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ABSTRACT

This manuscript provides an overview of some of the most important electrochemical process related
to green chemistry (energy production, water and air remediation).  Although we describe and cite the
work of other groups, we have put more emphasis on the progress achieved by the groups of
Catalysis and Surface Science (CASC) of the University of Leiden and at the Instituto Universitario
de Electroquímica of the University of Alicante. Most of this progress involves fundamental
understanding of electrochemical processes, and many of the studied cited here employed single-
crystal surfaces with well-defined surface structure.

RESUMEN

Este manuscrito provee una revisión de los procesos electroquímicos más importantes relacionados
con la química verde (producción energética, remediación en agua y aire). Aunque describimos y
citamos el trabajo desarrollado por otros grupos, hemos colocado un mayor enfasis en el progreso
alcanzado por el Grupo de Catálisis y Ciencias Superficiales (CASC) de la Universidad de Leiden y el
Instituto Universitario de Electroquímica de la Universidad de Alicante. La mayoría de este desarrollo
involucra el entendimiento fundamental de los procesos electroquímicos y los estudios citados acá
emplean superficies simples de cristal con una buena y definida estructura superficial.
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INTRODUCTION

Green chemistry and green engineering recei-
ve today a growing interest, not only from the
scientific community, but also from the society. It
is well-known that these disciplines are based on
the design of new materials, products, processes
and systems that can make significant contri-

butions in the drive toward sustainability benefit
of the environment, economy, and society. How-
ever, it is not so well-known that electroche-
mistry is one of the most promising branches of
green chemistry and green engineering. For
example, electrochemistry can be especially
useful to reduce or eliminate the use of hazar-
dous substances in the design, manufacture and
application of chemical products, thus reducing
the environmental impact of chemical production
(Koper, 2009; Steele, 2001). In addition, electro-
chemical technologies can be used directly in
several applications involving the removal and
degradation of potential solid and liquid pollutants
from industrial wastes in water, soil and atmos-
phere (Koper, 2009; de Vooys et al., 2001, 2004;
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Rosca et al., 2009; Vidal-Iglesias et al., 2003;
2004; Sanchez-Sanchez et al., 2000. In this
respect, several electrochemical methods can also
be used for the generation of very active oxidant
species with proven efficiency in several green
processes (Chatzisymeon et al., 2010; Kapalka et
al., 2010). Furthermore, electrochemistry provides
a highly efficient and environmentally-friendly
energy technology. Electrochemical energy tech-
nology includes the popular lithium batteries and
fuel cells (Aifantis et al., 2010; Srinivasan, 2010;
Zhang and Liu, 2009).

In this manuscript, we review some of the
most recent contributions towards the develop-
ment and understanding of green electrochemical
methods performed at the group Catalysis and
Surface Chemistry (CASC) of the University of
Leiden and at the Instituto Universitario de Elec-
troquímica of the University of Alicante. In
addition, we provide a wide overview of some of
the most important electrochemical process rela-
ted to green chemistry (energy production, water
and air remediation). The main goal of the works
presented below is to understand and optimize
the conditions that affect the catalytic efficiency
of the reactions i.e surface composition or sur-
face structure of the catalyst. It should be noted
here that one of the main goals in modern
electrochemistry, especially in the field of elec-
trochemical surface science, is to establish rela-
tions between the surface structure and compo-
sition of an electrode and the macroscopic reac-
tion rate of a process, i.e. the activity of the
catalyst, like metal deposition, adsorption of
atoms, ions and molecules, oxidation of small
organic molecules, etc. For this kind of funda-
mental research the use of well-defined single
crystals surfaces is essential. An important appli-
cation of such fundamental research on electro-
catalysts is fuel cells.

RESULTS AND DISCUSSION

1. Fuel cell electrocatalysis.

A fuel cell converts chemical energy into
electrical energy (Figure 1). It consists of two

electrodes sandwiched around an electrolyte
layer. Reactants (oxygen/air, hydrogen, methanol
etc.) are consumed at the electrodes generating
electricity, heat and products of the reactions.

