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Recent advances in engineering active sites for
photocatalytic CO2 reduction

Yanan Bo, Chao Gao * and Yujie Xiong *

The photocatalytic conversion of green-house gas CO2 into high value-added carbonaceous fuels and

chemicals through harvesting solar energy is a great promising strategy for simultaneously tackling global

environmental issues and the energy crisis. Considering the vital role of active sites in determining the

activity and selectivity in photocatalytic CO2 reduction reactions, great efforts have been directed toward

engineering active sites for fabricating efficient photocatalysts. This review highlights recent advances in

the strategies for engineering active sites on surfaces and in open frameworks toward photocatalytic CO2

reduction, referring to surface vacancies, doped heteroatoms, functional groups, loaded metal nano-

particles, crystal facets, heterogeneous/homogeneous single-site catalysts and metal nodes/organic

linkers in metal organic frameworks.

1. Introduction

With increasing energy demand and extensive emission of

green-house gases, it becomes more critical to develop sustain-

able energy systems.1–3 One of the best solutions is to convert

CO2 into high value-added carbonaceous fuels and chemical

building blocks by means of solar energy.4 To realize such CO2

conversion practicably, there is an urgent need to develop

highly efficient photocatalysts.

The capacity of photocatalysts to drive CO2 conversion

largely depends on three crucial factors: (i) light harvesting; (ii)

charge separation and transfer; (iii) surface reactions.

Numerous studies have endeavored to improve light utiliz-

ation, charge separation and transfer efficiency during the past

decades.1,3 Beyond that, surface reactions referring to effective

CO2 adsorption and activation play a critical role in enhancing
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the performance for CO2 conversion.5,6 More specifically, the

adsorption and activation of CO2 molecules exactly occur at

the active sites on surfaces. As CO2 conversion involves multi-

electron reduction processes, various carbonaceous reduction

products could be obtained, accompanied by competitive

hydrogen evolution in the presence of water on account of its

lower redox potential.7 In this regard, engineering the active

sites is vital to regulate the reaction pathways through altering

the adsorption behavior of intermediates and suppressing the

undesired hydrogen evolution, achieving a high selectivity for

specific reduction products. Moreover, in addition to affecting

surface reactions, engineering the active sites can also influ-

ence the efficiencies of charge separation and light harvesting,

both of which will influence the whole performance of photo-

catalytic CO2 reduction. Toward this end, great research efforts

have been devoted to engineering active sites aiming at high

activity and selectivity in photocatalytic CO2 reduction.

The photocatalytic system can be considered to consist of

two parts: light absorbers and active sites.5 Generally, the light

absorbers are semiconductors, quantum dots and organic

photosensitizers, while the active sites exist on the surface or

in the porous matrix of these light absorbers.1,6,8,9 The active

sites can be engineered in the form of surface vacancies,10–12

doped heteroatoms, functional groups,13,14 loaded metal nano-

particles, crystal facets, heterogeneous single-site catalysts,15–17

homogeneous single-site catalysts18–23 and metal nodes/

organic linkers in metal–organic frameworks (MOFs), by which

the coordinately unsaturated state, electronic structure,

acidity/alkalinity, and local environment of the active sites can

be adjusted for enhancing activity and selectivity in photo-

catalytic CO2 reduction.

Taken together, the advancements of photocatalytic CO2

reduction essentially profit from the development of well-

defined highly active sites in photocatalysts. In this review, we

will focus on recent advances in rationally engineering active

sites for photocatalytic CO2 reduction. Firstly, the basic prin-

ciples of photocatalytic CO2 reduction will be briefly discussed

based on the currently developed mechanisms, from which we

can outline the critical parameters for engineering active sites.

Secondly, the developed strategies for engineering active sites

on surfaces and in open frameworks are systematically sum-

marized, including creating surface vacancies, doping hetero-

atoms, modifying functional groups, loading metal nano-

particles, engineering crystal facets, dispersing heterogeneous

single-site catalysts, anchoring homogeneous single-site cata-

lysts and modulating metal nodes/organic linkers in MOFs.

Finally, the existing challenges and future prospects are

presented.

2. Basic principles of photocatalytic
CO2 reduction

The photocatalytic reduction of CO2 into fuels with H2O driven

by solar energy has drawn much attention since the investi-

gation by Fujishima in 1979.2 The overall process of photo-

catalytic CO2 reduction involves the following three critical

steps (Fig. 1): (i) the photocatalyst absorbs the incident

photons with an energy equal to or higher than the bandgap

energy and generates electron–hole pairs; (ii) the photogene-

rated electron–hole pairs are then separated and electrons

migrate to the active sites where the CO2 molecules are

adsorbed; (iii) the photogenerated electrons are transferred to

the adsorbed CO2 molecules and initiate CO2 reduction.

Simultaneously, the photogenerated holes are consumed to

oxidize H2O into O2. In the first step, the key to the full utiliz-

ation of solar light is to absorb visible/infrared light, as natural
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Fig. 1 Schematic illustration of the overall process for photocatalytic

CO2 reduction with H2O over a semiconductor photocatalyst. The

dotted lines indicate the thermodynamic potentials for water oxidation

into O2 and CO2 reduction into CH4, CH3OH, HCHO, CO and HCOOH,

respectively. The numbers i, ii and iii represent the three critical steps in

photocatalytic CO2 reduction.
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solar light consists of about 95% visible and infrared light. In

the second step, a large fraction of electrons and holes may be

consumed through recombination during migration. To facili-

tate charge separation and make full use of the photogene-

rated electrons, the rational design of active sites, such as

defect creation, facet engineering and cocatalyst loading, is

commonly applied. Otherwise, when photogenerated carriers

are not consumed timely, taking an example of Cu2O, accumu-

lation of photogenerated holes on Cu2O would lead to its

photocorrosion.24,25 In this regard, inorganic scavengers such

as Na2SO3, and organic scavengers such as methanol and tri-

ethanolamine (TEOA) are commonly used as electron donors

to consume the holes, which is obviously not economical. In

the third step, CO2 molecule adsorption at the active sites is

the prerequisite for subsequent reduction reactions.

