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1. Introduction

Global energy demand increasing rapidly for the advancement of societg@maimic growth.

Despite theextensiveefforts todevelopclean andenewablecarbonneutral sourcesraditional
fossil fuels stildl occupy a ICarleon diaxige(C@)o si t i o
emissions generated via the combustion of fossil energy resources lead to global climate change.
Consequently an insistent need to find a way toffset the accumulation of C@in the
atmospherdnas emergedrlhe captureand sequestratioprocessof CO; hasbeen proposed
however, the high cost, laborious procesgithe high space requirement as well agibtential

of leakage might seem inconsistent with sustainable developmeontrasttheconversion of

CQOz is a promising route tturn the wasteCO; into valuable fuels and chemicdls 3]. This
approach has received considerable attentiorsagrdficant progress has been achieved in this
field. CO, can be converted througlvarious processes, includinghermahemical,
photochemicalelectrochemical, and biologic@chniquesAmong themglectrochemicalCO;
reductionreaction (CO:RR) powered by renewable enerdpas attracted great attentioto
convertCO; molecules ind highvalue chemicalghat can act as energy carriessin attractive
approach to create an artificial and sustainable carbon @R in an aqueous environment

is rather complicated because of substantial kinetic barriers, compared to the competing
hydrogen evolution reactiqiER) Therefore, developing electrocatalysts with high efficiency,

selectivity, and longerm stability is a crcial step of great urgency towards industrialization
[4].

Fundamental researatared on bulk metal catalystendthe elementary mechanistic
studiesprovide theessentialinderstandingpehindthe catalytic activityproductselectivityand
the nature otatalytic active sitesThesestudiesshoved thatthe reductionperformance can be
improved onlyia changing theatalyst materiallTherefore new catalysts have been developed
and characterized such as monometallic nanopartiblBs) bimetallic NPs, oxidelerived
metals, metabrganic frameworks, metflee carbon materials, and nanoporous filtas
investigateheimpact of variousgactorstowardthe CQR activity and selectivity, including the
catalystsurface structuresize,morphology andcompositioras well aghe electrolyte ions, and

the electrochemical cell desidf.
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It was very important for the research community to understandcabaytic
performancef pure metalsowardsCOzR firstly beforestudyingthe compositioreffect and
determinghe existing challenges: (1) highrbon monoxidéCO) selectivity is associated with
expensive noble metal catalysts; (2) catalysts, that gerferate acid(HCOOH) suffer from
low current densities and high overpotentials; (3) poor selectivity obbgdoons producing
metal surfacesAlloying is apromisingmethodto improvethe electrocatalytic performandsy
tuning the binding strength dhe intermediates on a catalyst surfaBanetallic NPsprovide
an ideal platform for studying the effect of surface compositButh materials can provide
active sites for reaction intermediates with tunable binding strength and thus exhibit altered
reactivity relative to their monometallic counterpd@is The unique propesrs of thebimetallic
catalysts arisérom tailoring the electronic propertiethé hybridization of the atomic orbitals
that shift the eband center with the respect to thermi level(Er) andthe geometric effest
which stems from the atomarrangement at the active sit€gveralcombinations haveeen
extensively studied and shoved better activity compared tdhe constituent metals
Representativexampls of Cu-free bimetallic catalystshowed recently the formation of2e 7
reduction productglemonstrang how bimetallicNPscan be employed to overcortescaling
relations in the CERR[7]. Inspired from these studies, wantedo exploretheelectracatdytic
activities of Au-based bimetallicatalysts andcontributeto the developmentof bimetallic

catalysts for CER.
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2. Literature Background

