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Various strategies have been proposed to date deroto mitigate the concentration

DOI: 10.1039/x0xx00000x of COz in the atmosphere, such as the separation, stoeagleutilization of this gag&mong
the available technologies, the electrochemicabnshtion of CQ appears as an innovative
technology, in which electrical energy is supplitd establish a potential between two
electrodes, allowing C£to be transformed into value-added chemicals & oonditions. It
provides a method to recycle @Qn a carbon neutral cycle) and, at the same taneay to
chemically store the excess of renewable energwy fintermittent sources reducing ou.
dependence on fossil fuels. Among the useful prtegicat can be obtained, methanol s
particularly interesting as platform chemical, aitdhas gained a renewed and growing
attention in the research community. Accomplishmeettt date in the electroreduction of
COz to methanol have been encouraging, although sobiataadvances are still needed to
become a profitable technology able to shift theisty to renewable energy sources.

www.rsc.org/

This review presents a unified discussion of tlgnificant work that has been published in
the field of electrocatalytic reduction of @@ methanol. The work emphasizes on aspec s
related with process design at different levelshode materials, reaction media, designs ¢
electrochemical cells, as well as working condisiolt will then extend the discussion to the
important conclusions from different electrocatalyioutes, and recommendations for future
directions to develop a catalytic system that wibnvert CQ to methanol at high process
efficiencies.

1. Introduction technology, coupled to a renewable energy souraeh @s
wind or solar, could generate carbon neutral foelshdustrial

In the last century with the intensification of hamindustrial chemicals that are conventionally derived from glem. The
activities, the balance between theQ@oduced and consumedreduction of global C®emissions and the conversion of this
on earth has gradually been disrupted, leading ®enCQ wasted CQinto industrially useful chemical feedstocks clgar
emissions and making global warming a pressing eissulign this process with the principles of sustalaathemistry
Therefore, reducing CO production and converting this(or green chemistry), as observed in recent reyiablications
molecule into useful materials seems to be necgssateed in this journalt-13
critical, for environmental protection, and varioggvernments Moreover, the imbalance between the energy prooiuciind
worldwide have signaled their concern by increasthgir consumption is particularly important for the remdale energy
investment in research to address this issue. Taverelifferent sources, whose outputs depend on natural factersthis
approaches to tackle the €@sue which include to capturescenario, C® electroreduction could solve, or help to solve,
CO: and either store i3 or to convert the CQinto valuable this imbalance, utilizing surplus energy into metbia
chemicals'® The recycling of C@molecule by electrochemical production. The development of a cost effectivecpss for the
reduction (also known as artificial photosynthesig)here electrochemical reduction of GQcould enable a shift to a
electrical energy is supplied to establish a p@eriietween sustainable energy economy and chemical industry.
two electrodes in order to allow GQo be transformed into The electrochemical reduction of G@as studied for the first
reduced forms, has attracted worldwide intereste thiits time in 1870 by Royel Since then, it has been the subject of a
potential environmental and economic benéfits? This large number of publications, especially during kst twenty
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years. These works have been summarized in sespeaific The “methanol economy”, in which GBH replaces fossil
review articles on C® electrochemical reduction where thduels as a form of energy vector, transportatioel fand raw
state of the art is presented with different pectipes? 532as material for synthetic hydrocarbons and their patsluwas
listed in Supplementary information (Appendix I). firstly proposed by the Nobel Laureate Olah and ehid
Nowadays, C® capture, conversion, and utilization is stildiscussed afterwards by his collaborat8r¥:3° In these
recognized as a feasible and promising cutting-ealg@ of publications, they summarized the state of ourentrenergy
exploration in energy and environmental research,abdeep sources, their availability and limitations befameggesting a
understating, not only of the GQeduction mechanisms, butnew approach in the so-called methanol economythia

also of economic viability and life cycle assesstéas still economy, energy can be stored in the form og@H and the
required, although some efforts have already beee %33> CQO: is recycled avoiding additional emissions, as espnted
Recently, Dominguez-Ramos et al. evaluated therenwiental in Figure 1.

sustainability of the C®electroreduction process, focusing on

resources and greenhouse gas emissions. They dedcthat o l—\"l'l-]

. . - e [}
the integration of renewable energy and the redocin the - Electrochemical HH
consumption of chemicals in the electrolysis, mitgdd this » : 1 reduction of CO, j‘i/g
technology to be a potential candidate for an emvirentally g“gu 7
sustainable Ceutilization 34 hﬁ

CYElE

reaction medium. Electrochemical reduction of2@&@n mainly —
proceed through two, four, six, and eight-electreauction 3
pathways in gaseous, aqueous, and non-agueous sphase m
different cell and electrode configurations. Theganaeduction

products are carbon monoxide (CO), formic acid (H3E0 or Day-to- day
formate (HCOQ in basic solution, formaldehyde (GBI, life/ prodiicts
methanol (CHOH), oxalic acid (HC204) or oxalate (@04%) in

basic solution, methane (G}l ethylene (CHCH2) or ethanol

(CHsCH20H) 3?2 Among the various chemicals, the challenges Figure 1. The methanol-based economy cycle model.

for converting CQ into CHsOH are great, but the potential
rewards are also enormous. A close study of the existing information on thigogect reveals

that the successful development of an artificiabtpBynthesis
1.1. Potentialities for the electrochemical reduction o0, i no longer an unrealistic dream. The literatueorted so far
to CH30OH the conversion of C®into CHsOH following thermochemical,
electrochemical, photoelectrochemical, and photdgtt
reactions performed over both inorganic as welloaganic
molecular (homogeneous and heterogeneous) catalvic
systems? Nevertheless, none of the review articles excklgiv
deals with the literature on the electrochemicatvewsion of
CO: into CHOH, taking into consideration the effect of the
applied catalytic material, electrolyte and confagfion of the
electrochemical cell.
To fill this gap, this review article presents agidcusses the
several fundamental aspects and opportunities ofz CO
electroreduction to C¥DH, with a main perspective of
designing a simple, efficient and reliable methaot the
continuous electroreduction of GQusing renewable energy
resources. The following key points of the £€ectroreduction
Iprocess to CEDH are discussed: (i) cathode materials applied'.
(i) effect of the reaction medium, (iii) operatirgpnditions,
(iv) configuration of the electrochemical cell arimhally (v) a
comparison with other electrocatalytic routes. Besj this
review also discusses some other relevant €l€ctrocatalytic
approaches, which despite the fact that their nobijective is
not CHsOH production but other products, whose results may
be taken into account for the development of arciefit
process to generate @BIH and identify research needs.

The direct electrochemical reduction of £@sults in a variety D - CARBON
of products, which depend mainly on catalyst materand the = - NEUTRAL m
oo

CO, emissions

Power pla nts
and industries

Methanol is a green fuel with almost half of theryy density
of the mostly used fuel, gasoline (methanol: 15.6-I¢4;
gasoline: 34.2 MJ-H),3 but also a vital intermediate for
several bulk chemicals used in day-to-day life pid such as
silicone, paint, and plastics. Compared to hydrogeHsOH
possesses a higher energy density, it can be stated
atmospheric pressure, and it can be utilized dyrentenergy
converting systems like internal combustion engimkes to its
high octane rating, or directly in fuel cells inrBét Methanol
Fuel Cells (DMFC) or indirectly (after conversiomto
hydrogen by reforming).

At present, most of the commercial &bH is produced from
methane through syngas (the mixture of CO apdhly steam
reforming on quite large-scale industrial plants several
million tons per year capacify.However, the electrochemica
transformation of C®@emitted from fossil fuel burning power
plants and other industries (and eventually evem @O
contained in the air) into G@H can be performed under
ambient conditions. This process could become bémasand
renewable at human timescale, contributing to sbbth global
warming and energy crisis problems to a great exfen

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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CY
2. Summary of studies CO, + e + H+ (at cathode surface) = HOCO (dioxymethylene ion)
HOCO + e~ + H* = H,0 + CO (carbon monoxide)

The overall reaction of C3DH formation is a combination of a CO + e+ H*= HCo
reduction and oxidation reaction at the cathodeaatle of the HCO + e + H*= CH,0 (formaldehyde)
system, respectively, as presented in Table 1. HCHO + 2e- + 2H*= CH,OH

Table 1 Electrochemical reaction for Q@onversion to 0V€ra|lC02+6H++6e=CH3OH+H20 .....

CHsOH under standard conditions. ()
Electrochemical reaction E (V) CO, + e+ H* = HCOO (formate ion)

Cathode| C@+6H"+6€e S5 CHOH + HO | -0.22 vs. SCE HCOO" + e + H* = HCOOH (formic acid)

Anode 3HO S 1.5Q + 6H" + 6 0.99 vs. SCE HCOOH + e~ + H* = HCO + H,0

Overall: | CO2+ 2H0 § CH30H + 1.5 121 HCO + e" + H*= CH,0 (formaldehyde)

HCHO + 2e- + 2H*= CH,0H

Thermodynamically, it is feasible to electrochemlicaeduce =  ------rmmmmmmmmmmsmm e
CO:; to CHsOH; however, the reduction potential of carbon Overall: CO, + 6H* + 6e- = CH;0H + H,0
dioxide is only 20 mV positive with respect to thetential for
water reduction, which results in hydrogen generatiThen, in Figure 2. Probable reaction pathways in the electrochemical
the electrochemical reduction of @@ CHOH, the electrical reduction of CQto CHOH, through CO (a) and HCOOH (b)
energy supplied to the system is consumed by tactians: intermediates.
i) Hydrogen Evolution Reaction (HER), in which tBeergy is . )
f:z)ns{Jme% for the production of (hydro)gen through [:ﬂ'tﬁg:);SS 2.1 Applied cathode materials
of water electrolysis. Transition metals and their associated compoundsh sas
(ii) The reduction of C@into the product of interest, GBH. metal complexes, have been widely evaluated for tne

In order to achieve high selectivities for a giveroduct electroreduction of C® This is probably because these metal.
(defined by the Faradaic efficiency) and high pmithn rates have vacant orbitals and actideelectrons, which are believed
of the desired CEDH, it is required to use an electrode materith be able to energetically facilitate the bondletween the
able to suppress the HER so that most of the éeetrergy metal and the C®for adduct formation and facilitate the
supplied is consumed only in the €@duction reaction. desorption of the reduction produétsBesides, the electronic
Figure 2 shows the two most probable reaction payiswn the and geometric properties of the metallic catalymisface, in
formation of CHOH from the electrochemical conversion ofelation to the size of the active centres and ¢lEments
CO02.4° The first mechanism proceeds through CO pathi®&Yy, forming them, seem to be crucial to block HER amdnmote
and the second undergoes formate (HQQ@ermediate?4* CO» reductiont®

The other main compounds that are expected to bmefd Among the available metals, those identified inuFég3 have
together with CBOH are CO, HCOOH, C¥D and CH. For been reported to be the most active for the elekcamical
example, in 2012, Kuhl et &. evaluated the electrochemicatransformation of C®to CHOH and their use is discussed in
reduction of CQ on metallic copper surfaces across a rangetbke following sections. The metals have been grdupe
potentials and observed a total of 16 differentz@&duction according to their use for preparing cathode malerias
products (CHOH, CO, CH, acetate, acetaldehyde, ethanoteported in literature), as well as to their pasitin the periodic
ethylene, allyl alcohol, propionaldehyde, 1-progambyoxal, table of elements.

glycoaldehyde, ethylene glycol, hydroxyacetone, t@ue).

Since the transformation of GQo CHOH requires 6ethe

reduction reaction is considered to be kineticalbwer; hence,

very active and selective catalytic materials fos reaction are

needed.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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S - P |:| — At present, the greatest reported current densifiesand
mesals He Faradaic efficiencies,FE, towards CHOH formation are
et O :;Ti:':::" O Blcln 2| associated with oxidized Cu-based electrodes withreat

| -Moand Ru metals / AN densities of up to 33 mA-cfmand Faradaic efficiencies greater

than 100%, where chemical and electrochemical nrésimns
are involved in the transformation of the £@olecule?*

26 27 28 2 30 31

vin | Fe| co [ Nif cul zn| ca | G

& w0y -
Tc [Ruj Rh
.

82 [} 84

11 | Pb| Bi | Po| At | Rn Cu and Cu oxides In an attempt to enhance the electrochemical
reduction of CQ@, oxidized-Cu surfaces have been applied since
Frese et al. reported in 1991 the Ofectroreduction to C¥OH at
various oxidized copper electrodes (Cu foil, Cu ftikermally
oxidized in air, and air-oxidized Cu electrodepasbite anodized or
air-oxidized Ti foil) at ambient temperatie The highest rates,
2.8-16 mol-m?-s?, were found when using anodized Cu in 0.5 M
KHCOs at -1.90 V vs. saturated calomel electrode (SCH}e T

Figure 3. Active metals reported in literature for the élechemical resultipg apparent Faradic efficiencies were extmarily high
transformation of C@into CHOH. ~240%).

