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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
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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

6H" + 66~ « 3H,
E. = 0.00 Vgug

CeHO3 (HMF) + 2H,0 < C¢H,0; (FDCA) + 3H,
“AG° = 173.7 k] mol ™, ’AE; , = 0.30 V

CeHeO3 (HMF) + 2H,0 — C¢H,05 (FDCA) + 6H" + 6~
“E, = 0.30 Vrur

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

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

4H,0 + 4e~ « 2H, + 4OH™
2H" +2e~ < H,

E, = 0.00 Vrug

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,

C,H0, (EG) + SOH™ — 2 HCOO (FA) + 6H,0 + 6~
PE; = -0.25 Vgug

C,H0, (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 <> CgH;00g (GRA) + 3H,

‘AG° = 179.1 k] mol ', “AE, = 031V E; = 0.00 Vgug

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)
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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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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-
LDH photoanode exhibits a much lower saturation photocur-
rent of approximately 2 mA em > for EG oxidation under one-
sun illumination, i.e. 100 mW cm™ 2 (Fig. 6b).”> However, the
external bias required in the PEC system is typically smaller
than that of the EC system due to the presence of a light-
induced photovoltage, resulting lower energy consumption in
the PEC system at low overpotential regions. In the case of
BiVO,/NiCo-LDH, the photocurrent for EG valorisation starts
from 0.2 Vgyg, which is much lower than the onset potential
(1.2 Vgyg) of the CoNi ,5P/NF EC system. The amount of energy
saved by using a photoelectrode can be readily evaluated using
eqn (11). In addition, the drawback of the low saturation
photocurrent density of a photoelectrode can potentially be
mitigated by using concentrated solar light as the light source®*
or by incorporating the thermoelectric effects.****

The advantages of using a PEC system over an EC system can
be highlighted by the work on glycerol valorisation in
a membrane-separated continuous-flow PEC cell reported in
2024.% In this work, direct PEC oxidation of glycerol paired with
the dark H, evolution or CO, reduction was achieved using a Si
photoanode coupled with a silver nanoparticle-coated carbon
cloth cathode. On the other hand, in the EC system, a Ni sheet
was used as the anode. Intense sunlight of up to 10 suns was
applied to the PEC cell, and a photocurrent exceeding 110 mA
ecm~ > was achieved for glycerol oxidation (Fig. 7a). Compared to
the EC cell, the PEC cell required less energy input from the
external voltage source to attain the same current density
(Fig. 7b). Approximately 1 V less cell voltage was needed for the
PEC cell compared to the EC cell to generate a current density of
100 mA cm™? (Fig. 7b). Notably, this study also demonstrated

(c) 100 7
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(a) LSV of a Ni/Si photoanode under chopped light illumination and a Ni sheet-based electrode in the dark for glycerol oxidation. (b) Cell

voltage difference between the Ni/Si photoanode and the Ni sheet-based anode at a current density of 100 mA cm~2 for glycerol oxidation. (c) FE
of glycerol oxidation products after 30 min at a current density of 100 mA cm™2. Reproduced with permission under the terms of a CC BY 4.0

license.®® Copyright 2024, The Author(s), published by Springer Nature.
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that the product distribution of glycerol oxidation in the PEC
cell differs from that of the EC cell at the same current density
(Fig. 7¢c). The FE for value-added products was higher in the PEC
cell than in the EC cell (=82% vs. =63%). Oxygen quantifica-
tion experiments confirmed that the PEC system can effectively
suppress the parasitic OER. This difference may arise from the
inherent discrepancy in potential dependence between PEC and
EC systems. The oxidative force in the EC system depends on
the applied potential, whereas in the PEC system, it is deter-
mined and fixed by the Eyp position and is independent of the
applied potential.

Nonetheless, the PEC system undergoes complex charge
transfer processes, beginning with the extraction of photo-
generated charges, followed by hole transfer to the semi-
conductor surface, and subsequently to the organic reactant.
Therefore, an effective photoelectrode design that facilitates
rapid charge transfer is necessary for PEC organic valorisation.

2.4 Kinetics of PEC reactions

PEC reactions that involve multiple steps of charge transfer are
typically kinetically challenging, and the reaction kinetics play
a critical role in determining both efficiency and selectivity. For
example, OER in water splitting is generally considered the
bottleneck, as it involves a four-electron transfer process, and
its sluggish kinetics constrain the overall efficiency of water
splitting. Many organic valorisation reactions listed in Table 1
also involve multiple charge transfer steps, and various prod-
ucts may be formed during the process. Research into PEC
reaction kinetics is therefore essential for advancing the
development of PEC organic valorisation.

The rate law analysis on a-Fe,O; for PEC water oxidation was
first demonstrated by Le Formal et al.°® Photoinduced absorp-
tion (PIA) spectroscopy combined with transient photocurrent
(TPC) measurements was employed to elucidate the quantita-
tive relationship between the reaction rate and the accumula-
tion of photogenerated holes on the «-Fe,O; surface.®® PIA
enables monitoring of long-lived photogenerated charge
carriers, i.e., surface hole density for the photoanode, while TPC
monitors the net flux of holes transferred to the electrolyte. The
reaction kinetics under steady-state PEC oxidation conditions
was then estimated by rate law analysis (eqn (12)):***

J = khole]? (12)
where J represents the photocurrent density, k, represents the
reaction rate constant, [hole] is the density of accumulated
surface holes, and 8 represents the reaction order.

It was found that a transition occurs from a first-order
reaction at low densities of accumulated surface holes (slow
reaction) to a third-order reaction at high densities of accu-
mulated surface holes (fast reaction), indicating that the accu-
mulation of multiple holes is required to drive water oxidation
efficiently over a-Fe,0;.

In addition to PIA, the rate law analysis can also be con-
ducted using EC impedance spectroscopy (EIS) measurement.
Zhang et al. determined the surface hole density on the a-Fe,0;
photoanode using this EIS measurement and subsequently

© 2025 The Author(s). Published by the Royal Society of Chemistry
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correlated it with the photocurrent density to calculate the
reaction order of water oxidation.®” They found that the reaction
order was approximately 1 and 2 for water oxidation in near-
neutral and alkaline conditions, respectively, highlighting the
dependency of the water oxidation reaction order on the solu-
tion pH.

Shifting the focus toward PEC organic valorisation, PIA
coupled with TPC measurements has also been applied to
derive the kinetic parameters and elucidate the mechanism of
PEC alcohol oxidation.?>'® Mesa et al. found that methanol,
when PEC oxidised to formaldehyde on a-Fe,O; photoanodes,
followed a second-order reaction with rate orders of 1.88 and
1.89 at applied potentials of 0 V vs. Ag/AgCl (Vag/agci) and 0.55
Vag/agcl, Tespectively (Fig. 8a).”> They confirmed that the rate
order on o-Fe,O; is determined solely by the density of holes
accumulated at the surface of the photoelectrode and is inde-
pendent of the applied potential. This observation corresponds
to the earlier discussion comparing EC and PEC systems. In
contrast to EC systems (Section 2.3), in which the oxidative force
varies with the applied potential, the energy, i.e., the oxidative
force of the holes, in a PEC system is determined by the Eyy of
photoanodes.

It has been found that a-Fe,O; exhibits highly selective
aldehyde production through PEC alcohol oxidation.****® The
underlying reason was also elucidated by operando spec-
troelectrochemical PIA coupled with TPC, in parallel with the
Arrhenius analyses.’®™ Rate law analyses suggest that o-Fe,03
exhibits a second-order reaction for ethanol oxidation, while the
reaction order of PEC acetaldehyde oxidation on a-Fe,Oj; is only
0.5 (Fig. 8b). Temperature-dependent rate law analyses further
demonstrated that activation energy for ethanol oxidation by
photogenerated holes in a-Fe,O; is much lower than that for
acetaldehyde oxidation (195 vs. 398 meV). These results indicate
that the high selectivity for aldehyde production on a-Fe,0O;
results from its much more facile kinetics toward ethanol
oxidation compared to acetaldehyde oxidation, which
suppresses the overoxidation of acetaldehyde. Compared to o-

Fe,O;, TiO, exhibits only a modest selectivity toward
(@) ¢ o a-Fe,0,at055V , ©® 1w
B0 & oFe. sbom u=1.89’," %
a 4 TiO, at-0.80V 0.5V 9 c o CHyCH20H oxidation :
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Fig. 8 (a) Rate law analyses showing the reaction order of PEC

methanol oxidation on a-Fe;Oz at 0.55 Vag/agct (dark red) and 0.00
Vag/agel (light red), and on TiO, at —0.80 Vag/agcy (blue). Reproduced
with permission under the terms of a CC BY 4.0 license.®® Copyright
2017, American Chemical Society. (b) Rate law analyses showing the
reaction order of PEC water oxidation at 1.3 Vgue (blue), ethanol
oxidation at 1.2 Vgne (black), and acetaldehyde oxidation at 1.1 Vgye
(red) on a-Fe,Osz. Reproduced with permission.’*® Copyright 2022,
John Wiley and Sons.
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acetaldehyde production, and overoxidation of acetaldehyde
was observed. The disparate selectivity toward acetaldehyde
production from ethanol over different metal oxide photo-
electrodes is correlated with their varying Eyp.'”* The measured
acetaldehyde oxidation activation energies are 45 and 427 meV,
respectively, for photogenerated holes in TiO, and a-Fe,O3. The
study highlights the significance of band potential in deter-
mining the selectivity of PEC organic valorisation.

