APPLIED ORGANOMETALLIC CHEMISTRY
Appl. Organometal. Chen2001;15: 113-120

Recent developments in electrochemical and
photoelectrochemical CO, reduction:
involvement of the (CO,)>," dimer radical

anion’

Donald A. Tryk," Toshio Yamamoto,' Masahide Kokubun,' Kouske Hirota,’
Kazuhito Hashimoto,?> Masafumi Okawa® and Akira Fujishima™*
'Department of Applied Chemistry, School of Engineering, The University of Tokyo, 7-3-1 Hongo,

Bunkyo-ku, Tokyo 113-8656, Japan

Research Center for Advanced Science and Technology, The University of Tokyo, 4-6-1 Komaba,

Meguro-ku, Tokyo 153-8904, Japan

3Electric Power Development Company, Limited, 6-15-1, Ginza, Chuo-ku, Tokyo 104-8165, Japan

Electrochemical CO, reduction was examined
on high-area transition metal catalysts sup-
ported on nanoporous activated carbon fiber
(ACF) supports, in the form of gas diffusion
electrodes, in aqueous KHCQ solution. The
most active catalyst was ACF/Ni, on which up to
ca 65 mA cm 2 current density for CO produc-
tion was observed, with simultaneous production
of hydrogen ofca15 mA cm 2at —1.6 V vs SCE.
At more negative potentials, higher H/CO
ratios can be obtained. The reaction mechanism
for CO production probably involves a chemical
reaction between CQ and the radical anion
CO,™ to produce the CO, dimer radical anion
(CO,), . The results are compared with those
for photoelectrochemical CO, reduction on p-
InP, on which the mechanism is thought to
involve the one-electron reduction of two ad-
sorbed CO, molecules to produce the CQdimer
radical anion. Copyright © 2001 John Wiley &
Sons, Ltd.
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INTRODUCTION

The electrochemical reduction of G@o produce
fuels or chemical feedstocks may be a useful
approach towards the utilization of this ubiquitous
carbon source, particularly if solar electrical power
can be used. The electrochemical approach has the
advantage that water can be used as the proton
source* Separate solar energy harvesting and,CO
reductions systems can be used, e.g. a photovoltaic
cell plus an electrochemical cell, or an integrated
system can be used, i.e. a photoelectrochemical
cell. However, in both cases it is important to
achieve high current densities, low polarization,
and high selectivity for C@reduction compared
with other possible reactions, such as hydrogen
evolution.

In our laboratory, we have been examining both
electrochemical and photoelectrochemical ap-
proaches. For the electrochemical approach, we
have focused on gas diffusion electrodes (GDESs),
specifically those employing metallic catalysts on
nanoporous supports. We have found that the
selectivity for CQ reduction vs hydrogen evolution
is enhanced with these catalysts, presumably due to
enhanced C@adsorption in the nanopores. The
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obtained.

GDEs have been used extensively in order to
pchieve high current densities for G@duction,
with partial current densities up to several hundreds
of milliamps per square centimeter having been
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reached:** We have recently beenpursuingthe
ideaof usingnanoporougatalystsupportssuchas
activatedcarbonfibers (ACFs), on which CO; is
known to exhibit enhanceddsorption->° Within
nanometer-scalpores so-callechanospaceffects,
i.e. effective high-pressurereaction conditions
(over20MPa),areknownto exist!’ In the present
work, we combine the ideas of nanospaceand
GDEsin orderto try to obtainthe benefitsof high-
pressureconditions at ambient pressurefor CO,
reduction'® We have examinedthe electrochemi-
cal reduction of CO, with GDEs based upon
nanoporousACFs, with depositedmetals,suchas
nickel, iron, palladium,and copperas electrocata-
lysts and have obtainedevidencethat indeedsuch
high-pressureffectsoccur at ambientpressuren
an electrochemicasystem.

