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Heterogeneous thermocatalytic and electrocatalytic conversion of COx including CO and CO2 to value-

added products, which can be performed through three promising approaches – syngas conversion,

CO2 hydrogenation and CO2 electroreduction, are highly important to achieving a carbon-neutral cycle

associated with the continuing consumption of fossil fuels. Toward the formation of value-added C2+

products, precise regulation of C–C coupling requires rational design of catalysts in all the three

approaches, which usually share similar fundamentals from the viewpoint of surface science. In this

article, we outline the recent advances in catalyst design for controlling C–C coupling in syngas

conversion, CO2 hydrogenation and CO2 electroreduction from the viewpoint of surface science.

Specifically, the fundamental insights are provided for each conversion approach, which makes

a connection between thermocatalysis and electrocatalysis in terms of catalytic site design. Finally, the

challenges and opportunities are discussed in the hope of inspiring new ideas to achieve more efficient

C–C coupling in thermocatalytic and electrocatalytic COx conversion.

1. Introduction

At present, fossil fuels are the main energy source in the world

leading to energy and environmental issues. The reserves of

fossil fuels on the earth are limited but the demand for energy

for human development is never-ending. In the meantime,

continuing consumption of fossil fuels has led to excess

emission of carbon dioxide (CO2). Consequently, the atmo-

spheric CO2 concentration has exceeded the safety limit of

350 ppm, and will predictably reach nearly 600 ppm by the end

of this century.1,2 It has been proposed that environmental

issues such as global warming and ocean acidication are very

relevant to such massive CO2 emission.3,4 For this reason,

reducing the dependence on fossil fuels and the atmospheric

CO2 concentration are two urgent issues for the future devel-

opment of mankind.

Chemical conversion of COx (x ¼ 1, 2) to value-added prod-

ucts has gained increasing research interest, given its potential
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roles in addressing both the energy and environmental issues

aforementioned. To achieve such chemical conversion, three

heterogeneous catalytic processes – syngas conversion, CO2

hydrogenation and CO2 electroreduction – have been exten-

sively explored. Syngas conversion produces hydrocarbons and

oxygenates which can be used as liquid fuels or building-block

chemicals.5,6 The liquid fuels and chemicals produced from

syngas are almost free of sulfur, aromatic compounds and other

toxic impurities compared to those derived from crude oil so

syngas has been considered as an ideal non-petroleum energy

resource.7 CO2 hydrogenation offers a variety of products such

as carbon monoxide (CO), methane (CH4), formic acid

(HCOOH), methanol (CH3OH), hydrocarbons and higher alco-

hols.8 This process can not only contribute to reducing the

atmospheric CO2 concentration, but also helps to shi energy

consumption away from fossil fuels. In recent years, CO2 elec-

troreduction driven by renewable electricity under mild condi-

tions has gained increasing research interest.9 As the required

electricity can be generated through photovoltaics or wind

power, this approach can be easily combined with renewable

energy. Moreover, various products such as CO, CH4, HCOOH,

and CH3OH, and multi-carbon products can be obtained from

electrocatalytic CO2 reduction.

Product selectivity is a highly important parameter to

chemical conversion of COx. As compared with C1 products,

converting COx to more valuable C2+ products (including C2

products) is more attractive. However, the formation of targeted

C2+ products is largely bottlenecked by the high kinetic barrier

of C–C coupling and the competition with H–H and C–H bond

formation, setting a grand challenge.10 In order to overcome the

challenge, the important key is to rationally design catalysts

which can precisely regulate C–C coupling to produce the tar-

geted C2+ products with high activity and selectivity. The catalyst

design for regulating C–C coupling is typically achieved by

controlling crystal facets, tuning catalyst sizes, adding

promoters and other strategies, all of which have a great

inuence on the structural and electronic properties of catalysts

based on surface science.

In recent years, signicant breakthroughs have beenmade in

syngas conversion, CO2 hydrogenation and CO2 electro-

reduction, between which a strong correction can be sorted out

from the viewpoint of surface science. In this article, we will

focus on the recently developed strategies for regulating C–C

coupling to produce C2+ products in thermocatalysis and elec-

trocatalysis. In the following sections, the fundamentals and

typical catalyst design strategies based on surface science will

be outlined for syngas conversion, CO2 hydrogenation and CO2

electroreduction. Finally, we will propose the challenges and

opportunities for regulating C–C coupling by making a connec-

tion between thermocatalysis and electrocatalysis.

2. Regulating C–C coupling in syngas
conversion
2.1 A brief overview of syngas conversion to C2+ products

Syngas is a mixture of CO and H2 that can be obtained from

natural gas, coal and biomass.5 The research of syngas conver-

sion has a history of more than 100 years. In 1902, Sabatier and

Senderens synthesized methane through the catalytic hydroge-

nation of carbon monoxide.11 In 1923, Fischer and Tropsch

successfully obtained long-chain hydrocarbons from the

hydrogenation of CO over Fe/ZnO and Co/Cr2O3 catalysts.11

From then on, the production of long-chain hydrocarbons from

syngas conversion became known as the Fischer–Tropsch (FT)

synthesis. The FT technology has been put into practice in large-

scale industrial production worldwide. Higher alcohols may

also be obtained via syngas conversion. However, only two

additional small-scale processes for higher alcohol synthesis

(HAS) have been reported to reach commercialization based on

syngas conversion.6

In the past century, various catalysts have been explored for

syngas conversion.7 Cobalt-, iron- and ruthenium-based cata-

lysts are most suitable for the Fischer–Tropsch synthesis as the

balance between CO dissociation and H2 dissociation abilities

can be achieved on the surface of these three metals.7 In

particular, ruthenium-based materials are the most active

catalysts for syngas conversion. They offer a high selectivity for

long-chain hydrocarbons and a low production of methane, but

their high price hinders large-scale industrial applications. Iron

catalysts show a higher selectivity to lighter hydrocarbons and

have a high activity for the water–gas shi reaction (eqn (1),

WGS), while cobalt catalysts are preferred to produce heavier

hydrocarbons.11,12 Essentially, the active phases of the two

catalyst categories are iron carbides and metallic cobalt,

respectively.11,13 To obtain higher alcohols, the used catalysts

can be classied into four categories: Rh-based, Mo-based,

modied FT synthesis and modied methanol synthesis

systems.6

CO + H2O # CO2 + H2 (1)

To better design catalysts, it is imperative to understand the

mechanisms of syngas conversion. However, the reaction
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process of syngas conversion is very complicated so the exact

mechanism is still not fully understood. Fig. 1a illustrates

a widely accepted carbide-based mechanism on the surface of

traditional FT catalysts.6,7,14–17 During the formation of hydro-

carbons, CO is dissociated to form atomic species. Subse-

quently, the surface carbon species are hydrogenated to yield

CHx intermediates (x ¼ 0–3). The generated CHx can undergo

further hydrogenation to produce methane or C–C coupling to

form alkyl intermediates with different carbon numbers. The

alkyl intermediates may be converted into paraffins and olens

through H addition termination and b-CH cleavage, respec-

tively.6 If the adsorbed CO* is further combined with the alkyl

species, higher alcohols will be formed by the subsequent

protonation.18 In parallel, methanol can be generated by direct

hydrogenation of the adsorbed CO*. As the C–C coupling of CHx

intermediates is uncontrollable on the catalyst surface, the

hydrocarbon products are statistically distributed, which can be

described by the Anderson–Schulz–Flory (ASF) model.7,19,20 This

model can be represented by the following formula:

Mn ¼ (1 � a)an�1 (2)

where n is the number of carbons in the chain, Mn means the

molar fraction of the hydrocarbon product with n carbons, and

a represents the chain growth probability factor. Fig. 1b shows

the ASF product distribution of hydrocarbons in a typical FT

synthesis. From the mechanisms of FT synthesis, one can see

that the coverage of H atoms and the adsorption of intermediate

species on catalysts are the key factors for tuning C–C coupling,

which would be affected by the parameters of catalysts.

