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Electrochemical CO2 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 KHCO3 solution. The
most active catalyst was ACF/Ni, on which up to
ca 65 mA cmÿ2 current density for CO produc-
tion was observed, with simultaneous production
of hydrogen ofca15 mA cmÿ2 atÿ1.6 V vs SCE.
At more negative potentials, higher H2/CO
ratios can be obtained. The reaction mechanism
for CO production probably involves a chemical
reaction between CO2 and the radical anion
CO2

.ÿ to produce the CO2 dimer radical anion
(CO2)2

.ÿ. The results are compared with those
for photoelectrochemical CO2 reduction on p-
InP, on which the mechanism is thought to
involve the one-electron reduction of two ad-
sorbed CO2 molecules to produce the CO2 dimer
radical anion. Copyright # 2001 John Wiley &
Sons, Ltd.
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INTRODUCTION

The electrochemical reduction of CO2 to 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.1 Separate solar energy harvesting and CO2
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 CO2 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 (GDEs),
specifically those employing metallic catalysts on
nanoporous supports. We have found that the
selectivity for CO2 reduction vs hydrogen evolution
is enhanced with these catalysts, presumably due to
enhanced CO2 adsorption in the nanopores. The
effect is similar to that of high pressure. Of several
metals examined, including iron, nickel, copper,
and palladium, the highest performance was
obtained for nickel, for which an unprecedented
65% current efficiency for CO production was
obtained.

GDEs have been used extensively in order to
achieve high current densities for CO2 reduction,
with partial current densities up to several hundreds
of milliamps per square centimeter having been
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reached.2–14 We have recently beenpursuingthe
ideaof usingnanoporouscatalystsupports,suchas
activatedcarbonfibers (ACFs), on which CO2 is
known to exhibit enhancedadsorption.15,16Within
nanometer-scalepores,so-callednanospaceeffects,
i.e. effective high-pressurereaction conditions
(over20MPa),areknownto exist.17 In thepresent
work, we combine the ideas of nanospaceand
GDEsin orderto try to obtainthebenefitsof high-
pressureconditions at ambient pressurefor CO2
reduction.18 We haveexaminedthe electrochemi-
cal reduction of CO2 with GDEs based upon
nanoporousACFs, with depositedmetals,suchas
nickel, iron, palladium,andcopperaselectrocata-
lysts andhaveobtainedevidencethat indeedsuch
high-pressureeffectsoccur at ambientpressurein
anelectrochemicalsystem.

We have also been interestedin the use of
semiconductingp-typediamondelectrodesfor CO2
reduction,becausehydrogenevolutionis extremely
inhibited on suchsurfaces.19 Indeed,usingmetha-
nol asthesolventwith high-pressureCO2, wefound
that essentiallyno hydrogenwas produced;CO,
methyl formateand hydrocarbonswere the major
products.This is quite unusual—inour previous
work, we foundthatmostmetalelectrodesproduce
substantialamountsof hydrogen,the main excep-
tion beingsilver.20–23

Regardingthe photoelectrochemical approach,
we haveobtainedhigh currentdensitiesfor CO2 to
CO at relatively low overpotentials at p-InP
photoelectrodesin methanol with high-pressure
CO2.

24,25Thereis ashift in thepositivedirectionof
ca 0.6 V due to photoassistedchargeseparation,
andtherealsoappearsto beastrongcatalyticeffect,
which is responsiblefor an additional shift of ca
1.1V. We proposethat this effect is due to the
stabilizationof the CO2

�ÿ radicalanionby forma-
tion of an adductwith neutralCO2. This effect is
dependentupon the high CO2 pressure,which
probably enhancesthe adsorptionof CO2 on the
electrodesurface.Therearetwo additionalbenefits
of high CO2 pressure:first, the very low current
efficiencyfor hydrogenevolution,and,second,the
high resistanceto photocorrosion.

