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A status report on electrochemical reduction of, @@metal cathodes with and without molecular catalysts is provided.
Notable developments in this area of research have been systematically summarized. The various factors which influence
the efficiency and selectivity of the G@duction process is critically evaluated and a rationale is evolved towards the
choice of cathode materials, fabricational approaches, morphology of the electrode and various experimental parameters.
The areas need attentions are identified and directions for further development are suggested.
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1 Introduction been exhaustively investigatéd The 2@ century’s
_ 10 warmest years all occurred in the last 15 years of
1.1 CQ Reduction: Relevance the century. Of these, 1998 was the warmest year on

Energy from the sun drives the earth’s weatherecord. The snow cover in the Northern Hemisphere
and climate, and heats the earth’s surface: in turn, thend floating ice in the Arctic Ocean has decreased.
earth radiates energy back into space. Atmospheri@lobally, sea level has risen 4-8 inches over the past
green house gases (water vapour, &t other gases) century. Worldwide precipitation over land has
trap some of the outgoing energy, retaining heaincreased by about one percent. The frequency of
somewhat like the glass panels of a greenhouse. Withoextreme rainfall events has increased throughout much
this natural “greenhouse effect”, temperatures wouldf the United States. Increasing concentrations of
be much lower than they are now, and life as knowgreenhouse gases are likely to accelerate the rate of
today would not be possible. Instead, thanks to greeslimate change.
house gases, the earth’s average temperature is a more Scientists expect that the average global surface
hospitable 68F. However, problems may arise whentemperature could rise 1-4/5(0.6-2.5C) in the next
the atmospheric concentration of greenhouse gaséfy years, and 2.2-1 (1.4-5.8C) in the next century,
increases. Sources of C€an be categorized in terms with significant regional variation. Evaporation will
of the concentration of this material as high or lowincrease as the climate warms, which will increase
Examples of the former include natural reservoirsaverage global precipitation. Soil moisture is likely to
natural gas processing plants and facilities engaged decline in many regions, and intense rainstorms are
the production ethylene oxide, ammonia or hydrogerlikely to become more frequent. Sea level is likely to
The largest potential supply of GMowever, is from  rise two feet along most of the U.S. coast. The observed
dilute sources that comprise various fossil fueled powashanges in the global mean temperature between the
plants (including coal, oil-and gas-fired facilities). years 1800-2000 is given in Fig. 2. Estimating the risks
Carbon dioxide is an intrinsic part of both inorganicthat would follow from a global climatic change and
and organic cycles, bridging the two (Scheme 1).  developing strategies for the prevention of further

Since the beginning of industrial revolution in theincrease in the atmospheric C€oncentration are
second half of the 19 century, atmospheric undoubtedly important tasks.
concentrations of CQOhave increased nearly 30% The transformation of C{n to organic substances
(Fig.1). The possible connection between anthropogenis a promising, long-term objective. It could allow the
CO, emission, the increasing G@ontent of the preparation of fuels and chemicals from the cheap and
atmosphere and the global climate has for some yeaabundant carbon source. A number of different carbon
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Scheme 1

Diagram of carbon cycle, showing movement of oxidized and reduced carbon species between the
atmosphere, hydrosphere, bio-sphere and geo-sphere
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Fig.1 Changing concentrations of Ci@ the atmosphere over Fig.2 Observed changes in the global mean temperature from

the past 1000 years. The measurements are taken from
four Antartic ice cores and are combined with those from

Mauna Loa, Hawaii. Note the rapid increase since about
1850. (Source: Intergovernmental panel of climate change)

1800 to 2000. (Source: Intergovernmental panel of climate
change)

compounds produced worldwide at the present time isompound so successfully as a synthetic building block
approximately 50,000This large number of substancesin photosynthesis - the basis of life on earth. The carbon
are produced from only a very few basic chemical raweserves on our planet in the form of Cahd CQ*
materials, the source of carbon being almost exclusivelyre for practical purposes inexhaustible, exceeding the
fossilized matter, namely mineral oil, natural gas andarbon content of the deposits of fossil raw materials
coal. The fact that these resources are limited has ledany times over.

to a growth of scientific efforts to find alternative carbon

From the safety aspects, C@ an ideal raw

sources, since the early 1970s. Ctas always material, as can be seen from a comparison of its
attracted the greatest interéét as nature uses this properties with those of the widely used C, starting

D:\INSA\May 2004\Article-2.p65
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compounds, carbon monoxide (CO) and phosgenansfer processes. The important properties of CO
(COCl,) (Table 1). For example, CQs practically are given in Table ff. CO, is very stable, as
nontoxic, and can be stored, transported and handldtustrated by its standard free energy of formation
without much difficulty. (AG® =-394.359 kJ/mot). CO, is the most oxidized
CQ, is already being used as a raw material iform of carbon, and therefore the only chemical
some industrially important chemical reactiress  transformation at “normal” energies would be to
shown in Scheme 2. Most current applications ofeduce it. Upon transfer of one electron, the structure
CO, are based on its physical or physico-chemicathanges from linear to beft which results in
propertie$®!”. The reduction equivalents requiredirreversible reduction. The qualitative molecular

for the individual transformations can be madeorbital energy level diagra#hfor CQ, is given in
available by addition of hydrogen or by electronFig. 3.

Table |
Properties of Various (Building Blocks

Factors CO COocCl, co,
MAK Value 30 ppm 0.1 ppm 5000 ppm
Toxicology Affinity for Hemoglobin War gas Danger of

210 times that of © asphysiation at

10 vol % in air

Environmental Hazard Yes High Negative
Flammability 12 — 740l % No No
Boiling point 81 K 291 K 195 K (subl)
Storage Only at < 3.5 Mpa Very @dult No problem
Transport Gas bottles or tanks kg quantities Possible Gas bottles or tanks

Hoopn| % s [co
+H2
+H2 +H2
"Hzo
4H, +2H,
< > H,QO
CH, ~-2H70 -H0
+Hy +3H, +3H,
-2H,0 -H,0 +Ha
" ) . e mmee o H mH
H2C Q_—H20 3
+H2
Cn H2n+2
Fische-Tropsch
Scheme 2

Reduction of CQto provide sources for industrially important products
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Table Il

Selected Properties of GO
Point group Dah
Ground state 1z
Boiling point CC) -78.5
LUMO 2m,
HOMO 1,
Bond length (A) 1.16 (C-O)
Bond energy (eV) 5.453
lonization potential (eV) 13.78
Electron affinity (eV) -0.6
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Fig. 3 Qualitative molecular orbital energy-level diagram for,CO

1.2 Interaction of CQwith Transition Metal Centres  surprising versatility by exhibiting a great variety of
CO, is a typical linear triatomic molecule. The coordination modes in metal complexes.

central carbon atom possesses sp hybridization and the The early reports on the possibility of coordinating
C-O distance of 1.16A, which is shorter than a C-3-O; to transition metal centers came from VoI'gin
double bond invo|ving an gp:arbon centre. The al.in 19698 and JO”}et al.in 19729, but the information
different electronegativities of oxygen and carbon lea@n the binding mode of the G@gand was limited at

to a negative polarization on the oxygen atom and %’Iat time. It is clear from Fig. 4 that coordination of
partial positive charge on the central carbon atom. Thu§;O; results in a net transfer of electron density from
CO, molecule exhibits several distinct positions thathe metal to the LUMO of the ligand if the complexation
require specific electronic properties for possible@kes place via the double bond or the central carbon

coordination as shown in Fig. 4.

atom. The LUMO of the CQs an antibonding orbital

Transition metal carbon dioxide complexes mayand therefore electron transfer should result in a
provide both structural and functional models forweakened-C-O interaction. Furthermore, according to
surface-bound intermediates in catalytic conversiofvalsh’s rule®, a bending of the linear G@nolecule
processes. Particularly, in the past two decades, mag{milar to the bent structure of the radical anion, GO
such compounds have been identified. Although initiallygXPectedt. The classification of bending modes in CO
thought to be a poor ligafid CO, has demonstrated Metal complexes is shown in FigZ.3 detailed review
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Fig. 4 Reactive positions of the G@olecule and the electronic properties of a transition metal centre required for complexation
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Fig. 5 Structural types of metal C@omplexes

of the synthesis, characterization and reactions @&nd are discussed in the references cited therein.
various types of COcomplexes are summarized by However, the precise relationship between these model
Gibsor#2 Different coordination modes of C@o  compounds and their catalytic active analogues is not
transition metal centres have been described in thget clear, and the structural and/or electronic properties
paper. It is clear that COs in an “activated state” of metal-CQadducts that may be required for catalytic
when the bonding involves the central carbon 0f.CO activity are not yet clearly understéad

The activation is evident from the structural data lik -

the bent OCO moiety and increased C-O distance a(:‘lld3 Attempts at- COReduction

from spectroscopic data like low field shifts fC- There are different ways to reduce Csaveral
NMR and low frequency OCO vibration modes in |Rof Whlch are listed below. Examples are given .of the
spectral studies. The ‘activation’ is also reflected invarious sources of energy used alone or in combination.

the reactivity of coordinated CO * Radiochemical Method

CO, molecule also undergoes insertion reaction into  gaperal aspects in the radiation chemistry of CO
the M-H bond, M-C bond, M-N bond, M-O bond, M- ¢, itation are discussed by Bogd al®. The

Sibond and M-P bond. The insertion reactions of CO st report on radiochemical reduction of Oy
have been reviewed in the recent past by Pafdey  getoffet al®in aqueous media, usiygadiation
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6 M AULICE SCIBIOH AND B VISWANATHAN

resulted in the product formation of HCOOH and  Other products than CO are possible, and their

HCHO. distribution and yields depend on many factors
y-radiation

CO, ———- HCOOH, HCHO ..(2)

Vosset al 37 discussed the future role of nuclear
energy and alternative sources of energy with
regard to climate change and C@roblem. _ ,
Komissararcet al.?® calculated the steady state * Biophotoelectrochemicafy
concentration of products from radiolysis of LO hv. enzyme, p-1nP

by nuclear fission fragments. CO, ——— — HCOOCH --(12)
eV, methylviologen

» Chemical Reductiomy metals, which occurs at when the enzyme is formate dehydrogenase.
relatively high temperatur&s

* BioelectrochemicalRy

enzyme
CO, + oxoglutaric acid — isocitric acid ...(11)
eV, methylviologen

Among various possible approaches, the electro-

2Mg + CQ - 2MgO + C -(2) chemical reduction of COseems to be an attractive
Sn +2CQ - SnG, + 2C0 (3} method for the removal and conversion of €.
2Na + 2CQ - NaC,0, ..(4)
« Thermo Chemicall§ 2 Electrochemical Reduction of CQ
Cet The electrochemical reduction of €@ still of great
Co, . CO + %Q ..(5) interest in _the fie_Ids of_ theo_retica_ll and applied
T>900°C electrochemistry. Since this review will be concerned

with several aspects of the electrochemical reduction of
CQ,, it might be useful to have in mind the redox potentials

Photo Chemicalli}#?

hv of the various couples involving G@nd its reduction
CO, —- CO, HCHO, HCOOH ...(6)  potentials. As shown by’Evalues given below [55,56],
« Electrochemicall{? the nature of the reduction product has a strong influence
o on its thermodynamic accessibility from CBarticularly

CO, + xe +xH*  CO, HCOOH, (COOH) ...(7) important is the number of electrons involved in the
reduction processes: As expected, the redox potentials

* Biochemically** become less and less negative as the reaction involves
bacteria multielectronic pathways. In contrast, the value of the
CO, + 4H, —- CH, + 2HO ...(8)  CO,JCO, redox potential is -2.21V /(SCE}®, making

The bacteriaMethanobacterium thermoauto- the monoelectron reduction mechanism highly
trophicumcan be immobilized in affixed bed or on unfavourable.
hollow fibers, and feeding stoichiometric ratios for CO, + 2H + 2e —~ CO + HO E”=-052V ..(13)
the reaction attains 80% of the theoretical yield. CO, + 2H" + 2e - HCOOH E'=-0.61V ..(14)
. . CO,+4H +4e - HCHO+HO E'=-048V ..(15
Biophotochemicalfy CO, + 6H + 66 ~ CHOH +II_-£lZO E” =-0.38V ..Em;
The “bio” part of the energy consists in catalysisCO, + 8H + 8e — CH,+2HO FE*=-0.24V ..(17)
and information content of an enzyme. The electrochemical approach has the advantage
hv that water can be used as the proton séurte
CO, + oxoglutaric acid — isocitric acid ...(9)  addition, electrochemical G@eduction can be carried
In studies of this reactidh, the enzyme was oyt at room temperature. The main concurrent reaction
isocitrate dehydrogenase, Ru(by)vas used as  in aqueous solutions with G@eduction is hydrogen
photosensitized,-I-dithiothreitol was the electron eyolutiorf®*. Depending on the electrode material used
donor, and ferredoxin-NADPreductase was and the experimental conditions adoptéti different

included for recycling NADPH. products of CQreduction were obtainéd However,
« Photo electrochemicalty if this approach is to be considered seriously, it is
. important to develop ways to reduce CO
CO, + 26 + 2H L CO+HO ..(10) electrochemically with high efficiency and selectivity
eV, semicond and at high current densities.
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ELECTROCHEMICAL REDUCTION OF CARBON DIOXIDE: A STATUS REPORT 7

Therefore, the various factors affecting thethe standard redox potentials for several reactions of
reduction of COwill be examined. The strategies usedthe reduction of CQat pH=0 are cited.The reduction
to enhance the reduction of C&re based on varying potentials for various radicals of interest for reduction
one or more of these factors; in much of the publishedf CO, obtained through thallium titrati®fare given
works, the advantage of using a particular combinatiom Table [\45¢5,
of, for example, solvent, electrolyte, and electrodes is On the basis of tabulated thermodynamic data,
not clear, and the product analysis is not alwaysne may calculate the changes in redox potentials with
complete. By ‘enhancement’ we mean either improvetemperature in the range 0-2Q0or C (graphite), CO,
yields, be they for energy or chemical conversion, oHCOOH, HCHO, CHOH and CH for the reaction:
steering the reaction on a desired path resulting in a CO, ,,,+me + mH — Product + n KD, ...(18)
certain distribution of products. For this purpose, The thermodynamic values for the aqueous
however, one must be acquainted with some of thenionized (ag.un) COwere chosen, since it is GO
properties of CQrelevant for its reduction. and not the carbonate ion that is redGtd&dhe reaction
is a reduction protonation and not hydrogené&tidrhe

2.1 Thermodynamics of COReduction o . :
, variation of redox potential E with temperature was
A summary of the thermodynamics of €O o5 0 jated according to the equafion
reduction to one-carbon fragments in agueous solution

under basic and acidic condition is shown in the  g(T) _ZAG(T) _ _[AH(T) ~TAS(T)] ...(19)
following Scheme 8. A negative potential indicates L nF o

that the reduced form of the couple is a better reducinghere G is the Gibbs free energy, and the variations of
agent than | and conversely, a positive value meandhe enthalpy (H) and entropy (S) with temperature (T)
that the oxidized form is a better oxidizing agent thar@f€ approximated by the expressions:

the proton at the specified pH. In acidic solution, AH(T) = AH® + Agop AT (20
reduction of CQto either HCOOH or CO is slightly ~ AS(T)=AS + AC?, A(InT) -+(21)
endergonic with respect to the/H* redox couple, Where, Gis the specific heat at constant pressure,

while reduction to methane is actuallyand the superscribineans standard values. Whenever

spontaneous.Though, various reductions arthe values for the aqueous form were not available,
accessible at reasonable potentials, their kinetighe values for the gas phase were chosen. The results
barriers are quite severe, consequently, substanti@f this approximate calculation of redox potential are
overpotentials can be incurred at the electrod&hown in Fig. 6, which indicate that temperature is one
surface. In Table IlI, the free energy changes anff the factors influencing the outcome of reaction. At

HCOO ———— HCO00™
or C02
H+
o~ o~
. / ...e— - / CO
> C—0-C ——= —0—C —_— t
O// Ny ©rcCo, & o cdh
CO,
COpte” ==C0;
. o _
N e c00
— C—C -
O// \\o or CO, Co0
CO;
CO0
|
co0™
Scheme 3

Reaction mechanism of reduction of CO
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8 M AULICE SCIBIOH AND B VISWANATHAN
Table Il
Free Energy of Reaction, at 273 K, and Standard Potentials for,g GO+ ne + nH* . = Products + gHO,*®
Product State AG (kJ/mol) E (V)
co g 11.68 -0.061
ag un 28.95 -0.150
HCOOH | 24.63 -0.128
aq 13.68 -0.071
aq ion 34.98 -0.181
C graphite -88.28 0.229
HCHO g 46.32 -0.120
ag un 148.85 -0.386
CH,OH I -17.42 0.03
g -13.11 0.023
ag un -26.46 0.046
CH, g -139.00 0.180
ag un -122.61 0.159
(COOH), aq ion 1 98.06 -0.508
ag ion 2 73.62 -0.382
CH,COOH I -92.20 0.119
g -76.30 0.099
ag un -98.76 0.128
aq ion -71.61 01.093
CH,CHO | -67.55 0.07
g -68.29 0.071
CH, g -108.41 0.094
ag un -95.20 0.082
C,H.OH | -114.21 0.099
g -107.92 0.093
ag un -121.07 0.105
(CH,),0 g -52.02 0.045
(CH,0OH), [ -262.51 0.227
C,H, g -209.38 0.155
ag un -193.57 0.143
Co, aq -1.84
_1.9}9
2aq un, aqueous not ionized
® Ref. 62 & 24
¢ Ref. 63
d value refers to CQg) as starting substance
eRef. 64
§ o4 __ CHq
.9 T T T
g CHaOH c(graphite)
g 02 Hs
Table IV 8
Thermodynamic Data for Some Radicals of Interest fof CO 5 L—i HCHO,
Reduction - g OAO_ Y ain eI T LS P
RO E° (ROIRO)  PK*  E° (RO,H/ROHY e R T
CH,O- -1.81 1071 -1.18 -02 i ! | HCOoH ]
CH,CHO" -1.93 11.51 -1.25 (o] 50 - 100 150 200
(CH,),CO" -2.1 12.03 -1.39
CO;, -1.9 1.4 -1.82 Temperature/’ C
aRef. 65

b E° (RP,H/ROH) = B (RO,H/RO") — 0.0592 pK 0,

¢ Ref. 66
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ELECTROCHEMICAL REDUCTION OF CARBON DIOXIDE: A STATUS REPORT 9

low temperature, the production of CO is less favouredow CO, coverage was also indicated by
electrochemically than that of formaldehyde and thghotoelectrochemical measureméht®©n the basis
reverse is true at high temperatures. From Table Ill, bf the optical data, Aylmer - Kellgt al’* suggested
is clear that none of the reactions of reduction of COthat no adsorbed intermediates are present in any
requires large amounts of energy except the formatiomppreciable amount and concluded that the reduction
of the CQ- radical. The electrochemical reduction ofmechanism involves eqs. (22) to (24) but the
CO, at high temperatures was attempteahd the intermediates are free in solution. This view is also
reaction was performed in molten salts (chloride oconsistent with the fact that the electrode is so negatively
carbonate eutectic). Advantage is taken of botltharged at the highly cathodic potentials involved, that
increased temperature and large potential window dhe existence of COspecies on the cathode as a
the eutectics [e.g., 3.6 V for (Li, K) CI eutectic]. At reaction intermediate is difficult. From the calculation
873 K, the reduction of CCstarts at -0.6 V/Ag and of the maximum flux of a hydrogen ion supported by
reaches 12% efficiency at 1073K. Corrosion isdissociation of a water at neutral pH values, Aylmer -
however, a severe problem and was considerekklly et al’™ concluded that the predominant reaction
responsible for observed Faradic yields in excess aff CO, must be with a water and not with a hydrogen
100%. ion.
2.2 Mechanism of the Reduction of GO In qcidic solutiqns this process [eqs._(22) to (24)]
occurs in parallel with the reduction of®t ions. The
2.1.1 In Aqueous Solvents hydrogen atoms formed react in a branching

Jordan and Smith Sawyeret al’! Paiket al?, mechanism either with J@* and electrons to yield 1
Ryuet al® and Aylmer — Kellyet al7 have proposed ©' with CQ, to eventually form HCOOH. The following

reaction mechanisms for the electroreduction of CO€action sequence has been proptsed

in aqueous solutions. Most workers have assumed the r.d.s
intermediate to be the anion radical £@rmed by CO, +e - CO” -+(22)
the initial single electron transfer. CO; + HO - HCO, + OH --(23)
CO,+e ~ CO; ...(22) (or)
Paiket al’?then proposed the following steps CO, + H* - HCO, ...(26)
COo,,.- + HO - HCO, - + OH ...(23) rd.s
HCO,, . + € - HCO,~ ...(24) H* + e - H,y ...(27)
As an alternative, Ryce, Anderson and Eyring + .
suggested that the egs. (22), (23) could take place as a gaf)s < RCO, (28)
single step. H +H+e - H (29)
ads 2
CO, + HO * € ~ HOuy + OH -+(25) HCO; + H* + & - HCOOH ..(30)

where, CQ.H,0 mean hydrated CCand HCQ,,
stands for the reaction intermediate (formate radica
adsorbed on the mercury cathode.

gecause of the high cathodic potential involved in the
direct reduction of COto HCOOH, in low pH the

It is difficult to differentiate the three-step Ia'tter reaction proceeds at'a negligible rate con_npared
mechanism from the two-step one. The involvemenyith 'Fhat qf hydrogen evolu'qon. Under these coqd_ltlons,
of CO, as an intermediate is supported by itdormic acid is produced (with a 10% current efficiency
demonstrated existence in the product of reaction Gt PH 1.4) via the hydrogen atom route [egs. (27) to

UV radiation with CQ7 and ofy-irradiation of sodium  (30)] and the Tafel lines are same in £and N
formate crystafé. saturated solutions.