We have also been interestedin the use of
semiconducting-typediamondelectrodegor CO,
reduction becauséydrogenevolutionis extremely
inhibited on suchsurfaces?® Indeed,usingmetha-
nol asthesolventwith high-pressur€0,, we found
that essentiallyno hydrogenwas produced;CO,
methyl formate and hydrocarbonsvere the major
products.This is quite unusual—inour previous
work, we foundthatmostmetalelectrodegproduce
substantiaamountsof hydrogen,the main excep-
tion beingsilver2°-23

Regardingthe photoelectrochensal approach,
we haveobtainedhigh currentdensitiesfor CO, to
CO at relatively low overpotentials at p-InP
photoelectrodesn methanol with high-pressure
C0,.24?*Thereis ashiftin the positivedirectionof
ca 0.6 V due to photoassisteathargeseparation,
andtherealsoappears$o beastrongcatalyticeffect,
which is responsiblefor an additional shift of ca
1.1V. We proposethat this effect is due to the
stabilizationof the CO, ™ radical anion by forma-
tion of an adductwith neutral CO,. This effectis
dependentupon the high CO, pressure,which
probably enhanceghe adsorptionof CO, on the
electrodesurface.Therearetwo additionalbenefits
of high CO, pressurefirst, the very low current
efficiencyfor hydrogenevolution,and,secondthe
high resistancao photocorrosion.

METHODS

GDE measurements

High purity ACFs gtype KF-1500; surface area,
1400to 1500m? g~ 1) were obtainedfrom Toyobo
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Co., Ltd (Osaka,Japan).The detailedprocedures
for the preparationof ACF-supportedmetal cata-
lysts aregivenin a separatepublication?® Briefly,
the fibers were placed in contact with aqueous
solutionsof the metal nitratesand were stirred at
room temperaturdor ca 10h. After washingwith
water and drying, the fibers were heated-treated
underhydrogenat 350°C. In one method(A) for
making PTFE-bondedSDE active layerscontain-
ing acetyleneblack asa matrixing agent,the ACF
contentwas3 mgcm 2. A secondnethod(B), was
used to prepare more highly loaded electrodes
(ACF, 14mgcm ). A three-compartmentell was
usedfor the electrochemicaimeasurementsCO,
wasfed into the gascompartment0.5 M KHCO;
aqueoussolution was used as the electrolyte.
Oxygen was removed before the electrolysis. A
saturateccalomelelectrode(SCE) and a platinum
wire were used as the referenceelectrode and
counterelectroderespectively.The electrodepo-
tential was correctedusing an I-R compensator
(Hokuto HI-203). The reduction products were
analyzedby gaschromatographyand high perfor-
manceliquid chromatography.

Photoelectrochemical
measurements

Detailed experimentalproceduresare given in a
scgparateé)ublication.25 p-Type InP [(100), 2 x
10*¥cm~], p-GaAs [(100), (1-5)x 10" cm 3,
andp-Si[(100), 10-5012] wereusedaselectrodes.
A silver wire quasi-referencelectrode(Ag QRE,
ca+ 80mV vs SCEand—310mV vs Fc/Fch) was
used.A platinum wire was used as the counter
electrode.The p-InP and p-GaAselectrodeswere
etchedby dippingin boiling aquaregiafor ca5s
beforeeachexperiment.The p-Si electrodesvere
treatedfirst in a mixture of 5% HF, aceticacidand
10% nitric acid, and finally in 10% HF-ethanol
solution,eachfor ca 30s.

The equipmentand the procedureausedin the
experimentswith the CO—methanomediumhave
been describedin previous papers®?? The cell
consisted of a stainless steel pressure vessel
equippedwith a 2.cm thick quartz window. The
electrolytesolution[3 cm®, 0.3 M tetrabutylammo-
nium perchlorate (TBAP, reagent grade) in
CH3OH] was placedin a glasscell liner in the
stainlesssteelvessel.CO, wasintroducedinto the
pressurevesselat the designategressuresl to 40
atm).In controlexperiments] atmargonwasused.

A 500W xenonlampwasusedto illuminate the
semiconductophotocathodeAfter filtering wave-
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lengths shorterthan 370nm, the |nten5|ty of the
lamp outputwasfound to be 480 mW cm™? at the
electrodesurface.Ohmic loss was measuredand
correctionswere performedmathematicallyon the
current—potentiaturves.

