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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

INCREASING USE OF FOSSIL FUELS (petroleum, coal, and gas) will continue 
to load the atmosphere with carbon dioxide beyond the apparent capacity 
of the plant and oceanic sinks to absorb the gas. There has been an 
estimated 15% increase in atmospheric carbon dioxide since the turn of the 
century (/). An active response to this worldwide problem is to capture and 
chemically convert the carbon dioxide at its source of production. Ironically, 
these conversion processes must be powered by nonfossil fuel sources (solar 
or nuclear) to achieve a net reduction in atmospheric carbon dioxide. 

The expected return of oil price increases over the next decade will 
again spur investigation into conversion processes for alternative fuel 
sources such as coal. Coal gasification will produce substantial amounts 
of carbon dioxide as a by-product. If this carbon dioxide could be con
verted economically to methanol or methane, established zeolite catalytic 
processes could convert these intermediates to gasoline. Furthermore, 
concern about providing a substitute for natural gas to the established gas 
pipelines has led the Gas Research Institute to sponsor investigation of 
carbon dioxide conversion selectively to methane (2). 

This volume is based on a symposium that is part of a continuing series 
in the Surface Science of Catalysis, sponsored by the Division of Colloid 
and Surface Chemistry of the American Chemical Society. The symposium 
was motivated by an interest in C ι chemistry and the desire to convert an 
abundant material, carbon dioxide, into useful products. 

Investigation of carbon dioxide catalytic activation is explored by a 
variety of subdisciplines (homogeneous catalysis, heterogeneous catalysis, 
electrocatalysis/photoelectrocatalysis), often with little cross-citation of 
work. This situation created a need to bring together the leading researchers 
to provide an overview of methods and accomplishments to date. 

The papers range from general issues (sources, economics, and 
physical properties) to theoretical treatments of carbon dioxide bonding, 
followed by the various catalytic approaches (homogeneous, enzymatic, 
heterogeneous, electrocatalytic, hybrid, photoelectrocatalytic). The volume 
does not cover noncatalyzed photochemical reactions or energetic particle 
(electron beam and fission fragment) activation of carbon dioxide. These 
methods and an overview of earlier approaches for converting carbon 
dioxide can be found in a series of reports prepared at Brookhaven National 
Laboratory (3). 

ix 
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Realistically, both carbon dioxide and carbon monoxide need to be 
examined as feedstocks for future applications. These two materials are 
linked together through the water gas shift reaction: 

CO + H 2 0 = C 0 2 + H 2 

The recent advances in catalysis of the shift reaction have been reviewed 
by Ford (4), Laine (5), and in a companion volume in the Symposium 
Series, Catalytic Activation of Carbon Monoxide (6). 

Prior to this symposium, reviews of homogeneous (7, 8) and electro-
catalytic (9) activation of carbon dioxide suggested its emergence as an 
alternative to carbon monoxide, primarily on the basis of its low cost, 
abundance, and lower toxicity. The challenge with carbon dioxide reactions 
(in which hydrogen species act as oxygen acceptors) is to overcome the 
kinetic barriers to reaction. 

I wish to thank the symposium participants, Robin Giroux of ACS 
Books, and The Carbon Dioxide Research Division, Office of Basic Energy 
Sciences, Office of Energy Research of the US. Department of Energy for 
financial support through Grant No. DE-FG05-87ER13760. 
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Chapter 1 

Sources and Economics of Carbon Dioxide 

Sol J. Barer1 and Kenneth M . Stern 

Chem Systems, Inc., Tarrytown, NY 10591 

In order for carbon dioxide to be 
considered as a significant feedstock for 
the chemical industry it must be both 
readily avialable and economically 
attractive. Sources of carbon dioxide can 
be catagorized in terms of the 
concentration of this material - high or 
low. Examples of the former include 
natural reservoirs, natural gas processing 
plants and facilities engaged in the 
production of ethylene oxide, ammonia or 
hydrogen. The largest potential supply of 
carbon dioxide, however, is from the 
dilute sources which comprise various 
fossil fueled power plants (including 
coal, oil-and gas-fired facil it ies). 
This paper will discuss some of the issues 
associated with the various sources as 
well as provide a perspective on their 
economics. 

Carbon dioxide is an industrial gas with two distinct 
identit ies. Its traditional role relates to recovery from 
ammonia production and use in urea manufacture. Smaller 
amounts are recovered from other sources (e.g., ethanol 
plants), and the merchant CO^ market also includes 
consumption in end uses such as refrigeration and beverage 
carbonation. An exciting potential, of course, is for use 
as primary petrochemical feedstock. 

1Current address: Celgene, 7 Powder Horn Drive, Warren, NJ 07060 

0097-6156/88/0363-0001 $06.00/0 
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2 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Conventional uses for C0 2 are: 

1. Urea (approximately 5200 thousand metric tons/year) -
this is basically a captive market. 

2. Refrigeration (approximately 1500 thousand metric 
tons/year). 

3. Beverages (approximately 750,000 metric tons/year). 
4. Enhanced oil recovery (approximately 6-7 mil l ion 

metric tons/year). 

As detailed below the basic sources of COp are natural 
gas processing plants, ethanol plants, ammonia plants, 
hydrogen plants and ethylene oxide plants. In addition, 
there are a variety of dilute sources, the largest 
category of which is power plants. As shown below, of the 
man-made sources, the largest is ammonia production 
approximately 1100 MCF (million standard cubic feet). 
This is to be compared with approximately 80-90,000 MCF 
from power plants. Natural sources total 1500-2000 MCF. 
the economics for the use of carbon dioxide arising form 
these high concentration sources is dependent on clean-up 
and compression cost. 

Natural Reservoirs 

The major reservoirs of natural C0p occur around the 
Permian Basin area. Sheep Mountain, in southeastern 
Colorado is estimated to contain one t r i l l i o n cubic feet 
(TCF) of C02 of 97% purity. Productive capacity is 
approximately 300 MCF per day. Other important sources 
include Brano Dome in New Mexico with reserves of 5 TCF 
and with total productive capacity of approximately 350 
MCF per day. The McElmo Dome has reserves of greater than 
8 TCF (97% purity) of the same productive capacity as the 
Brano Dome Unit. The potential for the McElmo Dome is 
believed to be approximately 1 b i l l i on cubic feet per day. 
In addition, other units include Jackson Dome, Mississippi 
(1 TCF proven) and the LaBrage area of southwestern 
Wyoming which is believed to have reserves in excess of 20 
TCF. These data, based on the 1984 National Petroleum 
Council study of enhanced oi l recovery, indicate that the 
aggregate supply is approximately 2 b i l l ion cubic feet per 
day. 

Natural Gas Processing Plants 

There are many deposits of natural gas which also 
contain appreciable quantities of C0 ? . The C0p can be 
separated by any one of a number of acid gas removal 
processes. The approximate C0 ? emission from the natural 
gas processing plants is given in the table below: 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

17
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

3.
ch

00
1



BARER AND STERN Sources and Economics of COg 

(MCF/uay) 

Natural Gas Processing Plants Emitting C0 2 

Approximate C05 

State Produced 
"Louisiana 
New Mexico 12 
Texas 210 
W. Virginia 20 
Wyoming 6 

Total 254 

Source: "Feas ib i l i ty and Economics of By-Product C0 2 for 
Enhanced Oil Recovery", DOE contract DE-AT21-78, p.181-182 
MC08333. 

As is the case for natural C0 2 reservoirs, C0 2 

recovered from natural gas processing plants is generally 
of sufficient quantity to be pipelined to oi l f ields for 
use in miscible flood cooperation. Carbon dioxide 
produced from this source is generally considered to be 
distinct from traditional merchant market sources. 

Ethanol Plants 

The sources of ethanol in the United States have been 
undergoing significant change in recent years, (ψ until 
the past few years, synthetic ethanol dominated the 
industrial ethanol market. Domestic fermentation ethanol 
capacity for industrial/fuel applications was negligible 
compared to the capacity for synthetic ethanol. 

Over the past five years, the capacity of plants 
making fermentation ethanol primarily for fuel use has 
rapidly increased. Fermentation ethanol capacity in the 
United States is estimated to be approximately 850 mil l ion 
gallons per year. 

In the fermentation process, C0 2 and ethanol are 
produced in roughly equal weights. This translates into a 
C0 2 production rate of about 60 SCF per gallon of ethanol. 
Based on the capacity figure cited above, total C0 2 supply 
from this source is estimated to be 130 MCF/D. Recovered 
C0 2 from this source would generally find application in 
the conventional C0 2 merchant market. 

Ammonia Plants 

Ammonia is produced by the catalytic reaction of 
nitrogen and hydrogen at high temperature and pressure. 
The overall process includes the major steps of 
desulfurization, reduction of feed with steam and reaction 
of reformed gas with air over catalyst. Subsequently, CO 
is reformed with additional hydrogen (via steam) and C0 2 

is removed. 
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4 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

As a result of the shift reaction, significant 
quantities of CCL are produced during the process, which 
can be coupled with urea plants to use the C0 2 captively. 
U.S. ammonia plants have nearly 18 mill ion tons of 
capacity corresponding to a CO^ production rate of 
approximately 1 b i l l ion cubic feet per day. This (when 
subtracted from CCL use for urea) translate into an 
avai labi l i ty of approximately 800 MCF per day. Only about 
3.5 mil l ion metric tons actually reach the market. 

Hydrogen Plants 

Hydrogen is produced in large quantities in many 
refineries for use in operations such as hydrotreating, 
isomerization and hydrocracking. It is most frequently 
obtained from a synthesis gas produced by steam reforming 
of natural gas. 

In the production of hydrogen, pressurized natural gas 
is desulfurized over active carbon or hot zinc oxide, 
mixed with steam to give the required steam-to-feedstock 
carbon molar ratio (typically three to one) and then 
steam-reformed. 

To generate a high purity hydrogen product, the C0 2 

stream, after moisture removal, is either vented or sofd. 
Approximately 25 SCF of C02 are produced for every 100 SCF 
of hydrogen. At a total U\S. capacity of approximately 2 
b i l l i on cubic feet per day of hydrogen and approximately 
550 MCF per day of C0 2 can be produced. 

Ethylene Oxide 

The conventional route to ethylene oxide entails the 
direct vapor phase oxidation of ethylene. The reaction 
proceeds at 200-300 C and 10-30 atmospheres to produce 
ethylene oxide in 65-80 mole percent se lect iv i ty. The 
success of this technology is attributable to the 
development of fa i r ly selective s i lver oxide catalysts 
which limit combustion of ethylene to CO, C0 2 and water. 
The C02 is present in the purge gas. Oxygen-based 
ethylene oxide plants produce approximately 60 MCF of C0 2 

per day. 

Dilute Sources 

Dilute sources of C0 2 consist of sources in which the 
C0 2 would otherwise be discharged to atmosphere in a flue 
gas stream. Relatively high expenses would be incurred 
for recovery of the C0 2 . 

To date, only one project has attempted to u t i l i ze the 
exhaust stream from an electr ic power plant for C02 

recovery. This project involved recovery of C02 from the 
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BARER AND STERN Sources and Economics of COg 

flue gas of a gas-fired u t i l i t y boiler and delivered 
approximately 100 tons C02/day. 

Coal-fired power plants have C0? exhaust content 
ranging from approximately 23,000 t6 43,000 SCF/ton of 
coal. Oil-and Gas-fired Power Plants, produce 
approximately 10 b i l l ion cubic feet per day. 

The estimated total production of C0 2 from power 
plants is quite large (approximately 90 BCF per day). 
However, there are a number of issues with respect to the 
use of such C02 including the presence of sulfur compounds 
in the gas which could seriously effect catalysts. 

Summary of C0 ? Supply 

Carbon dioxide is derived from natural and man-made 
sources, with the latter make up of both high 
concentration and low concentration sources. Of the total 
C0 2 generated, only a small portion is recovered for 
subsequent sale, whereas natural C0 2 is generally 
recovered for large volume applications such as enhanced 
oil recovery. However, for sheer magnitude, the C0 2 

produced in power plants is many times larger than the 
other sources. Unfortunately, this huge volume of C02 is 
in dilute form necessitating concentration. From the 
perspective of the chemical industry, as opposed to those 
interested in the massive use of C0 2 for enhanced oi l 
recovery, the quantities required would appear to be 
sufficient from the high concentration sources. 

Recovery Technology 

Carbon dioxide can be recovered in a number of ways. 
The choice of system depends on various factors, 
including: 

Feed gas C0 2 concentration and pressure 
Percent recovery required 
Presence of contaminants that may foul the 
equipment or solvents 

Conventional carbon dioxide recovery systems fa l l into the 
following categories: 

Chemical solvent systems that chemically react 
with selected gases, regenerate the solvent by 
reversing the reaction with heat and/or pressure 
let down wherein absorbed acid gases are 
released. The solvents are typical ly 
alkanolamines or hot potassium carbonate. 

Physical solvent systems in which gas is absorbed 
by physical means in a solvent and released by 
heating and/or pressure let-down. 
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β CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Membranes offering the unique property of 
selective permeability. These are permeable 
films that permit some gases to transfer through 
them more rapidly than others, thereby permitting 
components to be separated. They operate on a 
continuous flow basis. 

Cryogenic separation in which very low 
temperatures are used to ch i l l the feed streams 
and allow d i s t i l l a t ion of the various components. 

Of these alternatives, the solvent absorptions 
processes are by far the most frequently ut i l ized for C0 2 

recovery. 

Economics of CO,, Recovery 

Estimation of C02 recovery economics is a complex 
undertaking, primarily because of (a) the wide variations 
in composition among the many potential feed streams, and 
(b) the numerous available recovery techniques and 
configurations thereof. 

An important source of C0 2 for recovery is natural C0 2 

deposits (e.g., in association with natural gas). Such 
streams would exhibit a wide range of compositions; one 
representative stream might be characterized as 50 percent 
methane and 50 percent C0 2 . 

The cost of C0 2 recovery from this high level C0 2 

stream via a trietnanolamine (TEA) solvent process is 
approximately $.50/MCF with the major single portion 
(approximately 45%) being the u t i l i t y component. For a 
membrane system the cash cost is lower (approximately 
$.40/lb.) with approximately 50% due to u i l i t i e s . A major 
difference between the two processes is the relatively 
high cost of a plant for the former vs. the latter 
(approximately $14.2 vs. $8.4 mill ion for a 6 MCF per year 
fac i l i t y ) which could increase the net cost of production 
to approximately $.64 vs. $.94 MCF respectively. This 
analyses suggests that membranes may be an attractive 
choice for high C02 content stream processing. 

As noted previously, flue gas is the largest potential 
source of C0 2. However, recovery costs must be 
suff ic ient ly low to allow for acceptable end product 
values. The recovery of C0 2 from flue gases is 
accomplished with aqueous solutions of MEA. An analysis 
of the cost of proprietary technologies for recovery of a 
C0 2 generation plant with a C0 2 recovery capacity of 1000 
tons/day reveal a net cost of producing C0 ? to be 
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BARER AND STERN Sources and Economics of C02 

approximately $2.75-3.00/MCF with approximately 1/3 
allocated to steam costs. 

With both processes, 97 percent of the CCL is 
recovered as product. The methane concentration in the 
C0 2 product is 3 percent. This reflects a 72.5 percent 
recovery of methane as a by-product. A second stage of 
membranes would definitely not be required in this case as 
it would be in the case of feed streams containing less 
co 2. 

Summary 

Although the dilute sources of carbon dioxide make up 
the greatest volume of available feed stock, the cost of 
recovery can be a significant component of the overall 
cost of a reaction process using such CCL. As membrane 
separation processes are further developed, they may 
become the most cost effective route for recovery and 
ut i l izat ion of point source generated carbon dioxide. 

RECEIVED October 6, 1987 
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Chapter 2 

Carbon Dioxide Equilibria 

James N. Butler 

Division of Applied Sciences, Harvard University, Cambridge, 
MA 02138 

The solubility of carbon dioxide in aqueous and non
aqueous solutions depends on its partial pressure (via 
Henry's law), on temperature (according to its en
thalpy of solution) and on acid-base reactions within 
the solution. In aqueous solutions, the equilibria 
forming HCO3- and CO3= depend on pH and ionic strength; 
the presence of metal ions which form insoluble carbon
ates may also be a factor. Some speculation is made 
about reactions in nonaqueous solutions, and how 
thermodynamic data may be applied to reduction of CO2 

to formic acid, formaldehyde, or methanol by hetero
genous catalysis, photoreduction, or electrochemical 
reduction. 

The s o l u b i l i t y of carbon d i o x i d e i n aqueous or nonaqueous media de
pends on three primary f a c t o r s : temperature, p a r t i a l pressure of 
carbon d i o x i d e , and acid-base r e a c t i o n s i n the s o l u t i o n . Accurate 
data f o r s o l u b i l i t y and e q u i l i b r i a are well-known f o r aqueous s o l u 
t i o n s (1-3), but not f o r nonaqueous s o l u t i o n s . N e i t h e r the s t a n 
dard compilations of e q u i l i b r i u m constants (1,2) nor recent reviews 
on nonaqueous e l e c t r o l y t e s (4·) cover what appears to be a large and 
poorl y indexed l i t e r a t u r e . 

The reason I say "poorly indexed" i s that out of s e v e r a l thou
sand e n t r i e s i n the 10th c o l l e c t i v e index to Chemical A b s t r a c t s 
(1977-81), r e l a t i n g to carbon d i o x i d e , only two e n t r i e s contained 
the term " s o l u b i l i t y " and n e i t h e r of these p e r t a i n e d to the s o l u b i 
l i t y of carbon dioxide i n a l i q u i d phase. On the other hand, the 
many e n t r i e s under terms l i k e "removal from n a t u r a l gas" i m p l i e d 
that q u i t e a l o t of data could be found with enough e f f o r t . 

A h i s t o r i c a l p e r s p e c t i v e may give a rough estimate: A compila
t i o n r e p o r t i n g work done before 1928 ( 5 ) , contains three and a h a l f 
large pages of closely-packed q u a n t i t a t i v e data f o r the s o l u b i l i t y 
of carbon dioxide i n 48 nonaqueous s o l v e n t s . A 1958 c o l l e c t i o n 
(6) gives 17 pages of tabl e s summarizing the s o l u b i l i t y of carbon 

0097-6156/88/0363-0008506.00/0 
© 1988 American Chemical Society 
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2. BUTLER Carbon Dioxide Equilibria 9 

dioxide i n 45 organic s o l v e n t s , as w e l l as s a l t s o l u t i o n s and mix
tures of so l v e n t s . I f the amount of published inf o r m a t i o n i n t h i s 
f i e l d has doubled every 7 years, as i t has i n most scien c e s , the 
current l i t e r a t u r e ( a f t e r 28 years) should be about 16 times as 
l a r g e , or about 2 70 pages of t a b l e s . 

I f a recent c r i t i c a l review of data f o r carbon dioxide i n non
aqueous media has not yet been compiled, i t c e r t a i n l y should be 
commissioned as soon as p o s s i b l e . 

Pressure 

The s o l u b i l i t y of carbon dioxide under condi t i o n s where i t does not 
undergo s i g n i f i c a n t r e a c t i o n (such as a c i d i c aqueous s o l u t i o n s ) i s 
governed by Henry's law: the concentration of CO2 i n s o l u t i o n i s 
p r o p o r t i o n a l to i t s p a r t i a l pressure i n the gas phase ( 3 ) : 

[ C O 2 ] Y O = H ° P C 0 2 

N o n i d e a l i t y i n the s o l u t i o n phase, r e s u l t i n g from the s a l t i n g -
out e f f e c t (see below), i s accounted f o r by an a c t i v i t y c o e f f i c i e n t 
Ύ 0. N o n i d e a l i t y i n the gas phase at high pressure can be accounted 
f o r by consi d e r i n g the c o e f f i c i e n t K H to be pressure-dependent, or 
by i n t r o d u c i n g a f u g a c i t y c o e f f i c i e n t m u l t i p l y i n g P, as i s common i n 
the Chemical Engineering l i t e r a t u r e . The Henry's law constant i s 
als o f r e q u e n t l y represented as H, the r e c i p r o c a l of K J J (7) : 

y Φ Ρ = m Ύ H 
Ja a a a a 

where Ρ i s t o t a l pressure, ΦΆ i s f u g a c i t y c o e f f i c i e n t of CO2, y a i s 
gaseous mole f r a c t i o n , ma i s m o l a l i t y of CO2 i n the aqueous phase, 
and Y a i s the a c t i v i t y c o e f f i c i e n t of CO2 i n the aqueous phase. 

At ambient pressures and temperatures, Henry's law i s essen
t i a l l y l i n e a r ; but at lower temperatures and higher pressures (par
t i c u l a r l y i n the s u p e r c r i t i c a l region) n o n l i n e a r i t y i n the pressure 
dependence of s o l u b i l i t y can be q u i t e s u b s t a n t i a l . In general, K H 

i s somewhat higher at higher pressure. For example (data s e l e c t e d 
from Ref. 5 ) , K H i n water at 100°C and 70 atm i s 0.00343; at 140 
atm i t i s 0.00408; K H i n acetone at -78°C and 50 t o r r (0.0658 atm) 
i s 12.28; at 650 t o r r (0.855 atm) i t i s 13.54. 

Temperature 

Temperature i s the most important parameter a f f e c t i n g the Henry's 
law c o e f f i c i e n t . Table 1 l i s t s a few randomly (not c r i t i c a l l y ) 
s e l e c t e d values f o r aqueous and nonaqueous media (.5). In water, K J J 
decreases by a f a c t o r of ten as temperature i s r a i s e d from 0°C to 
200°C, but above that i t increases w i t h i n c r e a s i n g temperature. 

One e m p i r i c a l equation d e s c r i b i n g the temperature dependence of 
K H from 0 to 100°C i s (2) 

-l o g K„ = log H = 470.067 - 14947.2/T - 79.163 In Τ + 0.10926 Τ 
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10 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Table I . Henry's Law C o e f f i c i e n t f o r CO, 

Temp °C Pressure S o l u t i o n Ref 

-78 50 t o r r acetone 12.28 ICT 
-78 650 t o r r acetone 13.54 ICT 
-78 740 t o r r methanol 7.92 ICT 
-78 700 t o r r ethanol 4.67 ICT 
-65.3 1 atm 99% ethanol 1.76 ICT 

0 1 atm water .0776 Stumm 

25 1 atm water .03388 Stumm 
25 1 atm water .03367 ICT 
25 1 atm water .03374 ICT 
25 1 atm 3 M Aqueous NaCl .01698 JNB 
25 1 atm 3.2 M NH4C1 .02717 ICT 
20 1 atm 95.6 % H 2S0 4 .0412 ICT 
25 1 atm CCI4 .0938 ICT 
25 1 atm CS 2 .140 ICT 
25 1 atm CHCI3 • 141 ICT 
25 1 atm methanol .139 ICT 
25 1 atm C2H4CI2 .144 ICT 
25 1 atm 99% ethanol .125 ICT 
20 50 atm ethanol .157 ICT 
25 1 atm p y r i d i n e .149 ICT 
25 1 atm benzene .0991 ICT 
20 20 atm benzene .150 ICT 
20 20 atm chlorobenzene .130 ICT 
25 1 atm a n i l i n e .0541 ICT 
20 1 atm petroleum .0522 ICT 

100 1 atm water .01023 Stumm 
100 70 atm water .00343 ICT 
100 140 atm water .00408 ICT 
100 50 atm ethanol .02936 ICT 
100 135 atm ethanol .04363 ICT 
100 97 atm e t h y l ether .05842 ICT 
200 16 atm water .00891 Stumm 
330 90 atm water .0200 E l l i s 

Notes: Temperature has the biggest e f f e c t , 
increases at lower T. 

Pressure has s m a l l e f f e c t : K H increases at higher P. 
K H i s l a r g e r i n organic so l v e n t s than i n water. 
No dramatic d i f f e r e n c e among s o l v e n t s . 

Refs: Stumm, W.; Morgan, J . J . Aquatic Chemistry; New York: Wiley, 
2nd Ed., 1981. See Ref. (3) i n t e x t . 

E l l i s , A.J. Golding, R.M. Am. J . S c i . 1963, 261, 47-60. 
ICT = I n t e r n a t i o n a l C r i t i c a l Tables (1928). Ref. (5) i n 

t e x t . 
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2. BUTLER Carbon Dioxide Equilibria 11 

where Τ i s i n degrees K e l v i n . At 25°C, log K H = -1.472, or K H = 
0.0337, i n agreement w i t h Table 1. An a l t e r n a t i v e e m p i r i c a l equa
t i o n (8) covers the range from 0 to 250°C: 

- l o g K H = 41.0371 - 2948.44/T - 4.9734 In Τ - 0.0045401 Τ 

At 25°C t h i s gives l o g K H = -1.458, or K H = 0.0348, a l i t t l e higher 
than the data i n Table I . However, the wider temperature range i s 
an advantage f o r some purposes. 

At low temperatures carbon d i o x i d e i s extremely s o l u b l e i n most 
p o l a r organic solvents such as a l c o h o l s and ketones (Table I ) . 

At ambient temperature, carbon d i o x i d e i s three to f i v e times more 
s o l u b l e i n most organic s o l v e n t s than i n water (Table I ) . The 
d i f f e r e n c e s among p o l a r (e.g. methanol, = 0.139) and nonpolar 
(e.g. carbon t e t r a c h l o r i d e , K J J = 0.094) solvents are sm a l l . Two 
solvents which have r e c e n t l y been of p r a c t i c a l i n t e r e s t i n removing 
carbon d i o x i d e from n a t u r a l gas are propylene carbonate (9) and 
monoethanolamine (10) - t h i s l a s t ought to be c l a s s i f i e d as an 
acid-base r e a c t i o n . Judging from the number of e n t r i e s i n the 10th 
c o l l e c t i v e index to Chemical A b s t r a c t s , there i s a s u b s t a n t i a l 
chemical engineering l i t e r a t u r e on t h i s t o p i c . 

The ions of nonreactive s a l t s i n f l u e n c e the s o l u b i l i t y of C02 v i a 
the s a l t i n g - o u t e f f e c t . This i s accounted f o r by an a c t i v i t y 
c o e f f i c i e n t f o r uncharged CO2, whose logarithm i s d i r e c t l y propor
t i o n a l to the i o n i c s t rength. At 25°C ( 3 ) , 

for sodium c h l o r i d e s o l u t i o n s . At other temperatures and higher 
i o n i c s t r e n g t h s , t h i s e m p i r i c a l equation (.11, 12) can be used: 

where t i s temperature i n degrees C e l s i u s . 
Although the s a l t e f f e c t i s somewhat greater at higher temper

a t u r e s , i t i s not large compared to the e f f e c t s of pressure, temper
ature, s o l v e n t , and e s p e c i a l l y acid-base r e a c t i o n s . 

Acid-Base Reactions 

Reaction of CO2 w i t h bases - e i t h e r as solvent or s o l u t e - i s by f a r 
the most s i g n i f i c a n t e f f e c t on C02 s o l u b i l i t y i n aqueous media. The 
e q u i l i b r i a are well-known f o r aqueous s o l u t i o n s (1, 2, 3, 7), but 
l i t t l e data has been s y s t e m a t i c a l l y compiled on acid-base r e a c t i o n s 
of CO2 i n nonaqueous s o l u t i o n s (see I n t r o d u c t i o n ) . 

Solvent 

S a l t s 

lo g γ = 0.1 I 
0 ο 

log γ ο = 
(33.5-0.109t+0.0014t 2)I - (1.5+0.015t+0.004t 2)I 2 

(t 4- 273)  P
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12 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

E f f e c t s of other ions i n s o l u t i o n on the acid-base r e a c t i o n s 
are accounted f o r i n two complementary ways - v i a a c t i v i t y c o e f f i 
c i e n t s i n the e q u i l i b r i u m equations ( 3 ): 

[H +][HC0 3~] γ + γ_ = K A ] _ [C0 2] γ ο 

[ H + ] [ C 0 3
= ] γ + γ = = [HC03""] γ_ 

and v i a e q u i l i b r i a of i o n - p a i r i n g , e x e m p l i f i e d by the i n t r o d u c t i o n 
of a sodium-carbonate ion p a i r e q u i l i b r i u m 

[NaC0 3~] = K. [ N a + ] [ C 0 3
= ] . 

The ion p a i r i s included i n a d d i t i o n to Na +, HCO3", and C 0 3
= i n the 

mass and charge balances (3): 

C T = [C0 2] + [HC0 3"] + [ C 0 3
= ] + [NaC0 3"] 

[H +] + [Na +] = [HC0 3"] + 2 [ C 0 3
= ] + [NaCO^] + [0H~] 

The d i s t i n c t i o n between "pure" e l e c t r o s t a t i c e f f e c t s and ion 
a s s o c i a t i o n i s somewhat a r b i t r a r y ; f o r example, many workers have 
used an extended Debye-Huckel equation wi t h f i x e d i o n - s i z e para
meters to compute the a c t i v i t y c o e f f i c i e n t s , and assigned a l l other 
n o n i d e a l i t y to i o n - p a i r i n g e q u i l i b r i a (3, 13, 14). Recent reviews 
have surveyed more elaborate solvation-based thermodynamic t h e o r i e s 
of e l e c t r o l y t e s (15, 16). 

The f i r s t a c i d i t y constant decreases monotonically w i t h temper
ature: p K a l = - l o g ( K a l ) changes from 6.58 at 0°C to 6.352 at 25°C 
to 6.30 at 65°C (7K An e m p i r i c a l r e l a t i o n f o r the range 0-65 ° C i s : 

log Κ = 1202.09 - 34771.1/T - 207.876 In Τ + 0.310514 Τ 

p K a l increases to 7.08 at 200°C and 8.3 at 300 ° C (3 8, 17). An 
e m p i r i c a l r e l a t i o n s h i p covering the range from 0-225 °C i s (8): 

log Κ = 102.268 - 5251.53/T - 15.9740 In Τ 

which gives p K a l = 6.36 at 2 5 ° C and 7.22 at 200 ° C . 
An extensive d i s s e r t a t i o n on the p r e d i c t i o n of thermodynamic 

p r o p e r t i e s f o r aqueous e l e c t r o l y t e s can be found i n the work of 
Helgeson and Kirkham (18). 

The second a c i d i t y constant a l s o goes through an extremum: 
p K a 2 decreases from 10.625 at 0°C to a minimum of 10.14 at about 
9 0 ° C , then increases to 10.89 at 218°C (17). 

At high pressures and temperatures, or i n nonaqueous media, 
pH may not be a convenient q u a n t i t y to measure; however, any quan
t i t y can be made i n t o a master v a r i a b l e v i a the appropriate mass 
and charge balances. One obvious q u a n t i t y i s the p a r t i a l pressure 
of CO2; another i s the t i t r a t i o n a l k a l i n i t y (3) 
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2. BUTLER Carbon Dioxide Equilibria 13 

A c = [HC03 ] + 2 [C0 3 ] + [OH ] - [H +] + ... 

which to a f i r s t approximation i s independent of CO2 c o n c e n t r a t i o n . 
In the absence of a good l i t e r a t u r e survey, l e t me speculate 

about what e f f e c t s one might expect i n nonaqueous media. In the 
t o t a l absence of water, C0 2 would not form H2CO3, and hence would 
not provide HCO3" or C03 =. On the other hand, a s t r o n g l y b a s i c 
solvent or s o l u t e might form analogous ions w i t h CO2. For example: 

C0 2 + OH" = HC0 3"; 

C02 + NH 2~ = C0 2NH 2". 

In solvents of low d i e l e c t r i c constant ( i . e . carbon t e t r a 
c h l o r i d e or benzene), d i s s o c i a t i o n i n t o ions i s more d i f f i c u l t , and 
io n a s s o c i a t i o n i s the r u l e r ather than the exception. 

In a p r o t i c s o l v e n t s of high d i e l e c t r i c constant ( i . e . propylene 
carbonate or dimethyl s u l f o x i d e ) , d i s s o c i a t i o n i n t o ions i s f a c i l i 
t a t e d , but to produce HCO^- one would have to provide some water to 
react w i t h CO2. Hydroxides and carbonates tend to be i n s o l u b l e i n 
anhydrous a p r o t i c solvents (19), and thus HCO3" and C03 = would tend 
to be present at very low c o n c e n t r a t i o n , i f at a l l . 

E l e c t r o c h e m i s t r y 

Reduction of carbon d i o x i d e can produce a wide v a r i e t y of p o s s i b l e 
products. Thermodynamically, the most s t a b l e product i s methane, 
but products of intermediate o x i d a t i o n s t a t e such as methanol, 
methanal, formate, o x a l a t e , carbon monoxide, and elemental carbon 
are a l l p o s s i b i l i t i e s (20, 21). 

CO2 r e d u c t i o n proceeds r e a d i l y to formic a c i d on most metal 
e l e c t r o d e s , and formic a c i d reduction proceeds most r a p i d l y on 
ele c t r o d e s w i t h high hydrogen overvoltage such as l e a d , t i n , and 
indium; t h i s appears to be r e l a t e d to the s t a b i l i t y of intermediates 
(22, 23). 

The anions HCO3"" and C03 = tend to be r e p e l l e d from the nega
t i v e l y charged e l e c t r o d e . I t has been e s t a b l i s h e d (24) that even i n 
concentrated s o l u t i o n s of NaHC03, reduction of bicarbonate ion 
occurs v i a uncharged C0 2. D i r e c t r e d u c t i o n of the anion i s very 
slow by comparison. 

Reduction of carbon d i o x i d e and i t s intermediates i s c a t a l y z e d 
by i l l u m i n a t i o n . Photocatalyzed reduction of CO2 to formaldehyde 
and methanol has been observed on semiconductor powders suspended 
i n s o l u t i o n (25) as w e l l as on GaAs el e c t r o d e s (26). 

One might expect that the higher concentrations of CO2 i n s o l u 
t i o n , obtained i n nonaqueous media, might increase the rate of 
red u c t i o n , but si n c e the enhancement of s o l u b i l i t y i s not great 
(Table I) and the e f f e c t of the d i f f e r e n t solvent on r e a c t i o n i n t e r 
mediates i s d i f f i c u l t to p r e d i c t , i n c r e a s i n g the r a t e of CO2 reduc
t i o n by changing solvent i s probably not a simple or s t r a i g h t f o r w a r d 
problem. 
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14 CATALYTIC ACTIVATION OF CARBON DIOXIDE 
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Chapter 3 

Coordination of Carbon Dioxide to Nickel 

An Alternative Theoretical Model 

R. P. Messmer and H.-J. Freund1 

General Electric Company, Corporate Research and Development, 
Schenectady, NY 12301 

An alternative to the molecular orbital description of 
CO2 bonding to a transition metal is proposed here. The 
new description is based on ab initio calculations which 
include important electronic correlation effects neg
lected in molecular orbital theory. The resulting 
valence bond picture, which includes "bent-bonds" for 
CO2 rather than σ and π bonds, has striking similari
ties to the description given in qualitative discussions 
by Pauling many years ago. 

In the last two to three decades molecular orbital theory has become 
the paradigm for discussing bonding in molecules. It has had many 
impressive successes and has contributed greatly to our understanding 
of the electronic structure of molecules. However, one must not lose 
sight of the fact that molecular orbital theory totally neglects elec
tronic correlation effects, which may have important consequences for 
bonding. 

Here, we investigate the effect of electronic correlation on our 
understanding of chemical bonding for the case of the QO^ molecule and 
the coordination of this molecule to a nickel atom. We employ ab 
in i t i o calculations based on the generalized valence bond (GVB) method 
(1) to study the C0 2 molecule, both as an isolated entity and coordin
ated to Ni. By analogy to transition metal complexes, three different 
coordination geometries for the C0 2 molecule are considered: pure car
bon coordination (I), pure oxygen coordination (II) and mixed carbon-
oxygen coordination (III). 

1Current address: Institut für Physikalische und Theoretische Chemie der Friedrich
-Alexander-Universität Erlangen-Nürnberg, Egerlandstrasse 3, D-8520 Erlangen, Federal 
Republic of Germany 

0097-6156/88/0363-0016S06.00/0 
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3. MESSMER AND FREUND Coordination of COg to Ni 17 

In a l l cases studied, the bonding between the CO^ moiety and the metal 
atom is described best as a CX>2 anion interacting with a Ni cation. On 
the basis of the calculations, several features of the interaction of 
C0 2 and metal surfaces can be discussed. Before discussing these 
results for coordinated C0 2 in more detail, we consider the isolated 
C0 2 molecule. 

The C0 2 Molecule and Bent-Bonds 

It has recently been demonstrated (2) that i f correlated wave func
tions are used in the description of the C0 2 molecule and the orbitals 
are not forced to be symmetry orbitals, then one obtains a lower energy 
for multiple "bent-bonds" (Ω-bonds) than for the traditional Ο and 
7Γ bonds. Figure 1 shows contour plots of the Ω-bonds for one of the 
double bonds of C0 2. In panel A two orbitals which overlap to form a 
C-0 bond are shown. On the l e f t is an orbital more localized on the 
oxygen atom and on the right one which is more localized on the carbon 
atom; they can be thought of as overlapping, variationally determined 
atomic-like hybrids. Panel Β shows the orbitals which make up the 
other half of the double bond; they are clearly symmetry-related to 
those in panel A. In panel C, contour plots of one of the oxygen lone 
pairs are shown. One can clearly see the "in-out" correlation ex
hibited by the pair of electrons, in which one orbital (at the right) 
is closer to the oxygen nucleus, while the other orbital (at the left) 
is more extended. Panel D shows the orbitals making up the second lone 
pair on the same oxygen atom; they are equivalent by symmetry to the 
pair in panel C. In Figure 2a, a schematic representation of the many-
electron wave function is presented. The dots denote the number of 
electrons in each orbital and the lines denote which orbitals overlap 
to form bonds. The bonds labeled A and Β in Figure 2a are composed of 
the orbitals in panels A and Β of Figure 1, respectively. The computa
tional details are described elsewhere (2). 

The perfect-pairing (PP) orbitals of this wave function clearly 
show the "lone-pairs" and "bond pairs" which are part of the language 
of the experimental chemist. This is in contrast to the molecular 
orbital description or to the GVB description with α-7Γ restrictions 
where the lone pairs and "7Γ" bonds are not discernable from contour 
plots of the orbitals (2) . It is somewhat reassuring that the wave 
function which gives the lowest variational energy (that of Figures 1 
and 2a) also most closely coincides with the experimental chemist's 
traditional view of the bonding (_3). 
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18 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Figure 1. GVB-perfect pairing orbitals for the ground state of C0 2: 
A and Β show the orbitals of the Ω-bonds for one of the CO double 
bonds; C and D show the orbitals of the two lone pairs on one of the 
oxygen atoms. 

(b) 

Figure 2. Schematic representations of the manyj-electron wave 
functions for: (a) the CO. ground state; (b) the CO anion. 
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Ζ. MESSMER AND FREUND Coordination of COg to Ni 19 

The COl anion is unstable in the gas phase, but the dimer anion 
(C0 2) 2 which can be thought of as composed of a neutral molecule 
(somewhat polarized of course) and a carbon dioxide anion, is stable 
(4). We have investigated the CO^ anion using this geometry and find 
the many-electron wave function to be of the form shown schematically 
in Figure 2b. The lone pair and bond pair orbitals of CO^ are found to 
be nearly identical to those of C0 2 (Figure 1), supporting the int u i 
tive notion of transferability of such entities between similar sys
tems. One can think of the wave function of C0 2 (Figure 2b) as arising 
from that of C02, when an additional electron is accepted by the latter 
in an orbital of an oxygen atom (the oxygen orbital of bond B, for 
example). The extra electron on oxygen (due to i t s higher electron 
affinity) results in the breaking of a carbon-oxygen bond and the 
formation of another oxygen lone pair. The anion can lower its energy 
by allowing the remaining bond (A in Figure 2a) to increase the overlap 
of its component orbitals (and decrease the Pauli repulsion between 
the new lone pair and the singly occupied orbital on carbon), resulting 
in the wave function of Figure 2b. This provides a simple and natural 
alternative explanation for the geometry of C0 2 to that given by 
Walsh's rules. 

Coordinated CÔ  

We now turn to a discussion of the bonding between C0 2 and a Ni atom. A 
complete description of theoretical and computational details and the 
relationship of the results to the chemisorption of C0 2 on metal sur
faces has been presented elsewhere (_5) ; here we focus s t r i c t l y on those 
aspects related to the bonding. However, before we discuss the bonding 
for the three individual coordination geometries (I) , (II) and (III) 
on the basis of the PP-orbitals, i t is appropriate to comment on a 
general result which is independent of the geometry. That i s , a l l the 
orbitals localized on the CO- moiety in the NiC0 2 complexes have the 
same shapes as the orbitals of C0 2 with the exception of those orbitals 
directly interacting with the Ni atom which are modified as described 
in the following discussion. This general result suggests that i t is 
indeed appropriate to consider the bonding in Ni-C0 2 by focusing on the 
interaction of C0 2 and Ni . 

Pure Carbon Coordination (I) 

For the case of the pure carbon coordination (_I) , i t is obvious that 
the single electron on the CO forms a^covalent bond with the unpaired 
d-electron on the Ni atom in its d configuration. The GVB pair 
forming this bond is shown in Figure 3a. Although the results of a 
Mulliken population analysis can only be regarded as a qualitative 
indicator of the actual charge distribution, a calculated electron 
transfer of 0.53e from the Ni atom to the C0 2 moiety supports the view 
expressed above regarding the substantial ionic nature of the inter
acting species. Figure 3b shows a schematic representation of the many 
electron wave function; the bond whose orbitals are given in Figure 3a, 
is labeled A. The stabilization of {I) with respect to the in f i n i t e l y 
separated parts is 7.79 eV. This stabilization is due both to the 
formation of a covalent bond and the coulombic interaction. An upper 
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20 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Figure 3. Coordination of C0 2 to Ni via carbon coordination: (a) 
orbitals forming the Ni-C covalent bond; (b) schematic diagram of 
the many-electron wave function; (c) classical "resonance" struc
tures.  P
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3. MESSMER AND FREUND Coordination of C02 to Ni 21 

limit to the latter contribution can be estimated from the Mulliken 
atomic charges of the separated systems to be 5.65 eV, which is 73% of 
the total stabilization energy. Note that the corresponding energy 
using the Hartree-Fock (molecular orbital) wave function is only 5.68 
eV, i.e., close to the pure coulomb interaction energy. However, the 
proper reference for the total energy of the system is not Ni + CO^ 
but rather Ni + C0 2. With respect to this reference point (I) is 
unbound by 1.72 eV. At the Hartree-Fock level i t is unbound by 3.57 
eV. As discussed elsewhere (!5) , this analysis with respect to the 
separated neutral species using calculated total energies needs to 
include corrections for errors made in the calculated electron 
af f i n i t y of C0 2 and the calculated ionization potential of the Ni atom. 
To correct for these errors we need to add 0.86 eV (HF: 1.02 eV) to the 
calculated binding energy with respect to the neutral species. Even 
including this correction, however, leaves unbound by 0.86 eV (HF: 
2.55 eV) with respect to Ni + CO^. Although two resonance structures 
(Figure 3c) should be taken into account for a proper description of 
the ground state wave_ function, the resonance stabilization w i l l 
mainly arise on_ the CÔ  moiety, and therefore be similar to that in 
uncoordinate C02» Thus we expect only l i t t l e influence of resonance on 
the bond energy of {I). Therefore, we conclude that the pure carbon 
coordination is unfavorable for C0 2 bonding to Ni. 

Pure Oxygen Coordination (II) 

If we place the Ni atom on the opposite side of the C0 2 moiety as 
compared to {I) , the Ni atom has a pure oxygen coordination, (11) . We 
have chosen the Ni-0 distance to be consistent with the bond lengths 
found in molecular complexes (.6,2)· The panels (Α, Α', Β and C) of 
Figure 4a show the orbitals which are non-trivially modified as a 
result of the Ni-C0 2 bonding interaction. The system has two unpaired 
electrons, coupled to form a tr i p l e t state. One electron resides on 
the CO moiety pointing away from the Ni atom (panel A), and the other 
is a α-electron on the Ni atom (panel A'). The former has the same 
shape as the orbital of the unpaired electron in free C02« The two 
lone pairs which establish two dative bonds to the Ni atom are shown in 
panels Β and C of Figure 4a. The bonds are formed by the lone pairs 
donating into somewhat diffuse, unoccupied hybrid orbitals (of s and ρ 
character) on the Ni atom. Due to the choice of the contours in the 
plotted orbitals (increment of 0.05 a.u.) the bonding interaction 
between the oxygen lone pairs and the diffuse Ni orbitals shows up as 
an indentation in the contours of the in-out correlated lone pairs 
which is not present in the isolated system (Figure 1). A schematic 
representation of the wave function is given in Figure 4b. A charge 
transfer similar to that for (_I) is found, however the stability of 
(II) has drastically improved over that of (I_) . With respect to the 
separated ions, namely Ni and C02, we calculate a stabilization 
energy of 9.23 eV. With respect to the separated neutrals, (11) is 
unbound by 0.28 eV. This results in a bound state by 0.58 eV, once the 
correction for the electron a f f i n i t y of C0 2 and the ionization poten
t i a l of Ni are taken into account. 

The Hartree-Fock calculation for (11) yields a stabilization 
energy with respect to the separated atoms which is nearly identical to 
the GVB-PP calculation, and taking the appropriate correction into 
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22 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

0 C 0 
Α' 

Î δ 
1 
Ni 

• m 

(α] 

0 c ο 

Ni 

Β 

(b) 

Figure 4. Coordination of CO to Ni via pure oxygen coordination: 
(a) tripl e t coupled orbitals (A and A'); oxygen lone pairs forming 
dative bonds to Ni (panels Β and C); (b) schematic diagram of the 
many-electron wave function. 
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3. MESSMER AND FREUND Coordination of C0B to Ni 23 

account (see above) the system is stable with respect to dissociation 
into C0 2 and Ni. Thus, as far as the calculated stabilization energy 
is concerned, electron correlation does not seem to be crucial in this 
case, because the amount of covalent bonding is smallest, and the 
electrostatic interaction largest, of the three geometries considered. 
The extra coulombic stabilization experienced in (_II) as compared to 
the pure carbon coordination (I) is sufficient to account for the 
higher stability of (11). Thus, our calculations indicate that the 
pure oxygen coordination represents a favorable coordination geometry 
for the Ni-C0 2 interaction. It should be mentioned that Jordan (8) has 
predicted a corresponding structure for LiC0 2 on the basis of Hartree-
Fock calculations. The structure of the Li-salts have recently been 
investigated using vibrational spectroscopy (9) and the results seem 
to be consistent with Jordan's prediction. 

Mixed Carbon-Oxygen Coordination (III) 

The fi n a l coordination geometry considered is (III). We have chosen 
the geometry such that the carbon-Ni and oxygen-Ni bonds lengths are 
consistent with those of (I) and (_II). Figure 5a shows the orbitals 
involved in the bonding between Ni and C02» In view of the discussion 
above, i t is almost unnecessary to note that a l l other orbitals are 
basically identical to the non-interacting fragments Ni and CO . 
Panel A of Figure 5a shows the GVB pair represening the carbon-Ni bond. 
Except for the asymmetry induced by the chosen geometry, the bond is 
very similar to the one shown in panel A of Figure 3a for the case of 
pure carbon coordination. Panel Β shows the oxygen lone pair donation 
into the diffuse s/p hybrid orbitals of Ni as indicated by the indenta
tion of the lone pair contours. Clearly, this unsymmetric coordina
tion involves both covalent and dative bonding modes. A schematic view 
of the many-electron wave function is shown in Figure 5b. The s t a b i l 
ity of this coordination mode is nearly as great as the pure oxygen 
coordination (11). Similar to the situation for (I) , the present 
geometry is unbound for the uncorrelated Hartree-Fock calculations 
even after accounting for the appropriate corrections. Thus, correla
tion effects for (III) are crucial in obtaining a bound system, unlike 
the situation for (11). 

Summary 

Our results for the three coordination modes considered here indicate 
that the C0 2 molecule prefers to adopt either a mixed carbon-oxygen 
coordination (III) or a pure coordination (11) to the metal center, 
while a pure carbon coordination (I) appears to be unfavorable. Fur
ther, the results suggest a rather weak C0 2 - transition metal bond 
consistent with the low stability of adsorbed C0 2 and C0 2 in molecular 
complexes. 

We have attempted to summarize some qualitative aspects of bond
ing obtained from recent quantitative calculations which include 
important electronic correlation effects ignored in molecular orbital 
theory. The resulting valence bond concepts derived from the calcula
tions, which have long been ignored as only qualitative and without 
sound theoretical foundation, are made quantitative and computa
tionally accessible through the generalized valence bond theory. The 
concept of bent-bonds (Ω-bonds), much discussed in the chemical 
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24 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

(a) 

1 
0 C 0 / 

\ i ». 

Ni 

0 C 0 

\ 
Ni 

+ 

Figure 5. Coordination of C0 2 to Ni via mixed carbon and oxygen 
coordination: (a) orbitals forming a covalent bond between Ni and C 
(panel A); orbitals of a oxygen lone pair forming a dative bond to 
Ni (panel B); (b) schematic diagram of the many-electron wave func
tion. 
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3. MESSMER AND FREUND Coordination of C0£ to Ni 25 

literature for decades has been demonatrated for the f i r s t time (.2) to 
be the energetically favored description of bonding in C0 2. The 
il-bonds description is not only found for double bonds, but for triple 
bonds and conjugated bonds as well (Messmer, R. P. and Schultz, P. A. 
Physical Review Letters, in press). Hence, i t appears that a natural 
language for the discussion of electronic correlation effects in bond
ing is a modified version of the valence bond approach long used by 
chemists as a useful empirical method to organize their vast experi
mental exper ience. 
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Chapter 4 

Metal-Induced Transformations of Carbon 
Dioxide 

Donald J. Darensbourg, Christopher G. Bauch, and Cesar Ovalles 

Department of Chemistry, Texas A&M University, College Station, 
TX 77843 

The activation of carbon dioxide by homogeneous and 
heterogeneous metal catalysts, as well as the nature of 
the stoichiometric insertion processes of these cata
lysts, are examined. The kinetic and mechanistic 
aspects of CO2 insertion into the M-X bond of M(CO)5X-

complexes (M = W, Cr and X = H, alkyl, aryl, aryloxy, 
and alkoxy) is investigated. The mechanism of CO2 

insertion in these systems is described as an associa
tive interchange (I a) type mechanism where prior loss of 
coordinated CO is not involved in the insertion process. 
The homogeneous catalytic transformations of CO2 involve 
the formation of alkyl formates from alcohols and alkyl 
halides using the anionic tungsten complexes, W(CO)5Y-

(Y = -OOCCH3-, -μ-H-W(CO)5-, and -Cl -), as catalysts. 
Alumina supported ruthenium clusters were studied for 
the effect of cluster nuclearity on the rate of CO2 

methanation. It was found that the reactivity 
paralleled the nuclearity of the catalyst precursor. 

The chemistry of one-carbon molecules (better known as Cj chemistry) 
is a very exciting area of research for the organometallic chemist. 
The motivation for these efforts stems from the belief that the raw 
material base for commercial organic chemicals w i l l shift from o i l to 
coal, in the near future, due to the decline of petroleum reserves. 
Of the raw materials for the Cx-based industry, carbon monoxide i s 
the most commonly used and a great deal of the current research 
effort is designed to investigate the activation of this molecule 
(1-5). 

An alternative source of chemical carbon i s carbon dioxide, 
which is the cheapest and most abundant of the Cl molecules (6—12). 
This single-carbon species has been widely neglected mainly because 
i t is regarded as a highly stable molecule. For example, i t i s the 
thermodynamic end-product of many energy producing processes, the 
most prominent being the combustion of hydrocarbons. Nevertheless, 
there are many thermodynamically favorable reactions of C0 2 which 
provide useful organic substances (Equations 1-3). The standard 

0097-6156/88/0363-0026$06.00/0 
© 1988 American Chemical Society 
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4. DARENSBOURG ET AL. Metal-Induced Transformations 27 

enthalpy changes as s o c i a t e d w i t h the corresponding r e a c t i o n s 
i n v o l v i n g carbon monoxide are l i s t e d f o r comparison. 

C0 2(g) + H 2(g) — H C O O H ( A ) -15.7 kJ/mol 

CO(g) + H 2 0 U ) —·· HCOOHU) -12.9 kJ/mol 
(1) 

C0 2(g) + 3 H 2 ( g ) ~ ^ C H 3 O H ( i l ) + H 2 0 U ) -130.9 kJ/mol 

CO(g) + 2H 2(g) — ^ C h ^ O H U ) -128.1 kJ/mol 
(2) 

c o 2(g) + H 2(g) + C H 3 O H U ) - ^ H C O O C H 3 U ) + HgOU) - 3 2 . 2 kJ/mol 

C0(g) + C h ^ O H U ) — * · HCOOCH^A) - 2 3 . 3 kJ/mol 
(3) 

The two processes are of course r e l a t e d by the water-gas s h i f t 
r e a c t i o n (Equation 4). Although carbon d i o x i d e i s more s t a b l e than 
carbon monoxide by 283 kJ/mol, formation of the very s t a b l e water 

C0(g) + H 2 0 U ) •C0 2(g) + H 2(g) +2.8 kJ/mol (4) 

molecule i n processes i n v o l v i n g the former C l species accounts f o r 
the thermodynamic s i m i l a r i t y of these r e a c t i o n s . Indeed i t i s the 
requirement of an e x t r a mole of hydrogen i n the C0 2 r e a c t i o n s f o r 
water production which makes i t g e n e r a l l y the l e s s a t t r a c t i v e 
process. 

