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Abstract : Conversion of carbon dioxideinto value
added chemical fuels(methanol and ethanol) using re-
newableenergy (sunlight or eectricity derived fromsun-
light) isof great importancefrom the point of view of
addressing the CO, associated global warming, energy
criss(depletionof fossi| fuels) and energy storing prob-
lemstoagrest extent. Thisisprocessispopularly known
asatificid photosynthesis. Theimportance of € ectro-
chemical reduction of CO, and theunderlying reaction
mechanisms, and the latest developmentsin electro-
chemica CO, reduction process, and the CO, specia-

THE PRIORART

Recently, theconverson of carbon dioxideintovaue
added chemicdsusingexdusively solar energy, whichis
popularly known asartificda photosynthes's, hasreceived
agreet ded of atention from thescientificcommunity as
it dealswith the CO, associated globa warming prob-
lem™3 energy crisis(i.e., depletion of fossil fuels)+,
and storing energy (electricity or sunlight) inamost de-
grableformof liquid fud swith sufficiently high energy
dengty!”. Recently, the Intergovernmenta Panel on Cli-
mate Change (IPCC) has concluded that thefossil fuel
burning and deforestation areresponsiblefor increased
CO, concentrationsin atmosphere. The atmospheric
anthropogenic CO, concentrations haverisen by ~30%
from pre-industria (prior to 1750) levelsof 280 ppmto
400 ppmtoday. The present CO, levelsin amosphere

tion arepresented and summarized in thisarticle. Fur-
ther, thismanuscript discusseshow the el ectrochemical
reduction processissuperior over stoichiometric, ther-
mochemical, photoe ectrochemica and photocatal ytic
processesasfar asatificiad photosynthes sisconcerned.
© Global Scientificlnc.

Keywords: Carbon dioxide; Speciation; Electro-
chemicd cdls; Artificia photosynthes's; Global warm-
ing; Energy crisis.

arehigher than at any time during thelast 650000 years
for whichtherdiabledatawasextracted fromicecores®
389, The CO, associated greenhouse effect was first
noted by Joseph Fourier in 1824 and wasfurther sub-
dantiated quantitatively later on by SvanteArrheniusin
1896. The greenhouse gaseswarm the planet’s atmo-
sphereand surface by absorption and reemission of the
infrared radiation of solar light. Thecivilizationandin-
dugdtridization havenot only brought technol ogy, modern
life, and convenienceto thehuman beingsbut dso pollu-
tionand emissonsfromfactories, vehides and chemica
plants. Severa nationa governmentshavesigned and
ratified theKyoto Protocol of theUnited NationsFrame-
work Conventionon Climate Changeamingat reducing
CO, gasemissions*3. Recently, the International En-
ergy Agency (IEA)-World Energy Outlook (WEO) re-
veded that, based on policies being practiced at the
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moment, by 2030 CO, emissionswill attain 63%from
today’s level, which is almost 90% higher than those of
19901, Hence, to avoid further increase over the next
few decades, improved actionsthan those of currently
practiced should betaken, whichincludethe develop-
ment and employment of technol ogiesto cut down CO,
emissiong™. Oneof such optionsisto capturethe CO,
generated at major outlets (mainly at thermal power
plants), where each tonne of coa isburned to release
about 4 tonnesof CO,, and prevent it fromenteringinto
atmosphere by suitably capturing it andthen storingin
safeplaces. Further, this captured CO, canadso becon-
vertedinto severa vaueadded and fuel chemicalg4. At
present, thereadily availabletechnol ogy to tacklewith
CO, associated globa warming problemisCO, seques-
tration process?. This process aso caled as carbon
captureand storage (CCS). On the other hand, the car-
bon captureand utilization (CCU) process has been con-
Sdered to bean economically valuableoptionin com-
parisonto CCS process. Bes des economic benefits, the
socio-political benefitsalso comeintermsof apostive
imagefor companiesadopting policiesof utilizing CO,
formed fromfossil fue 93714,

Theuseof CO,asabuilding block for thesynthesis
of chemicascaninfact contributetoasustainablechemi-
cal industry, and asaconsequent reduce CO, emissions
into the atmosphere!™. Further, CO, can also be used
asafluidinseverd applications. At present, dl over the
world, thereareincreased research effortsto develop
effectivemethodsthat utilize CO, asafeed stock!>"H1,
Many industrial methods have been devel oped to have
an encouraging influence on atmospheric CO, so that
the captured CO, isneed not haveto beburied or vent
into an open atmosphere. Bulk chemicals at present
being produced from CO, areurea, salicylicacid, and
polycarbonate-based plasticg**. CO, is aso asol-
vent, for example, supercritical CO, (thestateexisting
at 31°C and 72.8 bars pressure) tender several advan-
tagesintermsof stereo-chemica control, product puri-
fication, and environmenta issuesfor synthesizing cer-
tainfinechemicd sand pharmaceuticd compounds Other
opportunitiesfor using CO, include enhanced oil and
gas recovery, enhanced agricultural production, and
pondsof genetically modified d gaesothat biodiesd can
be produced from power-plant CO,™. All these meth-
ods can reduce CO, emissionsby at least 3.7 gigatons

per year (approximately 10% of total present annual
CO, emissions), which, infact, can reducethe use of
fossil fuels. Further reductionsin CO, emissionscould
bepossbleif thesetechnol ogiesareexpanded far widdly.
Sincg, tota anthropogenic CO, emissionis~25gigatons
per year, the CCS processisdefinitely amajor readily
avallablesolutionto mitigate CO, related globa warm-
ing problem at the moment™.

Ontheother hand, today, themgority of theworld’s
primary energy requirementismet fromfoss| fuds Power
plantsusefoss| fuels(cod, ail or natura gas) to produce
electrica energy. Asper today’s consumption rate, the
availablecoa reserveswill last for another 130 years,
naturd gasfor 60 years, and ail for 42 yeard®”. Asshown
inFgurel, Hubbert’s curve shows that in next 40 years
therecoverableoil becomessignificantly low and sug-
gedtsfinding an dternative energy economy inthe next
20-year timeframeon an urgent basig*2. Itisimportant
toredizetherdiabledternative energy resources, be-
foretheail resourcesare completely exhausted. Oil and
natural gasarethe starting materia sfor several impor-
tant chemicalsthat aretoday used in every day-to-day
life of the society. Hence, we cannot afford to use such
important limited oil, natural gasand coa resourcesonly
tomeet just energy needsinstead of severd other impor-
tant chemica needsof thefuturehuman generations. Fur-
ther, theseresourcesarenot only to usefor just few de-
cadesof thefuturebut for the continued industrid gppli-
cationsof next severd centuries. Inadditiontothese, the
current fossi| fuel consumptionrate, their particular geo-
graphicdistribution, and thepolitical control over them
pose problemsfor thenationswhich arefully dependant
onfossl fuels. Therapidly growing populationandin-
dustrialization area so further demanding theincreased
energy requirement day-after-day!7.