During the photoelectrolysestotal amountsof
chargefrom 1to 10 C were passedgalvanostati-
cally at 1 to 100 mA cm 2 using a potentiostat—
galvanostat.After the electrolysis, the gas- and
liquid-phase products were analyzed using gas
chromatographywith either a flame ionization
detectoror a thermalconductivity detector.

In the caseof the preliminary electrochemical
measurementwith diamondfilm electrodessimi-
lar proceduresvere followed, but no illumination
wasused.

RESULTS AND DISCUSSION

Galvanostatic electrolysis with
product analysis

Electrolysisexperimentsvere conductedn 0.5 M
KHCO; with GDEs preparedusing unmodified
ACF, and iron, nickel, copper, and palladium
catalystssupportedeither on non-activateccarbon
fibers (CFs) or on ACFs. The ACF supportitself
exhibited very little activity [ca 2.5% current
efficiency (CE)] for CO, reduction,and hydrogen
evolution was the principal reaction. The CF/Fe,
CF/NiandCF/Pdcatalystsaalsoshowedow activity
for CO, reduction.Thesemetalcatalystssupported
on ACF, however,showedsignificantactivity, the
highest CE being observedfor ACF/Ni, which
reducedCO, with anoverall CE of 45.3%,with CO
beingproducedt 30.2%CE, andformic acidbeing
producedat 15.0% CE. The ACF/Fe catalystwas
thenextmostactive,producingformic acidat9.5%
CE. The ACF/Pdcatalystwasnext, yielding 6.2%
CE for CO production.For thesemetals,it appears
that there is a definite enhancementof CO,
reductiondueto the effect of the micropores.
Both CF/Cu and ACF/Cu producedsignificant
amountsof methaneaswell assomeCO. The CE
valuesfor methaneand CO productionwere 6.6%
and 3.1% respectivelyfor CF/Cu.In termsof CE
for methaneproduction,the activity was actually
lower for the ACF/Cu catalystthanfor CF/Cu.In
termsof currentdensities(CDs), the valueswere
nearly the same. The partial current densities
(PCDs)for CO on ACF/Cu (6.0%) were approxi-
mately a factor of six greaterthanthat for CF/Cu,
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alsoindicating a definite effect of the micropores
for CO, reductionon coppercatalysts.

Current-potential behavior for
hydrogen evolution on GDEs

The PCDsfor CO, reductionandH, evolutionfor
the variousmetalcatalystssupportecon ACF were
examinedasa function of potential(1.6to —2.0V
vs SCE)in orderto understandetterthe effectsof
kineticsandmasstransport.The PCD valueswere
quite similar for all of the catalysts, with the
variationsbeing lessthan an order of magnitude,
when comparingthem at the same potential. In
addition, the PCD valuesfor hydrogenevolution
increasedn an exponentialfashionfor all of the
catalystsThiscanbeseerclearlyin the Tafelplots,
which are approximatelylinear (not shown). The
slopesfor all exceptACF/Fe were similar: |ron
(440mV decade?; nlckel 220mV decade™;
copper, 210mV decade palladium, 230mV
decade™.

Accordingto the literature,all of the metalswe
have examinedin the presentwork (iron, n|ckel
copper, palladium) exhibit ca 120mV decade*
slopesin alkaline solutionfor solid electrodesi.e.
thefirst electrontransferis ratedetermining?’ The
correspondingxchangeCDs differ by asmuchas
two ordersof magnitude however.It appearghat
all of the slopes(exceptthatfor ACF/Fe)obtained
in the presentwvork areapproximatelydoublethose
reportedfor the solid electrodesThe most likely
explanation for this phenomenonis diffusion
throughsemi-infinitepores.In thatcasetheslopes,
which are dueto mixed control by chargetransfer
anddiffusion, arepredictedto be exactlth|ce the
valuesobtainedor solidelectrode$? In thepresent
work, the slopesobservedfor nickel, copperand
palladiumwere indeedapproximatelytwice those
reportedfor solid electrodesindicatingthat hydro-
genevolutionis taking placewithin the micropores
of the ACF. Howeveri,it is difficult to explainthe
fact that the magnitudesof the CDs are all quite
similar, eventhoughtheexchangeCDsreportedfor
the solid electrodediffer significantly.