In 1985, over 4 m i l l i o n tons of carbon d i o x i d e were produced from 
n o n - o i l f i e l d sources (V3). About thr e e - f o u r t h s of t h i s carbon 
d i o x i d e i s produced as a co-product i n the manufacture of ammonia. 
Recovery as a co-product from g r a i n fermentation provides another 
major source of carbon d i o x i d e . I t i s a l s o obtained from r e f i n e r y 
and chemical operations and n a t u r a l w e l l s . The major commercial uses 
of carbon d i o x i d e are derived from i t s p h y s i c a l p r o p e r t i e s . These 
uses i n c l u d e r e f r i g e r a t i o n , beverage carbonation and f i r e 
e x t i n g u i s h e r s . Only 10? of the carbon dioxide produced i s used i n 
chemical manufacture. 

C u r r e n t l y , carbon d i o x i d e i s used as a chemical feedstock f o r the 
production of c a r b o x y l i c a c i d s , carbonates, carbon monoxide, and urea 
(14—16). Despite the f a c t that numerous chemical r e a c t i o n s u t i l i z i n g 
carbon d i o x i d e are thermodynamically advantageous, there i s o f t e n a 
s u b s t a n t i a l k i n e t i c b a r r i e r t o t h e i r occurrence. T r a n s i t i o n metal 
compounds can serve to c a t a l y z e r e a c t i o n s of carbon d i o x i d e , i . e . , i n 
the u t i l i z a t i o n of carbon d i o x i d e i n s y n t h e t i c organic chemistry, 
t r a n s i t i o n metal complexes can simultaneously a c t i v a t e both carbon 
d i o x i d e and other s u b s t r a t e molecules such as hydrogen or o l e f i n s . 
We have i n i t i a t e d i n v e s t i g a t i o n s intended to c h a r a c t e r i z e homogeneous 
carbon d i o x i d e r e d u c t i o n processes and our r e s u l t s t o date are 
summarized h e r e i n . S p e c i f i c a l l y , our research centers on mechanistic 
s t u d i e s of metal carbonyl anion c a t a l y s t s , which r e a d i l y a c t i v a t e C0 2 

t o C-H and C-C bond formation, two of the most important processes i n 
the s y n t h e s i s of organic m a t e r i a l s . 
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28 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

INSERTION REACTIONS OF CARBON DIOXIDE 

A primary concern i n the i n v e s t i g a t i o n of C0 2 a c t i v a t i o n c a t a l y s i s i s 
an examination of the s t o i c h i o m e t r i c r e a c t i o n s t h i s molecule 
undergoes wi t h t r a n s i t i o n metal complexes. The most important of 
these r e a c t i o n s are the i n s e r t i o n s of C0 2 i n t o metal-hydrogen, 
-carbon, and -oxygen bonds, because these o f t e n represent the f i r s t 
steps i n the conversion of C0 2 i n t o organic compounds. 

Metal Hydrides. I n s e r t i o n of C0 2 i n t o the metal-hydrogen bond of 
cis-HM(CO) l tL~ (M = W, Cr; L = CO, PMe 3, P(0Me) 3) has been found to be 
an extremely f a c i l e process (17-19). This i s i n c o n t r a s t with the 
i n a b i l i t y of C0 2 to i n s e r t i n t o the metal-hydrogen bond of the 
analogous n e u t r a l manganese hydrides. Although the group 6 and group 
7 hydrides are i s o e l e c t r o n i c , they have ra t h e r d i f f e r e n t p r o p e r t i e s . 
The hydride i n HMn(C0) 5 i s i n f a c t r a t h e r a c i d i c with a pKa of *»7. 
In c o n t r a s t , HCr(C0) 5"" i s very h y d r i d i c with a great deal of e l e c t r o n 
d e n s i t y l o c a t e d at the hydride l i g a n d i t s e l f as i n d i c a t e d by i o n 
p a i r i n g s t u d i e s (20). This e l e c t r o n d e n s i t y at the hydride i s 
important i n i t s i n t e r a c t i o n w i t h the e l e c t r o p h i l i c carbon of C0 2. 
By p r o v i d i n g a h i g h l y l o c a l i z e d negative charge, the a n i o n i c hydride 
a t t r a c t s the carbon d i o x i d e i n c l o s e to the metal center promoting 
the o r b i t a l overlaps necessary f o r the formation of the i n s e r t i o n 
product. 

Another a n i o n i c hydride which a l s o undergoes C0 2 i n s e r t i o n i s the 
c l u s t e r complex H R u 3 ( C 0 ) l l " which gives the b r i d g i n g formate complex 
HC0 2Ru 3(C0) l 0 ~ ( 2 J _ ) . The i n s e r t i o n r e a c t i o n f o r the c l u s t e r hydride 
i s not n e a r l y as f a c i l e as that of the group 6 monomers. The 
ruthenium complex r e q u i r e s high temperatures and pressures of C0 2 i n 
order f o r i n s e r t i o n to occur. The reason f o r the d i f f i c u l t y may stem 
from the d e r e a l i z a t i o n of the negative charge between three metal 
atoms which would not a l l o w f o r as strong an i n t e r a c t i o n with C0 2 as 
i s the case f o r the monomers. 

Metal A l k y l s and A r y l s . The i n s e r t i o n of C0 2 i n t o metal-carbon bonds 
allows f o r the formation of carbon-carbon bonds and i s an important 
step i n i t s a c t i v a t i o n . I n an e f f o r t to f u r t h e r d e f i n e the nature of 
the C0 2 i n s e r t i o n process, we have examined i t s occurrence i n the 
a n i o n i c group 6 complexes, cis-RM(CO)„L" (R = -CH 3, -C 2H 5, -C 6H 5, 
-CH 2C 6H 5; M = W, Cr; L = CO, PMe 3, P(0Me) 3) ( 2 2 , 2 3 ) . Carbon d i o x i d e 
was found to i n s e r t smoothly i n t o the metal carbon bond t o form the 
corresponding carboxylate complexes (Equation 5 ) . The i d e n t i t y of 
these carboxylates was confirmed by comparison wi t h an a u t h e n t i c 

sample prepared by the r e a c t i o n of the metal c h l o r i d e w i t h the s i l v e r 
s a l t of the c a r b o x y l i c a c i d . 

I n v e s t i g a t i o n s i n t o the k i n e t i c s of C0 2 i n s e r t i o n have revealed 
that the r e a c t i o n i s f i r s t order i n both metal substrate and C0 2 

(Equation 6 ) . Figure 1 i l l u s t r a t e s the l i n e a r dependence of the 

[M]-R + C 0 2 — [ M ] - 0 2 C R (5) 

r a t e = k-[CH 0W(CO) K ] [ C 0 o ] = k . [CHJrf(CO) ] 
d 3 5 2 O D S 3 ο 

(6) 
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4. DARENSBOURG ET AL. Metal-Induced Transformations 29 

p s e u d o - f i r s t - o r d e r r a t e constant (k ) on C0 2 pressure f o r the 
c a r b o x y l a t i o n of CH 3W(C0) 5~. At pressures above 200 p s i however, the 
concentration of C0 2 increases more r a p i d l y with f u r t h e r increase i n 
pressure due to a breakdown i n Henry*s law at elevated pressures. 
Several f a c t o r s e f f e c t the r a t e of C0 2 i n s e r t i o n i n t o metal carbon 
bonds. The most notable of these i s the e l e c t r o n d e n s i t y at the 
metal center. As i s the case f o r the hydride (vide supra), the 
i s o e l e c t r o n i c n e u t r a l manganese and rhenium analogues of the group 6 
a l k y l s do not undergo C0 2 i n s e r t i o n . Demonstration of the dramatic 
e f f e c t that the e l e c t r o n d e n s i t y , at the metal center, has on C0 2 

i n s e r t i o n can be seen when the e l e c t r o n donating property of the 
l i g a n d , L, i n cis-CH 3W(C0)„ΙΓ, i s v a r i e d . Table I shows that the 
second order r a t e constant increases by two orders of magnitude when 
CO i s replaced by the b e t t e r e l e c t r o n donating l i g a n d s P(0Me) 3 and 
PMe 3. As expected, the more b a s i c PMe3 l i g a n d has a greater e f f e c t 
than that of P(0Me) 3. 

Table I . Second-order r a t e constants f o r carbon d i o x i d e i n s e r t i o n 
i n t o cis-CH 3W(C0) HL d e r i v a t i v e s . 8 

L k 2 χ 10 (Sec -M ) R e l a t i v e Rates 

3.46 χ 10~ 2 1.00 

2.00 57.8 

8.40 243 

R e a c t i o n s c a r r i e d out i n tetrahydrofuran at 25°C at a carbon d i o x i d e 
pressure of 760 t o r r . 

Although the r a t e of C0 2 i n s e r t i o n i n t o the metal carbon bond i s 
over 200 times f a s t e r than the parent carbonyl, X—ray c r y s t a l 
s t r u c t u r e s have determined (22)(Darensbourg D. J . ; Bauch, C. G.; 
Rheingold, A. L. Inorg. Chem., i n press) that the M-C bond dist a n c e 
i s somewhat shorter f o r the phosphine s u b s t i t u t e d complex (Table I I ) . 
This i n d i c a t e s that the s t r e n g t h of the metal carbon bond, as evinced 
by the M-C bond d i s t a n c e , i s of secondary importance compared to the 
e l e c t r o n d e n s i t y at the metal center. This i s p l a i n l y evident when 
comparing the n e u t r a l CH 3Re(C0) 5 w i t h the a n i o n i c CH 3W(C0) 5". Both 
were determined to have n e a r l y i d e n t i c a l m e t a l — a l k y l carbon bond 
distances ( w i t h i n esd's) (24)(Darensbourg D. J . ; Bauch, C. G. ; 
Rheingold, A. L. Inorg. Chem., i n p r e s s ) . However, only the anion 
has been found to undergo C0 2 i n s e r t i o n . 

The mechanism of the C0 2 r e a c t i o n i s b e l i e v e d to proceed through 
an a s s o c i a t i v e interchange (I ) type mechanism with a t r a n s i t i o n 
s t a t e s i m i l a r to that shown i n Figure 2. The presence of CO di d not 

CO 

P(OMe) 

PMe^ 
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30 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Figure 1. Plot of the pseudo-first-order rate constant ( k
0h S d) 

as a function of carbon dioxide pressure for the carboxylation of 
CH W(C0) " in THF at 25°C. 

Figure 2. Transition state for C0 o insertion into W-R bond. 
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4. DARENSBOURG ET AL. Metal-Induced Transformations 

Table I I . Tungsten-CH 3 Bond Distances. 

31 

dM-CH 3 

(CO)cW-CH ~ 2 . 3 2 5 Â 

cis-(Me^P)(CO) 4W-CH 3" 2 . 1 8 Â 

(C0) cRe-CH o 2 . 3 0 8 Â 

r e t a r d the r a t e of C0 2 i n s e r t i o n (vide supra) i n d i c a t i n g that p r i o r 
l o s s of coordinated CO was not i n v o l v e d . The a c t i v a t i o n parameters 
f o r C0 2 i n s e r t i o n i n t o CH 3W(C0) HP(0Me) 3~ were determined (20). The 
ΔΗ* and AS* of 42.68 kj mole" 1 and -181.2 eu r e s p e c t i v e l y were 
i n d i c a t i v e of a mechanism i n v o l v i n g a h i g h l y ordered t r a n s i t i o n s t a t e 
w i t h l i t t l e net bond breaking. 

A backside attack of C0 2, on the a l k y l carbon, analogous t o the 
S0 2 i n s e r t i o n mechanism was r u l e d out by s t u d i e s of the α-carbon 
stereochemistry upon i n s e r t i o n (25). The i n s e r t i o n of C0 2 i n t o the 
metal carbon bond of threo-cis-W(CO) h(L)(CHD-CHD-Ph)" (L = CO and 
PMe 3) proceeds w i t h r e t e n t i o n of c o n f i g u r a t i o n at the α-carbon 
(Scheme 1) (26). This i s i n c o n t r a s t to the i n v e r s i o n of 
c o n f i g u r a t i o n at the alpha carbon found i n backside S0 2 i n s e r t i o n 
r e a c t i o n s . 

Although CO doesn't r e t a r d the r a t e of C0 2 i n s e r t i o n i t does 
compete with C0 2 f o r a concurrent i n s e r t i o n r e a c t i o n i n t o the metal-
carbon bond (23). Thus, the a n i o n i c a l k y l complexes of the group 6 
metals provide a unique opportunity to compare c a r b o n y l a t i o n and 
ca r b o x y l a t i o n r e a c t i o n under comparable c o n d i t i o n s . The r e a c t i v i t y 
of RW(C0) 5~ toward CO p a r a l l e l s that of RMn(C0) 5 (27-31). The 
mechanistic aspects of the c a r b o n y l a t i o n and c a r b o x y l a t i o n r e a c t i o n 
are summarized and compared i n Table I I I . In s t u d i e s i n v o l v i n g 
simultaneous i n s e r t i o n s of both CO and C0 2 with CH 3W(C0) 5", i t was 
found that the r a t e of disappearance of the a l k y l complex was 
approximately equal to the sum of the i n d i v i d u a l l y determined r a t e 
parameters. Hence, the two processes occur simultaneously and 
independently of one another. These d i s s i m i l a r i t i e s (dependences on 
metal, R group, and a n c i l l a r y l i g a n d s ) i n C0 2 and CO i n s e r t i o n 
processes can be e x p l o i t e d i n p r e f e r e n t i a l l y a f f e c t i n g carbon-carbon 
bond forming r e a c t i o n s i n v o l v i n g carbon d i o x i d e i n the presence of 
carbon monoxide. The consequence of the mechanistic d i f f e r e n c e s 
should be of major importance i n c a t a l y t i c processes designed to 
u t i l i z e carbon d i o x i d e as a source of chemical carbon. 

Metal A l k o x i d e s . Notwithstanding our understanding of the 
mechanistic aspects o p e r a t i v e i n i n s e r t i o n r e a c t i o n of carbon d i o x i d e 
with metal-hydride and metal-carbon ( a l k y l s or a r y l s ) bonds has 
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32 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Table I I I . Summary of Mechanistic Aspects of Carbonylation vs 
C a r b o x y l a t i o n Reactions. 

Reaction V a r i a b l e s C a r b o x y l a t i o n C a r b o n y l a t i o n 3 

Kinetic order in 
C0 2 or CO 

F i r s t - o r d e r i n C0 2 Mixed-order i n CO; 
independent of CO at 
high CO pressures 

Nature of Metal T h i r d row more reac
t i v e than f i r s t row 

F i r s t row more r e a c t i v e 
than t h i r d row 

R dependence Small dependence on 
R group, a l k y l s 
f a s t e r than a r y l s 

Reaction g r e a t l y retarded 
by electron-withdrawing 
R s u b s t i t u e n t s 

Ancillary ligands S t e r i c a l l y nonencum-
bering phosphorus 
donor l i g a n d s 
g r e a t l y a c c e l e r a t e 
r e a c t i o n 

L i t t l e e f f e c t 

Stereochemi stry 
at α-carbon 

Retention of 
c o n f i g u r a t i o n 

Retention of 
c o n f i g u r a t i o n 

These observations have been e x t e n s i v e l y noted f o r RMn(C0) 5, and the 
more l i m i t e d study on the group 6 a n i o n i c analogs reported h e r e i n i s 
i n complete agreement with these g e n e r a l i z a t i o n s . 
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4. DARENSBOURG ET AL. Metal-Induced Transformations 33 

undergone s i g n i f i c a n t advancement, analogous processes i n v o l v i n g 
metal-alkoxides have been l e s s w e l l - i n t e r p r e t e d (32-34). We have 
r e c e n t l y synthesized W(C0) 50R~ (R = Ph, C6h\CH3-m) d e r i v a t i v e s from 
W(C0) 5THF and [Et„N][OR] s a l t s (Darensbourg, D. J . ; Sanchez, Κ. M.; 
Rheingold, A. L. J . Am. Chem. S o c , i n p r e s s ) . In s o l u t i o n these 
species are extremely CO l a b i l e , decomposing r e a d i l y to 
W„(CO) 1 2 ( y 3 - 0 R ) l t ~ , f i n the absence of a CO atmosphere (35). 

Treatment of [Et„N][W(CO)50R] wi t h C0 2 i n THF under mild 
c o n d i t i o n s (< 1 atmosphere C0 2 at ambient temperature) r e s u l t s i n 
r a p i d production of W(CO) 50C(0)0R~, the product of C0 2 i n s e r t i o n i n t o 
the W-OR bond. The tungsten pentacarbonyl a r y l carbonate complex was 
ch a r a c t e r i z e d by IR, *H, and 1 3C ΝMR spectr o s c o p i e s . A d d i t i o n of 
small q u a n t i t i e s of water to s o l u t i o n s of W(CO) 50C(0)0R" causes 
b r i g h t orange c r y s t a l s of [Et HN] 2[W(C0) H(n 2-C0 3)]·Η 20 to p r e c i p i t a t e 
from s o l u t i o n . The molecular s t r u c t u r e of the tungsten t e t r a c a r b o n y l 
carbonate was unambiguously assigned on the ba s i s of an X-ray 
c r y s t a l l o g r a p h i c determination. This chemistry i s summarized i n 
Scheme 2 (Darensbourg, D. J . ; Sanchez, Κ. M.; Rheingold, A. L. J . Am. 
Chem. S o c , i n p r e s s ) . 

Because of the extreme CO l a b i l i t y of the W(C0) 50R" s p e c i e s , CO 
l o s s might be a p r e r e q u i s i t e f o r C0 2 i n s e r t i o n . However, the r a t e of 
C0 2 i n s e r t i o n i s not i n h i b i t e d by the presence of carbon monoxide. 
Hence, we b e l i e v e that an open c o o r d i n a t i o n s i t e i s unnecessary f o r 
the i n s e r t i o n process to occur. The r e a c t i o n i s thought to i n v o l v e a 
concerted i n s e r t i o n process, s i m i l a r t o that proposed and w e l l 
documented f o r the i n s e r t i o n of C0 2 i n t o CH 3W(C0) 5-. Nevertheless, 
i n s e r t i o n of C0 2 i n t o the W-OR bond i s more f a c i l e than the 
corresponding process i n v o l v i n g W-R. 

Attempts to induce the i n s e r t i o n of CO i n t o the W-OPh bond of 
(C0) 5W0Ph~ have f a i l e d at CO pressures up t o 500 p s i . In s i t u high 
pressure FTIR measurements revealed only the presence of the s t a r t i n g 
phenoxide tungsten complex. 

C a t a l y t i c Processes Using CO, Promoted by T r a n s i t i o n Metal Complexes 

In t h i s s e c t i o n we wish to incorporate our knowledge of the scope of 
t r a n s i t i o n metal-C0 2 chemistry i n e x p l o r i n g p o t e n t i a l uses of C0 2 as 
a feedstock i n the synthesis of f i n e and bulk chemicals. 

A l k y l Formate Production. In the past few years, formate e s t e r s have 
become an important c l a s s of organic compounds mainly because of 
t h e i r v e r s a t i l i t y as chemical feedstock (16,36—42), and as raw 
ma t e r i a l s f o r the perfume and fragrance i n d u s t r y (43—46). 
S p e c i f i c a l l y , formate e s t e r s (methyl, e t h y l , p e n t y l , e t c ) have been 
used as s t a r t i n g m a t e r i a l f o r the production of aldehydes (36), 
ketones (36), c a r b o x y l i c a c i d s (37-40), and amides (4,2). For 
example, methyl formate can be hydrolyzed to formic a c i d (39,40) or 
c a t a l y t i c a l l y isomerized t o a c e t i c a c i d (38). On the other hand, 
a l k y l formates have been employed i n the perfume and fragrance 
i n d u s t r y i n amounts of approximately 1000 to 3000 lb/year (43-46). 
Among the formates that have been commonly used f o r these purposes 
are: o c t y l (4j3), h e p t y l (44), e t h y l (45), and amyl (46) formates. 

Our recent i n t e r e s t i n the chemistry of carbon d i o x i d e (9,12) 
has included i n v e s t i g a t i o n s of the synt h e s i s of a l k y l formates 
u t i l i z i n g C0 2 as a source of chemical carbon (Equation 7) (47,48). 
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34 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Ph 
H i t ) •* N02CW(C0)4(L)J 

NoCOTtJ Να* 
OTs 

êrythro 

Ph 

W(C0)4(L) 

threo 

•PNPCQT») 

-NoCOTs) 

PNP* 

Ph 

W(C0)4lL) 

threo 

•co 2 

400 pti PNP* 

L =. CO } Me3P 

Ph 

C-0-W(C0) 4(L) 

II 
0 

threo 

Scheme 1. 

ROW(CO)5" • C0 2 —ROC0 2W(CO) 5" 

-CO +C0 1/2 H20 
\ 

[R0W(C0) 3)^ COjWiCO)^3 

3 
[ROW(CO)3]M 
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Scheme 2. 
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4. DARENSBOURG ET AL. Metal-Induced Transformations 35 

C0 2 + H 2 + ROH L U d U V HC02R + H 20 (7) 

The c a t a l y s t s or c a t a l y s t s precursors employed i n these s t u d i e s were 
a n i o n i c group 6 carbonyl complexes (50) or group 8 metal carbonyl 
c l u s t e r s (37-40), where r e a c t i o n c o n d i t i o n s were 500 p s i (C0 2/H 2) and 
125° C. For the group 6 metal c a t a l y s t s , the turn-over numbers 
obtained f o r the methyl formate production were ca. 15 using methanol 
as solvent f o r a 24 hour p e r i o d . The a n i o n i c metal carbonyls 
examined as c a t a l y s t s precursors included: HM 2(C0) 1 0~, HC0 2M(C0) 5", 
and 0Η 300 2Μ(00) 5·" as t h e i r PPN s a l t s (PPN - b i s ( t r i p h e n y l p h o s p h i n e ) -
iminium and M - Cr or W). The proposed r e a c t i o n pathway i s depicted 
i n Scheme 3. 

Congruous w i t h the c a t a l y t i c c y c l e represented i n Scheme 39 the 
metalloformate d e r i v a t i v e s are extremely CO l a b i l e , s p e c i f i c a l l y at 
e q u a t o r i a l CO s i t e s as demonstrated by 1 3C0 l a b e l l i n g s t u d i e s 
(equation 8 ) . The d i s s o c i a t i o n of CO i s important i n c a t a l y s i s , f o r 
the additon of CO i n h i b i t s the c a t a l y t i c hydrogénation of carbon 
d i o x i d e . The nature of the species (boxed) i n Scheme 3 i s thought t o 
in v o l v e no change i n the metal's o x i d a t i o n s t a t e , i . e . , a l i g a n d -
a s s i s t e d h e t e r o l y t i c s p l i t t i n g of dihydrogen (49-51). That the 
d i s t a l oxygen atom of monodentate formates or carboxylates i s 
extremely b a s i c , i s seen i n i t s a b i l i t y t o i n t e r a c t w i t h 
kryptofix-221 encapsulated sodium ion (Figure 3) (52). 

Car b o x y l a t i o n of methanol (Equation 9 ) , where carbon monoxide 
org i n a t e s from the reverse water-gas s h i f t r e a c t i o n (Equation 4 ) , was 
r u l e d out as a p o s s i b l e route to methyl formate i n t h i s i n s t a n c e . 
This conclusion i s based on the observation that when ( 1 3C0) 5W0 2CH" 
was u t i l i z e d as the c a t a l y s t i n the presence of l 2 C 0 2 , o n l y H l 2C0 2Me 
was detected i n i t i a l l y v i a GC-MS. A d d i t i o n a l l y , when CH 3C0 2W(C0) 5" 
was employed as the c a t a l y s t the f i r s t formed product i n q u a n t i t a t i v e 
y i e l d was CH 3C0 2H, w i t h subsequent e s t e r i f i c a t i o n a f f o r d i n g 
CH 3C0 2CH 3. 

CO + MeOH Ψ~ HC02Me (9) 

Although we have been able to demonstrate that methyl formate i s 
derived d i r e c t l y from carbon d i o x i d e , i t i s p o s s i b l e , employing the 
same metal carbonyl c a t a l y s t precursors, t o c a t a l y z e the production 
of methyl formate from the r e a c t i o n of CO and methanol (Equation 9 ) . 
A c a t a l y t i c c y c l e c o n s i s t e n t w i t h our current knowledge i n t h i s area 
i s represented i n Scheme 4 (53)(Darensbourg, D. J . ; Gray, R. L.; 
Ov a l l e s , C. J . Molec. C a t a l . , i n p r e s s ) . I t i s re l e v a n t to note 
he r e i n that carbon d i o x i d e i s a poison to the c a t a l y t i c process 
diagrammed i n Scheme 4 i n that i t r e a c t s w i t h the c o - c a t a l y s t , 
methoxide, to produce methyl carbonate. 
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Scheme 4. 
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38 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Mechanistic aspects of carbon d i o x i d e hydrogénation processes 
(Equation 7) c a r r i e d out i n solvents other than methanol, e.g., 
ethanol or propanol, were completely c o n s i s t e n t with those noted i n 
methanol s o l v e n t . However, the c a t a l y t i c a c t i v i t i e s were 
considerably lower i n these a l c o h o l s as compared with methanol, by a 
f a c t o r ofA#3. This e f f e c t was a t t r i b u t e d to a solvent i n h i b i t i o n of 
the a d d i t i o n of dihydrogen to the unsaturated metal species. For 
t h i s reason, we have turned our a t t e n t i o n towards the r e a c t i o n of 
a l k y l h a l i d e s w i t h C0 2 and H 2 i n order to provide a more e f f e c t i v e 
pathway t o higher molecular weight a l k y l formates ( b u t y l or o c t y l ) 
using C0 2 as a source of carbon (Equation 10). Anionic group 6 metal 
complexes were used as c a t a l y s t s , and the presence of a sodium s a l t 
(NaHC03 or NaOCH3) was r e q u i r e d i n order to regenerate the 
c a t a l y t i c a l l y a c t i v e intermediates (Darensbourg, D. J . ; O v a l l e s , C. 
J . Am. Chem. S o c , i n p r e s s ) . A general c a t a l y t i c c y c l e f o r the 
production of formate e s t e r s s t a r t i n g from a l k y l h a l i d e s , C0 2, and H 2 

i s shown i n Scheme 5. 

RX + C0 2 + H 2 ^ a Y ^ H C Q 2 R + N a X + H Y ( 1 0 ) 

Mechanistic aspects of t h i s c a t a l y t i c process have been 
forthcoming from k i n e t i c i n v e s t i g a t i o n s of the component r e a c t i o n s 
which comprise the proposed c y c l e . The r a t e - l i m i t i n g process i n the 
c a t a l y t i c c y c l e i s the r e a c t i o n between the a n i o n i c h a l i d e complexes, 

Scheme 5. 
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4. DARENSBOURG ET AL. Metal-Induced Transformations 39 

M(C0) 5X", and H 2 i n the presence of a general base to provide a n i o n i c 
metal hydrides. This process was shown to be f i r s t - o r d e r i n both 
metal complex and dihydrogen and was not i n h i b i t e d by a d d i t i o n of 
carbon monoxide. Consistent with the rds i n c a t a l y s i s being 
formation of the metal hydride intermediate, the metal c a t a l y z e d 
r e a c t i o n of RX/C0 2/H 2 to provide HCOOR i s not i n h i b i t e d by CO. The 
w e l l - e s t a b l i s h e d formation of metalloformate, M(C0) 50 2CH", from 
M(C0) 5H~ and C0 2 i s f o l l o w e d by a l e s s f a c i l e process i n v o l v i n g the 
r e a c t i o n of the metalloformate with RX. This l a t t e r r e a c t i o n i s 
f i r s t - o r d e r i n both metal complex and a l k y l h a l i d e and i s i n h i b i t e d 
by carbon monoxide. 

C0 2 Methanation. F i n a l l y , we have studied the c a t a l y t i c a c t i v i t y and 
s e l e c t i v i t y toward methanation of carbon d i o x i d e using s e v e r a l 
alumina supported ruthenium c l u s t e r s i n c l u d i n g R u 3 ( C 0 ) l 2 , 
KHRu 3(C0) l I, [PPN][HC0 2Ru 3(C0) 1 0], H H R u k ( C 0 ) 1 2 , KH 3Ru„(CO) l 2, 
[PPN][H 3Ru„(C0) 1 2], and R u 6 C ( C 0 ) 1 7 (54). Comparative s t u d i e s were 
made with the mononuclear complexes R u C l 3 and Ru(C0) 5. The l a t t e r 
species provides a low-valent, organometallic, mononuclear ruthenium 
source. C a t a l y s t s were supported by impregnation over alumina 
( p a r t i a l l y dehydroxylated at 150° C in vacuo) and a c t i v a t e d i n 
hydrogen at 200° C. C a t a l y s t c h a r a c t e r i z a t i o n included d i f f u s e 
r e f l e c t a n c e i n f r a r e d spectroscopy, surface area determination, and 
e l e c t r o n microscopy. In general, the c l u s t e r derived c a t a l y s t s were 
more a c t i v e than the analogously prepared c a t a l y s t obtained from 
R u C l 3 , e.g., at 180° C the c a t a l y s t derived from R u 6 C ( C 0 ) 1 7 was 22 
times more a c t i v e than that derived from R u C l 3 . The a c t i v i t y of the 
supported n e u t r a l species was observed to increase as the number of 
ruthenium atoms present i n the precursor complex increase, i . e . , 
Ru(C0) 5 < R u 3 ( C 0 ) 1 2 < R u 6 C ( C 0 ) 1 7 . 
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Chapter 5 

Use of Stoichiometric Reactions 
in the Design of Redox Catalyst 

for Carbon Dioxide Reduction 

Daniel L. DuBois and Alex Miedaner 

Solar Energy Research Institute, Golden, CO 80401 

By using a combination of known reactions, 
synthetic chemistry, and electrochemistry, new 
catalysts for the electrochemical reduction of 
CO2 have been developed. Consideration of the 
electrochemical properties of a variety of 
transition metal complexes containing 
polyphosphine ligands led to a more detailed 
study of metal complexes of the type 
[M(PP2)(PR3)] (BF 4) 2 (where M is Ni, Pd, and Pt; 
PP2 is PhP(CH2CH2PPh2)2; and R is C2H5 or 
OCH3). When M is Pd, these complexes are active 
catalysts for the reduction of CO2. Mechanistic 
details of the catalytic reactions are briefly 
discussed. 

The combination of w e l l known s t o i c h i o m e t r i c r e a c t i o n s i n t o a 
c a t a l y t i c c y c l e i s a l o g i c a l approach to the development of 
c a t a l y s t s . Perhaps the best known example of t h i s approach i n 
homogeneous c a t a l y s i s i s the development of the Wacker process f o r 
the o x i d a t i o n of ethylene to acetaldehyde (1-2). In t h i s paper we 
would l i k e to demonstrate the use of t h i s approach i n the 
development and syn t h e s i s of homogeneous c a t a l y s t s f o r the 
elec t r o c h e m i c a l r e d u c t i o n of C0 2. Other homogeneous c a t a l y s t s f o r 
the e l e c t r o c h e m i c a l r e d u c t i o n of C0 2 have been reported. These 
inclu d e porphyrins and te t r a a z a m a c r o c y c l i c complexes (3~7), 
Rh(dppe) 2Cl (JO , i r o n s u l f u r c l u s t e r s (9^, b i p y r i d i n e complexes 
(10-12), and formate dehydrogenase (J_3). The c a t a l y s t s reported i n 
t h i s paper appear to have d i f f e r e n t mechanistic f e a t u r e s than the 
homogeneous c a t a l y s t s reported p r e v i o u s l y and operate at p o t e n t i a l s 
approximately 0.6 V p o s i t i v e of other homogeneous c a t a l y s t s with 
the exception of formate dehydrogenase. 

Review of Some Known Chemical Reactions Related t o C0 2 Reduction 

Scheme 1 represents a p o s s i b l e c a t a l y t i c c y c l e f o r the 
elec t r o c h e m i c a l r e d u c t i o n of C0 2 to formate. (In t h i s Scheme and 
i n Scheme 2, L represents an undefined l i g a n d and M represents a 

0097-6156/88/0363-0042$06.00/0 
© 1988 American Chemical Society 
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5. D U B O I S A N D M I E D A N E R Design of Redox Catalyst 43 

t r a n s i t i o n metal.) The c a t a l y t i c c y c l e depicted i n Scheme 1 i s 
based on a combination of known chemical r e a c t i o n s . For example, 
the protonation of many low valent t r a n s i t i o n metal complexes leads 
to the formation of metal hydrides as shown i n Step 1 of Scheme 1 
(14). The types of metal complexes which most r e a d i l y protonate to 
form metal hydrides are metal phosphine complexes and 
organometallic complexes. Although t h i s r e a c t i o n has been used 
p r i m a r i l y i n the syn t h e s i s of metal hydrides, i t s p o t e n t i a l use i n 
e l e c t r o c a t a l y t i c c y c l e s i s i l l u s t r a t e d i n Scheme 1. 

The r e a c t i o n of t r a n s i t i o n metal hydrides and metal a l k y l s 
w i t h C0 2 f r e q u e n t l y r e s u l t s i n the formation of metal formates and 
carboxylates v i a an i n s e r t i o n of C0 2 i n t o a metal hydride or metal 
carbon bond, Step 2 of Scheme 1 (15—19). In some in s t a n c e s , the 
mechanism f o r t h i s r e a c t i o n has been i n v e s t i g a t e d i n d e t a i l . I t 
has been found that the r e a c t i o n can proceed by e i t h e r a 
d i s s o c i a t i v e mechanism to produce a c o o r d i n a t i v e l y unsaturated 
metal hydride as an intermediate, or i t can occur by an a s s o c i a t i v e 
mechanism (20-25). Thus, the metal hydride shown i n Scheme 1 may 
or may not be re q u i r e d to be c o o r d i n a t i v e l y unsaturated. 
Organometallic and metal phosphine complexes are again the two 
cla s s e s of complexes most commonly in v o l v e d i n C0 2 i n s e r t i o n s i n t o 
metal hydrogen bonds (15-19). 

The a c i d cleavage of a metal oxygen bond i n metal 
carboxylates and formates i s a commonly used method f o r the 
preparation of formic and c a r b o x y l i c a c i d s . The f a c i l i t y of t h i s 
r e a c t i o n depends on the s t r e n g t h of the metal oxygen bond. Since 
i t i s d e s i r a b l e that t h i s bond be cleaved r a p i d l y i n a c a t a l y t i c 
c y c l e , our a t t e n t i o n was r e s t r i c t e d to metal complexes of the Fe, 
Co and Ni t r i a d s f o r which the metal oxygen bond i s expected to be 
weaker than those of the e a r l y t r a n s i t i o n metals. 

Since the o v e r a l l r e a c t i o n i s a two-electron r e d u c t i o n , i t i s 
d e s i r a b l e f o r the o x i d i z e d metal complex to undergo a r e v e r s i b l e 
two-electron r e d u c t i o n as shown i n Step 4 of Scheme 1. At pH 7 the 
standard p o t e n t i a l f o r the r e d u c t i o n of C0 2 to formic a c i d i s -0.61 
vs NHE (26) or -0.85 vs SCE. Since i t would be d e s i r a b l e i f the 
red u c t i o n of C0 P could u l t i m a t e l y be c a r r i e d out i n aqueous 

SchQme 1 
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44 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

s o l u t i o n s under n e i t h e r s t r o n g l y a c i d i c nor s t r o n g l y b a s i c 
c o n d i t i o n s , i . e . , at pH values between 4 and 10, the p o t e n t i a l f o r 
the r e d u c t i o n shown i n Step 4 should i d e a l l y be between -0.5 and 
-1.1 Y vs SCE. 

E l e c t r o c h e m i c a l Studies of Polyphosphine Metal Complexes 

In many instances redox processes of t r a n s i t i o n metal complexes 
c o n t a i n i n g monodentate phosphine or carbonyl l i g a n d s are 
i r r e v e r s i b l e ( 2 7 - 3 4 ) . Frequently when monodentate phosphine 
l i g a n d s are replaced with bidentate phosphine l i g a n d s , the redox 
processes become more r e v e r s i b l e presumably because metal 
phosphorus bond cleavage and bond formation i s repressed ( 3 5 - 4 3 ) . 

This increased e l e c t r o c h e m i c a l r e v e r s i b i l i t y should a l s o be true 
f o r metal complexes c o n t a i n i n g polydentate phosphine l i g a n d s . For 
t h i s reason, we c a r r i e d out the syntheses of Fe, Co, and Ni 
complexes c o n t a i n i n g polydentate phosphine l i g a n d s and i n v e s t i g a t e d 
t h e i r e l e c t r o c h e m i c a l behavior ( 4 4 ) . Some of these complexes and 
t h e i r e l e c t r o c h e m i c a l parameters are shown i n Table I . As can be 
seen from Table I , the F e ( I I ) complexes are reduced i n two 
s e q u e n t i a l one-electron steps with the (I/O) couple l y i n g outside 
of the d e s i r e d p o t e n t i a l range. The l a r g e negative p o t e n t i a l s 
suggest that the i r o n complexes would not be good candidates f o r 
C0 2 r e d u c t i o n at reasonable pH values. S i m i l a r l y , the 
e l e c t r o c h e m i c a l parameters f o r the c o b a l t complexes are not i d e a l 

Table I . Comparison of C y c l i c Voltammetry Data f o r 
[ML(CH 3CN) n](BF l 4) 2 Complexes 

Ey Values f o r I n d i c a t e d Changes i n O x i d a t i o n 
Complex 2 S t a t e s a 

I I I / I I I I / I I/O 0/-I 

[ F e ( P P 3 ) ( C H 3 C N ) ] ( B F 4 ) 2 + 1 , .25(80) u -1 . . 1 2 c ' c -1 . .33(60) [ F e ( P P 3 ) ( C H 3 C N ) ] ( B F 4 ) 2 

-0, ,27a 
[ F e ( d p p e ) 2 ( C H 3 C N ) 2 ] ( B F 4 ) 2 + 1 , .36(90) -1 . ,11c* -1 . .39(140) [ F e ( d p p e ) 2 ( C H 3 C N ) 2 ] ( B F 4 ) 2 

-0. .24a* 
[ C o ( P P 3 ) ( C H 3 C N ) 2 ] ( B F 4 ) 2 + 1 , .07c* -0, .14(70) [ C o ( P P 3 ) ( C H 3 C N ) 2 ] ( B F 4 ) 2 

+0, .24a* 
[Co(dppe) 2(CH 3CN) ] ( BFjj ) 2 + 1 , .60* -0. . 31(60) -1 , .16(70) -1.63(60) 

+ 0, .27a* 
[ N i ( P P 3 ) ( C H 3 C N ) ] ( B F 4 ) 2 

[ N i ( d p p e ) 2 ] l B F i 4 ) 2 

-0. .63(100) -o. .88c* [ N i ( P P 3 ) ( C H 3 C N ) ] ( B F 4 ) 2 

[ N i ( d p p e ) 2 ] l B F i 4 ) 2 -o, .31(60) -o, .49(60) 

a A l l p o t e n t i a l s are reported vs SCE and a l l measurements were 
c a r r i e d out i n a c e t o n i t r i l e s o l u t i o n s -0.2N i n NEt^BF^. 
Value i n parenthesis i n d i c a t e s peak to peak se p a r a t i o n . 
°The l e t t e r s a and c f o r i r r e v e r s i b l e redox waves (*) i n d i c a t e 
whether the peak i s anodic or ca t h o d i c , r e s p e c t i v e l y . The 
p o t e n t i a l s l i s t e d f o r i r r e v e r s i b l e couples represent the p o t e n t i a l 
of the peak current and not Ey. See Legend of Symbols at end of 
paper f o r l i g a n d abbreviations 2. 
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5. D U B O I S A N D M I E D A N E R Design of Redox Catalyst 45 

f o r C0 2 r e d u c t i o n . However, the h a l f wave p o t e n t i a l s f o r the 
n i c k e l complexes f o r the N i ( I I / I ) and Ni(I/O) couples are i n the 
range of i n t e r e s t . In a d d i t i o n , the small d i f f e r e n c e i n the 
p o t e n t i a l s f o r the N i ( I I / I ) and Ni(I/O) couples made f u r t h e r 
i n v e s t i g a t i o n of complexes of the n i c k e l t r i a d d e s i r a b l e . In Table 
I I are shown a number of N i , Pd and Pt complexes which we have 
synthes i z e d , c h a r a c t e r i z e d , and s t u d i e d e l e c t r o c h e m i c a l l y . From 
the e l e c t r o c h e m i c a l parameters given i n t h i s Table, i t can be seen 
t h a t , i n general, the n i c k e l complexes undergo two r e v e r s i b l e one-
e l e c t r o n reductions while the palladium and platinum complexes 
undergo r e v e r s i b l e or q u a s i - r e v e r s i b l e two-electron r e d u c t i o n s . 
The number of e l e c t r o n s a s s o c i a t e d w i t h each of the waves have been 
determined by c o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s experiments. The 
h a l f wave p o t e n t i a l s f o r these redox processes are g e n e r a l l y w i t h i n 
the d e s i r e d p o t e n t i a l range of -0.5 to -1.1 V. 

Two cl a s s e s of metal complexes are shown i n Table I I . One 
c l a s s i s composed of metal complexes of the type 
[ M ( d i p h o s p h i n e ) 2 ] ( B F 4 ) 2 and the other of complexes of the type 
[ M ( t r i p h o s p h i n e ) ( P R 3 ) ] t B F 4 ) 2 . These two c l a s s e s of complexes are 
qu i t e s i m i l a r i n t h e i r e l e c t r o c h e m i c a l p r o p e r t i e s as shown i n Table 
I I . However, as described below, t h e i r chemical p r o p e r t i e s are 
quite d i f f e r e n t i n terms of t h e i r a b i l i t y to c a t a l y z e the 
ele c t r o c h e m i c a l r e d u c t i o n of C0 2. 

The complexes of the type [M(PP 2) (PRo) ] ( B F 1 | ) 2 (where M i s N i , 
Pd, and Pt; PP 2 i s PhP(CH 2CH 2PPh 2) 2; and R i s C 2H 5 or 0CHO are a l l 
new complexes and have been c h a r a c t e r i z e d by ^ Ρ and Ή ΝMR 
spectroscopy, i n f r a r e d spectroscopy, and elemental a n a l y s i s i n 
a d d i t i o n t o the el e c t r o c h e m i c a l s t u d i e s described above. The 3'Ρ 
Ν MR spectrum of [ P d ( P P 2 ) P ( O M e ) 3 ] ( B F 4 ) 2 i s shown i n Fi g u r e 1 along 
w i t h the simulated ΝMR spectrum. A l l of the s p e c t r a l and 
a n a l y t i c a l data are c o n s i s t e n t with the f o r m u l a t i o n of t h i s complex 
and the other complexes i n Table I I as square-planar metal complexes. 

Table I I . C y c l i c Voltammetry Data f o r [ M ( d i p h o s ) 2 ] ( B F 2 j ) 2 and 
[ M ( P P 2 ) ( P R 3 ) ] ( B F 4 ) 2 Complexes 

C o m p o u n d Ε ^ ( Ι Ι / Ι ) α Ε ^ ( Ι Ι / 0 ) Ε^(Ι/0) 

[ N i ( d p p e ) 2 ] ( B F n ) 2 -0.31(60)' -0.49(60) 
[ N i ( P P 2 ) ( P E t 3 ) ] ( B F 4 ) 2 -0.37(90) -0.65(60) 
l N i ( P P 2 ) P ( 0 M e K ] ( B F 4 ) 2 -0.45(55) 
[ P d ( d p p e ) 2 ] ( B F ^ ) 2 -0.64(35) 
[ P d ( d p p p ) 2 ] ( B F . ) 2 -0.45(35) 
[ P d ( P P 2 ) ( P E t 3 ) ] ( B F 4 ) 2 -0.72(43) 
[ P d ( P P 2 ) P ( 0 M e ) 3 ] ( B F 4 ) 2 -0.61(60) 
[ P t ( P P 2 ) ( P E t 3 ) ] ( B F 4 ) 2 -0.93(45) 

A l l p o t e n t i a l s are given i n v o l t s vs SCE and a l l measurements were 
c a r r i e d out i n a c e t o n i t r i l e s o l u t i o n s -0.3N i n NEt^BF^. The 
number i n parentheses i n d i c a t e s the d i f f e r e n c e i n p o t e n t i a l f o r 
the peak current f o r the cathodic and anodic waves. See Legend of 
Symbols at end of paper f o r l i g a n d a b b r e v i a t i o n s . 
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C a t a l y t i c Studies 

The complexes of Table I I were evaluated f o r t h e i r c a t a l y t i c 
a c t i v i t y by a s e r i e s of c y c l i c voltammetry experiments such as 
those shown i n Fi g u r e 2 f o r [Pd(PP 2)(P(OMe)o](BF^) 2- Trace a of 
Figure 2 shows the c y c l i c voltammogram of t h i s complex under N 2 or 
C0 2. The observation of a f u l l y r e v e r s i b l e wave i n the presence of 
C0 2 i n d i c a t e s that the reduced palladium complex, [Pd ( P P 2 ) P ( 0 M e ) 2 ] , 
does not react with C0 2. This observation i s supported by the f a c t 
that a n a l y t i c a l l y pure [Pd(PP 2)P(0Me)o], synthesized by the 
red u c t i o n of [Pd(PP 2)P(OMe) 3](BFjj) 2 w i t h hydrazine, does not react 
with C0 2 (_45 ). When HBF^ i s added to a c e t o n i t r i l e s o l u t i o n s of 
[Pd(PP 2;P(OMe)o](BF 4) 2, the re d u c t i o n wave i s i r r e v e r s i b l e as shown 
i n Trace b of Figure 2. This i s c o n s i s t e n t with the palladium(O) 
complex formed on redu c t i o n r e a c t i n g w i t h HBF^ to form a hydride 
complex. A d d i t i o n of C0 2 to an a c i d i c a c e t o n i t r i l e s o l u t i o n of 
[P d ( P P 2 ) ( P ( O M e ) 3 ] ( B F 4 ) 2 r e s u l t s i n a f u r t h e r increase i n the peak 
current as shown i n Trace c of Figure 2. This increase i n current 
i n the presence of C0 2 i s a t t r i b u t e d to c a t a l y t i c C0 2 r e d u c t i o n . 
This i n t e r p r e t a t i o n i s supported by the observation that up to 5 
moles of CO per mole of [ P d ( P P 2 ) P ( O M e ) 3 ] ( B F 4 ) 2 are detected by a GC 
a n a l y s i s of the gas phase above the s o l u t i o n i n bulk e l e c t r o l y s i s 
experiments. Current e f f i c i e n c i e s of up to 75% f o r the production 
of CO have been observed. No c a t a l y t i c a c t i v i t y i s observed f o r 
any of the Ni or Pt complexes. This observation i l l u s t r a t e s the 
importance of the metal i n t h i s c a t a l y t i c r e a c t i o n . In a d d i t i o n , 
the [ P d ( d i p h o s p h i n e ) 2 ] ( B F 4 ) 2 complexes are not c a t a l y s t s under 
these c o n d i t i o n s . The f a i l u r e of the l a t t e r complexes to c a t a l y z e 
the r e d u c t i o n of C0 2 i s a t t r i b u t e d t o t h e i r i n a b i l i t y to d i s s o c i a t e 
a phosphine l i g a n d . This hypothesis i s supported by the 
observation that a d d i t i o n of trimethylphosphite to a s o l u t i o n of 
[Pd ( P P 2 ) P ( 0 M e ) 3 ] ( B F i | ) 2 i n h i b i t s i t s a b i l i t y to reduce C0 2. 

K i n e t i c s t u d i e s made on [ P d ( P P 2 ) ( P E t O L ( B F 4 ) 2 , and reported 
elsewhere (£5), i n d i c a t e t h a t the r a t e of c a t a l y s i s i s f i r s t order 
i n C0 2, f i r s t order i n c a t a l y s t , and f i r s t order i n a c i d at low 
a c i d concentrations. These r e s u l t s are c o n s i s t e n t w i t h the 
mechanism shown i n Scheme 2. In comparison w i t h Scheme 1, two 
important f e a t u r e s should be noted. F i r s t i n Scheme 2, the 
formation of a c o o r d i n a t i v e l y unsaturated metal hydride complex i s 
necessary f o r C0 2 i n s e r t i o n to occur. A p r i o r i there i s no way of 
knowing whether or not the generation of a c o o r d i n a t i v e l y 
unsaturated metal hydride w i l l be re q u i r e d f o r c a t a l y s i s s ince 
evidence e x i s t s f o r both a s s o c i a t i v e and d i s s o c i a t i v e pathways f o r 
C0 2 i n s e r t i o n i n t o metal hydride and metal carbon bonds (20-25). 
This i s the reason that complexes of the types 
[ P d ( d i p h o s p h i n e ) 2 ] ( B F 4 ) 2 and [ P d ( P P 2 ) ( P R ^ ) ] ( B F 4 ) 2 were prepared and 
evaluated. The presence of a monodentate phosphine l i g a n d i n the 
[Pd(PP 2) (PRO ] ( B F i | ) 2 complexes permits a phosphine l i g a n d to 
d i s s o c i a t e during the c a t a l y t i c c y c l e . At the same time, the use 
of a t r i dentate phosphine l i g a n d allows e l e c t r o c h e m i c a l 
r e v e r s i b i l i t y to be preserved. 

A second d i f f e r e n c e between Scheme 1 and Scheme 2 i s that the 
product formed i n the c a t a l y t i c c y c l e of Scheme 1 i s formate, and 
i n Scheme 2 the product i s CO. This observation i s i n t e r p r e t e d i n 
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CATALYTIC ACTIVATION OF CARBON DIOXIDE 

50 VIA 

Figure 2. Trace a i s a c y c l i c voltammogram of an approximately 
1 χ ΙΟ" 3 M s o l u t i o n of [Pd(PP 2)P(OMe) 3](BF 2 |) 2 under an 
atmosphere of e i t h e r n i t r o g e n or carbon d i o x i d e . Trace b i s a 
c y c l i c voltammogram of the same s o l u t i o n a f t e r a d d i t i o n of HBF^ 
to produce an approximately 1 χ 10~^ M s o l u t i o n . Trace c 
i l l u s t r a t e s the increase i n current which i s observed when 
carbon dioxide i s bubbled through the a c i d i c s o l u t i o n f o r f i v e 
minutes. The s o l u t i o n s were a l l 0.2 Ν NEt^BFjj i n 
a c e t o n i t r i l e . The working e l e c t r o d e was glassy carbon, the 
counter e l e c t r o d e was a Pt g r i d , and the reference e l e c t r o d e 
was SCE. 

SchQme 2 
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5. DUBOIS AND MIEDANER Design of Redox Catalyst 49 

terms of an i n s e r t i o n of C 0 2 i n t o the palladium hydride bond w i t h 
formation of an intermediate m e t a l l o c a r b o x y l i c a c i d as shown i n 
Step 2 of Scheme 2. Subsequent protonation of t h i s a c i d f o l l o w e d 
by l o s s of water would r e s u l t i n the formation of CO. The 
p o s s i b i l i t y of such an intermediate i s supported by the existence 
of a number of complexes of t h i s type (46-52). While Step 2 of 
Scheme 2 appears to be a major d e v i a t i o n from that proposed i n 
Scheme 1, i t probably i s a r e f l e c t i o n of a rather d e l i c a t e balance 
between metal oxygen and metal carbon bond s t r e n g t h s . 

The p a r a l l e l s between Schemes 1 and 2 i l l u s t r a t e s that a 
knowledge of s t o i c h i o m e t r i c r e a c t i o n s can be u t i l i z e d i n the design 
of e l e c t r o c a t a l y s t s . In p a r t i c u l a r , the use of el e c t r o c h e m i c a l 
reductions to generate metal hydride complexes could r e s u l t i n a 
number of d i f f e r e n t types of c a t a l y t i c reductions depending on the 
nature of the s u b s t r a t e . 
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Legend of Symbols 

dppe i s Ph 2PCH 2CH 2PPh 2 

dppp i s Ph 2PCH 2CH 2CH 2PPh 2 

PP 2 i s PhP(CH 2CH 2PPh 2) 2 

PP 3 i s P(CH 2CH 2PPh 2) 3 

M represents a t r a n s i t i o n metal. 
L represents a monodentate l i g a n d . 
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Chapter 6 

Electrocatalytic Carbon Dioxide Reduction 

B. Patrick Sullivan, Mitchell R. M . Bruce, Terrence R. O'Toole, 
C. Mark Bolinger, Elise Megehee, Holden Thorp, and Thomas J. Meyer 

University of North Carolina at Chapel Hill, Chapel Hill, NC 27514 

This paper reviews recent work on the 
development of electrocatalysts for CO2 

reduction. Comparison of our electrocatalysts 
based on polypyridine complexes of the second and 
third row transition metals is made with 
previous work, and both areas are set in the 
framework of the known chemistry and 
electrochemistry of both uncoordinated CO2 and 
CO 2-transitior metal complexes. 

The emphasis of our work has been on 
mechanistic questions. For example, the family 
of complexes fac-[Re I(bpy)(CO)3L]n+ (where bpy is 

2, 2'-bipyridine and L is Br-, Cl- or CH3CN) are 
facile stoichiometric or catalytic reagents that 
reduce CO2 to CO, formate, or oxalate depending 
on the external conditions. Synthesis, 
electrochemical, and kinetic studies implicate 
the involvement of a minimum of five different 
pathways for this unusual system. A newly 
discovered electrocatalyt is the reactive metal 
hydride, [Os(bpy)2(CO)H] -, that has been found to 
reduce CO2 by an associative mechanism yielding 
either CO or formate from a common intermediate. 

