturation plateau at
a certain potential when the photogenerated electrons are fully
extracted. Thus, EC systems typically achieve higher current
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Fig. 6 (a) Linear sweep voltammetry (LSV) curves for EC oxidation
using CoNig»sP/NF and other electrocatalysts. Reproduced with
permission under the terms of a CC BY 4.0 license.?* Copyright 2021,
The Author(s), published by Springer Nature. (b) Photocurrent (solid
lines) of BiVO4/NiCo-LDH before and after i—t measurements in an EG
containing KOH solution. Reproduced with permission.®? Copyright
2024, John Wiley and Sons.
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densities at high overpotentials compared to PEC systems,
particularly if PEC systems are operated under low photon flux
conditions, such as one-sun illumination. For example, the EC
system of nickel-modified cobalt phosphide on nickel foam
(CoNip ,5P/NF) has been demonstrated to exhibit an electro-
catalytic current for EG oxidation with an onset potential of
approximately 1.2 Vyyg, and its current significantly increases
with the applied potential, reaching approximately 180 mA
cm 2 at 1.35 Vgyg (Fig. 6a).”* On the other hand, a BiVO,/NiCo-
