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Advances in Biomimetic Photoelectrocatalytic Reduction of

Carbon Dioxide
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and Guohua Zhao*

Emerging photoelectrocatalysis (PEC) systems synergize the advantages of
electrocatalysis (EC) and photocatalysis (PC) and are considered a green and
efficient approach to CO, conversion. However, improving the selectivity and
conversion rate remains a major challenge. Strategies mimicking natural
photosynthesis provide a prospective way to convert CO, with high efficiency.
Herein, several typical strategies are described for constructing biomimetic
photoelectric functional interfaces; such interfaces include metal
cocatalysts/semiconductors, small molecules/semiconductors, molecular
catalysts/semiconductors, MOFs/semiconductors, and
microorganisms/semiconductors. The biomimetic PEC interface must have
enhanced CO, adsorption capacity, preferentially activate CO,, and have an
efficient conversion ability; with these properties, it can activate C=O bonds
effectively and promote electron transfer and C—C coupling to convert CO, to
single-carbon or multicarbon products. Interfacial electron transfer and proton

1. Introduction

As a notorious greenhouse gas and a po-
tential carbon feedstock, the transformation
of carbon dioxide (CO,) into high value-
added fuels or chemicals has been recog-
nized as a promising way to mitigate en-
ergy shortages and problems caused by the
greenhouse effect.l!! Nevertheless, CO, re-
duction is faced with several challenges.
The solubility of CO, in water under ambi-
ent temperature and pressure conditions is
only 0.033 m,?] so it underperforms when
competing with H,O molecules during the
adsorption process. The low solubility and
diffusion rate of CO, in aqueous solution
greatly restricts the efficiency of CO, con-

coupling on the biomimetic PEC interface are also discussed to clarify the
mechanism of CO, reduction. Finally, the existing challenges and perspectives
for biomimetic photoelectrocatalytic CO, reduction are presented.
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version. In addition, CO, is a nonpolar lin-
ear molecule with two strong zj bonds;
these bonds cause the energy of the C=0
bond (750 kJ mol™)B! to be significantly
higher than that of the C-H bond and C-C
bond. An immense amount of energy is
required to break the C=0 bonds owing to the molecular struc-
ture, which contributes to the relatively low conversion rate.[*l In
addition, the carbon atom in CO, is in its highest oxidation state,
which allows the CO, reduction reaction (CO,RR) to go through
various multielectron transfer processes, leading to poor prod-
uct selectivity.’] Therefore, methods of enhancing the conversion
rate and product selectivity of the CO,RR must be investigated.
Natural photosynthesis in green plants is an efficient process
in which atmospheric CO, and H,0O molecules are converted
to glucose and oxygen through a moderate and efficient path-
way via enzyme catalysis, sustaining the carbon-oxygen cycle on
Earth.[®! Tt has been found that plant leaves have a perfect 3D
hierarchical porous structure with high porosity, high connectiv-
ity, and a high specific surface area.l’! These structures are not
only conducive to the adsorption of sunlight but also favor the
efficient migration of materials such as CO, and H,O for pho-
tosynthesis and transpiration. Natural photosynthesis consists of
two processes: light reactions and dark reactions (Figure 1a). At-
mospheric carbon dioxide and water first enter the interior of the
leaves through the stomata on the surface of the leaves. In the
light reaction, chlorophyll, the reaction center, harvests photons
to generate electron-hole pairs. The water is oxidized to oxygen by
the photogenerated holes, providing electrons and protons for the
fixation of CO, .8 Subsequently, in the dark reaction, CO, is cap-
tured, activated and converted via a cyclic and directed electron
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Figure 1. Schematics of a) natural photosynthesis and b) PEC CO, reduction.

transfer process, the Calvin cycle. The enzyme ribulose bispho-
sphate carboxylase/oxygenase (RuBisCO) enables CO, to com-
bine with ribulose 1,5-bisphosphate (RuBP) to yield a six-carbon
compound, achieving the activation of CO, molecules. This six-
carbon compound is extremely unstable and rapidly decomposes
into two three-carbon molecules, 3-phosphoglycerate (3-PGA). 3-
PGA is reduced by the NADPH produced from the light reaction,
undergoes a series of complex proton-coupled electron transfer
(PCET) processes and is eventually converted to glucose.!
Inspired by natural photosynthesis, the photocatalytic reduc-
tion of CO, mimicking the light reaction has been developed
since the 1970s.[1% Photocatalysis (PC) is considered a promising
technique for CO, reduction owing to the moderate reaction con-
ditions and lack of extra energy input.['!l However, PC still faces
several problems, such as the uncontrollability of electron trans-
fer, which results in the poor selectivity of the reduction products,
the easy recombination of photogenerated electrons and holes,*!
and the susceptibility of semiconductors to photocorrosion.!?]
Directed electron transfer, which can be achieved in the dark re-
action in natural photosynthesis, is difficult to achieve through
PC because the photocatalytic interface is a heterogeneous in-
terface where the photogeneration of electrons is not cyclic; the
photogenerated electrons are gradually consumed as the PC re-
action proceeds. In contrast, electrocatalysis (EC) has the mer-
its of strong controllability, since an electrochemical system is a
closed and cyclic system where the electrons can move direction-
ally upon application of an external voltage. In addition, protons
can be generated at the anode and subsequently migrate to the
cathode to participate in CO, reduction. However, the EC process
usually requires large amounts of electrical energy input owing
to the high overpotentials of the CO,RR. Therefore, biomimetic
PEC, which integrates PC and EC, can complement each other
and achieve the thorough imitation of photosynthesis, providing
a multiproton and multielectron cyclic coupling reaction mode
(Figure 1b). The electrons can be produced from the light reac-
tion, and directed electron transfer can be implemented by tun-
ing the applied voltages, which mimics the dark reaction in pho-
tosynthesis. The applied potentials can effectively inhibit the re-
combination of photogenerated electrons and holes, enhancing
the photocatalytic efficiency. Furthermore, solar energy can sup-
ply additional charge, lowering electricity consumption.['*] The
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advantages and disadvantages of PC, EC, and PEC for CO, re-
duction are listed in Table 1.

In addition to efficient photoelectron transfer and recycling,
the reduction of CO, in the dark reaction, which involves recy-
clable electron/proton transfer and CO, adsorption, activation
and conversion, is also notable. The preliminary step of the CO,
conversion process in natural photosynthesis is the adsorption
of CO, molecules. The leaves of green plants, which have a per-
fect 3D porous structure with high porosity, connectivity, and spe-
cific surface area, can efficiently transfer CO, to the chloroplast
stroma to complete photosynthesis through their stomata. The
ultrahigh specific areas provide many active sites for CO, ad-
sorption. The porous structure is favorable for the mass trans-
port of CO, and H,0,'* and the light loss can be reduced ow-
ing to the reflection of incident light in porous structures.!*”]
After the efficient transport and adsorption of CO,, the rapid
activation of C=0 bonds can be achieved by the RuBisCO en-
zyme. Following a series of complex electron transfer and pro-
ton coupling processes, the selective conversion of CO, to glu-
cose is accomplished. Moreover, during the fixation of CO, in
photosynthesis, the indispensable proton transferase NADPH is
formed by the reduction and protonation of the electron acceptor
NADP* in the light reaction.®] The cyclic redox reaction between
NADP* and NADPH can supply recyclable protons and electrons
for the CO,RR. Analogous to natural photosynthesis, a remark-
able biomimetic PEC interface could adsorb, fix, and activate CO,
and recycle electrons and protons.

Unlike several excellent previous reviews focusing on the
catalysts,!>!7] catalytic methods,!'®) and products(*®! of CO, reduc-
tion, also those related to photoelectrocatalytic CO, conversion
which focuses on the functions and performance of a specific cat-
egory of catalytic materials or the selection of semiconductors, 2!
strategies for selective CO, conversion to different products,!*!
and reaction mechanisms,??! our review sheds light on strategies
for constructing a biomimetic PEC interface to realize certain
functions of photosynthesis, focusing on one or several factors to
simulate natural processes. Most recently, a review focusing on
structural design of artificial leaves has been published in which
the concept of mimicking natural photosynthesis is introduced in
terms of catalyst design resembling the structure and function of
plantleaves.[®] In this context, we redefine the PEC CO, reduction
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Table 1. List of advantages and disadvantages of PC, EC and PEC for CO, reduction.

Type of catalytic Advantages Disadvantages
methods
PC ® Moderate reaction conditions ® Easy recombination of photogenerated electrons and holes
® Energy saving ® Susceptibility of semiconductors to photocorrosion
® Uncontrollability of electron transfer resulting in the poor
product selectivity
EC ® Strong controllability achieved by closed and cyclic electrochemical systems ® High electrical energy consumption
® Feasible integration with other technologies ® Decreased stability due to electrode passivation
® Easy to operate
PEC ® Suppression of the recombination of photogenerated electron—hole pairs ® Relatively complex operation and equipment

® Lower electricity consumption

® High efficiency

® Further investigations required for the reaction
mechanisms of PEC CO, reduction

system as a simulation of natural photosynthesis. The process by
which a semiconductor is excited by illumination to produce pho-
togenerated electron-hole pairs mimics the light reaction of pho-
tosynthesis. The directed electron transfer induced by the applied
electric field mimics the dark reaction, which realizes the con-
trollability of the electron transfer process by regulating the ap-
plied voltage. In this review, we propose several strategies for con-
structing an effective biomimetic PEC interface consisting of a
metal cocatalyst/semiconductor, small molecule/semiconductor,
molecular catalyst/semiconductor, MOF/semiconductor and mi-
croorganism/semiconductor. Enhanced CO, adsorption capacity,
effective CO, activation and efficient conversion are essential for
a remarkable biomimetic PEC interface so that the C=0 bonds
can be activated efficiently and electron transfer and proton cou-
pling can occur. To better understand the underlying reaction
mechanisms, the interfacial electron transfer process on differ-
ent biomimetic PEC interfaces and possible reaction pathways
involving proton coupling are elucidated. To this end, the existing
challenges and future development of biomimetic PEC interfaces
for CO, reduction will be discussed and outlined.

2. Construction of Biomimetic
Photoelectrocatalytic Interfaces

An excellent biomimetic PEC interface must exhibit promi-
nent light absorption capacity, rapid photoelectric separation ef-
ficiency, high specific area for CO, adsorption and abundant re-
active sites for effective activation of CO,. Thus far, individual
catalytic components do not yet meet all of the above require-
ments. The components have several limitations, such as inade-
quate contact between CO, and the catalytic interface, poor car-
bon fixation performance, a substantial activation energy barrier,
and unspecific product selectivity. Therefore, the effective assem-
bly of catalysts with different functions is needed to complement
the advantages of each. Building biomimetic PEC interfaces to
achieve effective CO, capture and fixation on one interface is
a promising research direction. In this section, we aim to re-
view different strategies for the construction of biomimetic PEC
interfaces. These interfaces can be categorized as metal cocata-
lysts/semiconductors, small molecules/semiconductors, molec-
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ular catalysts/semiconductors, MOFs/semiconductors, and mi-
croorganisms/semiconductors (Table 2).

