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a b s t r a c t

Photothermal effect has been widely employed in the H2 evolution process at the advantage of using

clean energy sources to produce another one of higher benefits. The solar-to-heat conversion have various

forms and heat can facilitate reactions in a variety of dimensions. Hence, summarizing the sources and

destinations of heat is important for constructing hydrogen production systems of higher efficiency. This

view mainly focuses on the recent state-of-art progress of hydrogen evolution reaction (HER) based on

photothermal effect. First, we introduce the main pathways of photothermal conversions applied in H2

evolution. Then, the functions of the photothermal effect are clearly summarized. Furthermore, we go

beyond the catalytic reaction and introduce a method to improve the catalytic system by changing the

catalytic bulk phase through thermal means. In the end, we sort out the challenges and outlook to offer

some noble insights for this promising area.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Hydrogen energy is widely considered as a clean substitute for

fossil fuel in the future [1–6]. Hydrogen generation through two

most abundant natural resources, water and solar energy, offers a

promising pathway for carbon neutrality [7–9]. Photocatalysis for

hydrogen evolution reaction (HER) has been widely studied since

the pioneer work done by Fujishima and Honda in 1972 [10–13].

The mechanism of photocatalysis can be encapsulated as: electron-

hole pairs excited by incident light migrate respectively to conduc-

tion band and valence band of the catalyst. Driven by diffusion or

electric field, the carriers move to the surface and participate in

the redox reaction [14–16]. However, for most photocatalytic ma-

terials, weak absorption of solar spectrum and low apparent quan-

tum efficiency are two main obstacles preventing them from in-

dustrial application [17–20].

Recently, more and more researchers put an emphasis on the

facilitation effect of thermal engagement and come up with the

new conception of photothermal catalysis based on photocatalysis

has become a fast-growing research area [21–26]. Literally, pho-

tothermal catalysis refers to catalytic reactions involving heat and

photo participation [27,28]. In the reported photothermal H2 evo-

lution process, two main mechanisms of photothermal effect are
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widely employed: local surface plasmon resonance [29] and ther-

mal conversion of near-infrared absorption of photothermal mate-

rials [30].

Photothermal catalysis enjoys great popularity in that about

half of the solar spectrum (NIR) can provide heat for catalytic sys-

tem through thermal radiation while the photocatalytic reaction

of semiconductors only utilizes the incident light of higher en-

ergy. Moreover, photothermal catalysis can combine the advantages

of thermocatalysis and photocatalysis, thereby rendering excellent

catalytic performance even under moderate conditions.

As shown in Fig. 1, apart from broadening the absorbing spec-

trum, the total reaction can get improved through the synergis-

tic effect of photothermal combination: enhancing interfacial elec-

tron transformation [31], activating pyroelectric effect [32], driving

gradient H migration [33], lowering the energy barrier of reaction

[34] and accelerating the transportation of product [35].

For example, Zhang et al. [36] constructed a physical model of

carrier spatial distribution and predicted its photoelectric perfor-

mance to solve the problem of carrier generation and collection

in oxide optoelectronic devices. They proposed a multi-field cou-

pling mechanism of photothermal-electricity, and used the ther-

moelectric potential generated by photothermal generation to reg-

ulate the carrier transport characteristics. Through carrier dynam-

ics analysis, including the analysis of carrier collection efficiency

driven by temperature difference and the analysis of transient ab-

sorption spectrum, they found that the temperature difference po-

tential can break the limitation of external auxiliary voltage, accel-
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Fig. 1. Schematic illustration of the functions of photothermal effect.

erate carrier separation, inhibit recombination, prolong carrier life-

time, and finally improve the performance of the photoelectrode.

In this review, we first introduce the two main originations

of photothermal effect, including local surface plasmon resonance

(LSPR) and thermal conversion of micro/nanostructure. Subse-

quently, we discuss the destinations of heat from the view of cat-

alytic reaction. (i.e., enhancing interfacial electron transformation,

activating pyroelectric effect, driving gradient H migration, inhab-

iting adverse reaction). Furthermore, we demonstrated a novel wa-

ter vapor splitting to improve the whole catalytic system from the

phase perspective and extend the bi-phase system to the elec-

trolytic HER system. Last but not least, the challenges and outlooks

of the photothermal H2 evolution are presented. We hope to shed

light on the conceptions and research progress of photothermal

HER and provide ideas for the design and potential applications

in this area.