2.1.FossilFuel Dependence

Theincreasng globalenergydemandor ecoromic growth andmprovingthe standard of living
is a pressingneedto supplysecure, clean, and samable energyHowever,traditional fossil
fuels stildl occupy a r emar k.aModte thgemesy supplg n
in different sectors (transportation, industrial, domestitd commercial) depends on the
combustion of fossil energy sources (petroleum, natural gas, andTdealibalance between
the naturalconsumptionof COp, rediction of COz in the photosynthesidy greenplantsand
autdrophicorganismdgo storeandrelease rergy,andanthropogenicemissiors gives rise to a
net ircrease irthe CQ levels in the atmospherkeading to global climate changes, and these
changes are predicted to become more severe in the fUjuliderefae, creatng sustainable
solutionsto improvethedevelopmenof carbonrneutralenergysourcs andminimize the effects
of COz as a greenhouse gas in the atmospherdecr@aseur dependence dossilfuelsis the
mostcritical challenge facingpumanity in the 2%certury [3,8,9]. Strategieshatarein progress
could be grouped into threecategories decarboization, carbon seqiestation and CO;
regycling [4].

Significant progress is beingarried out in dearborization the advancenent of
renewablgpower ednologesresuledin anincreag in the volume anédecreas in theprice
of electricity generatedrom renewablesouces such assolar andwind [10]. However the
intermittentnature of theseourcedimits the percentage oélectricitythey can supplyvithout
instability and power fluctuatios [11], where all available energy storagdechnologies,
including compressed air, batteries, redox flowteaes,pumpedhydro, andflywheels have
limited salability, verstility, and maximum storageme [12,13] Therdore, developingaway
to long-term storageof renewableenergy for times when it is nobeinggenerateds a crucial
stepfor controling CO, emissionsandalsg an dternative carborsourcefor chemicas and
cabonbased products iseededto replacefossil fuel-derivedchemicalproduction The use of
biomasgtree and plants}hemost &cesshle alternative carbosourceis limitedby theamount
of landrequirednot toaffecttheenvironmentind foodproducing crops negativelgndto avoid
any potentiahumanhealthrelatedconsequence8iomass powegenerationincludes burning

wood chips inpower plantsburning biogas from waste treatment plaatsdthe generation of

n
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methanol(CHzOH) and ethanalC2HsOH), which can be used as fugs14]. On theotherhand,
the geological andleepseaCO; sequedration is a stategy thatallows some continuechet
production of CQbutprevens its releasdo the atmospherarough captumg from industrial
point sourcesind sbring it undergroundThe highcost of CQ separation frona power plant
togethemwith transportation and storage coasswell aghe high requirement of spacand the
long-term impacts of geological sequestration on the environment are untertaunse fothe

potential for leakagare the main challengésr carbonsequestratiofiL5].

Based on the limitationsutlined above CO; recycling ¢eutilization) could be an
effectiveand promisingvay for the sustaiable devdopment ofsociety.CO, conversioninto
carbonbased products offera way toturn waste emissionmto valuablefuels and chemicals
that can act as energy carrieneating an artificial carbon cycle thenext section, we discuss
the advantages of this approach and thigerent ways in whichCO, conversionmight be

accomplished

2.2. CO2 Recycling

The development of COecycling technologies is driven by the desire to reduce fossil fuel
dependence and to lower the negative impact on climate changeis. £&able molecule and

the most oxidized form of carbon, together with bicarbonate with an oxidation stateTod 4
search for a suitable scheme for 8fnversion to more energetic products, several strategies
have been developgl6], including electrochemical reductig#,5], photochemical réduction

[17,18] thermochemical reductiofil9], and CQ fixation in natural photosynthesis and
bioinspired catalystf20]. Therefore, there has been much work donthis field to develop
catalytic materials for better selectivity and efficien€igure 1 shows the conversion of GO

into chemicals and fuels using renewable energy and closing the carbon cycle that would be
possible if CQ is electrochemically reduced, which is the focus of this thesis. The

transformation of CeXollows the overall formula,

An

g# U/ %l AOCwWOi AOCBAIOL # OAAUDRRBAQEMD
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Figure 1. CO, recycling Electrochemical C@reduction coupled to renewable electricity sources, can enable its
conversion into fuels and chemicals in a sustainable.way)