Current-potential behavior for CO,
reduction on GDEs

In contrastto the behaviorfor hydrogenevolution,
the PCD valuesfor CO, reductiondid not vary
greatlywith potential. However,the valuesvaried
considerablyfor the different catalysts As already
describedthe ACF/Ni catalystexhibitedthe high-
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Figure 1 Tafel plotsfor CO, reduction(all products)n CO.-
saturateq1 atm)0.5m KHCO; at ~25°C for variousmetallic
catalystssupportedon ACF in GDEs electrodes:iron (H),
copper(A), nickel (@), andpalladium(W).

estactivity. A maximumPCD of ca 35 mA cm 2

wasobservedor overall CO, reductionat —1.8V.
Theactivitiesfor the ACF/FeandACF/Cucatalysts
werelower andsimilar to eachother.The ACF/Pd
catalyst showedthe lowest activity amongthese
catalysts.

In the Tafel plots for CO, reduction, the
differencesbetweenthe catalystsare evident(Fig.
1). ACF/Ni exhibitedthe largestCD values,which
exhibitedrelatively small variationsin this poten-
tial range. ACF/Fe exhibited the next highest
values, which were also nearly constant, and
ACF/Cu also exhibited similar CD values and
potentialdependenceACF/Pdexhibitedthe lowest
activity.

Electrode performance
optimization for CO, reduction on
ACF/Ni

We attemptedto increasethe catalystloading for
ACF/Ni while maintaining a similar electrode
structure,in order to maximizethe PCD and CE
for CO, reduction. Specifically, we fabricatedan
electrodethat containedapproximatelyfive times
asmuchACF/Ni asnormal(14mgcm™ “ insteadof
3mgcm 2. In the potential rangefrom —1.6 to
—1.7V, the PCD valuesfor CO, reductionfor a
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lightly loadedelectrodewere of the sameorderas
thosefor hydrogenevolution. However, with the
heavily loaded electrode, the values for CO,
reduction exceededhosefor hydrogenevolution
considerably For example,at —1.6V, which was
the optimum potential for CO, reductionfor the
more heavily loaded electrode, it exhibited ap-
proximately four times as high a PCD for CO,
reduction(ca 65 mA cm ™2, which was essentially
completelyCO production)asfor hydrogenevolu-
tion (ca15mA cm?). Thiselectrodealsoexhibited
approximatelythreetimesashigh a PCD for CO,
reductioncomparedvith thatfor the corresponding
morelightly loadedelectrodeThe CE for hydrogen
evolution steadilyincreasedwith increasingnega-
tive potential,whereashatfor CO, reduction(CO
production)exhibiteda maximumof 67%at —1.6
V vs SCE,anddecreaseith increasingpotential.

Basedon theseresults, it is clearly possibleto
producemixturesof CO andhydrogenandevento
controltheratio. Thusit appeargeasibleto produce
synthesiggasdirectly. For example,a CO/H, ratio
of 1:2 is neededfor quantitativemethanolsynth-
esis,anda 1:1 ratio for Fisher—Tropsclsynthesis.
By choosingan appropriatepotential, the product
gascanbeoptimizedfor eitherthemethanokystem
or the Fisher—Tropsclprocess.

Reaction mechanism for CO-,
reduction

In orderto explain the productionof CO without
significant potential dependencethe most likely

approachs to assumehata chemicalreactionstep
is rate determining.For example basedon results
from non-aqueouglectrolyte,Aylmer-Kelly et al.

proposedhe following mechanisnt®

COy(adg + e — CO,~(ads [
CO,™ +CO, — (COy), 2
(COy), +e — (COO), [3]

Reaction2] is a candidatdor therate-determining
step.It would not normally be expectedor sucha
mechanisnto be followed in aqueoussolution,but
it maybethattheenvironmeninsidethenanopores
is somewhahydrophobicdueto theenhanced O,
adsorption.Amatore and Saveantalso examined
CGO, reductionin non-aqueousolution, with and
withoutwaterpresent® Threecompetingpathways
were found: (1) oxalateproduction,asin Eqn[3];
(2) CO production (see below) and (3) formate
productionvia protonationof CO, ™ by water.The

Appl. OrganometalChem.2001;15: 113-120
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CO productionmechanisminvolves Eqn [2], the

product undergoing either an electrochemical
reaction,asin Eqn[3], or chemicalreductionvia

CO, . Theresultingdianionthendecomposemto

CO andcarbonate.