2. Design of photothermal effect

Photothermal effect has been observed in different materials in-

cluding inorganic materials (e.g., plasmonic metals and semicon-

ductors) [37,38] and organic materials (e.g., polymers) [39]. How-

ever, in the reported HER processes, inorganic materials are most

widely used and there are two main sources of heat widely em-

ployed in H2 generation: local surface plasmon resonance and ther-

mal conversion of micro/nanostructure. Local surface plasmon res-

onance derives from the coherent electron oscillations of the inci-

dent light and surface electrons [40]. The thermal conversion of

photothermal materials (e.g., black carbon-based materials, black

silicon, black GaAs, and other black materials) can effectively in-

crease the times of internal reflections, refractions, and scatterings

within the nanostructures [41–43].

2.1. Local surface plasmon resonance

As widely reported, localized surface plasmon resonance would

occur when the electric field oscillation of the incident light drives

the collective oscillation of the free electrons distributed in cer-

tain regions on the surface of the material. The hot electrons

of a higher energy level which only have a limited lifetime will

achieve the conversion of energy form through electron–electron

and electron–phonon scatterings and then dissipate the absorbed

energy through phonon–phonon relaxation process [44]. Hence,

three procedures of LSPR can be concluded as enhancement of

local electric field, generation of hot electrons and photothermal

conversion. Plasmonic metal nanoparticles, metallic oxides/nitrides,

black polymers and carbon based materials which have quantities

of free electrons within the molecules, have been reported exist-

ing LSPR [45]. Moreover, the absorption spectrum of LSPR can be

tuned by controlling the size, shape, component of the material

[46]. More applications of LSPR have been discovered from recent

researches. Wu et al. [47] found that in the visible-near infrared re-

gion, the hot surface plasmon induced by LSPR effect can enhance

the electrocatalytic activity of MXene. Yang et al. [48] reported that

LSPR can significantly changes the selectivity of the reaction. Lu et

al. [49] reported that hot plasmon induced by LSPR can move at a

high speed to facilitate the catalytic activity of photocatalyst.

2.1.1. Local surface plasmon resonance of metallic oxide

Although many intrinsic metal compounds have photocatalytic

properties, they do not have enough active sites due to their in-

ert substrates, which greatly limit their catalytic efficiency. Active

sites are often regulated by doping and defect engineering, among

which oxygen doping is a common modification method [50–58].

Due to the difference of its radius and electronegativity, oxygen

doping changes the band gap and regulates the activity of the base

surface, thus providing enough free charges on the surface of ma-

terial [45].

Our group [59] developed a oxide-MoS2 through a defect-driven

oxidation routine. O-doping strategy applied to MoS2 can form

molybdenum oxides on its surface, where abundant free charges

can induce local surface plasmon resonance effect. As shown in Fig.

2a, driven by the electromagnetic field generated by the incident

light, the freely movable charges oscillate at a certain frequency

parallel. The oscillation is only limited to local regions because the

size of nano material is much smaller than the wavelength of light.

The product had a good photothermal performance, which can be

found in Fig. 2b. Under the illumination of 808nm, 1W/cm2 laser

beam, the maximum temperature of can reach 54 °C. However,

the oxidation degree of MoS2 can affect the H2 evolution results.

Figs. 2c and d shows that the oxide-MoS2 has the best H2 evolu-

tion yields and the highest production rate (7.85mmol g−1 h−1).

But the defective MoS2 and the over-oxidation MoS2 had relatively

low production similar to 2H-MoS2, which can be respectively at-

tributed to poor surface electrons and destroyed molecular struc-

ture. As depicted in Fig. 2e, eosin Y (EY) excited to singlet state and

finally become EY3∗ through inter-system crossover. The triple ex-

cited state EY react with electron donator triethanolamine (TEOA).

TEOA subsequently lose an electron and become TEOA+ while EY3∗

transform into EY−. The highly reduced EY− can transfer electrons

to the surface of oxide-MoS2 for HER. Meanwhile, oxide-MoS2 can

absorb light in 700 and 1000nm to achieve photothermal conver-

sion through LSPR effect. The reaction temperature increased and

the HER efficiency was improved.

2.1.2. Local surface plasmon resonance of metallic particle

Metallic plasmonic particles like gold, silver, aluminum and

platinum nanoparticles have a high density of free electrons which

means LSPR can occur after absorbing the resonant light.

Gao et al. [45] designed a photothermal catalytic (PTC) gel com-

posed by TiO2/Ag nanofibers (NFs) and strong water absorber chi-

tosan polymer (Fig. 3a). As shown in Fig. 3b, the gel structure can

avoid light shielding of the upper catalyst in traditional suspen-

sion system and have a deeper light penetration depth. Moreover,

the co-catalyst Ag NFs can heat the system which can both boost

the catalytic reaction and accelerate the mass transport of H2 gas.