When a CO2 molecule is adsorbed on a surface, the CO2

molecule can act as an electron donor and acceptor simul-

taneously.1 Each of the oxygen atoms with a lone pair of elec-

trons can coordinate with surface Lewis acid sites, donating

the electrons to these Lewis acid sites. Inversely, the carbon

atom could gain electrons from Lewis base sites, forming a car-

bonate-like species. Thus, intentionally modifying the elec-

tronic properties of surface active sites can substantially tackle

its dilemma of adsorption. To this end, surface acidity and

alkalinity can significantly influence CO2 adsorption. Once the

CO2 molecule interacts with the surface active site, the CO2

molecule can be polarized resulting in bent bonding for elec-

tron repulsion. The bent CO2 molecule can lower its LUMO

(lowest unoccupied molecular orbital) level and thus make it

easier for electron acceptance.26 Subsequently, multi-electron

transfer together with the multi-step reduction of CO2, includ-

ing cleavage of CvO bonds and formation of C–H bonds,

leads to several different products (as summarized in the

Table 1) depending on the specific active sites. Furthermore,

since CO2 reduction is commonly performed in aqueous solu-

tion, water can be used as the electron donor. Thus the

reduction of water into H2 often occurs as a competing reac-

tion, resulting in electron consumption and decreased product

selectivity.27 An anhydrous solvent (typically acetonitrile) may

prevent H2 evolution; however, it is undoubtedly not an econ-

omical strategy, and the lack of a hydrogen source also prohi-

bits hydrocarbon products. As such, engineering active sites is

the essential solution to obtain desired products with high

activity and selectivity. Generally, the active sites are mainly

closely related to the surface reactions, but also may influence

charge transfer and light harvesting. In the following section,

we will discuss in detail the developed strategies for engineer-

ing active sites and how they impact the key steps in improving

the performance in photocatalytic CO2 reduction.

3. Engineering active sites

To achieve high activity and selectivity in photocatalytic CO2

reduction, the key point is to construct specific and effective

active sites for facilitating the adsorption and activation of CO2

molecules. Generally, light absorbers lack efficient active sites.

For this reason, various strategies have been developed for

engineering active sites on the surface of diverse light absor-

bers, including creating surface vacancies, doping hetero-

atoms, modifying functional groups, loading metal nano-

particle cocatalysts, engineering crystal facets, dispersing

heterogeneous single-site catalysts, anchoring homogeneous

single-site catalysts, and modulating metal nodes/organic

linkers in MOFs. Whatever the strategies are, the essence of

engineering active sites is to adjust the localized electronic

structure and environment to facilitate the adsorption and

activation of CO2 molecules.

3.1 Surface vacancies

Perfect lattices or saturated coordination of intrinsic surfaces

usually exhibit poor activity. Surface vacancies such as oxygen

vacancy and metal vacancy have been proven to participate in

many chemical reactions and also can serve as active sites

playing an essential role in governing CO2 adsorption and

activation.10,28–31 Enormous efforts have been dedicated to

creating oxygen vacancies on the surface of light-harvesting

semiconductors.32 Lee et al. have investigated CO2 adsorption

at oxygen vacancies on the (110) facet of TiO2 by scanning tun-

neling microscopy (STM).33 After exposure to CO2 at 55 K, as

shown in Fig. 2a, the oxygen vacancy sites occupied by the CO2

features (marked with squares) are brighter than the bridging

hydroxyl features (OHb) (marked with circles), suggesting the

interaction between the CO2 molecule and vacancy sites. The

corresponding schematic of a CO2 molecule adsorbed at an

oxygen vacancy (VO) site is shown in Fig. 2b. The adsorption

and activation of CO2 on the surface oxygen vacancy sites also

can be revealed by the calculated adsorption energy (Eads).
32

The existence of oxygen vacancies greatly promoted CO2

adsorption with −0.377 eV for Sr2Bi2Nb2TiO12 with abundant

oxygen vacancies in contrast to −0.125 eV for the sample

without oxygen vacancies. Such a strong covalent interaction

between an oxygen vacancy and CO2 molecule is confirmed by

the charge difference distribution and electronic location func-

tion (Fig. 2c–f ). Moreover, the oxygen vacancies not only can

serve as active sites to enhance CO2 adsorption but also

Table 1 The reduction potentials versus NHE at pH 7 in aqueous solu-

tion, 25 °C and 1 atm gas pressure

Product Reaction
E° (V vs.
NHE)

Hydrogen 2H2O + 2e−→ 2OH− + H2 −0.41
Methane CO2 + 8H+ + 8e−→ CH4 + 2H2O −0.24
Methanol CO2 + 6H+ + 6e−→ CH3OH + H2O −0.39
Carbon monoxide CO2 + 2H+ + 2e−→ CO + H2O −0.51
Formic acid CO2 + 2H+ + 2e−→ HCOOH + H2O −0.58
Ethane 2CO2 + 14H+ + 14e−→ C2H6 + 4H2O −0.27
Ethanol 2CO2 + 6H+ + 6e−→ C2H5OH + H2O −0.33
Oxalate 2CO2 + 2H + 2e−→ H2C2O4 −0.87
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broaden light absorption. For example, the presence of oxygen

vacancies in the Bi2WO6 photocatalyst can extend the light-har-

vesting from ultraviolet to the near-infrared region for photo-

catalytic CO2 reduction, which is attributed to the newly gener-

ated in-gap defect band.34

Although the oxygen vacancies have shown good perform-

ance in photocatalytic CO2 reduction, the regeneration of the

oxygen vacancies is still a tough problem since pristine oxygen

vacancies are easily filled up by the O atom from CO2 during

the reaction process and thus are gradually inactivated with

poor stability. To address this issue, Zhang et al. reported a

highly efficient BiOCl nanoplate with reproducible oxygen

vacancies for the photocatalytic reduction of CO2 to CO and

CH4.
31 The photoreduction-induced oxygen vacancy can be

easily regenerated by light irradiation due to the high density

of the oxygen atom and the low energy of the Bi–O bond. As

schematically illustrated in Fig. 3a, oxygen regeneration is

induced by the process that outer Bi can easily escape from the

lattice after illumination and then the high density surface O

atoms with a low formation energy are readily released to

balance the charge, rendering the formation of oxygen

vacancies. The oxygen vacancies recovered in light-treated

BiOCl (denoted as BiOCl-LT) can be further confirmed by XPS

(Fig. 3b and c), in which the valence change from Bi3+ (par-

tially converted) to Bi0 and Bi3+x after light irradiation pro-

motes the high binding energy component in the O 1s XPS

spectra.

In addition to oxygen vacancy, metal vacancies also can

serve as excellent active sites for photocatalytic CO2 reduction.

Xie’s group have built an ideal model of two-dimensional

ZnInS2 atomic layers with a tunable concentration of Zn

vacancies to elucidate the relationship between defect sites

and photocatalytic CO2 reduction.
35 Aberration-corrected scan-

ning transmission electron microscopy (Fig. 4a–e) directly

manifests the distinct zinc vacancy concentrations at the

atomic level, which is also confirmed by electron spin reso-

nance (ESR) analysis (Fig. 4f). The abundant Zn vacancies not

only act as active sites for higher CO2 adsorption capacity, but

also provide increased photo-absorption, stronger surface

hydrophilicity and higher efficiency of electron–hole separ-

Fig. 2 (a) STM image (1.5 V, 5 pA, 15 nm × 15 nm) of the TiO2 (110)

surface after adsorption of CO2 at 55 K. The CO2 and OHb features are

marked with squares and circles, respectively. (b) Schematic illustration

of a bridging hydroxyl (OHb) (black circle), an oxygen vacancy defect

(VO) (black square), and a CO2 molecule adsorbed at a VO site on the

reduced TiO2 (110) surface. Reproduced with permission from ref. 33,

copyright 2011 American Chemical Society. (c) Differential charge distri-

bution and (d) electronic location function for the oxygen-free sample.