As shown above, the process of syngas conversion involves

a series of steps so it is very difficult to precisely control the

process by using a single type of active site (e.g., Fe or Co).

According to the ASF law, the predicted maximum selectivities

for C2–C4 (including both olens and paraffins), C5–C11 (gaso-

line), C8–C16 (jet fuel) and C10–C20 (diesel) hydrocarbons are

58%, 48%, 41% and 40%, respectively.21 In recent years, the

reaction coupling strategy based on bifunctional (or multi-

functional) catalysts has been extensively studied in syngas

conversion, achievingmany signicant breakthroughs. Notably,

the C–C coupling mechanisms involved in the bifunctional

catalyst system are different from carbide-based mechanisms

on the surfaces of traditional FT catalysts. In general, one

component in the bifunctional catalysts converts syngas to

intermediates such as hydrocarbons, ketenes, methanol and

dimethyl ether, and subsequently, the reaction intermediates

enter another component (usually a zeolite) and undergo

hydrocracking/isomerisation, hydrogenolysis, C–C coupling or

dehydrogenative aromatisation to form liquid fuels, olens or

aromatics as nal products. Such bifunctional catalyst systems

and reaction mechanisms for syngas conversion were summa-

rized and discussed in detail in a recent review by the Wang

research group.21

2.2 Controlling crystal facets

Heterogeneous catalysis occurs on the surface of catalysts,

where reactant molecules are adsorbed, activated and converted

to nal products through a series of elemental reaction steps.

The adsorption and activation of reactant molecules and reac-

tion intermediates are highly dependent on the exposed catalyst

Fig. 1 (a) The carbide-based reaction mechanism for syngas conversion to hydrocarbons and alcohols. Reprinted from ref. 17 with permission

from Elsevier. (b) Typical product distribution of syngas conversion predicted by the ASF model. The product selectivity is expressed as the molar

percentage of a particular range of products on a carbon basis. Reprinted from ref. 20 with permission from John Wiley & Sons.
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facets, due to the fact that crystal facets provide a knob for

tailoring many parameters such as the surface atomic

arrangement and surface electronic state.22

As such, controlling the crystal facets of the catalyst surface

allows tuning C–C coupling to form specic C2+ products during

the syngas conversion process. For example, Sun and coworkers

reported a Co2C nanoprism which exhibited unexpected activity

for syngas conversion.23 Using the Co2C nanoprism as a catalyst,

short-chain olens can be produced with a high selectivity of up

to 60% under mild Fischer–Tropsch reaction conditions,

beyond the classical ASF distribution. Meanwhile, the selectivity

for undesired methane was limited to about 5%. In sharp

contrast, cobalt carbide had been generally considered inactive

for C–C coupling as it tremendously produced methane

according to earlier reports.24 Transmission electron micros-

copy characterization (Fig. 2a and b) and DFT calculation

(Fig. 2c and d) revealed that the (101) and (020) facets prefer-

entially exposed on Co2C nanoprisms were responsible for the

high selectivity for the production of short-chain olens and the

low selectivity for methane formation. Based on DFT calculation

results, CH2CH2 intermediates are well stabilized on Co2C(101),

and the step of CHx species hydrogenation to methane has high

energy barriers on both Co2C(101) and Co2C(020). As such,

exposing appropriate facets of catalysts can stabilize some key

intermediates and shi selectivity to a specic range of prod-

ucts in syngas conversion.

2.3 Tuning the catalyst size

Size effects play an important role in heterogeneous catalysis.

Tuning the particle size can not only change the surface-to-

volume ratio of catalysts, but also alter their surface structure.

For example, shrinking the size of catalysts can increase the

fractions of corner and edge atoms,25 forming more highly

under-coordinated atoms at the exposed surface. In the mean-

time, the electronic state of the catalyst surface and the

adsorption energy of reactant molecules can be varied through

tuning the size.22

The size effects of cobalt catalysts have been extensively

studied in the Fischer–Tropsch synthesis.25 The size control

offers the capability of tuning C–C coupling on the catalyst

surface. de Jong and coworkers systematically studied the size

effect of cobalt particles on the activity and product selectivity of

the Fischer–Tropsch synthesis. They chose graphitic carbon

nanobers (CNFs) as an inert support material for loading Co

particles with different sizes.26 It turned out that the cobalt

particles with a smaller size (<5 nm) showed a very high selec-

tivity toward methane and a low turnover frequency (TOF).

Under industrially relevant conditions (35 bar), the selectivity of

C5+ products was promoted from 51 wt% to 85 wt% by

increasing the cobalt particle size from 2.6 nm to 16 nm while

the CH4 formation was suppressed. Later, de Jong and

coworkers further used steady-state isotopic transient kinetic

analysis (SSITKA), which could resolve the coverage and surface

residence time for reactants and reaction intermediates, to

identify the origin of size effects in the FT synthesis.27 The

analysis revealed that forming Co particles with a small size (<6

nm) could reduce the surface coverage of CHx species while

promoting H coverage due to the increased fraction of highly

under-coordinated atoms at the exposed surface. As a result, the

C–C coupling and growth of alkyl chains became more difficult

while methane formation was preferred. The investigation

suggested that the cobalt catalysts should be controlled in the

range of 6–8 nm to obtain a high selectivity to C5+ products.

2.4 Adding promoters

The addition of promoters is another way to tune C–C coupling

in syngas conversion. The added promoters can help to increase

catalyst activity, selectivity or stability.28 Generally, promoters

are classied into two categories according to their working

mechanisms – electronic promoters and structural promoters,

which can modify catalyst surface by changing surface elec-

tronic properties, blocking undesired active sites and altering

the structure of the active phase. As a result, the addition of

promoters can enhance the concentration of active surface

intermediates,29 increase the probability of chain growth30 and

facilitate the formation of active facets.31 Typical promoters

used in syngas conversion include alkali metals (e.g., Na and K),

transition metals (e.g., Zn, Mn, Ti, and V) and nonmetallic

elements (S).

Johnson et al. studied the effects of Mn promoters on the Co/

SiO2 catalyst for the Fischer–Tropsch synthesis.28 The investi-

gation revealed that, on Mn-promoted catalysts, the active sites

near the interface between Co metal and MnO enhanced CO

adsorption. Meanwhile, CO dissociation was facilitated by

weakening the C–O bond through Lewis acid–base interaction

near the interface, increasing the coverage of CHx intermediates

on the surface of catalysts. As such, fewer H species were

available for methanation and paraffin chain termination.

Consequently, the selectivity of C5+ products was promoted

Fig. 2 (a, b) High-resolution TEM images of Co2C nanoprisms. Energy

profiles for pathways that lead to the formation of CH2CH2 and

CH3CH3 on the (c) Co2C(101) surface and (d) Co2C(020) surface.

Reprinted from ref. 23 with permission from Nature Publishing Group.

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 7310–7326 | 7313
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while excluding methane formation. However, excessive Mn

loading may block more fraction of Co active sites.

