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1. Introduction

The increased presence of greenhouse gases in the atmos-

phere is a major problem that needs to be addressed for a sus-
tainable future. Of the greenhouse gases, carbon dioxide is the

principal concern due to its residence time in the atmosphere,
which is estimated to be years, whereas water vapor has a resi-

dence time of days.[1] Humans use carbon in a linear way,

transforming fossil fuels into atmospheric CO2. Without addi-
tional support for natural photosynthetic systems to fix atmos-

pheric CO2, within a couple of decades, human civilization will
have returned to the atmosphere what natural photosynthesis

had fixed over millions of years. As such, humans need a cyclic
way of using CO2 to have sustainable future.

Two main approaches have been suggested for addressing

this issue—carbon capture and sequestration (CCS)[2] and
carbon capture and utilization (CCU).[3] CCS describes the cap-

ture of CO2 at its human-made origin (e.g. , factories and
power plants) and its sequestration in underground (e.g. , in oil

wells and under ocean and underground bedrocks), without
utilizing CO2 as such.[4] This method is expensive and will not

result in a cyclic use of carbon.

In contrast, the CCU approach covers a broad number of
processes that can be applied to address the issue in which

CO2 is not only captured but also used as a feedstock for vari-
ous chemical products such as formic acid, carbon monoxide,

methanol, and methane.[5–10] Using this method, a carbon-neu-
tral fuel cycle might be realized. For example, a synthetic fuel,
which has been created by recycling the CO2 from the atmos-

phere with the help of renewable energies, would release ex-
actly the same amount of carbon to the atmosphere as used
in its manufacture in the first instance. Therefore, the recycling
of CO2 into synthetic fuels is a carbon-neutral energy vector

provided that only renewable energies such as solar and wind

power are used to input energy into the recycling process.
This Review summarizes the recent efforts to realize the

photoelectro- and electrocatalytic conversion of CO2 into syn-
thetic fuels using organometallic, organic and bioorganic cata-

lysts. We intentionally excluded photocatalytic approaches, be-
cause they go beyond the space and scope of such a review.

However, interested readers are advised to refer to Ref. [11]

and related books and papers therein. This article is divided
into two main chapters that describe the homogenous (cata-

lyst and CO2 are in the same phase) and heterogeneous (the
catalyst material is in the solid phase whereas CO2 is dissolved

in the electrolyte solution) electrocatalytic, photoelectrocatalyt-
ic and bioelectrocatalytic methods toward converting CO2. In

each chapter there are subsections summarizing what has

been done in the field, including our contributions.
Throughout this Review, the applied potentials and/or the

potential ranges are reported versus reference electrodes, such
as the normal hydrogen electrode (NHE), saturated calomel

electrode (SCE), silver–silver chloride electrode (Ag/AgCl), and
so forth, as they are reported in the original papers. For a com-

parison of these reference electrodes, readers can refer to the

conversion bar shown in Figure 1.

Assessing the catalyst performance is of high importance for

comparing different catalyst materials. There are several figures
of merit given through this paper, namely, faradaic efficiency,

catalytic rate constant, overpotential, and turnover number.
Faradaic efficiency defines the selectivity of a catalyst towards
a particular product and can be calculated as (moles of prod-
uct/moles of electrons passed) V (number of electrons needed
for conversion).

The catalytic rate constant k for a typical reaction of the fol-
lowing type [Eq. (1)]:

nAA þ nBBþ ::: ! Products ð1Þ
can be defined as rate = k[A]a[B]b, where a and b are usually
(but not always) integers that are independent of the coeffi-

A broad review of homogeneous and heterogeneous catalytic
approaches toward CO2 reduction using organic, organometal-

lic, and bioorganic systems is provided. Electrochemical, bioe-
lectrochemical and photoelectrochemical approaches are dis-
cussed in terms of their faradaic efficiencies, overpotentials

and reaction mechanisms. Organometallic complexes as well
as semiconductors and their homogeneous and heterogene-

ous catalytic activities are compared to enzymes. In both
cases, their immobilization on electrodes is discussed and com-

pared to homogeneous catalysts in solution.

Figure 1. Reference electrode potentials versus the normal hydrogen elec-
trode (NHE). Ag/AgCl electrode potential value is given for a 3 m KCl solu-
tion. The vacuum level for the determination of energy bands are set to
@4.75 eV for NHE.[12]
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cients nA and nB. The dimensions of k depend on the expo-
nential terms in the rate law. If we define the sum of the

exponential terms of the concentration as p in the rate law
(p = a + b + …) then k will have the dimensions of concentra-

tion1@p per unit time.
Overpotential = applied potential@thermodynamic (or

formal) potential for conversion.
Turnover number (TON) = moles of desired product/number

of catalytically active sites (or moles of catalyst).

In this Review, we aim to give a broad overview of the field
for researchers who have been working on the topic for many

years as well as researchers who are starting out and would
like to pursue this type of research.

2. Homogeneous Electrocatalysis for CO2
Reduction

This section of the Review covers the use of different cata-

lysts—organometallic complexes, purely organic compounds,
or bioactive materials—that are used electrochemically/photo-

electrochemically. These catalysts are used homogeneously,

which means they are in the same phase as the CO2 to be
reduced.

2.1. Rhenium- and Manganese-Containing Organometallic
Complexes

Organometallic complexes are one of the most popular classes

of materials in the field of CO2 reduction. Although there are
many reported examples having varied molecular structure,

polypyridine ligands are extensively used by many scientists in
the field. Covering all of the reported polypyridine complexes

would exceed the space and scope of this Review, therefore
we focus on rhenium- and manganese-containing complexes.

However, we encourage interested readers to refer to one of

the latest review articles summarizing the polypyridine ligands
used for CO2 reduction.[13] Among the polypyridine complexes,

Re-containing complexes are of wide interest.
The first of the Re-containing complexes was reported by

Hawecker, Lehn and Ziessel in 1984.[14] In their paper, the au-
thors describe their findings on [Re(bpy)(CO)3Cl] (bpy = 2,2’-bi-
pyridine), which had been introduced as a homogeneous pho-
tocatalyst by the same group previously[15] for the electro-

chemical reduction of carbon dioxide to carbon monoxide. Ha-
wecker et al. showed that [Re(bpy)(CO)3Cl] (Figure 2) can pro-
duce 32 mL of CO if held at a potential of @1250 mV (vs. NHE)

for 14 h without degradation,
giving a remarkable faradaic effi-

ciency of 98 % and a TON of 300.
The authors note that the complex

gives the highest efficiency if a mix-

ture of DMF/H2O (9:1) is used to-
gether with 0.1 m Et4NCl as the

supporting electrolyte. If no water
was added, CO production was ob-

served to be much slower, leveling
off after a few hours.[14] This study

was a milestone in the field of carbon dioxide reduction and
inspired many subsequent investigations.

Although the study of Hawecker and co-workers set a mile-
stone in the field, in the initial paper, the mechanism behind

the process was not elaborated in detail. However, the study
did have an important comparative experimental aspect in

which electrolyte solutions with and without water were used.
This was an important hint for the subsequent studies. Sullivan

et al. performed a detailed study on the [Re(bpy)(CO)3Cl] com-

plex to clarify the mechanism.[16] Their report describes the
electrochemical behavior of the complex as well as the related
derivatives, which led the authors toward two independent
pathways for the electrochemical reduction of carbon dioxide.
The derivatives used in the study were represented with the
general formula [Re(bpy)(CO)3L]n + , where L = 4-ethylpyridine

(n = 1), Cl@ (n = 0) or hydride (n = 0). The authors showed that

the variation of the ligand did not affect the redox potential of
the first reversible reduction peak, which was observed at ap-

proximately @1120 mV (vs. NHE), and concluded that this peak
originates from the reduction of bipyridine (bpy). The second

(irreversible) reduction peak potential varied with the changing
ligands L suggesting that this process is metal based. Coulom-

etry and bulk electrolytic reduction at @1100 to @1200 mV (vs.

NHE) demonstrated that the first reduction is a one-electron
process. However, this process is coupled to the formation of

the sparingly soluble green dimer [Re(bpy)(CO)3]2. The authors
characterized this dimer by UV/Vis, IR and 1H NMR spectrosco-

py as well as elemental analysis. They also produced this dimer
by chemical synthesis to further support their spectroscopic

conclusions. The mechanism for the formation of the Re–Re

dimer proposed by Sullivan et al.[16] can be summarized as fol-
lows [Eqs. (2)–(5)]:

½ReðbpyÞðCOÞ3ClA þ e@ Ð ½ReðbpyC@ÞðCOÞ3ClA ð2Þ
½ReðbpyC@ÞðCOÞ3ClA fastK! ½Re0ðbpyÞðCOÞ3ClA@ ð3Þ
½Re0ðbpyÞðCOÞ3ClA@ slowKK! ½ReðbpyÞðCOÞ3A þ Cl@ ð4Þ
2 ½ReðbpyÞðCOÞ3A ! ½ReðbpyÞðCOÞ3A2 ð5Þ

The lack of redox activity, indicating the formation of dimer
species in the cyclic voltammogram of the complex, was ex-
plained by the slow rate of the process. The authors suggest

that loss of Cl@ might be preceded by intramolecular electron
transfer to a metal-based ds* orbital [Eq. (3)] , which, as
a result, might facilitate metal–metal bond formation. The au-

thors conducted a constant-potential experiment at @1500 mV
(vs. NHE), which consumed two electrons per Re atom to give

a red-purple solution. This is believed to be the anionic form
([Re(bpy)(CO)3]@) of the complex. If CO2 was introduced into

the electrolyte the first reversible peak at @1120 mV did not

show a catalytic enhancement, suggesting that bpy does not
take part in the catalytic reduction of carbon dioxide if a cur-

rent enhancement in the second reduction peak of the com-
plex is observed (Figure 3).

The authors summarize their findings in a two-way reaction
scheme (Scheme 1) and state that the first path starts with

Figure 2. The chemical struc-
ture of Lehn’s catalyst, [Re(-
bpy)(CO)3Cl] .
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a radical form of [Re(bpy)(CO)3] or its solvated form [Re(bpy)-
(CO)3]·MeCN. They also conclude that dimer formation occurs

only if CO2 is not present in the reaction medium, suggesting
that carbon dioxide intercepts dimer formation. The second

path (a two-electron pathway) involves the anion [Re(bpy)-
(CO)3]@ and results in the production of CO with high current

efficiency.
In 1986, Hawecker, Lehn and Ziessel published results that

included the extended studies on mechanism and the origin of

formed products.[17] The authors argued that irradiation of the
complex under optimum conditions led to a rhenium-to-bipyri-
dine charge-transfer excited state, which then was reductively
quenched by a tertiary amine to give [Re(bpy)(CO)3Cl]@ . They

proposed that the same should be possible in an electrochemi-
cal system in which the Re complex is reduced at an electrode.

They also showed that the maximum efficiency was reached if

the reaction medium contained 10 % H2O. A water content ex-
ceeding 10 % caused a decrease in the efficiency, and forma-

tion of a green precipitate was observed. Their results are in
agreement with those presented by Sullivan et al. ,[16] and they

identified the green precipitate as the dimer of the complex.
The authors also concluded their studies by suggesting a reac-

tion mechanism for the formation of CO in the presence of

water (Scheme 2).[17]

These studies shed light onto the possible mechanistic path-

ways leading to electrochemical reduction of carbon dioxide
to carbon monoxide. However, there was still a debate on

whether a 1 e@ or 2 e@ reduction pathway is preferred or if
there are circumstances under which one of those two is pre-

ferred. Spectroelectrochemical IR studies[18–21] helped to clarify

the mechanism further. Johnson and co-workers studied the
catalytic activity of both the radical [Re(bpy)(CO)3Cl]C and the

anion [Re(bpy)(CO)3]@ separately. Using ligands other than hal-
ides, they eliminated the potential problem of both mecha-

nisms operating simultaneously due to the solvent effect. The
radical [Re(bpy)(CO)3Cl]C@ could be stabilized at lower tem-

peratures,[22] however, at room temperature it transforms into

[Re(bpy)(CO)3]C due to loss of chloride. In the absence of
strongly coordinating solvents or CO2 this species dimerizes

into [Re(bpy)(CO)3]2, as confirmed by Johnson and co-work-
ers.[21] In contrast to a previous study by Sullivan et al.[16] , John-
son and co-workers discovered that the radical [Re(bpy)-
(CO)3(CH3CN)]C is stable in acetonitrile and is involved in a two-

electron pathway for the electrochemical reduction of CO2. The
authors provide spectroscopic evidence showing for the first
time that CO2 does not interact directly with the radical anion

[Re(bpy)(CO)3Cl]C@ , which can only be regarded as the catalyst
precursor, thus ruling out the one-electron pathway. Nonethe-

less, a one-electron mechanism cannot always be excluded.
This pathway prevails in solvents such as THF or DMF, which

cannot stabilize 18-electron radicals [Re(bpy)(CO)3(solvent)]C
due to their weaker coordination abilities compared to aceto-
nitrile. This might therefore subsequently lead to dimer forma-

tion.
Later efforts have involved modification of the chemical

structure of [Re(bpy)(CO)3Cl] in order to improve the catalytic
activity. In 2010, Smieja and Kubiak reported their results for

Figure 3. Top: Cyclic voltammograms of Re complexes under argon and
under CO2. Bottom: Different electrochemical processes of Re complex mea-
sured in 0.1 m Tetrabutylammonium hexafluorophosphate (TBAH) in MeCN
with a scan rate of 200 mV s@1 Reproduced with permission from Ref. [15].

Scheme 1. Reaction pathways suggested by Sullivan and co-workers.[16] Re-
produced with permission from Ref. [15] .
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five different Re complexes, namely, [Re(bpy-COOH)(CO)3Cl] (1),

[Re(bpy)(CO)3Cl] (2), [Re(dmb)(CO)3Cl] (3, where dmb = 4,4’-di-
methyl-2,2’-bipyridine), [Re(bpy-tBu)(CO)3Cl] (4), and [Re(bpy-
OMe)(CO)3Cl] (5), in terms of their catalytic activity and IR spec-

troelectrochemical analysis.[23] The chemical structures of these
Re complexes are shown in Figure 4.