Results shows that, the co-catalyst Ag can greatly enhance light

absorption from 400 to 800nm (Fig. 3c). Furthermore, compared

with other materials, TiO2/Ag NFs and the PTC gel achieve an over

90% absorption of the whole solar spectrum (Fig. 3d). From the re-

sult shown in Fig. 3e, single TiO2 NFs barely had HER performance,

but after fabricating Ag with TiO2 NFs, the HER performance

got hugely improved from 50 μmol h−1 g−1 (TiO2 NFs) to 1734

μmol h−1 g−1 under UV light and an enormous enhancement to

8580 μmol h−1 g−1 under visible-NIR light. The mechanism depi-
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Fig. 2. (a) Schematic diagram of local surface plasmon resonance of MoSxOy. (b) Schematic of side-view infrared thermal image of the MoS2 samples. Laser beam: 808nm,

1W/cm2. (c) and (d) Comparison of PHER activities over 2H-MoS2/EY (This sample refers to the perfect MoS2 that prepared by hydrothermal synthesis at 220 °C), defective
MoS2, oxide-MoS2, and over-oxidation MoS2 under xenon lamp. (e) Mechanisms of PHER with oxide-MoS2 as catalyst. Copied with permission [59]. Copyright 2022, Elsevier.

cted in Fig. 3f can be explained as, the UV excited electrons can be

trapped by Ag particles for HER. Apart from boosting charge sep-

aration, LSPR effect of co-catalyst Ag particles can increase local

temperature by absorbing solar light of lower energy, thus acceler-

ating the reaction kinetics.

Additionally, Lu et al. [49] demonstrated that the LSPR effect of

gold nanoparticles can be directly used to improve the rate and

efficiency of electrochemical conversion. Using the electrocatalytic

oxidation of glucose as a model system, the change of electrocat-

alytic performance of gold nanoparticles under LSPR excitation was

systematically studied. The correlation between the electrocatalytic

activity of glucose and the light intensity and wavelength was in-

vestigated. It was revealed that the thermal electron-hole gener-

ated by gold nanoparticles under LSPR excitation was the essen-

tial reason for the enhancement of the electrocatalytic activity. The

mechanism of LSPR direct plasmonic accelerated electrochemistry

reaction (PAER) was proposed by using single particle dark field

microscopy spectroscopy and electrochemistry. This work reveals

the electrochemical reaction mechanism based on the enhanced

LSPR effect of noble metal nanoparticles, and provides a new idea

for the design of a new electrochemical energy conversion device

and the construction of electrical analysis devices using the local

surface plasmon resonance effect.

2.2. Thermal conversion of micro/nanostructure

For bulk materials, low emissivity is one of the obstacles

limiting light harvesting capacity [60]. The construction of mi-

cro/nanostructure in black carbon-based materials, black silicon,

black GaAs, and other black materials help achieve a high solar-

to-heat conversion rate by changing the intrinsic reflectance of

materials and inducing refraction and scattering inside the ma-

terials [61]. When the dimension of the structures matches the

wavelength of the incident light, the refractive properties of the

material will change [62]. Light can be trapped in the structures

and subsequently absorbed by multiple internal reflection. Aligned

[63,64], porous [65,66], hierarchical [67] or other spatial structures

have been developed for better light harvesting performance.

Li et al. [68] constructed a C@TiO2/TiO2-x ternary spatial junc-

tion nanoreactor with yolk-shell (YS) structure. YS structure can ef-

fectively reduce heat loss and minimize the transmission distance

of photogenerated carriers. As shown in Figs. 4a and b, the hy-

drogen evolution performance of C@TiO2/TiO2-x was the most out-

standing compared with all the precursors in both photocatalysis

or photothermal catalysis. Moreover, the catalytic activity of the

whole reactor is basically unchanged after 5 tests, showing strong

stability (Fig. 4c). The construction of homojunction can form a Ti-

O-C tunnel allowing charge transmission between carbon sphere

(CS) and TiO2, while heterojunctions can form internal electric field

due to Fermi level difference between the two interfaces (Figs. 4d–

f).

The mechanism is further elaborated in Fig. 4g. CS, TiO2 and

TiO2-X are photoexcited to produce electron-hole pairs under the

irradiation of sunlight. The electrons in the CS conduction band

flow to the TiO2 conduction band instantaneously through the Ti-

O-C channel (charge transfer bridge), and further flow to the TiO2-X

3
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Fig. 3. (a) Schematic drawing of the designed PTC gel for concurrent solar vaporization and hydrogen generation. (b) Inefficient light utilization in the suspension system.