In another case, de Jong and coworkers demonstrated that

the addition of S and Na promoters to an Fe/a-Al2O3 catalyst

achieved a high selectivity to C2–C4 olens (about 50%).30,32

Specically, the Na promoter increased the probability of chain

growth while the S promoter selectively blocked hydrogenation

sites. Taken together, the two agents synergistically promoted

the formation of C2–C4 olens and suppressed the production of

methane. Ma and coworkers fabricated Zn- and Na-modied Fe

catalysts using a simple coprecipitation/washing method.33 As

shown in Fig. 3, the modied catalyst achieved an improved

selectivity toward alkenes up to 70% for hydrocarbons. In such

a catalyst, Zn served as a structural promoter to shrink Fe crys-

tals, exposing more surface-active sites. In the meantime, Na

acted as an electronic promoter to enable electron transfer from

Na to Fe species, enriching electrons in the iron carbide active

phase. The alteration of the surface electronic structure

restrained the hydrogenation of double bonds and promoted the

desorption of products, resulting in a high selectivity to alkenes.

2.5 Forming bimetallic catalysts

As compared with single metal catalysts, bimetallic catalysts

oen show enhanced catalytic performance as two metals may

have synergistic effects on the surface reaction process.

According to the mixing pattern of two metals, bimetallic

catalysts can be classied into three main categories (Fig. 4):

core–shell structures, heterostructures, and intermetallic or

alloyed structures.34 The three congurations in turn enable

different surface structures. The bimetallic core–shell structure

exposes one metal on the surface and connes the other as an

inner core, in which the catalytic properties of the outer surface

may be inuenced by the inner metal. The bimetallic hetero-

structure forms a mixed interface between two regions of

different metals, which is exposed as an active site for catalysis.

The intermetallic or alloyed structures are homogeneous

mixtures of two metals, between which the major difference is

the distribution of metal atoms. The atoms of two metals are

randomly distributed on the surface of the alloyed structure,

while the surface of intermetallic structures is in a long-range

atomic order.34 Both atomic distribution congurations would

impact catalytically active sites.

Developing core–shell structures with expensive Ru or Co as

a shell and a cheap metal as a core is a promising strategy for

reducing the cost of catalysts while maintaining high selectivity

and activity. For instance, Haghtalab et al. developed core–shell

structured Co@Ru/g-Al2O3 catalysts.
35 The core–shell structured

catalyst showed enhanced activity and selectivity for long-chain

hydrocarbons in syngas conversion as compared with the Co/g-

Al2O3 catalyst owing to the higher intrinsic activity and C5+

selectivity of Ru. Increasing the thickness of the Ru shell can

further improve the selectivity of C5+ products. Moreover, the

catalytic performance of the shell metal may be inuenced by the

inner core metal. Calderone et al. developed a core–shell Fe@Co

catalyst with the mean size of the magnetite core at 7 nm and the

thickness of the cobalt shell at 1 nm.36 Aer being supported on

Al2O3 and further activation, the core–shell catalyst achieved

a selectivity of about 40% for C5–C27 hydrocarbons, lower than

that of bare Co catalysts; however, the selectivity for oxygenates

(10%) and olens (20%) was higher than that of traditional Co-

based catalysts. This observation demonstrated that the cata-

lytic performance of the cobalt shell was maneuvered by the

inner iron; however, the mechanism behind the phenomenon

still remains unclear and needs further investigation.

Differently from the case of core–shell structures where one

may affect the other, the alloyed structure of bimetallic catalysts

typically shows a synergistic effect on syngas conversion by

providing two active sites: one site for CO dissociation and the

other for C–C coupling. Abatzoglou and coworkers found that

the introduction of 4 wt% iron into a cobalt catalyst dramati-

cally enhanced the selectivity for alcohol production from 2.3%

to 26.3%.37 In sharp contrast, the monometallic iron catalyst

only offered a selectivity of 10.3%. The high selectivity toward

alcohol formation was ascribed to the formation of a Co–Fe

alloy. On the surface of the alloyed structure, Co and Fe were

active sites for CO dissociation and CO insertion, respectively,

so the optimization of Fe/Co ratios promoted the formation of

higher alcohols.18

2.6 Designing bifunctional catalysts

In recent years, many breakthroughs have been made for con-

verting syngas to targeted C2+ products such as olens,38,39 heavy

Fig. 3 The activity and product selectivity of Fe–Zn–0.81Na, Fe–Zn,

and Fe catalysts. Reprinted from ref. 33 with permission from John

Wiley & Sons.

Fig. 4 Bimetallic nanocrystals with different configurations: (a) core–

shell, (b) heterostructure, and (c) intermetallic or alloyed structures.

Reprinted from ref. 34 with permission from John Wiley & Sons.
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hydrocarbons (C5+)
40 and aromatics41 using bifunctional cata-

lysts. Usually, a bifunctional catalyst consists of a FT catalyst

and zeolite. There exist four typical integration manners of the

two components in the bifunctional catalyst system: dual-bed

reactor model, physically mixing, core–shell structure, and

loading of FT metal particles on a zeolite (Fig. 5).7 The spatial

locations of the two components in the bifunctional catalyst has

a great impact on the selectivity for nal products.42 It should be

emphasized that surface science also plays an important role in

the design of bifunctional catalysts for regulating C–C coupling.

Recently, Bao and coworkers developed a stable composite

catalyst containing ZnCrOx and a mesoporous SAPO zeolite

(MSAPO), which achieved 80% selectivity for C2
¼
–C4

¼ olens

and 94% selectivity for C2–C4 hydrocarbons at 17% CO

conversion.38 The selectivity of this process (oxide–zeolite,

namely OX–ZEO) was far beyond the maximum (only 58% for

C2–C4 hydrocarbons) predicted by the classical ASF model38

(Fig. 6a–c). Oxygen vacancies on the surface of ZnCrOx played an

important role in promoting CO activation to form CO2 and

surface *C species. The surface *C was in turn hydrogenated to

CH2 species, which underwent C–C coupling with CO to form

a less reactive ketene (CH2CO). The CH2CO intermediate, which

was detected by highly sensitive synchrotron-based vacuum

ultraviolet photoionization mass spectrometry (SVUV-PIMS)

during the in situ investigation of syngas conversion over

ZnCrOx (Fig. 6d), went into zeolite pores and was nally con-

verted to olens inside the pores. The C–C coupling could be

manipulated by changing the strength of surface acidity on the

zeolite. Specically, the medium acidity strength of the SAPO

zeolite led to a high C2
¼
–C4

¼ selectivity. It is worth pointing out

that the connement effects of zeolite pores also played

a crucial role in tuning the selectivity for products.

The Wang research group found that the combination of

a Zr–Zn binary oxide with a molecular sieve SAPO-34 could

produce C2–C4 olens with around 70% selectivity at about 10%

CO conversion, also breaking the ASF distribution.39 The Zr–Zn

catalyst could efficiently convert CO to methanol and dimethyl

ether (DME) in a wide temperature range, which were further

transformed into C2–C4 olens by SAPO-34. In this case, the

density of Brønsted acid sites on the surface of SAPO-34 obvi-

ously affected the C2–C4 olen selectivity. The Brønsted acidity

of SAPO-34 originated from the substitution of Si for P or Al in

the framework of the molecular sieve. As such, the Si contents

could be tailored to prepare a series of SAPO-34 samples with

different densities of Brønsted acid sites. According to the

measurements of methanol conversion, the density of Brønsted

acid sites on the surface of SAPO-34 determined the ratio of C2–

C4 olen/paraffin. A larger density of Brønsted acid sites led to

a lower selectivity for C2–C4 olens (Fig. 6e).