2.1. Metal Cocatalyst/Semiconductor Biomimetic Interfaces

The incorporation of cocatalysts cannot only favor the rapid sep-
aration of photogenerated electron—hole pairs but also acceler-
ate sluggish reaction kinetics by lowering the overpotential of
the CO,RR. The additional active sites provided by the metal
cocatalyst can also facilitate the activation of the absorbed CO,
molecules. Cocatalysts with specific functions can be used to ad-
just the adsorption strength of certain intermediates, promoting
the selectivity for the desired products.!?}] In addition, the side or
back reactions can be suppressed by cocatalysts to further im-
prove the product selectivity.?* Accordingly, cocatalyst deposi-
tion can be considered an effective way to enhance the activation
and selective reduction of CO,.

Metals such as Au, Ag, Pd, Cu, and Pt are among the most
prevalent cocatalysts employed in PC and PEC CO, reduction.
The combination of a metal and a semiconductor can suppress
the recombination of photogenerated electrons and holes. For ex-
ample, deposition of 10 wt% Cu nanoparticles (NPs) on graphene
oxide can suppress the recombination of charge carriers by en-
hancing charge separation at the metal/semiconductor inter-
face and achieve the efficient activation of CO, through single-
electron transfer from the d orbital of the metal to the z* orbital
of C-0, increasing the yield of photocatalytic CO, to methanol
by nearly 60 times.[>) The deposition of metal can also alter
the light absorption range and enhance light absorption. For in-
stance, TiO, films modified by Au NPs can widen the light ab-
sorption range of TiO, to the visible spectrum and increase the
methane yield by 24 times.[?®! The broadening of TiO, light ab-
sorption range might be attributed to the localized surface plas-
mon resonance (LSPR) effect of Au NPs, which is derived from
the collective oscillations of the electrons in the vicinity of the
plasmonic nanostructure induced by the incident light.[?”] Due
to this effect, noble metal NPs can absorb visible light and inject
the photoinduced electrons into the conduction band of semicon-
ductor to produce the visible light responsive TiO,.[?%! In addition
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Table 2. List of several biomimetic photoelectrocatalytic interfaces for CO, reduction.

Biomimetic functional interface

Composition Major Number of electrons Selectivity FE [%] TON Yield Quantum yield Refs.
products transferred [%6] [umol/g-cat/h] [%6]
Metal cocatalyst/semiconductor
Pt/TiO, CH, 8 N.A. NA. NA. 1361 241 [29]
Au-Cu/P25 CH, 8 97 N.A. N.A. 2200 NA. 38]
Cu@TiO,-Au HCOOH 2 98 82.6 N.A. N.A. N.A. [39]
Au-Cu/SrTiO, [TiO, cO 2 N.A. N.A. N.A. 3770 N.A. [40]
Au-Pd/TiO,{101} CH, 8 71 NA. NA. N.A. N.A. [41]
Rh LWs/TiO, C,H;OH 12 N.A. NA. NA. 12.1 NA. [924]
Au-ZnTe/ZnO co 2 66.0 63.0 N.A. N.A. N.A. [92b]
Pd/TiO, CO, CH, 2,8 10.1, 69.2 N.A. N.A. 22.2,38.1 N.A. [92¢]
Small molecule/semiconductor
NH, /g-C3N, CH,, CH,OH 8,6 N.A. NA. NA. 1.39,1.87 N.A. [47]
NH,-C/Cu,0 HCOOH 2 92 NA. NA. 138.65 N.A. 48]
Amine-functionalized graphene/CdS CH, 8 N.A. N.A. N.A. 2.84 N.A. [93a]
Amine/g-CsN,, CH,, CH,OH 3,6 NA. N.A. N.A. 0.34,0.28 NA. [93b]
Molecular catalyst/semiconductor
[Ru-dcbpy]/N-Ta,Os HCOOH 2 75 NA. 89 NA. 19 [56]
Ru(bpy),dppz/Co; 0, HCOO" 2 99.95 86 N.A. NA. N.A. 157]
[Ru-dpbpy]/N-Ta,O5 anchored by PO;H, HCOOH 2 N.A. N.A. 118 N.A. N.A. [58]
CoTPP/g-C;N, HCOOH 2 100 N.A. 137 N.A. NA. 64]
Cogpy@mesoporous graphitic C; N, Cco 2 98 N.A. 128 N.A. 0.25 [94b]
Re complex/CulnS,/NiO cO 2 N.A. 32 11 N.A. N.A. [94c]
MOF /semiconductor
ZIF8/Zn,GeO, CH,OH 6 N.A. NA. NA. 0.22 NA. [71]
Cus (BTC),/TiO, CH, 8 NA. N.A. N.A. 2.64 NA. [72]
Co-ZIF9/g-C3N, co 2 36.3 NA. N.A. 495 0.9 (73]
Nij (HITP), /[Ru(bpy)s ]2+ co 2 97 N.A. NA. 34500 N.A. [95a]
Ni(ll) MOF/g-C;N, O, CH, 2,8 N.A. N.A. NA. 136 N.A. [95b]
CTU/TIO, co 2 N.A. N.A. N.A. 3132 N.A. [95¢]
Ui0-66/MoS, CH,COOH 8 94 N.A. N.A. 39.0 NA. [95d]
Microorganism/semiconductor
Sporomusa ovata/Si nanowire CH,;COOH 8 N.A. 90 N.A. N.A. N.A. [84]
Methanosarcina barkeri/n* [p-Si/NiMo CH, 8 N.A. 82 N.A. N.A. N.A. [86]
Moorella thermoacetica/ AuNCs CH;COOH 8 N.A. N.A. N.A. 34.76 2.86 [96a]

to the incorporation of versatile metals with semiconductors, the
performance of metal/semiconductor hybrid catalytic interfaces
is governed by the particle sizes of the metal cocatalysts. For ex-
ample, an investigation of the influence of Pt NPs with different
sizes on the photocatalytic performance of TiO, showed that as
the size of the Pt particles decreases, the work function of Pt shifts
from the bottom of the VB of TiO, to the CB and vacuum energy
level, as shown in Figure 2a.[°! With the decrease in the size of Pt
NPs (0.5-2 nm) and the work function, the maximum separation
rate of electron-hole pairs can be reached; in this study, the opti-
mal photocatalytic performance was obtained. However, further
decreases in the size of the Pt NPs can lead to a work function that
is higher than the CB, which suppresses the transfer of electrons.

In addition to the size of metal NPs, the facet also plays an es-
sential role in the performance of metal-semiconductor hybrid

Ady. Sci. 2022, 9, 2203941

catalysts. Bai et al.}% investigated the facet selectivity of Pd cocat-
alysts in graphitic-phase C;N, (g-C;N,) nanosheets and revealed
that Pd{111} facets favored the reduction of CO, more than
Pd{100} facets. The theoretical results showed that the adsorp-
tion energy of CO, in the presence of Pd{111} (E, = 0.230 eV)
is much higher than that with Pd{100} (E, = 0.064 eV), demon-
strating a better performance for CO, adsorption on Pd{111}. In
addition, the activation energy barriers of CO, reduction can be
lowered by the participation of Pd{111} facets within the range
of 7.15 to 3.98 eV. Therefore, due to the merits of g-C;N,, CO,
reduction can be favorable in the case of Pd{111} facets.
Bimetallic cocatalysts have attracted much attention because
they can tune the surface adsorption energy of CO, and improve
the product selectivity because they combine the properties of
different metals to achieve a synergistic effect. Different metals

2203941 (4 0f24) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. a) Schematic diagram of CO, photoreduction mechanism by using Pt-TiO, nanostructured films. Reproduced with permission.[?°l Copyright
2012, American Chemical Society. b) Schematic diagram for the synergy of the photonic crystal, Au NPs, and Cu NPs for CO, reduction under light
illumination. Reproduced with permission.[3°] Copyright 2017, Elsevier. c) A schematic illustration of the product distribution on PD-Au and PD-AugPd;.

Reproduced with permission.[*1] Copyright 2019, Royal Society of Chemistry.

show different adsorption capacities for *CO,*~, *CO, *HCO,
and other intermediates in the CO, reduction process, leading to
various CO, reduction products. Typically, Au, Ag, and Zn weakly
adsorb the CO, activation intermediate *CO, and thus, the main
reduction product is CO. The weak adsorption capacity of Sn,
Hg, and Pb for *CO,*~ is favorable to the production of formic
acid.3" With respect to Cu, the Cu—C bond strength when the in-
termediate *CO is adsorbed is moderate, favoring the conversion
of CO, to multielectron and multicarbon compounds.'**! There-
fore, the product selectivity of the CO,RR can be controlled by
adjusting the ratio of metals with different functions in the de-
sign of metal alloy cocatalysts.

Bimetallic cocatalysts such as Ni-Ga,!*}] Cu-Ag,**] Cu—Au,*]
Cu-Pd,1**] and Mo-Bil*”] exhibit a more remarkable CO, elec-
trocatalysis performance than single-metal catalysts, as they in-
tegrate multiple functional components to achieve a synergistic
effect. P25 decorated with Au—Cu NPs showed a better CO, pho-
tocatalysis performance than Au/P25 and Cu/P25.18] The yield of
methane on Au—-Cu/P25 (2200 pmol g=! h~!) was much higher
than that on single-metal decorated Au/P25 (210 pmol g=! h™1)
and Cu/P25 (280 ymol g! h™'). Au and Cu play different roles
in the photocatalytic system; the LSPR effect of Au broadens the
response range of materials to visible light, while Cu can achieve
the specific adsorption of the reaction intermediate CO. Another
example is the decoration of Cu NPs and Au NPs on TiO, nan-

Adv. Sci. 2022, 9, 2203941

otube photonic crystals (NTPC), which leads to a 1019.3 pmol L}
cm? formic acid yield in 8 h, almost 6.3 times higher than that
on traditional TiO, NTs (Figure 2b).[*?! During catalysis, the lo-
cal surface plasmon resonance effect of the intrinsic Au NPs pro-
motes the utilization of visible light at the catalytic interface. TiO,
NTPC can not only act as a light harvester but also provide a large
specific area for the deposition of Cu NPs. Cu NPs also act as re-
active sites and synergistically facilitate PEC CO, reduction. The
product selectivity can be further improved by tuning the com-
position of the bimetallic cocatalysts. For instance, Kang et al.[*0!
analyzed the CO, photocatalytic performance of different pro-
portions of Au—Cu alloy-modified SrTiO,/TiO, nanotube arrays
(STO/TiO, NTAs). The main product of Au@STO/TiO, NTAs for
the reduction of CO, was CO due to the weak adsorption capac-
ity of Au for the intermediate CO. With the incorporation of Cu
NPs, the selectivity of CO,RR to CO decreased, and the selectiv-
ity to hydrocarbons increased. Among them, Au,Cu@STO/TiO,
NTAs showed the best activity for reducing CO, to hydrocarbons,
and the performance was significantly better than that of the non-
alloy system (Au,;+Cu, @STO/TiO,).

