
system increased from 0.23 O cm2 by 100% at 1.0 A cm� 2.
Additionally, they observed catalyst detachment and ion-
exchange membrane degradation. This finding compels us to
carefully consider the impact of using tap water, which con-
tains residual chlorine, on the lifespan of PEM systems. While
further purification of water could mitigate these effects, it
would also increase operational costs. Therefore, balancing
water quality and cost is a crucial issue that needs to be
addressed for the sustainable operation of PEM systems.

4.2 Photocatalysis

Photocatalysis represents a sustainable technology aimed at
mitigating the global energy crisis and environmental pollution
through the utilization of abundant and renewable solar energy
resources. Typically, photocatalytic reactions entail the genera-
tion of charges upon exposure to light, subsequent charge
separation and transportation, and ultimate charge consump-
tion through surface redox reactions. In certain cases, along-
side the use of semiconductor photocatalysts, cocatalysts are
required to suppress charge recombination and facilitate
charge transport efficiently. It is inevitable that charge carriers
and reactants interact with the semiconductor and/or cocata-
lysts upon contact, resulting in the dynamic transformation of
catalysts during the photocatalytic reaction. This dynamic
transformation not only gives rise to real active sites, resem-
bling those in electrocatalysis, but also provides an avenue for
precisely fine-tuning the energy band structure of photocata-
lysts. In this section, we will introduce the representative
applications of favorable catalyst dynamic transformation in
the field of photocatalysis.

4.2.1 Photocatalytic water splitting. Hydrogen is increas-
ingly regarded as a promising contender for replacing tradi-
tional fossil fuels due to its environmental benefits and high
energy density. Photocatalytic water splitting stands out as a
renewable and sustainable technology, directly harnessing
inexhaustible water resources and solar energy to produce
green hydrogen. As demonstrated in the following equation,
during photocatalytic water splitting, photoinduced electrons
act as reducing agents, while photoinduced holes serve as
oxidants, yielding H2 and O2, respectively.

2H+ + 2e� - H2 (g), DE0 = � 0.41 V (1)

2H2O (l) + 4h+ - O2 (g) + 4H+, DE0 = 0.82 V (2)

Overall reaction:

H2OðlÞ !
1
2
O2ðgÞ þ H2ðgÞ;

DE0 ¼ 1:23 V; DG ¼ þ 237 kJ mol� 1
(3)

4.2.1.1 Co-catalysts. Photocatalytic water splitting is inher-
ently an uphill reaction. To facilitate this process, the band
structures of photocatalysts must adhere to specific criteria,
including a conduction band (CB) minimum that is more
negative than the H+/H2 reduction potential and a valence band
(VB) maximum that is more positive than the O2/H2O oxidation

potential. Certainly, meeting all these stringent requirements
with a single photocatalyst poses a significant challenge, mak-
ing it necessary to introduce cocatalysts to enhance the charge
separation efficiency and reaction kinetics. In general, electro-
catalysts exhibiting high efficiency in electrocatalytic water
splitting, such as Pt,85 metal oxides, phosphides,235 sulfides,
carbides, and others, have strong potential as cocatalysts for
photocatalytic water splitting.236 These cocatalysts undergo
dynamic transformations during the photocatalytic water-
splitting process (Table 3).

Pt is frequently employed as a cocatalyst in the photocata-
lytic HER, and the beneficial impact of achieving a high
dispersion of Pt in photocatalytic HER has been well-
documented. However, these highly dispersed metal-based
catalysts are susceptible to photochemical processes. During
photocatalytic operando XAS experiments conducted on Pt
single-atom catalysts (SACs), the typical trend observed in
relation to the initial conditions is a reduction in Pt–O coordi-
nation, with coordination numbers decreasing from 4–5 to 2–
3.237 This indicates a partial reduction of Pt species, and the
SACs exhibited partial Pt–Pt clustering under the reaction
conditions. The anatase-rich P90 titania support could lead to
extensive clustering with a Pt–Pt coordination number of 7, and
this was significantly suppressed by employing a precalcined
Pt/PC500 anatase-rich support with high-specific surface areas
and high surface defectiveness. Specifically, Pt/PC500 main-
tained an atomic Pt dispersion and a high Pt oxidation state
consisting of single atoms, dimers, and trimers, with Pt–Pt
coordination numbers of 1–2 during the photocatalytic HER.
Notably, using the same support, a mild reducing pretreatment
can yield near-neutral and highly dispersed Pt species with Pt–
O and Pt–Ti bonds in the pre-reduced Pt/PC500, leading to
improved photocatalytic HER performance and stability
(0.14 mol h� 1 g� 1, a turnover frequency per Pt atom of
0.37 s� 1, a photonic yield of 5.6%, and an apparent quantum
yield of 11%). In addition to the photocatalytic HER, Pt-based
co-catalysts can be employed with great efficiency in photo-
catalytic overall water splitting. Taking a PtO/TiO2 photocatalyst
as an example, the Pt–O bond length extended from 2.07 to
2.13 Å, while the coordination number decreased from 4.0 to
2.5 during the photocatalytic overall water splitting.63 The
dynamic transformation of the PtO cocatalyst is instrumental
in unilaterally quelling undesirable hydrogen oxidation and
achieving exceptional efficiency in the hydrogen evolution rate.

Transition metal compounds have been proven as efficient
cocatalysts for photocatalytic water splitting when integrated
with appropriate semiconductors. When NiSe2 with differ-
ent phases were incorporated into carbon nitride (CN) to
form a hybrid photocatalyst (m-NiSe2/CN and p-NiSe2/CN),
these hybrids exhibited similar photocatalytic HER rates of
3.26 mmol h� 1 and 3.75 mmol h� 1, respectively.236 Strikingly,
distinct surface conversion behaviors were observed in m-NiSe2/
CN and p-NiSe2/CN during the photocatalytic process. After
the photocatalytic HER, the chemical structure and morphol-
ogy of m-NiSe2 were well retained, but partial p-NiSe2 would
undergo conversion to NiOOH, resulting in different stability of
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