Paik et al’? provided evidence for the existence ~ Other mechanisms involving the formation of
of the HCQ,,, as reaction intermediate from @malgam followed by the reaction of ¢@nd HO
galvanostatic charging curve®~1). Modulated with the amalgam, a two electron transfer in one’Step

specular reflectance spectroscopy, indicated thi® 9ive CQ* or positively charged reactant
presence of CQ as an intermediate in the intermediates. (eg. HCO, were rejected by Pait

electrochemical reduction of B The coverage of al.®” as being inconsistent with the experimental data.

the intermediate calculated from the optical datd "€ 9eneral mechanism of the reduction of, @O
corresponded approximately to 0.02 of a monoFayer Shown in Scheme 3.
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10 M AULICE SCIBIOH AND B VISWANATHAN

2.2.2 In Aprotic or Partially Aprotic Solvents and succinic acids. They can be formed according the

In aqueous solutions, the electroreduction of coScheme 4.
leads to the formation of formic acid; except forp 3 selubility
unconfirmed reports claiming that C@an be
electrolytically reduced to malate or glycold& the
formation of carboxylic acids other than formic acid
has not been reported. In contrast, in aprotic solven
the reduction of COto oxalate ion is possible since
the protons necessary for the formation of formic aci
are lacking. The electrochemical dimerization of,CO
may occur according to the following schéme

Next to temperature, another equilibrium property
that must be taken into consideration is the solubility of
CQO, in various solvents. The solubility of C@t 1
%ﬁm, expressed as the Bunsen co-efficigrih water
glnd ethanol obeys the equation

a=A -At+ A ...(35)
where, ‘t’ is the temperature €, and A, A, and A
are co-efficient dependent on the solvent for water, A

CO,+ e - COyqe --(22)  =1.7326, A = 0.066724, and A= 0.0012394; for
CO, s+ COys — (COO0)* ...(31)  ethanol, A=4.3294, A=0.09426 and A= 0.001239.

A parallel reaction leading to the formation of CO The variation of solubility of COplotted as a function
and carbonate ion may also take plate of temperature for several solvents relevant to
Another competing process may occur wherglectrochemistry are shownin Fig. 7. .
traces of water are presént In all cases, the solubility decreases with increasing

) temperature, but for most organic solvents the solubility
COs + KO~ HCOO + OH,,  ..(33) is much higher than in water, and unrelated to their
OH.gs + COs » HCO; --(34) " (dielectric constant. The solubility of C@ dimethyl
The reaction path is influenced by the cathodgulfoxide (DMSO) and acetonitrile (GEIN) is 4 times

material and by the solvent. When the electrodeghat in water, in dimethyl formide (DMF) 20 times and

strongly adsorb CQas with Pt for example, reaction in propylene carbonate 8 times. (The exact numbers
given in eq. (32) occurs predominantly. Weaklymay differ; cf: reports of 0.04 ¥ with 0.14 M for
nucleophilic aprotic solvents such as propyleneCQ, in acetonitrilé)®. For practical applications the
carbonate and acetonitrile, favour eq. (31). Theigh solubility in and diffusivity through plastics must
following compounds have been detected under partialiylso be considered; for example the solubility of,CO

aprotic condition® glyoxylic, glycolic, tartaric, malic in rubber is quite remarkablea., 70 mICQ/100 ml

Q O, ii*ane= O 0 H 0
\S 7 N\ Z
Ne—¢” 12226 N7 s2h o b7
SN H,O N T AN
HO OH H OH H OH
Oxalic acid glyoxylic acid glycolic acid
dimerization
+2H* +2¢”
0. OHOH g _ o. OHH H H
Np—g-¢-¢& 12 +2e \\c—é—é—c/’o *2H +2e7, O\\c && c//o
0T N\ -H0 el N - i
HOO o T e b Son O o T on
tartaric acid malic acid succinic acid
Scheme 4

Reduction of CQunder partially aprotic conditions
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Fig. 7 \Variation of the solubility of COwith temperature for 300 (b)
several solvents used in electrochemistry

vent™

rubber (the value may vary according to the quality of§ 200k
the rubber. E
Chemical character of the solvent is an importan§g’
facto_r in determining the_ course and vyield of the’g 100l Benze
reaction. The work of Tanigucket al** showed that =
protophilic solvents such as dimethyl formamide or3
dimethyl sulfoxide, decrease the hydrogen evolution iR 0 1 ] ! 1 )
the course of the competition between,@@d H for 0 20 40 60 80 100
electrons at illuminated semiconductor electrodes Pressure, atm
photophobic solvents such as propylene carbonate or
acetonitrile, favour the hydrogen evolution during theFig. 8 \Variation of sglubility of COwith pressure for several
reaction. This is illustrated by the fact that the catalytic solvents atT = 203K and 333K
reduction of CQto formic acid occurs on modified gjecrochemical applications, the stability domain of the
electrodes in dimethylformamide, but not ingq,yent is important and must be co-related with the
acetonitrile®. properties of the particular electrode and supporting
Solubility is strongly dependent on pressure,land_ Liectrolytes employed.
can be approximated by Henry’s law, as shown in Fig.
8. Itis noticed that the proportionality constant dependd-4 Electrolytes
on temperature and is different for different solvents.  The electrolyte medium, which consists of solvent
That means that in some instances a reversal in tlamd the supporting electrolyte, exerts a major influence
ordering of solvents according to C8blubility can on the nature of the electrochemical processes. The
occur. chemical properties of the electrolyte medium affect
The effect of pressure on solubility is felt stronglythe electrochemical reaction mechanism in the same
by the electrochemical potential. For instance, studiesay solvents affect the normal reaction chemi&try
were made on semiconductor electrodes to investigatsd the earlier stages, the effect of supporting electrolyte
the effect of pressufeand were found that the Faradic has not been studied intensively; the supporting
efficiency was low and decreased with current densityelectrolyte is regarded only as a component to give
Later studies demonstrated the use of gas-diffusioimnic conductivity. Later as in réf.it is understood
electrodes for the high rate electrochemical reductiothat the supporting electrolytes influence both the
of CO,% in an attempt to increase current density bysolubility and mechanism of reaction in the course of
increasing local pressure, and the current density feeduction of CQ. The exact mechanism of dissolution
formate production reached 50 mA/€mn Pb of CGO, is not fully understood For example, the
impregnated electrod® Moreover, for solubility of CG in H,SO, solution goes through a

Ethyl acetate

1. Propanol
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minimum at a concentrationcd 38 m, whilein HCIQ  semiconductors; in the case of chemical energy, there are
it pass through a maximum at a concentrationaof bio-systems that result in methanation. As seen in Table
10 2. The solubility of CQin Fe(OH) and Prussian IlI, none of the reactions requires a huge amount of energy,
Blue solutions increase over that in pure wéatd@ihis  nor do any of these reactions have a high standard potential.
might be the explanation to the observed increase fBome are even favoured over hydrogen evolution. The
current efficiencies for CQconversion at illuminated problem consists in the Manichean character of the
p-silicon electrodes modified with Prussian Bfugr  reduction of carbon dioxide. On one hand,C@npetes
in more complex systems using the approach ofith hydrogen for electrons and on the other hand, most
homogeneous/heterogeneous cata¥&isAmong of the reduction requires protons. Therefore, the problem
common salts, solutions of NHB,O,, Na,B,0,, is two fold: to transfer the electrons to Ci@stead of
NaBQ, NaPO,. 12H,0 and NaP,0,10H,0 dissolve  protons, and after convincing them not to go to the protons,
more CQ than pure watét. to labialise CQ sufficiently to receive them. In
Although, the effect of solutes on the solubility of electrochemical terms, the reduction of G@n be
CO, is well documented and moderately used, theicatalyzed either positively, in the sense that the overpotential
effect as “catalysts” has been less used. Murata arigl reduced, and/or the currents increased, or it can be
Hori® reported the effect of alkali metal cations on thecatalyzed negatively, in the sense that competing reaction
product distribution as caused by changes in the doubdge discouraged. As is often the case in electrochemistry,
layer structures, and Bockret al®”*°reported the the nature of the electrodes plays an important role in the
effect of tetralkylammonium ions. Tanighaotti al.?®  system.
showed that ammonium ions have a catalytic effecél6 Reduction of CQon Metal Cathodes

for the reduction of CQon semiconductor electrodes ) )
Large number of recent papers dealing with the

in nonaqueous media. In spite of the electrode corrosion

the effect of electrolytes on current efficiency for theelectrochemical reduction of G of both fundamental

CO, reduction at semiconductor electrodes and produ@d Preparative interest. As seen in Table V, the number
distribution were studied also in aqueous miégig  Of Papers published on the electroreduction of, CO

was shown that the alkali carbonates favoured formatici'oWs the spate of research on this field is due to the
of formate. Tetraethylammonium pechloratesP™omising results of electrochemical approach, which

suppressed Hevolution better than alkali carbonates, €@n be applie_d on the industrial scale. Number of these
phosphates or sulfates. Heti al2®! investigated the Procedures is currently being patented. All these
influence of anions and electrolyte concentration off|€ctroreduction techniques had to overcome the
the reduction of CQon copper electrodes. The saltsdifficulty of finding electrodes with both a high
investigated were KCI, KCIQ K,SO, and KHPO electrocatalytic activity and a satisfactory lifetime.
’ 2 A /g . . .

It was not clear whether the differences observed in 11€ reaction of electroreduction of ¢@nplies
product distribution and yields are a consequence G°th protons and electrons, and therefore hydrogen
changes in the composition of the electrolyte, pH ofvolution must be discouraged. The nature of the metal

electrolysis potential. The main conclusion was that b}feCts not only the yield, but also the distribution of
changing one or more of the factors, the produdgfoducts. One of the ways of doing this is to employ
distribution could be changed. The products reporte§l€ctrodes with high hydrogen overpotential. An
are CH, C,H,, C;H.OH, PrOH, CO, COOHand H alternative approach was also proposed in which the
’ 41 ol g ’ l ] . .
For the reduction of COn aqueous media, water two processes are separated by using a Pd membrane

itself is an electrolyte, and it was shown to exert notabl1at acts as a hydrogen resertfairAlso, given the
effects on the course of the reactfn relatively low solubility of CQin agueous solutions,
methods for improving the solubility of C®ad to be

2.5 Need for Catalysis found. A possible solution to this problem is to perform
The reduction of COnecessitates a source of energythe electroreduction at high pressures or in non-aqueous

This energy can be thermal, luminous, nuclear, chemicablutions. The electrocatalysis of C@duction at

or electrical or combinations thereof. Some forms of energyetallic electrodes in aqueous and non-aqueous

require at least one carrier or mediator that will convegolutions was investigated, and the results are

the energy to COFor instance, in the case of visible andsummarized in Table VI. Table VI illustrates also the

near-UV light, mediators are photosensitizers oimportance of the solvent on the product distribution.
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Table V aqueous solution (i) metallic In, Sn, Hg and Pb are
Number of Papers Published in the Last Two Decades onselective for the production of formic acid, (ii) metallic
the Electrochemical Reduction of ¢O Zn, Au and Ag produce CO, (iii) metallic Cu exhibits a
Year Number of high electrocatalytic activity for the formation of
Papers Published hydrocarbons, aldehydes and alcohols, while (iv) metallic

iggg gg Al, Ga and Group VIl element (except Pd) show low
1986 28 electrocatalytic activity in CQelectroreductiof{®-1®
1987 28 In non-aqueous supporting electrolytes (i) on Pb,
iggg g; Tl and Hg the main product is oxalic aéid (i) On
1990 29 Cu, Ag, Au, In, Zn and Sn, CO and carbonate ions are
igg ; gg obtained [105,107,109], while Ni, Pd and Pt are selective
1994 58 for CO formation; and (iii) Al, Ga and Group VI
1995 59 elements (except Ni, Pd and Pt) form both CO and
oo o oxalic acid®’.
1998 20 Additional classification criteria for the processes
1999 15 occurring in CQ electro-reduction based on both the
2oofgi?|od ate 88 electrocatalytic properties of the electrode material and
the nature of the supporting electrolyte would allow a
Table VI better systematization of the multitude of reactions and
Influence of the Solvent and Electrode on the Reaction would provide more insight into the mechanisms
Mechanism controlling the phenomena.
Reaction Cathode Solution In the early seventies, the difference between the
Co,+ e - CO; Al Al electrocatalytic behaviours of electrodes made of sp
CO,+H+e ~ HCOO In, Pb, Hg HO group metals and of d group metals, respectitfehy
€O~ CO+ O was recognized as an important aspect in determining
ggf?g'};e‘ zcgg’)}c_’” iz AT|U :9 ’:%)On rcueoye  INe selectivity of electrode processes. Thus, when used
coz-—+coz+e . CorCar In, 70, Sr?’ AL Non_agueous in agueous supporting electrolytes, sp group metal

cathodes, such as Hg, In, Sn and Pb favoured the
electroreduction of COto formic acid'*t3119 while

To reduce CQwith high selectivity, high-energy on d metals (eg. on Pt and Pd) CO was formed as the
efficiency and high reactivity, it is essential to evaluatemain producg:'2 Another typical d group metal, Ru,
various factors, which influence the course andvas found to exert favourable electrocatalytic
products of the CQelectroreduction. Three kinds of properties for the preparation of various compounds
electrodes are currently being employed: (i) bulk metaduch as hydrocarbons (methane and ethylene), alcohols
electrodes with appropriate electrocatalytic activity (ii)(methanol and ethanol) as well as formaldePAd€.
chemically modified electrodes (iii) metal electrodesin  In contrast, the same groups of metals behaved
the presence of electrocatalysts dissolved in thdifferently in non-aqueous supporting electrolytes: On
supporting electrolyte. Bulk metals are considere@dp group metals (Tl, Pb and Hg) oxalic acid was
suitable from the electrocatalytic standpoint if they havgelectively formed, on several d group metals (Fe, Cr,
the ability to lower the overpotential while maintainingMo, Ti and Nb) oxalic acid and CO were the main
high current efficiencies and high current densitieproducts, while on several sp group metal electrodes
(>100 mA / cm). (In, Sn, Cd, Zn, Cu, Ag and Au) and d group metal

Several classification systems have been used tdectrodes (Pd, Pt and Ni) CO was mainly
systematize the extensive data accumulated in-CO formecf06-107.128.129-131
related synthetic work>1% Most of these This discussion of the electrochemical reduction
classifications are solely based on the nature of thef CO, will consider both the importance of the cathode
main product obtained in the electrochemical synthesisnetal and that of the solvent. Therefore, this part of
Four classes of metallic electrodes in aqueoudiscussion comprises two sub-sections, according to
supporting electrolytes and three classes for northe type of electrodes used as the cathode material (sp
aqueous media can be distinguisiel® Thus, in  and d group metals). Given the influence of the solvent
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on the nature of the products, in each section separate temperatures of 275 K.

subsections are dedicated to work in aqueous and ¢n
non-aqueous media respectively. This systematization

is similar to that already adopted by Jitatual 10

however, considerable progress has been made in this
area over the last few years and therefore it sems

appropriate to provide relevant updation.

2.6.1 Electrochemical Reduction of COn ‘sp’
Group Metals

As per the classification pattern of Kita the sp

group metals include the principal group metals of the
periodic table and the transitional metals with completely
filled d'° orbitals; that is, the metals with a d electronic
configuration: Zn, Cd, Hg, Cu, Ag and Au. The results
of significant investigations are given in Table VII.

In 1980, Royer? has employed Zn electrodes in
aqueous sodium bicarbonate electrolyte and
obtained HCOOH. Later, Cohen and J&hn
improved Royer’s methods by using Zn amalgam
cathodes. Formic acid with current efficiencies (rf)
up to 88.6% was obtained. Ehrenfiétdurther
raised the rf to 95% by employing divided cell
equipped with Zn amalgam vs. Pt electrodes, in
the presence of ammonium bicarbonate supporting.
electrolyte. Fischer and PrziZaobtained fair
yields of HCOOH on Zn amalgam and Pb cathodes
under pressurized electrolysis &-50 atm).
Rotating amalgamated Cu cathodkeas well as

Pb amalganii® were found to be efficient for the
HCOOH formation. Watanabet al!*"*® have
investigated the electrocatalytic activity of Cu-
based alloys, such as Cu-Sn and Cu-Zn in addition
to elemental Cu, Sn and Zn cathodes at low

Ishimaruet al® recently investigated the highly
selective reduction of CQo C, compounds such
as CHCHO, CH,OH and CH, on Cu-Hg alloy
electrodes by employing pulsed electroreduction.
The Faradic efficiencies of Gcompounds
produced on Cu-Ag alloy electrodes were varied
with the atomic ratio of Cu and Ag. The total rf for
C, compounds was 54.2% for the pulsed reduction
on a Cu Ag alloy electrode (Cu/Ag = 28/72) with
an anodic bias of Va = -0.4V and a cathodic bias
of V., = -2.0V vs Ag/AgCI. It was found that the
formation of an oxide layer on Cu and the
desorption of intermediates on Ag under anodic
bias were key factors for the product selectivity.
The products were found to be formic acid,
methanol and CO.

Nodaet al!#®11°found that in addition to Hg and
Pb, metallic In and Sn were employed for the
selective production of HCOOH. It was found that
metallic Al and Ga exhibited no electrocatalytic
activity towards CQ electroreduction. In 1983,
Kapusta* and Hackerman employed In and Sn
electrodes to produce HCOOH with 90% faradic
efficiency.

Ito et al'? reported the electrocatalytic activity
of various sp group metals for the synthesis of
formic acid. In and Cd with a medium value of the
overpotential for the hydrogen evolution reaction,
were employed as cathode in a divided
electrochemical cell. In agueous carbonate solution
at 298 K, HCOOH was formed (rf) 70-80% with
a current density from 5-10 mA/ énit not only
catalyses the reduction of Gut also inhibited

Table VII
Summary of Metal Cathodes Employed for Electroreduction gf CO
Metals Products
Aqueous medium Non-aqueous medium
sp group metals
Cu, Zn, Sn HCOOH

In, C, Si, Sn, Pb, Bi, Cu, Zn, Cd, Hg
In, Sn, Pb, Cu, Au, Zn, Cd

In, Sn, Au, Hg

In, Tl, Sn, Pd, Pd, Zn, Hg

HCOOH, CO, hydrocarbon

Hydrocarbon, CO, C®
co
Oxalic acid

d group metals

Ni, Pt -

Ni, Pd, Rh, Ir HCOOH, CO
Fe, Ru, Ni, Pd, Pt Hydrocarbon
Ti, Nb, Cr, Mo, Fe, Pd -

Mo, W, Ru, Os, Pd, Pt MeOH

Zr, Cr, Mn, Fe, Co, Rh, Ir CcoO

Co, cQ?

Oxalic acid
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hydrogen evolution. By using Sn, HCOOH was
formed at higher current densities, i.e., under
kinetically favourable conditions.

On Zn, Pb and Cd cathodes, formic acid was
formed at low or medium current efficiency. In
1985, Begotsket al*? confirmed the Ito’s original
results for the electroreduction of C@h sp group
metals.

In 1987, Itoet al**3studied the product distribution
as a function of cathode potential at various cathode
materials such as In, Pb, Zn and Sn. It was
confirmed again that, In electrodes are suitable for
HCOOH preparation (rf = 87.6%). In and Pb in
aqueous tetramethylammonium phosphate
(TEAP), the best yields for HCOOH was obtained.
When Sn and Zn cathodes were employed in
agueous TEAP solution, the rf ranged from 37 to
70% (Sn s a typical sp group [114,116} ¢toup)
metal while Zn, a transition element witA°d e
electronic configuration).

Komatsuet al***obtained HCOOH with good rf
and ~ 10 mA/ crhon Bi and Bi-plated GC
electrodes. Sb was not effective for CO
electroreduction.

The introduction of Cu and Cu- coated metallic
electrodes for the preparation of hydrocarbons and/
or alcohol?3142:149.150-158n gaqueous media is a real
break through. It is to be emphasized that these
reductions were performed at ambients
temperatures and pressure at high current density,
when neutral supporting electrolytes were used;
the rf was of quantitative ordét'5 Limitation

of the electrodes lies in their quick deactivation
(within 20-30 min. of electrolysi¥¥f. A periodic
anodic activation procedure allowed high
hydrocarbon yields over prolonged electrolysis. The
conclusion was further confirmed by Caostlal %°

that the electrocatalytic activity of Cu depended
on renewal of the electrode surface. Clean Cu
surface allowed the achievement of rf values of
73% for CH, and 25% for GH,.

Katoh et all® in 1994 studied the effect of
microcrystalline structures of Cu-Sn and Cu-Zn
alloys on the electrocatalysis of C@duction in
0.05 M KHCQ, aqueous solution at low
temperature 275 K. It was found that the selectivitys
reversibility and reactivity for CO or HCOOH
production strongly dependent on microcrystalline
phase rather than the gross composition of alloys.
The crystallites of the intermetallic compounds of
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Cu,, Sn and CuyZn, were effective phases for
the selective formation of CO with a high reaction
rate.

Haraet al” in 1994 found that the selectivity of
electroreduction products of COn Cu electrode

in aqueous KHCOQsolution depended on GO
pressure (< 60 atm), stirring conditions and the
current density. It is concluded that the balance
between the flux of COfrom the bulk solution to
the electrode surface and the current density
determines the product selectivity.

Li and Prentic&8in 1997, synthesized MeOH (rf

= 40%) via the electroreduction of Ci@ aqueous
high pressure LiCl electrolyte at Cu electrode, at a
current density of 9 mA/ctrat -1.1 V Ag/AgCI.
Electrolyte conductivity in this system increased
with temperature, increasing concentration of LiCl
and decreasing pressure.

Rotating disc electrodes were employed to ensure
a constant transport to and from the Cu surface,
since the products of electroreduction is
continuously swept away from the surface of the
disc**®. However, the mechanism of CO
electroreduction on Cu is not still completely
understood. No sufficient explanations were found
for the behaviour of the supported Cu electrodes
and for the influence of Cuons present in the
supporting electrolyté®156-168

Hwanget al*° evaluated the experimental factors
influencing the rf of Cu/GC cathodes for Céhd
C,H, formation. Maximum rf. obtained was 70%
at pH 7 in aqueous solutions at room temperatures
and at pH 2 at 273 K. The surface area of
the electrode played a significant role toward the
electrocatalytic reduction of COThe presence
of Cu-complexing agents in supporting electrolyte,
such as ammonia, ethylenediamine or pyridine
enhanced the efficiency of the electroreduction.
Ikedaet all"* employed Cu-loaded gas diffusion
electrodes for the mass reduction of CDhe
products were found to be GHC,H,, C,H.OH,

CO and HCOO, but the current densities achieved
for gas-diffusion electrodes were higher for two
orders of magnitude than that for Cu plate
electrodes.

