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a b s t r a c t

The carbon dioxide (CO2) hydrogenation into methane (CH4, Sabatier reaction) has

intrigued much research attention considering the role of CH4 in rendering energy for daily

life. Photo-thermo-catalysis (PTC) of CO2 methanation integrates both photochemical and

thermochemical contributions to drive CH4 generation effectively and selectively. This

review critically surveys recent discoveries in PTC-CO2 methanation. After introducing the

basics of CO2 methanation, the mechanisms of PTC-CO2 methanation related to electron

transfer (non-thermal effect) and photothermal heating are presented. Next, the factors

regarding metals, shapes, metalesupport interactions and defects are discussed. Moreover,

we highlight the emerging catalysts of PTC-CO2 methanation, including plasmonic and

non-plasmonic metals, metal oxide semiconductors, metal-organic frameworks, and metal

carbides. This review concludes with current challenges and future perspectives in paving

the way toward the industrial application of PTC-CO2 methanation.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Energy is the backbone of a country since its production, uses,

and sustainability significantly impacts the social economy's
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energy need to date [1e3]. However, the rapid use of fossil

fuels has led to concerns about the energy crisis, global

warming, and ocean acidification, posing a severe threat to

human survival. Hence, it is imperative to seek green
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alternatives for mitigating the issues related to fossil fuel

utilization. In this regard, one of the green, carbon-neutral

strategies is the chemical conversion of carbon dioxide (CO2)

to value-added compounds [4], which can be driven by ther-

mocatalysis (TC) [5e7], photocatalysis (PC) [8,9], and recently,

photo-thermo-catalysis (PTC) [10e12].

Among different targets of CO2 transformation [13,14],

methane (CH4) is awell-known clean burning fuel that renders

heat and light energy by mass and releases fewer pollutants

than other traditional fossil fuels [15,16]. Thus, the CO2 hy-

drogenation to CH4 (i.e., CO2 þ 4H24CH4 þ 2H2O; referring to

the Sabatier reaction) shows a promise of meeting the future

energy needs [17]. The Sabatier reaction as an exothermic

process is thermodynamically favorable [18] but kinetically

unfavorable since it is an 8-electron reduction reaction,

requiring multiple consecutive stepwise hydrogenations. It is

challenging to achieve highly efficient and selective CO2

methanation in mild conditions, especially at low tempera-

tures and pressure. Hence, rationally designing an effective

catalytic system is of importance to be considered.

TC-CO2 methanation, due to its high efficiency and suit-

ability for large-scale processes, has been widely applied,

whereas thermodynamic and kinetic limitations of TC-CO2

methanation remain significant obstacles [19,20]. Besides,

solar energy as a renewable energy source can be transformed
Fig. 1 e Schematic illustration of the basics, mechanisms, facto
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into chemical energy by suitable photocatalysts for CO2

methanation. Nevertheless, the high CO2 activation barrier,

sluggish intermediate reaction phases, and unrestrained re-

action pathways limit the application of PC-CO2 methanation

[21]. Alternatively, the synergistic interaction of light and heat

in PTC systems has emerged as an effective method. PTC can

integrate both photochemical and thermochemical reaction

pathways. In this regard, the light-induced features, involving

electron injection and the temperature rise by light-to-heat

conversion, enable efficient CO2 methanation, which has

received emerging attention in recent years [22,23]. Hence, an

overview to survey the current research advancement in PTC-

CO2 methanation is vital for a wide range of readerships, from

material scientists to physicists and chemists.

In recent several years, several constructive reviews have

been reported on the PTC-CO2 conversion to various fuels

[24e34]. Fan and Tahir have surveyed photoreactor technol-

ogies for solar fuel generation from PTC-CO2 hydrogenation

[32]. Ye et al. briefly covered the advancement of plasmonic

PTC-CO2 hydrogenation to CO [33]. By the specific target of CH4

derived from PTC-CO2 hydrogenation, Wei et al. have high-

lighted the developments of metal-organic frameworks

(MOFs) [35]. Most recently, a newly published review by Wang

et al. has focused on the semiconductor-based catalysts and

catalytic routes of PTC-CO2 methanation [36]. Despite these
rs, and advanced catalysts for the PTC of CO2 methanation.
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excellent reviews, a comprehensive overview has been less

exploited for mechanistic understandings and catalyst

designing principles for the PTC-CO2 methanation. This study

aims to highlight the significant and recent discoveries of PTC-

CO2 methanation, especially those that have emerged in the

last three years (Fig. 1). We start with reviewing the basics of

CO2 methanation. Next, we introduce the fundamental

mechanisms of PTC-CO2 methanation, followed by discussing

multiple factors (metals, shapes, metalesupport interactions,

and defects) for tailoring the PTC efficiency. Furthermore, we

highlight the state-of-art PTC materials, ranging from plas-

monic and non-plasmonic metals, metal-organic frameworks

(MOFs), metal oxide semiconductors, and metal carbides.

Finally, we critically point out the challenges in current

studies and propose some perspectives for future research

opportunities to pave the way for industrial applications of

PTC-CO2 methanation.
Overview of CO2 methanation

Reaction pathways

The CO2 molecules can serve as an inexpensive and abundant

feedstock to render a variety of fuels through hydrogenation

processes. Since Paul Sabatier and Jean-Baptiste Senderens

discovered CO2 methanation in 1902, CO2 methanation

(Sabatier reaction) has played an essential role in producing

clean fuels to meet up the ever-growing energy demands,

especially during the oil crisis of the late 1970s [37e40]. CO2
Fig. 2 e Possible reaction pathways of CO2 methanation: (a) dir

RWGS þ CO-hydro pathways. Reprinted with permission from

Please cite this article as: Khan S et al., Recent advances on photo-
Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2022.0
methanation is an exothermic reaction using stoichiometric

molar ratios of feed gases (H2:CO2), producing H2O as a

byproduct. The overall reaction of CO2 hydrogenation into CH4

can be completed either in one step (Sabatier reaction:

CO2 þ 4H24CH4 þ 2H2O) or in two consecutive steps. In

particular, the two-step route involves reverse water gas shift

(RWGS: CO2 þH24COþH2O) and the subsequent CO hydro-

genation (COþ 3H24CH4 þH2O).

Additionally, three main reaction pathways have been

established by differentiating important intermediates (Fig. 2)

[41e47]. (a) Direct CO2 dissociation (Route a): CO2 molecules

are sequentially cleaved into *CO and *O (i.e., the symbol "*"

denotes an adsorption site.), followed by the dissociation of

*CO into *C and *O. The resultant *C is step-wise hydroge-

nated to produce CH4. In this process, there is no *H partici-

pating in the reaction to promote the CeO scission. (b)

Formate pathway (Route b): The key intermediates are

formate (*HCOOH) species. The *H atoms assist the CeO bond

cleavage by forming *HCOO, *HCOOH, *H2COOH, and *H2COH

intermediates. (c) RWGS þ CO-hydro pathway (Route c): *CO2

is first hydrogenated to *HOCO, then forming *CO. The *CO

can be further hydrogenated into *HCOH, *H2COH, or *H3CO,

until generating *CHx species. In this process, *CO and *HxCO

are the critical intermediates.

Operational parameters

A figure of merit to assess the feasibility of the CO2 metha-

nation is associated with the equilibrium rate constant (K) and

Gibbs free energy change of a reaction (DGR). The parameter of
ect CO2 dissociation, (b) formate pathways, and (c)

Ref. [42]. Copyright (2017) American Chemical Society.
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K can be determined by the Van't Hoff equation, dðln KÞ
dT ¼ DHQ

R
RT2 ,

involving standard reaction enthalpy (DHQ
R ; at 25

�C and 1 atm),

gas constant (R), and reaction temperature (T). Besides, DGR is

the difference between enthalpy change DHR and entropy

change DSR at a given temperature, DGR ¼ DHR � TDSR. The

standard DGQ
R is correlated with the K value by the equation, D

GQ
R ¼ � RT ln K. Both K and DGQ

R can predict the ratio of the

products to reactants at equilibrium. The reaction under

standard conditions is product (reactant) favored when DGQ
R is

negative (positive) or K > 1 (<1) [48]. The values of lnK, DHQ
R ,

and DGQ
R at standard reactions for the Sabatier reaction are

24.868, �165.03 kJ mol�1, and �113.62 kJ mol�1, respectively

[49]. Hence, CO2 methanation is an exothermic reaction that

proceeds spontaneously at standard conditions. However,

various operational parameters can affect the realistic reac-

tion kinetics. Choosing an optimized reaction condition of CO2

methanation is essential for a desirable CH4 yield.

H2/CO2 ratio

Competitive reaction pathways of RWGS and Sabatier reac-

tionmight occur during CO2 hydrogenation, producing CO and

C byproducts. Many studies have revealed that the higher H2/

CO2 feed ratios can increase the CH4 yield and selectivity of

CO2 methanation [50e54]. For example, Hussain et al. inves-

tigated H2/CO2 ratios for CO2 methanation on a highly active

fibrous silica beta zeolite catalyst [50]. The CH4 mole fraction

enhances, accompanied by the decline in themole fractions of

CO2 and C, when the H2/CO2 feed ratio increases from 1:1 to

4:1, wherein H2 acts as a limiting reactant (Fig. 3a) [50]. The

higher H2/CO2 ratio causes more H2 molecules to accumulate

on the catalyst surface, offering enough *H for the deep hy-

drogenation of CO2 into CH4.

Temperature

Although the Sabatier reaction can occur at temperatures as

low as 25 �C, the high kinetic barrier prevents significant CH4

production. Elevating the reaction temperature to a proper

value has proven to promote the methanation process [55].
Fig. 3 e Correlations of CH4 yields catalyzed by FS@SiO2 catalyst

constant pressure of 0.1 MPa. (b) Effect of pressure at a constant

Ref. [50]. Copyright (2020) Elsevier Ltd. All rights reserved.
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According to the Arrhenius equation, the heat energy input

into the systems can significantly accelerate the methanation

reaction due to the facilitated mass transfer through the

irregular thermal movement of reactant and product mole-

cules on the catalyst surface [55,56]. Nevertheless, a too high

reaction temperature might induce catalyst deactivation

(active site plugging and loss of activity) or undesirable CO

byproducts via RWGS [50]. For example, Hussain et al. inves-

tigated the effects of temperatures on the CH4 yields (i.e., the

multiplication product of CH4 selectivity and CO2 conversion)

(Fig. 3b) [50]. The CH4 yield deteriorates with increasing tem-

peratures above 300 �C due to the massive production of side

products and deactivation of catalysts [50]. Hence, a suitable

temperature (neither too high nor too low) should be achieved

to ensure maximum CO2 conversion to CH4.

Pressure

Increasing the operational pressure makes the gas molecules

closer and enhances the probability of intermolecular colli-

sions, thus accelerating the reaction rate. Besides, Le Chate-

lier's principle predicts that the reaction proceeds in a

direction that produces fewermolecules when the pressure in

a system increases. In the Sabatier reaction

(CO2g þ 4H2g4CH4g þ 2H2Og), 5 mol of the gas molecules are

on the left, and only 3 mol of gas molecules are on the right.

With increasing the pressure, the equilibrium points will shift

to the right, generating more CH4 products. Numerous ther-

modynamic analyses have shown that high-pressure condi-

tions favor the methanation reaction [50e52,57]. For example,

the equilibrium conversion of CO2 to CH4 increases signifi-

cantly by increasing the pressure from 1 to 100 bar when using

CueK/Al2O3 catalysts [51].

In summary, low-temperature and high-pressure favor the

maximum CO2 conversion and CH4 production when consid-

ering the exothermic nature of the methanation reaction and

Le Chatelier's principle. However, from an industrial point of

view, high-temperature and low-pressure are recommended

to attain rapid methanation reaction kinetics and avoid the

operational risks related to high-pressure plants. Based on the

above discussion, the optimal conditions for CO2methanation
s over reaction temperatures. (a) Effect of H2/CO2 ratios at a

H2/CO2 molar ratio of 4:1. Reprinted with permission from
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will be an H2/CO2 feed ratio of 4:1, a temperature range of

300e500 �C, and a pressure range of 0.1e3 MPa [50,51].