The effect of the ligand on reduction of the complexes
varied from @696 to @1241 mV (vs. NHE) for the first reduction

and from @1481 to @1616 mV (vs. NHE) for the second reduc-
tion peak in complexes 1–5. This difference in reduction peak

potentials arises from the substituents in the 4 and 4’ positions

having diverse electron-donating/withdrawing abilities. The au-
thors argued that the pKa values of the parent pyridines deter-

mine the reduction potential and they reported the pKa values
as an increasing trend with electron-donor character (4-car-

boxypyridine, pKa = 3.10; pyridine, pKa = 5.17; 4-methylpyridine,
pKa = 5.94; 4-tert-butylpyridine, pKa = 5.99; 4-methoxypyridine,

pKa = 6.62).[24] If the solution was saturated with CO2 the com-

plexes showed different increases in catalysis in their second
reduction potential. Whereas complex 2 showed little to no

current enhancement, 1 showed a 3.4-fold increase. The au-
thors compared 1 and 4, as these complexes outperformed

the others, and observed that compound 4 reached an 18.4-
fold current increase, surpassing the activity of 1 (Lehn’s cata-

lyst) by 3.5 times. The report also argued that catalytic activity

towards CO2 reduction not only depends on the electrocatalyst
reduction potential but also on many others. Although com-
plex 5 has the most-negative reduction potential, suggesting

Scheme 2. Reaction mechanism suggested by Hawecker, Lehn and Ziessel. Reproduced with permission from Ref. [16] .

Figure 4. Chemical structures of various rhenium complexes investigated by
Smieja and Kubiak.[23]
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that it should possess a more nucleophilic Re center, it showed
no catalytic activity towards CO2. This, according to Kubiak and

co-workers, suggests a possible p-donor effect over a s-donor
effect. Finally, the authors explained the high and longer elec-

trocatalytic activity of 4 over 1 by the tendency of 4 to form
a stable Re0 radical and undergo less dimerization compared

to 1; they supported this with IR spectroscopy data.
In 2012, Portenkirchner et al. investigated[25] the effect of

substituents at the 5 and 5’ positions (compound 6, Figure 5)

in a comparison to the work by Kubiak and co-workers.[23] They
investigated the effect of extending the p-conjugation on cata-
lytic activity. The effect of extended conjugation on photo-
physical properties as well as the synthesis of 6 is published

elsewhere.[26]

The electrochemical characteristics of 6 were investigated

with cyclic voltammetry and the results are shown in Figure 6.
Compound 6 did not show a clear peak separation between

the first and the second reduction peak. However, it yielded

a more positive reduction wave at around @750 mV (vs. NHE),
which is 330 mV more positive compared to the first reduction

peak of Lehn’s catalyst (1). This might be explained by the in-
creased p-conjugation. If CO2 was introduced to a solution of

1, the cyclic voltammogram showed a 4.5-fold increase of the
second reduction peak at @1750 mV (vs. NHE), whereas for 6,
a 6.5-fold increase at the same potential was observed. Abso-

lute current density was higher for 1 with a value of
@3.47 mA cm@2, whereas it was @2.56 mA cm@2 for 6. The au-

thors also compared the catalytic rate constant k for these
compounds. Lehn’s catalyst 1 showed a catalytic rate constant

k of 60 m@1 s@1, whereas compound 6 yielded a k value of
220 m@1 s@1. Finally, the authors compared the electrocatalytic

and photocatalytic performance of the two compounds. Ex-
periments were conducted in electrochemical cells having an

H geometry. The amount of CO, as the expected product, was
quantified by gas chromatography and FTIR transmission tech-

niques. The amount of dissolved CO in the electrolyte solution
was also estimated using Henry’s law with a Henry constant kH

of 2507 atm mol@1 solvent mol@1 CO.[27] Compound 6 showed

a faradaic efficiency of 45 %, whereas Lehn’s catalyst showed
an efficiency of 50 % if the potential was held constant at
@1950 mV (vs. NHE).[25]

In a further study, Portenkirchner et al. compared different

molecular structures having Re as the metal center for electro-
catalytic CO2 reduction as well as photocatalytic reduction.[28]

They used Lehn’s catalyst 1 as the benchmark compound,

adopted the 4,4’-dicarboxy-substituted bpy from the study of
Kubiak et al. ,[23] and introduced the compound [{5,5’-bis[(2,6-

bis-octyloxy-4-formyl)phenylethinyl]-2,2’-bipyridyl}Re(CO)3Cl] .
The authors counter argue the previous study[23] by showing

that the carboxy-substituted complex can display a catalytic
current enhancement if CO2 is introduced into the medium.

However, to the authors’ surprise the compound did not yield

products and lost its catalytic activity within minutes upon ap-
plying a bias; the authors attributed this to instability of the

compound. [{5,5’-Bis[(2,6-bis-octyloxy-4-formyl)phenylethinyl]-
2,2’-bipyridyl}Re(CO)3Cl] did not show a significant current en-

hancement upon contact with CO2. However, no explanation
was given for the lack of catalytic activity of this molecule.

Substitution at the 4- and 4’-positions of the Re-complexed

bipyridyl ligands was shown to be effective by Kubiak and co-
workers.[23] In that study, Kubiak and his team investigated li-

gands with different substituents at those positions. Porten-
kirchner et al. made a comparative study and investigated the

differences in catalytic activity arising from the same group
substituted at different positions (compounds 6 and 7,

Figure 7).[29] The authors once again showed the effect of ex-

tended p-conjugation on the absorption characteristics
(Figure 8) noting that this can have an impact on photocatalyt-
ic properties. Rotating-disc electrode measurements in this
study showed that the diffusion coefficient of 7 was 2.5 V

10@6 cm2 s@1, which was in good agreement with earlier litera-
ture values.[23, 30] If the electrolyte was saturated with CO2, com-

pound 7 showed an 11-fold increase in current at the fourth ir-
reversible reduction at @1600 mV (vs. NHE), which the authors
assigned to the metal-centered reduction. With the informa-
tion on catalytic current, the authors calculated the catalytic
rate constant k to be 450 m@1 s@1. Using the same method,

compounds 1 and 6 yielded k values of 60 and 220 m@1 s@1, re-
spectively. Despite its higher catalytic rate, compound 7
showed a faradaic efficiency of 12 % after 5 h of electrolysis.

The authors explained this phenomenon by the inhibition of
catalyst material through side reactions such as dimerization

and/or H2 evolution. Their report also emphasizes that the
nature of the working electrode plays an important role. The

authors used two different electrodes—glassy carbon and Pt—
noting that if the working electrode was glassy carbon the cat-

Figure 5. Chemical structure of [{5,5’-bis(phenylethynyl)-2,2’-bipyridyl}-
Re(CO)3Cl] (6).

Figure 6. Electrochemical behavior of 6 under N2 and under CO2.[25] Repro-
duced with permission from Ref. [24] .
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alytic rate dropped drastically to 30 m@1 s@1. This difference was

attributed to the availability of activated protons on the Pt
electrode.[29]

Although various molecular catalysts (porphyrins, corroles,

cyclams, naphthyridines, and so forth) with metal centers such
as Pd, Ru, Fe, Co, and Ni were investigated,[31–49] in the years

after the discovery of Lehn’s catalyst, most research has been
focused on Re-containing complexes. With an estimated aver-

age concentration of 1 ppb, Re, together with other noble

metals, is one of the rarest elements in Earth’s crust. Knowing
this fact, Hawecker, Lehn and Ziessel suggested in the outlook

of their inspiring work[14] that the metal center should be sub-
stituted with more-abundant metals such as Mn, Fe, Co, or W.

However, up to now there are very few studies in which the
Re in bipyridine ligands is substituted.

In 2011, Deronzier and co-workers introduced a new set of
catalysts namely, [Mn(L)(CO)3Br] where L is 2,2’-bipyridine (1) or

4,4’-dimethyl-2,2’-bipyridine.[50] The authors observed two irre-
versible reduction peaks at around @1600 and @1700 mV (vs.

Ag/AgCl), and attributed these peaks to the formation of the
dimer [Mn(L)(CO)3]2 and the mononuclear anion [Mn(L)(CO)3]@ ,

respectively. They also attributed the oxidation peak around
@500 mV to breaking of dimers to give [Mn(L)(CO)3(MeCN)]+ .
There was no significant current enhancement if CO2 was intro-

duced into solution. However, if there was 5 % H2O in the envi-
ronment, a new peak appeared at a potential that was 150 mV
more positive than the first reduction peak and an enhance-
ment of the current was observed. The authors explained this
behavior with an analogy to rhenium, in which a weak Brønst-
ed acid such as water was introduced. This helps to stabilize

the rhenium–carbon dioxide intermediate and facilitate the

cleavage of one of the C@O bonds in CO2 to yield CO.[35] After
22 h of electrolysis authors achieved a faradaic efficiency of

85 % and a turnover number of 34.[50]

In 2013, Kubiak and co-workers published a detailed follow-

up investigation on the effect of Brønsted acids, including IR
spectroscopy results that refine the mechanism further.[51] They

optimized the experimental conditions and obtained faradaic

efficiencies approaching unity using Mn complexes. Recently,
they improved their results even further by introducing bulky

bipyridine ligands to eliminate dimerization reactions. They
achieved faradaic efficiencies of 96 % without observing forma-

tion of H2 as a side product.[52] These types of catalysts are of
great interest not only for carbon monoxide formation but

also due to the use of earth-abundant metals, which might

pave the way towards industrial-scale applications.

2.2. Organic Compounds as Homogeneous Catalysts

This part of the Review focuses on the metal free catalysts for

electrochemical or photoelectrochemical reduction of CO2. To
avoid possible confusion, we would like to emphasize that the

electrochemical systems described in this part might involve
metals as electrodes. However, the focus is on the chemical

entity that acts as a catalyst within that specific system.
One of the earliest studies that used a metal-free catalyst

was reported by Seshadri, Lin and Bocarsly in 1994.[53] In this
study, the authors utilized a simple molecule, namely pyridine,

to perform the electrocatalytic reduction of CO2 to methanol.
The ionic form of pyridine, the pyridinium cation, acts as the
catalyst in this electrochemical system. The authors came to

this conclusion by adjusting the pH of the electrolyte to below
and above 7. If the pH was greater than 7, no electrochemical

features associated with pyridine were observed, indicating
that the active species is the pyridinium cation. The optimum

pH was found to be 5.4. The authors report that under aque-

ous conditions pyridinium reduction is coupled via an electro-
catalytic electrochemical–chemical mechanism, leading to the

reduction of protons to H2 (Scheme 3). Although Pd was used
as the working electrode, the authors note that this mecha-

nism is valid for other metals using aqueous, nonaqueous elec-
trolytes or mixtures of both.[54]

Figure 7. Chemical structures of [{5,5’-bis(phenylethynyl)-2,2’-bipyridyl}-
Re(CO)3Cl] (6) and [(2,2’-bipyridyl)Re(CO)3Cl] (7).

Figure 8. Comparison of normalized UV/Vis absorption spectra of three rhe-
nium carbonyl complexes in acetonitrile solution: 7 (red), 6 (blue), and
1 (black). Reproduced with permission from Ref. [28] .
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With this reaction mechanism in mind, the authors claimed
that the observed current enhancement shown in Figure 9 was
indicating an electrocatalytic electrochemical–chemical (EC)
mechanism in which dissolved CO2 or a species in equilibrium
was reduced by the pyridinium ion, delivering pyridine and

a reduced CO2 species. The authors also performed mass spec-
troscopy on coulometrically reduced solutions containing CO2

and pyridinium, as well as gas chromatography, demonstrating

that methanol had formed. Faradaic efficiencies for the metha-
nol production varied between 22–30 % at a constant current

of 40 mA cm@2 over the course of 19 h on hydrogenated Pd
electrodes. The authors also detected formaldehyde as a side

product.

Later in 2010, Bocarsly and his team gave mechanistic in-
sights into how the electrochemical reduction of CO2 to meth-

anol proceeds.[55] They also clarified that formic acid and form-
aldehyde are the intermediate or side products formed during

the electrochemical reduction of CO2 to methanol. That reac-
tion requires a proton-assisted six-electron reduction with

a formal potential of @380 mV (vs. NHE).[55] According to their
findings the mechanism involves multiple single-electron trans-
fers. Specifically, it was determined to involve two-electron-

and four-electron-reduced intermediates, which are formic acid
and formaldehyde, respectively. The authors elaborated their

mechanism by showing all the intermediates and side prod-
ucts as well as the electron flow that leads to methanol forma-
tion (Scheme 4).

Authors summarized their findings defining pyridinium radi-

cal as the one-electron charge-transfer mediator that is respon-
sible for bringing six electrons together to drive electrochemi-
cal reduction of CO2 to methanol. It was noted that their study

is in stark contrast with the common idea of the need of
a metal-based multi-electron transfer to achieve highly re-

duced species.
Bocarsly et al. expanded their studies to shed further light

on the mechanism. In this study[56] they concluded that pyridi-

nium is reduced on a Pt electrode, including a pyridinium-
bound proton to form a surface hydride which was further

supported by the work of Batista.[57] Indeed, the study from Bo-
carsly and co-workers[55] created more controversy in the field

and drove several studies.[58–61] Another study was conducted
by Sav8ant and co-workers arguing the plausibility of this cata-

lytic process.[62] The authors argue that the process apparently

works only on Pt and/or Pd, metals that are known to reduce
hydrated protons.[63] Their counterargument further continues

in two main aspects: challenging the fact that the faradaic effi-
ciency was found to be 20 %,[53, 55] while 100 % of the electro-

chemical characteristics from cyclic voltammetry were attribut-
ed to the process. Second, the authors find confusing the lack
of a typical catalytic current enhancement for which the re-

placement of the peak by a plateau is accompanied by a large
increase. To support their argument and for comparison rea-
sons they used acetic acid alongside pyridine. They started off
investigating the ion in discussion—pyridinium (PyH+)—which
is responsible for the catalytic activity. The pH was adjusted to
approximately 2 pH units below the pKa of PyH+ to ensure

that the pyridine is in cationic form. The authors observed an
increase in the current upon decreasing the pH and they
assign this behavior to the reduction of hydrated protons, sup-

ported by simulated CVs. The authors suggested that the PyHC
radical is not created in the pH range of interest but the elec-

trochemical activity arises from the reduction of hydrated pro-
tons generated by the rapid dissociation of PyH+ ions. The

same phenomenon was observed if pyridine was replaced by

acetic acid. Finally, Sav8ant and co-workers compared the
cyclic voltammograms of pyridine and acetic acid in presence

of CO2 at pH values adjusted according to their pKa values. At
a pH at which only the “CE” (chemical reaction followed by an

electrochemical one) pathway is dominant, the authors ob-
served an electrochemical behavior arising from the superposi-

Scheme 3. Electrochemical/chemical reactions of pyridine under acidic con-
ditions.