Rising concern about environmental conse-
quences of the use of fossil fuels and the increa-
sing dependence of industrialized countries on oil
has increased the interest in fuel cell technology.
Now, widespread use of fuel cells as flexible
power generators, portable power devices and for
fuel cell powered vehicles is being reconsidered.
Fuel cell technology offers the opportunity of
creating environmentally friendly portable power
supplies capable of producing enough energy to
run devices and motor vehicles. The main cha-
llenges of fuel cells today are to decrease their
cost (mainly, by decreasing the platinum loading
on the electrodes) and to find viable alternatives
to the hydrogen fuel. The platinum in the elec-
trodes of the fuel cell serve as the catalyst
where the adsorbed molecules from the fuel can
react (Srinivasan, 2010; Zhang and Liu, 2009;
Herrero et al., 1993, 1995; Iwasita, 2002a;
2002b). Consequently the development of fuel
cells into commercially useful devices is strongly
tied to the field of electrocatalysis.

Among many types of fuel cells (table 1), the
Direct Methanol Fuel Cell (DMFC) deserves
special attention because methanol is relatively
cheap, abundant, easy for handling and storage
feeds (from one side methanol and from another
oxygen/air). DMFC belongs to a group of low
and intermediate temperatures (up to 150 oC)
fuel cells and it employs a polymer electrolyte
membrane (PEM) as the electrolyte (Koper,
2009; Srinivasan, 2010; Zhang and Liu, 2009).
Among the advantages of the DMFC, it should
be mentioned that it works at low temperature,
does not produce much heat which otherwise has
to be eliminated by some cooling device, has a
short start-up period, can be easily refilled, has
low polluting emission (ideally carbon dioxide and
water) etc. For these reasons, it has potential
application in transport and as a portable power
source (for example in laptops, pocket calcu-
lators, mobile phones etc).
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To be competitive at the market, the DMFC
has to be able to operate at conditions close to
ambient conditions and to deliver a high power
density at low costs. Unfortunately the most
actives materials employed in the fuel cell tech-
nologies (as Pt, Rh, Ru or Au) are very expen-
sive. Therefore, it is necessary to reduce the
loading of the noble metal catalyst, and this is
achieved with the use of catalysts with a high ratio
between their surface area and their mass. This
requisite is fulfilled with supported nano-particles.

However as was mentioned before, most of
the reactions in electrochemistry are surface
sensitive (Vidal-Iglesias et al., 2003; Attard et
al., 2002; Climent, et al., 1997; 1999; Feliu and
Herrero,  2003;  Lebedeva et al., 2000, 2002;
Macia et al., 2002; Rodes et al., 1997; Garcia
and Koper, 2009; Housmans and Koper, 2005;
Koper et al., 2001). Therefore, another approach to
decrease the noble metal loading is by tuning the
surface structure in order to change the efficiency
and possibly also the selectivity of the reactions.

Figure 2 shows an example of how the orien-
tation of the atoms on a platinum catalyst can
affect the catalytic activity towards the oxidation of
formic acid or the reduction of oxygen. These two
reactions take place on the anode and catho-de of
a fuel cell device respectively. Figure 2A shows
the voltammetric response of a Pt(100) and Pt(111)
in a solution of sulfuric acid and formic acid.

As can be seen, the efficiency (current den-
sity) in the oxidation of formic acid is much
larger on the electrode with (100) orientation in
comparison with the electrode with (111) orien-
tation. The reaction that occurs on the cathode
of a fuel cell, the reduction of oxygen, is also a
surface structure sensitive reaction. As can be
seen in figure 2B the reduction of oxygen takes
places at lower over potentials and higher effi-
ciencies on the Au(100). The mechanism is
widely study and described on the literature
(Hernandez et al., 2007; Prieto et al., 2003;
Ross, 1979; Stamenkovic et al., 2006, 2007;
Strbac and Adzic, 1996).

