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ABSTRACT: Transfer hydrogenation using liquid hydrogen carriers as
the direct proton sources under mild conditions has received extensive
attention in the research area of organic synthesis. The emerging
photocatalytic water-donating transfer hydrogenation (PWDTH) is a
promising alternative over the conventional hydrogenation technology
due to the advantages of being eco-friendly. This paper focuses on the
recent advances in the rising and rapidly developing field of PWDTH
reactions, devoted to elucidating the mechanism of the hydrogen transfer
process and rationalizing the design principles of efficient photocatalysts.
Finally, the current challenges and future opportunities are described.
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1. INTRODUCTION
Hydrogenation, as one of the most important pillars of the
chemical industry, has been widely used in the petrochemical,
coal chemical, fine chemical, and pharmaceutical industries,
and it has been assessed that 25% of chemical transformations
involve at least one hydrogenation step.1,2 Traditional thermal
hydrogenation is an energy-intensive process that usually
requires harsh conditions of high temperature and pressure
with a flammable H2 atmosphere (Scheme 1).3,4 The transfer
hydrogenation (TH) reaction, referring to the addition of
hydrogen to an organic molecule from a non-H2 source (e.g.,
formic acid, silane, and borane−ammonia), is a prospective
method to access various hydrogenated organics.3 For
instance, Xu et al. reported the TH of alkene by taking
ammonia borane as a hydrogen source.5 Kappe et al. presented
a catalyst-free process for the in situ generation of diimide,
which was applied to the reduction of alkenes.6 Zborǐl et al.
reported the selective hydrogenation of nitroaromatics using
hydrazine as a proton source.7 Moreover, alcohols and acids
are also used as proton sources for the hydrogenation of
diverse unsaturated bonds.8−13 Nevertheless, these systems
have the disadvantage of the use of non-environmentally
friendly proton sources (Scheme 1).
In consideration of the ultimate goal of developing eco-

friendly and sustainable processes in chemical industry
production, water is regarded as the ultimate green source of
a hydrogen donor for TH.14 Unfortunately, the activation of
water molecules is extremely challenging under mild
conditions due to its intrinsic thermostability (ΔG° = +237
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Scheme 1. Traditional Thermal Hydrogenation Uses
Flammable H2 at High Temperature and Pressure and
Conventional TH Uses Eco-Unfriendly Hydrogen Sources
(e.g., Formic Acid, Hydrazine, and Borane−Ammonia),
while Photocatalytic Transfer Hydrogenation Uses H2O as
the Green Hydrogen Source at Normal Pressure and
Temperature
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kJ mol−1).15,16 Tremendous efforts had been devoted to
exploring the feasibility of water as a hydrogen source. For
example, Stokes et al. showed that the hazardous additive
B2(OH)4 could mediate the transfer of H or D atoms from
H2O or deuterated D2O to alkenes and alkynes.17 The
explosive magnesium18 and manganese19 powders were also
employed to activate H−O bonds in water for the hydro-
genation of unsaturated bonds. These technologies have
provided new opportunities in H−O bond activations, but
they have important limitations due to the use of hazardous or
toxic species. This encourages the employment of a safe and
sustainable method to activate the water molecules.
The development of photocatalytic water splitting has

inspired sustainable concepts for the generation of “green
hydrogen” within chemical energy storage schemes, enabling
the pursuit of carbon neutrality and alleviating the energy crisis
associated with the depletion of fossil fuels. It is well-known
that H2 is one of the most attractive fuels because it possesses a
high energy density and does not produce pollutants during
combustion.20 However, the efficient storage and transport of
flammable H2 is challenging and increases the costs for the
hydrogenation industry. In this context, the utilization of the
active hydrogen intermediates (H*) derived from water
splitting for the hydrogenation of unsaturated bonds is
intriguing (Scheme 1). Therefore, the photocatalytic water-
donating transfer hydrogenation (PWDTH) efficiently inte-
grates the processes of photocatalytic water splitting and
hydrogenation, which could activate water under mild
conditions, avert the storage and transport of H2, and generate
high-value-added organic products in a more sustainable
manner.14−16

Multiple excellent reviews have provided comprehensive
coverage of transfer hydrogenation reactions in thermocata-
lytic, electrocatalytic, and photocatalytic processes, including
the exploration of transition-metal catalyst diversity, the use of
green hydrogen donors, and the investigation of TH
mechanisms.2−4,21−23 For instance, Choudhury’s group
reviewed the advantages of using biomass-derived alcohols as
hydrogen sources to replace nonrenewable H2 gas for the TH
of CO2.