Figure 9. Cyclic voltammograms obtained at a Pd disc electrode (area
&0.19 cm2) in an electrolyte consisting of 0.5 m NaClO4 + 10 mm pyridine:
under Ar (curve A) and under CO2 (curve B). The pH of the solution was
maintained at 5.4 for the duration of the experiment with dilute H2SO4. Re-
produced with permission from Ref. [52] .
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tion of two acids (PyH+ or AcOH and CO2) which led them to
conclude that PyHC is not formed. They observed the same be-

havior with acetic acid (Figure 10).
The authors summarized their findings by stating that they

did not observe methanol or formic acid formation. In addi-

tion, they emphasized that the electrochemical process in
question arises solely from the reduction of hydrated protons.

Moreover, the formation of a PyHC radical was not observed. At
lower pH values the direct reduction of hydrated protons dom-

inates, whereas upon increasing the pH this process is realized
through rapid dissociation of acids (PyH+ and AcOH).[62]

Portenkirchner et al. extended the study of pyridinium re-

duction by introducing pyridazine as a homogeneous cata-
lyst.[64] An earlier comparison between pyridine and imidazole

had also been published.[65] Despite having a similar chemical
structure, the two compounds have quite different pKa values:

5.14 for pyridine and 2.10 for pyridazine.[24] The authors pre-
pared solutions containing 50 mm catalyst material and adjust-
ed the pH to 5.3 for pyridine and 4.7 for pyridazine to obtain

their protonated forms. This pH adjustment yielded 0.25 % pyr-
idazinium, which might support the findings of Saveant et al. ,
in which the reduction of parent molecule was not observed
and the reductive wave corresponded only to the reduction of

hydrated protons created by the rapid dissociation of the
parent molecule. The electrochemical behavior of pyridinium

and pyridazinium under N2- and CO2-saturated conditions is

shown in Figure 11. A current enhancement of 1.3-fold was ob-
served for pyridinium if the solution was saturated with CO2,

while the enhancement was 5.0-fold in case of pyridazine. An
ongoing debate is the effect of the working electrode on the

catalytic process. This was addressed in the study by compar-
ing glassy carbon, gold, copper and platinum as the working

electrode and only catalytic activity was observed in case of Pt.

This was also supported by the work of Musgrave et al. with
quantum calculations suggesting that pyridinium was bound

to Pt surfaces with an adsorption energy of 1.0 eV per mole-
cule.[66] The effect of catalyst concentration on the catalytic ac-

tivity was also studied and the difference in concentration
versus current enhancement was compared for pyridinium and

Scheme 4. Overall mechanism for the formation of formaldehyde, formic acid and methanol. Reproduced with permission from Ref. [54] .

Figure 10. Cyclic voltammograms of a CO2-saturated solution of 3 mm pyri-
dine (panels a and a’) and 3 mm acetic acid (b and b’) on a Pt electrode in
the presence of 0.1 m KNO3, T = 295 K, at pH 5.15 (a and a’) and 4 (b and b’).
Scan rates: 0.1 V s@1 (a and a’) and 0.2 V s@1 (b and b’) ; blue: acid alone;
green: CO2 alone (pH 4.5 in a and a’, and 4 in b and b’) ; red: acid + CO2.
Panels a and b: experimental ; a’ and b’: simulations. Reproduced with per-
mission from Ref. [61] .
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pyridazinium. With increasing concentration (from 5 to

100 mm), pyridinium showed a 9.2-fold increase, whereas the
increase with pyridazinium was 1.6-fold. The authors conduct-

ed controlled-potential electrolysis with solutions containing
50 mm catalyst material for over 30 h. Aliquots of electrolyte

solution were analyzed by liquid injection gas chromatography
equipped with a flame ionization detector. Methanol and H2

were detected as products and the faradaic efficiencies for

methanol formation were 14 % and 3.6 % for pyridinium and
pyridazinium, respectively. It is also argued in the paper that

electrochemical characteristics responsible for the current en-
hancement might represent a synergetic effect arising from

both the catalytic activity and the effects of acids present in

the solution, namely pyridinium/pyridazinium and CO2. Solu-
tions containing acetic acid did not yield methanol after 30 h

of exhaustive electrolysis.
This study adds further evidence supporting the production

of methanol using the small molecule pyridine as the electron
shuttle to lead a six-electron reduction of CO2 to MeOH.

2.3. Enzymes for Homogeneous Bioelectrocatalysis

In considering organic and metal–organic compounds as cata-
lysts, biocatalysts or enzymes also have to be taken into ac-

count. Enzymes are proteins with an active site, responsible for
catalyzing diverse reactions. In the case of CO2 reduction, de-
hydrogenase enzymes have especially gained interest as they
are capable of reducing CO2 to formic acid, formaldehyde,

methanol, or carbon monoxide. The use of enzymes to drive
electrocatalytic reduction of CO2 has advantages. Firstly, due to
electrostatic interactions enzymes tend to retain the most fa-
vorable structure, exposing a maximum amount of catalytically
active sites, which in turn increases the probability of enzyme–

substrate interactions (CO2 is the substrate in this case). Sec-
ondly, by definition, enzymes have high selectivity towards cer-

tain products, and side reactions are suppressed.

The report from Hçpner and co-workers[67] is considered to
be one of the earliest studies on enzymatic CO2 reduction after

the discovery by Stephenson and Stickland showing the syn-
thesis of formic acid from H2 and CO2 using E. coli cells.[68] The

authors used nicotinamide adenine nucleotide (NADH) as the
reducing agent for catalyzing the reduction of CO2 with for-

mate dehydrogenase (FDH) to yield HCO2
@ , which is consid-

ered to be one of the safest methods to store hydrogen.[69, 70]

They also showed that the source of carbon in formate was

indeed CO2 using experiments with 14C. In 1982, Klibanov and
co-workers published a study showing enzymatic production

of formic acid using H2 and CO2 with different electron carri-
ers.[69] The authors also introduced a method for utilizing

formic acid to produce H2 gas.

Although these early papers did not address the electro-
chemical reduction of CO2, they were the pioneering studies

that planted the idea of using enzymes as catalysts. Although
enzyme-catalyzed CO2 reductions provide sustainable path-

ways with high selectivities and yields of generated products,
the application of biocatalysts is limited to laboratory-scale ex-
periments. Due to the necessity of sacrificial co-factors such as

NADH, those processes are limited, as synthesis and regenera-
tion of co-factors is expensive. Substitution of co-factors as
electron donors by photochemical, photoelectrochemical or
electrochemical strategies therefore became highly attrac-

tive.[71]

Parkinson and Weaver reported the electrochemistry of an

enzyme using a mediator for the first time in 1984.[72] The au-
thors described the use of a semiconductor, p-type indium
phosphide (p-InP), together with FDH to yield formic acid

using CO2. This was a photoelectrochemical system using the
p-InP electrode as the source of photogenerated electrons and

methyl viologen (MV2+) served as the electron shuttle for the
FDH. The mechanism for the CO2 reduction is shown in

Scheme 5. The potentials given in the scheme represent the

formal redox potentials of MV and FDH, respectively. Upon irra-
diation, an electron is excited to the conduction band, whereas

the hole in the valence band is extracted by the electrode and
the electron in the conduction band is transferred to MV2 + ,

converting it to MV+ . The authors obtained a faradaic efficien-
cy of 89 % and a TON of 21 000 using their system.[69] This

Figure 11. Cyclic voltammograms of a) 50 mm pyridinium in aqueous 0.5 m
KCl solution at pH 5.3, and b) 50 mm pyridazinium in aqueous 0.5 m KCl solu-
tion at pH 4.7, recorded in N2- (black line) and CO2-saturated (red line) elec-
trolyte solutions at a Pt working electrode with a scan rate of 25 mV s@1.
Scans under CO2 saturation with no catalyst material present are shown as
the blank measurements (blue dashed line). Reproduced with permission
from Ref. [63] .
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study was important in the sense of removing the need for an
expensive electron donor, NADH, for the conversion of CO2 to

formate and replacing it with photogenerated electrons.
Kuwabata, Tsuda and Yoneyama later used FDH and metha-

nol dehydrogenase (MDH) to convert CO2 to formic acid and

methanol, respectively.[73] They used MV2 + or pyrroloquinoline
quinone (PQQ) as an electron mediator in buffered solutions

applying potentials ranging from @700 to @900 mV (vs. SCE)
and achieved faradaic efficiencies of 90 %. Small amounts of

formaldehyde were also observed. The authors found out that
methanol production begins only if the formaldehyde concen-

tration reaches 1 mm in the electrolyte solution. The authors

concluded that upon changing the concentration of both
MDH and the mediator MV2+ , the formation of methanol pro-

ceeds through formate and formaldehyde consecutively. The
faradaic efficiency for methanol was calculated as 45 %. If the

electron mediator was changed from MV2+ to PQQ there was
a remarkable change in the faradaic efficiency for methanol
production. The authors did not observe the presence of form-

aldehyde in the electrochemical cell, whereas the amount of
methanol reached 1.4 mmol after a certain initial period, yield-
ing a faradaic efficiency of 89 %.[73] This suggests a different
mechanism for the formation of methanol that does not in-

volve formaldehyde as an intermediate. However, the authors
did not comment on the mechanism in their study.

Kim and co-workers used carbon monoxide dehydrogenase
(CODH) to drive an electroenzymatic reduction of CO2.[74] In
their report, the authors note that MV2 + was also required to

address the enzyme electrochemically, whereby they used
a glassy carbon disk as the working electrode. They achieved

a faradaic efficiency reaching unity at thermodynamic poten-
tials (@570 mV vs. NHE) with a TON of 700. The high faradaic

efficiency was attributed to the highly selective binding of CO2

to the enzyme active center which contains Ni and Fe atoms.
The electrochemical behavior of MV2 + and CODH in solution

was investigated using cyclic voltammetry (Figure 12).
The authors argued that the electrochemical wave observed

upon saturating the solution with CO2 (Figure 12, curve b) is an
indication of the electrochemical reduction of CO2 to CO by

CODH. They explain the lack of catalytic enhancement in the

current with the high formal reduction potential of direct CO2

reduction. However, they do not show any spectroscopic and/
or electrochemical data to confirm the function of the enzyme

in the solution using MV2 + .
Another study was conducted using Candida boidinii for-

mate dehydrogenase (cbsFDH), which is an enzyme requiring
electrons, protons and NADH to drive CO2 reduction to formic

acid. MV2 + was used as electron shuttle yielding 24 % faradaic

efficiency.[75] NADH is an expensive material to use as the elec-
tron source and needs to be regenerated. For that reason, au-

thors introduced an Rh complex, [Cp*Rh(bpy)Cl]+ . Using
cbsFDH, the authors increased selectivity towards formate

without having HCO3
@ as a side product.

Similar studies can be found in the literature in which the ef-
fects of different enzyme types having different metal active

centers and the contribution of those metals to the formation
of CO and formate were investigated.[76, 77] Nørskov and co-
workers reported a good overiew of the design parameters for
enzymatic catalysts using DFT calculations. One of the impor-

tant points noted in their paper is the ability of the metal
center to bind CO and HCOO@ while stabilizing oxygen in the

latter. They also suggest that readers use noble metal centers
in enzymes as such metals have rather high overpotentials for
H2 formation.[76] In their review, Mondal et al. give mechanistic

insights into CO2 reduction and in particular, the mechanistic
aspects of its reduction to CO compared to formate

(Figure 13).[71]

3. Heterogeneous Electrocatalysis for CO2
Reduction

Homogeneous approaches for CO2 reduction have been widely
used throughout the history of the field. However, as described

in the previous section, electrochemical addressing of the cata-
lyst material, which is distant from the electrochemical double

Scheme 5. The photoelectrochemical production of CO2 with the enzyme
formate dehydrogenase (FDH) as the catalyst and methyl viologen (MV2 +) as
the mediator. p-InP: p-type indium phosphide; VB: valance band; CB: con-
duction band. Reproduced with permission from Ref. [71] .

Figure 12. Cyclic voltammograms of a) 1.0 mm MV2 + in 0.1 m phosphate
buffer (pH 7.0), and b) 1.0 mm MV2+ containing 1 atm CO2-saturated 0.1 m
phosphate buffer (pH 6.3) with 0.5 mg mL@1 of carbon monoxide dehydro-
genase at 50 8C. A glassy carbon disc (3 mm diameter) was used for the
working electrode, scan rate 10 mV sec@1. Reproduced with permission from
Ref. [73] .
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layer might be an issue. Also, recovery of the catalyst or sepa-

ration of the product from the homogeneous mixture is a tech-

nical problem. Different mechanisms can lead to degradation,
inhibition, and eventual decrease in overall efficiency. Bearing

these drawbacks in mind, researchers have focused on the
direct use of catalysts using the idea of heterogeneous cataly-

sis. The following sections focus on heterogeneous ap-
proaches towards electrochemical and photoelectrochemical

CO2 reduction.