Kanecoet all®® in 1999, investigated the
electroreduction of COwith a Cu electrode in
CsOH/methanol - based electrolyte. The main
products formed were GHCH,, C,H,, CO and
HCOOH. A maximum faradic efficiency of
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ethylene was 32.3% at —3.4V/Ag-AgCl. The best
methane formation efficiency was 8.3% at —4.0
V. The ethylene/methane current efficiency ratio
was in the range 2.9 - 7.9. In CsOH methanol, the
efficiency of H, formation, being a competitive
reaction against CQOreduction was depressed to
below 23%. .
Later, Kanecet al}"°studied the electroreduction
of CO, with a Cu electrode in LiOH/methanol -
based electrolyte. A divided H-type cell was
employed; the supporting electrolyte was 8 mM
LiOH in MeOH (catholyte) and 300 mM KOH in
MeOH (anolyte). The main products were CH
C,H,, CO and HCOOH. In LiOH/MeOH, the H
formation was depressed to be low 2% at relatively
negative potentials. The highest rf values for CO
and hydrocarbons were achieved with electrodes
made up of pure and small particle size Cu
powdef™, .
Komatzu™?* employed composite cathodes made
up of Cu-deposited on to a solid polymer electrolyte.
When Cu on a cation-exchange membrane
(Nafion® 117) was used 8, was the main
product, while Cu on an anion-exchange (Selemion
AMYV, styrene-divinyl benzene copolymer type)
membrane was selective for HCOOH.

Solid polymer electrolyte (spe) method can be
applied to the electrochemical reduction of CO
in the gas phase, without solvent, because no
supporting electrolyte is required. This method
thus provide the absence of the catalyst poisoning
owing to solvent or electrolyte impurities and an
increased mass transfer over that in solution. Gas-
phase electrochemical reduction of £68ing Cu-

(Selemion) membrane as spe materials, the total
current efficiencies for reduction product of CO
had maximum values of 19 and 27% respectively.
The use of the former gaveld, as the major
product while the latter, HCOOH and CO were
obtained.

Although similar in their electronic configuration
and alike in most of their chemical properties, Cu
and Ag behaved differently, when employed as
cathode in CQelectroreduction. Watanaledt
al.'”® employedab-initio MP, calculation, to
explain the difference. Their calculations suggested
that CO did not interact with Ag, but that it was
adsorbed on the Cu electrode, the C-O bond being
weakened in the latter case. The optimized
geometry and vibrational wave numbers of Cu CO
were determined, but there was no evidence for
the existence of Ag CO

Pressurized conditions leads to improved rf for
electroreduction of COFor instance, for principal
group cathodes at 30 atm, formic acid was obtained
with excellent faradic yield$: 95.5% on Pb,
92.3% on Sn, 90.1% on In and 82.7% on Bi. Despite
the similarity of In and Al, the latter metal scarcely
exhibits catalytic activity for COreduction, only

H, was produced exclusively (86.5%). High
pressure GC and n-Si wafer cathode reducegd CO
efficiently to CO and HCOOH to 46.3% HCOOH
respectively. It was felt necessary to activate the
GC electrode by applying a 30s anodic pulse at
+1.2V/ISCE™.

The mechanism of CQelectroreduction on sp
group metal electrodes is schematically represented
in Fig. 9.

spe composite electrodes has been alreadye.1.2 Role of Supporting Electrolyte

investigated by Dewulf and Baré® and Coolet
al.'’2c Work by Dewulf and Bard showed that

It is generally known from the number of

investigations that the current efficiency of CO

the Cu/Nafion electrode can be prepared by using|ectroreduction depended on the nature of the cation

a N,H, reducing solution and a Cu (Il) -

and anion present in the supporting electrolyte. It was

pyrophosphate plating solution, but it took a verys,nd that the presence of Gr SQ? anions in the

long time ~2 weeks for electroreduction. C&ik  gq|ytion increased the rf, while Padlid not enhance
al., carried out the deposition of Cu on Naﬂonthe Faradic yield®11311122 The rf improvement by

membrane by the combination of CuSé&nd

CO,> and HCQ was attributed to their direct

NaBH,, but the technique was not clearly paricipation in the mechanism of C&ectroreduction.
described. Komatsat al*"**in 1995 fabricated Tperefore, the actual mechanism of CO

Cu-Nafion electrode by an electroless platings|ectroreduction appears to be more complicated than
method by combination of Cu - Rochelle salt agpat initially assumed.

the plating agent and 10% NaBé&k the reducing

Ulmann et al!?%122 gttributed the high cathodic

agent. With the electrodes made of cationgyrrents observed in aqueous CsH&@lution to the
exchange (Nafion) and anion exchangeyarticipation of HCQ ions in the mechanism of
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T 100% even at high current density ~200 mAg/cithe
) maximum partial current density of HCOOH formation
. CO;  amounted to 560 mA/chrat the In electrodes at 60
atm of CQ. On the other hand, CO was the main
product at Pb and In less than 1 atm of,(Owas
found that the selectivity of product formation depends

a b on electrode potential. The less negative were the
potentials, the higher the faradic efficiency for CO
formation.

' , Small cations, such as'land Na are not adsorbed
e ’ at the electrode surface, due to their strong hydration.
HCO; Q Further, small cations carry to the cathode a large
| oo HCOz number of water molecules, and thus supply protons

for the electroreductidf®. In contrast, the less hydrated
bulky cations preferentially adsorbed at the cathode.
Depending upon the nature of cation present in the
Fig.9 Mechanism of CQelectroreduction on sp group metal supporting electrolyte the current efficiency of the
electrodes. Neutral hydrated C@olecules (a) undergo  process increased from 47 to 90% in the ordet:<Rb
electron_atlontoyleld gadsorbed g@dicals; (b) the latter K* < Na < Li*. Kyriacou and Anagnostipaulté
react with adsorbed water molecules to form adsorbed . . .
HCO, radicals and OHons; (c) HCQ radicals remain reported that rf for ethylene increased with the cation
adsorbed at the electrode surface and undergo furthdéh the order Cs~ K* > Li*. The non-metallic NEt

reduction to formate ions; (d) the negatively charged HCOOcation allowed only hydrogen evolution to the extent of

lons are rejected from the electrode surface rf = 92%. This behaviour was attributed to the radius
of the cation.
electroreduction of COAlternate perception is that it Potentiostatic CQreduction studies carried out

is HCQy ions, which undergo electroreduction ratherpy Ito!2113185and Komatét! in neutral KHCQ
than the neutral COmolecules. The rf values for solution showed that: (i) Hg, In, Sn, Pb and Bi favoured
HCOOH formation for various anions present in thethe formation of HCOOH and HCOGii) Zn and Cd,
supporting electrolyte found to increase from 35 tdoth with d° electronic configuration (ie, sp group
57.5% in the order: PO < SO < CO> < HCQ,.  metals) exhibited poor electrocatalytic properties in the
These data can be explained by taking intgynthesis of HCOOH (eg: on Zn 20% HCOéhd
consideration, the electrosorption of the hydrated0% H, on Cd 39% HCOOand 37% H), (iii) the
ions at the electrode surface. This explanation wasain product on Ag and Au was CO. (iv) All other
already proposed for other electroreductionmetals produced only hydrogen; (v) the favourable
processe'§s109.177-182 properties of In, suggested the opportunity of testing
Horietal, [101] in 1988, investigated the influence the electrocatalytic activity ofgroup metals.
of various aqueous supporting electrolytes such as KCI, Azumaet al!® studied the electrochemical GO
KCIO,, K,SO, and KHPO, towards the reduction on 32 metal electrodes in aqueous KHCO
electroreduction of CQOat Cu electrode at ambient medium. The current efficiency of C@duction on
temperatures and pressures. The products were foundl Ag, Pb and Pd found to increase significantly with
to be GH, (rf = 48%) and EtOH and n-PrOH in lowering the temperature. Lowering temperature also
appreciable amounts. It was found that faradiehanged the ratios of reduction product. Potential
efficiency of the products depends on the nature alependence of HCOOH and, ldn Hg electrode
supporting electrolyte. supports the electron transfer mechanism for HCOOH
Todoroki et ali®® in 1995, studied the production. Formation of methane and ethylene is
electroreduction of Caunder high pressure in aqueousobserved on almost all metal electrodes employed,
KHCO; solution at metal electrodes with high though the efficiency is low except for Cu. A periodic
overpotentials for hydrogen evolution such as Pb, Heable for CQ reduction Fig. 10 was drawn based on
and In. When the electrolysis was conducted undeahe dependence of reduction products on various
high pressure CO and HCOOH was formed with rf smetals, suggesting the existence of a systematic rule
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Fig. 10 Periodic table for CQeduction products at —2.2 V /SCE in low temperature, 0.05 M KH@tion

for the electrocatalytic reduction of C@n metal Ito et al!**!'2 obtained CO, Hand HCOOon
surfaces. Horet al!®” studied the electrochemical gold, for electroreduction of COThe nature of the
reduction of CQin 0.5 M aqueous KHCGolution at  product was determined by the cathodic polarization;
a gold electrode at 291K, the reaction proceeding witfor instance, from -1.3 to -1.6V/SCE exclusively CO
very low overvoltage, starting at -0.8 V/NHE; Theand H, were formeéf*'4 Hori et al., obtained a
product was found to be CO (rf = 91%) at -1.10 V/mixture of HCOQ, CO, CHOH, CH, and CH,.
NHE, with partial current density of 3.7 mA/ém When Ag was polarized to -0.8 V/SCE, MeOH
Egginset al!® studied the electroduction of CO was obtained with the Faradaic yieldsr78%, but at
on various metallic cathodes in the presence of agueousry low current densities of 10A/cm? %, At cathode
quaternary ammonium salt as the electrolyte. On Hpotentials more negative than -1.4V/SCE, exclusively
and graphite, oxalate ions formed, on Pb glyoxylic aci€€CO was formet. The presence of CO, ethane and
was observed, while on Hg, malic acid was obtainednethane among the reaction products was also
Similar reports were obtained by Bewi#k®) Wolf  confirmed by Nod&’. The magnitude of the products
and Rollir®*and Kuh/®2 The formation glyoxylic acid yields was decided by cathode potential, as follows:
among the reaction products was in agreement with HCOO CO CH, CH, CH.OH
the previously known reduction of oxalate to glyoxalate=(V,Ag/AgCl)= -1.4  -1.52 -1.58 -1.70 -1.65
on Pb cathodé®. The reaction mechanism is  Kostecki and AuguestynkF found the poisoning
presented in the previous section of this article. of a polycrystalline Ag cathode during the
The electroreduction of CQ@t graphite electrode electroreduction of CQOo CO. As for the Cu cathodes,
at -0.9V/SCE in the presence of aqueous,GlHhs @ periodic anodic stripping of the Ag surface was
supporting electrolyte, yielded oxalate ions (rf = 78%)gefficient in removing the inhibiting species, and
but the nature of the products varied as a function giroducing stable current densities and rf of CO
cathode potenti##192 Ayres found the formation of formation over 4-5h of electrolysis run.
MeOH with rf=100%, at graphite electrodes, at the  Shiratsuchet al!*”in 1996 have achieved a large
same cathode potential of -0.94V/SCE, but the curreritegree of selectivity of reduction products of @@
density was maintained at low values (33-100  Ag electrodes by a pulsed technique. The anodic (Va)
cn?)* In the presence of Pb cathodes in aqueougnd cathodic (Vc) bias was found to be key
NH,CI, good oxalate yields were obtained at -1.26 \parameters. The maximum faradic efficiencies for CO,
SCE. CH,, CH, and CH.OH were respectively 70% (Vc
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=-2.0V, Va =-0.125V), 55% (-2.25V, - 0.4V), 3.1%

19

In=Bi>Hg>Pb>Sn>Zr Cu>Cd>Hg>Ag

(-2.25V, -0.4V), 3.1% (-2.25V, -0.4V) and 22% (-2.25V, > Au > Sb

-0.5V). The total value of 58.1% for Glnd CH,
formation recorded on the Ag electrode is comparable
with that for CH and CH, formation on the Cu
electrode which has long been considered as a uniqﬁ
metal for CH and CH, formation. In addition, in the
potential range where Gldnd CH, are preferentially
produced, the formation of HCOOH was found to b
almost zero. The selectivity was ascribed to be due o]
the extent of the surface coverage of adsorbgd
which can be controlled by the anodic bias.

Kanecoet all® investigated the electrochemical *
reduction of CQin 0.1 M KOH-methanol electrolyte
with an Ag electrode at 248, 258 and 273 K. The main
products from CQwere CO and HCOOH. A
predominant formation of CO from C®n Ag
electrode in the methanol electrolyte was found. The
formation efficiency of CO increased at relatively
negative potential as temperature decreased and in
contrast, H formation efficiency decreased. The
reactivity of CQ reduction over Hevolution was
ameliorated by lowering temperature. From the Tafel
plot study, a sufficiently high mass transfer of G®
the electrode was confirmed even in low temperature
region consequently it was found that low temperature
was extremely effective for the depression aof H
formation on Ag electrode in KOH-methanol.

Yamamotoet all®® recently examined the
electroreduction of CQon high-area metal (Fe, Ni,
Cu and Pd) electrocatalysts supported on activated
carbon fibres, which contain slit-shaped pores with
widths on the order of 2 nm. These catalysts exhibited
relatively high selectivity (ff,, = 67%) and high partial
current density (~63 mActon Ni). Much smaller
activities were observed for the same types of metal
catalysts supported on non-activated carbon fibres.
The enhancement of C@eduction selectivity with
the micro porous support is thought to involve a
nanospace effect, which give rise to high-pressure-
like effects at ambient pressures. The,@&luction
mechanism on Ni is proposed to involve an absorbed
CO,-CO,adduct, which is known to exist on (110)
surface. .

It is therefore concluded from these assimilated
data that:

(1) On sp metal electrodes in aqueous supporting
electrolytes the main product is formic acid.

(2) The catalytic activity of the cathode decreased
in the following order.
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2.6.1.3 Electroreduction in Non-aqueous Media

The purpose for employing nonaqueous supporting

L,ectrolytes were: (i) To increase C$dlubility and to
suppress Kevolution and thereby increasing current
efficiency*®4, (ii) The occurrence of dimerization

Jrocess, leading to the formation of higher valye C

oducts. As already mentioned, CBas better

Hsolubility in organic-solvents than in water, irrespective
of dielectric constant of the solvent.

Changet al!*® found that elevated pressure of
CO, showed a highest solubility order in
cyclohexane, intermediate solubility in toluene and
lowest solubility in DMF.

CO, electroreductions performed on Pb, Tl and
Hg electrodes in non-aqueous media yielded oxalate
ions. On other sp group metals (In, Zn, Sn and Au),
areductive disproportionation of G@ccurred with

the formation of CO and carbonate ions. This
process was first recognized by Saweadral 290201
Chronoamperometric reductions on Au and Hg
electrodes in anhydrous DMSO yielded CO
molecule&™? The standard reduction rate constants
were significantly lower for Hg (3.2 x £9cm/S)
than for Au (4 x 182 cm/S). No evidence for the
role of solvent in redox process and no reasonable
explanation were provided for the very low rate
constant at Hg electrodes.

Gennareet al?*®in 1996, found that there is a striking
difference between direct electrolysis of @CDMF

at an inert electrode such as Hg, which produces
mixtures of CO and oxalate and electrolysis catalyzed
by radical anion of aromatic esters and nitriles
produces exclusively oxalate in the same medium.
Examination of previous results concerning direct
electrochemical reduction and reduction by photo
injected electrons reveals that there is no significant
specific interactions between reactants,
intermediates and products on the one hand and the
electrode material on the other. Later, same authors
proposed a mechanism for this proé¥ss
Vassilievet al2**investigated the electroreduction
of CO,0n Sn, In, Pb and Hg in various non-aqueous
solvents such as DMF, DMSO and acetonitrile.
The main reaction was found to be dimerization,
leading to the formation of oxalate ions.

Ito et al*?° carried out the electroreduction of CO

in an electrolyte consisting of TEAP, a quaternary
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ammonium salt in DMSO or propylene carbonate
(PC). Oxalic acid was the principal product<rf
80%) on lead electrodes, while CO was the sole
product on Sn and In cathodes. Under similar
conditions, a mixture of oxalic acid, glyoxalic acid
and CO was obtained when Zn electrodes were
used, with overall rf of ~ 40%. The same autHors
extended their studies to Pb, Tl and Hg electrodes
under similar conditions in TEAP/PC and oxalic
acid (rf< 84%) was selectively formed. Pb cathode
in TEAP/PC, the concentration of oxalic acid
increased linearly with temperature, up to 423.K
Above this temperature limit, glyoxylic acid, glycolic
acid started to form. Glyoxylic acid was also
obtained on C¥’, but the main reduction product
was CO.

On sp group metals, in addition to oxalic and glycolic
and formic acids, several other carboxylic acids
were obtained during C@lectroreductiofi®. eg.
Tartaric acid on Pb and Zn; malonic acid on In, Zn,

Li salt supporting electrolytes (a hydrophilic
environment) enhanced the formation of methyl
formaté®. The mechanism was as follows:

CO," + 2H'+ e -~ HCOOH ...(35)
HCOOH + CHOH < HCOOCH + H,0 ...(36)
When the high current density electroreduction on
a Cu cathode was conducted at elevated
pressur®®, the mass transfer of C@o longer
limited the formation of CO. At 40 atm and -2.3
V/Ag, quasi-reference electrode, the total current
density was 436 mA/ctnwhile the rf of CQ
reduction reached 87%. In the gas phase, CQ, CH
C,H, and H were found as products, while the
main products in liquid phases were methyl formate
and dimethoxymethane (CE-CH,-OCH,)?%.
Methanol is at the present time, employed in industry
as a CQ absorber. The systems above may find
their industrial applications in large-scale methane
production.

To conclude, on the sp group metal cathodes in

Sn and Pb, propionic acid on Zn, Sn and Pb and mqueous supporting electrolytes, the main product was
butyric acid on In. Sn and Pb. The best nonformic acid in neutral solution and formate ions in
agueous reductions occur on Pb and Sn, with rf alkaline solution, while in non-aqueous media oxalate
50% on Pb cathode. But current efficiencies aréons were the predominate proddtt

very low in the order o€ 10 mA/cn¥ 2%,
CO, electroreduction was performed on a Cu

2.6.2 Electroreduction of COon ‘d” Group Metals

cathode in a benzalkonium chloride/methanol-2.6.2.1 In Aqueous Media

supporting electrolyte, at low temperatdrés At
258 K, CO (24.0%), CH?39.1%) and ¢H, (4.4%)
[145] were formed. The rf of both Gtnd CH,
was better in pure MeOH than in aqueous—e
electrolytes. The solubility of Can MeOH is about
five times that in water at ambient temperature.
Mizunoet al2°7in 1995, improved this method by

(A) Pt, Pd and Ni Electrodes

Platinum group metals generally exhibit favourable

lectrocatalytic properties for the electroredution of
CO, due to the strong adsorption of Con these
metals. The nature of product formed on Pt, Pd and Ni
was controlled by the experimental conditidh&?

cooling the same supporting electrolyte even to &t cathodes

lower temperature of 243K. The rf of GH .
exceeded 42%. In addition, the efficiency of the
competing hydrogen evolution was diminished to
less than 80% at low temperatures.

Methanol is a solvent, which allows the
electroreduction of highly concentrated CO
solutiong®, The mole fraction of COis 0.34 at
4.0 MPa, and 0.94 at 5.8 M§3& In such highly
concentrated solutions the supply of {0 the
electrode is more for the reduction to proceed at
high current density. The main products of this
electroreduction in the presence of
tetrabutylammonium (a hydrophobic environment)
were, CO (r£48.1%), CH (rf < 40.7%), CH,(rf &
< 9%) and HCOOCHI(rf < 34.6%). In contrast,
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Cyclic voltammetric studies performed at Pt
cathodes showed three intermediates generated
from the adsorbed CG*. Maier et al?!®
investigated the influence of temperature and
prepolarization on the adsorption of Cax Pt
electrodes. At high temperatures, followed by
anodic polarization at +0.520 V/SCE, formation of
COOH species was found. Subsequent
prepolarization at more positive electrode potential
+ 0.650 V/SCE, for 0.5h, the adsorbed species was
mainly (CO),. The oxidation peak at + 0.280 V/
SCE found in CV was assigned to the formation
of adsorbed (HCOOH).