Inactive nanomaterials caused by sedimentation and light penetration. Interfacial photothermal heating of PTC Gel. Efficient mass transport and light absorption through the

aligned pores within the PTC gel. (c) Absorption spectra of TiO2 NFs and TiO2/Ag NFs. (d) Calculated absorption spectra of TiO2 NFs, TiO2/Ag NFs, chitosan gel, PTC gel, and

spectral solar irradiance (AM 1.5). (e) Hydrogen generation by TiO2 NFs and TiO2/Ag NFs in glycerol–water solution under both UV light and full spectrum irradiation. (f)

Schematic diagram of the proposed mechanism of plasmonic photothermal enhanced catalysis. Copied with persmission [45]. Copyright 2020, Wiley Online Library.

conduction band under the action of the internal electric field. H+

is reduced to H2 by the heat generated by the photothermal ef-

fect of carbon core. At the same time, the valence band h+ of TiO2

migrates to the valence band of CS and reacts with the sacrificial

reagent (TEOA). However, due to the repulsive force of the internal

electric field, the photogenerated holes on the VB of TiO2 cannot

be transferred to the TiO2-X, effectively separating the e− and h+

generated on TiO2, and finally achieving effective charge separa-

tion under the condition of efficient photothermal conversion. It

provides the basis for rational design of high-performance carbon-

semiconductor hybrids in multi-electronic water reduction.

3. Various functions of photothermal effect

Above mentioned are different mechanisms of solar-to-heat

conversion of different photothermal materials. However, heat

from these different sources plays a totally different role in HER

process [69]. Heat has one or hybrid functions in each different

photothermal catalytic system [70,71]. Therefore, it is meaningful

to summarize the basic functions of photothermal effect for better

understanding of the photothermal H2 evolution system. Herein,

we conclude some basic functions of photothermal effects: enhanc-

ing interfacial electron transformation [72], activating pyroelectric

effect [73,74], driving gradient H migration [33].

3.1. Enhancing interfacial electron transformation

According to the principle of photocatalysis, the migration path

of electrons excited by incident light is valence band-conduction

band-active sites on the surface [75,76]. So, the rate of migration

is decisive to the catalytic performance [77,78]. Therefore, the pho-

tothermal effect can accelerate the targeted migration of electrons

by accelerating the reaction kinetics in the system [79].

Tang et al. [31] fixed CdS nanoparticles on the surface of Vs-1T-

WS2 nanoflowers through a solvothermal method. As shown in Fig.

5a, single CdS NPs or Vs-1T-WS2 would not catalyze the whole HER

process. But after coupling both two materials, H2 was able to be

generated by the whole catalytic system. It was noteworthy that,

the mass fraction of Vs-1T-WS2 would affect the production rate

of H2 and Vs-1T0.15-WCS had the best performance among all the

obtained products. Under the irradiation of visible light, photother-

mal effect by auxiliary catalyst Vs-1T-WS2 would help enhance the

HER performance and Vs-1T0.15-WCS had the best photothermal

property compared with Pt0.02-CdS, CdS and Vs-1T-WS2 (Fig. 5b).

Employing Vs-1T0.15-WCS to assess the best incident light condi-

tion, the best performance of 81.2mmol g−1 h−1 was detected un-

der simulated sunlight (AM 1.5), which was ascribed to the simul-

taneous excitation of the photothermal effect and inter-band tran-

sition of the charges at the interface (Fig. 5c). They further calcu-

lated the Gibbs free energy of hydrogen adsorption in different cat-

alysts and result showed that Vs-1T-WCS had the lowest reaction

energy barrier, which proved that the Vs of Vs-1T-WS2 was easier

to adsorb ∗H (Fig. 5d).

The researchers revealed the mechanism as the synergistic ef-

fect of electron modulation and photothermal effect (Figs. 5e–g).

The tight contact of the Vs-1T-WS2 and CdS gives rise to the re-

location of the elections near the heterogeneous interface thus re-

sulting in the energy band of CdS bending down to a lower level.
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Fig. 4. Photocatalytic and photo-thermal catalytic hydrogen evolution reaction performances of C@TiO2/TiO2-x yolk–shell (YS) nanoreactor. Hydrogen generation profiles in (a)

photocatalytic (ambient temperature) and (b) photo-thermal catalytic (without control temperature) over different catalysts (without co-catalyst Pt) under simulated sunlight

illumination. (c) Recycling tests of photo-thermal catalytic H2 evolution of C@TiO2/TiO2-x. (d-f) Sketches of internal electric field and charge transfer. (g) Illustration of the

possible transfer process of the photogenerated electrons (e−) and holes (h+) in C@TiO2/TiO2-x YS nanoreactor and the photo-thermal catalytic mechanism for enhanced H2

evolution under simulated sunlight (AM 1.5G) irradiation. Copied with permission [68]. Copyright 2021, Elsevier.