(e) Differential charge distribution and (f ) electronic location function

for the oxygen-abundant sample. Reproduced with permission from ref.

32, copyright 2019 John Wiley and Sons.

Fig. 3 (a) Possible reaction pathways for CO2 photoreduction with H2O

on BiOCl nanoplates. (b) XPS spectra of the Bi4f region and (c) the O1s

region for BiOCl and BiOCl-LT nanoplates. Reproduced with permission

from ref. 31, copyright 2015 Springer.

Fig. 4 Characterization of VZn-rich one-unit-cell ZnIn2S4 (ZIS) layers

obtained at 200 °C. HAADF-STEM images (a, b) and intensity profile (c)

corresponding to the dark cyan arrow in panel b. The corresponding

crystal structures (d) and SAED patterns (e). (f ) EPR spectra of VZn-rich

and VZn-poor one-unit-cell ZIS layers. Reproduced with permission

from ref. 35. copyright 2017 American Chemical Society.
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ation. As a result, ultrathin ZnIn2S4 nanosheets with rich zinc

vacancies exhibit a CO yield rate of 33.2 μmol g−1 h−1, around

3.6 times higher than that of the ultrathin ZnIn2S4 nanosheets

with limited zinc vacancies.

Overall, engineering surface vacancies is an important strat-

egy for tuning photocatalytic CO2 reduction. This strategy pro-

vides abundant adsorption sites, promotes electron–hole pair

separation efficiency and fulfils broad-spectrum light harvest-

ing, thus leading to excellent activity for photocatalytic CO2

reduction. However, the density and stability of the vacancies

still need to be optimized for more active and durable photo-

catalytic CO2 reduction given that oxygen vacancy can be filled

up leading to downward activity during the CO2 dissociation

process.31

3.2 Heteroatom doping

The local electronic structure of the active sites is a critical

factor determining their activity and selectivity in photo-

catalytic CO2 reduction. Introducing heteroatoms into semi-

conductors or quantum dots as active sites or nearby the active

sites is an alternative approach to modify their local electronic

structure for governing activity and selectivity in photocatalytic

CO2 reduction. To date, various metal cations (i.e., Fe,36 Co,37

Ni,38,39 Cu,40 In,41 Zr42) and nonmetal atoms (i.e., S,43 P,44 B,45

N,46 F,47 I48) have been investigated as dopants in semi-

conductor lattices to modulate electronic structures or serve as

active sites for photocatalytic CO2 reduction. Wang et al. have

doped Co into BiVO4 to increase the electron density around O

anions, serving as a Lewis base active site to facilitate CO2 acti-

vation and electron transfer to CO2 molecules.37 In addition to

activity, the correlation between elemental doping and selecti-

vity regulation for photocatalytic CO2 reduction has also been

established. Xie’s group have reported that Ni-doped ZnCo2O4

atomic layers exhibit a 3.5-time higher CO selectivity than

undoped ZnCo2O4 atomic layers for photocatalytic CO2

reduction to CO and CH4.
38 Moreover, the competing H2 evol-

ution can be significantly suppressed by heteroatom doping.

Our research group has developed Ni-doped CdS quantum

dots for CO2 reduction into CO and CH4.
39 The Ni2+ dopants

serving as active sites can substantially suppress H2 evolution

as compared with pristine CdS (Fig. 5a). In addition, the

photoexcited electrons can be effectively trapped at the doped

Ni atoms in sulfur vacancies and relax to the shallow charge

trap state, thus substantially promoting charge separation, as

confirmed by the reduced intensity of the signal for Ni2+ upon

light irradiation in ESR (Fig. 5b). This argument was further

confirmed by the enhanced photoluminescence (PL) around

600 nm (Fig. 5c), and supported by the reduced PL at

500–550 nm for radiative recombination in the presence of

methyl viologen (MV2+) (Fig. 5d), an agent to sacrifice surface

electrons of QDs. In situ diffuse reflectance infrared Fourier

transform spectroscopy (DRIFTS) suggests that the Ni2+ active

sites capture photo-generated electrons and adsorb CO2 mole-

cules to form the Ni-COOH complex (Fig. 5e and f), as indi-

cated by the peaks located at 1305 cm−1, 1412 cm−1, and

1640 cm−1 corresponding to C–OH, C–O, and CvO stretching,

respectively. Subsequently, the Ni–COOH complex dehydrates

to the Ni–CO complex as indicated by two stretching bands at

1903 and 1982 cm−1, which accounts for the different

selectivity.

Apart from metal dopants, non-metals also can be intro-

duced into light-absorption substrates. Non-metal doping into

graphitic carbon nitride (g-C3N4) to modulate coordination

moieties and local electronic structures is widely investi-

gated.49 Fu et al. have doped B into the g-C3N4 scaffold

between adjacent tri-s-triazine units by coordination with two-

coordinated N atoms.45 The B dopants serving as active sites

can change the adsorption of the CO intermediate to promote

CH4 production. Furthermore, theoretical calculations reveal

that B atom doping can make the electron excitation much

easier and improve the charge transfer and localization as well

as reaction dynamics, thus significantly enhancing the cata-

lytic performance. Shown et al. have fabricated a carbon-doped

SnS2 nanostructure for photocatalytic CO2 reduction, in which

the carbon dopants are incorporated as excellent electron

acceptor centers to suppress the charge recombination during

the electron transfer process.50 Furthermore, carbon doping

shrank the band gap from 2.54 eV to 2.43 eV, and significantly

enlarged the light absorption range from a visible-light wave-

Fig. 5 Gaseous products by Ni-CdS (0.26%) QDs in photocatalytic CO2

reduction. (b) EPR spectra of CdS QDs and Ni-CdS (0.26%) QDs before

and after illumination. (c) PL emission spectra of bare CdS and Ni

(0.26%):CdS QDs. (d) PL emission spectra of bare CdS and Ni(0.26%):

CdS QDs in the presence of MV2+. (e) In situ FTIR spectra. (f ) Proposed

mechanism for photocatalytic CO2 reduction using Ni : CdS QDs.

Reproduced with permission from ref. 39, copyright 2018 John Wiley

and Sons.
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length of 530 nm toward a longer wavelength, which is the

most intense region in the solar spectrum. Thus the syn-

thesized SnS2-C photocatalyst significantly enhanced the

activity in selective photocatalytic CO2 reduction to acet-

aldehyde under visible light with a photochemical quantum

efficiency of above 0.7%.