21 Xu’s group outlined catalytic TH using formic acid
or formate as an alternative to high-pressure hydrogen, despite
the inevitable decomposition of FA or formate to the
greenhouse gas CO2 during the catalytic process.22 Unfortu-
nately, there is still no systematic summary concentrating on
the photocatalytic transfer hydrogenation using water as the
ultimate green proton source under mild conditions. Herein,
we present a timely and concise perspective of the recent
progress of the photocatalytic water-donating transfer hydro-
genation reactions (Scheme 1). We first reveal the mechanism
of PWDTH in this perspective. Then, the rational design of
photocatalysts (i.e., single-atom catalysts and alloy catalysts) to
achieve efficient conversion and high selectivity for PWDTH is
emphasized. Furthermore, photocatalytic deuteration using
D2O as a deuterium source is discussed. Finally, the challenges
and opportunities are addressed to provide intriguing
perspectives to further advance the PWDTH reactions.

2. FUNDAMENTALS OF PHOTOCATALYTIC
WATER-DONATING TRANSFER HYDROGENATION

Photocatalytic water splitting into H2 is widely regarded as a
prominent approach for storing solar energy as chemical
energy.24 Meanwhile, photocatalysis has evolved over the last
decades into a broadly used approach for organic synthesis

(e.g., transfer hydrogenation).25 Inspired by these studies, a
seminal work in the field of PWDTH was reported by Knecht’s
group in 2014.26 They developed a palladium nanoparticle
decorated Cu2O catalyst (Cu2O/Pd) via a galvanic exchange,
which used the in situ generated H2 from photocatalytic water
splitting at the Cu2O surface for the subsequent hydro-
dehalogenation of polychlorinated biphenyls at the Pd
nanoparticles (Figure 1a). Figure 1b shows that 3-chlorobi-

phenyl (PCB2) could be fully dechlorinated to biphenyl within
15 h under visible-light irradiation. However, the work did not
track the pathway of hydrogen addition during the PWDTH
reaction, which is fundamental to the mechanistic study.
Likewise, although the groups of Qiu27 and Su28 reported the
PWDTH reaction using the in situ generated H* species from
water, the presence of additives (i.e., HCOOH and NaHSO4)
increases the difficulty of mechanism investigation (Scheme
2a,b). Moreover, Su et al. presented the deuteration of alkenes
and alkynes utilizing the in situ generated deuterium species
(D*) from D2O splitting.29 Unfortunately, the presence of
CD3OD in the reaction system complicated the identification
of the source of active D species (Scheme 2c).
2.1. Mechanism Investigation. To disclose the origin of

the hydrogen addition in the PWDTH reaction, Xu et al.
employed isotope-labeling experiments,15 in which styrene was
tested as a model compound toward TH. As shown in the mass
spectra (Figure 2, top), when H2O was used, the m/z values of
91.1 and 106.1 were assigned to the fragmentation ion [ph-

Figure 1. (a) Illustration of fabrication of Cu2O/Pd catalysts for
photocatalytic water-donating dehalogenation. (b) Concentration
changes of PCB2 and biphenyl product during the photocatalytic
water-donating dehalogenation reaction over Cu2O/Pd. Reaction
conditions: catalyst (100 mg), substrate (1.25 μmol), H2O (25 mL),
CH3OH (25 mL), 450 W Hg lamp, pressure (1 bar), N2 atmosphere.
Reproduced with permission from ref 26. Copyright 2014 American
Chemical Society.
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CH2]+ and the molecular ion of ethylbenzene, respectively.
These signals shifted to 92.1 and 108.1 when replacing H2O
with D2O, suggesting that the proton source for TH originates
from water. However, this method cannot identify the pathway
of hydrogen addition in actual scenarios. To address the
matter, our recent study employed operando nuclear magnetic
resonance (NMR) measurements for the first time to track the
reaction pathway during the PWDTH reaction.14 As shown in
the 1H NMR spectra (Figure 2, bottom), proton signals from
the benzene ring (region a) and ethenyl (regions b−d) of the
styrene molecule were observed under dark conditions. Then,
the signals of styrene remained untouched after 2 h in the dark,
suggesting that the styrene is steady under dark conditions and
the unsaturated structure reluctantly exchanges protons with
D2O. After in situ illumination for 2 h, the ethenyl signal
diminished, and the methyl structure (region e) on ethyl-
benzene began to appear, verifying the conversion of styrene
toward ethylbenzene. Notably, a great deal of D2O was
activated under the irradiation conditions and the D of D2O
underwent a rapid proton exchange with the H of the benzene
structure, broadening the 1H NMR signals of the benzene ring
in the region a. To exclude the possibility of indirect
hydrogenation of styrene with the generated H2 from water
splitting, 1 bar of hydrogen gas was fed into the operando
closed NMR tube. The results indicate that the proton
addition occurs in both the benzene ring and ethenyl, whereas