(CO),>” — CO+COs* 4]

Vassiliev et al. have also proposeda similar
mechanismfor non-aqueoussolution, involving
adsorbedspecies”

CO, " (adg + COy(adg — (COy), ™ (adg [5]
(COy), (adg +€ — (COO), (ady 6]

with Egn[5] consideredo befastandEqn[6] to be
ratedetermining.Y et onemorepossiblereactionis:

2C0O, " (adg — CO+ COs%~ 7]

To explainthelack of potentialdependenceny of

Eqns[2], [4], [5], or [7] could beratedetermining.
It shouldbe notedthatthe (CO,), ™~ (ads)speciess

known to be stableon the Ni(110) surface®?33In

theabsencef sufficientevidenceto chooseamong
thesepossiblerate-determiningsteps,we propose
the simplestone, Egn [2], which can be written

showingmorerealisticbondangles®*

2,0 . O-

p 7S c\< o //c—o—c::\ 8]
o” O o 0]
As we showin a separatgublication,the distances
betweeroxygenatomsin CO, (232pm)andCO,™
(238 pm) matchthe distancebetweemickel atoms
(248 pm) found alongrows on the (110) surface®®
In addition, these two speciescan form a T-
arrangementasin Eqn|[8], with the bondbetween
the carbonatom of CO,™ and one of the oxygen
atomsof CO, being 238 pm, which matchesthat
predicted for the gas-phaseadduct (250 pm)3*
Interestingly,a very similar seriesof mechanistic
stepscanbe proposedo explainour resultsfor the
photoelectrochemicateduction of CO, in non-
agueousolution(discussedater),but, in thatcase,
a rate-determiningelectron transfer step is in-
volved.

Copper catalystssupportedon both ACFs and
CFs have activity for CO, reduction.This is not
surprising, because copper is known to have
activity for methaneproduction even at ambient
pressuré°3*Theproductdistributionsfor CF/Cu
and ACF/Cu are different, however: the main

Copyright© 2001JohnWiley & Sons,Ltd.

product for CF/Cu is methane,whereasthat for

ACF/Cuis CO. Theseresultsaresimilar to thoseof

Hori et al. on CO, reductionon copperelectrodes
under high CO, pressuré® Thus it appearsthat
different mechanismsare operative in the two

cases.

Electrochemical CO, reduction on
boron-doped diamond electrodes

As alreadymentionedn thelntroduction,hydrogen
evolution is impeded on boron-dopeddiamond
electrodesurfaceswhich is of potentialinterestin
terms of CO, reduction,becauseof the desireto
suppresghis reaction.In preliminary work using
high-pressureCO, in methanol,togetherwith a
semiconductingliamondelectrode we found that
we were able to reduceCO, to various products,
with no detectablehydrogen.The major problem
thatneedgo be solvedfor this approachs thatthe
potentialsinvolved areratherlarge,on the orderof
5V, due partly to the resistanceof the electrode
materialitself. However,usingsamplesvith higher
conductivity, hydrogen evolution is no longer
negligible, possibly becausesuch samplesare of
somewhatiower crystalline quality and thus con-
tain defectsitesthat could catalyzethis reaction.
This work will be reportedin detail in a separate
publication.

Current-potential curves for
photoelectrochemical CO,
reduction

Typical current—potentialcurves for the p-InP
photocathodén CO, (40 atm)—methanchreshown
in Fig. 2. Under illumination, this electrode
exhibited large photocurrentdensities,exceeding
—150mA cm 2, for potentialsmore negativethan
—1.8V vs Ag QRE (Fig. 2, curve a), whereaghe
dark current was negligibly small (lessthan —1

mA cm?) at potentialsdownto —2.0V (curveb).

The potential was corrected for the solution
resistance,which was measuredusing an IR

compensator.The high-pressure CO,—methanol
solution hasa high resistancg50 to 70 2 in our

particular cell arrangement)Both the corrected-
anduncorrected-potgial curvesareshownin Fig.