Briefly, the thermahemicalconversionis a thermally activatedCO, hydrogenation

usng hydrogen (H) as a reducing agent.O, can be reduced 160 by the reerse wategas

shift reaction

#Wo (O #I (/

2 A O AOORAQATE E £0 P&

with an excessf Hy, and thewater is condensed quhe producis a mixture of Hand CO,

which is calledSyngasSyngascan be used as a feedstoakong-chainhydrocarbos or small

moleculessuch asnehane(CHs) andCH3OH. These reactions are callgee FischerTropsch

reactionmethanation andmethanol synthesisespectivelyj21].

T#/7 ¢l p(
#1 (0 #( (1
#1 ¢ (© #(/(

o # (

T(/ &EOCARKOD DOAE p&
- AOEAT AOEI 1p8
- AOE DIUIT IOEAOE 08

All thesereactionsrun at hightemperatures and pressyraadthe Hz source is a key

issuein a CO, hydrogenation proceskor the formation of renewablehemicalsH, must come

from a renewable sourcéhe most promising rout® renewablé; is watersplitting, whichis

drivenelectrachemicallyusingelectricityfrom renewablenery sourceg11,22,23] according

to thefollowing half-reactions
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Research othermochemicaCO; reduction isneeded andevelopingnew catdystsfor

HER is required for commercial production throughwater electrolysis Among the
abovementiored approachedor CO, conversion the electrohemical CO.RR has attracted
quickly growingattentionon account othe following points: (1) its mild operating tenperature
andpressure(2) a wide range of carbepbased products can be generated by controlling the
applied factors(3) it offers a way to store the electricity frantermittentsources such as, solar
and wind (4) and t could be accomplished in single electrochemical procef&l]. These
featureswould likely lower thecostsassaiatedwith the processallowing the production to be
more distributedhanthermochemicatonversiorwould do.

2.3.Electrochemical CO2 Reduction
In order tocarry outthe CO, conversiorgivenby Equation 1.1via electrochemistry theoverall
reactionneeds to beit into two halfreactionswateroxidation (OER Equation 1.7) at the
anodeand CQRR which occurs at the cathogde

g# 1( T °o poil AOCUL@ # 22 p&y
CORR in aqueouslectrolytesis rather comm@x and bearssubstantial kinetic barriers
compared to the competing HE&multiple protonand electrortransferstepsare involvedn
the different reaction pathwaysleading to many possibleproducts[4]. Table 1 lists the
equilibrium (thermodynamig potentialdor different possiblgroductsassociated witlCO2RR.
All the standardpotentials here werereportedon the pH-independenteversiblehydrogen
electrode (RHE) scde. Furthermore significant energy inputis neededo drive the overall
reaction wherethe minimum possible potentiafi.e., the differencebetween the equilibrium
potentiasof CO:RR andOER) is larger thafh V. Thisindicates thathe electrochmical CO;RR
will run at a potential excesthethermognamicpotentid This extravoltage isreferred to as
calledoverpotentiglsooneof the catdyst rolesis to lower theoverpotentialenergybarrier of
thereaction pathwayandmake the sstem more efficienfThermodynamicalljHER takes place
at0 V (Table 1), whichis comparable tahe equilibrium potentias of CO:R to hydrocarbons
and alcohols Thus, the large overpotentialrequired for CORR are also actve for HER,

resulting in pooproductselectivity. Therefore, developing electrocatalysts with high efficiency,
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selectivity, and longerm stability is a crucial step of great urgency towards industrialization
[5,24].