the proton addition only occurs in the ethenyl structure
without H2 introduction. Therefore, the operando NMR
experiments unequivocally prove that the proton addition
mechanism from styrene to ethylbenzene is a direct hydro-
genation reaction utilizing the in situ generated protons from
photocatalytic water splitting instead of in situ generated H2
gas. Moreover, the strong proton exchange could efficiently
activate water molecules for photocatalytic transfer hydro-
genation.
Traditional thermal hydrogenation with flammable H2 is

carried out over transition-metal catalysts, which consists of
multiple steps including bond cleavage, rearrangement, and
recombination.22 In terms of the PWDTH reaction, H2 is
replaced by H* from photocatalytic water splitting, where the
H* could be used in the subsequent hydrogenation step and
spill over from the metal sites to evolve into H2. Due to the
competition between these two reactions, exploring the subtle
relationship between hydrogenation and hydrogen evolution
provides insight into the mechanism of the PWDTH reaction.

Scheme 2. Illustration of the PWDTH Process in the
Presence of Hydrogen-Rich Additivesa

aReaction conditions: (a) catalyst (10 mg), substrate (0.1 mmol),
H2O (1.5 mL), ethyl acetate (2 mL), CH3OH (1.4 mL), additive
(HCOOH, 0.1 mL), 20 W blue light (λ = 420 nm), temperature (298
K), pressure (1 bar), Ar atmosphere; (b) catalyst (10 mg), substrate
(0.1 mmol), H2O (1.5 mL), ethyl acetate (2 mL), CH3OH (1.5 mL),
additive (NaHSO4, 0.1 mmol), 20 W blue light (λ = 420 nm),
temperature (298 K), pressure (1 bar), Ar atmosphere; (c) catalyst
(10 mg), substrate (0.1 mmol), D2O (1.5 mL), ethyl acetate (2 mL),
CD3OD (1.5 mL), additive (AlCl3, 0.1 mmol), 20 W blue light (λ =
420 nm), temperature (298 K), pressure (1 bar), Ar atmosphere.

Figure 2. (top) Mass spectra of the liquid product from the PWDTH
reaction of styrene. Reproduced with permission from ref 15.
Copyright 2020 American Chemical Society. (bottom) Operando
1H NMR spectra of the liquid product from the PWDTH reaction of
styrene. Reproduced with permission from ref 14. Copyright 2022
Wiley.

ACS Catalysis pubs.acs.org/acscatalysis Review

https://doi.org/10.1021/acscatal.3c00326
ACS Catal. 2023, 13, 7557−7567

7559

https://pubs.acs.org/doi/10.1021/acscatal.3c00326?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00326?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00326?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00326?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00326?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00326?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


For example, Xiong and co-workers used a TiO2−Pd0.5Pt0.5
hybrid catalyst for the PWDTH reaction and they detected the
amount of hydrogen evolution in the presence and absence of
the substrate, respectively.30 Compared to a large amount of
hydrogen evolution in the absence of a substrate, the catalyst
exhibited little hydrogen evolution activity in the presence of a
substrate, indicating that most of H* (ca. 99% H*) was
transferred to the hydrogenation reaction. This is due to the
adsorption of H* on the Pd surface as a hollow-site
configuration with strong binding (discussed in detail in
subsequent subsections). Similar phenomena have been found
in other PWDTH systems, where either nanoparticle
catalysts15,31 or heterojunctions32 were used. In our previous
work,14 we developed a palladium single-atom catalyst for the
PWDTH reaction, and the performance of the transfer
hydrogenation was much improved compared to the above
works due to the intrinsic properties of the single-atom
catalyst, resulting in superior hydrogen evolution activity and
an abundance of catalytically active sites. However, the
proportion of the H* used in the PWDTH reaction has
declined (ca. 85% H*) compared to the above works,
suggesting that single-atom catalysts inevitably waste some of
the H* while improving the PWDTH performance. In
summary, very few works have been done to investigate the
competition between hydrogenation and H2 evolution.
Available studies have found that most of the H* is
preferentially used in PWDTH reactions, and this is more
evident in nanoparticle or heterojunction catalysts (i.e.,
catalysts with lower water-splitting activity). Although single-
atom catalysts could enhance the performance of PWDTH
reactions, they also promote hydrogen evolution. The effect of
the structure of photocatalysts on the competition between
hydrogenation and H2 evolution remains unknown. As more
research is conducted, the relationship between them may be
clearer.
Researchers have employed various techniques to probe the