In 2009, Chang et &I synthesized G cubes to prepare €D-
catalyzed carbon clothes. These materials were actwized
Among the various metal electrodes employed for tledectrochemically by potentiostatic measurementsd ayclic
electrochemical reduction of QOCopper (Cu) is one Of theVOltammetries |n 0.5 M NaOH eleCtrOly‘Ees Saturamtlh_COz. The
most promising materials for obtaining hydrocarboasd GC/FID analysis of the electroreduction process icoed the

. . . CHsOH to be the predominant product. The current nesee for the
alcohols. The industrial catalysts for the produretof CHOH potential range 0 to -1.70 V (vs. SCE) revealedefeetrochemical

are commonly composed of CP'Zf"Al mixed oxideswHS giapility and the notable catalytic ability of £catalyzed carbon
demonstrated that the combination of these comp®uRrgbthes for the COreduction. The mass activity was estimated to b2
produces a higher catalytic activity for @H formation than 0.94 mA-mg-.

the isolated metals at low pressuté§herefore, Cu and Zn

metals were employed initially, in 1904, as cathedier the Moreover, Le et & reported C_ZIaOH_ prod_uctlon rates as_hlgh as
electrochemical reduction of G In this first work, Cu, zn, 1-2:10° mol-m?.s® and Faradaic efficiencies up to 38% in 0.5 M
and amalgamated Zn and Cu based electrodes weee fies KHCOs at electrodeposited cuprous thin films electrodBsese

) ) values were higher than those obtained from thetreleeduction of
the electroreduction of GOn aqueous NaHC®and KSQ: ¢, ejther at air-oxidized or anodized Cu electrodeggssting that

solutions. The results showed that the electrogla&@e with Cu(l) species play a critical role in electrode dttiand selectivity
amalgamated Zn electrodes exhibited high efficierfoy to CHsOH. The theoretical potential for G@eduction to CEOH, at
reducing pressurized GQalthough the main product obtained®H= 7.6 and 25 °C, occurs 20 mV positive of the dath hydrogen
was HCOOH. In 1985 and 1986 Hori et*&® observed high €lectrode with Cu materials, while using oxidized @e CQ

rates and efficiencies for the electrochemical ctidn of CQ reduced at more positive potentials, therefore shpugreatest

. yields and efficiencies. Moreover, the formation ®Hs:OH was
to CO and hydrocarbons, mainly @Hand CGHs, on Cu gapie gver Cu and Cu oxides supported on ZnO fgebreaction

electrodes in aqueous hydrogen carbonate solulibis new times. They hypothesized that the stability of tecies may be a
finding opened up the interest to evaluate Cu nmieflces for key factor for maintaining catalytic activity for GEIH production
the electrochemical transformation of €£CBince then, the from CQ: electroreduction, since ZnO stabilize oxidized @uhe
formation of low hydrocarbons (e.g. Gldr C:Ha), alcohols hydrogenation reactiol:’® The mechanism for G0H synthesis

from CQ, and its intermediates, on Cu/Zn surfaces has lbaésm
(CHS.OH' CHCH-OH and 1-propanol @'80))‘ esters., as well studiedQThe calculations indicated that the Cu-ifm is the active
as high hydrocarbons, such as parafflns. a“?' oldfipsto 6 site to catalyze C¥DH.”® However, more fundamental studiec
carbon atoms), have been reported in literature Cat regarding oxidized Cu electrodes on their formaliation potentials
electrodeposited Cu and Cu-coated electrédi#s®® Besides, relative to CQ are still required.
recent studi¢/d4>86.87 have advanced in improving the
understanding of the mechanisms for the electratimiu of In 2012, Li et af! prepared C#D layers by annealing a Cu foil in
COz at Cu-based electrodes. The results suggest hizakey ailr. The results showed t.he dependengy ob @@uction activity
enabling step in the formation of hydrocarbons fré@ is the with  electrode Iaygr thlckngss. Besides, the prepatwO
protonation of adsorbed CO to form adsorbed CHOwél@r, electrodes > 3 um thick) exhibited 480 larger surface roughnesses

. ) . than polycrystalline Cu-based electrodes and reduix&0 V less
since CO binds only weakly to Cu surfaces, matetiaat bind ,emotential to reduce the G@nolecule. The electrodes prepared

CO weaker will lead to large amounts of gas-phage Guere stable and showed a higher level of activigntall previously
production. Therefore, materials that bind CHO regtg, while reported metal electrodes evaluated under compacaipiditions (>1
binding CO with similar tenacity, offer the bestpeofor future MA-cm? at overpotentials <0.40 V), although the main octidm
catalyst materialé: products were CO and HCOOH. Lan efZalery recently studied
the electrochemical behavior of different loadingsf a
Cu(core)/CuO(shell) catalyst in a standard threeti@de cell. They

2.1.1. Copper (Cu) and Cu-based electrodes

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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focused on the modelling of the electroreductioncpss of C@to
CO and HCOOH by using an in-series first-order reactiThe
models reasonably described the formation of the gvoducts and
could be used to further understand the formatio€sOH at Cu
materials. The same group reported in 2014 thepeence for C@
electroreduction at Cu(core)/CuO(shell) catalystairflow reactor
where CO, HCOOH and GBH were the main producté.The

Green Chemistry

solution). More recently, Jia et ®l.conducted the electroreduction
of COz in aqueous 0.5 M KHC®at nanostructured Cu-Au alloys.
The Faradaic efficiency of GE&H on Cus.cAuses.1 supported on
nanoporous Cu films (NCF) was found to be 15.9%,civhivas
higher than in nanostructured Cu and 19 times higjen on pure
Cu electrodes, as represented in Figure 5. The ialatatalyzed not
only CQ: reduction, but CO reduction, which contributesibance

Faradic efficiency for CkDH was 42.7%. A larger amount ofthe conversion of C&£to alcohols.

CHsOH was obtained for the Cu(core)/CuO(shell) cataigst M
KHCOs (-1.77 V vs. SCE) than that obtained at a Cu foheT

suggested C®reduction pathway is shown in Figure 4. They

concluded that the interplay between the Cu coreGn@ shell is
beneficial for the production of CO, HCOOH and 4CHH.

co,
\ + ) co
CO;2 ags = COy s g CO.¢s -
catalyst catalyst ’\ X
€ l H* \H
catalyst |
HCOO- p o _ e
e - HaCOuss catalyst HCOqs
_Icatalyst catalyst H*
&
CH;0H
()
CH,

Figure 4. Possible reaction pathway for the electrochemical
reduction of CQto CHsOH on Cu(core)/CuO(shell) catalyst.
Reprinted from re$*

20
184
164

7] CH,OH |
S CH,CH,OH

ES 14 4 Z
z
12 :
k7 3 N
= 104 ; N
‘@ 3
g 8 :
S 64 3
® :
2 4l § -
2 3
W@ | \
6 \ N

Bulk Cu Nanostructured Cu iCuﬁ,AuaﬂlNCF

Figure 5. Faradaic efficiencies for G&H and CHCH.OH
production by different electrodes in 0.5 M KHES®lution.
Reprinted from re$?, Copyright (2014), with permission from
Elsevier.

Other alloys resulted in the production of HCOOH &@ with an
enhanced reaction rate compared to that usinglémeeatal metals,
such as the work developed by Yamamoto ét ahere CO and H

Recently, de Brito et & described the photoeletrocatalytiovere formed in 1:1 ratio at Cu-Ni catalysts with @rerall energy

reduction of CQ dissolved in 0.1 M N&£0Os/NaHCG at Cu/CuO
electrodes prepared by electrochemical depositica ©u foil. The
obtained values were very promising, with asOH yield as high as
80 ppm and a Faradaic efficiency of 75% under Ug-Miadiation
and bias potential of + 0.16 V vs SCE. The proposedem may
inspire future works for electrochemical €&nversion processes.

efficiency of 44.6%.

Cu nanostructures and organic frameworks In 1993 Schwartz et
al® firstly studied crystal structures (perovskiy@e) for the
electrochemical reduction of GQinder ambient conditions atiA
A’0.2Cu0s (A= La, Pr and Gd; A'= Sr and Th). The resultsvebd
Faradaic efficiencies for GQeduction to CEHOH, CHCH20H, and

Cu-alloys. Alloying Cu with other metals may enhance th€sHsO of up to 40% at current densities of 180 mA?cim 2013,

electrochemical properties for G@eduction to CHOH 63:6573.76.77

Andrews et af® studied the electroreduction using Cu electrodés ar.

Wanatabe et al®®73 reported, after studying the electrochemicalu nanoclusters on single crystal ZnO electrodesadgueous

reduction of CQin aqueous KHC®on 32 metal electrodé$;>the
peculiar effects of alloying Cu with other metal® (iNi, Sn, Pb, Zn,
Ag and Cd) to enhance the reversibility and selagtifor CO.
electroreduction. The Cu-Ni electrodes prepared lbgt®plating

bicarbonate electrolytes. The products obtained.d6 V (vs. SCE)

in gas phase included:HCO, CH, and GH4, while in the liquid
phase were C¥DH, CHCH0OH, HCOO, methyl formate and trace
levels of GHsO were detected. While the normalized curren:

yielded mainly CHOH and HCOOH at less negative potentialglensities were similar using any type of the etmidrconsidered at

However, the Cu-Ni-based electrodes increase hydr@goduction
and decrease hydrocarbon yields with the increfibk coverage on
the surface of Cu. Besides, the current efficiencgrelsed with
electrolysis time, which was related to the formatof poisonous
intermediate$®

certain potential, selectivity toward GBH and CHCH:OH was
improved by at least an order of magnitude usimgnénostructured
Cu/ZnO electrodes. They proposed that ZnO strengtieiCu-CQ,
increasing the selectivity to alcohols. Besides20i4, Jia et &l?
electrodeposited a novel nanostructured Cu-Au albased on a
nanoporous Cu film as a template. The linear vaitetny analysis

Schizodimou and Kyriacdt evaluated the accelerating effect ofhowed that the synthesized material exhibit csimlytoward

various cations and the acidity of the solution tbe rate of the

electrochemical reduction of GQo CHOH in aqueous media. A

electrochemical reduction of G@n a CesSnsPhs alloy cathode. further analysis of the products obtained ¢OH and CHCH2OH)
The results showed that the rate of:G&luction can be increased atevealed that Faradaic efficiencies are greatlyeddpnt on the

low overpotentials and the distribution of the prots can be
controlled simply by varying the composition of thlectrolyte. The
main products of the reduction were €M, CO, HCOOH and

nanostructures and compositions of Cu-Au alloys. RigeXie et
al®, in an effort to overcome the electrocatalystdaibiity and
large reaction overpotentials, prepared Cu nanofldN€) catalysts

CHsCHO. The maximum current efficiency for @H formation With chrysanthemum-like structure. The results stubva 400 mV
was 36.3 % at0.70 V (vs. SCE) with a total GQeduction rate of reduction of overpotential for GHand GHs, in comparison to
1.8-16° mol- 2 s! (44.47 pmol-A) in an acid solution (2 M HC| Polycrystalline Cu. The electrocatalytic materiakge the catalytic

This journal is © The Royal Society of Chemistry 2012
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activity for over 9 h and HER was reduced to 25%aBaic method for producing C¥#DH at Mo foils mounted on Cu

efficiency. These materials offer good prospectstfeing used t0 jires, with up to 84% Faradaic efficiency and witho

design new electrocatalysts for €H formation. detectable corrosiolt. Such reductions can occur, for example,

. at -0.80 V (vs. SCE), only 160 mV negative of thanslard
In the past two decades, metal-organic framewolkk®Ks) have . .
attracted research interest due to their high figr@sd thermal potential corrected for pH. The electrolysis alsoduces small

stability, as well as adjustable chemical functidpaMOFs, or amounts of CO and traces of €HBandi et aP? used various
coordination polymers/networks, combine organierigs and metal conductive oxide mixtures (RuOTiOz, MoO, CmOs, and
ions or metal-containing clusters. They have bedtely used as Rh,Os) to catalyze C® electroreduction to C#0OH. The CQ
effective materials for Cfadsorption, storage, and separafobut nderwent reduction to GH and HCOOH, as detected by
:Zgﬂcﬁiyofaggeﬁ%r;zﬁgg an opportunity in the ejebemical GC, in a solution of 0.2 M N8Oy (pH= 4) saturated with CO

’ At low current densities (~50-100A-cnT?), before the onset
Kurmar et al. studi€d the electrocatalytic properties for €0 potentl.al of HER, there is a high cur.rent efficigrior _CHSOH
reduction of Cu-based MOFs in @@aturated N,N- formation on electrodes based on mixtures of R#@iOz and
dimethylformamide containing tetrabutylammoniunRUQz + CaO4 + SnQ + TiO2 deposited on a Ti foil. The same
tetrafluoroborate. The cyclic voltammetric studiesealed that the author lately reported the electrocatalytic acyividf mixed
electrochemically generated Cu(l) species were \sefgctive for Ru/Ti material$* In order to optimize the current efficiency for

CO; reduction, although the main product wagChDa. In a recent o requction of COto CHOH, the electrodes were covered
study, Hinogami et & successfully synthesized Cu rubeanate

MOFs particles and dispersed them on a carbon papdorm \_N'th sqme amounts of Cu The results showed thaenwh
electrodes. The resulting potential for ©@duction was about 0.20increasing the Cu deposition on the electrode sarfan

V more positive than that observed on a Cu metaltrelde in an increase in CEDH production is also noted with positive effect
aqueous electrolyte solution. However, the majducgion product on current efficiency. The GQalso underwent electrochemical
was HCOOH, whereas a Cu metal electrode could genarednge reduction to CHOH and acetone over the surfaces of Ru, C. -
of products. In any case the production of HCOOH t&sdold (at ~q-modified Ru, and Cu—Cd-modified RuOX + IrOX

~1.44 vV VS SCE) than th_at of a Cu met_a! electrodbtha stability electrodes. The current efficiencies ranged fron8 15 38.2%
was confirmed, suggesting that promising resultslccde also |

obtained for CHOH production with specifically designed MOFs!" 0-5 M NaHCQ@ solution at a potential of -0.80 V (vs. SCE).