Out of today’s total energy consumption, about
43%isprovided by oil and derived liquid fuelswhich
includegasoline, diesdl, jet fuels, gasoil, etc.2™. Only
about 17% energy requirement ismet by the el ectric-
ity. Itishard to depend only on electricity asthe ac-
tual energy density of electricity storing batteriesis
too low for many energy-intensive gpplicationsasthelr
capacity for storing energy per kilogram of weight or
for theunit volumeisonly about 1% in comparison to
gasoline’s energy density (Figure 2)7. Evenif there
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Figurel: Thisgraph showstheclassic Hubbert curve, indicating that world oil resour cesareon track tocritically deplete
within 40years. Whilethisfigureishotly debated, what isclear isthat oil hasahost of useful industrial applicationsand to
irreversibly burn oil jeopar dizesthefuture. Thevertical scaleisin arbitrary relativeunits, but to get an idea of scale, world
production aver aged at about 80 million barresper day in 2008 (adapted from2).
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Figure?2: Energy density per weight vs. per volumein a seriesof liquid and gaseousfuels(from fossil sour ces, or renewable
such asethanol and DMF), H, (liquid, gas, compressed at 700 bar, and stor ed in advanced nano-material) and electrical ener gy
(Liion batteries, conventional and advanced). NG: natural gas; DMF: dimethyl furan; L PG: liquefied petroleum gas(adapted

from(),

isabreakthroughintheresearch of energy storagein
batteries, these batteries cannot meet the requirement
of many of the existing applications. Further, batteries
aso havecertain limitationswith respect totheir cost,
lifetime, timeof recharge, etc.. It has been estimated
that evenif al thevehiclesrun with electricity inthe
future, the demand for el ectricity would increase by
only <1% extra®". Besidesthis, at the moment, bat-

teries cannot be used to run certain heavy vehicles
such as, planes, buses, trucks, etc., asthey need an
on-board energy feeding with high energy density and
easy tofill fuds(liquids)®™. Liquid fuels possessabout
100timeshigher energy density (~50MJkg™) incom-
parison to many of the availableenergy storage meth-
ods(Figure2). Hence, carbon-neutra, sustainableand
easy to scale-up fuel storage methodsarerequired to



134

ChemXpress 3(4), 2014

REVIEW

be developed as dlternativesto thefossi| fuels.

ENERGY DENSITY COMPARISON OF
VARIOUSFUEL CHEMICALS

Theimportant resources of renewableenergy are
biomass, solar, wind, tides and hydro-based systems.
Except, biomassall othersproducedectricity. Thepro-
duction of liquid fuelsfrom biomasshasbeenidentified
to bequitelaborious, and probably muchresearchisdill
needed to find out amore economic and easier way>7.
Theboth nuclear and biomass (non-fossil energy dter-
natives) cannot supply thetoday’s total energy demand
that ismet fromfoss| fuds. Furthermore, other thanlig-
uidfuels, evenif any fud isproduced from renewable
energy resourceslikesunlight, that will disturb the present
energy supply infrastructureleading to substantid conse-
quencestothegloba economy. Intherecent past, it was
thought that H, could replacethefossil fuels, but it could
not doso. At thismoment, themain source of themost of
commercid H, isdtill fossi| fuels(manly natura gas) and
for generatingaunit of heat fromH,, more CO, isgener-
atedthandirectly burning thosefossi| fuels. At present,
H, produced following el ectrolysismethodsisexpansive
and it cannot be compared with the cost of H,, produced
fromfossl fuels. Asontoday, thesdf-sufficiency inen-
ergy iseach and every country’s primary objective. In
fact, most of thefollowing strategiesfor achievingthis
god aredther environmentdly unacceptableand arenot
feasibleexcept thosedepend onfossil fud based resources
suchasnaturd ged®”. Astheconventiond nuclear power
plantsneed uranium, whichislimited and hasdwaysas-
sociated with the problems of radiation leakage dueto
natural caamities, etc., thesolar energy isconsidered to
betheonly potent non-fossil fuel renewableenergy re-
source. It is estimated that in atwo weeks’ time, the
surface of the earth receivesthe energy that isequd to
thetotd energy that ispresent intheentireworld’s fossil
fudl resources (10" kW)13, Themean solar irradiance
at normd incidence outs dethe amosphereis 1360 W/
n and thetota annua incidenceof solar energyinindia
aoneisabout 107 kW and for the southern region, the
daily average is about 0.4 kW/m?. In every hour, the
earthrecavessolar energy that isequd totheentireworld
peopl€’s energy requirement in a year. Further, solar en-
ergy isclean, non-polluting, inexhaustibleand carbon-

free, henceno question of dimatic problemssuchasglo-
ba warming™®3.

Inyear 2004, theworld’s energy requirement was
about 18 TW and it isexpected toreach 28 TW inthe
year 2030. Oneof the energy agenciespredicted that if
thesolar irradiance of 1% of the Earth’s surface is con-
vertedinto storableenergy with 10%efficiency, it would
providearesource base of 105 TW that isequal tothe
severd timesof theestimated worl d energy requirement
intheyear 2050". Whereas, theamount of energy that
could be extracted in the same year 2050 from wind,
tides, biomass, and geothermal would beonly 24 TW,
2-3TW, 5-7TW, and 3—6 TW, respectively. Further-
more, energy heedsto be supplied continuoudy day and
night without any interruption. Eventhough, solar light
energy isenough; itisnot availableinthenightsand on
cloudy days. Hence, to supply solar energy continuoudy
tothesociety, aproper methodisrequiredtosoreitina
suitableform(”. However, themost of the solar energy
storage methods devel oped so far areassociated with
low energy dengities. Theenergy dengity by massof com-
pressed air (300 atm.), batteries, flywhedls, super-ca-
pacitors, H,O pumped 100 metersuphill areestimated
to be~0.5 MJkg?, ~0.1-0.5 MJ kg%, ~0.5 MJkg?,
~0.01 MJ kg, and ~0.001 MJ kg, respectivelyi™.
Althoughseverd technologiesinduding photovaltaiccdls,
Peltier (or Seebeck) modules, Fresnel lenses, concen-
trated solar radiation, solar thermal energy, etc., have
aready been deve oped for converting sunlightintoeec-
tricity, thereisadiscontinuity between solar irradiation
and power consumption during theyear andintermsof
geogrgphicd digtribution™. Thesameistrueevenforwind
and tide based energy resources. Therefore, itisrequired
to realize asuitable method to store and transport the
solar energy inthesuitable chemica form. Using tech-
nologies availabletoday, solar energy can bestoredin
theform of hydrogen by splitting water into hydrogen
and oxygenusing el ectricity that isproduced from solar
energy (eg. 1)1. Although, methodslikebio-routes (that
usecyano-bacteriaor greendgee), hightemperaturether-
mochemical routes (that use concentrated solar radia-
tion), photod ectrochemica water splitting or photo-eec-
trolysisroutes, etc., produce H, at atmospheric pres-
sure, eventually thisH, needsto becompressedinapres-
surecylinder for usingitinany of itsintended applica-
tions
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2H,0 + hv (light) + semiconductor — 2H,+ O, (@)

Recently, severd advantagesand disadvantagesas-
sociated with various hydrogen production routes have
beenreviewedintheliterature¥. It hasbeen estimated
that about 40% of the produced H, valueisrequired to
spend to compressit into apressure cylinder before
useitinany of itsgpplicationd. Among various meth-
odsdevel oped sofar for producing H, gasfromwater,
the photovoltai cs based technol ogy hasbeenidentified
to bethebest. Figure2illustratesthe energy densities
of variousmateridssuch as, liquid fud s(fromfossil or
renewable sources), H, (gas, liquid, compressed orin
storage materials), el ectrica energy (in conventiona or
new generation Li-batteries), etc.[”. Infact, the practi-
cd gpplicationsrequirehigh energy denstiesper weight
and per volume. Inthe case of light weight H, gas, en-
ergy dengity per volumeisthemain criterion. It canaso
beclearly seenfrom Figure 2 that the energy densities
of H, and electrical storagearefar low in comparedto
those of liquid fuelsbased onfossil or renewable (bio-
mass) sources. Furthermore, H, gasusagerequireslarge
costsfor anew energy infrastructure asit cannot be
directly employedin the present existing energy infra-
structureincluding the automobilevehicles, thusnot d-
lowingasmoothtrangtionfromfoss| fuel based energy
vectors to the renewable and/or solar energy based
energy vectors. Thisdemandsthat the production of
fuelsintheliquid form (evenif itiscarbon-based) is
preferred, becauseit can beemployed directly in place
of fossil fuels, which are presently being used to meet
the energy requirements of the society beingd”. Fur-
ther, liquid fuel scan be preserved for thefuture needs
too with suitable additives®™.