The surface of the electrode material plays an
important role in product selectivity optimization
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and in better current efficiencies. It was showractivity in CQ, reduction was derived from the kink
that the atomic arrangement of the Pt electrodsites characteristic of Pt(s)-[n(110) x (100)] and Pt(s)-
surface significantly affects the rate of CO [n(100) x (110)].
reduction. Numbers of fundamental studies were Even, well-ordered Pt (111) single crystal
carried out for the electroreduction of Céh the electrodes become active for C@dsorption by
three basal planes of Pt: Pt (100), Pt (110) and Rictivation in the Pt oxide potential regtéh This
(1112226245248 |n acidic solution the most active treatment caused disorder at the surface, and thereby
site phase was Pt (110), which generated CO, whil@creasing the electrocatalytic activity of the electrode.
Pt (111) surface was inactive. The amount ofSpecies proposed for the reduced ,COn
reduced CQincreased when defects were presenpolycrystalline Ptinclude: linear - C(J248], bridged
at the surface; these defects blocked preferentially CO,,2*, -COOH [250-254] ané& COH [254,255]
the (100) terraces, whereas the edge sites weF IR studies revealed the presence of both linear -CO
less active for the adsorption. The formation 0f(2030-2020cm) and traces of bridge-bonded CO
CO at the Pt (110) surface was the result of th€1850, 1750 cm), formed on a polycrystalline Pt
reduction of either HCQions or of neutral CO  surfacé?4224.24
molecules produced by the dissociation of hydrogen Hoshi and Ho#?*¢ carried out electrochemical
carbonate (CHCQ ~ CO, + OH)?24225.248 reduction of CQ at a series of Pt single crystal
Haraet al?#” in 1995, investigated the effects of electrodes and arrived into the following conclusions:
current density, COpressure and charge passed orfi) Flat surfaces; Pt (111) and Pt (100), have low activity
the gas phase CQ@eduction under high pressure (<for CO, reduction, (ii) The initial rate of the CO
50 atm) on a gas diffusion electrode containing Pteduction gets higher with the increase of the step atom
electrocatalysts. The rf for C@duction reached 46% density, (iii) the terrace and step structures affect the
at a current density of 900 mA/énCH, (rf = 35%), a potential dependence of the initial rates remarkably,
partial current density of 313 mA/énC,H.OH of (rf  (iv) The activity for CQreduction depends remarkably
= 2.2%) and current density of 19.8 mA/xm on the symmetry of the surface. As shown in their
The use of single crystal surface plays a key rolgrevious studi?**??4¢ the Pt (110) has the highest
in identifying the surface structure that gives highactivity for CQ, reduction in the stepped surfaces, (v)
catalytic activity and selectivity in chemical reactionsKinked step surface have higher activity for LCO
in gas/ solid and liquid / solid interfaces. Studies usingeduction than stepped surfaces, (vi) Pt(s)-[n (100) x
single crystals give useful information for the (110)] series, which have densely packed kink atoms
development of catalysts on which reactions proceedlong step lines, have the highest activity for,CO
with low activation energy and high selectivity. Nikolic reduction.
et al?*first demonstrated that the reactivity of CO Taguchi and Aramat& suggested a three-step
reduction on Pt electrodes depends on the crystatechanism for the formation of adsorbed linear CO
orientation. Hosheét al??** measured the rates of CO [equations (37), (38), (39a)] and adsorbed bent CO
reduction on stepped surfaces of Pt such as Pt(degs. (37), (38), (39b)] respectively.
[n(111) x (111)]; Pt(s)-[n(111) x (100)] and PY(s){n(100)4- + ¢ + Pt . Pt - H,, .(37)
X (111)P*< The reduction rates become higher with

the increase of step density in each series comparing_2°uton ~ COxmertace ++(38)
the rates among the surfaces with the same step den Pt-Had + COyntertacey> P-CCqs + Pt + HO
gives the following order of the activity for CO --(39a)
Pt(111) < Pt (100) < Pt(s)-[n(111) x (100)] Pt\
< PY(s)-[n(100) x (111)] < Pt(s)-[n(111) x (111)] 2[Pt - Hy] + COpertace)— COus + Pt + HO ...(39b)
< Pt (100). /
The Pt(110) has the highest activity among the Pt
‘stepped’ surfaces. Lafét? they have extended their ~ In CO,-saturated aqueous solution, the Pt surface

study to the ‘kinked’ step surfaces, such as Pt(sppecame covered with a strongly attached ‘reduced
[N(110) x (100)] and Pt(s)-[n(100) x (110)], in order toCO,’ layer**”. This adsorption layer hindered the further
find out which surface have a reduction rate of, COelectroreduction of COThus, the main process on Pt
higher than that of Pt(110). It was found that highelectrodes was hydrogen evolution.
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Bandi et al?* performed high-pressure The enhancement of the process efficiency was
electrolyses at Pt-cathodes in the presence of tetralkgttributed to the amount of hydrogen adsorbed by the
ammonium salts, both in agueous-solutions and imworking electrode, rather than by the change in the
supercritical CQ Waltheret al?**in 1999 discussed lattice morphology or the oxidation state of copper.
in detail on various aspects of compressed, @l Bocarslyet al??"2?8employed Pt and Pd electrode
metal catalyzed reactions with Cid which CQasa at pH 5, in the presence of pyridinium ion as a
reaction medium and as solvent and/or reagent. homogenous catalyst for the efficient formation of
Pd Cathodes MeOH, by electroreducing COThe substrate

reduction benefited from the hydrogen released from

In bulk Pd cathode$’'*® HCO; was the g sources: the electroreduction of &hd from the
electrochemically active species. Electroreduction Off)yridinium ions. The rf = 30% and the electroreduction
CO, to HCOO with high current efficiencies was of CO, proceeded at low over potentials. New
achieved on Pd cathodes. Ayers and Farley proposeduipments were patented for the electrochemical
a new approach for CHCO; on flat bipolar Pd  reduction of CQ on metal&®-2:
electrode%®. In this process, the atomic hydrogen Now a days, formic acid is prepared using Pd
penetrated the negative side of the bipolar Pd electrodglectrodes at potentials higher than the reversible
Once arrived at the opposite, positively polarized sidaydrogen potential, with current efficiencies close to
of the electrode, hydrogen reduced the neutra)j COL00%#32232 Reaction was carried out at ambient
molecule, according the following sequential steps. pressure in alkaline agueous-supporting electrolytes (pH
(HCO,/CO), 4+ 2Pd - H~ HCOOH + 2Pd ...(40) 8-10). It was proposed that adsorbed hydrogen took
(HCO,/CO,), 4+ 4Pd - H- HCHO + HO + 4Pd part in the slow step of the HG@lectroreduction.

...(41) Furuyaet al.,in 1997342%examined the reactivity
+ 6Pd - H» CH,OH + HO + 6Pd and selectivity of CQreduction at gas diffusion
...(42)  electrodes made of Ru, Pd and their alloy (Ru: Pd = 1).
CO, molecules adsorbed to the slightly positive face oft was found that the current efficiency for the
Pd. No oxidation of the intermediates occurred. formation of formic acid at the gas diffusion electrodes

Azumd® investigated the possibility of obtaining with Ru-Pd catalyst was 90% at -1.1V/NHE, in which
C,-C, hydrocarbons, on bulk Pd electrodes but onlghe current density was 80 mA/énCO was also
low current efficiencies were realizedOhkawaet formed at Ru-Pd catalysts.
al.1s2153 found an increase of rf of both CO and Iwakura et al., in 1998%, studied the
HCOOH following the adsorption of hydrogen onto electrocatalytic reduction of COn palladized Pd sheet
the Pd electrode. The electrochemical hydrogeﬁlectrodes. It was found that formic acid as the main

evolution was suppressed upon loading the electrogdoduct and H evolution as a by-product. The
with molecular hydrogen from an external sourceMaximum current efficiency for HCOOH was 75%

Adsorbed hydrogen may also react with the2nd it depended on the reaction time and current density

intermediates. The Tafel plots for G@ectroreduction O the palladization. o
on H-loaded Pd were compared with those recorded | "€ adsorption of carbon dioxide on Pd-Pt alloy
on H-free Pd electrod& The competing desorption electrodes in acidic solution has been studied recently

of hydrogen was found to enhance the electroreductiow Grdenet aI.21_7._ The influence of both bulk_and
of CO, surface composition of the alloy on C@dsorption

Hashimotoet al25*studied the electroreduction of \'2= presented. The results suggested that only hydrogen

: . interacting with platinum atoms was active in reaction
CO, in aqueous KHCQ using the hydrogen . . ;
accumulated in a Pd cathode and the products we th CO,. At the same time these platinum atoms were

found to be HCOOH and CO. When the electrod ound to be inactive in the hydrogen absorption/

was formed from Cu and Pd. methane and methangfasorption process. It was presumed that the latter
were obtained in addition to ,HCOOH. Latérthey reaction proceed only with participation of palladium

have employed a combination of Cu (sp group metar’jltoms, unblocked by products of adsorption 0f.CO

and Pd, (d group metal). For Cu electrodes modifiedli Cathodes
with Pd, the current efficiencies for the three products  Hori et all*® stated that hydrogen evolution was
were larger than for Pd electrodes modified with Cupredominant on Ni when the electrolytes were neutral

ads

(HCO,/CO,)

ads
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or mildly acidic solutions. Fre$€obtained some CO distribution, suggesting a formation mechanism similar
(rf = 9%) in addition to hydrogen. Kogat al?%¢2%”  to thermally catalyzed Fischer - Tropsch reaction.
found that 99-99% pure Ni in agueous-supportingMechanisms are proposed for the products formation.
electrolytes produce hydrocarbons (C8,H,, CH,) Hori et al2*® employed a novel SNIFTIRS
and ethanol. However, the simultaneous hydroge(Substractively Normalized Interfacial Fourier
evolution could not be avoidéd The reactive Transform Infrared Spectroscopy), to provide evidence
intermediate CO strongly adsorbed at the Ni surfactor adsorbed CO at the Ni cathodes. At pH 6-8, in a
and this adsorbed layer occupied most of the surfaceO, - saturated phosphate buffer solution, adsorbed
sites when hydrogen evolution usually evolved and thuSO was present at Ni - electrode surface in the
inhibited the hydrogen gas formation. The presence gfotential range from -0.4 to 0.8V/NHE. Both linear
CO,, was evidenced by FTIR spectroscpyLater, and bridged CO molecules were detected. The linear
they obtained hydrocarbon and traces of ethanol 08O appears at -0.8V/ NHE, since the reduction of
pure Ni in neutral phosphate buffer under Ar and COadsorbed CO proceeded at cathode potential less than
atmospher&’; rf for CH, = 3.7%, CH, = 0.1%, CH,  -1.0V/NHE. The bridged CO was presumed to be the
=0.7% and ethanol = 0.1%. TheHreduction started electroactive specié¥:143.161.25¢-261 Nj cathodes
at-0.45 V/SHE in Ar atmosphere and anodic oxidatiopossess the favourable electrocatalytic properties for
of the Ni was observed at -0.18 V/SCE. the C-C, (CH,, C,H,, C,H,;, n-and i-butane)

Kogaet alZ®found the formation of CQ.at Ni  compounds formation. In contrast, Cu electrode is
electrode, as the intermediate for the products formesklective for the formation of GHnd CH,.

such as Cfj CH, and GH. (B) Fe, Ru, Os electrodes

The concentration of COn water at 298 K is ,
only 0.033 mol / drh At elevated pressure of 60 atm, Iron cathqdes hav_e bel?gn widely employed fo; CO
Ilectroreductlon. Howet all* found that Fe cathodes

at room temperature this can be increased to 1.17 mo . o ) ; .
/ dn? a value close to the liquefying pressure of ~7 n neutral and mild acidic solutions yield predominantly

atm. Electroreduction of COwas studied at Ni ydrogen. Frese and Canfigfdobserved significant

electrode under pressurized conditions. Comparative
mechanisms of high-pressure GsectroreductionX)

and the electroreduction of C@t atmospheric
pressureB) is shown in Fig. 1%°. In case (Fig. 11A),

the hydrogen atoms formed at the electrode surfage
by the reduction of water are consumed in the reaction
with adsorbed CCxo form reduction products such as
CO and HCOOH. In contrast, at 7 atm pressures, most
of the adsorbed hydrogen is desorbed in the form of — co;
H,. The ratio of adsorbed CQadicals vs. adsorbed -
hydrogen atoms increases with increasing pre¥8ure
Ito et al***2*2studied the electroreduction of C&t
high pressure (60-50 atm) on Group VIII metal

.~ ———% CO + HCOOH

electrodes such as Fe, CO, Ni, Pd and Pt and the rf — H
values were as high as 62%.
Kudo et al?*®in 1993, investigated high-pressure — H
CO, electroreduction on high purity Ni cathodes in
aqueous KHCOQsupporting electrolyte using 99.9% 8 — €Oz €Oz + H,

CO.,. The increase of C(pressures favored the rf of
CO, reduction and diminished the hydrogen evolution
by water reduction. Best hydrocarbon yields were
achieved at -1.6V/Ag/AgCI at 303 K. More negative
cathodic polarization (below -1.9V/Ag/AgCl) enhancedgig 11 comparative mechanism of high-pressure ,CO
the rf for both CO and HCOOH. The weight distribution electroreduction (A) and the electroreduction of GO
of hydrocarbons agreed with the Schultz - Flory atmospheric pressure (B) on Ni cathode

—H
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amounts of CO on Fe cathodes. Hatral"*in 1995,
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and elevated current densities (163-700 mAjc@O

under high-pressure conditions (30 atm) at Fe cathodsd HCOOH were obtained in addition tg. dnder
studied the electroreduction ¢@nd HCOOH was similar conditions, Rh electrode mainly yielded CO
found to be the main product, methane as the sid€1%) and HCOOH (19.5%). Ir electrodes decompose
product and traces of ethane and ethylene were alsgter to hydrogen (48.3%) and only limited quantities
found. The faradic yield was very low, about half ofof formic acid (22.3%) and CO (17.5%) were
the current was consumed on hydrogen evolutiorobtained™.

Latter, Haraet al26? under high-pressure conditions
and at large current density (120 mAARrachieved
60% efficiency for HCOOH formation. By products
were long-chain hydrocarbons such as 1-butene, trans-
2-butene, iso-and n-pentanes, with a maximum partial
current density of ~ 10 mA/cin
Ruthenium was the first metal found to catalyze
the electrochemical methation of CU213 Chaoet
al.?** employed Ru electrodes for electroreduction of
CO, for the formation of MeOH (rf = 25%) and GH
(rf = 30%). Ru is one of the metals with an intermediate
hydrogen evolution overpotential, which absorbs a
considerable amount of hydrogen at under potentials.
Therefore, one can expect that the reduction @i
take place at this electrode at relatively small
overpotentials, at which the hydrogen evolution will not
be excessive. This will diminish the loss due to
concurrent hydrogen evolution. The stability of the®
electrode surface under vigorous hydrogen evolution
enables investigation of the kinetics of g®duction
under long-term potentiostatic conditions. Reduction of
CO, at Ru and Ru modified Cd and Cu ad atoms were
investigated by Popi'@t al?'® in aqueous 0.5 M °
NaHCQ, solutions. Methanol and acetone were
formed at the end of 8h electrolysis under the potential
of -0.8 V/ISCE. The process of methanol formation on
Ru modified by the Cu ad atoms is catalyzed by the
presence of ad atoms and the process of acetone
formation is independent of the presence of ad atoms
at Ru surface. .
* Osmium cathodes at —0.69V/SCE and at low
current density were selective for methanol
formation (rf = 57%) and traces of CO (rf = 0.11%)
were obtained. Carbon electrodes electroplated
with osmium ceased the formation of meth&tiol

(C) Co, Rh and Ir Electrodes

(D) Cr, Mo and W Electrodes

Summers and Fre¥gemployed Mo electrodes
for the electroreduction of C@o form methanol.

In fact, Mo electrode is a metal/metal oxide system.
When a CQ saturated sodium sulphate solution
(pH = 4.2) was electrolyzed at —0.7 to -0.8V /
SCE at room temperature, methanol was found as
the main product, with rf = 50-100%. In dilute
sulfuric acid, the methanol yields were in the range
of 20 — 46%, CO (1-20%) and methane (0.1-
3.0%)were the byproducts. Scanning the electrode
potential from +0.2 V to —1.2 V/SCE enhanced
the rate of methanol formation. A two-step reaction
mechanism was proposed.

2CQ,+ 3Mo + 4HO - 2CH,0H + 3MoQ ...(43)
3Mo0O, +12H +12e - 3Mo + 6HO ...(44)
CO, electroreductions at Mo cathodes in non-
agueous solvents such as PrC, DMSO and AN
led to the formation of oxalic acid with current
efficiencies in the range of 20- 35%, while 5- 30%
of CO is formed as the byprodtfét

Tungsten electrodes operated at 33K in sodium
sulfate solution at pH = 4 with low current densities
of 32uA/cm?, methanol was formed (rf = 76%)
along with small amounts of CO (rf = 22%56)
Haraet al'*employed high-pressurized conditions
to obtain 31.9%, oxalic acid and hydrogen was the
byproduct with 53.1%.

On chromium electrodes, hydrogen was the
predominant product and CO was formed to a
lesser extent (rf = 6.29%. At high-pressure
conditions, (30 atm) CO (rf =11.8%) was formed
along with HCOOH (8.2%5~

(E) Ti, Zr, Nb, Ta and Mn Electrodes

Under highpressure conditions (30 atm) of CO

Cobalt electrodes mainly yielded CO (rf <26%) inall four metals produced HCOOH to a smaller amount
slightly acidic sodium sulphate or neutral lithium (3.5- 7.6%) with significant amounts of hydrogen. CO
bicarbonate solution at 333K Almost no reduction generation was notable in Zr(32.5%). At Mn electrodes
occurred on Rh and Co electrodes. When used aperated at 30 atm, only 6.5% of Q®duced to 2.8%
ambient pressure, the predominant product was kbf CO and 2.8% HCOOH with 78.8% of hydrogen
from water reductiot. In contrast, at 30 atm pressureformatiori’
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2.6.2.2 ‘d’ Group Metals in Non-aqueous Media electrochemical behaviour. p-Si electrodes modified

« Vassilievet al?*studied the electroreduction of with metal particles (Cu, Ag, or Au) were used by
CO, at Pt in non-aqueous supporting electrolytesHinogamiet al. to reduce CQin aqueous solution,
The products were found to be CO and,£0  resulting in the formation of CHCH,, CO, etc®«

« Ni and Pt electrodes in TEAP/PropyleneThe reduction process was shifted in potential
carbonates electrolyte formed CO and HCOOHapproximately 0.5V positive compared to that obtained
in the ratio from 6:1 to 8:1, wt/wt at -2-8V/Ag/ With the corresponding metal electrodes.

AgCl. Trace amounts of oxalic acid were also A high-pressure COmethanol system has been
formed?’. In similar experiments performed on Pdfound to offer a number of advantages for the photo
electrodes, significant quantities of oxalic acid (COflectrochemical reduction of G®y Hirotaet al?**.
HOOC-COOH = 2:1, wt/wt) and trace amountsThis reaction was examined in a 40-atm,@@@thanol

of formic acid were formé#. medium using the p-type semiconductor electrodes p-
« Iron cathodes exhibit high selectivity for oxalic acid InP, p-GaAs, and p-Si. With p-InP photocathodes,
preparation. current densities up to 200 mA/ €mvere achieved,

« Ti, Nb and Cr electrodes in TBAP/propyleneWith current efficiencies of over 90% for CO
carbonate electrolyte formed oxalate, glyoxalatdroduction, while hydrogen gas evolution was
and glycolate anions. In Mo electrodes under similaguppressed to low levels. At high current densities and
conditions only oxalate was forniét CO, pressures, the C@eduction current was limited
The main electroreduction products obtained omprincipally by light intensity. Of the various factors that

sp and d group metal cathodes in aqueous and nofere found to influence the product distribution,

aqueous supporting electrolytes are systematized iAcluding the concentrations of added water and strong
Table VII. acid, the CQpressure was the most critical factor. It

was proposed that the adsorbed (COadical anion
_ , _ _complex reaches high coverages at high @@ssures
~ Since the reduction of C@s an uphill process, it 414 is responsible for both the high current efficiencies
is desirable to carry out this reaction with a very lowypserved for CO production and the low values
consumption of energy and/or with the use of gpgeryed for Hevolution. In addition, this adsorbed
renewable energy sourf€. The photo complex is responsible for stabilizing all the three
electrochemical reduction of G@ hence an attractive gemiconductor electrode materials at high,CO

. A 2
pathvv_ay. nglco_nductors have been gseo_l as ‘_3at_h0‘ﬂiFessures, even at current densities as high as 100 mA/
materials, either in the dark or under light irradiation o2 Aulice Scibioh and Viswanath®&hhave recently

Semiconductors occupy a special place in thegyiewed the various aspects of photo/ photo
electrochemical reduction of GQlue to the possibility o |actrochemical reduction of CO Dispersed

of using them without an external source of electricitygemiconductor particle suspensions are attractive, as

either as photo electrodes with an external source @fch particle is made up essentially of a short-circuited
electricity, or as micro batteries suspenc_ied in 5°|U“°’bhoto anode and cathode. They find their utility in,CO
The charges necessary for the reduction process g&jy;ction. However, the discussion on semiconductor-

generated by illumination. If the charges can bggaihodes is not within the scope of the present
effectively separated, they can be involved in a numbg{iscssion.

of electrochemical reactions. The separation is based _ _
on bending of bands of the semiconductor electrode$:8 Electrocatalytic Reduction of CO
The electron transfer from semiconductor electrodes In general, the aim of the studies on electrocatalytic
towards CQ depends on the nature of thereduction of CQis to find cathodes that discriminate
semiconductor. the reduction of water to +and favour the reduction

In the course of the development of photoof CO,. A fundamental requirement is that the latter
electrochemistry, a variety of p-type semiconductoprocess occurs at a lower potential on such electrodes.
electrodes such as p-CdTe, p-&4Pp-GaAs, p-InP, The direct electrochemical reduction on most metallic
p-Si, and p-SiC have been examined. Semiconductetectrodes requires higher negative potentials, up to -
electrodes whose surfaces are modified with metaéd.2 V/ISCE and results in a variety of products, the
particles are often known to exhibit improved photodistribution of which critically depends on the reaction

2.6 Reduction of CQusing Semiconductors
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conditions such as electrode materials, solvent systerobtained after deposition (or anchoring) onto a cathode
and operation parameters including current density arglirface act as an electrocatalyst. The general
CO, concentration. This has prompted the search faurinciples of both types are schematically represented
suitable catalytic systems capable of mediating tha (Fig. 12a&b).
electroreduction. A most interesting approach of  Transition metal complexes, which can reducg CO
employing electrode or solution modifiers is that ofelectrocatalytically, to various products, are grouped
homogeneous/heterogeneous catalysis.i€€ptured into the following categories.
by a metal complex in solution and electrons are 1. Phthalocyanine complexes
transferred to the carbon dioxide complex from an 2. Porphyrin complexes
electrode with/without modification by a suitable 3. Metal complexes of 2,2-bipyridine and related
catalyst. Molecular electrocatalysts are promising in ligands
many respects because of the selectivity and efficiency 4. Phosphine complexes
associated with homogenous/heterogeneous catalysis. 5. Metal clusters and polymetallic complexes
In addition, subtle variations in the structure of the 6. Biphenanthroline  hexaazacyclophane
molecular relay can be introduced by an appropriate complexes
synthetic procedure (organic skeleton) or by a fine 7. Azamacrocylic complexes
control of the transition metal centre environment g Macrocyclic ligands related to macromolecular
(ligands). functions