Maihom et af® further demonstrated that MOFs can be utilized nbt 2003, Spataru et &.showed that Ru@coated diamond
only to capture and activate @Obut for CQ catalysis. They electrodes could be a promising electrocatalysiseriz for

investigated on the reaction mechanisms of the dgairation of CO, electroreduction. The main reduction products ioleth in
COz to HCOOH over Cu-alkoxide-MOFs. The investigationG  gcidic and neutral media were @H and HCOOH, with
electroreduction to C#DH on Cu-based MOFs electrodes, howeveéfficiencies of 7.7 and 40

. - %, respectively. Morepwehen C
still remains as a challenge for future research. o P Y a0 Q

was subjected to electrochemical reduction in 0.N&HCO
2.1.2.  Molybdenum (Mo) and Ruthenium (Ru) solut.l(_)n in a _two-compart.ment H-type electrochernoesl a_t Pt
modified with RuQ-TiO2 nanotubes and RuGTIO2
One of the initial studies on the tOpiC shows t@at Mo, W, nanoparti(ﬂesy the formation of GBIH was detectef.
etc. presented scarce electrocatalytic activihenreduction of Recently, Li et af® prepared MoSrods/TiQ: nanotubes
CO; at ambient temperatures in aqueous KHBCON heterojunction electrodes for GOtransformation. They
comparison to other metallic electrodes, such asim Hg, or demonstrated that MeSwere hexagonal prism structures
Cu?® However, in subsequent studies during mid of 1980s without notable effects that were randomly disttélion the
mid 1990s, C®@ was reduced over several metals and th%z nanotube surface, as observed in Figure 6. Th(,J
formation of CHOH was observed on M&® and several concluded that the regular structure was beneffoiaklectron
types of Ru electrod&®with Faradaic efficiencies up to 60%transfer, and therefore catalytic ability. Electuction
at current densities less than 2 mA:xngince then, these experiments showed that the §&3H yield reached 202.2 mg- L
metals are well known for the electroreduction @.Cas well 1 (6 mmol-LY) at 6 h of experimental time with a Farada'c
as CQ, CO, and H adsorption, leading to different catalyticefficiency of 42%, which gradually decreases withagtion
activities, electrode stabilities and prOdUCt ses. going on. However, when illumination was introduceal

In 1985 Frese et & firstly demonstrated the production ofcH;0H yield and Faradaic efficiency of 463.68 mg-hand
small amounts of CDH on electroplated and Teflon-111.58%, respectively, can be achieved.

supported Ru electrodes in g€aturated 0.2 M N&CQy at pH=
4-7. The Faradaic efficiency of the electroredutctiorocess
was as high as 42% at 60 °C. One year later, Susneteal’®
conducted the electrolysis of @@sing Mo electrodes in GO
saturated 0.2 N&OQu (pH= 4.2) and 0.05 M 8Os (pH= 1.5)
solutions, producing C#DH as the major carbon-containing
product. The reduction proceeded at room temperahmd -
0.57 to -0.80 V (vs. SCE) with Faradaic efficierscieear 100%
in some cases. Based on these results, Frese'p padanted a

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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process if the PB formed from ES is continuouslyucedi back to
ES by supply of electricity, with no degradation thfe metal
complex?9-98.107.114-118 \hen a mixture of KCI, CkOH and metal
complex was employed as an electrolyte,3GH was identified as
the sole reduction product. These results suggest the
simultaneous existence of a metal complex andsQEH is
100 nm appropriate for the reduction of @@ito CHOH.11°

Titanium (Ti). The work developed by Noda et’8ishowed that Ti
electrodes possess no significant catalytic agtieit their own for
the electrochemical reduction of €0n a KHCQG solution.
However, TiQ has shown activity and has been used as an
electrocatalyst with other metal oxides depositetoothe Ti
substrate to catalyze G®lectroreductiof?9496-99.120,121

Monnier and collaborators reported the cathodicaligm of TiCy,
TiO2/Ru and TiQ/Pt thin film electrodes prepared by thermal
deposition on Ti rods for the electrochemical reitucof CQ.120.12
Cyclic voltammetric measurements revealed adsarpdbCQ in
the TiQ/Pt surface, which results in the formation of
electrochemically detectable species. Lately, Bamdi al?>%*
determined the Faradaic efficiency and currentagst
characteristics for the reduction of €6n various conductive oxide
) . mixtures (Ru@, TiOz2, MoO;, CmOs, RIeO3), resulting in higher
Iron (Fe). In general, the electrochemical reduction of 2C& ¢y rent efficiencies for C¥DH formation. It was concluded that the
electrodes made of Fe, Co, and Ni or Fe/Co/Ni congsle®f first electron transfer was the rate-limiting stip the reduction
porphyrin, in aqueous solutions mainly gives hydrbons, as well process in acidic media. As mentioned in the previsubsection,
as H and CO. However, relatively high efficiencies folOC the study of C® electroreduction at Ruoated diamond
electroreduction to C¥DH in durable catalysts were also obtaineg|ectrodes showed that the main reduction prodactidic media
using Fe-based complexes of porphyfin. were CHOH and HCOOH. The Rugboron-doped diamond
electrodes resulted in lower Faradaic efficienétgsCOz reduction
In 1986 Ogura and Yoshida showed that>Q@uld be reduced to CHsOH than when the substrate was replaced by a Téeriaht
electrochemically to C¥OH at a ES (Everitts Salt, under identical conditions, concluding that thespree of Ti@
KaFe(ID[Fe(II)(CN)])-meditated electrode in the presence of thenhances the formatidh.
1,2-dihydroxybenzene-3,5-disulfonate (tiron) fes(dt) complex
and ethanot®® Ogura and Fujita probed the positive performarfce ioreover, Qu et &7 loaded Ru®@ onto TiG nanotubes or
ES in the C@ electrochemical transformation to @H when they npanpparticles, which were then coated onto a Ritrelde for the
compared the Faradaic efficiency at ES-coated &eptlectrodes g|ectrocatalytic reduction of GOCompared with electrodes coated
(efficiency >80%)°" with that at a quinone-derivative-coated Pjith RuQ, or with RuQG-TiO2 nanoparticles, the electrodes coated
electrode (>50%)% These results have been further confirmed Ryith RuO,—TiO, nanotubes had a higher electrocatalytic actity f
the same group when producing &M from CQ in  the production of CEDH, with a current efficiency of up to 60.5%.
photocatalyti€® and direct liquid fuel cellsX* Rail and Berbet® \yhich suggests that the nanotube structure is itapbim achieving
reported that, under appropriate conditionsNE#esN(CO)z could 5 high efficiency and selectivity for GOelectroreduction. This
be a catalyst for COelectroreduction at 1.25 V vs. SCE using finding has inspired the recent work of Li et®lfor the CQ
glassy carbon electrode. ES coated on a Pt platealga found to tgnsformation  into CkOH at MoS-rods/TiQ:  nanotubes

present activity for CEOH formation in the presence Ofpeterojunction electrodes with and without illuntioa application.
pentacyanoferrate(ll) (NBe(I)(CN)XH20) r

amminepentacyanoferrate(ll) (BFe(Il)(CN)ENHs) and a alcohol
(CHsOH or CHCH:0H) as an electron mediator to reduc
C0.106.107 The activation energies for GEIH formation, via

HCOhOE'.’ r\]/ver(ihestlrt?]ated éotbe .5'8(;1?'6 kc;l-‘%pawggh wgre to HCOOH. When the reduction of @vas conducted in a neutral
much higher than those determined for reduction unaer electrolyte at a Hg electrode, a high overvoltage Bw efficiency
|dent|cal_ experlm_ental condlthns. The - proposed uctidn for COz reduction to HCOOH were observEd.Besides, HCOOH
mechanism was first the reduction of ES to PB (Ransdlue, and CHO reductions to CkDH occurred with a Faradaic efficiency

:(Fe(lfll)[Fe(lI)l(Clt\l)e]) (t)n th?g é:ath%de ttoh' sta[;t the t.redu(c)tlon Z}éxceeding 90% in a basic solution at a currentitlea10 mA-cm
ransierring electrons to ased on this observation, Ugura & any case, the application of Hg for the elm®tduction of CQ@

109 ) : ) X
al. " carried out a further study using a PB-polyanil(fén) dual has been substituted by other materials, in partHe significant

film <I:oate|d tPt/g:o.-Z-hydroxy-In|t|rci§onafhttk)alae‘er;§— -Bl,iﬁulfor;ate pollution to the environment and adverse healtlectsf that the
complex electrode in aqueous solution. Lactic anol, acetone, 0. ce of this material may cause.

and CHOH were detected at a low overpotential (-0.60 VSGE)
under ambient conditiortd%112 Neff in 1978 first electrodeposited
PB onto a Pt plate from a mixed solution of 0.01 &CE and 0.01 2.1.4. Noble metals

MKsFe(CN}, that was reduced to ES. Other studies confirmed | contrast to other electrocatalytic materials, @i Pt have
that CQ can be reduced to GBH in a continuous electrochemical, ... significantly  different behavior toward€O

Figure 6. SEM images of (a) MaSods/TiQ: nanotubes (at

50 pm magnification), (b) Ti&nanotubes (100 nm) and (c)

MoSz rods (10 pm). Reprinted from r&. Copyright (2014),
with permission from Elsevier.

2.1.3. Other transition metals

Mercury (Hg). The first trials on the electrochemical reductidn e
toat Hg electrodes were carried out by Teeter andgdtysrgue in
1954122 They demonstrated that the reduction proceededtipélly

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7
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reduction, due to the differing interactions witldsarbed
intermediates, such as CO or COOH, leading to wffe
catalytic  activities/stabilities and product seleties
depending on the way the material is appl®d?’ Several
works using electrodes based on Pt and Pd havie@sn the
production of CHOH.

Platinum (Pt).

acetonitrile (which is not a recommendable solvémm an

Page 8 of 27

solution in a two-compartment cell separated bygar bridge. The
obtained selectivities for the production of €HH (in the dark)

were high (maximum 85%) at also high overpotentias

GaAs(111)-based electrodes. These high efficieramesuraged the
production of CHOH at these semiconductor materials.

Lead (Pb). In 1914, in one of the earliest studies on 2CO
electroreduction, Fischer and Prziza ran electimlyieduction

In 1983, Eggins and McNeill studied thereactions of C® dissolved under pressure in a steel béffib.
voltammetric reduction waves for G water, dimethylsulphoxide,

HCOOH was the major product obtained, although mahiamounts
of CHsOH were also obtained in2BQ; and (NH)2SOQ: electrolytes.

environmental point of viewj® and propylene carbonate usindNevertheless, Pb presents a well-known toxicityd an efficient

electrodes based on Pt, among otR&sater on, Brisard et &F°
used differential electrochemical mass spectrom&irynvestigate

CO. electroreduction process based on other greenlysiata
materials is preferred.

the reaction of electroreduction of €0n Pt porous electrode. The

results showed for the first time the productionCé:OH in acidic
media using a Pt electrodeposited electrode. Theiltse also
suggested that CO was the intermediate of the riedugathway
leading to CHOH.

Recently, Shironita et af%132investigated the Cfelectroreduction
at a carbon supported Pt (Pt/C) and Pt-Ru (Pt-Ru/Cjretie in a

To summarize, the reported experimental data on silective
generation of CkDH from the electroreduction of G(a lists of the
data available in literature for the Faradaic éficies and CkDH

production yields is presented as Supplementaryorimdtion
(Appendix Il). The table includes the reaction nueaj operation
conditions and cell configuration in which the etechemical
reduction of CQtakes place. In general, the &@ansformation into

single cell to realize a CGIDH-based reversible fuel cell. TheCHsOH at Cu, oxidized-Cu, and Cu/Zn-based electrodes s¢em
electroreduction of C®was shown to occur with a relatively highprovide the highest Faradaic efficiencies and petido yields

Faradaic efficiency of 30-50%. They speculated that produced
CHsOH accumulates on the active site of the Pt/C eleatalyst,
reducing the reduction current with time. The sOH yield

efficiency was improved from 0.03% at the Pt/C t6% at the Pt-
Ru/C. Besides, the evaluated Faradaic efficiencies ciglic

voltammetry measurements were 35 and 75% at the &td Pt-
Ru/C, respectively.

among the reported materials.