Figure 1. Schematic model of a Fuel cell
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In conclusion, it is highly desirable to develop
and optimize the synthesis and methods of cha-
racterization of nanoparticles with preferential
orientation. It is possible to find several methods
in the literature for synthesis of nanoparticles
(Ahmadi et al., 1996; Wang et al, 1998;
Boutonnet et al., 1982). Very recently the group
of electrochemistry of the University of Alicante
has developed procedures for the efficient clean-
ing and the accurate electrochemical characte-
rization of platinum nanoparticles (Rodriguez et
al., 2005a, 2005b, 2006; Rodriguez, 2007; Solla-
Gullon, 2000). Working with clean platinum nano-
particles if of a paramount importance in order to
study the true catalytic activity of the sample.
The use of electrochemical methods for the
characterization of the surface structure has
many advantages over the use of ex-situ surface
science techniques, including the facts that this
method is cheaper, simpler, more accurate and
in-situ. The electrochemical characterization method
is based on the irreversible adsorption of metals
adatoms on the platinum surface and it allows the
quantitative characterization of the surface orien-

Table 1. Main characteristics and operational conditions of different fuel cells (???? 2011)

tation on any platinum sample (Rodriguez et al.,
2005a,b; Solla-Gullon et al., 2000).

Figure 3A shows a model of a spherical
nanoparticle, illustrating that spherical nanopar-
ticles necessarily contain different contributions
with different surface orientations. On the other
hand, figure 3B shows a transmission electron
microscopy (TEM) of a sample of well-defined
(100) platinum nanoparticles prepared using the
colloidal method described in (Rodriguez et al.,
2005b). After chemical and electrochemical
cleaning, the resulting nanoparticles can be chara-
cterized by a cyclic voltammogram in sulfuric
acid, and the result is shown in the figure 3C.
The peaks between 0.2 and 0.45 V vs RHE
(reversible hydrogen electrode) correspond to the
hydrogen and anion adsorption/desorption process
on the (100) sites on the platinum nanoparticles.
The remarkable height of these peaks is a good
qualitative indication of the (100) preferential
orientation of these nanoparticles. However, due
to the overlapping of these peaks with the
adsorption/desorption process of hydrogen and

Fuel Cell
Type

Common
Electrolyte

Operating
Temperature

Typical Stack
Size

ApplicationsEfficiency Advantages Disadvantages

Polymer
Electrolyte
Membrane

(PEM)

Alkaline
(AFC)

Perfluoro
Sulfonic

Acid

Phosphoric
Acid

(PAFC)

Molten
Carbonate
(MCFC)

Solid
Oxide
(SOFC

Aqueous
solution of
potassium
hidroxide

soaked in a
matrix

Phosphoric
Acid soaked
in a matrix

    Solution of
lithium, sodium,

and/or potassium
carbonates,
soaked in a

matrix

Yttria
stabilized
zirconia

10-100 kW
90-100 ºC

194-212 ºF
60% + Military

+ Space

40%

40-50%

60%

400 KW
100 KW
module

150-200ºC
302-392ºF

600-700ºC
1112-1292ºF

700-1000ºC
1202-1832ºF 1kW-2MW

300 kW-3MW
300 kW
Module

Distributed
generation

+ Backup power
+ Portable power
+ Distributed generation
+ Transportation
+ Specialty vehicules

500-100ºC
122-212ºF
typically

80ºC

< 1kW-100kW

60%
transpor-

tation
35%

stationary

+ Electric utility

+ Distributed
   generation

+ Auxiliary power

+ Electric utility

+ Distributed
    generation

+ Solid electrolyte reduces corrosion
  & electrolyte management problems.

+ Low temperature

+ Quick start-up

+ Catode reaction faster in alkaline
   electrolyte, leads to high perfor-
    mance

+ Low cost components

+ Expensive catalysts

+ Sensitive to fuel impurities

+ Low temperature waste heat

+ Sensitive to CO2 in fuel air

+ Electrolyte management

+ Pt catalyst
+ Long start-up time
+ Low current and power

+ High temperature corrosion
   and breakdown of cell compo-
    nents
+ Long start up time