Apart from the two examples above, there is another strategy

for designing bifunctional catalysts to regulate C–C coupling in

syngas conversion, which integrates the active sites for CO

activation and C–C coupling with the Brønsted acid sites in

zeolites for C–C cleavage. For example, Tsubaki and coworkers

fabricated mesoporous Y-type zeolite-supported cobalt catalysts

(Co/Ymeso), bifunctional catalysts which could produce various

liquid fuels with high selectivities by simply tuning the prop-

erties of Ymeso.
40 The Co catalyst converted syngas to a variety of

hydrocarbons obeying the ASF distribution, and the Ymeso

zeolite catalyzed the C–C cleavage of heavier hydrocarbons. In

general, the Brønsted acidity of zeolites can lead to

hydrocracking/isomerization of Fischer–Tropsch wax (C21+).

Guided by this assumption, an acidic zeolite Ymeso–H was

prepared by a NH4
+ exchange technique; however, it turned out

that the Co/Ymeso–H catalyst showed high selectivity for unde-

sired CH4 and C2–C4 because excessive Brønsted acidity on Co/

Ymeso–H led to overcracking of heavy hydrocarbons. By incor-

porating different cations into Ymeso, the Brønsted acidity could

be tuned so as to regulate the degree of hydrocracking/

isomerization of heavier hydrocarbons. Specically, Co/Ymeso–

Ce and Co/Ymeso–La possessed mild Brønsted acidities, which

offered 74% selectivity for gasoline and 72% selectivity for jet

fuel, respectively. In comparison, Co/Ymeso–K without Brønsted

acidity produced a diesel fuel with 58% selectivity.

3. Regulating C–C coupling in CO2

hydrogenation
3.1 A brief overview of CO2 hydrogenation to C2+ products

CO2 is a very stable molecule (DfG
q
¼ �396 kJ mol�1). For this

reason, thermocatalytic reduction of CO2 is a process that

requires high energy input. The reaction of CO2 with H2 which

has higher free Gibbs energy should make CO2 conversion more

thermodynamically favorable.43 Moreover, this process has

relatively faster kinetics compared with electrocatalytic CO2

reduction. As such, CO2 hydrogenation to fuels and valuable

chemicals is regarded as a promising way to mitigate the energy

crisis and reduce the environmental problems caused by

elevated atmospheric CO2 concentration.

Typically, C2+ products can be generated from CO2 hydro-

genation via two intermediate routes: CO intermediate route

and CH3OH intermediate route (Fig. 7a).12 In the CO interme-

diate route, CO2 is rst transformed into CO via the reverse

water–gas shi (eqn (3), RWGS) reaction. As a result, the more

reactive CO is subsequently hydrogenated to hydrocarbons (or

oxygenates). The mechanism of CO hydrogenation to C2+

products has been discussed above. For the latter route, the

Fig. 5 Integration manners of bifunctional catalysts consisting of a FT

catalyst component and zeolite: (a) dual-bed reactor, (b) physically

mixing, (c) core–shell structure, (d) loading of FT metal particles on the

zeolite. Reprinted from ref. 7 with permission from Elsevier.

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 7310–7326 | 7315
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CH3OH intermediate can be obtained using a catalyst for

methanol synthesis, which is further converted to hydrocarbons

by methanol-to-hydrocarbon (MTH) catalysts. Specically, the

MTH includes methanol-to-olen (MTO), methanol-to-propene

(MTP) and methanol-to-gasoline (MTG) processes. Various

mechanisms have been proposed for the formation of C2+

products in the MTH processes, including the oxonium ylide

mechanism, carbine mechanism, carbocationic mechanism,

free radical mechanism and hydrocarbon pool mechanism.12

Among the mechanisms, the hydrocarbon pool mechanism in

Fig. 6 (a) Catalytic performance of the ZnCrOx/MSAPO bifunctional composite catalyst at different ratios of H2/CO. (b) Comparison of

hydrocarbon product distribution among OX-ZEO, FTTO32 and FTS predicted by the ASF model at a chain growth probability of 0.46. (c) A

stability test of a ZnCrOx/MSAPO composite catalyst. (d) Detection of CH2CO intermediate by highly sensitive synchrotron-based vacuum

ultraviolet photoionization mass spectrometry (SVUV-PIMS). Reprinted from ref. 38 with permission from the American Association for the

Advancement of Science. (e) Syngas conversion over composite catalysts with SAPO-34 of different acidities. Reprinted from ref. 39 with

permission from John Wiley & Sons.

Fig. 7 (a) Schematic illustration of CO2 hydrogenation to C2+ products via the CO intermediate route and CH3OH intermediate route. Reprinted

from ref. 12 with permission from the Royal Society of Chemistry. (b) General scheme of the dual-cycle mechanism during the MTH process.

Reprinted from ref. 44 with permission from Elsevier.

7316 | Chem. Sci., 2019, 10, 7310–7326 This journal is © The Royal Society of Chemistry 2019
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which aromatics and alkenes are important hydrocarbon pool

compounds has been widely accepted. Larger hydrocarbons are

formed aer alkenes and aromatics are methylated with

methanol (or dimethyl ether), and then crack or dealkylate to

produce light alkenes and regenerate the starting compounds.

The division between two classes of intermediates is usually

referred to as the dual-cycle concept,44 as shown in Fig. 7b. In

such a mechanism, higher alkenes may be transformed into

aromatics and alkanes through cyclisation and hydride transfer

reactions, while light alkenes generated from aromatics may

enter into the alkene cycle.

CO2 + H2 # CO + H2O (3)

The above two routes for CO2 hydrogenation can be achieved

indirectly by using two-stage reactors;12 however, direct hydro-

genation of CO2 to hydrocarbons or oxygenates is more

economical and environmentally friendly. An ideal catalyst for

the direct hydrogenation of CO2 to hydrocarbons or oxygenates

should possess high activity for both CO/CH3OH formation and

subsequent C–C coupling.45 Iron-based catalysts are oen used

in CO2 hydrogenation because they show outstanding catalytic

properties for both RWGS and FT synthesis. In parallel, three

categories of catalysts, including Cu-based catalysts, noble

metal catalysts (Pd and Pt) and oxygen-decient catalysts (In2O3

and ZrO2), are usually utilized to produce methanol, followed by

the MTH process catalyzed by acidic zeolites.12 Although the

catalysts based on noble metals (Rh, Pt, and Ru) and transition

metals (Cu, Fe, and Co) have been widely employed to synthe-

size higher alcohols from CO2 hydrogenation,10,46 the reported

activity and selectivity for higher alcohols are quite limited.45

3.2 Adding promoters

Like syngas conversion, the utilization of promoters is also

a common strategy for tuning the selectivity for products in CO2

hydrogenation. It is known that CO2 is an acidic oxide so its

adsorption occurs on the basic sites of catalysts. Adding an

alkali metal such as K can increase the basicity of the catalyst

surface, thereby enhancing CO2 adsorption and suppressing H2

adsorption. Choi et al. investigated the promoting effects of K

based on an Fe/Al2O3 catalyst.47 According to chemisorption

studies, H2 was only adsorbed on Fe while CO2 was most likely

adsorbed on the K sites. The addition of K enhanced the ability

of CO2 chemisorption and blocked the Fe sites for H2 adsorp-

tion. As such, the coverage of CHx species generated from CO2

was increased on the catalyst surface while reducing the H

coverage, promoting the C–C bond formation. Xu and

coworkers reported that the Na promoter could not only

enhance the surface basicity of the Fe3O4 catalyst to promote

CO2 chemisorption and inhibit the hydrogenation of double

bonds, but also acted as a structure promoter to form an active

iron carbide phase.48

Other transition metal promoters (e.g., Mn, Cr, and Mo) can

improve selectivity to long-chain alkanes. Dorner et al. sug-

gested that the addition of Mn promoters to supported Fe-based

catalysts led to an increase in the selectivity for unsaturated

higher-chain hydrocarbons by repressing methane formation.49

Such a change in product distribution was caused by blocking

hydrogenation active sites on the Fe surface withMn promoters.