3.1. Catalyst-Functionalized Metal/Metal-like Electrodes

A study by Lieber and Lewis was one of the earliest that inves-

tigated a heterogeneous approach.[78] Pyrolytic graphite or

carbon cloth were used as electrodes and they were modified
with cobalt phthalocyanine, Co(Pc), via drop-casting or adsorp-

tion from solutions of Co(Pc) in THF. The authors conducted
cyclic voltammetry measurements in aqueous citrate buffer

(pH 5) with and without a CO2 atmosphere. Interestingly, there
was no change in the voltammetric behavior of Co(Pc) surfaces

in a CO2 atmosphere. The authors argued that the initial step
did not involve binding of CO2 on the reduced species

Co(Pc)@ . However, they did not exclude the possibility of very

weak binding. From the results of experiments at different pH
values, the authors concluded that the mechanism involves an

initial protonation of Co(Pc), followed by binding of CO2. The
authors reported the observed products as CO (major prod-

uct), H2 and formate/oxalate (trace amounts). They achieved
faradaic efficiencies of up to 60 % for CO and 35 % for H2. A

TON of 370 000 was achieved, which represented an improve-

ment over the previously reported result by three orders of
magnitude.[31]

In 1989, Furuya and Matsui reported their findings on the ef-
ficiency of 16 different metal phthalocyanines (Figure 14) in

the electrochemical reduction of CO2.[79] They focused on dif-
ferent transition metal groups, namely groups VIII, IIIB and IVB.

Phthalocyanines were immobilized on gas-diffusion electrodes,

which were prepared using hydrophobic carbon black, hydro-
philic carbon black, and polytetrafluoroethylene. The electro-

lyte solution was saturated with CO2 and the cathode (gas dif-

fusion membrane–phthalocyanine) was purged constantly with
CO2 and H2 from the back side of the electrode. Electrolyses

were conducted under galvanostatic conditions with 0.5 m
KHCO3 serving as the electrolyte. Table 1 summarizes the

metals used, the main products formed and corresponding far-
adaic efficiencies achieved.

The authors also provide insight into the probable mecha-
nisms leading towards the products. For CO formation, the au-

thors suggest coordination of CO2 to the metal center to be
the first step. Addition of two hydrogen atoms to the metal-

coordinated CO2 was proposed to be the initial steps of formic
acid formation. Finally, methane was proposed to form by

elimination of an oxygen atom after formation of CO. Mecha-
nistic details and a step-by-step breakdown of the reactions
are reported in the paper.[79]

Another approach in which macrocycles were used as cata-
lysts came from researchers at Hokkaido University in 1991.

Enyo and co-workers immobilized cobalt(II) tetraphenylpor-
phyrin (CoTPP) using pyridine as the chemical anchor on

a glassy carbon surface.[80] Preparation of modified glassy

carbon electrodes is shown in Scheme 6. CO was detected as
the only product after constant-potential electrolysis at poten-

tials from @1000 to @1300 mV (vs. SCE). The authors observed
the optimal potential at @1100 mV and achieved a faradaic effi-

ciency of 92 and a remarkable TON of 107. To assess the effect
of fixation on the stability, the authors conducted constant-po-

Figure 13. Overview of the bio-inspired mechanism for the two-electron re-
duction of CO2 to CO and formate (PCET = proton-coupled electron transfer).
Reproduced with permission from Ref. [70] .

Figure 14. Chemical structure of metal phthalocyanine.

Table 1. List of phthalocyanines used (according to their metal centers),
products and their faradaic efficiencies.

Metal center Product Faradaic efficiency [%]

Co, Ni CO &100
Sn HCOOH 70
In H2 65
Pb HCOOH 65
Cu, Ga, Ti CH4 30–40
Fe, Pd CO 50–80
Zn CO 15
Al HCOOH 15
Pt, Mg, V, Mn H2 &100
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tential electrolysis experiments under homogenous conditions
in which they dissolved CoTPP and pyridine in a solution of

tetra-n-butylammonium fluoride in DMF. Catalytic activity de-
graded rapidly when the potential was applied and a black

precipitate was observed at the bottom of the electrolysis cell,
whereas the modified electrodes showed constant catalytic ac-

tivity for up to 5 days. The authors explained the stability of

the electrodes and hence the stability of catalytically active
CoTPP with the presence of the pyridine ligand, which introdu-

ces isolation of CoTPP centers from each other. The second im-
provement from the pyridine ligand is the introduction of

vacant sites for CO2 due to the direction effect by the
ligand.[80]

Yoshida and co-workers contributed study of immobilized

catalysts by introducing catalysts that were incorporated into
coated Nafion membranes. Coated Nafion served to create
a hydrophobic environment around the catalyst to suppress
hydrogen evolution.[81] The catalysts used were [Re(bpy)-

(CO)3Br] and [Re(terpy)(CO)3Br] (terpy = 2,2’:6’,2“-terpyridine).
Basal-plane pyrolytic graphite (BPG) was used as the electrode,

which was coated with Nafion containing 2.6 mmol catalyst
material. Constant-potential electrolysis resulted in a variety of
products (HCOOH, CO and H2), formic acid being the main

one. A maximum faradaic efficiency of 48 % was achieved for
formic acid with a TON of 98 with [Re(bpy)(CO)3Br] as the cata-

lyst in the Nafion matrix. Higher TONs were achieved for CO
production, the highest was 198.[81]

The same group also reported the immobilization of

a CoPc–poly(4-vinylpyridine) matrix on a pyrolytic graphite to
achieve CO2 reduction with CO as the main product. The fara-

daic efficiencies varied between 31 % and 43 %, with remark-
able TONs of around 105.[82] Interestingly, in the years that fol-

lowed, there have not been many studies on catalyst immobili-
zation on metal or metal-like surfaces.

Copper has always been the choice of metal if several prod-
ucts and higher hydrocarbons such as methanol, methane,

propanol, or formic acid were desired. Readers are advised to
read the detailed work of Hori et al. on the electrochemical re-

duction of CO2 using various metals.[83] Flake et al. reported
their findings on copper oxide as a catalyst for electrochemical

CO2 reduction.[84] They used copper foils as the electrodes,

which formed cuprous oxide (Cu2O) on the surface. The elec-
trodes were tested in 0.5 m KHCO3 electrolyte for their per-

formance as CO2 reduction catalysts. Methanol was the major
product after 30 min electrolysis at @1100 mV (vs. SCE) with

a faradaic efficiency of 38 %. If the potentials exceeded
@1550 mV (vs. SCE), there was a rapid decrease in methanol
production and H2 evolution prevailed. Also, electrolysis dura-

tions of more than 30 min yielded methane as the main prod-
uct. This behavior can be explained by the reduction of CuI

species over time to Cu0 to give methane. Another important
point demonstrated by the authors was that the mechanism

goes through H3CO@ species (Figure 15).[84] Other studies using
Cu2O films as well as catalysts having core–shell structures

have been reported for similar materials with comparable effi-
ciencies.[85, 86]

Recently, researchers from the University of Liverpool adapt-

ed the study of Yoshida and co-workers to use [Mn(bpy)-
(CO)3Br]. They immobilized the catalyst in a matrix covering

a glassy carbon electrode.[87] The electrochemical characteris-
tics of the compound were in agreement with previous stud-

Scheme 6. Procedure for the preparation of CoTPP–pyridyl–glassy carbon electrode. Reproduced with permission from Ref. [79].

Figure 15. Hydrogenation of methoxy adsorbates at Cu2O surfaces.
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ies.[50, 51] Using this compound, the authors obtained CO and H2

as products. Formation of the primary product was dependent

on the potential applied. For example, if @1500 mV (vs. Ag/
AgCl) was applied, CO was the main product with a faradaic ef-

ficiency of 51 %. If the potential was switched to @1600 mV
(vs. Ag/AgCl) H2 evolution dominated with 81 % faradaic effi-

ciency. It was noted that use of glassy carbon, which has
a smooth texture, leads to lower concentrations of the catalyst
material in the Nafion matrix. To fix this issue, the authors in-

cluded multiwalled carbon nanotubes (MWCNTs) for increased
surface area and therefore an increased catalyst concentration.

A 10-fold current increase was observed under CO2-saturated
conditions if MWCNTs were introduced; however, H2 was the

main product instead of CO.[87] For some time, Nafion was the
material of choice for fixing electrocatalysts onto electrodes.

The idea is to have a hydrophobic environment around the

catalyst and thus minimize H2 evolution to a certain extent.
However, this prevented the access of the electrolyte solution

into the matrix in the case of an aqueous environment.
Hupp and co-workers formulated the idea of incorporating

a known catalyst, that is, iron tetracarboxyphenylporphyrin
(Fe–TCPP), into a metal–organic framework (MOF).[88] The au-

thors note that the choice of MOF (Figure 16) facilitated the

access of solvent, reactant and electrolyte solution further into

electroactive sites. Furthermore, the metalloporphyrin linkers
within the MOF served as both electrocatalysts and as redox-

hopping moieties for the delivery of reducing equivalents to
the catalytic sites. The authors achieved faradaic efficiencies of
up to approximately 60 % for CO production.

The majority of studies in which porphyrins and phthalocya-
nines were used as catalysts did not include detailed mecha-

nistic accounts. Koper and co-workers utilized in situ measure-
ment techniques such as online electrochemical mass spectros-
copy and online HPLC to address this issue.[89] In their study,
the authors used cobalt protoporphyrin as the electrochemical

catalyst, which they immobilized on a pyrolytic graphite elec-
trode. CO and CH4 were the two main products. Methane pro-

duction was achieved by reducing CO with HCHO as an inter-
mediate. The mechanism proposed by the authors is given in
Figure 17.[89]

3.2. Catalyst-Functionalized Semiconductor Electrodes

This part of the Review is focused on the direct use of semi-

conductor electrodes for reduction of CO2 as well as catalyst-
functionalized semiconductor electrodes.

One of the early studies from Halmann used p-type gallium
phosphide (GaP) as the photoelectrode for driving the reduc-

tion of CO2.[90] GaP was immersed in an electrolyte solution to-
gether with a graphite rod as the counter electrode and a satu-

rated calomel electrode as a reference electrode. The choice of
counter electrode was a strategic decision, as it was reported
that carbon oxidizes neither formic acid nor carbohydrates to
carbon dioxide.[91] The GaP electrode was illuminated using
a Hg arc lamp and was biased with @1000 mV (vs. SCE). Analy-

sis of the electrolyte revealed the presence of formic acid,
formaldehyde and methanol at concentrations of 1.2 V 10@2,

3.2 V 10@2 and 8.1 V 10@4 m, respectively, after 18 h of irradia-

tion.[90] In 1983, another study in which GaP was used for pho-
toelectrochemical reduction of CO2 reported faradaic yields of

15.2 % for HCOOH and the influence of the pressure on the re-
duction of CO2 was investigated.[92]

The use of semiconducting electrodes for reduction of CO2

was favored in the years that followed. Canfield and Frese pub-

lished their findings on the use of GaAs and InP as the catalytic

materials. They used n-type GaAs to drive the electrocatalytic
reduction of CO2 to methanol with a faradaic efficiency of

89 %, whereas p-type GaAs and InP were used as photoelectro-
catalysts to yield methanol with faradaic efficiencies of 52 %

and 80 %, respectively.[93]

Building on their own studies,[53] Bocarsly and co-workers re-

ported the use of a p-type GaP semiconductor as the electrode

and pyridinium as the catalyst. The conditions they used were
almost identical for pyridinium except the electrode was GaP

instead of hydrogenated Pd. They achieved faradaic efficiencies
up to 96 %.[94] The use of semiconductors as electrodes and

catalysts in solution was investigated by several groups. These
studies yielded a range of products, from CO and H2

[95–97] to
methanol.[98]

Several other studies focused on immobilization of catalyti-

cally active materials on semiconductor surfaces. Ghosh and
Spiro reported their results on covalent immobilization of
[Ru(bpy)3]2+ on SnO2 surface (Figure 18).[99] Although they did

not investigate the catalytic activity of the Ru complex, this
was an important study in terms of immobilization of such

compounds on semiconductor surfaces and in terms of their
electrochemistry and photoelectrochemistry.

Reisner and co-workers immobilized modified Re complexes,

namely [Re{2,2’-bipyridine-4,4’-bis(phosphonic acid)}(CO)3(L)]
(L = 3-picoline or bromide) on TiO2 nanoparticles.[100] They used

these modified structures as photocatalysts for reducing CO2

to CO, achieving a TON of 48 molCO molRe
@1. In the following

year, the same group reported their findings on immobilized
Mn complexes using the same ligand mentioned above to

Figure 16. Illustration of a portion of the crystal structure of MOF-525 in por-
phyrin free-base form, including the chemical structure of the TCPP linker
and the Zr6-based node. Reproduced with permission from Ref. [87].
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yield [Mn{2,2’-bipyridine-4,4’-bis(phosphonic acid)}(CO)3Br]

(MnP).[101] MnP was immobilized on mesoporous TiO2 by drop-
casting and the amount of catalyst was calculated as
34 nmol cm@2. The authors claim that the phosphonic acid
groups act as the anchoring moieties. They achieved a TON of

112 at moderately low overpotentials of 420 mV, with a faradaic
efficiency of 67 %. The authors proposed mechanism for the

process via immobilized MnP is shown in Scheme 7, and they
noted that use of such immobilization techniques will help to
improve long-term stability and conductivity under reducing

conditions. In addition, the presence of a 3D structure would
increase the catalyst loading as well as facilitate intermolecular

interactions.[101]

3.3. Catalyst-Functionalized Organic Semiconductor
Electrodes

This section is focused on catalyst-functionalized electrodes for
the heterogeneous electrochemical/photoelectrochemical re-

duction of CO2. The term “organic semiconductor electrodes”
denotes that the electrons are transferred via the organic semi-

conductor to the catalyst material or to CO2, although it does

not mean that the electrode itself is a free-standing organic
semiconductor structure.

Wrighton and co-workers reported the immobilization of Pd
in a bipyridine-based polymer, (PQ)2 + , and its catalytic activity
for reduction of HCO3

@ to HCO2
@ in the presence of H2.