Related kinetic studies of fundamental steps 
in CO2 activation or reduction have been 
conducted and their relationship to 
electrocatalytic CO2 reduction has been 

0097-6156/88/0363-0052$ 10.75/0 
© 1988 American Chemical Society 
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β. SULLIVAN ET AL. Electrocatalytic COg Reduction 53 

highlighted. Examples include CO2 insertion into 
a metal-alkoxide or metal-hydride bond. 

Finally, chemically modified electrodes have 
been prepared which allow the transposition of 
solution electrocatalytic chemistry to electrode 
surfaces. Although these studies are in their 
infancy it appears that new products (e.g., 
oxalate), and therefore new mechanistic pathways, 
have been found for some of the surface 
immoblized electrocatalsyts. 

P h o t o s y n t h e t i c r e d u c t i o n of carbon d i o x i d e i s a f a c i l e 
n a t u r a l process even though the chemistry i s complex and 
m u l t i e l e c t r o n steps are r e q u i r e d . Recent work has 
demonstrated that metal complexes p l a y a c r u c i a l r o l e (1) 
and i t i s a n t i c i p a t e d t h a t study of the homogeneous 
s o l u t i o n chemistry of C 0 2 and i t s metal complexes w i l l 
o f f e r v a l u a b l e c l u e s to the mec h a n i s t i c s t e p s i n v o l v e d i n 
b i o g e n i c C 0 2 r e d u c t i o n . In f a c t , as i n many problems i n 
chemical r e a c t i v i t y , a d e t a i l e d understanding of 
mechanism i s key to the d e s i g n of new c a t a l y t i c systems. 
A m e c h a n i s t i c emphasis should a l s o suggest advances i n 
other areas such as routes to new energy sources, 
s y n t h e t i c schemes f o r i n d u s t r i a l chemicals, and methods 
f o r the removal of C 0 2 as an atmospheric contaminant. 

Even though d e t a i l e d C 0 2 r e d u c t i o n mechanisms are 
u n c e r t a i n , and d e s p i t e the f a c t t h a t t r a n s i t i o n m e t a l - C 0 2 

chemistry has developed s l o w l y s i n c e the d i s c o v e r y of the 
f i r s t complexes, c a t a l y s t s f o r a b i o g e n i c C 0 2 r e d u c t i o n , 
e s p e c i a l l y e l e c t r o c a t a l y s t s , have been found (2/1). Our 
own work i n t h i s a r e a has l e d to the d i s c o v e r y of a 
s e r i e s of e l e c t r o c a t a l y s t s a c t i v e f o r the r e d u c t i o n of 
C 0 2 to CO, or formate (2â,k,£, s_, wj . More im p o r t a n t l y , a 
fundamental grasp of chemical and e l e c t r o c h e m i c a l 
pathways and i n t e r m e d i a t e s f o r a few s e l e c t cases has 
been achieved, and i n one i n s t a n c e , that of C 0 2 i n s e r t i o n 
i n t o a metal hyd r i d e complex, a d e t a i l e d m e c h a n i s t i c 
p i c t u r e has emerged. 

These s t u d i e s on C 0 2 r e d u c t i o n are p a r t of our 
l a r g e r e f f o r t on the a c t i v a t i o n and redox chemistry of 

2 -
s m a l l molecules and ions such as N 0 3 , NH^, 0 2 and H 2 0 
( 4 ) . Some long range g o a l s of the work are to develop an 
understanding of the e s s e n t i a l s y n t h e t i c and me c h a n i s t i c 
chemistry l e a d i n g to r e d u c t i o n of carbon d i o x i d e to 
formate, formaldehyde, methanol and o x a l a t e and to use 
the r e s u l t s to develop new t r a n s i t i o n metal 
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54 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

e l e c t r o c a t a l y s t s which w i l l e x h i b i t h i g h product 
s e l e c t i v i t y , operate c l o s e r to the thermodynamic 
p o t e n t i a l of the a p p r o p r i a t e redox process, and to 
achieve the c a t a l y z e d r e d u c t i o n under c o n d i t i o n s of hi g h 
c u r r e n t d e n s i t y . 

F o l l o w i n g a s h o r t review of the thermodynamics of 
C02 r e d u c t i o n , C02 r e d u c t i o n a t metal or carbon 
e l e c t r o d e s , e l e c t r o c h e m i c a l and p h o t o e l e c t r o c h e m i c a l 
r e d u c t i o n a t semiconductor e l e c t r o d e s , C0 2-metal complex 
r e a c t i v i t y , and the p r o p e r t i e s of r e l a t e d homogeneous 
s o l u t i o n e l e c t r o c a t a l y t i c systems, we w i l l d e s c r i b e the 
cu r r e n t scope of our attempts to develop new C02 

e l e c t r o c a t a l y s t s and d e s c r i b e the r e s u l t s of our 
mech a n i s t i c s t u d i e s . 

THERMODYNAMICS OF CARBON DIOXIDE REDUCTION. A u s e f u l 
summary of the thermodynamics of C02 r e d u c t i o n to 
one-carbon fragments i n aqueous s o l u t i o n under b a s i c and 
a c i d i c c o n d i t i o n s i s shown i n the Latimer-type diagram i n 
Scheme 1 (£). When r e f e r r i n g to the diagram below, 
r e c a l l t h a t a neg a t i v e p o t e n t i a l means tha t the reduced 
form of the couple i s a b e t t e r r e d u c i n g agent than H 2/ 
and c o n v e r s e l y , a p o s i t i v e v a l u e i n d i c a t e s that the 
o x i d i z e d form i s a b e t t e r o x i d i z i n g agent than the proto n 
at the s p e c i f i e d pH. 

C02 «J±J£* C Q ^ ,-0.01, H 2 C = 0 4 ^ 1 9 ^ C H 3 0 H 4_0 158^ ^ 

CO -O.l] [1M H +] 

C0 3
2- HC02" ,- -° 7 , H2C=0 + = 1 ± . CH3OH ^ l i * CH4 

[1M OH ] 

Scheme 1. (Values in Volts) 

In a c i d i c s o l u t i o n r e d u c t i o n of C02 to e i t h e r formic 
a c i d or CO i s s l i g h t l y endergonic w i t h r e s p e c t to the 
H 2/H + redox couple, w h i l e r e d u c t i o n to methane i s 
a c t u a l l y spontaneous. Even though the v a r i o u s r e d u c t i o n s 
are a c c e s s i b l e a t reasonable p o t e n t i a l s t h e i r k i n e t i c 
b a r r i e r s can be q u i t e severe, consequently, s u b s t a n t i a l 
o v e r p o t e n t i a l s can be i n c u r r e d a t the e l e c t r o d e s u r f a c e . 
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β. SULLIVAN ET AL. Electrocatalytic C02 Reduction 55 

ELECTROCHEMISTRY Of QQ2 REDUCTION. PRQPVCI? ANP 
OVfifiPQTSNTIAfr REQUIREMENT? * A number of e l e c t r o c h e m i c a l 
s t u d i e s a t metal or carbon e l e c t r o d e s have documented the 
l a r g e o v e r v o l t a g e s r e q u i r e d f o r C0 2 r e d u c t i o n , both f o r 
aqueous and non-aqueous media (JS) . T y p i c a l r e d u c t i o n 
p o t e n t i a l s r e q u i r e d a t e i t h e r Pt or Hg working e l e c t r o d e s 
are; -2.21V f o r dimethylformamide, -2.16V f o r H 20 at pH 
7, and -2.2 to -2.7V f o r CH.CN (using alkylammonium s a l t s 

Ô 
as s u p p o r t i n g e l e c t r o l y t e s w i t h the NaCl s a t u r a t e d sodium 
c h l o r i d e e l e c t r o d e as r e f e r e n c e ; SSCE, i . e . , +0.24V 
versus NHE) (£a). Under these c o n d i t i o n s C0 2~ i s the 
i n i t i a l r e d u c t i o n product, and once formed, i s 
exc e e d i n g l y r e a c t i v e . 

The f a t e of e l e c t r o c h e m i c a l l y generated C02~" i n 
water depends upon the pH and the e l e c t r o d e composition. 
Scheme 2 shows the p o t e n t i a l s t h a t have been used i n the 
p r e p a r a t i v e e l e c t r o r e d u c t i o n of C0 2 at Pb, Pt, or Hg 
e l e c t r o d e s , along w i t h the u l t i m a t e products 

, "2.1 to -2.2 V , ( - ° ' 7 t P V , CH 30H 
pH 6-8 Z pH 3-6 

1 
C 0 2 " 2 4 

1 

Scheme 2 . 

Of p a r t i c u l a r i n t e r e s t i s tha t i n a c i d i c s o l u t i o n , 
d i r e c t r e d u c t i o n of C0 2 to methanol occurs, but th a t 
formaldehyde i s a p p a r e n t l y bypassed as an in t e r m e d i a t e 
(6&). In b a s i c s o l u t i o n there i s no f i r m evidence as to 
whether d i s s o l v e d C0 2 or carbonate i o n i s reduced to 
formate, or that formate i s reduced to formaldehyde, even 
at p o t e n t i a l s more c a t h o d i c than -2.1V. Formaldehyde, 
however, i s reduced at moderate p o t e n t i a l s to methanol, 
although i t has been r e p o r t e d that c o m p l i c a t i o n s a r i s e 
from base promoted formation of polyoxymethylene g l y c o l s . 
One c o n c l u s i o n to be drawn from Scheme 2 i s the i m p l i e d 
k i n e t i c d i f f i c u l t y of re d u c i n g carbonate or bi c a r b o n a t e , 
making a c i d s o l u t i o n , where C0 2 i s the dominant form, the 
p r e f e r r e d medium f o r C0 o r e d u c t i o n . 
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56 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Formation of o x a l a t e i n aqueous s o l u t i o n i s a 
d i f f e r e n t matter. One b r i e f r e p o r t of C0 2 r e d u c t i o n i n 
unbuffered water, where c o m p e t i t i v e water r e d u c t i o n 
i n c r e a s e d the s o l u t i o n pH, gave evidence f o r o x a l a t e 
p r o d u c t i o n (£c_) . By i n f e r e n c e , d i m e r i z a t i o n of C0 2 to 
o x a l a t e i s favored under c o n d i t i o n s of h i g h pH where the 
coupled H+/e"~ steps l e a d i n g to formate, formic a c i d and 
methanol are r e l a t i v e l y slow. 

Recent work on n o n - t r a d i t i o n a l s o l i d e l e c t r o d e 
s u r f a c e s , such as Ru coated carbon, υ) or 
molybdenum, has been s u c c e s s f u l f o r reducing C0 2 to 
e i t h e r methane or methanol. For example, with Ru coated 
carbon the r e d u c t i o n to methane d e p i c t e d i n Eq. 1 can be 
achieved w i t h 24* F a r a d a i c e f f i c i e n c y i n a c i d i c aqueous 
s o l u t i o n at ca. -0.38V versus NHE. 

C0 2 + 8H + + e • CH 4 + 2H 20 (1) 

Likewise, on a molybedenum e l e c t r o d e methanol has 
been produced i n >50* F a r a d a i c e f f i c i e n c y a t p o t e n t i a l s 
between -0.7 and -0.8V vs. SCE. A s i n g l e , but 
t a n t a l i z i n g r e p o r t of both methane and e t h y l e n e 
p r o d u c t i o n at copper e l e c t r o d e s has been claimed to occur 
between ca. -1.35V versus NHE . The mechanisms by 
which these r e d u c t i o n s occur, although of extreme 
importance i n t h i s f i e l d , are unknown. 

In nonaqueous s o l v e n t s , such as DMF or a c e t o n i t r i l e , 
e l e c t r o r e d u c t i o n of C0 2 i s f o l l o w e d by the three 
p r i n c i p a l r e d u c t i o n pathways as d e p i c t e d i n Scheme 3. By 
u s i n g u l t r a f a s t sweep r a t e c y c l i c voltammetry Lamy, Nadjo 
and Saveant have determined the standard p o t e n t i a l f o r 
the C0 2/C0 2~ couple to be -2.21±0.015 V versus SCE i n DMF 
with 0.1 M TEAP as s u p p o r t i n g e l e c t r o l y t e (6g). The 
subsequent r e a c t i v i t y and d i s t r i b u t i o n between formate, 
C0(g), or o x a l a t e as f i n a l products i s dependent upon 
f a c t o r s such as the C0 2 c o n c e n t r a t i o n , the e l e c t r o d e 
m a t e r i a l , the type of e l e c t r o l y t e , or the presence of 
a d v e n t i t i o u s a c i d (ê,â,y.)· 

C0 2 + e , C0 2 

k l 2-2C0 2 • C 2 0 4 (carbon-carbon c o u p l i n g ) 
k 2 "0 

CO + CO • χ* ^0 (carbon-oxygen coupling) 
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β. SULLIVAN ET AL. Electrocatalytic C02 Reduction 57 

0 ^ 
,0 + co„ CO + CO 2-

co„ + H H-C0 2 * + C0 2 

3 

HC0r 

Scheme 3 . 

Amatore and Saveant have p r o v i d e d estimates of the 
r a t e s f o r the v a r i o u s pathways shown i n the scheme · 
The f a s t e s t process i s the carbon-carbon c o u p l i n g process 

7 - l -1 
to y i e l d o x a l a t e , e.g., 10 M sec , whereas both 
n e u t r a l i z a t i o n of C02~" by a d v e n t i t i o u s water and 0,C 

3 —1 —1 
c o u p l i n g occur at ca. 10 M sec . Of note i s tha t the 
source of the second e l e c t r o n i n these l a t t e r cases i s 
predominantly from C0 2~ r a t h e r than d i f f u s i o n to the 
e l e c t r o d e s u r f a c e . 

Our g o a l s f o r the development of C0 2 

e l e c t r o c a t a l y s t s are twofold; the d e s i g n of systems which 
operate a t h i g h turnover numbers near the thermodynamic 
p o t e n t i a l f o r couples l i k e C0 2/HC0 2H or C0 2 / H 2 C 2 0 2 , and, 
to understand m e c h a n i s t i c pathways w e l l enough to de s i g n 
and s y n t h e s i z e new e l e c t r o c a t a l y s t s that possess a hi g h 
degree of product s p e c i f i c i t y , i . e . , to be a b l e to 
c o n t r o l the course of C0 2 r e d u c t i o n toward the formation 
of products such as formate, methanol or even methane 
r a t h e r than carbon monoxide. 

PH0T0ELECTR0CHEMICAL REDUCTION OF CARBON DIOXIDE USING 
SEMICONDUCTOR ELECTRODES. S e v e r a l d i f f e r e n t s t r a t e g i e s 
f o r carbon d i o x i d e r e d u c t i o n on semiconductors e l e c t r o d e s 
have been used to produce CO, formic a c i d , or even 
methanol ( ϋ ) . These i n c l u d e : 

1. ) Use of p-type semiconductors under band gap 
i r r a d i a t i o n to d i r e c t l y reduce C0 2 and i t s i n t e r m e d i a t e s . 

2. ) Use of p-type semiconductors to photoreduce 
known C0 2 r e d u c t i o n c a t a l y s t s . 

D i r e c t p h o t o a s s i s t e d r e d u c t i o n of C0 2 to formic a c i d 
occurs w i t h Zn doped-p-type GaP as a photocathode i n 
aqueous phosphate b u f f e r (pH 6.8) u s i n g 365nm l i g h t a t a 
c e l l b i a s p o t e n t i a l of -1.0V (SCE). I t i s s i g n i f i c a n t 
t h a t s m a l l e r amounts of both formaldehyde and methanol 
were a l s o observed under these c o n d i t i o n s ( 1 4 f ) . 
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58 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

C h e m i c a l l y c a t a l y z e d r e d u c t i o n of C0 2 u s i n g s o l u b l e 
redox c a t a l y s t s as e l e c t r o n a c c e p t o r s from a p-type S i 
photocathode has been r e p o r t e d by B r a d l e y and co-workers. 

II 2 + 
For example, by u s i n g [(Me_[14]aneN„)Ni ] ( v i d e i n f r a ) 
i n CH 3CN/[n-Bu 4N][C10 4] s o l u t i o n , C0 2 c o u l d be reduced to 
CO w i t h 752nm l i g h t a t an a p p l i e d p o t e n t i a l of -1.0V 
(SCE) ( H â ) . A r e l a t e d , but more i n t e r e s t i n g approach i s 
to c h e m i c a l l y modify a semiconductor e l e c t r o d e w i t h the 
c a t a l y t i c s p e c i e s of i n t e r e s t . T h i s approach has been 
taken by Cabrera and Abruna u s i n g p-WSe2 m o d i f i e d w i t h 
p oly-[Re(vbpy)(C0) 3C1] to produce CO at -0.65V (SCE) 
under i r r a d i a t i o n w i t h a He/Ne l a s e r ( v i d e i n f r a ) (14k). 
Undoubtedly the approach embodied by t h i s work w i l l be 
f e r t i l e ground f o r p h o t o e l e c t r o c h e m i c a l c e l l r e s e a r c h i n 
the near f u t u r e . 

REACTIVITY OF TRANSITION METAL COMPLEXES TOWARD C0 2. The 
e x i s t e n c e of a we11-developed chemistry of t r a n s i t i o n 
metal-C0 2 complexes would a i d i n the d e s i g n of 
e l e c t r o c a t a l y s t s , but u n f o r t u n a t e l y t h i s chemistry 
remains obscure. At l e a s t four areas of s i g n i f i c a n c e can 
be i d e n t i f i e d where more i n f o r m a t i o n would enhance our 
a b i l i t y to d e f i n e p o s s i b l e r e d u c t i o n pathways: 

1. ) The study of C0 2 bonding modes and t h e i r 
c h a r a c t e r i s i t i c r e a c t i v i t y p r o p e r t i e s , e s p e c i a l l y as a 
f u n c t i o n of the c e n t r a l metal and c o o r d i n a t i o n number. 

2. ) I n t e r c o n v e r s i o n of side-bound and carbon-bound 
co 2. 

3. ) E l e c t r o p h i l i c and n u c l e o p h i l i c a t t a c k at the 
c o o r d i n a t e d C0 2 l i g a n d . 

4. ) The redox p r o p e r t i e s of c o o r d i n a t e d C0 2-
D e s p i t e the absence of s y s t e m a t i c i n f o r m a t i o n i n 

these areas, there have been s y n t h e t i c , s t r u c t u r a l , and 
r e a c t i v i t y s t u d i e s which p r o v i d e a u s e f u l background to 
the C0 2 r e d u c t i o n problem, as has been d e s c r i b e d i n 
recent reviews (£). 

Bonding Modes and T h e i r R e a c t i v i t i e s . Many metal 
complexes i n low (e.g., N i ( 0 ) ) or i n t e r m e d i a t e (e.g. 
Ru(II)) o x i d a t i o n s t a t e s r e a c t w i t h C0 2 i n s o l u t i o n , or 
i n the s o l i d s t a t e , although the i s o l a t i o n and complete 
c h a r a c t e r i z a t i o n of the r e s u l t i n g metal-C0 2 complexes i s 
d i f f i c u l t . From the r e s u l t s of x-ray c r y s t a l l o g r a p h y , 
seven d i f f e r e n t s t r u c t u r a l types have been i d e n t i f i e d : 
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6. SULLIVAN ET AL. Electrocatalytic C0g Reduction 59 

1. ) T e t r a h e d r a l N i ( 0 ) ; (Cy 3P) 2 N i ( i 7 2 - C 0 2 ) , Cy i s 
c y c l o h e x y l (2£,sJ· 

2. ) Octahedral Mo(0); (PMe 3) 3(CNR)Mo(/7 2-C0 2) 2 , 
where R i s Me, i - P r or t-Bu (7n,q). 

3. ) Nb(/7 5-C 5H 4Me) 2(CH 2SiMe 3)(/7 2-C0 2) (2p) . 

4. ) Formai Mo ( I I ) ; [ (η^-Ο^Ά^ 2*[ο(η2-002 ) ] n (2v) . 

5. ) Octahedral R h ( I I I ) ; d i a r s ) 2 ( C l )Rh(/7 1-C0 2 ) , 
where d i a r s i s 1,2-( b i s - d i m e t h y l a s i n o ) e t h a n e (21). 

6. ) [Co ( S a l e n ) ( A / - C 0 2 ) ( K ) ( T H F ) ] n (££) . 
7. ) [ ( ( C O ) 4 R e ) 2 ( ^ - C 0 2 ) 2 ( R e ( C O ) 5 ) 2 (2b). 

The f i r s t f o u r cases i n v o l v e side-bound c o o r d i n a t i o n 
which i s re m i n i s c e n t of metal-alkene complexe as shown i n 
s t r u c t u r e I, wh i l e cases 4-6 i n v o l v e at l e a s t some 
carbon-metal i n t e r a c t i o n . 

^ 0 
(I) 

The carbon-bound complexes show more d i v e r s e s t r u c t u r a l 
behavior than the side-bound s p e c i e s , f o r example, the Rh 
complex i s s t r i c t l y monohapto w i t h r e s p e c t to the metal 
as shown i n I I , w h i l e the Co complex has both oxygen 
atoms "supported" by c o o r d i n a t i o n to K +. 

0 _ K + 

co—cT ( I D 
0 — κ 

(where the K + i o n s a r e c h e m i c a l l y i n e q u i v a l e n t ) 

The Re c l u s t e r d i s c o v e r e d by Beck and coworkers (Hi) i s 
s i m i l a r i n th a t Re 1 i s c o o r d i n a t e d to both C and 0 i n the 
manner d e p i c t e d i n I I I . 

<C0) 
^ 0-Re(C0) 5 C I I D 

( C O ) 5 R e - o A R i r
0 

(CO), 
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60 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Although no s y s t e m a t i c s t u d i e s of the r e a c t i v i t y of 
complexed C0 2 have appeared, the dominant mode of 
r e a c t i o n seems to be oxygen t r a n s f e r to s u i t a b l y a c i d i c 
a c c e p t o r s such as water. Thus, the attempted p r e p a r a t i o n 
of low-valent C0 2 complexes o f t e n leads to the i s o l a t i o n 
of metal-bicarbonato or metal-carbonyl s p e c i e s i n a 
higher o x i d a t i o n s t a t e , presumably due to r e a c t i o n s l i k e 
those shown i n Eqs. 2a and 2b. The r e l e a s e d carbonate 
i o n i s a s t r o n g n u c l e o p h i l e i n non-aqueous media and may 
a t t a c k metal ions i n s o l u t i o n to form carbonate or 
b i c a r b o n a t e complexes. 

M(/7-C02) + H 20 > [ M ( C 0 ) r + 20H (2a) 

20H~ + 2C0 2 • 2 C 0 3 2 " ( 2 b ) 

An i n t r a m o l e c u l a r example of C0 2 a c t i n g as a Lewis 
a c i d , oxygen acceptor, has been demonstrated by the x-ray 
c r y s t a l s t r u c t u r e of the r e a c t i o n product between 
I r C l ( C 8 H 1 4 ) ( P M e 3 ) 3 and C0 2 i n benzene (21) The complex, 
I r C l ( C 2 0 4 ) ( P M e 3 ) 3 , c o n t a i n s the m e t a l l o c y c l e shown i n IV, 
which i s an isomer of o x a l a t e , and can be viewed as 
a r i s i n g from an i n t r a m o l e c u l a r acid-base i n t e r a c t i o n 

o — 
between C0 o and CO. 

i f — h (iv) 

I n t e r m o l e c u l a r examples are known i n metal 
c a r b o n y l - a n i o n chemistry where r e d u c t i v e oxygen t r a n s f e r 
occurs, a p p a r e n t l y between f r e e and complexed C0 2. An 
example i s shown i n Eq. 3, although the i n t e r m e d i a t e C0 2 

complex i s a p p a r e n t l y too r e a c t i v e to appear as an 
observable i n t e r m e d i a t e (£â). 

L i 2 [ W ( C 0 ) 5 ] + 2C0 2 • W(C0) 6 + L i 2 C 0 3 (3) 

Other oxygen a c c e p t o r s have been i d e n t i f i e d , most n o t a b l y 
PR 3, which r e s u l t s i n the corresponding phosphine oxide 
and CO; a r e a c t i o n type that c o u l d be e x p l o i t e d i n f u t u r e 
e l e c t r o c a t a l y t i c c y c l e s (âd) . 
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β. SULLIVAN ET AL. Electrocatalytic C02 Reduction 61 

Of g r e a t e r p o t e n t i a l i n t e r e s t i s the r e a c t i o n of 
co o r d i n a t e d C 0 2 w i t h w i t h r e a c t a n t s that a t t a c k a t 
carbon. Although there are few examples, the a c r y l i c 
a c i d formation that r e s u l t s v i a e t h y l e n e - C 0 2 c o u p l i n g 

shown i n Eq. 4 i s noteworthy ( I n ) . 

U a j l S - M o ( / 7 2 - C 2 H 4 ) 2 ( P M e 3 ) 4 + C0 2 > 
(4) 

1 /2 [ Mo ( H 2C=CHC0 2H ) (η 2 - C ^ ) ( PMe 3 ) 2 ] 2 

Whether the r e a c t i o n proceeds i n an i n t e r - or 
i n t r a m o l e c u l a r f a s h i o n i s not known. 

P r o t o n a t i o n (or e l e c t r o p h i l i c a t t a c k ) a t carbon to 
g i v e formate or formate p r e c u r s o r s i s another p o s s i b l e 

ο 
r e a c t i o n i f η -C0 2 e x h i b i t s r e a c t i v i t y modes s i m i l a r to 
dihapt o a l k e n e s . L a t e r we w i l l d i s c u s s recent k i n e t i c 
evidence of t h i s type of r e a c t i v i t y i n the 
e l e c t r o c a t a l y t i c r e d u c t i o n of C0 2 by [Os(bpy) 2(C0)H] . 

Another important r e a c t i o n i s the c o u p l i n g of two 
carbon d i o x i d e molecules at the carbon atoms to g i v e 
o x a l a t e . T h i s process appears to be a s i d e r e a c t i o n i n 
some e l e c t r o c a t a l y t i c r e d u c t i o n s (3j,Q,lfyi) yet i t has 
never been observed as a r e a c t i o n pathway from C0 2 

complexes. However, a model of the r e a c t i o n e x i s t s i n 
the example of the carbon-carbon c o u p l i n g of dimethyl 
malonate by (rç^-C^H^) 2Ti(CO) 2 ( 2 ) . 

I n s e r t i o n of C0 2 i n t o Metal-Liaand Bonds. Examples 
of s y n t h e t i c r e a c t i o n s where C0 2 i n s e r t s i n t o metal 
hydride, a l k y l , a r y l , a l k o x i d e , hydroxide, and amide 
bonds are w e l l known (1£)· Only r e c e n t l y have k i n e t i c 
and mechanism s t u d i e s been conducted which r e v e a l the 
d e t a i l s of the i n s e r t i o n process on the molecular l e v e l . 
Notable i s the work of Darensbourg and coworkers 
( lOçr. 1 ,o) on the W-alkyl i n s e r t i o n shown i n Eq. 5: 

[ (PR 3) (CO)4WMe]"~ + C0 2 — — • [ ( PR 3 ( CO) 4W-0^-Me] " (5) 

Rec e n t l y we have r e p o r t e d (lûfl,r)the f i r s t d e t a i l e d 
k i n e t i c s t u d i e s of C 0 2 i n s e r t i o n i n t o both a metal 
hy d r i d e bond and a r e l a t e d metal a l k o x i d e bond, i . e . , 
that of f a c - Re(bpy)(CO) 3H (Eq. 6), and 

Ph 
Îâ£-Re(bpy)(CO) 3Oj-H (Eq. 7). 
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62 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

lâ£-Re(bpy)(CO) 3H + C0 2 i a ^ - R e ( bpy )(CO) 30 2CH (6) 

Îâ£-Re(bpy)(C0) 30£-H + C0 2 

CH 3CN 

Îâ£-Re(bpy)(C0) 30 

Both the h y d r i d e and a l k o x i d e e x h i b i t p s u e d o - f i r s t 
order k i n e t i c s i n the presence of ca. 10 M to 0.33M C0 2 

i n s o l v e n t s such as THF, acetone, or CH 3CN. F i g u r e 1 

'3 θ / 

Me 
THF s o l u t i o n ; the s p e c t r a l changes e x h i b i t i s o b e s t i c 
behavior at 346 nm and 411 nm t h a t corresponds to the 
decay and appearance, r e s p e c t i v e l y , of the 
m e t a l - t o - l i g a n d charge t r a n s f e r a b s o r p t i o n bands of the 
r e a c t a n t a l k o x i d e and the product m e t a l l o c a r b o x y e s t e r 
complexes. C o n c e n t r a t i o n s t u d i e s e s t a b l i s h a f i r s t order 
dependence f o r C0 2, and the simple r a t e law, 
- d [ R e ] / d t = k i [ R e ] [ C 0 2 ] , holds f o r both i n s e r t i o n s . 

The temperature dependencies support an a s s o c i a t i v e 
process f o r both i n s e r t i o n s ( f o r Re-H; AH* = 12.8 
kcal/mole, 4S f= -33.0 eu; f o r Re-0CH(Me)Ph; ΔΗ*= 10.9 
kcal/mole, AS* = -27.6 eu) and the a c t i v a t i o n parameters 
compare f a v o r a b l y w i t h the case of [(MeO) 3P(C0) 4WMe)] 

{AH* = 10.2 kcal/mole, AS* = -43.3 eu). 
That s i g n i f i c a n t charge t r a n s f e r c h a r a c t e r i s 

i n v o l v e d i n both mechanisms i s i n d i c a t e d by the l a r g e , 
g e n e r a l d i e l e c t r i c e f f e c t on the i n s e r t i o n r a t e , a 
phenomenon that i s l a r g e r f o r the h y d r i d e r e a c t i o n than 
the a l k o x i d e . For example, the second order r a t e 
constant, k ^ f o r l a c - R e ( b p y ) ( C O ) 3 H i n THF i s 1.97χ1θ" 4 

M" 1sec~ 1 but i n CHgCN i s 5.44χ1θ" 2 M" 1sec" 1, while f o r 

lh -2 la£-Re(bpy)(C0) 30-C-H i n THF the r a t e i s 2.2x10 
Me 

M ~ 1sec" 1 and i n CHgCN i t i s 1.62x1ο" 1 M _ 1 s e c " 1 . 
One p o s s i b l e mechanism f o r the m e t a l - a l k o x i d e 

i n s e r t i o n r e a c t i o n i s a water or a l c o h o l c a t a l y z e d c h a i n 
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β. SULLIVAN ET AL. Electrocatalytic COg Reduction 63 

-1.9, 

0,-4 1 1 μ -
350 450 550 

WAVELENGTH(NM) 

FIGURE 1. S p e c t r a l changes which occur i n the v i s i b l e 
r e g i o n of the spectrum upon i n s e r t i o n of C0 2 i n t o the 
meta l - a l k o x i d e bond of faç-Re(bpy)(CO) 3OC(H)(Me)Ph. 
Inset i s t y p i c a l p s e u d o - f i r s t order decay k i n e t i c s 
monitored at 450nm i n THF s o l u t i o n . 
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64 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

l i k e t h at proposed by Chisolm and coworkers f o r amide and 
a l k o x i d e complexes of the mid- and e a r l y t r a n s i t i o n 
elements (Eqs. 8-9) ( 1 0 s , t ) . 

R-OR + C0 2 , R0C0 2H (8) 
[R i s a r y l or a l k y l ] 

M-0R1 + R0C0 2H > M-0-C-0R + R'OH (9) 

To r u l e out t h i s p o s s i b i l i t y we have f o l l o w e d the 
course of the i n s e r t i o n r e a c t i o n i n the presence of D^O 

u s i n g Nmr spectroscopy. F i g u r e 2a shows the p r o t o n 
Ph 

spectrum of faj£-Re(bpy) (CO) -0Ç-H i n CD.CN emphasizing the 
3 Me 3 

assignments f o r the bpy and p h e n e t h y l a l k o x i d e groups. 
The spectrum shows that the l a c k of symmetry at the 
a l k o x i d e carbon i s d r a m a t i c a l l y f e l t at the bpy. 
A d d i t i o n of 1.36M Ό^Ο to the s o l u t i o n causes o n l y s l i g h t 
s h i f t s , presumably due to s p e c i f i c s o l v a t i o n e f f e c t s l i k e 
hydrogen bonding ( F i g . 2b). From t h i s r e s u l t we can be 
sure t h a t h y d r o l y s i s (Eq. 10) does not occur on the 
t i m e s c a l e r e q u i r e d to o b t a i n the spectrum, i . e . , ca. 30 
min, s i n c e any s u b s t i t u t i o n process that produces the 
thermodynamically favored f a c i a l isomer would r e s u l t i n 
f o r m a t i o n of a Re complex w i t h a symmetry plane. 

ÎâÊ-Re(bpy)(C0) 30D + 

(10) 
Ph 

DOC-H 
Me 

F i g u r e 2c shows the same experiment i n C0 2 s a t u r a t e d 

2 lh 

s o l u t i o n where i t i s c l e a r that fac-Re(bpy)(CO)-0-C-Oy-H 
3 Me 

i s c l e a n l y formed. Note that the spectrum of the bpy 
r e g i o n s t i l l shows the e f f e c t of the c h i r a l carbon of the 
m e t a l l o c a r b o x y e s t e r , although i t i s a t t e n u a t e d by the 
g r e a t e r d i s t a n c e between the bpy l i g a n d and the c h i r a l 
c e n t e r . 

From the data at hand i t i s p o s s i b l e to propose a 
common type of charge-separated s t a t e f o r both h y d r i d e 
and a l k o x i d e i n s e r t i o n s ; these are d e p i c t e d i n s t r u c t u r e s 
V and VI. 

faj£-Re(bpy) (C0) 30fc-H + D 20 
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β. SULLIVAN ET AL. Electrocatalytic COt Reduction 65 

CH3CN 

6(6') 3(3') 4(4') 5(5") 

JJLË LxJjLil 

Me 

I 
9.0 7.0 5.0 

JULJÎJUU 
CH3CN With 1.36 M H20 

λ 
9.0 7.0 5.0 

CH3CN With 1.36 M H20 and C02 

_ i _ m _ j 1 
FIGURE 2. Proton NMR s p e c t r a l experiments 
demonstrating the h y d r o l y t i c s t a b i l i t y of 
fâ£-Re(bpy)(C0) 30C(H)(Me)Ph i n CD 3CN s o l u t i o n . S h i f t s 
are r e a l t i v e to TMS as an e x t e r n a l standard; see t e x t 
f o r e x p l a n a t i o n of the s p e c t r a l changes. 
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66 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

o - — 
δ - 0 

Η Re Η 
+ δ -

(V) (VI) 

Involvement of V as the t r a n s i t i o n s t a t e of the 
hydr i d e r e a c t i o n i s f u r t h e r supported by the appearance 
of an i n v e r s e i s o t o p e e f f e c t of ca. 1/2 (e.g., f o r CH qCN, 

s e r i e s of 4, 4 1 - d i s u b s t i t u t e d bpy complexes. 
The a s s o c i a t i v e , a l k o x i d e a t t a c k on the C0 2 carbon 

d e p i c t e d i n VI bears formal resemblance to that of V, 
however, an a l t e r n a t i v e mechanism i s a carbonium i o n 
m i g r a t i o n from the a l k o x i d e oxygen to the C0 2 carbon. 
T h i s i n t e r e s t i n g a l t e r n a t i v e i s the concern of some of 
our c u r r e n t s t u d i e s . 

Photochemical Reduction of C0 2. The r e a c t i o n of C0 2 

w i t h fajç-Re(bpy) (C0) 3H, as shown i n Eq. 6, i s a l s o 
p h o t o c a t a l y z e d i n s o l v e n t s l i k e THF or benzene where the 
thermal i n s e r t i o n i s i n h e r e n t l y slow (12b). Another 
example of a pho t o c h e m i c a l l y d r i v e n i n s e r t i o n i s that of 
R e ( d i p h o s ) 2 H 3 (diphos i s Ph 2PCH 2CH 2PPh 2) which e l i m i n a t e s 
H 2 on UV i r r a d i a t i o n to generate the c o o r d i n a t e l y 
u n s a t u r a t e d complex R e ( d i p h o s ) 2 H (or a s o l v a t e d form) 

that r e a c t s w i t h C0 2 to form Re(diphos) 2 (/72-02CH) (122.) . 

Another approach has been taken by Z i e s s e l , Lehn and 
coworkwers, who i n a s e r i e s papers, both i n t e r e s t i n g and 

2+ 
r i c h , use the r e d u c t i v e quenching of Ru(bpy) 3 ana 
Re(bpy)(C0) 3C1 to produce formate and CO, r e s p e c t i v e l y 
(JL2â,<â,e_) . 

ELECTROCATALYTIC REDUCTION OF CO., IN HOMOGENEOUS 
SQLVTIQN. 

There i s ver y l i t t l e m e c h a n i s t i c i n f o r m a t i o n on the 
e l e c t r o c a t a l y t i c r e d u c t i o n of C0 2. In many cases e i t h e r 
the the e l e c t r o c h e m i c a l events or the products of the 
r e d u c t i o n are not known. B r i e f l y , the few 
e l e c t r o c a t a l y s t s can be grouped i n t o the f o l l o w i n g 
s t r u c t u r a l c a t e g o r i e s : 

1.) Complexes of p o r p h y r i n s , p h t h a l o c y a n i n e s , and 
r e l a t e d m a c r o c y l i c l i g a n d s . 
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6. SULLIVAN ET AL. Electrocatalytic C02 Reduction 67 

2. ) Other square p l a n a r complexes. 
3. ) Metal c l u s t e r s . 
4. ) M e t a l - p o l y p y r i d i n e complexes. 

In the f o l l o w i n g d i s c u s s i o n the mecha n i s t i c f i n d i n g s and 
the i m p l i c a t i o n s of the l i t t l e a v a i l a b l e work i s 
presented, and then i t i s c o n t r a s t e d w i t h our own recent 
s t u d i e s . 

METAL PORPHYRINS. PHTHALOCYANINES. AND RELATED 
MACROCYCLES. Other than the m e t a l - p o l y p y r i d i n e 
complexes, m a c r o c y c l i c metal complexes have p r o v i d e d the 
l a r g e s t number of c a t a l y s t s . The phenomenological 
aspe c t s of t h i s chemistry have been i n v e s t i g a t e d by 
F i s h e r and Eis e n b e r g ( 3Ja) , L i e b e r and Lewis ( 3Û) , Sauvage 
and coworkers (.2eJ , and r e c e n t l y by Becker and coworkers 
(31). The on l y study which has attempted to address 
m e c h a n i s t i c q u e s t i o n s i n d e t a i l i s that of Pearce and 
P l e t c h e r (3u), although both the work of Sauvage e t . a l . 
and F i s h e r and Eis e n b e r g n i c e l y demonstrate that 
m e c h a n i s t i c s e l e c t i v i t y f o r C0 2 r e d u c t i o n versus H 20 
r e d u c t i o n e x i s t s . 

In t h e i r study, Pearce and P l e t c h e r examined some of 
the o r i g i n a l e l e c t r o c a t a l y s t s d i s c o v e r e d by F i s h e r and 

II 2+ Eis e n b e r g such as Co (Salen) and N i ( t e t a ) i n a mixed 
CH 3CN/H 20 s o l v e n t . They i d e n t i f i e d b i c a r b o n a t e as the 
oxygen c o n t a i n i n g by-product of the r e a c t i o n , and 
p o s t u l a t e d that H 20 i s the oxygen a c c e p t o r . From c y c l i c 
voltammetry and bulk e l e c t r o l y s i s s t u d i e s the f o l l o w i n g 
m e c h a n i s t i c sequence was then proposed: 

L η j j j - r e χ L W j-i j \ •LJL I 
[ Μ ^ ] ( Π " 1 ) + + C0 2 + Na +

 t [ M I I I L C 0 2 " N a + ] n + (12) 
[ M I I I L C 0 2 ~ N a + ] n + + H 20 , f a S t » [M I i : CLCOOH] n + + NaOH (13) 

[M I ] C ILCOOH] n + + e" » [M I ILCOOH] ( n ~ 1 } + (14) 
[ M I I L C O O H ] ( n " 1 ) + S l Q W > [ M I I L j n + + CO + ~0H (15) 
2NaOH + 2C0 2 • 2NaHC0 3 (16) 

A d i r e c t model of the C 0 2 complex i n Eq. 12 i s 
o f f e r e d by the x-ray s t r u c t u r e of 
[ C o ( p r - s a l e n ) K ( C 0 2 ) T H F ] n which shows a C-bound C0 2 w i t h 

the oxygen c o o r d i n a t e d to K + ( i t ) . 
Employing a very d i f f e r e n t s t r a t e g y , Kapusta and 

Hackerman (3k) have examined the e l e c t r o c a t a l y t i c 
behavior of Co-phthalocyanine f i l m s d e p o s i t e d on carbon 
e l e c t r o d e s and f i n d i n aqueous s o l u t i o n , over a wide pH 
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68 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

range, good c u r r e n t y i e l d s of formate. At low pH v a l u e s , 
however, up to 5* methanol i s produced. I f confirmed 
these r e s u l t s imply t h a t the m u l t i e l e c t r o n , stepwise 
r e d u c t i o n of C0 2 to methanol v i a metal e l e c t r o c a t a l y s t s 
i a a v i a b l e s t r a t e g y . 

OTHER SQUARE-PLANAR COMPLEXES. The m a j o r i t y of the 
m a c r o c y l i c systems, l i k e those d i s c u s s e d above, are 
square p l a n a r and c o n t a i n n e u t r a l or n e g a t i v e l y charged 
n i t r o g e n or mixed n i t r o g e n and oxygen donor atoms. An 
e l e c t r o n i c a l l y and s t e r i c a l l y d i s t i n c t c l a s s of complex 
i s r e presented by R h ( d i p h o s ) 2

+ , which has r e c e n t l y been 
shown to reduce C0 2 to formate. Under e l e c t r o c a t a l y t i c 
c o n d i t i o n s , S l a t e r and Wagenknecht (2g) have suggested 
the i n t e r m e d i a t e formation of Rh(diphos) 2H by r a d i c a l 
a b s t r a c t i o n from the CH^CN s o l v e n t i s the f i r s t s t e p i n 
the r e d u c t i o n , i . e . , Eqs. 17 and 18. 

[ R h 1 ( d i p h o s ) 2 ] + + e" . [Rh(diphos) 2]° (17) 

[Rh(diphos) 2]° + CH 3CN • Rh(diphos) 2H + 'CHgCN (18) 

In t h e i r proposed mechanism, subsequent i n s e r t i o n of C0 2 

i n t o the Rh-H bond and d i s s o c i a t i o n of product formate 
completes the c a t a l y t i c c y c l e . 

METAL CLUSTERS. Although as a c l a s s c l u s t e r s are 
promising as e l e c t r o c a t l y s t s only two r e l e v a n t s t u d i e s 
have appeared, one concerning the e l e c t r o r e d u c t i o n of 
Fe-S c l u s t e r s which reduce C0 2 to a v a r i e t y of products 
i n c l u d i n g CO and formate ( ϋ ) , and the other i n v o l v i n g 
the c a t a l y t i c chemical r e d u c t i o n of C0 2 to CO by Ru 

4-c a r b o n y l c l u s t e r s (8eJ such as Ru^CO),,, . No 4 12 
m e c h a n i s i t i c i n f o r m a t i o n i s a v a i l a b l e f o r e i t h e r of these 
systems. 

METAL-PQLYPYRIDINE COMPLEXES. The m a j o r i t y of the 
m e c h a n i s t i c data has come from s t u d i e s on complexes 
c o n t a i n i n g p o l y p y r i d y l l i g a n d s . Among the a p p e a l i n g 
p r o p e r t i e s of l i g a n d s l i k e 2, 2 1 - b i p y r i d i n e (bpy) and 1, 
10-phenanthroline (phen) i s that they s t a b i l i z e metals i n 
a l a r g e number of o x i d a t i o n s t a t e s w h i l e at the same time 
they are " e l e c t r o n r e s e r v o i r s " capable of s t o r i n g 
e l e c t r o n s at p o t e n t i a l s between ca. -0.7 and -1.7V by 
u t i l i z i n g vacant π o r b i t a l s . 
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6. SULLIVAN ET AL. Electrocatalytic C0£ Reduction 69 

ÇQfralt S l P Y r i f l i n e complexes. The work of Keene, 
Cruetz, and S u t i n (££) on the s t o i c h i o m e t r i c r e d u c t i o n of 
C0 2 by [ C o I ( b p y ) 3 ] + i n b u f f e r e d aqueous s o l u t i o n s 
demonstrates t h a t two e l e c t r o n s , both of which are 
metal-based, can be used to reduce C0 2 to CO and i n t h i s 
sense i s s i m i l a r to C0 2 r e d u c t i o n w i t h Co-macrocycles. 
Ambiguities remain concerning the mechanism, e s p e c i a l l y 
whether C0 2 or HC0 3~ i s the s u b s t r a t e . The end r e s u l t of 
t h e i r k i n e t i c s t u d i e s i s c o n s i s t e n t w i t h e i t h e r 
C o ( b p y ) 2 ( H 2 0 ) H 2 + r e a c t i n g w i t h HC0 3",or C o ( b p y ) 2 ( H 2 0 ) 2

+ 

w i t h C0 2, although they f a v o r the former i n t e r p r e t a t i o n . 
Of p a r t i c u l a r i n t e r e s t i s the d e a c t i v a t i o n pathway shown 
i n Eq. 19 where the CO product i n t e r c e p t s the Co-bpy 
reagent p r e c i p i t a t i n g a Co dimer. 

C o ( b p y ) 3
+ + 2C0 • l / 2 [ C o ( b p y ) ( C O ) 2 ] 2 + 2bpy (19) 

foMtrpy) (dppenelL 1 1" 1" Complexes ( t;rpy i s 
2 , 2 , ^ " - t e r o v r i d i n e : dppene i s 
1,2-bis(diphenvlphosphinoMethylene: L i s C l - , n = l , CH 3CN 
and C0.n=2). Based on the r e s u l t s of c y c l i c voltammetry 
and bulk e l e c t r o l y s i s s t u d i e s we have found t h a t the 
above complexes complexes undergo a two e l e c t r o n 
r e d u c t i o n process a t p o t e n t i a l s between -1.06 and -1.30V 
(versus SCE) to generate a h i g h l y r e a c t i v e reduced 
i n t e r m e d i a t e , Ru(trpy)(dppene), which while not i s o l a b l e , 
i s r e a c t i v e toward C0 2 to g i v e CO (£cj . From the r e s u l t s 
of chemical r e a c t i v i t y and c y c l i c voltammetry (see F i g . 
3) the mechanism shown i n Eqs. 20-25 can be proposed to 
account f o r the formation of CO i n t h i s system. Although 
the v a r i o u s s t e p s i n the mechanism are reasonable based 
on the proposed chemistry and the obseved products, 
d i r e c t evidence i s a v a i l a b l e f o r o n l y the s t e p s shown i n 
Eqs. 20 and 25. The e q u i l i b r i u m shown i n Eq. 24, 
however, has been i n f e r r e d from chemical s t u d i e s . 

_ CH CN 
[Ru(trpy)(dppene)L] + 2e — - 1 

Ru(trpy)(dppene) + 2 [ L ] n + (20) 

Ru(trpy)(dppene) + C0 2 • Ru(trpy)(dppene)(C0 2) (21) 
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70 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Ru(trpy)(dppene)(C0 2) + [ N ( n - B u ) 4 ] + • 

[(typy)(dppene)Ru-E-OH] + + N(n-Bu) 3 + CH 3CH 2CH=CH 2 (22) 

[(trpy)(dppene)Ru-C-OH] 
[ ( t r p y ) ( d p p e n e ) R u ( C O ) ] 2 + + ~OH (23) 

[ ( t r p y ) ( d p p e n e ) R u ( C O ) ] 2 + + 2e~ • 
Ru(trpy)(dppene) + CO (24) 

"OH + C0 2 • Hob-0 (25) 
The Ru-trpy system can o n l y achieve r a t e s of 0.15 

turnovers/min w i t h 70-90% F a r a d a i c e f f i c i e n c y a t a 
p o t e n t i a l of between -1.3 and -1.4V u s i n g a Pt gauze 
e l e c t r o d e . C a t a l y s t d e a c t i v a t i o n occurs s l o w l y i n the 
presence of C0 2, but experiments i n the absence of C0 2 

show the r a p i d decomposition of Ru(trpy)(dppene). 
C a r e f u l i n e r t atmosphere experiments show that t h i s 
p u t a t i v e i n t e r m e d i a t e i s not i s o l a b l e u s i n g our present 
techniques. 

S e v e r a l important m e c h a n i s t i c p o i n t s have emerged 
from the above s t u d i e s . F i r s t , complexes e x h i b i t i n g 

JRu^y)(dpp#nt)NCCH^(PFe)2 

0.1 M TBAPFe In CH 3CN 
Pt button 

r — 
•2.0 •H.0 

"T" 
0.0 

T " 
-1.0 -2OWS. SCE 

FIGURE 3. C y c l i c voltammogram of 
Ru(trpy)(dppene)(CH 3CN) + showing the near simultaneous 
two e l e c t r o n r e d u c t i o n process c h a r a c t e r i s t i c of t h i s 
type of complex. 
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β. SULLIVAN ET AL. Electrocatalytic COg Reduction 71 

c l o s e l y spaced metal-based ( i . e . Ru(II)/Ru(I)) and 
ligand-based ( t r p y / t r p y ( - ) ) couples can be prepared and 
t h e i r r e d u c i n g e q u i v a l e n t s t r a n s f e r r e d i n v i r t u a l l y a two 
e l e c t r o n f a s h i o n . And second, the proposed C0 2 complex 
shown i n Eq. 22 must be extremely b a s i c s i n c e i t can 
e f f e c t the Hofmann de g r a d a t i o n of N(n-bu) 4 under m i l d 
c o n d i t i o n s . 

fifr ( bpy ) 2& 2* Complexes (l?py £s g , Ζ ' - b j p y r j f l i n e and X 

i s CI or 0 - i - C F 3 ) . Our work on 2, 2'- bpy complexes of 
Rh has demonstrated methods f o r the c a t a l y t i c r e d u c t i o n 
of C0 2 to formate (3jc_) . F i g u r e 4 and Eqs. 26-31 p o r t r a y 
a s e r i e s of molecular s t e p s that are c o n s i s t e n t w i t h our 
chemical and e l e c t r o c h e m i c a l r e s u l t s . The st e p s i n Eqs. 
26-28 are based on e l e c t r o c h e m i c a l r e s u l t s of Hanck and 

10 μΑ 

Τ 
• 1.1 0.0 -1.0 -2.0V ν*. SCE 

FIGURE 4. C y c l i c voltammogram of 
[ c J s - R h ( b p y ) 2 ( 0 3 S C F 3 ) 2 ] + taken i n CH3CN/0.1M TBAH w i t h 
a g l a s s y carbon button working e l e c t r o d e . The most 
p o s i t i v e r e d u c t i o n wave corresponds to a two e l e c t r o n 
process coupled to l o s s of Cl~~ and formation of 
[Rh ( b p y ) 2 ] + . The two s e q u e n t i a l one e l e l e c t r o n 
r e d u c t i o n s are bpy-based processes i n v o l v i n g 
[ R h I ( b p y ) 2 ] + . 
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72 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

DeArmond and t h e i r coworkers (JUL)· Furthermore, the 
e x i s t e n c e of an i n t e r m e d i a t e CO complex i n Eq. 29 i s 

[ R h ( b p y ) 2 ] + + 2X~ (26) 

[Rh I(bpy) (bp?)] (27) 

[Rh(bpy) 2]"" (28) 

- [ R h ( b p y ) 2 ( C 0 2 ) ] ~ (29) 

[ R h ( b p y ) 2 ( C 0 2 ) ] " + [ N ( n - b u ) 4 ] + > Rh(bpy) 2(C0 2H) + 
N(n-bu) 3 + H 2C=CHCH 2CH 3 (30) 

[Rh(bpy) 2(C0 2H) ] + 2e • [ R h ( b p y ) 2 ] + + HC-0 (31) 

s t r o n g l y i m p l i c a t e d by the f a c t t h a t ÛO_ r e a c t i o n occurs 
between the m u l t i p l e - r e d u c e d s p e c i e s [Rh(bpy) 2] and 

N(n-bu) * 
4 

For these c a t a l y s t s , formate p r o d u c t i o n i s found to 
occur at a r a t e of ca. 0.2 turnovers/rain at -1.55V u s i n g 
a carbon c l o t h e l e c t r o d e w i t h an i n i t i a l c u r r e n t 
e f f i c i e n c y of >80*. The system s l o w l y degrades by two 
r o u t e s , one which leads to the p r o d u c t i o n of an 
i n t e r m e d i a t e that i s c a t a l y t i c toward H 2 e v o l u t i o n from 
the medium, and the other which r e s u l t s i n the d e p o s i t i o n 
of an i n s o l u b l e complex. N e i t h e r of the decomposition 
processes have been s t u d i e d although the H 2 producing 
r e a c t i o n i s i n t r i g u i n g s i n c e i t a p p a r e n t l y i n v o l v e s a 
Hofmann degra d a t i o n pathway that g i v e s H 2 at the expense 
of quaternary ammonium s a l t s . 

The s t u d i e s of the Rh c a t a l y s t s r e v e a l that bpy/bpy 
redox couples can a c t as i n t e r n a l e l e c t r o n t r a n s f e r s i t e s 
f o r the u l t i m a t e d e l i v e r y of two e l e c t r o n s to a 
c o o r d i n a t e d C0 2 molecule. In a d d i t i o n , the r e s u l t s show 

that a f e e b l e a c i d l i k e N ( n - b u ) 4
+ can a c t as the oxygen 

s i n k f o r CO formation ( l i k e the Ru-trpy systems) and, i n 
a d d i t i o n , can e f f e c t i v e l y a c t as a proton source f o r 
formate p r o d u c t i o n . 