Overall, doping metal and nonmetal atoms into light-har-

vesting quantum dots and semiconductors can significantly

impact the CO2 adsorption state as the addition of the hetero-

atoms can induce increased localized electron density, in favor

of transferring electrons to CO2 molecules. Meanwhile,

dopants in a pristine lattice can generate a new impurity level

below the maximum conduction band where photo-generated

electrons relax to, which is beneficial for photo-generated elec-

tron–hole separation and broad-spectrum light absorption.28,51

Therefore, heteroatom doping is an alternative strategy for

integrating active sites to bind CO2 molecules, modulating the

local electronic structure nearby adsorbed CO2 molecules to

regulate selectivity, and generating defect states or impurity

energy levels so as to improve the light utilization efficiency

and electron–hole separation efficiency.

3.3 Surface acidity and alkalinity

Lewis alkalinity refers to the ability of giving an electron pair

to a Lewis acid molecule.52 Since CO2 is a weak acidic mole-

cule, Lewis basic sites possess the capacity of capturing and

adsorbing CO2 molecules. As such, constructing Lewis basic

sites is an alternative method of generating CO2 binding sites.

As discussed above, it is a versatile method to engineer oxygen

vacancies on the surface of metal oxide semiconductors

serving as active sites. The hydroxyl groups tend to produce on

oxygen vacancies in the presence of water forming Lewis basic

sites, which are beneficial for the adsorption of weak acidic

CO2 molecules.53 Some solid basic hydroxides or metal oxides

such as NaOH and MgO can interact with the carbon atom in

CO2 because of their basic nature.52,54,55 Damien et al. have

investigated the actual structure of the CO2 species adsorbed

on the magnesium oxide surface by combining experimental

infrared spectroscopy and density functional theory (DFT)

study.52 In addition, modifying a surface with hydroxyl groups

can be realized by alkali treatment such as NaOH.13 Meng

et al. have modified TiO2 with NaOH to promote CO2 chemi-

sorption.55 Increasing the loading amount of NaOH can facili-

tate the adsorption of CO2 on a surface with enhanced CH4

production (Fig. 6a and b). However, excessive NaOH loading

leads to surface encapsulation and induces the aggregation of

TiO2 nanoparticles, which hinders the CH4 production. Apart

from basic hydroxides and metal oxides as common Lewis

bases, surface functionalization with a basic group such as an

amino group has also been widely employed for CO2 capture.
56

Liu et al. have reported a one-step preparation of P-doped C3N4

nanocrystals by the thermal annealing method.44 The intersti-

tial doping of phosphorus creates an amino-rich surface con-

firmed by the Fourier transform infrared spectrum (Fig. 6c),

which is conducive to the adsorption of CO2 and conversion

into CO and CH4 (Fig. 6d).

Furthermore, frustrated Lewis pairs (FLPs) consist of steri-

cally hindered Lewis base–acid pair, which can serve as active

sites for both binding CO2 and heterolytically dissociating H2.

In view of this, FLPs provide a promising approach for CO2

activation and subsequent stepwise hydrogenation to produce

hydrocarbon fuels. Surface modification of hydroxyl groups on

metal oxides to form surface FLPs, a Lewis basic surface

hydroxide site and a Lewis acidic coordinatively unsaturated

surface metal site nearby an oxygen vacancy, have been

reported as active sites to effectively improve CO2 adsorption

and activation.57,58 However, FLPs require significant steric

hindrance to prevent the formation of inactive Lewis base-

Lewis acid adducts in solution.59 The bulky substituents in

FLPs may increase the energy required to activate the CO2.

Thus it is important to explore other possibilities to stabilize

Lewis pairs (LPs) that do not involve steric hindrance. To

address this issue, Johnson’s group has proposed a strategy for

incorporating LPs into porous MOFs for the catalytic reduction

of CO2 with H2.
59 As shown in Fig. 7a–c, Lewis pairs (LPs) pos-

sessing both Lewis acid (B) and base (Nb) sites within a single

molecule have been successfully incorporated into UiO-66

MOFs as excellent candidates for both CO2 adsorption and

subsequent stepwise hydrogenation to produce formic acid.

The LPs retain their chemical activity being able to facilely

bind CO2. According to the calculation, CO2 can be reduced to

HCOOH via a lower energy barrier pathway in contrast to the

sample without LP functionalization (Fig. 7d).

In brief, surface acidity and alkalinity significantly impact

the adsorption and activation of CO2 molecules. Building

Lewis basic sites as well as constructing FLPs or LPs on sur-

faces via modifying the basic group/amphiphilic molecule is a

promising approach to engineer active sites for favourable CO2

adsorption and lower energy barriers in subsequent steps.

However, characterization of the Lewis basic sites is vital for

Fig. 6 (a) Time dependence of CH4 evolution. (b) Cumulative CO2

pulse chemisorption quantity and BET surface area of NaOH-TiO2 com-

posites. Reproduced with permission from ref. 55, copyright 2014 Royal

Society of Chemistry. (c) FT-IR spectra and (d) CO and CH4 yield.

Reproduced with permission from ref. 44, copyright 2018 American

Chemical Society.
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the deeper understanding between catalytic activity and

surface state, to which more attention should be paid.

3.4 Metal nanoparticle cocatalysts

Incorporation of metal nanoparticle cocatalysts providing

active sites can make great contribution in enhancing the

surface reaction kinetics through lowering the activation

energy, which greatly improves the activity and selectivity of

photocatalysts for CO2 reduction. Beyond that, metal nano-

particle cocatalysts can significantly improve the charge separ-

ation efficiency by the formation of a Schottky junction

especially for noble metals.6,60 Engineering mono-component

metal nanoparticles, such as Pt, Pd, Au, Ag, Rh, Cu, Ni, and

Co, as cocatalysts supported on semiconductors is a simple

and effective way to construct active sites.61–64 Constructing

metal nanoparticle cocatalysts could induce charge redistribu-

tion on the surface after photoexcitation, resulting in discre-

pant electronic acceptance ability for adsorbed intermediates.

As a result, we can integrate metal nanoparticle cocatalysts to

regulate product selectivity.