2.2.
reaction

Effect of the reaction medium on CQ reduction

As previously discussed, the selection of the gatahaterial is
crucial for the selective production of @H from CQ
electroreduction. However, the reduction mechanisamsl

Palladium (Pd). Spichiger-Umann and Augustynski initiated inreaction pathways (selectivity) and efficiency dfetCQ

1985 the study of Cfelectroreduction in a 1.0 M NaHG®olution

at a Pd electrod®? A few years later, Azuma et &' and Nagasawa

et al’3® concluded that the main products generated froenQ:

electrocatalytic reduction were HCOOH and CO, andlisanaounts
of hydrocarbons (from methane to hexane), in a Kkl@@dium. It
was also reported that the HER can be suppress#ted?d surface,
and so electrocatalytic activity can be enharéédOhkawa et
al.137.138 modified a Pd electrode surface for the electrotbal

reduction of CQ in aqueous KHC® solution. The -current

efficiencies for CHOH, CHs and HCOOH production were larger” |
on hydrogenated Cu-modified Pd electrodes than om- n(S\'_a'
hydrogenated electrodes. They hypothesized thatrthancement is bicarbonate

caused by the participation of absorbed hydrogeherreduction of
COz, which was further explained by Podlovchenko etvidere CO
and HCOOH were formed at low overpotentials, whileaage of

alkanes from methane to hexane were observed aherhig

potentials'3®

2.1.5. Post-transition metals

electroreduction process are highly influenced by anly the
metal surface. In fact, even for the same metaltelde with
the same purity, different supporting electroly&esl operating
conditions have been found to have a great effacturrent
density, product selectivity, and energetic efficg in CQ
redUCtiOﬂ1.9'21'56'145'147

In general, the electrochemical reduction of .C&@mmonly
employs aqueous electrolytes consisted on alkaibres (e.g.
K*) and various anions such as halide anions (e, Cl
(HC®) or hydroxide (OH in aqueous
solutions®6.124.146.147These inorganic salts are often used due tr
their high conductivities in water and because tt&y provide
the required protons involved in the reaction pathw

In 1986 Mo-based electrodes were pre-treated wi@i &hd
applied for the electrochemical reduction of i@ saturated
aqueous solutions of 0.2 M b8 and 0.05M HSQ1.% Table

2 shows the Faradaic efficiency for the formatiérCbizOH on

Gallium (Ga) and Indium (In). In 1978, Halmann reported for thedependence of the G@aturated electrolysis solution used.

first time a photoelectrode made of a single ctygtayallium
phosphide (p-GaP) that was employed in an electrodal cell to

Table 2. Faradaic efficiencies for G®H production at Mo

convert CQ into CHOH, GHs and HCOOH*® Based on these electrodesin 0.2 M N8O (pH= 4.2) or 0.05 M EBOy (pH= 1.5).

results, in 1983 Aurianblajeni et %t and Canfield and Frese

observed a high selectivity for the formation of O in the

electroreduction of C®over semiconductors materials: gallium (p-

GaP, p-gallium phosphide, p-GaP, and p-galliumradse p-GaAs),
and indium (p-InP) materials at lower current dgesi 1

mA: cn?)142143 The formation of CEDH was detected by GC/FID

at both metals when using a €Qaturated-Ngs5Qs electrolyte

8| J. Name., 2012, 00, 1-3

E i FE
Electrolyte | T (°C) (Vvs. SCE) | (uA-cn?d) | (%)
22 -0.70 26 42

02 M NaSQ: —5 -0.80 50 55
22 -0.68 310 46
0.05M HSO: —¢5 0.60 590 21

This journal is © The Royal Society of Chemistry 2012
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The relationship between electrode behavior anditisol
As observed, the Faradaic efficiency for ££HH formation, at properties were quantitatively clarified by the tgrcurrent
similar potential, was on dependence of the elédtsolution densities of HCOOformation and HER. Similar analyses were
applied. In the same work they reported an incrbazegrent carried out by Eggins and McNeill in 1983 for the
efficiency (84%, electrolysis time: 23.3 h) wher thlectrodes electroreduction of C® on a Pt electrode in water,
where pre-treated with KOH or HF. Besides, in casitto Ru dimethylsulfoxide (DMSO), CECN, and propylene carbonate
electrodes$? the efficiency and product distribution on Mo-solutions!?® The apparent number of electrons involved in the
based cathode did not change much with the solutisraction, and therefore the formation of differpmtducts, was
temperature even when raised to 52 °C. determined from current densities in voltammetryd an

Schizodimou and Kyriacou evaluated the acceleragiifiect of
various multivalent cations, the halogen anions toedacidity
of the solution on the rate of the electrochemiealuction of
CO2 on a CugsSnPhs alloy cathod€’” The rate of C@

chronoamperometric analyses. Hori et al. studied981 the
electroreduction of C® and CO with Cu electrodes

hydrogencarbonate solutions of various cations (ii& Na,
K*, and C%) and observed that the product selectivity wac

in

electroreduction to C¥DH increases with the increase of th@nportantly affected by cationic species as wellbgsHCQy

surface charge of the cation of the supportingtedéde in the
order Nd <Mg?* <C&* <Ba* <AlI3* <Zr** <Nd** <La®* as
observed in Figure 7.

80

a la*v

ek = Nd®

60+

a
<
o
£
2
o) zr
% u

50 -
2 "A”
—
g ™ Ba'z
T 40
% Na* n .Cavz
& . Mg™

30

T ) 1 T T 1
0.10 0.12 0.14 0.16 0.18 0.20
Q(C'm?)

concentratiort#® H2 formation prevailed over CQeduction in
Li* electrolyte, whereas CGQreduction was favorable in Na
K* and C3 solutions. The selection of the cation influentes
local pH (because of the different buffer capasjtiat the Cu
electrode and thus the nature and the amount ofiugie
formed. The main products weretl, CHsCH2OH and CH.
The same author also reported the importance ahacioice
(i.e. Ct, ClOs, SQr, HCOs, H2PQy), which presented different
buffer capacities, in the formation of reduced $geéfrom CQ
electroreductiot® Similar to these findings, in 2012 Wu et a'.
found significant differences in activity and seieity of Sn
electrodes for HCOOproduction when different electrolytes
(KHCOs, K2SQu, KCI, N&SQi, C3SQi, NaHCQ, and
CsHCQ) were used?’ The results showed how the anions80
and the cation Nafavor higher Faradaic efficiency and energy
efficiency while HC@ and C$ enable a high rate production
of HCOO.

Thorson et al. emphasized the significant rolehef ¢ation size
(Na" <K* <Rb" <Cs') used in the reaction medium in the £0O

Figure 7. Rate of C@reduction vs. surface charge of the cation at€lectroreduction on Ag  electrod&$. Specifically, they

0.69 (vs. SCE) in 1.5 M HCI solution containing vasaations.
Electrolysis time: 120 min. Reprinted from Féf.Copyright (2012),
with permission from Elsevier.

The acceleration effect was attributed to the pidition of the

analyzed the effect of the alkali cations on thetiphcurrent
densities of CO and +products. The presence of large catior »
such as Csand Rb in the electrolyte improves the partial
current density for CO production, against idrmation. The
effect of cation size on product selectivity for Q@oduction

radical anion (C®) in the rate determining step. They alséan be explained by the interplay between the levetation

showed the generation of CO, HCOOH, £&hd CHCHO,

hydration and the extent of cation adsorption onefertrodes.

together with CHOH, producing therefore a mixture thaRecently, Setterfield-Price et &P investigated the influence of

changed with the type of electrolyte and the cathpdtential.

supporting electrolyte cations on the voltammetr@haviour

The maximum current efficiency for GBH was 28% at —0.60 and product distribution in N-methylpyrrolidone (NAytbased

V vs. SCE and they concluded that £€&duction and the
distribution of the products can be controlled diyrpy varying
the composition of the electrolyte.

Other works evaluated the influence of the reactimdium for
the formation of different products, although no O was
detected. For example in 1982 Hori and Suzuki cotetlCQ
electroreduction experiments on Hg electrodes, g of the
first reports on evaluating the effect of the reactmedium in
the CQ reduction proces¥? Aqueous solutions of NaHGO
NaH:PQs—NaHPQs, NaCl, NaClQ, NaSQs, LIHCOs, and
KHCOs and their combinations, were employed as eled&sly

This journal is © The Royal Society of Chemistry 2012

COxz electroreduction systems at both Au and Pt eldesoThe
results showed that when including TBA
(tetrabutylammonium) cations the current efficierfoy COz
reduction was considerably larger than whert,Na* or R
were present at high overpotentials. Besides, yheem showed
no evidence of deactivation.

In summary, the studies on the effect of the reaathedium on
COxz electroreduction showed that:

(i) The selection of the anion may affect the lopdl at the
electrode and thus the availability of protons, ehhtherefore
influences reaction kinetics,

J. Name., 2012, 00, 1-3 | 9
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(i) The size of the cation may influence its agdimm in the major product®®'%°® whereas the use of Selemion as anion
electrode surface, which greatly influences kireetand the exchange SPE produced CO and HCO®H.
energy required in the reaction. In conclusion, the use of SPE brings several adwg# in
These considerations should be taken into accouménw comparison with the application of liquid electri@y, such as:
choosing an appropriate electrolyte medium for $lkeéective (i) good tensile strength and ease of handlingctviallow the
COs electroreduction to C¥DH. fabrication of thin films and thus low resistance,

(i) low convection, which reduces the problemsebéctrode
In any case, the reported works generally condudtesl erosion and increases the electrode life and,
electroreduction of C® molecule in aqueous solution.(iii) easy separation of the reaction products.
However, the application of aqueous media in 2Cdven if the current results are encouraging, furtiesearch is
electroreduction processes brings several drawbaok$ as: required to effectively use SPEs for the electrocical
(i) low selectivity for CQ reduction, since this reactiontransformation of C® into CHOH in an improved

competes with HER in aqueous electrolytes, electrochemical cell.
(i) slow reaction kinetics, which leads to an ease in
overpotentials needed and costs, 2.2.2.  Other attempts to enhance CQreduction

(iiiy formation of different byproducts that remaim the Several additional approaches have been experiiyenta

reaction medium, making the separation and recove¥monstrated in literature to overcome the problass®ciated

expensive and, _ ~_ with the application of aqueous solutions, which discussed
(iv) low solubility of CQ in water and surface contamination, . ¢

due to impurities in the electrolyte, which resuits lower

productivity. Enzyme catalystsIn 1984, Parkinson and Weaver reported a novel
approach for the fixation of GOwvhich combines a semiconducto.
2.2.1. Use of Solid Polymer Electrolytes (SPE) electrode (indium phosphide, p-InP) with a biolaicatalyst (a

. . formate dehydrogenase enzyme) for a two-electratuat®dn of
In order to tackle the problems associated with iR that g, ¢ HCO()D/H.169 Kuwabata Zt al). carried out the electroreductiol
entail a less efficient Cfelectroreduction performance, the usgf co;, at potentials between -0.70 and -0.90 V vs. SCEpiate
of Solid Polymer Electrolytes (SPEs) has been psegdoin buffer solutions (pH= 7) containing formate dehyginase (FDH)
literature. In these systems, €@ directly provided as gas inand either methyl viologen (MA) or pyrroloquinolinequinone
the catholyte compartment and the SPE is respansinlithe (PQQ) as an electron mediator yielded HCOW@ith current
conduction of protons, separation of products gam®s the efficiencies as high as 9.0 %‘.Repently, Hansen gtéﬁdevelopgd
. . . a model based on density functional theory calmnatto describe
electrical insulation of the electrodes. AIthgugIhere A" trends in catalytic activity for C£electroreduction to CO, a GEH
several reports that show the use of polymeric miam¥s t0 formation intermediate, in terms of the adsorptimergy of the
separate the liquid anolyte from the £®@aturated aqueousreaction intermediates in the presence of carbonnoxide
catholyte in divided cell§'-157 the literature on the use of SPEleshydrogenase enzyme. It was concluded that the aites of the

in which CQ is sent to the flow cell as gas is scafée32158-162 enzyme optimizes the binding energies of theseradses, allowing
a reversible process with lower overpotentials rded

In 2012 Aeshala et af! reported the formation of GAOH .
(with modest current efficiencies) after the electremical Works that used enzyme catalysts for electroredactf CQ to