Rhenium P o l v p v r i d i n e Complexes. The e a r l y s t u d i e s 
of Lehn and coworkers (3m) d e s c r i b e d the formation of CO 
and t r a c e formate from the bulk e l e c t r o l y s i s of 
fajç-Re(bpy) (CO) Χ (X i s Br or CI) i n CO s a t u r a t e d DMF. 

[ R h ( b p y ) 2 X 2 r + 2e 

[ R h ( b p y ) 2 ] + + e" r= 

[Rh^bpYMbpy)] 

[ R h ( b p y ) 2 ] ~ + CO • 
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β. SULLIVAN ET AL. Electrocatalytic COg Reduction 73 

These o b s e r v a t i o n s have been confirmed by us , and by 
B r e i k s s and Abruna (51). For f a c - R e ( b o v ) ( C O ) 3 C l , Z i e s s e l 
( l q ) has suggested a mechanism f o r CO p r o d u c t i o n that 
appears to invoke a contra-thermodynamic step, i . e . , the 
pr o d u c t i o n of the s t r o n g oxidant Re ( b p y ) ( C O ) Q C 1 + (E x . 

ο / 2 

ca. +1.3V) as shown below i n Eqs. 31-33. 

E X / = -1.35V 
Re(bpy) (C0) 3C1 + e~ K * [ Re ( bpy ) ( CO ) 3C1 ] " (31) 

[Re(bpy)(C0) 3C1]~ + C0 2 + 2H + • [ R e 1 1 ( b p y ) ( C O ) 3 C 1 ] + + 
CO + H 20 (32) 

[ R e I I ( b p y ) ( C 0 ) 3 C 1 ] + + 2e" • Re(bpy)(CO) 3C1 (33) 

In t h i s sequence an int e r m e d i a t e that i n v o l v e s a 
sesqui-bpy l i g a n d , that i s , a b i p y r i d i n e w i t h one arm not 
co o r d i n a t e d to the Re, has been suggested. Such 
i n t e r m e d i a t e s have been p o s t u l a t e d i n s u b s t i t u t i o n 
r e a c t i o n s of metal-bpy complexes, but would be expected 
to l e a d to r a p i d bpy l o s s and subsequent, r a p i d , l o s s of 
c a t a l y t i c a c t i v i t y f o r the system. Future experiments 
should be designed to i l l u m i n a t e t h i s somewhat 
c o u n t e r i n t u i t i v e s u g g e s t i o n . 

From the r e s u l t s of our work with the Re system CO 
or formate i s formed from four c o m p e t i t i v e pathways. 
A l s o , another pathway must e x i s t which i s r e s p o n s i b l e f o r 
the p r o d u c t i o n of small amounts of o x a l a t e . Eqs. 34-39 
repr e s e n t the s e r i e s of ste p s which we b e l i e v e a r e 
r e s p o n s i b l e f o r the p r o d u c t i o n of CO from h i g h l y 
reducing, e l e c t r o g e n e r a t e d R e ( b p y ) ( C 0 ) 3 r a d i c a l s (or the 
s o l v a t e d form Re(bpy)(CO) 3(CH 3CN)). 

CH CN 
lac - R e ( b p y ) ( C O ) 3 X + e ν [Re(bpy)(CO) 3X] (34) 

[Re(bpy) ( C O ) 3 X ] " , Re(bpy)(CO) 3 + X" (35) 
Re(bpy)(CO) 3 + C0 2 * Re(bpy)(CO) 3(C0 2) (36) 

2Re(bpy)(CO) 3(C0 2) , 

(CO) 3(bpy)Re-0-§-0-Re(bpy)(C0) 3 + CO (37) 
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74 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

(CO) 3(bpy)Re-O-C-O-Re(bpy)(CO) 3 + e 

Re(bpy)(CO) Q + o§o-Re(bpy)(CO) (38) 

2-Re(bpy) (CO) 3C0 3 + e • Re(bpy)(CO) 3 + C0 3 (39) 

In the above scheme, the e x i s t e n c e of the i n t e r m e d i a t e 
C0 2 complex can be i n f e r r e d from c o m p e t i t i o n s t u d i e s , and 
from the e x i s t e n c e of a carbonato b r i d g e d dimer analog. 

(CO) 3(bpy)Re-0-§-0-Re(bpy)(C0) 3, which has r e c e n t l y been 
d e t e c t e d by i n s i t u FT-IR methods f o l l o w i n g the 
p h o t o l y s i s of the s u b s t i t u t e d Re dimer shown i n Eq. 40. 

[Re(bpy')(C0) 1 + 2C0r

 T H F ' 2 5 C 

3 J2 2 A>450nm 

(bpy 1)(CO) 3ReOCORe(CO) 3(bpy') + CO (40) 

(where bpy' i s ( 4 . 4 ' - d i - t e r t - b u t v l ) - 2 . 2 1 - b i p y r i d i n e ) 

A n o n - d e s t r u c t i v e d e a c t i v a t i o n route f o r t h i s 
pathway i n v o l v e s the formation and p r e c i p i t a t i o n of the 
bica r b o n a t e complex shown i n Eq 41, where the source of 
protons i s e i t h e r a d v e n t i t i o u s , or d e l i b e r a t e l y added 
H 20. 

l a c - R e ( b p y ) ( C O ) 3 C 0 3 + H 20 • 

Îâ£-Re(bpy)(C0) 3C0 3H + 0H~ (41) 

The n o v e l t y of the Re-bpy c a t a l y t i c system i s 
f u r t h e r demonstrated by the involvement of a tw o - e l e c t r o n 
pathway based on the red - p u r p l e a n i o n R e ( b p y ) ( C 0 ) 3 . 
Th i s e x c e e d i n g l y r e a c t i v e s p e c i e s can be generated e i t h e r 
from a second r e d u c t i o n of fac-Re(bpy)(CO) 3X complexes, 
or from the metal-metal bonded d i m e r i c s p e c i e s 
[ f a c - R e ( b p y ) ( C O ) 3 ] 2 (Eqs. 42 and 43). 

CH CN 
[Re(bpy)(C0) 3X] + e f a ^ t > [Re(bpy)(CO) 3] + X (42) 
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β. SULLIVAN ET AL. Electrocatalytic COg Reduction 75 

[ f a c - R e ( b p y ) ( C O ) 3 ] 2 + 2e" D M F . 2 [ R e ( b p y ) ( C O ) 3 J " (43) 

L i k e the Re r a d i c a l , the anion d r i v e s the 
e l e c t r o c a t a l y t i c r e d u c t i o n of C0 2 to CO i n CHgCN 
s o l u t i o n , but because of i n s t a b i l i t y of the c a t a l y t i c 
system at the h i g h p o t e n t i a l s necessary (-1.7 to -1.8V), 
and the r a p i d decomposition of the anion, o n l y a 
t e n t a t i v e r e d u c t i o n mechanism can be proposed (See Eqs. 
44-45) . 

CH CN 
Re(bpy)(CO) 3" + C0 2 - • [ R e ( b p y ) ( C O ) 3 ( C 0 2 ) ] (44) 

Re(bpy) ( C O ) 3 ( C 0 2 ) " + C0 2 + 2e" + [A] > 

[ R e ( b p y ) ( C 0 ) 3 ] " + CO + [A-0]" (45) 

The nature of the oxygen acceptor, A, i s unknown, but i n 
recent experiments w i t h fâ£-[Re(bpy)(CO) (CH 3CN)] we 
b e l i e v e that the anion i s a c e s s i b l e at lower p o t e n t i a l s 
from other f a c - f Re (boy) ( C O ^ L I 1 1 * d e r i v a t i v e s and 
t h e r e f o r e i n t e n d to c h a r a c t e r i z e t h i s pathway more 
completely i n l a t e r s t u d i e s . 

A t h i r d m e c h a n i s t i c path which leads to the 
p r o d u c t i o n of formate appears to a r i s e from the i n s e r t i o n 
of C0 2 i n t o the metal-hydride bond of f a c - R e ( P P V ) ( C O ) 3 H 
(Eq. 46). 

CH CN 
Îâ£-Re(bpy) (CO) 3H + C0 2 — - • iaç_-Re(bpy) (CO) 3C0 2H (46) 

Under our c o n d i t i o n s of bulk e l e c t r o l y s i s the 
formate complex can be l a b i l i z e d t a s i n the c h l o r o case, 
by e i t h e r one or two e l e c t r o n r e d u c t i o n as shown i n Eqs. 
47-49, thus completing a c a t a l y t i c c y c l e capable of 
producing f r e e formate. 

Re(bpy)(CO) 3C0 2H + e > [Re(bpy)(CO) 30 2CH] (47) 

[Re(bpy)(CO) 3OC 2H]" S l ° W . Re(bpy)(CO) 3 + "0 2CH (48) 

[Re(bpy)(CO) 3OC 2H]" + e" > 

[Re(bpy)(C0) 3] + 0 2CH (49) 
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76 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Our recent d e t a i l e d k i n e t i c study ( v i d e supra) on 
the i n t i m a t e mechanism of C0 2 i n s e r t i o n shown i n Eq. 47 
demonstates that i t i s an a s s o c i a t i v e process e x h i b i t i n g 
a h i g h degree of bond breaking of the Re-Η bond 
concurrent w i t h bond forming between the hy d r i d e l i g a n d 
and the carbon of the C0 2. The importance of t h i s 
f i n d i n g i s that the r e s t of the Re c o o r d i n a t i o n sphere i s 
i n e r t d u r i n g the formal h y d r i d e t r a n s f e r p r o c e s s . T h i s 
o b s e r v a t i o n c a r r i e s w i t h i t the i m p l i c a t i o n t hat such a 
mechanism c o u l d l e a d to e l e c t r o c a t a l y s t s t a b i l i t y d u r i n g 
the i n s e r t i o n a c t . A q u e s t i o n which we are attempting to 
answer at the present i s which of the a v a i l a b l e C 0 2 

r e d u c t i o n pathways i s dominant a t a g i v e n e l e c t r o l y s i s 
p o t e n t i a l . As d i s c u s s e d above, the p o s s i b l i t i e s i n c l u d e 
the r a d i c a l " o n e - e l e c t r o n " , the anion "two-electron" or, 
the h y d r i d e i n s e r t i o n pathways. There i s the l i k l i h o o d , 
however, of a f o u r t h pathway i n v o l v i n g the d i r e c t 
i n t e r a c t i o n of C0 2 w i t h (Re(bpy)(CO)^X]~. The on l y 
evidence of t h i s has been p r o v i d e d by the f l a s h 
p h o t o l y s i s s t u d i e s of K u t a l and coworkers f12a). 

C u r r e n t l y , we are i n v e s t i g a t i n g the c y c l i c 
voltammetry of fac-Re(bpy)(CO) Br i n an attempt to 

ο 
determine the r e l a t i v e c o n t r i b u t i o n s of these v a r i o u s 
pathways (13) · F i g 5 shows a c y c l i c voltammogram of the 
complex i n the presence and absence of C0 2. Perhaps the 
most s t a r t l i n g f i n d i n g i s the d i r e c t evidence that 
[ f a c - R e ( b p y ) ( C O ) 3 B r ] ~ i s o n l y a c a t a l y s t p r e c u r s o r ( F i g . 
5b), and that the r a t e l i m i t i n g s t e p i s the f u r t h e r 
r e d u c t i o n of an inte r m e d i a t e complex. We are c u r r e n t l y 
p r o b i n g the events that occur between the formation of 
the reduced complex and the formation of the in t e r m e d i a t e 
by m o n i t o r i n g the disappearance of the i n t i a l complex by 
single-sweep techniques. Thus f a r , the f o l l o w i n g p o i n t s 
have been e s t a b l i s h e d concerning the disappearance of 
[Re( b p y ) ( C O ) 3 B r ] " : 

1. ) In the absence of C0 2 ( i n TBAH/CH3CN s o l u t i o n ) 
both Re(bpy)(CO) 3(CH 3CN) and [fâ£-Re(bpy)(CO) 3] 2 are 
formed and the a d d i t i o n of TBABr suppresses the formation 
of both. 

2. ) In the presence of C0 2 (0.14M i n TBAH/CH3CN 
s o l u t i o n ) Re(bpy)(CO) 3(CH 3CN) and the expected r a d i c a l 
c o u p l i n g product [ f a c - R e ( b p y ) ( C O ) 3 ] 2 are not formed but 
the r a t e of disappearance of the [R e ( b p y ) ( C O ) 3 B r ] " i s 

enhanced. A d d i t i o n of Br however, decreases the r a t e of 
disappearance. 
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β. SULLIVAN ET AL. Electrocatalytic COg Reduction 77 

3. ) In TBAH/CHgCN s o l u t i o n w i t h 0.14M C0 2 

i n c r e a s i n g the c o n c e n t r a t i o n of anion [Re(bpy)(CO) 3Br] 
i n c r e a s e s i t s disappearance r a t e . 

4. ) At the p o t e n t i a l s necessary to produce 
[Re(bpy)(CO) 3Br]~, i n the presence of excess Br", r a p i d 

e l e c t r o n t r a n s f e r - c a t a l y z e d s u b s t i t u t i o n of Br f o r 
s o l v e n t occurs, most l i k e l y by the route shown i n Eqs. 
50-51 : 

Re(bpy)(C0) 3(CH 3CN) + Br f a s t 

[ R e(bpy)(C0) 3Br] + CH 3CN (50) 

[Re(bpy)(C0) 3Br] + [Re(bpy)(CO) 3(CH 3CN)] 
fâc-Re(bpy)(CO) 3Br + Re(bpy)(C0) 3(CH 3CN) (51) 

Our data appears to show both a d i s s o c i a t i v e X l o s s 
pathway and an a s s o c i a t i v e pathway where C0 2 r e a c t s 

d i r e c t l y w i t h Re(bpy)(CO) 3X~. From the r a p i d scan data 
i t appears that both routes r e s u l t i n the p r o d u c t i o n of 
the i n t e r m e d i a t e shown i n F i g . 5b. 

Bulk e l e c t r o l y s i s of fac-Re(bov)(CO) 3C1 at -1.5V i n 
CHgCN/TBAH medium u s i n g e i t h e r a carbon c l o t h or Pt guaze 
e l e c t r o d e g i v e s CO i n 92-99* c u r r e n t y i e l d . The a c t i v i t y 
at t h i s p o t e n t i a l can be up to s e v e r a l turnovers/min 
although the long term s t a b i l i t y has not been 
t e s t e d . However, the system has been operated between 
100-1000 turnovers without l o s s of c a t a l y t i c a c t i v i t y . 

Bulk e l e c t r o l y s i s at -1.8V u s i n g the same c o n d i t i o n s 
as above g i v e s CO i n 80-90* c u r r e n t y i e l d w i t h r a t e s i n 
the 1-10 turnover/min range, although i n t h i s case, 
c a t a l y s t d e a c t i v a t i o n occurs r a p i d l y , t y p i c a l l y w i t h i n 
20-40 tur n o v e r s . In both cases the main d e a c t i v a t i o n 
pathway appears to be the p r e c i p i t a t i o n of 

fâ£-Re(bpy)(CO) 30-?-0H from the r e a c t i o n mixture. 
The Re system has l e d to s e v e r a l , p o s s i b l y g e n e r a l 

c o n c l u s i o n s concerning the d e s i g n of f u t u r e c a t a l y t i c 
r e a c t i o n s : 

1. ) One e l e c t r o n r e d u c t i o n of a c a t a l y s t p r e c u r s o r 
can l e a d to e f f i c i e n t net two e l e c t r o n r e d u c t i o n of C0 2-

2. ) E l e c t r o c h e m i c a l general of metal h y d r i d e 
complexes which are capable of i n s e r t i n g C0 9 to g i v e 
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78 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

formate v i a a s s o c i a t i v e mechanisms c o u l d be v i a b l e , h i g h 
s t a b i l i t y c a t a l y t i c r o u t e s . 

3. ) A m u l t i p l i c i t y of f i n e l y balanced pathways can 
c o - e x i s t f o r a c a t a l y s t p r e c u r s o r some of which can 
r e s u l t i n the same net chemistry, such as the r e d u c t i o n 
of C0 2 to CO. 

4. ) A c a t a l y s t d e a c t i v a t i o n pathway can be 
p r e c i p i t a t i o n of h i g h l y p o l a r , i n s o l u b l e b i c a r b o n a t e 
complexes. 

Osfbpv^fCOlH" 1". E l e c t r o c a t a l y t i c r e d u c t i o n of C0 2 

to g i v e s u b s t a n t i a l y i e l d s of both CO and formate has 
been achieved w i t h t h i s complex, and because of i t s 
s t a b i l i t y , m e c h a n i s t i c s t u d i e s have p r o v i d e d the 
unprecedented o p p o r t u n i t y to e x p l o r e what f a c t o r s 
determine formate formation at the expense of CO (14w). 

In F i g . 6 i s shown a s e r i e s of c y c l i c voltammograms 
which demonstrate that the c a t a l y t i c p r o p e r t i e s of the 
the complex are due to chemistry that o r i g i n a t e s from the 
second bpy-based r e d u c t i o n wave. Using bulk e l e c t r o l y s i s 
and c y c l i c voltammetry techniques combined with d i g i t a l 
s i m u l a t i o n methods, the f o l l o w i n g mechanism can be 
proposed f o r e l e c t r o c a t a l y t i c CO p r o d u c t i o n i n CH 3CN 
s o l u t i o n u s i n g TBAH as s u p p o r t i n g e l e c t r o l y t e at Pt or C 
e l e c t r o d e s u r f a c e s : 

[ O s ( b p y ) 2 ( C O ) H ] + + e" , .^35^ - Os(bpy) (bpy) (CO)H (52) 

Os(bpy)(bpy)(CO)H + e" * _ 1 > 5 5 V » [Os(bpy) 2(CO)H]" (53) 

k =40 M~ 1s~ 1 

[0s(bpy) 2(C0)H] + C0 2 i > [ I C Q ] (54) 

[ I C 0 2
3 ~ + C 0 2 + e " f a S t ' [Os(bpy)(bpy)(CO)H] + 

co + c o
3

2 " <55) 

— f a s t — 9— 
2 [ C 0 1 1 2 0 s ( b P Y ) ( b P Y ) ( C 0 ) H + CO + C0 3 (56) 

D i g i t a l s i m u l a t i o n techniques a l l o w the c o n c l u s i o n 
that the c y c l i c voltammetry data i s c o n s i s t e n t w i t h 
mechanism th a t i s f i r s t order i n C0 2 and f i r s t order i n 

the d i - r e d u c e d complex [Os(bpy) 2(C0)H]~. Beyond the r a t e 
determining s t e p , however, two p l a u s i b l e m e c h a n i s t i c 
s t e p s can occur, e i t h e r u n i m o l e c u l a r i n Os (Eq. 55), or 
b i m o l e c u l a r (Eq. 56). An unprecedented f e a t u r e of the 
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β. SULLIVAN ET AL. Electrocatalytic COg Reduction 79 

b 

c 

l 100 μΑ 

Il00 μΑ 
0Ό -1-0 -20 

E vs SSCE. 
FIGURE 5. C y c l i c voltammogram of O.ômM 
[Îac-Re(bpy)(CO) 3(CH 3CN)] + taken i n CH3CN/0.1M TBAH 
with a Pt button working e l e c t r o d e . 

a. ) Dotted l i n e i s s i n g l e scan under argon taken 
at 0.2 V/sec; s o l i d l i n e i s a C0 2 s a t u r a t e d 
s o l u t i o n . 

b. ) Dotted l i n e i s s i n g l e scan under argon taken 
at 10 V/sec; s o l i d l i n e i s a C0 2 s a t u r a t e d 
s o l u t i o n . 

c. ) C0 2 s a t u r a t e d s o l u t i o n a f t e r f i v e sweeps at 
10 V/sec. 

FIGURE 6. C y c l i c voltammograms of ca. 4 mM 
[0s(bpy) 2(C0)H]" 1" taken i n CH3CN/0.1M TBAH wi t h a Pt 
button working e l e c t r o d e . A and Β show the complex 
under argon w i t h 0.045 M C0 2 s o l u t i o n , r e s p e c t i v e l y , 
at 0.1 V/sec. C and D show the e f f e c t of scan r a t e 
and C0 2 c o n c e n t r a t i o n , i . e . , both were recorded i n a 
0.014 C0 2 s o l u t i o n but at scan r a t e of 0.2 V/sec and 
0.1 V/sec, r e s p e c t i v e l y . 
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80 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

mechanism i s that C0 2 i n t e r a c t s i n an a s s o c i a t i v e manner 
with the Os c e n t e r (Eq. 54). Furthermore, l a b e l l i n g 
s t u d i e s have demonstrated that the metal-hydride l i n k a g e 
i s maintained d u r i n g the c a t a l y s i s , i . e . , i n s e r t i o n of 
C0 2 i n t o the bond does not occur. T h i s s t r o n g l y suggests 

that the i n t e r m e d i a t e [Os(bpy) (CO)(C0 2)H]~ has a 
n o n - h y d r i d i c Os-Η bond which c o u l d be the consequence of 
a s t r o n a l v e l e c t r o n withdrawing C0 2 l i a a n d . 

P r e p a r a t i v e s c a l e e l e c t r o l y s e s u s i n g a Pt gauze 
e l e c t r o d e i n a CH CN/TBAH medium at p o t e n t i a l s from -1.4 
to -1.6V g i v e s a c t i v i t i e s of up to 0.4 turnovers/min w i t h 
c u r r e n t y i e l d s f o r CO of ca. 90*. We have not t e s t e d the 
long term c a t a l y s t s t a b i l i t y but i n our s h o r t term 
mech a n i s t i c work up to 20 turnovers r e s u l t s i n no 
c a t a l y s t decomposition and >95* reco v e r y of the s t a r t i n g 
complex. 

In the presence of H 20 as a proton donor, k i n e t i c 
and product evidence i s c o n s i s t e n t w i t h a formate 
producing pathway that f u n c t i o n s i n c o m p e t i t i o n w i t h CO 
formation. The proposed mechanism i s shown below i n Eqs. 
57 and 58 where the k s t e p i s r a t e l i m i t i n g . 

[ 0 s ( b p y ) o ( C 0 ) ( C 0 9 ) H ] + H O 2 I + OH (57) 

I + e- > [0s(bpy) o(C0)H] + 0-C-H (58) 
a £, 

Bulk e l e c t r o l y s i s experiments with added H 20 g i v e 
formate with a F a r a d a i c e f f i c i e n c y of up to ca. 25*. In 
our c u r r e n t e f f o r t s , which are focussed on understanding 
the k i n e t i c branch which produces formate at the expense 
of CO, s e v e r a l p o i n t s are a l r e a d y apparent, these 
i n c l u d e : 1.) the o x a l a t e pathway which i s r a p i d f o r the 
d i m e r i z a t i o n of C0 2" which has been e l e c t r o c h e m i c a l l y 
generated i s n e a r l y t o t a l l y suppressed at the 
expense of CO and formate p r o d u c t i o n , and, 2.) the use of 
H 20 as a proton source i m p l i e s a C - p r o t o n a t i o n route 
f o l l o w e d by e l e c t r o n t r a n s f e r . 

MODIFIED ELECTRODES BASED ON POLYMERIC ELECTROCATALYSTS. 

E l e c t r o p o l y m e r i z a t i o n of fac-Re(vbpy)(CO) 3C1 (vbpy i s 
4-methyl, 4 ' - v i n y l - 2 , 2 1 - b i p y r i d i n e ) on Pt or g l a s s y 
carbon s u r f a c e s y i e l d s a c h e m i c a l l y m o d i f i e d e l e c t r o d e 
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β. SULLIVAN ET AL. Electrocatalytic COe Reduction 81 

with a h i g h s p e c i f i c a c t i v i t y f o r CO p r o d u c t i o n (.ââ) . A 
t y p i c a l e l e c t r o d e response f o r a m o d i f i e d s u r f a c e i s 
shown i n F i g . 7. I n t i t i a l r a t e s obtained by bulk 
e l e c t r o l y t i c experiments at -1.5V g i v e 20 turnovers/min, 
but a f t e r ca. 350 turnovers the system d e a c t i v a t e s . 

C o p o l y m e r i z a t i o n of the Re complex with, f o r 
example, the c a t a l y t i c a l l y i n a c t i v e complex 

2 + 
[ R u ( b p y ) 2 ( v p y ) 2 ] (vpy i s 4 - v i n y l - p y r i d i n e ) , can y i e l d 
m o d i f i e d e l e c t r o d e s r a t i o s of Re to Ru of up to 1:3. In 
these systems c o n s i d e r a b l e improvement both i n r a t e s and 
i n s t a b i l i t y can be achieved, as e x e m p l i f i e d by up to ca. 

3 
4x10 turnovers at an i n i t i a l r a t e of 100-200 
turnovers/min. Of p a r t i c u l a r i n t e r e s t i s that even when 
the c a t a l y t i c a c t i v i t y of the system i s l o s t the metal 
complex i s s t i l l on the e l e c t r o d e s u r f a c e , a p p a r e n t l y i n 
an i n a c t i v e form. We have a l s o produced up to ca. 6% 
o x a l a t e d u r i n g the c a t a l y t i c r e a c t i o n , and i t i s tempting 
to s p e c u l a t e that the p r o x i m i t y e f f e c t of two bound C0 2 

molecules i s to enhance the C-C c o u p l i n g r e a c t i o n . 
R e c e n t l y D e r onzier and coworkers (3p) have obtained 
r e s u l t s s i m i l a r to ours u s i n g o x i d a t i v e l y polymerized 
p y r r o l e s u b s t i t u t e d b i p y r i d i n e complexes. 

Another f i l m - b a s e d e l e c t r o c a t a l y s t which we have 
i n v e s t i g a t e d i n v o l v e s o x i d a t i v e l y e l e c t r o p o l y m e r i z e d 
Ni(TAP) (where TAP i s 
t e t r a k i s - ( o - a m i n o p h e n y l ) - t e t r a p h e n y l p o r p h i n e ) on Pt 
e l e c t r o d e s u r f a c e s (là). For t h i s m o d i f i e d e l e c t r o d e the 
major product i s formate (50% c u r r e n t y i e l d ) , w h i l e minor 
products i n c l u d e H 2 (35%) and CO (2%). The c o n d i t i o n s 
f o r the r e d u c t i o n i n c l u d e u s i n g CH 3CN as the s o l v e n t w i t h 

added water as a proton source. By e l e c t r o l y z i n g at a 
p o t e n t i a l of -1.35V i n i t i a l r a t e s of 200-300 
turnovers/min can be achieved with h i g h s t a b i l i t y . 

Both the Re-vbpy and the Ni(TAP) e l e c t r o d e s have 
s e v e r a l o r d e r s of magnitude g r e a t e r s t a b i l i t y and 
a c t i v i t y than t h e i r s o l u t i o n analogs and are w i t h i n an 
order of magnitude of the CO producing Co-phthalocyanine 
m o d i f i e d e l e c t r o d e r e p o r t e d by L i e b e r and Lewis (an). 
E f f o r t s are underway to maximize the performance of these 
novel f i l m - b a s e d e l e c t r o d e s . 

DESIGN OF FUTURE C0 2 REDUCTION CATALYSTS. 

Our m e c h a n i s t i c work has r e s u l t e d i n s e v e r a l i n s i g h t s 
which may be of value i n the d e s i g n of f u t u r e c a t a l y s t 
systems f o r the r e d u c t i o n of C0 2 past the formate or CO 
stage. They i n c l u d e the f o l l o w i n g p o i n t s : 1.) the use of 
" e l e c t r o n r e s e r v o i r " complexes a c t i n g as c a t a l y s t s i n 
which more than one e l e c t r o n i s h e l d on a n c i l l a r y 
l i g a n d s , the c e n t r a l metal atom, or both, 2.) the f a c t 
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82 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

OO -Q2 -OA -06 -08 -1.0 -1.2 -14 -16 

Volts vs SSCE 

FIGURE 7. C y c l i c voltammograms of c h e m i c a l l y m o d i f i e d 
e l e c t r o d e s prepared by e l e c t r o p o l y m e r i z a t i o n of 
fac-Re(vbpy)(C0) 3C1 i n CH3CN/0.1M TBAH wi t h a Pt 
button working e l e c t r o d e . 

a. ) Formation of the s u r f a c e l a y e r d u r i n g s i n g l e 
scanning. 

b. ) The c a t a l y t i c c u r r e n t (dashed l i n e ) observed 
i n a C0 o s a t u r a t e d CH^CN s o l u t i o n . 
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that complex s t a b i l i t y can be maximized by u s i n g c h e l a t e 
type l i g a n d s , or monodentate l i g a n d s (e.g. CO) that have 
e x c e p t i o n a l l y s t r o n g bond e n e r g i e s , 3.) a s s o c i a t i v e 
mechanisms which i n v o l v e bond making and break i n g a t one 
s i t e i n the molecule may minimize d e a c t i v a t i o n r o u t e s , 
4.) b i m o l e c u l a r o n e - e l e c t r o n steps to make CO are 
f a c i l i t a t e d by metal complexes at the expense of o x a l a t e 
formation, 5.) formate can be e l e c t r o c a t a l y t i c a l l y 
produced e i t h e r by d i r e c t i n s e r t i o n mechanisms, or by C0 2 

c o o r d i n a t i o n f o l l o w e d by e l e c t r o n - p r o t o n a t i o n s t e p s , 
although i n the l a t t e r case the subsequent m e c h a n i s t i c 
d e t a i l s s t i l l remain obscure, 6.) f o r f u r t h e r r e d u c t i o n 
of C 0 2 to methanol, c a t a l y t i c i n t e r m e d i a t e s which 
c u r r e n t l y produce formate are l i k e l y c a n didates. 7.) 
polymeric systems o f f e r the promise of hi g h turnover 
numbers and added s t a b i l i t y toward de g r a d a t i v e pathways. 

Complexes which c o n t a i n e l e c t r o n s which are 
l o c a l i z e d a t chemical s i t e s p o s s e s s i n g redox p o t e n t i a l s 
necessary f o r C0 2 r e d u c t i o n ( e l e c t r o n r e s e r v o i r s ) can 
c l e a r l y a c t as c a t a l y s t s f o r C0 2 r e d u c t i o n . At t h i s 
e a r l y stage, however, a d i s t i n c t i o n between the 
e f f e c t i v e n e s s of d i f f e r e n t e l e c t r o n r e s e r v o i r complexes 
can not be made s t r i c t l y on the b a s i s of the number or 
l o c a t i o n of the redu c i n g e q u i v a l e n t s w i t h i n the molecule, 
r a t h e r such c h o i c e s depend on the a v a i l a b i l t y of a 
c o o r d i n a t i o n s i t e f o r the C0 2 l i g a n d and the subsequent 
me c h a n i s t i c paths that form products, or, that r e s u l t i n 
c a t a l y s t d e a c t i v a t i o n . 

We have shown i n s e v e r a l cases, e.g. tha t of 
Os( b p y ) 2 ( C O ) H + and fac-Re(bpy)(CO) 3H, that a s s o c i a t i v e 
mechanisms r e s u l t i n no d e t e c t a b l e d e g r a d a t i v e pathways. 
T h i s i n d i c a t e s that a s s o c i a t i v e mechanisms which have a 
hig h degree of s p e c i f i c i t y f o r a s i n g l e c o o r d i n a t i o n (and 
hence r e a c t i o n ) s i t e w i t h i n the molecule should be f u t u r e 
t a r g e t s i n the de s i g n of h i g h l y s t a b l e c a t a l y s t s . The 
cho i c e of second and t h i r d row t r a n s i t i o n metals i s a 
l o g i c a l one here, s i n c e d e g r a d a t i v e exchange of the 
a n c i l l a r y l i g a n d s w i t h s o l v e n t or w i t h other p o t e n t i a l 
l i g a n d s , l i k e CO, can be minimized compared with t h e i r 
l i g h t e r congeners. 

I t may be that complexes l i k e the Os and Re examples 
c i t e d here which produce formate are good candidates f o r 
f u r t h e r r e d u c t i o n chemistry that can occur i n formal 
two-electron s t e p s . In a r e a c t i v i t y sense the a n a l o g i e s 
shown below i n s t r u c t u r e s al-a8 suggest the p o s s i b l e 
e x i s t e n c e of r e l a t e d pathways worth pursuing. 

[Os-0-C-H] + ( p r o t o n a t i o n at carbon) 

( a l ) 
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H"Cv-OH 
(32) 

OS^J 

(a3) 

2H 

2H 

[Os-0=:C<J] 2 + — °<l 
H ^ H 
(a3) 

[Os-0CH 3] 

(a4) 

Re-H + CO, 

Re-H + H-C-OH 

Re-0-$-H 

(a5) 

Re-O-fc-OH 

(a6) 

[Re-0=C^] + H 20 

(a7) 

Re-H + H-C-H Re-OCH„ 
(a8) 

ARTIFICIAL PHOTOSYNTHESIS. A primary, long term goal of 
e l e c t r o c a t a l y t i c C0 2 r e d u c t i o n s t u d i e s i s the development 
of homogeneous or heterogeneous chemical systems which 
convert l i g h t energy, carbon d i o x i d e , and other common 
m a t e r i a l s such as water i n t o f u e l and chemical 
p r e c u r s o r s . The f u t u r e advances i n t h i s area w i l l l i k e l y 
be i n the understanding of C0 2 r e d u c t i o n mechanisms, and 
the development of p h o t o s e n s i t i z e r systems capable of 
d r i v i n g the a p p r o p r i a t e e l e c t r o c a t a l y s t s . 
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Chapter 7 

Enzymatic Activation of Carbon Dioxide 

Leland C. Allen 

Department of Chemistry, Princeton University, Princeton, NJ 08544 

The kinetics and electronic mechanisms of con
ventional chemical catalysts are contrasted with 
those in enzymes. The analogy between certain 
attributes of surfactants and phase-transfer 
catalysis and enzyme active sites are made and the 
limitations of surface catalysts and zeolites are 
pointed out. The principle features that give 
enzymes their unusual rate enhancements and 
remarkable specificity are discussed and ways in 
which these can be realized in man-made catalysts are 
proposed. The catalytic activation of CO2 by both 
enzymatic and non-enzymatic means, including a 
detailed analysis of the electronic reaction sequence 
for the metalloenzyme carbonic anhydrase, is used to 
illustrate the above themes. 

In this arti c l e we discuss the unique features of enzyme catalysis 
of C0 2 hydrolysis and how this may relate to the design of new 
man-made C0 2 catalysts for various reactions of practical use. The 
other papers in this volume are concerned with C0 2 catalysis at 
metal and metal oxide surfaces using f i r s t , second, and third row 
transition metals. Other catalytic processes treated in this 
volume are electrochemical and photoelectrochemical reduction of 
C0 2. It is hoped that further developments of these man-made 
systems w i l l benefit from a detailed analysis of the biological 
catalyst carbonic anhydrase. This enzyme is a very old one that 
has evolved to near perfection in i t s metabolic role of aiding the 
solvation of C0 2 into blood. It is one of the simplest enzymes and 
has one of the highest known turnover rates. We contrast the 
hydrolysis of C0 2 by carbonic anhydrase with that by simple bases 
to understand the factors contributing to the enormous rate 
enhancements realized by enzymes, and we describe surfactant and 
phase-transfer catalysis to show how these p a r t i a l l y accomplish 
some of the benefits of enzymes. We then give the details of the 

0097-6156/88/0363-0091 $06.00/0 
€> 1988 American Chemical Society 
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92 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

r e c e n t l y discovered e l e c t r o n i c - l e v e l r e a c t i o n sequence employed by 
carbonic anhydrase to convert C0 2 to HC0 3~+H +. Although t h i s 
s p e c i f i c chemical r e a c t i o n i s of l i t t l e c u r r e n t commercial 
i n t e r e s t , i t i l l u s t r a t e s s e v e r a l general p r i n c i p l e s f o r e f f i c i e n t 
c a t a l y s i s . A c e n t r a l feature of carbonic anhydrase and other 
enzyme systems i s t h e i r inherent t h r e e - d i m e n s i o n a l i t y . Proposals 
f o r u t i l i z i n g t h i s and other carbonic anhydrase fe a t u r e s i n the 
sy n t h e s i s of new c a t a l y s t s are discussed. 

Enzymatic Versus Non-enzymatic C a t a l y s i s of CO? 

We consider the well-known simple k i n e t i c model f o r b i m o l e c u l a r 
r e a c t i o n s between a c a t a l y s t , C, i t s s u b s t r a t e , S, and product, P : 

C + S CS ^cat C + Ρ 

ς-1 
where CS i s the c a t a l y s t - s u b s t r a t e complex, an e n t i t y t h a t plays a 
s i g n i f i c a n t r o l e i n d i f f e r e n t i a t i n g c onventional and enzyme 
c a t a l y s i s . A pplying the steady s t a t e c o n d i t i o n f o r the concen
t r a t i o n of CS leads to the r a t e expression: 

k c a t [ C o ] [ S ] 
ν — 

K d + [S] 

where [C Q] i s the s p e c i f i e d i n i t i a l c a t a l y s t c o n c e n t r a t i o n , [S] the 
[C][S] k - i + k c a t 

c o n c e n t r a t i o n , and K d = - , i s the d i s s o c i a t i o n 
[CS] k, 

e q u i l i b r i u m constant f o r the CS complex. The equation f o r ν above 
describes a r a t e versus [S] behavior t h a t r i s e s l i n e a r l y a t small 
[S] and then bends over at high [S] to a constant value which i s 
zero order i n [S] . In most cases of i n t e r e s t k c a t » k _ 1 and 
k 1 » k _ 1 , thus K d = k C a t A l · ( W e n o t e t h a t f o r enzymes t h i s simple 
model i s the Michaelis-Menten r e s u l t w i t h K d - K M, the M i c h a e l i s 
constant, and CS the M i c h a e l i s complex). At low sub s t r a t e 
concentrations the ra t e expression reduces t o : 

ν - ( k c a t / K d ) [ C 0 ] [ S ] 
where k c a t / K d = k, the second order r a t e constant. For or d i n a r y 
s o l u t i o n phase c a t a l y s i s , the CS a s s o c i a t i o n constants, 1/Kd, are 
t y p i c a l l y 10~ 1-10 2 « 1 (the l a t t e r value a p p l i e s to o p p o s i t e l y 
charged ions and i s not r e l e v a n t to C0 2 as s u b s t r a t e ) . I n carbonic 
anhydrase K M = 8 x l 0 " 3 M and k c a t β 6 x l 0 5 s " 1 » t h e r e f o r e , k = 7.5xl0 7 

M~ 1s~ 1. Note that the CS a s s o c i a t i o n constant i s y i e l d i n g a r a t e 
enhancement of « 10 2. More t y p i c a l l y t h i s f a c t o r i s 10 3-10 4. This 
i s the famous l o c k & key non-covalent b i n d i n g (London d i s p e r s i o n 
f o r c e s and hydrogen bonds) which gives r i s e to an enzyme's very 
h i g h s u b s t r a t e s p e c i f i c i t y and which holds the subst r a t e i n proper 
alignment f o r the subsequent e l e c t r o n i c rearrangement of i t s 
bonds. I t i s one important m a n i f e s t a t i o n of the inherent three 
d i m e n s i o n a l i t y of enzyme c a t a l y s i s . S u b s t i t u t i o n of K d = ̂ cat/^1 
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7. ALLEN Enzymatic Activation of C0£ 
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i n t o the r a t e equation a t low sub s t r a t e c o n c e n t r a t i o n gives the 
second order r a t e constant as k - k 1 , thus showing t h a t f o r t h i s 
c o n d i t i o n the formation of the CS complex i s r a t e determining. 

Second order r a t e constants f o r s e v e r a l bases r e a c t i n g w i t h 
C0 2 compared to carbonic anhydrase are shown i n Table I . The 

Table I . Second Order Rate Constants f o r C0 2 

Reactions i n H 20 a t 25°C 

Base k(M- 1s- 1) 
0H" a 8.5xl0 3 

CH 3NH 2
b 2.0xl0 4 

C 5H 5NH 2
b 5.3x10 

Co(NH 3) 5OH + a 2.2xl0 2 

H 2 0 c 6.7xl0" 4 

Carbonic anhydrase d 7 . 5 x l 0 7 

aR. B. M a r t i n , J . Inorg. Nucl. Chem. 38, 511 (1976). bM. B. Jensen, 
A c t a Chem. Scand. 13, 289 (1959). CR. G. K h a l i f a h , J . B i o l . Chem. 
246, 2561 (1971). G. K h a l i f a h , Proc. Nat. Acad. S c i . , US, 70, 
1986 (1973). 

common fe a t u r e i n a l l o f these i s t h a t the r a t e determining step 
(except f o r the enzyme) i s a t t a c k of the base on the carbon of C0 2 

and we can see th a t the enzyme has a r a t e constant a t l e a s t three 
orders of magnitude greater than any of them. The bases OH' and 
Co(NH 3) 50H + (and Z n ( 0 H 2 ) 5 0 H + which i s c l o s e l y analogous), as w e l l 
as carbonic anhydrase, l e a d to the h y d r o l y s i s of C0 2 and so f u r t h e r 
comparisons can be made. One such comparison i s pK a values and f o r 
the three bases and enzyme these are : 15.7, 6.6, 6.9, and 7.2 
r e s p e c t i v e l y . I f we are i n t e r e s t e d i n o p e r a t i o n a t p h y s i o l o g i c a l 
pH, OH" can not e x i s t , but the c o b a l t and z i n c complexes can and 
they t h e r e f o r e (see paragraph below) can o f f e r a d d i t i o n a l i n s i g h t 
i n t o the unique features of enzymatic c a t a l y s i s . 

A simple r e a c t i o n sequence schematic f o r the uncatalyzed 
h y d r o l y s i s (H 20 as base i n Table I.) i s : 

ο 
C - O 
II Ο 

Note t h a t the r a t e enhancement f o r carbonic anhydrase over the 
uncatalyzed r e a c t i o n i s 1.12χ10 1 1, a not a t y p i c a l v a l u e f o r many 
enzymes. For the zinc-water-hydroxyl complex a r e a c t i o n sequence 
schematic i s : 

ί-Ο 
I: S V H 
C - O 
II " H . . 

c - O + HsO+ 

J T S 
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94 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Ο 
ί
ο
υ 
ο 

+ Η , 0 + 

Not unexpectedly, the carbonic anhydrase r e a c t i o n sequence i s more 
complicated. We give i t and make comparison w i t h the above sequence 
i n the next s e c t i o n . 

The r a t e constant k c a t i s that i d e n t i f i e d w i t h the e l e c t r o n i c 
rearrangement undergone i n the r e a c t i o n . From k = k c a t / K d w i t h 
K d - 1 the k values of Table I t r a n s l a t e n u m e r i c a l l y i n t o k c a t ( s " 1 ) 
and compared to carbonic anhydrase ( k c a t - 6 x l 0 5 s " 1 ) we see that 
enhancements range from 30 to 10 4. In a d d i t i o n to the 
non-covalent, lock-and-key, enzyme-substrate f i t t i n g t h a t 
c o n s t i t u t e s the Michaelis-Menton CS complex, there are other 
s t r u c t u r a l f e atures of the enzyme-substrate complex which l e a d to 
hig h k c a t . Thus, an enzyme's a c t i v e s i t e c a v i t y ( f o r carbonic 
anhydrase, a cone-shaped i n d e n t a t i o n 12 À i n diameter and 12 À deep 
w i t h a z i n c atom at the bottom) i s l i n e d w i t h a c i d s and bases which 
induce the e l e c t r o n i c rearrangements th a t produce the c a t a l y s i s . 
These are p o s i t i o n e d three d i m e n s i o n a l l y such t h a t they have t h e i r 
maximum c a t a l y t i c e f f e c t when the subst r a t e has e l e c t r o n i c a l l y 
deformed to i t s t r a n s i t i o n s t a t e conformation. (For carbonic 
anhydrase the amino a c i d s i d e chains which c a r r y out the acid-base 
c a t a l y s i s are His 64, Glu 106(-), Thr 199, a hyd r o x y l attached to 
z i n c (a water molecule depronated by the z i n c ion) and a water 
molecule hydrogen bonded to Thr 199). 

With the above i n s i g h t i n t o the nature of k c a t , we can gain 
f u r t h e r knowledge of enzyme a c t i o n by c o n s i d e r i n g the r a t e 
expression at hi g h substrate c o n c e n t r a t i o n . For h i g h [S] a l l the 
c a t a l y t i c s i t e s become f i l l e d w i t h s u b s t r a t e and the r a t e i s s o l e l y 
determined by the turnover r a t e , k c a t . In t h i s case: 

We now r e f e r back to the low [S] expression where we showed the 
r a t e enhancement advantage of having the M i c h a e l i s CS complex and 
we a l s o noted th a t k - k 1 , the ra t e of complex formation. At low 
[S], i n c r e a s i n g the M i c h a e l i s complex a s s o c i a t i o n constant 
increases the r a t e * l i n e a r i l y , but because of c a t a l y t i c a c t i v e s i t e 
s a t u r a t i o n t h i s i s not true f o r l a r g e r [S]. I f the CS b i n d i n g i s 
too t i g h t , s a t u r a t i o n w i l l occur at too low an [S]. The CS complex 
must be j u s t strong enough (but not stronger) than r e q u i r e d to 
accomplish i t s purpose of preventing an u n n e c e s s a r i l y l a r g e number 
of C+S c o l l i s i o n s before r e a c t i o n and of a l i g n i n g the subst r a t e f o r 
i t s subsequent smooth e l e c t r o n i c movement to the t r a n s i t i o n s t a t e . 
We may now imagine the o v e r a l l enzymatic process by s t a r t i n g w i t h 
the u s u a l graph of ΔΗ versus r e a c t i o n coordinate which shows a 
s i n g l e b a r r i e r between the reactant and product. Ordinary 
(non-enzymatic) c a t a l y s i s i s manifest by a simple lowering of t h i s 
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7. ALLEN Enzymatic Activation of COi 95 

single barrier. In enzymes, k c a t values reflect a greatly lowered 
main barrier but there is also an additional small ΔΗ maximum and 
the Michaelis complex ΔΗ binding minimum which is introduced 
between the reactant side of the ΔΗ versus reaction coordinate 
curve and the main ( k c a t ) transition state. The new Michaelis 
complex binding minimum in ΔΗ compensates for the large decrease in 
entropy that occurs on formation of the Michaelis complex. The new 
small maximum in ΔΗ is the activation barrier to Michaelis complex 
formation. 

The various aspects of enzyme action discussed above may be 
viewed as nature's attempt to create a chemical reaction pathway 
somewhere between that of a gas phase reaction and one occurring in 
pure water solution. The problem of numerous large barriers must 
be overcome in the gas phase, while in water, charge separation is 
so screened out that large barriers can also arise. In the enzyme 
a l l of these barriers are made small and the reaction proceeds 
along a relatively smooth middle path. 

Surfactants and detergents are widely used commercially to 
provide a favorable environment for numerous organic and inorganic 
reactions that could otherwise not be carried out. Surfactants are 
made up of hydrophilic and hydrophobic groups which form micelles 
in water. The small volume and hydrophobic nature of the micelle 
interior provides a region that typically enhances rates by 10 3. A 
parallel event is happening in enzymes and is part of the effect we 
have ascribed to Michaelis complex binding and entropy reduction. 
The enzyme active site excludes almost a l l water molecules (except 
those which are an integral part of the reaction mechanism or those 
that act as structural elements in orienting substrate for chemical 
reaction). Exclusion of water provides a dielectric constant of 
near unity and allows easy separation of charges - the key feature 
required to lower the energy for charge rearrangements in the 
transition state. Phase-transfer catalysis is another much 
employed industrial process that also bears some analogy to enzyme 
active sites. Again, the advantage of carrying out ionic reactions 
in a low dielectric is realized in the presence of two immissible 
solvent media (generally water and a hydrocarbon). 

The Electronic Reaction Mechanism of Carbonic Anhydrase 

In spite of the fact that enzymology is an old and well-established 
discipline, electronic-level understanding of enzyme mechanisms 
(such as we have for a number of organic and inorganic reactions) 
is only now just beginning to emerge for one or two enzymes. 
Carbonic anhydrase is one of these. Likewise, although there are 
numerous textbooks which put forth mechanistic hypotheses, none of 
them offer long-standing, universally agreed-upon enzyme reaction 
sequence schematics at the electronic level and, at present, one 
must rely on the current literature. 

For carbonic anhydrase, a great deal of effort has been 
expended over many years in many laboratories, and the work on i t s 
mechanism has recently been reviewed (1-2). The computational 
techniques for constructing the reaction potential energy surfaces 
and their relation to experimental measurements has also been 
treated (2-4). For a long time there was a conflict between 
spectroscopists - particularily those employing NMR - and 
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96 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

kineticists as to the role of water molecules in the reaction, but 
a systematic computational testing of the various mechanistic 
hypotheses appears to have led to a concensus among the experi
mentalists. We focus our attention here on that part of the 
reaction which converts C02 into HC03" and isolate those electronic 
features which might be most easily simulated in man-made 
catalysts. (The other part of the mechanism involves buffer and 
the movement of a proton in and out of the active site and i t is 
unique to carbonic anhydrase's physiological role in metabolism). 

Figure 1 shows the arrangement of amino acid residues in the 
carbonic anhydrase active site and Figure 2 reduces this to a 
two-dimensional working schematic. I n i t i a l l y the active site 
contains a zinc-bound hydroxyl, and a water molecule bound 
distantly as a zinc f i f t h ligand. This water molecule is hydrogen 
bonded to Thr 199 which in turn is hydrogen bonded to Glu 106(-). 
Glu 106(-) is exposed to solvent, is relatively near zinc (2+) and 
is hydrogen bonded to the backbone nitrogen of Arg 246. A l l of 
these bonds stabilize the negative charge on Glu 106(-). 
The zinc-bound hydroxyl is hydrogen bonded through a water chain to 
His 64. In the absence of the C02 substrate an additional water 
molecule w i l l be hydrogen bonded to the hydroxyl and this must be 
displaced by the incoming C02. 

Figure 3 shows the detailed reaction sequence. Incoming C02 

w i l l be attacked by the zinc-bound hydroxyl (B) forming a cyclic 
intermediate with the f i f t h coordinate water. Additional hydrogen 
bonds with one or more water molecules in the active site link the 
bicarbonate proton to the exocarboxylate oxygen. As the cyclic 
intermediate is formed a unit of negative charge moves from the 
hydroxyl to bicarbonate. This w i l l be compensated by a partial 
proton d r i f t from the f i f t h coordinate water through Thr 199 to Glu 
106. The proton a f f i n i t y of the hydroxide w i l l also drop because 
of C-O formation, thereby allowing a proton transfer to the 
exocarboxylate oxygen (C). His 64 stabilizes the transition state 
for this transfer. The loss of the bicarbonate product from the 
active site passes through the transition structure (D). As the 
zinc oxygen bond breaks, a negative charge (shown as « h) w i l l 
develop on the oxygen. A proton from the zinc-bound water 
transfers through Thr 199 to Glu 106 regenerating the zinc-bound 
hydroxyl. This "around the corner SJJ2 reaction" leads to a lowered 
binding energy for the bicarbonate product and thus to i t s release. 
In this process zinc merely trades anionic ligands rather than 
having to break a f u l l ionic bond. The reaction cycle is completed 
in two steps: the addition of a water molecule and loss of a 
proton to solvent. 

The reaction sequence shown in Figure 3 uses two water 
molecules as an intimate and rather subtle part of the mechanism 
and i t is well to bring out how this occurs. The f i r s t water is 
the lower one in the diagram: i t gets deprotonated by Z n 2 + and the 
resulting hydroxyl acts as the principle attacking nucleophile in 
the reaction. This molecule is further deprotonated in the proton 
transfer to the exocarboxylate oxygen and therefore a strong Zn-0 
bond is established. This Zn-0 bond must in turn be broken to 
release product. The electronic redistribution which accomplishes 
this is the Naround the corner Sjj2 reaction' - one of nature's 
clever inventions that mankind w i l l want to copy. The lower water 
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7. ALLEN Enzymatic Activation of COg 97 

Figure 1. Perspective view of carbonic anhydrase active 
site. The arrow points toward the opening of the 
cavity. 

kN ARG 
Ù 246 

Figure 2. Two dimensional schematic of carbonic anhydrase 
active site and C0 2 substrate showing those parts 
of the enzyme specifically involved in 
catalysis. 
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7. ALLEN Enzymatic Activation of COg 
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also contains the ^oxygen of hydrolysis' - that oxygen which 
becomes incorporated into the product - and as such isotopic 
labeling readily identifies i t . The second, upper, water acts as 
part of a 'working medium': i t makes possible a cyclic transition 
state and i t s upper hydrogen moves off and on to i t s oxygen in 
response to the relative proton a f f i n i t y of the forming cyclic 
transition state versus that of the Glu 106 - Thr 199 change 
relay. Zn-0 for this water starts out as a long bond, but becomes 
a short bond as i t passes through the transition state of (D). 
When this bond becomes short i t allows the lower Zn-0 bond to 
become long and break. 

Catalytic Principles and Design of More Powerful Catalysts 

It is now apparent why Zn(0H 2) 5(0H) + in water solution is a 
relatively inefficient catalyst compared to carbonic anhydrase: 
although the 0····Ζη bond in the transition state of the reaction 
schematic given in the section above is shown as a dotted line, 
there is no electronic rearrangement path available to aid in 
breaking this bond (the TS could also have been written in a cyclic 
form - Z n0C0Z n - but the same problem arises). The ^around the 
corner SJJ2 reaction' solves this problem. A closely related 
feature is the practically constant charge of « + 1 maintained on 
zinc throughout the entire reaction sequence (which is another way 
of saying that the activation barriers for the electronic 
rearrangements in going from reactant to product are small). These 
observations are generalized by the principle (5) of "two bond 
maneuver' (Figure 4) which exists in a l l enzymes we have studied. 
If one bond is broken and one new bond made in a catalytic process 
then i t is necessary to supply enough energy to break that bond 
even though a nearly equal amount is returned when another bond is 
made. This can be avoided by simultaneously breaking and making 
two bonds (one in the enzyme and one in the substrate) because each 
atom maintains a roughly constant charge around i t s e l f . Moreover, 
we can see from the atomic charge assignments in Figure 4 that bond 
polarities are also maintained and this implies the opportunity for 
low ΔΗ barriers. 