Catalytic approaches

CO2 hydrogenation to CH4 offers the opportunity to reduce

CO2 emissions while producing fuels and energy. However,

CO2 methanation suffers from sluggish kinetics due to the

high inertness of the C]O bond in CO2 molecules (with a

formation Gibbs free energy of �394.4 kJ mol�1) [58]. Hence,

the input of the external power into the reaction system is

required to overcome the high activation barrier of CO2

methanation. The TC, PC, and PTC techniques can be used for

CO2 methanation. Each catalytic approach has its advantages

and disadvantages. TC-CO2 methanation, using external heat

energy converted by electric resistances, has been intensively

researched since it can withstand high flow rates and show

the ease of scaling up for industrialization [24,59e62]. A fully

operational e-gas plant inWerlte, Germany, has been installed

to realize the commercial application of CO2 methanation

[63,64]. Despite the high effectiveness, TC is limited by its high

energy consumption and high-temperature reactors, which

need significant upfront costs.

PC that only uses abundant solar energy without external

heating sources has been explored to catalyze the CO2

methanation for producing fuels [65,66]. In this regard, PC

accelerates chemical reactions relying on the light absorption

in the catalysts, the generation and diffusion of photoinduced

charges in photoexcited catalysts, and the injection of charge

carriers into the adsorbedmolecules. Even if the field of PC has

advanced considerably since the seminal work in 1972, most

of these works still exhibit poor efficiencies (hundreds of mmol

g⎻1 h⎻1 range) and CH4 selectivity [67e70]. One reason is due to

the low utilization efficiency of the solar spectrum for

semiconductor-based catalysts. The light photon energy

should be equal to or higher than the band gap of the semi-

conductor for absorbing a photon, which results in a waste of

lower-energy photons [65,66]. Besides, the semiconductor-

based catalysts exhibit rapid charge recombination and poor

deep-hydrogenation capability [65,66]. Furthermore, the PC-

CO2 systems proceed at room temperature and with circu-

lating cooling systems to exclude the heat energy produced in

photoexcited catalysts, which lack a thermal heat-accelerated

reaction route.

The heat effect is generally overlooked and unused in PC

systems. In contrast, the approach of PTC-CO2 methanation

involves heat energy in addition to photochemical processes.

Photothermal heating upon solar irradiation or external heat

sources can introduce heat energy into the PTC systems. Pri-

marily, low-energy visible and infrared (IR) photons, usually

insufficient to support PC reactions, can be used more effec-

tively to generate heat by PTC. As the temperature of cata-

lytically active sites increases, PTC-CO2 hydrogenation offers

excellent CH4 production rates at moderate operating condi-

tions. Besides, the photochemical effects of the charge carrier

injection can also play critical roles in PTC-CO2 methanation

[26,71,72]. Hence, PTC-CO2 methanation can be driven by both

thermochemical and photochemical contributions. Due to

these mechanisms of photo-induced chemistry and thermal

energy, research into PTC has demonstrated the high
Please cite this article as: Khan S et al., Recent advances on photo-
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efficiency of CO2 methanation [73e75], which is growing

rapidly and shows promise for industrial application.
Fundamentals of photo-thermo-catalysis (PTC)
for CO2 methanation

Overview

PTC-CO2 methanation has been receiving special attention

since the pioneering work by Gratzel and co-workers in 1987

[72]. They have discovered that PTC-methanation on titania

(TiO2)-supported Ru/RuOx catalysts can proceed four to five

times faster than methanation in the dark (without illumi-

nation) at room temperature [72]. In a comparative study on

Ru/TiO2 in 1988, Melsheimer et al. attributed the enhance-

ment in PTC-CO2 methanation to a thermal effect rather than

an intrinsic photochemical process [76]. Since then, many

articles have backed both sides of the argument regarding the

function of light, which relies on the ability to generate heat

or its synergistic effects with photochemical activation

[66,77]. For example, Ozin et al. have found that the interac-

tion of hot carriers and thermal effects can increase the

overall reaction rate in PTC [78]. The importance of each

mechanism might depend on the operating environment.

Therefore, it is critical to understand the fundamentals of

both photochemical and photothermal mechanisms, which

can help to design the catalytic systems for efficient PTC-CO2

methanation rationally.
Mechanisms of PTC-CO2 methanation

Photochemical effect (non-thermal effect)
Most of the PTC-CO2 hydrogenation catalyst involves transi-

tion metal nanostructures with a high free charge density,

unfilled d-band for suitable CO2 adsorption, excellent hydro-

genation capability, and relatively good stability at high tem-

perature. Such features enable transition metal-based PTC

materials to strongly absorb light, efficiently generate hot

charge carriers, release heat energy and serve as active cata-

lytic centers for H2 or CO2 activation [79]. Hence, the discus-

sion on the mechanism will mainly focus on the transition

metal-based catalysts for PTC-CO2 methanation.

Additionally, it is noted that the physical process of a

photochemical effect is resulted from the injection of ener-

getic carriers to surface adsorbed intermediates or semi-

conductors through an indirect or direct charge transfer

pathway. Besides, the indirect (or direct) charge injection de-

pends on if there is moderate (or strong) interaction of the

metal with adsorbed molecules or semiconductors.
Indirect electron transfer
Absorption of a photon with an energy hn in a metallic nano-

particle (NP) can stimulate the excitation of electrons by

intraband or interband transition on the time scale of femto-

seconds (Fig. 4a and b), followed by non-radiative Landau

damping of excited charges. The non-thermalized photoex-

cited electrons, called “hot electrons”, carry energies above

the Fermi levels (EF) of the metals [82]. Equal amounts of hot
thermo-catalysis for carbon dioxide methanation, International
9.224
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Fig. 4 e (a) Timescale of plasmon-induced hot carrier generation, hot electron transfer, and thermalization processes with/

without an adsorbate or a semiconductor. Reprinted with permission from Ref. [112]. Copyright (2018) American Chemical

Society. (b) Illustration of interband (d-band to sp-band, marked by blue arrows) or intraband transitions (within sp-band,

marked by red arrows) of an electron in metals. (c) Illustration of localized surface plasmon resonance (LSPR) sustained by

photoexcited nanoparticles. (d) Illustration of indirect electron transfer on metal/adsorbate and metal/semiconductor. (For

interpretation of the references to color/colour in this figure legend, the reader is referred to the Web version of this article.)
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holes in metals are produced simultaneously but show less

influence than hot electrons on participating in the chemical

reaction due to their relatively slow-motion rates.

The light photon might excite localized surface plasmon

resonance (LSPR) upon metal NPs under some circumstances.

The plasmonic metals can sustain SPR with the resonant

collective oscillation of free surface charges upon the incident

electromagnetic field, resulting from the restoring electric

field in metals [81]. When the incident light wavelength is

much longer than the size of the plasmonic NPs, the excited

plasmon can be confined to the particle surfaces, referring to

the LSPR phenomenon. LSPR materials can serve as light an-

tenna creating a high electric field on the particle surface to

enhance the light absorption and hot charge generation

(Fig. 4c). The reported LSPR particles for CO2 methanation

include some metal NPs, such as noble metals (Au, Ag, Ru)

[79e84], non-noble metals (Cu, Al) [85,86], and metal-like ti-

taniumnitrides (TiN) [87], as well as certain heavily vacancies-

doped semiconductors (such as WO3ex and MoO3ex) [89,90].

The photogenerated hot electrons can be injected from the

metal NPs into the antibonding orbitals of adsorbed *CO2, *H,

*HCO, *HCOO, or other species [90e93] on a time scale of pi-

coseconds (Fig. 4a and d) [94]. Then, these adsorbates can be

chemically activated by coupling with hot electrons by form-

ing transient negative ion species [95,96], which allows for

weakening and even breaking the chemical bonds of critical

intermediates for CO2 methanation [92]. There are some

important discoveries on indirect hot electron injection into
Please cite this article as: Khan S et al., Recent advances on photo-
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key intermediates to promote CO2 reduction [92,93,95,96]. One

of the key surface reaction steps of CO2 methanation is the H2

activation by the H2 dissociation into *H. The hot electrons

generated in metal NPs can enter a Feshbach resonance (1sy*)

of H2 molecules adsorbed on the metal surface, promoting H2

dissociation to generate *H on the metal surface [96]. Halas

et al. have demonstrated that hot electrons generated on Au

NPs can indirectly move into the antibonding orbital of mo-

lecular H2, forming negatively charged Н2
de species [95]. Ulti-

mately, Н2
de species return to their electronic ground state,

releasing enough accumulated vibrational energy for the H2

dissociation; Simultaneously, electrons transfer back to Au

substrates [95]. Similarly, surface silver atoms in Ag25 clusters

with a low coordination number of three can also offer sites

for H2 adsorption and dissociation, which allows hot electrons

injection into the antibonding states of H2 [93]. Rapid H2

scission due to indirect hot electron injection can offer an

abundance *H covered on the catalytic surfaces to promote

the CO2 hydrogenation process [93].

Additionally, the selectivity of CH4 over CO during CO2

methanation can be dictated by the easiness of the hydroge-

nation of formyl species (*HCO) or the desorption of carbonyl

(*CO) intermediate, which is the rate-determining step (RDS)

of Sabatier or RWGS reactions, respectively [44]. Liu et al. have

discovered that the hot electrons on the photoexcited Rh NPs

can selectively activate the important intermediates of *HCO

over *CO, resulting in the cleavage of the CeO bond (i.e.,

favorable for *HCO hydrogenation) over RheC bond (i.e.,
thermo-catalysis for carbon dioxide methanation, International
9.224
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favorable for *CO desorption) (Fig. 5a) [92]. This selective

activating *HCO capability enables photoexcited Rh NPs to

exhibit a much higher CH4 selectivity and lower activation

energy than the dark condition at the same external temper-

ature (Fig. 5b) [92]. Moreover, with the assistance of time-

resolved operando IR spectroscopy, Ma et al. have revealed

that the LSPR effect can cathodically polarize the Ag25 clusters

by elevating the EF, which can favor the hot electron injection

into adsorbed CO2 forming CO2�e or *HxCO2 species (RDS),

followed by the formation and deep hydrogenation of *HxCO

species into CH4 (Fig. 5c and d) [93].

In addition to the metal-based catalysts, some hybrid

semiconductors have also manifested the effect of electron

transfer for boosting PTC-CO2 hydrogenation [97e100]. It is

highly debated that light irradiation can tune reaction path-

ways or intermediate consumption kinetics, which is essen-

tial to be clarified. Zhang et al. have experimentally verified

that light illumination can alter the reaction pathways of CO2

hydrogenation over CoeMnO nanosheet catalysts from

formatemechanism under TC condition to RWGSþ CO-hydro

route under PTC condition [99]. In contrast, recent studies
Fig. 5 e (a) The localized density of states (LDOS) for adsorbed *

Illustration in mechanisms and activation energies for thermo

reprinted with permission from Ref. [92]. Copyright (2017) The A

and pathway of CO2 methanation. (d) Time-resolved operando I

(d) are reprinted with permission from Ref. [93]. Copyright (2021

Please cite this article as: Khan S et al., Recent advances on photo-
Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2022.0
have affirmed that light irradiation can facilitate the conver-

sion of critical intermediate species [97,98,100]. For example,

with the help of isotope-assisted diffuse reflectance infrared

Fourier transform spectroscopy (DRIFT-FTIR) studies, Scott

et al. have discovered both TC- and PTC- CO2 methanation on

NiOx/La2O3@TiO2 dominantly proceeds in the formates

pathway, wherein *HCOO species is the critical intermediate

of the RDS [97]. Compared to the dark condition, the visible

light-illumination can enhance the amount of *HCOO, which

is converted into *H3CO species for CH4 formation [97]. Simi-

larly, for the catalyst of molybdenum carbides, the photo-

assisted decomposition of *HCOO intermediates is the main

reason for the enhanced CO2 methanation activity [98].

Therefore, visible light enables overcoming the high-

temperature requirement for the direct dissociation of CO2

under dark [98]. Most recently,Wang et al. also have found the

IR peak intensity of *HCOO species on Ir@UIO-66 catalysts can

decrease noticeably under light irradiation, accompanied by

the increased CH4 signals [100]. Thus, the photo-promoted

effect on PTC-CO2 methanation can be attributed to the

photo-induced conversion of *HCOO intermediates to CH4
CHO intermediates on C (pz), O (pz), and Rh(d) orbitals. (b)

and photocatalytic CO2 hydrogenation. (a) and (b) are

uthor(s). (c) Schematic Illustration of reaction intermediates

R spectra of reaction intermediates on Ag25 clusters. (c) and

) American Chemical Society.
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[100]. The above discussion might suggest that the role of

photo-irradiation in altering reaction pathways or interme-

diate conversion kinetics may differ in different catalytic

systems.