As a result, a build-in electric field is formed from Vs-1T-WS2 to

CdS. Under the irradiation of visible light, the photogenerated elec-

trons from CdS migrate directly to S vacancies which were primar-

ily the adsorption sites of ∗H primarily. Meanwhile, the photother-

mal effect of the S vacancies greatly enhances the interfacial trans-

formation of the electrons, which is the main driving force of the

hydrogen evolution process.

The new catalyst achieved a hydrogen evolution rate of

70.9mmol g−1 h−1 at 500nm and an apparent quantum yield

(AQY) of 39.1% and provided the possibility for non-precious metal

co-catalysts for hydrogen evolution.

3.2. Activating pyroelectric effect

The pyroelectric effect can form charges by temperature

oscillation-dependent spontaneous polarization [80–82]. The

charges originate from the thermal gradient can participate in the

catalytic reaction [83] and form inner electric field to act as a

driving force to govern the directional migration of photogenerated

carriers which will promote the separation of carriers [38].

Huang et al. [84] coated three-dimensional hierarchically struc-

tured coral-like BaTiO3 NPs with in situ grown Au NPs to con-

struct a catalytic system with synthetic effect mentioned above.

As shown in Figs. 6a and b, the HRTEM and HAADF-STEM image

showed that the characteristic lattice fringes agrees with the d-

spacings of (01̄1), (100), (1̄11̄) in BaTiO3 and (1̄11̄), (1̄1̄1), (200)

in Au, which meant the Au particles grew well on the surface and

did not destroy the structure of BaTiO3. Fig. 6c showed the tem-

perature distribution of the system, from which we can find that

the contact region of Au NPs and W-BaTiO3 can reach over 300 °C.
Compared with single BaTiO3 NPs and Au NPs, the HER perfor-

mance got greatly improved, which proves that the HER perfor-

mance derives from the synergistic effect of BaTiO3 and Au (Fig.

6d). Moreover, the nanosecond incident light was sorted to be the

best light source of the catalytic system because its rapid change

of temperature gradients (Fig. 6e). The mechanism of the total re-

action is shown in Fig. 6f. The well contact Au particle heats the

contact surface of BaTiO3 through its LSPR effect and activates the

pyroelectric effect. During the thermal cycle the uncompensated

pyroelectric surface charges will participate in the water splitting

process. Moreover, the internal electric field built up from the sur-

face pyroelectric charges can further facilitate the charge separa-

tion and charge transfer for pyro-catalytic hydrogen and oxygen

production.

3.3. Driving gradient H migration

Unwanted random electron-hole recombination occurring in

charge flow can lead to low conversion efficiency for hydrogen

evolution [85–87]. Surface and interior modification has been re-

garded as an effective way to improve charge separation efficiency

for photocatalysts [88,89]. It is reported that construction of self-

adapting vacancies by heteroatom doping can separate carriers ef-

fectively in a desired route [90–96]. Therefore, controllable vacancy

generation induced by accurate atomic doping or substitution is a

feasible way to improve catalytic performance.

In this regard, it was reported that activated hydrogen atoms

could migrate from a metal particle to the catalyst support on

5



P. Fan, Y. He, J. Pan et al. Chinese Chemical Letters 35 (2024) 108513

Fig. 5. (a) H2 evolution amount of Vs-1T-WS2, CdS and Vs-1T-WCS at different irradiation time. (b) Reaction temperatures of photocatalytic hydrogen precipitation reaction

systems with different catalysts. (c) Photocatalytic hydrogen evolution performance of Vs-1T0.15-WCS under different wavelengths of light irradiation. (d) �GH of the prepared

catalysts (the calculated sites of CdS were at the edge of the unsaturated S atom and the calculated sites of Vs-1T-WS2 were at the S vacancies site). (e-g) Schematic diagram

of the energy band structure and photocatalytic hydrogen precipitation of Vs-1T-WCS. Copied with permission [31]. Copyright 2022, Elsevier.

Fig. 6. (a) HRTEM image. (b) HAADF-STEM image with atomic structure as inset. (c) Temperature distribution of the structural model of a Au NP (9nm in radius) suspending

over a BaTiO3 cylinder with length of 1 μm and radius of 50nm at the moment with highest temperature inside Au NP. (d) H2 generation by Au/BaTiO3 NPs illuminated

under different light sources. (e) Normalized H2 production rate (normalized to the production rate of Au/BaTiO3 NPs) of different samples under the irradiation by a 532nm

nanosecond laser. (f) Schematic illustration of pyro-catalytic hydrogen generation of Au/BaTiO3 NP driven by surface plasmon local heating. Copied with permission [84].