[102] The
authors first polymerized the bipyridine monomer (Figure 19)

on tungsten wire and then impregnated the polymer matrix
with Pd, which was achieved by consecutive dipping of the
electrode, first into K2PdCl4 and then into 0.1 m KCl solution,

and final electrochemical treatment to yield metallic Pd.
The authors conducted controlled-potential electrolysis in

carbonate-containing de-oxygenated solutions using the pre-
pared electrodes and analyzed the products. To avoid the pos-

sibility of obtaining HCO2
@ as the product as a result of degra-

dation of the polymer electrode they also conducted experi-
ments with 13C-enriched carbonate solutions and confirmed

the formation of formate using NMR spectroscopy and/or
enzyme assays. A faradaic efficiency of 80 % was achieved and

the losses were attributed to the formation of H2 or formation
of palladium hydride through the reaction Pd + x H+ + x e@ !

Figure 17. H+ and H2O are the hydrogen sources for the hydrogen evolution reaction at pH 1 and 3, respectively. CO2C@ is the initial intermediate for the re-
duction of CO2 to CO. CO can be further reduced to methane with HCHO as an intermediate. The catalytically inactive “resting” state of the Co is assumed to
be 2 + . The reduction of Co2 + to Co+ is supposed to trigger both the H2 evolution and CO2 reduction pathways. Reproduced with permission from Ref. [88].
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PdHx as well as the reduction of the polymer itself.[102] The

study by Wrighton et al. was one of the earliest showing that
heterogeneous catalysis can be achieved for CO2 reduction

and organic semiconductors can be utilized for electron-trans-
fer purposes.

Another study in which MV2+ was used as a functional
group attached to a polymer was reported by Sariciftci and co-

workers.[103] The authors obtained results on methylviologen-
functionalized 3-alkylpolythiophenes. The study showed char-

acterization of the polymer PTV2 + using in situ IR spectroelec-
trochemistry, UV/Vis and electron spin resonance (ESR). The au-
thors named this new type of polymers as the third generation

of conducting polymers (Figure 20) where a solution-processa-
ble and functionalized polymer structure is achieved. ESR stud-

ies showed that the electrochemical addressing of viologen
moiety is possible. This study did not address its catalytic prop-
erties, however, other studies were inspired in which function-
alized conducting polymers were used[103] .

Scheme 7. Illustrated proposed mechanism for CO2 reduction by TiO2–MnP (X = Br@ in the isolated compound). Reproduced with permission from Ref. [100].

Figure 19. Chemical structure of a bipyridine monomer.[102]

Figure 18. Covalently attached [Ru(bpy)3]2+ on a SnO2 surface. Reproduced
with permission from Ref. [98] .

Figure 20. Three generations of conjugated polymers. a) Polymers with
good conductivity but low processability ; b) polymers with alkyl chains al-
lowing solubility and hence processability ; c) polymers with improved and/
or new physical/chemical and catalytic properties. Reproduced with permis-
sion from Ref. [113] .
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In terms of polymers that contain Re complexes as the
active catalyst in their structure, a study from Meyer and co-

workers[104] was a door opener. The authors reported the
growth of Re-containing polymers using 4-vinyl-4’-methyl-2,2’-
bipyridine as both the ligand for Re and the monomer. The au-
thors note that the polymer that formed on the Pt electrode

might be result of dimerization or it could be the MeCN-con-
taining complex as reported previously.[16] The observed green
color of the freshly electropolymerized film suggested the di-

merization pathway as the dominant one. However, this color
later disappeared. The authors performed controlled potential-
electrolysis in the presence of CO2-saturated solutions at
@1550 mV (vs. SCE) to drive electrocatalytic reduction of CO2

to CO and reached a faradaic efficiency of 92.3 %. Based on the
estimated amount of the catalyst on the polymer it was con-

cluded that the TON was 516. Another important point ob-

served by authors that no formation of CO3
2@ species was ob-

served. This result was in contrast with the results of homoge-

neous catalysis for which CO and CO3
2@ were detected togeth-

er. This study was a key success factor for the Re-containing

polymer electrodes in the field and was followed by a study
from Cosnier and co-workers in

1986.[105] In this work, [Re-

(bpy)(CO)3Cl] was attached to pyr-
role at the nitrogen atom and

gave a polypyrrole backbone from
which the catalyst was a pendant

group (Figure 21). If controlled-po-
tential electrolysis was performed

in the presence of CO2, the authors

found results that contradicted
those of their previous study in

which they observed formation of
CO3

2@ along with oxalate and CO.

The faradaic efficiency for CO was

78 % while authors also reported a TON of 236 in this case.[105]

The authors did not explain their choice of polypyrrole as the

polymer backbone to drive a reduction reaction although poly-
pyrrole is p-type in nature; this however might explain the de-

crease of catalytic activity over time.
Further studies followed investigations of the mechanism

behind immobilized Re catalyst in polymer matrices together
with different polymers[106, 107] and different metals such as Co,
Fe, Ni, Os, and Ru.[108, 109] The use of metal-free carbon nanofib-

ers for the electrocatalytic reduction of CO2 was also report-
ed.[110, 111]

Another study in which Re complex was incorporated in the
main chain of a polymer was reported by Portenkirchner and

co-workers.[112] The authors used a previously reported modi-
fied Re complex and electrochemically polymerized (Figure 22)

it onto a Pt electrode potentiodynamically by cycling between

@1600 and 200 mV (vs. NHE).
Structural characterization of the film during polymerization

was performed using in situ IR spectroelectrochemistry in
a flow cell equipped with an Ag/AgCl reference electrode and

a Pt plate counter electrode. For this purpose, the film was
polymerized onto a ZnSe ATR reflection element. SEM and

AFM measurements, as well as spectroscopic characterization,

were performed to further investigate the Re-containing poly-
mer films. Finally, the film was dipped into a solution that was

saturated with CO2. Cyclic voltammetry revealed a 20-fold cur-
rent enhancement in the presence of CO2. If held at a constant

potential of @1600 mV (vs. NHE) over 60 min, CO was observed
as the main product and 33 % faradaic efficiency were ach-

ieved. The TON for the Re-containing polymer film was calcu-

lated as 1400.
Thiophene, a well-known and heavily investigated conjugat-

ed polymer building block was also used for immobilization of
Re complexes. Nervi and co-workers investigated three thio-

phene derivatives (Figure 23) with Re pendant groups as con-

Figure 21. A polypyrrole with
[Re(bpy)(CO)3Cl] pendant
groups.

Figure 22. Potentiodynamic formation of Re catalyst film was realized on a Pt electrode in 0.1 m TBAPF6 in MeCN with an initial monomer concentration of
2 mm. X represents a chloro ligand or a substituted ligand from the reaction medium.
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jugated polymer building blocks for electrocatalytic reduction

of CO2.[113] The authors investigated the catalytic properties of
monomers 2 and 3 as well as their corresponding polymers.

The monomers showed a decrease in the catalytic activity after

60 min. However, if the working electrode (glassy carbon) was
sonicated for 10 min the catalytic activity was restored. Electro-

chemically grown polymers were also tested for CO2 reduction
in CO2-saturated solutions. A faradaic efficiency of 84 % was

achieved with a polymer of 2 and 34 % with a polymer of 3 at
a potential of @2100 mV (vs. Fc/Fc+).[113]

Apaydin et al. investigated polythiophene structures with

pendant catalyst groups for the photoelectrochemical reduc-
tion of CO2.[114] This is of particular interest because previous

studies addressing the use of conjugated polymers lacked the
information on how a p-type material can drive electrons

through its backbone unless tunneling was the main driving
force. [Re(bpy)(CO)3Cl] was attached to thiophene at the 3-po-
sition through an alkyl chain [3HRe(bpy)(CO)3Cl-Th] and then

electrochemically polymerized in the presence of boron tri-
fluoride diethyl etherate to yield poly[3HRe(bpy)(CO)3Cl-Th]

(Figure 24). After polymerization, the polymer-modified elec-
trode was dipped into fresh electrolyte solution (0.1 m TBAPF6

in MeCN) and scanned either under dark or under illumination
in the presence of N2. The first and second peaks of the charac-

teristics of Re complex were shifted to more positive potentials
by 100 mV when the complex was illuminated, indicating
light-assisted electron transport. The polymer showed a four-

fold increase in current upon saturation of the solution with
CO2 under illuminated conditions. The authors explained the

process behind the electron transfer to CO2 with the initial for-
mation of an exciton upon illumination followed by electron

injection to the valance band of the semiconducting polymer

and then by an electron transfer from the polymer to the Re
complex to drive CO2 reduction (Figure 25). Finally, the authors

conducted constant-potential electrolysis in CO2-saturated so-
lutions at @1500 mV (vs. NHE) to obtain CO as the main prod-

uct. When 10 % water was added, as suggested previously by
Lehn and co-workers,[14] CO production dropped significantly

and H2 evolution prevailed. The authors reached a faradaic effi-

ciency of 2.5 % and a TON of 20 which was calculated from the
estimated active sites on the surface.[114] It is explained in the
study that the low faradaic efficiency can be attributed to sur-

face limited reactivity and the choice of a hole extracting elec-
trode. However, this is one of the very few studies where the

use of an organic semiconducting polymer and its light ab-
sorbing properties to drive photoelectrochemical reduction of

CO2 is shown.

3.4. Immobilized-Enzyme-Functionalized Electrodes

The use of enzymes for electrocatalytic reduction of CO2 was

discussed in section 2.3; however, a mediator (electron shuttle)
was always required. Recent studies have focused on the im-

Figure 23. Structures of [Re(bpy)(CO)3Cl]-functionalized thiophene mono-
mers. Reproduced with permission from Ref. [113].

Figure 24. Cyclic voltammogram demonstrating the potentiodynamic poly-
merization of [3HRe(bpy)(CO)3Cl-Th] . Inset: Photo of a thick film of the poly-
mer. Reproduced with permission from Ref. [114].

Figure 25. Working principle of the polymeric catalyst upon irradiation with
light. H2 can be observed as a product if the electrolyte medium is protic. F
denotes the catalyst functionalization on the polymer. Reproduced with per-
mission from Ref. [114] .
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mobilization of enzymes for direct electrochemical addressing
by using a conductive platform as well as for protecting them

from environmental effects.[115]

Hirst and co-workers used a tungsten-containing formate

dehydrogenase enzyme (FDH1), which was adsorbed on an
electrode surface to catalyze CO2 reduction to formate
(Figure 26).[116] The authors achieved faradaic efficiencies of
around 97–98 % and the enzyme retained its catalytic activity
over a pH range of 4–8. Applied potentials to drive the reduc-

tion varied between @410 to @810 mV (vs. Ag/AgCl), which
are much lower than the potentials required to use organome-

tallic catalysts. FDH1 was the first example of this kind that can
catalyze a CO2 reduction process with high selectivity and re-

versibility.[116]

The study from Hirst and co-workers fueled other heteroge-
neous electrocatalytic carbon dioxide works in the field. Amao

and Shuto reported their findings on the catalytic performance
of viologen-immobilized FDH on an indium tin oxide (ITO)

electrode. One end of the viologen was functionalized with
a long alkyl chain with a carboxylic acid as the end cap. Car-

boxylic acid groups served as anchoring groups on a sol–gel-

prepared ITO layer, whereas the other end of the viologen was
functionalized with FDH by dipping the electrode into an FDH-

containing solution. If the electrode was biased in a CO2-satu-
rated pyrophosphate buffer solution at @550 mV (vs. Ag/AgCl),

it yielded 23 mmol of formic acid after 3 h. The effect of the
alkyl chain length was also investigated in the study and the

authors reported a trend of increased rate of formic acid pro-
duction with increasing number of carbon atoms in the alkyl

chain, reaching a rate of 7.6 mmol h@1 for nine carbon atoms in
the chain.

Schlager et al. demonstrated the immobilization of alcohol
dehydrogenase on highly porous carbon felt electrodes using

a alginate–silicate hybrid gel as the immobilization matrix.[117]

Alcohol dehydrogenase catalyzed the reduction of butyralde-
hyde to butanol at a potential of @600 mV (vs. Ag/AgCl) with

a faradaic efficiency of 40 %. The authors also performed a con-
trol experiment in which they immobilized the enzyme in the
same matrix together with NADH as an electron donor to
check the activity of the enzymes over time. They achieved
a 96 % conversion if NADH was the electron donor.[117] Forma-
tion of methanol using the same method with a faradaic effi-

ciency of 10 % was also demonstrated at a constant potential

of @1200 mV (vs. Ag/AgCl)[118] (Figure 27).
By expanding the idea of biocatalytic electrochemistry to in-

clude multiple enzymes immobilized on an electrode, Schlager
et al. showed that CO2 can be reduced to methanol in a triple

cascade.[118] This study showed the successful immobilization
and electrochemical utilization of three enzymes to achieve

bioelectrocatalytic reduction of CO2. NADH can be replaced in

the reaction cascade with direct electron injection to the en-
zymes (Scheme 8).[118] Biocatalytic systems such as enzymes

and bacteria work in the mild conditions of room temperature
and atmospheric pressure, and are superior to all other cata-

lysts in terms of selectivity.

4. Summary and Outlook

We reviewed previous work in the field of CO2 reduction that
used organometallic, organic and bioorganic catalysts to ini-

tiate electrocatalytic, photoelectrocatalytic and bioelectrocata-
lytic reactions.

Reduction of CO2 using a heterogeneous catalytic approach
has the following advantages: immobilization of the catalyst

material on the working electrode can allow the direct use of

the catalyst, bypassing the diffusion step. Another advantage
of course is the reusability of catalyst material without the

need to recover it from the mixed chemical medium of the
products and catalyst together. The economics of electrocata-

lytic CO2 reduction is still under discussion as to whether it will
be feasible or not in the near future. Recent work from Kenis

Figure 26. The electrocatalytic interconversion of CO2 and formate by a for-
mate dehydrogenase adsorbed onto an electrode surface. Two electrons are
transferred from the electrode to the active site (buried inside the insulating
protein interior) by iron–sulfur clusters, to reduce CO2 to formate, forming
a C@H bond. Conversely, if formate is oxidized, the two electrons are trans-
ferred from the active site to the electrode. The structure of FDH1 (which
contains at least nine iron–sulfur clusters) is not known, so the structure
shown is that of the tungsten-containing formate dehydrogenase from De-
sulfovibrio gigas (PDB ID: 1H0H). Reproduced with permission from
Ref. [115] .