Besides the metal/adsorbates or semiconductor/adsor-

bates systems, semiconductors can also adopt hot electrons

through an indirect injection pathway in metal/semi-

conductor heterostructures (Fig. 4d). Hot electrons with an

energy higher than the Schottky barrier height (4SB) (i.e., the

difference between the EF of metal and conduction band (CB)

edges of semiconductors) can transfer from metal to CBs of

adjacent semiconductors [94,101]. The Schottky barrier is

formed by the energy band bending of semiconductors due to

the charge redistribution between metals and semi-

conductors for EF equilibria. Only hot electrons with energies

above the 4SB threshold can inject into CBs of semi-

conductors for subsequent reactions at the semiconductor

surface. The lower 4SB promotes more charge carriers to pass

through the barrier for participating in chemical reactions.

However, it is also crucial that the CB band bending at the

interface is strong enough to avoid electrons from returning

to the metal, thus ensuring the spatial separation and

extended average lifetime of charge carriers [81]. For this

reason, a proper Schottky barrier must be considered in the

rational design of metal/semiconductor heterojunctions.

Recent studies have reported some advanced systems for

PTC-CO2 methanation, such as Ni/BaTiO3 [26], Ru-in/TiO2 [71],

Ag24Au/Co3O4 [83], Au/TiO2 [102], and Ru/CeO2 [103].

Direct electron transfer
Direct electron transfer d based on chemical interface

damping d has been proposed [104], which might enable hot

electrons with low energy to tunnel into the adsorbates

(Fig. 6a) [105]. The reported near-field effect and direct elec-

tron transfer originate from the same physical mechanisms

[106]. The lowest unoccupied molecular orbitals (LUMOs) are

dominated by the adsorbedmolecules' empty orbitals (i.e., the

antibonding orbitals) for a strongly molecular adsorption

system. In contrast, the highest occupied molecular orbitals

(HOMOs) in the complex structure aremainly filledwithmetal

electrons. In the direct transfer method, hot electrons are

directly transferred to the strongly hybridized states between

themetal substrates and the adsorbedmolecules [107]. The in-

situ ultravioletevisible (UVevis) spectroscopy and theoretical

studies have shown that themolecular orbitals of CO2 and the

atomic orbitals of Ru or Rh metals can hybridize strongly,

forming a CO2-coordinated metal complex (Fig. 6b) [108]. The

formation of the CO2-coordinated metal complex is indicated

by a very narrow energy gap between the HOMOs (5s bonding)

and LUMOs (2p anti-bonding) in the CO2-coordinated metal

complex (~2.4 eV for Ru; ~2.8 eV for Rh) compared to the free

CO2molecules (8.5 eV) (Fig. 6c) [108]. Such a narrow energy gap

allows for the direct excitation of electrons fromHOMOs to the

LUMOs of the metal-CO2 complexes system, which effectively

promotes CO2 dissociation and deep hydrogenation into CH4

[108]. The apparent photo-enhancement in methanation only

occurs for Ru and Rh with strong CO2 binding strength

compared to other metals (Fig. 6d) [108]. Lee and colleagues'
work [108] is currently the only report on the direct hot elec-

tron injection for CO2 methanation.
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Similar to the metal/adsorbate systems, the prerequisite of

the direct electron transfer for metal/semiconductor hetero-

structures is the strong orbital hybridization between metal

and semiconductors, as evidenced by the appearance of an

absorption peak in the UVevis spectrum for Au/CdSe com-

posites [104]. The metal/semiconductor heterostructures with

a direct electron injection are found for those systems where

hot electrons are generated from the non-radiative damping

of surface plasmons in metals. Such a direct hot electron in-

jection mechanism has been reported for plasmonic metal/

semiconductor hybrid materials, such as Au/CdSe nanorod

composite [104,109e111]. As revealed by the results of tran-

sient absorption spectroscopy, the direct electron injection

can occur ultrafast on a timescale of femtoseconds (fs)

[109e111], in contrast to the timescale of indirect electron

pathway on the order of picoseconds (ps) (Fig. 4a) [94]. Since

direct electron transfer co-occurs with the dephasing of

plasmon excitation, it can avoid the energy loss from electron-

electron scatterings [107] and manifest a high electron trans-

fer efficiency up to ~24% [104,109e111]. Several direct electron

injection systems have been recently developed for CO2 hy-

drogenation with high efficiency of direct electron injection

[40]. It has been found that the hot electrons in plasmonic Pt or

Pd nanostructures can be injected into the isolated Ti (IV)

species of the adjacent Ti-Beta zeolites through a direct charge

injection pathway, thus enhancing the overall CO2 hydroge-

nation activity [40].

Photothermal effect
Besides the photochemical effect, metallic nanostructures

under photoirradiation can also function as “nanoheaters” to

elevate the temperature of the catalytic systems. The origin of

the photothermal effect occurs later than that of the photo-

chemical effect. For photoexcited metallic nanostructures,

generating non-thermalized hot electrons (i.e., The lattice

stays cold.) through Landau damping are ultrafast below 10 fs

(Fig. 4a) [105,112], followed by relaxation through inelastic

electron-electron collision producing thermalized electrons

with a Fermi-Dirac distribution at a time scale of 10e100 fs

[105]. In competing with the hot electron injection into

adsorbed molecules or semiconductors, the electron-lattice

collisions between low-energy electrons and phonon modes

can release heat, raising the metal lattices' local temperature

throughout several picoseconds (Figs. 4a and 7a) [92,113].

Later, this heat can be dissipated from the metal lattice to the

environment by phonon-environment scattering on a time

scale of 100 ps (Fig. 7b) [98]. Consequently, the hot electrons

cool down as transferring energy to lattices and then the

surrounding medium, accumulating heat energy macroscop-

ically as temperature rises. Most recent reports on metallic

nanostructures-based CO2 methanation have including the

systems of Ni/Al2O3 [73], Ru/Al2O3 [74], Ru/TiN [87], CoFe/Al2O3

[114], Ni/TiO2 [115], Ni@C [116], and Co/Al2O3 [117]. The reac-

tion temperature can be generally elevated by around

150 �Ce300 �C with a light intensity ranging from

100 mW cm�2 to 620 mW cm�2 [73,74,87,114e117].

It should be emphasized that some oxide semiconductors,

in addition to metals, can also serve as the only active

component for raising the system's temperature. Similar to

mechanisms of those metallic nanoheaters, the electrons in
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Fig. 6 e (a) Illustration of the direct electron transfer from metal to absorbate or metal to semiconductor. (b) In-situ UVevis

spectrum in CO2 flow (black lines) and quantum yield for wavelength-dependent measurement of CO2 hydrogenation on Ru/

SiO2. (c) Density functional theory (DFT) calculation results for free CO2 and CO2 adsorbed on Ru surface. (d) CO2 binding

energies on different metals. (bed) are reprinted with permission from Ref. [108]. Copyright (2018) The Author(s).
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VBs of the semiconductors can be excited to CBs producing

free charge carriers (electrons or holes) on a time scale 10e100

fs as a result of absorbing a photon with energy higher than

the bandgap [118]. The subsequent carrier-carrier scatterings

occur on a time scale of 10e100 fs, respectively, resulting in

the Fermi-Dirac distribution [118]. Alternatively, the free

carrier-phonon scatterings can emit phonons to transfer the

energy from free carriers to the lattices on a timescale of 100

fse10 ps, which leads to the same temperature between car-

riers and lattices [118]. Then, some excess carriers that are not

in equilibriumwith lattices can non-radiatively decay through

pathways of Auger recombination or defect (i.e., known as

Shockley-Read-Hall recombination) and surface recombina-

tion on a timescale of 10 ps to 10 ns, resulting in the phonon

emission (Fig. 7c) [118]. The processes of free carrier-phonon

scatterings and charge recombination can heat the mate-

rials. Therefore, heat can cause energy transfer from the

metal nanoparticles to the surface adsorbate at the time scale

of 5e100 fs [118], which triggers additional chemical changes.

The efficient semiconductor-based nanoheaters are widely

related to the oxygen defect-rich oxides, such as WO3ex and

MoO3ex [89,89,119,120], to improve the PTC-CO2 hydrogena-

tion activity [78,121].

Deciphering photochemical and photothermal effects
Deciphering the photochemical and photothermal effects is

crucial to deepening the understanding of PTC mechanisms,

albeit a challenging task. The coupling of adsorbate with a
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non-thermal hot electron represents the photochemical

contribution; The coupling of adsorbate with a phonon rep-

resents the thermal contribution. The photochemical contri-

butions and thermal heating effect are not mutually exclusive

[122], and instead, they can work synergistically to facilitate

CO2 methanation [92,106,123,124]. Such a synergistic rela-

tionship between photothermal and photochemical effects

induces difficulty in decoupling their contributions.

The relationship between light intensity and PTC-CH4 yield

has been studied to investigate themechanisms [108]. At a low

light intensity below 35mW cm�2, the temperature rise due to

the photothermal effect might be ignored compared to the

photochemical contribution [108]. Besides, many studies have

concluded photothermal heating or photochemical-driven

methanation from the exponential or linear relationship be-

tween CH4 production rates and light intensity [87,108].

However, such a criterion may not be rigorous. The multiple

excitations of the vibrational mode of the adsorbed key in-

termediates due to hot electron injection can also follow a

super-linear dependence on the high light intensity, in

contrast to a linear correlation for single excitations of the

vibrational mode (Fig. 8a) [87,92,125].

Additionally, it is noted that the photochemical pathways

can specifically activate the adsorbates and lower the activa-

tion energy, which is different from photothermal heating

[92]. The decrease in the activation energy of methanation

generally indicates the role of photochemical contribution

(Fig. 5b) [92]. Hence, conducting a control experiment between
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Fig. 7 e Illustration of photothermal heating mechanisms. (a) Electron-phonon scattering and (b) phonon-phonon and

phonon-environment couplings for metals. (c) Electron-hole recombination based on Shockley-Read-Hall and Auger

recombination in semiconductors.
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TC and PTC helps to determine the reaction mechanism. The

macroscopic temperature rise can bemonitored by inserting a

thin thermocouple into the catalyst bed [123] or using an IR

camera [126]. The operational temperature of TC is adjusted to

reach the same value as the macroscopically measured tem-

perature under light illumination [114]. Under such condi-

tions, the overlap of the TC- and PTC-methanation rates over

different light intensities can illustrate the dominant role of

photothermal effects [114].

Furthermore, it is noted that the local nanometric tem-

perature rise cannot be represented by the macroscopical

temperature, especially for the low proportion of hot spots in

catalysts. Considering the negative correlations between

emission intensity and nanoscale temperature, Serre and co-

workers have proposed the usage of CdSeeZnS quantum

dots as the local nanometric thermometer (Fig. 8b) [127]. The

apparent decrease in the emission intensity of CdSeeZnS can

suggest the local thermal heating effect induced by photo-

illumination on MIP-208@RuOx, albeit at the constant macro-

scopic temperature (Fig. 8c) [127]. It is worth noting that the

temperature rise can not necessarily support that the photo-

thermal effect is the origin of PTC activity, demanding more

control experiments. For example, regardless of the nanoscale

temperature rise on MIP-208@RuOx, the electron donor of

dimethylaniline with the lower oxidation potential shows
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better PTC-methanation activity than that of anisole; The

electron accepter of nitrobenzene can completely quench the

CO2 hydrogenation [127]. The close relationship between

methanation and the redox potential of electron donor or

acceptor can confirm the prominent role of charge carrier-

regarding photochemical mechanism [127]. Such a compara-

tive strategy can help to investigate the PTC mechanism for

other catalytic systems [128].

Moreover, some studies debating the photochemical or

photothermal roles of PTC have been devoted to quantitative

analysis through theoretical computation, precise controls on

variables, and single particle- or single-molecule-level spec-

troscopy or microscopy characterization [106,108,129e134].

For example, Liu and co-workers have quantified the non-

thermal and photothermal effects of CO2 methanation by

developing the direct and indirect illumination catalytic sys-

tems of Rh/TiOx catalysts [123]. Besides, Willets et al. have

reported using scanning electrochemical microscopy to

quantitatively probe the temperature rise at the particle sur-

faces derived from the shift in the equilibrium potential with

the assistance of amass transfermold [132]. The development

of advanced spectroscopy or microscopy analyses has fueled

the research interest in probing the PTC mechanisms for

various chemical transformations [130], which promises a

future demonstration of CO2 methanation systems.
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Fig. 8 e (a) Illustrations of multiple (left panel) and single excitation states of the vibrational modes of intermediates. (b)

Transient photoluminescence (PL) spectra of CdSeeZnS QDs as a function of the cell temperature. (c) Steady PL spectra of the

mixture of CdSeeZnS QDs with the MIP-208@RuOx catalyst under dark and UVevis irradiation at 200 �C. (b) and (c) are

reprinted with permission from Ref. [127]. Copyright (1969) Elsevier.
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Factors for tailoring PTC-CO2 methanation

The efficient catalysts for PTC-CO2 methanation should

exhibit a high light-harnessing ability, high charge density,

long lifetime of free charges, high photon-to-heat efficiency,

and rich active sites for H2 splitting and CO2 adsorption sites.

