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Alternatives to water oxidation in the
photocatalytic water splitting reaction for solar
hydrogen production
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The photocatalytic water splitting process to produce H, is an attractive approach to meet energy
demands while achieving carbon emission reduction targets. However, none of the current photocatalytic
devices meets the criteria for practical sustainable H, production due to their insufficient efficiency and
the resulting high H, cost. Economic viability may be achieved by simultaneously producing more valu-
able products than O, or integrating with reforming processes of real waste streams, such as plastic and
food waste. Research over the past decade has begun to investigate the possibility of replacing water oxi-
dation with more kinetically and thermodynamically facile oxidation reactions. We summarize how
various alternative photo-oxidation reactions can be combined with proton reduction in photocatalysis to
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achieve chemical valorization with concurrent H, production. By examining the current advantages and
challenges of these oxidation reactions, we intend to demonstrate that these technologies would contrib-
ute to providing H, energy, while also producing high-value chemicals for a sustainable chemical industry
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As humanity moves forward into the 21st century, the sup-
plementation of clean and sustainable energy is one of our
greatest scientific and technical challenges. The photocatalytic
water splitting process using nanoparticulate photocatalysts
and solar energy is a leading candidate to achieve low-carbon
production of H, as a clean and sustainable energy carrier. In
this process, water is split into H, and O, via the following
redox reactions (eqn (1) and (2); pH 0 in aqueous solution
versus (normal hydrogen electrode) NHE, 25 °C, 1 atm gas
pressure, and 1 M for other solutes):

2HT +2¢” —H, E°=0V (1)

2H,0 — O, +4H" +4e~ E°=+41.23V (2)

Water splitting is a non-spontaneous chemical reaction
involving water oxidation to O,, which requires four electrons
to simultaneously transfer from at least two water molecules.
Photocatalysis is a light-driven chemical process that involves
oxidation and reduction reactions by the photogenerated elec-
trons and holes. To achieve the photocatalytic water splitting
reaction, the conduction band minimum must be more nega-
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tive than the H' to H, reduction potential, while the valence
band maximum must be more positive than the H,O to O, oxi-
dation potential. Consequently, the minimum theoretical
energy required to initiate the water-splitting reaction is 1.23
eV. However, O, evolution from water leads to sluggish kinetics
and high additional kinetic overpotentials,"” making photo-
catalytic H, evolution need the use of sacrificial reagents to
provide an electron source.’™ Specifically, the overpotential
losses of the oxygen evolution reaction (OER) can reach up to
30%, resulting in a significant amount of wasted energy.® In
addition, the lack of effective methods to separate the pro-
duced O, and H, gases is a key problem for the practical appli-
cation of photocatalytic water splitting.” As a result of these
challenges, increasing attention is being focused on emerging
replacements for the OER that may support an expanding H,
economy globally.

In this minireview, we highlight a variety of key reactions
that are well suited as potential replacements for the OER,
focusing on the recent developments in the study of photore-
forming and photochemical oxidation reactions to produce
value-added organic and inorganic products that have received
considerable attention in the literature, such as formic acid
(~1.1 $ per kg) production from waste PET (<0 $ per kg) and
H,0, (~0.7 $ per kg) formation by water (~2.9 x 10~* § per kg)
oxidation.®® These reactions are appealing because they would
enable (1) the production of more valuable chemicals than O,
(~0.1 $ per kg) alongside the production of H,; (2) the elimin-
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(a) Diagram of the photooxidation reactions rather than water-to-O, oxidation combing with solar H, production. (b) Band structures of

representative photocatalysts and standard redox potentials for some common oxidation reactions. Data were obtained from ref. 6.

ation of the need for a H, and O, mixture separation unit,
thereby lowering the cost, improving the safety, and simplify-
ing the design of photocatalytic processes; and (3) reduced
overpotential due to the simper 1 or 2 electron net oxidation
mechanisms, which would result in an increased conversion
efficiency and reaction rate.® Under light irradiation, an in-
organic or organic substrate is oxidized by the photoexcited
holes at the valence band, which subsequently generated valu-
able chemicals or CO, or intermediate products and protons
(Fig. 1a). The protons are reduced by electrons at the conduc-
tion band to produce H,. While the direct oxidation of alterna-
tive substrates combined with the production of clean H, can
be feasibly carried out using various technologies including
electrolysis, = photoelectrochemical and  photocatalytic
systems,®”"'® we have targeted cases that have been demon-
strated using nanoparticulate photocatalysts due to their
potential for large-scale operations.
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Photoreforming