Understanding reaction kinetics in PEC systems can guide
the design of photoanodes for PEC organic valorisation,
emphasising the importance of achieving a high density of
accumulated holes and ensuring the suitability of the Eyg for
a photoanode. This can be achieved by designing photo-
electrodes with a suitable electronic band structure, increasing
the intensity of illumination using concentrated solar light,
tuning hole densities through doping, modifying co-catalysts,
nanostructuring, and creating heterojunctions. Strategies for
enhancing the performance of photoanodes for organic valor-
isation is further discussed in Section 4.

3. Polymeric organic waste and pre-
treatment process

Biomass and plastic are the major organic substrates of interest
in PEC valorisation. Glycerol, glucose, and HMF are among the
most widely studied biomass-derived platform molecules in
PEC organic valorisation, while EG is the most extensively
investigated plastic-derived molecule. However, some of these
molecules originate from the depolymerisation of natural and
synthetic polymeric waste. A pre-treatment process of reducing
crystallinity or depolymerising polymeric organic waste is
generally required to enhance reforming efficiency.

3.1 Natural polymer waste

Biomass is a naturally synthesised polymer that primarily
contains lignocellulose, proteins, and lipids, with lignocellulose
being its main constituent and an earth-abundant
resource.””**** Lignocellulose is the most abundant biomass
and is readily found in wood stems, nut shells, corn cobs,
grasses, and rice husks,">** consisting of three major compo-
nents: cellulose, hemicellulose, and lignin. Cellulose and
hemicellulose are composed of long chains of sugars. The
general chemical formula for cellulose is (C¢H1,05),,, in which
glucose-based monomers are linked via f-1,4-glycosidic
bonds.”” Hemicellulose is a copolymer composed of five sugar
monomers: p-xylose, L-arabinose, p-galactose, p-glucose, and p-
mannose.”® In contrast, lignin is composed of three hydro-
phobic units: p-coumaryl, coniferyl alcohol, and sinapyl
alcohol.” The polar nature and high hydroxyl content of
cellulose and hemicellulose enable their application in
reforming reactions following a depolymerisation pre-
treatment, whereas lignin presents a challenge due to its
recalcitrant structure. On the other hand, proteins such as
amino acids and lipids such as glyceride and fatty acid are
found in algae and wood wastes."**

13978 | Chem. Sci, 2025, 16, 13966-13996

View Article Online

Perspective

3.2 Synthetic polymer waste

Affordability, lightweight nature, and versatility make plastics
indispensable in human life. However, the high stability and
durability of plastics result in prolonged degradation times.
Significant “white pollution” is caused by the widespread use of
plastics without a proper circular economy. Polyethylene (PE),
PET, polystyrene (PS), polypropylene (PP), poly (vinyl chloride)
(PVQC), polylactic acid (PLA), and polyurethane (PU) are the
primary types of plastics employed in daily life.***** These
plastics are classified into two groups based on the type of bond
in the main chain and the synthetic methods used.****°

(a) The first group, PE, PS, PP, and PVC, is composed of C-C
bonds in the main chain and is synthesised via addition poly-
merisation. The high stability of these hydrocarbon chains
limits their applicability in reforming reactions.

(b) The second group, comprising PET, PLA, and PU, features
C-0 or C-N bonds in the backbone chain and is synthesised via
condensation polymerisation. Oxygenated plastics account for
approximately 15% of global primary plastic production.’*
Owing to their polarity and ester bonds, they are typically the
target substrates in solar-driven plastic reforming.”**>

3.3 Pre-treatment of polymeric organic waste

The hydrogen bonding or crosslinking features within poly-
meric waste restricts their solubility in aqueous solution. A pre-
treatment process that reduces crystallinity or depolymerises
polymeric organic waste is generally required to enhance
reforming efficiency. An effective pre-treatment method must
be scalable, cost-effective, and capable of yielding a high
amount of monomer components. Various pre-treatment tech-
nologies, ranging from conventional to green approaches, are
used to solubilise organic waste. However, the scope of this
section is to summarise the primary pre-treatment technologies
used in solar-driven valorisation and to discuss their respective
advantages and challenges. The pre-treatment processes are
categorised into three major types.

3.3.1 Physical pre-treatment. Physical pre-treatment is
principally a mechanical approach employed to reduce the size
and crystallinity of the polymer. This increases porosity and
creates additional surface area for polymers undergoing
hydrolysis. Physical pre-treatment includes milling, grinding,
refining, ultrasonication, and extrusion.'® The application of
physical pre-treatment in solar-driven polymer waste reforming
is relatively limited compared to chemical pre-treatment. A rare
example demonstrates that ball milling effectively decreases the
crystallinity of a-cellulose, which significantly enhances the
efficiency of the subsequent photocatalytic cellulose reform-
ing.”** The advantage of physical pre-treatment is that it does
not require the use of corrosive chemicals, and it can be applied
across a wide range of reforming environments. However,
physical pre-treatments only reduce the size and crystallinity of
polymers rather than depolymerising wastes into monomers,
which may limit their efficiency in the subsequent solar-driven
valorisation process.

3.3.2 Chemical pre-treatment. Chemical hydrolysis in
alkaline or acidic solutions, steam explosion, and biological

© 2025 The Author(s). Published by the Royal Society of Chemistry
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treatment have been demonstrated to facilitate C-C
cleavage.*>*>'*> Among these, alkaline and acid hydrolysis have
a more straightforward setup than the others. Alkaline hydro-
lysis is a suitable method to convert some plastic polymers into
their monomers.**** For example, PET can be depolymerised
into terephthalate and EG monomers in 10 M NaOH solution.**
PLA has been depolymerised into lactate in 10 M KOH.***
Meanwhile, acid hydrolysis, such as with dilute nitric acid, is
used to depolymerise PE into glutaric and succinic acids.'**
Nonetheless, these chemical hydrolysis pre-treatments in
biomass and waste plastic involve harsh operating conditions,
such as the use of corrosive solutions, either strong bases (i.e.,
the concentration of OH™ (5-10 M)) or strong acids (i.e., sulfuric
and nitric acids). This results in high energy consumption for
separation, safety hazards for handling, and the generation of
toxic secondary pollutants. Moreover, the use of extreme pH in
the pre-treatment process is frequently incompatible with the
subsequent steps, ie., the photoelectro-oxidation or
photoelectro-reduction, which require benign operating condi-
tions. Very recently, catalyst-assisted depolymerisation has been
demonstrated under much lesser corrosive conditions. For
example, PET was depolymerised in 0.1 M NaOH solution
containing binuclear zinc molecular (Zn,-complex) catalyst at
60 °C, achieving approximately 100% conversion within 48 h.**”
3.3.3 Biological pre-treatment. Beyond synthesized cata-
lysts, natural catalysts, i.e., enzymes, have also been investi-
gated and applied in solar-driven polymer waste valorisation.
Reisner and co-workers demonstrated enzyme-pretreated
cellulose under mild conditions in sodium acetate (pH 5)"%'%°
or sodium bicarbonate solution (pH 6.5)'*° at 37 °C for 24 h to
generate glucose and cellobiose. In addition, their group also
demonstrated depolymerisation of polycaprolactone and PET
using enzyme, ie., DuraPETase (Dura) and leaf-compost cuti-
nase (LCC), in carbonate buffer solutions (pH 8) at 37 °C (Dura)
and 65 °C (LCC) for 2 days."** Biological pre-treatments gener-
ally operate under environmentally benign conditions and do
not require toxic chemicals. However, the challenges of bio-
logical pre-treatment include prolonged reaction time and the
vulnerability of some enzymes to environmental conditions.

4. PEC oxidation for organic
electrosynthesis: strategies to enhance
the performance of photoanodes

Optimising the design of photoelectrode is essential not only
for enhancing the conversion rate of solar energy into chemical
energy but also for achieving efficient, selective, and robust PEC
valorisation of organic waste. Several photoelectrodes are con-
strained by limited light absorption and high recombination of
photo-generated electrons and holes. The limitation in light
absorption is due to the wide bandgap. Photo-generated charge
recombination primarily results from the intrinsic low
conductivity and short minority carrier diffusion length of the
semiconducting materials. Sluggish interfacial transfer of
photo-generated holes further contributes to surface recombi-
nation.">'** Several key strategies have been demonstrated to
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mitigate recombination without compromising the light-
harvesting capability of the photoelectrodes. These strategies
include doping, heterojunction, and nanostructuring. On the
other hand, co-catalyst modification and crystal facet engi-
neering effectively enhance the selectivity of the target products
in organic waste valorisation. The aforementioned strategies
used in PEC oxidation for organic electrosynthesis are sum-
marised and discussed in the following sections.

4.1 Doping

Doping offers a viable method for effectively modulating the
electronic structure and properties of photoelectrodes.***
Doping may regulate the bandgap structure by altering the
positions of Eyg and Egg, thereby extending light absorption
into the visible range. Additionally, electronic states are intro-
duced, including donor levels below the Ecg and/or acceptor
levels above the Eyg.'*® In particular, doping is an effective
strategy to eliminate significant charge recombination by
enhancing carrier mobility and density or internal electric field
in a photoelectrode.