In addition to the incorporation of Au—-Cu bimetallic cocat-
alysts, a Au-Pd alloy decorated on TiO,{101} facets was fabri-
cated to enhance the conversion of CO, to hydrocarbons (Fig-
ure 2¢).l*t) The Au-Pd alloy can provide copious CO, adsorp-
tion and activation sites with dispersed Pd atoms acting as

2203941 (5 of 24) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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hydrogenation centers. The cooperative combination of the Au—
Pd alloy and the semiconductor TiO, contributes to efficient CO,
reduction. Different elemental compositions of the Au-Pd alloy
cocatalysts were explored for their photocatalytic CO, reduction
performance. PD-Au,Pd, exhibited optimal CO, conversion re-
activity with a maximum hydrocarbon selectivity of 85%. To deter-
mine the reasons for the excellent performance of PD-Au,Pd,,
further investigations were conducted. PD-Au¢Pd, exhibited a
significantly higher CO, adsorption ability, and an obvious LSPR
absorption peak corresponding to Au was revealed by UV-vis dif-
fuse reflectance spectroscopy. The presence of SPR and the cor-
responding plasmonic heat effect facilitated the activation of CO,
and lowered the energy barrier for the CO,RR.

Metal cocatalysts can effectively broaden the photoresponse
range of semiconductors through localized surface plasmon res-
onance. The formation of a surface Schottky energy barrier can
lead to the accumulation of photogenerated electrons on cocata-
lysts, facilitating the separation of photoexcited carriers.[*?] More-
over, the incorporation of metal cocatalysts can supply abundant
active sites for both CO, adsorption and activation, reducing the
reaction energy barrier for CO, reduction. For some cocatalysts
with unique functions, the side reactions can be suppressed, and
thus, the selectivity of the desired product can be enhanced. Nev-
ertheless, factors such as the particle size and facet of metal NPs
and composition and proportion of bimetallic cocatalysts should
be taken into consideration when selecting and loading the cocat-
alysts, as these factors affect the performance of the catalyst and
the product selectivity of the CO,RR.

2.2. Small Molecule/Semiconductor Biomimetic Interfaces

Despite the nonpolar linear structure of CO, molecules, the sur-
face charge distribution leads to positively charged C atoms and
negatively charged O atoms, indicating the presence of both
Lewis acid centers and Lewis base centers on the surface of the
CO, molecules.[*] Hence, modification of the catalytic surface
with acidic or basic molecules can improve the fixation and acti-
vation of CO,.

Carbon dots (CDs), a carbon nanomaterial with various func-
tional groups, can provide active sites for highly selective catalysis
and linking groups to form connections with other materials.[*!]
Cu-CD nanocorals synthesized by decorating carbon dots on Cu
were reported to improve the adsorption of CO, and reduce CO,
to formic acid at a low overpotential (0.13 V) with a 79% (-0.7 V
versus RHE) total Faradaic efficiency (FE) (Figure 3a).[*! The
Fourier transform infrared (FT-IR) spectrum and XPS results
demonstrated that the carbon dot modification provided abun-
dant functional groups, such as -OH, -NH-, and —C=0, on the
surface of the Cu nanocorals. These functional groups enhanced
the adsorption capacity of CO, by 3.4 times (0.22 mmol g at
25 °C) and improved the adsorption of H*. The concentrations
of CO, and H™ played a pivotal role in the PCET mechanism of
CO, reduction; thus, the increase in both concentrations on the
catalyst surface directly led to the excellent CO, catalytic perfor-
mance of the Cu—CD nanocorals.

Amino acids are small molecules that can improve the stabil-
ity of CO, reduction intermediates on the catalytic interface. In
one study, the reduction of CO, was performed on Cu electrodes
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modified with different amino acids, which increased the hydro-
carbon production selectivity on the Cu electrode.l**! The results
showed that all the tested amino acids enhanced the selectivity
of CO, to hydrocarbons, while different amino acids exhibited
different abilities to increase the product selectivity. For exam-
ple, modification with glycine maximized the selectivity of the
CO,RR (Figure 3b). Theoretical investigations showed that modi-
fication with amino acids can facilitate the formation of hydrogen
bonds between CO, and -NH,* in amino acid molecules, thereby
stabilizing the two most important intermediates, COOH* and
CHO¥, in the conversion of CO, to hydrocarbons.

An amine modification strategy can be employed to suppress
the hydrogen evolution reaction (HER) and enhance the product
selectivity of the CO,RR. One example focused on modifying
and functionalizing the surface of g-C;N, with NH; to obtain a
hierarchical nanosheet that exhibited an enhanced light harvest-
ing ability, abundant reactive sites, increased CO, adsorption and
improved separation of charge carriers.*’ The N, adsorption-
desorption isotherms showed that amine-functionalized C;N,
nanosheets showed a much higher adsorption capacity than
pristine C;N, due to the presence of mesopores. The assembly
of ultrathin C;N, nanosheets led to the formation of an intercon-
nected porous structure, which increased the specific area and
facilitated mass transport. Amine decoration can enhance the
CO, adsorption ability via acid—base interactions between CO,
and the amine. Another study reported a threefold improvement
in HCOOH yield on Cu,O functionalized with amino groups
(Figure 3c).*8! The enhancement can be attributed to both the
strong chemisorption of CO, by the interaction between the CO,
(acid) and -NH, (base) and the suppression of the competing
HER. In addition, as an electron acceptor, amino acids can
accelerate charge transfer on the catalyst surface, inhibiting
the recombination of photogenerated electrons and holes. The
remarkable auxiliary function of the amine can also be verified
on the EC interface. An example is the investigation of electro-
chemical CO, reduction activity on Ag nanoparticle surfaces
capped with oleylamine, oleic acid, and dodecanethiol.*! The
results revealed that decoration with amines and thiols can
both enhance the adsorption of CO, to lead to the formation
of a strong -COOH bond. However, modifications with thiols
can also lead to a strong interaction with protons, which also
strengthens the HER. Compared with thiol-capped Ag NPs, the
amine-capped Ag surface destabilizes hydrogen binding, which
suppresses the HER. Therefore, modifications with amines
improved the CO production selectivity of the Ag nanoparticles
(Figure 3d). The Faradaic efficiency of the CO, to CO conversion
on oleylamine-capped Ag reached 94.2%, which was higher than
that on oleic acid-capped Ag (89.1%) and dodecanethiol-capped
Ag (65.5%).

Alkali metals are other small molecules that can be used to
decorate semiconductors. They not only facilitate the activation of
CO, but also promote the separation of photogenerated electrons
and holes to overcome one of the predominant shortcomings of
semiconductors. For instance, KOH can be decorated on C;N, to
improve its performance for photocatalytic CO, reduction (Fig-
ure 3e).1l The measurement of the CO, reduction performance
on C;N, modified by KOH, KCl, K,CO; and KHCO; indicated
that K* alone cannot promote the reaction. In a comparison of
the product yield of the CO,RR on C;N, modified with different
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Figure 3. a) The proposed reaction mechanism of electrocatalytic CO, reduction by Cu-CDots nanocorals. Reproduced with permission.[] Copyright
2017, Royal Society of Chemistry. b) Electrochemical CO, reduction on bare and glycine-modified annealed Cu electrodes in the full potential range from
—1.3 to —1.9 V. Reproduced with permission.[*6] Copyright 2016, Royal Society of Chemistry. ¢) Schematic illustration the process of charge migration
and the proposed photocatalytic reduction of CO, to HCOOH via the NH,-C@Cu, O catalyst. Adapted with permission.[*3] Copyright 2021, Elsevier. d)
Schematic of the HER and CO,RR process on Amine capped Ag NP. Reproduced with permission.[*’l Copyright 2017, American Chemical Society. e)
The performance and effect of KOH decorated photoelectrode. Reproduced with permission.*°! Copyright 2017, Elsevier.

concentrations of NaOH and KOH, the results showed that the
yields of CO and CH, on C;N, decorated with KOH was 1.5
times that on C;N, decorated with NaOH, indicating that the
cations also influence the alkali metal-decorated photocatalyst.
The results of the photocurrent density experiments of g-C;N, in
Na, SO, solutions with different pH values illustrated that OH~
can act as a hole accepter to receive photogenerated holes and im-
pede the recombination of photoexcited carriers. Theoretical cal-
culation results show that although the adsorption energy of CO,
on K* and Na*-modified g-C;N, did not improve over that of the
original g-C;N, (0.25 eV), the adsorption of H,CO; on K/g-C;N,
(1.13 eV) was 31% higher than that on Na/g-C;N, (0.86 eV). This
result was ascribed to the position of K* on the g-C;N,; it tended
to be located outside the pores, which was favorable for the ad-
sorption of H,CO;. The stronger adsorption of H,CO, may lead

Adv. Sci. 2022, 9, 2203941

to the better photocatalytic performance of CN with KOH modi-
fication than with NaOH modification.

Small molecules employed for modifying the surface of semi-
conductors usually contain functional groups such as -OH and
—NH-. These molecules all possess electron donors, which can
provide adsorption sites for the electrophilic carbon atoms in CO,
and H* from the electrolyte to activate and convert CO,.

2.3. Molecular Catalyst/Semiconductor Biomimetic Interfaces

In natural photosynthesis, chlorophyll, a magnesium porphyrin
derivative, can harvest light and transform solar energy with por-
phyrin as the core photosensitive component.*!l Mimicking the
structure of chlorophyll, numerous researchers have dedicated
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Figure 4. a) Turnover number for HCOOH formation from CO, as a function of irradiation time on N-Ta,O5 with different Ru complexes decorated in
CO,-saturated MeCN/TEOA (5:1) solution and b) energy diagram of hybrid photocatalysis under visible light with a semiconductor and a metal com-
plex. Adapted with permission.[>®] Copyright 2010, Wiley-VCH. c) Schematic plots of the CO, adsorption-enhanced Ru(bpy),dppz-Co;O,/CA interface
together with its energy level diagram and the possible reaction pathways for CO, conversion on this photocathode. Such a PEC interface is composed of
CA as the CO,-adsorption substrate, Ru(bpy),dppz as the molecular catalyst, and Co;O, as the photoelectrocatalyst. Reproduced with permission.[>’]
Copyright 2016, Royal Society of Chemistry. d) Schematic illustration of the involved electron behavior. Reproduced with permission.[”?] Copyright 2014,
Wiley-VCH. e) The schematic diagrams of photocatalytic CO, reduction on Co-ZIF9/g-C3N,. Reproduced with permission.[73] Copyright 2014, Royal
Society of Chemistry. f) The schematic diagrams of photocatalytic CO, reduction on Co-ZIF9/CdS. Reproduced with permission.[’*] Copyright 2015,

Elsevier.

their efforts to the development of molecular catalysts composed
of various metal centers, especially transition metals, and lig-
ands for CO, reduction. Central multivalence transition metals in
metal complexes can act as redox centers, which favors the imple-
mentation of multielectron transfer processes in the CO,RR.I'7"]

Reaction intermediates can form via interactions between the
metal centers and CO, molecules, facilitating the reduction of
CO,. Molecular catalysts can be roughly divided into four cate-
gories based on their ligands: 1) macrocyclic ligand metal cata-
lysts, whose central metals are typically Co, Fe, Ni, and Cu;[*?! 2)
bipyridine ligand metal complexes (Re, Ru, Mn, etc.);1*! 3) phos-
phine ligand metal complexes (Rh, Pd);** and 4) biomimetic
metal complexes (Fe,S, clusters).>®! Molecular catalysts for the
CO,RR typically possess the advantages of high product selectiv-
ity; thus, decorating them on the surface of semiconductors can
further enhance the selectivity of the CO,RR. In addition, molec-

Ady. Sci. 2022, 9, 2203941

ular catalysts can also act as photosensitizers to broaden the light
response range of semiconductors.