Among all the noble metals, Pt possesses the highest work

function (5.6 eV), implying strong electron-extracting ability.65

Therefore, Pt as a cocatalyst has been extensively investigated

for loading onto various semiconductors.
54,64,66 Xie et al. have

examined a series of noble metal nanoparticle cocatalysts

loaded on TiO2 for photocatalytic CO2 reduction.54

Interestingly, the yield of CH4 formation increases in the

sequence of Ag < Rh < Au < Pd < Pt, in good accordance with

the increase in work function Ag (4.26 eV) < Rh (4.98 eV) < Au

(5.10 eV) < Pd (5.12 eV) < Pt (5.65 eV), as well as the efficiency

of carrier separation. This result indicates that the strongest

capacity of Pt for extracting photogenerated electrons gives the

enhanced selectivity of CH4 in CO2 reduction. However, the

severe competition of H2 evolution occurring likewise to Pt

and Pd would consume a large quantity of the photoexcited

electrons and newly released H atoms, both of which are

necessary for the follow-up reduction of the CO intermediate

into target CH4. Thus, the target CH4 product will be sacrificed

with low selectivity inevitably. In this regard, our research

group has proposed a hydridation strategy to incorporate H

atoms into the lattice of metal cocatalysts prior to the photo-

catalytic CO2 reduction reaction.27 The hydride PdH0.43

obtained through hydriding Pd cocatalysts significantly sup-

pressed competing H2 revolution and facilitated the conver-

sion of the CO intermediate into the final CH4 product. As a

result, the selectivity for CH4 production is increased from

3.2% to 63.6% on Pd{100} and from 15.6% to 73.4% on Pd

{111}, with excellent photocatalytic durability being main-

tained in successive cycles (Fig. 8a–d). The enhanced perform-

ance is attributed to the fact that hydriding promotes the elec-

tron trapping on PdH0.43 sites and improves the charge separ-

ation, which ensures adequate electrons and H atoms for the

reduction of CO2 into CH4 (Fig. 8e).

The composition of the cocatalyst could play an essential

role in regulating selectivity. Alloying is a promising approach

Fig. 7 Structure of frustrated Lewis pairs (FLP1) (a) and P-BF2 (b). (c)

Schematic of a UiO-66 primitive cell functionalized with P-BF2. (d)

Relative potential energy surfaces for gas phase CO2 hydrogenation

without a catalyst (black), catalyzed by FLP1 (orange), catalyzed by P-BF2
(blue), and catalyzed by UiO-66-P-BF2 (green). Reproduced with per-

mission from ref. 59, copyright 2015 American Chemical Society.

Fig. 8 Time-dependent production of (a) H2, (b) CO, and (c) CH4 in

photocatalytic CO2 reduction with bare TiO2, TiO2-Pd NCs, and TiO2-

PdH0.43 NCs under UV (λ < 400 nm) irradiation. (d) Cycling CH4 evolution

with TiO2-PdH0.43 NCs in photocatalytic CO2 reduction. (e) Schematics

illustrating the photocatalytic reactions between CO2 and H2O for the

TiO2-Pd NCs and TiO2-PdH0.43 NCs. Reproduced with permission from

ref. 27, copyright 2017 Springer.
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to adjust the surface composition of mono-component metal

cocatalysts. Binary alloy cocatalysts (i.e., Au/Cu,67 Au/Ag68) have

been reported to exhibit a synergistic effect on promoting the

photocatalytic CO2 reduction. Ye’s group revealed that the Au–

Cu bimetallic alloy nanoparticles as a cocatalyst in photo-

catalytic CO2 reduction exhibited significantly improved

selectivity for hydrocarbon species production instead of CO

evolution owing to the synergetic effect, in which Au atoms

favour CO desorption and Cu atoms boost the formation of

hydrogenation species.67 Given the abovementioned facts, the

composition of the cocatalyst can be regulated to affect the

local charge density at the adsorption site, which would influ-

ence the adsorption of CO2 molecules as well as intermediates.

Based on their intrinsic nature, various metals could display

different abilities for the absorption of intermediates. For

instance, there is strong interaction between Pt and CO

whereas only weak interaction takes places between Ag and

CO.65 Thus understanding the inherent electronic properties

of different metals is instructional to construct suitable metal

nanoparticle cocatalysts in terms of regulating activity and

selectivity in photocatalytic CO2 reduction.

In general, a semiconductor serving as a light absorber

requires a suitable band structure, in which both the conduc-

tion band and valence band can have sufficient redox poten-

tials to drive the corresponding reduction/oxidation reac-

tions.69 In photocatalytic reactions, tuning reduction activity

based on the band bending near the semiconductor surface

can be achieved by loading metal nanoparticle cocatalysts.70

When the semiconductor contacts with metal nanoparticles

forming an interface, their different Fermi level (Ef ) and work

function will result in the formation of an internal field that

drives electrons to flow toward the more positive Ef side until

achieving an equilibrium state, leading to an upward bending

of the band edge for the n-type semiconductor, but a down-

ward band bending for the p-type semiconductor.3,71 The

surface with upward band bending exhibits higher oxidation

but lower reduction activities, while the surface with downward

band bending results in the reverse outcome.

3.5 Facet engineering

Diverse morphologies of metallic cocatalysts and semi-

conductors have been fabricated for photocatalytic CO2

reduction and exhibited different performance. Substantially,

the morphology is determined by the proportion of miscella-

neous exposed facets. A chosen facet can exhibit a unique elec-

tronic structure owing to its specific atomic arrangement and

coordination, which is crucial to the adsorption of reactant

molecules and desorption of intermediates.8,72 In this regard,

facet engineering by altering the proportion of specific

exposed facets can substantially tune the ratio of different

coordination atoms on the surface and regulate surface charge

density. As such, selectively exposing specific active facets

would make a great contribution to the enhancement of

activity.23,73,74 In contrast to low index facets, high index facets

generally possess a higher density of low-coordinated atoms

(e.g., steps, terraces and kinks) serving as more efficient active

sites for surface catalytic reactions.75 Bai’s research group has

compared the performance of high-index (730) facet-covered

PtCu concave nanocubes and (100) facet-enclosed PtCu nano-

cubes as cocatalysts loading on light-harvesting C3N4 for the

photocatalytic reduction of CO2 to CH4.
75 In comparison with

low-index (110) facets, high-index (730) facets showed a higher

yield of CO and CH4 on account of their higher density of low-

coordinated Pt atoms as catalytically active sites and higher

CO2 adsorption energy. In parallel, Yu’s group has demon-

strated that tetrahedral Pd nanoparticles with exposed {111}

facets functioned as a more efficient cocatalyst loading on

g-C3N4 for photocatalytic CO2 reduction, as compared to cubic

Pd nanoparticles with exposed {100} facets.76 DFT calculations

confirmed that the Pd{111} surface showed more preferable

CO2 adsorption capability and CH3OH desorption capability as

compared to the Pd{100} surface.