Thechalengesfor converting CO, intova ueadded
chemicdsincluding methanol aregrest, but thepotentid
rewardsareaso enormous. Theconversionof CO, into
methanol usng energy that hasnot comefromfossl fuds
has been suggested to be one of the best waysto store
the energy and solve both global warming and energy
crisisproblemsto aconsiderableextent™. Furthermore,
methanol could beemployed smoothly intotheexisting
energy distributioninfrastructuretoday without making
any mgjor changestoit. Theadditional advantagesin
producing methanal from CQ, includei) highenergy den-
sity by volumeand by weight; ii) no need high pressure
tostoremethanol a roomtemperaturelikeH., iii) safeto

handle, and showslimited risksinitsdistribution (non-
technical) use; iv) no need to modify theinterna com-
bustion engines of the vehiclesto usemethanol; andv)
noimpact ontheenvironment during production and us-
age, and methanol could beaprimary feedstock for many
of the organic compounds, andisavitd intermediatefor
severd bulk chemicalsused in humanslifesuchassli-
cone, paint, and plasticg®. Furthermore, methanol isa
greenfuel and hasalmost half of theenergy density in
comparisonto mostly used fuel gasoline.

At present, themost of thecommercia methanol is
produced from synthetic gas (also called as syngas
(CO+H,)) onaquitelargescdeinindustrid plantsina
severa millionstonsper year capecity. Besdesthis, the
processes|ike, salective oxidation of methane, catdytic
gas phaseoxidation of methane, liquid phase oxidation
of methane, mono-ha ogenation of methane, microbia
and photochemica conversion of methane, etc., aredso
being employed to produce methanol 4. Neverthel ess,
production of methanol from CO, usingsolar energy to
drivethereactionishighly atractiveasit savesthe natu-
rd fossil fuel resources. Nature converts CO, into
bioenergy vianatural photosynthesisusng exclusively
solar energy. Inthisprocess, somewhat |essthan 1% of
thesolar energy isconverted into bioenergy intheform
of plant materia's, which when accumulated and trans-
formed over geologic agesyielded fossi| fue 9. Thus,
atificid photosynthes shasatremendouspotentid and it
isascientific challenge, and upon successful devel op-
ment of it, themarket would begigantic. Owingto CO,’s
extremely stablechemica nature, convertingitbacktoa
useful valueadded chemical, whichisan endothermic
reaction, on the same scal e and with the samerate cur-
rently that isbeing produced isout of today’s scientific
and technological ability. However, aclosestudy of the
exiginginformation onthissubject hintsthat thesuccess
ful development of artificid photosynthesis(i.e., conver-
sionof CO, into value added chemicalsused only re-
newableenergy) isno longer an unreaistic dream11¢
18 Furthermore, this process could be devel oped quite
efficiently in comparisonto thenatura photosynthes's.
For example, there are certain endothermic reactions
which arebeing practiced in thermochemical routesto
produce syngas, H,, and methanol over certain metal
oxidecatalysts. A considerably great amount of efforts
havealready madeto convert CO, into severa industri-
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TABLE 1:Alist of review articlespublished on CO, utilization and itsother aspects.

first author articletitle year ref.
. Taniguchi Electrochemical and photod ectrochemical reduction of carbon dioxide 1989 B
K.W. Frese Electrochemical and electrocatalytic reactions of carbon dioxide 1993 2
Y. Hori CO, reduction catalyzed by metal electrodes 2003 [
G.A.Olah Chemical recycling of carbon dioxide to methanol and dimethyl ether: from greenhouse 2009 34
gasto renewable, environmentally carbon neutral fuels and synthetic hydrocarbons
G. Centi CO,-based energy vectors for the storage of solar energy 2011 1
T. Sakakura Transformation of carbon dioxide 2007 19
H. Arakawa Catalysis_r_%arch of relevance to carbon management: progress, challenges, and 2001
opportunities
C. Song Global chalenges and strategies for control, conversion and utilization of CO, for 2006 [
sustainable devel opment involving energy, catalysis, adsorption and chemical processing
M. Gattrell A review of the aqueous electrochemical reduction of CO, to hydrocarbons at copper 2006 [
Z. Jiang Turning carbon dioxide into fuel 2010 [
T. Seki Catalytic oxidationsin dense carbon dioxide 2009 [
W. Li Electrocatalytic reduction of CO, to small organic molecule fuels on metal catalysts 2010 [0
Y. Oh Organic molecules as mediators and catalysts for photocatal ytic and el ectrocatal ytic 2013 [
CO,reduction
D.C. Webster Cyclic carbonate functional polymers and their applications 2003 [#
B.ai'en shourg Chemistry of carbon dioxide relevant to its utilization: a personal perspective 2010 [
M. Jitaru Electrochemical reduction of carbon dioxide on flat metallic cathodes 1997 4
J.-P. Callin Electrochemical reduction of carbon dioxide mediated by molecular catalysts 1989 1“9
B. A. Rosen ll_lg:/J\I/ (’;Sﬂperatureelectrocatalytic reduction of CO, utilizing room temperatureionic 2010 281
S. C. Roy Toward solar fudls: photocatalytic conversion of carbon dioxide to hydrocarbons 2010 [
M.T.H. Le Electrochemical reduction of CO, to methanol 2011 [47
D. Chaturvedi Versatile use of carbon dioxide in the synthesis of carbamates 2006 [4®
|. Ganesh Conversion of carbon dioxide to methanol using solar energy-a brief review 2011 ©
W. Wang Recent advances in catalytic hydrogenation of carbon dioxide 2011 [
|. Omae Aspects of carbon dioxide utilization 2006 [0
M. North Synthesis of cyclic carbonates from epoxides and CO, 2010 [
|. Ganesh Conversion of carbon dioxide into several potential chemical commaodities following 2013 [

different pathways — areview

dlyimportant chemica sfollowingagregt variety of meth-
odsinwhich different formsof energy was utilized to
perform theendothermic CO, reduction reactionsinto
thevaueadded chemica 9519, Theseeffortscanbeseen
fromalargebody of literaturesummarizedin severd re-
view articlesaslisted in TABLE 1, which focuseson
CO, conversionintovaueadded chemicas.

CURRENT MAJOR CO, INDUSTRIAL
APPLICATIONS

Although, at present, the utilization of CO, volume
isvery meagreintheindustria applications, itisimpor-

tant toredizethat severa such smal volumescan make
ared congderableimpact onthetota CO, related globd
warming mitigation strategy™. CO, can be afeedstock
to producesevera useful chemicals. Thisinfact saves
the money being spent for transporting CO, from ther-
mal power plantsand other industry to Storeitinocean
and other safe places as apart of CO, sequestration
process”. Furthermore, there are also several other
considerable advantagesif CO, isused asachemical
feedstock in some of the existing chemical processes
wherever possible. For example, i) CO, isaninexpen-
siveand non-toxic gas, hence, it could beasubstitute
to replace severa toxic chemical s such as phosgene of
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isocyanates, i) CO, isarenewablefeedstock unlikeil
or cod, iii) production of chemicalsfrom CO, canlead
toaall new industria productivity, andiv) new routes
to existing chemical intermediates and productscould
be economical than current methods'Y. Thus, there-
search on CO, conversion and utilization could bea
proactive approach to the sustainableindustrial and
energy development!™. Hence, transformation of CO,
into moreuseful organic substanceshasbeenapromis-
inglongterm objective.