Photocatalytic reforming that harnesses solar energy to
convert sustainable or waste feedstocks for H, generation has
become one of the most rapidly evolving applications in the
field due to its ability to valorize a range of feedstocks
especially biomass, food and plastics (<0 $ per kg) to both
energy and value-added products (such as formic acid (~1.1 $
per kg), methanol (~0.6 $ per kg), acetaldehyde (~2 $ per kg)
and lactic acid (~3 $ per kg)), as listed in Table 1.° Research
trends highlight the shift from the early work which focused
on simple model substrates such as ethanol, glycerol, and cell-
ulose to more recent work that utilizes real waste, making the
process more complex but more economically and environ-
mentally sustainable.'” The energetics of coupling the oxi-
dation of a variety of common organic waste substrates with
H, evolution are nearly neutral (Fig. 1b), for example, glucose
oxidation (eqn (3)), making it more favorable than water split-
ting, although these oxidation reactions involve multiple elec-
tron transfer steps.'” Theoretically, coupling photoreforming
with H, production would no longer restrict the use of semi-
conductors with deep valence bands, allowing the application
of those with a smaller bandgap. The photocatalytic reforming
could therefore be driven by a large portion of incident sun-
light including visible and IR parts.

CeH1,06 + 6H,0 — 6CO, + 24H" + 24~

o (3)
E°= —0.001Vvs. NHE
CoH, O+ (2x — 2)H,0 2 xCO, +(2x - 2 +%) H,  (4)

Initially, photocatalytic reforming research centered on the
production of H, from a variety of lignocellulose biomass-
derived feedstocks, the most abundant and non-edible
biomass resource, including monosaccharides, such as pen-
toses (ribose and arabinose) and hexoses (glucose, fructose,
galactose, and mannose), alcohols (methanol, propanol,
ethanol, and butanol) and organic acids (formic acid and
acetic acid)."®™*° Theoretically, in the proposed biomass photo-
reforming process, photoexcited holes lead to the oxidation of
biomass components and derivatives (denoted as C.H,0,),

This journal is © The Royal Society of Chemistry 2023
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accompanied by hydrogen generation through the reduction of
protons by electrons (eqn (4)). The irreversible reaction of
C,H,0, with photogenerated holes results in the concomitant
suppression of electron-hole recombination and back reac-
tions involving the produced H,, thereby increasing the
quantum efficiency and the rate of H, evolution.™

Nevertheless, lignocellulose refining is costly and ineffi-
cient, typically necessitating acid hydrolysis, enzymatic hydro-
lysis, or pyrolysis to produce more manageable substrates.>
Therefore, viable H, production systems should directly
reform lignocellulose. The main components of lignocellulosic
biomass are cellulose (35-50%), hemicellulose (25-30%), and
lignin (15-30%).>"**> Cellulose,*®>® hemicellulose*****° and
lignin>*?¢3132 have been reported to produce H, using various
photocatalysts such as TiO,, CdS/CdO, quantum dots, carbon
dots, carbon nitride, and CdS (Table 1). Metallic nanoparticu-
late cocatalysts (e.g., Pt, Au, and Pd) and non-precious cocata-
lysts (e.g., NiP and NiS) are frequently loaded on photosensiti-
zers by wet impregnation and photodeposition methods, with
Pt the most commonly studied.** As an example, CdS/CdO,
quantum dots loaded Co species as cocatalysts were reported
to perform photoreforming of cellulose, hemicellulose and
lignin to H, in alkaline solution under simulated sunlight
irradiation (H, evolution rates for cellulose, hemicellulose, and
lignin were 2.57, 2.32, and 0.53 MmOl geaarsc = h7,
respectively).”*

Reports on using raw biomass as the substrate for photore-
forming are limited. Although direct H, production from
unprocessed biomass has the advantage of lower production
costs, it is limited by low substrate solubility. Additionally,
light is scattered and absorbed by insoluble biomass and
colored components, lowing the light absorption efficiency.
The recalcitrance of raw biomass may lead to a large overpo-
tential for biomass oxidation."” TiO, is frequently used as a
photocatalyst for raw biomass reforming, despite its large
bandgap (around 3.2 eV) and limited sunlight utilization
ability. The H, evolution rates of TiO, for the photoreforming