In addition to metallic cocatalysts, facet engineering also

works for metal oxide semiconductors. Gao et al. have reported

that hexagonal platelet Co3O4 exposing {112} facets enable

superior activity to {110} facets for the photocatalytic reduction

of CO2 to CO along with a visible-light photo-sensitizer.77 DFT

calculations (Fig. 9a) further confirmed that the exposed {112}

facets favour the adsorption of CO2 and the subsequent

reduction to CO via COOH, which accounts for the facet effect

on photocatalytic CO2 reduction. Constructing co-exposed

crystal facets within a single crystal is regarded as an attractive

strategy for realizing efficient surface charge separation, in

which the photo-generated electrons and holes would transfer

to anisotropic facets for spatial separation. Toward this strat-

egy, Yu’s group has fabricated and optimized the ratio of coex-

Fig. 9 (a) DFT calculation of adsorption and reduction of CO on Co3O4

surfaces. Free energy diagram describes the COOH* intermediate from

CO2 reduction to CO on {111} and {112} surfaces of Co3O4 hexagonal

platelets. Reproduced with permission from ref. 77, copyright 2016 John

Wiley and Sons. (b) Density of states (DOS) plots for {101} and {001} sur-

faces of anatase TiO2. (c) Illustration of {001} and {101} surface hetero-

junctions. Reproduced with permission from ref. 73, copyright 2014

American Chemical Society. (d and e) SEM images of BiOIO3 with

various thickness. (h) A schematic illustration of the morphology evol-

ution for BiOIO3 with various thicknesses. Reproduced with permission

from ref. 78, copyright 2018 John Wiley and Sons.
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posed {101} and {001} facets within a single TiO2 particle,

forming a “surface heterojunction” toward enhanced activity in

the photocatalytic reduction of CO2 to CH4.
73 DFT calculations

for the electronic structure (Fig. 9b and c) reveal that the Fermi

levels of {001} facets and {101} facets are hauled to equal due to

their contact, forming facet heterojunctions to facilitate the

transfer and separation of photogenerated electrons and holes.

Similarly, Chen et al. have synthesized BiOIO3 nanoplates with

an adjustable proportion of exposed {010} top facets to {100}

lateral facets by altering the thickness.78 The decrease in thick-

ness of BiOIO3 nanoplates tuned the ratio of {010}/{100} facet

junctions (Fig. 9d–h), which significantly shortened the

diffusion pathway for charge carriers and allowed the efficient

separation of photogenerated electrons and holes on the aniso-

tropic facets. As a result, the activity for the photocatalytic

reduction of CO2 to CO was greatly improved.

Overall, facet engineering is an effective strategy for selec-

tively exposing catalytically active sites by modulating the

atomic arrangement on surfaces, which has a great impact on

molecular adsorption and desorption of intermediates.

Furthermore, co-exposure of multi-facets allows efficient

charger transfer and separation by spatially separating the

photogenerated electrons and holes on the anisotropic facets.

3.6 Heterogeneous single metal sites

Generally in heterogeneous catalysts, high dispersion of the

active sites results in good catalytic performance. In this

regard, great efforts have been focused on highly dispersed cat-

alysts with ultrasmall sizes, even at the atomic scale.

Fabrication of isolated metal active sites plays an unpre-

cedented role in governing the activity and selectivity of hetero-

geneous metal catalysts.15–17,79,80 As we have discussed in the

section above, the highly efficient cocatalysts in photocatalytic

CO2 reduction are commonly noble metals. To maximize the

efficiency of each active site and minimize the cost, single-site

catalysts are intriguing and have attracted widespread interest

in photocatalytic CO2 reduction considering their merits of

high atomic utilization and easy modification of both the

spatial and electronic environment of active sites. To this end,

a variety of single metal sites, including isolated ions, atoms,

and molecular complexes, have been engineered on light-har-

vesting supports to explore their potential in photocatalytic

CO2 reduction.

One goal for solar-driven CO2 conversion is to develop

visible-light photocatalysts. Huang et al. have engineered single

Co2+ sites on carbon nitride (C3N4) by a simple microwave-

assistant deposition method, in which framework nitrogen

atoms can coordinate with and activate Co2+ sites demonstrat-

ing excellent activity and selectivity toward visible-light photo-

catalytic CO2 reduction into CO.81 With the same cobalt

loading, the amount of CO produced by single-site Co2+@C3N4

is almost 5 times higher than that produced by the mixture of

CoCl2 and C3N4, suggesting that single Co2+ site coordinated

with N on C3N4 could be activated to exhibit superior activity.

Beyond semiconductors, Au nanoclusters (NCs) can serve as a

potential light absorber to harvest visible light but are inert for

photocatalytic CO2 reduction due to the lack of catalytic sites.

In this regard, our research group has developed an effective

strategy to graft various metal cations on Au NCs through brid-

ging ligands.82 The grafted isolated metal cations (Fe2+, Co2+,

Ni2+, and Cu2+) can accept photogenerated electrons from Au

NCs through the bridging ligands (L-cysteine) and serve as cata-

lytic sites for CO2 reduction. Demonstrated by DFT calculations

(Fig. 10), different single metal sites possess varied d-band

centers and binding energies with CO2 molecules, which allow

for tuning electron transfer efficiency and CO2 activation

energy to control the activity and selectivity. This work provides

an effective strategy for engineering single active sites on inert

light-harvesting components through bridging ligands.

In addition to metal ions, various isolated single metal

atoms also have been engineered on semiconductors for

photocatalytic CO2 reduction, which enables the regulation of

selectivity for high-valued hydrocarbon products such as

methane. Our research group has designed highly selective

active sites for the photocatalytic reduction of CO2 to CH4 via

isolating Cu atom in the Pd lattice supported on a TiO2 semi-

conductor.80 The d-band centers of isolated Cu atoms were

elevated through the electronic structure coupling with sur-

rounding Pd atoms, which enhanced the adsorption and acti-

vation of CO2, as well as suppressed competing H2 evolution.

As a result, the obtained photocatalyst exhibited a high selecti-

vity of 96% for CO2 reduction to CH4, with a production rate of

19.6 μmol gcat
−1 h−1.

Compared with heterogeneous catalysts, the metal centers

in homogeneous catalysts are well separated by organic

ligands, which can serve as highly efficient single active sites.

Engineering the active sites in homogeneous systems could be

easily modulated through adjusting the metal centers with

various linked organic ligands. Benefiting from the isolated

catalytic sites and versatile coordination forms, homogeneous

photocatalysts have shown excellent capacity in light absorp-

tion as well as high activity and selectivity for CO2

reduction.18,19,21,22,83–90 Considering that homogeneous and

heterogeneous photocatalysts both have their own strengths

and weaknesses, it is a promising strategy to combine together

the merits of each. To this end, our research group has devel-

oped a highly efficient photocatalytic system for CO2 reduction

by bridging the heterogeneous single-atom Co as an active site

Fig. 10 (a) Projected density of states (PDOS) of the d-orbitals of

surface atoms for Auc–C–Fe, Auc–C–Co, Auc–C–Ni, and Auc–C–Cu. (b)