reaction mechanism of the subsequent hydrogenation process.
To explore the detailed processes of the hydrogenation of
nitrobenzene to aniline, Xu et al. employed in situ diffuse
reflectance infrared Fourier transform spectroscopy
(DRIFTS).32 First, nitrobenzene (PhNO2) adsorbed onto
the catalytic site and formed a PhN(OH)2 intermediate by two
H* transfers, followed by the removal of one molecule of water

to form a PhNO intermediate, then by two H* transfers to
form a PhNHOH intermediate, followed by the removal of one
molecule of water to form a PhN intermediate, and finally by
two H* transfer to form aniline (PhNH2), which was desorbed
from the catalyst. Zhao and co-workers examined a nickel
single-atom catalyst preadsorbed by water under visible-light
irradiation through extended X-ray absorption fine structure
spectra (EXAFS) combined with density functional theory
(DFT) calculations to propose an adsorption configuration of
H* (i.e., OH−Ni−N2···N−H).33 The subsequent semi-
hydrogenation of alkynes then began with the transfer of H*
from pyridinic N to the adsorbed substrate.
To investigate the mechanism of hydrogenation of aryl

bromides, Ren et al. conducted some controlled experiments,
in which the radical inhibitors 2,6-di-tert-butyl-4-methylphenol
(BHT) and 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
were added to the reaction system.34 The results showed
that the presence of BHT or TEMPO resulted in a dramatic
decrease in the content of the product aryl compounds. The
electron-deficient aryl bromides possessed a higher reactivity
under the reaction system. A single electron transfer (SET)
mechanism could theoretically explain such an electron effect,
as an increase in the electron density of the aromatic ring could
hasten the SET from the catalyst to the substrate by enhancing
the electron-accepting capacity of the substrate.35 Fan and co-
workers employed fluorescence emission spectroscopy to
monitor the PWDTH process of N-sulfonylimines and
similarly proposed a SET mechanism (Scheme 3a).36 Under
visible light irradiation, the photocatalyst fac-Ir(ppy)3 is excited
to produce Ir3+*, followed by a single electron transfer process
with radical A. The resulting Ir2+ is highly reductive37 and
therefore capable of producing deuterium radicals.38 The
deuterium radicals are then added to the N-sulfonylimine,
which produces the final products by further quenching of
radical D. Lloret-Fillol et al. proposed that the hydrogenation
of aromatic ketones could proceed via a single electron
transfer−hydrogen atom transfer (SET-HAT) mechanism
(Scheme 3b), which was confirmed by radical clock experi-
ments.39 It is well-known that [Cu(bathocuproine)-
(Xantphos)](PF6) (PSCu), a photoredox catalyst, is excited
under light irradiation and then reductively quenched by an
electron donor (ED) to give PSCu−,40 which reduces the
reduction catalyst [Co(OTf)(Py2Tstacn)](OTf) ([Co]) to the

Scheme 3. Proposed Mechanism for the PWDTH Process of (a) N-Sulfonylimines and (b) Aromatic Ketones and Aldehydesa

aReproduced with permission from refs 36 and 39. Copyright 2019 Royal Society of Chemistry.
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intermediate [CoI].41 [CoI] is protonated by water to form the
putative [CoIII−H], which is readily reduced to give the active
[CoII−H] species. Subsequently, for the hydrogenation of
ketones and aldehydes, the substrate is converted to a carbonyl
radical anion intermediate through a single electron transfer of
PSCu−. Ultimately, the intermediate is converted to the product
via a hydrogen atom transfer from the [CoII−H] species
(homolytic pathway, Scheme 3b, left). Alternatively, a direct
nucleophilic attack of a putative [CoII−H] species may be also
considered (heterolytic pathway, Scheme 3b, right). By similar
methods, their group has proposed that the reduction of
aromatic olefins in their reaction system takes place by a HAT
mechanism, most likely via [Co−H] intermediates.42

2.2. From Nanoparticle to Single-Atom Catalysts.
During the PWDTH reaction, the photogenerated H* from
water splitting could be adsorbed to the surface of metal
species and subsequently added to various unsaturated organic
substrates. Han et al. demonstrated that nitrobenzenes with
different groups could be hydrogenated to the corresponding
anilines by the H* from photocatalytic water splitting over a
TiO2-supported Pd nanoparticle catalyst (Pd/TiO2).