Among the aforementioned ligands, macrocyclic ligands (por-
phyrin, phthalocyanine, cyclam, etc.) and bipyridine ligands are
the two predominant ligands investigated by researchers. One
of the earliest examples is a series of Ru complexes ([Ru-bpy],
[Ru-dcbpybpy] and [Ru-dcbpy]) decorated on p-type semiconduc-
tor N-doped Ta,O; to selectively reduce CO, to formic acid un-
der visible light in acetonitrile and triethanolamine solutions.*®!
Figure 4a shows the TON ooy of CO, reduction on N-Ta,Os
loaded with different Ru complexes in CO,-saturated acetoni-
trile/TEOA solution over time. The experiment found that after
decoration with the Ru complex, the TON of formic acid pro-
duced from the CO,RR catalyzed by N-Ta,O, was significantly
enhanced. The [Ru-dcbpy]/N-Ta,Os catalyst exhibited a selectiv-
ity of 75% for formic acid under 405 nm light, with a TONy o0y
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of 89 and a quantum efficiency of 1.9%. Photocatalytic CO,RR
driven by the excitation of semiconductors by light to generate
electrons that subsequently transfer from the conduction band
to the ground state of the molecular catalysts was reported for
the first time. The schematic diagram is shown in Figure 4b. The
energy difference AG between the bottom of the semiconductor
conduction band and the reduction potential of CO, on the cat-
alyst is an essential factor in photocatalytic CO, reduction. AG
can be optimized by changing the type of semiconductor, center
atom, or ligand, thereby improving the photoactivity, selectivity,
and stability of the catalyst. Adsorption capacity of the substrate
is another important factor to be considered for the construction
of efficient PEC interfaces. An example is a biomimetic inter-
face for CO, reaction integrating the light harvester Co;0, and
a ruthenium complex on the surface of a porous carbon aero-
gel, which has a high specific surface area (Figure 4c).*’ Carbon
aerogel and the enzyme-mimicking ruthenium complex syner-
gistically enhanced the concentration of surface-adsorbed CO,.
The Co,0,/ruthenium complex composite catalyst effectively ab-
sorbed light and produced electrons under light irradiation. The
photoinduced electrons rapidly underwent directed transfer to
CO,in the electric field. CO, accepted the electrons and then un-
derwent a two-electron reduction process, which selectively con-
verted it to formic acid. It was shown that this CO, adsorption-
enhanced biomimetic catalytic system had several advantages, in-
cluding low energy consumption (the CO, reduction potential is
only -0.45 V vs NHE), concentrated target product (formic acid
selectivity>99%), and highly efficient conversion (Faradaic effi-
ciency of 86%).

In addition, the connection between the semiconductor and
the supporting molecules is also crucial for increasing the reac-
tion rate. The immobilization of molecular catalysts on semicon-
ductors in the aforementioned studies was realized by physical
adsorption. The relatively feeble van der Waals interactions be-
tween molecular catalysts and semiconductors may lead to the
leaching of catalysts, impairing the catalytic performance during
long-term PEC.'"] In addition, linkage via adsorption may re-
duce the efficiency of electron transfer between the metal com-
plex and semiconductor. To achieve a strong linkage, phospho-
nate self-assembly was employed to bind the semiconductor N-
Ta,0, and [Ru-dcbpy] to convert CO, into formic acid under
visible light.%®! Different linking groups, including COOH and
PO;H,, as well as different connection methods (anchoring with
organic groups, physical adsorption and direct mixing), were
investigated experimentally. The results showed that the main
product on these four photocatalysts in the MeCN/TEOA (5:1,
V/V) solution saturated with CO, was HCOOH, and the two-
electron reduction product CO was also detected. Among them,
the PO;H,-linked catalyst exhibited the highest photocatalytic ac-
tivity with a high TONy;¢o0py of 118. This result indicated that
the composite method and the chemical structure of the linking
group can affect the photocatalytic activity of the catalyst.

Since then, an increasing number of molecular cata-
lyst/semiconductor hybrid catalysts linked with different
organic groups, such as cobalt porphyrin/conductive diamond
linked by azide alkyne rings®® carboxyl-linked Re(CO);-
Cl(dcbpy)/rutile TiO,{001},[°) phosphate-linked Ru(Il) binu-
clear complexes/Ag/TaON,!®!l graphite-conjugated fac-Re(1,10-
phenanthroline)(CO),CL%! and Re(bipy)/TiO,/Cu,0,/®! have
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been investigated for photo/electrocatalytic CO, reduction.
This kind of valence-bonded molecular catalyst/semiconductor
system exhibits a rapid electron transfer channel, which can
improve the quantum efficiency, TON and TOF of the CO,
reaction. To date, the most extensively investigated linking
groups have been phosphoric acid groups, carboxyl groups
and other oxygenic functional groups, which are beneficial for
bonding with the metal on the semiconductor surface. However,
the electron transfer efficiency of the systems containing these
linking groups cannot outperform that of the systems with dou-
ble bond and 77— stacking as the linking method. Liu et al.[%¥
constructed a catalytic Co-porphyrin/g-C;N, composite CO,
system by 7—r stacking and realized the efficient adsorption and
reduction of CO, to the two-electron product formic acid. The
quasi-3D structure of CoTPP provided pores that were slightly
larger than CO, molecules, which is suitable for the biomimetic
adsorption of CO,. The electron cloud distribution indicates
that the Co atoms in CoTPP can interact with O atoms in CO,
to activate CO,. The photoelectrochemical properties showed
that CoTPP/g-C;N, exhibits excellent visible light absorption
performance and PEC CO, reduction capability. The conjugated
z—r structure of CoTPP facilitates extending the visible light
absorption range to approximately 700 nm, which is beneficial to
the photoelectric reduction of CO,. Additionally, electrochemical
studies have shown that it has good CO, catalytic activity. The
results revealed that it possessed a quasi-3-D structure similar
to that of MOFs and a large specific surface area attributed to
g-C;N,, which favored the adsorption and reduction of CO,. In
an aqueous electrolyte, at a low applied potential of -0.6 V, the
amount of formic acid produced by photoelectric CO, reduction
for 8 hours can reach up to 154.4 umol, and the TON can reach
137.

Molecular catalysts exhibit great advantages owing to the high
controllability of their catalytic properties that can be gained by
tailoring their molecular structures. The valence change of the
central transition metal provides active sites for CO, reduction.
Combining molecular catalysts with semiconductor materials is
a promising way to enhance the selectivity of the desired prod-
ucts, and the decoration of molecular catalysts can broaden the
light response range of semiconductors as photosensitizers. Typ-
ically, electron transfer occurs inside hybrid catalysts; thus, deter-
mining how to achieve efficient, fast, and directed electron trans-
fer between molecular catalysts and semiconductors is a com-
pelling frontier for researchers. In addition, methods of tuning
the molecular structures to achieve efficient and highly selective
CO, reduction are also worth investigating.

2.4. MOF/Semiconductor Biomimetic Interfaces

Metal organic frameworks (MOFs), a unique category of molec-
ular catalysts, have attracted extensive attention due to their 3D
porous structures. Generally, metal ions or clusters are used as
connection nodes, and organic ligands support the construc-
tion of a 3D extension of space. After the emergence of zeo-
lite and carbon nanotubes, MOFs have become an important
new porous material with diverse structures and convenient
design processes and are widely employed in catalysis, energy
storage, and separation.®®] Because their structure is similar
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to the hierarchical porous structure of plant leaves that enable
efficient material migration and abundant adsorption sites for
CO, molecules, MOFs have an excellent adsorption capacity for
CO0,,19%] which can facilitate the further reduction of CO,. For
example, a Cu-based HKUST-1 MOF supported on gas diffusion
electrode (GDE) with high surface area was synthesized and em-
ployed in electrocatalytic CO, reduction, achieving a 15.9% FE
and a 17 h stability due to the preservation of its local structure.[®”]
Furthermore, the comparison results with the other three differ-
ent porous materials indicated that the unsaturated coordination
sites exposed in the porous structure favor the conversion of CO,
to alcohols. In addition to the high surface area and robust struc-
ture, it is feasible to control and tune the local chemical envi-
ronment of the active site in MOF to enhance its catalytic activ-
ity. A cationic functional group was tethered at the proximal end
of the Fe-porphyrin active site by postsynthetic modification to
precisely tune the catalytic performance of a Fe-porphyrin-based
MOF via electrostatic secondary-sphere interactions.[®®! The se-
lectivity of electrochemical reduction of CO, to CO was substan-
tially enhanced to nearly 100% by immobilizing pendent posi-
tively charged groups. In situ Raman measurement revealed that
the enhanced electrocatalytic performance was ascribed to the
electrostatic stabilization of CO intermediates, boosting its des-
orption from the catalyst surface. Although MOFs are one cat-
egory of promising materials for electrocatalytic CO, reduction
owing to the designable structures and dispersed metal active
sites, their poor conductivity limits the enhancement of current
density and performance. Yi et al. synthesized a conjugated 2D
conductive phthalocyanine-based MOF (NiPc-NiO,) nanosheets
as highly efficient electrocatalysts for CO, conversion to CO.[%!
NiPc-NiO, exhibits good conductivity due to the high d-z orbital
overlap between the nickel node and the catechol, resulting in a
nearly 100% CO selectivity and 34.5 mA cm™ CO partial current
density. MOFs can also be used as photocatalysts because of their
photoresponse property. Wang et al. prepared three stable and
isostructural MOFs (MOF-Ni, MOF-Co, and MOF-Cu) for hetero-
geneous photocatalytic CO, reduction.''™ Among them, MOF-
Ni displayed a remarkable selectivity of 97.7% for CO products.
However, MOFs themselves have relatively low charge transfer
efficiency when excited by light. Photocatalytic systems using sin-
gle MOF-based photocatalysts require the participation of a sac-
rificial electron donor.l”"!

To enhance the limited charge transfer efficiency, thus far, sev-
eral research groups have combined MOFs with semiconduc-
tors and utilized the light excitation ability of semiconductors
and the CO, adsorption and activation capacity of MOFs to im-
prove the efficiency of CO, reduction. For example, the amount
of methanol generated by ZIF8/Zn,GeO, composite photocat-
alytic CO, reduction increased by 62% over that of pure Zn,GeO,
nanorods.”! Studies have shown that ZIF8 itself does not have
photocatalytic activity for CO,, but it can effectively adsorb CO, in
aqueous solution and enhance the concentration of CO, on the
semiconductor surface. ZIF8 also broadens the photoresponse
range of Zn,GeO,, thereby improving the photocatalytic CO, re-
duction performance. Li et al.”?l combined Cu, (BTC),, which has
CO, adsorption capacity, with semiconductor TiO, to prepare a
Cu, (BTC), @TiO, core-shell structure that can efficiently reduce
CO, to methane via photocatalysis (Figure 4d). The conversion
efficiency was 5 times as high as that catalyzed by pristine TiO,,
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and the ratio of methane to hydrogen increased from 22.7% to
nearly 100%. Ultrafast transient absorption spectroscopy showed
that after Cu,(BTC), was combined with semiconductor TiO,, the
lifetime of photogenerated electron-hole pairs was effectively in-
creased by more than 25 times. This result can be explained by
the fact that after the combination, the photogenerated electrons
can quickly migrate from TiO, to the Cu,(BTC), @TiO, interface
within 1 ps and participate in the reduction of CO,. ZIF9, another
kind of ZIF that can catalyze CO, reduction, was combined with
a semiconductor to prepare two composite materials, Co-ZIF9/g-
C;N,73] and Co-ZIF9/CdS.I"*! Studies have corroborated that af-
ter semiconductor photocatalysts are combined with ZIF9, the
ZIF9 assists in promoting the separation of photoinduced elec-
trons and holes generated on the semiconductors. It can also pro-
mote the adsorption, capture, and fixation of CO,. Under visible
light excitation, the semiconductor photocatalyst was excited to
form photoinduced electron-hole pairs. The photogenerated elec-
trons then migrated to the CO, adsorption sites on the MOF and
participated in the conversion of CO, to CO. A schematic dia-
gram is shown in Figure 4e,f. By tuning the reaction conditions,
such as solvent and temperature, the selectivity of CO, reduction
to CO in acetonitrile solution at 20 °C reached 91.2%.