2; thelatteris shownascurvec. Theinitial partof

the curve is characterizedby an exponentially
increasingcurrent.As shownin our previousreport,
even at higher current densities,the reaction is

limited bg light intensity and not by mass
transport

Appl. OrganometalChem.2001;15: 113-120
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Figure 2 Current—potentiacurvesfor CO, reductionon p-
InPin high-pressur€0, (40 atm)in methanol0.1m) TBAP at
~25°C: (a) ohmicdrop-correctedurveunderillumination; (b)
darkcurrentonthe sameelectrodefc) non-correcteaturve;(d)
curveobtainedfor a solid copperelectrodein the dark.

The overall reactionis:
2CQ; + 26 = CO+ COz%™ (9]

which hasanE® of —0.555V vsanormalhydrogen
electrodein aqueoussolutlon basedon 1 atm gas
pressuresandl M COz>~ concentratlor'?5 Lacking
the correspondingvalue for methanol,we simply
usethis value.Correctingfor the CO, pressurg40
atm) yields a value of —0.46V, and making a
further correctionto the Ag QRE scaleyields a
value of —0.78V. At this potential,we observea
CD of —2to —3mAcm 2

As a comparison,a current—potentialcurve is
alsoshownfor thedarkelectrochemicateactionon
a copperelectrodemeasuredinderessentiallythe
samecondltlons(datatakenfrom work of Saekiet

al.??). The currentonsetis ca 0.4V morenegative
comparedwith that for the p-InP photoelectrode
(with a larger shift, ca 0.7V for higher CD),
showing that, in principle, the bias voltage of a
CO,-producingphotoelectrocheinal cell basedon
such an electrodewould be significantly smaller
thanthe correspondingron-illuminatedelectroche-
mical cell.

Forthe p-InPelectrodesat 40 atm CO, pressure,
the CE valuesfor CO productionwere 87-93%in

the current range from 50 to 100mAcm 2,

Copyright© 2001JohnWiley & Sons,Ltd.

comparedwith 60% at 1 atm, whereashydrogen
production was suppressedat 40 atm (<5%),
comparedwith that at 1 atm (33%). Thus, a very
high selectivityfor CO, reductionwasobtainedin
CGO, (40 atm)—methanoht high CD. This resultis
somewhat similar to those for _certain metal
electrodesuchassilver andgold3"—3°

Tafel plots for
photoelectrochemical CO,
reduction

The PCD Tafel plots for each of the measured
productsat40atmCO, pressur@areshownin Fig. 3
for p-InP.It canbe seenthatthe CD valuesfor CO
(curvea) and methyl formate(curveb) production
exhibited Tafel linearity up to approximately—50
mA cm 2, whereasthat for hydrogen evoliution
(curvec) saturatedat lower CD (apprOX|mater 3
mA cm ). At CD greaterthan—50 mA cm 2, the
valuesfor CO andmethyl formateproductlonalso
exhibitedsaturationandthe total CD saturatedas
well. The Tafel slope for CO productlon was
approximately—120mV decade® atlower CD, as
indicatedin Fig. 3. This slopeis in agreementvith
those for electrochemicalCO, reductionto CO
reportedby severalauthorsfor aqueousmedig®
and non-aqueousnedia®® as well as that for the
photoelectrochemicakactionreportedby Bockris
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Figure 3 Tafel plots for CO, reductionon p-InP in high
pressureCO, (40 atm)in methanol(0.1 M) TBAP at ~25°C to
variousproducts:(a) CO; (b) methyl formate;(c) hydrogen(d)
total current.
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and coworkersusing p-CdTein DMF containing  angles:
5% water*142
O—
O O e . /
7+ 7= 60—C
/ / // AN
i ] o7 o” 0 O
Photoelectrochemical reaction
mechanism for CO, reduction (11