Usually, most of the CO, producing plantsare con-
siderably far from thesitesused for CO, sequestration
or CCSprocess”. In certain areaslike Europe, trans-
portation of CO, in pipelinesto storagesitesisdifficult
anditwill increasethe cost of CCS processby at |east
15-20%, whichiscons dered to be unacceptable. The
Department of Energy (DOE), USA estimated that
transportation of CO, intankerson road isnot accept-
ableif distanceismorethan 100 km™™. In such cases,
carbon dioxide capturing and utilization (CCU) isthe
more beneficia optionto CCS. Inthetotal CCS pro-
cess, about 35-40% i sthe transportation and storage
costs. It isestimated that it would be between 35 and
50 €/ton for early commercial phase (after year 2020)
and between 60 and 90 €/ton during demonstration
phase, when transportation of CO, is made by pipe-
linesfor distancesnot over 200-300 km. If thetrans-
portation of CO, is by road (for example in certain
European countries), thiscost would further increase.
In such cases, CCU ismuch morebeneficid to CCS
option. The cost of methanol in Europeisabout 225-
240 €/ton. This cost would further increase by about
15% (about 20-30 €/ton) if methanol is produced from
amixtureof CO, and H, instead of from syngasfol-
lowingtheexigtingindustria thermochemica routes. For
CCSprocess, an average cost is>20-30 €/ton. These
cost val ues suggest that conversion of thewaste CO,
gasinto methanol fromamixtureof CO,and H, isben-
eficia to CCSprocess astheva ueof formed methanol
would be become abonusin the former case. If re-
newableenergy (such as, solar light, wind, hydro, etc.,)
isutilized for thisreaction, thebenefitswould further
increase. These benefitsimply that CCU could be a
considerably better option than the CCSprocessbeing
practiced at present!”.

If thechemical activation of theinert CO, isachieved

REVIEW

with only therequired thermodynamicenergy input with-
out much of extrakinetic energy (i.e., over-potential)
requirement, there could beaboost for largescaein-
dustrial applicationsof CO, asachemical feedstock!®.
At present, themagjor chemical sbeing produced from
CO, areures, salicylic acid, inorganic carbonates, eth-
ylene/propylene carbonates, and polycarbonates Y.
Further, itisaso used asan additiveto COinthe pro-
duction of methanol from syngas®. The production of
sodium carbonate (cal cined soda) by the Solvay method
also consumes considerable volumes of CO,. At
present, theannual production of sodium carbonateis
about 30 milliontonsin entireindustry. Inthesalicylic
acid synthesisa so, reasonably high amount of CO, is
consumed. Furthermore, CO, isaso employedinthe
carboxylation of phenol under pressure (K olbe-Schmitt
reaction). Theco-oligomerization of unsaturated hydro-
carbons and CO, resultsin the formation of various
syntheticintermediatesincluding acids, esters, lactones
and pyrones™!. Thereaction of alkyneswith CO, (to
form 2-pyrones catalyzed by 3d metal complexes) is
one of thefew exampl es of ahomogeneous catalytic
reaction, which leadsto theformation of C’C bond on
CQ, insertion. Thevariaion of dkynesubstituentscould
result into awide range of 2-pyrones®y. Itisknown
that thewidespread use of CO, asaC1 feedstock needs
ahigher thermodynamic energy input (>1.5V), hence,
these processeswill not beeconomicd if foss| fuesare
used asaenergy aid. Thisindicatesthe need of solar
energy and judicious usage of catalystsfor activating
CO,. Microalgae use solar energy to activate CO,.
Inthelaboratory, agresat variety of catalystsand meth-
ods have been employed to activate CO, to react with
andform several valueadded chemical 9%,

THERMOCHEMICAL CO,REDUCTION

Methanol can be prepared from CO, by catalytic
hydrogenation (eg. 2) and thus obtained methanol could
betransformed into dimethyl ether viadehydration (eg.
3). Thesetwo reactions can a so be performed together
inasingle-step. Inthe catalytic hydrogenation of CO,
tomethanol, thefirst stepisbelieved to bethereverse
water-gas shift (RWGS) reaction (eg. 4). In the con-
ventional process, methanol isformed from syngas(eg.
5) over copper-zinc-oxide-based catal ysts under ex-
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tremereaction conditions (125-525°C under 2-12 MPa
pressure). About 40 Mtonsof methanol per year isbeing
produced every year following thelatter route”. Inthis
process, about 3% CO, issupplied together with syngas
to enhancethereactionrate. Since, RWGSisarevers-
iblereaction; asame catalyst can beemployedto carry
out water-gasshift (WGS) and RWGSreactions. The
best catalyst noted for thesereactionshasbeen amulti-
component Cu/ZnO/ZrO,JAlLO /SO, catalyst. Since,
all thesereactionsare same equilibrium reactions, they
occur almost at the sametemperature and onthe same
catays.

CO,+3H,5CH,OH+H0 2
2CH,OH §CH,0CH,+H.0 3
CO+3H,+H,0 = CO, + 4H (water gasshift reaction) (4)
(@2n+1H,+nCO—-CnH, ,

(eg.,CH,,CH,OH)+nH,O (5)

Whenmethanol wassynthesized from CO,/H, mix-
ture (eg. 2) instead of from syngas (eg. 5), the noted
productivity was about 3to 10 timeslower. Thewater
formed inthisreaction asaside-product wasfound to
inhibit thereaction rate. It has been suggested that if
water formed during thisreactioniscontinuously re-
moved by cata ytic distillation or by theuseof inorganic
H.O permsel ective membranes, theyield is expected
to increase™. The possible membranesfor thispro-
cesscould behydrophilic nano-porezeolite(NaA) film
deposited onaceramic tubular support. Thismembrane
isused at present for pervaporation of water-ethanol
solutions. Apart fromlow yields, indirect methanol syn-
thesisprocessfrom CO,, dmost onethird of H, iscon-
sumed in the formation of water as a side-product.
Hence, synthes sof methanol from syngasisredly prof-
itable. Nevertheless, considerableresearch effortsare
still being madewith amain aim of developing highly
efficient cata ystsfor direct methanol synthesisfrom CO,
for industrid applicationd. For thisreaction, Cuhas
been found to be most active so far. In a study, the
effect of metal oxide support on 5wt.% Cu catalyst
wasinvestigated and devel oped severa kindsof excd-
lent Cu-ZnO based catalysts that include Cu-ZnO-
ALO.,-Cr,0O,, Cu-ZnO-TiO,, Cu-ZnO-Ga,0, and Cu-
ZnO-ZrO,-Al,O,-Ga,0,*. Surprisingly, addition of
small amount of COtotheH./CO, feed hasalso sig-
nificantly increased thedirect methanol formation from