Copyright 2022, Nature Publishing Group.
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Fig. 7. (a) and (b) HAADF-HRSTEM image of 5% Cu-ZIS. (c) photocatalytic H2 evolution rate of ZIS and xCu-ZIS (x = 1%−6%). (d) Adsorption free energy of H (�GH
0) of

different S sites and H gradient migration. (e) Energy barrier of H atom migration (Ea, eV) at different temperatures between different S sites. (f) The temperature variation

of ZIS and 5% Cu-ZIS with increasing irradiation time. (g) Schematic illustration of gradient H migration for H2 evolution on Zn facet over Cu−ZIS. Copied with permission

[33]. Copyright 2021, American Chemical Society.

the surface though the heterogeneous interface because of hydro-

gen spillover [97,98]. Hence, it is viable to construct gradient ac-

tive sites to migrate H atoms from hydrogen-abundant sites to

hydrogen-scant sites. In this process, the heat can lower the en-

ergy barrier of the migration and accelerate the migration kinetics.

Zhang et al. [33] fabricated a copper-doped ZnIn2S4 nanosheet

with self-adapting S vacancy. As shown in Figs. 7a and b, after Cu

atom substituting the Zn atom, self-adapting Vs will appear be-

cause of different chemical bond lengths of Cu-S and Zn-S, namely

Jahn-Teller distortion. The generated S vacancies will construct a

gradient channel for H migration and H2 evolution. It was found

that the density of doped Cu atoms could boost H2 generation,

but excess doping of Cu would result in a decrease of H2 produc-

tion rate because the formation of CuS become recombination sites

of photogenerated charges (Fig. 7c). The optimal density of copper

dopants is 5%. Shown in Fig. 7d, the route of H migration consists

of 5 gradient active sites (S5-S1) with gradually lower reacting en-

ergy barriers. Moreover, with the rise of the temperature, the en-

ergy barrier of H atom transfer will decrease, making it easier for

H atoms to migrate to a more suitable site for HER (Fig. 7e). In-

triguingly, S2 active site will be eliminated from the ultimate mi-

gration path because of the energy barrier of S3-S1 is lower than

that of S2-S1 at 0K. Furthermore, the temperature of 5% Cu-ZIS can

reach 167 °C within 20min, which shows a more excellent pho-

tothermal effect than ZIS (69.3 °C) (Fig. 7f). The mechanism of the

whole system can be concluded in Fig. 7g. The accumulated heat

can drive the migration of H atom along the route S5-S4-S3-S1 and

the trapped H atoms will gather to generate H2 at S vacancies. Ulti-

mately, 5% Cu-ZIS achieves optimum photo-catalytic hydrogen evo-

lution activity of 9.8647mmol g−1 h−1, which is 14.8 times higher

than 0.6640mmol g−1 h−1 for ZnIn2S4, and apparent quantum ef-

ficiency reaches 37.11% at 420nm.

3.4. Inhibiting the adverse reaction

In water splitting reaction, the generated oxygen and hydro-

gen can react at the active sites to generate water reversely

[99–101]. The competition between hydrogen–oxygen production

(2H2O→2H2 +O2) and hydrogen–oxygen recombination (2H2O ←
2H2 +O2) is unfavorable and will leads to a low solar-to-hydrogen

(STH) efficiency [102,103]. Recently, evidence has been found that

the intensity of adverse reactions is adjustable by controlling the

temperature.

Zhou et al. [104] reported that proper temperature can in-

hibit the reverse reaction. Fig. 8a shows the catalytic system of

rhodium (Rh)/chromium oxide (Cr2O3)/cobalt oxide (Co3O4)-loaded

InGaN/GaN NWs. From the element mapping of the catalyst shown

in Fig. 8b, Rh, Cr2O3 and Co3O4 only distribute on the surface

of the catalyst while the internal part is filled with InGaN and

GaN. They first designed a temperature-controllable photocatalytic

system to perform overall water splitting (OWS) in pure water

at different temperatures ranging from 30 °C to 80 °C under the

same concentrated simulated solar light (3800mW/cm2). The re-

sult showed the significant improvement of the STH efficiency with

the rise of temperature (Fig. 8c). They further confirmed the mech-

anism behind the promotional effect of heat in the catalytic re-

7
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Fig. 8. (a) HRTEM of the supported Rh/Cr2O3/Co3O4 cocatalyst on the InGaN/GaN NWs. Inset: FESEM of the Rh/Cr2O3/Co3O4-loaded InGaN/GaN NWs. (b) STEM and element

mapping of the Rh/Cr2O3/Co3O4-loaded InGaN/GaN NWs. (c) Temperature dependent STH efficiency of the Rh/Cr2O3/Co3O4–InGaN/GaN NWs. A 300-W Xe lamp equipped

with an AM1.5G filter was used to produce concentrated light of 3800mW/cm2 on a 0.8 cm×0.8 cm Rh/Cr2O3/Co3O4-loaded InGaN/GaN NW wafer. (d) Temperature-

dependent hydrogen–oxygen recombination reaction. (e) Free-energy profile of hydrogen–oxygen recombination on the cocatalyst Co3O4, Rh and Cr2O3. (f) Image of outdoor

photocatalytic OWS system on North Campus at the University of Michigan, Ann Arbor, Michigan, United States. Copied with permission [104]. Copyright 2023, the Nature