+ Low power density

+ High temperature corrosion
   and breakdown of cell compo-
    nents

+ High temperature operation
   requires long start up time
    and limits

+ High efficiency

+ Fuel flexibility

+ Can use a variety of catalyst

+ Suitable for CHP

+ High efficiency

+ Fuel flexibility
+ Can use a variety of catalyst

+ Suitable for CHP & CHHP

+ Hybrid/GT cycle

+ Higher temperatures enables CHP

+ Increased tolerance to fuel
    impurities
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anion on the other sites (Pt(110) and Pt(111)), it
is not possible to easily quantify each contri-
bution. In order to perform an accurate quan-
tification of the surface structure of the platinum
nanoparticles, we performed experiments with
irreversible adsorption of Bi, Ge and Te
(Rodríguez et al., 2005a,b; 2006). The redox
process that takes place on the surface when the
electrode is modified with this adatoms appears
in a well defined potential window for each
surface orientation. The oxidation/reduction process
of a monolayer of bismuth adsorbed on the (111)
sites takes place at around 0.65 V vs RHE (cross
in figure 3D). By using a calibration curve it is
possible to determine this charge with the amount
of (111) (Rodriguez et al., 2005a, b). The redox
process of the tellurium irreversible adsorbed on a
platinum surface (blue curve) is an additional probe
to determine the (111) sites on platinum surfaces
and the redox process of germanium allow the
determination of (100) sites. More details about the
experimental procedure, calibration curve and

results can be found in the reference (Rodríguez et
al., 2005a, b, 2006, 2007; Rodríguez, 2007).

The oxidation of methanol and hydrogen are
two of the most extensively studied reactions in
electrochemistry (Herrero et al., 1995; 1995;
Christmann, 1998; Clavilier et al, 1991; Gómez et
al., 1997; KurinCsorgei, and Orban, 1996;
Markovic et al., 1996; Ross, 1979; Hernández et
al., 2006; Iwasita and Nart, 1991; Lamy and
Leger, 1990; Tripkovic et al., 1996. In particular
the oxidation of methanol for fuel cell applications
has attracted special interest because the higher
energy potential and the easier transportation in
comparison with H2.

The oxidation of methanol (figure 4) follows a
dual-pathway mechanism with the formation of
COad as a spectator species, i.e. poison (Herrero,
et al., 1995; Iwasita and  Nart, 1991; Lipkowski
and Ross, 1998). In the methanol oxidation reac-
tion the dehydrogenation (step 2) is responsible

Figure 2. (A) Voltametric profiles of Pt(100) (continuous line) and Pt(111) (dashed line) electrodes in a  0.1 M HCOOH +
0.5 M H2SO4.solution  (B) Voltametric profiles of Au(100), Au(110) and Au(111) single crystal electrodes in a O2 saturated
solution of 0.1 M Na2SO4. Upper panel shows the surface structure and unit cell of the basal planes in the FCC metals.
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for the formation of COad. It is generally
accepted that the active surface oxidant for COad
oxidation is most likely adsorbed OHad. Following
the reaction scheme for the oxidative removal of
COad pathway the adsorption of oxygenated spe-
cies or OHad (3) is in strong competition with
anion adsorption (5) from the supporting elec-
trolyte. In fact, different current densities are
observed depending on the adsorption strength of
the anions in the supporting electrolyte (for
example sulfuric acid and perchloric acid
solutions). But additionally, more recently it was
found that different cation can play an important
role in the adsorption of oxygenated species and
in the oxidation of CO and methanol (Strmcnik et
al., 2009; Stoffelsma et al., 2010). Consequently,
the interdependence of the different reaction
steps in reactions 1-4 and the competition for the

adsorption sites of the reaction partners and
intermediates usually leads to complex surface
processes (Herrero et al., 1995).

The formation of COad during the oxidation of
hydrocarbons (as methanol) or from CO traces
present in the H2 stream (coming from oil
reforming) is the main cause in the drop of the
catalytic activity of platinum for fuel cell
reactions. In this respect, gold based catalysts
are more convenient than platinum, since gold
electrodes are not poisoned by CO, because CO
only adsorbs weakly on gold. Indeed, bulk gold
electrodes exhibit a significant electrocatalytic
activity towards the oxidation of CO, especially in
alkaline media (Kita et al., 1985; Kunimatsu et
al., 1986).