Meeting all these requirements is challenging in single pris-

tine component catalysts. Strategies of constructing hybrid

composites integrating with other components, forming

metal/substrate systems, or engineering defects in a single

component are effective in improving the PTC efficiency.

Hence, those factors, such as the types, sizes, and shapes of

metal or substrates, the metalesupport interaction, defect

effect, and the operational conditions, are essential to be

discussed for designing efficient PTC-CO2 methanation sys-

tems rationally.
Metal effect

The selectivity and activity of PTC-CO2 conversion into CH4

generally depend on the nature of metal catalysts, which are

believed to exhibit a similar mechanism to the TC process.

The *HCO hydrogenation or *CO desorption can affect the

selectivity of CH4 or CO, respectively. The plasmonic Group

IB metals (Ag, Cu, and Au) usually exhibit much weaker

adsorption capability of *CO2 and *CO than the other Group
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VIII transitionmetals (such as Ni, Co, Rh, and Ru), originating

from their greater extent of d-band filling states [135] and

then poor CO2 methanation ability [94,136]. Besides, theo-

retical studies on a scaling relations analysis, derived from

examining the thermodynamic and kinetic parameters

based on a microkinetic model, have confirmed that the *O

adsorption energy related to the *HCO dissociation barrier

can be the descriptor dictating the CH4 selectivity for a series

of metals [44]. Ru, Rh, and Ni metals with more exothermic

adsorption energy enable a higher CH4 selectivity than Pt and

Pd [44].

A similar observation of metal type-dictated PTC-CH4

selectivity has been found by Liu and colleagues [94]. The

photo-excited Au NPs supported by Al2O3 only produce CO as

the dominant product, while the photo-enhanced CH4 selec-

tivity is found in the case of Rh/Al2O3 [94]. The reason for such

disparate products is the weaker binding ability of *CO on Au

than Rh [94]. Similarly, Kim and co-workers have studied the

PTC-CO2 methanation by the catalyst of Ru, Rh, Pt, Ni, and Cu

NPs with sizes in several nanometers supported by silica

substrates [108]. Only Ru and Rh exhibit the photo-enhanced

CO2 methanation activity among the studied metals due to

their strong CO2 binding abilities for a direct hot electron in-

jection (Fig. 6d) [108]. To modify the poor methanation ability

of Au, the presence of Ru in RuAu alloys can increase the

adsorption strength of CO2 and *CO, which is favorable for the

*CO deep hydrogenation into CH4 [137].
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Additionally, the sizes of metal particles are another factor

influencing the activity of PTC-CO2 methanation. For the TC-

CO2 hydrogenation, it has been established that the large

metal particle shows the lower activation energy of metha-

nation before a turning point [138]. The abundant adsorption

sites for both *CO and *H on the largemetal particles favor the

methanation process [138]. In contrast, the small-sized metal

particles exhibit too strong *CO adsorption deteriorating the

CH4 yield [138]. Such size dependence for PTC systems has

also been exploited [93,108,126]. Lee et al. have discovered that

Ru NPs with sizes of 2.6 nm exhibit minor enhancement in

CO2 methanation upon light illumination than in the cases of

5.6 and 17.1 nm [108]. However, when the particle sizes are

further reduced, the singlemetal atom or clustersmay exhibit

a molecule-like catalytic property with abundant active sites

due to their low coordination numbers compared to the

nanoparticle counterparts. For example, Ag25 clusters show

efficient PTC-methanation activity, albeit no activity observed

for Ag NPs [95]. Similarly, Ye et al. have reported that Ni single

atom/clusters supported by Yi2O3 nanosheets exhibitedmuch

higher CH4 production than the case of Ni NPs (CO2 conversion

of 87% vs. 11%) (Fig. 9a) [126].

Moreover, themetal loading amount on substrates can also

influence CO2 methanation [139e141]. Deposition of Pt NPs

endows TiO2 catalyst with an improved PTC-CO2 methanation

activity, originating from the capability of Pt for H2O reduction

in releasing protons and slowing down the recombination of

electron-hole pairs [141]. Additionally, the CH4 production

rates follow a volcano-like relationship with the Pt loading

weights (0.3e1.8 wt%) with an optimal amount of 0.6 wt%

[141]. The deteriorated activity at the higher Pt loading

amounts can be attributed to the aggregation of Pt NPs,

diminishing the catalytic efficiencies and light harvesting

abilities of Pt NPs [141]. Besides, under the same synthetic and

catalytic conditions, the higher loading amount of RuNPswith

similar particle size on Mg (OH)2 supports shows a higher CO2

conversion rate and CH4 selectivity (50e70%) [139]. Such ten-

dency can be attributed to the more active site of H2 splitting

on RuNPs to enhance the *H supply for the *COhydrogenating

adsorbed *CO into CH4 and the enhanced light absorption

ability when increasing the Ru loading amounts [139]. The

observation of metal loading amount-affected PTC-metha-

nation activity is echoed by the system of Pd supported by

barium titanate (BaTiO3) [140].

Besides affecting photochemical processes, metal loading

amounts have been found to influence the photothermal

heating process for PTC-CO2 methanation [117]. Co metals

possess the good capability of absorbing solar light and photo-

to-thermal conversion due to intra- and inter-band electron

transition and the electron-hole recombination releasing pho-

nons [142]. Jia et al. have found that Co/Al2O3 catalysts show a

good activity of PTC-CO2 methanation, dominantly driven by

the photothermal heating effect [117]. Notably, the 21%Co/

Al2O3 exhibits the best production rates of CH4 among the

studied variable Co loading amounts (7%e26%), which co-

incides with the highest temperature rise to 292 �C [117]. The

volcano-like profiles of temperature rise or catalytic activity

with the Co metal loading amounts might suggest the impor-

tance of an optimized ratio between Co and Al species [117].
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Despite those critical findings, other vital kinetic parame-

ters and conversion or production rates should be considered

when exploring themetal size effect on PTC-CO2 methanation

activity. On the one hand, the sizes of particles affect not only

the intermediate adsorption but also the hot electron pro-

duction efficiency. The smaller-sized metal particle can pro-

duce more hot electrons with high energy due to more

chances of electron-surface collision frequency [80]. Hence, it

is better to provide quantum efficiencies regarding the CH4

yield numbers per absorbed photon. Besides, it is widely

known that the larger particles generally manifest fewer

active sites exposed on surfaces for surface reaction. It is

suggested that the TOF (turnover frequency), which relates to

the rate per active site exposed on surfaces, as a figure ofmerit

should also be provided for comparing the PTC activity of

variable sized-metal particles.

Shape effect

A control on unique geometries of metal or substrate NPs,

such as hollow structures, metallic nanorods, core-shell

shape, and particle-in-tube, has been proven effective in

tuning the activity of PTC-CO2 methanation [71,141,143]. For

example, the TiO2 microspheres with hierarchical hollow

mesoporous nanostructures exhibit a considerable accelera-

tion in the kinetics of PTC-CO2 methanation compared to the

commercial Degussa P25 TiO2 [141]. The enhanced CH4 pro-

duction is assigned to the large mesoporous pores serving as

channels for a rapid mass transfer and the hollow structure

enabling multiple light reflections to enhance light harvesting

capabilities [141].

Besides, it is known that small-sized Pt group metal NPs

(such as Rh, Ru, and Pt) generally exhibit an LSPR peak in the

UV- or near UV- region. In contrast, increasing the particle

sizes or changing the morphology, which can change the

charge distribution and dielectric function,might red-shift the

peak position to the visible range for driving the reaction.

Sastre and co-workers have prepared control samples of

spherical Ru (~11 nm in diameter) and rod-shaped Ru

(~153 nm in length and ~14 nm in diameter) NPs [143]. The

LSPR peak of spherical Ru/g-Al2O3 is located in the UV region

and absorption in the visible range [143]. Instead, the coun-

terpart of rod-shaped Ru exhibits strong and broad light ab-

sorption across the UVeviseNIR region, with LSPR peaks at

around 400 nm and 650 nm [143].

Additionally, the bimetallic plasmonic core-reactor shell

structure can efficiently direct the hot carrier flow, enhance

the light absorption due to the dielectric properties change,

and introduce the catalytic sites to speed up the reaction [68].

Kuang et al. have prepared control catalysts of Au NPs and

Au@Ru core-shell NPs supported by g-C3N4 [137]. The

Au@AuRu/g-C3N4 shows higher PTC-CO2 methanation rates

than Au/C3N4 that of catalysts by 12 times and 2.6 times,

respectively [137]. As revealed by the transient absorption

spectra, the existence of the RuAu shell can retain the hot

electrons generated in plasmonic Au cores; It allows the hot

electron to migrate from the Au core into the Ru shell and

then inject into g-C3N4, thereby increasing the lifespan of the

hot electron and promoting the reaction (Fig. 9b) [137].
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Fig. 9 e (a) CO2 conversion of SA Ni/Y2O3 and Ni/Y2O3 as a function of temperature and TEM image of the SA Ni/Y2O3 (inset).

SA denotes the single atom. Reprinted with permission from Ref. [126]. Copyright (2019) The Author(s). (b) Schematic

illustration of Au/C3N4 and Au@AuRu/C3N4 and the normalized transient absorption kinetics traces of all the prepared

catalysts. Reprinted with permission from Ref. [137]. Copyright (2022) Elsevier B.V. All rights reserved. The catalytic

performance and surface morphology of RuOx nanoparticles supported by CeO2 with different shapes of (c) cube (d) rod (e)

polyhedron. Reprinted with permission from Ref. [103]. Copyright (2022) American Chemical Society.
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Furthermore, Yang et al. [71] have reported that the Ru NPs

trapped inside TiO2 nanotubes (Ru-in/TNT) demonstrate a

higher PTC-CH4 production rate than the control samples,

pristine TNT, and Ru-out/TNT (i.e., Ru NPs are located on the

outer surfaces of TNT). The confinement of Ru inside TNT

enables a good Ru dispersion, guarantees the metallic nature

of Ru, and increases the photogenerated electron-hole sepa-

ration efficiency to accelerate hot electron-driven methana-

tion [71]. Their studies highlight the importance of confining

active metal NPs to the PTC-Sabatier reaction.

Metalesupport interaction

The interactions between support andmetal NPs are essential

for PTC since they can adjust the charge redistribution, tune

metal dispersion, or form a protective layer on metal surfaces

[26,103]. Different morphologies (cube, rod, and polyhedron)

of hydrothermally prepared CeO2 substrates have been used

as the supports for loading an equal amount of Ru NPs

through a photo-depositionmethod to investigate the effect of

interfacial interactions (Fig. 9c) [103]. The cube-like Ru/CeO2

shows significant visible light-enhanced CO2 methanation

activity, in contrast to theminimal enhancement for the other

samples [103]. It is because the strong interfacial interaction

between Ru with cube-like CeO2, as revealed by spectroscopic
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tests, can promote the electron transfer from CeO2 to Ru;

Then, the electron-rich Ru promotes the H2 spillover to form

abundant vacancies in CeO2 [103]. Similar observations on

metalesupport interaction-enhanced PTC-CO2 methanation

have been reported [26,73,144]. In the case of NieTiO2, their

strong metalesupport interaction promotes the formation of

oxygen vacancies (VO) along with Ti3þ species [73]. The strong

interaction of Ni NPs with BaTiO3 supports leads to boosted

charge transfer efficiency and higher PTC-CH4 production

rates than the Ni/TiO2 or Ni/Al2O3 [26].

Besides the consequence of facilitated charge transfer be-

tween metal and supports, strengthening metalesupport

interaction can benefit the dispersion of metal NPs. It has

been reported that the strong interactions between Ni and La

in NiOx/La2O3@TiO2, related to the formation of NiLaO3

perovskite phase, enables a good dispersion of NiOx particle

on La2O3@TiO2 [97]. Such NieLa2O3 interfacial interaction

promotes the activation of *HCOO on photo-excited NiOx and

allows the La atoms to reduce the valence state of Ni to zero

for the H2 activation [97]. Additionally, the strong RueMg(OH)2
interactions is attributed to the narrow variable range of Ru

sizes (2.3e2.8 nm) with a good dispersion even though the

loading amount is increased from 1.0 to 11.5 wt% [139].