The suppression of charge recombination by enhancing the
internal electric field has been recently demonstrated to boost
the performance of a photoelectrode in organic valorisation.
Kong et al. introduced nitrogen into WO; (N-WO3;) to enhance
the PEC valorisation of polyol biomass into CO.'° Density
functional theory (DFT) calculation revealed that nitrogen
doping regulates the electronic structure polarity by creating an
asymmetric distribution of charge (Fig. 9a). The asymmetric
distribution of charge enhances the internal electric field,
effectively preventing the recombination of charge carriers. As
a result, N-WO; exhibited a higher photocurrent density in PEC
glycerol valorisation than pristine WO; (Fig. 9b). N-WO; pre-
sented a higher CO evolution rate than WO; at a similar CO
selectivity throughout the voltage range of 0.4-0.9 Vgyg (Fig. 9¢
and d). N-WO; also exhibited promising long-term stability in
an acidic solution (0.5 M Na,SO,4, pH 1), with around 80%
selectivity towards CO, 40% CO FE, and 10% carbon yield after
50 h (Fig. 9e). The excellent stability was attributed to the
absence of any phase or structural changes during the PEC
process. Similarly, Kim et al. demonstrated an enhancement in
PET microplastic valorisation over a-Fe,O; by Zr doping (Zr:a-
Fe,05)."*¢ PET microplastic was obtained by grinding commer-
cial PET into microplastic (=5 mm), followed by immersion in
5 M NaOH for 3 days at 80 °C to obtain EG. Zr doping served as
an electron donor, accelerating electron transport kinetics and
promoting more upward band bending. Zr:a-Fe,O; exhibited
a faster production rate of FA and acetate compared to a-Fe,O;.
Moreover, Zr:o-Fe,O; demonstrated excellent long-term
stability over seven cycles, each lasting 12 h. Notably, there
was no change in phase or surface oxidation state after the
cycling test, and no metal leaching was observed, indicating
excellent structural and chemical stability.

Beyond regulating the photocurrent of the pristine photo-
electrode, increasing the selectivity for the target product and
enhancing stability can also be realised by incorporating
a suitable dopant. The enhancement of photocurrent, selectivity
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of DHA in PEC glycerol oxidation, and immunity to the disso-
lution in an acidic medium were achieved through Ta doping of
BiVO, (Ta:BiVO,), as shown in Fig. 9f and g."*> Doping with Ta in
BiVO, was found to effectively enhance the photocurrent
density and FE of DHA from 1.70 to 3.07 mA ecm ™~ at 1.23 Vgyg
and from 41% to 61%, respectively. In terms of stability, BiVO,
retained only approximately 70% of the photocurrent in the
acidic solution after 2 h of operation during glycerol oxidation.
In contrast, both Ta:BivVO, and TaO,-coated BiVO, (TaO,/BivO,)
remained stable in photocurrent during 2 h PEC glycerol val-
orisation. These results confirm that the presence of Ta or TaO,
on the surface of BiVO, protects BiVO, from dissolution in an
acidic medium, thus providing high stability.

4.2 Heterojunction

The concept of a semiconductor-semiconductor heterojunction
configuration is employed to prevent the recombination of
photo-generated charges and accelerate the charge transfer
driven by a built-in electric field.**”**® In some cases, the guest
semiconductor is selected to have a narrower bandgap than the
host semiconductor to extend the utilisation of photons in the

13980 | Chem. Sci, 2025, 16, 13966-13996

solar light spectrum. The selectivity might also be tuned by
altering the catalytic kinetics, oxidation potentials, or reaction
routes through the appropriate selection of the heterojunction
layer. Heterojunctions can be categorised into three conven-
tional types according to their band alignment between the two
semiconductors: straddling-gap (type-I), staggered-gap (type-1I),
and broken-gap heterojunctions (type-III).'** However, only
type-II heterojunction can promote spatial charge separation,
thereby eliminating charge recombination.”® The charge sepa-
ration in a type-II heterojunction is realised by the photo-
generated electrons in semiconductor B transporting to semi-
conductor A, while the photo-generated holes follow the reverse
route. The junctions can be further divided into n-n junctions,
p-p junctions, or p-n junctions based on the conductivity
features of the semiconductors.

PEC organic waste valorisation is typically performed in
water, and the OER inevitably occurs as a side reaction if the
photo-generated holes possess sufficient oxidative force toward
OER. As previously mentioned, organic oxidation in common
valorisation studies generally requires less oxidative force than
OER. Selecting a guest semiconductor with insufficient Eyg to
oxidise water can eliminate the OER side reaction during PEC

© 2025 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/d5sc03146j

Open Access Article. Published on 21 jali 2025. Downloaded on 9.11.2025 20:36:45.

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

(cc)

Perspective

View Article Online

Chemical Science

light on nanoFe,0, -
P> 0.6f —— nanoFe,0,|m-Cu0 P T
‘ : ! p o, 10 ¢ ;04-\ £60F =— ‘2
+1.0 >
I, /,«lb‘g """ 15 > E u.1§40_ s
Q L H,0 P W Sgol = 2 3
+2.0 ’ 20} 4
o light off o
%% 05 10 15 20 nanoFe,0;  nanoFe,0,m-Cu0
t/h
(d) (e)
Glycerol Formic acid-favoured S
( e 300{ @ DHA selectivity P
In

\ : :
£ 200 605,
h*| TiO, E o
i )
Bi,0, incorporation % @— Conversion rate 40 g’
5100 =
Glycerol DHA-favoured o r20 §
g) ~

c

S

_/ O

hv \‘ o

L E

Bi,0,
h+

Fig. 10

0 0
0 20 40 60 80 100 120 140

- Time (h)

(a) Band diagram of the nanoFe,Oz|m-CuO. (b) CPE measurements of nanoFe,Oz and nanoFe,Oz|m-CuO, and (c) their corresponding

FE and production rate of FA in 0.1 M NaOH with 20 mM glucose under solar light irradiation (AM 1.5 G, 100 mW cm™2). Reproduced with
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(e) long-term stability test of Bi,Oz/TiO, photoanode for PEC glycerol oxidation. Reproduced with permission.*® Copyright 2022, American

Chemical Society.

organic compound valorisation. Chuang et al constructed
a type-Il p-n heterojunction of nanoFe,O; and CuO as
a nanoFe,0;|CuO photoanode for PEC glucose oxidation into
FA.'" With regard to the Eyg position of nanoFe,0;, there is
competition between OER and glucose oxidation. The incor-
poration of CuO effectively inhibits the OER side reaction
because of the insufficient driving force of holes on its Eyg.
Additionally, CuO is an efficient catalyst for glucose valorisation
to FA and also acts as a co-catalyst in the nanoFe,O3|CuO het-
erojunction photoelectrode, promoting FA formation (Fig. 10a).
The nanoFe,0;/CuO outperformed nanoFe,O; by exhibiting
a stable photocurrent density, while nanoFe,0; exhibited a 33%
decay photocurrent density after 2 h of operation (Fig. 10b).
Furthermore, nanoFe,03|CuO also exhibited nearly 100% of FE
for FA production at 1.0 Vgyg (Fig. 10c). Another analogous case
was presented by Luo et al., showing that the addition of a p-
type semiconductor of Bi,O; to n-type TiO, (Bi03/TiO,)
significantly enhanced charge separation, transfer, and light
absorption, thereby promoting larger photocurrent density in
the PEC glycerol oxidation.*® The Bi,O;/TiO, exhibited a higher
DHA selectivity than TiO, alone (65.7% vs. 8.2%). In particular,
DFT calculation also revealed that Bi,O; tends to adsorb the
middle hydroxyl of glycerol, selectively generating DHA rather
than formic acid (Fig. 10d). Meanwhile, the Bi,03/TiO,

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

maintained a high conversion rate (>200 mmol m > h™ ") and FE
of DHA for 150 h (Fig. 10e) due to its excellent structural and
chemical stability.

n-n heterojunctions have also been employed to promote
the reaction rate for PEC organic valorisation. The formation of
a type-1I heterojunction between defective WO; (m-H-WO;) and
TiO,, coupled with interfacial and defect engineering, effectively
accelerates charge separation and mass transfer.'” A photo-
current of 2.89 mA cm > was achieved at 1.23 Vgzyg for the
heterojunction photoelectrode, which is more than 1.5 times
higher than that of WO;. Likewise, the improved photocurrent
stability of m-H-WO;/TiO,, 3 times higher than that of m-WO;,
was demonstrated over 60 min. m-WO; exhibited poor photo-
current stability, with a 60% decay occurring within only
35 min. The superior photocurrent stability in m-H-WO3/TiO,
was attributed to its massive oxygen vacancies, which acted as
electron mediators. The production rate of GLYAD and DHA
reached 353 mmol m~> h™" at 1.2 Vg for the heterojunction
photoelectrode, whereas WO, achieved only 133 mmolm >h ™.