1

H, (mmol g, h™)

Lignocellulose

HCO, +CO,2
+ oxidized organics

Fig. 2
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of raw biomass, such as poplar wood chips,”” rice husk,**
paper pulp,*® chlorella algae,®® and turf,*® are in the range of
0.01-0.1 mmol Zeaayse ~ h™', which are typically lower than
those obtained using carbon nitride and CdS with narrower
bandgaps (carbon nitride: ~2.7 eV; CdS: ~2.4 eV) (Table 1).>**°
For instance, a rate of over 5 mmol H, geatayse | h™' was
reported through photoreforming a wooden branch on Co/
CdS/CdO,, as shown in Fig. 2. The system was stable for more
than 6 days and was capable of reforming unprocessed ligno-
cellulose, demonstrating a cost-effective approach to produce
H, from waste biomass. The high H, evolution rate may also
be attributed to the alkaline conditions that not only provide
an in situ pretreatment of lignocellulose by dissolving hemi-
cellulose, lignin, cellulose, and other saccharides but also
facilitate CdO, deposition on CdS, thereby producing a photo-
catalyst that is active and resistant to corrosion.>*

The ideal feedstock for photoreforming comes from waste
streams that cannot be recycled or reused in any other way.
To this end, the photooxidation of food waste and nonrecycled
plastics has recently become an emerging topic in the
field."**”~** The chemical composition of food waste varies
greatly. Due to their hydrophobicity and typically chemically
inert hydrocarbon chain, photoreforming fats in an aqueous
solution is more difficult than photoreforming proteins com-
posed of long chains of amino acid residues (Table 1)."" Under
simulated solar irradiation, simultaneous production of H,
and the oxidation of a variety of carbohydrates, proteins and
fats as well as real-world waste (apples, bread, and cheese) to
generate formate and CO, or carbonate was observed over CdS/
CdO, quantum dots and Ni,P/CN,.**> The carbon footprints of
these processes were estimated to be 44 600-68 800 gco per
kWh H, with a conversion efficiency of 1.9-22% after 3 days,
which were still high due to the need for alkaline solutions as
well as energy for stirring, and pre-treatment (accounts for
more than 90% of the values).*> The carbon footprint can be
reduced to a negative value of —3200 gco, per kWh H, if the
waste in the water is 100% converted to H, and formate.
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(a) Diagram of the photoreforming of lignocellulose to H, on CdS/CdO,. (b and c) Photocatalytic production rates of H, from a-cellulose,

hemicellulose and lignin (b), and raw and waste biomass substrates (c) using Co/CdS/CdO, quantum dots in 10 M KOH aqueous solution under
simulated solar light (AM 1.5G, 100 mW cm™2). Reproduced with permission from ref. 24. Copyright 2017 Macmillan Publishers Limited, part of

Springer Nature.
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Therefore, improvements in the conversion efficiency and
photooxidation process selectivity are required.

In comparison with the photodegradation of plastics that
converts plastics into CO, and H,O, photorefoming can not
only reduce plastic pollution but also produce fuels and pro-
ducts with added value, including pyruvate (~190 $ per kg),
glycolate (~450 $ per kg), formic acid (~1.1 $ per kg), ethanol
(~1.2 $ per kg) and acetic acid (~1.2 $ per kg) (Table 1), allow-
ing for a substantial economic advantage and a higher atom
economy. While hydrocarbon chains such as polyethylene
(PE), polystyrene (PS), and polypropylene (PP) in plastics are
currently difficult to reform due to their highly stable C-C
bonds, the oxygen-containing esters including polyethylene
terephthalate (PET) (eqn (5) and (6)), polylactic acid (PLA) (eqn
(7) and (8)) and polyurethane (PUR) (eqn (9) and (10)) can
facilitate photoreforming after proper hydrolysis treatment.*”

PET : C10H804+2H20 Na—OI;I C8H6O4+C2H602 (5)
h
C,H0,42H,0 ———— 2C0,+5H, (6)
Photocatalyst
PLA: C3H402+H20 NH—OI;I C3H603 (7)

C3H603+3H20 L

Photocatalyst

3CO,+6H, (8)