Without sufficient H coverage, methanation and paraffin chain

termination would be suppressed to facilitate the production of

higher-chain hydrocarbons.

3.3 Forming bimetallic catalysts

Direct hydrogenation of CO2 to valuable C2+ products with high

activity is a highly challenging task. Single metal catalysts are

oen incapable of offering the function to overcome the limi-

tation of chemical equilibrium during the process of CO2

hydrogenation. Specically, the CO generated from RWGS has

low partial pressure in a CO2/H2 atmosphere due to thermody-

namic constraints, limiting C–C coupling.50 Forming bimetallic

catalysts can potentially circumvent the limitation of chemical

equilibrium and improve the catalytic activity and selectivity for

CO2 hydrogenation, beneting from the synergistic effects on

the surface reaction process mentioned above.

For instance, Wang et al. synthesized an Fe–Cu bimetallic

catalyst which improved the production of C2–C7 hydrocarbons

and suppressed methane formation in comparison with the

corresponding monometallic catalyst.51 The selectivity to C2+

hydrocarbons was enhanced by the synergistic effects of bime-

tallic metals. Cu functioned as an active site for the generation

of CO or CO-like intermediates via RWGS, while Fe sites cata-

lyzed C–C coupling of the CO intermediate to form hydrocar-

bons. The CO intermediates generated on Cu sites were

subsequently consumed on Fe sites. As a result, the driving

force for the RWGS could be enhanced, generating more CO

intermediates on the catalyst surface. The improved surface CO

coverage led to formingmore CHx species on Fe sites, eventually

promoting the production of long-chain hydrocarbons.

3.4 Designing bifunctional composite catalysts

In recent years, more research efforts have been devoted to the

conversion of CO2 to olens, gasoline and other valuable C2+

products using bifunctional catalysts,52–54 given that the

bifunctional catalysts have achieved such a big success in

syngas conversion. Typically, a bifunctional catalyst for CO2

hydrogenation consists of a catalyst for methanol synthesis and

a zeolite for further conversion of methanol intermediates to

nal products.4,53,55 In parallel, the process that is not mediated

by methanol has also been reported.52

It is worth mentioning that the oxygen vacancies and surface

acidity of the zeolite play vital roles in the design of bifunctional

catalysts for CO2 hydrogenation. Sun and coworkers recently

reported an In2O3/HZSM-5 bifunctional catalyst with excellent

durability which could yield C5+ hydrocarbons with a high

selectivity of 78.6% while the selectivity for methane was limited

to only 1% (Fig. 8a and b).53 DFT calculations showed that CO2

was chemisorbed at the oxygen-vacancy sites on the surface of

reducible In2O3 and hydrogenated to CH3OH through several

intermediates (Fig. 8c). The CH3OH intermediate entered into

the HZSM-5 zeolite and was further converted to hydrocarbon

products at the surface acidic sites of the zeolite via

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 7310–7326 | 7317
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a hydrocarbon-pool mechanism (Fig. 8d). Wang and coworkers

developed a bifunctional catalyst composed of ZnGa2O4 and

SAPO-34 which achieved 86% selectivity for C2–C4 olens at

13% conversion of CO2.
55 In that case, the oxygen vacancies on

the surface of ZnGa2O4 were also responsible for CO2 activation.

It should be noted that the water generated through the

RWGS reaction is detrimental to the process of CO2 hydroge-

nation.4 Excessive water may cause the deactivation of surface

acidic sites on the zeolite, which severely holds back C–C bond

formation and leads to a low production of C2+ products. For

this reason, it is necessary to remove the generated water timely.

To this end, the hydrophobic modication of the zeolite surface

helps to solve the problem caused by the produced water.

Fujiwara et al. developed a composite catalyst consisting of

a Cu–Zn–Al oxide and HB zeolite.56 The Cu–Zn–Al oxide was

a catalyst for methanol synthesis, while the HB zeolite was used

for the further transformation of methanol intermediates.

However, the composite catalyst turned out to inefficiently yield

C2+ hydrocarbons. Aer the HB zeolite was modied with 1,4-

bis(hydroxydimethylsilyl)benzene, the zeolite surface was

turned hydrophobic to signicantly improve the yield of C2+

hydrocarbons. The hydrophobic surface of the HB zeolite sup-

pressed the deactivation of strong acidic sites, thereby

enhancing the catalytic selectivity to C2+ hydrocarbons.

4. Regulating C–C coupling in CO2

electroreduction
4.1 A brief overview of CO2 electroreduction

Compared to syngas conversion and CO2 hydrogenation, CO2

electroreduction proceeds under milder reaction conditions,

which does not require hydrogen feeding, high temperature and

high pressure any more. Moreover, CO2 electroreduction can be

driven by the electricity generated by solar and wind energy,

which contributes to the full utilization of geographical,

seasonal and intermittent renewable energy sources.1,9 For this

reason, CO2 electroreduction is a particularly appealing

approach to CO2 conversion which has been extensively

explored in recent years.

Electrocatalytic CO2 reduction is typically performed in

a three-electrode H-cell consisting of a working electrode,

a counter electrode and a reference electrode. In order to obtain

Fig. 8 (a) Catalytic performance of CO2 hydrogenation over various bifunctional catalysts that contained Cu-based catalysts or In2O3 and

HZSM-5 with different mass ratios, in reference to the stand-alone In2O3 catalyst and HZSM-5. C5+, red; C2–4, blue; CH4, grey. (b) A stability test

of the In2O3/HZSM-5 composite catalyst. (c) Schematic of formation of CH3OH at the oxygen-vacancy site on the In2O3 catalyst surface. (d)

Schematic of transformation of the CH3OH intermediate into a hydrocarbon at the acidic site inside the pores of the HZSM-5 catalyst via

a hydrocarbon-pool mechanism. Reprinted from ref. 53 with permission of Nature Publishing Group.