From an experimental view point, the simplest _
way of associating an electrocatalyst, (whose functiog-8-1 Phthalocyanine Complexes
may be extremely complex but still can be regarded Several metallophthalocyanines (MPCs) have
as relay between the cathode and the reducibleeen reported to be active towards electroceduction
substrate) and a chemically inert cathode (that wildf CO, %% Modified electrodes have been employed
only provide the system with electrons) is by dissolvingor this purpose. In some cases, metallophthalocyanines
the molecular electrocalalyst in the supportingdeposited onto electrode surfaces have been used with
electrolyte solution (or using it as such) of theaqueous solutions. Polymeric complexes either
electrochemical cell. This approach is evidently morémmobilized on carbon electrodes or incorporated in
straightforward than that of modifying the cathodecoated Nafiofi membranes have also been employed.
surface by the electrocatalyst. The principle ofThe mechanism of catalysis for these systems has not
modified cathode is that, the molecular electrocatalydteen well understood. Meshitsug&gal>"°published
particles are embedded in a polymer matrix containinthe first paper regarding electrocatalytic reduction of
an appropriate electron relay, the composites materi€lO, using nickel or cobalt PC in 1974. The catalyst

D

0

(b)
a
(a) CO2
Reduction
product
Cathode
Product
co,
Electrolyte CP = Conducting polymer
C=Catalyst Cat=Catalytic species

Fig. 12 (a) Molecular electrocatalysts in solution; (b) Cathodic materials modified by surface deposition of moleculataiestzoca
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was deposited onto a graphite electrode by dip coatingydrophobic poly (4-vinylpyridine-co-styrene) (denoted
The supporting electrolyte is a quaternary ammoniun®PVP-st) containing CoPC has been studied by étbe
salt, the products were oxalic and glycolic acids but nal.?’8, It was found that compared with CoPC-P (VP-
formic acid was formed. These early experiments werst) system, the neat CoPC system gave high selectivity
not followed by accurate and detailed analytical workor CO, reductiod’. It might be due to the fact the
concerning the nature and quantities of reductiopyridine group of P (VP-st), which has both weekly
products. However, this system was slightly modifiedbasic and coordinative properties could have played a
and re-examined 10 years later by Americarmole. In their latter studié¥, they employed a modified
researchef&?’l Kapusta and Hackermhshowed graphite electrode coated with a poly (4-vinylpyridine)
that using CoPC as electrocatalyst, HC®@s the (PVP) membrane containing cobalt phthaloyanine
main reduction product at pH > §%60%) in an (CoPC) for the electroreduction of Gan 0.1 M
aqueous electrolyte. At more acidic pH, methanol wablaH,PO, aqueous phase (pH 4.4) the catalyst
also formed in small quantitieg$5% at pH 3). For membrane exhibited a highest selectivity for ,CO
the other metallophthalocyanines tested, the activityeduction than that by neat coating. (the ratio of CO/
sequence is CoPC > NiPC >> Fe PC, CuPC > CrPCH, produced is 6 at -1.20 V/Ag-AgCl).
Under experimental conditions very similar to those Abe et al. in 199677, investigated the
used by Kapusta and Hackerman, other autfors electrocatalytic CQreduction using a modified graphite
obtained mainly CO and_th the ratio of 1.5:1 (pH 5; electrode coated with cobaltoctabutoxyphthalocyanine
1 atm CQ; applied potential, -1.15 V/SCE). The (CoPC (BuO)) dipped in an aqueous electrolyte. CO
turnover number of CoPC is very large (greater thawas produced with higher activity and selectivity than
10). It was not established which experimental factom non-substituted CoPC. At pH 4.4, most selective
was responsible for this dramatic difference between
the products formed in the two studies discussed aboves-
CoPC has been reported to be one of the most
active pthalocyanines for C@eductiord®”-?’% and the
mechanism of the reduction in aqueous solution i Os .20,
believed to involve cobalt hydride intermediéteg he \E’/

results were interpreted in terms of the formation of & ) H

CO, adduct with the reduced phthalocyanine (a . /

complexX™as shown in Fig. 13. NI N
Whentin, lead and indium phthalocyanines are used, ~ \

the main products are formic acid ang’® while for
copper, gallium and titanium phthalocyanines the mair
products are CO and hydrogen but methane is alsp

produced with a good yield (about 36G%) Co(Pr-sclen):@io\oo/O:@
Iron, zinc and palladium phthalocyanines also give cN N=C

CO as the leading reduction product, but in lower yields p{ (l;Hz_(l;Hz\Pr
compared with those obtained with cobalt and nickel (b)
phthalocyanines. Hydrogen is exclusively produced with
magnesium, vanadium, manganese and platinu
derivatives and with the free ba&se These . o \l./
distributions of product (and current efficiencies) — o

. . N 0 \S
depend strongly on the chemical properties of metal Co b . ’L
and ligand’ and suggest that the mechanism of, CO Nn_l _o Kq" | N

AR . . / co )

reduction is different for each group. The mechanism /c\o/ 0 N
for producing a particular product may be determined 0\ ; —

by the interaction between the phthalocyanine ring, the
central metal and CQor CO molecules. The
electrocatalytic reduction of C@ an aqueous system Fig. 13 Intermediate species in the selective reduction (or) binding
using a modified graphite electrode coated with of CO,
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CO, reduction was achieved at -1.30 V with turnoverattributed to the strongly electron donating HOMO of
number of the catalyst ~1.1X6" and the CO/H  [MPc]™. This orbital, which derives from the electron-
ratio ~ 4.2. The high activity was ascribed to theaccepting LUMO of neutral MPc, spreads over the
electron-donating BuO- substituents of the complexnitrogen atoms surrounding the metal atom M. The final
which would facilitate the coordination of C& well  step in the generation of CO takes place when it is
as the electron transfer from the complex to theapidly separated from the metal M, if this metal has a
coordinated C@molecule. The use of PVP membranedoubly occupied 2(dZ) orbital. However, if the CO
to disperse the complex decreased the activity. Latenolecule is bound to the metallic atomd»ponding,
Abe et al.,in 1997® employed a graphite electrode the reduction may proceed up to the Gioduct.
coated with cobalt octacynophthalocyanine (CoP&Electron occupation of the LUMO by ionization does
(CN),) for electroreduction of COThe most active not take place in metals with outermost s or p electrons
and selective COreduction was achieved at -1.20 V and extensive reduction to CO may not be possible.
(Ag/AgCl) with a ratio of produced CO/taround 10  Electron transfer from MPC to C@iill end in CQ;,
at pH 9.3. The electrocatalytic C@duction could be followed by separation of HCOOH instead of CO. In
achieved at more positive potential than non-substitutetie “carbon dioxide complex” the anion C@ bent
CoPC. with an angle O-C-O equal to 134nd C is probably
Reaction mechanisms are highly speculative at thig-bonded using the éiof pz orbitals of M4
stage. Cgis co_ordinated to_t_he metal centr_e, i.e:, &g Porphyrin Complexes
nucleophile, by its electrophilic carbon. The isolation , ,
and characterization of GGnd CO adducts under ~ Metalloporphyrins are reported to be active
different experimental conditions have beent@t@lysts in the electroreduction of C@ CO in
reported2279281 Semiemprical calculations have also@dU€0us and non-aqueous mé#iaCobalt (1)-
contributed to the elucidation of the mechanism. Fotétraphenylporphyrin (Cepp) fixed on glassy carbon
instance attempts have been made to correlate ener%}?CtrOdes using 4-aminopyridine, is active toward the
levels in metallophthalocyanine and with theireléctroreduction of COo CO at potentials 100 mV
electrocatalytic activif2 Such catalytic activity in More positive than water-soluble cobalt (I1)
phthalocynine and tetrasulfonated phthalocyanin®0rphyring**% The overall turnover number exceeded
Comp|exes appears to the Close|y related to théas, in contrast with other Systems in which the value
possibility of coordinating extra-planar ligands. A factoris limited to 162 Water-soluble cobalt porphyrins
controlling the binding of these ligands to the metal i€xhibit catalytic activity towards reduction of CGor
the relative energy between the d orbitals of thénstance, when tetraphenylporphyrin (tpp) and
metallophthalocyanine and the frontier orbital of theoctamethylporphyrin (omp) complexes are used, CO
extra-planar ligand. is obtained catalytically, whereas palladium and silver
Ab-initio calculations of the coordination of GO porphyrins in dichloromethane (0.1 M TBABF,)
to several metals have been repdfedhe relative produced oxalate. However, demetallation of the
stability of different modes of CQroordination was complexes rapidly deactivates the cataiyst’ In
calculated. One of the factors is the bonding betweelhiese cases, catalytic process was interpreted in terms
metal atoms and COn that the ground state has theof the anion radical species of the reduced state of the
maximum spin electron configuration. Other high spirPd (II) and Ag (Il) porphyrins rather than the Pd (1)
states, which only differ from the ground states byand Ag (l) state?*. Finally, in aqueous media and under
electron permutations within the nonbonding d sub shelCO, pressure (4-22 atm), the use of cobalt tetrakis (4-
must be very close to the ground state. The spittimethylammoniophenyl) porphyrin iodide leads to CO
populations show a transfer of one metal valencéormation fj=90%), with a small amount of
electron to the CQOgroup, i.e. into a MO largely HCOOH?®:,
localized at the sp-hybridized atomic orbital of the  Tetraphenylporphyrin iron (lll) chloride, with
carbon atom. Differences in the products ofbasket-handle of the picket-fence type with secondary
electrocatalysis (CO or CH with some amide groups in close vicinity to the porphyrin ring,
metallophthalocyanines and HCOOH with others) areatalyzes the electrochemical reduction of, @0CO.
rationalized on the basis of the electronic configuratioThe cyclic voltammetric studies shows the wave related
of the metal atom. The reduction of C@ CO is to the formation of a Fe (O) speciés

D:\INSA\May 2004\Article-2.p65



ELECTROCHEMICAL REDUCTION OF CARBON DIOXIDE: A STATUS REPORT 29

The porphyrin is rapidly consumed in these  Zhanget al?** employed a rotating ring (Pt)-disk
processes, and the catalysis stops after a few cyclégraphite) electrode to analyze J@aqueous solutions.
The degradation of the porphyrin appears to be th&he graphite disk, coated with the complex N, N’, N,
result of progressive saturation of the ring throughN”- tetramethyltetra-2, 4-pyridoporphyranine cobalt
carboxylation and/or hydrogenation. However, thgll) and protected by Nafion® film displays
addition of Mg@* or other Lewis acids triggers a electrocatalytic activities toward C@eduction. The
spectacular increase in the catalytic efficiency and th€O generated was thrown on to the Pt ring electrode
stability of the catalyst®. Lowering the temperature where it was adsorbed and detected by its
increases the catalytic efficieri¢y electrochemical oxidation. The CO oxidation current

Catalysis by the complex has been rationalized iat the ring electrode is dependent on,€a@hcentration
terms of the introduction of one molecule of 3@o  and the disk electrode potential.
the co-ordination sphere of the iron atom. A carbene- Bakir and Mckenzi®€®studied the electrochemical
type complex appears as a product when an electroeactions of CQwith fac-Re (dpk) (CO)XCI (dpk =
pair is transferred from the iron porphyrin to the,CO di-2-pyridylketone) in 0.1M N (n-By)PF, both in
as shown in Scheme IB.low temperature, the second aqueous and non-aqueous media. They found that the
step is the addition of another molecule of,@0an  electrochemical reactions between Cahdfac-Re
acid-base type manner. The C-O bond of the first CQdpk)(CO)Cl are solvent dependent and controlled by
molecule is then broken, forming the'k&O complex the rate of diffusion of electroactive species from the
and a carbonate ion. In the same mannef*lidms  electrode surface.
can participate earlier in the breaking of the C-O bon
The stability of Fé.CO po_mplex is temperatgr_e ﬁelated Ligands
dependent, and its dissociation becomes more difficult )
as the temperature is lowered. _ Several groups have_ explored the p(_JSS|bIe use of

Bhugunet al?%2 found that the addition of weak NCkeF?, cobalt®, rheniunt®*=% rutheniuni®>=",
Bronsted acids such as 1-propanol, 2-pyrolidone, arfd@dium, iridium and osmiufff complexes with bipy-
CF,CH,OH triggers the catalysis of G@eduction by ~YP€ ligands in the electroreduction of CO
iron (0) tetraphenylporphyrins. Both the catalytic  Haweckeret alZ#%had previously shown that

currents and the lifetime of the catalyst increase withodfR€ (PiPy) (CO)CI] could be used in photochemical

significant formation of hydrogen. CO was the mainSyStems of CQreduction for generating CO in the

product and HCOOH formed to a lesser extentPréSence of an organic electron donor. Subsequently, it
Analysis of the reaction kinetics suggested that th&/@S established that the same complex leads to selective
action of the acid synergist is to stabilize the initia€'€ctroreduction of Cgo CO at-1.5 V/SCE in DMF-

Fe'COZ2 carbenoid complex by hydrogen bonding. Thavater (9:1v/v). Under given conditions, high faradic
formation of a doubly hydrogen bonded complex open -
the route to the clevage of one of the two C-O bonds \
resulting in the formation of CO within the iron Fe(ly
coordination sphere. The formation of HCOOH
involves a reaction pathway where the iron;CO
interactions are weaker.

Bhugunet al?*® employed Lewis acid cations Fe(1)cO"
such as Mg, C&*, B&*, Li* and Nato improve the
catalysis of CQreduction by iron (0) tetraphenyl
porphyrins in terms of catalytic efficiency as well
as the lifetime of the catalyst. CO was the main -7
product. It is predicted that electrons are pushed FeilCO Fe(ll)'-C\ ) o
into the CQ molecule by the electron-rich catalyst 0
and the cleavage of one of the C—O_b_onds is helped COsMg Mg?*
by the presence of an electron deficient synergist,

A . . Scheme 5
confirming the role of push-pull mechanism in the Mechanism of reduction of C@atalyzed by iron porphyrin

catalysis of CQreduction. complex in the presence of ktd other Lewis acids

d2.8.3 Metal Complexes of 2-2' Bipyridine and

FC0 o,
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yields (98%) and large overall turnover numbers fofE = -1.55 V/SCE) of a saturated solution of G®
rhenium (several hundreds) could be obtained, withol@H,CN and in the presence of [Re(bipy)(COI}
significant damage of the system or loss of activityproduces no formate but only CO and £0OThe
Experimental factors seem to influence the efficiencyauthors suggested that two mechanisms of, CO
and selectivity of the system. In particular, the presenaeduction operate simultaneously. The common
of coordinating ions such as"® highly favourable, intermediate being the unsaturated species
since it prevents the formation of an inactive rheniunRe(bipy)(CO). The two proposed pathways of CO
(0) dimmer, fac-Re (bipy)(CO)], which has been reduction are indicated in Scheme 7.

isolated and characterized. For the process to work, it Apart from the rhenium system, the most used and
is essential that a vacant site on the metal in [Re (bipgtudied complexes in the eIectrocataIyS|s of,CO
(CO),Cl] be protected by an excess of coordinating

anion in order to inhibit the dimerization reaction and Re(blpy)(co)sa
subsequent reduction of protons tg Hhe proposed e
catalytic cycle is presented in Scheme 6. R e(b‘py)(co)Sle
Using the same complex as that used by Lehnand |, 0
his group, [Re (bipy) (CQXI], Meyer and coworkers Re(bipy)(CO),Cl”

have studied in detail the mechanism of the,CO
reduction in an aprotic medium (GEIN)30-304
Complexes of the type Re(bipy) (CQJ (where X =

H-, HCOO or HOCOO) were isolated and
characterized. In particular, it was shown that Re
(bipy)(CO)H undergoes a photo-insertion reaction with
CO, to give the formate complex Re(bipy) (CO) COz.
(HCOO). Without light irradiation of the hydrido Scheme 6

complex, the same insertion reaction occurs but at §echanism of reduction of C@atalyzed by Re (bipy) (CO)
noticeably slower rate. Electrolysis at a fixed potential Cl complex

Re(bipy)(CO),(COOH)CI
Re (blpy)(CO)ZCL

fac —Re(bipy)(CO);Cl

_e-”,e—

(Re(bipyT)(CO)5CL]
-Ct

CO+CO3 Re(bipy)(CO); O,

COx*+2e” Re(bipy)(CO); CO,

CO +[AQT (Re(bipy)(CO),T"

X [Re(bipy)(CO) J

A = an oxide ion acceptor

Scheme 7
Two proposed pathways for the reduction of,@®olving a common intermediate
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reduction are those of ruthenium #P3°7 namely However, Yoshidaet al3!® in 1993, studied the
Ru (bipy)(CO),2* and Ru (bipy)(CO)(CI)*. electrocatalytic reduction of C@y [Re(bpy)(CO)PBr]
Electrolysis performed in CQaturated aqueous DMF as well as [Re(terpy)(CCBr] (terpy = 2,2": 6',2"-
(10 vol.% HO) at a potential of -1.3 to -1.5 V/SCE terpyridine) in an aqueous medium by incorporating
and in the presence of Ru(bip§gO),** leads to them into a coated Nafion membrane, which provides
variable amounts of CO, HCO@nd H. Various a hydrophobic environment around the catalysts to
experimental factors have been studied: applieduppresses proton reduction. The products were CO
potential, water content, pH and pKa of the acid usednd HCOOH.
as a proton source. It was postulated that unstable Christensen et al.3!® investigated the
ruthenium (0) complex was formed by dielectronicelectroreduction of COby electrogenerated LNi(0)
reduction of Ru(bipy[CO),?*. This pentacoordinated and (L)Ni(0) (L=4,4'-dimethyl-2,2-bipyridine, 1,10-
species, Ru(bipyjCO), would then react with CO phenanthroline) complexes by usimgsitu FTIR
and lead to a formate complex, the precursor of eithespectroscopy. Electro generatedNi] reacts slowly
CO or HCOOformation, depending on the pH. with CO, to produce [Ni (L)(CQ}; at potentials below
Other rhodium, ruthenium and iridium complexes-1.6V / SCE, catalytic current of C@eduction was
have been proposed as electrocatalysts foy CGeen and spectroscopic evidence for the transient
reduction to CO or HCOQin anhydrous CECN and  formation of [Ni (MeBipy~)(CO),] has been found. It
with TBUA*PF, as supporting electrolyi®. CV  appears that [Ni (MBipy~)(CO),] reacts sufficiently
experiments performed under Cghowed an increase fast that its steady state concentration in the thin layer
in the current density in the potential range betweernwas low. In contrast [Ni (phe){CO),] is more stable.
1.2 V and -1.7 V/ISCE. The complexes such a$n both cases ‘CO’ was the product found.
Ru(bipy)(CODY, cis-Rh(bipy)(CF,SO,),", cis- Nallas et al3'" found that the electrocatalytic
Ir(bipy),(CF,;SO,),", Ru(ns-C,H)(bipy)Cl*,  reduction of CQ could yield several products
Ru(terpy)(dppene)Clhave been employed. Fine depending on the thermodynamic potential applied and
product analysis after electrolysis of C@ the the number of electrons transferred. The heteronuclear
presence of cis-Rh(bipyCF,SQ,)," revealed the trimetallic system {[(bpy)Ru(BL)],IrCl,}>* (where,
formation of tri-n-butylamine and 1-butene in additionbpy is 2,2'- bipyridine and BL are the bridging ligands
to HCOO- and H This shows that the supporting 2,3-bis (2-pyridyl) quinoline (dpq) or 2,3-bis(2-pyridyl)
electrolyte is partially consumed during the course obenzoquinoxaline (dpb)), represent a new family of
the reaction. catalyst for the reduction of COThese systems
The electrochemical reduction of C®y represent a new structural motif. The two remote Ru
[Ru(bipy)(terpy)(CO)¥* in ethanol + water at low centres serve to tune the redox properties of the central
temperatures produced HOCH-CHO andcatalytically active It (BL),Cl, core. Reduction of the
HOOCCHOH in addition to CO, HCOOH, HCHO iridium metal centre was necessary prior to the onset
and CHOH. The reduction is associated with theof catalysis. CPE studies revealed 99% current
stabilization of the Ru-CO bond in efficiencies for CO production with high turnover
[Ru(bpy)(terpy)(COY, [Ru(bpy)(terpy)(CHO)Yland  numbers. This is in marked contrast to the lower current
[Ru(bpy)(terpy)(COOH)] under electrolysis efficiency achieved using the monometallic [Ir
conditions. The competitive addition of protons and CO(BL),Cl,]** analogs, which produce formate as a
to these complexes results in products with one carbarduction product. These catalysts represent a new
atom (HCHO and CKDH) and with two carbon atoms class of systems in which the redox properties of the
(HOOCCHO and HOOC ClDH)309-311 catalytic site can be altered through remote metal
Various rhenium, rhodium and ruthenium complexegoordination and variation without a change in the
have also been used successfully as catalysts aoordination environment of the catalytic iridium site.
photochemical and electrochemical techniques, either Electropolymerized films of vinylterpyridine (v-tpy)
in homogeneous or in heterogeneous catalysts. Foomplexes of Fe, Ni and Co were employed as
instance, it is already known that [Re(bpy)(©Q]X electrocatalysts for the reduction of Cky Aranaet
= CI, Br] and its derivatives as efficient catalysts toal.3!8 Lamet al®'®* demonstrated the formation of CO
produce CO both photochemical’y and bothinaqueous and nonaqueous media as a product of
electrochemicall§?®3431%in non-aqueous media; electroreduction of CQusing the complex of
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[CO(qtypy)(OH),[CIO,],, [Ni(gtpy)(MeCN),]J[CIO ], Rh (diphos)Cl has been used in anhydrous
at - 1.7 VISCE in acetonitrile and at -1.3 V/SCE inCH,CN** at -1.55 V/Ag wire; HCOOwas obtained
water withn = 80% and 35% respectively. with a faradaic yield of 22-42%, depending on the