Figure 3. (A) Model of a spherical nanoparticle of a FCC metal and the basal surface orientation present on the nanoparticles.
(B) TEM image of (100)-preferential oriented Pt nanoparticles . (C) Voltametric profile of the sample (B) in a 0.5M sulfuric
acid solution. (D) Surface structure characterization of the sample (B) by using irreversible adsorption of Bi(        ), Germanium
( � ) and Tellurium (   ). From the values of charge it was determine that this sample present 57% of (100) sites and 18%
of (111) sites (Rodríguez, et al., 2005a, b, 2006; Rodriguez, 2007)
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Very recently, we presented an unusual and
not previously reported adsorption state of CO on
a Au(111) electrode and hexagonally recons-
tructed Au (100) surface. The electrochemical,
spectroscopic and DFT results indicate that the
irreversible adsorption of CO on gold promotes
the co-adsorption of OH. In conclusion, CO
irreversibly adsorbed on a Au(111) electrode
surface in alkaline media acts as a promoter of
his own oxidation (Rodriguez et al., 2009, 2010a,
b, c). However, even a more interesting result
was found when a CO modified Au(111) elec-
trode was sweep in a methanol containing solu-
tion. Figure 5A shows the voltametric profile of
the oxidation of methanol on a Au(111) electrode
in presence and absence of CO irreversibly
adsorbed on the surface. Potential dependence
and simultaneous HPLC measurements were per-
formed in order to determine the products of the
oxidation of methanol. The results are plotted in
figure 5B and 5C. As can be seen, the oxidation
of methanol starts at lower potentials (that it, it is
more favorable) when the surface was previously
modified with CO in comparison with the bare
Au(111) (Rodríguez et al., 2011).

This result was also confirmed by using po-
tential dependence FTIR. The experiment con-
sisted in the oxidation of 13CH3OH on Au(111)

modified and unmodified with 12CO irreversibly
adsorbed. Figure 6 shows that the formation of
13CO2 appears at early potentials when the elec-
trode was modified with CO than in the case of
the unmodified electrode. These results not just
validate our hypothesis that the CO promotes his
own oxidation by enhanced OH adsorption, but
also it shows that CO can be used as a pro-
moter of the oxidation of other molecules as
methanol (Rodríguez et al., 2011).

Another interesting class of systems, which
have received considerable attention in electro-
catalysis, are bimetallic surfaces. It is possible to
find an enormous amount of studies focused on
the special properties of alloys in oxidation and
reduction processes. Here, we want to show a
few examples of metal alloys catalysts that are
under study in the CASC group of the University
of Leiden because of their special catalytic
properties. Figure 7A shows the comparison
towards the oxidation of methanol of a Pt (black
curve) and a Pt95Ru5 (grey curve) supported
nanoparticles catalysts. As can be seen, the
efficiency (current density and overpotential)
indicates that PtRu is a better catalyst than Pt
towards the oxidation of methanol. This can be
explained in view of the results in figure 7B. In
figure 7B, the oxidative stripping voltammograms

Figure 4. Reaction scheme of methanol electrooxidation on Pt-group metals

 

 



Figure 5. (A) Voltammetric profile of the Au(111) in 0.1M NaOH+2.5 M CH3OH in absence (black curve) and presence (grey
curve) of CO adsorbed. Scan rate 1mV/s.  Panel (B) and (C) corresponds to the intensities of the peaks related to the retention
time of the formaldehyde and formate in the HPLC column as a function of the potential. Black open circles: with CO on
the Au(111) surface. Black solid squares: without CO on the Au(111) surface (Rodríguez et al., 2011).

Figure 6. FTIR spectra at different applied electrode potentials for 12CO-Au(111) (left panel)  and Au(111) (right
panel) in 0.1 M NaOH + 2 M 13CH3OH  recorded with p-polarized light. Eref= 0 V vs RHE (Rodríguez et al., 2011).
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of a monolayer of CO adsorbed on the catalysts
mentioned before are shown. The stripping
voltammograms show that CO is easier to
oxidize on a PtRu alloy than in a Pt catalyst.
The early oxidation of Ru (Ru-OH formation)
shifts the oxidation of the CO at early potentials.
In this way, when the oxidation of methanol
takes place on a PtRu surface, the presence of
Ru reduces or avoids the formation of adsorbed
CO, which is a strong poison of Pt. Another
example of the special catalytic activity of alloy
nanoparticles is show in figure 7C and 7D.
Figure 7C shows the cyclic voltametry of a
metal alloy of platinum and a second metal that
we will denote as M1. In the figure 7D we
show the catalytic activity per gram of catalyst