Thefollowing resultsmustbeexplained(1) aPCD
Tafel slopefor CO productionof ca— 120mV; (2)

the onsetof currentat a potential (—0.5V vs Ag

QRE)thatis muchmorepositivethanthe E° for the

CO,/CO,™ redoxcouple[—1.90V vs the standard
hydrogenelectrodeSHE, or —2.22V vs Ag QRE],

even consideringthe photoenhancemen(3) the

high CE valuesfor CO production,particularly at

high CO, pressureand negative potentials. The

ca— 120mV Tafel slope,(i.e. —2.3RT/anF, where
thetransfercoefficientox = 0.5)is agoodindication
of afirst electrontransferstepbeingratedetermin-
ing. Slopescloseto this value havebeenobtained
for both electrochemicahndphotoelectrocheinal

experimentdor severaldifferenttypesof electrode
that producemostly CO in non-aqueousolution.
Therefore,it appearslikely for the first electron
transferto CO, (reaction[1]) to be rate determin-
ing. However,we arguein our previouspublication
thatreaction[1] cannotbe ratedeterminingsimply

aswritten, becausef point (2), i.e. the early onset
of current(a shift in the potentialof ca+ 1.7V, of

which at most 0.7 V could be accountedfor by

photoenhancementy. In order to explain sucha

shift, we mustconsiderthatthe CO, ™ radicalanion
is stabilizedon the surface,similar to the caseof

Ni(110), asdiscussedbove.

Therearetwo key pointsregardinghegas-phase
radical anion dimer species(COy),: (1) it is
stabilizedwith respecto dissociatiorinto CO, and
CO,~ by 0.58eV:** (2) the electron affinity is
positive (+0.9eV), whereasthat for CO,™ is
negative(—0.6eV).*® Therefore with no solvation
or adsorptioneffects,we expecta positive shift of
1.5V for the E° for Eqn [10] comparedwith the
simplereductionof CO, to CO,™:

2CO+e — (COy), [10

This would putthe E® in the neighborhoodf —0.4
V vs SHE or —0.72V vs Ag QRE. Of course any
solvationor adsorptioneffectswould modify this.
This valueappeardo bereasonabléf we examine
the current—potentiabehaviorfor p-InP (Fig. 2).

Showing this reactionin terms of realistic bond

Copyright© 2001JohnWiley & Sons,Ltd.

We havethereforeproposedhe latter asthe rate-
determining step in the photoelectrochemical
productionof CO in CO—~CH;OH. The CO, and
CO, ™ speciescould reasonablyadsorbon the InP
(100) surface,becausdhe In—P bondis 254 pm,
althoughthere doesnot exist direct experimental
evidencefor adsorptionin addition,theindiumand
phosphorustomsarearrangedn suchaway asto
allow the appropriateinteractionof the CO, and
CO, ™ speciedor stabilization.

The high CO yield at high CO, pressuresand
negativepotentialscanberationalized becausehe
stability of theadsorbedCO,), ~ specieswould be
enhancedat high CO, pressure.Otherwise, the
increasinglystrongadsorptionof tetrabutylammo-
nium cations with increasing negative potential
would tendto inhibit CO, adsorptiorf**

CONCLUSIONS

The presentwork shows that it is possible to

enhancehe currentdensity,lower the polarization
andenhancehe selectivityfor CO, reductionif the

appropriaterequirementsare met, e.g. (1) either
high-pressureCO, or conditionsthat mimic high

pressuresuchasnanoporeadsorptiony2) involve-

mentof the CO, dimerradicalanion,whichappears
to facilitate greatly the reduction pathwaysthat

resultin CO production. Interestingly,it appears
that similar mechanisticpathwaysare involved in

CO, reduction for both the ACF/Ni GDE in

agqueoussolution and the p-InP photoelectrodén

methanolsolution.

For the ACF/Ni catalyst,the lack of potential
dependencéeadsusto proposea rate-determining
stepinvolving a chemical reaction betweenCO,
and the CO, radical anion to producethe dimer
radicalanion.Nickel appeargo be a goodcatalyst
becausef the known stability of the dimerradical
anionon the Ni(110) surface.

For the p-InP (100) photoelectrodethe arrange-
ment of surfaceatomsis also appropriatefor the
stabilizationof the CO, dimer radical anion, and
thus the proposed mechanism, involving the

Appl. OrganometalChem.2001;15: 113-120
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reductionof two CO, moleculesto producethis
speciedirectly, is reasonableMost of the experi-
mental resultscan be explainedwith this hypoth-
esis,including the high currentefficiency for CO
production,even out to very negative potentials,
underhigh-pressure€O..
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