Sendeet al3?® employed 4-vinyl and 6- electrolysis time. It is suspected that M is the
vinylterpyridine (4-vtpy; 6-vtpy) complexes of Cr, Ni, proton source necessary for the formation of HGOO
Co, Fe, Ru and Os and HCOOH was found to be themall amounts of CN-CHCOO- being detected.
product. The results are given in Table VIIl. Hossain  Palladium complexes of the type
et al?*! employed a series of [PdCl) complexes [Pd(triphos)L][BF] with L = CH,CN, PE{, PPh or
(L-substituted pyridine and pyrazole) as electrocatalyst8(OCH,), have been tested in acidified HN332
for the reduction of CQin acetonitrile containing 0.1 The palladium complexes showed some catalytic
M TEAP at glassy carbon or Pt electrodes. Thectivity, where as their isoelectronic and isostructural
complexes were (Pdd4l,) [L = pyrazole (pyra), 4- nickel and platinum analogues were completely
methylpryidine (4-Mpy) and 3-methylpyrazole (3- inefficient. For the palladium complexes, electrolyses
Mpyra) at an applied potential of -1.10 V/Ag/10 mM under CQ and with 1& M HBF, produced CO and
Ag* and the reduction products were formic acid andH, (with a CO-to-H selectivity of up to three) but the
H, with no CO. The current efficiency for the formationturnover numbers obtained on palladium remain low
of HCOOH was 10,20 and 10.2% for Pd complexegten or below). Although the electrocatalytic nature of
of pyra, 4-Mpy and 3-Mpyra respectively. The currenthe process was clearly evident, the catalytic complexes
efficiency for the H evolution was 31-54% and the were only active for short periods of electrolysis (0.5h).
source of the formate proton and Was from the Christensen and Higgif# have shown that CO
added water (4% by volume). is reduced to oxalate with high selectivity at potentials

Wong et al3*??studied the effect of four weak <-1.1V vs. SCE at a PVA/(Ni (dppp9l,]-coated Pt
Bronsted acids such as 2,2,2-trifluoroethanol, phenoglectrode in acetonitrile in a thin layer cell. At -1.8 V,
methanol and water on the electrocatalytic reductioabout 70%-90% of the CQost was converted to
of CO, by [Re (bpy)(CO)Xpy)]?* in acetonitrile. The oxalate, with a turnover number of 5-6 before all the
addition of weak Bronsted acids enhances the rat€O, in the thin layer was consumed. When the
of the catalytic process and improves the lifetime ofNi(dppm),Cl,] is employed in acetonitrile in solution
the rhenium catalyst and CO was found to be thérm, no oxalate is observed. Instead, in the presence
only product with faradaic efficiency of 100%. Ali of adventitious water, the major process appears to be
et al3%investigated electroreduction of GO the dissolution of CQto CQ?, with the formation of a
employing 2,2' bis (1-methylbenzimidazol-2-yl)-4,4'- small amount of formate. Once all the water was
bipyridine (dmbbbpy), and unsymmetrical chelatingremoved, the mechanism changed, and, @O
ligand into a Ru (bpy)moiety with the aim of produced. However, the participation of [Ni(dpp@i)]
creating reaction sites by opening the chelating ringn catalytic process is not well established.
and .to a.ccumulate t_he electrons into the Iiganc}.&s Metal Clusters and Other Polymetallic
required in the reduction of COThe products were omplexes
found to be HCOOH with trace amounts of CO andC ] ) )

Notable systems in this category are: iron-sulphur

C,0,% in the presence and absence ofOH
respectively, in MeCN. cluster [FQS4(S_R)4]2‘ (R=—CI—g—C6I_-|5) and a system
based on Everitt’s salt. In 1982, it was repoftatiat
2.8.4 Phosphine Complexes CO, is electroreduced at about -2.0 V/SCE in DMF in
Itis paradoxical to see that the numerous phosphinte presence of [E8,(SR),]*. The formation of
complexes known and extensively employed irHCOO was shown to be favoured compared with that
homogeneous catalysis (hydrogenation pf oxalate or CO by the presence of the tetra nuclear
hydroformylation and hydrosilylation of olefins etc.,) cluster. Owing to the very negative potential applied, it
have been very little used as electrocatalysts foy CQvas postulated that the tetraalkylammonium salt, which
reduction. Interestingly, the vast majority of isolatedwas used as the supporting electrolyte, provides the
and crystallographically characterized f&0mplexes proton required in the reaction. Later, the same group
of various transition metaf-3% contain phosphines extended their investigations to other 4Fe-4S clusters
or arsines as ancillary ligands. by replacing the benzyl thiolate initially used by t-BuS
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Table VIlI
Summary of Transition Metal Complexes Used for Electrocatalytic Reduction,of CO
Catalyst Electrode Solvent Products Reference
[CoL]? GC MeCN-H0 CO, H, 364a
L = 14-membered tetraaza
macrocylic ligands GC DMF-H,0 CO, H 364a
[Ni(cyclam))]?* Hg H,O CO 355,287
[Ti(pc)] Chased gas i, H,O co 273,284
[Fe(pc)] Goased gas i H,0 Co 273,284
[Co(pc)] C imoditied H,O HCOO 267,268
C modified HZO CO' 'i 271
[Ni(pc)] GC H,O HCOO 268
[Cu(pc)Cl] Ciased gas i, H,O co 284
[Co(TMPP)] GC,oaitied H,0 CO, HCOOH 291
[Co(TPP)] GC.odiica CH,CI, coO 285
[PA(TPP)] GC, ditied CH,CI, C,0> 289
[Fe,S,(SCHPh)]* Hg DMF HCOO 335a
[Fe,S,(SXN-),]*
(X=-COCM,~,
-COCH,CH,) Hg DMF HCOO 335b
[Re(CO)Cl(bipy)] GC DMF-H,0 co 298-300
[Re(CO)Cl(vbipy)] Pt MeCN CO, CO?> 302,304
[Re(CO)ClI(bipy-py)] Pt MeCN CO 314b
[M(L) >, M=Fe, Co, Ni
L= dapa, vtpy, tptz, tppz, tpy,tpen Pt MeCN co 318a
[Ru(bipy),(CO),]?* Hg MeCN-H,0 CO 320b
MeCN-CH,OH CO, HCOO 320b
[Ru(bipy)(dmbipy)(CO))* Hg MeCN-H,0 CO 320b
MeCN-CH,OH CO, HCOO 320b
[Ru(dmbipy),(CO),)?* Hg MeCN-H,0 co 320b
MeCN-CH,0OH CO, HCOO 320b
[Fe(vtpy),)? Pt MeCN CO 318b
[Ru(CO),(bipy),]?* Hg DMF-H,0 HCOO, CO 305-307
cis-[Ru(CH,Ph)CO(bipy)]* Hg MeCN CO 304
[(n8-C;He)Ru(bipy)CI} Pt MeCN CO, HCOO 308a
[Ru(terpy)(dppe)CH Pt MeCN CO, HCOO 308a
cis-{OsH(CO)(bipy)]* Hg MeCN CcO 304
MeCN-H,0 CO, HCOO
cis-[Os(Me)(CO)(bipy)]* Hg MeCN CO 304
cis{Os(Ph)(CO)(bipy)]* Hg MeCN CcO 304
[Co(vtpy),]? Pt MeCN HCOOH 318a
[Cr(4-vtpy),] GC,,diied H,0 HCHO 320a
[Ru(4-vtpy),] GC, odifed H,O HCHO 320a
[Os(4-vtpy)] GC,, diicd H,O HCHO 320a
[Rh(COD)(bipy)} Pt MeCN CO, HCOO 308a
cis{Rh(bipy),(CF;SO,),]* Pt MeCN CO, HCOO 308a,308b
cis{Ir(bipy),(CF,SO,),]* Pt MeCN CO, HCOO 308a, 308b
[Ni(vtpy), 1> Pt MeCN HCOOH 318a
[Ni(bipy)]?* Pt/GC DMF Cco 296
[RhCI(dppe)] Hg MeCN HCOO 331la
[Rh(CO)CI(PPh),] Hg DMF Cco 331b
[Ir(CO)CI(PPh),] Hg DMF CcO 331b
[Ni(MeCN),(PPh),]? Pt/GC DMF CO 296
[Ni(u-CNMe)(u,-1)(dppm)]* Hg THF CO, C@¥ 339b
[Pd(triphos)(PP})] GC MeCN CO, H, 332
[Pd(triphos)(Pej] GC MeCN CO, H, 332
[Pd(triphos){P(OMg)}] GC MeCN CO, H, 332

D:\INSA\May 2004\Article-2.p65



34 M AULICE SCIBIOH AND B VISWANATHAN

and PhS*. In addition, mixed clusters (Mo-Fe-S or (CH,)
W-Fe-S) were also tested. But, under the electrolysis
conditions used (-2.0 V/SCE) the cluster structures
were rapidly destroyed.

Intriguing result8?® were reported on the
electroreduction of COto methangf®33 Although
mechanistic considerations are highly speculative at this

stage, it seems that a polynuclear mixed-valence iron \

\/\

\

—-(I)
&"

\

(CHp),

complex (Everitt's salt) is involved in the reaction. Other
related polymeric inorganic materials also display
electrocatalytic properties. The main problem in this
system is that methanol is required as co-solvent, making
the estimation of the CJ@H produced particularly
difficult and inaccurate. (C Hz)
Tomohiroet al***employed F¢5, cubane clusters
bearing a 36-membered methylene backbone in DMF () X
(0.1M [BuyN][BF,]) for the electroreduction of CO (2) X
and found formate as the only product formed with the (3) X
faradaic efficiency of 23-40%. Tert-butyl and benzyl
type macrocyclic Fe-S derivatives are found to be
several times more efficient than conventional clusters
bearing small thiolate ring. The structure of therigi14 structure of F8, cubane clusters bearing 36- member
compound is given in Fig. 14. methylene backbone
Cluster complex such as [Mi,-) (1,-CNMe)
(u,- dppm)] was employed to electrolyze the reductiveal .**° and the role of two laminated films and a fixed
disproportination of CQto CO and C¢ (in ‘wet”  metal complex were discussed in detail. The onset
solvents HCQ is formedy*. potential for the reduction of CQo lactic acid, a
Ogura and Takamag#&fiemployed Everitt’s salt, major product is close to the thermodynamic value
K,Fe'[Fe"(CN),] for the conversion of COto  (E° =0.20 V/SCE). The metal complex acting as the
methanol in the presence of various metal complexasatalyst is a large aromatic anion, which is bound to
and primary alcohols in 0.1 M KCI. The metal the conducting polymer throughinteraction and not
complexes employed were diaquabis (oxalato) chromatendoped during the cathodic polarization. The
(m, K [Cr (C,0,),(CH,0),], aguapentacyanoferate existence of R-OH > CH-OH >, R-COOH and -CO-
(M), Naj[Fe (CN)(H,0)], aguapentachlorochromate NH- groups in the coated film was confirmed by FTIR
(1),[NH ,],, [Cr-Cl,(H,0)] and bis-(4,5- spectroscopy, supporting the involvement of the
dihydroxybenze-1,3-disulphonate) ferrate (ll1), observed products (lactic acid, formic acid, MeOH,
[Fe{C,H,)(OH),(SQ),},]". The activation energies for EtOH etc.). A cause for the generation gfspecies
the methanol formation were in the range 5.8 -10.68uch as lactic acid may be due to the bifunctional
Kcal / mol, approximately twice those for the reductionactivation of CQ in which the electrophilic carbon
of CO. The IR spectra of the metal complexes indicatedtom links to the amino group of PAn and the basic
that the reduction of CQakes place via a formate- oxygen atom coordinates to the central metal of the
type intermediate. The mechanism is considered to ®mplex.
very similar to that for reduction of CO, but the Oguraet al3* in their latter studies employed
reduction of CQappear to be more dominated by itsin-situ FTIR spectroscopy to investigate the nature
insertion into a M (central metal) - OR (primary alcohol)of a metal complex immobilized polyaniline (PAn)/
bond than is that of CO. Prussian blue-modified electrode for the
In order to reduce the over potential required foelectroreduction of C{n an aqueous solution of 0.1
the electrochemical reduction of GG@ metal complex M KCI. During cathodic polarization, the ring structure
- fixed polyaniline (PAn) / Prussian blue (PB)- of PAn transformed from quinoid to benzenoid states.
modified electrode has been developed by Ogtrra It was confirmed that the metal complex [1,8-

Fe -
Fe

= COCMez~
= COCgH4CH—~(P)
- COCSH4- (p )

(The CO part of X is bonded to N)
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dihydroxynaphthalene-3,6-disulfanato iron(l1)] oncebiphenanthrolinic macrocyclic ligand, and its Cu (l1),
doped on to the conducting polymer is not undoped iNi (I1) and Co (ll) complexes, have been
cathodic processes, and the charge balance of theported*. Electrochemistry in a CQatmosphere
polymer is kept by taking an electrolyte cation in orin dimethylformamide demonstrates a high
out. The onset potential where Ofas accumulated electrocatalytic activity for the reduction of GO
with the modified electrode was O V/Ag-AgCl and The waves for CQreduction mediated by these
the amount of CQon the electrode was largest at -complexes observed at about -0.80 V/SCE occur at
0.2 V. The accumulation of CQwith the electrode the most positive potentials recorded for these
mediator was caused by the bonding between thelectrocatalytic process®% Reductions of CO
mediated PAn and CQhrough a linkage of the occur close to the region involving the metal reduction
electrophilic carbon atom of CQvith the nitrogen process. The current intensity remains constant
atom of the benzenoid ring. The prolonged electrolysiduring prolonged electrolysis of the Ni derivative in
of CQO, at potentials more negative than -3.0 V led taCO, at the catalytic peak potential; the reduction
the generation of C- C, species involving lactic and products analyzed by current ratios but the results
forming acids and the pathway for the initial reductiorwere not well understodt. Pulsed radiolysis
process was proposed. studie$*¥%1 suggest that CQOadducts could be
Oguraet al?*, carried out mechanistic studies of formed during the reduction process observed in the
CO, reduction on mediated electrode with conductingCu (1) complex. Semi-empirical self-consistent field
polymer and inorganic conductor films (PAn/prussionand CI calculations of INDO type have been applied
blue) using long-term electrolysis, liquid to the analysis of the electronic transitions of
chromatography/mass spectroscopy (LC/MS)iand hexaazacylophai®32 The results confirm the
situ FTIR reflection absorption spectroscopy. It wasactivity of the structures toward electrochemical
demonstrated that CQ@ould be reduced to organic reduction processes involving the metal centre.
acids and alcohols by the reaction with Btoms on
the Pt/PB/PANn-F&. electrode. The schematic pt/PB/PAN-Fe!'L electrode
representation of the electrode reactions is depicted in

Scheme 8Lactic, acetic and formic acids, methanol ~ FPB: PAn PAN
and ethanol were identified as the main products. The § <———«k* H
formation of -CO. NH-bonding in the reduction of CO Pt iff | A re” o
was confirmed fronin-situ FTIR spectra (1657, 1538 i F;'":t— Co, Hy d:0
cm?) and it was indicated that G@as bifunctionally — Iy SHY ke

activated by combining the carbon atom with the amino

group of PAn and the oxygen atom with the central ES! PAn
metal of the complex. : \@E’
2.8.6 Biphenanthrolinic Hexaazacyclophane —— pt . “'L_\K<+——co2
Complexes PTe
. . ' RCOOH
Little is known about the other systems containing 4 | ROH —>

extendedrt-electron orbitals and differing from the
phthalocyanines and porphyrins. Since
hexazacyclophanes can be considered as relativesfdfelectrode
the PCs and PPys, they may also be catalysts in n'
numerous reactions. Preparative procedures for some |
of the azacyclophanes have been repdftétt Pt i
Studies of the chemical properties of azacyclophanes, i
which are hexaazacyclophane macrocyclic complexes j
derived from 1,10-phenanthroline, demonstrated that *
they are promising catalysts for C@duction.

. Scheme 8
Large—sce}le _ prepar.atlo_ns .Of hex_a‘ Schematic representation of the electrode reactions involving
azamacrocyclic ligand, which is a diazabridging CO, at Pt/PB/PAN-Pi and bare Pt electrodes108a
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2.8.7 Aza-macrocyclic Complexes 0] (0}

Many of the tetraazamacrocyclic complexes /C -M-LorC-M-Lo
synthesized in the past three decades display structural .
analogies with metalloporphyrit¥d In particular, © © Iigg:;ertrgi?ggic’e
square-planar geometries are highly favoured with the co re%uction (49)
possibility of coordinating additional ligands on the axial M -L+HO - H-M-L +OH (50)

positions. However, the electronic properties of
porphyrins are usually different from those of other
synthetic tetraazamacrocyclic ligafdsThe overall

charge borne by the ligand is -2 for porphyrines (and
phthalocyanines) whereas many macrocyclic ligands
are neutral. As a result, the redox properties of bot

classes of complexes are drastically different. | (g)articularly effective and selective catalyst for the
ition, the aromatic char rofth rphyrin ligan ) .
addition, the aromatic character of the porphyrin liga electrochemical reduction of G@ CO at mercury

might allow ligand - localized redox processes, the ) ) :
function of the central metal being much less important IZC:OC:E@S'Z w?;ec;hﬁte%otefrglralsﬂl UC}L rlwecsjtgli/ gzaetl(;/e

than for neutral ligands. Intuitively, it is easy to 00 356 357 287 . : .
understand that the charge localization within a{edUCt'Oﬁ ' The ability of [Ni (cyclam)}" to

reduced molecular electrocatalyst will have a drasti(g?r\éeoashZscat?éy;t féchj;refgJzesiljedcitergridnuiﬁzn
influence on its reactivity. If the electron density is 2 P b

more localized on the metal (d orbitals for instanceﬁalec’[rmhem'StIry of this complex. The key findings are:

the substrate to be reduced should interact directly L lggoar%tg/j Cg;w)ﬁ;[e's 25?][2103 [gl;(cr{]céa;ina]r
with the metal. It might undergo oxidative addition or electyode? 355.356,358,359 y
nucleophilic attack, leading to precursors of the 5 INi | i ad b. d

reduction products. However, if the LUMO of the - [Ni(cyclam)y IS adsorbed on mercury over an
ligand is lower in energy than the vacant d orbital of unusqally wide potential range, including
the metal, the charge will be localized on the ligand, potentials thf”‘t are much+m9re positive than those
which might change dramatically the course of the Whedre t}%;{{"'?“ﬂ 'S+ reduced to
reaction. For instance, a reduced ligand could easily 3 lé;rgi:?r:e rc;dug:Tlo(fC{r?ea(géﬂ. sed reduction of
lead to irreversible carboxylation or protonation in the ' co P y

presence of COQor H,O respectively, making the 2

: . :
corresponding coordination compound less likely to q Tr;)e(zjrﬁycal C?ICl.Jla,t\'l(.)ﬁg ;lz)redl_c:)ectit;hat the
act as a catalyst. adsorbed Ni complex is [Ni (cyclam)}; but the same

o complex in solution is not catalytically active towards
M-L - [M-L] ...(45) the reduction of CQ The catalytic activity is severally

where, M = transition metal, and L = macrocyclic IiganddImInIShed in the presence of CO on unstirred mercury
electrodes and, as CO is the primary product of the

i(;)orphyrln type or other). The ligand-localized reducuonreduction, this behaviour limits the long-term

effectiveness of the catalyst. The decrease in activity
| is proposed due to the formation of an insoluble complex
COO ...(46) of Ni (0), i.e., [Ni (pyclam) CQ], the intfarmediate

©or) product formed during the electroreduction of ,CO

Unfavourable shifts in the potential and decreased

H-M-L - Further reduction, protonation,
insertion etc. leading to H
production or COhydrogenation

The complex of Ni (II) and CO (Il) with the

acrocyclic ligand cyclam (1,4,8,11-
etraazcyclotetradecane) have been shown to be

M-L"+ CQ, - M -L

-+ - -L + ] . ..
M-L+HO - M-L (le (“7) catalytic activity were observed when carbon rather
H than mercury was used as a working electrode with
The metal localized reductionis, (Ni (cyclam)_]z as the catalyst. .
o o Mechanisms for the electrochemical processes at

\ \ mercury electrodes in solutions of [Ni(cyclaf@nd
M--L+CQ - /C -M-L OF/C -M-L..(48) CO,have been proposg#=sas shown irScheme

9 9 9. It shows the formation of a carbon-bonded Ni (II)
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Hz0
Ni(L Ni(I1)(3* +0-5Hy +OH-

e~ H,0

€0,Cc07 \ e-,CO e-
no reaction «——— Ni(Il) ¥ ————— Ni(1)LCO* ——>Ni(0)LCO

co
0 2+
|
Cc
|
Ni(l1)L |ads Ni(1)L*ads
OH- co,
ca-l-4v
e
~ o OH |2+ 0 ol+
Ne”/ \c/
| |
NIIL ;}( NiUL ads
H-Q-
L= Cyclam
Scheme 9