towards the oxidation of formic acid, for all the
catalyst in figure 7C. In order to establish a
comparison and evaluate our catalyst, the
voltammograms of another platinum alloy sample,
a PtM2 sample, are included in the figure.
Additionally, we include the voltametric response
obtained over the best catalyst PtBi catalyst
prepared by other method by Nazar et al (Ji  et
al., 2010) which is to our knowledge the best
catalyst toward the oxidation of formic acid
reported in the literature. As can be seen, the
catalytic activities of PtM1 and PtM2 are one
order of magnitude higher than the catalytic
activity of platinum nanoparticles, and 4 times
higher than the PtBi nanoparticles prepared by
the authors in (Yanson et al., 2010).

Figure 7. (A) Volatmetric profile of Pt and Pt95Ru5 nanoparticles( 66TEM images show that the nanoparticles are 4 ± 2 nm)
in 0.5 M H2SO4 + 0.5 M CH3OH (B) CO-stripping voltametry in 0.5 M H2SO4 of Pt and Pt95Ru5 nanoparticles. (C) Blank
voltametry of PtM1 nanoparticles (Yanson et al., 2010) in 0.5 M H2SO4 (D) Volatmetric profile of Pt (black bottom curve),
PtM1 (grey curve) and PtM2 (black curve) nanoparticles  in 0.5 M H2SO4 + 0.5 M formic acid. The data corresponding to
the PtBi sample obtained from (Ji  et al., 2010) was plotted for sake of comparison.
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I. Waste water treatment

Wastewater remediation by means of elec-
trochemical techniques is a very active field of
research. Nitrogen components, as ammonia, ni-
trite and nitrate, are harmful and common water
pollutant in industrial wastewaters and in conti-
nental waters (it is extensively used as fertilizer).
For elimination purposes, the main challenge is to
oxidize (ammonia) or reduce (nitrite and nitrate)
electrochemically to N2 which is a ecologically
friendly and harmless component.

Among the transition metals, Pt exhibits a
special activity toward the reduction of various
nitrogen-containing molecules (Rosca et al.,
2009). Different well-ordered monocrystalline Pt
surfaces can display dramatically different beha-
vior toward a certain reaction, as evidenced for
NH3 oxidation.

The most widely accepted mechanism for the
ammonia oxidation in basic media on platinum
surfaces is the following:

NH3,sol à NH3,ad (1)

NH3,ad + OH- àNH2,ad + H2O + e (2)

NH2,ad + OH- à NHad + H2O + e (3)

NHad + OH-à Nad + H2O + e (4)

2Nad à N2,sol (5)

It is also accepted that dehydrogenation of
NHad through reaction 4 implies surface blocking
by the formation of strongly chemisorbed Nad.
Strongly adsorbed nitrogen atoms play the role of
a surface poison; therefore reaction 5 is very
unfavorable (Rosca et al., 2009).

The selectivity of ammonia oxidation on
Pt(100) sites is clearly shown in Figure 8A,
which shows the voltammograms of the three
platinum basal planes in 0.1 M NaOH + 1 mM
NH3. Pt(111) and Pt(110) electrodes show a
very small reactivity, whereas in the case of
Pt(100), a very sharp peak with a high current

density is observed at comparatively lower poten-
tials (Vidal-Iglesias et al., 2003; 2004). These
results reflect clearly that ammonia oxidation is a
structure sensitive process. DEMS (Direct elec-
trochemical mass spectroscopy) studies show that
N2 is the main product at 0.70 V and NOx at
potentials higher than 0.80 V on polycrystalline
platinum. It was also demonstrated that the
ammonia molecules are also able to discriminate
the width of the (100) terraces and the density
of steps with (100) symmetry.