Therefore, developing efficient strategies is crucial for highly

dispersed metal NPs for PTC-methanation.
thermo-catalysis for carbon dioxide methanation, International
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Defect effect

Most pristinemetal oxide semiconductors exhibit a wide band

gap with weak light harvesting ability and lack of catalytic

sites, which result in inferior PTC-CO2 methanation. One

promising strategy is the introduction of suitable amounts of

VO in metal oxides. VO sites in metal oxides can hold multiple

functions for PTC-methanation (Fig. 10a). For example, VO can

serve as electron trapping sites to promote electron-hole

separation [145], broaden the light absorption spectrum

[69,121,146], increase the interaction of metal NPs with the

oxide support [144], increase the metal dispersion [144,145],

and serving as CO2 adsorption centers with metal or metal

oxide clusters [73,97,117,120,147]. However, the excess VO

amounts can deteriorate the PTC performance because they

act as recombination centers for photogenerated charge car-

riers [148]. Hence, an optimized VO amount should be attained

to improve the CO2 methanation performance.

One powerful technique for exploiting the existence and

effect of VO is electron spin resonance (ESR), i.e., also called

electron paramagnetic resonance (EPR) [117,145,149]. Jia et al.

have discovered the photo-induced VO in Co/Al2O3, evidenced

by the appearance of the ESR signal at g ¼ 2.003 under UVevis

light irradiation [117]. Additionally, the ESR results have sug-

gested the role of surface-grafting CoOx in extracting holes

from TiO2 [145]. In particular, the surface-grafting CoOx
Fig. 10 e (a) Schematic illustration of oxygen vacancies (VO) effe

plausible formation mechanism for Ru/HxMoO3-y via H-spillove

line represents Fermi level, orange space means free electrons).

Ru/HxMoO3-y. (bed) are reprinted with permission from Ref. [12

interpretation of the references to color/colour in this figure lege
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clusters onto TiO2 diminished the ESR signal attributed to the

trapped holes (O� and O2
�) at g ¼ 2.002e2.030 without any

influence on the ESR signal of trapped electrons (Ti3þ) at

g ¼ 1.99 [145]. The hole trapped in CoOx clusters benefits the

oxidation of H2O molecules, releasing more protons for CO2

reduction into CH4 under PTC conditions [145].

One widely studied VO-rich semiconductor is TiO2-x, also

known as black TiO2 [146,150]. The black TiO2 particles have

been used to support Ru NPs demonstrating efficient PTC-CO2

methanation due to their roles in CO2 adsorption on VO sites,

broadband spectral absorption, high photothermal conver-

sion efficiency, and electron injection forming electron-rich

Ru for CO2 activation [146]. Recently, Liu and co-workers

have reported that VO-rich CoOx/TiO2-x, created by H2-reduc-

tion, displays higher methanation rates than VO-free CoOx/

TiO2 (AB) either without or with an external heating source

[145]. It is because the effect of VO enables the excellent

dispersion of CoOx catalytic sites and enhances charge sepa-

ration efficiency [145].

Additionally, as reported by Scott and co-workers, isotopic-

assisted in situ spectroscopic analyses confirm that the VO

sites can assist the CO2 adsorption in TiO2 and the neighboring

La2O3 [97]. Such observation of VO-assisted adsorption has

been echoed by other studies [97,147]. For example, in-situ

spectroscopy studies have revealed that the photo-induced

VO sites in CoAl2O4 phases of Co/Al2O3 catalyst serve as the
cts in PTC-CO2 methanation. (b) The illustration of the

r. (c) The band structure of Ru/HxMoO3-y and Ru/MoO3 (red

(d) UVeviseNIR diffuse reflectance spectra of Ru/MoO3 and

0]. Copyright (2022) Elsevier B.V. All rights reserved. (For

nd, the reader is referred to the Web version of this article.)

thermo-catalysis for carbon dioxide methanation, International
9.224

https://doi.org/10.1016/j.ijhydene.2022.09.224


i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 15
adsorption sites of reactants (H2, CO2, CO) [117]. Besides, a

recent comparative study on adding SiO2 to restrict the for-

mation of VO in CeO2 has found that the PTC-methanation

activity is reduced by adding Si elements [147]. Nevertheless,

TC- and PTC- methanation activity between Ni/Ce0$9Si0$1O2

and Ni/CeO2 are very similar, suggesting the proximity of VO

sites to active Ni sites, rather than the abundance of VO sites,

can dictate catalyst performance [147].

Some VO-rich semiconductors with a large density of

electrons can sustain the LSPR effect, such as MoO3ex and

WO3ex [88,89,119,120], thereby enhancing PTC abilities. The

heavily VO-doped MoO3-x can trigger the LSPR phenomenon,

which darkens the material and shift the light absorption re-

gion to the IR region [89]. The CO2methanation rates ofMoO3-x

are 52-fold higher than MoO3 under simulated solar irradia-

tion (UVeviseIR) [89]. They have attributed the enhanced ac-

tivity to the effects of VO on the promoted charge separation,

CO2 adsorption, and lowered CO2 reduction barrier [89]. Most

recently, the Ru/HxMoO3-y catalyst prepared by both Hþ and

VO doping through H2 spillover shows a shift in the energy

levels of CB, VB, and EF, generating abundant free electrons

stored in defect levels (Fig. 10 b and 10c); Hence, Ru/HxMoO3-y

catalyst exhibits a strong LSPR absorption peak centered at

around 600 nm (Fig. 10d) [120]. It is noted that only HxMoO3-y or

Ru/MoO3 shows no activity in CH4 production or no photo-

current response, respectively, suggesting the importance of

the co-existence of Ru and VO sites for PTC [120]. The presence

of Ru can promote the H2 splitting and spillover for the pro-

duction of VO to initiate the hot electron generation upon

photoexcited HxMoO3-y [120]. Meanwhile, the existence of VO

benefits the CO2 chemisorption and the reversible redox

events for the Mo species [120].

Operational condition

Even if few reviews have discussed the consequences of some

operational factors, such as reactor types, feed ratio, tem-

perature, and light source for PTC-CO2 hydrogenation to solar

fuels [32], an in-depth understanding of the hot electron in-

jection for CO2 methanation is still needed.

Firstly, themultiple reaction pathways of CO2methanation

reflect that direct CeO cleavage and the RWGS þ CO-hydro

routes involve the important *CO intermediates. However,

*CO might escape from the catalytic surfaces forming CO

byproduct. Hence, two competitive reaction routes, RWGS and

Sabatier, might co-exist during CO2 hydrogenation. Besides,

the direct CO2 dissociation pathways might cause the accu-

mulation of carbonaceous deposits (i.e., coke) on the surfaces

[151]. Therefore, it is challenging to selectively promote the

production of CH4 over CO and avoid coke-induced deactiva-

tion, requiring suitable operational conditions and catalytic

systems. On the other hand, the comparative theoretical

studies have demonstrated that the route of direct CO2

dissociation without the assistance of *H is more kinetically

sluggish than the formate pathways and RWGS þ CO-hydro

pathways due to its high barrier of CeO cleavage [42,45,152]. It

is assumed that the surface coverage ratios of intermediates,

especially *H and *CO2, can significantly affect the reaction

routes and the final product distributions. Notably, those re-

action conditions (such as temperature, pressure, and
Please cite this article as: Khan S et al., Recent advances on photo-
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compositions of reactant mixtures) influencing the interme-

diate coverages can affect the reaction routes and the hot

electron injection pathways for PTC-CO2 methanation.

Besides, from the mechanism discussion, we note that, in

indirect electron transfer, hot electrons are first generated

inside themetal NPs and then transferred to the LUMOs of the

adsorbed species [94,153] or CBs of semiconductors. However,

there are several other competitive channels of hot carrier

damping, including electron-electron collision, electron-

phonon collision, and phonon-environment coupling, which

can induce severe energy losses producing heat to deteriorate

the electron injection efficiency. Increasing the photo-flux can

populate more hot electrons for an efficient injection; Thus,

acquiring the relationship between the illumination light in-

tensity and activities of CO2 methanation has been studied in

many reports for an optimized performance [139,140,154].

Moreover, the energy alignment between the hot electron

(i.e., the energy of the hot electron depends on many factors,

such as the incident photon energy.) and the LUMOs of ad-

sorbates or CBs of semiconductors can dictate the feasibility of

the indirect hot electron injection. More photons with higher

energy generate electrons with an efficient potential to be

injected into the LUMO of the adsorbate or CBs of semi-

conductors. Therefore, indirect electron injection efficiency

can positively correlate with the incident photon energy [155].

Previous reports have shown that adjusting the illumination

wavelength of incident light is essential for the selectivity and

rates of CO2 methanation [156].

Furthermore, a recent study has shown that the addition of

60 mL of H2O can deteriorate the PTC-methanation activity on a

robust MIP-208@RuOx catalyst caused by the competitive

adsorption of H2O with CO2 [127]. Hence, it is necessary to

removeH2O byproducts, especially at a high CO2 conversion in

the batch or flow systems, by some means, such as using

water absorbents [157], to enhance the feasibility of CO2 acti-

vated by electron injection. In summary, adjusting the oper-

ational parameters, such as light intensity and wavelength,

CO2/H2 feed ratios, temperature, and pressure, can mediate

the electron injection efficiency and the activity of PTC-CO2

methanation.
Case studies on PTC-CO2 methanation

A class of advancing catalysts of metal/inert supports (i.e.,

some dielectric materials with wide bandgaps, such as SiOx

and Al2O3), metal/active supports (such as TiO2), heavily

vacancy-doped semiconductors, and metal carbides, have

been emerging for PTC-CO2 methanation. Based on the nature

of active PTC components, these composite catalysts can be

categorized as plasmonic and non-plasmonic metals, metal

oxide-based semiconductors, and metal carbides. We will

highlight representative cases and synthetic strategies of

these advanced PTC materials with promising activity in CO2

methanation, especially in the recent three years (Table 1).

Plasmonic metals

Plasmon-mediated processes have attracted much attention

forphotocatalysis.Earlyresearchhassuggestedthatplasmonic
thermo-catalysis for carbon dioxide methanation, International
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noble metals (Au and Ag)-based nanostructures, such as com-

posites of Au/CsPbBr3 [156] andAu/TiO2 [158], can enhance PC-

CO2reductiontoCO,CH3OH,CH4andotherhydrocarbonsusing

H2O as the reducing agent [156,158e163]. Hot charge carriers

producedby the LSPRdecayhavehigh energies, allowing these

charge carriers to participate in the reaction or inject into

semiconductors for charge separation. In addition, these high-

energy charge carriers can relax internally and dissipate their

energy to heat the environment [74,164]. Plasmonic metals'
bifunctional effects (excitation of hot charge carriers and pho-

tothermal heat) can synergistically contribute to the chemical

reaction. Therefore, plasmonic metallic nanostructures are a

subfamily of active PTC structures.

Noble plasmonic metals

Silver and gold-based nanostructures arewell-known for their

strong LSPR absorption in the visible range, showing promise

in the PTC-CO2 methanation. Jin et al. have prepared well-

defined structured Ag25 clusters composed of an Ag13 icosa-

hedral core and an incomplete Ag12 shell through a kinetically

controlled synthesis (Fig. 11a) [93]. The Ag25 clusters exhibit

efficient light-driven methanation with nearly 100% CH4

selectivity, in contrast to negligible products for Ag NPs,

attributed to the strong LSPR light absorption and abundant

active sites for CO2 and H2 adsorption [93]. Recently, Yan et al.

have wet-deposited plasmonic Ag24Au clusters onto highly

orderedmesoporous spinel cobalt oxide (Co3O4) nanorods [83].

The meso-Co3O4 nanorods prepared through a nano casting

methodhave a large surface area and abundant active sites for

CO2 adsorption [83]. Due to the hot electron injection mech-

anism, adding the Ag24Au cluster can improve the selectivity

and activity of CO2 hydrogenation into CH4 [83].

Additionally, the addition of active reactor sites into the

plasmonic antenna creating the “heterometallic antenna-

reactor” systems, as proposed by Halas and colleagues

[151,165,166], might offer an alternative to address the limi-

tations of plasmonic metals in sluggish CO2 methanation. As

inspired by this philosophy, the plasmonic bimetal-

semiconductor heterojunction systems have been developed

recently [137]. Kuang and co-workers have loaded the alloyed

plasmonic Au@AuRu NPs (i.e., Au is the antenna and Ru is the

reactor.) onto g-C3N4 to achieve a much better PTC-CO2

methanation performance at 150 �C than the dark conditions

[137]. Besides, Stanley et al. have deposited theNieAu on silica

(SiO2) support (synthesized by flame spray pyrolysis) using the

deposition-precipitationmethod [152]. The NieAu/SiO2 shows

enhanced CO2 conversion under the laser light illumination

with a higher amount of Au: Au (~110%) > NieAu (~80%) > Ni

(~21%) [152]. The reason is attributed to the Au LSPR effect for

heat generation, photo-excitation effect, or the transfer of hot

electrons in Au to adjacent reactants [152].