Mechanism of reduction of C@atalyzed by [Ni (cyclam3} complex

complex by reaction of CQwith [Ni (cyclam)}. The  spectroscopic methods (UV-visible, IR, EPR), either
formation of such a complex is considered to be & aqueous media or in DMF. These compounds
fundamental step in the mechanism of the Ni (cyclam) correspond to the three-electron reduction products of
- catalyzed electrochemical reactiénThe overall Ni (cyclamf* and CQ.
process for the transformation of Cdto CO also Ni"(cyclamf* + CQ, + 3e + 2H" -
involves inner-sphere reorganization. This scheme 9 Ni'(CO)cyclanmt + H,O ...(51)
also shows the formation of a sparingly soluble complex The characterization of Ni(CO)cycldann the
containing Ni (0), cyclam and CO, which is a productmedium does not prove its involvement in the catalytic
of the reaction of [Ni (cyclam3} under CO. Deposition cycle, but this compound can easily liberate CO in water
of a precipitate of the Ni (0) complex on the mercurywith regeneration of an active unsaturated nickel
electrodes inhibits the catalysis and removes the catalyggecies. The instability of the carbonyl complex of nickel
from the cycle. The potential at which the'[NCO,H]  (I) in water compared with organic solvents may explain
2* intermediate accepts electrons from the electrode the greater efficiency of the catalytic system in aqueous
not affected by substitution on the cyclam ring, as showmedia or in comparison with DMF.
by comparison of [Ni(cyclamj] and [Ni(TMC)F*; Schmidtet al***investigated the effects of redox
(TMC = tetra-N-methylcyclam) as cataly®s potential, steric configuration, solvent and alkali metal
However, the catalytic activity of [NiL] cations on the binding of CQo Co (I) and Ni (I)
(L=5,7,7,12,14,14 hexamethyl-1,4,8,11-macrocycles and arrived at the following conclusions.
tetraazacyclotetradecane) can be strongly reduced.a) The binding of CQto Co (I) macrocyclic complexes
The presence of carbonylated complexes of Nickel  followed predictable trends in metal basicity, which
(I) during the reaction was clearly demonstrated by was reflected in Co (l1)/Co (I) redox potentials.
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b) Steric factors have large effect on binding strengtiCO, coordination. As a result, the coordinated,@O
of CO, to Co macrocyclic complexes suggestingNi'F(NH,), (n'-CO,) is activated with regard to
that H-bonding and/or steric bulk might be anelectrophilic attack and is expected to undergo facile
important factor in CObinding. protonation.

c) For nonprotic solvents the strength of @inding MO calculations also show that the second one-
was weakly correlated with solvent dielectric electron reduction can easily occur in the protonated
constants. This is attributed to the differences irspecies [NiF (NE),(CO,H)]*, yielding the triplet state
the solvation of CQand ion paring in the most [NiF(NH,),(CO,H)], but cannot occur in the
nonpolar solvents. unprotonated species NiF(NJ:(CO,). The second

d) The role of alkali metal cations in stabilizing CO reduction noticeably weakens the C-OH bond,
adducts of Co (salen) complexes was quantifieduggesting that Oteasily dissociates from [NiF(N}]
and was found to be more important for®mnding (CO,H)], vyielding the triplet state of
to these complexes than for C8Binding to the [Ni"F(NH,),(CO)]*. The CO bond to Ni(ll) is
cobalt tetraazamacrocycles. calculated to be weak, which suggests that CO easily
Fujita et al3® studied a series of (14 member)dissociates from Ni(ll). All these results support a

macrocyles probing the factors governing the bindingeaction mechanism proposed by Colinal3'? for

of CO and COQto the square planar, low spifhi@b (I) the electroreduction of CCelectrocatalyzed by

metal centres. The CO-binding constants increaseé¢iCl,(cyclam).

from 5 x 10 to > 3 x 1&# M* as the Cok/ColL* A series of new mono-, di- and tetra fluorinated

reduction potential drops from -0.34 to -1.65 V/SCE cyclams have been prepared their activity towards the

the CO stretching frequencies decrease as the bindie¢etrocatalytic reduction of COshowed that the
constants increase, confirming the importance of baclefficiency of (CO + H), product yields and the }£O
bonding to the binding. Similarly, charge transfer fromselectivity depend upon the number of fluorine atoms
cobalt to CQis an important factor in stabilizing the available. The tetra fluorinated complex shows more

CO, adducts. The H-bonding interactions between thefficiency and selectivity at potentials lower than those

bound CQ and amine macrocycle N-H protons maymeasured for some nonfluorinated cyclam

serve to additionally stabilize the adduct, while stericomplexe¥*®.

repulsions by the macrocycle methyl groups destabilize The CO yields decreases as the number of fluorine

the adducts. atoms increasé&s. However, at a potential of -1.10
Rotating-copper-disk electrode technique has bee¥i [Ni"(3,3,10,10-tetrafluoro-cyclam)](CI showed

used to evaluate the efficiency of the nickel macrocyclienore efficient selective catalytic activity than the

catalyst for the reduction of C@ CO. Investigations nonfluorinated [Ni(cyclam)] Clcomplex. The
have been carried out using Ni(diazacyclam) perchlorate complex may have a higher catalytic

(diazacyclam=3,10-dimethyl-1,3,5,8,10,12-efficiency than the chloride complex at a higher

hexaazacyclodecane), a complex derived from cyclanpotential (-1.3 V). There are results, which reveal

which appears to be more active than [Ni(cycldm)] the stereochemical effect of substituents on the
under the same conditio$%%2 There results are electrocatalytic reduction of COThe complexes of
consistent with the mechanistic reports of the otheRSSR-Ni(2,3,9,10-tetramethyl-cyclath) RRSS-
authorg2.355.287 Ni(2,3,9,10-tetramethyl cyclarf)and Ni(5,12-
An ab-initio MO-SDCI study of model complexes dimethyl-cyclam3* in aqueous KCI solution display

of the intermediates in the electrochemical reductioiincreases in the catalytic current by a factor of 50-

of CO, catalyzed by NiC[cyclamf¢*and calculations 100, with the current densities of the RRSS-

on several Niand Ni-CO, complexes indicate that Ni(2,3,9,10-tetramethyl-cyclarf) and Ni(5,12,-

CO, can coordinate to Ni(NH,),, yielding a stable dimethyl-cyclam)* complexes being higher than that

Ni-CO, complex, but not to [NiF(NH,),]*, observed for [Ni(cyclani)]3*".

[Ni"F(NH,),]* or [Ni'(NH,).] [361]. The HOMO of Thus, these complexes appear to be “better”

Ni'F(NH,), (n'-CQ,) is largely the oxygentporbital  catalysts than Ni(cyclarf)in terms of their larger

and lies at a higher energy than the HOMO (nonbondingatalytic currents and more positive potentials.

Tt orbital) of the uncomplexed COIn addition, the Hydrogen and formate production is less than 1.5% of

electron density increases around the oxygen atom uptime CO for each mole of complex. However, the
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geometric isomer RSSR - Ni (2,3,9,10-tetramethylin aqueous solution using pulse radiolysis and laser flash
cyclamy* shows a lower catalytic activity because thephotolysis. Reduction of Ni (cyclafipy both Hand
axial methyl groups may sterically hinder CO CO," has been shown to proceed by an inner sphere
coordination. Experimental observations reported fomechanism. The adducts thus formed
Ni (cyclamy*in DMSO, and for RSSR - Ni (2,3,9,10- [Ni(cyclam)(H)F* or [Ni(cyclam)(CQ)]*, rapidly come
tetramethyl cyclani), RRSS-Ni(2,3,9,10-tetramethyl- to equilibrium with free Ni(cyclanf)and H or CQ.
cyclamy* and Ni(5,12-dimethyl cyclam) in  The binding of CQdoes not proceed by insertion into
acetonitrilé®*revealed that catalytic activity has nota Ni-H bond. The species [Ni(cyclam)(H)Jand
been observed in aprotic solvents, because the reactiiyi(cyclam)(CQ)]* are proposed to be intermediates
requires a proton source. Ablea al3®® prepared a in the two electron reduction of *Hand CQ by
wide range of functionalized azacyclam complexes olNi(cyclam). Binding constants for the addition of
Ni" and found that water-soluble 'Nazacyclam protons and CQto Ni(cyclam) reveal that the
complexes catalyze the electroreduction of,@@d formation of the CQ adduct is favoured in CO
with efficiency comparable to that of [Ncyclam)p*.  saturated solution at pH > 2.0. It is this property that is
Such a high efficiency is strictly related to the structuratesponsible for the exceptional selectivity for £O
features of the cyclam and azacyclam framework. reduction over Hreduction by Ni(cyclani)at pH 4.
Geometrical factors could also determine theHowever, the origin of the efficiency by which Ni
selective properties of Ni (cyclafm) Intermediate (cyclam) reduces CQis not clearly established.
species as represented in Fig. 13b might be able to Bujnoet al®”in their latter study, investigated the
explain why CQ is so selectively reduced in the mechanism of electropoisoning in the reduction of CO
presence of water as solvent. It was speculated thaatalyzed by [Ni(CRH¥ and [Ni(cyclam)}* using
hydrogen bonds are formed between an oxygen atoayclic and stripping dc voltammetry. In both cases, the
of CO, and the hydrogen atom of a secondary NHproduct of CQ reduction is CO, which undergoes
amine group of the cycle, by analogy to what hagurther catalyst reaction with the Ni(l) form of the
previous by been observed in the reaction of cobalt (Batalyst. It was proposed that the decay of the catalytic
complexes with CQ*®. In this case, the edifice is activity was attributed to the formation of Ni(0) carbonyl
stabilized by an additional interaction between artompound blocking the surface of the electrode.
oxygen atom of the COnolecule bound to cobalt and Majerikskaiaet al®™* in 1997 studied the
a potassium cation serving as a Lewis &gid electroreduction of CQcatalyzed by 1,4,7,10-
Hay et al®” found that the Ni (II) complex of N- tetramethyl-1,4,7,10- tetraazacyclodoecane Ni(ll) as
hydroxy ethylazacyclam [3-(2'-hydroxy ethyl)- a electron relay catalyst. It was found that photolysis
1,3,5,8,12-petaazacyclotetradecane electrocatalyze$ a mixture of [Ni(Mg[12]aneN) (H,0)]*,
CO, reduction. This complex was less active for[Ru(bipy),]?*, ascorbate and CQesulted in the
hydrogen evolution in an acetate electrolyte than [Nformation of CO, hydrogen and formic acid. The
(cyclam)FP* and thus appeared to be more active thaalectrolysis of [Ni(Mg[12]aneN)(H,O)]** in the
the cyclam complex for C@eduction, under the same presence of COand various electrolytes resulted in
experimental conditions. the formation of formic acid. The electrolysis of
Bujno et al3™* have employed isomers of a [Ni(Me,[12]aneN) (H,O)]** in the presence of CO
tetraazamacrocyclic Ni(ll) complex in solutions and various electrolytes resulted in the formation of
saturated with argon, CO and CDhe complex chosen formic acid. This complex, preferentially reduces,CO
was [Ni(CRH)F". Isomers of [Ni(CRHR have been versus a proton in aqueous solution regardless of
isolated and studied using dc and ac voltammetry owhether this Ni (1) complex generated
Hg electrodes in aqueous solution. The configurationalectrochemically or photochemically.
isomerism of this complex can lead to a difference in  Ragini et al®® and Aulice Scibiohet al376-37°
the adsorbability of the complex and changes in thmvestigated the electrochemical reduction of GSing
electrode behaviour resulting from the transition of one series of nickel azamacrocycles as electrocatalysts
configurational isomer into another, more stable onat hanging mercury drop electrode in agueous and
under experimental conditions. agueous mixtures of organic solvents. In the potential
Kelly et al®2in 1995 studied the kinetics and range between —1.25 to —1.46 V/SCE, the products
thermodynamics of C£and H binding to Ni(cyclam?)  were found to be CO and, i 2:1 mole ratio in gaseous
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phase and trace amounts of HCOOH was found im molecular recognition, have supramolecular reactivity
solution phase. and transport, and show self-organizing tendencies with
The effect on pH, supporting electrolytes, solvent& positive cooperative displ&§; In this direction,
and size of the macrocyclic ring and substituents onoordinatively linked multicentre systems can be
the macrocyclic ring seems to influence the optimizatiorlassified as supramolecular coordination compounds.
of product selectivity. For the past 100 years, coordination chemists have
Alwis et al3® recently employed two series of produced a number of metal centered systems, many
binuclear macrocylic Ni (II) complexes with varying with redox activity, whose electrode potential can be
length of chain linking between the two-macrocyclicconveniently modulated by synthetic modification of
rings as electrocatalyst for the reduction of ,Cthe  the coordination framework. More sophisticated
first series consisted of binuclear complexes containingystems, which are able to exchange a specified number
polyazamacrocycles with (CH bridges (n=2,3,4,6) of electrons, according to a predetermined sequence,
or a p-xylyl linkage. The two-nickel sites in the binuclearat desired potential values, can now be prepared
complexes behaved independently with the currentccording to the principles of supramolecular chemistry.
corresponding to the simultaneous transfer of twdoreover, the use of metal centres as structural
electrons. The redox potentials are constant along tleements allows the topology of the multi-electron redox
series, while the peak separation increased reflectirgystems to be controlled quite easily so that the redox
the slower electron transfer due to more effectivesites can be placed in chosen positions at predetermined
adsorption on the electrode. The electrocatalytidistance¥".
reduction of CQin MeCN/10% HO revealed catalytic For instance, a new bifunctional super molecule
waves for CQreduction with E close to -1.7V and (Fig. 15a) has been synthesized and its redox and CO
catalytic currents (i) which are about half those of catalytic properties have been investigéfedlithough
the mononuclear complex, proposed to be due to stettigis process induced reductive photocleavage of the
constraints allowing strong interaction of only one nickesupermolecule, catalytic studies show that twice the
centre of the binuclear one on the surface. The catalytamount of CO is produced compared with the
currents increased slightly as the linking chain lengtimultimolecular system composed of Ru(bgy)
increased as the stereochemical constraints wepgridinium salt and Nicyclam.
relaxed. A splitting in the catalytic peaks of the  Functionalized azacyclam complexes of Ni(ll),
bismacrocyclic complexes that could reflect thewhere R is -COCH -COGH, etc. have been
involvement of two types of adsorbed catalyst sites. Iprepare&?® and these complexes catalyze the
the more sterically crowded series of complex, alonglectroreduction of CQwith an efficiency equivalent
with the series of linked heptaazamacrocyclido that of [NI'(cyclam)F*, indicating that replacement
complexes much more positive redox potentials weref a -CH, group in the ligand backbone by an amide
observed due to both alkylation of the coordinatedesidue does not seriously alter the cyclam-like donor
nitrogen atoms, which decreases the ligand field, anget (as far as the interaction with Ci® concerned)
the introduction of steric barriers to axial coordinationand does not disturb the catalytic process. Such a high
These steric barriers prevented strong electrodefficiency is related to the structural features of the
interaction and led to a lower catalytic activity. cyclam and azacyclam framework, i.e. a 14-membered
cycle forming a 5,6,5,6 sequence of chelate rings. Even
small deviations from such a geometrical arrangement
cause the electrocatalytic effect to be drastically

Advances in the design of structures that exhibifeq,ced or completely lost. The electron withdrawing
combinations of simple complexes and complicated fregeact of amido groups reduces the potential of the

ligands (or complexes) have appeared in the literatugg;i i couple; CQis reduced to CO at a distinctly

in recent years***#% These assemblies, in which |o55 negative potential than that observed when
several subunits are linked together through\incyclamy+ is used as an electrocatalyst. Systems
noncovalent interactions, have been defined ag, o ring the formation of the Ni(l) oxidation state are

supramolecular systems. The behaviour observed f e cted to behave as efficient electrocatalysts for CO
these superstructures can be described in terms of bagigy, ction. In this connection, Ni(ll) complexes of some

concepts of supramolecular chemigtyi.e. they act g qrinated cyclams, with MINi' potentials less negative

2.8.8 Macrocyclic Ligands related to Macro-
molecular Functions
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(c)

(d)

Fig. 15 Structures of macrocyclic ligands related to macromolecular functions Re (bipy) (CO)

than that for Ni(cyclam}*, work well as catalysts for advanced materials. The utilization of synthetic variations
CO, reductioff®, and the stability of several oxidation states in these
The effect of attaching a metal centre to acomplexes has made it possible to clarify
phenanthroline backbone, as shown (Fig. 15b) in haslectrochemical data for these supramolecular
also been investigated. These compounds, where metalmplexe&®.
complexes function as ligands, can be defined as super Some superstructures are able to sequester
complexes and belong to the domain of supramolecul@0O,**. Complex shown in (Fig. 15¢)gs the structure
coordination chemist®?. Analogously, a pyridine of an antiferromagnetically couplggcarbonato-
subunit has been attached to a metallocyclam fragmemiridged bis-nickel (II) complex, which contains the
Covalent linking of two cyclam subunits has producegendant-arm macrocycle 1-(3-dimethylaminopropyl)-
a new class of binucleating ligands (biscyclams) (Fig1,5,9-triaza-cyclododecang N his system sequesters

15c¢), which behave as ditopic receptors for transitioltO, from air after the addition of thiocyanate #h
metal ions, hosting two equivalent redox-active metal

ions for exampl®”. Thus the assembly of molecular 2 Perceptions
components that possess specific properties is curreniihe large volume of work carried out in the field of
gaining much attention as a strategy for obtainin@O, activation is difficult to summarize systematically
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because of the variety of approaches and experimental Apart from the nature of electrode materials, the
conditions. Plants carry out the main fixation procesgroduct distribution also depends considerably upon the
of CO, on earth. The general reaction for naturareaction medium and chemisorptions of intermediates

photosynthesis is: and / or products. The main concurrent reaction in
hv aqueous solutions with CQeduction is hydrogen

CO, + 2 HA - CHO+A +HO evolution. One of the ways of discouraging hydrogen

biosystem evolutions is to employ electrodes with high hydrogen

where ‘A'is oxygen in the case of chlorophyll, and sulfurgyer potential. An alternative approach was to separate
or organic acids in the case of bacteria. Under optimayo processes by using a Pd membrane that acts as a
conditions, the conversion of electromagnetic energy taydrogen reservoit®. Employing non-aqueous
chemical energy stored as carbohydrates occurs Wiypporting electrolytes increasing the solubility of,CO
36% efficiency and requires 8 quanta/mole of reducegind suppress hydrogen evolution and thereby increasing
CO,. The reduction of CChowever, is @larkprocess:  current efficiency. In addition, the occurrence of
CO, is reduced by a photo-generated reductant. Mucimerization process, leading to the formation of higher
of the input of energy and matter is spent forc, products.
‘maintenance’ of the system, and the fixation is only a CO, has limited solubility in water (0.033 mol /
small part in the complex process. The,@&ation  dny at 273 K at 1 atmdy, which leads to mass transfer
itself is a multistep, multielectron, complex process. Mucllimitation for large current density electrolytes.
effort and ingenuity are required for taming the procesgiowever, CQhas better solubility in organic solvents.
in to occurring under terrestrial conditions. The reported solubility of COn DMSO and CECN
Although many fixation processes including thejs 4 times that in water, in propylene carbonate 8 times
hydrogenation and homogeneous catalysts at higdhd in DMF 20 times. Methanol is a better solvent for
temperatures and electrochemical reductions have begla)2 than in water, particularly at low temperature. The
proposed, one of the most essential matters in CQolubility of CQ, in methanol is ~ 5 times in water, at
fixation is to achieve it under an input energy as low agmbient temperatures, and 8-15 times that in water at
possible to avoid a secondary generation of,.COtemperature below 273 K. Due to limited solubility of
Therefore, electrochemical reactions taking place atQ, in water, it is impossible to accomplish €O
room temperature seems to be promising. Howevefeduction at large current densities at 1 atm pressure.
there are still difficult problems to be settled. e.g., @n the other hand, gas phase ,@@n be reduced
large over potential (>2.0 V on a metal electrode), lowjirectly on gas diffusion electrodes containing
reaction rate, less valuable product (usually,a Celectrocatalysts, such as metals and metal compounds.
compound), etc., Thus, it is expected that G@an be reduced at large
The electrochemical reduction of ©@ing various  current densities even at ambient pressures on a gas-
metal electrodes has been studied intensively by manjiffusion electrode. Indeed, gas diffusion electréi§es
workers and it has been found that the reductiopyy CO, reduction can be operated at high current
products depend strongly on the electrode materiadiensities, i.e., 10 times higher than those achieved using
Number of studies on the electroreduction 0tG§Ng  metal plate electrodes. For example, Haetyal.
various metal electrodes in agueous and non-aqueoigestigated the electrochemical reduction of, @01
solutions have shown that selective (high faradaigtm using gas diffusion electrodes incorporating metal
efficiency) reduction has been performed, e.g., formighthalocyanines, Pb, In and®#¢ They succeeded
acid on Hg"131.3913%8 P73 In and ZA°"1%%% CO i the formation of formic acid at a faradaic efficiency
on Ag and Ad% methane and ethylene on Cuof 100% on the gas diffusion electrode incorporating
[142,160,393], and some hydrocarbons on varioupp at a current density of 115 mA&rfuruyaet al.
transition metal$®. However, almost all the electrode stydied the electrochemical reduction of @eing gas-
reactions require a large overpotential for thejiffusion electrodes containing various metal
electroreduction; they are not reversible. While severgdhthalocyanines and metals such as Pb, Zn, Au, Ag
reports are available for reversible production ofand cgesabe273 |t was shown that the partial current

methanol on R, RuG-TiO,***, RuG,**°, Ni**,  density of 100 mA/crfor CQ, reduction was achieved
Cu*%, Mo**and an oxidized C¥, the current densities at gas-diffusion electrodes containing Pb and metal

are low; their activities are not high. phthalocyanines.
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Cook et al*** showed that methane and ethyleneproducts at 1 atm COThe selectivity of the CO
were produced at faradaic efficiencies of 9 and 69%eduction products depends on the,@@ssure and
respectively on Cu incorporated in a gas-diffusiorcurrent density.
electrode at a current density of 400 mAdduhoreover, Another technique for increasing reactant solubility
they reported the formation of ethanol and propanol as to operate in a supercritical fluid.
faradaic efficiencies of 31 and 10% respectively on a The electrochemical reduction is usually performed
gas-diffusion electrode incorporating,L8r, ,CuO, at  under potentio- and galvano- static condition with the
180 mA/cni 3% Hara et a¥*” employed gas diffusion products formed critically dependent on the electrodes
electrode containing Pt electrocatalysts for thaised. These conventional galvano- / potentio- static
electroreduction of CQunder high-pressure conditions. electroreduction proceeds under the steady state
The Faradaic efficiencies for C@eduction reached conditions in which the reduction can take place
46% at a current density of 900 mA&Zm sequentially from CQto final products via some

Limitation due to reactant solubility and poor massntermediates such as HCOOH and CO. If graphitic
transport can often be over come by operating atarbon is formed as a final product of Cthe
elevated pressures. In the electrochemical reductidpoatalytic’ properties of the electrode would be masked.
of CQ, increasing mass transfer of Ci0 the electrode For example, Cu electrodes are known to loose the
is important to obtain a large reaction rate. It wasinique catalytic property of converting C@ CH,
proposed that a large partial pressure of, €@uld and CH, because the surface is covered with carbon
make it possible to increase the mass transfer gf C@fter a long-term electrolysis. The Cu electrode can
to the electrodes owing to an increase in the solubilithe regarded to be apparently converted to a carbon
of CG, in the electrolyte solution. Few reports areelectrode, the main product of which is hydrogen.
available on electroreduction of C@nder high- Pulsed techniques can protect against the degradation
pressure conditions. In much of the studlig&400.401ab  of electrodes, due to the reduction sequence from
neither identification nor quantitative analysis of theintermediates to carbon may be interrupted by an abrupt
reduction products were carried out. However a seriashange of the applied bias from cathodic to anodic.
of work carried out by Harat all™ for instance, Pulsed electrolysis has a pronounced advantage over
allowed the comparison of the electroreduction of COconventional techniques for achieving the selectivity
at atmospheric pressure and at 30 atm of pressum.the reduction products when optimized with respect
The electrodes were classified into four groups ato cathodic bias or anodic bias and their duration.
follows: It is well known that surface morphology at both
(1) Ti, Nb, Ta, Mo, Mn and Al: microscopic and macroscopic levels exert a marked

Hvd ; d by reduct t wat h influence on the electrocatalytic activity of an electrode.
ydrogen formed by reduction ot water was eAtamicroscopic level, the existence of pores, crevices,
predominant product even at high Cressures.