CO, and H,. Among various catalyst systems studied
sofar for thisreaction, the copper-zinc oxides doped
with ZrO,, Ga,0,, and SiO, have been found to be
best!. It hasbeen identified that methanol isformed on
ametallic Cusurface of these catdysts, and theactivity
of these catalystswasfound to bedirectly proportiona
tothesurfaceareaof thisactivemetallic Cu. Inastudy,
it wasfound that the cata ytic activity of methanol syn-
thesiswasfound to beindependent of the CuO surface
ared. Yet in another study, Cu* siteswerefoundto be
theactive stesin thisreaction. When compared witha
pureoxidized Cu (100), amixtureof metallic Cu (100)
plusoxidized Cu (100) exhibited an order of magni-
tudehigher activity for thisreaction®. The Cu(l) sites
formed out of the oxidation of Cu have beenfound to
stabilize carbonate, formate, and methoxidereaction
intermediates during methanol formation. These obser-
vationswerefurther substantiated by near-infrared-vis-
ible absorption study of Cu*-O-Znmatrix“,

From the above discussion, it can be understood
that the activity of direct formation of methanol by the
catalytic hydrogenation of CO, isnot only influenced
by active catal ytic sites but a so by the support mate-
rid. For thefirst time, Cu supported on CuO/ZnOwith
30/70 weight ratio produced a methanol yield of
3.63x107° kg per square meter of thecatalyst per hour
at 250°C under apressure of 75 atm., whereas, pure
Cu produced ayield of lessthan 108 kg per square
meter of thecatalyst per hour®. Since, ZnOisawurtzite
n-type semi conductor, besi desoxygen vacandies, it so
containsan electron pair which arebelievedto serveas
an active sitesfor methanol formation. Accordingtoa
theory, the éectron pair in Zn* createscation and anion
lattice vacancies, which arerespons blefor improved
adsorption and transformation of CO, aswell asthe
enhancement of Cu dispersion on thecatalyst support.
Theformateintermediate wasfound to adsorb at the
interface between Cu and ZnO or Cu-O-Zn. By em-
ploying themixturesof Cu/SIO, + ZnO/SIO, ascata-
lystsfor thisreaction, it wasfound that ZnO actually
creates Cu-Zn active sites and themorphology of Cu
does not change during the reaction. Further, ZnOis
believed to stabilize many active sitesby absorbing the
impurities presenting in the synthetic gasstream aseven
asma | amount of sul phur could poisonthe Cu catayst
if ZnOisnot thereasasupport*Y.
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Inadditionto thecatalyst composition, thereaction
conditionswerealso found to influencethereaction
activity, product yiddsand catalyst life. Asboth cata-
lytic hydrogenations of CO and CO, into methanol are
exothermic reactions, methanol conversionwasfound
to beincreased upon increasing the reaction pressure
and decreasing the reaction temperature (as per Le
Chartelier’s principle). Since, the equilibrium constant
decreaseswithincreasein temperature, alow tempera-
ture conditionis preferred for methanol formation(*Y,
Ontheather hand, increasing reaction temperaturecould
increasethereaction ratesfor CO and CO, hydroge-
nations. Neverthel ess, methanol formation hasbeen
foundto be sensitiveto optima temperaturerangesover
different catalysts. Higher reaction temperaturescould
asorapidly reducetheactivity and shorten the catal yst
lifetimeby promoting thes ntering processand agglom-
eration of Cu on the catalyst surface. Catalysts also
tend to undergo deactivation faster at high pressures
again by the enhanced sintering process. A search for
ided catayst systemthat isvery activeunder low pres-
suresand low temperatureswith long lifetimeisstill
going oni 4,

The most advanced method for the production of
methanol from CO, isbeingfollowed by aleading Japa-
nesechemical company, Mitsui Chemicasinc.”. This
company isproducing H, from water using renewable
solar energy and then reducing CO, into methanol us-
ing thus produced H... Carbon Recycling Internationa
(CRI) Inc., also devel oped a process for converting
CO, into methanol with the help of Nobe! Laureate
GeorgeA. Olah™, Thiscompany islocatedin|celand
and it hasacapacity to producearound 2 millionliters
of methanol per year. TheH, for thisreaction a'so pro-
duced by electrolysisusing energy produced from re-
newabl e sources mainly geothermal, hydro, and wind.

Althoughthe Sabatier and F-T processesare ftill
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bei ng practi ced today, the el ectrochemical reduction of
CO, appearsto abetter processthan those of histori-
cal thermo-chemica processes#9, In contrast to these
thermo-chemical processes, whicharenormally oper-
ated in extreme reaction conditionssuch ashigh pres-
sures (>75 bar pressure) and high temperatures
(>250°C), the e ectrochemical processesarenormally
performed under ambient conditions. Since, either H,
or agueous el ectrolyteisthe source of the H* in aque-
ous-€electrolyte based el ectrochemical reduction of CO,
to liquid fuels, there are no side products other than
water that could harm the environment. The other ad-
vantages of electrochemical processes are the better
chemica efficiency and higher physical yield of prod-
ucts compared with the amount of side-products
formed. By employing suitable el ectrodeand catal ytic
systems, Faradaic efficienciescould beincreased to a
great extent in electrochemical cells. A reaction with
high Faradai c efficiency means|ower over-potential
(energy) requirement to compl etethereaction. The ef-
ficienciesof electrochemica CO, reduction products
can befurther improved by additiond understanding of
underlying mechanismsin thisprocess.

CO,SPECIATION

Thedissolved CO, in aqueouselectrolyteexistsin
threeto four different formsor speciesthat include CO,
gas (CO ) liquid (solvated) CO, (CO ), carbonic
acid (H CO3) bicarbonate (H CO o) ang carbonate
(CO,*), whose concentrationsvary WI ith aqueousel ec-
trontepH[2°v211.Asit isvery difficulttodistinguish CO,
and H,CO,, they are usually considered as one. At
25°C, about 90 cm® of CO, dissol vesin 100 mL water
(CIICg =0.8) (eg. 6 and Scheme 1). Theformation of
H,CO, takes place by the nucleophilic addition of H,O
to CO,. As carbon atom in the CO, molecule pos-

NS

2
..”D -

~ "\

carbonic acid

Scheme 1: Formation of carbonicacid fromwater solvated CO, molecule.
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Figure3: Henry’sconstant for CO, inwater (adapted from'#).

sesses dightly positive charge, and as oxygen atoms
possess slightly negative charge dueto the preval ent
differencesin electro-negativity of thesetwo atoms, a
lone pair of electrons of oxygen atom of water mol-
eculenucleophilically attacksthe carbon atominthe
CO, moleculeleading to theformation of carbonicacid
after afew rearrangements of electronsand protons
(Scheme 1)[2021,
CO,., 5 CO,,, [CO
pK,=1464(Pinatm.) (6)
Thereaction of converting CO, into carbonic acid
isasimpledissolution process, whichisgoverned by
Henry’s law. This latter law states that the CO, concen-
trationinthesolutionisproportiond tothe partia pres-
sureof CO, inthegasphasethat isin contact withthe
solution phase (eq. 7), where p ., isthe partial pres-
sure of the gas in the bulk atmosphere (Pa), K isa
constant, and X, isthe equilibrium molefraction of
CO, soluteinliquid phase. According to Carrol and
Mather, aform of Henry’s law can be used for model-
ling the solubility of CO, inwater for pressuresup to
about 100 MPa (Figure 3)120-22,

pCOZ =KXX

2(aq)] = KH PCOZ'

™

co,

Thesolubility of CO, isaso atemperature depen-
dent parameter as can be seenfromthedateof TABLE
2123, Normally, thedissolution of CO, decreaseswith
increasing temperature of the solution. Equilibriumis
established between thedissolved CO, and H,CO, (eq.
8). Thisreactioniskineticaly dow asitsequilibrium con-
gant (K ) isonly about 1.7 x 103, At equilibrium, only a
smal fraction (ca. 0.2-1%0) of thedissolved CO, isactu-
aly converted to H,CO,. Most of the CO, remains as
solvated molecular CO,/*21. TABLE 3liststheequilib-
rium constantsfor CO, dissolution and acid dissociation
congtants (pKavaues) at 25°C and zero ionic strength
(I = 0)202L2 The variation of pKavaueswith tem-
peratureisshownin TABLE 4%, H,CO,isawesk acid
that dissociatesintwo steps(egs. 9& 10). Astherateof
hydration of dissolved CO, (eqg. 8) isslow (about 0.1
second), itispossibleto separatethisstepfromthemuch
faster (10°° sec) dissociation of H,CO, into H* and
HCO, (eq. 9). If any cationsare present in the el ectro-
lyte, these carbonateanionswill react withthemtoform
insoluble carbonates. For example, seawater contains
Ca* andMg*, whichlead totheformation of limestone
(CaCO,) and MgCQO, upon reactions with CO,. The
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TABLE 2: Solubility of CO, at apartial pressurefor CO, of
1lbar®.