43 Sim-
ilarly, Xu et al. realized the proton addition of different
unsaturated bonds (C�C, C�O, and N�O) over platinum
nanoparticle loaded carbon nitride (Pt/CN or PtPd/CN).15

Unfortunately, these nanoparticle catalysts usually suffer from
sluggish conversion efficiency and poor metal utilization
because the metal atoms inside the bulk of nanoparticles are
inaccessible to the reactants.
Single-atom catalysts (SACs) have recently received

extensive research attention due to their maximum metal
dispersion and atom-utilization efficiency, which have exhibited
excellent catalytic performance in a broad range of applications
including Suzuki coupling, selective oxidation, hydroformyla-
tion, etc.44,45 In our recent work, we extended the employment
of SACs to photocatalytic transfer hydrogenation for the first
time. The reported carbon nitride supported palladium SAC
(Pd1-mpg-C3N4) (Figure 3a,b) showed preeminent perform-
ance in the PWDTH reaction compared to its nanoparticle
counterpart with a similar Pd loading (PdNP-mpg-C3N4).

14 As
shown in Figure 3c, a comparison on a metal basis manifested
the highest ethylbenzene formation rate (22.73 molethylbenzene
molPd−1 h−1) for the 0.54 wt % SAC sample. However, the rate
of ethylbenzene formation decreased linearly to 2.02
molethylbenzene molPd−1 h−1 when the Pd content was further
increased to 2.76 wt %, which is 11-fold lower than that of the
optimized Pd1-mpg-C3N4. The inhibited reaction rate could be
attributed to the formation of clusters or nanoparticles in
samples with a Pd loading higher than 0.8 wt %, which
emphasizes the advantages of the specific electronic properties
(cationic form) of atomically dispersed sites over conventional
zerovalent nanometals toward the PWDTH reaction.
The PWDTH reactions are a complex class of multistage

catalytic reactions. In the process, the water molecule is first
split to produce the H*, which is then transferred to
hydrogenated active sites where the substrate is adsorbed,
and finally, the organic unsaturated bond is added. In the first
step (i.e., photocatalytic water splitting), the rate of the H*
production determines the rate of the subsequent hydro-
genation step. In other words, the O−H bond dissociation of
water molecules may be involved in the rate-limiting step.33

Over the past decades, researchers have been dedicated to
boosting the activity of photocatalytic water splitting.46

Loading of a cocatalyst has attracted a great deal of attention

due to its significant advantages in terms of enhanced light
absorption, photogenerated charge migration, and surface
catalytic reactions (e.g., hydrogenation, oxidation, and
coupling).47,48 The photocatalytic water splitting activity of
non-noble-metal-loaded catalysts, however, is currently far
from being on par with noble-metal-loaded catalysts. As a
result, the majority of studies on the PWDTH have relied on
noble-metal-loaded catalysts (e.g., PdNP-CN, PtNP-CN, PdNP/
TiO2, and Cu2O/PdNP).

15,26,34,43,49 SACs have the potential to
greatly contribute to the rational design of targeted catalysts for
preferred catalytic performance by acting as the perfect
platforms to investigate catalytic mechanisms at the molecular
or atomic level and to comprehend the relationship between
structure and catalytic performance,50−52 as confirmed in our
previous work.14 Meanwhile, non-noble-metal catalysts should
be intelligently constructed to achieve efficient PWDTH in
order to reduce excessive dependence on noble-metal catalysts.
Zhao’s group designed a Ni2+−N4 site built on carbon nitride
for photocatalyzed semihydrogenation of alkynes using water