4.3 Co-catalyst modification

Oxidation of organic waste in the absence of a soluble redox
mediator generally involves an inner-sphere electron transfer

Chem. Sci., 2025, 16, 13966-13996 | 13981
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process. For this process, the reaction kinetics is significantly
influenced by the interaction between the electrode material
and the reactant/product.’®*** In this circumstance, the nature
of electrode surface is crucial. In other words, to improve the
selectivity of the desired products during organic waste
conversion, the surface modification of the photoelectrodes
with suitable co-catalysts is often necessary. The charge sepa-
ration and overall activity of a photoelectrode are also possibly
enhanced by accelerating charge transfer from the photo-
electrode to the co-catalyst.”>'** For example, Huang et al.
successfully transformed an inactive BiVO, photoanode into
a highly efficient photoanode toward FA production from
methanol by co-catalyst  modification
(Fig. 11a-c).”** nanoFe:Ni-Bi was synthesized by pulse-current
electrodeposition and was found to be an active catalyst for
methanol oxidation, in which the catalytic activity is controlled
by the amount of iron species. Cooperating nanoFe:Ni-Bi with
BivO, resulted in remarkable FA production with an FE of
94.6% =+ 12.3% through PEC methanol oxidation at 0.55 Vryg at
neutral pH, while negligible FA formation was observed in
pristine BiVO,. In addition, BiVO,|nanoFe:Ni-Bi exhibited
a stable photocurrent density over 2 h. A co-catalyst modifica-
tion strategy has also been revealed for glycerol valorisation

nanoFe:Ni-Bi

NanoFe:Ni-Bi

(@)

View Article Online

Perspective

using tungsten-doped BiVO, (W:BiVO,).*® The co-catalyst of
NiO,(OH), not only enhanced the production rate but also
altered the product distribution. The most valuable product,
DHA, was not observed during glycerol valorisation
using W:BiVO, without the presence of NiO,(OH), in a mild
alkaline solution (Fig. 11d-f). Upon addition of NiO, (OH), co-
catalyst, W:BiVO, generated DHA with an FE of approximately
20% at 1.2 Vgyg. However, continuous decay in photocurrent
due to the gradual dissolution of the NiO,(OH), co-catalyst in
alkaline conditions remains a challenge requiring further
investigation.

Co-catalyst modification has also been widely adopted for a-
Fe,0; in the valorisation of organic waste. For instance, CuO
acts both as a heterojunction and co-catalyst in nanoFe,O3|CuO
for PEC glucose valorisation, as discussed in the heterojunction
section (Fig. 10a-c). Taking advantage of the corrosion-resistant
properties of a-Fe,O3 in alkaline solutions, this material is of
particular interest in polymer waste valorisation. However, the
FE of some target products, such as FA, is often limited. Li et al.
demonstrated that surface modification of Fe,O; photoanode
with Ni(OH), co-catalyst significantly enhanced the FE of FA
from PET valorisation, increasing it from 10% to nearly 100%
(Fig. 12a—c)."*® In this study, Ni(OH), co-catalyst was loaded on
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Fig. 11 (a) High-resolution transition electron microscopy (HRTEM) image shows the surface modification of the BiVO, photoanode with
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Bi photoanodes in near-neutral pH containing 0.1 M methanol in the dark (i’ —iii") and under light illumination (iiii). (c) Production rate of formate
(Riormate) and FEformate from PEC methanol oxidation using the pristine BiVO,4 and BiVOg4|nanoFe:Ni-Bi photoanodes. Reproduced with
permission.”* Copyright 2020, Elsevier. (d) HRTEM image illustrating NiO,(OH), co-catalyst incorporation on the surface of the W:BiVO,
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Elsevier.

the surface of a-Fe,O; using a hydrothermal method under
a mild temperature. Ni** in Ni(OH), is proposed to be first
oxidized to the higher valence of Ni** by the photo-generated
holes from Fe,O; and then reduced back to Ni** by oxidising
EG, a monomer of PET, to FA. A similar result was observed with
a Ni phosphate (Ni-Pi) co-catalyst modified a-Fe,O; for EG and
PET valorisation.” Monomer EG was also obtained by grinding
waste PET bottles into micro-sized powder, followed by alkaline
hydrolysis in 1 M NaOH at 90 °C for 24 h. Ni phosphate (Ni-Pi)
co-catalyst was deposited on a-Fe,O; using a simple photo-
deposition method (Fig. 12d-f), and the Ni-Pi-modified o-
Fe,0; (Ni-Pi/a-Fe,0;) photoanode demonstrated an enhance-
ment of FE (87%) toward FA production from EG valorisation
compared to unmodified a-Fe,O3 (40%). The experimental
results confirmed that the enhanced PEC performance
accounted for the enhancement in charge separation and
charge transfer kinetics by Ni-Pi. This study also compared the
performance of Ni-Pi-modified a-Fe,O; with a-Fe,O; modified
by other co-catalysts. Ni-Pi demonstrated the highest activity
and FE on a-Fe,O; compared to CoOOH, NiOOH, and Co-Pi.
DFT also revealed that Ni-Pi exhibits a stronger absorption
ability toward the EG and promotes efficient desorption of the
product of FA compared to NiOOH. Ni-Pi/a-Fe,O; photoanode
also successfully oxidised waste PET plastic bottle, achieving
a high FA FE (82%) and functioned stably for 12 h (6 cycles) due
to its structural and chemical stability.

4.4 Nanostructuring

As revealed in eqn (4), the activity in terms of photocurrent in
a PEC reaction is determined by three factors, npug, Msep, and

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

Nine, fOr a photoelectrode. Among them, 7 yg and 74, have
contradictory requirements regarding film thickness for
a planar photoelectrode. Nanostructuring the photoelectrode
can resolve the contradictory issues, thereby enhancing the
photocurrent by decoupling the light-harvesting and charge-
transport directions. Therefore, it is essential for photo-
electrode materials with short charge carrier diffusion lengths,
such as a¢-Fe,0;. In addition, the surface area and number of
active sites of a photoelectrode can also be enhanced by nano-
structuring. Nanostructuring has, therefore, also been demon-
strated as a practical approach to boost the reaction rates in PEC
organic valorisation.

V,0;5 has been demonstrated as an example of the effect of
nanostructuring on the performance of methanol oxidation
over V,0; (Fig. 13a-d).* Exfoliation of V,O5 into nanosheet
bundles can be readily achieved by direct top-down exfoliation
of sub-micron V,05 plates using formamide as the exfoliation
agent. The photocurrent for methanol oxidation doubled at 1.3
Vrue if the V,05 microplate was exfoliated. An impedance study
confirms that exfoliating V,05 reduces charge transport resis-
tance, owing to a shorter travel distance for photo-generated
holes. In addition, the oxygen vacancy (Vo) increases upon
exfoliation, thereby enhancing the conductivity and active sites
of V,0s.

As mentioned in the previous section, the majority of work in
PEC organic valorisation focuses on state-of-the-art photo-
anodes such as TiO,, WO;, Fe,03, and BiVO,. However, except
for TiO,, the application of these photoelectrodes is limited to
specific reactions due to the narrow operational range in which
they can function stably. Most recently, nanosheet-structured
CuWO, (nanoCuWO,) has been investigated across a wide

Chem. Sci., 2025, 16, 13966-13996 | 13983
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a CC BY 4.0 license.*® Copyright 2022, The Author(s), published by Elsevier. (e) SEM image of nanosheet structured CuWQy (f) FE derived from
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Chemical Society.

range of PEC valorisation systems, including glucose, fructose,
and glycerol, owing to its broad operational stability (Fig. 13e
and f).** FE of 76% =+ 5% for FA and 61% + 8% for GLA were
achieved at pH 10.2 over CuWO, from PEC glucose and fructose
valorisation, respectively. Notably, the FEs of the primary
products, GLAD and DHA, were over 85% at neutral and slightly
acidic pH using CuwWO, for PEC glycerol valorisation.
NanoCuWO, exhibited a significantly higher photocurrent at
1.23 Vgyg than a planar CuWO, for PEC water oxidation and
glycerol valorisation, demonstrating that nanoCuwO, provides
more active sites in PEC reactions. Notably, the nanoCuwO,
maintained a high total FE of value-added chemicals (100%)
over 72 h of photoelectrolysis and retained 60% of its initial
photocurrent density after prolonged operation of more than
38 h. This excellent stability was attributed to the preservation
of phase properties following long-term operation.

Tuning product selectivity has also been reported to be
achieved through nanoconfinement. Lu et al introduced
a nanoconfined environment into the glycerol valorisation
process using one-dimensional TiO, nanotubes (Fig. 13g-i)."**

13984 | Chem. Sci, 2025, 16, 13966-13996

Nanotubes with three pore sizes, 50 nm (TNT-50), 75 nm (TNT-
75) and 100 nm (TNT-100), were investigated, among which
TNT-50 exhibited the highest photocurrent for PEC glycerol
oxidation. The nanoconfined environment accelerated the mass
transfer process by the microscale fluid effects. The diffusion
rate of glycerol on TiO, nanotubes increased almost fivefold
when the tube diameter was reduced from 100 to 50 nm. The
faster diffusion rate inhibited the overoxidation of glycerol and
enhanced the selectivity of C; products, such as GLAD. The TiO,
nanotube also demonstrated promising stability, with no
significant photocurrent degradation observed during 10 h of
operation.