Temperature(®C) 0 10 20 30 40 50 80 100
Solubility 1.8 1.3 0.88 0.65 0.52 0.43 0.29 0.26
(cm® CO?g of water)

TABLE 3: Equilibrium constantsfor CO,*.

L og of equilibrium constant 25°C,1 =0
[CO] =Kn Py ~1.464
[HCO5][H'] = Ka1 [COJ] —6.363
[CO5*][H'] = K [HCO; ] -10.329
[OH-][H] = Ky, ~13.997

TABLE 4: Sdected valuesof equilibrium congtantsextrapo-
lated tol =0,

Temper ature pK°y pK a1 pK®a2 pKw pK°so
(°C) (mol/kg atm) (mol/kg) (mol/kg) (mol/kg) (mol/kg)
30 1.521 6.336 10.290 13.83 8.53
35 1572 6.317 10.250 13.68 8.58
37 1.501 6.312 10.238 13.62 8.60
40 1.620 6.304 10.220 13.53 8.63
45 1.659 6.295 10.195 13.39 8.69
COz(g) —_— COz(“q) —~ H 2CO3 —_—

REVIEW

tration of dissolved CO, inthedectrolytecanbe 25.077
mM)/L (= 0.00045 x 55.18) that is equal to 1.510 x
107> (25.077 x Avogadro number, 6.023 x 10%) CO,
total species (H,CO, + HCO, + CO,*)=021,

Thedistribution of different CO, speciesin ague-
ouselectrolyteasafunction of e ectrolytepH under 1
bar CO, pressure below 40°C and ionic strength of
zero (1 =0) can bederived usingtwo acid dissociation
constants of carbonicacid (K, =4.97 x 10" andK ,
= 6.03 x 10-!1), which can be generated from their
corresponding pKavalues (pK , =6.304 and pK _, =
10.220)?°24, The basic equationsrequired to cal cu-
late the distribution of CO, species can be derived
from theequilibrium reactions of carbonic acid disso-
ciation (egs. 11 & 12), which can bereorganized as
showninegs. 13 & 1412021, |f thetotal initial concen-
tration of carbonicacidisassumed asC. (=[H,CO,]
+[HCO,] + [CO,*]), then the concentrations of
[H,CQ,], [H,CO,] and [CO,*] can be calculated
using eg. 15to0 19.

+H 20 + Ca2+

HCO3 ™4 H,0* == COs* 4+ H,0* == CaCOgy

Scheme2: Reactionsof different formsof CO,,.

formation of these depositsusually drivesreaction equi-
libriums moretowardsright resulting in acidification of
thewater (egs. 11 & 12). Thethree reaction stepscan
be grouped together as shown in Scheme 21202123,

CO,ig + H,0( 5 H,CO4 (K= 1.7x 107) ®
[COz(aq)] SH*+HCO, ([H][HCO,] = Kal[COz(aq)])
(pK,=6.363at 25°C & | =0) ©

HCO, S H"+CO* ([H"][CO]=K_[HCO,])

(PK ,=10.329at 25°C & | =0) (10)
Ca* + CO» & CaCO,} (S=4.96x 10",

S=solubility constant) (11)
Mg* + CO,> 5 MgCO (S=6.82x 10) (12)

If one considers the room temperature is below
40°C (for examplein Hyderabad, India), at thistem-
perature, theHenry coefficient for CO, inwater isabout
220 MPalmolefraction?1. At 1 bar pressureof CO,
over theagueouselectrolyte, the molefraction of CO,
in water would be about 0.00045 (= 0.1 MPa/220
MPa/molefraction). Since, at 40°C, themolar density
of water isabout 55.18 (= 992.2/18.02), the concen-

[H,0"][HCO, ]

_[H,0"][HCO,"]
~[CO,+H,CO,]

a=""TH,co,]

[H,O"][HCO, ]

~  [co,], )
Ke=""THco,] 9
[H,0'1°[CO,"]  [H,0*][CO,"]

CT = K alK a2 * K a2 * [CO32-] (15)
[H,O'] [H,O]

:[CO32_] o Kaz ¥ KalKaZ (16)
2 KalKaZCT

=[COMT= .0 P +K [H,0 [+K K, a0
K ,[H,0°]C,

[HCO= [ 0 +K ,[H,0 1+K K , 9
CT[H3O+]2

[H,COJ = (19)

[H,0' ] +K _[H,0 ]+K K

al a2
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Thedidribution curvesobtained upon plottingtheva-
uesof [H,CO,],[HCO,] and[CO,*] vs. solution pH
vauesthrough Oto 14 areshownin Figure4222, Above
pH 10andbelow pH 4, thesol utionscontainmainly CO,>
andH,CO,/CO,, respectively. Near pH 7, dl three spe-
ciesHCO,", CO,” and H,CO, presentinthesolution.
Depending upon theexperimenta procedures(andtime
scdes), theaboveequilibriamay leed to substantia changes
inthe CO, partia pressureaboveasolutionandinthe
concentration(s) of dissolved species. For example, in
stoichiometric (neutralization) reections, elther solvated
or molecular CO, gas reacts with monoethanolamine
during separation of CO, from the exhaust flue gas of
thermal power plantswhenitispassed through an aque-

with epoxidesin copolymerization reections™. However,
inelectrochemica CO, reductionreaction, any oneof the
three CO, species (H,CO,, HCO, or CO/*) can un-
dergo reduction depending on the solution pH leading.
Asreduction of already negatively charged HCO, and
CO,* ionsisnormally difficult, thee ectrochemica CO,
reduction experimentsarepreferentidly conductedindec-
trolyteswith pH d”’6 so that the neutral carbonic acid
[H,CO,] species undergo reduction relatively easily.
However, at thispH, CO, reduction reaction competes
with hydrogen evolutionreaction (HER). Since, above
pH 2, the concentration of CO, speciesisawaysmuch
higher thanthat of H* concentration (Figure’5), asuitable
CO, reduction catalyst should enhancethe CO, reduc-

oussol utionof monoethanolamine(80vol.%0) (eg. 20) or  tjon reaction over HER21,
- 5 8 3 S8
=X o o
= 70 - © o o ©°
= %2 °2
g 55 4 © C‘fﬁrbouic acifl ?6° °8
8 © Bicarbonate 1ons & d
& 40 4 o Carbonate ions °<; :°
o o
=) o © ° o
S 25 - o © °© o
= o o s o
$
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
rH
Figure4: CO, speciation vs. solution pH (adapted fromf*).
1E+23
£ oE+22 -
—3 RE+22 = -~ H7 ion concentration
fj— TE<22 - -a- CO, species (H,CO; + HCO;~ + CO3?7)
2 concentration below 40°C and at
5 OE+22 -~ 1 bar CO, pressure above the
=2 s5pioo - electrolyte surface
E 4E+22 |
5 3E+22 -
g 2E+22 S
=
Z 1E+22 - \
0 T

1 2 3 4 5 o6 7 8 9 10 11 13 14

pPH of the electrolyte

Figure5: Variation of H*and CO, speciesconcentration asafunction of solution pH (adapted from!*¥).
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Figure6: E°values(vs. normal hydrogen electrode, NHE) for two electronreduction of H,O and CO, asafunction of pH and
dominant formsof reactantsand products Thefollowing standard stateconventionsar eused: H,0O, liquid; H,and CO, gas(i.e,
latm. pressure); CO,,HCOH,HCO,,HCO, and CO,*, agueous(i.e., 1 M) (adapted from'4).