Figure 3. (a) Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopic (AC-HAADF-STEM)
image and (b) Fourier transform of Pd K-edge extended X-ray
absorption fine structure spectra (EXAFS) spectra of Pd1-mpg-C3N4.
Pd foil and PdO were applied for comparison purposes. (c) Metal-
specific reaction rate toward ethylbenzene formation as a function of
palladium content for the PWDTH reaction of styrene. Reaction
conditions: catalyst (10 mg), substrate (0.1 mmol), H2O (2 mL), 1,4-
dioxane (3 mL), triethanolamine (0.5 mL), 40 W blue light (λ = 427
nm), temperature (308 K), pressure (1 bar), N2 atmosphere.
Reproduced with permission from ref 14. Copyright 2022 Wiley.
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as the hydrogen source without alkane production.33 More-
over, Xu and co-workers developed a TiO2/Ce2S3 S-scheme
heterojunction photocatalyst for aniline production by nitro-
benzene hydrogenation with water as the proton source.32 This
is an innovative work, free from noble-metal catalysts, but the
scope of heterojunction photocatalysts for various PWDTH
reactions needs to be explored. In general, the design of the
photocatalysts must meet the requirements for excellent water-
splitting activity and the presence of hydrogenation active sites
(normally metal species, e.g., VIII subgroup metals). In
addition, several articles have confirmed that the specific
electronic properties (cationic form) of atomically dispersed
sites are perhaps more suitable for the PWDTH reactions.14,33

2.3. Photocatalytic Selective Transfer Hydrogenation.
Selective hydrogenation is a class of highly important organic
transformations for both petrochemical and fine chemical
industries.2 The critical aspect of selective hydrogenation relies
on the fabrication of efficient and selective catalysts. Xiong et
al. reported a TiO2−PdxPt1−x hybrid catalyst toward photo-
catalytic selective 2-methyl-3-butyn-2-ol (MBY) semihydroge-
nation to 2-methyl-3-buten-2-ol (MBE) using water as a
proton source (Scheme 4a).30 As shown in Figure 4a, the

PdxPt1−x alloys vastly surmount the limitations in catalytic
activity and semihydrogenation selectivity compared with pure
Pd and Pt. To reveal the mechanism, the authors studied the
hydrogen evolution performance, which is the competing
reaction that consumes the active H* species (Figure 4b). A
significantly improved performance of photocatalytic hydrogen
evolution was observed in the absence of MBY in all samples.
When MBY was introduced, almost all samples were inactive
for the H2 evolution process except for pure Pt, indicating that
H* was mostly used in the semihydrogenation of MBY. In
terms of pure Pt, H* species are weakly bound to Pt sites in
either top-site or hollow-site configurations with barely any
surface diffusion barrier. Therefore, H* could readily spill over

the surface and subsequently evolve into H2, limiting the
conversion of MBY. In contrast, the adsorbed H* strongly
binds to the Pd surface by a hollow-site configuration.
Although pure Pd could retain a high semihydrogenation
selectivity, the slow H* diffusion and desorption would be a
bottleneck in improving the conversion of MBY. Having this in
mind, the authors envisaged that alloying Pd with Pt would
offer Pd−Pt hollow sites for H* adsorption, in which the M−H
binding could be adjusted to a suitable range for appropriate
diffusion and desorption of H*. As expected, the selectivity of
the TiO2−Pd0.5Pt0.5 sample remained high when the
conversion approached 100% (Figure 4a). This work
emphasized the importance of lattice engineering design on
photocatalytic selective hydrogenation using water as a proton
source.
Selective hydrogenation of acetylene to ethylene in the

presence of an excess amount of ethylene is an important
process for the petrochemical industry since a ppm level of
acetylene poisons the ethylene polymerization.53 Weiss et al.
reported a PWDTH system that reduces acetylene to ethylene
with ≥99% selectivity under both noncompetitive (no ethylene
cofeeding) and competitive (ethylene cofeeding) conditions.54

Importantly, nearly 100% conversion was achieved in the latter

Scheme 4. Illustration of Photocatalytic Selective Transfer
Hydrogenation Using H2O as an H Sourcea

aReaction conditions: (a) catalyst (10 mg), substrate (0.5 mmol),
H2O (7.5 mL), CH3OH (2.5 mL), 300 W Xe lamp (λ < 400 nm),
pressure (1 bar), Ar atmosphere; (b) catalyst (0.002 μmol), sensitizer
(0.1 μmol [Ru(bpy)3]2+ or 2.5 mg mpg-CN), substrate (1 atm C2H2,
≥99.5 vol %), aqueous bicarbonate buffer (2 mL, pH 8.4), sodium
ascorbate (0.2 mmol), blue light (λ = 450 nm), temperature (298 K);
(c) catalyst (30 mg), substrate (1 atm CO2), H2O (0.1 mL), 300 W
Xe lamp.