Models for CO2 adsorption on the Auc–C–Co surface (left) and Auc–C–

Ni surface (right). Reproduced with permission from ref. 82, copyright

2018 American Chemical Society.
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with a homogeneous light absorber [Ru(bpy)3]Cl2 through gra-

phene.79 The individual and isolated Co atoms coordinated on

the partially oxidized graphene nanosheets can be regarded as

homogeneous catalyst analogues, which achieved an outstand-

ing turnover number (TON) of 678 for CO production with an

high turnover frequency (TOF) of 3.77 min−1. Inversely, metal

molecular complexes also can be anchored on various semi-

conductor supports as heterogeneous single active sites. Such

photocatalysts possess the merits of high TON and good dura-

bility provided by the homogeneous catalyst and hetero-

geneous catalyst, respectively. Kuriki et al. have designed a Ru

complex anchored on C3N4 as the catalytic sites for the photo-

catalytic reduction of CO2 into formic acid, achieving a high

TON more than 1000 (by 20 h) and an apparent quantum yield

of 5.7% (under irradiation light of λ = 400 nm).91 Considering

the complicated preparation process of the Ru complex and

the rarity of Ru, Ye’s group has designed a covalently linked

hybrid photocatalyst composed of a non-noble metal based

Co-porphyrin molecule catalyst and oligomers of melems (Co-

POM) for photocatalytic CO2 reduction.92 The high affinity of

Co active sites for CO2 and efficient electron trapping by the

Co active sites contributed to the enhanced activity for CO2

reduction.

Overall, the engineering of atomically dispersed active sites

in a heterogeneous catalysis system offers unique opportu-

nities for combining the advantages of homogeneous and

heterogeneous catalysis, thereby building a bridge between

them. Single-atom photocatalysts exhibit high atomic utiliz-

ation, low cost and high activity, which well meets the original

intention for catalyst design. However, there still remain chal-

lenges in the fabrication of spatially uniform, highly dispersed

and stable single-atom photocatalysts, due to that the extre-

mely active metal single-atoms favourably aggregate or react

with the surrounding reactants to form undesired species

during fabrication and reaction. For this reason, seeking and

developing novel strategies to controllably synthesize single-

atom photocatalysts with a high metal content and robustness

is of great significance to fully show their capability in practi-

cal application.

3.7 Active sites in metal–organic frameworks

Metal–organic frameworks (MOFs) are springing up as a new

class of crystalline porous materials consisting of metal nodes

and organic linkers.93 By functionalizing metal nodes and

organic linkers to tailor their local environments, the physical

and chemical properties of MOFs can be finely tuned, making

them as promising materials for small molecule adsorption

and conversion.93,94 With regard to CO2 capture and conver-

sion, MOFs can provide excellent active sites for adsorption

and activation based on their unique advantages: (i) ultrahigh

surface area and porous structure for gaseous uptake; (ii) diver-

siform metal centers and organic ligands for engineering

active sites.1,95–97 Therefore, modulating different metal

centers and organic linkers in MOFs provides an alternative

strategy for engineering active sites toward photocatalytic CO2

reduction.

Open metal nodes in MOFs bridging with ligands can serve

as isolated active sites for CO2 reduction.98 Wang et al.

reported a series of Fe-containing MOFs (MIL-101(Fe), MIL-53

(Fe), MIL-88B(Fe)) for photocatalytic CO2 reduction to formate

under visible light irradiation.99 Upon light irradiation, the

electron transferred from O2− to Fe3+ center to form Fe2+, and

then the unsaturated coordination of Fe nodes endowed open

active sites for CO2 adsorption and activation. Beyond metal

nodes, another important component of MOFs, organic

linkers, also show potential for engineering active sites for

facilitating CO2 adsorption and activation. The aforemen-

tioned strategy of introducing Lewis base sites on surfaces also

works for MOFs. Incorporation of organic linkers bearing

Lewis base sites into MOFs has been proven to greatly improve

their binding affinities for CO2. For instance, organic linkers

having uncoordinated amine-containing functional groups in

MOFs can provide the binding sites for CO2. Such binding

sites nearby the metal active sites significantly enhance the

efficiency for CO2 reduction.100,101 Fu et al. have reported

amine-functionalized titanium MOFs (NH2-MIL-125(Ti)) for

the photocatalytic reduction of CO2 to formic acid under

visible light irradiation.100 The presence of the amino func-

tional group enhanced the interaction with CO2 molecules and

also extended light absorption from 350 nm (UV-responsive

MIL-125(Ti)) to 550 nm (NH2-MIL-125(Ti)) (Fig. 11a). During

light irradiation, the photogenerated electrons transfer from

the organic ligand to the Ti4+ node in NH2-MIL-125(Ti) gener-

ating Ti3+, which is the active site for CO2 adsorption and

reduction (Fig. 11b). Apart from amine-functionalized ligands,

other nitrogen containing ligands including pyrimidines,

azoles and triazines, could also be incorporated into MOFs as

Lewis base sites for CO2 capture.

The active sites in MOFs are not limited to their own com-

ponents. In addition to the original metal nodes and organic

linkers in MOFs, the single sites or metal complexes intro-

duced into the MOF structure could also serve as active sites,

providing an alternative strategy to engineer active sites in

MOFs for CO2 conversion.59,97,102–104 Lin and coworkers have

reported the integration of different molecular complexes in

UiO-67(Zr) for photocatalytic CO2 reduction under visible light

irradiation.102 Beyond that, Yaghi’ s group has simultaneously

encapsulated Ag nanocube and Re molecular complexes into a

zirconium MOF.104 Utilizing intensified near-surface electric

Fig. 11 (a) UV-vis spectra of MIL-125(Ti) and NH2-MIL-125(Ti). (b)

Proposed mechanism of CO2 reduction over NH2-MIL-125(Ti) under

visible light irradiation. Reproduced with permission from ref. 100, copy-

right 2012 John Wiley and Sons.
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fields at the surface of Ag nanocubes, the spatially confined

photoactive Re centers resulted in a 7-fold improvement of

CO2-to-CO conversion under visible light.

In brief, designing appropriate metal nodes and organic

linkers, as well as incorporating additional functional moieties

and metal sites into MOFs, opens up a promising method of

engineering active sites for photocatalytic CO2 reduction.

However, one main challenge to be resolved is that most of the

MOFs suffer from inferior stability under long-time light

irradiation in aqueous solutions.94

4. Summary and outlook

In this review, enormous achievements have been witnessed in

the photocatalytic conversion of CO2 by taking advantage of

engineering active sites (Table 2). Engineering active sites can

dramatically improve catalytic activity, and regulate the reac-

tion pathway achieving high selectivity for target products. The

developed strategies for engineering active sites on surfaces

and in open frameworks have been systematically summarized,

including creating surface vacancies, doping heteroatoms,

modifying functional groups, loading metal nanoparticles,

engineering crystal facets, dispersing heterogeneous single-site

catalysts, anchoring homogeneous single-site catalysts, and

modulating metal nodes or organic linkers in MOFs. Whatever

their existing forms are, the essential feature of engineering

active sites is to tune the surface state and local electronic

structure of the active sites, which significantly influences the

adsorption and activation of the CO2 molecule, broadens light

absorption and promotes photogenerated charge separation

and transfer.