) ) ) ; . CHsOH can also be found. The electrolysis of phospliatter
reduction of CQ@in a reactor using Nafion/SPEEK/Amberlistgq|ytions containing sodium formate in the preseatenethanol
The prepared SPEs were characterized for thickrteesmal dehydrogenase (MDH) and MV at -0.70 V vs. SCE vyielded
stability, ionic conductivity, and mechanical sgém An CHsOH and CHO at relatively high concentrations of the enzyme
electrodeposited Cu coated on a carbon paper wed as The use of PQQ in place of MV as the electron mediator
cathode whereas Pt was used as anode. Other psdithrotthe exclusively produced C4DH alone after some induction period ir:

. . the electrolysis. The enzyme was durable as lonpeaelectrolysis
reaction were mainly H(,:OOH’ @B, CO, and (,:H In 2013, was carried out in the dark. Addo et al. studieg ille of carbonic
the same group studied the electroreduction of2 G

anhydrase to efficiently facilitate uptake of £@hich can be the
electrodeposited GO/carbon paper cathodes using cationigte-determining step in the electrocatalytic pudigm of CHOH
and anionic SPE®? Faradaic efficiency for the conversion ofrom C(.'%¢ The three oxidoreductase enzymes responsible )
CO: into products was higher than 45% using the anisplid COzreduction to CHOH are formate, aldehyde, and alcohol-

polymer membrane at 5.4 mA-@riThe main products formeddehydrogenase. These enzyme cascades were coupled t
were CHOH, CH; and GHs, apart from the undesiredpon(neutraI red) modified electrode to regenefd#edDH, although

they found that dehydrogenases alone can achievetien of CQ.
hydrogen gas as a by-product. They concluded #&tSPE ¢ ihermore, due to the presence of enzymes cttalyhe

alleviated the mass transfer limitations of L£@n the jreversible processes could become electrochelyicalersible, as
electrochemical cell. reported by Armstrong and Hirst,

Other works reported the use of Cu-coated SPE pedpby

electroless plating technique. When nafion was ased cation Metal complexes. There are several works in literature for the

exchange SPE, the electrochemical systems prod@gégas application of ES (KFell[Fell(CN)]) and PB ([Fe[Fe(CN)]4] ) as
an electron mediators when coated in the electmg#ace. As

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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discussed in section 2.2., several papers confirinedCQ can be They also demonstrated that the formation o:GH fell within a
reduced to CkDH at ES-deposited electrodes and this reaction dewv hundred millivolts of the standard redox potaiif? In 2010
be converted into a continuous process if the PBymed from ES Cole et al. reported the detailed mechanisms ofipytim-catalyzed
during CQ reduction into CBOH is continuously reduced back toCO; electroreduction to C¥DH when using a Pt disk electrode in a
ES by continuous supply of electricif{f9-102.114-119.168T hjs reaction 10 mM aqueous solution of pyridine (Py) at low @aentials (-
resulted in a reduced overpotential for the reductof CQ, 0.58 V vs. SCE}’® At the metal surface, HCOOH and &b were
although CHOH yields were still low. Based on the same prirespl observed to be intermediate products along thectemupathway to
ES and PB have been applied as electron mediatdrseineaction CHsOH, with the pyridinium radical playing a role ihet reduction
medium, as for example reported by Ogura and Takadi986 of both intermediate product& In recent reports, Ertem et al. found
where a mixture of KCI, C#OH and ES was used as anhat CQ is reduced by H atoms bound to a Pt surface that a
electrolyte!'® The reduction of C® from the current-potential transferred as hydrides to €0n a mechanisms activated by
curves denoted the formation of &bH as the sole reductionpyridinium (PyrH).1”® Then, the surface bound H atoms consumed
production. From this study, it can be concludeat 8Q could be by CQ: reduction is replenished by the one-electron redicof
reduced to CkDH using ES in the presence of a primary alcoh&yrH*, therefore generating reduced £@oducts. In a theoretical
and a metal complex. study of CQ electroreduction in the presence of a pyridiniwatian
and its substituted derivatives, Keith and Cartepored the
In any case, despite the fact that the use of eazyatalysts and thermodynamic energies of various pyridine-derivetermediates
metal complexes significantly accelerate the rdt€®. reduction using first principles quantum chemisty.They concluded that the
and product yields, in comparison to HER, high ouveeptials for real form of the co-catalyst involved in pyridinidpased
the reduction are still needed because of the Imstrechemical COzreduction is not the long pyridinyl radical in stbn, but that a
efficiencies. The use of pyridinium molecular cpsé$ and ionic Surface-bound dihydropyridine species is more pobaln 2013,
liquids in the reaction medium could be able toveokhese Lim et al. identified PyCOOMas an important intermediate in the
overpotential problems to some extent. homogeneous COreduction by pyridine in a pyridine-p-GaP
system. The formation of PyCOOHvas believed to be the rate-
Pyridinium molecular catalysts. In 1978, Raghavan and Iwamotodef%rm'n'”g step for C£reduction to CHOH. 17" Recently, Xiang et
determined, in an electrochemical approach, theitipns of @&l demonstrated that 6,7-dimethyl-4-hydroxy-2-meroppridine
coupling in the dimeric one-electron reduction protd of 1- (PTE) acts as a molecular electrocatalyst fo&@ﬁuct[on, without
alkylpyridinium ions in acetonitrilé® The results suggested thdh€ involvement of any metal, at low overpotentihe FTIR
properties of pyridinium as a selective moleculeganic catalyst. SPectroelectrochemistry analyses denoted a pragressf two
One-year later pyridinium perchlorated was employéor electron reduction products during bulk _el_ectrojysmcludlng
voltammetric studies at several electrode mateffis Pd, Au, Ti, HCOO, aqueous CED, and CHOH. The efficiency for CEOH
Fe, Ni, Cd, Pb and Hg), in order to clarify the retion mechanism formation was in the range of 10-23%.
of pyridiunium ion in acetonitrile, which is far tee considered a
green solvent to be applied in an electrochemicebcgss. Other approaches have considered the applicatiopobyfpyridyl
Furthermore, in acidic electrolyte solutions, pimE was found to transition metal complexes, such as Re(bpy)@CO)bpy= 2,2
undergo reduction to piperidine at a Pd electragmerating also bipyridine) orcis-[(bpy)Ru(vpy)]** (vpy= 4-vinylpyridine) in order
reduced C®@ products’® The cyclic voltammetry study indicatedto overcome the high overpotentials needed in teetrereduction
that CQ electroreduction takes place at -0.55 V (vs. SCieb Process’®# In general, the results showed small increases i
current. This corresponds to the thermodynamic miizte for Product yield for CO and HCOOH at low current effiuiges.
CHsOH formation at pH= 5.4 (0.52 V vs. SCE}.
lonic liquids. lonic liquids (ILs) are molten salts with negligtl
In the work developed by Seshadri et al..@@s electrochemically vapor pressure and thermal stability above 200 °G tey are
reduced to CEDH using pyridinium solutions at Pd electrod®s. widely used in various fields of scient®. Replacing the
Although the reduction of protons to dihydrogen petes with conventional aqueous systems with ionic liquidadsantageous for
CHsOH, the Faradaic efficiency for GBH was as high as 30%.Several reasons, which include the following:
They hypothesized that the reaction occurred aelbetrode surface
and also in the reaction medium, where pyridine laydtogen were (i) The HER, which competes for the reduction of 2C@an be
formed. As observed in Figure 8 the reduction o6,Gf species in suppressed®
equilibrium with it, is promoted by species | tongeate pyridine and
reduced C@products. (i) The conductivity of the electrolyte can be anbed due to the
nature of charged ion¥°and,

Pyridine
B . ARH (iii) the solubility of CQ is higher than that in aqueous systems at a
SR +e N 2 i 187 i
O S O — |\ — Q wide range of temperaturfé®'®’ thereby reducing mass transport
N N N N limitations.
(ad) }[X* l-I{
SpediesT These are some of the key factors for an enhancedOBH
production.

Figure 8. Schematic representation of pyridinium reduction There are some recent studies in literature thattgm out the

coupled via electroreduction to the reduction aftpns to potential application of ILs in the electroreductiof C(Q,184188-190

: 2 : : but none of them deal with the transformation of2G® CHOH.

hydrogen. Reprlnteq fr.om ré?.,Copyrlght (1994), with For example, in 2011, Rosen et al. reported an relealytic
permission from Elsevier.
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system that reduces G@ CO at overpotentials below 0.20 V (vs2.3. Effect of operating conditions

SCE)!8* The system relies on an 1-ethyl-3-methylimidazuliu ) ] i B
tetrafluoroborate, [emim][B# ionic liquid electrolyte to lower the Despite the fact that operating conditions may lyighfluence
energy of the C® intermediate, which is the responsible for thgields and product selectivities only a few repadsiate have
large overpotentials associated with electrochen@ reduction. focused on evaluating the effect of pH, temperatare
First, [emim][BF] appears to convert GOnto CQ intermediate, pressure on the GOelectroreduction performanég?! In the
which is then catalysed over a silver cathode tmf@O. The CO . q0 of CO electrocatalytic conversion to GEH, this
product was formed at -250 mV overpotential in cangon to -800 . .

mV in the absence of the ionic liquid. The systeontmued evaluation is practically unexplored yet.
producing CO for at least 7 h at Faradaic efficieagjreater than
96%. Therefore the Gxonversion to CO can occur without a large ~ 2-3:1.  Effect of pH
energy loss associated with a high overpotentiaiutther works?°t : ; . .
it was observed that the addition of water to [e}if&f4] increased Neutral or gllghtly aCI.d media gre generally ambllml thg
the efficiency of C@ conversion to CO as observed in Figure &Iectrochemlcal reduction of GOsince CQ cannot survive in

They attributed this increase to the hydrolysigedfafluoroborate, basic solutions. However, with decreases in pH, iR is

which releases protons when mixed with water. thermodynamically preferred in comparison to th@éution of
: . . : . : COz. Besides, C@reduction reactions lead to the formation o*
ol _ OH-, making the pH in the vicinity of the electrodefage to
. . ) i be higher when compared with the rest of the smhutiH°3 As
g high pH conditions do not favor CGQeduction, electrolytes
- with buffering properties such as KHEQr KoHPOQs are
-'é Sr 0. reduction normally employed, as they can supply anions thatserve to
9 2 diminish the pH changes occurred during reactionthet
E —— Argon + 100m§|% EMIM BF, electrode surface.
§ -10+ :ggzi;ZZTT::T(;OEE“::?:AZF&&OWO ho 1 Several reports can be found in literature foraffect of pH in
O -CO, + 51.3mol% EMIM BF, + 48.7% H,0 the electroreduction of CQ921:56.77.91,93,96,146,193.194 Fgr
——CO, + 10.5mol% EMIM BF, + 89.5% H,0 example, in one of the first studies on L£e&lectroreduction
15} T 00+ 1.9mal% EMIMBF, + 98.7% RO | kinetics, Paik et al. reported the reduction of,B®HCOOH at
: : ' : ! : Hg electrodes in buffered neutral and acidic agaesmlutions
-1.0 -0.5 0.0 0.5 . .
and determined the resultant current efficienéié3hey found
Potential (E vs. RHE) that in the neutral pH range all the current isstoned in the
Figure 9. Effect of adding water to [emim][BFon CQ» production of HCOOH, while in acid solutions bottCBOH
reduction on a Ag-based electrode (v= 50 mY. Botential and also H were formed, since the reduction of £@rcurred
vs. RHE. Reprinted frot, Copyright (2013), with in parallel with the reduction of 4#* ions to yield H.
permission of The Electrochemical Society. Focusing on studies that involved the productionCof;:OH,

Frese et al. patented a method for producing@from CQ

Dimethyl carbonated (DMC) is a product whose elaynthesis i, 5q,e0us solvents utilizing Mo-based cathddeghe current
from CQ and methanol with the use of ILs has been focus

f . S .
increasing attention. For example, an amino-fumetized ionic 8en3|ty and Faradaic eff|C|.enC|es reached in tretesy were
liquid, 1-(3-aminopropyl)-3-methylimidazolium broge clearly enhanced when using 0.05 MS& (pH= 1.5) as an
(IApmim][Br]) was used as electrolyte in the electiemical electrolyte, in comparison to the application d? 01 Na&SQ:
activation of CQ and synthesis of DMC using graphite electrode gpH= 4.2) solutions. In 2003, carbon dioxide reduttstudies
ambient pressure and temperatdf@she high selectivity obtained were conducted at Ru@oated diamond electrodes in acidic

(95%) was ascribed to the basicity of the IL, whietas media, mainly producing G¥H with a 7.7% current
advantageous for capturing the £@olecule. Besides, I. Gamia'efficienc It was found that the efficiency for drpgen
Herrero et al. quantified the direct electrosynihed DMC from Y- Y 9

CO; and CHOH using a CHOK and [bmim][Br] ionic liquid formation is higher than 50% only at pH= 2.4, whalehigher
solution in a filter-press electrochemical readf8rA final DMC PH values C@reduction prevail8® The highest efficiencies for
concentration of 15.07 mmol“Lwas observed, concluding that théhe electrochemical reduction of €@ere obtained at a pH
IL was not merely an electrolyte, but a requiretistance to obtain 3.9. In 2012, Schizodimou and Kyriacou tested wsio
the desired product. multivalent cations and the acidity of the eleattelsolution on
the electroreduction of Cat Cu alloys” The obtained results

Electroreduction of Coin the presence of an IL 1 il requred f!/cSC"d I Table 3 indicated again that with eses in pH
ucti i is sti uired i . . .
order to improve the efficiency for the transforioatof CQ into of the reaction medium, the rate of £@duction to CHOH

useful products, which in turn could be appliedtte specific case IMPortantly increases, with enhancements in curdemsity at
of producing CHOH. both -0.75 and -1.70 V applied potentials.