4.5 Crystal facet and crystal phase engineering

Beyond doping, co-catalyst addition, or heterojunction forma-
tion, crystal facet and crystal phase engineering have also been
demonstrated to enhance the performance of photoelectrodes
for organic valorisation. These crystalline and phase properties
influence surface reactivity by promoting favourable adsorption
or facilitating the activation of specific reactants. These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Representation of the atomic structures of the lowest-energy “OH adsorption on twinning W atoms of different facets, in which, from

left to right, the sequence is facets of (010), (100), and (001). The corresponding adsorption energy is presented at the bottom. (b) EPR analyses of
*OH in the presence of WOz NB, WOz NP or WOz NF after light illumination (c) PEC CH4-to-EG conversion selectivity at various potential using
the photoanode of WOz NB, WOz NP or WOz NF. Reproduced with permission.’°® Copyright 2021, John Wiley and Sons. (d) Energy profiles
derived from DFT calculation of glycerol oxidation on WO3 at the facets of (200) and (202). (e) The comparison of WOz in OCP change between
facets of (200) and (202) in a supporting electrolyte with subsequent injection of 0.1 M glycerol. (f) FT-IR absorbance spectra of the C-O bond
vibration peaks of WOs photoanodes with predominant facets of (200) and (202) in a Na,SO,4 solution with or without glycerol. Reproduced with
permission.®® Copyright 2022, American Chemical Society. (g) Schematic representation of the process of synthesising textured and untextured
MBVO. (h) The nsep and nint (nirans) Of textured and untextured MBVO. (i) The PEC stability of textured MBVO under glycerol oxidation and OER
(inset) conditions. Reproduced with permission.**® Copyright 2024, John Wiley and Sons.

strategies have been applied on both WO; and BiVO, to improve
the activity and selectivity for organic valorisation. Ma et al.
optimised the reactivity of hydroxyl radicals ("OH) by tuning the
crystal facet of WO; to achieve efficient EG production from CH,
(Fig. 14a-c).'*® The photo-generated ‘OH radicals played
a significant role in CH, activation and subsequent EG forma-
tion. Their DFT calculations revealed that (010) facet exhibited
the highest presence of 'OH on the surface compared to the
(100) and (001) facets. This was attributed to the spatial prox-
imity of adsorbed "OH radicals on the (100) and (001) surfaces,
which led to their disappearance via the formation of surface-
bound O and H,O0. As a result, WO3; nanobar (WO; NB), which
had the highest proportion of the (010) facet, showed superior
EG production rate and selectivity compared to WO; nanoplate
(WO;3NP) and WO; nanoflake (WO;NF), both of had lower (010)
facet ratios. This trend was corroborated by electron para-
magnetic resonance (EPR) measurements, which showed that

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

WOj; NB exhibited the strongest signal of DMPO-"OH among the
three morphologies. The WO; NB also exhibited stable photo-
current density during 12 h of photoelectrolysis, confirming its
promising stability for CH, conversion.

Engineering the WO; facet for optimising the generation of
GLAD has also been reported (Fig. 14d-f).*® The production of
GLAD originates from the two-electron oxidation of the primary
hydroxyl group of glycerol. A WO; photoanode with predomi-
nant (202) facets, denoted as WO; (202), exhibited a higher
production rate and selectivity for GLAD than WO; with pre-
dominated (200) facets (WO; (200)). This was attributed to the
superior light absorption properties and higher carrier
concentration of WO; with predominated (202) facet. In addi-
tion, the DFT calculations revealed that the crystal facet of (202)
showed stronger glycerol adsorption and facilitated its activa-
tion more effectively than the (200) facet. The (202) facet also
exhibited easier desorption of GLAD. The stronger glycerol
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absorption tendency on WO; (202) was evidenced by a more
pronounced cathodic shift in open-circuit potential (OCP) after
the addition of glycerol. Furthermore, Fourier-transform
infrared (FT-IR) spectra indicated that, compared to WO,
(200), the C-O bond vibration peaks of the primary and
secondary hydroxyl groups shifted to higher and lower wave-
numbers, respectively, on WO; (202). Both OCP and FT-IR
studies experimentally demonstrated that WO; (202) had
a higher tendency for PEC GLAD production from glycerol.
Notably, WO; (202) also exhibited excellent photocurrent
stability without any decay for 12 h, while the photocurrent
density of WO; (200) remained at approximately 70% of its
initial photocurrent density at 1.2 Vgyg.

In addition to the crystal facet effect in WO;, Wu et al.
investigated the effect of the crystal phase of WO;, including
monoclinic (m-WO;) and hexagonal (h-WO3), on HMF oxidation
to DFF.*® m-WO; outperformed h-WOsj;, attributed to enhanced
light absorption, improved charge separation, optimised reac-
tant adsorption and a higher oxidation capacity of the photo-
generated holes. Consequently, m-WO; exhibited a lower
onset potential at 0.6 Vrxyr and a significant increase in
photocurrent density, reaching 1.1 mA cm 2 at 1.3 Vgyg (a
sixfold enhancement over h-WOj3;). Under constant irradiation
at 1.1 Vggg, m-WO; retained 50% of its initial photocurrent.

Benefiting from the enhancement of reaction rate or selec-
tivity by tuning the preferential crystal orientation has also been
demonstrated in the case of BiVO,. Wu et al synthesized
textured Mo-doped BiVO, (MBVO) with a (001) crystal orienta-
tion via a rapid-ramping annealing method and applied it for
glycerol oxidation reaction (GOR) (Fig. 14g-i)."** The (001)
crystal orientation in MBVO-textured provided a substantially
enhanced 7ep 0f 90% at 1.23 Vryg, exceeding that of randomly
oriented untextured MBVO (74%). Accordingly, the textured
MBVO exhibited a photocurrent density of 7.45 + 0.19 mA cm >
at 1.23 Vgyg, corresponding to 99% of the J,.x of BiVO, (Table
2). Notably, the textured MBVO also showed promising stability
of photocurrent density up to 100 h at 0.8 Vryg in GOR, origi-
nating from its high 7., from (001) crystal orientation coupled
with optimisation of photo-generated hole utilisation in glyc-
erol oxidation. In another study, the difference in activity and
selectivity toward DHA production from PEC glycerol valor-
isation between facets of (010) and (121) has been explored.***
Their FT-IR results indicated that (010) had a much stronger
absorption signal for the C-O bond vibration peak of the
secondary hydroxyl group than that of the facet (121). Although
the DFT calculation aligned with the FT-IR result, there was only

Table3 Summary of various strategies for achieving different levels of
improvement, where @ @ @ denotes pronounced enhancement and
O O O denotes minimal impact

Activity ~ Selectivity  Stability
Doping 000 000 __JOX®
Heterojunction 000 0600 OO
Co-catalyst modification [ X JORN X X J __JOX®
Nanostructuring o000 000 00O
Crystal facet and phase engineering @ @®O @ @®@® __JOX®
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a subtle difference in the adsorption energy between facets of
(010) and (121). This might result from the DFT used being the
simplest one, without considering the solvent effect.

The above discussion on strategies related to the effect of
achieving different levels of improvement on photoelectrode
activity, target product selectivity, and PEC stability are sum-
marised in Table 3.

5. PEC reduction for organic
synthesis

PEC organic valorisation typically takes the thermodynamic
benefits of organic oxidation to replace the sluggish OER.
Therefore, most PEC organic valorisation studies focus on the
oxidation process. Some studies still focus on organic reduc-
tion, although a cathode, rather than a photocathode, is nor-
mally employed in a PEC system. The production of BHMF from
HMF using a PEC system consisting of an Ag cathode and
a BiVO, photoanode serves as a representative example.”* BHMF
is an essential starting agent in the polymerisation and
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Fig. 15 Schematic of (a) the PEC cell consisting of a BiVO4 photo-
anode and Ag cathode for HMF reduction into BHMF. Reproduced
with permission.?® Copyright 2016, American Chemical Society. (b)
Photo-electro-biochemical reactor with a TiO, photoanode harvest-
ing sunlight and a Co—N/CNT cathode to generate H,O,, which is
provided to the biocatalyst for lignin valorisation. Reproduced with
permission under the terms of a CC BY 4.0 license.**®* Copyright 2019,
The Author(s), published by Springer Nature. (c) Inorganic-biological
hybrid PEC system with a Si/C photocathode for light harvesting and
a LPMO catalysing a-chitin valorisation. (d) Long-term stability of the
Si/C photocathode. Reproduced with permission.**® Copyright 2020,
Elsevier.
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etherification industries. BHMF is produced under conditions
of high pressure (>28 bar) and temperature (>403 K) using H, as
the hydrogen source. On the other hand, the EC reduction of
HMF to BHMF can be operated under ambient conditions and
utilise water as a hydrogen source, bypassing the need for H,.
The authors systematically investigated HMF reduction using
a dendritic fractal structured Ag cathode synthesised by
galvanic displacement, denoted as Aggq. The Ag,q exhibited an
FE close to 100% toward BHMF. To reduce energy consumption,
a PEC cell containing a BiVO, photoanode and an Ag cathode
was then constructed. Photo-generated holes from BiVO, were
used for OER, while the photoexcited electron was transferred
to the Ag cathode to reduce HMF into BHMF (Fig. 15a). This
PEC cell not only exhibited a comparable FE (94%) with an EC
cell, but it also reduced the energy consumption required from
the applied voltage.