. . microcavities etc., favours the increase of electrodic
Increa_S|_ng the Cg)ress_ure did not change_the IOmdumsun‘ace area, though mass transfer, ohmic and bubble
selectivity of preferential hydrogen formation. ’ ’

over voltages prevent the rates of electrochemical
(2) Zr, Cr, W, Fe, Co, Rn, Ir, Ni, Pd, Pt, C and Si: reactions from the increasing proportionally. Metallic
Formic acid and CO form with high electrodeposits allow surfaces with a variety of
faradaic efficiencies at CO, pressure of 30 atm, morphological characteristics to be obtained. Deposits
where as hydrogen was the major product at  With a high roughness factor and good mechanical
pressures of 1 atm. The product selectivity  resistance are of particular interest. These two important
changed from hydrogen to CO, reduction  aspects are usually mutually exclusive, as high values
products with increase in CO, pressure. of the roughness factor are mainly obtained through
(3) Ag, Au. Zn, In. Sn, Pb and Bi: groyvth of dendrites, which .have low mec_hamcal
_ _ _ resistance. As such coverings are unsuitable as
Co and formic acid were major products both at Jjecirocatalysts it is essential to obtain electrodeposits
atm and at 30 atm pressures. as a continuous metallic matrix, being highly porous
(4) Cu: and having an appropriate mechanical resistance. It is

The preferential formation of CO and HCOOH is@lso desirable that the pores or channels increase their
observed, where as methane and ethylene are the maj§€tion in the direction towards the external surface,
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so as to improve the accessibility of the reactants arwhtalyst supports such as activated carbon fibers, on
the current lines to the internal electrodic surface. which CQ,%%%Pand other gas&$4° are known to

The application of potential periodic routines onexhibit enhanced adsorption. Within nanometer- scale
the noble metal electrodes produces eithepores, so-called nanospace effects &Rigtithin the
instantaneous or permanent morphological change®smnospace, e.g., the spaces between two walls, several
depending on the characteristics of those roufihes nanometers apart, and the reaction conditions mimic
Thus, the application of fast symmetrical potentiahigh pressur®’. Calculations of interaction potentials
perturbations on Pt electrodes in agueous mediavolving graphite micropore walls indicated enhanced
produces perpetual changes in the morphology of theotential energi€®’. The intrapore pressure of
surface, that is a new defined crystallographi@dsorbed molecule is high (over 20 Mpa). Recently,
orientation and/or a certain surface roughness. Theamamotoet al#% put together the advantages of
electrochemical responses of the resulting interfacasanospaces and gas diffusion electrodes to obtain the
are generally different from those of the initial oneshenefits of high-pressure conditions at ambient pressure
and the electrocatalytic activities for the processe®r CO, reduction. Therefore, development of
studied may be changed accordingly exhibiting newnanoactive materials with deposited metal catalysts may
interesting features. lead to realize high efficiencies.

Solid polymer electrolyte (spe) method can be Itis essential to develop high energy, superactive
applied to the electrochemical reduction of @Qthe  metal surfaces. The term super active implies unusually
gas phase, with out solvent, because no supportiragtive, non-equilibrium state of the metal, the
electrolyte is required. This method thus offer archaracteristic feature of this state being that the metal
absence of catalyst poisoning owing to the solvent aindergoes oxidation at unusually low potentials or under
electrolyte impurities and an increased mass transfemnusually mild conditions. Conventional active state of
over that in solution. Therefore, metal/spe provide ametals, e.g., Pt black, are based largely on increased
added advantage in these directions. specific surface area, however, such deposits are not

Alternating approach for with out protonic solventssuperactive as they only begin to undergo oxidation at
for the electroreduction of CQvas that construction about the same potential as the non-activated metal
of a hydrogenated system using a two-compartmersturface. For instance, at ca. 0.85 V (RHE) in the case
reactor separated by a Pd sheet, which serve asofplatinum in aqueous solution (as reported rec&htly
working electrode for water electrolysis to producesuper active Pt may undergo oxidation in aqueous acid
atomic hydrogen, a separator between theolution at a much lower potential ca. 0.25 V). The
compartments, a selectively permeable membrane bhsis of superactive state was discussed recently, along
atomic hydrogen and a chemical reaction field fowith its importance in electrocataly$s*t Therefore,
hydrogenation. Water hydrolysis was the simple methothe generation and redox behaviour of superactive state
for the production of atomic hydrogen and theof metal surfaces is an interesting area of research
electrolytic current can easily control the rate ofand is of valuable extension for electrocatalytic
hydrogenation, which is one of the advantages of thisrocesses.
method. This system utilizes a rapid permeation of  In general, the direct electrochemical reduction
atomic hydrogen through the Pd sheet, which enables most metallic electrodes requires highly negative
the hydrogenation. This system can be taken asmotentials, up to -2.2 V/SCE and results in a variety of
specific EC reaction in which the electrochemicalproducts, the distribution of which critically depends
production of atomic hydrogen and following the on the reaction conditions such as electrode materials,
hydrogenation of CQwith permeated atomic hydrogen. solvent systems and operation parameters including
Since the atomic hydrogen in this system thought tourrent density and CQOconcentration. This has
serve as a proton source and a reducing agent, C@rompted the search for suitable catalytic systems
gas need not be dissolved in the solvent. capable of mediating the electroreduction. A most

Recently, it has been found possible to produceteresting approach employing electrode or solution
supplies of relatively pure CCat pressures of few modifiers is that of homogeneous/heterogeneous
atmospheres as an inexpensive byproduct of the electdatalysis.
power generation. To utilize this gas directly, one  Much work has been carried out using coordination
possible approach was that to make use of nanoporocempounds as homogeneous electrocatalysts. The
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compounds used as catalysts are either in solution substitution has proved to be very effective procedure
confined to the electrode surface. The trudorrenderingthese substituted MPC species soluble in
homogeneous electrocatalysis is that in which tha range of solvents, to an extent that, of course depend
catalyst, or its precursor, is regenerated by the electroda the substituents used. Even with such species,
reaction, i.e., substoichiometric amounts of the catalytiadditional solubility is conferred by axially coordinating
active species are used with a high turnover in theentral ions. This had led to systems that are extremely
second cycle coupled with the electrode reactiorsoluble in many organic solvents, for example, the
Effective are those molecules that are able to transféetrasulfonated phthalocyanines. Many transition metal
electrons both directly and via atom transfer. In manyphthalocyanines dissolve in donor solvents through an
cases, catalytically active complexes are used in thaxial interaction between the metal centre and the donor
form of a modified electrode with the catalyst attachedolvent. This is especially to those central metal ions
directly to the electrode surface, using polymerighat strongly prefer six-coordination rather than four
membranes incorporating the catalyst. When theoordination. Thus, for example, iron (llI) and cobalt
polymer has the hydrophobic property, it can suppredqsl) phthalocyanines are soluble in wide range of donor
proton reduction. The polymeric environment aroundolvents, while Cu (II) PC is less soluble. Many PCs
the catalyst can change the catalytic activity and hen@ggregate to a greater or lesser extent, both in water
change the selectivity towards the reactant. The choiend organic phases. Such aggregation is influenced by
of polymer is important to construct a catalyst systenpH, ionic strength, temperature, the amount of
with high activity for selective reduction of CO'he  electrolyte in solution ett? and thus, care must be
use of surface-bound catalysts is advantageous fromtaken in distinguishing redox potentials arising from
number of standpoints. The effective (volume)mononuclear MPC species and from aggregated
concentration of electroactive material can reach levelpecies. Aggregation is also influenced by the net charge
(ca. 0.5 M) that are simply not accessible inon the MPC unit, being more predominant with
homogeneous solution. At such high effectivepositively charged species than negatively charged
concentrations, the distance between adjacent metahes. Six-coordinate MPC species generally do not
complex is sufficiently short that cooperativity effectsaggregate because they are kept apart by the axially
are enhanced. In addition, the use of surfacebound ligands. The redox properties may be influenced
immobilized electrocatalysts allows for the easy removaby different axial ligands attached to the metal centre.
of the catalyst from the reaction vessel. This is notable especially with transition metal MPCs,
Metallophthalocyanines (MPCs) were employedsince many transition metal ions prefer six-coordination
as electrocatalysts either in solution or in immobilizedand will bind a donor solvent if no other ligands are
form at the electrode. The PC unit is aml8lectron competing. Thus, redox chemistry in donor, potentially
aromatic system that, in its common oxidation statexially binding solvents can be different from that of
carries two negative charges. The central metal iothe same MPC species in non-donor solvent such as
may be incapable of a redox process in the usudichloromethane.
electrochemical regime (most main group species and Supporting electrolyte anions can also play an
certain transition species such as Ni (Il), Cu (I) etc.,)Jmportant role if they have donor characteristics. Thus,
or may be a transition element that undergoes oxidatiadhe perchlorate and hexaflurophosphate ions are usually
or reduction at potentials compared to reduction in theegarded as non-donor species, although this may not
PC ring. The MPCs employed were: (i) CoPC > Nibe always true.
PC >> FePC > CuPC > CrPcin which the products Further, the redox potentials of CoPC and its
formed were HCOOor CO with H as the derivatives are affected by the electron donating /
byproduct®. (ii) Sn, Pb and In PCs formed formic withdrawing property (basicity) of the complex and the
acid with H, as the byprodu€®. (iii) Cu, Ga and Ti CO, binding behaviour. The turn over number could be
PCs formed CO and ivith with quantitative amounts affected by the electronic property of the catalyst. The
of CH, (30%y". (iv) Fe, Zn and Pd PCs CO was substitution of electron donating groups such as BuO-
formed but in low yields compared to that of Ni andfacilitate the coordination of C@s well as the electron
CoPC#&™. Most unsubstituted MPC species have onlytransfer from the complex to the coordinated,CO
very limited solubility in virtually all solvents, thereby molecule. For instance, Ale¢al?’” achieved selective
limiting solution phase redox measurements. RingO, electroreduction by employing (CoPC (Byp)
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Later they®® have studied the role of electron Metal complexes with unsymmetrical chelating
withdrawing groups such as CHy using (CoPC rings may also provide sites for activation of 3y
(CN)y)- The redox reaction proceeds at more positivelechelation in the electrochemical reduction of,CO
potential than that of non-substituted CoPC. Th&or example, dmbbbpy (2,2’- bis (1-
electronic donating property of this system is weak butnethylbenzimidazol-2-yl)-4,4’-bipyridine chelating into
the observation was attributed to the higher fraction i Ru(bpy) moiety, to create more reaction site by
electroactive species on the electrode surface. The raipening the chelating ring and to accumulate electrons
determining step is different for (CoPC(GNand in to the ligand required in the reduction of £O
CoPC. Thus, electronic property would be a dominant The addition of Lewis acids and Bronsted acids to
factor in the catalytic mechanism and leads to differerthe electrocatalytic systems such as iron porphyrin
rate determining step in the catalytic cycle. Thus, irseems to enhance the catalytic current and life time of
general, the choice of ligand strongly influences thehe catalyst. The role of acid is to pull off the electrons
electrochemical properties. Electron withdrawingout of the substrate (CPby facilitating the cleavage
groups lead to a positive shift of redox potentialspf one of the two C-O bonds resulting in the formation
electron-donating groups to a negative shift. The redoaf CO and HO. Besides, enhancing the rate of
chemistry of MPCs is extensively dealt with catalysis, it appears that the presence of proton sources,
elsewheré, in the electrolyte can also affect the product distribution.
Porphyrins are considered as related to PCs, for The tuning of the redox properties of the catalytic
there are quite close similarities in the gross behaviowite may lead to different electrochemical behaviour of
of both series of complexes. In general, the lowethe system. For instance, Nalleisal®’ employed a
basicity of the PCs relative to the porphyrins result inrimetallic system, in which two remote Ru centres
the greater stabilization of the lower oxidation states iserve to tune the redox properties of the central
the former. That is, the lower oxidation states of centratatalytically active If (BL),Cl, core [BL = dpq or dpb].
transition metal ions are more readily accessible in thim this system, the redox properties of the catalytic site
PCs than in the porphyrin series. Metalloporphyringan be altered through remote metal coordination and
are active catalysts in the electroreduction of, @O variation without a change in the coordination
CO inaqueous and non aqueous media and the examplevironment of the catalytic iridium site.
include Co, Fe, Cu metalloporphyrins and substituted Organometallic complexes have also been
porphyrins of Pd and Ag. These complexes seem temployed as possible electrocatalysts. Complexes
decompose in long-term electrolysis conditions, thouglontaining carbonyl and 2,2'-bipyridyl (bpy) ligands have
they markedly decrease the over voltage for reducingeen studied as the latter offars orbitals close in
CO.,. The product distribution mainly depends on theenergy to the antibonding d orbitals of the later transition
metal and solvent used. metal elements, so allowing the complex to act as an
Substitution of aza groups has greater impact oalectron sink. Thus, [Re (bpy) (CO) CI] can convert
the structure of the reaction centre of porphyrin ligand€0, to CO with 95% current efficiency at —=1.5 V in
and to a large extent determines the structure amdixed protic / aprotic media, without appreciable loss
properties of PCs. It decreases the dimensions of thed activity over 300 cyclé®, though the mechanism is
coordination cavity and increases the acidity of the Nrot fully understoot}®322
H bonds, creating conditions for the formation of strong  Many of the tetraaza macrocyclic complexes
intramolecular hydrogen bonds in tetraaza porphyrinsynthesized in the past 30 years displayed structural
and PCs. The synthesis and redox properties @nalogies with metalloporphyrins. In particular, square
porphyrins are discussed elsewl€re planar geometries are favoured leaving the axial sites
An alternative method for immaobilizing catalysts free with the possibility of coordinating additional ligands
on to electrode surface has been through the use @f the axial positions. However, the electronic
complexes containing polymerizable ligand. Forproperties of porphyrins are very different from that of
example, vinyl substituted ligands, i.e.,synthetictetraazamacrocyclic ligands. In 1970s Busch
electroploymerization of [Re (CQJv-PPY) CI] (v- et al*® synthesized and investigated series of nickel
PPY is 4- vinyl -4’- methyl —2,2'- bipyridine) give rise and cobalt aza macrocycles with varying degrees of
to the formation of redox active polymeric films, which unsaturation, ring-size and ring substituents and their
can reduce COto CO electrocatalyticalff. influence on redox behaviour. Adagh al#'” carried
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out similar studies for nickel tetraazamacrocycles. Théhe coordination sphere without undergoing any
result of such systematic studies establishes that tiseibstitutive degradation or deactivation.
electronic and structural features that promote and The future electrocatalysis lies not so much in the
retard their electron transfer reactions. improvement of electrochemical methods — it lies
The understanding of C®inding and activation essentially on the side of design of new catalysts. The
by transition metal complexes has considerablylesign of such a catalyst is not an easy task, as at the
increased. Any type of binding known to date to resulsame time the compound must meet some
in coordination compounds containing &8 a ligand  electrochemical requirements such as appropriate
leads to a net electron transfer to the LUMO of theeduction potentials of all steps, fast electron transfer
CO, and thus lead to it's activation. Accordingly, to the electrode, easy intramolecular electron transfer,
coordinated CQ undergoes reactions that arestability of intermediates and possibly, electrochemical
impossible for free COand complexes containing GO reactivity of intermediate with the substrate attached
ligand as in stable complexes are most likely involvedo the catalyst. The search for such catalysts will attract
in C-O cleavage reactions. Weak interactions betweegpntinuous attention not only of electrochemists but also
the metal centre and the lone pairs of one oxygen of synthetic molecular engineers.
CO,, similar to those found in gas phase complexes of
‘naked’ metal ions and CQare often sufficient to )
support the insertion process by pre-organization d¢nfortunately, the predominant product of CO
CO, molecule. Most of the synthetically useful Féduction so far has been only @mpounds (CO,
transition- metal- mediated transformations of ,cOHCOOH, CH or MeOH). A desirable target should
known to date seem to follow this general pathwayP€ @ G hydrocarbon or Calcohol, with n exceeding at
The optimization of existing processes and the seardfast two. Even the ultimate, Gpecies, viz., CH
for new reactions involving C@s a environmentally "€duires 8 elgctrons, requiring a multielectron reduqng
friendly and economically feasible source of carborfd€nt for a single-step process. The challenge facing a
can only be successful if we understand the underlyirfgcile route towards a @roduct is thus obvious. In
principles of CQactivation. The effective ‘activation’ SPite of the vast amount of work already carried out,
of CO,by transition metal compounds is still a goal thath® Search for a strategy to reduce,@®obtain a

is hard to reach and remains as exciting research argigSired product by a route with minimum energy / cost
in organometallic chemistry. input has a long way to go. Those engaged in this search

The basic aims in using metal complexes thabhould perhaps reconcile themselves to a multistep
structurally or functionally mimic biomolecules include: Féduction process as inevitable.

- Their coordinating ability is suitably and sterically A Few Additional Features
altered to accommodate the facile reduction of

3 Concusion and Outook

» The reducing agent is photo / electro generated.

CO,, _ . « The reduction potential of the source of reducer
- The metal complexes could be manipulated either  ghould be least cathodic.

in terms of redox potentials or by way of mediated . \ater is necessarily a solvent if the catalyst is a

energy levels so as to facilitated reduction. metal complex, and hydrogen reduction, a parallel

- Since  these complexes dissociate, process. This also means low G6lubility and
disproportionate, alter their coordination sphere low current.

as well as their oxidation states, they are . The catalyzed process could ensure product

amenable for development of cyclic processes
for the reduction of CQ

- Avariety of products, especially various reduced
products could be obtained depending on the
redox potential, steric and coordinative geometry
for simultaneous activation of hydrogen
containing species.

selectivity and high efficiency by using polymer-
modified electrodes.

* Direct uncatalyzed reduction on the electrode
may use non-aqueous solvents like MeOH and
low temperatures to increase solubility and hence
high current, but so far only at a high over voltage
(ca. —2.0V).

These systems have to be designed and tailored « A high CQ pressure also ensures high current.

suitably in such a way that they will be able to
coordinate, couple and generate reduced species within
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 Basic research emphasizing mechanistic aspeckc
of this chemistry is needed. PC
» The search for new catalysts and processes musy/ P
rely on a better understanding of the mechanismgy
of those already discovered. pyra
Investigation of catalytic activation of CO qtpy
recognizes a variety of sub-disciplines —homogeneousBAP
catalysis, heterogeneous catalysis, electrocatalysiSEAP
photoelectrocatalysis, as they were dictated both byHF
the aim of the research (e.g., understandingMC
photosynthesis, producing useful chemicals, energyPP
storage) and by the training of the investigator. vitpy
Nature is a good teacher, and many catalytic
systems try to mimic natural processes. A symbiosis
exists between technological and biological processe§,B
the former helping to understand and simulate the late&V
and the later providing the guidelines for designing newe T

catalysts. EPR
o HER
Abbreviations HMDE
bpm 2,2’-bipyrimidine INMR
bpy 2,2'-bipyridyl HOMO
CH,CN  acetonitrile IR
CRH 2,12dimethyl-3,7,11,17-tetraazabicyclo- LUMO
[11.3.1]heptadeca-1(17), 13,15-triene  NHE
cyclam 1,4,8,11-tetraazacyclotetradecane rf
dmbipy 4,4’-dimethyl-2,2'-bipyridine SCE
DMF N,N’-dimethylformamide TOF
DMSO N,N’-dimethylsulfoxide TON
dpp 2,3"-bis(2-pyridyl)pyrazine
dppe 1,2-bis(diphenylphosphino)ethane uv
dppm 1,2- bis(diphenylphosphino)methane VB
dppp 1,2- bis(diphenylphosphino)propane
dpq 2,3"-bis(2-pyridyl)quinoxaline
L neutral or anionic ligand
MPC metallophthalocyanine
PAN polyaniline
PB Prussian blue (MAS).
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phthalocyanine

propylene carbonate
polyvinylpyridine

pyrene

pyrazole

2,2:6',2". 6",2"-quaterpyridine
tetrabutylammonium perchlorate
tetraethylammonium perchlorate
tetrahydrofuran
tetra-N-methylcyclam
tetraphenylporphyrine
4'-vinyl-2,2": 6',2"-terpyridine

Notations

conduction band

cyclic voltammetry

charge transfer

electron paramagnetic resonance
hydrogen evolution reaction
hanging mercury drop electrode
proton magnetic resonance
highest occupied molecular orbital
infrared

lowest occupied molecular orbital
normal hydrogen electrode
turnover frequency

saturated calomel electrode
turnover frequency, TON per hour
turnover number, moles product per mole
of catalyst

ultraviolet

valence band
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