Figure 4. (a) The catalytic performance of selective 2-methyl-3-
butyn-2-ol semihydrogenation to 2-methyl-3-buten-2-ol (MBY) using
water as a proton source with various TiO2−PdxPt1−x photocatalysts.
Reaction conditions are as indicated in Scheme 4a. (b) The amount
of hydrogen evolution in the presence of MBY or the absence of
MBY. Reproduced with permission from ref 30. Copyright 2017
Wiley.
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case, which is more industrially relevant (Scheme 4b). This
system used a molecular catalyst based on [meso-tetra(4-
sulfonatophenyl)porphyrinato]cobalt(III) (CoTPPS) operat-
ing under ambient conditions and sensitized by either tris(2,2′-
bipyridyl)dichlororuthenium(II) hexahydrate ([Ru(bpy)3]2+)
or mesoporous graphitic carbon nitride (mpg-C3N4) under
visible light. Moreover, Xiong et al. realized 99% selective CO2
methanation in a pure water system by introducing Pt single
atoms to defective carbon nitride (Pt@Def-CN) (Scheme
4c).55 Despite the low catalytic activity (6.3 μmolCHd4

gcat−1

h−1), the photoreduction of CO2 into a high-value-added
product in pure water has been demonstrated.
2.4. D2O as a Deuterium Source. Deuterium labeling is

essential in organic synthesis and the pharmaceutical industry.
Nevertheless, the state-of-the-art C−H/C−D exchange using
noble-metal catalysts or strong bases/acids has the disadvan-
tages of poor functional group tolerance and inferior

selectivity. Loh et al. proposed an innovative strategy for
controllable deuteration of halogenated compounds by photo-
catalytic D2O splitting under mild conditions using porous
CdSe nanosheets as the catalyst (Scheme 5a).56 A variety of
organic iodides including aryl, alkyl, and alkynyl iodides could
be deuterated with satisfactory functional group tolerance
(Scheme 5b). This approach is also competent to deuterate
less reductively labile C−Br, C−Cl, and even C−F bonds in
the presence of activating groups on the benzene ring (Scheme
5c−e). Moreover, the authors have developed a D-labeled tool
kit containing deuterated aryl halogen, boric acid, alkyne,
alkene, etc., which are valuable D-containing building blocks
for drugs or advanced materials (Scheme 5f). This work
provided an attractive and promising strategy for controllable
deuteration.
Shortly thereafter, Wu et al. developed the deuteration of

aromatic alcohols with D2O as a D source (70−99% D

Scheme 5. (a) Illustration of Photocatalytic Deuteration of Halogenated Compounds using D2O as a D Source, Scope of
photocatalytic (b) C−I, (c) C−Br, (d) C−Cl, and (e) C−F to C−D Transformation, and (f) D-Labeled Toolbox from
Photocatalytic C−I to C−D Transformation for Medical Intermediatesa

aReaction conditions: catalyst (5 mg), substrate (0.1 mmol), D2O (1.5 mL), CH3CN (2.5 mL), Na2SO3 (1 mmol), 150 W Xe lamp, temperature
(298 K), pressure (1 bar), Ar atmosphere. Reproduced with permission from ref 56. Copyright 2017 Nature Publishing Group.
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incorporation) under visible-light irradiation using CdSe
quantum dots as the photocatalyst (Scheme 6a).57 Zhao et

al. realized the synthesis of deuterium-labeled alkenes with
distinguished levels of D incorporation (99%) over nickel
nanoparticles supported on carbon nitride (Ni/C3N4)
(Scheme 6b).58 Also, Sun et al. reported a metal-free defective
ultrathin ZnIn2S4 nanosheet (D-ZIS) catalyst for photo-
catalytic deuteration of carbonyls utilizing the in situ generated
D protons from D2O splitting with decent deuteration
incorporation ratios (Scheme 6c).59 These strategies provided
promising insights into the sustainable and eco-friendly organic
synthesis of value-added deuterated chemicals. In addition, all
of the above deuteration studies have also attempted
deuteration synthesis of pharmaceutical intermediates (Figure
5), pointing to the potential of the PWDTH technique for the
pharmaceutical industry. Although they all only attempted the
reaction of one pharmaceutical intermediate, the implications
for the development of a green and safe pharmaceutical
industry could be significant.