7318 | Chem. Sci., 2019, 10, 7310–7326 This journal is © The Royal Society of Chemistry 2019
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high currents, electrocatalysts can be dispersed onto a gas

diffusion electrode and function in a ow cell.57,58 Metal-based

catalysts are commonly used for CO2 electroreduction, whose

products highly depend on catalyst compositions. Au, Ag, Zn

and Pdmainly generate CO products, while Pb, In, Sn and Bi are

typical catalysts for the production of formic acid or formate (in

basic electrolytes).1,9 Cu is the only known metal which can

catalyze CO2 electroreduction to C2+ products with reasonably

high efficiencies.59 Although some carbon materials can also

generate C2+ products, the current density of C2+ products is

relatively low compared to that of Cu.60 Other Cu-based

compounds and composites such as Cu2S,
61 Cu3N

62 and Cu–

C3N4 (ref. 63) have also been explored for electrocatalytic CO2

reduction. Moreover, the electrochemical conversion of CO,

regarded as a key intermediate to form C2+ products in the CO2

electroreduction process, can also be catalyzed by Cu.64 In both

cases, the electroreduction of CO2/CO has to compete with the

undesired side reaction – hydrogen evolution reaction (HER) –

because most electrochemical reaction cells use inorganic salt

(e.g., KHCO3, NaHCO3, and Na2SO4) aqueous solutions as

electrolytes.9 Interestingly, C2+ products cannot be produced on

Cu catalysts thermochemically while C–C coupling can be ach-

ieved electrochemically. In fact, Cu catalysts have been widely

studied for the RWGS reaction,51 but the Cu surface only

provides active sites for nondissociative activation of the CO

generated from CO2. As a result, the CHx species cannot be

formed for a further C–C coupling process. In an electro-

chemical reaction, the CO intermediates generated from CO2

also undergo nondissociative activation, but C–C coupling and

the subsequent protonation can be driven by applying electrical

energy on the Cu surface.

Specically during CO2 electroreduction, the CO2c
� inter-

mediate is rstly formed by transferring one electron to CO2. As

rearranging a linear CO2 molecule to a bent radical anion needs

to overcome a high energy barrier, and this step is regarded as

the rate-determining step (RDS) for most transitionmetal-based

catalysts. The highly reactive *CO2c
� intermediate then

undergoes proton-coupled electron–transfer reactions to form

different products. Pb, In, Sn and Bi-based catalysts primarily

generate HCOO� as their surfaces show weak binding to the

*CO2c
� intermediate. In comparison, Au, Ag, Zn and Pd-based

catalysts bind to the *CO intermediate too weakly so CO is the

major product. Among various catalysts, Cu is a unique one

which has the moderate binding energy of the *CO interme-

diate, and as such, the following hydrogenation and C–C

coupling processes can occur on its surface.

Until now, 18 products including C1 and C2+ products have

been detected for CO2 electroreduction using Cu-based cata-

lysts,65–67 among which C2H4, C2H6, CH3CH2OH and n-CH3-

CH2CH2OH are four main C2+ products reported in the

literature. The mechanisms for CO2 electroreduction on the

surface of Cu-based catalysts have been investigated by many

theoretical and experimental studies.68–72 However, the forma-

tion mechanism for deep reduction products (>2e� transfer,

including CH4, CH3OH, HCHO and C2+ products) has not been

fully understood. According to the mainstream view, *CO is

regarded as a key intermediate for the formation of deep

reduction products. During the CO2 electroreduction process,

CO2 is rst activated and reduced to adsorbed CO (*CO), which

can then be converted to CH4 and CH3OH through *COH and

*CHO intermediates, respectively. As for the formation of C2+

products, several reaction pathways have been proposed,69,73,74

including (1) *CO + *CO/ *COCO/ C2+ products, (2) *CO/

*CHO; *CHO + *CO / *COCHO / C2+ products, and (3) *CO

/ *COH/ CHx / C2+ products. The rst pathway, named the

*CO dimerization pathway, is widely accepted for the formation

of main C2+ products. In this mechanism, the C–C coupling

through *CO dimerization that forms a negatively charged CO–

CO� species is regarded as the rate-determining step.75 To

improve the formation of C2+ products, the surface coverage of

*CO intermediates should be enhanced. The CO–CO� interme-

diate is further protonated to generate the *CO–COH interme-

diate, which has been conrmed by Koper et al. through in situ

Fourier transform infrared spectroscopy (FTIR).76 Then *CO–

COH intermediates undergo a series of protonation and electron

transfer steps to yield different products. According to theoret-

ical calculation, the C2H4 pathway and C2H5OH pathway share

the same intermediate, *CH2CHO.71 Nevertheless, tuning the

energetics of *CH2CHO intermediate binding can shi the C2H4

pathway to the C2H5OHpathway. As for improving the formation

of n-CH3CH2CH2OH, a high surface coverage of C2 intermediates

should be ensured to promote the coupling of C1–C2 interme-

diates. The possible mechanistic pathways of CO2 electro-

reduction to C1 and C2+ products are summarized in Fig. 9.

4.2 Controlling crystal facets

The facet effects of Cu crystals are quite evident for electro-

catalytic CO2 reduction. Cu(111) facets predominantly produce

CH4 while Cu(100) facets preferentially generate C2H4. Aer

early recognized by Hori et al., this conclusion has been

conrmed by many experiments and theoretical calculations.

The DFT calculations showed that the atoms on Cu(100) stabi-

lized the dimer of CO due to their unique orientation, selectively

promoting C2H4 formation.77,78 In sharp contrast, Cu(111) facets

favor the protonation of CO to COH,74,79,80 mainly producing

CH4. Koper and coworkers used online electrochemical mass

spectrometry (OLEMS) to detect gaseous products formed on

Cu(100) and Cu(111) surfaces during the CO electroreduction.81

They found that ethylene was formed at �0.3 V on Cu(100),

while a potential of�0.6 V was required for Cu(111), conrming

that Cu(100) facts prefer to produce ethylene (Fig. 10). Cu(110)

facets were found to promote the formation of hydrocarbons in

electrocatalytic CO2 reduction. Yin and coworkers successfully

synthesized Cu nanocrystals with a rhombic dodecahedral

shape and enriched high-energy (110) facets by a chemical

etching method.67 As compared with the Cu nanocubes mainly

enclosed by (100) facets, the obtained Cu rhombic dodecahedra

exhibited higher faradaic efficiencies toward CH4, C2H4, C2H6

and C3H8. This suggests that the high-energy (110) facets more

favor the formation of hydrocarbons than (100) facets. In

addition, some high-index planes such as (911) and (711) have

been predicted to promote C2H4 formation and suppress CH4

formation.81,82
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4.3 Tuning catalyst sizes

The size effects of Cu spheroidal particles and Cu cubes have

been studied in previous reports. Strasser and coworkers rst

explored the size effects of Cu nanoparticles in electrocatalytic

CO2 reduction.83 They prepared a series of Cu spheroidal

nanoparticles in the mean size range of 2–15 nm. While the

obtained Cu spheroidal nanoparticles were tested in CO2 elec-

troreduction, a spherical particle model was built to gain deep

insights into experimental trends in the activity and selectivity

for CO2 electroreduction as a function of particle size (Fig. 11a

and b). When the size was below 2 nm, the number of under-

coordinated atoms with a coordination number (CN) < 8 was

drastically increased on the surface of Cu particles. This

enabled the strong binding of intermediate reaction species

such as CO andH to the catalyst surface. As a result, the faradaic

Fig. 9 Possible reaction pathways for CO2 electroreduction on Cu-based catalysts toward various products.

Fig. 10 Detection of ethylene on Cu (111) (left) and Cu (100) (right)

during CO electroreduction by OLEMS. Reprinted from ref. 81 with

permission from American Chemical Society.
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efficiencies for CO and H2 production were substantially higher

compared to that of Cu foil (Fig. 11c and d). When the Cu

particle sizes were between 5 and 15 nm, the spherical particle

model predicted that the populations of (100) (CN ¼ 9) and

(111) (CN¼ 8) facets were kept low and constant. This trend was

consistent with the corresponding constant faradaic efficiencies

for hydrocarbons. In the case of larger Cu spherical particles,

the weaker binding of CO and H to their surface favored the

formation of methane and ethylene.