METHODS

GDE measurements

High purity ACFs (type KF-1500; surfacearea,
1400to 1500m2 gÿ1) wereobtainedfrom Toyobo

Co., Ltd (Osaka,Japan).The detailedprocedures
for the preparationof ACF-supportedmetal cata-
lysts aregiven in a separatepublication.26 Briefly,
the fibers were placed in contact with aqueous
solutionsof the metal nitratesand were stirred at
room temperaturefor ca 10h. After washingwith
water and drying, the fibers were heated-treated
underhydrogenat 350°C. In one method(A) for
making PTFE-bondedGDE active layerscontain-
ing acetyleneblack asa matrixing agent,the ACF
contentwas3 mgcmÿ2. A secondmethod(B), was
used to prepare more highly loaded electrodes
(ACF, 14mgcmÿ2). A three-compartmentcell was
usedfor the electrochemicalmeasurements.CO2
was fed into the gascompartment;0.5 M KHCO3
aqueoussolution was used as the electrolyte.
Oxygen was removedbefore the electrolysis.A
saturatedcalomelelectrode(SCE)anda 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 gaschromatographyandhigh perfor-
manceliquid chromatography.

Photoelectrochemical
measurements

Detailed experimentalproceduresare given in a
separatepublication.25 p-Type InP [(100), 2�
1018 cmÿ3], p-GaAs [(100), (1–5)� 1017 cmÿ3],
andp-Si [(100), 10–50
] wereusedaselectrodes.
A silver wire quasi-referenceelectrode(Ag QRE,
ca� 80mV vs SCEandÿ310mV vs Fc/Fc�) was
used.A platinum wire was used as the counter
electrode.The p-InP and p-GaAselectrodeswere
etchedby dipping in boiling aquaregia for ca 5 s
beforeeachexperiment.The p-Si electrodeswere
treatedfirst in a mixtureof 5% HF, aceticacidand
10% nitric acid, and finally in 10% HF–ethanol
solution,eachfor ca 30 s.

The equipmentand the proceduresusedin the
experimentswith theCO2–methanolmediumhave
been describedin previous papers.20,22 The cell
consisted of a stainless steel pressure vessel
equippedwith a 2 cm thick quartz window. The
electrolytesolution[3 cm3, 0.3 M tetrabutylammo-
nium perchlorate (TBAP, reagent grade) in
CH3OH] was placed in a glass cell liner in the
stainlesssteelvessel.CO2 wasintroducedinto the
pressurevesselat thedesignatedpressures(1 to 40
atm).In controlexperiments,1 atmargonwasused.

A 500W xenonlampwasusedto illuminate the
semiconductorphotocathode.After filtering wave-
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lengthsshorter than 370nm, the intensity of the
lamp outputwasfound to be 480 mW cmÿ2 at the
electrodesurface.Ohmic loss was measured,and
correctionswereperformedmathematicallyon the
current–potentialcurves.

During the photoelectrolyses,total amountsof
chargefrom 1 to 10 C were passedgalvanostati-
cally at 1 to 100 mA cmÿ2 using a potentiostat–
galvanostat.After the electrolysis, the gas- and
liquid-phase products were analyzed using gas
chromatographywith either a flame ionization
detectoror a thermalconductivitydetector.

In the caseof the preliminary electrochemical
measurementswith diamondfilm electrodes,simi-
lar procedureswere followed, but no illumination
wasused.

RESULTS AND DISCUSSION

Galvanostatic electrolysis with
product analysis

Electrolysisexperimentswereconductedin 0.5 M
KHCO3 with GDEs preparedusing unmodified
ACF, and iron, nickel, copper, and palladium
catalystssupportedeitheron non-activatedcarbon
fibers (CFs) or on ACFs. The ACF supportitself
exhibited very little activity [ca 2.5% current
efficiency (CE)] for CO2 reduction,andhydrogen
evolution was the principal reaction.The CF/Fe,
CF/Ni andCF/Pdcatalystsalsoshowedlow activity
for CO2 reduction.Thesemetalcatalystssupported
on ACF, however,showedsignificantactivity, the
highest CE being observedfor ACF/Ni, which
reducedCO2 with anoverallCEof 45.3%,with CO
beingproducedat30.2%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 CO2
reductiondueto theeffect of themicropores.