Besides Ag and Au, Pt group metals can also exhibit

plasmon-mediated PTC-CO2 methanation activity. Liu and co-

workers have prepared Al2O3-supported Rh nanocubes with

sizes of 40 nm through a slow-injection polyol method [92].

The photo illumination can selectively enhance the CH4 pro-

duction rates and selectivity (up to 86% for blue light and 98%

for UV light) over CO due to the dominant role of nonthermal

contribution in lowering the activation energy by 37% (Fig. 5a
Please cite this article as: Khan S et al., Recent advances on photo-
Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2022.0
and b) [92]. Recently, Sastre and co-workers have prepared

control samples of spherical Ru (~11 nm in diameter) and rod-

shaped Ru (~153 nm in length and ~14 nm in diameter) NPs

supported by g-Al2O3 [74]. Their synthesis was performed

through either direct H2-reducing or air-calcinating and H2-

reducing (RuO2 routes) Ru3(CO)12/g-Al2O3 composite powder,

respectively [74]. The PTC-CO2 methanation over rod-shaped

Ru/g-Al2O3 catalysts shows a higher photon-to-CH4 effi-

ciency of 54.8% upon an 8.5-sunlight intensity than the

spherical Ru/g-Al2O3 counterpart, mainly attributed to the

plasmon mediated-photothermal effect with an increase in

temperature by ~90 �C [74]. The rod-shaped Ru/g-Al2O3 cata-

lysts are also studied in a flowing system, which shows a

stable CH4 yield rate with good catalytic stability for 12 h [74].

Non-noble plasmonic metals

Metals with strong LSPR in the visible region are typically

expensive noble metals, preventing the widespread adoption

of this strategy [151,165]. It is crucial to seek cost-effective

candidates from earth-abundant metal-based catalysts. Cop-

per, a well-known plasmonic metal [164], is active in CO2 hy-

drogenation for methanol production (known for Cu/ZnO

systems) in industries [85]. The pure Cu NPs exhibit low

selectivity towards CH4 [87,88]. In contrast, alloying Cu with

other suitable metals might change the number and nature of

active sites for CH4 production [85,86]. For example, alloying

Cu with Zn with an optimized molar ratio of 1:2 for Cu/ZnO

catalysts, prepared by the co-precipitation method, can reach

the highest PTC-CH4 production rate with 100% selectivity

[85]. Similarly, alloying Cu with Co can selectively promote

CH4 production over CO due to the strong affinity between Co

and carbon-containing intermediates [86].

Besides, plasmonic aluminum (Al) metal-based catalysts

have achievedmuch attention for catalysis [164]. Fu et al. have

decorated Rh nanoclusters (2e3 nm in diameter) onto Al

nanoantenna (40e100 nm in diameter) through the ethylene

glycol reduction method for wide-spectrum PTC-CO2 metha-

nation (Fig. 11b) [167]. They have found that the surface tem-

perature increases to approximately 700 �C at a light intensity

of 11.3W cm�2 (Fig. 11c) [167]. The Rh/Al nanoantenna catalyst

shows a high CH4 yield rate of 550mol g�1 h�1 and nearly 100%

selectivity, originating from the role of Rh nanoclusters as

active sites and the LSPR Al generating hot electrons and heat

(Fig. 11d) [167].

Moreover, some interstitial compounds of transition metal

nitrides can exhibit a metallic electronic structure and enable

a strong and broad LSPR absorption [168]. Thesemetal nitrides

have been proposed as noble metal alternatives in plasmonic

applications due to their inexpensive cost and outstanding

features such as high electrical mobility, high melting tem-

perature, and extended light absorption [168]. The most

studied plasmonic nitride is titanium nitride (TiN). TiN has

been exploited in hybrid materials, such as their integration

with indium oxide hydroxide (ln2O3-x(OH)y), to enhance

catalytic activities showing superior PC-CO2 reduction to CO

[169]. Recently, it has been found that the nitridation of TiO2

nanotubes can produce TiN nanotubes with an LSPR peak at

530 nm [87]. The catalytic performance of Ru/TiN tubes de-

livers more than 1200 mmol g�1 h�1 of CH4, which is stable
thermo-catalysis for carbon dioxide methanation, International
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Table 1 e Summary of reported catalysts for PTC-CO2 methanation.

Catalyst Light source Light intensity
W cm�2

External heating
sources

Reactor
type

Pressure H2/CO2 ratio Mechanism
PhotochemicalB/

PhotothermalC/BothBC

CH4 yield rates
(mmol g�1 h�1，

selectivity)

Ref.

Ag24Au/meso-Co3O4 300 W Xe 0.18 No Batch 1.5 MPa 3/1 B 204 (82%) [83]

Au@AuRu/g-C3N4 300 W Xe 1.10 Yes Batch 1 MPa 3/1 BC 0.103 (98%) [137]

Ru/g-Al2O3 Solar simulator 1.40 No Flow 3.5 bars 4.5/1 C 262 (100%) [74]

Ru/Al2O3 Solar simulator 0.62 Yes Batch 1atm 4.5/1 BC 5.09 (100%) [137]

Cu/ZnO 300 W Xe 0.45 Yes Flow 1atm 4/1 B 0.052 (100%) [85]

Rh/Al nanoantenna Solar simulator 11.3 Yes Batch 1.5 MPa 3/1 BC 550 (99%) [167]

Ru/TiN Xe lamp 3.50 Yes Batch/Flow 5 bars 4/1 C 1200 (100%) [87]

NieAu/SiO2 Laser light 0.68 Yes Flow 1atm 4/1 BC (82%) [152]

Ni/Al2O3 300 W Xe 2.63 Yes Flow 1 atm 4/1 C 279 (99.5%) [73]

Co/Al2O3 300 W Xe 1.30 No Flow 1atm 4/1 C 6.04 (97%) [117]

Ni/TiO2 300 W Xe e No Batch/Flow 1atm 4/1 C (99%) [27]

Ni/TiO2 Xe or IR lamp 1.53 No Flow 1atm 4/1 C 272 (99%) [171]

Ru-in/TiO2 300 W Xe e No Batch 0.5 MPa 4/1 B 0.410 (100%) [71]

Ru/TiO2 Solar simulator 1.45 Yes Batch 1atm 3/1 BC 69.5 (100%) [75]

Co10/CeO2 LED 0.50 Yes Flow 1atm 4/1 B (99%) [86]

Ru/CeO2 Xe lamp e Yes Flow 1atm 4/1 B TOF: 80 h�1 (95%) [103]

Ni/BaTiO3 300 W Xe 0.29 No Batch 5 bars 4/1 B 257 (100%) [26]

Ru/Mg(OH)2 300 W Xe 1.80 No Batch 1 bar 1/1 B (69%) [139]

Ni@C-MOF 300 W Xe 4.30 No Flow 5 bars 4/1 C 48 (100%) [119]

Ni/CexSiyO2 300 W Xe e Yes Batch 1atm 4/1 BC 17.0 (99%) [147]

Ru/HxMoO3ey 300 W Xe 0.75 No Flow 1 atm 1/1 BC 20.8 (100%) [120]

CoeCueMn oxides 300 W Xe 0.23 Yes Batch/Flow 1atm 3/1 BC 14.5 (85%) [124]

Cu2O/MOF(Zn) 150 W Xe 0.22 Yes Batch 1atm 4/1 BC 0.010 (100%) [178]

RuOx/MIP-208 150 W Xe 0.13 Yes Batch 1atm 4/1 B 0.036 (100%) [127]

RuOx/MIL-125(Ti)eNH2 Solar simulator 1.20 Yes Batch/Flow 1.3 bars 4/1 BC 0.909 (100%) [128]

Molybdenum carbides 300 W Xe 0.31 Yes Batch 1atm 3/1 B 0.987 (74%) [179]

Ni/Nb2C 300 W Xe 3.60 Yes Batch/Flow 1 bars 1/1 BC 72.5 (83%) [180]

Iron carbides Xe lamp 2.05 No Flow 1atm 3/1 B 10.9 (97%) [181]
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Fig. 11 e (a) Schematic diagram and PTC-CO2 methanation performance of Ag25 clusters. Reprinted with permission from

Ref. [93]. Copyright (2021) American Chemical Society. (b) Synthetic route, (c) catalyst surface temperatures, and (d)

productivity and selectivity of PTC-CO2 hydrogenation at a chamber temperature of 50 �C for the Rh/Al antenna catalyst. (c)

The SEM image and UVevis absorption spectra of Rh/Al are inset in (c). (bed) are reprinted with permission from Ref. [167].

Copyright (2021) American Chemical Society.
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after four cycles [87]. The high efficiency mainly originates

from the photothermal effect (i.e., Temperature rises to

300 �C) [87].

Non-plasmonic metals

Non-template-derived catalysts
Inert substrate-supported metals. The optically transparent

SiO2 and Al2O3 are well-established insulators and can serve

as inert substrates for PTC-CO2 methanation. Since the pio-

neering work from Ye and co-workers in 2014, Al2O3-sup-

ported Group VIII metals (Ru, Rh, Ni, Co, Pd, Pt, Ir, and Fe) are

well known for their ability to photothermal heating the sys-

tem with a temperature rise to ~400 �C for PTC-CO2 metha-

nation [170]. By excluding the photothermal effect, Kim and

co-workers have studied the CO2 methanation on SiO2

substrate-supported metal NPs at a low light intensity below

35 mW cm�2 [108]. Besides, Buskens and co-workers have

recently tried deciphering the collective heating effect from
Please cite this article as: Khan S et al., Recent advances on photo-
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plasmon coupling by investigating the effect of Ru loading

contents on Al2O3 substrates [136]. They have observed that

CH4 production rates upon illumination with sunlight

abruptly increase from 0.63 to 0.77e5.09 mol g�1 h�1 with

increasing the Ru content from 3.6 to 4.9% to 5.9 wt%, which

confirms the collective heating effect [136].

Additionally, the widely applied method for decorating

metal NPs on substrates is the wet-impregnation and calci-

nation method, which might induce the poor interaction and

dispersion of metal NPs on inert supports. Hence, Zhang and

co-workers have developed a series of catalysts derived from

the layered double hydroxide nanosheets (LDHs) for efficient

CO2 hydrogenation [114,144]. The LDHs-derived CoFe alloyed

NPs supported by amorphous Al2O3 show a CH4 selectivity of

~60% [114]. Recently, they have successfully prepared a series

of Ni/Al2O3 catalysts by H2 reduction of LDHs at different

temperatures (300e600 �C) for PTC-CO2 methanation (Fig. 12a)

[73]. The highest rate of CH4 production, tested without

external heating sources, is obtained for the sample prepared
thermo-catalysis for carbon dioxide methanation, International
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at 600 �C, attributed to the pure photothermal heating effect

(i.e., The temperature of the catalyst bed rises to 290 �C.) [73].
Besides the LDH-derived substrates, the LDHs can also be used

directly for supporting metal NPs [139]. Kong et al. have used

the method of ion exchange and low-temperature H2-reduc-

tion to attain Mg (OH)2 supported Ru NPs (Fig. 12bed), wherein

the RuNPs are highly dispersedwith similar sizes (2.3e2.8 nm)

even at high loading amounts (1.0e11.5 wt%) [139]. Such an

ion-exchange synthetic method can avoid the concerns pre-

sent in the conventional impregnation method, such as pre-

cursor agglomerations and uneven particle distribution [139].

Furthermore, with UV-pulsed laser technology, Zhou and co-

workers have recently developed ultrafine Ru NPs strongly

interacting with catkin-like fluff defect-rich Al2O3-x grown on

Al foil [144]. ThemaximumCH4 yield rate in themicrochannel

flow reactor is higher than that of the batch reactor (~14.0 vs.

~12.0 mol g�1 h�1) [143].