A PEC cell integrated with an enzyme, a biocatalyst, has been
recently investigated for the valorisation of lignin and a-chitin
(Fig. 15b). Myohwa Ko et al. demonstrated a PEC system con-
sisting of a TiO, photoanode for photovoltage generation and
a Co-N/carbon nanotube (Co-N/CNT) cathode for oxygen
reduction reaction.”® The cathodic product H,0, acted as an
electron acceptor for lignin peroxidase isozyme H8, which has
high activity toward selective f-O-4 bonds in lignin cleavage. To
prevent damage to the enzyme from high concentrations of
H,0,, an additional cellulose membrane was used to separate
the cathode and enzyme. The enzyme-assisted PEC catalyzed the
lignin dimer depolymerisation with 93.7% conversion and 98.7%
selectivity for 3,4-dimethoxybenzaldehyde, a vanillin derivative.

Generation of chitin oligosaccharides from a-chitin over a Si/
C integrated with lytic polysaccharide monooxygenases enzyme
mediator (LPMO) in the presence of a redox mediator is a rare
example of using a photocathode for PEC reduction valorisation
(Fig. 15c¢ and d).*** The mediator, such as 2,6-dimethyl-1,4-
benzoquinone (DMBQ), was first photoelectrochemically
reduced by the Si/C photocathode. The reduced DMBQ subse-
quently provided the reductive power to LPMO, assisted by O,
activation, to convert o-chitin to oligosaccharide. The PEC
system can be realised under benign environmental conditions
for the sustainable valorisation of a-chitin. However, this
system exhibited a photocurrent density decay of more than
60% after 12 h. Improving the stability of this system remains
a subject for further investigation.

6. Integrated PEC cell for
cogeneration of solar fuel and value-
added chemical

This section discusses the integrated PEC systems for simulta-
neous solar fuel and value-added chemical production. There
are many configurations of PEC systems. However, a tandem
PEC cell consisting of a cathode and an anode, in which at least
one of the electrodes is a photoelectrode, is focused on, as this
type of PEC cell has the most concise design and is easily
scalable. In addition, a review of a photovoltaic (PV) integrated
with a two-electrode PEC system is also included, as this type of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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design is widely applied to PEC cells that require an external
bias to achieve a sufficient production rate.

6.1 Photoanode paired with a cathode

The pioneering work of an integrated PEC cell for the cogene-
ration of value-added chemicals and H, was demonstrated in
2015.7° The PEC cell consists of a BiVO, photoanode connected
to a Pt cathode in a tandem configuration and was used for FDCA
and H, production. Additionally, TEMPO in the electrolyte is
employed as a mediator and catalyst. Under light illumination,
photo-generated holes from BiVO, oxidise TEMPO to TEMPO",
further catalyses HMF conversion into FDCA. Meanwhile, the
photoexcited electrons were transferred to the Pt cathode for H,
evolution. The authors also compared the TEMPO oxidation
activity at the BiVO, photoanode under light illumination with
that at an Au electrode. Compared to the Au electrode, the bare
BivVO, photoanode exhibited a reduction of 0.7 V in the potential
necessary for HMF oxidation due to its sufficient Eyp to drive the
TEMPO oxidation under light illumination. TEMPO-mediated
PEC HMF oxidation resulted in 93% FE of FDCA. A PEC cell
consisting of a photoanode and a cathode was also employed for
PET valorisation and H, co-generation. Lin et al. demonstrated
an integrated PEC cell consisting of nickel phosphide
nanoparticle-modified TiO, nanorods photoanode (nanoTiO,/
nanoNiP) and carbon nanotubes/nickel phosphide nanoparticles
nanocomposite (CNT/nanoNiP) cathode for the valorisation of
PET lysate (EG) into FA and H, (Fig. 16a and b), respectively.'*®
PET bottles were pre-treated by cutting into flakes, followed by
alkaline hydrolysis in 2 M KOH at 80 °C for 24 h to get EG. CV
activation was beneficial in the surface reconstruction of nano-
NiP into B-NiOOH active site of EG oxidation. Furthermore, P in
nanoNiP was critical in suppressing further transformation of -
NiOOH into y-NiOOH. Meanwhile, the pristine nanoNiP was
found to be active as an HER catalyst. In the 4-h photo-
electrolysis, the PEC cell containing nanoTiO,/nanoNiP photo-
anode and CNT/nanoNiP cathode exhibited an FE of 57.1% =+
1.7% toward FA and an FE of 76.8% =+ 7.8% toward H, at an
external bias of 0.5 V.

As revealed in the last example, a PEC system might still need
an external bias supply, although the required external bias is
generally much less than in an EC system. A PV cell is typically
further connected and stacked with a PEC cell to form an
integrated, standalone PV-PEC system. For instance, a PV-PEC
system has been applied to water splitting and glycerol valor-
isation over a CuwO, photoanode (Fig. 16c-e).>* The PV-PEC
cell exhibited a significantly higher operating photocurrent for
glycerol valorisation than for water splitting. Product analyses
also confirmed that the production rate of H, in glycerol val-
orisation was approximately double that of water splitting. This
corresponding finding supports that PEC valorisation can
generate more valuable chemicals than water splitting and
accelerate the H, production rate.

6.2 Photocathode paired with an anode

The majority of cathodic reactions, including HER, CO,RR, and
NH; production, have been demonstrated to couple with
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(a) Schematic of an integrated PEC cell comprising a nanoTiO,/nanoNiP photoanode paired with a CNT/nanoNiP cathode, and the

chronoamperometric curve under light illumination of the PEC cell. (b) LSVs of (i) bare nanoTiO,, (i) nanoTiOz|nanoNi-Py,(CV), {iii) Pt foil, and (iv)
CNT/nanoNi-Pg,. A solid line was recorded under light illumination in the deaerated PET lysate, whereas a dashed line was obtained in the dark in
the deaerated KOH solution. Reproduced with permission under the terms of a CC BY 4.0 license.*®® Copyright 2021, The Author(s), published by
Elsevier. (c) Schematic representation of a photovoltaic device (Si solar cell) connected to the nanoCuWO,4-based PEC cell for simultaneous
glycerol valorisation and H, production. (d) Overlaid J-V curves of the Si solar cell and nanoCuWO4-based PEC cell either for glycerol oxidation
(green) or water oxidation (red). Solid and dash lines represent the J-V curves measured in the light and dark, respectively. (€) Amount of H,
generated by the nanoCuWO,-based PV-PEC cell from glycerol valorisation and water splitting. Reproduced with permission.>* Copyright 2024,

John Wiley and Sons.

organic oxidation in the configuration of a photocathode paired
with an anode. Bhattacharjee et al. demonstrated a PEC cell to
valorise organic waste into valuable chemicals and co-generate
H,."*” The PEC cell consisted of a Pt-decorated lead-halide
perovskite (perovskite|Pt) photocathode for PEC HER and
Cu;oPd;, alloy micro-flowers for oxidation of organic waste such
as PET and cellulose (Fig. 17a—e). The PET bottle was first cut
and ground into a smaller pieces, followed by alkaline hydro-
lysis in 1 M KOH at 80 °C for 120 h to obtain monomer EG.
Under 10 h bias-free photoelectrolysis, Cus,Pd,|/perovskite|Pt
PEC cell, both in two-compartment and “artificial leaf” config-
urations, exhibited photocurrent density of 4-9 mA em™? from
valorisation of plastic, biomass, and glycerol. Product selectivity
from the oxidation of organic wastes ranged from 60% to 90%,
while H, was co-generated with FEs of exceeding 90% during
the valorisation of different organic waste.

CO,RR, coupled with organic waste valorisation, was further
demonstrated by the same group using a similar perovskite
photocathode-based PEC system. A zero-bias PEC cell consist-
ing of a CO, reduction catalyst (CO,R.,)-modified lead-halide
perovskite (PVK) photocathode and a Ni foam|Cu,,Pd,; micro-
flower anode was used for PEC CO,RR and plastic valor-
isation.”®® Three different CO,R.,, including cobalt porphyrin
(CoPyp), Cugylng alloy, and tungsten-formate dehydrogenase
(FDH) biocatalyst, were incorporated onto the perovskite
surface, and their CO,RR performance was investigated. PEC
reduction products at the photocathode part were CO (FE of

13988 | Chem. Sci., 2025, 16, 13966-13996

90%), syngas (CO/H, = 1/1, FE of 43% (CO) and 49% (H,)), and
FA (95%) using PVK|COP;, PVK|Cug;In,, and PVK|FDH photo-
cathodes, respectively. On the other hand, the Cu,,Pd,;-based
anode exhibited high selectivity with an FE exceeding 90%
toward GLA from PET plastics. In addition, the PEC cells con-
sisting of Ni foam|Cu,,Pd,; anode and either a PVK|Cug;Ing or
PVK|FDH photocathode also demonstrated stable photocurrent
densities for up to 10 h. Meanwhile, a slight decay in the
photocurrent density was observed when PVK|COP;, was
employed as the photocathode. This system is significant for
developing high-value chemicals from the CO,RR platform, as
conventional PEC CO,RR is limited by the high thermodynamic
barrier associated with the OER.