Due to their abundance in the earth’s crust, low cost, and
unique properties for stabilizing reaction intermediates and pro-
moting C-C coupling, Cu-based catalysts in either Cu?* or Cu*
form have been widely investigated for CO, reduction. For in-
stance, a multi-shelled CuO microboxes electrocatalyst was con-
structed and achieved a FE of 51.3% owing to the approach-
ability of catalytic active sites and enhanced adsorption of CO
intermediates.[””) Compared with Cu and CuO, Cu,0 NPs dis-
play a good performance for generating C2+ products probably
because the existence of low-coordinated Cu* species on the sur-
face can facilitate the C-C coupling.!’®! For example, a 59% FE
for the electroreduction of CO, to ethylene was achieved on Cu,O
NPs enclosed with both {111} and {100} facets.”®®! The joint in-
terface between two facets possesses strong adsorption capabil-
ity of CO intermediates to promote C-C coupling and weaker
adsorption ability of the generated C,H, to facilitate its desorp-
tion from the interface. As the p-type semiconductors, CuO and
Cu, O possess relatively narrow band gaps and exhibit outstand-
ing photocatalytic activity by visible light irradiation.”” Reduced
graphene oxide-CuO nanocomposites were prepared for photo-
catalytic CO, reduction to methanol with a yield of 1228 umol
g 1.8 In another study, Cu,O nanocrystals were employed in
photocatalytic reduction of CO,, producing methanol as the sole
product with a 72% internal quantum yield and 10% solar-to-fuel
efficiency.l”®l The (110) facets of the prepared Cu,O nanocrys-
tals are probably Cu terminated, which accounts for their high
photocatalytic activity. However, bare copper oxides are suscepti-
ble to photocorrosion during photocatalysis or photoelectrocatal-
ysis, resulting in reduced catalytic activity. The porous framework
of MOFs can protect unstable semiconductors from photocorro-
sion. For instance, a core—shell structure with Cu,;(BTC), MOFs
decorated on Cu,O nanowires was constructed to improve the
photocatalytic activity for CO, reduction to CH,.3%! Encapsula-
tion in MOFs can protect unstable Cu,O from photocorrosion,
and the semiconductor can enhance the light absorption capac-
ity of the MOFs. With the combination of Cu-based MOFs, the
yield of CH, can reach approximately 0.73 pmol for 8 h, which is
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1.9 times higher than that of pristine Cu,O. The reusability of the
catalysts was investigated, and it was found that the incorporation
of MOFs led to a higher catalytic stability and prolonged durabil-
ity. In addition, the porous structure attributed to the MOFs in-
creased the surface-to-volume ratio, which enhanced the CO, ad-
sorption capacity. The EIS results indicated that the hybrid cata-
lyst possessed a lower charge transfer resistance than bare Cu, O,
demonstrating a faster charge transfer at the interface.

MOFs materials have a unique spatial 3D porous structure
analogous to that of plant leaves, and this structure provides suf-
ficient adsorption sites for molecules and high connectivity. By
changing the central metal atom, tuning and modifying ligands
and applying other manipulation methods, supramolecular in-
teractions such as hydrogen bonds and z—z bonds can be en-
dowed to the pores, thereby enhancing the adsorption and activa-
tion of CO,. To date, the combination of MOFs with semiconduc-
tors are mostly realized by direct mixing and physical adsorption,
which leads to low charge carriers transfer efficiency between
semiconductors and catalysts. Therefore, like the molecular cat-
alyst/semiconductor catalytic system, the efficient and swift elec-
tron transfer between MOFs and semiconductors is also a fron-
tier for researchers.

2.5. Microorganism/Semiconductor Biomimetic Interfaces

Since biological systems provide a relatively complete environ-
ment for utilizing solar energy in a more complex and effec-
tive way, microbial catalytic reduction of CO, has unique advan-
tages. Biological enzymes such as carbon monoxide dehydroge-
nase (CODHs), formate dehydrogenase (FDH), alcohol dehydro-
genase (ADH), and formaldehyde dehydrogenase (FADH) can
selectively convert CO, to specific products at room temperature
and atmospheric pressure. However, these reaction processes
usually require expensive NADH as an auxiliary material.®!l In
addition, the shortcomings of the biophotosynthetic system are
also obvious, since the primary goal of biophotosynthesis for
plants is survival instead of maximizing the conversion of solar
energy. The photosynthesis efficiency of most plants is only 0.1%,
while the highest efficiency is no more than 6%./8

Microbial electrosynthesis (MES) is a new bioelectrochemical
technique developed over the past decade. Microbial electrosyn-
thesis of CO, refers to a process driven by external electrical
energy in which electrochemically active carbon-fixing microor-
ganisms take in CO, as their only carbon source to convert it
into value-added chemicals and fuels. Currently, the most com-
mon microorganisms used for CO, reduction via MES include
methanogens and acetogens.[®3] These microorganisms can all
convert CO, with specificity at a relatively low cathode poten-
tial that is usually lower than -1.0 V versus SHE. Therefore, the
combination of semiconductor nanocatalysts that possess excel-
lent spectral absorption and photoelectric conversion capabilities
with microorganisms can enhance the advantages of both to carry
out the biomimetic PEC conversion of CO,.

There are currently two microbial/semiconductor catalysis
systems for CO, reduction that have different sources of elec-
trons. In one system, microorganisms directly obtain electrons
from the surface of semiconductors and then react with protons
and CO, inside the microorganisms. A hybrid semiconductor
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nanowire-bacteria system with anaerobic bacterium and Sporo-
musa ovata fixed on Si nanowire arrays was constructed (Fig-
ure 5a). This system utilized Si nanowires to capture light, pro-
viding energy for microorganisms and reducing CO, to acetic
acid at a relatively low overpotential (less than 200 mV) with a
Faradaic efficiency as high as 90%; good stability was maintained
even after 200 h of operation.[®* This method can also be used to
endow nonphotosynthetic microorganisms with photosynthetic
abilities. After the combination of Moorella thermoacetica and the
photocatalyst CdS, the photoelectrons generated on CdS can be
used to convert CO, to acetic acid with a high quantum efficiency
of up to 85% + 12% (Figure 5b,c).!%] In the other system, microor-
ganisms take the H, generated from photocatalysis on the semi-
conductor and use it as an electron carrier to reduce CO, inside
the microorganisms. A hydrogen evolution electrocatalyst was
used as the cathode to split water to produce hydrogen, and the
highly biocompatible Methanosarcina barkeri was chosen as a bio-
catalyst for CO, fixation so that H, and CO, could react in the mi-
croorganisms to produce CH, (Figure 5d). The system achieved
a total Faradaic efficiency of 86% over 7 d. After the anode and
cathode were replaced with an InP photocathode and a TiO, pho-
toanode that possessed photocatalytic activity, the reaction could
be driven under light without external input of electrical energy,
and a FE of 82 + 10% was achieved on the n* /p-Si/NiMO photo-
cathode with a low overpotential of 175 mV.®l Similarly, in the
CoP;|Co-P|Ralstonia eutropha hybrid system, R. eutropha bacteria
can also utilize H, generated by water splitting to convert CO,
into alcoholic liquid fuels and biomass. The energy efficiency of
CO, reduction has reached 10%, which is higher than that of
the natural photosynthesis system.[®”] The main difference be-
tween these two types of transformation systems is the method of
electron transfer. Microbial systems that directly accept electrons
from electrodes cannot be applied with excessively high current
density during operation, since high current density can lead to
the rapid generation of hydrogen and the shedding of microbial
membranes. These phenomena inhibit electron transfer and lead
to a slower reaction rate. In contrast, indirect electron transfer is
limited by the solubility of H, in water, resulting in a low mass
transfer efficiency.

Microbial/semiconductor biomimetic PEC can efficiently and
selectively convert CO, over a long operating lifetime. However,
due to the complexity of microbial systems, it is necessary to con-
sider the biocompatibility of the corresponding semiconductor
materials and the interactions between the microorganisms and
semiconductors. Moreover, it is also essential to understand the
mechanisms of extracellular electron transfer; such an under-
standing can be achieved by integrating knowledge from mul-
tidisciplinary fields such as electrochemistry, materials science,
engineering, microbiology, metabolic engineering, and synthetic
biology. Therefore, the directed conversion of CO, into fuels and
value-added chemicals can be improved.

Among these five semiconductor-based biomimetic catalytic
interfaces, metal cocatalysts have been widely studied. They can
widen the photoresponse range of semiconductors effectively
and promote the rapid separation of photogenerated carriers,
but more importantly, their nanoparticle morphology and size
can be controlled and their crystal facets can be adjusted, en-
abling the efficient activation of CO,. The activation configura-
tion of CO, is limited by the metal species, resulting in different
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selectivities of CO, reduction products with different metal cata-
lysts. However, compared with the other four types of biomimetic
catalytic interfaces, the amount of CO, adsorption at the metal in-
terface is insufficient. The advantage of small molecule catalysts
is that they can be designed with -OH, -NH-, and other func-
tional groups to introduce acid-base active sites, thereby enhanc-
ing the adsorption and activation of CO, at the interface. Molecu-
lar catalysts adsorb and activate CO, through the weak coordina-
tion bond between the central metal and CO, and its reduction
intermediates. Such bonding clarifies the CO, reduction mech-
anism on molecular catalysts, but the products are often limited
to C1 products such as CO and HCOOH. By changing the cen-
tral metal atom and regulating and modifying the ligands, acid—
base active sites and supramolecular forces such as hydrogen
bonds and z—x bonds are imparted to the porous 3D structure of
MOF materials. Therefore, the adsorption and activation of CO,
in the pores of MOFs are enhanced. The MOF/semiconductor
biomimetic interface combines the advantages of the above three
types of biomimetic catalytic interfaces. It is designable in terms
oflight absorption and CO, capture, adsorption, and activation. It
is currently the most promising interface to fully simulate natu-
ral photosynthesis. The biomimetic microbial semiconductor in-
terface uses microorganisms to metabolize CO, to convert CO,.
Therefore, this type of biomimetic interface clearly enables the
formation of CO, reduction products and it is expected to yield
products with more carbon atoms. However, its shortcomings
are also obvious; the CO, reduction products and reduction effi-
ciency are determined by the metabolism of microorganisms, so
the selection and cultivation of microorganisms and their harsh
growth environments are limiting factors of the system.
Although biomimetic photoelectrocatalytic reduction of CO, is
attracting extensive attention, the stability of photocathode has al-
ways been an important factor restricting the activity of catalytic
CO,. Under illumination condition, electrons and holes can be
formed on the semiconductor catalyst; however, these electrons
and holes may induce photocorrosion due to the reduction or ox-
idation of the catalyst itself. Although the addition of voltage can
alleviate photocorrosion, it is still a major problem that restricts
the stability of catalysts. Researchers have made great efforts to
find ways to enhance the stability of photocathodes. The ways to
enhance the stability of the photocathode are summarized as fol-
lows. First, metal doping is an effective measure to mitigate pho-
tocorrosion. Metal doping on semiconductors enables the trans-
fer of photogenerated electrons to metals and prevents the re-
duction of semiconductor catalysts. Liu et al. showed that pho-
toelectrocatalytic CO, conversion to ethylene can be achieved by
electrodeposition of Ag onto Cu,O with ~#60% Faradaic efficiency
for hours, whereas bare Cu,O degrades within minutes.[38 Sec-
ond, by constructing heterojunctions with other semiconductor
materials, photocorrosion can be alleviated and the stability of