Publishing Group.

action through a contrast test (Fig. 8d). Under the dark condi-

tion, photocatalyst was inhibited, the amount of H2 and O2 re-

duced by the ratio of 2:1 which directly confirm the existence of

the hydrogen–oxygen recombination. Importantly, the balance con-

tent of H2 and O2 rise simultaneously with the temperature, which

proved the inhibition effect of temperature on the adverse reac-

tion. Interestingly, the gas amount decreased under 80 °C which

can be attributed to accelerated the mass transfer in water caused

by temperature increase. The free-energy profile can help fur-

ther elucidate the mechanism of inhibition of adverse reaction by

temperature (Fig. 8e). Calculations showed that the energy bar-

rier (0.11 eV) of hydrogen–oxygen recombination on Rh was lower.

Hence, Rh is the center for hydrogen–oxygen recombination. Since

most steps except water desorption in the hydrogen–oxygen re-

combination on Rh were typically exothermal, it is acceptable to

restrain the adverse reaction. The outdoor photocatalytic OWS sys-

tem shown in Fig. 8f achieved a surprising average STH efficiency

of 6.2% within 14 cycles. Their study broke the limit of photocat-

alytic water splitting and overcame the efficiency bottleneck of so-

lar hydrogen production.

4. Photothermal catalytic bi-phase system

From the perspective of the catalytic reaction process, we have

discussed varies functions of heat. However, catalytic reaction is

only one of the crucial parts of the total HER process [105,106].

From the phase-interface perspective, most of the reported photo-

catalytic water splitting system adapt a tri-phase pattern, includ-

ing solid catalyst, fluid water, gas hydrogen. Nevertheless, recent

researches showed that the state of water is decisive to the HER

performance [107,108]. By absorbing the heat from sunlight to con-

vert liquid water into water vapor, and using it in photocatalysis

8
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Fig. 9. (a) Schematic of the fabrication process of the wood/photocatalyst structure that generates the water steam and catalyzes its splitting for hydrogen evolution. (b)

Raman spectra taken at different depths along the cross section of wood/CoO microchannels with an interval of 500μm. (c) The photo of the wood/CoO system floating

on water. (d) Infrared radiation thermal image from the wood/CoO system under light illumination. (e) Rate comparison of H2 evolution in the tri-phase CoO NPs system

and wood/CoO bi-phase photothermal–photocatalytic system (area: 7.85 cm2, mass: 0.3 g). (f) Gibbs energy of a photocatalytic reaction in the tri-phase system (373K) in

comparison with the bi-phase system (373K) over the pure CoO surface. The photocatalyst is CoO NPs. (g) Schematic of the hydrogen transport resistances in the liquid- and

gas-phase environments. Copied with permission [35]. Copyright 2021, the Nature Publishing Group.

and electrocatalysis, the energy barrier of the reaction can be re-

duced and the transport speed of the product can be accelerated

[109,110].

4.1. Photothermal photocatalytic bi-phase system

Many reports have confirmed the advantage of the construc-

tion of bi-phase system by doing contrast tests. For example, Han

et al. [111] compared the H2 production rate of the tri-phase and

bi-phase TiO2 catalytic system. The rate of the tri-phase system

was 162.7 μmol m−2 h−1 while that of the bi-phase was 487.4

μmol m−2 h−1, which proved the superiority of bi-phase system.

Li et al. [35] found that the stage of water makes a huge differ-

ence to H2 evolution performance. They fabricated a bi-phase sys-

tem constructed by carbonized wood slice with HER catalyst spin-

coated on its surface (Fig. 9a). Raman spectra of the wood/CoO sys-

tem showed that the thickness of the surface catalyst was about

2mm and the actual measurement of the depth immersion in wa-

ter of the wood was 2mm, which proved that CoO did not contact

directly with liquid water (Figs. 9b and c). Under the irradiation

of solar light, the carbonized wood will be heated to a high tem-

perature (Fig. 9d) and transform the liquid water into water vapor,

known as the photothermal transpiration effect. Gas water can re-

act directly with CoO NPs and generate H2. As shown in Fig. 9e,

the evolution rate of bi-phase system is about 17 times the rate

of tri-phase system using CoO NPs only. DFT calculations were also

implemented to give a quantitative analysis of the advantage of the

bi-phase system. Results showed that gas water can greatly lower

the energy gap of the water splitting process (Fig. 9f). Moreover,

the stage change of water makes the transmission resistance of H2

shrink 2 orders of magnitude, thus achieving easier collection of

H2 (Fig. 9g).