What are the essential chemical properties provided by zinc 
and i t s ligands in carbonic anhydrase? (It may be noted that 
replacement of zinc by cobalt and cadmium has been carried out and 
for the cobalt substitution there is no change in properties while 

> C" * A C-

~B 
E N Z SUB 

Figure 4. The 'Two Bond Maneuver' in enzymes (D. E. Green, 
Proc. Nat. Acad. Sci, U.S. 78, 5344 (1981)) 
whereby activation barriers are made low by the 
simultaneous breaking and making of two bonds in 
the enzyme and substrate. 
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100 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

the cadmium enzyme s t i l l functions but at a low level). Zinc is 
acting as a strong Lewis acid (effective charge +1) and in 
addition this atom needs to be of sufficient size and 
polarizability to maintain a roughly constant charge without large 
energy changes. This relatively simple functionality is the 
central role for zinc in a l l i t s enzymes and the same statement can 
be made for Mg and for about half of the enzymes u t i l i z i n g Mn, Fe, 
Co, and Cu. Also because of these simple requirements, i t is not 
surprising to find that nature has evolved two classes of enzymes 
that carry out the same chemical reaction by the same general 
mechanism, one of which u t i l i z e s zinc and the other NH 4

+ (in the 
form of a Schiff base). These are the fructose diphosphate 
aldolase enzymes in the glycolytic pathway which cleave a C-C bond 
and leave a C=0 on one of the products. 

Another catalytic principle can be learned from carbonic 
anhydrase and two other zinc enzymes which have been well-
characterized: carboxypeptidase A and l i v e r alcohol dehydrogenase. 
In each of these, Zn is held into i t s enzyme by three chemically 
inert ligands, but these ligands differ in their charge so that the 
formal charge on Zn in these three cases is 2+, 1+, and 0 
respectively. Zinc is acting as a successively weaker Lewis acid, 
but the electronic rearrangements going on around zinc during 
catalysis have a remarkable similarity. In each case the zinc is 
5-coordinate, 3 from the inactive ligands and 2 from two oxygen 
atoms that are actively participating in electron flows. One of 
the oxygen atoms is attached to the substrate and the other to a 
water molecule. (This is the upper water in the carbonic anhydrase 
mechanism which changes i t s Zn-0 distance and i t s oxygen charge 
during the reaction). In effect, in each case, the catalyst is 
zinc plus the water molecule, with the f i f t h coordination site 
u t i l i z e d by the substrate. The concept of a mobile satelite 
molecule containing an electronegative atom that acts as an 
electron switching agent may be applicable to other situations. 

There are two other general themes of enzyme catalysis 
illustrated by carbonic anhydrase that bear directly on 
contemporary commercial catalysts. The f i r s t is the inherent three 
dimensionality that we have noted several times. Almost a l l of the 
many, many varieties of industrial catalysts u t i l i z e the properties 
of a two-dimensional surface, with the catalytic event typically 
taking place at the potential energy discontinuities created by 
steps' or islands' on the surface. Using only two dimensions is 

a very severe limitation because one cannot control the environment 
surrounding the atoms. One needs to use a l l three dimensions f u l l y 
to do this. This does not mean that excellent catalysts can't be 
developed, but i t does mean that their design w i l l be governed by 
pure t r i a l and error to a very large extent and suggests that we 
are far less advanced in our technological capabilities than we 
might be. 

The second theme comes from examining the properties of 
zeolites. Here, the three dimensional nature of these catalysts 
has long been exploited by the petroleum industry, mostly because 
they function as molecular sieves. Zeolites, like a l l of the 
mineral silicates of which they are a special class, are constructed 
with highly ionic bonds and this introduces two severe limitations. 
First, the number of possible structures made out of ionic bonds is 
much less diverse than those possible from covalent bonding, and 
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7. ALLEN Enzymatic Activation of C0£ 101 

second, the large positive and negative charges distributed in more 
or less fixed positions throughout the zeolites is not conducive to 
realization of the subtle charge redistributions and barrier 
lowerings required for really flexible and versatile catalysts. 

From the above i t seems clear that in order to build f u l l y 
controllable three dimensional cavities lined with appropriate 
functional groups i t is probably necessary to follow nature's lead 
and use an organic polymer made up of units with common end groups 
to permit easy construction of a chain. However, the polypeptide 
chains of proteins have their own problems: i t should not be 
necessary to generate α-helices and β-pleated sheets in order to 
get stable and reasonably compact structures. Therefore, simpler 
polymer building blocks, without the possibility of forming 
hydrogen bonds, might be useful. Likewise, one probably doesn't 
need a l l twenty of the amino acid side chains used in proteins and 
the functional groups employed are not ideal for many of the kinds 
of man-made molecules that are desired. Thus, a smaller and 
simpler set might be used for attachment to the organic polymer 
building-block units. 

Experimentation with a polymer such as described above would 
start by using a very few links to explore what types of 
configurations could be realized. This exploration would be 
greatly aided by the powerful molecular mechanics computer programs 
that have been under intensive development during the last few 
years. It is not at a l l unreasonable to expect that conformations 
for at least the simple polymers can be predicted accurately. The 
combination of modern computational methods along with the 
continuing strong advances in polymer chemistry w i l l match the 
incredible accomplishment of nature's evolution more quickly than 
could at f i r s t be imagined. These man-made analogies to enzymes 
w i l l play a key role in the nanotechnology revolution (the 
development of molecular machines and devices at the 10 À level) 
predicted a few years ago by Profs. Richard P. Feynman and Freeman 
Dyson. References to the articles by Feynman, Dyson and several 
other seminal thinkers in this area are given in a recent popular 
account by Κ. E. Drexler (6). 
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Chapter 8 

Adsorptive and Catalytic Properties 
of Carbon Monoxide and Carbon Dioxide 

Over Supported Metal Oxides 

D. G. Rethwisch1 and J. A. Dumesic2 

1Department of Chemical and Materials Engineering, University of Iowa, 
Iowa City, IA 52242 

2Department of Chemical Engineering, University of Wisconsin, Madison, 
WI 53706 

The interactions of CO and CO2 with iron oxide 
and zinc oxide supported on SiO2, Al2O3, TiO2, MgO, 
and ZnO were examined using infrared spectroscopy, 
Mössbauer spectroscopy and water-gas shift kinetics. 
Ferrous cations supported on SiO2, Al2O3, and TiO2 

were stable against oxidation to Fe3+ by mixtures of 
CO and CO2. This stability is thought to be caused by 
the formation of surface compounds between iron oxide 
and the various supports. The low activity of 
supported iron oxide relative to magnetite and the 
stability of Fe2+ on the supports suggests a change in 
the dominant reaction mechanism for water-gas shift 
from the regenerative mechanism over magnetite 
(Fe3O4), to the associative mechanism over the 
supported samples. Either CO or CO2 may interact with 
surface hydroxyl species to form adsorbed formate and 
bicarbonate species. These surface species are 
proposed to be intermediates for the water-gas shift 
reaction. Catalytic activities of the supported 
samples decreased as the acidity of the support or the 
electronegativity of the support cations increased. 
It is proposed that CO does not interact readily with 
the hydroxyl species on acidic supports. 

Studies i n recent years i n d i c a t e that supporting a c a t a l y s t on a 
high surface area c a r r i e r may i n f l u e n c e i t s c a t a l y t i c p r o p e r t i e s . 
Much of t h i s work has centered around s o - c a l l e d "strong metal-
support i n t e r a c t i o n s " which are manifested, f o r example, by a marked 
decrease i n the extent of hydrogen and carbon monoxide adsorption on 
t i t a n i a - s u p p o r t e d Group V I I I metals when reduced at high 
temperatures (1-3). Due to s t r u c t u r a l s i m i l a r i t i e s between oxide 
c a t a l y s t s and t y p i c a l supports, which are g e n e r a l l y oxides, strong 
support i n t e r a c t i o n should a l s o be observed f o r these c a t a l y s t s 
(e.g. , see papers i n the recent monograph by G r a s s e l l i and B r a z d i l 

0097-6156/88/0363-0102S06.25/0 
© 1988 American Chemical Society 
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8. RETHWISCH AND DUMESIC Adsorptive and Catalytic Properties 103 

(4)). Indeed, Lund and Dumesic (5-8) reported that the water-gas 
shift activity of an iron oxide catalyst is reduced by several 
orders of magnitude when supported on s i l i c a . Strong interactions 
between molybdena and alumina have been documented for the calcined 
states of hydrotreating catalysts (e.g., 9-11). Also, interaction 
is manifested in many mixed oxides by enhanced acidity, compared to 
the acidities of the pure component oxides (12-14). 

In the present work, a series of supported iron oxide catalysts 
was characterized by MBssbauer spectroscopy and infrared 
spectroscopy. Also, the effects of the support on the catalytic 
activity for the water-gas shift reaction (CO + lUO <=> C02 + H2) 
were determined for the supported iron oxide samples and for several 
supported zinc oxide samples. The coordinated use of infrared 
spectroscopy and Môssbauer spectroscopy allows the observation of 
both the solid state and adsorptive properties of the samples which 
may then be related to the water-gas shift activities of these 
materials. 

The supports employed in this study were Si0 2, γ-ΑΙ^Ο^, T i 0 2 , 
MgO, and ZnO. These oxides were chosen as supports because they 
display a wide range of acid/base properties, i.e., Si0 2 is acidic, 
A120^ and T i 0 2 are amphoprotic, and MgO and ZnO are basic. The 
loading of iron and zinc on the support materials was varied from 1 
to 50 cation %. On the low loading samples, the supported cations 
are highly dispersed on the support materials, and the interaction 
between the cations and the support is expected to be enhanced. 
Higher loading samples were studied to determine i f supported, bulk 
phase iron oxide and zinc oxide have the catalytic properties of the 
unsupported oxides or the properties of the highly dispersed, lower 
loading samples. 

Mftssbauer spectroscopic studies of supported iron have 
previously been carried out for A1 20 3 (15-18), Si0 2 (16,17,19-22), 
and MgO (16,23-25). Those studies were typically conducted either 
under reducing conditions or in a i r . For the results reported in 
this paper, the supported iron samples were studied in C0/C02 gas 
mixtures in which the ratio of CO to C0 2 in the pretreatment gas was 
varied from oxidizing to reducing conditions. The nature of the 
interaction between the iron cations and the support was then probed 
by monitoring changes in the Môssbauer spectra as the pretreatment 
conditions were altered. 

Nitric oxide was chosen as the adsorption probe for infrared 
spectroscopy because studies by others indicate that this molecule 
i s a selective probe for iron cations (22,26-31). Volumetric 
adsorption of NO has been used to determine the dispersion of 
supported iron samples (27,32). In the present work, infrared bands 
for adsorbed NO are shown to distinguish between different types of 
iron surface sites. 

Experimental 

Sample Preparation The supports employed in this study were 
γ-Α1 0 (Davison, SMR 7-5913), Si0 2 (Davison, Grade 952), ZnO (New 
Jersey Zinc, CO-064), Ti0 2 (Degussa, P25), and MgO (prepared by 
precipitation and decomposition of magnesium hydroxide, as described 
elsewhere (24)). The preparation of these samples was presented in 
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104 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

detail elsewhere (33). Briefly, the samples were prepared by 
incipient wetness impregnation of the supports with an aqueous 
solution containing the proper concentration of Fe(NO^) · 911̂ 0 or 
Ζη(Ν0^) 2

β βΗ^Ο. Because Môssbauer spectroscopy for iron is sensitive 
only to -*̂ Fe, and the natural abundance of -*̂ Fe is low (ca. 2%), the 
samples used for Môssbauer spectroscopy studies were prepared from 
isotopically enriched iron salts as described elsewhere (33). The 
amount of solution used per gram of support material, the loadings 
as determined by Galbraith laboratories, and the BET surface areas 
and average particle diameters of the samples following water-gas 
shift kinetics are listed in Table I. Particle diameters were 
determined by X-ray diffraction line broadening according to the 
procedure described by Klug and Alexander (34). The dispersion of 
Iron cations on these samples as determined by the extent of NO 
adsorption is also indicated in Table I. 

Môssbauer Spectroscopy MBssbauer spectroscopy studies were carried 
out using the apparatus discussed by Phillips et a l . (35). Doppler 
velocities were calibrated using sodium nitroprusside or a 
12.5 urn metallic f o i l at room temperature. A l l isomer shifts are 
given relative to metallic iron. Samples were prepared for 
MBssbauer spectroscopy study by compressing about 200 mg of material 
at 34 MPa into a 2.54 cm diameter wafer. The effect of varying the 
CO/CO2 ratio on the oxidation state of supported iron cations was 
investigated using mixtures containing CO and CO2 in the ratios 
40/60, 15/85, and 1/99. Several samples were treated in flowing 
hydrogen. 

Infrared Spectroscopy Infrared spectra were collected in the 
transmission mode using a Nicolet 7199 FTIR instrument with an MCT 
detector. Samples containing 20 rag/cm^ were placed in a stainless 
steel c e l l which allowed the collection of in situ spectra over the 
temperature range from 300 to 700 Κ and in the pressure range from 
vacuum to 0.2 MPa. A mixture of C0/C02/He (2/11/87, from Matheson, 
99.95% pure) was used for sample treatments without further 
purification. The samples were then exposed to NO at a pressure of 
20 kPa. A detailed description of the c e l l and the instrumental 
settings used are given elsewhere (36). 

Water-Gas Shift Kinetics Water-gas shift kinetics were measured 
using the apparatus described by Lund and Dumesic (5). Each sample 
was pretreated for 4 or more hours at 660K in a flowing mixture of 
C0/C0« (15/85) before reaction kinetics were initiated. Reaction 
kinetics were measured using a synthesis gas stream prepared by 
flowing a mixture of C0/C02 (89/11) through a water saturator at 
375 K. This yielded a "standard" synthesis gas with the following 
partial pressure: 32 kPa CO, 4 kPa C02, and 64 kPa H20. After 
switching to synthesis gas, catalytic activity was monitored for 
24 h to verify that stable activity had been obtained before 
reaction kinetics studied began. 

The concentration dependence of the reaction kinetics was 
modeled using the. power law expression described by Bohlbro 
( 3 7 ) (" rC0 = kC0 PC0 PH 0PC0 ) e 0 1 1 1 7 C 0 ' C°2' a n d H2° W e r e i n c l u d e d i n 
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106 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

the feed stream. Work by others indicates that the reaction i s zero 
order in H 2 (37)· 

Turnover frequencies were calculated for the following standard 
set of conditions: Τ = 653 K, P C Q = 32 kPa, P ^ » 4 kPa, and P H^ Q » 
64 kPa. These calculations were based on site densities calculated 
from the NO uptakes, assuming one iron cation per adsorbed NO 
molecule. Because zinc cations do not adsorb NO i t was impossible 
to directly measure the dispersion of supported zinc cations. 
Therefore, to a f i r s t approximation the dispersions of the supported 
zinc oxide samples were assumed to be same as the dispersions of 
analogous supported iron oxide samples. The water-gas shift 
activities of the iron and zinc cations supported on AI2O3, T i 0 2 , 
and Si0 2 were corrected for support activity by subtracting the 
activities of the supports from the total activities of the 
supported catalyst. On these samples, the activities of the 
supports accounted for 5-30% of the overall catalytic activity. For 
Fe/MgO and Fe/ZnO the activities of the supports were, within 
experimental error, equal to the activities of the supported 
samples, and the activity of the supported iron cations could not be 
determined. 

Gases A l l C0/C02 mixtures used in this study (premixed from 
Matheson, 99.5% pure) were passed through a bed of glass beads at 
620 Κ prior to use. This decomposed any metal carbonyl species 
which may have been present in these gases. Carbon dioxide was 
obtained from Liquid Carbonic (99.995% pure) and was used without 
further purification. Nitric oxide was obtained from Matheson and 
was purified by passing i t through s i l i c a gel at 77 Κ prior to 
use. Hydrogen (Air Products 99.9% pure) was purified by flowing 
through a Deoxo unit (Englehard) followed by an activated molecular 
sieve trap (13 X) at 77 K. 

Results 

MBssbauer Spectroscopy The Môssbauer spectral characteristics for 1% 
loadings of iron cations on the supports are summarized in Table 
II. Detailed results of the Mftssbauer spectroscopy studies are 
presented elsewhere (33). Typical room temperature Môssbauer 
spectra are shown in Figure 1. Following treatment in C0/C02 

(15/85) at 660 Κ for about 16 h, spectra la and lb were collected 
for 1% Fe/Al 203 and 1% Fe/Si0 2, respectively. The spectrum for 1% 
Fe/Al 203 (spectrum la) was f i t with two overlapping doublets typical 
of F e 2 + (see Table II). The relative areas of the doublets could be 
varied while obtaining an equally good f i t , suggesting that the 
sample surface was heterogeneous, with a distribution of doublets 
superimposed to give the observed broad doublet. Indistinguishable 
spectra were obtained following treatment for 16 h at 660 Κ in 
CO/CO, (1/99) or C0/C02 (40/60). 

The Mttssbauer spectrum for 1% Fe/Si0 2 (spectrum lb) is similar 
to those obtained by Yuen et a l . (22) and was f i t with three Fe 
doublets. The two outermost doublets (which had parameters similar 
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108 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

to those f o r 1% Fe/Al^Oo) were assigned to s i t e s of higher symmetry 
than the inner Fe doublet which had a smaller isomer s h i f t and 
quadrupole s p l i t t i n g (see Table II)· The s i t e assignments are 
discussed i n more d e t a i l below. 

The Môssbauer spectroscopy r e s u l t s can be summarized i n the 
f o l l o w i n g manner. On each of the 1% loa d i n g samples s t u d i e d , a 
broad Fe doublet w i t h an isomer s h i f t of ca. 1 mm/s and a 
quadrupole s p l i t t i n g of ca. 2 mm/s was observed. On the A^O^, 
Ti02> and Si02 supported samples only F e 2 + was observed a f t e r 
treatment i n any CO/CO2 mixture. The o x i d a t i o n s t a t e of i r o n on 1% 
Fe/Al^O^ or 1% Fe/Si02 was not a f f e c t e d by treatment i n pure C0 2; 
however, treatment of 1% F e / T i 0 2 i n C0 2 d i d p a r t i a l l y reduce a 

sample which had been o x i d i z e d to Fe^ +. The reducing agent may have 
been a trace CO impu r i t y i n the C0 2 (33). On spectra f o r 1% F e / S i 0 2 

an i n n e r F e 2 + doublet w i t h a quadrupole s p l i t t i n g of 0.7 mm/s and an 
isomer s h i f t of 1 mm/s was observed i n a d d i t i o n to the doublet 
discussed above. The room temperature Mossbauer spectra f o r 25% 
F e / A l 2 0 3 and 25% F e / S i 0 2 t r e a t e d at 660K i n C0/C0 2(15/85) were f i t 
w i t h two F e 2 + doublets having Môssbauer parameters s i m i l a r to those 
f o r the 1% loading samples and two se x t u p l e t s w i t h parameters 
c h a r a c t e r i s t i c of magnetite (33). A s i n g l e t c h a r a c t e r i s t i c of bulk 
phase F e T i 0 3 was observed f o r 25% F e / T i 0 2 (33). 

For 1% Fe/MgO the r a t i o of surface F e 2 + to F e 3 + was dependent 
on the C0/C0 2 r a t i o . Treatment of Fe/MgO i n H 2 d i d not reduce a l l 
F e ^ , and no m e t a l l i c i r o n was formed; however, the amount of Fe 
i n bulk MgO s i t e s was increased. Spectra f o r 1% Fe/ZnO were s i m i l a r 
to those f o r 1% Fe/MgO except f o r the presence of a se x t u p l e t i n the 
Fe/ZnO spectrum. 

X-Ray D i f f r a c t i o n X-ray a n a l y s i s was c a r r i e d out on the 25% 
F e / A l 2 0 3 , 25% F e / T i 0 2 , and 25% F e / S i 0 2 samples. The x-ray 
d i f f r a c t i o n patterns of the alumina and s i l i c a supported samples 
were c h a r a c t e r i s t i c of magnetite. Line broadening c a l c u l a t i o n s 
showed that the magnetite p a r t i c l e s had a diameter of 12 nm on 25% 
F e / A l 2 0 3 , and 20 nm on 25% F e / S i 0 2 . The absence of peaks f o r the 
support m a t e r i a l i n d i c a t e d that the A 1 2 0 3 and Si02 were e i t h e r 
amorphous or e x i s t e d as small p a r t i c l e s (< 5 nm). 

The x-ray d i f f r a c t i o n p a t t e r n of the 25% F e / T i 0 2 sample 
i n d i c a t e d the presence of F e T i 0 3 and the anatase and r u t i l e c r y s t a l 
s t r u c t u r e s of T i 0 2 ( 3 8 ) . The p a r t i c l e diameter of the i r o n t i t a n a t e 
phase was c a l c u l a t e d to be ca. 23 nm. The 25% F e / T i 0 2 sample had a 
higher d i s p e r s i o n than the 25% F e / A l 2 0 3 sample (see Table I) yet the 
p a r t i c l e s i z e of the i r o n - c o n t a i n i n g phase i s s i m i l a r i n both 
cases. This suggested that on 25% F e / T i 0 2 , i n a d d i t i o n to the bulk 
i r o n t i t a n a t e phase, i r o n c a t i o n s were a l s o dispersed over the Ti02 
support. 

I n f r a r e d Spectroscopy The i n f r a r e d spectroscopy bands observed 
f o l l o w i n g adsorption of NO at beam temperature (ca. 310 K) are given 
i n Table I I I . D e t a i l e d r e s u l t s of the IR spectroscopy stud i e s are 
presented elsewhere (39). T y p i c a l r e s u l t s are shown i n Figures 2 
and 3. These are the beam temperature s p e c t r a of 1% Fe/Al20 3 and 1% 
F e / S i 0 2 i n NO. The samples were i n i t i a l l y t r e a t e d f o r 4 h i n 
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Figure 1. Room-temperature Môssbauer spectra of 1% Fe/Al 20 3 

and 1% Fe/Si0 2 after treatment in CO/CO- (15/85) at 660 Κ for 
16 h: a) 1% Fe/Al 20 3; b) 1% Fe/Si0 2. The vertical bar beside 
the figure corresponds to a 5% change in γ-ray transmission 
through the sample. 

2000 1900 1800 1700 1600 
WAVENUMBERS (cm"1) 

Figure 2. Beam-temperature IR spectra of 1% Fe/Al 20 3 after 
exposure to 20 kPa NO: (a) 120 min in NO at beam temperature; 
(b) evacuation to 10 Pa for 30 min at beam temperature. The 
vertical bar beside the figure corresponds to an absorbance of 
0.01. The feature at 1870 cm"* i s due to incomplete 
subtraction of spectral features due to gaseous NO. 
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110 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

2000 1900 1800 1700 1600 
WAVENUMBERS (cm"1) 

Figure 3. Beam-temperature IR spectra of 1% Fe/SiC^ after 
exposure to 20 kPa NO: (a) 1 min in NO at beam temperature; 
(b) 130 min in NO at beam temperature; (c) evacuation to Κ Γ 2 

Pa for 30 min at beam temperature. The vertical bar beside 
the figure corresponds to an absorbance of 0.01. The feature 
at 1870 cm"* is due to incomplete subtraction of spectral 
features due to gaseous NO. 
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8. RETHWISCH AND DUMESIC Adsorptive and Catalytic Properties 111 

CO/C02/He (2/11/87) at 660 Κ and evacuated to 10~Z Pa for 1 h at 660 
K. This treatment has been shown to convert essentially a l l of the 
iron to the ferrous state. Spectrum 2a was taken following exposure 
of 1% Fe/Al 203 to NO at beam temperature for 120 min. Gas phase NO 
bands and the background spectrum of the sample (which was collected 
before exposure to NO) were subtracted from each spectrum so that 
only spectral features caused by exposure to NO are displayed. 
Spectrum 2a was f i t with infrared bands at 1805, 1743, and 1655 
cm"" 1. The intensities of these bands were essentially constant 
after the f i r s t two minutes of exposure to gaseous NO. The peak at 
1655 cm""* can be assigned to a nitrate band on A1 20 3 (36). 
Evacuation to 10~ 2 Pa at beam temperature for 30 min resulted in 
spectrum 2b. The peaks at 1805 and 1743 cm"1 were reduced in 
intensity, although the latter peak was less sensitive to 
evacuation. Indeed, the peaks at 1805 and 1743 cm"2 are now easily^ 
discernible in spectrum 2b. Reexposure to NO and evacuation to 10 
Pa reproduced spectra 2a and 2b, respectively, indicating the 
reversibility of this process. 

TABLE III 
Adsorbed NO Infrared Bands for Supported Iron Oxide Samples 

Sample Mononitrosyl 
(cm"1) 

Dinitrosyl 
(cm"1) 

1% Fe/Al 20 3 1805 1743 _ _ 
1% Fe/Ti0 2 1838 1824 1740 -1% Fe/MgO 1800 1720 -1% Fe/ZnO 1813 1735 -1% Fe/Si0 2 1815 1755a 1897 1791 

a. This band is adsorbed on the same sites as the dinitrosyl 
species. 

Beam temperature spectra of 1% Fe/Si0 2 after adsorption of NO 
are shown in Figure 3. After treatment in C0/C02/He (2/11/87), as 
described above, the sample was exposed to NO at beam temperature 
for 1 min (spectrum 3a). Nitrosyl bands were observed at 1802 and 
17 55 cm"1. Following exposure to NO for 130 min (spectrum 3b) the 
band at 1802 cm"1 had shifted to 1795 cm"1 and increased in 
intensity, the band at 1755 cm"1 increased in intensity, and a new 
band was observed at 1897 cm"1. These spectra were f i t using four 
bands. Specifically, the peak at ca. 1800 cm"1 was f i t with two 
bands, one at 1815 cm and the other at 1791 cm" , and bands were 
also included at 1897 and 1755 cm"1. 

These bands have been assigned according to Yuen et a l . (22). 
The bands at 1815 and 1755 cm are assigned to mononitrosyl 
species, while those at 1897 and 1791 cm are assigned to the 
symmetric and asymmetric stretching modes, respectively, of an iron 
dinitrosyl species. The dinitrosyl species is converted to the 
mononitrosyl species at 1755 cm"1 by evacuation. This w i l l be 
discussed in more detail below. 

Evacuation at beam temperature caused a marked decrease in the 
bands at 1897 and 1791 cm""1, and the band at 1755 cm"1 was reduced 
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112 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

slightly (see Figure 3c) · Importantly, the band at 1755 cm"*1 

increased in intensity upon evacuation. Reexposure to NO for 36 min 
increased the intensities of the bands at 1897, 1815, and 1791 cm"*1 

and decreased the intensity of the band at 1755 cm , returning the 
band intensities to their values before evacuation. A second 
evacuation had the same effect as the f i r s t , indicating that this i s 
a reversible process. 

Mononitrosyl species attributable to NO adsorbed on iron 
cations were observed for a l l of the supported iron oxide samples 
studied (see Table III). Typically one mononitrosyl species was 
observed at 1850-1800 cm"*, and a second mononitrosyl was observed 
near 1750 cm"*. These mononitrosyl species reached their maximum 
intensities after exposure to NO within a few minutes. The 
appearance of several mononitrosyl bands on each sample suggests 
that the surfaces are heterogeneous. 

The 1% Fe/Si02 s a m P l e displayed bands for both mononitrosyl and 
dinitrosyl species. The dinitrosyl species were indicated by bands 
at ca. 1900 cm"* and 1800 cm"1 which decreased in intensity upon 
evacuation, accompanied by a corresponding increase in the intensity 
of the mononitrosyl peak at ca. 1750 cm"*. Therefore, the 
mononitrosyl band at 1750 cm"1 and the dinitrosyl bands are thought 
to be adsorbed on the same site. A second mononitrosyl band was 
observed at 1815 cm"*. Unlike mononitrosyl species, for which the 
maximum intensities were attained rapidly, the intensities of the 
dinitrosyl species increased over a 2 h period. This is in agreement 
with the work of Segawa et a l . (31) for F e 2 + in γ-zeolite. 

Water-Gas Shift Kinetics Studies The activation energies, power law 
exponents, and turnover frequencies of the supported samples for 
water-gas shift are given in Table IV. The temperature range over 
which the activation energies were determined and the power law 
exponents are also indicated. On Fe/Al 20 3, Fe/Ti0 2 and Zn/AI^Oo the 
water-gas shift reaction was approximately f i r s t order in CO ana 
about 0.25 in H20. These values are similar to those reported for 
the bulk oxides Fe^O^, ZnO, and MigO (37,40). Over the bulk oxides, 
CO2 inhibited the water-gas shift reaction (40); however, on the 
supported samples discussed above, the inhibition by CO2 i s absent, 
as indicated by the zero order dependence on C02» The concentration 
dependence of the rate was not determined over the other supported 
samples because of low activity (Fe/Si02 and Zn/Si0 2) or 
interference by the support (Fe/MgO and Fe/ZnO). 

The activation energies of the supported oxides were lower than 
those of the corresponding bulk oxides. Activation energies for 
Fe^O, and ZnO are typically 105-115 kJ/mol (40), while a value of 
70-80 kJ/mol was observed for Fe/AKO^, Ζη/Α120ο, Fe/Ti0 2, and 
Zn/Si02» The activation energies of some materials were not 
determined because of low activity (Fe/SiO-) or support interference 
(Fe/MgO and Fe/ZnO). 

The following order of decreasing catalytic activity was 
observed at 653 K: Fe/Al 20 3 * Zn/Al 20 3 * Fe/Ti0 2 > Fe/Si0 2 = 
Zn/Si0 2. On MgO and ZnO, the activity of the support masked the 
catalytic activity of the supported iron cations; therefore, i t is 
suggested for these samples that the activity of the supported iron 
cations i s comparable to, or less than that of the support. 
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114 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

The turnover frequency for iron or zinc cations on AI2O3 and 
TiC>2 was about 10 s . This is about two orders of magnitude 
lower than the activity observed for magnetite, but i t is comparable 
to the activity of unsupported ΖηΟ· The turnover frequency was 
nearly independent of iron loading, with a factor of two decrease as 
the loading for Fe/Al^O^ was increased from 1% to 10%. Both iron 
and zinc cations on SI0 2 had a turnover frequency of about 10 
s . Again, no dependence on iron loading was observed. 

Discussion 

MBssbauer Spectroscopy and Infrared Spectroscopy It is proposed 
that a significant fraction of the ferrous cations for a l l of the 1% 
loading samples is present in sites of high coordination (e.g., 5-
or 6-fold). Sites of lower coordination (e.g., 3- or 4-fold) are 
also suggested to exist on Si0 2 and T i 0 2 . Finally, i t is suggested 
that the F e 2 + cations on Fe/Al2C>3, Fe/Ti0 2, and Fe /S iOo are 
stabilized by the formation of a surface phase containing iron 
cations and cations from the support. 

MBssbauer spectra of the iron containing samples indicate that 
the iron cations are stabilized as F e 2 + over Al 203, Ti0 2, and Si0 2 

when treated in C0/C02 gas mixtures. The formation of a surface 
phase containing iron cations and cations from the support could 
account for the s t a b i l i t y of Fe^ +. In fact, surface spinels 
(MA120^, where M is a divalent metal cations) have been postulated 
to exist for iron (41,42) and zinc (43) cations supported on Al 203; 
and, Lund and Dumesic (5-8) have reported that a surface phase 
containing iron cations and s i l i c o n cations was responsible for the 
low water-gas shift activity of Fe30^/Si0 2 samples. 

Surface phases consisting of iron cations and cations from the 
support may also exist on samples containing 25% Fe. Môssbauer 
spectra of 25% F e / A l ^ indicated that about 50% of the iron was 
present as magnetite with the remainder present as F e 2 + . The 
turnover frequency of this sample for water-gas shift should, 
therefore, have been comparable to Fe30^; however, the turnover 
frequency of this sample was two orders of magnitude lower than that 
of magnetite. In fact, increasing the iron loading from a 1% 
loading to a 25% loading on A1 20 3, Ti 0 2 , and Si0 2 had l i t t l e affect 
on the turnover frequency. This suggests that the Fe^O^ particles 
on the support were covered by a surface phase. It is interesting 
to note that an FeAloO^ surface phase has been proposed to stabilize 
the dispersion of bulk Fe 30^ promoted with Al 20o (44). 

No evidence for a surface phase which stabilized Fe 2 was 
observed on Fe/MgO or Fe/ZnO. In fact, over MgO both F e 2 + and Fe3"** 
were observed, and their ratio could be varied by changing the ratio 
of CO to C0 2 in the treatment gas. This may be related to the fact 
that MgO and ZnO are the least acidic of the oxides investigated as 
supports in this study. 

The large quadrupole splittings and isomer shifts observed for 
the iron cations on 1% Fe/Ti0 2 and 1% Fe/Al 20 3 and the absence of 
dinitrosyl species suggest that in surface compounds the iron 
cations are present in sites of high coordination (e.g., 5- or 6-
fold). In the bulk compound FeAl 20^ the iron cations are located in 
tetrahedral sites (45); however, surface cations are expected to be 
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8. R E T H W I S C H A N D D U M E S I C Adsorptive and Catalytic Properties 115 

c o o r d i n a t i v e l y unsaturated, and c o o r d i n a t i v e l y unsaturated 
" t e t r a h e d r a l " c a t i o n s may be l e s s s t a b l e than unsaturated 
" o c t a h e d r a l " c a t i o n s . Cobalt cations supported on A l 2 0 o have, i n 
f a c t , been observed to occupy t e t r a h e d r a l s i t e s i n the Bulk but 
o c t a h e d r a l s i t e s on the surface (46). A doublet w i t h s i m i l a r 
parameters was observed i n t h i s study f o r a l l of the supported i r o n 
samples, suggesting that i r o n c a t i o n s p r e f e r e n t i a l l y occupy 
octahedral s i t e s or c o o r d i n a t i v e l y unsaturated octahedral s i t e s on 
oxide s u r f a c e s , g i v i n g r i s e to 6- or 5 - f o l d c o o r d i n a t i o n , 
r e s p e c t i v e l y . 

The Môssbauer sp e c t r a of F e 2 + on S i 0 2 , and the i n f r a r e d spectra 
f o r NO on these samples, were s i m i l a r to those reported i n the 
l i t e r a t u r e . Two d i s t i n c t types of i r o n s i t e s were observed. These 
are c h a r a c t e r i z e d i n the Môssbauer spectra by two doublets, a 
doublet w i t h a s m a l l e r isomer s h i f t and quadrupole s p l i t t i n g denoted 
as an "inner doublet" and a second doublet denoted as an "outer 
doublet". The outer doublet i r o n has been assigned to s i t e s of 
higher c o o r d i n a t i o n (e.g., 5- or 6 - f o l d ) , while the inner doublet 
has been assigned to s i t e s of lower c o o r d i n a t i o n (e.g., 3- or 4-
f o l d ) . D i n i t r o s y l species may be formed on the "inner doublet 
s i t e s " which are lower i n c o o r d i n a t i o n . 

In Table I I I i t i s evident that the mononitrosyl species f a l l 
i n t o two groups, one w i t h a s t r e t c h i n g frequency near 1825 cm and 
another at about 1750 c m . Note that the band at 1750 cm" i s i n 
the same reg i o n as the mononitrosyl species formed upon evacuation 
of the d i n i t r o s y l species a s s o c i a t e d with i r o n c a t i o n s of low 
c o o r d i n a t i o n . This suggests that the band at 1750 cm corresponds 
to mononitrosyl species adsorbed on c a t i o n s i n s i t e s of lower 
c o o r d i n a t i o n than those r e s u l t i n g i n the mononitrosyl species at 
1825 cm"1. This i s i n agreement with the work of other 
i n v e s t i g a t o r s , who have c o r r e l a t e d the s t r e t c h i n g frequency of NO 
with the c o o r d i n a t i o n of i r o n c a t i o n s (22,31,47). S i t e s of lower 
c o o r d i n a t i o n have l e s s s t e r i c hindrance than s i t e s of higher 
c o o r d i n a t i o n , thus, a l l o w i n g the formation of bent n i t r o s y l 
s p e c i e s . In s i t e s of higher c o o r d i n a t i o n , the n i t r o s y l species must 
remain more l i n e a r due to s t e r i c hindrance by other l i g a n d s . 
Indeed, the wavenumber of bent species has been observed to be l e s s 
than that of l i n e a r n i t r o s y l species (48). 

The r a t i o of F e 2 + to F e 3 + on Fe/MgO was shown to depend on the 
CO/CO2 r a t i o i n which the sample was t r e a t e d , whereas i r o n was 
s t a b i l i z e d as F e 2 + on A 1 2 0 3 , T i 0 2 , and S i 0 2 . Thus, i t may be 
suggested that the exposure of Fe/MgO to NO might o x i d i z e Fe to 

Ox 
F e J accompanied by the formation of N 20, w h i l e t h i s r e a c t i o n may be 
n e g l i g i b l e over i r o n on the other three supports. The i n t e n s i t y of 
the band at 1745 cm""1 decreased w h i l e that at 1800 cm"1 increased 
during prolonged exposure of Fe/MgO to NO. The s i t e at 1745 cm" 
could a c c o r d i n g l y be assigned to a mononitrosyl species adsorbed on 
F e 2 + and the band at 1800 cm"1 to a mononitrosyl species adsorbed on 
F e 3 + . The e l e c t r o n d e n s i t y on NO would be expected to be higher 
when adsorbed on F e 2 + than on Fe^ +; and, t h i s would be r e f l e c t e d by 
a lower s t r e t c h i n g frequency of the N-0 bond since t h i s a d d i t i o n a l 
e l e c t r o n d e n s i t y would be i n the antibonding o r b i t a l of NO (48). 
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116 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

I t was noted elsewhere (36) that small concentrations of 
d i n i t r o s y l species may be formed on Fe/TiC^. I f t h i s i s t r u e , then 
the samples can be arranged i n the f o l l o w i n g order w i t h respect to 
extent of formation of d i n i t r o s y l species i n the presence of NO: 
Fe/SiO- > F e / T i 0 2 > F e / A l 2 0 3 « Fe/ZnO * Fe/MgO. This order can be 
r e l a t e d to the c o o r d i n a t i o n of oxygen i n these supports. In the 
bulk s t r u c t u r e s of these supports, each l a t t i c e oxygen i s 
coordinated to 2 c a t i o n s i n s i l i c a , 3 c a t i o n s i n t i t a n i a , 3 or 4 
c a t i o n s i n alumina, 4 c a t i o n s i n z i n c oxide, and 6 c a t i o n s i n 
magnesia. For a c a t i o n w i t h a given charge, the c o o r d i n a t i o n number 
of the c a t i o n g e n e r a l l y decreases as the c o o r d i n a t i o n of oxygen 
decreases. This e x p l a i n s why ferrous c a t i o n s of low c o o r d i n a t i o n 
( g i v i n g r i s e to d i n i t r o s y l bands i n i n f r a r e d s p ectra and the inner 
doublet i n MBssbauer spectra) were present i n high c o n c e n t r a t i o n on 
s i l i c a , lower c o n c e n t r a t i o n on t i t a n i a , and absent on the other 
supports s t u d i e d . In agreement with these i d e a s , M u r r e l l and Garten 
(49) have observed an inner doublet i n Môssbauer spectra of i r o n on 
t i t a n i a at low l o a d i n g s . 

Water-Gas S h i f t Reaction The r e s u l t s of the water-gas s h i f t k i n e t i c 
s t u d i e s i n d i c a t e that the c a t a l y t i c a c t i v i t y of supported i r o n oxide 
i s s i g n i f i c a n t l y lower than that of unsupported Fe^O^. In a d d i t i o n , 
both i r o n oxide and z i n c oxide are two orders of magnitude l e s s 
a c t i v e on S i 0 2 than on A 1 2 0 3 . In g e n e r a l , these samples can be 
placed i n three groups based on t h e i r water-gas s h i f t a c t i v i t i e s : 
( i ) those which are a c t i v e ( F e / A l 2 0 3 , Zn/Alo0 3, and F e / T i 0 2 ) , ( i i ) 
those w i t h low a c t i v i t y ( F e / S i 0 2 or Z n / S i 0 2 ) , and ( i i i ) those f o r 
which the support i s as a c t i v e or more a c t i v e than the supported 
i r o n oxide (Fe/MgO and Fe/ZnO). 

Two mechanisms are thought to be important f o r the water-gas 
s h i f t r e a c t i o n : a regenerative mechanism i n which the c a t a l y s t 
s u r f a c e i s s u c c e s s i v e l y o x i d i z e d by H 20 and reduced by CO, and an 
a s s o c i a t i v e mechanism i n which adsorbed reactant species i n t e r a c t to 
form an adsorbed in t e r m e d i a t e , g e n e r a l l y thought to be a formate, 
which decomposes to water-gas s h i f t products (50). 

The regenerative mechanism f o r water-gas s h i f t i s thought to 
dominate over magnetite (40,50), while the a s s o c i a t i v e mechanism i s 
thought to be dominant over ZnO (40,51). Surface c a t i o n s which can 
change o x i d a t i o n s t a t e are required f o r the regenerative 
mechanism. The r a p i d e l e c t r o n hopping between the F e 2 + and F e 3 + 

c a t i o n s i n the octahedral s i t e s of magnetite i s thought to 
f a c i l i t a t e the regenerative mechanism. Mossbauer spectroscopy 
r e s u l t s i n d i c a t e that i r o n c a t i o n s are s t a b i l i z e d as Fe i n a 
v a r i e t y of C0/C0 2 gas mixtures over A 1 2 0 3 , T i 0 2 , and S i 0 2 . Since 
the c a t i o n s do not r e a d i l y undergo changes i n o x i d a t i o n s t a t e , the 
regenerative mechanism could not take place; t h e r e f o r e , f o r the 
supported i r o n and z i n c oxides examined i n t h i s study the 
a s s o c i a t i v e mechanism i s proposed to be the dominant r e a c t i o n 
mechanism. 

Ross and Delgass (52) s t u d i e d the reverse water-gas s h i f t 
r e a c t i o n over unsupported E u 2 0 3 and E u 2 0 3 supported on A 1 2 0 3 and 
S i 0 2 . As i n t h i s study, C0 2 i n h i b i t e d the r e a c t i o n over unsupported 
E u 2 0 3 , while i t d i d not i n h i b i t the r e a c t i o n over E u 2 0 3 supported on 
A 1 2 0 3 or S i 0 2 . A l s o , the a c t i v a t i o n energy decreased when E u 2 0 3 was 
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8. RETHWISCH AND DUMESIC Adsorptive and Catalytic Properties 117 

supported. U n l i k e the supported i r o n and z i n c oxide samples, no 
decrease i n a c t i v i t y was observed when europium was supported on 
AI2O3 or S i O o . Môssbauer spectroscopy of the europium i n d i c a t e d the 
presence of both E u 2 + and E u 3 + ; t h e r e f o r e , c o n s i s t e n t with the above 
d i s c u s s i o n , a model was proposed i n which the regenerative mechanism 
was a c t i v e over both supported and unsupported EU2O3. The decreased 
i n h i b i t i o n by CC>2 and the re d u c t i o n i n a c t i v a t i o n energy when the 
europium was supported were explained by the assumption that the 
supported E^O^ does not adsorb C0 2 as s t r o n g l y . 

In a study of the water-gas s h i f t a c t i v i t y of bulk oxides the 
e l e c t r o n e g a t i v i t y s c a l e of Zhang (53) was shown to c o r r e l a t e 
c a t a l y t i c a c t i v i t y (40). The r e s u l t s of the present study for the 
supported samples can a l s o be i n t e r p r e t e d i n t h i s manner. The 
e l e c t r o n e g a t i v i t y of c a t i o n s included i n t h i s study increase i n the 
order F e 2 * « Z n 2 * < F e 3 + « Mg 2 + < T i 4 + » A l 3 + < S i 4 + (see Table 
V). Supporting an oxide on a support which i s more a c i d i c ( I . e . , 
has a higher e l e c t r o n e g a t i v i t y ) than that oxide should increase the 
a c i d i t y of the supported oxide. Both z i n c and i r o n c a t ions are l e s s 
a c i d i c than Si02> T*^, a n d Al2^3* Since more a c i d i c oxides were 
shown to be l e s s a c t i v e f o r the water-gas s h i f t r e a c t i o n ( 4 0 ) , the 
supported samples should decrease i n a c t i v i t y as the support becomes 
more a c i d i c . 

TABLE V 
Zhang e l e c t r o n e g a t i v i t y , and metal-oxygen bond strengths f o r the 
ca t i o n s i n c l u d e d i n t h i s study. 

" M-0 
Cation X s Oxides Strength 

(kJ/mol 0) 

0.39 FeO 650 
0.66 ZnO 1000 
1.31 F e 2 0 3 1200 
1.40 MgO 640 
3.04 A 12°3 1 3 0 0 

3.06 T i 0 2 2000 
8.10 S i 0 o 3300 

a. Zhang e l e c t r o n e g a t i v i t i e s (53) 
b. Metal oxygen bond st r e n g t h as c a l c u l a t e d elsewhere (33) 

Consistent w i t h the above arguments, the a c t i v i t i e s of the 
supported i r o n oxide and z i n c oxide samples decreased i n the order: 
Z n / A l 2 0 3 - F e / A l 2 0 3 * F e / T i 0 2 > Zn/ S i 0 2 - Fe/Si02« Cations on the 
more a c i d i c support (Si02) were l e s s a c t i v e than those on 
amphoprotic supports ( T i 0 2 and Al^O^); and, the supported i r o n 
samples were comparable i n a c t i v i t y to the supported z i n c samples. 
As discussed above, low c a t a l y t i c a c t i v i t i e s of i r o n oxide supported 
on S i 0 2 , A 1 2 0 3 , and T i 0 2 (compared to Fe 30^) were observed at a l l 
i r o n loadings i n v e s t i g a t e d i n t h i s study, and t h i s suggests that the 
Fe 30^ p a r t i c l e s on the support were a l s o covered by a surface phase. 

As mentioned e a r l i e r , the water-gas s h i f t a c t i v i t y of i r o n 
c a t i o n s on ZnO and MgO was masked by the a c t i v i t y of the support 
m a t e r i a l ; t h e r e f o r e , the a c t i v i t y of the i r o n c a t i o n s was comparable 

F e2+ 

F e o + < 
T 14+ 

S i 4 + 
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118 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

to or less than the activity of the support cations. Since the 
Zhang electronegativites of Fe and Fe cations are similar to 
those for Z n 2 + and Mg , the activities of these materials for the 
water-gas shift reactions should, in fact, be similar. 

Iwamoto et a l . (54) studied the activity of a series of metal-
ion exchanged zeolites for the water-gas shift reaction. The lower 
water-gas shift activity of the acidic cations was explained in 
terms of hard-soft acid/base properties. In this model, carbon 
monoxide, which i s a soft base, interacts more strongly with soft 
acid sites. The adsorption of CO is generally considered to be the 
rate controlling step in the water-gas shift reaction. Cations of 
lower acidity are generally softer acids and as such adsorb CO more 
readily. This would lead to higher surface concentrations of CO, 
thereby increasing the water-gas shift a c i t i v i t y of the sample. 

In this study the surfaces of lower acidity were found to be 
more active for the water-gas shift reaction, in agreement with 
Iwamoto. However, a different model is proposed to explain this 
result. A potential associative pathway for the water-gas shift 
reaction is shown in Figure 4. In this pathway, H20 adsorbs on an 
anion vacancy and a surface oxygen (step a). Carbon monoxide 
adsorbs on a coordinatively unsaturated cation to form a carbonyl 
species which then reacts with a hydroxyl group to generate a 
formate intermediate (steps b and c). In steps d and e, the formate 
species reacts further with surface oxygen (hydroxyl groups) to form 
a carbonate (bicarbonate) which decomposes to give gaseous C02 and a 
surface oxygen (hydroxyl group). Finally, two hydrogen atoms 
combine to form H2, returning the surface to i t s i n i t i a l state (step 
f ) . We now suggest that the adsorption of CO is fast and reversible 
and that the rate determining step is the reaction of the carbonyl 
species with a surface hydroxyl to generate a formate (step b). The 
rate of this reaction may be related to the metal-oxygen bond 
strength on the surface as discussed by Rethwisch and Dumesic 
(40). The Zhang electronegativites and the metal-oxygen bond 
strengths are given in Table V. The metal-oxygen bond strength of 
an acidic oxide i s greater than that of a basic oxide; therefore, 
hydroxides on basic oxides are expected to react more readily with 
the carbonyl species, while on acidic species such as Si0 2 the 
formate species may not form. In fact, in infrared studies of these 
samples no formate bands were observed on Fe/Si0 2. The general 
behavior of formate species on the various supported samples may be 
described as follows. On a strong acid catalyst such as Si0 2 the 
metal-oxygen bond is too strong and formate species cannot form 
under water-gas shift conditions. On amphoprotic species (A1 20 3 or 
Ti0 2) the surface oxygen is more labile and CO may react with 
hydroxyl groups; however, the metal-oxygen bond i s too strong for 
subsequent reaction to form carbonates or bicarbonates. Over basic 
oxides (MgO, ZnO, and FeO ) the formates react further with surface 
oxygen to complete the dehydrogenation of the formate by forming 
carbonates. 

The decrease in the inhibition of C0 2 and the decreased 
activation energy can be described by a model similar to that 
proposed by Ross and Delgass (52). That i s , the decrease in the 
inhibition of the reaction by C0 2 suggests that carbonate species 
are destabilized on the supported materials. This destabilization 
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Figure 4· Pathway for the water-gas shift reaction, (a) H20 
adsorbs on an anion vacancy and a surface oxygen; (b) CO 
adsorbs on anion vacancy; (c) adsorbed CO reacts with hydroxyl 
to form formate; (d) formate reacts to form bicarbonate; (e) 
C0 2 desorbs; (f) H 2 desorbs.  P
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120 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

is accompanied by a decrease in the desorption energy of CC>2, 
thereby causing a reduction in the activation energy for the water-
gas sh i f t . These results can be explained by an increase in the 
metal-oxygen bond strength for the supported samples which makes i t 
more d i f f i c u l t to form carbonate species from CO and surface 
oxygen. A second explanation is that because Α1 20^ and T i 0 2 are 
more acidic than FeO and ZnO, the iron and zinc cations become more 
acidic when supported. Since C0 2 is an acid, i t should be less 
strongly adsorbed on an acidic oxide. Since C02 no longer adsorbs 
as readily, i t no longer blocks surface sites and as a result the 
inhibition of the reaction by C02 i s no longer observed. 

The presence of both F e 2 + and F e 3 + on MgO suggests that the 
a b i l i t y to alter oxidation state is not sufficient to ensure the 
dominance of the regenerative mechanism. The dominance of this 
reaction over magnetite suggests that the electron hopping which 
takes place in the octahedral sites facilitates the 
oxidation/reduction cycles necessary for the regenerative mechanism. 

Conclusions 

The interactions of CO and C02 with iron oxide and zinc oxide 
supported on Si0 2, AI2O3, Ti 0 2 , MgO, and ZnO were examined using 
infrared spectroscopy, Môssbauer spectroscopy and water-gas shift 
kinetics. Ferrous cations supported on Si0 2, Α1 20β, and T i 0 2 were 
stable against oxidation to F e 3 + by mixtures of CO and C02« This 
s t a b i l i t y is thought to be caused by the formation of surface 
compounds between iron oxide and the various supports. The low 
activity of supported iron oxide relative to magnetite and the 
s t a b i l i t y of Fe on the supports suggests a change in the dominant 
reaction mechanism for water-gas shift from the regenerative 
mechanism over magnetite, to the associative mechanism over the 
supported samples. Either CO or C0 2 may interact with surface 
hydroxyl species to form adsorbed formate and bicarbonate species. 
These surface species are proposed to be intermediates for the 
water-gas shift reaction. Catalytic activities of the supported 
samples decreased as the acidity of the support or the 
electronegativity of the support cations increased. Acidic supports 
have strong metal-oxygen bonds, and CO does not readily adsorb and 
react to give reaction intermediates such as formate species. 
Carbon dioxide adsorbs strongly on basic oxides, thereby inhibiting 
the water-gas shift reaction. 
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Chapter 9 

Adsorption and Reaction of Carbon Dioxide 
on Zirconium Dioxide 

Ronald G. Silver, Nancy B. Jackson, and John G. Ekerdt 

Department of Chemical Engineering, University of Texas, Austin, 
TX 78712 

The activation of carbon dioxide was studied over a 
zirconium dioxide catalyst via infrared spectroscopy 
and 18O-labeled reactants. The carbon dioxide 
adsorbed on the surface as either a carbonate or a 
bicarbonate species. The carbonate species formed as 
a result of CO2 interaction with lattice oxygen. The 
bicarbonate species formed from CO2 interaction with a 
hydroxyl group. There was no direct interconversion 
between the carbonate and the bicarbonate. It is 
proposed that the bicarbonate can be converted to the 
formate via molecular CO. 