PUR : Cy,HyuN,0,4+2H,0 2% €, HyoN,
+C3H;50, + 2CO,

(©)

C3Hg0,+4H,0 — ™ 3C0,+8H,

10
Photocatalyst ( )

The reforming of plastics conjugating with proton
reduction to H, is also nearly energy neutral.*’ For instance,
the Gibbs free energy changes for the reforming of ethylene
glycol (a monomer of PET) and lactic acid (a monomer of PLA)
are +9.2 kJ mol™ and +27 kJ mol™", respectively. A variety of
plastics including PLA, PET, PUR, and a PET water bottle were

plastic

organics

Fig. 3
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oxidized by photogenerated holes in CdS/CdO, quantum dots
into a range of substrate-dependent organic products (e.g,
formate, glycolate, ethanol, acetate, and pyruvate) in 10 M
NaOH aqueous solution, while the photogenerated electrons
reduced protons to produce H, with a rate of 3-65 mmol
Zeatalyst ~ h~' (Table 1, and Fig. 3).>” A Ni,P/CN, photocatalyst
which is inexpensive and nontoxic has also shown promising
activities for visible-light-driven PET and PLA reforming to
produce H, fuel and a variety of organic chemicals under alka-
line aqueous conditions.*® The challenge in plastic photore-
forming is the competition with plastic dehydrogenation to H,
and selective oxidation to a single product rather than CO,.*”
The reported conversion of plastics was up to 30%-40%, which
requires further improvement. Furthermore, these studies imply
that photoreactions can cleave C-C, C-N, and C-O bonds in the
aliphatic chains of plastics as effectively as hydrolysis.

It is suggested that a theoretical maximum of 310-650 Mt
of H, could be produced each year (the equivalent of ~6-13%
of annual global energy consumption) if the above biomass,
food and plastic components were all utilized for photoreform-
ing."" The preliminary techno-economic and life cycle assess-
ment of photoreforming has shown that it has a lower carbon
footprint than or is comparable to existing methods for produ-
cing H,, converting waste to fuel, and managing waste, but the
improvement in production costs and energy balance is still
required before industrial applications can be envisaged.
Although the product of the oxidation reaction in photoreform-
ing is typically CO,, it is preferred that valuable organic chemi-
cals can be produced instead of CO, to improve the sustainabil-
ity and overall process value of the system.?¢:837:16:48730 por
example, Cu dispersed on titanium oxide nanorods was
reported to be effective for the conversion of polyols and sugars
into syngas and methanol under UV light irradiation and
ambient conditions.*” Decreased water content inhibited the
formation of CO,, whereas the copper loading amount con-
trolled the decomposition way of the formic acid intermediate.
Controlling the oxidation half-reaction is essential to produce

[ no pre-treatment
with pre-treatment
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(a) Diagram of the photoreforming of plastic waste using a CdS/CdO, quantum dot photocatalyst. (b) Photoreforming of polymers to H,

using CdS/CdO, quantum dots under simulated solar light (AM 1.5G, 100 mW cm~2). Reproduced with permission from ref. 37. Copyright 2018 The

Royal Society of Chemistry.

6526 | Nanoscale, 2023, 15, 6521-6535

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr00260h

Open Access Article. Published on 07 March 2023. Downloaded on 4/26/2026 7:23:33 PM.

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

(cc)

Nanoscale

high-value organic products instead of CO,.*"*" In addition,
pre-treatment, including physical pre-treatment (such as crush-
ing, shredding, and grinding) and chemical pre-treatment (such
as hydrolysis and solubilization under highly alkaline or acidic
conditions), is one of the most critical barriers to the practical
application of the current photocatalytic reforming systems,
adding significant cost and time to the overall process.
Recently, it was demonstrated that metal salt hydrate solutions
allowed for the complete solubilization of biomass and could
be used as a reaction medium for the photocatalytic reforming
of lignocellulose to produce H, and organic products under
more benign conditions than the typically required extremely
alkaline aqueous solutions, though the photocatalysts suffered
from partial deactivation due to metal salt hydrate adsorption,
necessitating future development.>