Both CF/Cu and ACF/Cu producedsignificant
amountsof methane,aswell assomeCO. The CE
valuesfor methaneandCO productionwere6.6%
and 3.1% respectivelyfor CF/Cu. In termsof CE
for methaneproduction,the activity was actually
lower for the ACF/Cu catalystthan for 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-
matelya factor of six greaterthanthat for CF/Cu,

also indicating a definite effect of the micropores
for CO2 reductionon coppercatalysts.

Current±potential behavior for
hydrogen evolution on GDEs

The PCDsfor CO2 reductionandH2 evolutionfor
thevariousmetalcatalystssupportedon ACF were
examinedasa functionof potential(1.6 to ÿ2.0 V
vs SCE)in orderto understandbettertheeffectsof
kineticsandmasstransport.The PCDvalueswere
quite similar for all of the catalysts, with the
variationsbeing less than an order of magnitude,
when comparing them at the samepotential. In
addition, the PCD valuesfor hydrogenevolution
increasedin an exponentialfashion for all of the
catalysts.Thiscanbeseenclearlyin theTafelplots,
which are approximatelylinear (not shown).The
slopesfor all exceptACF/Fe were similar: iron,
(440mV decadeÿ1; nickel, 220mV decadeÿ1;
copper, 210mV decadeÿ1; palladium, 230mV
decadeÿ1.

Accordingto the literature,all of the metalswe
have examinedin the presentwork (iron, nickel,
copper, palladium) exhibit ca 120mV decadeÿ1

slopesin alkalinesolutionfor solid electrodes,i.e.
thefirst electrontransferis ratedetermining.27 The
correspondingexchangeCDsdiffer by asmuchas
two ordersof magnitude,however.It appearsthat
all of theslopes(exceptthat for ACF/Fe)obtained
in thepresentwork areapproximatelydoublethose
reportedfor the solid electrodes.The most likely
explanation for this phenomenonis diffusion
throughsemi-infinitepores.In thatcase,theslopes,
which aredueto mixed control by chargetransfer
anddiffusion,arepredictedto beexactlytwice the
valuesobtainedfor solidelectrodes.28 In thepresent
work, the slopesobservedfor nickel, copperand
palladiumwere indeedapproximatelytwice those
reportedfor solid electrodes,indicatingthathydro-
genevolutionis takingplacewithin themicropores
of the ACF. However,it is difficult to explain the
fact that the magnitudesof the CDs are all quite
similar,eventhoughtheexchangeCDsreportedfor
thesolid electrodesdiffer significantly.

Current±potential behavior for CO2
reduction on GDEs

In contrastto thebehaviorfor hydrogenevolution,
the PCD values for CO2 reduction did not vary
greatlywith potential.However,the valuesvaried
considerablyfor the different catalysts.As already
described,the ACF/Ni catalystexhibitedthe high-
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estactivity. A maximumPCD of ca 35 mA cmÿ2

wasobservedfor overallCO2 reductionatÿ1.8V.
Theactivitiesfor theACF/FeandACF/Cucatalysts
werelower andsimilar to eachother.TheACF/Pd
catalyst showedthe lowest activity among these
catalysts.

In the Tafel plots for CO2 reduction, the
differencesbetweenthe catalystsareevident(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
potentialdependence.ACF/Pdexhibitedthelowest
activity.