PEC nitrate reduction (NO3RR) to form ammonia (NH;) has
recently attracted considerable attention, as it generates green
NH; from nitrate-contaminated solutions. Furthermore, NH; is
a promising H, carrier due to its safer and more efficient
transportation. Tayyebi et al. recently demonstrated a bias-free
PEC cell for co-generating NH; and glyceric acid from NO;~
and glycerol, respectively.** The PEC cell was composed of a Ru-
loaded titanate nanosheet loaded on a Ni-modified Pb-
perovskite (Ru@TiNS/Ni/perovskite) photocathode and a Pt-
decorated TiNS electrocatalyst, and could be operated bias-
free. The bias-free PEC full cell achieved a stable photocurrent
density of 21.2 4 0.7 mA cm ™2 over 24 h, which was attributed to
the effective Ni coating that acted as a protecting layer over the
perovskite photoelectrode, along with strong bonding between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Illustration of the CuzoPd;o|perovskite|Pt PEC system in (a) the two-compartment and (b) artificial leaf. PEC analyses using the two-

compartment system or the artificial leaf in a solution containing pre-treated polymeric and real-world substrates in (c) chopped scans and (d)
bias-free chronoamperometry. () Amount of oxidation product along with the corresponding selectivity generated from different substrates
after 10 h of bias-free PEC reactions using the two-compartment system or the artificial leaf. Reproduced with permission under the terms of
a CCBY 4.0 license.™” Copyright 2021, The Author(s), published by John Wiley and Sons. (f) Chopped scan and (g) bias-free chronoamperometry
of the Ru@TiNS/Ni/perovskite photocathode in a two-electrode integrated system. (h) SAP, the amount of reduction product produced from
under AM 1.5 G simulated one-sun condition per hour over an area of 1 cm?, of NHz and NO, ™, and (i) FE of the oxidation products from glycerol
using the two-electrode system under bias-free condition. Ru@TiNS/Ni/perovskite and Pt@TiNS electrocatalysts were used as the photocathode
and the anode in the two-electrode system, respectively. Reproduced with permission.*>® Copyright 2024, Springer Nature.

the Pt and TiNS at the anode (Fig. 17f and g). The reduction
product was NH3, with a high yield of 1744.9 pg NH; cm™ > h™%,
corresponding to an FE of 99.5% + 0.8%. Meanwhile, the major
oxidation products were glyceric acid and lactic acid, which has
a combined FE of 98.1% =+ 2.4% (Fig. 17h and i).

6.3 Photocathode paired with a photoanode

There is relatively limited research on using two photo-
electrodes in a PEC cell. Recently, PEC CO,RR coupled with PEC
biomass oxidation for concurrent FA production has been
demonstrated by Pan et al. A dual-photoelectrode PEC cell
consisting of Bi/GaN/Si and NiOOH/a-Fe,O; wafers was used for
CO,RR and biomass valorisation, respectively (Fig. 18a-c).*® For
the single photoelectrode performance in a three-electrode
system, the NiOOH/a-Fe,O; photoanode outperformed other
a-Fe,05-based photoanodes, including o-Fe,O;, CoOOH/a-
Fe,03, and FeOOH/a-Fe,0;, with the FEr, of approximate 97%
and stable performance for 10 h. This was due to NiOOH
enhancing the hole separation and charge transfer kinetics of a-
Fe,03, as evident from its lowest charge transfer resistance and
the smallest calculated Gibbs free energy barrier for converting
glucose into FA. The NiOOH/a-Fe,O; photoanode was also able
to oxidise real-world biomass to FA with an FE of over 90% and

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

remain stable for 100 h. Shifting the focus to the cathodic side,
the Bi/GaN/Si photocathode exhibited an FE of 85.2% toward FA
at —0.2 V and stable for 10 h. The Bi/GaN/Si and NiOOH/a-Fe,O5
were subsequently integrated into a two-electrode tandem
configuration. The top electrode of NiOOH/a-Fe,O; first absor-
bed the simulated solar light, and the attenuated light was
absorbed by the bottom electrode of Bi/GaN/Si. The energy
consumption from external voltage was significantly reduced by
over 300 mV in the biomass oxidation-CO,RR system compared
to the conventional OER-CO,RR system. By integrating
commercial crystalline Si solar cells with the tandem PEC cell,
the system produced FA at 1044 pumol cm ™2 and 817 pmol cm 2
at the photoanode and photocathode, respectively, and worked
stably for 80 h.

A Cu,0 photocathode paired with a BiVO, photoanode in
a two-electrode tandem configuration (Cu,O/BiVO,) has been
demonstrated as a state-of-the-art PEC system for solar water
splitting.**® The two-electrode Cu,O/BiVO, tandem cell, with the
assistance of a co-catalyst, generated a photocurrent of 1 mA
em ™2 under one-sun illumination. However, the Cu,0O/BiVO,
tandem cell exhibited significant instability for water splitting,
losing the majority of its photocurrent within 1 min. Most
recently, Kang et al. synthesized and demonstrated BiVO,/NiCo-
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(a) Schematic representation of the two-photoelectrode tandem PEC cell consisting of NiOOH/a.-Fe,O3 paired with Bi/GaN/Si for FA

cell with (BOR) and without (OER) the addition of biomass. (c) Chro-

noamperometric curve and corresponding productivity and FEs of FA from biomass and CO, using the tandem PEC cell integrated with a Si solar
cell under AM 1.5 G one-sun illumination. Reproduced with permission under the terms of a CC BY 4.0 license.*® Copyright 2023, The Author(s),
published by Springer Nature. (d) Schematic of the two-photoelectrode tandem PEC cell for EGOR coupled with HER. PEC cell consists of
a BiVO4-based photoanode (Mo:BiVO4/NiCo-LDH) and a Cu,O-based photocathode (Au/Cu,O/Ga,Oz/TiO,/RuO,) and can be operated
without bias. (e) LSV curves and (f) unbiased stability investigation along with the corresponding FE of FA and H; of the BiVO,4-based photoanode
and the Cu,O-based photocathode placed behind the BiVO4-based photoanode under simulated AM 1.5 G illumination in buffer solution
containing EG at pH 9.0. Reproduced with permission.*** Copyright 2024, John Wiley and Sons.

LDH photoanodes for EG oxidation reaction (EGOR), subse-
quently coupled with Cu,O photocathode for H, production
(Fig. 18d-f)."* In the photoanode, NiCo-LDH significantly
improved the photostability of BiVO, by accepting the photo-
generated holes from BiVO, and thereby facilitating the
formation of Ni**/Co®" active sites for EGOR. Furthermore, they
also found that Ni(OH), in NiCo-LDH controlled the selectivity
toward EG oxidation into FA, whereas Co(OH), enhanced the
photostability by creating a protective layer and passivating
surface defects to promote hole transfer to the electrolyte. The
synergistic effect between BiVO, and NiCo-LDH resulted in
a high photocurrent density of 2.3 mA cm 2 at 1.23 Vg, stable
operation up to 200 min, and FEr, above 85% in 0.1 M KOH,
which outperformed BiVO,, BiVO,/Ni(OH),, and BiVO,/
Co(OH),.. Additionally, an unassisted PEC device for EGOR and
HER by coupling the Mo:BiVO,/NiCo-LDH photoanode with
a Cu,O photocathode resulted in a maximum photocurrent
density of 2.3 mA cm > and stable operation up to 2 h with FEg,
of ~60% and FEy, of ~100%. However, degradation began at
4 h, with photocurrent density decreasing to 1.7 mA cm™ > (74%
of the initial photocurrent density), reducing FEg, by ~40%,
and finally stabilising at ~30% after 8.3 h. This decline might be
attributed to unfavourable product generation from the perox-
idation of EG into CO,.

7. Conclusions and perspectives

PEC organic waste valorisation is an advantageous technique that
simultaneously produces value-added chemicals and solar fuels,

13990 | Chem. Sci., 2025, 16, 13966-13996

thereby supporting the goals of a circular economy and sustain-
able energy systems. This work provides a comprehensive review
of the PEC working principle, the properties of state-of-the-art
earth-abundant photoelectrodes, the organic waste pre-
treatment process, and strategies for enhancing PEC perfor-
mance. By taking advantage of its intrinsic photovoltage and fixed
hole-oxidising ability (determined by the Eyp of a photoanode) or
electron reduction ability (determined by the Ecg of a photo-
cathode), a PEC system potentially offers greater energy savings
with improved selectivity control compared to an EC system.
Significant progress has been made in tuning the photocurrent
and selectivity of photoelectrodes through strategies such as
doping, heterojunction formation, co-catalyst modification,
nanostructuring, and crystal facet engineering. Each strategy
offers specific advantages for improving PEC performance.
However, significant challenges remain before PEC organic waste
valorisation can become commercially viable. These challenges
include, but are not limited to, the need for cost-effective pre-
treatment processes, integrated and rational photoelectrode
design, the development of selective and compatible co-catalysts,
the exploration of novel, earth-abundant photoelectrodes, the
investigation of PEC organic reduction pathways, and the devel-
opment and design of large-scale flow systems. These aspects are
discussed in detail in the subsequent text.

7.1 Cost-effective pre-treatment process

An alkaline pre-treatment process is commonly reported for
PEC valorisation of polymeric waste such as cellulose and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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plastics. However, alkaline pre-treatment processes are unlikely
to be suitable for system scale-up due to their adverse impact on
both cost and the environment. Previous analyses indicate that
the pre-treatment process dominates the economic viability of
a solar-driven organic waste valorisation plant on a pilot
scale.® The alkaline pre-treatment process also limits the
selection of photoelectrodes to mostly TiO, and Fe,O; for
polymeric waste valorisation (Table 2). Biological pre-treatment
using enzymes is an alternative strategy to depolymerise poly-
meric waste under benign conditions. However, the accessi-
bility and scalability of some enzymes remain a challenge.
Developing catalysts made of earth-abundant elements that can
depolymerise polymeric waste in neutral or near-neutral
conditions is a possible strategy for alleviating current limita-
tions in the selection of photoelectrodes for PEC polymeric
waste valorisation.