Organic transformation

Since the pioneering work of Kolbe that reported the electro-
chemical oxidation of organic molecules with the goal of devel-
oping new methods for synthesizing organic small mole-
cules,” a larger body of research has grown around this topic
in the ensuing decades. Over the past decade, photocatalytic
processes that use light as the energy input have emerged as a
new alternative approach in the repertoire of the organic syn-
thesis toolbox. In particular, interest has been aroused in
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T
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waste biomass valorization in order to produce high-value
commodity chemicals instead of CO,. Researchers have suc-
ceeded in converting biomass-derived small molecules such as
5-hydroxymethylfurfural (HMF) and furfural alcohol into
higher-value materials (e.g., aldehydes and acids) (Fig. 4a).>>™>*
For example, photocatalytic H, evolution coupled with HMF
(7110 $ per kg) oxidation to 2,5-diformylfuran (DFF) (198 000 $
per kg)*® using porous carbon nitride was reported to reach a
DFF yield of 13.8% with >99% selectivity after 6 h under
visible light.>®

Recent research has revealed a wide range of photocatalysts
for oxidizing alcohols in conjunction with H, production.””>%¢>~%>
Alcohols such as methanol have been widely used as sacrificial
reagents for photocatalytic H, generation from water due to
the lower thermodynamic requirements, and alcohols are oxi-
dized to CO,.>”> We will not discuss these examples because
the focus of this work is on the co-production of high-value
chemicals with H,. For instance, under visible light
irradiation, the coupling of H, generation with the oxidation
of benzyl alcohol (273 $ per kg) yielded deoxybenzoin (57 200 $
per kg) over ZnIn sulfides,”>® and 4-methylbenzyl alcohol
(2110 $ per kg) was converted into an aldehyde (4-methyl-
benzaldehyde; 3440 $ per kg) over a cyanamide surface functio-
nalized with melon-type carbon nitride.>>*” Multi-carbon alco-
hols and polyalcohols have been reported to be photocatalyti-
cally produced by selectively activating the inert sp® a-C-H
bonds of alcohols and directly forming C-C bonds with the
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Fig. 4 (a) Photocatalytic oxidation of biomass-derived intermediate compounds.>%°*%® HMF: 5-hydroxymethylfurfural; DFF: 2,5-diformylfuran. (b)
Photocatalytic oxidation of alcohols.>”*® (c) Photocatalytic Minisci coupling.>® (d) Photocatalytic C—N coupling reactions.>%¢° (e) Photocatalytic S-S
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coupling partners (Fig. 4b).®> For instance, Zn,In,S; and CdS
were reported as visible-light-responsive photocatalysts for the
selective activation of the a-C-H bond of methanol to generate
ethylene glycol with a selectivity of as high as 90%.°%°” The
CdS-based photocatalytic system was beneficial for the acti-
vation of the C—H bond in methanol without affecting the O-
H group, forming ethylene glycol via a "CH,OH radical inter-
mediate with a yield of 16% and a quantum efficiency (QE) of
above 5.0% at wavelengths <450 nm.°® The high ethylene
glycol selectivity (90%) was maintained throughout the
100-hour reaction, with a yield of 16% after 100 hours, demon-
strating an alternative nonpetroleum strategy for ethylene
glycol synthesis. The CoP/Zn,In,Ss photocatalyst also was
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demonstrated to be the first example of the visible-light-driven
dehydrogenative coupling of ethanol to 2,3-butanediol with a
selectivity of 53%.%” The a-C-H bond of ethanol was selectively
activated to form 'CH(OH)CH; radicals for subsequent coup-
ling to 2,3-butanediol, presenting that the a-C-H bond can be
preferentially activated in the presence of the O-H group
under mild conditions.

Aside from alcohols, the C-H bonds in furanics can also be
activated for C-C coupling reactions through photocatalysis.
The production of diesel fuel precursors from 2,5-dimethyl-
furan (2,5-DMF) and 2-methylfuran (2-MF), with concurrent H,
production, over a Ru-ZnIn,S, photocatalyst was demonstrated
under visible light irradiation (Fig. 5).°® Dehydrocoupling of
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(a) Schematic representation of the photocatalytic transformation of 2,5-DMF/2-MF into diesel fuel. (b—d) Photocatalytic dehydrocoupling of

2,5-DMF as a substrate: standard experiment (b), catalyst lifetime evaluation (c), and selectivity to oxygenated DFPs and branched-chain DFPs (d).
Reproduced with permission from ref. 68. Copyright 2019 Springer Nature Limited.
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