CO,+HOCH,CH NH,—»HOCH,CH NH,'CO,
(Zwitterion) (20
ELECTROCHEMICAL CO2 REDUCTION

TheCO, dectro-catayticreductionreactionsarere-
versblewhen compared with anodi ¢ reactionsthat nor-
mally occurinfuel cells. CO, reductionreactionsstore
eectricd energy intheformof chemica energy inchemi-
cd bondsof theformed fuel chemical§Y. Inthermody-
namics, the Gibbsfree energy of CO, reductionisal-
ways positiveat medium and high pH range, hence, the
theoretical potentialsarenegative™. Thus, CO, reduc-
tionrequireseectrica energy input. Inkinetics, thee ec-
trochemical reduction of CO, require over-potentials
>1.0V to get reasonable amountsof reduced products.
In an aqueous el ectrolyte, the H,O also undergoesre-
duction and releasesH, isamajor by-product™. Thus,
water reductionisin awayscompetition CO, reduction
reactionsindectrochemical cdls. Catanmetassuchas
Hg which possesses high H, overvoltage (over-poten-
tid) can suppressHER, but lead to theformation of only
formateions (HCOQO") again at very high over-poten-
tids. Involvement of gppropriate catal ytic systemscan
promotethereactionrates, and directsthe slective path-
way's, hence, with minimum excessenergy requirements

TABLE 5: Half-reactionsof CO, in aqueouselectr ochemi-
cal cellg?4,

) Ee  H/H

Half-reaction V) E° (V)

COyq +2H +2e=CO,+H,O0 -012 -0.00

7 HCO; +3H"+2e=CO(g) +2H,0 -048 -041
9 HCO; +3H"+2e=CO(g) +2H,0 -0.66 -0.53
11 CO4f +4H'+2e=CO(g) + 2H,O0 -0.87 -0.65

tofacilitatetheformation of desired CO, reduction prod-
ucts. Furthermore, thefree-energy changefor CO, re-
ductionisafunction of éectrodeand the el ectrolyte pH
(TABLE 5)1*%. Figure 6 summarizesthe data presented
in TABLE 5 in agraphic form?4, As can be seen the
reactivity of CO, reductionisvery low, however, the
equilibrium potentia sof CO, reduction reactionsarenct
very negativewhen compared withHER inaqueouse ec-
trolyte solutionsunder standard conditions (egs. 21-28).
Thewater oxidation reaction that occursat anode sur-
faceindectrochemica cdlsisshownineq. 29. Thepri-
mary reactionsthat occur on the surface of dectrodein
anagueoussolutionat 25°C, vs. standard hydrogen elec-
trode (SHE or normal hydrogen éectrode, NHE) areas
follows*!. Thesingledectronreductionof CO,to CO,
(eg. 30) occursat —1.90 V. Thisstep has a so been con-
sideredto bearatedetermining step (RDS) inthe CO,
reduction processes. Accordingto Nernst equetion, the
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theoretical equilibrium potential sdecreasewithincreas-
ing solution pH™4,
CO,+H,0 +2e—»HCOO-+OH-

(E,=—0.43V vs SHE) 1)
CO,+H,0 +2e — CO + 20H-

(E,=—053V vs SHE) (22)
CO,+6H,0 +8e — CH, + 80H-

(E,=-0.25V vs SHE) (23)
2CO,+8H,0 + 12e- —» C H, + 120H-

(E,=—0.34V vs SHE) (24)
CO,+6H* +6e — CH,OH +H.0

(E,=-0.38V vs SHE) (25)
2CO,+9H,0 + 12— C,H.OH +12 OH-
(E,=-0.33V vs SHE) (26)
3CO,+13H,0 +18e — C,;H OH + 180H-
(E,=-0.32V vs SHE) @7
2H,0+2e —20H-+H,(E,=—041VVs.SHE)  (28)
3H,05 150, +6H* +6e (E,=1.23VVvs.SHE)  (29)
CO,+e—>CO,* (-1.90V vs SHE) (30)

Condderingtheir low equilibrium potentids, thermo-
dynamically, the CO, reduction productsof methaneand
ethylene (egs. 23 & 24) should form at less cathodic
potentidsthan HER (eg. 28), however, kineticaly this
doesnot occur. Thissuggeststhat theformer reactions
need additiona high over-potentid energieswhen com-
pared with HER. Similarly, the e ectrochemica reduc-
tionof CO, to methanol and methane asorequirehigh
el ectrode over-potentials, which makethese processes
uneconomica astheamount of energy consumed during
these productsformationismuch larger than theenergy
stored in them. Two-€l ectron reduction reactionsthat
occur at pH 7 and 25°C vs. SHE areshownin egs. 31
& 32. BothH,0and CO, reductionsare very difficult
via. one-electron processes, sincethe one-electronre-
duction products, H atom and CO," (formateradical),
areextremely energetic species?d. By using pulse-radi-
olytic methods, Schwarz and Dodson have determined
E° for CO,/CO, coupletobe-1.9V vs. NHEinwa-
ter, and theintrinsic barrier for thisone-electron reduc-
tion was estimated to be ca. 0.6 V. The CO,/CO,>
potentia has been estimated to be about —1.2 V vs.
NHE™4, One-electronreduction potentidsat pH 7 and
25°Cvs. NHE arealso showninegs. 33 & 34. Inthe
H,O/H, reaction, certain metal hydride complexespro-
vide catalytic routes. In the CO,/CO or HCO, reac-

tion, catalysisby meta complexesinvolve coordination
of CO, oritsinsertion of CO, into ameta hydridebond
toyield formate speci esby consuming aminimum over-
potentia (or kinetic) energy.
2H,0, +2e —>H,  +20H-

20) 2(9) (aq)

(E°=-0.41V vs. SHE) (31)

CO,,*+*H,0,+2e—>HCO,  +20H"

(E°=-0.31V vs SHE) (32)

H* He H- (33)
-1.9v =12V ,

CO, ——CO» ——CO/ (34)

Despite studying el ectrochemical reduction of
CO, for morethan acentury, neither aelectrode ma-
teria nor acatalytic systemisidentified or devel oped
for exclusivereduction of CO, into liquid fuelswith-
out allowing HER™. In electrochemical CO, reduc-
tion process, theoretically, water undergoes oxida-
tion at anode and rel eases €l ectrons, protonsand mo-
lecular oxygen. These protonsand electronsare con-
sumed in CO, reactions or in HER at cathode. In
these reactions, the product formation isacombina-
tion of thereduction reaction at the cathode and the
oxidation reaction at the anode€*?. Thelargethermo-
dynamic and kinetic energy requirements associ ated
with eectrochemica CO, reduction reactionsdemand
use of certain efficient catal ytic systemsto suppress
HER and to speed up utilization of all generated pro-
tons and electrons at anode only in CO, reduction
reactionsat cathode. In general, the el ectrochemical
processes developed so far either have poor ther-
modynamic efficiency (i.e., high over-potentid), low
current efficiency, low selectivity and slow kinetics,
or poor stability!*9,