Electrode performance
optimization for CO2 reduction on
ACF/Ni

We attemptedto increasethe catalystloading for
ACF/Ni while maintaining a similar electrode
structure,in order to maximize the PCD and CE
for CO2 reduction.Specifically,we fabricatedan
electrodethat containedapproximatelyfive times
asmuchACF/Ni asnormal(14mgcmÿ2 insteadof
3 mgcmÿ2). In the potential rangefrom ÿ1.6 to
ÿ1.7V, the PCD valuesfor CO2 reductionfor a

lightly loadedelectrodewereof the sameorderas
thosefor hydrogenevolution. However,with the
heavily loaded electrode, the values for CO2
reductionexceededthosefor hydrogenevolution
considerably.For example,at ÿ1.6V, which was
the optimum potential for CO2 reductionfor the
more heavily loaded electrode, it exhibited ap-
proximately four times as high a PCD for CO2
reduction(ca 65 mA cmÿ2, which wasessentially
completelyCO production)asfor hydrogenevolu-
tion (ca15mA cmÿ2). Thiselectrodealsoexhibited
approximatelythreetimesashigh a PCD for CO2
reductioncomparedwith thatfor thecorresponding
morelightly loadedelectrode.TheCEfor hydrogen
evolutionsteadilyincreasedwith increasingnega-
tive potential,whereasthat for CO2 reduction(CO
production)exhibiteda maximumof 67% atÿ1.6
V vs SCE,anddecreasedwith increasingpotential.

Basedon theseresults,it is clearly possibleto
producemixturesof CO andhydrogenandevento
controltheratio.Thusit appearsfeasibleto produce
synthesisgasdirectly. For example,a CO/H2 ratio
of 1:2 is neededfor quantitativemethanolsynth-
esis,anda 1:1 ratio for Fisher–Tropschsynthesis.
By choosingan appropriatepotential,the product
gascanbeoptimizedfor eitherthemethanolsystem
or theFisher–Tropschprocess.

Reaction mechanism for CO2
reduction

In order to explain the productionof CO without
significant potential dependence,the most likely
approachis to assumethata chemicalreactionstep
is ratedetermining.For example,basedon results
from non-aqueouselectrolyte,Aylmer-Kelly et al.
proposedthe following mechanism:29

CO2�ads� � eÿ ! CO2
�ÿ�ads� �1�

CO2
�ÿ � CO2! �CO2��ÿ2 �2�

�CO2�2�ÿ � eÿ ! �COOÿ�2 �3�
Reaction[2] is a candidatefor therate-determining
step.It would not normally beexpectedfor sucha
mechanismto befollowed in aqueoussolution,but
it maybethattheenvironmentinsidethenanopores
is somewhathydrophobic,dueto theenhancedCO2
adsorption.Amatore and Saveantalso examined
CO2 reductionin non-aqueoussolution, with and
withoutwaterpresent.30 Threecompetingpathways
werefound: (1) oxalateproduction,as in Eqn [3];
(2) CO production (see below) and (3) formate
productionvia protonationof CO2

�ÿ by water.The

Figure 1 Tafel plotsfor CO2 reduction(all products)in CO2-
saturated(1 atm)0.5 M KHCO3 at�25°C for variousmetallic
catalystssupportedon ACF in GDEs electrodes:iron (&),
copper(~), nickel (*), andpalladium(!).
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CO productionmechanisminvolves Eqn [2], the
product undergoing either an electrochemical
reaction,as in Eqn [3], or chemicalreductionvia
CO2

�ÿ. Theresultingdianionthendecomposesinto
CO andcarbonate.

�CO2�22ÿ ! CO� CO3
2ÿ �4�

Vassiliev et al. have also proposeda similar
mechanismfor non-aqueoussolution, involving
adsorbedspecies:31

CO2
�ÿ�ads� � CO2�ads� ! �CO2�2�ÿ �ads� �5�

�CO2�2�ÿ�ads� � eÿ ! �COOÿ�2 �ads� �6�
with Eqn[5] consideredto befastandEqn[6] to be
ratedetermining.Yet onemorepossiblereactionis:

2CO2
�ÿ�ads� ! CO� CO3

2ÿ �7�
To explainthelack of potentialdependence,anyof
Eqns[2], [4], [5], or [7] couldberatedetermining.
It shouldbenotedthatthe(CO2)2

.ÿ (ads)speciesis
known to be stableon the Ni(110) surface.32,33 In
theabsenceof sufficientevidenceto chooseamong
thesepossiblerate-determiningsteps,we propose
the simplestone, Eqn [2], which can be written
showingmorerealisticbondangles:34

O
C

O

�ÿ� C
O

O
ÿ!