In another example, Loiudice et al. prepared Cu cubes with

edge lengths of 24 nm, 44 nm and 63 nm which exposed (100)

facets predominantly.84 During electrocatalytic CO2 reduction,

the cubes with the 44 nm edge length offered the best perfor-

mance, with 80% selectivity toward CO2 reduction and 41%

faradaic efficiency for C2H4 production (Fig. 11f). Fig. 11e shows

the analysis for a simple Cu nanocube model. As the size

increases, the relative number of atoms on (100) planes is

promoted at the expense of corner and edge atoms. Specically,

the ratio of edge sites over (100) plane sites can be optimized to

achieve the highest selectivity for CO2 reduction and C2H4

formation.

4.4 Forming bimetallic catalysts

Cu-based bimetallic catalysts have been widely explored for CO2

electroreduction.85 Typically, bimetallic catalysts offer two active

sites on the surface – one for CO generation and the other for

C–C coupling, which promote the production of C2+ products.

For instance, Ren et al. reported that an oxide-derived Cu4Zn

catalyst could produce ethanol with a remarkably high faradaic

efficiency (29.1%, among the highest reported values for

ethanol production) at �1.05 V vs. RHE.86 In that case, Zn acted

as the site for CO production so the generated CO migrated to

neighboring Cu active sites and underwent C–C coupling to

produce ethanol.

Similarly to syngas conversion (Fig. 4), the surface atomic

mixing pattern of two metals plays a crucial role in C–C

coupling to generate C2+ products in CO2 electroreduction. For

instance, Ma et al. synthesized a series of Cu–Pd bimetallic

catalysts with ordered, disordered and phase-separated atomic

arrangements (Fig. 12a and b).87 As shown in Fig. 12c and d, the

phase-separated sample exhibited the highest faradaic effi-

ciency (up to 63%) to C2 products including ethylene and

ethanol, while the ordered sample mainly generated C1 prod-

ucts and showed the lowest faradaic efficiency (<5%) to ethylene

and ethanol. This work proposed that neighboring Cu atoms on

the surface of phase-separated Cu–Pd catalysts favored the

formation of C2 products while the alternating Cu–Pd sites on

the surface of ordered and disordered samples promoted CH4

production.

It is worth pointing out that the compressive strain induced

by the formation of a surface alloy may have a great inuence on

C–C coupling, leading to a signicant change in the distribution

Fig. 11 (a) Models for the surface atomic coordination of spherical Cu

nanoparticles with 2.2 and 6.9 nm diameters. CN < 8, gray; CN ¼ 8,

blue; CN ¼ 9, red; CN > 9, green. (b) Relative population ratio of

surface atoms with a specific CN versus particle diameter. (c) The

contents of gaseous products during CO2 electroreduction over

spherical Cu nanoparticles with different diameters. (d) Faradaic

selectivity for gaseous products during CO2 electroreduction on

spherical Cu nanoparticles with different diameters. Reprinted from

ref. 83 with permission from American Chemical Society. (e) Density of

adsorption sites in Cu cubes (left axis) and trend of Nedge/N100 and

N100/Nedge (right axis) is plotted as a function of the edge length.Nedge,

the number of atoms at edges;N100, the number of atoms on the (100)

plane. (f) Faradaic efficiencies for the products obtained using different

sizes of Cu cubes and Cu foil at �1.1 V vs. RHE. Reprinted from ref. 84

with permission from John Wiley & Sons.

Fig. 12 (a) Schematic illustration of CuPd nanoalloys with ordered,

disordered and phase-separated structures. (b) XRD patterns of the

prepared CuPd nanoalloys. Faradaic efficiencies of (c) C2H4 and (d)

C2H5OH for bimetallic Cu–Pd catalysts with different mixing patterns:

ordered, blue; disordered, red; phase-separated, green. Reprinted

from ref. 87 with permission from American Chemical Society.
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of products. According to the work by Bell and coworkers,88 the

formation of a Cu–Ag surface alloy induced compressive strain

between surface Cu atoms. As a result, the compressive strain

modied the electronic structure of the catalyst by shiing the

valence band structure of Cu to deeper levels, reducing the

binding energies of H and O relative to that of CO. Thus, the H2

production was obviously suppressed (60–75% reduction) while

the faradaic efficiency of C2+ products was increased by 10–15%.

Moreover, the production of multi-carbon carbonyl-containing

products was enhanced at the expense of ethylene, as the

modication of the electronic structure reduced the coverage of

adsorbed H atoms and the oxophilicity of compressively

strained Cu sites.

4.5 Conning catalysis on the internal surface

Porous catalysts such as nanopores and nanocavities offer

a conned environment. The diffusion, adsorption and

desorption of reactants, intermediates and products are

strongly affected due to the geometrical constraints, thereby

tuning the selectivity and activity for some specic reactions.

Owing to the connement effects, the reactions occurring on

the internal surface of nanopores and nanocavities show

unique characteristics. As such, fabricating nanoporous elec-

trocatalysts has the potential to improve the production of C2+

products.

For instance, Sargent and coworkers proposed that C2

intermediate species could potentially be concentrated inside

a nanocavity structure owing to steric connement.89 As such,

the desorption of C2 intermediates was limited by the internal

surface of the nanocavity so further conversion into a C3

product could be promoted. This argument was supported by

simulations using the nite-element method. The simulations

revealed that the suppression of C2 intermediate desorption by

the cavity increased the surface coverage and residence time of

the intermediates, favoring C3 formation. Guided by this

simulation nding, they fabricated a series of nanocavity Cu

catalysts with different hole sizes for CO electroreduction

(Fig. 13a and b). Using the nanocavity copper catalyst with an

appropriate hole size, the faradaic efficiency of propanol could

reach 21 � 1% at �0.56 V versus RHE, with a partial current

density of 7.8 � 0.5 mA cm�2. In another case, Yang et al.

fabricated three Cu mesopore electrodes with mesopores of

30 nm width and 40 nm depth (30 nm/40 nm), 30 nm width and

70 nm depth (30 nm/70 nm), and 300 nm width and 40 nm

depth (300 nm/40 nm) for CO2 electroreduction.
90 Compared to

the 300 nm/40 nm electrode, the 30 nm/40 nm electrode

exhibited enhanced ethylene formation with faradaic efficiency

from 8% to 38%. As the pore depth was further increased to

70 nm (30 nm/70 nm electrode), the major C2 product was

converted to ethane, giving 46% faradaic efficiency. This change

in product selectivity was ascribed to the alteration of local pH

and retention time of key intermediates inside the pores caused

by the connement effect.

4.6 Engineering catalyst defects

Defects, which can be classied into point defects, line defects,

plane defects and bulk defects, exist widely in materials.

Creating defects on the surface of catalysts can alter the elec-

tronic and surface properties of the catalyst, thereby inuencing

the catalytic activity and selectivity.91,92 In terms of CO2 elec-

troreduction, engineering catalyst defects, such as heteroatom

dopants, vacancies and grain boundaries, is a promising

approach to promote C–C coupling toward improved selectivity

for C2+ products.
91

As a powerful approach, doping heteroatoms can modify the

surface electronic structure of Cu sites, enabling control over

CO adsorption and dimerization. The Sargent research group

demonstrated that doping boron on a Cu-based catalyst surface

could induce and stabilize Cud+ sites,93 regarded as the active

sites responsible for C2 product production (Fig. 14a).94,95 The

ratio of Cud+ to Cu0 active sites could be tuned by varying the

boron dopant content. As the average copper valence state was

tuned to +0.35, a maximum faradaic efficiency (nearly 80%) for

C2 products was achieved on boron-doped Cu catalysts at�1.1 V

versus RHE (Fig. 14b and c).