Previous reports from our laboratory (1-4) have suggested that CO is 
activated over zirconia via a formate and that the formate is reduced 
to the methoxide. Carbon monoxide hydrogénation via formate and 
methoxide species has also been proposed over Cu/ZnO (5). Methoxide 
was proposed to be the immediate precursor to methane and methanol 
via hydrogénation and hydrolysis, respectively (3,4). The proposed 
mechanism for CO interaction with bridging hydroxyl groups to form 
the formate and the incorporation of lattice oxygen of zirconia into 
the formate and methoxide species was based on oxygen labeling 
studies with CO and H20 (4). 

A previous study (J_) has also shown that CO2 can be converted 
into methane. Infrared studies have shown that CO2 forms a bicar
bonate in accordance with the adsorption studies of Tret'yakov et 
al . (6). Heating the bicarbonate-containing zirconia in hydrogen 
led to a surface methoxide species (2). It has been suggested that 
CO2 interacts with terminal hydroxyl groups to form the bicarbonate 
(4). The route from CO2 to methoxide (the methane precursor) has 
not been reported over zirconia. 

Formate has been reported over ZnO from CO2 and H2 during the 
water-gas shift reaction (7,8) and following exposure of Cu/ZnO to 
CO2/H2 (9). Several groups (5,10-13) have reported the direct con
version of CO2 into methanol. Chinchen et a l . (11) proposed that CO2 
adsorbed on Cu/Zn0/Al203 and reacted with hydrogen atoms to form a 

© 1988 American Chemical Society 
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124 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

formate s p e c i e s , and that the water-gas s h i f t and the C0 2-to-formate 
r e a c t i o n s occurred by d i f f e r e n t intermediates. Vedage et a l . (5) 
have proposed that both CO and C0 2 react to formate and methoxide 
over Cu/ZnO w i t h the hydrogénation r a t e of CO much f a s t e r than C0 2. 

This paper re p o r t s oxygen-labeling s t u d i e s d i r e c t e d toward ide n 
t i f y i n g the mechanisms f o r C0 2 i n t e r a c t i o n w i t h z i r c o n i a . The mech
anism of bicarbonate formation and i t s subsequent conversion to the 
formate e i t h e r d i r e c t l y or v i a the intermediate formation of CO were 
explored. 

Methods 

The experimental apparatus, the c a t a l y s t synthesis from zirconium 
c h l o r i d e , and the c a t a l y s t c h a r a c t e r i z a t i o n are reported elsewhere 
(4). The experiments were conducted i n a conventional fixed-bed 
temperature-programmed desorption apparatus operating at 1 atm t o t a l 
pressure. Water vapor was introduced to the system by sparging 
helium gas through water at 25°C. 

One and one-half grams of z i r c o n i a were placed i n a 12.70 
mm-o.d. quartz tube, and p r e t r e a t e d as f o l l o w s : The tube and i t s 
contents (the system) were p o s i t i o n e d i n a furnace which was heated 
to 650°C i n f l o w i n g oxygen and maintained at those c o n d i t i o n s f o r 30 
minutes. A l l gases were at 1 atm pressure and flowed through the 
tube at a t o t a l flow of 30ml/min. While s t i l l at 650°C, the system 
was f l u s h e d w i t h helium f o r 15 minutes, and f i n a l l y w i t h hydrogen f o r 
20 minutes. The system was then cooled i n hydrogen to room 
temperature. 

For the l a b e l i n g s t u d i e s , the system was then ramped to 620°C at 
1.0°C/sec i n water-saturated helium. Next, the system was h e l d at 
620°C i n water-saturated helium f o r 5 minutes. Dry helium cooled the 
system to 450°C. A 50/50 mixture of C0 2/H 2 flowed through the system 
as i t cooled from 450°C to room temperature. F i n a l l y , the system was 
ramped to 620°C at 1.0°C/sec i n dry helium (the TPD s t e p ) . Reactor 
product gases were monitored f o r C l 6 0 , C 1 8 0 , C 1 6 0 2 , C 1 6 0 1 8 0 , C 1 8 0 2 , 
H 2

1 6 0 , and H 2
1 8 0 , AMUs (atomic mass u n i t ) 28, 30, 44, 46, 48, 18, and 

20, r e s p e c t i v e l y . 
A d d i t i o n a l experiments were performed using the same procedure 

as above, except the system was cooled from 450°C to room temperature 
i n pure C0 2. Other runs were made i n which the temperature at which 
the system was exposed to C0 2/H 2 was v a r i e d from 400 to 600°C. Coo l 
i n g i n C0 2/H 2 from 450°C to 25°C enhanced bicarbonate formation and 
e l i m i n a t e d formate/methoxide formation. 

The hydrogen (Big Three UHP, 99.999%) was passed through a deoxo 
c y l i n d e r and a bed of 4-A molecular sieves to remove oxygen and 
water. Carbon monoxide (Big Three UHP, 99.8%) was heated to 180°C 
over molecular sieves to decompose metal carbonyls. Carbon d i o x i d e 
(Big Three UHP, 99.7%) and oxygen (Big Three UHP, 99.9+%) were passed 
through beds of 4-A molecular sieves to remove water. Helium had a 
minimum p u r i t y of 99.995% and was passed through a bed of 4-A molecu
l a r s i eves to remove water. 0xygen-18 l a b e l e d C0 2 (98%) and oxygen-
18 l a b e l e d water (98%) were purchased from Cambridge Isotope Labora
t o r i e s and used without f u r t h e r treatment. 
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9. SILVER ET AL. Adsorption and Reaction 125 

R e s u l t s 

Two types of hydroxyl groups have been observed over z i r c o n i a , 
bridged and t e r m i n a l . Water adsorbs d i s s o c i a t i v e l y over Zr ca t i o n s 
(14) to produce both t e r m i n a l and bridged hydroxyl groups (6). The 
ter m i n a l groups are l e s s s t a b l e than the bridged groups (15) and have 
been suggested as the type that exchanges w i t h gas phase water and 
that i n t e r a c t s w i t h CO^ to form the bicarbonate species (4). The 
system was i n i t i a l l y ramped and held i n H2 1 80 i n order to exchange 
the [ 1 6 0 ] t e r m i n a l hydroxyl groups of z i r c o n i a w i t h [ 1 8 0 ] . The ex
change was incomplete during the present s t u d i e s and was determined 
by r a t i o i n g the t o t a l amounts of H2 1 80 and H2 1 60 that evolved during 
the TPD step. 

Carbon d i o x i d e and CO evolved during the TPD l a b e l i n g s t u d i e s . 
Species desorbing from the surface were i d e n t i f i e d on the b a s i s of 
the temperature region i n which they were observed. Some of the 
experiments of He and Ekerdt (I) were repeated over the c a t a l y s t used 
i n t h i s study. S i m i l a r TPD r e s u l t s were used to assign an i d e n t i t y 
to the desorbing/reacting s p e c i e s , i n accordance w i t h the assignments 
of He and Ekerdt. The region between 200-260°C i s proposed to be 
where a carbonate desorbs. The region between 450-510°C i s proposed 
to be where a bicarbonate species desorbs. F i n a l l y , the region 
between 580-620°C i s proposed to be where formate and methoxide 
species desorb. 

The TPD r e s u l t s observed f o l l o w i n g c o o l i n g i n H2/C 1 60 2 are shown 
i n Figure 1. Peaks f o r AMUs 28 and 44 were formed i n the carbonate 
region (225°C) , and peaks f o r AMUs 28, 30, 44, and 46 were observed 
i n the bicarbonate region (480°C). Masses 18 and 20 (not shown) were 
present at constant l e v e l s above the background f o r temperatures 
greater than 450°C. 

The TPD r e s u l t s observed f o l l o w i n g c o o l i n g i n H2/C 1 802 are shown 
i n Figure 2. A l l the carbon oxide masses except 28 were formed 
during the desorption/decomposition of the carbonate (225°C) . The 
carbon monoxide masses (AMUs 28 and 30) d i s p l a y e d peaks i n the b i c a r 
bonate region (480°C), w h i l e the carbon d i o x i d e masses (AMUs 44, 46, 
and 48) appeared i n the bicarbonate r e g i o n as shoulders on the t r a i l 
i n g edge of carbonate peaks. 

The area under each of the peaks i n Figures 1 and 2, as w e l l as 
an a d d i t i o n a l experiment w i t h C l 602/H2 1 80, are presented i n Table I . 
The mass fragmentation f o r C 1 602 generates an AMU 28 s i g n a l that i s 
7% of the AMU 44 s i g n a l . The overwhelming m a j o r i t y of the carbonate 
desorbed as carbon d i o x i d e . The bicarbonate generated both CO and 
CO2, but more CO formed than CO2. 

The adsorption of CO and CO2 on z i r c o n i a was a l s o studied using 
i n f r a r e d spectroscopy, which provides d i r e c t evidence f o r surface 
intermediates. The r e s u l t s are presented i n Figure 3. Carbon mon
oxide formed the formate (bands at 2880, 1580, 1387, and 1360 cm"1) 
a f t e r adsorption at 225 and 500°C, and p o s s i b l y a sma l l amount of b i 
carbonate (band at 1610 cm"1) a f t e r adsorption at 225°C. Carbon d i 
oxide formed the bicarbonate (bands at 1610, 1430, and 1220 cm 1) and 
a carbonate (band at 1335 cm"1) a f t e r adsorption at 225 and 500°C. 
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126 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

I I I I I I 

200 400 60C 
TEMPERATURE (C) 

Figure 1. Mass signals during a TPD experiment following 
pretreatment of Zr02 with H2 0 and adsorption of 
H2/C1602. 
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ι ι ι ι ι ι 
2 0 0 4 0 0 601 

T E M P E R A T U R E (C) 

Figure 2. Mass Signals during a TPD experiment following 
pretreatment of Zr02 with H21 0 and adsorption of 
H 2/C 1 80 2. 
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9. SILVER ET AL. Adsorption and Reaction 129 

Figure 3. Infrared spectra of Zr02 after adsorption of 
(a) CO at 225°C, (b) CO at 500°C, (c) CO2 at 225°C, and 
(d) CO2 at 500°C. 
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130 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Discussion 

Cooling the zirconia from 450 to 25°C in H2/C02 resulted in the for
mation of carbonate and bicarbonate species. (Additional TPD 
studies, not shown, established that formate and methoxide species 
did not form during the adsorption of C0 2, under the conditions 
reported here.) The use of H 2

1 80 to exchange 1 60H groups on the 
zirconia with 1 80H groups and the use of 1 80-labeled C02 allow the 
determination of the pathways to the formation of carbonate and 
bicarbonate, as well as the possible interconversion between 
carbonate, bicarbonate and formate. Figure 4 presents a proposed 
scheme for the activation of C02 over Zr0 2. The scheme is discussed 
below. 

The carbonate decomposed to produce C0 2. Only C 1 80 2 desorbed 
following the adsorption of C 1 60 2 (Table I). This demonstrates that 
the formation of carbonate did not involve the interaction of C02 

with the water-based hydroxyl groups of zirconia. (The water-based 
hydroxyl groups are most lik e l y terminal hydroxyls (4).) A mixture 
of carbon dioxide isotopes was generated following the adsorption of 
C 1 80 2. This observation suggests that carbonate is formed by the 
interaction of C02 with la t t i c e oxygen anions of zirconia. 

The infrared results with C0 2 (Figure 3) suggest that bidentate 
carbonate I was present. The band at 1335 cm is typically associ
ated with the asymmetric 0C0 stretch of I (16,17). Infrared studies 
over Zr0 2 (6) and Th02 (18,19) reveal that three different carbonates 
can form over these oxides (see Figure 4), two bidentate structures, 
I and II, and a monodentate structure, III. The distribution of 
oxygen isotopes in the TPD spectrum of C02 may suggest that III also 
formed over zirconia. If one assumes that the majority of the 
carbonate species formed from C 1 80 2 are [ C 1 6 0 1 8 0 1 8 0 ] " 2 , then the 
monodentate w i l l produce either a l l C 1 80 2 when the lattice oxygen 
[ 1 60] is involved in the Zr-O-C bond, or a l l C 1 60 1 80 when one of the 
carbon dioxide's oxygens [ 1 80] is involved in the Zr-O-C bond. If 
one assumes the same isotope composition for the bidentate carbonate, 

ο 
[ C 1 6 0 1 8 0 1 8 0 ] ~ , and that one of the Zr-O-C bonds of the bidentate 
carbonate is [ 1 60], then the carbon monoxide that forms during 
carbonate decomposition should be a 1:1 mixture of C 1 60 1 80 and C 1 80 2. 
Twice as much C 1 80 2 formed as did C 1 60 1 80 during the decomposition of 
the carbonate, suggesting that the majority of the carbonate was 
present in the monodentate structure, III, with the lattice oxygen 
[ 1 60] involved in the Zr-O-C bond. The formation of C 1 80 1 80 during 
carbonate decomposition i s consistent with bidentate I. 

The bicarbonate decomposed to produce CO and C0 2. The relative 
incorporation of [ 1 80] into the CO and C02 produced following adsorp
tion of C 1 60 2 increased with the increasing [ 1 80] content of the sur
face OH groups (Table I). This result supports the hypothesis that 
bicarbonate forms by the reaction between C0 2 and a terminal 
(water-based) hydroxyl group (4). 

The labeling studies reported here as well as previous studies 
in our laboratory (1-4) are consistent with indirect conversion of 
C02 into Ci hydrocarbons, via the intermediate formation of CO as 
shown in Figure 4. Carbon dioxide readily forms bicarbonate. The 
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Figure 4. Proposed scheme for the activation of C02 over 
Zr02. 

route from bicarbonate to formate remains untested. It was not 
possible to realize the levels of [ 1 80] incorporation into the 
bicarbonate and the surface concentrations of bicarbonate necessary 
to test for the formation of labeled-methanol from C0 2. The TPD 
studies have shown that bicarbonate decomposes to CO and C0 2. The 
infrared and other studies (4) demonstrate that CO readily reacts 
with Zr0 2 to produce the formate. While we cannot rule out direct 
reduction of the bicarbonate to a formate, the demonstrated presence 
of the indirect steps makes the intermediate formation of CO seem 
more reasonable. 

Figure 4 also shows the formation of carbonates from C02 and a 
latti c e oxygen. The nature of the surface sites involved in 
carbonate formation were not revealed in these studies. The results 
for [ 1 80] incorporation into the carbonate and bicarbonate species, 
following C 1 60 2 adsorption, suggest that these species are formed at 
different sites and that there i s no direct conversion of the 
carbonate into the bicarbonate. 
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Chapter 10 

Effect of Potassium on the Hydrogenation 
of Carbon Monoxide and Carbon Dioxide 

Over Supported Rh Catalysts 

S. D. Worley and C. H. Dai 

Department of Chemistry, Auburn University, Auburn, AL 36849 

The reactions of hydrogen with carbon monoxide and 
carbon dioxide over Rh/Al2O3 and Rh/TiO2 films, 
some of which contained potassium as an additive, 
have been investigated. For the CO hydrogenation 
reaction the presence of potassium caused the 
dissociation or desorption of the gem dicarbonyl, 
linear CO, and carbonyl hydride species, while it 
led to an enhancement of the bridged carbonyl species. 
For Rh/TiO2 films the hydrogenation of CO produced 
acetone and acetaldehyde as oxygenated products; 
the bridged carbonyl species was the likely precursor 
of these products. For the CO2 hydrogenation reaction 
the presence of potassium caused the dissociation 
or desorption of all CO species, and oxygenated 
products were not produced. Potassium significantly 
poisoned both reactions toward the production of 
methane. 

Considerable effort has been expended here toward the investigation 
of the CO and CO2 hydrogénation reactions over supported Rh 
catalysts (1-4). Although for Rh/X (X = A1 20 3 and Ti0 2) at low 
pressure (50-100 Torr) and temperature (423-473 K) the predominant 
product for both of these reactions is methane (1-4), there are 
means of altering the product distribution toward higher 
hydrocarbons and/or oxygenated products such as methanol. In 
general i t is believed that methane and higher hydrocarbons are 
produced from dissociated CO or CO2 on supported transition metals, 
while undissociated CO is thought to be a precursor to oxygenated 
products (_5). Basic support materials such as ZnO, MgO, Ι^Οβ, 
and Zr02 (6,7) as well as higher pressure (over 1 atm) (8,9) 
seem to shift the product selectivity toward oxygenates; however, 
AI2O3 and T1O2 as support materials can also lead to oxygenated 
products under special conditions. For example, Goodwin and 
coworkers (_5) have shown recently that added potassium causes 
the selectivity for hydrogénation of CO over 3% Rh/Ti02 to shift 
toward oxygenated products with acetaldehyde and acetone being 

0097-6156/88/0363-0133S06.00/0 
© 1988 American Chemical Society 
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134 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

present i n s i g n i f i c a n t q u a n t i t i e s . There has been considerable 
recent i n t e r e s t i n the e f f e c t s of a l k a l i metals on c a t a l y t i c 
reactions over s i n g l e c r y s t a l s (10) and over supported t r a n s i t i o n 
metals (5,11). This paper w i l l report the r e s u l t s of recent 
work i n these l a b o r a t o r i e s concerning the e f f e c t s of potassium 
on the CO and C0£ hydrogénation reactions over supported Rh 
c a t a l y t i c f i l m s . 

Experimental 

The Rh/Al203 and Rh/Ti02 c a t a l y s t s used i n t h i s study were prepared 
i n a manner s i m i l a r to those studied p r e v i o u s l y here (1-4,12). 
B r i e f l y , acetone/water solut i o n s containing appropriate amounts 
of RhCl3*3H20, KC1, and alumina (Degussa Aluminum Oxide C, 100 
m 2g~ 1) or t i t a n i a (Degussa Titanium Dioxide P25, 50 m 2g" 1) were 
sprayed using a s p e c i a l l y designed atomizer onto a heated 20 
mm CaF2 i n f r a r e d window. Evaporation of the solvents l e f t a 
uniform t h i n f i l m ( t y p i c a l l y 4.3 mg cm"2) of the mixed s o l i d 
m aterials adhered to the window. The window containing the f i l m 
was mounted i n s i d e an i n f r a r e d c e l l reactor (2-4) which was 
evacuated overnight. The sample f i l m was then evacuated at 470 
Κ f o r 1 hr, reduced at 480 Κ by 85 Torr doses of hydrogen f o r 
5, 5, 10, and 20 min periods (each period followed by evacuation 
to £a. 10~5 T o r r ) , and then evacuated f o r an a d d i t i o n a l hour 
at 480 Κ to a base pressure of 10"^ Torr. For a t y p i c a l experiment 
the c e l l was then exposed to a C0:H2 or C02:H2 mixture (1:4) 
at C£. 82.5 Torr t o t a l pressure and heated r a p i d l y to some 
prescribed temperature. Methane gas and surface intermediate 
formations during the reactions were monitored by i n f r a r e d 
spectroscopy (Perkin Elmer 983 with data system) (1-4); product 
d i s t r i b u t i o n s at the end of the experiment were measured by gas 
chromatograpy (Carle 400). Pressure measurements were made with 
an MKS Baratron capacitance manometer (±0.01 T o r r ) . 

Results and Discussion 

CO Hydrogénation 

The i n t e r a c t i o n of CO with supported Rh c a t a l y s t s has been w e l l 
characterized by i n f r a r e d spectroscopy (13). The primary surface 
species obtained are shown below. The "gem d i c a r b o n y l " species 
(I) e x h i b i t s two sharp i n f r a r e d bands at ca_. 2030 and 2100 cm"Ι

Ο 0 
OC CO Ç II 

Rh Rh Rn Rh 

I II I I I 

which do not generally s h i f t i n wavenumber with changing surface 
coverage. This i n d i c a t e s that d i p o l a r coupling of nearby adsorbed 
CO molecules i s minimal f o r supported Rh containing predominantly 
t h i s species. For Rh/X (X = AI2O3, T i 0 2 , or S i 0 2 ) c a t a l y s t s 
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10. WORLEY AND DAI Effect of Potassium on Hydrogénation 135 

containing less than 1% by weight Rh, species I is the only species 
detected by infrared. The facts that the infrared bands for 
species I do not shift with coverage and that no other species 
are detected for catalysts containing low Rh loading have led 
some workers to suggest that species I refers to Rh in a highly 
dispersed state, possibly even isolated Rh atoms (12,13). Work 
in several laboratories (12-14) has established that Rh in species 
I exists in the +1 oxidation state; this probably also contributes 
to i t s tendency to remain highly dispersed. Recent work has 
shown that the dispersion of Rh ions in species I may be actually 
caused by the presence of adsorbed CO (15,16). 

Figures 1 and 2 illustrate the effect of potassium on species 
I for a 0.5% Rh/Al203 catalyst film. In this experiment the 
two catalysts were treated identically. They were held 
successively at temperatures of 300, 320, 380, 430 and 460 Κ 
for 30 min at each temperature in the presence of 1 χ ΙΟ"-* Torr 
of CO. The infrared band intensities were very similar through 
380 K, probably indicating comparable CO coverages for the two 
samples. However, after 30 min at 430 Κ species I disappeared 
for the sample containing potassium (K:Rh = 2:1), but this 
phenomenon did not occur until after 30 min heating at 460 Κ 
for the sample which did not contain potassium. Clearly potassium 
did not significantly block species I sites; rather i t functioned 
to aid either CO bond dissociation or CO desorption from the 
surface, most probably through an electronic effect. The 
potassium may well be located on the support in close proximity 
to Rh + sites. Some workers have observed K/CO interactions on 
single crystals ( 17). Such interactions can give rise to low 
frequency CO infrared bands (1400-1800 cm - 1). A comparison of 
Figs. 1 and 2 indicates that such interactions do not occur 
appreciably for 0.5% RI1/AI2O3 catalysts which suggests that the 
K/CO interaction which causes enhanced dissociation or desorption 
of CO on or from Rh in species I may be one of long range. 

When Rh/X catalysts containing higher Rh loadings (>1%) 
are employed, in addition to species I generally two other CO 
species can be detected by infrared. Species II, the "linear" 
species, contains one CO molecule adsorbed on a Rh atom, while 
species III, the "bridged carbonyl" species, contains CO bridged 
across two Rh atoms (13). The infrared bands for these two species 
shift to higher wavenumber as the CO surface coverage is increased 
leading most workers to suggest that these two species correspond 
to clusters of Rh atoms rather than highly dispersed ions as 
for species I. Figure 3 shows a comparison of the behavior of 
the CO hydrogénation reaction over 2.2% Rh/Ti02 catalyst films 
with and without the presence of potassium. In spectrum 3a for 
a sample containing no potassium the four infrared bands normally 
observed are in evidence; the 2100 and 2030 cm"* bands correspond 
to species I, while the 2072 cm"1 band and the broad band near 
1900 cm"1 can be assigned to species II and III, respectively. 
Upon heating at 440 Κ for 5.5 hr (spectrum 3b), species I and 
II disappeared, a new band was detected at 2047 cm"1, the species 
III band declined in intensity, and bands corresponding to gas 
phase methane (3015, 1304 cm"1) and carbon dioxide (2349 cm"1) 
were produced. The band at 2047 cm"1 corresponds to a carbonyl 
hydride species rather than species II. The carbonyl hydride 
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136 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Figure 1. Infrared spectra for the interaction of CO with 
a 0.5% Rh/Al203 film (4.0 mg cm"2) at a background pressure 
of 1 χ 10~3 Torr as a function of temperature. 
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ui ο ζ < m ce Ο </) 
m 
< 

0.5% R h - K / A ï 2 0 3 

K/Rh=2 

CO: 1 Χ 10""3 

0.1 

CM 
/ 

320K 30min 

300K 30min 

3000 2000 
WAVENUMBER 

1600 1200 
CM' -1 

Figure 2. Infrared spectra for the interaction of CO with 
a 0.5% Rh/Al203 film (4.0 mg cm"2) to which has been added 
potassium at a K:Rh ratio of 2:1 at a background pressure 
of 1 χ 10"3 Torr as a function of temperature. 
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138 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

4000 3000 2000 1600 1200 
WAVENUMBER CM 

Figure 3. Infrared spectra for the interaction of H 2 and 
CO over 2.2% Rh/Ti0 2 films (4.3 mg cm"2) with or without 
potassium added as indicated; total pressure was 82.5 Torr. 
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10. WORLEY AND DAI Effect of Potassium on Hydrogénation 139 

H XO 
\ / 

Rh 
species for supported Rh was f i r s t suggested by Solymosi and 
coworkers (18) and later confirmed by isotopic labeling studies 
here (3,4). Upon addition of potassium at 300 Κ (Fig. 3c), a l l 
infrared bands except the broad band for species III declined 
in intensity. Upon heating at 440 Κ for 5.5 hr (Fig. 3d), the 
infrared bands for species I, II, the carbonyl hydride, methane, 
and carbon dioxide a l l declined markedly in intensity relative 
to the identical treatment for the sample containing no potassium. 
Only the species III band became considerably more intense. 
Weak new bands at 1743, 1350, and 1220 cm"1 which vanish upon 
evacuation (Fig. 3e) can be atributed to the formation of acetone; 
this has been confirmed by gas chromatography. Table I shows 
the product distributions for these experiments. Acetone and 
acetaldehyde were produced as oxygenated products over Rh/Ti02 
and to a greater extent when potassium was present. Similar 
results were observed for 2.2% Rh/Al203, j^e. enhanced species 
III (although to less extent than noted for Rh/Ti02), less species 
I, II, and carbonyl hydride when potassium was present; however, 
oxygenated products were not detected for AI2O3 as the support. 
Goodwin and coworkers (5) have also observed the production of 
comparable amounts of acetone and acetaldehyde over potassium-doped 
Rh/Ti0 2 (K:Rh = 1:2) although their reaction conditions were 
quite different (523 - 708 Κ, 1 - 10 atm, C0:H2 = 2:1) than those 
here. 

It is generally thought that oxygenated products in the 
CO hydrogénation reaction result from reaction of undissociated 
CO with hydrocarbon fragments (_5). Since the presence of potassium 
appears to enhance the formation of the bridged carbonyl species 
III at the expense of the other species, i t is likely that the 
bridged species is the precursor to the oxygenated products. 
The gem dicarbonyl species I and linear CO species II most lik e l y 
dissociate at low temperature to form carbon and the carbonyl 
hydride species when hydrogen is present. The hydride ligand 
causes further dissociation of CO due to back donation of electron 
density into the ιγ* orbital of CO. Hydrogénation of active 
carbon then leads to the production of methane and higher 
hydrocarbons. Potassium must function in several roles. It 
poisons the methanation reaction either by site blockage for 
species I, II, and the carbonyl hydride or by accelerating the 
production of inactive carbon through an electronic effect 
(electron donation into the f f * orbital of CO). Furthermore, 
i t accentuates the production of species III probably by steric 
blockage of species I and II thus enhancing the concentration 
of undissociated CO which can form oxygenated products. 

CO? Hydrogénation 

The hydrogénation of CO2 does not produce CO species I, II, and 
III in infrared detectable amounts. It does produce the carbonyl 
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10. WORLEY AND DAI Effect of Potassium on Hydrogénation 141 

hydride species thus proving that C0 2 is dissociated over supported 
Rh (2-4). Figure 4 illustrates the behavior of a 2.2% Rh/Al203 
catalyst for a series of experiments in which samples having 
different potassium loadings are heated at 440 Κ for 5.5 hr. 
Note that the infrared band at 2020-2040 cm"1 for the carbonyl 
hydride species is absent for a l l spectra shown; i t was present 
at 300 Κ for the sample having no potassium, but i t was greatly 
diminished in intensity at 300 Κ for the samples containing 
potassium, and i t vanished at 300 Κ when the K:Rh ratio was 1.0. 
It is evident in the spectra shown in Fig. 4 that the amount 
of methane produced declined as the K:Rh ratio was increased; 
also, there was no spectroscopic evidence for oxygenated products. 

Figure 5 shows the analogous results for C0 2 hydrogénation 
over a 2.2% Rh/Ti0 2 film which contained either no potassium 
(Fig. 5a,b) or K:Rh = 2.0 (Fig. 5c,d). The carbonyl hydride 
species was present (2037 cm"1) for the sample containing no 
potassium, but i t was absent even at room temperature for the 
sample containing potassium. The methanation activity was 
substantially decreased when potassium was present, and no 
oxygenated products were detected by infrared or by gas 
chromatography (Table II). The data in Table II show that the 
turnover number for methane production for C0 2 hydrogénation 
was higher in a l l cases for Rh/Ti0 2 than for Rh/Al203, and that 
potassium poisoned the methanation reaction for both types of 
supported catalysts. Figure 6 shows that the poisoning effect 
was linear for both supports, but a larger slope illustrates 
that the effect of potassium as an additive was more dramatic 
for T i0 2. The poisoning effect was exponential as a function 
of potassium loading for 0.5% Rh/Al203. 

Infrared spectroscopy indicates that there is very l i t t l e 
CO adsorbed intact on Rh during the hydrogénation of C0 2. 
Evidently the C0 2 dissociates rapidly on the supported Rh catalysts 
to produce active carbon which is subsequently hydrogenated to 
methane and a smaller amount of higher hydrocarbons. The presence 
of potassium during the hydrogénation of C0 2 does not cause an 
enhanced formation of bridged carbonyl species III as was the 
case for CO hydrogénation. Thus no oxygenated products are 
observed. Potassium probably poisons the methanation reaction 
by site blockage and by enhancing dissociation of C0 2 to inactive 
carbon. 

Conclusions 

Potassium poisons the methanation reaction for both CO and C0 2 

hydrogénation over supported rhodium. For CO hydrogénation i t 
causes an enhanced amount of bridged species III which is not 
dissociated and is probably the precursor of the oxygenated 
products acetone and acetaldehyde. For C0 2 hydrogénation CO 
species can not be detected during the reaction when potassium 
is present, and oxygenated products are not detected. The effect 
of potassium is more dramatic for C0 2 hydrogénation over Rh/Ti0 2 

than over Rh/Al203. 
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142 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Figure 4. Infrared spectra for the interaction of H 2 and 
CO2 over 2.2% Rh/Al203 films (4.3 mg cm'2) as a function 
of concentration of potassium as an additive; total pressure 
was 82.5 Torr. 
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Figure 5. Infrared spectra for the interaction of H 2 and 
C0 2 over 2.2% Rh/Ti0 2 films (4.3 mg cm-2) with or without 
potassium added as indicated; total pressure was 82.5 Torr. 
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Figure 6. Turnover number for CH4 production as a function 
of concentration of potassium as an additive over 2.2% Rh/X 
(X = AI2O3, T1O2) films (4.3 mg cm"2); total pressure was 
82.5 Torr, and reaction temperature was 440 K. 
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Chapter 11 

Carbon Dioxide Reduction 
with an Electric Field Assisted Hydrogen 

Insertion Reaction 

W. M . Ayers and M . Farley 

Electron Transfer Technologies Inc., Princeton, NJ 08542 

A method of chemically synthesizing reduced 
products including methanol from carbon dioxide 
and hydrogen has been developed. The method 
util izes a metal hydride fo i l membrane as a 
continuous source of reactive surface hydrogen 
atoms and an electrostatic field to enhance the 
adsorption of carbon dioxide and bicarbonate 
onto the hydrogen rich surface. The subsequent 
chemical(rather than electrochemical) 
reaction between the adsorbed carbon dioxide and 
surface hydrogen/metal hydride results in the 
formation of reduced products. 

E l e c t r o c a t a l y s i s a t m e t a l e l e c t r o d e s i n a q u e o u s ( 1 , 2 ) 
and n o n - a q u e o u s (̂ 3) s o l v e n t s , p h t h a l o c y a n i n e (4_) and 
r u t h e n i u m (J5) c o a t e d c a r b o n , η-type s e m i c o n d u c t o r s 
( 6 , 7 , 8 ) , a n d p h o t o c a t h o d e s ( 9 , 1 0 ) have been e x p l o r e d 
i n an e f f o r t t o d e v e l o p e f f e c t i v e c a t a l y s t s f o r t h e 
s y n t h e s i s o f r e d u c e d p r o d u c t s f r o m c a r b o n d i o x i d e . The 
e l e c t r o c a t a l y t i c and p h o t o c a t a l y t i c a p p r o a c h e s have h i g h 
f a r a d a i c e f f i c i e n c y o f c a r b o n d i o x i d e r e d u c t i o n ( 1 , 6 ) , 
b u t v e r y low c u r r e n t d e n s i t i e s . Hence t h e r a t e o f p r o d u c t 
f o r m a t i o n i s low. I n c r e a s i n g c u r r e n t d e n s i t i e s t o 
p r o v i d e m e a n i n g f u l amounts o f p r o d u c t , s u b s t a n t i a l l y 
r e d u c e s c a r b o n d i o x i d e r e d u c t i o n i n f a v o r o f h y d r o g e n 
e v o l u t i o n . T h i s r e d u c t i o n i n c u r r e n t e f f i c i e n c y i s a 
d i f f i c u l t p r o b l e m t o surmount i n l i g h t o f t h e p r o b a b l e 
e l e c t r o s t a t i c r e p u l s i o n o f c a r b o n d i o x i d e , o r t h e 
aq u e o u s b i c a r b o n a t e i o n , f r o m a n e g a t i v e l y c h a r g e d 
c a t h o d e ( 1 1 , 1 2 ) . 

I n an e f f o r t t o overcome t h e l i m i t a t i o n s o f 
e l e c t r o c h e m i c a l and p h o t o e l e c t r o c h e m i c a l c a t h o d i c 
r e d u c t i o n o f c a r b o n d i o x i d e , and t o draw upon i n s i g h t s 
o f h y d r o g e n i n s e r t i o n r e a c t i o n s s t u d i e d i n homogeneous 

0097-6156/88/0363-0147$06.00/0 
€> 1988 American Chemical Society 
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148 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

c a t a l y s i s (JJ3), we have d e v e l o p e d a method t h a t 
e l e c t r o s t a t i c a l l y a d s o r b s c a r b o n d i o x i d e / b i c a r b o n a t e a t a 
p o s i t i v e l y c h a r g e d s u r f a c e o f a h y d r o g e n atom 
t r a n s m i s s i v e , m e t a l h y d r i d e f o i l where t h e c a r b o n d i o x i d e 
u n d e r g o e s c h e m i c a l r e d u c t i o n by t h e s u r f a c e a t o m i c 
h y d r o g e n / m e t a l h y d r i d e (_1J4) . 

E x p e r i m e n t a l P r o c e d u r e s 

A m o d i f i c a t i o n o f a b i p o l a r membrane e l e c t r o d e 
c o n f i g u r a t i o n , o f t h e t y p e u s e d i n d i f f u s i o n s t u d i e s , i s 
shown i n F i g u r e 1. On t h e l e f t s i d e o f a m e t a l h y d r i d e 
f o i l , s u c h as p a l l a d i u m , a c o n s t a n t c u r r e n t e l e c t r o l y s i s 
o f a IN s u l f u r i c a c i d p r o d u c e s a h i g h c o n c e n t r a t i o n o f 
h y d r o g e n a t t h a t s u r f a c e o f t h e f o i l membrane. Some o f 
t h e h y d r o g e n e n t e r s t h e p a l l a d i u m as a t o m i c h y d r o g e n . The 
a t o m i c h y d r o g e n d i f f u s e s a c r o s s t h e f o i l t o t h e 
o p p o s i t e s i d e due t o t h e h y d r o g e n c o n c e n t r a t i o n 
g r a d i e n t a c r o s s t h e membrane ( 1 5 ) . 

On t h e r i g h t s i d e o f t h e membrane, a 0.1 M s o d i u m 
b i c a r b o n a t e s o l u t i o n ( s a t u r a t e d w i t h c a r b o n d i o x i d e ) i s 
i n c o n t a c t w i t h t h e p a l l a d i u m . A p o t e n t i o s t a t h o l d s t h i s 
s i d e o f t h e membrane a t a c o n s t a n t p o t e n t i a l w i t h 
r e s p e c t t o a A g / A g C l r e f e r e n c e e l e c t r o d e . A p l a t i n u m 
c o u n t e r e l e c t r o d e c o m p l e t e s t h e c i r c u i t . The p o t e n t i a l 
on t h e c a r b o n d i o x i d e s i d e o f t h e membrane i s h e l d a t a 
p o s i t i v e p o t e n t i a l w i t h r e s p e c t t o t h e c o u n t e r e l e c t r o d e 
s u c h t h a t t h e a d s o r p t i o n o f c a r b o n d i o x i d e as 
b i c a r b o n a t e a n i o n c a n be e n h a n c e d by t h e e l e c t r i c f i e l d 
b etween t h e m e t a l h y d r i d e membrane and c o u n t e r 
e l e c t r o d e . 

The o v e r a l l r e a c t i o n i s e l e c t r o c h e m i c a l i n j e c t i o n o f 
h y d r o g e n i n t o t h e l e f t s i d e o f t h e membrane: 

H+ + M + e- = MH 

and r e a c t i o n o f t h e a t o m i c h y d r o g e n t h a t d i f f u s e s t o t h e 
o p p o s i t e s i d e o f t h e m e t a l h y d r i d e f o i l t o f o r m r e d u c e d 
p r o d u c t s : 

H C 0 3 ~ / C 0 2 ( a d s ) + 2MH = HC00H + 2 M 

C 0 2 + 4MH = HCOH + H 2 0 

C 0 2 + 6MH = CH 30H + H 2 0 

where M/MH i n d i c a t e t h e m e t a l / m e t a l h y d r i d e s u r f a c e 

I d e a l l y , t h e r e s h o u l d be no e l e c t r o c h e m i c a l o x i d a t i o n 
r e a c t i o n s on t h e c a r b o n d i o x i d e s i d e o f t h e membrane. 
H e n c e , t h e power r e q u i r e m e n t would o n l y be t h a t r e q u i r e d 
t o m a i n t a i n a c a p a c i t i v e e l e c t r o s t a t i c f i e l d (no 
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11. AYERS AND FARLEY Hydrogen Insertion Reaction 149 

(1a) 

(1b) 

F i g u r e 1. ( a ) C e l l a r r a n g e m e n t f o r m e t a l h y d r i d e 
h y d r o g e n i n s e r t i o n r e a c t i o n . L e f t s i d e , a c i d r e d u c t i o n 
and h y d r o g e n atom i n c o r p o r a t i o n i n p a l l a d i u m ( P d ) f o i l 
membrane. R i g h t s i d e , e l e c t r o s t a t i c f i e l d f o r 
enhancement o f c a r b o n d i o x i d e / b i c a r b o n a t e a d s o r p t i o n on 
f o i l membrane, ( b . ) Blow-up o f p a l l a d i u m / h y d r i d e f o i l 
s h o w i n g h y d r o g e n i n s e r t i o n i n t o c a r b o n d i o x i d e . 
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150 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

c u r r e n t ) . The p o l a r i z a t i o n o f t h e s u r f a c e s h o u l d be 
s u f f i c i e n t t o a d s o r b t h e c a r b o n d i o x i d e / b i c a r b o n a t e 
a n i o n b u t l e s s t h a n t h a t r e q u i r e d t o e l e c t r o c h e m i c a l l y 
o x i d i z e t h e s u r f a c e h y d r i d e t o p r o t o n s : 

MH = M + H + + e 

T h e r e f o r e , a d i e l e c t r i c f l u i d w i t h h i g h c a r b o n d i o x i d e 
s o l u b i l i t y and a n o n - r e a c t i v e s a l t ( e . g . N a C l ) t o p r o v i d e 
a d o u b l e l a y e r , w o u l d be a b e t t e r c h o i c e o f f l u i d f o r 
t h i s r e a c t i o n . We f i n d t h a t i n t h e e l e c t r o l y t e u s e d i n 
t h e s e e x p e r i m e n t s t h e r e i s MH o x i d a t i o n c u r r e n t as t h e 
membrane i s b i a s e d t o p o s i t i v e p o t e n t i a l s above t h e 
m e t a l h y d r i d e r e s t p o t e n t i a l . 

The m e t a l h y d r i d e m a t e r i a l i n t h e s e e x p e r i m e n t s i s 
a 25 m i c r o n t h i c k p a l l a d i u m f o i l ( 99.999 p u r i t y , A l f a ) . 
The d i f f u s i o n c o e f f i c i e n t o f h y d r o g e n t h r o u g h p a l l a d i u m 
has been m e a s u r e d by e l e c t r o c h e m i c a l and ggs phase 
t e c h n i q u e s and i s a p p r o x i m a t e l y 1.6e-7 cm / s e c a t 20 C 
(1 6 ) . Tije e x p o s e d p a l l a d i u m membrane s u r f a c e a r e a i s 
2.29 cm . A p l a t i n u m w i r e ( a r e a 0.08 cm ) i s t h e 
c o u n t e r e l e c t r o d e f o r t h e c a p a c i t i v e f i e l d on t h e c a r b o n 
d i o x i d e s i d e . A N a f i o n p o l y m e r membrane s e p a r a t e s t h e 
c o u n t e r e l e c t r o d e compartment f r o m t h e p a l l a d i u m f o i l . 
The s e p a r a t o r i s n o t n e c e s s a r y f o r t h e p r o c e s s . 
However, i t was u t i l i z e d i n t h e s e e x p e r i m e n t s as a 
p r e c a u t i o n a g a i n s t d i f f u s i o n i n t o t h e r e a c t i o n chamber 
o f p r o d u c t s t h a t c o u l d t h e o r e t i c a l l y be f o r m e d a t t h e 
p l a t i n u m w i r e c o u n t e r e l e c t r o d e . O n l y t r a c e amounts 
c o u l d t h e o r e t i c a l l y be f o r m e d c a t h o d i c a l l y a t t h e 
c o u n t e r e l e c t r o d e s i n c e h y d r o g e n e v o l u t i o n i s f a v o r e d 
o v e r c a r b o n d i o x i d e o n 2 t h i s m e t a l ( J J , and t h e s u r f a c e 
a r e a i s s m a l l (0.08 cm ) . 

R e s u l t s 

The c o n c e n t r a t i o n o f c a r b o n d i o x i d e r e d u c t i o n 
p r o d u c t s ( f o r m i c a c i d , f o r m a l d e h y d e , and m e t h a n o l ) i n 
t h e r e a c t o r a t t h e end o f e a c h r u n i s l i s t e d i n 
T a b l e 1. The m e t h a n o l c o n c e n t r a t i o n was d e t e r m i n e d by 
gas c h r o m a t o g r a p h y u s i n g a P o r p a c Τ c o l u m n . F o r m i c a c i d 
was d e t e r m i n e d w i t h an D i o n e x i o n c h r o m a t o g r a p h y c o l u m n , 
and t h e f o r m a l d e h y d e was d e t e r m i n e d w i t h a c o l o r i m e t r i c 
c h r o m a t r o p i c a c i d a n a l y s i s (_17.) . We d i d n o t 
examine t h e s o l u t i o n o r gas phase f o r methane. 

D u r i n g e a c h r u n , t h e membrane i s e l e c t r o c h e m i c a l l y 
l o a d e d w i t h h y d r o g e n f r o m t h e l e f t s i d e w i t h a c o n s t a n t 
e l e c t r o l y s i s c u r r e n t o f 30 mA. The i n i t i a l p o t e n t i a l o f 
t h e p a l l a d i u m / p a l l a d i u m h y d r i d e ( v s . A g / A g C l r e f e r e n c e 
e l e c t r o d e ) on c a r b o n d i o x i d e r e a c t i o n s i d e a t t h e s t a r t 
o f t h e r u n i s d e f i n e d a s E ! . T h i s p o t e n t i a l d e p e n d s on 
t h e h y d r i d e c o n t e n t o f t h e membrane and t h e e q u i l i b r i u m 
between t h e m e t a l h y d r i d e / b i c a r b o n a t e s o l u t i o n . 
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11. AYERS AND FARLEY Hydrogen Insertion Reaction 151 

The p o t e n t i o s t a t on t h e c a r b o n d i o x i d e s i d e i s e i t h e r 
l e f t i n a f l o a t i n g mode ( E T ) o r s e t a some v a l u e 
p o s i t i v e (more o x i d i z i n g ) t h a n E * . T h i s p o t e n t i a l i s 
d e f i n e d as E " . The d i f f e r e n c e between t h e s e two 
p o t e n t i a l s ( E " - E ! ) i s c a l l e d d e l t a V i n t h e t a b l e . 
The r e a c t i o n s i d e s o l u t i o n i s 0.1 M NaHC03 s a t u r a t e d w i t h 
C02 a t 1 atm. E a c h r u n l a s t e d 3 t o 4 h o u r s ( s p e c i f i c 
t i m e s i n t a b l e ) . 

The maximum r a t e o f m e t h a n o l f o r m a t i o n i s 3.9e-10 
moles/cm - s e c . T h i s o c c u r s a t ( E " - E f ) o f 1.07 v o l t s . 
The f o r m a t i o n ^ r a t e c o r r e s p o n d s t o a t u r n o v e r r a t e o f 2.3 
( a s s u m i n g 10 s i t e s / c m ) . 

The e f f e c t o f t h e membrane p o t e n t i a l d i f f e r e n c e , ( E " - E ! ) , 
on t h e r a t e o f m e t h a n o l f o r m a t i o n i s shown i n F i g u r e 2. 
As t h e p o t e n t i a l i s i n c r e a s e d t o more p o s i t i v e 
p o t e n t i a l s above t h e r e s t p o t e n t i a l , Ε 1 , o f t h e 
p a l l a d i u m / p a l l a d i u m h y d r i d e membrane, 
o x i d a t i o n o f t h e s u r f a c e h y d r o g e n / p a l l a d i u m h y d r i d e t o 
p r o t o n s , and o x i d a t i o n o f r e d u c e d c a r b o n 
d i o x i d e i n t e r m e d i a t e s c a n o c c u r t o r e d u c e y i e l d s . 
Hence t h e r e i s some optimum 
p o t e n t i a l a t w h i c h t o h o l d t h e membrane p o t e n t i a l t o 
m a x i m i z e t h e r a t e o f m e t h a n o l f o r m a t i o n . From t h i s 
p r e l i m i n a r y d a t a , i t a p p e a r s t h a t t h e r a t e o f m e t h a n o l 
f o r m a t i o n d e c r e a s e s f o r E " more p o s i t i v e t h a n 0.4 v s . 
A g / A g C l . 

D i s c u s s i o n 

We do n o t know f r o m t h e s e e s p e r i m e n t s i f c a r b o n d i o x i d e 
o r b i c a r b o n a t e i s t h e more r e a c t i v e s p e c i e s w i t h t h e m e t a l 
h y d r i d e . The i n f e r e n c e f r o m t h e i n c r e a s e i n r a t e w i t h 
i n c r e a s i n g p o t e n t i a l s u g g e s t s t h a t b i c a r b o n a t e i s 
t h e i n t e r m e d i a t e . However, t h e r e i s a c h e m i c a l 
e q u i l i b r i u m between c a r b o n d i o x i d e and b i c a r b o n a t e . Hence 
t h e r a t e d e p e n d e n c e on p o s i t i v e p o t e n t i a l may j u s t 
r e f l e c t i n c r e a s e d s u r f a c e c o v e r a g e o f b i c a r b o n a t e 
f o l l o w e d by e q u i l i b r a t i o n w i t h c a r b o n d i o x i d e . 

I t i s i n t e r e s t i n g t o c o n s i d e r a h y d r o g e n mass b a l a n c e i n 
t h e r e a c t i o n . The r a t i o o f t h e MH/H+ 
o x i d a t i o n c u r r e n t ( T a b l e 1) t o t h e h y d r o g e n f e e d c u r r e n t 
( 3 0 MA) v a r i e s f r o m no MH o x i d a t i o n t o 92% t h e o r e t i c a l 
o x i d a t i o n ( a s s u m i n g none o f t h e c u r r e n t i s due t o 
r e d u c e d p r o d u c t o x i d a t i o n ) . 2 T h e maximum r a t e o f m e t h a n o l 
f o r m a t i o n ( 3 . 9 e - 1 0 moles/cm - s e c ) o c c u r e d i n a r u n t h a t 
l a s t e d 10440 s e c o n d s . Hence t h e t o t a l h y d r o g e n i n j e c t e d 
i n t o t h e membrane a t 30mA wo u l d be 3.25 e-3 m o l e s o f 
a t o m i c h y d r o g e n ( a s s u m i n g no l o s s f r o m h y d r o g e n 
e v o l u t i o n ) . I f a l l o f t h i s a t o m i c h y d r o g e n r e a c t e d 
w i t h t h e c a r b o n d i o x i d e on t h e o p p o s i t e s i d e o f t h e 
membrane,the CH^OH c o n c e n t r a t i o n w o u l d be 962 
ppm. S i n c e t h e r a t i o o f f e e d h y d r o g e n t o MH o x i d a t i o n i n 
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152 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Table 1 Rate data for CH30H 1.2ft NaHC03/CQ2 pH 7.6 

_ ^ ^ duration HCOOH HCOH CH3ÛH HCOOH H2C0 CH3GH 
i n i t i a l applied E"-E' oxid. (sec) (ppm) ippw) (ppm) rate rate rate 
wolts) (volts) («Λ) (gwoles/cw2-sec) 

-0.41 0.30 1.30 27.5 12300 7. 73 (.11 13.81 1.02E-10 <2.2ie-12 2.60E-10 

-0.58 0.60 1.23 15.5 14100 38.53 0.23 15.78 5.18E-10 1-376-11 3.05E-10 

-0.64 0.40 1.07 27.0 10440 (.1 (.11 15.71 U.73e-12 (2.91e-12 3.30E-10 

-0.20 0.20 0.66 13.5 21840 (.1 (.11 12.54 (8.63e-13 (i.46e-12 L57E-10 

-0.Ô6 0.00 0.63 8.0 10980 11.07 0.12 12.06 2.39E-10 3.97E-12 3.74E-10 

-0.47 -0.20 0.40 2.2 16920 20.37 0.13 11.01 2.28E-10 2.23E-12 1.77E-10 

-0.41 -0.30 0.26 0.03 15120 27.37 0.12 8.77 3.50E-10 2.31E-12 1.58E-10 

-0.20 -0.20 0.00 0.0 21360 15.65 0.12 6.18 1.24E-10 1.47E-I2 7.10E-11 

-0.50 -0.50 0.00 0.0 10020 21.22 (.11 4.29 4.42E-10 <3.5ie-12 1.28E-Î0 

τ 5 
Q) 
ΐ 
<\J 
ϋ * V) 01 1 3 
ο 
τ 
2 2 
χ 

î n 
η I I I l I I 1 1 1 1 1 1 1—« 1 

0 .? .4 .6 .8 1 1.2 1.4 1.6 
Ε " - E' (volts) 

F i g u r e 2. M e t h a n o l f o r m a t i o n r a t e v s . p o s i t i v e b i a s 
a b o v e t h e r e s t p o t e n t i a l , Ε 1 . 
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11. AYERS AND FARLEY Hydrogen Insertion Reaction 153 

t h i s e x p e r i m e n t was 92%, i n t h e worse c a s e o n l y 8% o f t h e 
s u r f a c e h y d r o g e n would be a v a i l a b l e f o r r e a c t i o n w i t h 
t h e c a r b o n d i o x i d e . T h i s w o u l d be e q u i v a l e n t t o 77 ppm 
CH^OH. The m e a s u r e d c o n c e n t r a t i o n was 15.7 ppm. 
I t i s n o t c l e a r why t h e r a t e s h o u l d i n c r e a s e up t o 
a c e r t a i n l i m i t o f p o s i t i v e p o t e n t i a l s e v e n t h o u g h t h e 
a v a i l b l e s u r f a c e h y d r o g e n s h o u l d be d e c r e a s i n g . 

The t h e r m o d y n a m i c p o t e n t i a l o f t h e p a l l a d i u m membrane 
i s a f u n c t i o n o f t h e h y d r o g e n c o n t e n t i n t h e membrane. 
P a l l a d i u m c a n d i s s o l v e a p p r o x i m a t e l y 60 a t o m i c p e r c e n t 
h y d r o g e n o r P ^ H Q ̂ . P o u r b a i x a p p r o x i m a t e s t h i s as 
P d 9 H and d e f i n e s ' p H d e p e n d e n c e o f t h e p o t e n t i a l as 
( i l ) : 

E ° P d H x = ° - 0 4 8 " ° - 0 5 9 * P H 

The c a r b o n d i o x i d e / b i c a r b o n a t e r e a c t i o n s a r e ( 1 8 ) : 

H C 0 3 " + 7 H + + 6e = CH 30H + 2H 20 

E°= 0.107 -0.069pH 

Hence, t h e Pd/PDH c o u p l e c a p a b l e o f d i r e c t l y r e d u c i n g 
c a r b o n d i o x i d e / b i c a r b o n a t e t o m e t h a n o l . 

T h e s e N e r n s t i a n e q u a t i o n s s h o u l d be m o d i f i e d t o i n d i c a t e 
t h e e f f e c t o f t h e e l e c t r i c f i e l d s u p e r i m p o s e d 
on t h e c h e m i c a l p o t e n t i a l o f t h e s u r f a c e h y d r o g e n / m e t a l 
h y d r i d e . One p o s s i b l e way t o t r e a t t h i s i s w i t h t h e 
t h e r m o d y n a m i c c o n c e p t o f e l e c t r o c h e m i c a l p o t e n t i a l d e f i n e d 
by Guggenheim. The e l e c t r o c h e m i c a l p o t e n t i a l i s d e f i n e d a s : 

E= Ε + eO ο s 

where Ε i s c o n t r o l l e d by t h e c h e m i c a l c o n s t i t u e n t s o f 
m e t a l h y d r i d e / s u r f a c e a t o m i c h y d r o g e n and t h e 
e l e c t r o s t a t i c p o t e n t i a l eO i s c o n t r o l l e d by t h e 
s u p e r i m p o s e d f i e l d . One i n t e r e s t i n g a s p e c t o f t h i s 
s y s t e m i s t h e a b i l i t y t o c o n t r o l b o t h t h e c h e m i c a l and 
e l e c t r o s t a t i c components o f t h e e l e c t r o c h e m i c a l 
p o t e n t i a l . 