Scheme 8. Mechanisms for CO2 reduction catalyzed by dehydrogenases.
Three-step reduction of CO2 to methanol using NADH as a sacrificial coen-
zyme (top) and through a direct electron transfer to the enzyme without
coenzyme (bottom). Reproduced with permission from Ref. [118].

ChemPhysChem 2017, 18, 3094 – 3116 www.chemphyschem.org T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3113

Reviews

http://www.chemphyschem.org


et al.[119] demonstrated the use of a gross margin model for cal-

culating the economics of CO2 reduction. The gross margin
model is defined as the difference between the revenue and

the cost of goods, divided by the revenue. This shows that CO
and HCOOH are economically the most feasible products to

pursue in terms of required potential and faradaic efficiency.

However, improvements in catalyst durability and energy effi-
ciency are still needed. However, the activation of CO2 can be

energy demanding and we should certainly make use of re-
newable energies. Organic p-type semiconductors can be used

as electron-transfer media to provide photogenerated elec-
trons to catalyst materials that are immobilized on the surfaces

of semiconductors. Hybrid systems in which the catalyst is of

biological origin and the electron source is ideally a photoelec-
troactive compound can pave the way toward energy efficient
and selective conversion of CO2. Biocatalytic systems work at
room temperature and atmospheric pressure and have superi-

or selectivity. These can be major factors in calculating the eco-
nomics of large-scale CO2 reduction processes.

The cyclic use of carbon in the ways described in this
Review will create a carbon-neutral energy vector, which is im-
portant for transforming our energy-producing sectors.

Acknowledgements

Authors gratefully acknowledge funding from the Austrian Sci-

ence Foundation FWF within the framework of the Wittgenstein
Prize of N.S. Sariciftci Solare Energie Umwandlung Z222- N19.

Conflict of interest

The authors declare no conflict of interest.

Keywords: bioelectrocatalysis · CO2 reduction ·
electrocatalysis · heterogeneous catalysis · organic
semiconductors

[1] J. T. Kiehl, K. E. Trenberth, Bull. Am. Meteorol. Soc. 1997, 78, 197 – 208.
[2] D. M. D’Alessandro, B. Smit, J. R. Long, Angew. Chem. Int. Ed. 2010, 49,

6058 – 6082; Angew. Chem. 2010, 122, 6194 – 6219.
[3] G. A. Olah, Angew. Chem. Int. Ed. 2005, 44, 2636 – 2639; Angew. Chem.

2005, 117, 2692 – 2696.
[4] Working Group III of the Intergovernmental Panel on Climate Change,

IPCC Special Report on Carbon Dioxide Capture and Storage (Eds. : B.
Metz, O. Davidson, H. de Coninck, M. Loos, L. Meyer), Cambridge Uni-
versity Press, Cambridge, 2005, pp. 1 – 431.

[5] E. E. Benson, C. P. Kubiak, A. J. Sathrum, J. M. Smieja, Chem. Soc. Rev.
2009, 38, 89 – 99.

[6] B. Kumar, M. Llorente, J. Froehlich, T. Dang, A. Sathrum, C. P. Kubiak,
Annu. Rev. Phys. Chem. 2012, 63, 541 – 569.

[7] C. Costentin, M. Robert, J.-M. Sav8ant, Chem. Soc. Rev. 2013, 42, 2423 –
2436.

[8] M. Aresta, A. Dibenedetto, A. Angelini, Chem. Rev. 2014, 114, 1709 –
1742.

[9] C. Costentin, M. Robert, J.-M. Sav8ant, Acc. Chem. Res. 2015, 48, 2996 –
3006.

[10] J. L. White, M. F. Baruch, J. E. Pander, III, Y. Hu, I. C. Fortmeyer, J. E. Park,
T. Zhang, K. Liao, J. Gu, Y. Yan, et al. , Chem. Rev. 2015, 115, 12888 –
12935.

[11] E. Fujita, Coord. Chem. Rev. 1999, 185 – 186, 373 – 384.
[12] C. M. Cardona, W. Li, A. E. Kaifer, D. Stockdale, G. C. Bazan, Adv. Mater.

2011, 23, 2367 – 2371.
[13] N. Elgrishi, M. B. Chambers, X. Wang, M. Fontecave, Chem. Soc. Rev.

2017, 46, 761 – 796.
[14] J. Hawecker, J.-M. Lehn, R. Ziessel, J. Chem. Soc. Chem. Commun. 1984,

328.
[15] J. Hawecker, J.-M. Lehn, R. Ziessel, Chem. Commun. 1983, 536 – 538.
[16] B. P. Sullivan, C. M. Bolinger, D. Conrad, W. J. Vining, T. J. Meyer, J.

Chem. Soc. Chem. Commun. 1985, 1414 – 1416.
[17] J. Hawecker, J.-M. Lehn, R. Ziessel, Helv. Chim. Acta 1986, 69, 1990 –

2012.
[18] P. Christensen, A. Hamnett, A. V. G. Muir, J. A. Timney, J. Chem. Soc.

Dalton Trans. 1992, 1455 – 1463.

Figure 27. Representation of the electrochemical reduction of CO2 using enzymes. Electrons are injected directly into the enzymes, which are immobilized in
an alginate–silicate hybrid gel (green) on a carbon felt working electrode. CO2 is reduced at the working electrode. Oxidation reactions take place at the
counter electrode. Reproduced with permission from Ref. [118].

ChemPhysChem 2017, 18, 3094 – 3116 www.chemphyschem.org T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3114

Reviews

https://doi.org/10.1175/1520-0477(1997)078%3C0197:EAGMEB%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078%3C0197:EAGMEB%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078%3C0197:EAGMEB%3E2.0.CO;2
https://doi.org/10.1002/anie.200462121
https://doi.org/10.1002/anie.200462121
https://doi.org/10.1002/anie.200462121
https://doi.org/10.1002/ange.200462121
https://doi.org/10.1002/ange.200462121
https://doi.org/10.1002/ange.200462121
https://doi.org/10.1002/ange.200462121
https://doi.org/10.1039/B804323J
https://doi.org/10.1039/B804323J
https://doi.org/10.1039/B804323J
https://doi.org/10.1039/B804323J
https://doi.org/10.1146/annurev-physchem-032511-143759
https://doi.org/10.1146/annurev-physchem-032511-143759
https://doi.org/10.1146/annurev-physchem-032511-143759
https://doi.org/10.1039/C2CS35360A
https://doi.org/10.1039/C2CS35360A
https://doi.org/10.1039/C2CS35360A
https://doi.org/10.1021/cr4002758
https://doi.org/10.1021/cr4002758
https://doi.org/10.1021/cr4002758
https://doi.org/10.1021/acs.accounts.5b00262
https://doi.org/10.1021/acs.accounts.5b00262
https://doi.org/10.1021/acs.accounts.5b00262
https://doi.org/10.1021/acs.chemrev.5b00370
https://doi.org/10.1021/acs.chemrev.5b00370
https://doi.org/10.1021/acs.chemrev.5b00370
https://doi.org/10.1016/S0010-8545(99)00023-5
https://doi.org/10.1016/S0010-8545(99)00023-5
https://doi.org/10.1016/S0010-8545(99)00023-5
https://doi.org/10.1016/S0010-8545(99)00023-5
https://doi.org/10.1016/S0010-8545(99)00023-5
https://doi.org/10.1002/adma.201004554
https://doi.org/10.1002/adma.201004554
https://doi.org/10.1002/adma.201004554
https://doi.org/10.1002/adma.201004554
https://doi.org/10.1039/C5CS00391A
https://doi.org/10.1039/C5CS00391A
https://doi.org/10.1039/C5CS00391A
https://doi.org/10.1039/C5CS00391A
https://doi.org/10.1039/C39840000328
https://doi.org/10.1039/C39840000328
https://doi.org/10.1039/C39830000536
https://doi.org/10.1039/C39830000536
https://doi.org/10.1039/C39830000536
https://doi.org/10.1039/C39850001414
https://doi.org/10.1039/C39850001414
https://doi.org/10.1039/C39850001414
https://doi.org/10.1039/C39850001414
https://doi.org/10.1002/hlca.19860690824
https://doi.org/10.1002/hlca.19860690824
https://doi.org/10.1002/hlca.19860690824
https://doi.org/10.1039/dt9920001455
https://doi.org/10.1039/dt9920001455
https://doi.org/10.1039/dt9920001455
https://doi.org/10.1039/dt9920001455
http://www.chemphyschem.org


[19] O. Ishitani, M. George, Inorg. Chem. 1994, 33, 4712 – 4717.
[20] G. J. Stor, J. W. M. van Outersterp, D. J. Stufkens, Organometallics 1995,

14, 1115 – 1131.
[21] F. P. A. Johnson, M. W. George, F. Hartl, J. J. Turner, Organometallics

1996, 15, 3374 – 3387.
[22] J. W. M. van Outersterp, F. Hartl, D. J. Stufkens, Organometallics 1995,

14, 3303 – 3310.
[23] J. M. Smieja, C. P. Kubiak, Inorg. Chem. 2010, 49, 9283 – 9289.
[24] Determination of Organic Structures by Physical Methods, (Eds. : F. C.

Nachod, J. J. Zuckerman), Academic Press, New York, 1971.
[25] E. Portenkirchner, K. Oppelt, C. Ulbricht, D. A. M. Egbe, H. Neugebauer,

G. Knçr, N. S. Sariciftci, J. Organomet. Chem. 2012, 716, 19 – 25.
[26] K. Oppelt, D. A. M. Egbe, U. Monkowius, M. List, M. Zabel, N. S. Saricift-

ci, G. Knçr, J. Organomet. Chem. 2011, 696, 2252 – 2258.
[27] Z. K. Lopez-Castillo, S. N. V. K. Aki, M. A. Stadtherr, J. F. Brennecke, Ind.

Eng. Chem. Res. 2006, 45, 5351 – 5360.
[28] N. S. SariÅiftÅi, K. Oppelt, G. Knçr, E. Portenkirchner, D. A. M. Egbe,

Nanomater. Energy 2013, 2, 134 – 147.
[29] E. Portenkirchner, S. Schlager, D. Apaydin, K. Oppelt, M. Himmelsbach,

D. A. M. Egbe, H. Neugebauer, G. Knçr, T. Yoshida, N. S. Sariciftci, Elec-
trocatalysis 2015, 6, 185 – 197.

[30] R. J. Haines, R. E. Wittrig, C. P. Kubiak, Inorg. Chem. 1994, 33, 4723 –
4728.

[31] R. Eisenberg, B. Fisher, J. Am. Chem. Soc. 1980, 102, 7361 – 7363.
[32] D. J. Pearce, D. Pletcher, J. Electroanal. Chem. Interfacial Electrochem.

1986, 197, 317 – 330.
[33] M. Beley, J. P. Collin, R. Ruppert, J. P. Sauvage, J. Am. Chem. Soc. 1986,

108, 7461 – 7467.
[34] A. Ahmed Isse, A. Gennaro, E. Vianello, C. Floriani, J. Mol. Catal. 1991,

70, 197 – 208.
[35] I. Bhugun, D. Lexa, J.-M. Saveant, J. Am. Chem. Soc. 1994, 116, 5015 –

5016.
[36] H. Nakajima, Y. Kushi, H. Nagao, K. Tanaka, Organometallics 1995, 14,

5093 – 5098.
[37] J. Grodkowski, P. Neta, J. Phys. Chem. A 2002, 106, 4772 – 4778.
[38] L. Chen, Z. Guo, X.-G. Wei, C. Gallenkamp, J. Bonin, E. Anxolab8hHre-

Mallart, K.-C. Lau, T.-C. Lau, M. Robert, J. Am. Chem. Soc. 2015, 137,
10918 – 10921.

[39] N. Kornienko, Y. Zhao, C. S. Kley, C. Zhu, D. Kim, S. Lin, C. J. Chang,
O. M. Yaghi, P. Yang, J. Am. Chem. Soc. 2015, 137, 14129 – 14135.

[40] J. D. Froehlich, C. P. Kubiak, J. Am. Chem. Soc. 2015, 137, 3565 – 3573.
[41] B. Mondal, A. Rana, P. Sen, A. Dey, J. Am. Chem. Soc. 2015, 137, 11214 –

11217.
[42] D. L. DuBois, A. Miedaner, R. C. Haltiwanger, J. Am. Chem. Soc. 1991,

113, 8753 – 8764.
[43] J. W. Raebiger, J. W. Turner, B. C. Noll, C. J. Curtis, A. Miedaner, B. Cox,

D. L. DuBois, Organometallics 2006, 25, 3345 – 3351.
[44] J. R. Pugh, M. R. M. Bruce, B. P. Sullivan, T. J. Meyer, Inorg. Chem. 1991,

30, 86 – 91.
[45] C. Arana, S. Yan, M. Keshavarzk, K. T. Potts, H. D. Abruna, Inorg. Chem.

1992, 31, 3680 – 3682.
[46] D. C. Lacy, C. C. L. Mccrory, J. C. Peters, Inorg. Chem. 2014, 53, 4980 –

4988.
[47] E. Portenkirchner, E. Kianfar, N. S. Sariciftci, G. Knçr, ChemSusChem

2014, 7, 1347 – 1351.
[48] S. Lin, C. S. Diercks, Y.-B. Zhang, N. Kornienko, E. M. Nichols, Y. Zhao,

A. R. Paris, D. Kim, P. Yang, O. M. Yaghi, C. J. Chang, Science 2015, 349,
1208 – 1213.

[49] C. Costentin, S. Drouet, M. Robert, J.-M. Saveant, Science 2012, 338,
90 – 94.

[50] M. Bourrez, F. Molton, S. Chardon-Noblat, A. Deronzier, Angew. Chem.
Int. Ed. 2011, 50, 9903 – 9906; Angew. Chem. 2011, 123, 10077 – 10080.