Vacancy defect engineering is another versatile strategy for

tailoring the electronic structure of neighboring atoms, thereby

altering the energy barriers of the rate-limiting reaction inter-

mediates.96 As such, creating vacancy defects on the catalyst

surface has the potential to drive CO2 reduction to specic C2+

products. Sargent and coworkers reported that a Cu2S–Cu–V

structure, with a Cu2S core and a shell containing Cu vacancies

(Fig. 15a–g), signicantly shied the product selectivity away

from ethylene toward ethanol and propanol.61 Previous mech-

anism studies indicated that the reaction intermediate *C2H3O

could follow two different pathways to form ethylene and

ethanol, respectively.71 Theoretical simulations revealed that

the creation of vacancies on the Cu shell with a Cu2S core

increased the energy barrier in the ethylene pathway (1.148 eV),

Fig. 13 (a) SEM images of Cu-based catalysts with a morphology of

solid, cavity I, cavity II and fragment. Scale bars, 100 nm. (b) Faradaic

efficiency of C2 and C3 products during CO electroreduction over Cu-

based catalysts with the four types of morphologies at an applied

potential of �0.56 V versus RHE. Reprinted from ref. 89 with permis-

sion from Nature Publishing Group.
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while the ethanol formation pathway was mostly unaffected

(0.427 eV). Such a design achieved a faradaic efficiency of 32%

for C2+ alcohols (C2H5OH 25 � 1% and C3H7OH 7 � 0.5%) by

steering post-C–C coupling selectivity through vacancy defect

engineering.

Defect engineering has also been proven effective for tuning

CO electroreduction. The Kanan research group demonstrated

that up to 57% Faraday efficiency of C2+ oxygenates (ethanol,

acetate and n-propanol) could be achieved for CO electro-

reduction on oxide-derived Cu catalysts at modest potentials.64

The excellent selectivity to C2+ oxygenates was enabled by the

participation of grain boundary surfaces in the CO electro-

reduction process. The same research group further proved that

the activity for CO electroreduction was directly correlated with

the density of grain boundaries in Cu nanoparticles. Increasing

the grain boundary density would promote the selectivity to

ethanol and acetate linearly.97 Using isotope labelling, Ager and

coworkers found that there may exist three different types of

active sites on oxide-derived Cu catalysts, which accounted for

the formation of C2+ products – ethylene, ethanol/acetate and 1-

propanol, respectively.65 As proposed in their work, three

product-specic active sites may be formed by the three

different types of grain boundary termination.

5. Conclusions and outlook

COx conversion is a highly important research theme for

achieving the carbon cycle. As estimated in a most recently

published perspective article,98 an ideal catalytic process needs

to be powered by electricity emitting less than 0.2 kg of CO2 per

kW h to achieve a net reduction in CO2. To make electrocatalytic

CO2 reduction appealing for practical applications, the reaction

rates for CO2 conversion should be elevated by two orders of

magnitude. While this estimation was mainly based on the

product of methanol, it highlights the necessity of substantially

improving the reaction activity. Nevertheless, very differently

from many other catalytic reactions (e.g., ammonia synthesis),

the major challenges for COx conversion originate from both

reaction activity and selectivity. Once activated, CO2 and CO

molecules may evolve into many different products. For this

reason, fundamental research for COx conversion is oen

focused on the control over product selectivity, which relies on

catalytically active sites from the perspective of surface science.

The central theme for controlling product selectivity in such

a reaction system is to precisely achieve C–C coupling.

In this sense, rational design of catalysts based on surface

science is a key strategy for precisely achieving C–C coupling in

both thermocatalytic and electrocatalytic COx conversion. In

this article, we have reviewed typical catalyst design strategies

based on surface science for tuning C–C coupling in syngas

conversion, CO2 hydrogenation and CO2 electroreduction,

aiming to obtain the targeted C2+ products such as olens, long-

chain hydrocarbons and higher alcohols with high selectivity.

Such surface science-based design strategies include the means

of controlling crystal facets, tuning catalyst sizes, forming

bimetallic catalysts and others, which can signicantly alter the

Fig. 14 (a) Schematic illustration of the synthesis of B-doped Cu by

a wet-chemical process. (b) Faradaic efficiency of C2 and C1 products

versus the oxidation state of Cu. (c) Selectivity for C2 and C1 products at

different potentials on B-doped Cu. Reprinted from ref. 93 with

permission from Nature Publishing Group.

Fig. 15 (a) Schematic illustration of Cu2S–Cu–V electrocatalyst design

for CO2 electroreduction to produce multi-carbon alcohols. (b) TEM

and (c) EDS mapping of original V–Cu2S nanoparticles; (d) EDS

mapping, (e) high-resolution TEM, (f) EDS line scan and (g) the ratio of

Cu/S concentration of the reduced Cu2S–Cu–V electrocatalyst after

electrochemical reduction. Reprinted from ref. 61 with permission

from Nature Publishing Group.
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structural and electronic properties of thermocatalysts and

electrocatalysts.

As a matter of fact, it still remains the biggest challenge to

precisely regulating C–C coupling toward the targeted C2+

products in thermocatalytic and electrocatalytic COx conver-

sion. This challenge has been especially emphasized for the

approach of CO2 electroreduction. The selectivity for hydrocar-

bons or higher alcohols produced from CO2 electroreduction is

too low and far from meeting the requirements of industriali-

zation. Syngas conversion has witnessed a long research history

and been put into practice in large-scale industrialization. Until

now, the research on syngas conversion has continued its

success, and many breakthroughs have been made by opti-

mizing catalyst design based on surface science, especially

using bifunctional catalysts. As such, many studies on CO2

hydrogenation have drawn lessons or been enlightened from

the experience of syngas conversion, greatly promoting the

development of CO2 hydrogenation. We think that the signi-

cant research progress of syngas conversion and CO2 hydroge-

nation will provide very instructive information for the

development of CO2 electroreduction particularly from the

viewpoint of C–C coupling. The design of bifunctional catalysts

based on surface science has the potential to make another

breakthrough in CO2 electroreduction, just like the case of

Jaramillo and coworkers where a tandem gold-on-copper elec-

trocatalyst offers gold for CO generation and copper for further

CO reduction to alcohols.99

Although the three reaction systems share many similar

working mechanisms, catalysts should be specically designed

for a nal application as the material requirements differ from

case to case owing to reaction phases and energy input. As

a result, the specic working mechanisms should be fully

examined for each case, which can be facilitated through

collaborative research at the intersection of controlled

synthesis, advanced characterization and theoretical simula-

tion. This multidisciplinary research mode has demonstrated

its success in COx conversion in the past few years. In many

cases, the bottleneck for mechanistic studies comes from the

limitation of operando spectroscopic techniques. The advanced

spectroscopic techniques help in situ characterization of the

dynamic evolution of active sites and reaction intermediates on

the catalyst surface at atomic/molecular levels. Future devel-

opment of characterization techniques would be more focused

on spatial and temporal resolution. Certainly these challenges

will be accomplished, and plentiful opportunities exist in these

elds. The importance of COx conversion to society and

industry will continue motivating the research toward control-

lable and scalable production.
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