www.advancedscience.com

catalysts can be enhanced. The Cu,O has strong photocorrosiv-
ity, which significantly affects the stability of catalysts. Zhang et
al. loaded SnO, onto Cu,O nanowires (NWs) as photocathode
for PEC reduction of CO, to CO, which maintained long-term
stability within 12 h.®) Third, the unstable catalyst material can
be encapsulated within the stable material to improve the sta-
bility of the catalyst. Wu et al. encapsulated Cu,O nanowires in
MOFs of Cu,(BTC), (BTC =1,3,5-benzene tricarboxylate) for CO,
reduction.®] MOFs can not only suppress Cu,O corrosion in-
duced by water vapor, but also promote charge separation and
CO, adsorption, resulting in 1.9 times increase in the activity and
stability of the nanocomposite for selective photocatalytic CO, re-
duction to methane. Fourth, the preparation method of the pho-
toelectrode is also a factor affecting its stability. Currently, most
of the catalyst materials are dispersed in Nafion and coated on
the support electrodes (e.g., carbon paper, glassy carbon, fluorine-
doped tin oxide), whereas this loading method may lead to poor
catalyst stability due to uneven contact or weak binding between
catalysts and substrates. The connection methods such as z—
7 stacking/® and in situ growth!®! can enhance the interac-
tion between catalysts and substrates, thus improving photoelec-
trode stability and boosting charge transfer. More and more ap-
proaches are being explored to improve the stability of the pho-
toelectrode for CO, reduction. Solving the problem of photoelec-
trode stability will lay the foundation for the rapid development
of biomimetic photoelectrocatalysis of CO,.

3. Electron Transfer and Proton Coupling on the
Biomimetic Photoelectrocatalytic Interface

In natural photosynthesis, water is oxidized by photogenerated
holes to produce oxygen and provide protons for the fixation of
CO, in the subsequent dark reaction.[®l CO, is then reduced via
the Calvin cycle, which is a directed electron transfer process.
Similar to natural photosynthesis, water can be oxidized at the
anode of the biomimetic PEC interface, producing oxygen and
protons.?}] Subsequently, CO, is reduced on the cathode via a
directed electron transfer and proton coupling process to gen-
erate various products. This process is accompanied by an in-
tricate mechanism involving multielectron transfer and proton
coupling processes, resulting in poor product selectivity. Consid-
ering the complexity of the reaction on the biomimetic PEC in-
terface, clarifying the electron transfer process between catalysts
and semiconductors and elucidating the potential pathways of
the CO,RR are of great importance. In this section, we illustrate
the interfacial electron transfer process on different biomimetic
PEC interfaces and summarize several possible reaction path-
ways for the reduction of CO, to different products. Moreover,
proton coupling on the PEC interfaces is discussed according to
different proton sources.

system, proceeding from the growth of the cells and bioprecipitation (loading) of the CdS nanoparticles (shown in yellow) through photosynthetic
conversion of CO, (center right) to acetic acid (right), and c) pathway diagram for the M. thermoacetica—CdS system. Two possible routes to generate
reducing equivalents, [H], exist: generation outside the cell (dashed line) or generation by direct electron transport to the cell (solid line). Reproduced
with permission.[3°] Copyright 2016, American Association for the Advancement of Science. d) General scheme depicting a hybrid bioinorganic approach
to solar-to-chemical conversion. Sustainable energy inputs in the form of electrical potential or light can be used to generate hydrogen from water using
inorganic HER catalysts; biological hydrogen-driven CO, fixation can subsequently generate value-added products such as methane. This materials biol-
ogy interface can be generalized to other chemical intermediates and end products by mixing and matching different compatible inorganic and biological
components. Adapted with permission.[8¢] Copyright 2015, National Academy of Sciences.
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3.1. Electron Transfer and Product Regulation

As mimics of natural photosynthesis on the hybrid biomimetic
PEC interface, modified materials, including metals, small
molecules, molecular catalysts, MOFs and microorganisms, typ-
ically perform as active sites for CO, adsorption, activation and
reduction, while semiconductors absorb light and supply active
photogenerated electrons to facilitate the CO,RR. CO, is reduced
by a directed electron transfer process on the biomimetic PEC
interface. In contrast to PC and EC, the electrons on the PEC
interface originate from two pathways: some electrons are pho-
togenerated, while others are supplied by applied voltages. Un-
der light irradiation at a specific wavelength, the semiconductor
photocathode is excited and produces photogenerated electrons
in the conduction band and holes in the valence band.l®!! The ap-
plied electric field can facilitate the separation of charge carriers
and drive the migration of photogenerated electrons to the sur-
face of the cathode. Then, CO, is reduced to fuels on the cathode
by the photogenerated electrons and the electrons provided by
the applied voltage.

Interfacial electron transfer on different biomimetic PEC
interfaces can be achieved by the potential difference between
the catalyst and semiconductor, where the transfer driving force
consists of the Schottky barrier, the difference between the con-
duction band minimum and the lowest unoccupied molecular
orbital (LUMO) potential. At the metal cocatalyst/semiconductor
biomimetic PEC interface, the Schottky junction between the
metal particles and the semiconductor can promote the separa-
tion of charge carriers and cause the photogenerated electrons
to accumulate on the metal cocatalysts. The electrons can then
be transferred from the semiconductor to the cocatalyst under
photoinduction, which is followed by the reduction of CO,.[*?]
At the small molecule/semiconductor biomimetic interface,
small molecules act as electron donors and provide adsorp-
tion sites for the electrophilic C atoms of CO,, activating it.
The supplementation of photogenerated electrons from the
semiconductor can further improve this effect and reduce CO,
(Figure 62).*! A molecular catalyst can be designed to pre-
cisely control the functionality, and it can act as the reduction
center when a semiconductor is used as the light absorber,
forming an efficient hybrid catalytic system. At the molecular
catalyst/semiconductor biomimetic PEC interface, the semi-
conductor absorbs light to generate photoinduced electrons,
which are transferred to the molecular catalyst along with the
electrons emanating from the external circuit due to the match
between the minimum position of the semiconductor conduc-
tion band and the potential of the lowest unoccupied molecular
orbital (LUMO) of the molecular catalyst (Figure 6b,c).”*l MOFs
are a unique category of molecular catalysts. The interfacial
electron transfer at the MOF/semiconductor biomimetic PEC
interface exhibits a trend similar to that of aforementioned
molecular catalyst/semiconductor interface, implying that
electron transfer from the semiconductor to the MOFs occurs
(Figure 6d,e).”®] At the microorganism/semiconductor PEC
interface, electron transfer proceeds from the (photo)electrode to
the biocatalyst. The semiconductor and the external bias provide
electrons for the biosynthesis process, while the microorgan-
isms exhibit superior catalytic performance for CO, reduction
(Figure 6f).1°]
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After interfacial electron transfer from the semiconductor to
the catalytic surface, the adsorbed CO, is reduced via a series
of electron transfer processes. Since the carbon atom in CO, is
in its highest valence state, a wide range of reduction products
can form. The CO,RR may go through different reaction path-
ways to reach the same product by generating different interme-
diates. The reduction product depends on the number of trans-
ferred electrons, and the potential reaction pathway is related to
the catalytic interface. After the formation of a bent CO,e™ an-
ion radical via a one-electron reduction of CO,, the intermediate
*COOH is generated via the protonation of the oxygen atom. Fol-
lowing one electron transfer process with subsequent desorption
from the catalytic surface, CO is released.|’] Alternatively, CO, e~
may also be reduced by the protonation of the carbon atom with
oxygen atom adsorbed on catalytic surface to produce *OCHO.
This intermediate is then reduced to formate.®®]

Beyond the initial reduction products, the other C1/C2+ prod-
ucts can be derived from the further reduction of CO or HCOOH.
HCOOH is generally accepted to be the key intermediate in
the formation of formaldehyde.””! After the reduction of CO,
to formic acid, HCOOH is further reduced to formaldehyde via
a sequential two-electron transfer process. The reported path-
ways of the formation of methanol and methane are dissimi-
lar. Some investigations have reported HCOOH as the key in-
termediate in the formation of CH;OH.I'! For example, the
DFT calculations (Figure 7a) on 2D MOF Cu;(HHTQ), revealed
that the hydrogenation of oxygen atoms to produce *HCOOH
releases less energy than the hydrogenation of carbon atoms to
form *OCH, O (0.88 vs 1.32 eV), indicating that the generation of
the *HCOOH intermediate is thermodynamically favorable.!'%]
With one transferred electron and protonation at the oxygen
atom, one molecule of H,O is released, and the *CHO interme-
diate is formed. Adsorbed *CH,O is considered another crucial
CO, reduction intermediate, and it is subsequently reduced to
*CH,OH. Following further reduction with the transfer of one
e, *CH,OH is generated and then desorbs from the catalytic
interface. Alternatively, a reaction pathway of CO, reduction to
CH,OH via the intermediate *CO has been reported on the non-
metal BP (111) catalytic surface.[') In contrast to the aforemen-
tioned mechanism, *OCH, is regarded as another key interme-
diate in addition to *CO. DFT calculations (Figure 7b) indicated
that the hydrogenation of *CO to *OCH is more favorable. With
one transferred electron, *OCH is reduced to *OCH, by proto-
nation at the carbon atom, which results in a lower free energy
change. The intermediate *OCH, is then reduced to *OCH, via
one H* /e transfer to a carbon atom and is eventually reduced to
*CH,OH via another single-electron transfer step.