A similar behavior was observed during the
reduction of nitrite. Figure 9B clearly show the
larger catalytic activity toward the reduction of
NO2

- on Pt(100), in comparison with the other
two basal planes. By combining cyclic volta-
mmetry and On-line Mass spectrometry mea-
surements, it was possible to demonstrate the
unique selectivity properties of the Pt(100) elec-
trode surface to reduce NO2

- into N2 in alkaline
media at a potential close to 0.55 V. The
elucidation of the mechanism excluded N2O and
ammonia formation as possible reaction inter-
mediates (Duca et al., 2010).

I. Air pollution treatment and electro-
chemical synthesis.

The conversion of CO2 into useable hydro-
carbons is a process that has been studied since
the early 1900s. The Sabatier and the Fischer-
Tropsch processes are processes that involve the
conversion of hydrogen and carbon oxides into
hydrocarbons, but especially into hydrocarbons
used as fuels (Swiegers, 2008; Davis and
Occelli, 2010). However, the twin problems of
global warming, caused by an increase of atmos-
pheric carbon CO2 concentration, and the limited
fossil fuel resources have stimulated extensive
research in the utilization of CO2 in the last
decade.

The electrochemical reduction of CO2 is pro-
mising way to help slow down the accumulation
of this greenhouse gas in the atmosphere. Two
types of approaches have been taken. In the first
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Figure 8. (A) Voltammetric profiles of Pt(100), Pt(110) and  Pt(111) electrodes in 0.1 M NaOH + 1 mM NH3. 
6,7 and (B)

Voltammetric profiles of Pt(100), Pt(110) and  Pt(111) electrodes in 0.1 M NaOH + 2 mM NaNO2.
67

approach, CO2 can be used as a reagent in the
electrocarboxylation reaction to produce organic
carboxylic acids, with the goal of finding new
routes to synthesize chemicals that are interesting
from a pharmacological point of view. The se-
cond approach proposes to convert the CO2
directly or via synthesis gas into a fuel.

Electrochemical carboxylation (Tomilov, 1994)
70 offers a great number of advantages, because
it is simpler and might be applicable to the
preparation of compounds bearing substituents (F,
CN, CO2R, CO, and OR) that are not compatible
with the preparation of organometallic compounds.
Electrocarboxylation (Tysse, 1972) involves the
possibility of introducing one or more carboxylic
groups into suitable organic starting materials.

The reaction mechanism for electrocarboxy-
lation (Silvestri et al., 1991) depends upon the
difference between the potential for CO2
reduction and that for the organic substrate (R).
Electrochemical reductive carboxylations have
been described for a large number of substrate

types, including ketones (Wawzonek and Gunder-
son, 1961; Engels et al., 1983), acetylenes
(Wawzonek and Wearring, 1959), etc. However,
the most important scale-up processes are related
to the synthesis of nonsteriodal antiinflammatory
drugs (NSAIDs) (Wawzonek and Gunderson,
1961; Datta et al., 1998)

On the other hand, direct electrochemical
approaches to convert CO2 to fuels have been
investigated in the last few decades. This
approach has two main problems that should be
solved. First, the reduction of CO2 takes place at
a high overpotential and normally it is accom-
panied by hydrogen evolution. And second, the
reaction products are often mixtures of fuels.
The main objective of the research in this field is
to develop a catalyst that operates at low over-
potentials and, at the same time, achieves the
production of a single useful product.

An important contribution in this area was
made by Hori and co workers, who found that,
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Figure 9. (A)Voltametric profile and (B and C) OLEMS measurements of a Pt(100) electrode in a 0.1 M NaOH+2 mM
NaNO2 solution. Ion current profiles for m/z = 14 (B) and m/z =28 (C). Scan rate: 1 mV/s. (Duca et al., 2010)

on copper electrodes, CO2 can be reduced to
hydrocarbons, mainly ethylene and methane (Hori
et al., 1994, 1995a y b, 1997, 1998). However
after three decades, many aspects of the
molecular-level details of the mechanism of
reduction of CO2 on Cu electrodes are still
unclear (Hori et al., 1995a, 1997). It is known
that ethylene and methane are formed through a
different reaction mechanism, but it has been
proposed that in both cases, adsorbed CO is an
intermediate species.  However, the exact reac-
tion mechanism of carbon monoxide reduction to
either ethylene or methane is still debated.
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