Summary 

A new method o f r e d u c i n g c a r b o n d i o x i d e / b i c a r b o n a t e 
s o l u t i o n s t o f o r m m e t h a n o l and o t h e r r e d u c e d p r o d u c t s i s 
p r e s e n t e d . The method o v e r c o m e s t h e t r a d i t i o n a l 
l i m i t a t i o n s o f e l e c t r o c h e m i c a l r e d u c t i o n o f c a r b o n d i o x i d e 
a t a c a t h o d e i n t h a t b o t h t h e s u r f a c e p o t e n t i a l and 
c o n c e n t r a t i o n o f r e d u c i n g s p e c i e s c a n be v a r i e d 
i n d e p e n d e n t l y . 
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154 CATALYTIC ACTIVATION OF CARBON DIOXIDE 
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Chapter 12 

Electrochemical Reduction of Aqueous Carbon 
Dioxide at Electroplated Ru Electrodes 

Investigations Toward the Mechanism of Methane Formation 

Karl W. Frese, Jr., and David P. Summers 

SRI International, Menlo Park, CA 94025 

The effect of experimental conditions on methane 
formation was studied to gain information on the rate 
determining step. Cyclic voltammetry performed in the 
presence and absence of CO2 suggested the presence of 
carbon containing intermediates that block surface 
hydrogen evolution sites. The maximum in the CH4 

formation rate with pH implies that the rate increases 
with increasing hydrogen coverage on the electrode until 
the coverage becomes so high that sites for CH4 

formation are blocked. The effect of potential on CH4 

formation indicated that CH4 evolution occurs at 
potentials at which an appreciable hydride coverage 
exists, also indicating the importance of surface 
hydrides. The rate of CH4 formation increases with 
temperature, but at T>85°C the electrode becomes 
deactivated because of a surface carbon species. An 
activation energy for CH4 formation of ~9 kcal mol-1 is 
inferred. Electrolyte impurities are implicated as 
promoters in the formation of CH4 in reagent grade 
sodium sulfate. 

The goals of replacing f i n i t e world natural gas reserves and 
producing fuels from inorganic sources and solar energy has been a 
motivating force for studying the electrochemical reduction of C0 2 

to CH4. Although i n i t i a l work focused on semiconductor electrodes in 
order to capitalize on their potential a b i l i t y to directly u t i l i z e 
l i g h t energy such efforts have only lead to the formation of 
methanol (1-5). In order to improve the catalytic properties of our 
electrodes we turned to metal electrodes, which can be coupled to a 
photovoltaic c e l l . We had previously reported that CH4 could be 
formed from the reduction of CO2 in aqueous solution at Ru 
electrodes (£) . Results presented here substantially extend those 
results and provide detailed information on the effect of pH, 
electrode potential, temperature, electrolysis time, and electrolyte 
purity. 

0097-6156/88/0363-0155S06.00/0 
© 1988 American Chemical Society 
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156 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

E X P E R I M E N T A L 

Electrolytes were C0 2-saturated (1 atm) aqueous solutions of either 
0.2 M reagent grade sodium sulfate, 0 .2 M 9 9 . 9 9 9 % sodium sulfate or 
0 . 0 5 M reagent grade sulfuric acid in d i s t i l l e d deionized water 
(Millipore). 

Electrodes were prepared by plating Ru metal onto rods of 
spectroscopic carbon as previously described (£) . The geometrical 
area of the electrodes was 3 cm2 ± 20 %. Each entry in the tables 
and figures was obtained on different days with the electrode kept 
in ordinary laboratory air overnight between runs. 

A two compartment c e l l was employed to avoid oxidation of the 
CO2 reduction products. This procedure allowed pH changes of 1-2 
units to occur during the electrolysis. 

Analysis was by gas chromatography, f u l l analytical procedures 
and Auger spectroscopy are described elsewhere (Summers, D. P. and 
Frese Jr., K. W. Submitted to J.Amer. Chem. Soc.). Samples for Auger 
analysis were removed under potentiostatic control, rinsed with 
millipore water, and allowed to dry before mounting on sample 
holder. 

RESULTS 

Scanning Electron Microscopy. This paper focuses on results obtained 
with electroplated Ru electrodes similar to those used previously to 
reduce C0 2 to methane (£.) . Typical Scanning Electron Micrographs 
(SEM's) of such an electroplated Ru electrode are shown in Figure 1. 
The surface shown i s identical to that of a l l other electrodes 
investigated regardless of whether they are fresh from the plating 
bath or have been used in many different electrolysis experiments. 
The surface consists of fused spheroids (~3μπι) of Ru formed around 
sites for nucleation during plating as i s commonly found for 
electrodeposited surfaces. In Figure lb cracks that are present on 
the surface can be seen completely s p l i t t i n g many of the Ru 
spheroids indicating that they are formed after most, i f not a l l , 
the Ru has been deposited. Internally stressed electroplates are 
common in the electrodeposition of metals (2) and are the probable 
source of the cracking. A SEM of a section of Ru plate that l i f t e d 
up during sample preparation showed the thickness of the plates to 
be -4 |im. 

Inactivity of carbon surfaces. Since the Ru plate i s cracked, 
probably allowing electrolyte access to the carbon substrate, the 
question of formation of CH4 at the carbon arises. Controlled 
current electrolysis (100 μΑ cm-2) using a bare carbon rod, similar 
to that used as a substrate for Ru plating, was performed in a C0 2 

saturated reagent 0 .2 M Na 2S0 4 solution at pH 4 and 57°C. Although 
methanol was detected in significant yields ( 7 0 % ) , no CH4 was 
detected even at such negative electrolysis potentials, - 1 . 0 to - 1 . 2 
V vs SCE. The cyclic voltammetry (Figure 2a) of a carbon rod in 0.2 
M Na 2S0 4 at 60°C in the presence and absence of C0 2 shows no excess 
current for C0 2 reduction u n t i l — 0 . 8 V vs SCE. The excess current 
that occurs at Ε > - 0 . 8 V vs SCE correlates with a significant rate 
of methanol production. Under identical conditions, CH4 is formed at 
Ru for electrode potentials cathodic of -0.48V SCE. Finally, i t was 
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FRESE AND SUMMERS Reduction at Electroplated Ru Electrodes 

Figure 1. Scanning electron micrograph of the surface of a typical Ru 
plate electrode used for aqueous C 0 2 reduction at magnifications of 
A, 800 χ and B, 2200 x. Picture A was taken at an angle to enhance 
perspective; picture Β was taken straight on. 
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158 CATALYTIC ACTIVATION OF CARBON DIOXIDE 
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12. FRESE AND SUMMERS Reduction at Electroplated Ru Electrodes 159 

shown previously that CH4 could be formed at electrodes made from 
teflon bonded Ru sponge as well as from electroplated electrodes (£) 
indicating that CH4 does not arise from the hydrogénation of carbon 
atoms from the carbon substrate. Thus we can rule out any activity 
of the carbon rod i t s e l f towards CH4 formation. 

Current/Voltage Curves. Figure 2b shows the cyclic voltammetry of an 
electroplated Ru electrode at 60°C in the presence and absence of 
CO2 in a pH 4.2, 0.2 M Na2S04 solution. The f i r s t feature of note is 
the absence, in a 0 0 2 saturated solution, of the anodic peak at - 0 . 9 
V due to hydrogen oxidation that is present in a C0 2 free solution. 
The second feature is that, as the potential moves into the hydrogen 
evolution region, currents rise much more slowly in a C0 2 saturated 
solution compared to a nitrogen saturated solution. Both these 
observations are consistent with a model in which sites for hydrogen 
evolution are blocked by CO2 reduction intermediates or products. 
The loss of the hydrogen oxidation peak suggests either that the C0 2 

reacts with the hydrogen or that carbonaceous species are formed 
from CO2 that block sites for hydrogen evolution. 

Methane Formation Rate. A plot of the average rate of CH4 formation 
vs total electrolysis time for many experiments at 60°C, i n i t i a l pH 
4 in both reagent grade and 99 .999% Na 2 S0 4 is shown in Figure 3 . The 
data for a Ru electrode in pure 0 . 0 5 M H 2 S 0 4 or 0 . 0 5 M H2SO4/0.2M 
reagent Na2S04 is very similar to that for experiments conducted at 
an i n i t i a l pH of 4 with respect to the decline in rate and 
electrolyte purity. 

An effect of electrolyte purity is also evident, as shown by 
the 5 -6 times lower rate in the high purity electrolyte. The effect 
appears to be due to the electrodeposition of adventitious 
impurities. Electrochemical stripping experiments performed on a 
solution made from reagent grade Na2S04 revealed the presence of Zn, 
Cu, and As and Auger spectroscopy of electrodes used to electrolyze 
such solutions showed Cu, Fe, Ni, and Zn on the surface. An 
electrode that was used in several C0 2 e l e c t r o l y s i s experiments 
showed surface Cu by Auger spectroscopy (see below). We w i l l report 
on these results more f u l l y along with results of experiments in 
progress in a future paper. 

It i s seen that the CH4 formation rate declines with time in 
the closed system. Although t h i s behavior could represent 
deactivation of the electrode surface by the formation of carbon 
containing species (either blocking intermediates or side products 
such as CO, see below), the effect may be caused by pH changes that 
occur as protons are consumed during the reaction. A plot of the 
total current during the electrolysis of a pH 4, 0.2 M Na2S04 CO2 
saturated solution at 60°C shows that the decline in rate with time 
is mirrored by a decline in the total current (which i s p a r t i a l l y 
due to hydrogen evolution, Summers, D. P. and Frese Jr., Κ. W. 
Submitted to J.Amer. Chem. Soc.). However, the same decline is also 
seen when a CO2 free solution i s electrolyzed. Also, i f we 
electrolyze a pH 4, 0.2 M Na2S04 nitrogen-saturated electrolyte 
before and after electrolysis of a CO2 solution, a nearly identical 
decline in current with time i s seen regardless of the exposure to 
C0 2 . Thus the drop i n current i s not due to i r r e v e r s i b l e 
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160 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Table 1 
Activity for Methane Formation of a Ru Electrode Over Multiple 

Electrolyses. a 

pHb/run j c Rate d E f f . e 

(μΑ cm-2) (mol cm"2 hr" 1) (%) 

Τ = 60°C 
4/1 160 4. .3 X 10 
4/2 140 3. .1 X 10 
4/3 88 3. .3 X 10 
4/4 87 4. .1 X 10 
2.9/1 366 14. .3 X 10 
2.9/2 328 15. .9 X 10 
2.9/3 239 14. .3 X 10 
Τ = 80°C 
2.7/1 392 46 X 10 
2.7/2 289 36 X 10 
2.7/3 224 24 X 10 

8 

8 

8 

8 

" 8 1 2 . 2 

" 8 10.4 

5.7 
4.7 
8.0 

10.0 

- 8 

-8 

- 8 

- 8 

12.7 

25 
27 
23 

a) A l l electrolysis times are 5-6 hrs in 0.2 M reagent 
grade Na 2S0 4 at 60°C and -0.545 V vs SCE with an 
i n i t i a l pH of 4. 

b) I n i t i a l pH. 
c) Average current density based on geometrical area. 
d) Average rate of methane formation. 
e) Faradaic efficiency for methane formation. 

deactivation of the electrode by C0 2 or i t s reduction products or 
intermediates. 

In Table 1 data on the effect of multiple electrolyses on the 
CH 4 formation rate is presented. It is apparent from the data at 
60°C that i f an electrode that has been used to electrolyze a C0 2 

saturated solution i s reused no measurable decrease in average CH4 

formation rate i s observed. Thus, at 60°C, any drop in rate that 
occurs during an individual experiment i s not due to an irreversible 
deactivation of the catalytic surface. A different conclusion is 
reached after electrolysis at t> 80°C (see below). 

Effect of Added CO. Carbon monoxide i s formed in C0 2 reduction 
3xperiments with faradaic efficiencies typically 1 %, but a range of 
D to 10% has been observed. It i s important to consider the effect 
:>f CO on the methane formation rate because CO is known to be a 
strongly chemisorbing precursor to methane. The effect of added CO 
at levels that are 1 0 0 - 1 0 0 0 times higher than normally found in C0 2 

e l e c t r o l y s i s experiments experiments i s to lower the average 
current, CH4 formation rate, and faradaic efficiency. Usually lower 
current increases the faradaic efficiency with only a small effect 
on the CH4 formation rate. Carbon monoxide does indeed inhibit the 
the formation of CH4, but the effect is not very great at the CO 
concentrations employed, the rate of CH4 formation being reduced by 
about a factor of two. The inhibition effect l i k e l y occurs by the 
blocking of sites for C0 2/H + reduction by the more strongly bound 
CO. 
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12. FRESE AND SUMMERS Reduction at Electroplated Ru Electrodes 161 

Effect of Added Hydrogen. Added hydrogen gas also has an effect on 
the rate of CH4 formation. If the p a r t i a l pressure of H2 is 
increased by a factor of - 2 0 0 0 or - 4 2 0 0 above a typical value of 3 χ 
1 0 ~ 6 atm, the CH4 formation rate increases by 10% and 41% 
respectively. These results demonstrate that hydrogen atom coverage 
is an important factor in the rate of CH4 formation. The relatively 
small increase in CH4 formation rate for such a large increase in H 2 

partial pressure could mean that the solution next to the surface is 
near saturation with H 2 . However, the shape of the hydrogen 
adsorption isotherm i s not known and i t i s possible that the 
hydrogen coverage on the surface may not vary greatly over the 
concentrations of hydrogen gas used. 

Effect of pH. The effect of the pH on the rate of CH4 formation for 
two electrodes i s shown at the top of Figure 4 . The data indicate 
that CH4 can be made at pH values as alkaline as 9.1 with modest 
rate and faradaic e f f i c i e n c i e s . This might indicate that direct 
reduction of bicarbonate ions occurs but even at alkaline pH a 
significant p a r t i a l pressure of CO2 i s present (at a l l other pH's 
solutions were made from gaseous CO2 and had a constant CO2 partial 
pressure of 1 atm, see experimental) . Indeed, analysis of the gas 
over the solution indicated the presence of more CO2 than our gas 
chromatograph could measure ( -0 .1 atm) . However CH4 can be formed at 
pH values below 1 where there i s not a significant concentration of 
bicarbonate ions. Therefore, at acidic pH's at least, reduction of 
CO2 or H2CO3 and not HCO3" occurs. However the concentration of 
carbonic acid at a CO2 pa r t i a l pressure of 1 atm i s probably much 
too low (&) (6 χ 1 0 " ^ M) to support the observed CH4 formation rates 
even assuming diffusion control. 

As Figure 4 shows, the CH4 formation rate does depend on pH. In 
the pH region 9 to - 3 the rate increases. This eff e c t i s 
rationalized as occurring either because of an increased surface 
hydride coverage increasing the rate of hydrogénation of CO2 
reduction intermediates or an increased rate of oxygen removal from 
the surface favoring the deoxygenation of CO2 or i t s intermediates. 
At pHfs less than 2 -3 the rate begins to decrease. This may be due 
to a coverage of surface hydrides that i s so high that sites for CO2 
reduction are blocked. 

Effect of E l e c t r o d e Potential. Figure 5 and Table 2 summarize the 
results concerning the influence of electrode potential on the CH4 

formation rate in a C0 2 saturated, 0 .2 M Na 2S0 4 solution at 60°C. 
The data shows an apparent linear dependence of the CH4 formation 
rate on potential. The increase in rate with potential i s not 
unexpected since the CH4 formation reaction i s too slow to be 
diffusion controlled. The rate drops to zero at - 0 . 4 8 V vs S C E . With 
an average pH of - 5 and a partial pressure of hydrogen estimated to 
be 1 χ 1 0 " ^ atm, the reversible potential for hydrogen evolution is 
- 0 . 3 6 V vs SCE. The potential at which the CH4 formation begins is 
- 1 2 0 mV cathodic of the formal hydrogen potential and hence the 
electrode probably has an appreciable hydrogen coverage at 
potentials were CH4 is formed. This i s consistent with a model for 
the reduction of CO2 in which surface carbon intermediates are 
hydrogenated with surface hydrides in a key step. At more cathodic 
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162 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

20 

0L • ' • ' • ' ' 
0 20 40 60 80 

Time(hr) 

Figure 3 . Average methane formation rate versus t o t a l 
electrolysis time (closed symbols = reagent grade Na 2 S 0 4 ; open 
symbols - 99.999% Na 2 S 0 4 ) . 

30. 

~ 2 5 1 

20 

15 

ft* 

10 

-β- electrode 1 
electrode 2 

pH 
10 

Figure 4 . Plot of the rate of methane formation at a Ru electrode 
as a function of pH at 6 0 - 6 3 ° C and a constant overpotential. 
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12. FRESE AND SUMMERS Reduction at Electroplated Ru Electrodes 163 

Table 2 
Effect of potential on the rate of methane formation at Ru 

electrodes. a 

V Q b j c Rate d E f f e 

(V vs SCE) (coul) (μΑ cm"2) (mol cm"2 hr" 1) (%) 

- 0 . 4 8 1.3 22 0 0 

- 0 . 5 0 2 .0 30 1.6 χ 1 0 " 8 10 .8 

- 0 . 5 1 3 .4 57 2.8 χ 1 0 " 8 10 .2 

- 0 . 5 4 5 3.3 60 4 .3 χ 1 0 " 8 1 5 . 4 

- 0 . 5 4 5 4.8 86 4.1 χ 1 0 " 8 1 0 . 3 

- 0 . 6 0 5.8 102 6.8 χ 1 0 " 8 1 4 . 2 

a) In 0 .2M Na 2 S0 4 at 60°C and an i n i t i a l pH of 4. A l l electrolysis 
times were - 5 hrs. 

b) Total charge passed. 
c) Average current density based on geometrical area. 
d) Average rate of methane formation. 
e) Faradaic efficiency for methane formation. 

potentials the hydrogen coverage increases, thereby increasing the 
rate. 

Effect of Temperature. The effect of temperature on the rate of CH4 

formation at a single Ru electrode at - 0 . 5 4 5 V vs SCE i s shown in 
Figure 6; the data are l i s t e d in Table 3. The inset i l l u s t r a t e s a 
plot of faradaic efficiency vs temperature. It i s note worthy that 
an efficiency of 42% at 80°C i s the highest recorded for CH4 

formation. The increase in the faradaic efficiency for CH4 formation 
indicates that CH4 formation increases faster with temperature than 

Table 3 
Effect of temperature on methane formation rate. a 

Runb Τ Qc j d Rate e Eff 
(°C) (coul) (μΑ cm"2) (mol cm"2 hr" 1) (%) 

1 41 4 .6 78 1.2 χ 1 0 " B 3 .4 

4 50 2.8 51 2 .9 χ 1 0 " 8 1 2 . 1 

7 60 2 .5 45 1.6 χ 1 0 " 8 7 .8 

2 61 3.0 68 5.9 χ 1 0 " 8 18 

3 71 3.0 58 8.4 χ 1 0 [ 8 31 

5 82 2 .4 43 8 .4 χ 1 0 " 8 42 

6 90 2 .4 44 3 .9 χ 1 0 " 8 19 

a) In 0 . 2 M N a 2 S 0 4 at - 0 . 5 4 5 V and an i n i t i a l pH of 4. A l l 
electrolysis times were 5 -6 hrs using the same electrode. 

b) Order of experiment. 
c) Total charge passed. 
d) Average current density based on geometrical area. 
e) Average rate of methane formation. 
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164 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

competing reactions, e.g. H 2 evolution, and so must have a higher 
activation energy. 

The temperature dependence experiments are numbered in the 
order in which they were conducted. For the f i r s t four experiments 
(each done on successive days at t<75 °C) , the order of the 
experiments did not affect the performance of the electrode. 
However, i f the electrode i s used in electrolyses above ~85°C, i t 
begins to deactivate. The experiment at 90°C led to a decline in the 
CH 4 rate and, when the electrode was used at 60°C after the 90°C 
experiment, the CH4 formation rate was significantly reduced (as was 
the faradaic e f f i c i e n c y ) . Thus at t>~80°C, an i r r e v e r s i b l e 
deactivation does occur. 

This i s confirmed by the data on multiple electrolyses (Table 
1) . It can be seen that i f an electrode i s used several times to 
electrolyze a C0 2 saturated solution at 60°C no decline in average 
CH4 formation rate i s observed, but at 80°C a clear decline in CH4 

formation i s seen from one experiment to the next. Such behavior is 
consistent with a slow deactivation of the electrode surface at 
higher (>~80°C) temperatures. 

An Arrhenius plot using the low temperature data (last three 
points), Fig. 6, gives an activation energy of ~9 kcal mol" 1. McKee 
(2.) observed an activation energy of 9.1 kcal mol" 1 for the rate of 
formation of CH4 from H 2 and CO on unsupported Ru catalysts in the 
temperature range from 25°C to 150°C. McKee also observed a 
curvature in his Arrhenius plot similar to that seen in Figure 6 
although at a slightly higher temperature. 

Auger Electron Spectroscopy. After the last 60°C experiment, No.7 in 
table 3 and Figure 6, the Auger electron spectrum of the Ru surface 
was determined as shown in Figure 7a. Compared to the Auger spectrum 
(JJl) of a clean Ru surface, the largest peak due to Ru is changed in 
symmetry and size. The signal i s not highly symmetrical with only 
one positive peak for the highest energy signal, but highly 
unsymmetrical and an exhibits two positive peaks. By comparison, the 
Auger spectrum of the used Ru surface after Ar + sputtering (Figure 
7b) shows the same Ru signal as that of a carbon free Ru surface 
exhibiting a highly symmetrical signal with only one positive peak. 
These characteristics are indicative of the presence of large amount 
of carbon on the surface due to the accidental overlap of the Auger 
signal due to carbon (lfl.) Since the carbon signal disappears when 
the electrode is Ar + sputtered the signal i s due to carbon on the 
surface of the Ru and not due to the carbon substrate. Thus i t 
appears that the deactivation is caused by the formation of surface 
carbonaceous species at high temperatures. This does not occur at 
lower temperatures since an electrode used once at 60°C does not 
show the presence of large amounts of surface carbon. Sputtering 
also lessens the Cu impurity signal (Figure 7a) proving i t i s a 
surface species. 

It has been postulated (11-12) that the formation of CH4 by the 
heterogeneous catalytic reduction of CO gas with gaseous hydrogen 
proceeds via carbon atoms on the surface from CO. Such a mechanism 
involving dissociative adsorption of CO may operate during the 
electrochemical reduction of C0 2 in aqueous solution. This leads us 
to a tentative conclusion that the deactivation of the electrode 
occurs because of polymerization of surface carbon atoms to an 
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12. FRESE AND SUMMERS Reduction at Electroplated Ru Electrodes 165 
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166 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Figure 7. a)Auger electron spectrum of the surface of a Ru 
electrode after repeated electrolysis of a C0 2 saturated aqueous 
solution at 40 to 90°C (see text), b)Auger electron spectrum of 
the surface after Ar+ sputtering of the Ru electrode used in a). 
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12. FRESE AND SUMMERS Reduction at Electroplated Ru Electrodes 167 

inactive form of carbon. This may occur because of a depletion of 
hydrogen atoms on the surface, an excess coverage of carbon at 
higher temperatures or i t may be that at higher temperature carbon 
atoms are more mobile and can move across the surface to combine. 

D i s c u s s i o n 

A case has been (13) made for a mechanistic commonality between 
gas/solid and electrocatalytic approaches to similar reactions such 
as the interaction of hydrogen molecules or CO with Pt surfaces. 
Unsupported Ru has exceptional a c t i v i t y for methanation and 
Fischer-Tropsch type gas/solid reactions (12.) . The electrochemical 
formation of CH4 has only been observed on Ru and not with other 
materials such as Pt, Mo, C, Pd, Ag, Os, Ni, GaAs, GaP, and Si (14.) 
Evidently the exceptional character of Ru in gas phase reactions is 
carried over in electrochemical systems. It is useful to discuss our 
electrochemical results vis à vis what is known about the gas/solid 
methanation reaction. However the formation of CH4 from CO (UL) 
rather than C0 2 (16.), is much better characterized. 

Consider what is clear. The pH dependence of the CH4 rate at 
constant overpotential has a pronounced maximum. A rate limiting 
surface process involving H atoms is suggested. That CH4 i s only 
formed at Ru electrodes indicates the importance of a surface 
catalytic process. There is strong support in the literature (11-12) 
for the existence of surface carbon atoms formed from CO 
dissociation and that hydrogénation of the active form leads to CH4. 
Although rate limitation by chemical dissociation of CO or C0 2 is 
plausible, the maximum in the pH dependence would seem to rule out 
such a limitation. The coverage with hydrogen atoms would decline 
for any increase in pH and thus more free sites for oxygen or carbon 
would be present and the CH4 rate would increase without a maximum, 
contrary to observation. The C0 2 reduction current leading to 
methanol on GaAs also has a similar maximum (A) and i t was concluded 
that the rate limiting step is a chemical combination of a surface H 
atom and a carbon-containing intermediate. Our results here support 
such a conclusion. 

The CH4 rate did not saturate in the electrode potential range 
investigated. It may be concluded that the surface i s not saturated 
with intermediates at pH 4-5 at 60°C. The enhancement in the rate 
upon addition of hydrogen gas is consistent with a) an unsaturated 
surface, and b) the increase in CH4 rate for pH < 4. Both adding 
hydrogen and lowering the pH with respect to normal pH 4 conditions 
leads to higher hydrogen coverage and higher CH4 rate. More cathodic 
potentials also lead to higher rates and the probable cause is 
increased hydrogen coverage. These observations are consistent with 
a rate limiting step involving a surface hydrogénation. 

Our conclusion from the Auger results are in agreement with 
known aspects of the formation of CH 4 from gaseous CO on Ru 
surfaces. When the hydrogen coverage i s r e l a t i v e l y low and the 
temperature rel a t i v e l y high, carbon builds up on the Ru surface 
leading to pa r t i a l deactivation. Similarly, excess carbon build up 
is seen for low H2/CO ratios and high temperatures in the gas phase. 
A buildup of surface carbon in our system also does not support rate 
limitation by dissociation of CO or C0 2. 
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168 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

A l l our results favor a mechanism with hydrogénation of a 
surface carbon species as the rate limiting step (eq. 1). The low 

Had + C H x -» C H x + l ^ 
where χ = 0 to 3 

CH 4 rate at very low pH suggests that undissociated CO i s not a 
major adsorbed species. If CO dissociation was necessary for the 
formation of surface carbon for CH4 formation, then i t is very 
d i f f i c u l t to accept the lower CH4 rate at low pH because i t is 
unlikely that a hydrogen would displace a chemisorbed CO molecule. 
The effect of low pH may be due to blocking the formation of an 
intermediate more weakly bound than hydrogen, perhaps formate 
radicals. 

Further insight into the energetics of the possible elementary 
steps leading to methane i s obtained using model calculations of 
binding energies of chemisorbed species obtained by means of the 
Polar Covalence Model (12,Karl W. Frese, Jr. Surf. Sci., in press). 
Table 4 shows a set of consecutive hydrogénation reactions using 

Table 4. 
Model Calculations of Energetics of Possible Elementary Steps in 

Methane Formation on Ru Surfaces. 

Step AHa (kcal mol"1) AHb (kcal mole"1) 

1. Ru2"C + H = Ru2-CH 26 -46 
2. Ru2-CH + H = Ru=CH2 + 9 -11 
3. Ru=CH2 + H = RU-CH3 + 7 -13 
4. Ru-CH3 + H = Ru + CH4 + 43 +2 3 e 

a) at zero coverage. 
b) at 0.5 H a d coverage 
c) Calculated Gibbs energy for step 4 is considerably more 

exothermic,see text. 

chemisorbed carbon and hydrogen atoms as i n i t i a l reactants. This 
mechanism ( 11-12 r 18) i s thought to be part of the most l i k e l y 
pathway to methane from CO. 

The calculated results suggest the most d i f f i c u l t step may be 
hydrogénation of the Ru-methyl complex on the basis of unfavorable 
energetics. Because hydrogen atoms are postulated as reactants in 
the rate l i m i t i n g step i n methane formation and because of 
competetive hydrogen evolution, the steady state coverage of H a d, 
although unknown, has to be significant. Assumimg 0.5 coverage, i t 
follows that the heat of each of the steps would be more favorable 
by about 20 kcal mol" 1 because of the known decrease in the heat of 
chemisorption (l_â) of H atoms with coverage on Ru. Furthermore, a 
very significant entropy effect amounting to approximately 2 6 to 45 
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12. FRESE AND SUMMERS Reduction at Electroplated Ru Electrodes 169 

cal mol" Κ , depending on whether hydrogen is described as a two 
dimensional gas or an immobile species, would cause the Gibbs energy 
of last step (4) to be as low as +15 to +9 kcal mol" 1 a 80°C. (These 
energy estimates assume the entropy changes involving the adsorbed 
carbonaceous intermediates are small enough to be ignored.) The 
coverage and entropy effects do not alter the conclusion that step 
(4) i s the least favorable energetically and the most l i k e l y rate 
determining step in qualitative agreement with our discussion above, 
eq.l. It is of interest to note that step 4 has been recently ruled 
out (18.) as rate limiting in the formation of methane from CO on Ni 
according to the pathway in Table 4. Model calculations (Karl W. 
Frese, Jr. Surf. S c i . f in press) similar those described for Ru 
above suggest that in the case of Ni, the Gibbs enerçry change for 
step (4) with half hydrogen coverage is ~25 kcal mol" lower (AG = 
-10 to -15 kcal mol" 1). 

These results should be viewed as a survey of the important 
factors affecting the rate of CH4 formation and not a detailed 
kinetic study in which very strong support can be given for a 
particular mechanism and rate determining step. Given the complexity 
of the system and the apparent role of impurities, much more effort 
w i l l be needed to discern the most l i k e l y steps. Nevertheless the 
data presented do provide important clues as to important surface 
reactions and possible rate determining steps. Future work w i l l help 
to identify the rate determining step more clearly and w i l l c l a r i f y 
the role of impurities in enhancing the catalytic activity of Ru. 

The authors wish to gratefully acknowledge the support of the Gas 
Research Institute. 
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Chapter 13 

Electrochemical Studies of Carbon Dioxide 
and Sodium Formate in Aqueous Solutions 

M . H. Miles and A. N. Fletcher 

Chemistry Division, Research Department, Naval Weapons Center, China 
Lake, CA 93555 

Protonated species such as H3O+ must be minimized in 
order to obtain favorable conditions for the electro
chemical reduction of carbon dioxide or sodium formate 
in aqueous solutions. Nearly neutral electrolytes 
that do not function as effective proton donors or 
acceptors provide an extra 0.3 V potential window for 
cathodic reactions between the RHE potential and the 
actual reduction of water molecules. Investigations 
of NaCOOH on 30 different electrode materials show 
that the electrochemical reactions of formate are 
controlled mainly by the adsorption of HCO2- on the 
electrode surface. Appreciable formate adsorption 
occurs only for Rh, Pd, Ir, Pt, and Au. Evidence for 
CO2 reduction was observed on precious metals and 
their alloys such as Pt, Ir, Pd, Pt-Ru alloy and Ru-Ir 
alloy. The catalytic activity found for precious 
metals in nearly neutral electrolytes may reflect 
their favorable adsorption of both carbon dioxide 
molecules and formate ions. 

The conversion of carbon d i o x i d e and water i n t o methanol and oxygen 

C0 2 + 2 H 20 CH3OH + 3/2 02+ (1) 

req u i r e s an input of energy (ΔΗ° = 719.238 kj / m o l ) . However, the 
thermodynamic p o t e n t i a l f o r t h i s r e a c t i o n (E° = -1.976 V) i s a c t u 
a l l y l e s s than that f o r the e l e c t r o l y s i s of water (E° = -1.2288 V ) . 
The major source of i n t e r e s t i n t h i s r e a c t i o n i s as a means of con
v e r t i n g carbon d i o x i d e i n t o organic compounds and portable f u e l s 
( 1 - 3 ) . The el e c t r o c h e m i c a l reduction of C0 2 i n aqueous s o l u t i o n s 
using metal electrodes g e n e r a l l y y i e l d s formic acid and formate ions 
as the main products ( 2 , 3 ) . The major experimental d i f f i c u l t y i n 
the cathodic r e a c t i o n i s the f u r t h e r reduction of formic acid to 
methanol ( 3 , 4 ) . Previous s t u d i e s of the formic a c i d reduction step 
i n a c i d i c s o l u t i o n s have shown that H 30 + rather than HCOOH i s 
reduced ( 4 ) . Undissociated HCOOH molecules ai d the reduction of 

This chapter is not subject to U.S. copyright. 
Published 1988, American Chemical Society 
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172 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Η3<3+ by serving as a conveyor of protons to the electrode surface. 
This study is focused on neutral or alkaline solutions in order to 
minimize the reduction of ΗβΟ"*". 

Experimental 

A l l electrochemical measurements were performed using a beaker-type 
c e l l where the platinum counter electrode was isolated from the main 
compartment by a section of glass tubing with an ultra-fine f r i t at 
the bottom. Most electrodes were prepared from metals (Alfa) with 
purity generally better than 99.9%. The 50-50 atomic percent alloys 
of Ru-Ir and Pt-Ru were prepared by International Nickel Company. 
The ruthenium metal tested was also provided by this company. 
Metallic wires were sealed in glass using shrink Teflon tubing. 
When this was not possible, silicon rubber (RTV 102) or epoxy 
(Epoxi-Patch) was used. The supporting electrolyte solutions were 
prepared with reagent grade salts and d i s t i l l e d , de-ionized water. 
A l l potentials were measured against a saturated calomel electrode 
(SCE). Electrochemical studies of NaCOOH (G. F. Smith, Reagent) 
were always made in helium-saturated solutions. Saturated carbon 
dioxide solutions were prepared by bubbling the cylinder gas (Mathe-
son, 99.99% rain, <20 ppm oxygen) through the aqueous electrolyte for 
several minutes. 

The palladium-hydrogen (Pd-H) electrode used to monitor the 
solution pH was prepared each day by the procedure described by 
Gileadi (_5 ). The relationship between pH and potential (E) versus 
SCE is given by 

pH = -(E + 0.203D/0.0575 (2) 

at 23°C and ambient pressure (93 kPa). The Pd-H electrode served 
another important function by providing a measure of the reversible 
hydrogen electrode (RHE) potential under various conditions. The 
Pd-H electrode gives a constant potential of approximately +0.050 V 
versus RHE (_5) . 

Electrochemical experiments involved the use of a 
potentiostat/galvanostat, a current-to-voltage converter, and a 
universal programmer (PAR Models 173, 176 or 179, and 175). Results 
were displayed using either an X-Y recorder (Hewlett-Packard 7047A) 
or a dig i t a l oscilloscope (Nicolet 4094 A). The Pd-H versus SCE 
potentials were measured with both the PAR potentiostat and a di g i 
tal multimeter (Keithley 175). 

Results and Discussion 

Cyclic voltammetric traces obtained with a molybdenum electrode in 
3.0 m Mg(ClOi f) 2 at pH = 8.0 are shown in Figure 1. The positive-
going potential scan is limited by the oxidation of the molybdenum 
electrode. The addition of 0.50 m NaCOOH produces a new cathodic 
peak near -0.8 V with this electrode. However, the peak current 
corrected for the background current (dashed line) is only 0.035 mA 
(0.18 mA/cm2). Theoretical peak current densities for irreversible 
electrode reactions that are diffusion controlled are given by 
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13. MILES AND FLETCHER Carbon Dioxide and Sodium Formate 173 

i = 3.01 Χ 10 5n(an ) 1 / 2 D 1 / 2 C v 1 / 2 (3) p a 

For the experimental conditions used (v = 0.020 V/s, C = 5 χ 10"** 
mol/era 3) with η = 2e~/NaC00H and assuming an a = 0.5 and D = 10" 5 

cm /s y i e l d s a t h e o r e t i c a l peak current density of 95 mA/cm2. The 
experimental peak current i s less than 0.2% of t h i s value, thus 
formate adsorption rather than d i f f u s i o n l i k e l y l i m i t s the re a c t i o n 
r a t e . It i s i n t e r e s t i n g to note that the reduction of CO2 past the 
formate stage to form methanol has been rece n t l y reported for the Mo 
electrode at -0.8 V versus SCE (6, 7). However, the experimental 
current density (0.12 mA/cm2) was rather small. 

Results obtained with a ruthenium electrode i n 1.0 m NaF at pH 
=7.7 are presented i n Figure 2. The ruthenium metal electrode was 
smoothly polished, thus the geometrical area (A = 0.40 cm2) i s c l o s e 
to the true electrode area. However, the ad d i t i o n of 0.5 m NaCOOH 
gave no increase i n the cathodic current over that of the background 
current (dashed l i n e ) . The complete absence of NaCOOH reduction on 
t h i s electrode was somewhat s u r p r i s i n g since the electrochemical 
reduction of C0 2 to form methanol and methane has been reported f o r 
ruthenium i n the form of e l e c t r o p l a t e d and Tef l o n bonded electrodes 
( 8 ) . The p o t e n t i a l of the Pd-H electrode at pH = 7.7 i s also i n d i 
cated i n Figure 2, thus, there i s an ov e r p o t e n t i a l of nearly 0.3 V 
before water molecules overcome the a c t i v a t i o n energy b a r r i e r for 
reduction on Ru i n t h i s nearly n e u t r a l s o l u t i o n . There i s no s o l i d 
evidence for formate ox i d a t i o n on the Ru electrode. The solvent 
oxidation wave near 0.7 V i n the presence of NaCOOH i n Figure 2 i s 
due to the hy d r o l y s i s e q u i l i b r i u m of formate ions that serves as a 
sup p l i e r of the more e a s i l y oxidized hydroxide i o n s . S i m i l a r 
e f f e c t s were seen with other e l e c t r o d e s . 

Various c y c l i c voltammetric studies of NaCOOH i n c l u d i n g those 
shown i n Figures 1 and 2 are summarized i n Table I. T h i r t y d i f f e r 
ent electrode materials were inv e s t i g a t e d i n twelve d i f f e r e n t e l e c 
t r o l y t e s o l u t i o n s with each electrode being tested i n at l e a s t two 
d i f f e r e n t e l e c t r o l y t e s o l u t i o n s . Twelve electrodes are l i s t e d f o r 
possi b l e formate reduction, but none of the e f f e c t s were any l a r g e r 
than that shown for the Mo electrode i n Figure 1 · Strong formate 
oxidation was observed on Pt and Pd electrodes, while smaller 
oxidation e f f e c t s were found with Rh, I r , and Au el e c t r o d e s . The 
majority of the electrodes tested showed neither formate oxidation 
nor formate reduction; t h i s suggests very l i t t l e adsorption of 
formate on these electrode surfaces. 

The e l e c t r o l y t e s i n v e s t i g a t e d include metal ions that are 
reported to form complexes with formate (Mg + +, Ca"*"*", and B a + + ) , 
anions that show very l i t t l e s p e c i f i c adsorption (F~, 0H~, ClOi*", 
NO3", S0Î+"), organic anions (CH3COO"") and organic cations 
((02*15)11!̂ *"). S i m i l a r r e s u l t s were often obtained for d i f f e r e n t 
e l e c t r o l y t e s . For example, the Ag electrode showed no r e a c t i o n f o r 
0.5 ra NaCOOH i n 5.0 m LiClOj, + NaOH (pH = 14), 3.0 m La(ClOi,) 3, 
1.0 m Mg(ClOt +) 2 (T - 80°C), 1.0 m Na 2S0i + (T - 60°C) and 0.2 m Na2S0i, 
(T = 0°C). If an electrode showed evidence f o r formate reduction i n 
any e l e c t r o l y t e , i t was placed i n the formate reduction group i n 
Table I. The cobalt electrode showed possible formate reduction i n 
5.6 m LiClOi, + NaOH ( pH = 13) and i n 0.1 m (C 2H 5) 1+NC101+ (T = 0°C) 
but tested negative f o r formate reduction i n 3.0 m LaClOi^) 3, 3.0 m 
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174 CATALYTIC ACTIVATION OF CARBON DIOXIDE 
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Figure 1 Cyclic voltammogram using a molybdenum electrode 
(A = 0.2 cm2) for 0.5 ra NaCOOH added to 3.0 m Mg(ClOi t) 2 (T 
23°C, ν » 20 mV/s). 
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Figure 2. C y c l i c voltammogram using a ruthenium electrode 
(A = 0.4 cm2) for 0.5 ra NaCOOH added to 1.0 m NaF (T - 23°C, 
ν - 20 mV/s). 
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13. MILES AND FLETCHER Carbon Dioxide and Sodium Formate 175 

Mg(010^2, 3.9 ra LiClOi4 (T= 80°C), 1.0 m Na 2SOi t (T - 60°C) and 12 m 
KOH (T = 0°C). 

Table I . Summary of Ele c t r o c h e m i c a l Studies of 0.5 m Sodium 
Formate Using Various E l e c t r o d e s 0 and E l e c t r o l y t e s . b > c 

Formate Formate 
Reduction O x i d a t i o n No Reaction 

Glassy C, A l 
Fe, Co, Cu T i , V, Cr, N i , Zn 
Mo, Rh, In, Sn, Sb Rh, Pd Zr, Nb, Ru, Ag, Cd 
W, I r , Pb, B i I r , P t, Au Ta, Re, Hg 

a Electrodes l i s t e d i n order of i n c r e a s i n g atomic number. 
b E l e c t r o l y t e s t e s t e d : M g i C l O i ^ , Ca(ClOi 4)2 > BaCClOi^» 

L a ( C ^ ) 3 , LiClOi,, NaF, Na 2S0i l, NaNO3, NaC2H302> (C2H5) i^NClO,,, 
Na 2C0 3, KOH. 

° Most i n v e s t i g a t i o n s were made at room temperature (23°C). 
Some experiments were made at 0, 60, and 80°C. 

The goal of the various i n v e s t i g a t i o n s summarized i n Table I 
was to f i n d some e l e c t r o d e - e l e c t r o l y t e - t e m p e r a t u r e and pH combina
t i o n that was favorable f o r the reduction of formate. None of the 
combinations t e s t e d , however, gave formate reduction at u s e f u l cur
rent d e n s i t i e s . In general, formate reduction was more favorable at 
low temperatures than at high temperatures. This again suggests an 
ad s o r p t i o n - l i m i t e d r e a c t i o n . 

S t r i k i n g e f f e c t s are found f o r the platinum electrode when 
NaCOOH i s added to 1.0 m NaF as shown i n Figure 3. Large o x i d a t i o n 
peaks are observed during both the p o s i t i v e and negative-going 
p o t e n t i a l sweeps due to the o x i d a t i o n of the formate anion 

HCOO"" H+ + C0 2 + 2 e" (4) 

to form CO2· The peak current during the negative p o t e n t i a l sweep 
i s 5 raA; t h i s i s nearly 30% of the t h e o r e t i c a l peak current due to 
d i f f u s i o n . Even more important i s the new cathodic peak near -0.6 V 
that follows the strong formate o x i d a t i o n during the negative-going 
p o t e n t i a l sweep. This cathodic peak i s l i k e l y the reduction of the 
CO2 released during the formate o x i d a t i o n . The observation of t h i s 
CO2 reduction peak on a precious metal i s made p o s s i b l e by the use 
of a n e u t r a l s o l u t i o n that permits only the redu c t i o n of water mol
ecules as a competing r e a c t i o n . The p o t e n t i a l of the Pd-H e l e c t r o d e 
i n 1.0 m NaF at pH = 7.7 i s a l s o shown i n Figure 3, thus, there i s a 
p o t e n t i a l window of over 0.3 V for the Pt ele c t r o d e between the RHE 
p o t e n t i a l and the a c t u a l r e d u c t i o n of water molecules. The reduc
t i o n of water molecules on platinum i s apparently hindered even f u r 
ther by the o x i d a t i o n of formate and the adsorption of CO2 on the 
electr o d e s u r f a c e . 
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17β CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Results very similar to those shown in Figure 3 were also 
observed with 0.50 m NaCOOH in 1.0 m LiClO^, 1.0 m Ν3 280^ and 1.0 m 
NaN03 electrolytes with the platinum electrode. Each of these elec
trolytes gave a potential window of over 0.3 V between the RHE 
potential and the actual reduction of water molecules. The reduc
tion of CO2 following the formate oxidation was observed within this 
potential window during the negative-going potential sweep. This 
reduction of CO2 on platinum was not observed with 0.50 m NaCOOH in 
1.0 m electrolyte solutions of NaHSO^, Na2HP0i+, NaC03 or KOH. Sol
vent reduction occurred close to the measured RHE potential for each 
of these electrolytes. The electrochemical reduction of CO2 at 
potentials positive to the onset of the hydrogen evolution reaction 
is apparently hindered by electrolytes that are too acidic (NaHSOi*) , 
too basic (KOH), or act as proton donors or acceptors (Ν3 2ΗΡ0ι^, 
Na2C03). Buffered solutions, therefore, would not give a wide 
potential window for studies of CO2 reduction on precious metals 
such as platinum and ruthenium. 

The reduction of CO2 on high hydrogen overvoltage metals such 
as Cd, In, Sn, and Pb generally yields only HCOOH or HCOO"" as reac
tion products (9). The further reduction of formate to methanol i s 
extremely d i f f i c u l t . A better approach for the electrochemical 
reduction of CO 2 to CH3OH may be the use of precious metal elec
trodes. The catalytic properties of such metals are well-known. 
Results presented in Table I suggests that appreciable formate 
adsorption occurs only for Rh, Pd, Ir, Pt, and Au electrodes. With 
good formate adsorption along with the catalytic properties of the 
precious metal, the reduction of CO2 may proceed past the formate 
intermediate on these electrodes. Since these electrodes are also 
good catalysts for the hydrogen evolution reaction, nearly neutral 
electrolytes that are poor proton donors or acceptors (unbuffered 
solutions) such as LiClOi* and N32S01+, should be used. This w i l l 
force the competing cathodic reaction to be the reduction of water 
molecules that involves the breakage of H-0 bonds rather than the 
reaction of the more easily reduced acidic or basic species. 

The reduction of CO2 on a Ru-Ir alloy electrode (A - 1.9 cm ) 
in 0.2 ra LiClOi, at 23°C is shown by the solid line in Figure 4. The 
bubbling of CO2 through the electrolyte caused the pH to drop from 
near neutral to pH = 4.2, thus, the background current (dashed line) 
was also measured at this pH by introducing a small amount of HCIO^ 
into the solution. In the C02~saturated solution, a new reduction 
wave is observed that begins near -0.5 V. The increase in cathodic 
current over that of the background current i s 0.2 mA (0.1 mA/cm ) 
at -0.6 V. The Pd-H potential displayed in Figure 4 shows that a 
potential window of about 0.3 V is available for CO2 reduction on 
the Ru-Ir electrode between the RHE potential and the observed 
reduction of water molecules in the LiC10i+ electrolyte. 

Investigations of other precious metal electrodes also showed 
increased cathodic currents in C0 2~saturated solutions. These 
studies include Ir, Pd, Pt, and Pt-Ru alloy in 0.2 m LiClOi* and Pd, 
Pt, and Ru in 1.0 m Na2S0i+. Although the Ru metal electrode did not 
give any evidence for a new cathodic peak, there was an increase in 
cathodic current beginning near -0.7 V for the CO 2-saturated 
solution. The Ru electrode was inactive with respect to reactions 
of NaCOOH (Table I), but the reduction of C0 2 to CO, CH3OH, and even 
CHi+ has been reported for this metal (6, 8). 
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13. MILES AND FLETCHER Carbon Dioxide and Sodium Formate 177 

—I 1 1 I I I I I I I I I i 
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

POTENTIAL vs SCE/V 

Figure 3 Cyclic voltammogram using a platinum electrode 
(A = 0.2 cm2) for 0.5 m NaCOOH added to 1.0 m NaF (T - 23°C, 
ν = 20 mV/s). 

Figure 4. Cyclic voltammogram using a ruthenium-iridium alloy 
electrode (A » 1.9 cm2) for a (^-saturated solution of 0.2 m 
LiClOi, (T - 23°C, ν = 20 mV/s) . 
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178 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Studies are in progress to identify and quantify the products 
formed by the electrochemical reduction of CO2 on precious metal 
electrodes as well as on other electrodes such as Mo when nearly 
neutral electrolytes are used that minimize proton donor or acceptor 
reactions. A review of CO2 reduction on metal electrodes shows that 
CH^ is produced on Ru and Cu (8, 9), CH3OH is a major product on Ru 
and Mo (6-8), carbon monoxide is formed on Ru, Pd, Pt, Co, Fe, Au, 
and Ag (7-9), HCOO"" is the main product on Cd, In, Sn, and Pb O, 
9), and a product more complex than formic acid is reported for Pt 
(10). 
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Chapter 14 

Electrochemical Activation of Carbon Dioxide 

K. Chandrasekaran and J. O'Μ. Bockris 

Department of Chemistry, Texas A&M University, College Station, 
TX 77843-3255 

The surface states at the semiconductor electrolyte 
interface under illumination for the electrochemical 
reduction of carbon dioxide has been determined to be 
1014 cm -2. Surface states are induced by adsorbed 

ions and act as faradaic mediators for the photo-
electrochemical reduction of carbon dioxide. It is 
shown that CO2 is adsorbed on platinum and adsorbed 
CO-2 is the intermediate radical. The rate determ
ining step involves further reduction of CO-2 to give 
the final products. Adsorption of NH+4 ions on p-GaP 
has been studied using FTIRRAS. At cathodic poten
tials adsorbed ammonium ions are reduced and the 
reduced ammonium radical desorbs. The structure of 
adsorbed ammonium is investigated. 

Electrochemical reduction of carbon dioxide provides one method of 
converting this plentifully available substance to useful fuels. 
It can be carried out biologically (1-2^ as in photosynthesis; in 
the gas phase (3-4), heterogeneously (5-7); electrochemically (8-15) 
or photoelectrochemically (18-20). The efficiencies of the biologi
cal and heterogeneous processes are impractically small. Electro
chemical reduction of carbon dioxide has been carried out on several 
metal electrodes (21-25), although a large overvoltage is required. 
Electrocatalysts (26-27) can be used to decrease this overvoltage. 
It has been proposed that the slow rate_is due to the formation of a 
one-electron reduction intermediate, C02> which is involved in the 
rate determining steps (28). 

0097-6156/88/0363-0179$07.50/0 
© 1988 American Chemical Society 
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180 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

The proposed mechanism involves both adsorbed CO^ and CCL radicals. 
However, there_has been hitherto no direct evidence for the presence 
of adsorbed C0^ radical. 

Light energy may be used to reduce the necessary electrical 
potential in photoelectrochemical reactions. The overpotential is 
decreased by 700 mV for the photoelectrochemical reduction of CÔ  on 
p-CdTe, compared to that on indium - the best metal electrode for (X>2 

reduction. For these semiconductors which involve a high concentra
tion of surface states, the double layer at the semiconductor-
electrolyte interface plays an important role in the kinetics of 
photoelectrochemical reactions. In this paper, we report spectrosco
pic and impedance aspects of the electrode-electrolyte interface as 
affected by reactants and radicals involved in C0 2 reduction. 

EXPERIMENTAL 

Preparation of Electrode 

Single crystal CdTe (100) and GaP (110) was cut into 1mm thin wafers. 
The wafers were wiped clean and sonicated in absolute ethanol for 30 
minutes. One side of the wafer was etched with aqua-regia for 30 
seconds and washed. An ohmic contact was made with Ga-In alloy. The 
latter was prepared by mixing equal amounts of Ga and In (wt/wt) at 
120°C for 10 minutes under a nitrogen atmosphere to avoid oxide 
formation. The molten alloy was cooled to room temperature in this 
atmosphere. Ohmic contact was made at two different positions on the 
etched face and the resistance between these two contacts was meas
ured. The polarity of the terminals were changed and the resistance 
was measured again. Etching and rubbing of the Ga-In alloy was con
tinued until the same resistance for current passage in each direc
tion was obtained. After this, an ohmic contact was made on the 
entire face. The electrode holder was made of copper rod. The rod 
was covered with teflon to avoid contact with solution. The front 
side of the electrode was etched for 30 seconds in aqua regia, rinsed 
with water and immersed into the electrolyte immediately. Before 
carrying out experiments, the electrode was cycled between -0.56 and 
-2.24 NHE for c. 20 minutes. 

Electrolytes 

Tetraalkylammonium perchlorate (TBAP)(Fluka) was recrystallized from 
ethanol. Dimethylformamide was used without further purification. 
Triply d i s t i l l e d and pyrolyzed water was used. 0.1 M tetraalkyl
ammonium perchlorate in dimethylformamide - 5% water mixtures were 
used as electrolyte for the photoelectrochemical reduction of C0~ to 
CO. 

Cell Compartment 

The c e l l was made up of PYREX glass with an optical quartz window in 
the front (Fig. 1). Reference and working electrode compartments 
were fixed on the sides. The working electrode was mounted on the 
c e l l by means of a teflon screw for ease of position adjustment. 
CO^ was bubbled through chromic acid and DMF to remove impurities, 
e.g., methanol vapor. A C09 blanket was maintained during the 
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14. CHANDRASEKARAN AND BOCKRIS Electrochemical Activation 181 

experiments. CdTe electrodes were i l l u m i n a t e d w i t h 555 nm l i g h t 
w h i l e GaP electrodes were i l l u m i n a t e d w i t h 436 nm l i g h t . 