The formation of methane requires an eight-electron transfer
reaction, which is initiated by the reduction of the intermediate
*CO to *CHO. There are two potential pathways for the forma-
tion of CH, after the formation of *CHO. One is the *OCH,
pathway, which involves the formation of *OCH, and *OCH,,
in which the protonation of the carbon atom is favored and the
O atom bonds with the catalytic surface. DFT calculations have
shown that on a catalytic single-atom Zn surface, the O atom
bonds with the single Zn atom, and the C atom is protonated af-
ter the formation of *CHO, generating *OCH, and *OCH,.['%!
Subsequently, *OCH, is reduced to *OCH,, thus releasing a CH,
molecule and leaving *OH bonded to the catalyst surface. The
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Figure 6. a) Graphical illustration of the proposed mechanism of CO, photoreduction on the AG/CdS. Reproduced with permission.[?32] Copyright 2017,
American Chemical Society. b) lllustration of the visible-light-driven CO, to CO reduction process on Coqpy@mesoporous graphitic C;N,. Reproduced
with permission.[%*] Copyright 2020, American Chemical Society. c¢) Configuration of a PEC cell for CO, reduction based on the NiO photocathode
cografted with the CulnS, QDs and the Re catalyst, and illustration of electron injection and hole transfer in the photocathode. Reproduced with
permission.[%#<] Copyright 2019, Royal Society of Chemistry. d) Proposed Mechanism of photocatalytic CO, reduction to CO with Ni; (HITP), under
visible-light irradiation. Reproduced with permission.[®>3] Copyright 2018, Elsevier. e) A schematic diagram of the photogenerated charge transfer pro-
cess and the induced photochemical reaction in the resultant NiMOF/functionalized CN nanocomposite. Reproduced with permission.[%5®] Copyright
2020, Royal Society of Chemistry. f) Diagram of the photoexcited electron generated from PDI/PFP under illumination transferred by the membrane
protein and finally passed on to the Wood-Ljungdahl pathway for CO, reduction. Reproduced with permission.[%¢®] Copyright 2020, Wiley-VCH.
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final step is the adsorption of one more proton to *OH, produc-
ing H,O. The alternative pathway is the *CHOH pathway. Fol-
lowing the formation of *CHO, *CHOH forms via the preferred
protonation of the O atom. For instance, on the iridium-doped
TiC catalyst, *CHOH is found to be more stable than *CH,0.[1%I
With an electron transfer, *CHOH is reduced to *CH with the
generation of one molecule of H,O. Then, CH, forms through

Ady. Sci. 2022, 9, 2203941

three sequential single-electron transfers and the protonation of
the carbon atom and then desorbs from the catalyst surface.

The formation of C2+ products is more complicated since it
involves not only multielectron transfer but also C-C coupling.
Although the pathways for the formation of C2+ products are
elusive, it is generally accepted that CO, is first reduced to ad-
sorbed *CO, which is a key intermediate in the generation of C2+
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products. Following the formation of *CO, C—C coupling, one of
the most crucial steps in CO, reduction to C2+ compounds, oc-
curs. Three potential mechanistic pathways of C-C coupling are
proposed. In the first pathway, C-C coupling occurs after the for-
mation of the *CHO intermediate derived from the hydrogena-
tion of carbon atoms by one-electron transfer. *CHO preferen-
tially forms on Cu(100), where C-C coupling to form C2 prod-
ucts is achieved by the dimerization of the *CHO species.l'*!
The DFT calculations illustrated a barrier of 0.22 eV for the non-
electrochemical coupling of *CHO and *CHO, which is lower
than that of the coupling of *CO and *CHO, indicating that the
C—C coupling kinetics can be promoted by increasing the hydro-
genation degree of C1 intermediates. Compared with the compet-
itive conversion of *CHO to *CH,O which is the key intermedi-
ate for methanol and methane formation, adsorbed OHC-CHO
is favored at low potentials since C—C coupling is a nonelectro-
chemical step. Following C-C coupling, a series of reduction re-
actions, including O-H bond formation, C-OH bond cleavage,
and C-H bond formation, occur, producing C2 compounds (Fig-
ure 7c). The second pathway, the dimerization of *CO, is consid-
ered a more prevalent C—C coupling mechanism and is reported
in most studies. Given that CO is one of the main products of
CO,RR, surface coverage of *CO is supposed to be larger than
that of hydrogenated species.['%] Therefore, the C-C coupling via
direct dimerization of *CO is more likely to occur due to the high
surface concentration of *CO. This tendency can be verified by
both electrochemical analysis and DFT calculations. For exam-
ple, Meng et al.l'%] reported a tandem catalyst PTF(Ni)/Cu con-
structed by dispersing Cu NPs on the porphyrinic triazine frame-
work anchored with atomically isolated Ni-N, sites for highly se-
lective electrocatalytic CO, to C,H,. Operando ATR-FTIR stud-
ies confirmed the appearance of chemisorbed CO peak in the
band located at 2089 cm™. A large amount of *CO is expected
to trigger the formation of C2+ products. Furthermore, a band
at 1585 cm™ was displayed, which can be assigned to the C-O
stretching of *COCO™ intermediate. The bands were red shift in
the 13CO, labeling ATR-FTIR experiments in KCI solution, in-
dicating that the observed bands are ascribed to CO,RR inter-
mediates instead of carbonate or bicarbonate from electrolytes.
DFT calculations further revealed the tandem mechanism that
CO can be desorbed from PTF(Ni) and then migrate to the ad-
jacent Cu(200) surface due to the lower adsorption energy at
Cu(200). With the surface coverage of CO increasing, CO dimer-
ization for the formation of *OCCO with a significantly lower
free energy (0.51 eV) is favored in comparison to the competi-
tive hydrogenation of *CO for the generation of *CHO. After the
rate-determining step, C,H, is produced via several intermedi-
ates such as *OCCOH, *CCO, and *CHCHO by a series of H* /e~
transfer reaction on Cu(200) surface. In addition to tandem catal-
ysis, nanoconfinement also provides an effective strategy for the
promotion of C—C coupling by tuning the diffusion kinetics to
achieve a high local concentration of C1 intermediates for their
dimerization. For instance, a series of Cu,O hollow multi-shell
structures with different shell numbers were prepared based on
the finite-element method simulation results, presenting a max-
imum C2+ FE of 77%. The nanoconfinement effect promotes
the contact and interaction of reactants, meanwhile the restricted
outflux of as-formed species can suppress the desorption of C1
intermediates. Current-step experiment and in situ electrochem-
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ical Raman spectroscopy studies unraveled that the increase of
shell number leads to a higher coverage of surface-absorbed CO
for enhanced carbon dimerization.['””] Another evidence sup-
porting the pathway of direct *CO coupling is offered by mecha-
nistic studies of CO, photoreduction over Co-doped NiS, atomic
layers (Figure 7d,e). Via in situ FTIR measurements, absorption
bands were observed at approximately 1191 and 1672 cm™ dur-
ing photocatalytic CO, reduction.'®] These two peaks can be as-
cribed to the C-OH and C=0 stretching modes of the OC-COH
intermediate, which is formed through the dimerization of *CO
and the protonation of the O atom. In the third pathway, C-C cou-
pling may also occur between *CO and *CHO. Head-Gorden and
co-workers proposed an alternative mechanism of C-C coupling
between *CO and *CHO to derive C2 products over the (100)
and (111) facets of Cu.l'! This mechanism identifies *COCHO
as the key intermediate in the reduction of CO, to C2 products,
as the DFT calculations indicate that at high potentials the re-
duction of CO to *CHO with subsequent coupling with *CO to
form *COCHO is more favorable than the dimerization of *CO.
In comparison to its tautomer *COCOH, the structure of *CO-
CHO does not contain a double bond to the surface, thus pre-
senting 0.43 eV more stable without an applied potential. These
findings provide evidence for the proposed C—-C bond formation
mechanism.

3.2. Proton Coupling and Reaction Pathways

CO, is thermodynamically stable and kinetically inert, making its
reduction difficult.''% After the adsorption of CO, molecules on
the catalytic interface, the formation of CO,e~ anion radicals via
a one-electron transfer process requires a high overpotential of
-1.90 V to convert the linear molecular structure of CO, to a bent
anionic radical.""] However, with proton coupling, the overpo-
tential of the CO,RR shifts to a more positive value, indicating a
lower energy barrier.l''?] This result suggests the significant role
of protons in the reduction of CO,. In natural photosynthesis,
protons are produced by the light reaction where water is oxidized
and then transferred by the proton transferase NADPH, which
can supply recyclable protons for the CO,RR. In the biomimetic
PEC CO, reduction, the source and supply route of protons can
vary, and they include the dissociated protons provided by the
electrolyte and the protons generated at the anode.

In aqueous electrolyte solution, water molecules are generally
considered proton donors that participate in CO, reduction. The
mechanism by which water molecules near the cathode act as
proton sources to promote the CO,RR is proposed at the MoS,
interface.[''] DFT calculations imply that one proton dissociates
from a water molecule near the cathode and then is transferred
through the hydrogen bond chain; it then combines with *CO,
to form a *COOH intermediate with a relatively low free energy
barrier of 0.21 eV. With the aid of the protons, the C-OH bond is
broken to form *CO, simultaneously producing a H,O molecule.
CO finally desorbs from the cathode surface, and the newly gen-
erated H,O molecule participates in the reaction again and fur-
ther lowers the energy barrier. In addition to water, some organic
molecules serve as proton donors to facilitate the CO,RR. For
example, to suppress the competing HER, n-propanol (PrOH)
has been employed as a weak proton donor in CO, reduction by
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FeTPP.['"*] The presence of the weak proton donor favors the pro-
tonation of the C atom of CO,, leading to the selective production
of formate. Inspired by natural photosynthesis, researchers have
investigated NADH analogs as redox mediators for the enhanced
catalytic performance of electrochemical CO, reduction by iron
porphyrin (Figure 8a).'">] The redox reaction of NADH analogs
can facilitate the two-electron/two-proton transfer process, sup-
plying protons for the reduction of CO, to CO via a cyclic pathway.
With the addition of a proton/electron donor, the catalytic activity
for CO, reduction is enhanced 13-fold. Further experiments with
different additives have shown that employing an electron-only
additive enhances the rates of CO evolution over that of pristine
Fe-TPP (8.4-fold), but these systems do not outperform NADH
analogs that serve as both electron and proton sources, implying
the significance of protons in improving the catalytic activity.

While they are often supplied by electrolytes or additives, pro-
tons can also be generated by water oxidation on the anode. For
example, at a Nafion-coated TiO, interface, selective alcohol pro-
duction was achieved due to the faster proton transport provided
by the Nafion coating.!'®) In the PEC CO, reduction system, pro-
tons are produced by the oxidization of water at the BiVO, pho-
toanode. At the cathode, abundant protons are monitored by the
functional Nafion coating, which promotes the fast transfer of
protons and high proton concentrations around the cathode. Af-
ter the formation of the CO, e~ anion radical, a proton is trans-
ferred from the catholyte to CO,e~. Methanol and ethanol are
generated through a series of proton-assisted electron transfer
processes. Since electron transfer is kinetically favorable over pro-
ton transport, the proton concentration around the cathode de-
termines the reaction rates. Thus, the abundant protons acceler-
ate the protonation of CO,e~ and the production of methanol by
preventing the dimerization of CO,e~, whereas insufficient pro-
tons drive the dimerization of CO,e~ to generate more ethanol.
This result indicates that protons play an important role in tuning
the product selectivity of the CO,RR. To supply sufficient protons
for CO, reduction, water oxidation may be replaced by the oxida-
tion of organics at the anode. For example, a paired PEC system
reduces CO, to CH;OH at the cathode and while also promot-
ing the oxidation of furfural to 2-furoic acid and 5-hydroxyfuroic
acid at the anode (Figure 8b).'"] Under light irradiation, the
photocathode is excited and produces photogenerated electrons
and holes, while furfural, instead of water, is oxidized to gener-
ate more protons at the anode surface. These protons effectively
participate in the PEC CO, reduction to CH;OH, increasing the
product yield.