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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196-198 Eor example, Hara et al. increased GQessure from 0
Table 3. Faradaic efficiency for C¥#DH production and total GO to 60 atm, and run galvanostatic experiments atuaw@e

reduction rater, in a 0.01M CHCOOH solution containing various ¢athodel% Increases in CEpressure produced the predominant
cations. Electrolysis time= 120 min. reaction to shift from hydrogen to hydrocarbonscténg 44%

FE | Charge r current efficiency by around 10 atm of €Nevertheless the
Electrolyte PH (%) ©) (10 mol-hY) | results showed that hydrocarbons can be producetbse to
at-0.75 Vv 60% current efficiency at 600 mA- dinwhich is important for
0.01 M CHCOONa | 4.53| 10.2 14.82 22.82 | any practical C@ conversion reactor. The same group applied
0.003 M BaC{ 456 | 7.9 19.56 29.48 several electrode materials at large current dens({tL63-700
0.0016MLaGd |414| 7.1| 4836 65.84 | mA.cm?) for CO; electrochemical reduction at 30 atm pressure
0.05 M LaCh 402] 6.7 49.11 69.77 in KHCOs solutionst®® The total current density on the
at-1.70 v cathodic voltammograms of Ag, Au, Zn, Pb and In ahet
0.01 M CHCOONa | 4.53] 0.5 300.46) 84.96 . s .
0.0016 M LaC3 214 08 31552 9337 electrodes increased with increasingQ@essure from 1 to 30

atm, resulting in HCOOH and CO. On the other handre,
Co, Rh, Ni, Pd and Pt electrodes, the main redogtimducts
were HCOOH and CO under high pressure, whereasgruhd
The product distribution in the G@lectroreduction process isatm CQ, Hz was formed by reduction of water. In these cases
strongly influenced by reaction temperature. In 3,98rese the total current density changed only slightlyhwiihcreasing
demonstrated the important effect of temperature @& CO; pressure.

electroreduction conversion to @H when using a Ru-teflon |n 2002, Aydin and Koleli reported the electroretioe of CQ
electrode in 0.2 M N$O: at pH= 4-7°° The Faradaic at the low overpotential value of -0.40 V vs. SCE o
efficiency was as high as 42% at 60 °C. The imporeéfect of polyaniline (PAn) electrodes under high pressura @HOH-
temperature was further demonstrated when evatyao- | iClO4 electrolytel® When increasing pressure, the curre...
based electrodes at 22 °C and 52 °C (Tabté 2). density increases gradually in the system. The mawi
Hori and co-workers carried out gavanostatic woreroa Faradaic efficiencies are found to be 26.5, 13.d &n % for

temperature range from 0 to 40%°CThe results denoted anHCHO, HCOOH and CECOOH formation, respectively.
increased Faradaic efficiency of 65% for {fbrmation at 0 °C.

2.3.2.  Effect of temperature

The same effect was observed by Azuma ef5alvhen 2.4, Design of the electroreduction cell
comparing the efficiencies for CGOelectroreduction at a
temperature of 0 to 20 °C in 0.05 M KHe@& -2.2V vs. SCE, 2.4.1. Types of electrochemical cells

groby Kanzcé) et.alblr‘; 2002, where pote:tlostat;meelments - From literature, it can be observed that differeasearch
f. V2vs. E())c':n 65 M N:ch;?vek:t ﬁ;emperafture r"’Tngegroups have used a variety of flow or electrolyz-.
rom ) to”15 were con uc.t -The y. rogen formation configurations for C® electroreductior®-2%4 There is not a
was significantly depressed with decreasing tentpeza The

d b di h ks whei standard cell configuration or methodology for stad the
game ten ent?y was observed in other works w emcaegse electroreduction of COto CHOH. Most of the published
in CO reaction rates at 0 °C (3.06 **0nol-m?s?l) in

) studies for the electrocatalytic conversion of (0@ CHOH
comparison to those values at 22 °C (2.22*-mhol- m?-s?) on

) i have reported the use of two-compartment electroated cell
Cu foil electrodes in 0.5 M KHCOwere observed at a Cu”emi:onfiguration77v8548992'93’95‘98'107-110131’132’l5i‘n comparison to

density range of 17-23 mA-cht? These results suggest tha{he
lower temperatures influence adsorption equilibriuamd Cells6467:69.90.94.9598n the divided systems, the cathode anc

|r!crea§e'C@ solubility, where the electrochemlc.ally aSS'Stegnode compartments are generally separated by #rNaf
dissociation of adsorbed CO by electron transfeuggested as exchange Membrarfé45.77.780,84,89,96,97,99,100,110,131,132,161,1¢"

traditional undivided three-electrode electeulical

the rate determining step. Similar results wereaioled by Na:SO: or an agar bridg&:142and a glass frit%.102107.172The

Shironita et al. when calculating Faradaic efficies and use of other configurations, such as membrane reliet

detected CEDH yields in the exhausted gas from a reverSib};\%semblies (MEA) has been used for 2CEnversion to

fuel cell at 26-90 °C temperature rarigfe. CHsOH in only a few report§3%:132.160.16FFjgyre 10 shows some

examples of divided cell configurations, where Wwrking and

2.3.3.  Effect of pressure .
counter electrodes are separated by an ion exchraag@rane.

The experimental evaluation of the effect of théedf of

pressure on C¥DH formation from CQ electroreduction is

almost unexplored yet.

The utilization of CQ in aqueous solutions can be limited by

the low solubility of CQ in the reaction medium. To speed up

the reaction process pressurized2@®©usually applied, which

often causes a certain degree of change in prashlettivity.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 13
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@ $ [ CHioH For example, Frese analyzed the -G@duction to CHOH at

“ Refeence various Cu foil electrodes (i.e. anodized Cu fd@u foil

] thermally oxidized and air-oxidized Cu foil). Faehdl yields
for CHsOH depended on the current and reached about 240 %
in 0.5 M KHCG, pH= 7.6, and -1.9 V (vs. SCE).In 1994,
Hori et al. evaluated the performance of C&ectroreduction
using planar metal electrodes (i.e. Cu, Zn, Pd, Bn,Hg, In,
Sn, Fe, Pt, Ti, etc.) at low current densities (& on1?).124 The
low surface area, together with the low concerdratif CQ at
the electrode surface due to reducedc: G@lubility in aqueous
solutions, led to a limited performance of plankceodes. In
2011, Le et al. examined the yield for £@ansformation into
CH3OH of an electrodeposited cuprous oxide thin fifnThey
explored the relationship between surface chemisind
reaction behavior relative to air-oxidized and &dmed Cu
electrodes in an undivided three-electrode celle Thigh
CH3OH conversion rates (1.2-10mol-m?-s') and Faradaic
efficiencies (38%) were remarkably higher in eledaposited
electrodes than in air-oxidized or anodized Cu tedeles.
Furthermore, Bandi et al. prepared Ru/7atalysts in rotating
disk electrode&? An analysis of the electrode kinetics for the
formation of reaction intermediate suggests tha slurface
recombination of adsorbed hydrogen with L9 the rate-

il limiting step in the electrochemical reduction o®L As the

Figure 1C. (&) Schematic representation and (b) current efficiency depends of the continuous rerhafathe

photograph of an electrqchemi_cal ceI_I divided byican products obtained (CGd®H, HCOOH and CBLCH20H) from

exchange membrane. Fig 10a is reprinted from®rahd th lectrod § th f th lectroide

Fig 10b is reprinted from réfl, Copyright (2012), with € electrode  surtace, € use o ese  clectromes
permission from Elsevier. recommended. Chang et al. synthesizedQCparticles that

were dispersed (brush-painted) on carbon clothes fo
Jhong et al. suggested that even if the cell candiion might electrochemical characterizations (i.e. cyclic apitnetry and
have a profound effect on mass transport, appgréntiot the potentiostatic measurements) in a Cfaturated 0.5 M NaOH
limiting step in the electroreducion performance Q.28 If solution contained in a three-electrode undividedl.%¢ The

that is the case, the structure and configuratiote catalytic Material presented notable catalytic ability fore trCQ
surface in the electrode may play a vital role ine t feduction with CHOH as the predominant product.

electrochemical reactions for G@onversion. Recently, the application of GDE for electrocherhjmacesses
is concentrating the GO electroreduction research
2.4.2.  Structure of the electrode efforts84161.162.209 A GDE is a porous composite electrode

lic el d lied i Gl ducti usually composed of polymer bonded catalyst pagidnd a
Metab 'Cbe gctrI(I) els aF’f? 'g, n (5] fe|<|:tro.re uction ProcesseSarbon support. To date, researchers have reportelgrate to
can be basically classile Into the following tgpe high current densities (200-600 mA-€é)1in mild condition$ or
(i) bulk metal (plate, foil, etc.) electrode,

.. Is ol q ited | lic/al under pressurized electrolyzer systems (300-900cmiA).210
El(ls)cngtas electrodeposited in a metallic/glassybon sUpport gqp, ar; et al. firstly studied perovskite-typestay} structures
or,

A18A 02CuQy, A= La, Pr and Gd; A'= Sr and Ty GDE for
(iii) metals supported in gas diffusion electrod@®E). (Arsh o m

B . the electrochemical reduction of @Ounder ambient
In general, the electrodes types (ii) a”‘,’ (iif) gnmed @ conditions?®® The results showed that perovskiype
catalyst layer and a support that. se'rves firstlylétiver CQ electrocatalysts could achieve cumulative Farad#iciencies
from flow channels to the catalytic slltes., segortdyransport for COz reduction to CHOH, CHCH.OH, and GHzO up to
the regluced product from the catalytlg sites |rrmwff:hannels, 40% at current densities of 180 mA.&m
and finally, to CO,“O!”,Ct electrons with low resistaff*20> In the literature for the production of other udefwoducts,
Therefore, maximizing  electrode  performance, a

! o elacourt et at® and Jhong et &PS recently prepared (by
consequently reactor performance, requires opthgizll of hand-painting or spray-painting methods) GDE ettas with
the transport processes that strongly depend osttheture of

he el de. Only a f 4 h bo f d Ag catalyst inks with current densities as higl®asnA-cn? in
F e.eectro e. Lnly afew .reports to aFe, owesan, be Tound . hination with 94% Faradaic efficiency for CO rfation
in literature for the analysis of the relation té@rode structure

. using a microfluidic cell in which a flowing aquedWKCl
%"S]é 201,206-208
and the performance of electrochemical processés electrolyte separated the cathode and Pt anode.emmametic

efficiency was as high as 46%6.Besides, the deposition of the

14 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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catalyst using an airbrushing method yielded a ey, crack process.lt is clear, that higher energetic efficiencies dam
free layer, reducing at the same time the amounmmefal obtained when high FE and low overpotentials ondhinode
needed compared to other type of electrodes. Dsfilidaet al. can be obtained.

studied the influence of key variables in the amntius It should be noted that the figures uniquely prevédpicture of
electroreduction of COto HCOO at GDE loaded with S#t! the technical and economic feasibility of the diffiet
The results showed higher rates and concentratiddGDO electrocatalytic routes, although the data comenfrstudies
(i.e. 1.4- 16 mol m?-s!, 1348 mg-t! and a Faradaic efficiencywhere different variables, namely cathode materigdaction
of 70%) than those results on planar electrodeswsty that medium, operating conditions and/or cell/electradiructure,
GDEs are advantageous for these electrochemicak Ciifect the results. The extraordinary high Faradsficiency
reduction reactions. Furthermore, Salehi-Khojin ei. data obtained for C#DH formation (i.e. >100%), where clearly
investigated the effect of particle size on L@duction both chemical and electrochemical steps are ingblve the
activity.??2 They concluded that the production of CO from2CQCO: reduction process, have been removed in ordetarifyc
electroreduction was enhanced when decreasingcigadize the analysis. Values for CO and HCOOH formation ednom
from 200 to 5 nm. several reported values published in literaf§g.176.202,214-222
In summary, the use of GDE in combination with opfed In general, electrocatalysts for the £€eduction to CO are
catalyst layer deposition methods lead to significabased on Au, Ag, Zn, Pd and Ga metals, while foQ@®H, Pd,
improvement in the performance of €6lectroreduction. This Hg, In, Sn, Cd and Tl resulted more active.