Impedance Measurements 

Experiments were c a r r i e d out under p o t e n t i o s t a t i c c o n d i t i o n s using 
an 1172 S o l a r t r o n Frequency Response Analyzer and 1186 S o l a r t r o n 
E l e c t r o c h e m i c a l I n t e r f a c e . A small ( i n p u t ) amplitude (10 mV) sine 
wave (P s i n u)t) was ap p l i e d to the system under study. The response 
of the system to the a p p l i e d p e r t u r b a t i o n was monitored as a sin e 
wave curr e n t [Y s i n (u)t + θ )] and a sine wave p o t e n t i a l [X s i n (ut + 
θ ) ] . These were transformed i n t o the complex form A + i Β and 
A* + i Β , r e s p e c t i v e l y . The r e a l and imaginary parts' of the* imped
ance were computed using the r e l a t i o n t = (A + i Β )/(A + i Β ) 
where the phase s h i f t θ i s θ - θ . y v x x 

y χ 
The AC p o t e n t i a l output was measured between the working 

e l e c t r o d e and the reference e l e c t r o d e , and the AC current measured 
between the working e l e c t r o d e and the counter e l e c t r o d e . Thus, the 
impedance between the working e l e c t r o d e and the Luggin c a p i l l a r y was 
measured. 

The DC p o t e n t i a l of the working e l e c t r o d e was c o n t r o l l e d e i t h e r 
by means of the p o t e n t i o s t a t or the Frequency Response Analyzer. A 
1000 ohm standard r e s i s t o r was used to measure the DC cu r r e n t . Ten 
readings were averaged a t each frequency. The frequency range used 
was from 0.1 Hz to 9999 Hz. Ten readings were recorded per decade 
of frequency w i t h a delay time of 10 sec between readings taken a t 
each frequency. 
FTIR Spectra 

A platinum f o i l was used as a working e l e c t r o d e . I t was 10 mm i n 
diameter, f i x e d on a polyethylene rod. The t i p of the rod was melted 
and cooled to provide a leakproof s e a l i n g . The ele c t r o d e was 
poli s h e d w i t h 0.05pm alumina paste. L i C l O ^ (0.4M) d i s s o l v e d i n HPLC 
grade a c e t o n i t r i l e ( F i s c h e r S c i e n t i f i c ) was the s o l v e n t . The s o l u 
t i o n was p r e - e l e c t r o l y z e d i n a n i t r o g e n atmosphere f o r 2 hours to 
remove r e s i d u a l water. The f i n a l water content of the s o l u t i o n was 
estimated by means of c y c l i c voltammetry to be 0.01%. Carbon d i o x i d e 
was bubbled through the s o l u t i o n f o r 40 minutes and the c e l l was 
sealed. S i m i l a r r e s u l t s were observed when the gas was bubbled 
through the s o l u t i o n continuously during the experiment. A platinum 
c o i l was used as the counter e l e c t r o d e and Ag/Ag (a s i l v e r wire i n 
a c e t o n i t r i l e c o n t a i n i n g 0.1M s i l v e r n i t r a t e ) was the reference 
e l e c t r o d e . The el e c t r o d e was p o t e n t i o s t a t i c a l l y p o l a r i z e d i n the 
r e g i o n of 0.0 to -2.2V NHE (-0.8 to -3.0V vs Ag/Ag ) and IR spectra 
were recorded a t eig h t d i f f e r e n t p o t e n t i a l s i n t h i s region. 

A D i g i l a b FTS-20E spectrometer w i t h Nova 4 computer was used to 
record the spectra of the adsorbed species using p o l a r i z a t i o n 
modulation approach (30). D e t a i l e d d i s c u s s i o n of the instrumentation 
i s given elsewhere (30). 
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182 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

RESULTS 

E f f e c t of Surface Treatment 

The onset p o t e n t i a l f o r the f r e s h l y etched p-CdTe f o r the photo
e l e c t r o c h e m i c a l r e d u c t i o n of carbon d i o x i d e i s -0.76V NHE. When the 
el e c t r o d e was cy c l e d between -0.56 to -2.24V under i l l u m i n a t i o n , the 
onset p o t e n t i a l f o r the photocurrent s h i f t s to l e s s cathodic poten
t i a l s and remains constant a t -0.66V a f t e r about c. 20 minutes. When 
the e l e c t r o d e i s p o t e n t i o s t a t e d a t -2.0V the photocurrent remained 
constant f o r about 24 hours. These r e s u l t s are repr o d u c i b l e and con
s i s t e n t w i t h the published data. Surface a n a l y s i s of the etched 
surface of p-CdTe using XPS and SEM showed only trace amounts of c a r 
bon and oxygen. 

Several etching procedures were attempted f o r p-CdTe f o r the 
photoelectrochemical r e d u c t i o n of carbon d i o x i d e . Etching w i t h 
d i l u t e t h i o s u l f i t e or bromine i n methanol d i d not r e s u l t i n b e t t e r 
p h o t o c u r r e n t - p o t e n t i a l r e l a t i o n s h i p . Hence, i t was concluded that 
e t c h i n g w i t h aqua r e g i a followed by r i n s i n g with water i s the best 
surface treatment f o r the photoelectrochemical r e d u c t i o n of carbon 
d i o x i d e . A l l the impedance r e s u l t s described below were recorded 
using t h i s surface i n contact w i t h e l e c t r o l y t e . 

Photoelectrochemical Reduction of CO^ on CdTe 

Ph o t o c u r r e n t - P o t e n t i a l R e l a t i o n s h i p . The p h o t o c u r r e n t - p o t e n t i a l 
curve under monochromatic l i g h t (555 nm) i n a DMF (5% HO) s o l u t i o n 
c o n t a i n i n g 0.1M TBAP i s shown i n F i g . 2. In the absence of (Χ>2, the 
photocurrent s t a r t s to increase a t -1.4V NHE due to hydrogen evolu
t i o n . When C0 2 gas i s bubbled through the s o l u t i o n , the onset 
p o t e n t i a l f o r the photocurrent i s s h i f t e d to l e s s cathode p o t e n t i a l s 
by about 700 mV. The red u c t i o n product was found to be carbon 
monoxide. At low cathodic p o t e n t i a l s an anodic c u r r e n t i s observed. 

Impedance Spectrum of CdTe-DMF (5% H 20) Containing 0.1 TBAP. When 
the r e a l (Z*) and imaginary (Z") impedances are recorded under 
i l l u m i n a t i o n as a f u n c t i o n of frequency from 0.1 to 9999 Hz at -0.76V 
NHE, the r e a l part of the impedance i s found to decrease w i t h i n 
c r e a s i n g frequency ( F i g . 3 ) , while the imaginary part of the imped
ance passes through a pronounced maximum at intermediate frequencies 
and a s u b s i d i a r y maximum at high frequencies. 

The complex plane p l o t measured at -1.8V vs NHE i s shown i n F i g . 
4. Parts of the p l o t can be represented by s e m i c i r c l e s . In most 
cases, the p l o t s can be d i v i d e d i n t o three s e m i c i r c l e s which, as 
shown l a t e r , correspond to the dominance of d i f f e r e n t parts of the 
equi v a l e n t c i r c u i t i n d i f f e r e n t frequency ranges. 

P o t e n t i a l Dependence of the Impedance Spectra. In F i g . 5, the 
maximum of the Z" - frequency p l o t i s given as a f u n c t i o n of poten
t i a l . The maximum value of Z" decreases as the e l e c t r o d e p o t e n t i a l 
i s made more cathodic. 

F i g . 6 shows the dependence of frequency ( f ), at which the 
maximum i n the Z"-frequency p l o t occurs, as a f u n c t i o n of el e c t r o d e 
p o t e n t i a l . As shown, the p o t e n t i a l a t which f m a x i s observed s h i f t s 
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14. CHANDRASEKARAN AND BOCKRIS Electrochemical Activation 183 

Figure 2. Photocurrent potential curve for the photoelectro-
chemical reduction of carbon dioxide on p-CdTe in DMF (5% Ĥ O) 
solution containing 0.1M TBAP. 
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184 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Log Frequency 

Figure 3. Bode plot for CdTe - DMF (5% HO) interface containing 
0.1M TBAP under illuminations (555nm, 2.5mw/cm ) at -0.76 NHE. 
C0 ? 1 atmosphere. 

Z71000 

Figure 4. Complex plane plot for CdTe - DMF (5% H20) interface 
containing 0.1M TBAP. Conditions as in Fig. 2. 
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14. CHANDRASEKARAN AND BOCKRIS Electrochemical Activation 185 

-0.56 

Figure 5. Imaginary impedance as a function of bias potential 
for CdTe - DMF (5% H20) interface. Conditions as in Fig. 2. 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

17
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

3.
ch

01
4



186 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

to higher frequencies with increase in electrode potential in the 
cathode direction. 

Impedance Spectra in the Presence of Tetraalkylammonium Salts. The 
observation of the impedance spectra obtained at the same electrode 
potential, -0.96V (NHE), and in the presence of a series of tetra
alkylammonium cation shows that the maximum which is observed in the 
low frequency region is shifted to lower frequencies as the carbon 
chain length is decreased, while the frequency at which the maximum 
is observed at higher frequencies remains constant. Z' is observed 
to decrease with decrease in the carbon chain length. 

Photoelectrochemical Reduction of CÔ  on GaP 

Impedance Spectrum of GaP-aqueous DMF Containing 0.1M TEAP. Fig. 7 
shows Z" as a function of frequency for p-GaP during the reduction of 
C0 2 in aqueous DMF containing 0.1M TEAP. Z" passes through a broad 
maximum between 1-100 Hz and a shoulder is observed on the high fre
quency side of the maximum. 

Z1 decreases with an increase in the frequency with an inflec
tion corresponding to the Z" maximum. 

Potential Dependence of Impedance Spectra. Fig. 8 shows the 
frequency at which Z" maximum occurs as a function of electrode 
potential. Contrary to the behavior in CdTe, where Z" decreases with 
increasing cathodic potential, Z" passes through a minimum at -1.16V 
(NHE). 

Adsorption of CÔ  and CÔ  on Platinum 

The spectra reported here were obtained by subtracting from the 
spectra at various potentials, the reference spectrum at 0.0V NHE; 
the spectra reported here are thus termed difference spectra. The 
difference spectrum of surface adsorbed species on platinum in 
acetonitrile at -1.2V NHE is shown in Fig. 9. The peaks pointing 
downward show a decrease in surface concentration with respect to the 
reference potential, 0.0V NHE, and the peaks pointing upwards indi
cate an increase in surface concentration. Three peaks pointing _^ 
downwards and one peak pointing upwards in the region 2400-1500 cm 
are seen in Fig. 9. _^ 

There is a broad maximum centered around 1680 cm , the 
intensity o| which increases in the cathodic direction. Absorbance 
at 1680 cm as a function of electrode potential is shown in Fig. 
10. Full width at half maximum for this peak is 40 cm . The 
relative area under the peak has been taken as proportional to the 
concentration of adsorbed species on the surface of the electrode, an 
assumption which is acceptable at le^st up to θ = 0.5. The area of 
the peak in the region 1650-1700 cm is shown in Fig. 11 as a func
tion of electrode potential. Adsorption increases in the cathodic 
direction and reaches a saturation value around -2.0V NHE. 

A sharp peak centered at 2342 cm is also observed and may be 
identified (31) with adsorbed C0 2 (Fig. 12). 

Absorbance corresponding to the C=N stretching vibrations of 
adsorbed acetonitrile (32) is observed at 2250 cm . The spectra of 
adsorbed C09 and adsorbed CHQCN at various electrode potentials are 
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14. CHANDRASEKARAN AND BOCKRIS Electrochemical Activation 187 

Figure 8. Frequency of imaginary impedance maximum as a function 
of bias potential of GaP electrolyte interface containing CC>2 

under illumination. 
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188 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Figure 9. The differential spectrum of surface adsorbed species 
on platinum in acetonitrile at -1.2V NHE. 
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190 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

shown in Fig. 12. The area of the peak centered at 2250 cm 
decreases with an increasingly cathodic potential. 

Adsorption of NH* on GaP 

Ammonium^ions in acetonitrile solution show a broad maximum around 
3400 cm corresponding to the symmetric N-H stretching and a sharp 
band around 1600 cm for N-H asymmetric stretching (33). Ammonium 
ions adsorbed on GaP shows a broad maximum centered at 3475 cm and 
3000 cm (Fig. 13). There are two maxima corresponding to N-H 
deformation in the region 1700 cm" and 1560 cm" (Fig. 13). The 
potential dependence of a l l these four peaks follow the same trend 
(Fig. 14). Absorbance increases in the beginning and then decreases 
at more cathodic potentials. 

DISCUSSION 

The Equivalent Circuit 

An appropriate equivalent c i r c u i t can be created i f the sequence of 
events between the creation of hole-electron pairs and (e.g.), the 
acceptance of electrons in solution is clearly known. The principal 
arbiter of an equivalent c i r c u i t is the degree to which i t represents 
trends in impedance as a function of frequency. 

An equivalent c i r c u i t for a photoelectrochemical system has to 
take into account: 1. The generation of electron-hole pairs; 2. 
Passage of carriers through the space charge region; 3. Passage of 
carriers through the surface states; 4. Passage of carriers through 
the double layer; 5. The cir c u i t must allow for the fact that both 
holes and electrons are generated but move in opposite directions. 

Considering the sequence of events at the semiconductor-
solution interface, the four circuits shown in Fig. 15 were a l l used 
to simulate the results. It is seen that the c i r c u i t 15d f i t s the 
results to a greater degree than do other circuits. It is reason
able, therefore, to conclude that the appropriate c i r c u i t for the 
evaluation of Ν (the surface state concentration per square cm) is 
15d. s s 

Evaluation of Parameters 

The total impedance of the c i r c u i t given in Fig. 15 for the c i r c u i t 
15d is given by the following equations. 

2 2 2 1+to C z Rz 

sc sc 
2 2 2 l+u> C R ss ss 

PL 
2 2 2 

1 + Ω SLRDL 

+ R + R so' (4) 

R2 C sc sc 
2 2 2 l+o) C z Rz 

sc sc 

R2 C ss ss 
2 2 2 l+o) C Rz 

ss ss 

RDL CDL 
2 2 2 

1 + Ω SLRDL 

(5) 

where C is the space charge capacitance, C is the surface state 
capacitance, C ^ is the double layer capacitance, R g c is the space 
charge resistance, R is the surface state resistance, RD- is the 
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14. CHANDRASEKARAN AND BOCKRIS Electrochemicat Activation 191 

CO _ 
Ζ 
D -
>-
DC < -OC 

-0.8 -1.6 -2.4 

V/N Η Ε 

Figure 11. Relative_concentra-
tion of adsorbed CO2 on platinum 
(see text). 

1 
8.75 x ΙΟ-4 I 

2400 2350 2300 2250 2200 

Wavenumbers 

Figure 12. Adsorption spectra 
of adsorbed C0 2 (2340 cm""1) and 
CH3CN (2250 cm ̂  on platinum 
in acetonitrile containing 0.4M 
LiC10 4. 
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192 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

N-H STRETCHING 
1 N-H DEFORMATION 

I , ι I I • • • . wnm 
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 

Wavenumbers Wavenumbers 

Figure 13. Absorption spectrum of ammonium ion (N-H stretching 
and N-H deformation) on GaP in acetonitrile. 

160 

0 -0.16 -0.56 -0.96 -1.36 -1.76 -2.16 

V/NHE 

Figure 14. Potential dependence of ammonium ion adsorption on 
GaP. (.) 3475 c m , (o) 1700 cm and (x) 1560 c m . 
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14. CHANDRASEKARAN AND BOCKRIS Electrochemical Activation 193 

double l a y e r r e s i s t a n c e , R i s the s o l u t i o n r e s i s t a n c e and ω i s the 
so 

frequency. The Z M-frequency p l o t should pass through three maxima. 
In f a c t , i n a maj o r i t y of the experiments, only two maxima were ob
served, although i n a m i n o r i t y , three maxima occurred. 

Since the Z" maxima i n the Bode p l o t s are w e l l separated, the 
impedance c o n t r i b u t i o n of one to another can be taken as n e g l i g i b l e . 
At Ζ" , coCR = 1, hence Z" = R/2 and C = l/u)R. Capacitances and 
re s i s t a n c e s c a l c u l a e d from acomplex plane p l o t s ( F i g . 4) give numeri
c a l values of C&R which d i f f e r by l e s s than 20% wi t h those from 
the Z&Z'-frequency r e l a t i o n s . 

Capacitances and r e s i s t a n c e s c a l c u l a t e d f o r the two maxima at 
various bias p o t e n t i a l s are shown i n Table 1. Capacitances c a l c u 
l a t e ^ from the high frequency maximum are of the order of 0.1 pF 
cm and increase with i n c r e a s i n g cathodic p o t e n t i a l . The time 
constant remains constant i n the p o t e n t i a l region s t u d i e d . The 
value of the capacitance and the p o t e n t i a l dependences are c l o s e to 
those expected f o r the space charge region and hence are assigned to 
t h i s . 

Table I . Capacitances and Resistances f o r CdTe i n DMF (5% H O ) . 
Containing 0.1 M TBAP 

V 
(NHE) 

R 
ss 

ohms 

C 
ss 

UF 

R 
sc 

ohms 

C 
sc 
yF 

RDL 
ohms 

CDL 
UF 

-0.56 2940 421.6 240 0.331 500 100 
-0.76 2880 421.6 300 0.265 250 100 
-0.96 1440 341.6 288 0.276 150 100 
-1.16 360 133.3 204 0.390 63 100 
-1.36 156 30.0 132 0.693 28 100 
-1.56 84 18.33 85 0.948 23 100 

The capacitances corresponding to the low frequency maximum are 
of the order of 10-400 μ F cm and decrease i n magnitude wi t h i n 
c r e a s i n g l y cathodic p o t e n t i a l . Resistances corresponding to these 
maxima are of the order of 1000 ohms and decrease w i t h i n c r e a s i n g 
cathodic p o t e n t i a l . Since most of the capacitance values are higher 
than those c h a r a c t e r i s t i c of the double l a y e r , and vary w i t h poten
t i a l , they may be a t t r i b u t e d to surface s t a t e s . 

The surface s t a t e r e s i s t a n c e i s l a r g e r than the space charge 
r e s i s t a n c e i n the T a f e l r e g i o n . Were the rate-determining step f o r 
the photoelectrons l i e i n the space charge region and not at the 
i n t e r f a c e , the r e s i s t a n c e of the space charge region would be greater 
than the value f o r the surface s t a t e s . Hence, the r a t e determining 
step l i e s not i n the space charge r e g i o n , but a t the i n t e r f a c e . At 
s u f f i c i e n t l y c a t h c d i c p o t e n t i a l s , the space charge r e s i s t a n c e does 
become r e l a t i v e l y greater than other s e r i e s r e s i s t a n c e s , c o n s i s t e n t 
w i t h the co n c l u s i o n that t h i s region becomes r a t e determining a t 
high current d e n s i t i e s ( i . e . , a t s u f f i c i e n t l y high current d e n s i 
t i e s , a tra n s p o r t c o n t r o l l e d l i m i t i n g c u rrent i s observed (34). 
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194 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Calculation of Sruface State Capacitance at a Fixed Potential 

The number of surface states at a given electrode potential can be 
calculated without model assumptions from the differential surface 
capacitance, using the relation (35). 

e Ν = Q = \ 1 C dV ο ss ss ss 
ο 

where Ν is the number of surface states per unit area at the 
potential V , C is the differential surface state capacitance and 
V is the potential at which the surface state capacitance is zero 
(?n practice, the minimum value on the C potential plot). 

The surface state capacitance for tee CdTe-electrolyte inter
face is plotted as a function of electrode potential in Fig. 16 
(the minimum was taken as the value at 0.2V NHE). The surface state 
capacitance decreases in the cathodic direction in the region -0.56 
to -2.26V (NHE). Capacitance measurements at cathodic potentials 
less negative than -0.56V could not be carried out because of the 
onset of a CO^-independent anodic dark current. Assuming (in con
sistence with other examples of pseudo capacitance behavior) that 
the capacitance-potential curve is symmetrical with respect to a 
maximum at -0.66V, the number of surface states was calculaed using 
the above equation. The number of surface states as a function of 
electrode potential, on the basis of this assumption, is shown in 
Fig. 17. Geometric area of the electrode was used to calculate the 
surface state density. Real surface area may be larger. 

As to the nature of the surface states represented by Fig. 17, 
these are not like l y to be calssical surface states provided, e.g., 
by dangling bonds. Such bonds (characteristic of the semiconductor-
vacuum interface) are likely to have been removed by the adsorption 
of water from the solution. They would not have been expected to 
vary with potential (cf. Fig. 17). The surface states being 
measured here may result from adsorption of ions from solution. 
These kinds of surface states are expected to vary with potential, 
solvent, electrode, electrolyte and current density. Adsorption of 
the tetraalkylammonium ion in acetonitrile on p-silicon has been 
studied by FTIR relection-absorption spectroscopy (30). The ad
sorption isotherm resulting from such measurements is similar in 
nature to the surface state density data for this ion on CdTe. The 
fact that the measured surface state density on CdTe varies with the 
nature of the cation (Table 2) is consistent with the concept that 
the states arise from ionic adsorption. 

Table II. Surface State Capacitance for Several Electrolytes at the 
CdTe-DMF (5% H20) Interface 

Electrolyte C uF cm - 2 

s s r 

Et.NCIO, 4 4 32 
Pr.NCIO 30.4 
4 r 

Br.NCIO 16.0 
4 r 

Ot.NCIO, 4 4 4.6 
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14. CHANDRASEKARAN AND BOCKRIS Electrochemical Activation 195 

Log Frequency Log Frequency 

Figure 15. Simulated imaginary impedance - frequency plot ( C g c 

0.276 F, R = 0.288 k , C = 341 F, R = 1.44k , C m = 100 F, ' sc ' ss ' ss ' DL 
R = 250 ) (X) and experimental results (*). 

500 h 

+0.24 +0.04 -0.16 -0.36 -0.56 -0.76 -0.96 -1.16 -1.36 -1.56 
V(NHE) 

Figure 16. Surface state capacitance as a function of bias 
potential for the CdTe electrolyte interface. 
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196 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Thus, in this model, the surface states formed by the tetra-
alkylammonium cation would be acting as faradaic mediators. Photo-
generated electron passes through the space charge region to surface 
states, and then to acceptor species in solution. Thus, for the 
region of potential below the transport controlled limiting currenj 
(Table 1), e.g., at -0.96V NHE, the surface state r e s i s t i v i t y (cm ) 
is some five times greater than the correspondingly resistance in the 
space charge region. A possible model consistent with these facts 
would have adsorption of tetraalkylammonium ion (i.e., the formation 
of surface states) as the rate determining step. The subsequent 
electron transfer to CO is evidently rapid in this case. Taniguchi 
et a l . (36) have found that addition of ammonium ion to the solution 
caused significant catalysis of the photoelectrochemical reduction of 
carbon dioxide and suggested the mechanism. 

NH.+ + e~ + NH; 4 4 

NH; + co0 + NH* + co~ 
4 2 4 2 

Such a mechanism would be consistent with the present results. 
The absence of the third maximum can be shown to be consistent 

with the g i s e n t picture.. Thus, i f the exchange current density is 
10~2 A cm , C = 60.10 cm , then at w = 0.1 HZ, Z" = 20 ohms 
cm , assuming R = RT/i F, the equilibrium value. The value would 
in fact be less because a? -0.96V (NHE), the electrode is 600 mV 
negative to equilibrium and R̂  would become negligible compared 
with the surface state resistance. 

It follows that the reciprocal of R would be proportional to 
the measured photocurrent. Such a relation is shown in Fig. 18 and 
is consistent with the model suggested. 

Effect of Electrolytes 

Perchlorate salts of tetraalkylammonium ions were chosen as 
electrolytes for this study, because they reduce hydrogen evolution. 
The chain length of the alkyl group was varied, i.e., ethyl, propyl, 
butyl, and octyl. A decrease in photocurrent was observed when the 
carbon chain length was increased. The surface state resistance was 
found to increase with increase of chain length. Correspondingly, 
a decrease in surface state capacitance was observed. These 
results indicate that tetraethylammonium ions are adsorbed stronger 
than tetrabutylammonium ions. 

The anamolous behavior of tetraalkylammonium ions can be 
explained as follows. Hydration of these organic ions may be weak. 
In DMF (5% HO) solution, the solubility of tetraalkylammonium ion 
increases with increase of alkyl chain length and hence, the ad
sorption of cation decreases with increase of chain length. 

Effect of Solvent 

When the water concentration in the DMF water mixture is increased 
from l%-25%, the surface state resistance decreases and there is a 
concurrent increase of surface state capacitance. Such a change 
would be expected to occur i f there were adsorption of ions when the 
water concentration is increased, and this is indeed the case (37). 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

17
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

3.
ch

01
4



14. CHANDRASEKARAN AND BOCKRIS Electrochemical Activation 

3 

2 -
Ο 
X 

1r 

+0.24 +0.04 -0.16 -0.36 -0.56 -0.76 -0.96 -1.16 -1.36 -1.56 -1.76 -1.96 
V(NHE) 

Figure 17. Surface state density as a function of bias poten
t i a l calculated from the capacitance data. 

90 

80 

70 

< 60 

C 
ξ 50 
ο ο 
ο 

£ 40 

30 
20 

10 

-0.56 -0.76 -0.96 -1.16 -1.36 -1.56 -1.76 -1.96 
V(NHE) 

Figure 18. Relative rate constant for the photoelectron trans
fer across the surface state as a function of bias potential. 
Photocurrent measured under identical conditions is shown in 
dotted lines. 
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198 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

GaP-electrolyte Interface 

The impedance data for the GaP-electrolyte interface can be repre
sented by the equivalent cir c u i t discussed for the CdTe electrode. 
The surface state capacitance calculated by a similar procedure is 
shown in Fig. 19 as a function of bias potential. Fig. 20 shows the 
surface states density as a function of bias potential. Surface 
states density is an order of magnitude less than that at the CdTe 
interface under similar conditions. This is consistent with the fact 
that the photocurrent for GaP is less^compared to CdTe for the 
photoelectrochemical reduction of C02 (cf. the model suggested of 
mediator surface states). The surface state density increases from 
its minimum at 0.2V NHE, a potential which li e s close to the pzc 
value determined for the system (0.17V NHE). Correspondingly, the 
form of the surface state density as a function of bias potential 
resembles an adsorption isotherm. These results support the concept 
that surface dates are induced by adsorbed ions at the interface. 

Adsorption of the Carbon Dioxide Radical 

The absorption maximum at 1680 cm ̂  can be attributed to the 
adsorbed CO radical. The IR spectrum of this radicalJjias been 
recorded at -190°C. It has a sharg^aximum at 1671 cm (38). The 
f u l l width at half maximum is 3 cm . The C0 2 radical in the latter 
case was generated by the radiolysis of sodium formate in potassium 
bromide matrix^ The broadening of the spectrum ( f u l l width at half 
maximum 40 cm ) is consistent with the model of a radical adsorbed 
on the electrode surface. 

The integrated peak areas between 1650-1700 cm , at several 
bias potentials, are shown in Fig. 11. The adsorption of the_anion, 
C02, increases in the cathodic direction. If the adsorbed C0 2 

radial were in equilibrium with C0? in solution a decrease in 
adsorption coverage would be expected when the potential is moved in 
the cathodic direction. However, increase in anion concentration at 
cathodic potentials is consistent with C0 2 as an intermediate radical 
in the electrochemical reduction of C02. Thus, from (l)-(3), 

H • k p c o 2 

and with (2) in equilibrium 

θ - = k k Ρ e " V F / R T 
9C0 2

 k 2 k l P C 0 2
 6 

where V is the electrode potential, k.. and k 2 are equilibrium 
constants for (1) and (2), respectively. Thus, θ - increases with 

2 
increasing negative value of V (Fig. 10), with (3) rate determining, 
the current density, i , 

O T ? 1 -VF/RT 
1 = 2 F V c o 2 " e 

= 2Fk k k Ρ e-(l+">VF/RT 
Z i ? K l K 2 K 3 * C 0 2

 e 
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14. CHANDRASEKARAN AND BOCKRIS Electrochemical Activation 

V(NHE) 

Figure 19. Surface state capacitance as a function of applied 
bias potential for GaP-DMF (5% Hy)) interface for the photo-
electrochemical reduction of C0o. 

20 h 

V(NHE) 

Figure 20. Surface state density as a function of bias 
potential for GaP-electrolyte interface. 
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200 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Thus, i t is possible to obtain information on the rate-
controlling step by spectroscopically identifying an intermediate 
radical and following the relation of the surface coverage with 
potential. 

Adsorption of Carbon Dioxide 

The IR spectrum of CO^ in gas phase has a maximum of 2349 cm 1 (30). 
Carbon djoxide adsorbed on platinum in acetonitrile has a maximum at 
2342 cm . Since the frequency shifts (compared to gas phase CO^) 
are very small, C0 2 is probably physisorbed. It has been reported 
that adsorption of C02 on platinum at anodic potentials involves 
chemisorbed CO (39). However, such a chemisorbed CO was not observed 
at cathodic potentials on platinum in acetonitrile. 

If C0 ? is adsorbed parallel to the surface of the electrode, 
the asymmetric stretching vibrations are not IR active, for the 
electric f i e l d vector of the parallely polarized light is zero in 
the plane parallel to tljie surface of the electrode. Since adsorbed 
C0 2 absorbs at 2340 cm , the adsorption occurs through one oxygen 
atom and the other oxygen atom must project towards the solution 
(Fig. 21). Symmetric stretching vibrations of Œ> 2 are not IR 
active as the transition dipole moment for this symmetriestretching 
is zero. The bending vibrations of C0 2 occurs at 667 cm , which is 
beyond the sensitivity of the instrument. 

The relative concentration of C0 2 decreases in the cathodic 
direction (Fig. 11). The decreasing concentration of C0 2 may_£e due 
to the reduction of C02 to give C0~, which absorbs at 1680 cm . 
Adsorption of neutral molecules as a function of electrode potential 
generally passes through a maximum near the potential of zero charge. 
The potential of zero charge for platinum acetonitrile interface has 
been determined to be 0.3V NHE (40). The concentration of adsorbed 
C0 2 w i l l decrease on either side of potential of zero charge, which 
is consistent with the present experimental results. 

Adsorption of Acetonitrile 

The absorption maximum at 2250 cm"1 is attributed to the stretching 
vibrations of Ĉ N group of acetonitrile (31). Since -C=N groups 
parallel to the surface of the electrode are not IR active and C-C-N 
is linear, the acetonitrile must be adsorbed through the Ν atom and 
the methyl group projects towards the solution. Another possibility 
is that the -C^N group adsorbs parallel to the surface of the 
electrode and the stretching vibrations of -C=N group observed is due 
to electrochemical Stark effect. But, according to Pons et a l . (41), 
thegelectjochemical Stark effect is important only at high potentials 
(10 V cm ) whereas the electric f i e l d under the present experimental 
conditions is less than 4 χ 10 V cm"1. The electric f i e l d increases 
toward more cathodic potentials. If the electrochemical Stark 
effect were responsible for the -C=N vibrations, the intensity would 
be expected to increase towards more cathodic potentials as the 
electric f i e l d increases, wherreas a decrease in absorbance is 
observed under these conditions. Hence, the electrochemical Stark 
effect is unlikely under the present experimental conditions. 
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14. CHANDRASEKARAN AND BOCKRIS Electrochemical Activation 201 

The r e l a t i v e concentration of CH-CN on the surface of platinum 
decreases wi t h i n c r e a s i n g cathodic p o t e n t i a l s , because adsorption of 
n e u t r a l molecule decreases away from the p o t e n t i a l of zero charge. 
The a c e t o n i t r i l e c o ncentration w i l l be f u r t h e r decreased at high 
cathodic p o t e n t i a l s by i n c r e a s i n g θ^-. Since C0^ and CH^CN are 
l i n e a r , the area occupied per molecule on the surface of the_ 
ele c t r o d e i s s m a l l . However, once CCL i s reduced to give CO^, the 
r a d i c a l i s no longer l i n e a r (42)(the 0-C-0 oangle i s 134°), and the 
bond length f o r C-0 i s increased from 1.8 A f o r CO2 to 2.1 X f o r 
CO! (42). 

The CC>2 r a d i c a l may be adsorbed through one oxygen atom or 
through two oxygen atoms. In e i t h e r case, the area occupied per CO^ 
ion i s l a r g e r than that of CO^. Hence, the adsorbed a c e t o n i t r i l e 
molecule i s ex p e l l e d i n c r e a s i n g l y from the surface during process 
(2) to accommodate the l a r g e r CO^ r a d i c a l . 

Adsorption of Ammonium Ions 

Ammonium ions have been shown to act as a c a t a l y s t f o r the photo
e l e c t r o c h e m i c a l r e d u c t i o n of carbon d i o x i d e to carbon monoxide (36). 
I t has been proposed that they are adsorbed on the surface and act as 
e l e c t r o n mediators f o r the photoelectrochemcial r e d u c t i o n of C0 ?. 

Ammonium ions i n solution, being symmetrical, shows a broad 
maximum around 3400 cm , corresponding to N-H symmetric s t r e t c h i n g 
and a sharp maximum around 1600 cm due to N-H deformation v i b r a 
t i o n s (32). Ammonium ioijts adsorbed on__ÇaP show two broad peaks, 
centered around 3475 cm , and 3000 cm , corresponding to the N-H 
symmetric s t r e t c h i n g ( F i g . 13). Two peaks of equal intensity were 
observed f o j N-H deformation v i b r a t i o n : one at 1700 cm and another 
at 1560 cm ( F i g . 12). Two d i f f e r e n t N-H groups are in v o l v e d . 
From the equal i n t e n s i t i e s of the two peaks, i t i s evident that each 
peak corresponds to two d i f f e r e n t N-H deformation v i b r a t i o n s . 

Three o r i e n t a t i o n s of adsorbed ammonium ions are p o s s i b l e as 
shown i n F i g . 22. Un l i k e ammonium ions i n homogeneous s o l u t i o n , the 
adsorbed ammonium i o n i s not a symmetrical tetrahedron. Two d i f 
f e r e n t N-H groups arc present for_£he adsorbed ammonium i o n . The 
peaks at 3000 cm and 1560 cm are a t t r i b u t e d to s t r e t c h i n g and 
deformation v i b r a t i o n s of N-H group p r o j e c t i n g towards the s o l u t i o n 
as i t liçs c l o s e to thç ammonium ions i n s o l u t i o n . Absorbance of 
3400 cm and 1700 cm may be due to adsorbed N-H group. Since 
the i n t e n s i t i e s of these two peaks are equal at a l l bias p o t e n t i a l s , 
i t i s proposed that the ammonium ion adsorption occurs through two 
hydrogen atoms as shown i n F i g . 21b. For the other two o r i e n t a t i o n s 
( F i g . 22), the i n t e n s i t y r a t i o s should be 3:1 and 1:3. Symmetric 
s t r e t c h i n g v i b r a t i o n s of the adsorbed ammonium ions a l s o i n d i c a t e 
a s i m i l a r behavior. 

The p o t e n t i a l dependence of the ammonium i o n i s anamolous i n 
that i t begins a t 0.3V negative to the PZC, passes through a maximum, 
and then decreases with i n c r e a s i n g cathodic p o t e n t i a l . This behavior 
may r e f l e c t the l a r g e d i p o l e moment (3.92 D) of the a c e t o n i t r i l e 
molecule. I t may be necessary to invoke a p o s s i b l e chemical bonding 
of CHXN to GaP. Adsorbed a c e t o n i t r i l e may be reduced at about 
-0.3V NHE, decreasing the surface c o n c e n t r a t i o n , and a l l o w i n g ammonium 
ion adsorption. However, a t s u f f i c i e n t l y cathodic p o t e n t i a l s 
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202 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

H 
Η χ | / Η 

Ο c 
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ii ni / - A / \ 
Ο Ν 0/ Θ \o Η Η 

Electrode 

Figure 21. Possible structures of adsorbed molecules on p l a t i 
num. 

V / H H \ V " 

Η Η Η Η Η Η 
kmmmmmw immmmmw Ltmmmmmt 

Figure 22. Possible structures of adsorbed NH+" ions on GaP. 

> -0.7V, ammonium ion is reduced (36), and the reduced radical 
decomposes. 

NH.+ + e"^ NH. » NH0 + Η 4 4 3 
Thus, the ammonium ion concentration decreases at more negative 
potentials. Since N-H vibrations of NĤ  are not observed under 
our experimental conditions, i t is proposed that the decompositi 
reaction of ammonium ion occurs in the diffuse layer. 

Conclusions 

1. Surfce states at the semiconductor-electrolyte interface under 
illumination can be calculated from the impedance measurements 
using the new equivalent ci r c u i t proposed. 

2. Surface states density at a given bias potential can be calcu
lated from integral surface state capacitance. 

3. Surface states are induced by adsorption of ions at the 
semiconductor-electrolyte interface. 

4. Surface states act as faradaic mediators for the photoelectro-
chemical reduction of CO^. 

5. Adsorbed C0~ amd CO are involved in the electrochemical 
reduction of CO-. 

6. The rate determining step has been determined to be further 
reduction of CO to give products. 

7. Ammonium ions are adsorbed at the semiconductor electrolyte 
interface and the reduced ammonium ion radical acts as mediator 
for the photoelectrochemical reduction of C09. 
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temperature, 9,10/ 
traditional role, 1 

Carbon dioxide-transition metal 
complexes, 52 

Carbon monoxide 
competition, 31 
effect on methane formation rate, 160 

α-Carbon stereochemistry, 31 
Carbon substrate, 159 
Carbon surfaces, 156 
Carbon-bound complexes, 59 
Carbon-carbon coupling 

bound C O ^ molecules, 81 
oxalate, 57^61 
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208 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Carbonate 
and bicarbonate species, 130 
desorption-decomposition, 125 
formation, 131 
ion, 60 

Carbonic anhydrase 
active site, 97/ 
amino acid residues, 96 
chemical properties provided by 

zinc, 99 
electronic reaction mechanism, 95-99 
metabolic role, 91 
second-order rate constants, 93/ 
three-dimensionality, 100 

Carbonium ion migration, 66 
Carbonyl hydride, 135,139,141 
Carbonylation vs. carboxylation 

reactions, 32/ 
Carboxylation of methanol, 35 
Catalysis o f C 0 2 , 92 
Catalyst 

deactivation, 70,77 
high surface area carrier, 102 
iron oxide, 103,105/ 
stability, 80 
systems, 81 
zinc oxide, 103 

Catalytic activity 
design, 77-78 
iron oxide, 116 
metal on electrode surface, 81 
order, 112 
supported catalyst, 106 

Catalytic principles, 99-101 
Catalytic process 

mechanistic aspects, 37-39 
promoted by transition metal 

complexes, 33-39 
Catalytic studies, 47 
Catalytically active intermediates, 37 
Cel l compartment, 180 
Chain length, 196 
Chains of proteins, 101 
Charge-separated state, 64 
Chelate-type ligands, 83 
Cluster-derived catalysts, 39 
Carbon monoxide dissociation, 168 
Carbon monoxide hydrogénation 

oxygenated products, 139 
product distribution, 140/ 
supported ruthenium catalysts, 134 

Cobalt-phthalocyanine films, 68 
Carbon dioxide hydrogénation 

effect of potassium, 141 
product distribution, 144/ 
product species, 139,141 

Coal-fired power plants, 5 
Cobalt bipyridine complexes, 69 
Contrathermodynamic step, 73 

Coordination geometries 
C 0 2 molecule, 16 
mixed carbon-oxygen coordination, 23 
pure carbon coordination, 19 
pure oxygen coordination, 21 

Coordination of C 0 2 to N i , 16-25 
Coordination states, 114-116 
Cost of C 0 2 recovery, 6 
Coulombic stabilization, 23 
Current-voltage curves, 159 
Cycl ic voltammetry 

C O reduction, 156,158/ 
combined with digital simulation, 78 
experiments, 47 
relative contributions of pathways, 76 

Cycl ic voltammogram, 71/,79/,82/ 

D 

Dative bonds, 22/24/ 
Deactivation pathway, 69,74 
Decay kinetics, 62,63/ 
Deprotonated water molecules, 96 
Desorption energy of C 0 2 , 120 
Dielectric effect, 62 
Digital simulation, 78 
Dimer anion, 19 
Direct insertion mechanisms, 83 
Dissociative adsorption of C O , 164 

Ε 

Electrocatalysis, 147 
Electrocatalysts 

C 0 2 reduction, 52 
decrease overvoltage, 179 
stability, 76 

Electrocatalytic C O production in 
C H 3 C N solution, 78 

Electrocatalytic reduction of C 0 2 , 66-80 
Electrochemical cell, 183/ 
Electrochemical parameters, 45 
Electrochemical potential, 153 
Electrochemical reduction 

C 0 2 to formate, 42-43 
C 0 2 to formic acid and formate 

ions, 171 
Electrochemical reversibility, 44 
Electrochemical Stark effect, 200 
Electrochemistry, 13 
Electrode composition, 55 
Electrode deactivation, 164,167 
Electrode potential, 161,163/ 
Electrode ratios, 81 
Electrodes 

carbon cloth, 72,77 
copper, 56 
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INDEX 209 

Electrodes-Continued 
modified, 80 
molybdenum, 56,172,174/ 
palladium-hydrogen, 172 
platinum, 175,177/ 
platinum gauze, 77,80 
precious metal, 176 
ruthenium, 56,173,174/ 
ruthenium plate, 157/, 166/ 
ruthenium-iridium alloy, 177/ 

Electrolyte purity, 159 
Electrolytes, 180 
Electron density 

hydride, 28 
metal center, 29 

Electron hopping, 116 
Electron reservoir, 68,81,83 
Electron transfer-catalyzed 

substitution, 77 
Electron-protonation steps, 83 
Electron-withdrawing C 0 2 ligand, 80 
Electronegative atom, 100 
Electronegativity, 117 
Electronic correlation, 16 
Electronic rearrangements, 94 
Electrophilic attack, 61 
Electrophilic carbon, 28 
Electropolymerization, 82/ 
Electroreduction of C 0 2 , 56 
Electrostatic effects, 12 
Enthalpy changes, 27 
Eniropy reduction, 95 
Enzymatic activation, 91-101 
Enzymatic catalysis, 93 
Enzyme-substrate complex, 94 
Enzymology, 95 
Equilibria, 8 
Equilibria of ion-pairing, 12 
Equivalent circuit, 190 
Etched surface, 182 
Ethanol plants, 3 
Ethylene, 56 
Ethylene oxide, 4 
Europium, 116,117 
Evaluation of parameters, 190 
Exchange current density, 196 
Experimental methods 

adsorption on iron oxide, 103-106 
C 0 2 interaction with zirconia, 124 
electrochemical reduction of 

C 0 2 , 156,180 
electrochemical reduction of 

C 0 2 and H C O O H , 172 
electrostatic C 0 2 reduction, 148-150 
rhodium catalysts, 134 

F 

Faradaic efficiency, 160,163 
Film-based electrocatalyst, 81 

Flue gas, 4,6 
Formaldehyde, 55,150 
Formate 

free, 75 
over Z n O , 123 
oxidation, 173,175/, 176 
reduced to formaldehyde, 55 
reduction, 175/ 

Formate esters, 33 
Formate ions, 173 
Formate production, 72 
Formate-producing pathway, 80 
Formic acid, 57,150 
Fused spheroids, 156 

G 

Generalized valence bond method, 16 
Geometry of C 0 2 , 19 

H 

Half-wave potentials, 45 
Hartree-Fock wave function, 21-23 
Henry's law coefficient for C 0 2 , 10/ 
Hofmann degradation pathway, 72 
Hole-electron pairs, 190 
Homogeneous catalysis, 42 
Hydride ligand, 28,76 
Hydride transfer process, 76 
Hydrogen 

absorption isotherm, 161 
evolution, 159 
gas 

effect on C H ^ formation rate, 161 
evolution, 72 
rate enhancement, 167 

insertion reaction, 147-154 
mass balance, 151 
plants, 4 

Hydrogénation 
carbon monoxide, 123,135 
C O and C 0 2 , 133-146 
mechanism, 167-168 
reactions, 168-169 

Hydrolysis, enzyme catalysis, 91 
Hydrolytic stability, 65/ 
Hydroxyl groups, 125 

I 

Illumination, 13 
Impedance 

bias potential, 185/,187/ 
data, 198 
measurements, 181 
potential dependence, 185/ 
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210 CATALYTIC ACTIVATION OF CARBON DIOXIDE 

Impedance-Continued 
spectra 

C d T e - D M F , 182 
GaP-aqueous D M F , 186 
G a P - D M F , 187/ 
tetraalkylammonium salts, 186 

total, 190,193 
Infrared spectra 

F e / A l Ο 109/ 
Fe /S iO 110/ 
interaction of C O with R h , 136/137/ 
interaction of H 2 and C O , 138/ 
interaction of Η and C 0 2 , 142/143/ 
zirconium dioxide, 129/ 

Infrared spectroscopy 
adsorption of C O and C 0 2 on 

zirconia, 125 
adsorption on iron oxide, 104,108-116 
C O with supported R h 

catalysts, 134-139 
Inhibition effect, 118,160 
Insertion reactions, 28 
Intermediate C 0 2 complex, 74 
Internal electron transfer sites, 72 
Intramolecular acid-base interaction, 60 
Inverse isotope effect, 66 
Ion association, 12 
Iron oxide, 102-122 
Isobestic behavior, 62 
Isotope distributions, 128/ 

Κ 

Kinet ic barrier, 27,54 
Kinet ic studies, 47 
Kinetics 

C 0 2 insertion, 28 
water gas shift, 104 

L 

Labeling studies, 125,130 
Light energy, 180 
Lock and key noncovalent bonding, 92 
Lone pairs, 17,23 

M 

Macrocycles, 67 
Magnesium oxide, 102-122 
Magnetite, 114 
Many-electron wave 

function, 18/20/22/24/ 
Mass signals, 126/127/ 
Mechanistic selectivity, 67 
Membrane potential difference, 151 

Membrane system, 6 
Metal alkoxides, 31-33 
Metal alkyls and aryls, 28-31,43 
Metal clusters, 68 
Metal electrodes, 155 
Metal hydride complexes, 49 
Metal hydride foil , 148 
Metal hydrides, 28 
Metal oxides, 102-122 
Metal porphyrins, 67 
Metal-alkoxide bond, 63/ 
Metal-alkoxide insertion mechanism, 62 
Metal-carbon bond distances, 29 
Metal-hydride bond, 75,80 
Metal-hydrogen bond, 43 
Metal-induced transformations, 26-41 
Metal-ligand bonds, 61-66 
Metal-ligand charge transfer, 62 
Metal-metal bonded dimeric species, 74 
Metal-oxygen bond 

acid cleavage, 43 
strength, 117/,118 

Metal-polypyridine complexes, 68 
Metalloformate, 39 
Methanation 

potassium poison effect, 141 
ruthenium clusters, 39 

Methane 
formation activity, 160/ 
formation mechanism, 155-170 
formation rate 

current vs. potential, 165/ 
electrolysis time, 159,162/ 
function of p H , 162/ 
rate-limiting step, 168-169 
temperature, 165/ 

steps in formation, 168/ 
Methanol 

formation rate, 151,152/ 
reduction of C 0 2 , 55,56 

Methyl formate production, 35 
Miscible flood cooperation, 3 
Mixed carbon-oxygen coordination, 23 
Molecular mechanics computer programs, 101 
Molecular orbitals, 17-23 
Molecular sieves, 100 
Molybdenum electrode, 172,174 
Monodentate ligands, 83 
Mossbauer spectroscopy, 103-116 

Ν 
Natural gas, 6 
Nicke l triad complexes, 45 
Nitr ic oxide 

adsorbed, 111/ 
adsorption probe, 103 
uptake, 105/, 106 

Nitrosyl species, 111-115 
Nonaqueous media, 13 
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INDEX 211 

Ο 

O i l recovery, 2 
Ω-bonds, 17 
One-carbon molecules, 26 
Onset potential, 182 
Oxalate, 56,61 
Oxidation-reduction cycles, 120 
Oxygen 

acceptor, 75 
hydrolysis, 99 
isotopes, 130 
labeling, 124 
sink, 72 
transfer, 60 

Oxygenated products, 133 

Ρ 

Palladium complex 
cyclic voltammetry, 47,48/ 
N M R spectra, 46/ 

Palladium foil , 150 
Palladium hydride bond, 49 
Palladium membrane, 153 
Palladium-hydrogen electrode, 172 
Partial pressure of C O , 12 
Passage of carriers, 190 
Perfect-pairing orbitals, 17,18/ 
Petrochemical feedstock, 1 
p H change during hydrolysis, 159 
p H dependence of methanation, 167 
p H effect on C H 4 formation rate, 161 
Phase-transfer catalysis, 95 
Phosphine ligand, 44,47 
Photocatalyzed reduction of C 0 2 , 13 
Photochemical reduction of C O , 66 
Photocurrent-potential relationship, 182 
Photoelectrochemical reduction 

p-CdTe, 180 
C 0 2 on CdTe, 182,183/ 
electron mediators, 201 
GaP, 186 
semiconductor electrodes, 57-58 

Photosynthesis, 84 
Phthalocyanines, 67 
π-bonds, 17 
Platinum 

absorbed C O " , 191/ 
adsorbed molecules, 202/ 
C 0 2 and C H 3 C N , 191/ 
counter electrode, 150 
electrode, 175,177/ 
in acetonitrile 

C O ~ radical adsorbed, 189/ 
surface-adsorbed species, 188/ 

Polymeric electrocatalysts, 80 
Polyoxymethylene glycols, 55 

Polyphosphine metal complexes, 44-45 
Polypyridine complexes, 52 
Polypyridyl ligands, 68 
Potassium 

C o p r o d u c t i o n , 145/ 
effect on hydrogénation, 133-146 
electronic effect, 135 
poisoning effect, 141 

Potential dependence, 182,186 
Precious metal electrodes, 176 
Product distribution, 133 
Production of C O , 73 
Proton source, 72 
Protonation, 61,171 

Q 

Quaternary ammonium salts, 72 

R 

Rate limitation, 167 
Rate of C 0 2 insertion, 33 
Rate-determining step, 179 
Reaction with bases, 11 
Redox catalyst, 42-51 
Reduction mechanism, 75 
Reduction of carbon dioxide 

Cobalt-macrocycles, 69 
products, 13 

Refrigeration, 2 
Reservoirs, 2 
Resistance, 193 
Resonance stabilization, 21 
Resonance structures, 20/ 
Rhenium polypyridine complexes, 72 
Rhodium catalysts, 133-146 
Rhodium ions, 135 
Ruthenium electrodes, 155-170 
Ruthenium-iridium alloy electrode, 177/ 

S 

Salting-out effect, 11 
Scanning electron microscopy, 156 
Second-order rate constants, 29/ 
Semiconductor electrodes, 57-58 
Semiconductor electrolyte interface, 179 
Sesquibipyridine ligand, 73 
Side-bound coordination, 59 
σ-bonds, 17 
Silicon dioxide, 102-122 
Simultaneous insertions of C O 

and C 0 2 , 31 
Single-sweep techniques, 76 
Sodium formate, 171-178 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

17
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
36

3.
ix

00
2



212 C A T A L Y T I C A C T I V A T I O N O F C A R B O N D I O X I D E 

Solubility 
carbon dioxide, 9,10/ 
nonaqueous solvents, 8 

Solution p H , 55 
Solvents 

dielectric constant, 13 
monoethanolamine, 11 
organic, 11 
propylene carbonate, 11 
water, 11 

Space charge region, 193 
Square-planar complexes, 45,68 
Stabilization energy, 21-23 
Stoichiometric reactions 

cobalt bipyridine complexes, 69 
redox catalyst design, 42-51 
transition metal complexes, 28 

Structural types, 59 
Support interaction, 102 
Surface catalytic process, 167 
Surface cations, 116 
Surface spinels, 114 
Surface-state density 

calculated from capacitance data, 197/ 
GaP-electrolyte interface, 199/ 

Surface-state photoelectron transfer, 197/ 
Surface states 

capacitance, 194-199 
faradaic mediators, 196 
ionic adsorption, 194 
resistance, 196 

Surface treatment, 182 
Surfactants, 95 

Τ 

Temperature dependence 
adsorption on zirconium 

dioxide, 125-130 
effect of potassium, 139 
methane formation rate, 163/, 164 
R h - A l 0 3 catalyst film, 135 

Thermodynamically favorable 
reactions, 26-27 

Titanium dioxide, 102-122 
Titration alkalinity, 12-13 
Transition metal complexes 

catalytic processes, 33-39 
reactivity, 58-67 

Transition metal compounds, 27 
Transition metal hydrides, 43 
Transition state, 66 

Triethanolamine solvent process, 6 
Tungsten tetracarbonyl carbonate, 33 
Tungs ten-CH S bond distances, 31/ 
Turnover rate, 94 
Two-bond maneuver, 99/ 
Two-electron pathway, 74 
Two-electron reduction process, 70/,71/ 

U 

Unsymmetric coordination, 23 
Urea, 2 

W 

Wacker process, 42 
Water gas shift 

activation energy, 120 
activity of bulk oxides, 117 
activity of FegO^/SiO samples, 114 
iron and zinc cations, 106 
kinetics, 104,112,113/ 
metal ion exchanged zeolites, 118 
reaction 

associative mechanism, 116,118 
effect of support, 103 
equation, 27 
pathway, 119/ 
rate-controlling step, 118 
regenerative mechanism, 116 
reverse, 116-117 

Water-based hydroxyl groups, 130 
Wave function, 17,19 

X 

X-ray diffraction, 108 

Ζ 

Zeolites, 100 
Zhang electronegativity scale, 11 It 
Zinc enzymes 

electronic rearrangements, 100 
ligands, 100 

Zinc oxide, 102-122 
Zinc-bound hydroxyl, 96 
Zirconium dioxide, 123-132 
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