3. CONCLUSION AND OUTLOOK
Although photocatalytic transfer hydrogenation has found
widespread use over the last decades, using water as the direct
proton source remains underdeveloped. The innovative
photocatalytic water-donating transfer hydrogenation enables
the utilization of active H* species from water splitting for

hydrogenation under mild conditions. This strategy is
attractive due to the safe, green, eco-friendly, and sustainable
reaction conditions. This perspective highlights the reaction
pathways and mechanisms, which provide insights into the
construction of catalytic systems and the design of efficient
photocatalysts, and discusses catalyst design, leading to
guidance for tailoring the catalytic activity and selectivity of
different heterogeneous catalysts. While some progress has
been made in the field of PWDTH, it is in its infancy and many
unsolved problems and challenges remain, as outlined below.
(1) It is crucial to enhance the performance of the PWDTH

while avoiding the evolution of H* from water splitting.
As far as current studies are concerned, most of the H*
is prioritized for the PWDTH reaction, which is more
pronounced in nanoparticle or heterojunction catalysts.
Whereas for SACs, they might boost the performance of
the PWDTH reaction and hydrogen evolution simulta-
neously. Thus, the competitive relationship between
hydrogenation and hydrogen evolution has to be
explored. Meanwhile, the regulation of the supported
metal species (i.e., nanoparticles, clusters, single atoms,
or synergistic effect of different species) should be better
studied, which might lead to unexpected results in the
PWDTH reactions.

(2) At present, noble-metal catalysts still dominate in
PWDTH reactions. Due to the scarcity and expense of
noble metals, it is vital to develop efficient non-noble-
metal catalysts such as those of Ni and Co for PWDTH
reactions.

(3) Selective hydrogenation reactions have a wide range of
applications in fine chemicals and pharmaceuticals as
well as petrochemicals. However, photocatalytic selective
hydrogenation using water as the hydrogen source
remains to be developed: for example, selective hydro-
genation of α,β-unsaturated carbonyl compounds. The
rational design of highly selective and versatile photo-
catalysts by precise modulation of the local coordination
environment would be a promising direction.

(4) The majority of existing studies of PWDTH reactions
employ additional hole sacrificial agents (e.g., methanol,

Scheme 6. Illustration of Photocatalytic Deuteration Using
D2O as a D Sourcea

aReaction conditions: (a) catalyst (20 μM), substrate (0.2 mmol),
D2O (5 mmol), CH3CN (2 mL), triethylamine (0.4 mmol), blue light
(λ = 450 nm), temperature (298 K), pressure (1 bar), Ar atmosphere;
(b) catalyst (3 mg), substrate (0.03 mmol), D2O (1.2 mL), CH3CN
(4.8 mL), triethanolamine (0.6 mmol), blue light (λ = 420 nm),
temperature (298 K), pressure (1 bar), Ar atmosphere; (c) catalyst (5
mg), substrate (0.1 mmol), D2O (1.8 mL), CH3CN (0.2 mL),
Na2SO3 (2 mmol), white LED light (λ > 420 nm), temperature (298
K), pressure (1 bar), Ar atmosphere.

Figure 5. Deuterated synthesis of pharmaceutical intermediates
through the PWDTH technique: (a) methyl nicotinate-2-d,56 (b)
isopropyl 2-(4-((4-chlorophenyl)(hydroxy)methyl-d)phenoxy)-2-
methylpropanoate,57 (c) methyl pent-4-enoate-4,5,5-d3,

58 and (d)
isopropyl 2-(4-((4-chlorophenyl)(hydroxy-d)methyl-d)phenoxy)-2-
methylpropanoate.59
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triethanolamine, triethylamine, and Na2SO3) to promote
the generation of protons, which produce worthless
substances at the oxidation side.30 A promising strategy
is to substitute the hole sacrificial agents with other
valuable organics, which could produce value-added
reductive and oxidative products at the same time.

(5) In the PWDTH process, the water molecule is first split
to produce the H*, which is then transferred to
catalytically active sites for the hydrogenation of organics
or spills over to evolve into H2. Nevertheless, the specific
reaction pathways and mechanisms of PWDTH
reactions remain complex and ambiguous. The under-
standing of reaction mechanisms requires more work,
such as monitoring the reaction process at the molecular
level by utilizing advanced in situ/operando character-
ization techniques and understanding the elementary
reaction mechanism through theoretical calculations.

(6) As the most common and nonpolluting solvent, water
also has enormous potential for use in other types of
reactions. It has been demonstrated that water can
participate in reactions as an oxidizing or reducing agent,
such as hydrogenolysis60 and couplings.61,62 This
provides directions for the development of water
involvement in reactions.

In conclusion, although the field is still in its nascent stage
and has many challenges, discoveries will propel the field by
solving these issues with an increasing understanding of their
organocatalytic and photochemical reactivity, which will have a
significant impact on the energy transition to a zero-carbon
economy.
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