Active substrate-supported metals. Some oxidative or reduc-

tive oxides, such as TiO2 and ceria (CeO2), are suitable for
Fig. 12 e (a) Schematic illustration of layered double hydroxides

synthesis route and PTC-CO2 reduction mechanism of Ru/Mg(O

(d) STEM image and EDS elemental mappings of Mg, O, and Ru

Copyright (2020) American Chemical Society.
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efficient CO2 hydrogenation due to the strong interactions

with metal NPs, and their strong capability in CO2 adsorption

and stabilizing intermediates at vacancy sites

[103,146,171,172]. The Ru/TiO2 catalyst prepared through the

wet-impregnation method shows a CH4 yield rate of

69.49mmol g�1 h�1 at 300 �C, in contrast to negligible products

at room temperature [75]. It reveals that the input of external

thermal energy is necessary to improve the kinetic energy of

the reactants for PTC-CO2 methanation [75]. The VO in TiO2

can be created and stabilized by a He plasma treatment, as

demonstrated by the Ni/TiO2 catalyst reported by Scott and

co-workers [27]. Notably, the treatment sequence of He plas-

maereduction/passivation can entitle the Ni/TiO2 with better

PTC-CO2 methanation activity than the counterpart of

reduction/passivationeHe plasma [27]. Besides the irregular

TiO2 NPs, TiO2 nanotubes (TNTs) have been studied alterna-

tively [173]. Small Ru NPs (1.5 nm) were deposited on TNT at

different ratios through the ion exchangeecalcinationmethod

[173]. The Ru/TNT catalyst in the presence of light increases

the CH4 production rates by ~2.5 times that of dark conditions,
(LDHs) derived Ni/Al2O3 catalyst. (b) Schematic diagram of

H)2. (c) HRTEM image of highly dispersed Ru nanoparticles.

. (bed) are reprinted with permission from Ref. [139].
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mainly due to the photochemical contribution [173]. Further-

more, Yang et al. [71] developed a vacuum-assisted impreg-

nation method strategy to entrap Ru NPs inside TNT (Ru-in/

TNT), which demonstrates a higher PTC-CH4 production rate

than pristine TNT and Ru-out/TNT [71].

CeO2 is another widely used reducible active support [147].

The higher content of CeO2 in Ni/CexTiyO2 catalyst can pro-

mote the reducibility of NiO to metallic Ni and enhance par-

ticle dispersion for PTC-CO2 hydrogenation [147]. Besides, Co

NPs have been impregnated and deposited on CeO2 supports,

which shows enhanced CH4 production kinetics likely origi-

nated from the hot electron effects on activating adsorbates

and forming VO in reducible CeO2 [86]. Hydrothermally pre-

pared CeO2 substrates supported Ru NPs, prepared through

the photo-deposition, show the dependence of the strength of

metalesupport interactions on the shapes (cube, rod, and

polyhedron) of CeO2 substrates [103]. Only the cube-like Ru/

CeO2 with strong interactions under photoexcitation shows

enhanced CO2 methanation [103].

Amorphous yttria (Y2O3) nanosheets have been used as a

substrate to load 4 wt% Ni NPs or 3.6 wt% Ni single atoms/

clusters for CO2 methanation, though wet-impregnation and

bimetal ion (Ni2þ and Y3þ) adsorption on graphene, respec-

tively [126]. The Ni NPs/Y2O3 catalysts show a photothermal

heating-induced temperature rise to 103 �C [126]. To avoid IR

radiative heat loss, they coated the reaction tube with AlNx/Al

foil leading to the temperature rise to 300 �C [126].

In contrast to the single component oxides, the bimetallic

oxides as supported materials allow the modification of some

physicochemical properties to enhance PTC-methanation ef-

ficiency. LDHs generally with high surface areas and exposed

multiple cation active sites hold a promise of functioning as

the active component in catalysts for PTC-CO2 methanation.

Ye and co-workers have reported that Ru NPs embedded in

exfoliatedMgAl-LDHs showhighmethanation rates due to the

activation of CO2 and H2 over exfoliated LDHs and Ru NPs,

respectively [174]. Furthermore, by H2 reduction of MgFeAl-

LDHs, Zhang and co-workers derived a series of Fe/FeOx sup-

ported by MgO and amorphous Al2O3 catalysts with abundant

interface active sites [175]. Increasing the reduction temper-

ature from 300 to 700 �C allows the transformation of FeOx to

metallic Fe, which is favorable for CO2 conversion and CH4

production [175].

Additionally, Gascon and co-workers have deposited Ni

NPs onto barium titanate (BaTiO3) perovskite with cubic

structure (ABO3), showing inclusive PTC-CO2 hydrogenation to

CH4 (94.4% selectivity) under the UVeviseIR irradiation [26].

The CH4 yield rate of Ni/BaTiO3 is much higher than that of Ni/

TiO2 or Ni/Al2O3 [26]. It is because BaTiO3 supports can maxi-

mize the formation of hot spots on Ni NPs with their low

thermal conductivity, promote the charge transfer efficiency

with the higher interfacial interaction, and have photoactive

semiconducting properties [26]. Furthermore, Gascon and co-

workers have extended the usage of BaTiO3 to support Pd NPs,

which display CH4 generation rates of up to 8.2 mol g�1 h�1

[140]. Increasing the Pd loading amounts and light intensity

can synergistically enhance the selectivity of CH4 as a result of

both thermal and non-thermal contributions of light [140].

Furthermore, Zou and co-workers have rationally designed a

PTC-catalyst of Ru@Ni2V2O7, wherein Ru nanoclusters serve
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as both nanoheaters and H2 activation sites for a hydrogen

spillover toVO rich-Ni2V2O7 [176]. The optimized CH4 yield rate

of VO-rich Ni2V2O7 is much higher than that of pure Ni2V2O7

and Ru@SiO2 catalysts [176].

Metal-organic framework (MOF) template-derived catalysts
MOFs can be the precursor for preparing a catalyst for PTC-

CO2 reduction since they owe large surface area, abundant

metal immobilization sites, adjustable sizes, and morphol-

ogies [177]. Regarding such merits, the highly dispersed

metallic NPs on the support can be achieved by applyingMOFs

precursor as sacrificial templates, which are thermally treated

under the inert, reductive, or oxidative atmosphere. The PTC

efficiency of MOF-derived catalysts can exceed the counter-

part prepared by the traditional impregnation method [171].

Chen and co-workers have developed a MOF-template

approach to fabricate highly dispersed Co NPs deposited on

Al2O3, which are derived from the air-calcination and H2-

reduction of Al2O3@ZIF-67 precursor (Fig. 13a) [117]. Under

UVeviseIR light irradiation, the MOF-derived Co/Al2O3 cata-

lyst achieves high CH4 production rates, good catalytic dura-

bility, and high CH4 selectivity (97.7%) (Fig. 13b) [117]. The

remarkable PTC activity is because of effective light absorp-

tion, high Co dispersion, strong CoeAl2O3 interaction, and

photo-induced VO sites in CoAl2O4 for reactant adsorption

[117].

Besides, developing an IR-active PTC catalyst is essential

since the IR light region accounts for ~53% of the solar energy

and is suitable for thermal energy generation. Motivated by

this aim, Jia and co-workers have prepared Ni/TiO2 catalyst

through air-calcinating and H2-reducing a mixture power of

Ni(NO3)2 salt with MIL-125(Ti) (Fig. 13c) [171]. Among different

Ni loading amounts, 8 wt% of Ni produces the maximum CH4

yield rate under IR light irradiation, dominantly driven by

photothermal energy (Fig. 13d) [171]. The excellent activity

originated from the homogeneous distribution of small-sized

Ni NPs, good CO2 and H2 adsorption and activation capacity,

strong IR light absorption, and photo-to-heat conversion

ability [171].

Besides the system of metal/oxides catalysts, the MOF-

mediated approach can also develop the carbon matrix-

supported metal NPs, which generally manifest broadband

light absorption, efficient phot-to-thermal energy conversion,

and good conductivity for CO2 methanation [116]. Khan and

co-workers have prepared a series of Ni@C catalysts through

the pyrolysis of Ni-MOF-74 under N2 at different temperatures

(500, 600, and 700 �C) [116]. The synthesized Ni@C catalysts

obtained at 600 �C achieve the highest CH4 production rate,

with good recyclability without coke formation [116]. They

believed that the exponential relationship between light in-

tensity and CH4 production rates is indicative of a

photothermal-driven reaction [116].

Metal oxide semiconductors

Oxygen deficient metal oxides
The oxygen-deficient metal oxides can be formed through H2

treatment through hydrogen spillover assisted by metal NPs

[88,120,145], photo-induced electron transfer [86,117], UV laser

treatment [144], and plasma treatment [27]. Ge et al. have
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Fig. 13 e (a) Schematic illustration and (b) PTC-CO2 methanation rates for the Co/Al2O3 catalyst derived from metal-organic

frameworks (MOFs). (a) and (b) are reprinted with permission from Ref. [117]. Copyright (2020) American Chemical Society. (c)

The mechanism and (d) performance of PTC-CO2 methanation over Ni/TiO2 catalyst with various Ni concentrations, derived

fromMIL-125(Ti) and Ni/P25. (c) and (d) are reprinted with permission from Ref. [171]. Copyright (2021) Elsevier B.V. All rights

reserved.
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recently used the solvothermalmethod to prepare the a-MoO3

nanosheets with loading 4 wt% of Ru NPs, followed by H2

reduction toattainVO-richRu/HxMoO3-y catalystswithastrong

LSPR plasmonic absorption in the visible region [120]. The Ru/

HxMoO3-y catalyst exhibits the optimal CH4 production rate of

20.8 mmol g�1 h�1 with 100% selectivity, contributed by the

catalyst surface temperature and charge transmission [120].

While some VO-rich semiconductors without coupling

metallic components can serve as the active components for

PTC-CO2 methanation using H2O as the hydrogen source

[88,145], metal oxide clusters of CoOx [145], NiOx [97], RuOx

[127,128] as co-catalysts show the H2 splitting ability for PTC-

CO2 hydrogenation. Liu and co-workers have synthesized

TNTs through a two-step alkaline hydrothermal route, which

are then converted to anatase/TiO2(B) heterojunction (deno-

ted as TiO2(AB)) through ion exchange and calcination [145].

Then, VO-rich CoOx/TiO2ex formed through wet-impregnation

and air-calcination to load CoOx and H2-reduction to create

vacancies shows a good PTC-CO2 methanation activity [145].

Additionally, Scott et al. have reported PTC-CO2 methana-

tion on NiOx/La2O3@TiO2, prepared by a solution combustion

method using the mixture of TiO2 P25, metallic nitrates, and

glycine [97]. While TiO2 plays a minimal role in photo-

enhancement of CO2 conversion, basic La2O3 as the
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promoter enhances interaction with NiOx forming NiLaO3

perovskites, the NiOx dispersion, and the CO2 adsorption as

proxy adsorption sites along with VO in TiO2 [97]. NiOx is the

principal photoactive component for broad light absorption,

H2 activation into *H, and converting the *HCOO with *H to

CH4 [97]. Such trimetallic oxides have also been reported by He

and colleagues [124]. CoeCueMn trimetallic oxide catalysts

have been fabricated by a co-precipitation method, wherein

the Co/Cu/Mn molar ratio of 7/1/1 shows the optimal CH4

production [124]. Co species serve as the active species, while

Cu and Mn oxides act as the promoter to tune the balance of

Co2þ and Co3þ and CO2/H2 adsorption, respectively [124].

MOF-supported metal oxide clusters
Some MOFs as porous coordination polymers have proved

promising candidates for PC-CO2 reduction at room temper-

ature. It is due to their strong capacity in CO2 adsorption

related to the porous structures and highly exposed surface

areas, their semiconductor nature with suitable energy band

structure for CO2 reduction, and the pore confinement effect

of stabilizing small-sized cocatalysts [177,178]. However, the

use of MOFs as the active components for PTC-CO2 hydroge-

nation into CH4 is rarely reported, possibly because of the poor

thermal and hydrothermal stability issues.
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Fig. 14 e (a) Structure of MIP-208 with multiple functional groups (i.e., acetamide group represented by blue ball, and other

functional groups by the green ball). (b) Crystal Structure view of MIP-208 along the c axis, showing 1D channels (Ti in

purple, C in gray, and O in red). (c) Adsorption isotherms of CO2 at 298 K for the MIP-208 samples before and after boiling

water treatments. (d) PTC-CO2 methanation performance of MIP-208@RuOx catalyst with various light sources. Reprinted

with permission from Ref. [127]. Copyright (1969), Elsevier. (For interpretation of the references to color/colour in this figure

legend, the reader is referred to the Web version of this article.)
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Recently, Antonio and co-workers have achieved

advancement in developing a series of durable PTC-

methanation catalysts of MOFs-supported oxide clusters

through photodeposition, including Cu2O/MOF(Zn)-1 [178],

RuOx/MIP-208 [127], and RuOx/MIL-125(Ti)eNH2 [128]. In

MOF(Zn)-1, two six-coordinated Zn(II) centers are connected

by hydroxyl, carboxylate, and triazolate groups from the

ligand, showing an infinite rod-shaped secondary building

unit [178]. Thus, MOF(Zn)-1 is featured by the ZnO oxocluster

for CO2 methanation and an N-electron-rich heteroatom

porous network for CO2 adsorption [178]. Under UVevis irra-

diation, MOF(Zn)-1 shows 100% of CH4 selectivity with a pro-

duction rate of (4 mmol g�1 h�1) at 215 �C, in contrast to the

negligible activity of MOF-74(Zn) and MIL-125(Ti)eNH2 [178].

