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This review summarizes research on the electrochemical and photochemical reduction of COg using a variety of iron and DeraicadedbIOnmes

cobalt porphyring, phthalocyanines and related complexes, Metalloporphyrins and metallophthalocyvanines are visible

light abeorbers with extremely large extinction coefficients. However, vields of photochemically-generated active History
Received 14 November 2014

catalysts for OO reduction are typically low owing to the requirement of a second photoinduced electron. This
Accepted 23 December 2014

requirement is not relevant to the case of electrochermical COs reduction. Recent progress on efficient and stable

electrochemical svstems includes the use of FeTPP catalysts that have prepositioned phenyl OH groups in their sscond
Keywords
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coordination spheres, This has led to remarkable progress in carrving out coupled proton-electron transfer reactions for

C0s reduction. Such ground-hreaking research has to be continued in order to produce renswable fuels inan

econcomically feasible manner.
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A review of iron and cobalt porphyrins, phthalocyanines
and related complexes for electrochemical and
photochemical reduction of carbon dioxide
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Chemistry Department, Brookhaven National Laboratory, Upton NY 11973, USA

Dedicated to Professor Shunichi Fukuzumi on the occasion of his retirement

Received 14 November 2014
Accepted 23 December 2014

ABSTRACT: This review summarizes research on the electrochemical and photochemical reduction
of CO, using a variety of iron and cobalt porphyrins, phthalocyanines and related complexes.
Metalloporphyrins and metallophthalocyanines are visible light absorbers with extremely large
extinction coefficients. However, yields of photochemically-generated active catalysts for CO, reduction
are typically low owing to the requi of a second phe d electron. This requirement
is not relevant to the case of electrochemical CO; reduction. Recent progress on efficient and stable
electrochemical systems includes the use of FeTPP catalysts that have prepasitioned phenyl OH groups
in their second coordination spheres. This has led to remarkable progress in carrying out coupled proton-
electron transfer reactions for CO, reduction. Such ground-breaking research has to be continued in
arder to produce renewable fuels in an economically feasible manner.

from www.

015.19:45-64. D n
by SEOUL NATIONAL UNIVERSITY on 08/02/1 £, Re-use and distribution is strietly not permitied, exeept for Open Accessartieles.
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LINTRODUCTION the form of chemical bonds by its reduction and electrical

energy is obtained by oxidation of the reduced products.
The foremost challenge to CO, recycling is its

chemically inert nature. Direct electrochemical reduction

The global carbon cycle is a closed sys
all fossil fuels currently burned originating from

phulm\mhcu? carbon c.Jlu‘idr fixation over millions to CO,* (Equation 1) is highly unfavorable due in part
of y - .-’\r_| Jmh_.'llum:c " _lhc rates of consumption vs. . e -gcumcl.ric rcurmn:cm:n[ from linear to bent. This
natural fixation with increasing human demand for energy difficulty is reflected hykthc standard potential of -1.90 V
leads to two major concerns: the rising concentration of E
atmospheric CO,, and the inevitable decline of extractable
fossil fuels. The problem of atmospheric concentrations
can be alleviated to some extent through CO, capture/
sequestration technolagy [1]: however, a conversion/
utilization or recycling scheme is perhaps more idea
the need for energy i o addressed. If the res 14
technology is ultimately powered by inexhaustible,
although intermittent, solar energy, CO, is then viewed as
aredox mediator in which diffuse solar energy is stored in

vs. NHE [2]. Energy requirements for proton assisted
multi-electron reductions at pH 7 (Equations 2-6) are
substantially lower; however, catalysts are necessary to
mediate the microscopic steps involved in the multi-proton,
multi-electron reductions. Transition metal complexes
with a variety of accessible oxidations states (including
ligand-localized reductions) are well-suited for this task
and often provide product selectivity and tunable activity
[3-5]. Nevertheless, reduction beyond formic acid or CO
remains rare and further developments are needed.
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Chapter 1

Introduction to Geology

1.1. Introduction
Geology is the study of rocks and Earth history. The Earth is a
dynamic and ever changing body; earthquakes, volcanoes, moving
continents and expanding and contracting oceans are all surface
phenomena providing evidence of an active interior. They also
provide clues to the internal processes, structure and composition
of the Earth.

A unique feature of the Earth is that it has liquid water.
Figure 1.1 presents a view of the Earth from space.

1.2, Shape, Internal Structure, and Composition of
the Earth

In terms of its shape, the Earth is an oblate sphere; it is relatively
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