O

C
�

O C
Oÿ

O
�8�

As we showin a separatepublication,thedistances
betweenoxygenatomsin CO2 (232pm)andCO2

.ÿ

(238pm) matchthedistancebetweennickel atoms
(248pm) foundalongrowson the(110)surface.26

In addition, these two speciescan form a T-
arrangement,asin Eqn[8], with thebondbetween
the carbonatom of CO2

.ÿ and one of the oxygen
atomsof CO2 being 238 pm, which matchesthat
predicted for the gas-phaseadduct (250 pm).34

Interestingly,a very similar seriesof mechanistic
stepscanbeproposedto explainour resultsfor the
photoelectrochemicalreduction of CO2 in non-
aqueoussolution(discussedlater),but, in thatcase,
a rate-determiningelectron transfer step is in-
volved.

Coppercatalystssupportedon both ACFs and
CFs have activity for CO2 reduction.This is not
surprising, becausecopper is known to have
activity for methaneproductioneven at ambient
pressure.8–10,35Theproductdistributionsfor CF/Cu
and ACF/Cu are different, however: the main

product for CF/Cu is methane,whereasthat for
ACF/Cuis CO.Theseresultsaresimilar to thoseof
Hori et al. on CO2 reductionon copperelectrodes
under high CO2 pressure.36 Thus it appearsthat
different mechanismsare operative in the two
cases.

Electrochemical CO2 reduction on
boron-doped diamond electrodes

As alreadymentionedin theIntroduction,hydrogen
evolution is impeded on boron-dopeddiamond
electrodesurfaces,which is of potentialinterestin
terms of CO2 reduction,becauseof the desireto
suppressthis reaction.In preliminary work using
high-pressureCO2 in methanol, togetherwith a
semiconductingdiamondelectrode,we found that
we were able to reduceCO2 to variousproducts,
with no detectablehydrogen.The major problem
thatneedsto besolvedfor this approachis that the
potentialsinvolvedareratherlarge,on theorderof
5 V, due partly to the resistanceof the electrode
materialitself. However,usingsampleswith higher
conductivity, hydrogen evolution is no longer
negligible, possibly becausesuch samplesare of
somewhatlower crystallinequality and thus con-
tain defect sites that could catalyzethis reaction.
This work will be reportedin detail in a separate
publication.

Current±potential curves for
photoelectrochemical CO2
reduction

Typical current–potentialcurves for the p-InP
photocathodein CO2 (40atm)–methanolareshown
in Fig. 2. Under illumination, this electrode
exhibited large photocurrentdensities,exceeding
ÿ150 mA cmÿ2, for potentialsmorenegativethan
ÿ1.8 V vs Ag QRE (Fig. 2, curvea), whereasthe
dark current was negligibly small (less than ÿ1
mA cmÿ2) at potentialsdownto ÿ2.0 V (curveb).
The potential was corrected for the solution
resistance,which was measuredusing an IR
compensator.The high-pressureCO2–methanol
solution hasa high resistance(50 to 70 
 in our
particular cell arrangement).Both the corrected-
anduncorrected-potential curvesareshownin Fig.
2; the latter is shownascurvec. The initial partof
the curve is characterizedby an exponentially
increasingcurrent.As shownin ourpreviousreport,
even at higher current densities,the reaction is
limited by light intensity and not by mass
transport.25

=
=

==

= =

_
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The overall reactionis:

2CO2� 2eÿ � CO� CO3
2ÿ �9�

whichhasanE0 of ÿ0.555V vsanormalhydrogen
electrodein aqueoussolution,basedon 1 atm gas
pressuresand1 M CO3

2ÿ concentration.25 Lacking
the correspondingvalue for methanol,we simply
usethis value.Correctingfor theCO2 pressure(40
atm) yields a value of ÿ0.46V, and making a
further correction to the Ag QRE scaleyields a
value of ÿ0.78V. At this potential,we observea
CD of ÿ2 to ÿ3 mA cmÿ2.