Photo-depositing CuOx (~1.61 nm) cocatalysts into the pores of

MOF(Zn)-1, forming CuOx/MOF(Zn)-1, can further accelerate

CH4 production (10 mmol g�1 h�1) [178].

Furthermore, considering the good photo-activities of TiO2

and Ti-oxo clusters, they have expanded the scope of Ti-

MOFs-based PTC materials to tunable ultra-microporous
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MIP-208 catalysts by adopting a solid-solution mixed-linker

strategy [127]. MIP-208 exhibit helical chains of TiO6 polyhedra

connected by isophthalic acid-type linkers, forming one-

dimensional channel-like voids (Fig. 14a and b) [127]. MIP-

208 displays excellent thermal stability up to 325 �C in air

and hydrothermal stabilities (Fig. 14c) [127]. Upon UVevis

illumination at 200 �C, MIP-208 catalyst shows average CH4

production rates of 1.82 mmol g�1 h�1, which is further

increased by 20-folds for RuOx/MIP-208 catalyst (Fig. 14d) [127].

The excellent activity and recycling stability are attributed to

the 1D TiO chain unit for efficient charge transfer, the amide

groups for CO2 adsorption and light photoresponse, the RuOx

sites as the light harvester and active catalytic sites, and the

excellent thermal and hydrothermal structural stability [127].

Similarly, Antonio et al. have developed the catalyst ofMIL-

125(Ti)eNH2 decorated by RuOx NPs for PTC-CO2 methanation

[128]. The addition of RuOx NPs can be partially reduced to

metallic Ru0 serving as the *CO or CO adsorption sites for deep

hydrogenation and prompt the charge separation inMIL-

125(Ti)eNH2 [128]. Therefore, the optimized activity under
thermo-catalysis for carbon dioxide methanation, International
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Fig. 15 e (a) Schematic diagram of iron carbide or oxides catalyst used in PTC-CO2 hydrogenation. (b) Synthetic route of iron

carbide or oxide catalysts by varying hydrogenation/carbonization conditions. (c) PTC-CO2 hydrogenation performance over

different Fe-based catalysts. Reprinted with permission from Ref. [181]. Copyright (2020), American Chemical Society.
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simulated solar light is attained for a 10 wt% RuOx loading

amount shows a rate of ~909 mmol g�1 h�1, almost three

magnitudes higher than pure MIL-125(Ti)eNH2 [128]. Upon

visible light illumination, the RuOx/MIL-125(Ti)eNH2 exhibit

catalytic stability for 50 h in a flow system at 150e200 �C [128].

Metal carbides
Metal carbides generally exhibit narrow band gaps below 1 eV

or metal-like electron structures showing strong CO2 catalytic

capability and light absorption coefficients comparable to the

parent metal [179,180]. Recently, Zhao and co-workers have

prepared different phases of molybdenum carbides, a-MoC

(64% MoC), b-Mo2C (75% MoC), and their mixed phases (67%

MoC), by adjusting the carburization temperature and atmo-

sphere [179]. The mixed-phased MoC exhibits higher reaction

rates of CO2 hydrogenation into CO and CH4 than other sam-

ples, a-MoC and b-Mo2C [179]. Notably, a-MoC with rich car-

bon vacancies has strong CO2 adsorption, and b-Mo2C is good

at adsorption of H2 [179]. Hence, the mixed-phased MoC

catalyst shows an optimized adsorption ratio of CO2 to H2 for a

high methanation activity [179].

Additionally, Ma and co-workers have prepared iron

carbide-based mixed phases through hydrogenation and

carbonation treatment of commercially available Fe3O4 for

PTC-CO2 methanation (Fig. 15a and b) [181]. While Fe3O4 is

favorable for CO production with 100% selectivity, the pure

Fe3C exhibits a high CH4 production rate and selectivity of

>97% under the same reaction conditions, attributed to the

non-thermal effect of light (Fig. 15c) [181]. The difference in

activity is related to the intense light absorption, CO
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adsorption, andH2 dissociation abilities of Fe3C catalysts [181].

Therefore, the extent of hydrogenation and carbonation of

Fe3O4 can tune the selectivity of CO2 hydrogenation [181].

Furthermore, the metal carbides can be used as the sup-

ports of metal NPs for PTC-CO2 methanation. Zhao and co-

workers have prepared the carbides of niobium (Nb2C) and

titanium (Ti3C2) nanosheets by a modified two-step exfolia-

tion method [180]. Comparison in CO2 methanation rates of

Ni/Nb2C vs. Ni/Nb2O5 and Ni/Ti3C2 vs. Ni/TiO2 have demon-

strated that the metal carbides are the better candidates,

which increases the CH4 production rates by 6.3 and 2 times

than the oxide counterparts, respectively [180]. It is because

metal carbides hold a strong light absorption capacity to in-

crease surface temperature under PTC processes [180].
Conclusions and perspectives

CO2 methanation is an attractive solution to the problem of

global warming and depleted fossil fuel reserves. This review

summarizes the most recent discoveries regarding mecha-

nisms, factors, and materials in PTC-CO2 methanation. The

CO2 methanation reaction usually proceeds via the direct CO2

dissociation, formates pathway, or RWGS þ CO-hydro path-

ways, accompanied by competitive CO production and carbon

deposition. The ratios of CO2/H2, temperature, and pressure

help to overcome the sluggish kinetics and poor selectivity of

CO2methanation. Due to the inert nature of CO2molecules, TC,

PC, and PTC approaches have been developed for CO2 con-

version. Compared to pure TC or PC approaches, PTC-CO2
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methanation using sustainable solar energy is a promising

field of research with high efficiency. The mechanisms of PTC-

CO2 methanation are contributed by photochemical and pho-

tothermal contributions. The photochemical process benefits

PTC regarding indirect or direct electron injection to adsorbed

molecules or semiconductors; Besides, the photothermal pro-

cess generates heat to increase the local and global tempera-

ture. The effective PTC materials are mainly composed of

active metals and supports. The factors, such as metals,

shapes, metalesupport interactions, defects in metal oxide

substrates, and the operational conditions, can tailor the ac-

tivity and selectivity of PTC-CO2 methanation. The emerging

composite catalysts range from plasmonic and non-plasmonic

metals (Ag, Au, Cu, Ru, Rh, Ni, Co, and TiN), defective semi-

conductors (WO3-x, MoO3-x), MOFs to metal carbides.

Among the reported metal NPs, Ru and Ni have been the

most popular choices as active components due to their ca-

pabilities of hydrogen splitting and *CO binding for CO2 hy-

drogenation into CH4. Besides, even if Ag and Au NPsmanifest

with strong LSPR absorption in the visible range, they are

typically expensive and have poor activity in CO2 methana-

tion, which prevents the broad application of plasmon-

mediated reaction. In recent years, transition metal nitrides,

especially TiN, have been proposed as available noble metal

alternatives for plasmonic applications. Additionally, the

heavily VO-doped semiconductors manifest multiple roles,

such as CO2 adsorption and light absorption. Furthermore, the

MOFs family with good thermal and hydrothermal stabilities

has progressed significantly, which offers a promising alter-

native for supporting metal or metal oxides for PTC-CO2

methanation.Moreover, themetal carbides can serve as active

sites or supports, which are promising candidates for PTC-CO2

methanation. These emerging catalysts have effectively

overcome the challenges of sluggish kinetics, the high acti-

vation barrier, nonselective reaction pathways, and the low

stability of the conventional TC-CO2 methanation.

Despite this significant progress, several concerns must be

overcome for efficient and cost-effective CO2 hydrogenation.

Firstly, organic chemicals used in catalyst preparation, such

as solvents, reactants, and surfactants, can be left with

carbonaceous residues to be decomposed into tiny molecules

of CO and CH4, leading to an overestimation of catalytic ac-

tivity [182,183]. Isotopic 13CO2 labeling tests are recommended

to prove that carbon-containing products are produced from

CO2 rather than contaminants. Besides, the activity analyses

can be conducted in an inert gas environment rather than CO2

to validate the outcome [184,185]. Furthermore, a substantial

concentration of carbon-containing reagents should be avoi-

ded during catalyst fabrication to avoid overestimating results

from carbonaceous residues.

Secondly, in the case of the PTC approach, it is critical to

utilize as much solar energy as possible and convert it into

chemical energy. The motivation for PTC-CO2 reduction is to

move away from intensive thermal heating to an economical

and sustainable process using several light intensities of the

sun. Notably, the high temperature or light intensity might

induce the catalyst sintering. Nevertheless, the reported PTC

still faces a poor conversion efficiency of light-chemical en-

ergy and light-heat at low light intensity or temperature,

demanding more efficient PTC systems. Future work might
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focus on confining the light waves by constructing hollow

structures [186] or inverse opal structures [187] to reduce the

light scatterings losses or to enhance the light intensity by

using Mie scatting resonators [188e190]. Some researchers

have looked into extremely light-absorptive support mate-

rials, including inverted opal silicon (Si) photonic crystals and

vertically aligned Si nanowires [191,192]. For instance, Ozin

and colleagues have reported that Ru NPs supported by three-

dimensional (3D) Si photonic crystals show an order of

magnitude higher CO2 methanation than the usage of Si wa-

fers [191]. The increase in activity is attributed to the effect of

3D Si photonic crystals on improving light absorption by

increasing light propagation lengths [191]. Besides, further

studies might consider developing more efficient hybrid cat-

alysts containing single atom-based catalytic centers or MOFs

for capturing and concentrating CO2 molecules. Furthermore,

the suitable and active catalysts capable of fully utilizing a

broad spectrum of solar energy can be considered by precise

synthetic strategies, such as the cation or anion doping in

semiconductors.

Thirdly, another barrier regarding the industrial applica-

tion of PTC-CO2 methanation is related to the deactivation of

catalysts. Some harsh reaction conditions, such as high re-

action temperature and pressure, might obstruct the pores

and active sites, referring to the physical deactivation

[193e196]. Besides, sulfur adsorption or the deposition of

carbonaceous residues can poison the catalytic centers [184].

Meanwhile, the disappearance of VO sites in oxides can result

in the poor cyclic stability of CO2 methanation [150]. In this

context, optimization of reaction conditions, the encapsula-

tion of mesoporous protective layers, or the addition of metal

NPs for H2 spillover [88,120,145] might be able to solve the

deactivation problem in PTC-CO2 methanation.

Fourthly, one of the significant problems to overcome from

the financial perspective is the high cost of renewable H2. It

has been reported that H2 as the reducing agent for CO2

methanation is efficient and valuable, which has revealed that

the CH4 evolution rate with H2 as feed is over one thousand

times superior compared to H2O as feed [197]. However, H2 is

mainly produced via the electrolysis of water, which is a time-

consuming and energy-exhaustive process.Water electrolysis

involves more than 80% of a methanation plant's total oper-

ational and capital costs [198]. To address this issue, the Audi

e-gas plant in Germany used three alkaline electrolyzes

motorized by wind energy to render H2 from water. Then H2

can be generated utilizing a cost-effective H2O by combining

withwind power research is needed to be exploited to produce

inexpensive H2. Besides, PC-water splitting using solar energy

is one of the potential research fields to produce renewable H2

[199e204].

Lastly, future studies should clearly illustrate the in-

depth reaction mechanisms of PTC-CO2 methanation.

Because of the multiple valences of carbon in CO2, different

hydrogenation intermediates and pathways might exist on

the catalyst surface during CO2 methanation. It is chal-

lenging to capture the surface species and elucidate their role

in CH4 production, requiring various advanced approaches to

determine the intermediates and reaction pathways [34].

Such analytical techniques include in-situ diffuse reflec-

tance Fourier transform infrared spectroscopy, transient
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time-resolved spectroscopy [34], space-resolved microscopy,

and density functional theory simulations.
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