7.2 Integrated rational design of photoelectrodes

Optimising the photocurrent and stability of photoelectrodes is
necessary to realise high-performance PEC organic waste
conversion. The indicator of ¢pg is suggested to evaluate the
intrinsic performance of a photoelectrode, as it only considers
the factors of light harvesting and the charge separation ability of
a photoelectrode. However, as shown in Table 2, many studies
still have a gpg much below 1, especially for Fe,0;, Bi,WO,
TaON, CuWO,, etc. Integrating multiple strategies, such as
doping, heterojunction formation, nanostructuring, and crystal
facet modulation, might further enhance the ¢pg of these pho-
toelectrodes. Mo:BiVO,(001) serves as an inspiring example of
integrating multiple strategies of doping, nanostructuring, and
crystal facet modulation, which achieves a ¢pg of close to 1.'*°
Persistent fundamental investigation of the material properties
and electronic structure is also particularly essential for those
photoelectrode with low ¢pg. For example, the kinetic study
using operando spectroelectrochemical PIA coupled with TPC
provides a comprehensive understanding of why o-Fe,O;
exhibits selective aldehyde production from PEC alcohol oxida-
tion. However, such relative studies remain limited in PEC
organic valorisation using other photoelectrodes and substrates.
In addition to thermodynamic research, kinetic studies are also
undeniably necessary for the development of efficient and
selective photoelectrodes for organic waste valorisation.

On the other hand, stability is a crucial parameter for
assessing the performance and practicality of a PEC system.
Nonetheless, stability continues to be neglected in PEC organic
waste valorisation, although 100 h operation has been demon-
strated in the studies of Mo:BivO,(001) for PEC glycerol valor-
isation'™ and NiOOH/a-Fe,O; for sawdust-derived sugar
solution.” Strategies such as doping and heterojunction
formation, widely applied in the current PEC valorisation
studies, offer only modest enhancements to stability (Table 3).
Other strategies to improve the stability of PEC systems, such as
surface modification with a stable passivation layer, are sug-
gested to be emphasised in future research. However, several
requirements must be met to design a stable and efficient
passivation layer for a photoelectrode. For example, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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passivation layer should be thin enough to avoid charge transfer
inhibition and parasitic light absorption,*** and the passivation
process must be compatible with the photoelectrode.

7.3 Selective and compatible co-catalyst development

Most PEC organic waste valorisation involves an inner-sphere
electron transfer process, and the interaction between the elec-
trode interface and the reactant/product determines the reaction
kinetics and selectivity. As reviewed in this work, co-catalyst
modification is a widely used approach to enhance the selec-
tivity of the target product. However, for PEC polymeric waste
valorisation, the co-catalyst was mainly limited to enhancing the
FE of the C, product, i.e., FA. As an illustration, Ni-Pi in Ni-Pi/a-
Fe,O; enhances the FE of FA to 87% for PEC valorisation of PET
hydrolysate,” and NiOOH in NiOOH/a-Fe,O; enhances the FE of
FA to 90% for PEC valorisation of sawdust-derived sugar.'® On the
other hand, the co-catalysts for enhancing the FE of C,, are
significantly lacking, which restricts the development of PEC
organic valorisation from an economic value perspective. It is
known that many C,, products have a higher economic value
than FA. For example, GLA has a market value five times higher
than that of FA.° Although research on the production of C,.
compounds from EC organic waste valorisation is abun-
dant,**>'** most of the electrocatalyst synthetic processes are not
readily deposited on or compatible with photoelectrode deposi-
tion. Research into electrocatalysts for C,. products from organic
waste, which can be readily applied to a photoelectrode, would
help alleviate the constraints imposed by the limited selection of
target products in PEC polymeric waste valorisation.

7.4 Novel earth-abundant photoelectrodes exploration

The reported research on PEC organic waste valorisation is
mainly limited to using state-of-the-art photoanodes (TiO,,
WO3;, BiVO,, and Fe,03). These photoanodes have an Eyg at
>2.5 eV, providing sufficient driving force even for water
oxidation. However, the strong oxidative power of the photo-
generated holes from these photoanodes may result in para-
sitic OER and CO, formation during the PEC oxidation of
organics. A wide bandgap also limits the utilisation of higher
wavelength photons in the solar spectrum. Since organic
oxidation requires much less oxidative force than water oxida-
tion, a narrower bandgap helps maximise the utilisation of solar
light. Exploring other novel earth-abundant semiconductors
with narrower bandgaps would significantly impact the prog-
ress of PEC organic waste valorisation. Recently, lead halide-
based perovskites have attracted immense attention in this
area due to their narrow and tunable bandgaps and high light
absorption coefficients. Nonetheless, research into robust and
lead-free perovskite remains a fundamental challenge in using
perovskite-based photoelectrodes for PEC reactions. On the
other hand, CuWO, has recently been demonstrated to utilise
wavelengths up to 550 nm to perform selective and stable PEC
biomass valorisation.** However, exploring and investigating
other earth-abundant and robust photoelectrodes that can
utilise broader visible light or near-infrared light to perform
organic valorisation still requires considerable future effort.
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7.5 PEC organic reduction investigation

Fabricating an integrated PEC cell that generates value-added
chemicals or fuels at both half-cells is crucial for fully
leveraging incident solar energy. Several breakthroughs have
been achieved by pairing organic oxidation with a reduction
reaction of HER, CO,RR, or NO;RR,""*7**% in which HER is the
most prevalent paired reduction reaction. Unfortunately, many
state-of-the-art photocathodes, such as Cu,O, undergo severe
photocorrosion during HER. Albeit passivating a protective
layer partially alleviates the instability issue, the passivation
layer often requires arduous or non-scalable procedures, such
as atomic layer deposition. An alternative is to replace HER with
another reduction reaction with a more positive redox potential
than (Eqy1,)) and Ereq of the photocathode. In particular, given
the greater energy savings, some electroreduction reactions of
organics, such as the hydrogenation of biomass derivatives, are
more suitable for pairing with organic oxidation reactions.****%*
Although paired organic reduction and oxidation have been
recently highlighted in EC systems,'**"*® the relative research
on a PEC system is still absent. Research into PEC organic
reduction may offer a sought-after solution for photocathodes
that easily undergo photocorrosion during HER, with the
potential for greater energy savings.

7.6 Large-scale flow system development and design

Large-scale development is critical for PEC devices to harvest
solar light over a wide area due to the decentralised property of
solar light.** Therefore, investigating large-scale PEC or PC cells
has drawn increasing attention to water splitting."”**”* An illu-
minated area of a minimum of 50 cm? is typically considered
the first phase of large-scale applications.'”*'’* However, most
of the PEC organic waste valorisation research is still limited to
laboratory-scale investigations using small areas of photo-
electrodes. Limitations at the laboratory scale are generally
attributed to arduous synthetic procedures, manufacturing
equipment, and the electronic resistance of electrode
substrates. Integrating module units of smaller dimensions to
achieve large-scale production is an alternative approach.
However, regardless of the design, the need for photoelectrode
scale-up must be considered in material selection, engineering,
and manufacturing.

In contrast to water splitting, which has an endless supply of
substrate, i.e., water, the amount of substrate is limited by the
solubility of organic waste in water for organic valorisation
reaction. The effects of reactant consumption and mass transfer
on product selectivity in organics valorisation must be carefully
considered. Current research mainly performs the PEC valor-
isation reaction in a batch system. However, continuous reac-
tant consumption and product accumulation in a batch system
result in the unfavourable overoxidation of the target products.
Examples can be easily found in the reported research.*** In
addition, product accumulation might lead to altered solution
pH and, thereby, affect product selectivity. Shifting the batch
design to a flow reactor powered by a peristaltic pump, which
can provide a continuous reactant supply, is necessary to the
maintain stable production of the target product. Alternatively,
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the microfluidic effect could be applied to the reactor design to
enhance mass transfer and, thereby, improve selectivity. As
shown in Fig. 3, other system parameters beyond photo-
electrodes, such as substrate concentration, solution pH,
temperature, applied potential, and substrate absorption
model, also contribute to the performance of a PEC organic
valorisation reaction. Research into the optimisation and
investigation of its mechanism is also essential to maximise the
efficiency of a PEC system. Additionally, a techno-economic
analysis helps assess the technical feasibility of PEC organic
waste valorisation.

In conclusion, PEC valorisation of organic waste could be
a promising route for not only waste mitigation but also the
cogeneration of value-added chemicals and solar fuels.
However, research into cost-effective pretreatment processes
and the maximisation of the operational efficiency of robust
PEC systems in a manner that allows for scalability is required
for a commercially viable technology. To meet this demand,
research directions are suggested to focus on investigating cost-
effective catalysts for polymer waste depolymerisation in
neutral or near-neutral conditions, integrating rational design
strategies for the existing state-of-the-art photoelectrodes,
developing compatible co-catalysts that can target C,. products,
and exploring novel photoelectrodes that meet high PEC
performance and stability requirements. Additionally, inte-
grating PEC oxidation with PEC reduction or cathodic reaction
for value-added chemical production and advanced PEC reactor
design could facilitate a circular carbon economy while
addressing the energy crisis and environmental pollution.
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