As a comparison,a current–potentialcurve is
alsoshownfor thedarkelectrochemicalreactionon
a copperelectrodemeasuredunderessentiallythe
sameconditions(datatakenfrom work of Saekiet
al.22). 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
CO2-producingphotoelectrochemical cell basedon
such an electrodewould be significantly smaller
thanthecorrespondingnon-illuminatedelectroche-
mical cell.

For thep-InPelectrodesat 40 atmCO2 pressure,
the CE valuesfor CO productionwere87–93%in
the current range from 50 to 100mA cmÿ2,

comparedwith 60% at 1 atm, whereashydrogen
production was suppressedat 40 atm (<5%),
comparedwith that at 1 atm (33%). Thus,a very
high selectivity for CO2 reductionwasobtainedin
CO2 (40 atm)–methanolat high CD. This result is
somewhat similar to those for certain metal
electrodessuchassilver andgold.37–39

Tafel plots for
photoelectrochemical CO2
reduction

The PCD Tafel plots for each of the measured
productsat40atmCO2 pressureareshownin Fig.3
for p-InP.It canbeseenthat theCD valuesfor CO
(curvea) andmethyl formate(curveb) production
exhibitedTafel linearity up to approximatelyÿ50
mA cmÿ2, whereasthat for hydrogen evolution
(curvec) saturatedat lower CD (approximatelyÿ3
mA cmÿ2). At CD greaterthanÿ50 mA cmÿ2, the
valuesfor CO andmethyl formateproductionalso
exhibitedsaturation,andthe total CD saturatedas
well. The Tafel slope for CO production was
approximatelyÿ120mV decadeÿ1 at lower CD, as
indicatedin Fig. 3. This slopeis in agreementwith
those for electrochemicalCO2 reduction to CO
reportedby severalauthorsfor aqueousmedia40

and non-aqueousmedia,29 as well as that for the
photoelectrochemicalreactionreportedby Bockris

Figure 2 Current–potentialcurvesfor CO2 reductionon p-
InPin high-pressureCO2 (40atm)in methanol(0.1M) TBAP at
�25°C: (a)ohmicdrop-correctedcurveunderillumination; (b)
darkcurrenton thesameelectrode;(c) non-correctedcurve;(d)
curveobtainedfor a solid copperelectrodein thedark.

Figure 3 Tafel plots for CO2 reduction on p-InP in high
pressureCO2 (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-CdTe in DMF containing
5% water.41,42

Photoelectrochemical reaction
mechanism for CO2 reduction

Thefollowing resultsmustbeexplained:(1) aPCD
Tafel slopefor COproductionof caÿ 120mV; (2)
the onsetof currentat a potential (ÿ0.5 V vs Ag
QRE)thatis muchmorepositivethantheE0 for the
CO2/CO2

ÿ redoxcouple[ÿ1.90V vs the standard
hydrogenelectrodeSHE,orÿ2.22V vs Ag QRE],
even consideringthe photoenhancement;(3) the
high CE valuesfor CO production,particularly at
high CO2 pressureand negative potentials.The
caÿ 120mV Tafel slope,(i.e.ÿ2.3RT/anF, where
thetransfercoefficienta = 0.5) is a goodindication
of a first electrontransferstepbeingratedetermin-
ing. Slopescloseto this valuehavebeenobtained
for bothelectrochemicalandphotoelectrochemical
experimentsfor severaldifferent typesof electrode
that producemostly CO in non-aqueoussolution.
Therefore,it appearslikely for the first electron
transferto CO2 (reaction[1]) to be ratedetermin-
ing. However,wearguein ourpreviouspublication
that reaction[1] cannotberatedeterminingsimply
aswritten, becauseof point (2), i.e. theearlyonset
of current(a shift in thepotentialof ca� 1.7V, of
which at most 0.7 V could be accountedfor by
photoenhancement).25 In order to explain such a
shift, wemustconsiderthattheCO2

.ÿ radicalanion
is stabilizedon the surface,similar to the caseof
Ni(110), asdiscussedabove.