electrode structure, together with the use of SRle solved

certain problems associated with the use of ligphidses in the (a)

electroreduction of C®and improved the mass transfer of 100 a4 g &l
Cp.54197.198,210.212.21 g wever, despite the promising results of o Dnd 40 °
GDEs, further research is required to optimize dioam £ T 0A A l:'5‘030 A (5o
composition of the catalyst layer (e.g. pore sized a 5—;60 LA o Ehg'i o Aoy,
distribution, binder material, etc.) and porous Eup (e.g. g 1:|A 0 © o o o
thickness, porosity, etc.) impact the transportCa» and the £ 40 | A ? cg
generated products. > OCHOH o © g %
!'é 20 gfigOOH o AA08 og & 8 Q
3. Comparison with different electrocatalytic < ° o o @ og
routes 0 v

As discussed through the review, the electroredoctif CQ
can be performed under different conditions, legdia the
formation of several compounds. In order to comptre
electrocatalytic route for COreduction to CHOH with those (b)

Electrode potential, E (V vs. SCE)

for obtaining other products, Figure 1la and 1llwsh 100 3
respectively, the Faradaic efficiency (selectivifythe process OCH,OH A o©
for a given product) and the energy efficiency dtoénergy S 807 SﬁgoOH %%A% A o
used toward the formation of the desired produggirsst the W L) o
current density applied in the process, for thetebehemical g’ °8
conversion of C@to CHOH. The results are compared to CO g %
and HCOOH formation routes, which are among the tmos :;n
common products formed from the reduction of2CO g
The Faradaic (FE) and energy efficiencies (EE) dan B
calculated according to equation 1 and 2, respelgtiv 3
-3 -2.5 -2 -1.5 -1 -0.5 0
FE(%) = Z'Z'F -100 1) Electrode potential, E (V vs. SCE)
EE(%) = % -FE 2) Figure 11 Comparison of (a) Faradaic efficiency and (b)
energy efficiency against current density for &@nversion
In equation 1z is the number of-eexchanged to formed the into CHOH, CO and HCOOH.

desired productn is the number of moles producdd,is the ) )
Faradaic constant (F= 96,485 C-rfjoandq is the total charge As observed, electrochemical processes fos €&hsformation
applied in the process. For the energy efficiereyu@tion 2), Mo CHOH usually offer lower Faradaic and energy
Er stands for the theoretical potential needed in thgiciencies atlower applied voltages, in companiso CO and
electrochemical system for the formation of thedorct of HCOOH electrocatalytic routes. That means thathimtwork

interest, whileE represents the real potential applied in tHg Still required to improve significantly the sefivity and
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optimizing the total energy required (avoiding &yelosses in
the process) for the transformation of £10 CHsOH, before it
can be implemented in industry for a zero@&mission-based
economy.

3.1
process

An evaluation of not uniquely the electrocatalyticO
reduction reaction, but also an economic viabgitbd a critical
environmental sustainability evaluation (by meafighe life
cycle assessment methodology) of the integrateadegmo is
required in order to achieve a feasible electrocédn system.

Page 16 of 27

decades of research on £6@lectrochemical transformation to
CH3OH, analyzing the effect of catalysts materialeceblytes
and cell/electrodes configuration in the reactifficiency.

The formation of CBOH is known to occur at several types of
electrocatalysts, where the oxidized Cu-based reldes seem

Considerations about the energetic aspects of theto be the most promising materials in terms of ciod,

product selectivity and current efficiency. Desgitethe efforts
put into electrochemical COreduction, the production of
CHsOH seems to be still far from practical applicatipn
although with continued and extensive efforts gshhology of
CO2 electroreduction will become practical and ecoreaity
feasible in the near future.

Other key issues, such as thesOH concentration, the energyThere are several issues that need to be tackledthis

duties in the separation step, as well as the pyinemergy

sources for the conduction of the €@duction reaction should

be analyzed and take into account.
The methanol concentration values reported initeeature for

CO: electroreduction processes ranged from 0.04 to.2202

mg- L%, as shown in Supplementary information (Append)x |
Obviously, even concentrations in the order of &g L will
request a large amount of energy in the separatiem These
energy requirements will be, of course, in line hwithe
industrial purity requirements for the obtained durots. In a
first attempt to evaluate the environmental sustsaiiity for the

technology to achieve widespread use:

4.1. Development and application of new cathode material

In order to achieve industrial-scale implementatione of the
main challenges is the stability of the electrodaterial, but
scarce long-term tests have been done in literalue reaction
intermediates and by-products may poison and hibelactive
sites in the catalysts, leading to a catalytic theatton. The
development of stable materials, with high activignd
selectivity, is a priority. Nevertheless, a contina steady
formation of CHOH at high current densities is yet to be seen.

CO: electroreduction to HCOOH, an approximately 5 8me

higher energy consumption was estimated for thearsgipn
step in the distillation column (input feed concatiobn of 1

4.1.1. Enhancing catalyst activity and product selectivity

M/46,000 mg-LY), in comparison to that energy required fof he transformation of C£xo liquid fuels and useful chemicals

the CQ electroreduction reaction itséff.The integration of
renewable energies and alternative purificatiorcess, instead
of conventional distillation, are therefore reqdir® ensure a

process with a reasonable energy profile. In tbigrd, the use including
of SPE, where Cgis directly provided as gas in the catholyténanotubes/spheres/sheets,

compartment, may also help to achieve an easiaratpn of

methanol from other reaction products, improvingth®& same
time, the reactant mass transfer process.

The same study also identified the lifetime of éiectrodes as
a critical process paramefér.Lifetime in the order of
thousands of hours is needed in order to have anpally

viable process with an environmentally beneficiabfipe, or

else, a regeneration technique for the electrod#ds minimal

consumption of energy and chemicals.

4. Concluding remarks and future perspectives

The electrocatalytic reduction is one of the mosingsing

will require new methods and approaches for adtigathe
COz molecule at lower overpotentials. The researcbreffmay
focus on new complex catalysts and catalyst assesbl
hybrid metal catalysts, nanostructures
etc.) and MOFs, whicly
probably lead to promising catalysts activity, reidg
overpotentials needed. It is crucial to focus oe firecise
tuning of the electrode surface area, catalystsphmogies,
composition of multi-metal electrodes, actives ssitand
porosity of the support layer, which facilitatese thiffusion
pathways and lead to faster kinetics, an efficiglettron and
proton conduction and accessible active sites Her datalytic
process.

Today, only a few attempts have explored the appbta of
these new materials for the electroreduction ot @OCHOH.
For the majority of the catalysts reported in btteire, even if
they show moderate activity, the product seledgsitare still
low, and some undesired products are also formed.

il

technologies for C®recycling, dealing with the depletion of

fossil fuels and global warming issues. Compareth wither

4.2. Development and application of new electrolytes

technologies for C® mitigation, such as sequestration for

example, the electrochemical valorisation is anrenwmentally
sustainable option which gives the possibility lose the loop
and generate useful products from L£@Gtoring electricity in
different chemicals. Besides, this process candrged out at
mild conditions. Among the different liquid fuelsié useful
chemicals from C® electroreduction, C#DH is particularly
interesting. This review paper gives a clear pitaf several

16 | J. Name., 2012, 00, 1-3

The high overpotentials for the G@lectroreduction process
are related to the hydrogen evolution reaction (HERhich
competes with the formation of GEH. The literature offers
some examples where higher Faradaic efficienciagdcbe
achieved using catalysts with low hydrogen ovenpibés in
combination with electrolytes that minimize or stggs the
formation of hydrogen. Besides, the solubility hetreaction

This journal is © The Royal Society of Chemistry 2012
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medium is one of the controlling factors in £€@onversion,
because of the effects on mass transfer. Thereddire-tuning
of the electrolyte composition for a given catalydfers a
further opportunity for performance enhancements.

There is a great potential for conversion improvetsen the
application of pyridine solutions or non-aqueousliagsuch as
ionic liquids. The application of ionic liquids fo€H:OH

formation from the electroreduction of GChowever, is still
not reported, and therefore great research effares still

required. Besides, the application of Solid Polymkctrolytes
(SPE) developed in recent years seem to be onmatitee for
reducing internal resistance and improving the teedgcmass
transfer process.

4.3. Development and application of new cell/electrode
configurations

In the future, the research should also deal with design of
electrolysis cells and electrode structures, iniclgd the

assembly of membranes to separate cell compartm€hé&e

are scarce reports to optimize systems designpuwth the
structure of the electrode seems to be a partiguiaportant

challenge in order to enhance current density a@e t€ansfer
to the electrode surface in the system.

A key opportunity resides in the application of tbe-called
Gas Diffusion Electrodes (GDE), which creates adhphase
interface between the gaseous reactants, the catiadyst, and
the electrolyte, improving current densities andiung

overpotentials needed. The future research shoubbaply

include the relation of GDE morphology with an effee gas-
liquid separation, while facilitating transport oféactants and
products. These efforts will help to achieve thalesap of CQ

recycling processes and devices in continuous tipara

4.4, Further understanding of the reaction mechanisms

The understanding of the G@eaction mechanisms (C-O, C-C11

and C-H bonds formation), pathways and intermediate
generate useful products is still insufficient, haligh the
literature contains some attempts to understand Gl
electroreduction process through both experimenaald
theoretical modelling approaches. Such effortsuindamental
mechanistic studies will guide the developmentef rtatalysts
and the optimization of operation conditions.

Finally, the estimation of the actual costs to sl CHOH
via electrochemical reduction of GOwill require the
development of in-depth cost and life cycle analysodels.
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Appendix I.

List of review articles on CO, electrochemical transformation into useful products.

Author (year) Publication title Ref.

A. F. Sammells et al. (1993) Electrochemical and electrocatalytic reactions of carbon dioxide [A.1]

M. Jitaru et al. (1997) Electrochemical reduction of carbon dioxide on flat metallic cathodes [A.2]

C.M. Sénc?zeébslz;mchez etal. Electrochemical approaches to alleviation of the problem of carbon dioxide accumulation [A.3]
R. P. S Chaplinand A. A. Effects of process conditions and electrode material on reaction pathways for carbon

Wragg (2003) dioxide electroreduction with particular reference to formate formation [A4]

M. Gattrell et al.(2006) A review of the aqueous electrochemical reduction of CO, to hydrocarbons at copper [A.5]

M. Jitaru (2007) Electrochemical carbon dioxide reduction- fundamental and applied topics (review) [A.6]

Y. Hori (2008) Electrochemical CO; reduction on metal electrodes [A.7]

E. E. Benson et al.(2008) Electrocatalytic and homogeneous approaches to conversion of CO; to liquid fuels [A.8]

J. Lee et al.(2009) Electrocatalytic recycling of CO, and small organic molecule [A.9]

W. Li (2010) Electrocatalytic reduction of CO, to small organic molecule fuels on metal catalyst [A.10]

D.T. V}\g:rﬁglé%q%; A Prospects of CO, utilization via direct heterogeneous electrochemical reduction [A.11]

G. Centi a(n;of.ll; erathoner CO,-based energy vectors for the storage of solar energy [A.12]

N. S. Spinner et al.(2012) Recent progress in the electrochemical conversion and utilization of CO, [A.13]

Y. Oh and X. Hu (2013) Organic molecules as mediators and cat?;()j/ztstifgr: photocatalytic and electrocatalytic CO, [A.14]

H. R. Jhong et al.(2013) Electrochemical convezﬂgne%;gis(?;;z L;szf;?el gr;%rg;tcliir:?t:igsrrent status, remaining [A.15]

J. P. Jones et al.(2013) Electrochemical CO, Reduction: Recent advances and current trends [A.16]

E. V. Kondratenko et Status and perspectives of CO, conversion into fuels and chemicals by catalytic,

al.(2013) photocatalytic and electrocatalytic processes [A17]

R.J. Lim et al. (2014) A review on the electrochemlcalr;e;dlggltjlg; (?;t;?sztlsn fuel cells, metal electrodes and [A.18]

J. Qiao et al.(2014) A review of catalysts for the electroreduction of carbon dioxide to produce low-carbon fuels [A.19]
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Summary of the best performance data for the electrocatalytic reduction of CO, to CH;0H. Potential values (E) have been converted to SCE reference electrode and current

density (j) in mA-cm™.