Although remarkable progress has been made in engineer-

ing active sites on surfaces and in open frameworks, there

Table 2 Comparison of various methods for engineering active sites toward photocatalytic CO2 reduction

Method Catalyst Products Reaction conditions Ref.

Surface vacancy Oxygen
vacancy

Sr2Bi2Nb2TiO12 CO, 17.11 μmol g−1 h−1 NaHCO3, H2SO4 (4 M), 300 W Xe lamp 32

Oxygen
vacancy

aZnAl-LDH CO, 7.6 μmol g−1 h−1 H2O, 300 W Xe lamp 10

Oxygen
vacancy

Bi2WO6 CH4, 13.94 μmol g−1 500 W Xe lamp 34

Oxygen
vacancy

Bi12O17Cl2 CO, 48.6 μmol g−1 h−1 H2O, 300 W Xe lamp 30

Zn vacancy ZnIn2S4 CO, 33.2 μmol g−1 h−1 H2O, 300 W Xe lamp (AM 1.5 filter) 35
Heteroatom doping Ni doping Ni-ZnCo2O4 CO, 31.4 μmol g−1 h−1 H2O, 300 W Xe lamp (AM 1.5 filter) 38

CH4, 20.2 μmol g−1 h−1

Ni doping bNi:CdS QDs CO, ∼9 μmol g−1 h−1 H2O,
cTEOA, 300 W Xe lamp (λ ≥ 400 nm) 39

CH4, ∼1 μmol g−1 h−1

Co doping Co-BiVO4 CH4, 3.57 μmol (4 h) H2O, 25 W ultraviolet lamp (λ = 284 nm) 37
B doping B-C3N4 CH4, 0.16 μmol g−1 h−1 300 W Xe lamp 45
I doping I-TiO2 CO, 2.4 μmol g−1 h−1 H2O vapor, 450 W Xe lamp (λ ≥ 400 nm) 48
F doping F-TiO2−x CH4, 5.57 μmol g−1 h−1 300 W Xe lamp (AM 1.5 filter) 47
S doping S-g-C3N4 CH3OH, 1.12 μmol g−1 h−1 NaHCO3, HCl (4 M), 300 W Xe lamp 43

Surface basic site NaOH TiO2-NaOH CH4, 52 μmol g−1 (6 h) H2O vapour, 300 W Xe lamp 55
Metal nanoparticle
cocatalyst

Pt Pt-TiO2 CH4, 60.1 μmol g−1 h−1 H2O, 500 W Xe lamp 66
AuAg AuAg-TiO2 CO, 1813 μmol g−1 h−1 200 W Hg lamp 68

CH4, 35 μmol g−1 h−1

AuCu Au3Cu@SrTiO3/TiO2 CH4, 421.2 μmol g−1 h−1 N2H4·H2O, 300 W Xe lamp 67
PdH0.43 PdH0.43-TiO2 CH4, 82.4 μmol g−1 (4 h) H2O, 300 W Xe lamp 27

Facet engineering {112} Co3O4{112} CO, 2003 μmol g−1 h−1 [Ru(bpy)3]Cl2,
dMeCN, TEOA, H2O, 77

300 W Xe lamp (λ > 420 nm)
{111} Pd{111}-C3N4 CH3OH, 3.17 μmol g−1 h−1 NaHCO3, H2SO4 (2 M), 300 W Xe lamp 76
{101}/{001} TiO2{101}/{001} CH4, 1.35 μmol g−1 h−1 NaHCO3, HCl (4 M), 300 W Xe lamp 73
(730) PtCu(730)-C3N4 CO, 0.046 μmol h−1 H2O, 300 W Xe lamp (780 nm - 400 nm) 75

CH4, 0.112 μmol h−1

Single metal site Co Co1-graphene CO, TON 678TOF, 3.77 min−1 [Ru(bpy)3]Cl2, MeCN, TEOA, H2O, 79
300 W Xe lamp (λ ≥ 400 nm)

Au eAu-GSH NCs CO, 3.45 μmol g−1 h−1 TEOA, 300 W Xe lamp (λ ≥ 420 nm) 82
Cu Pd7Cu1-TiO2 CH4, 19.6 μmol g−1 h−1 300 W Xe lamp (λ ≥ 400 nm) 80
Co Co-C3N4 CO, 1.056 μmol g−1 (2 h) MeCN, TEOA, Halogen lamp 81

MOFs Ti node/-NH2 NH2-MIL-125(Ti) HCOOH, 8.14 μmol (10 h) MeCN, TEOA, 500 W Xe lamp (λ ≥ 420 nm) 100
Fe node/-NH2 NH2-MIL-101(Fe) HCOOH, 178 μmol g−1 h−1 MeCN, TEOA, 300 W Xe lamp (λ ≥ 420 nm) 99

NH2-MIL-53(Fe) 46.5 μmol g−1 h−1

NH2-MIL-88B(Fe) 30 μmol g−1 h−1

Metal and
molecular
modification

Ag-Re-based
molecular-MOF

CO, 7-fold enhancement MeCN, TEOA, 300 W Xe lamp (400-700 nm) 104

a LDH: layered double hydroxides; bQDs: quantum dots; c TEOA: triethanolamine; dMeCN: acetonitrile; e Au-GSH NCs: glutathione-protected Au
nanoclusters.
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remain grand challenges and several issues that should be

taken into consideration. Firstly, these photocatalysts are far

from being put to practical use. The development of photocata-

lysts with broad-spectrum light absorption is in high demand

to enhance the efficiency of light utilization as the UV region

only accounts for a limited portion (5%) of natural sunlight.

Thus continuous research efforts should be devoted to

increase the efficiency of photocatalytic CO2 reduction by

taking advantage of engineering active sites and efficiently

cooperating with broad-spectrum light-harvesting units.

Secondly, the bottlenecks of CO2 reduction are the competing

H2 evolution and the limited selectivity toward certain pro-

ducts. Meanwhile, the major carbon products from photo-

catalytic CO2 reduction are mono-carbon products, while

energy-rich multi-carbon products are greatly pursued. In this

regard, the local electronic structure of the active sites should

be further finely tuned to achieve real artificial photosynthesis.

Thirdly, the structure-performance relationship remains

ambiguous thus far. For this reason, advanced in situ charac-

terization techniques should be applied to resolve the detailed

structure and catalytic process during photocatalytic reactions,

which would provide instructional guidance for designing and

constructing active sites. Inspired by multidisciplinary

cooperation, integrating active sites at the atomic level and

resolving the underlying mechanisms at the atom/molecular

level will pave the way for identifying efficient catalytic

systems.
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