Therearetwo keypointsregardingthegas-phase
radical anion dimer species(CO2)2

.ÿ: (1) it is
stabilizedwith respectto dissociationinto CO2 and
CO2

.ÿ by 0.58eV;34 (2) the electron affinity is
positive (�0.9eV), whereas that for CO2

.ÿ is
negative(ÿ0.6eV).43 Therefore,with no solvation
or adsorptioneffects,we expecta positiveshift of
1.5 V for the E0 for Eqn [10] comparedwith the
simplereductionof CO2 to CO2

.ÿ:

2CO2� eÿ ! �CO2�2�ÿ �10�

This would put theE0 in theneighborhoodof ÿ0.4
V vs SHEor ÿ0.72V vs Ag QRE.Of course,any
solvationor adsorptioneffectswould modify this.
This valueappearsto bereasonableif we examine
the current–potentialbehavior for p-InP (Fig. 2).
Showing this reaction in terms of realistic bond

angles:

O
C

O

� O
C

O

ÿ!eÿ

O

C
�

O C
Oÿ

O

�11�
We havethereforeproposedthe latter as the rate-
determining step in the photoelectrochemical
productionof CO in CO2–CH3OH. The CO2 and
CO2

.ÿ speciescould reasonablyadsorbon the InP
(100) surface,becausethe In—P bond is 254 pm,
althoughthere doesnot exist direct experimental
evidencefor adsorption.In addition,theindiumand
phosphorusatomsarearrangedin sucha way asto
allow the appropriateinteractionof the CO2 and
CO2

.ÿ speciesfor stabilization.
The high CO yield at high CO2 pressuresand

negativepotentialscanberationalized,becausethe
stability of theadsorbed(CO2)2

.ÿ specieswouldbe
enhancedat high CO2 pressure.Otherwise, the
increasinglystrongadsorptionof tetrabutylammo-
nium cations with increasingnegative potential
would tendto inhibit CO2 adsorption.44

CONCLUSIONS

The present work shows that it is possible to
enhancethecurrentdensity,lower thepolarization
andenhancetheselectivityfor CO2 reductionif the
appropriaterequirementsare met, e.g. (1) either
high-pressureCO2 or conditionsthat mimic high
pressure,suchasnanoporeadsorption;(2) involve-
mentof theCO2 dimerradicalanion,whichappears
to facilitate greatly the reduction pathwaysthat
result in CO production.Interestingly, it appears
that similar mechanisticpathwaysare involved in
CO2 reduction for both the ACF/Ni GDE in
aqueoussolution and the p-InP photoelectrodein
methanolsolution.

For the ACF/Ni catalyst, the lack of potential
dependenceleadsus to proposea rate-determining
step involving a chemical reactionbetweenCO2
and the CO2 radical anion to producethe dimer
radicalanion.Nickel appearsto bea goodcatalyst
becauseof theknownstability of thedimer radical
anionon theNi(110) surface.

For thep-InP(100)photoelectrode,thearrange-
ment of surfaceatomsis also appropriatefor the
stabilizationof the CO2 dimer radical anion, and
thus the proposed mechanism, involving the

=
= =

= =

=_
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reductionof two CO2 moleculesto producethis
speciesdirectly, is reasonable.Most of the experi-
mental resultscan be explainedwith this hypoth-
esis,including the high currentefficiency for CO
production,even out to very negativepotentials,
underhigh-pressureCO2.
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