Current q .
Electrode Electrolyte/Cell configuration Sl density Concentr{iltlon R%actlon r_?tt_al FE (%) | Ref.
SCE) 2 (mg-L™) (10°mol-m™-s™)
(mA-cm™)

Cu-based electrodes :
Pre-oxidized Cu foil (1 h, 130 °C) -0.05 0.069 - 3.61 x107° ~240 |
Pre-oxidized Cu foil (17 h, 130 °C) -1.55 7.1 - 23.6° - E

Anodized Cu foil 0.5M KHCOs/Undivided -1.25 14 - 27.8% ~120 [A.20} !
Pre-oxidized Cu-TiOx (50 min., 300 °C) -1.06 0.74 - 22.5% ~180 ;
Pre-oxidized Cu-TiOx (45 min., 500 °C) -0.45 0.30 - 33.3° ~30 L
Perovskite (La; gSry,CuQ,) based carbon GDE 0.5M KOH/ Two compartments (Nafion 117) -2.30 to -2.60 180 - - 2 [A.21}
Air-furnace oxidized Cu -1.50 ~10 0.12-0.25% (10 min) 1.94% 2 :
Anodized Cu foil (Electrochemically oxidized) 0.5M KHCO3/Undivided -Three electrodes -1.40 ~5 0.20-0.39% (10 min) 3.06 20 [A.22] !
Cu,0 electrodeposited-stainless steel -1.10 ~5 7.64-15.29" (10 min) 11.9° 38 !
2M HCl/Two compartments (Nafion 117) -0.65 0.24 70.99*° (2 h) 10.6*° 34.3 |
1.5M HCI-0.5M NaCl/Two compartments (Nafion 117) -0.70 0.36 90.93*° (2 h) 13.5%° 28.2 |
1.5M HCI-0.17M MgCl,/Two compartments (Nafion 117) -0.70 0.38 96.77*°(2 h) 14.4%° 34.1 :
1.5M HCI-0.17M CaCl,/Two compartments (Nafion 117) -0.70 0.39 103.76*° (2 h) 15.4*° 29.6 :
1.5M HCI-0.17M BaCl,/Two compartments (Nafion 117) -0.70 0.41 118.59*°(2 h) 17.6*° 36.3 !
1.5M HCI-0.08M AICl3/Two compartments (Nafion 117) -0.70 0.43 120.29% 2h) 17.9% 17.8 i
1.5M HCI-0.08 M NdCl;/Two compartments (Nafion 117) -0.70 0.61 182.35*° (2 h) 27.1*° 34.6 |
CuggSngPby alloy foil 1.5M HCI-0.08 MLaCls/Two compartments (Nafion 117) -0.70 0.68 193.79*° (2h) 28.8%0 35.7 [A.23] |
1.5M HCI-0.33 M ZrCl,/Two compartments (Nafion 117) -0.70 0.45 142.51*°* (2 h) 21.2%° 23.7 :
0.01M CH;COOH-0.01M CH;COONa/Two compartments (Nafion 117) -0.80 0.29 60.85*° (2 h) 9.06™ 10.2 !
0.01M CH;COOH-0.003M BaCl,/Two compartments (Nafion 117) -0.80 0.39 78.61%° (2h) 11.7%° 7.9 !
0.01M CH;COOH-0.0016M LaCly/Two compartments (Nafion 117) -0.80 0.96 175.57** (2 h) 26.1*° 7.1 i
0.01M CH;COOH-0.05M LaCl;/Two compartments (Nafion 117) -0.80 0.98 186.05*° (2 h) 27.7*° 6.7 :
0.01M CH;COOH-0.01M CH3COONa/Two compartments (Nafion 117) -1.75 5.96 226.56™° (2 h) 33.7% 0.5 |
0.01M CH3;COOH-0.0016M LaCl;/Two compartments (Nafion 117) -1.75 6.26 248.99%° (2h) 37.1*° 0.8 I
Cugz.9Ause 1 on nanoporous Cu films 0.5 M KHCO;/ Two compartments H-type -1.00 ~0.85 - - 15.9 [A.24] :
Electroplating of Cu on carbon paper SSII;]]; ((gljil?}fj)}r;))// ];;vvc()) zzﬁiiﬁﬁzr:tss n 181.; . . 84512 [A.25] !
Cu foil electropolishing in H;PO, 0.1M KHCOs/ Two compartments (AMV Selemion) -1.40 ~10 - - ~0.13 [A.2c]- /
Cu nanocluster thermally deposited-ZnO (1010) -1.45 ~12 9.44% (1 h) 4.25° 2.8
T2 mnochater ain 0.IM KHCO,/ Two compartments (Nafion) 2145 12 3.84x 102° (1 h) 0.17° 01 | 27l
Cu,0 electrodeposited on carbon paper :gg Eixi;gg?;ﬁ?\z ZZEE)ZI;IIEZEE l\l\ﬁﬁf\ -2° N;Z - - 250 [A.28]
Cu/CuO nanopowder painted carbon GDE 1M KHCO;/ Two compartments (Nafion 117) -1.40 17.3 - - 2.5 [A.29]
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Ru/Mo-based electrodes

Tfﬂlzflt_rsil;} ;:;(tie{d{%znogucioﬁ)il 0.2M Na,S0,4/ Two compartments (Na,SO,/agar bridge) _822 883 15.84 (18,6 h) - 4_2 [A.30]
Mo foil on Cu wire 0.2M NaZSO4/Undi.Vi.ded -0.80 0.05 - - 55
0.05M H,S0,/Undivided -0.69 0.31 - - 46 [A31]
Mo foil-Cu (KOH/HF pre-treated) 0.2M Na,SO4/Undivided -0.80 0.12 - - 84
Ru0,+TiO, (35/65)-Ti -0.55 ~5 9.7(-) - 24
Ru0,+TiO, (20/80)-Ti -0.55 ~5 3.5() - 5
RuO,*MoO,+TiO, (25/30/45)-Ti 0.05M H,80,/Two compartment 20.55 s 102 (-) : 12
Ru0,+C0;0,+Sn0,+Ti0, (20/10/8/62)-Ti 0.55 -5 6.7 () - 7 |
0.2M Na,SO4/Two compartment -1.48 0.06 8.4 (-) - 76 [A.32] E
RuO,+TiO, (35/65)-Ti 0.5M KHCOs/Two compartment -1.50 0.1 1(-) - 5 :
Phosphate buffer 0.2M/Two compartment -1.44 0.08 5() - 35 :
RuO, + C03C+)4 ;l (S)?(()Zf)jl(ﬁg/% 22;]20304 +Sn0, 0.2M Na,SO,/Two compartment -1.49 0.05 6.8 (-) - 53 E
TiO,/Ru0Q, (75/25)-Cu (deposited 300 mC/cm?) 0.5M KHCOs/ Undivided-Rotating-disk electrode assembly -1.00 5 - - 29.8 [A.331
RuOx thermally deposited-Ti -0.80 ~2 ~1.60-2.99% (2-8 h) ~0.35-0.16° 30.5-17.2 |
RuOx/Cu thermally deposited-Ti 0.5M KHCOs/Undivided-Three electrodes -0.80 ~2 ~1.39-3.95*(2-8 h) ~0.30-0.21° 18.2-41.3 [A.34] E
RuOx/Cd thermally deposited-Ti -0.80 ~2 ~1.17-4.27*(2-8 h) ~0.26-0.23* 20.4-38.2 !
RuO,-painted (5-6 layers)-BDD 0.4M Britton-Robinson sol. (H;BO5+H;PO4+C;H,0,)/ Two -0.80 -5 31.31 (~6 h) 3.44° 812 | [A35) !
compartments |
RuOx sprayed-Pt -0.80 ~1.2 - - 30.5 |
RuO,/TiO, nanoparticles-Pt 0.5M NaHCO3/ Two compartments H-type cell (Nafion 117) -0.80 ~1.2 - - 40.2 [A.36] |
RuO,/TiO, nanotubes-Pt 20.80 ~12 ; ; 60.5 !
MoS,-rods in TiO, nanotubes 0.1M KHCO3/Undivided, three electrodes -1.30 ~0.75 202.24% (6 h) - 449 [A.37) _1'
Other transition metal: Fe, Ti and Hg !
. . . il
Everitt's salt (ES, K,Fe"[Fe"(CN);]) coated-Pt l’z'dlhydro"ygi‘ngﬁi féi‘ﬁ)’:iﬁégg‘(’ggzﬁt:)’(l“) complex- -1.00 - 0.32*(6 h) 3.86x 102° - [A38] :
[Fe(CsH,(OH),(S03),),]-CH;0H/ Two compartment (glass frit) -0.90 - 5.15*(5h) - 14.5 i
[Fe(CsH,(OH),(S03),),]-CoHgO/ Two compartment (glass frit) -1.10 - 0.04*(5 h) - 0.06 i
Everitt's salt coated-Pt Naz[Fe(CN)s(H,0)]-CH;0H/ Two compartment (glass fr.it) -0.90 - 4.74*(5 h) - 15.5 [A39] |
[NH,4],[CrCl5(H,0)]-C,H¢O/ Two compartment (glass frit) -1.10 - 0.04*(5 h) - 0.05 |
K[Cr(C,04),(H,0),)]-CH;0H/ Two compartment (glass frit) -0.90 - 5.09°(5h) - 14.5 E
K[Cr(C,04),(H,0),)]-C,HgO/ Two compartment (glass frit) -1.10 - 0.03*(5h) - 0.04 '
Everitt's salt supported-Pt -0.70 - 2.62-7.20* (2-9 h) 1.20-0.69* 56.3-45.3 f
Indigo (CH oN,0,)/ graphite-Pt -0.70 - 1.60-4.35"(2-9 h) 0.69-0.42° 70.2-37.2
Alizarin (C,4HgO,)/ graphite-Pt 0.1M KCI-10mM Naj;[Fe(CN)s(H,0)])-15 mM CH;OH/ Two -0.50 to -0.70 - 2.18-2.50*(3 h) 0.63-0.72° 44.3-69.4
ES supported- Fe compartment (glass frit) -0.30 to -0.70 - 5.47-5.66°(5 h) 0.95-0.98" 45.5-45.7 | [A.40]
Indigo/ graphite-Fe -0.70 - 6.24° (5 h) 1.08° 42.8
2-aminoanthraquinone/ graphite-Fe -0.70 - 3.42°(5h) 0.59* 31
Alizarin (C4HgO,)/ graphite/Fe -0.70 - 3.55*(5 h) 0.62° 30.8

3
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p-benzoquinone/graphite powder supp. on Fe -0.70 - 4.48*(5h) 0.78% 36
Fe(Il) TPP (tetraphenylporphyrin) evaporated-Pt -0.50 0.36 3.04* (5h) 0.35% 12.2
C(.)(H) TPP evaporated-Pt 2-hydroxil-1-nitrosonaphthalene-3,6-disulphonatocobal(II) 1 in 0.1M -0.50 0.39 4'3Sa (5 h) O'SOa 151
Ni(IT) TPP evaporated-Pt KCI1-CH;0H/ Undivided three electrodes (proton exchange membrane) -0.50 0.15 3.17_ (5 h) 0.37 14.4
Cr(1II) TPPCI supported-Pt -0.50 0.10 1.67* (5 h) 0.19° 11.6 [A.41]
Fe(III) TPPCI supported-Pt -0.50 0.37 6.14° (5 h) 0.71° 11.1
Aquopentacyanoferrate (II) (Naz[Fe(CN)s(H,0)-0.1M KCI-CH;0H/ a a
Co(Il) TPP supported-Pt plate Undivided, three electrodes (proton exchange membrane) 0-50 0.07 33360 0.35 329
Fe-S/P.an/PB .electroc.hemlc.al lamlggted—Pt ) 0.04* (24 h) 5.62-6.28 x 10°** 6.8 :
(PB: Prussian blue; PAn: polyaniline) 0.5M KCUT rtments FLt |
Fe-T/Pan/PB-Pt : Wo compartients H-type - 0.07* (24 h) 1.03-1.15x 107* 8.3 !
Fe-C/Pan/PB-Pt -0.80 - 0.11° (24 h) 1.64-1.83x 107° 12.2 [A.42) E
- 0.28% (24 h) 4.08-4.55 x 10°° 10.1 |
Fe-C/Pan/PB-Pt-self assembled 0.2M KCI/ Two compartments H-type - 0.05° (24 h) 7.03-785x 107 | 52 |
0.5M KCI/ Two compartments H-type - 0.04* (24 h) 5.62-6.28 x 107 6.3 -
Post-transition Ga- based electrodes
n-GaAs-crystal-(111)As 0.16-0.2 - - 100 |
n-GaAs-crystal-(111)Ga . 0.34 - - 30-80 o
0.2M Na,SO4/ T rtments (Na,SO,/ brid, -1.20 to -1.40 AA43]
n-GaAs-crystal-(110)Ga 8504/ Two compartments (Na;SOy/agar bridge) 0 0.13 : : | A
n-GaAs-crystal-(100)Ga 0.15-0.16 - - 1-0 .
Pt metal group metal- based electrodes J
Pd with Cu electrodeposited (coverage of 10) -1.60 - - - 2.28 £
0.1M KHCOx/- A44)-
Pd-H with Cu electrodeposited (coverage of 10) } -1.60 - - - 6.97 [ ) |
Pd disk (HNOs/NaOH treated) 0.5M NaClO,+10mM Pyridine/ Two compartment (glass frit) - 0.04 - - 30 [A45] |
Pt/C powder deposited-carbon paper SPE (Nafion 117)/Two compartments MEA flow cell -0.35 - - - 40 [A.46]
Pt/C powder deposited-carbon paper -0.40 ~20 0.40° (1 h) ~7.44% 35 4=
Pt-Ru/C powder deposited-carbon paper SPE (Nafion 117)/Two compartments MEA flow cell -0.45 ~15 10*(1 h) ~186° 75 [A47] :

* Calculated from reported data
® Data for total CO, reduction to various products (including CH;OH)
¢ Reference electrode not provided
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