To directly supply protons from the catholyte to the catalytic
surface without undergoing proton transfer, catalysts can be en-
dowed with proton donor functions by design. For instance, effi-
cient CO, reduction to CH, with the aid of protons provided by
the oxidation of lattice hydroxyls on CoGeO,(OH), photocatalyst
surface has been reported (Figure 8c).[''8] Under light irradiation,
the surface lattice hydroxyl groups were oxidized by the photo-
generated holes to produce protons and oxygen vacancies. The
adsorption and activation of CO, were realized by capturing O
atoms at the Lewis acid sites (the oxygen vacancies) and C atoms
at the Lewis base sites (the hydroxyl groups). With the assistance
of protons, the reaction kinetics of CO,RR were accelerated, pro-
moting the formation of CH,. Instead of generating protons via
the oxidization of surface hydroxyls, proton donor groups linked
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to the catalyst can also serve as proton sources. For example, the
proton donor H,Pc can facilitate the selective CO, reduction to
CO on a conjugated composite microporous CoPc/H,Pc polymer
catalyst (Figure 8d).['"] The measurement of kinetic isotope ef-
fect (KIE) indicated that the rate-determining step was the pro-
ton transfer process, and the addition of the proton donor, H,Pc,
decreased the KIE value from 4.0 to 1.77, signifying accelerated
proton transfer. The proton donor H,Pc lowered the energy bar-
rier of the reduction of *CO, to the *COOH intermediate and
the further reduction of *COOH to *CO. Finally, CO was des-
orbed from the Co reactive sites. In another example, Barton Cole
et al.l'?% investigated the homogeneous catalytic CO, reduction
by pyridinium. They found that pyridinium can reduce CO, to
CH,;OH. Among these reaction pathways, the re-adsorption of
intermediates (¢COOH, ¢CHO, CH,0) on pyridinium and the
reaction of pyridinium radicals to provide He were predominant.
Theoretical calculations revealed that the AG of the adsorption
of the intermediates on pyridinium was greater than 0, and the
reaction between the intermediates and the pyridinium radical
to generate a product was spontaneous. If hydrogen atoms were
continuously added after CO, adsorption, the AG of the adsorp-
tion process would remain less than 0.

Molecular catalysts can supply protons due to their specific
molecular structures. The molecular catalyst system for CO, re-
duction is also the type of catalysis that is most similar to natural
photosynthesis. The direct addition of H atoms to C promotes
the generation of value-added C1 compounds. If the molecu-
lar catalyst can not only effectively adsorb CO, but also provide
the H~ that combines with C atoms, C1 compounds such as
methane and methanol may be generated effectively. The biolog-
ical coenzyme NADH, which is essential for the citric acid cycle,
can provide one H* and two e~ (equivalent to one H~). Tanaka’s
research team found that [Ru(pbn)(bpy),](PF;), (pbn = 2-(2-
pyridyl)benzo[b]-1.5-naphthyridine, bpy = 2,2’-bipyridine) can be
reduced to [Ru(pbnHH)(bpy),](PF,),; the structure of this com-
plex is analogous to the coenzyme NADH under electrochemical
conditions. It was also found that the Ru complex can transfer
hydrides between molecules; it can directly transfer H™ to the
C atom in the carbonyl group of acetone. Subsequently, the re-
search team studied the catalytic ability of [Ru(pbnHH)(bpy),]**
in CO, reduction.['?!] The C-H bonds can be formed through the
transfer of H- with the aid of the benzoic acid anion, thereby re-
ducing CO, to formic acid. Moreover, [Ru(pbn)(bpy),]** can be
reduced again to [Ru(pbnHH)(bpy),]** by photocatalytic reduc-
tion; this is an example of molecular catalyst recycling. However,
this type of molecular catalyst cannot provide abundant CO, ad-
sorption sites and can only achieve the intermolecular transfer of
H-. If intramolecular H™ transfer can be achieved, the catalytic
activity of the molecular catalyst may be further enhanced.

To compare the hydride transfer capacity of different
molecular catalysts, Muckerman et al.'?2l then calculated
the hydricity of [Ru(pbnHH)(bpy),]** and other molecular
catalysts. The calculated results showed that the hydride-
donating ability of [Ru(pbnHH)(bpy),]** is not very strong,
while the triply reduced and doubly protonated isomeric
[Ru(pbnHH)(bpy),* ]** exhibited the most promising hydride-
donating power. Moreover, it was found that the hydride
transfer capacity of [Re(pbnHH)(CO),Cl] is stronger than that of
[Ru(pbnHH)(bpy),]**. According to the previous review on the
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Re bipyridine complex, during the catalytic reduction process,
this type of molecular catalysts can easily lose a Cl” to form a
five-coordinate compound, which provides an empty coordina-
tion site for the combination of CO, with the complex.[!?)] In
this way, the M—C bond can be formed and while intramolecular
H~ transfer occurs simultaneously.

In summary, during CO, reduction, as protons are coupled,
the energy barrier of CO,RR can be lowered and the catalytic re-
action pathway can be altered, facilitating the conversion of CO,
with low energy consumption and high efficiency. The protons
can not only be derived from the electrolyte and anodic oxidation
reaction but also be provided directly by the catalyst. Additives
may be added as extra proton donors, or the anodic water oxida-
tion reaction can be replaced by the oxidization of organic com-
pounds. However, the proton transfer efficiency is still limited by
the diffusion rate more so than when protons are directly pro-
vided by catalyst. Therefore, to construct an excellent biomimetic
PEC interface, it is necessary to consider the integration of en-
hanced CO, adsorption, multisite activation, electron transfer,
and proton coupling functions.

4. Conclusions and Perspectives

Converting the greenhouse gas CO, to value-added fuels and
chemicals is a promising way to alleviate two global issues, en-
ergy shortages, and environmental deterioration. The efficient
CO, reduction reaction relies on the construction of catalytic
interfaces and explorations of the underlying reaction mecha-
nisms. Natural photosynthesis provides inspiration for the con-
struction of catalytic interfaces to promote CO, adsorption, ac-
tivation, and CO, conversion. Mimicking natural photosynthe-
sis, biomimetic PEC exhibits the advantages of EC, which in-
clude oriented electron transfer, and the strengths of PC, which
include reduced electrical energy consumption; therefore, this
process has great potential for CO, utilization. This review illus-
trates strategies for constructing biomimetic interfaces with en-
hanced CO, adsorption, activation, and conversion. It describes
catalyst modification, biomimetic catalytic interface design, elec-
tron transfer on the catalytic interface, and reaction mechanisms
involving proton coupling and electron transfer to form different
products. It provides a reference for the design and optimization
of efficient biomimetic PEC systems. Among five biomimetic
PEC interfaces, metal cocatalysts can broaden the photoresponse
range of semiconductors and promote the rapid separation of
photogenerated carriers. Furthermore, the controllable nanopar-
ticle morphology and size and adjustable crystal facets enable the
efficient activation of CO,. Nevertheless, the adsorption of CO, at
the metal surface is insufficient compared to the other four types
of PEC interfaces. The modification of small molecules can in-
troduce acid-base active sites via functional groups such as -OH
and —NH-, thereby enhancing the adsorption and activation of
CO,. By modifying the central metal atom and regulating the lig-
ands, molecular catalysts exhibit high controllability of catalytic
properties, but the products are often limited to C1 compounds
such as CO and HCOOH. The MOF/semiconductor biomimetic
PEC interface integrates the advantages of the above three types
of hybrid catalytic interfaces. It is designable in terms of light
absorption and CO, adsorption and activation, presenting great
potential in realizing a thorough simulation of natural photosyn-
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thesis. The microorganism/semiconductor biomimetic interface
enables the production of long-chain multicarbon compounds
via the assistance of microbial metabolism. However, the prod-
uct selectivity and reduction efficiency are limited by the selection
of microorganisms and the harsh cultivation environments. Al-
though many investigations on biomimetic PEC CO, reduction
and catalytic mechanisms have made great breakthroughs, chal-
lenges still remain and substantial efforts are required to further
enhance the conversion rate and selectivity of CO,RR.

First, the linkage between the decoration material and the
semiconductor is usually a noncovalent interaction that is suscep-
tible to leaching and losing its activity. Covalent attachment is a
promising way to overcome this issue, which requires a stronger
link between the catalysts and semiconductor substrates. Sev-
eral strategies for fabricating hybrid PEC interfaces by covalent
linkage assembly include chemical coordination, introducing an-
choring groups (such as carboxylic acids, phosphonic acids, and
hydroxamic acids) and electrochemical polymerization. Chemi-
cal bonding ensures efficient charge transfer between semicon-
ductor electrodes and catalysts, thus facilitating the rapid conver-
sion of CO,.

Second, the reduction of CO, to C1 compounds such as CO
and formate can be achieved with a high selectivity on the re-
ported PEC interfaces, though the selectivity of C2 products is
still limited by the complex reaction pathways involving not only
proton coupling and electron transfer processes but also C-C
coupling. Although the formation of multicarbon compounds is
challenging, natural photosynthesis can realize the oriented con-
version of CO, to glucose, which indicates plenty of scope for in-
vestigations on mimicking natural photosynthesis to obtain mul-
ticarbon products. In addition to mimicking photosynthesis to
enhance CO, fixation and activation on the PEC interface, emerg-
ing catalytic strategies such as tandem catalysis, confinement en-
gineering, highly dispersed single- or dual-atom catalysts can be
adopted to increase the local concentration of C1 intermediates,
thus making the formation of C—C bond more likely to occur.

Third, since CO, reduction on the biomimetic PEC interface
is a complex process including both the multielectron transfer
from the catalytic surface to the adsorbed CO, molecules and
the interfacial electron transfer between the catalyst and semi-
conductor, determining the underlying mechanism is challeng-
ing, especially for the formation of C2+ compounds; a lack of
mechanistic understanding impedes the rational design of ef-
fective PEC interfaces. Although plenty of experimental efforts
have been dedicated to identifying the potential reaction inter-
mediates and pathways toward C2+ products, currently only a
few species have been detected. Due to their high reactivity, the
surface coverage of these intermediates can be extremely low at
all applied potentials, making their detection challenging. Ad-
vanced characterization techniques, including operando surface-
enhanced Raman scattering, attenuated total reflection (ATR)-IR,
scanning electrochemical microscopy (SECM), and in situ X-ray
absorption spectroscopy, should be employed to provide key evi-
dence for the proposed reaction mechanisms. These experimen-
tal methods combined with theoretical calculations enable the de-
termination of the reaction intermediates, reactive sites and the
potential reaction pathways.

Although PC can reduce CO, without additional energy input,
directed electron transfer does not occur. There is still a long way
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to go to fully utilize PC to simulate natural photosynthesis. EC
can achieve directed electron transfer and supply electrons in a
cycle, but much electrical energy is required owing to the high
overpotential of CO,RR. Complementing the advantages of PC
and EC, we consider that PEC CO, reduction is one of the most
promising ways of thoroughly simulating natural photosynthe-
sis in the short term. We believe that this review can provide
researchers with inspiration for designing efficient biomimetic
PEC interfaces to achieve a higher yield and better selectivity of
CO, reduction products.
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