4.2. Photothermal electrocatalytic bi-phase system

Introducing thermal factors to photocatalytic reactions has

widely reported as a conducive method for hydrogen evolution.

Similarly, introducing the bi-phase system to electrocatalytic water

splitting may improve the performance of water electrolysis, which

is rarely reported [112,113]. The total reaction can be considered as

a photothermal assisted electrolysis process.

Li et al. [114] developed the electrocatalytic reaction system by

planting surface carbonized wood structure on the water and sus-

pending the electrocatalytic device over the wood structure (Fig.

10a). As shown in Fig. 10b, they assembled the whole catalytic sys-

tem. Under the illumination of solar light, the carbonized wood

9
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Fig. 10. (a) The diagrammatic sketch of the electrocatalytic water vapor splitting device based on the wood structure, the inset is the schematic illustration of the electro-

catalytic water vapor splitting device configuration. (b) Photograph of the setup for the electrocatalytic steam splitting, insets are the photographs of setup before and after

water splitting. (c) Sketch of the mechanism of the water vapor splitting electrolyzer. (d) Polarization curves of electrolyzer adopting Mo2C-Mo2N heterostructures as HER

electrocatalyst at a scan rate of 5mV/s in the vapor phase and liquid phase, respectively. (e) Summaries of the voltage at 10mA/cm2 using the Mo2C-Mo2N, Mo2C, Mo2N,

M-Mo2C-Mo2N and 20wt% Pt/C as HER electrocatalyst in the liquid water and water vapor. (f) Chronoamperometry curve of Mo2C-Mo2N heterostructures at a voltage of

1.639V in the water vapor. (g) Free energy profiles of Mo2C-Mo2N heterostructures under different temperatures. (h) Free energy profiles of Mo2C-Mo2N heterostructures

under different phase states. Copied with permission [114]. Copyright 2022, Wiley Online Library.

will transform liquid water into water vapor through photother-

mal transpiration effect. The generated water vapor will contact di-

rectly with the electrocatalytic device and will be electrolyzed by

the poles which are commonly used in traditional water electroly-

sis. The reacting process is totally changed compared with the elec-

trolysis of liquid water shown in Fig. 10c. The novel photothermal

assisted electrocatalytic device greatly improves the performance

of water electrolysis. Lower bios voltage is needed to support the

whole process (Fig. 10d). The same conclusion can be drawn using

different HER catalysts (Fig. 10e). Furthermore, we can find that

traditional Pt/C catalyst displayed the best catalytic performance,

while the Mo2C-Mo2N catalyst they developed performed second

only to the Pt/C catalyst.

The stability of the system is also desirable. As shown in Fig.

10f, the function remained barely unchanged during the 20h reac-

tion. Moreover, density functional theory (DFT) calculations were

implemented to further analyze the reaction. The results showed

that higher temperature can lower the energy barrier of water

splitting process (Fig. 10g). Furthermore, under the same tempera-

ture, the reaction energy barrier of gas stage water electrolysis is

apparently lower than liquid stage water, which verifies the above-

mentioned conclusion from another dimension (Fig. 10h). Li’s work

opened a new gate for introducing photothermal effect to electro-

catalysis.

5. Challenges and outlooks

In recent decades, photothermal catalytic system is gradually

mature and has become a research hotspot in the field of new en-

ergy. All above, we conclude the mechanisms and applications of

photothermal effect mentioned in recent researches. However, this

fast-growing research field still face severe challenges [115–117].

Firstly, the source of heat for hydrogen production by photothermal

catalysis is still limited. Although many photothermal methods are

reported, the methods that can be used for hydrogen production

are very limited. Secondly, most of the researches on photothermal

effect are implemented in photocatalytic hydrogen evolution sys-

tem, but the researches on photothermal effect in other catalytic

systems (such as electrocatalysis) are not widely reported. Thirdly,

most reports focus on improving catalytic performance from the

perspective of catalyst, but few of them study the regulation of the

overall catalytic system. Since catalyst is only one of the decisive

parts in the whole system, effective ways to improve the perfor-

mance can be found from other angles. Last, the systems with good

catalytic performance are rather complex, of which the prepara-

tion conditions are strict and the cost is high, so it is difficult to

achieve industrial production. We hope that future studies can fur-

ther explore the above problems, improve the theoretical system of

photothermal catalytic hydrogen production, and put forward fea-

sible industrial production programs. These years have witnessed

the huge leap of new energy, but a long tough journey is just in

front of us.
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