[51] J. M. Smieja, M. D. Sampson, K. A. Grice, E. E. Benson, J. D. Froehlich, P.
Kubiak, Inorg. Chem. 2013, 52, 2484 – 2491.

[52] M. D. Sampson, A. D. Nguyen, K. A. Grice, C. E. Moore, A. L. Rheingold,
C. P. Kubiak, J. Am. Chem. Soc. 2014, 136, 5460 – 5471.

[53] G. Seshadri, C. Lin, A. B. Bocarsly, J. Electroanal. Chem. 1994, 372, 145 –
150.

[54] K. Yasukouchi, I. Taniguchi, H. Yamaguchi, M. Shiraishi, J. Electroanal.
Chem. Interfacial Electrochem. 1979, 105, 403 – 408.

[55] E. B. Cole, P. S. Lakkaraju, D. M. Rampulla, A. J. Morris, E. Abelev, A. B.
Bocarsly, J. Am. Chem. Soc. 2010, 132, 11539 – 11551.

[56] Y. Yan, E. L. Zeitler, J. Gu, Y. Hu, A. B. Bocarsly, J. Am. Chem. Soc. 2013,
135, 14020 – 14023.

[57] M. Z. Ertem, S. J. Konezny, C. M. Araujo, V. S. Batista, J. Phys. Chem. Lett.
2013, 4, 745 – 748.

[58] A. J. Morris, R. T. McGibbon, A. B. Bocarsly, ChemSusChem 2011, 4, 191 –
196.

[59] J. A. Tossell, Comput. Theor. Chem. 2011, 977, 123 – 127.
[60] A. J. Lucio, S. K. Shaw, J. Phys. Chem. C 2015, 119, 12523 – 12530.
[61] S. I. Rybchenko, D. Touhami, J. D. Wadhawan, S. K. Haywood, ChemSus-

Chem 2016, 9, 1660 – 1669.
[62] C. Costentin, J. C. Canales, B. Haddou, J. M. Sav8ant, J. Am. Chem. Soc.

2013, 135, 17671 – 17674.
[63] B. E. Conway, B. V. Tilak, Electrochim. Acta 2002, 47, 3571 – 3594.
[64] E. Portenkirchner, C. Enengl, S. Enengl, G. Hinterberger, S. Stefanie, D.

Apaydin, H. Neugebauer, G. Knçr, N. S. Sariciftci, ChemElectroChem
2014, 1, 1543 – 1548.

[65] A. B. Bocarsly, Q. D. Gibson, A. J. Morris, R. P. L’Esperance, Z. M. Detweil-
er, P. S. Lakkaraju, E. L. Zeitler, T. W. Shaw, ACS Catal. 2012, 2, 1684 –
1692.

[66] C. H. Lim, A. M. Holder, C. B. Musgrave, J. Am. Chem. Soc. 2013, 135,
142 – 154.

[67] U. Ruschig, U. Meller, P. Willnow, T. Hçpner, Eur. J. of Biochem. 1976,
70, 325 – 330.

[68] M. Stephenson, L. H. Stickland, Biochem. J. 1932, 26, 712 – 724.
[69] A. M. Klibanov, B. N. Alberti, S. E. Zale, Biotechnol. Bioeng. 1982, 24,

25 – 36.
[70] C. Fellay, P. J. Dyson, G. Laurenczy, Angew. Chem. Int. Ed. 2008, 47,

3966 – 3968; Angew. Chem. 2008, 120, 4030 – 4032.
[71] B. Mondal, J. Song, F. Neese, S. Ye, Curr. Opin. Chem. Biol. 2015, 25,

103 – 109.
[72] B. A. Parkinson, P. F. Weaver, Nature 1984, 309, 148 – 149.
[73] S. Kuwabata, R. Tsuda, H. Yoneyama, J. Am. Chem. Soc. 1994, 116,

5437 – 5443.
[74] W. Shin, S. H. Lee, J. W. Shin, S. P. Lee, Y. Kim, J. Am. Chem. Soc. 2003,

125, 14688 – 14689.
[75] S. Kim, M. K. Kim, S. H. Lee, S. Yoon, K. D. Jung, J. Mol. Catal. B 2014,

102, 9 – 15.
[76] H. A. Hansen, J. B. Varley, A. A. Peterson, J. K. Nørskov, J. Phys. Chem.

Lett. 2013, 4, 388 – 392.
[77] B. Mondal, A. Rana, P. Sen, A. Dey, J. Am. Chem. Soc. 2015, 137, 11214 –

11217.
[78] C. M. Lieber, N. S. Lewis, J. Am. Chem. Soc. 1984, 106, 5033 – 5034.
[79] N. Furuya, K. Matsui, J. Electroanal. Chem. 1989, 271, 181 – 191.
[80] T. Atoguchi, A. Aramata, A. Kazusaka, M. Enyo, J. Electroanal. Chem.

1991, 318, 309 – 320.
[81] T. Yoshida, T. Koji, T. Shousuke, Y. Katsutoshi, K. Masao, J. Chem. Soc.

Chem. Commun. 1993, 631 – 633.
[82] T. Yoshida, K. Kamato, M. Tsukamoto, T. Iida, D. Schlettwein, D. Wçhrle,

M. Kaneko, J. Electroanal. Chem. 1995, 385, 209 – 225.
[83] Y. Hori, H. Wakebe, T. Tsukamoto, O. Koga, Electrochim. Acta 1994, 39,

1833 – 1839.
[84] M. Le, M. Ren, Z. Zhang, P. T. Sprunger, R. L. Kurtz, J. C. Flake, J. Electro-

chem. Soc. 2011, 158, E45 – E49.
[85] C. W. Li, M. W. Kanan, J. Am. Chem. Soc. 2012, 134, 7231 – 7234.
[86] Y. Lan, C. Gai, P. J. A. Kenis, J. Lu, ChemElectroChem 2014, 1, 1577 –

1582.
[87] J. J. Walsh, G. Neri, C. L. Smith, A. J. Cowan, Chem. Commun. 2014, 50,

12698 – 12701.
[88] I. Hod, M. D. Sampson, P. Deria, C. P. Kubiak, O. K. Farha, J. T. Hupp, ACS

Catal. 2015, 5, 6302 – 6309.
[89] J. Shen, R. Kortlever, R. Kas, Y. Y. Birdja, O. Diaz-morales, Y. Kwon, I.

Ledezma-Yanez, K. J. P. Schouten, G. Mul, M. T. M. Koper, Nat. Commun.
2015, 6, 8177.

[90] M. Halmann, Nature 1978, 275, 115 – 116.
[91] C. H. Hamann, P. Schmçde, J. Power Sources 1976, 1, 141 – 157.
[92] B. Aurian-Blajeni, M. Halmann, J. Manassen, Sol. Energy Mater. 1983, 8,

425 – 440.
[93] D. Canfield, K. W. Frese, Jr. , J. Electrochem. Soc. 1983, 130, 1772 – 1773.

ChemPhysChem 2017, 18, 3094 – 3116 www.chemphyschem.org T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3115

Reviews

https://doi.org/10.1021/ic00099a022
https://doi.org/10.1021/ic00099a022
https://doi.org/10.1021/ic00099a022
https://doi.org/10.1021/om00003a013
https://doi.org/10.1021/om00003a013
https://doi.org/10.1021/om00003a013
https://doi.org/10.1021/om00003a013
https://doi.org/10.1021/om960044+
https://doi.org/10.1021/om960044+
https://doi.org/10.1021/om960044+
https://doi.org/10.1021/om960044+
https://doi.org/10.1021/om00007a034
https://doi.org/10.1021/om00007a034
https://doi.org/10.1021/om00007a034
https://doi.org/10.1021/om00007a034
https://doi.org/10.1021/ic1008363
https://doi.org/10.1021/ic1008363
https://doi.org/10.1021/ic1008363
https://doi.org/10.1016/j.jorganchem.2012.05.021
https://doi.org/10.1016/j.jorganchem.2012.05.021
https://doi.org/10.1016/j.jorganchem.2012.05.021
https://doi.org/10.1016/j.jorganchem.2010.11.008
https://doi.org/10.1016/j.jorganchem.2010.11.008
https://doi.org/10.1016/j.jorganchem.2010.11.008
https://doi.org/10.1021/ie0601091
https://doi.org/10.1021/ie0601091
https://doi.org/10.1021/ie0601091
https://doi.org/10.1021/ie0601091
https://doi.org/10.1007/s12678-014-0230-1
https://doi.org/10.1007/s12678-014-0230-1
https://doi.org/10.1007/s12678-014-0230-1
https://doi.org/10.1007/s12678-014-0230-1
https://doi.org/10.1021/ic00099a024
https://doi.org/10.1021/ic00099a024
https://doi.org/10.1021/ic00099a024
https://doi.org/10.1016/0022-0728(86)80157-7
https://doi.org/10.1016/0022-0728(86)80157-7
https://doi.org/10.1016/0022-0728(86)80157-7
https://doi.org/10.1016/0022-0728(86)80157-7
https://doi.org/10.1021/ja00284a003
https://doi.org/10.1021/ja00284a003
https://doi.org/10.1021/ja00284a003
https://doi.org/10.1021/ja00284a003
https://doi.org/10.1016/0304-5102(91)80161-U
https://doi.org/10.1016/0304-5102(91)80161-U
https://doi.org/10.1016/0304-5102(91)80161-U
https://doi.org/10.1016/0304-5102(91)80161-U
https://doi.org/10.1021/ja00090a068
https://doi.org/10.1021/ja00090a068
https://doi.org/10.1021/ja00090a068
https://doi.org/10.1021/om00011a031
https://doi.org/10.1021/om00011a031
https://doi.org/10.1021/om00011a031
https://doi.org/10.1021/om00011a031
https://doi.org/10.1021/jp013668o
https://doi.org/10.1021/jp013668o
https://doi.org/10.1021/jp013668o
https://doi.org/10.1021/jacs.5b06535
https://doi.org/10.1021/jacs.5b06535
https://doi.org/10.1021/jacs.5b06535
https://doi.org/10.1021/jacs.5b06535
https://doi.org/10.1021/jacs.5b08212
https://doi.org/10.1021/jacs.5b08212
https://doi.org/10.1021/jacs.5b08212
https://doi.org/10.1021/ja512575v
https://doi.org/10.1021/ja512575v
https://doi.org/10.1021/ja512575v
https://doi.org/10.1021/jacs.5b05992
https://doi.org/10.1021/jacs.5b05992
https://doi.org/10.1021/jacs.5b05992
https://doi.org/10.1021/ja00023a023
https://doi.org/10.1021/ja00023a023
https://doi.org/10.1021/ja00023a023
https://doi.org/10.1021/ja00023a023
https://doi.org/10.1021/om060228g
https://doi.org/10.1021/om060228g
https://doi.org/10.1021/om060228g
https://doi.org/10.1021/ic00001a016
https://doi.org/10.1021/ic00001a016
https://doi.org/10.1021/ic00001a016
https://doi.org/10.1021/ic00001a016
https://doi.org/10.1021/ic00043a034
https://doi.org/10.1021/ic00043a034
https://doi.org/10.1021/ic00043a034
https://doi.org/10.1021/ic00043a034
https://doi.org/10.1021/ic403122j
https://doi.org/10.1021/ic403122j
https://doi.org/10.1021/ic403122j
https://doi.org/10.1002/cssc.201301116
https://doi.org/10.1002/cssc.201301116
https://doi.org/10.1002/cssc.201301116
https://doi.org/10.1002/cssc.201301116
https://doi.org/10.1126/science.aac8343
https://doi.org/10.1126/science.aac8343
https://doi.org/10.1126/science.aac8343
https://doi.org/10.1126/science.aac8343
https://doi.org/10.1126/science.1224581
https://doi.org/10.1126/science.1224581
https://doi.org/10.1126/science.1224581
https://doi.org/10.1126/science.1224581
https://doi.org/10.1002/anie.201103616
https://doi.org/10.1002/anie.201103616
https://doi.org/10.1002/anie.201103616
https://doi.org/10.1002/anie.201103616
https://doi.org/10.1002/ange.201103616
https://doi.org/10.1002/ange.201103616
https://doi.org/10.1002/ange.201103616
https://doi.org/10.1021/ic302391u
https://doi.org/10.1021/ic302391u
https://doi.org/10.1021/ic302391u
https://doi.org/10.1021/ja501252f
https://doi.org/10.1021/ja501252f
https://doi.org/10.1021/ja501252f
https://doi.org/10.1016/0022-0728(94)03300-5
https://doi.org/10.1016/0022-0728(94)03300-5
https://doi.org/10.1016/0022-0728(94)03300-5
https://doi.org/10.1016/S0022-0728(79)80137-0
https://doi.org/10.1016/S0022-0728(79)80137-0
https://doi.org/10.1016/S0022-0728(79)80137-0
https://doi.org/10.1016/S0022-0728(79)80137-0
https://doi.org/10.1021/ja4064052
https://doi.org/10.1021/ja4064052
https://doi.org/10.1021/ja4064052
https://doi.org/10.1021/ja4064052
https://doi.org/10.1021/jz400183z
https://doi.org/10.1021/jz400183z
https://doi.org/10.1021/jz400183z
https://doi.org/10.1021/jz400183z
https://doi.org/10.1002/cssc.201000379
https://doi.org/10.1002/cssc.201000379
https://doi.org/10.1002/cssc.201000379
https://doi.org/10.1016/j.comptc.2011.09.012
https://doi.org/10.1016/j.comptc.2011.09.012
https://doi.org/10.1016/j.comptc.2011.09.012
https://doi.org/10.1021/acs.jpcc.5b03355
https://doi.org/10.1021/acs.jpcc.5b03355
https://doi.org/10.1021/acs.jpcc.5b03355
https://doi.org/10.1002/cssc.201600267
https://doi.org/10.1002/cssc.201600267
https://doi.org/10.1002/cssc.201600267
https://doi.org/10.1002/cssc.201600267
https://doi.org/10.1021/ja407988w
https://doi.org/10.1021/ja407988w
https://doi.org/10.1021/ja407988w
https://doi.org/10.1021/ja407988w
https://doi.org/10.1016/S0013-4686(02)00329-8
https://doi.org/10.1016/S0013-4686(02)00329-8
https://doi.org/10.1016/S0013-4686(02)00329-8
https://doi.org/10.1002/celc.201402132
https://doi.org/10.1002/celc.201402132
https://doi.org/10.1002/celc.201402132
https://doi.org/10.1002/celc.201402132
https://doi.org/10.1021/cs300267y
https://doi.org/10.1021/cs300267y
https://doi.org/10.1021/cs300267y
https://doi.org/10.1021/ja3064809
https://doi.org/10.1021/ja3064809
https://doi.org/10.1021/ja3064809
https://doi.org/10.1021/ja3064809
https://doi.org/10.1042/bj0260712
https://doi.org/10.1042/bj0260712
https://doi.org/10.1042/bj0260712
https://doi.org/10.1002/bit.260240104
https://doi.org/10.1002/bit.260240104
https://doi.org/10.1002/bit.260240104
https://doi.org/10.1002/bit.260240104
https://doi.org/10.1002/anie.200800320
https://doi.org/10.1002/anie.200800320
https://doi.org/10.1002/anie.200800320
https://doi.org/10.1002/anie.200800320
https://doi.org/10.1002/ange.200800320
https://doi.org/10.1002/ange.200800320
https://doi.org/10.1002/ange.200800320
https://doi.org/10.1016/j.cbpa.2014.12.022
https://doi.org/10.1016/j.cbpa.2014.12.022
https://doi.org/10.1016/j.cbpa.2014.12.022
https://doi.org/10.1016/j.cbpa.2014.12.022
https://doi.org/10.1038/309148a0
https://doi.org/10.1038/309148a0
https://doi.org/10.1038/309148a0
https://doi.org/10.1021/ja00091a056
https://doi.org/10.1021/ja00091a056
https://doi.org/10.1021/ja00091a056
https://doi.org/10.1021/ja00091a056
https://doi.org/10.1021/ja037370i
https://doi.org/10.1021/ja037370i
https://doi.org/10.1021/ja037370i
https://doi.org/10.1021/ja037370i
https://doi.org/10.1016/j.molcatb.2014.01.007
https://doi.org/10.1016/j.molcatb.2014.01.007
https://doi.org/10.1016/j.molcatb.2014.01.007
https://doi.org/10.1016/j.molcatb.2014.01.007
https://doi.org/10.1021/jz3021155
https://doi.org/10.1021/jz3021155
https://doi.org/10.1021/jz3021155
https://doi.org/10.1021/jz3021155
https://doi.org/10.1021/jacs.5b05992
https://doi.org/10.1021/jacs.5b05992
https://doi.org/10.1021/jacs.5b05992
https://doi.org/10.1021/ja00329a082
https://doi.org/10.1021/ja00329a082
https://doi.org/10.1021/ja00329a082
https://doi.org/10.1016/0022-0728(89)80074-9
https://doi.org/10.1016/0022-0728(89)80074-9
https://doi.org/10.1016/0022-0728(89)80074-9
https://doi.org/10.1016/0022-0728(91)85312-D
https://doi.org/10.1016/0022-0728(91)85312-D
https://doi.org/10.1016/0022-0728(91)85312-D
https://doi.org/10.1016/0022-0728(91)85312-D
https://doi.org/10.1039/C39930000631
https://doi.org/10.1039/C39930000631
https://doi.org/10.1039/C39930000631
https://doi.org/10.1039/C39930000631
https://doi.org/10.1016/0022-0728(94)03762-R
https://doi.org/10.1016/0022-0728(94)03762-R
https://doi.org/10.1016/0022-0728(94)03762-R
https://doi.org/10.1016/0013-4686(94)85172-7
https://doi.org/10.1016/0013-4686(94)85172-7
https://doi.org/10.1016/0013-4686(94)85172-7
https://doi.org/10.1016/0013-4686(94)85172-7
https://doi.org/10.1149/1.3561636
https://doi.org/10.1149/1.3561636
https://doi.org/10.1149/1.3561636
https://doi.org/10.1149/1.3561636
https://doi.org/10.1021/ja3010978
https://doi.org/10.1021/ja3010978
https://doi.org/10.1021/ja3010978
https://doi.org/10.1002/celc.201402182
https://doi.org/10.1002/celc.201402182
https://doi.org/10.1002/celc.201402182
https://doi.org/10.1039/C4CC06404F
https://doi.org/10.1039/C4CC06404F
https://doi.org/10.1039/C4CC06404F
https://doi.org/10.1039/C4CC06404F
https://doi.org/10.1021/acscatal.5b01767
https://doi.org/10.1021/acscatal.5b01767
https://doi.org/10.1021/acscatal.5b01767
https://doi.org/10.1021/acscatal.5b01767
https://doi.org/10.1038/ncomms9177
https://doi.org/10.1038/ncomms9177
https://doi.org/10.1038/275115a0
https://doi.org/10.1038/275115a0
https://doi.org/10.1038/275115a0
https://doi.org/10.1016/0378-7753(76)80017-1
https://doi.org/10.1016/0378-7753(76)80017-1
https://doi.org/10.1016/0378-7753(76)80017-1
https://doi.org/10.1016/0165-1633(83)90007-2
https://doi.org/10.1016/0165-1633(83)90007-2
https://doi.org/10.1016/0165-1633(83)90007-2
https://doi.org/10.1016/0165-1633(83)90007-2
https://doi.org/10.1149/1.2120090
https://doi.org/10.1149/1.2120090
https://doi.org/10.1149/1.2120090
http://www.chemphyschem.org