INFLUENCE OF IONIC LIQUIDSIN
ELECTROCHEMICAL CO,REDUCTION
REACTIONS

Recently, the department of energy (DOE), USA
has concluded that the major obstaclethat is prevent-
ing efficient converson of CO, intoseverd energy-bear-
ing productsisthelack of efficient cata ytic sysemg®,
Hence, DOE hascalled for research that investigates
systemsto reducethe over-potentia s associated with
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CO, conversonwhilemantaining high current efficien-
cies?®#, Thelarge over-potentia shasbeen identified
to bedueto theformation of ahigh energy onedectron
reduced intermediate CO," with astandard redox po-
tential of 1.9V vs. SHE during electrochemica CO,
reduction process. In astudy, aroom temperatureionic
liquid (RTIL) comprising 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMIM-BF,) (eq. 35) wasemployed
to reducetheover-potential associated withtheforma-
tionof CO," intermediatethat formsduring reduction
of CO, intovaueadded chemicasinaelectrochemica
cell®, Inthis case, first, EMIM-BF, RTIL converts
CO, into CO,™ intermediate, whichisthen catalyzed
over atrangtion metd cathodeto form useful products
mainly CO. Inthisprocess, CO wasformed at —250
mV vs. SHE compared to —800 mV in the absence of
EMIM-BF, RTIL. Theseresultsindicatethat CO, con-
version to CO can occur without thelarge energy loss
associated withahigh over-potentidl.

F
P =)

F

Like strong acids (H,SO,, HNO,, HCI, etc.),
RTILsa so completely dissociateintoionsand are not
diluted by any bulk solvent. Further, because of their
ppoor vapour pressures at room temperatureunlike ac-
idssuchasHCI, RTILsarethermally and electrically
quitestable. RTILscons stisabulky organic cation (e.g.,
imidazole) and an organic/inorganic anion (e.g.,
tratrafluoroborate, hexafluorophosphate). Further, ow-
ing totheir poor coordinating nature, they are highly
polar solventswithout coordinating strongly to solutes.
Duetotheir low volatile nature, RTILs are environ-
mentdly friendly unlike certain organic solvents, which
possesssignificant vapor pressures. Furthre, RTILsdo
not need any supporting electrolytein e ectrochemical
reactions asthey themsel ves can act like supporting
electrolytesand bear upto 3-6 V charge®!.

Interestingly, owing to their ionic characteristics,
RTILsgabilizetheintermediate CO,~ insituduring CO,
reduction reaction by columbic complexation. Thissta:
bilization considerably lowersthe electrode potential
required for CO, reduction. Theactivationenergy (over-
potential) needed to formthe EMIM*-CO,” intermedi-
ate hasbeen found to belower than theonerequired to
form CO," intheabsence of stabilizationby RTIL. Fig-

(39)

ure 7 showsthereduction in over-potentia duetoin-
volvement of RTIL!. Inthepresenceof EMIM*-BF,-
, CO, reduction starts at aslow as—250 mV vs. SHE
and thisRTIL has reduced about 80% of over-poten-
tia required for CO, reduction. Figure 8 showsthe
caculated Faradaic efficiency of aRTIL involved pro-
cesswith other processesreported in theliteraturefor
CO, reduction over aperiod of 10 years®l. As CO,
cannot surviveinbasic solution, neutra todightly acidic
mediaisemployed for electro-chemical reduction of
CO,. TheHERisastrong function of solution pH, and
theequilibrium potentia decreaseswithincreaseof pH.
Under dightly acidic conditions, HER isthermodynami-
cally morepreferred reaction over reduction of CO,*.
Inagueous medium, CO, undergoesreductionto vari-
ous productsand rel eases hydroxideions (egs. 21-27).
Dueto therelease of hydroxideionsduring CO, re-
duction reactions, thepH near to thesurface of theelec-
trodeisdifferent fromtheequilibriumvaueastherate
of neutraization between thehydroxideanionand CO,
iscons derably dow in aqueous sol ution under ambient
conditiong??. For this reason, electrolytes such as
KHCO, or K,HPO, are normally empl oyed to facili-
tate CO, reduction reactions smoothly as these sup-
porting e ectrolytessupply anionswith buffering action,
thereby nullify theeffect of pH changeat thee ectrode
surface dueto theredease of hydroxideions(egs. 36 &
37)®1, The supporting electrolytes such as, KCl,
NaClO,, K., SO,, etc., do not have the ability to re-
lease protons, henceto exhibit buffer actionto nullify
theeffect of pH change by theformed hydroxideions
during CO, reductionreactions. It can beinferred from
theseresultsthat EMIM-BF, has several useful char-
acteriticsfor reducing CO, a rel atively lessnegative
potentialsand low temperaturesin non-aqueous me-
dium such asacetonitrile®.
OH-+HCO* 5 H,0+CO* (36)
OH-+HPO,* S H,0+PO* (37)
In arecent study, an electro-catal ytic system was
reported to reduce CO, to CO at over-potential's be-
low 0.2V, Thissystemreliesonanionicliquid elec-
trolyteto lower theenergy of the (CO,)” intermediate,
most likely by complexation, and thereby lower theini-
tia reduction barrier. Thesilver cathodethen catalyzes
theformationof CO at 1.5V, just dightly abovethe
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minimum (i.e., thermodynamicaly predicted equilibrium)
voltageof 1.33V. Thissystemn continued producing CO
for at least 7 hours at Faradai c efficiencies greater than
96%1%8, Yet in very latest study, an inexpensive bis-
muth-carbon monoxideevolving catalyst (Bi-CMEC)
was reported for reducing CO, to CO in conjunction
withionicliquidswith appreciable current density at
over-potentialsbelow 0.2 V2, Thiscatalyst isselec-
tivefor CO production operating with a Faradaic effi-
ciency of approximately 95%. Thisactivity isonfar
with those historically observed over expensivesilver
and gold cathodes®.

In avery recent study, CO, was reduced at lower
over-potentialson Cu el ectrodesresulted fromthere-
duction of thick Cu,Ofilmg*!. These Cu electrodesre-
duced CO, at 0.5V less over-potentials than that of
purepolycrystaline Cudoestoform CO a ahigher rate
than H,O reduction a current dengities> 1 mA/cnv and
over-potentidsof <0.4V. Thisisahigher leve of activity
thanall previoudy reported metd electrodesevauated
under comparable conditions. Further, theseelectrodes
werefound to be stablefor saveral hours, wheress, the
polycrystdlineCu dectrodeexhibited deactivationwithin
1 hour timeunder identical conditiong®.

CONCLUSIONS

Conversonof carbondioxideintochemicd fudslike
methanol and ethanol using renewable energy such as
sunlight cani) greatly contributeto solvethe CO, -
ated global warming problem, ii) becomearenewable
and sustainableway of energy generation, andiii) be-
comesoneof thebest waysof storing energy for future
generations. Fromtheabovediscussions, it can becon-
cluded at present thereisno catalytic system that can
efficiently reduce CO, in électrochemical cellswith de-
Sired speed, stability and sdectivity towardsany particu-
lar product. Understanding the CO, speciation and un-
derlying mechanismsintheelectrochemica CO, reduc-
tioninionicliquidswould greetly he pin designing effec-
tiveelectrochemical systemsand catalyststo convert
wastestream CO, into val ueadded chemica fuels.
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