[94] E. E. Barton, D. M. Rampulla, A. B. Bocarsly, J. Am. Chem. Soc. 2008, 130,
6342 – 6344.

[95] B. Kumar, J. M. Smieja, A. F. Sasayama, C. P. Kubiak, Chem. Commun.
2012, 48, 272 – 274.

[96] B. Kumar, J. M. Smieja, C. P. Kubiak, J. Phys. Chem. C 2010, 114, 14220 –
14223.

[97] L. Zhang, D. Zhu, G. M. Nathanson, R. J. Hamers, Angew. Chem. Int. Ed.
2014, 53, 9746 – 9750; Angew. Chem. 2014, 126, 9904 – 9908.

[98] M. Lessio, E. A. Carter, J. Am. Chem. Soc. 2015, 137, 13248 – 13251.
[99] P. Ghosh, T. G. Spiro, J. Am. Chem. Soc. 1980, 102, 5543 – 5549.

[100] C. D. Windle, E. Reisner, Chimia 2015, 69, 435 – 441.
[101] T. E. Rosser, C. D. Windle, E. Reisner, Angew. Chem. Int. Ed. 2016, 55,

7388; Angew. Chem. 2016, 128, 7514.
[102] C. Stalder, S. Chao, M. Wrighton, J. Am. Chem. Soc. 1984, 106, 3673 –

3675.
[103] N. S. Sariciftci, M. Mehring, K. U. Gaudl, P. Bauerle, H. Neugebauer, A.

Neckel, J. Chem. Phys. 1992, 96, 7164 – 7170.
[104] T. R. O’Toole, L. D. Margerum, T. D. Westmoreland, W. J. Vining, R. W.

Murray, T. J. Meyer, J. Chem. Soc. Chem. Commun. 1985, 1416 – 1417.
[105] S. Cosnier, A. Deronzier, J.-C. Moutet, J. Electroanal. Chem. 1986, 207,

315 – 321.
[106] T. R. O’Toole, B. P. Sullivan, M. R. M. Bruce, L. D. Margerum, R. W.

Murray, T. J. Meyer, J. Electroanal. Chem. 1989, 259, 217 – 239.
[107] P. Christensen, A. Hamnett, A. V. G. Muir, J. A. Timney, S. Higgins, J.

Chem. Soc. Faraday Trans. 1994, 90, 459 – 469.
[108] J. R. Sende, C. Arana, L. Hernandez, K. Potts, M. Keschevarz, D. H.

Abruna, Inorg. Chem. 1995, 34, 3339 – 3348.
[109] C. E. Tornow, M. R. Thorson, S. Ma, A. A. Gewirth, J. Am. Chem. Soc.

2012, 134, 19520 – 19523.

[110] B. Kumar, M. Asadi, D. Pisasale, S. Sinha-Ray, B. A. Rosen, R. Haasch, J.
Abiade, A. L. Yarin, A. Salehi-Khojin, Nat. Commun. 2013, 4, 2819.

[111] D. Hurs#n, A. Korm#nyos, K. Rajeshwar, C. Jan#ky, Chem. Commun.
2016, 8858 – 8861.

[112] E. Portenkirchner, J. Gasiorowski, K. Oppelt, S. Schlager, C.
Schwarzinger, H. Neugebauer, G. Knçr, N. S. Sariciftci, ChemCatChem
2013, 5, 1790 – 1796.

[113] C. Sun, S. Prosperini, P. Quagliotto, G. Viscardi, S. Yoon, R. Gobetto, C.
Nervi, Dalton Trans. 2016, 45, 14678 – 14688.

[114] D. H. Apaydin, E. Tordin, E. Portenkirchner, G. Aufischer, S. Schlager, M.
Weichselbaumer, K. Oppelt, N. S. Sariciftci, ChemistrySelect 2016, 1,
1156 – 1162.

[115] O. Heichal-Segal, S. Rappoport, S. Braun, Bio/Technology 1995, 13,
798 – 800.

[116] T. Reda, C. M. Plugge, N. J. Abram, J. Hirst, Proc. Natl. Acad. Sci. USA
2008, 105, 10654 – 10658.

[117] S. Schlager, H. Neugebauer, M. Haberbauer, G. Hinterberger, N. S. Sari-
ciftci, ChemCatChem 2015, 7, 967 – 971.

[118] S. Schlager, L. M. Dumitru, M. Haberbauer, A. Fuchsbauer, H.
Neugebauer, D. Hiemetsberger, A. Wagner, E. Portenkirchner, N. S.
Sariciftci, ChemSusChem 2016, 9, 631 – 635.

[119] S. Verma, B. Kim, H.-R. Jhong, S. Ma, P. J. A. Kenis, ChemSusChem 2016,
9, 1972 – 1979.

Manuscript received: February 13, 2017
Accepted manuscript online: April 6, 2017
Version of record online: May 31, 2017

ChemPhysChem 2017, 18, 3094 – 3116 www.chemphyschem.org T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3116

Reviews

https://doi.org/10.1021/ja0776327
https://doi.org/10.1021/ja0776327
https://doi.org/10.1021/ja0776327
https://doi.org/10.1021/ja0776327
https://doi.org/10.1039/C1CC16024A
https://doi.org/10.1039/C1CC16024A
https://doi.org/10.1039/C1CC16024A
https://doi.org/10.1039/C1CC16024A
https://doi.org/10.1021/jp105171b
https://doi.org/10.1021/jp105171b
https://doi.org/10.1021/jp105171b
https://doi.org/10.1002/anie.201404328
https://doi.org/10.1002/anie.201404328
https://doi.org/10.1002/anie.201404328
https://doi.org/10.1002/anie.201404328
https://doi.org/10.1002/ange.201404328
https://doi.org/10.1002/ange.201404328
https://doi.org/10.1002/ange.201404328
https://doi.org/10.1021/jacs.5b08639
https://doi.org/10.1021/jacs.5b08639
https://doi.org/10.1021/jacs.5b08639
https://doi.org/10.1021/ja00537a021
https://doi.org/10.1021/ja00537a021
https://doi.org/10.1021/ja00537a021
https://doi.org/10.1002/anie.201601038
https://doi.org/10.1002/anie.201601038
https://doi.org/10.1002/ange.201601038
https://doi.org/10.1021/ja00324a046
https://doi.org/10.1021/ja00324a046
https://doi.org/10.1021/ja00324a046
https://doi.org/10.1063/1.462550
https://doi.org/10.1063/1.462550
https://doi.org/10.1063/1.462550
https://doi.org/10.1016/0022-0728(86)87080-2
https://doi.org/10.1016/0022-0728(86)87080-2
https://doi.org/10.1016/0022-0728(86)87080-2
https://doi.org/10.1016/0022-0728(86)87080-2
https://doi.org/10.1039/ft9949000459
https://doi.org/10.1039/ft9949000459
https://doi.org/10.1039/ft9949000459
https://doi.org/10.1039/ft9949000459
https://doi.org/10.1021/ja308217w
https://doi.org/10.1021/ja308217w
https://doi.org/10.1021/ja308217w
https://doi.org/10.1021/ja308217w
https://doi.org/10.1002/cctc.201200904
https://doi.org/10.1002/cctc.201200904
https://doi.org/10.1002/cctc.201200904
https://doi.org/10.1002/cctc.201200904
https://doi.org/10.1039/C5DT04491J
https://doi.org/10.1039/C5DT04491J
https://doi.org/10.1039/C5DT04491J
https://doi.org/10.1002/slct.201600326
https://doi.org/10.1002/slct.201600326
https://doi.org/10.1002/slct.201600326
https://doi.org/10.1002/slct.201600326
https://doi.org/10.1038/nbt0895-798
https://doi.org/10.1038/nbt0895-798
https://doi.org/10.1038/nbt0895-798
https://doi.org/10.1038/nbt0895-798
https://doi.org/10.1073/pnas.0801290105
https://doi.org/10.1073/pnas.0801290105
https://doi.org/10.1073/pnas.0801290105
https://doi.org/10.1073/pnas.0801290105
https://doi.org/10.1002/cctc.201402932
https://doi.org/10.1002/cctc.201402932
https://doi.org/10.1002/cctc.201402932
https://doi.org/10.1002/cssc.201501496
https://doi.org/10.1002/cssc.201501496
https://doi.org/10.1002/cssc.201501496
https://doi.org/10.1002/cssc.201600394
https://doi.org/10.1002/cssc.201600394
https://doi.org/10.1002/cssc.201600394
https://doi.org/10.1002/cssc.201600394
http://www.chemphyschem.org