Table 1. Electrochemical halfeactions with equilibrium potentiatsdthe possible pducts[21].
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Studiesof electrochemicalCO:RR focusedon the energy input ancCO, conversion
efficiencyaspectandimprovingtheselectivity angroduction ratas well The first reaktudes
with gaseous and liquidroductquantificationwerereported byyoshioHori and ceworkerin
1985[25]. In this study,the catalytic activity ofsomepolycrystallinemetak electrales was
investigatedin COp-saturated0.1 M KHCOs usng constanturrent electrolysis Metal
electrodexan becategorizednto four groupsaccording to thie mgor CO2R producs (Table
2) [26]. Pb, Hg, Tl, In, Sn,andCdfavorHCOOHproduction Au, Ag, Zn, Pd, and G selectively
produceCO, while HER is exclusively observed oveNi, Fe, Pt, andli. Cu shows a unique
ability to catalyze the formatioaf hydrocarbon and oxygenaté&3u is thus the only pure metal
thatgeneratesighly reduced products with “2ransfer As shown inTable 2, for all metak,
aconsiderable overpotentia requiredo achievethe specified current dengiof 5 mA cri?,
Theformateproducing metals showed the largest overpoterttiat example HCOOHwith a
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Faradaic efficiencyFE) of 97.4% for Pbat i1 1.24V vs. RHE). The snallestoverpotentialvas
achieved byAu, which produces CO witB7 %FE ati 0.65 Vvs. RHE

Since thenseveralreportspresenteégxperimental and theoreticalvestigationf the
catalytic propertiesof different metak The selectivity has beemxplainedby the binding
energes of the key intermediatesincluding*COOH, *OCHO and*CO [27i 30]. The initial
electron transfer to COforming*C Cé‘ anion radicals thoughtto bethe ratedetermining step
(RDS) Thebinding mode of C Cﬁ‘ (thefirst surfacebound intermedia)eon the metal surfaces
is a key factorgoverning product distributiof.he proton-cowled electrortransfercanoccur
eitheron thecarbonatom resultingin anoxygenbound intermediatéOCHO, or ontheoxygen
atom, resulting in aarbonbound intermeidte *COOH, furtherreductionstep leadsdirectly to
HCOOH and CQrespedvely. Figure 2 showsanadaptedchemeabout the ppposed pathways
for COand HCOOHormationduring CO:R [28].

’f“’e\ ﬁ (H++e) i—» T
E E (H++e) i T

Figure 2. Pathways for the electrochemical reduction o, ®OCO and HCOOHZ28].

CO plays as the kentermediate toward the reduction of €@ hydrocarbons and
alcohols. Metals that bind CO very weakly are selective for €@version to CO. As soon as
CO is produced, it is released from the surface, and this inhibits the further reduction of CO to
hydrocarbons and alcohols. On the other hand, metals that have a strong lhiidifgO
produce mainly b} where CO stays on the surface as a poison. Cu has intermediate *CO binding
energy, this enables enough time for the surfemend *CO to be coupled withearby
intermediates for £€and G product formation or to be protonated to produce hydrocarbons and
alcohols. Cu has positive adsorption energy for *H, which is crucial for the protonation of the
intermediates. As a result, the suppression of HER isesttalig[6]. The formateproducing

8
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metals (Pb, Sn, In, Hg, and Cd) bind *CO and *H weakly. Sn appears near the top of the volcano
curve plotted usinthe censity functioml theory(DFT) calculated *OCHO binding energy as a
descriptor for C@Rto HCOOH over a range of metals,ggesting that *OCHO is a key
intermediate for CeR to HCOOH (HCOOH formation proceeds mainly through an oxygen

bonded intermediate, where there is no cattsorgen bond cleavag§l8].

Table 2. Faradaicfficiencies of CO, reduction products ometal eletrodes in C@-saturated 0.1 NKHCO;

(pH = 6.8)[26].*

E ] Faradaic Efficiency (%)
Metal | (V vs. Vo Total

RHE) (mA/cm?) | CH, | CH, [ C2HsOH | CsH/OH | CO [ HCOOH | H, | (%)
Pb |11. 2 i5. 0| 0 0 0 0 0 97.]15.[(102
Hg |11. 1 70. 5 O 0 0 0 0 99.]1 0 [99.
TI 1. 24 1i5. 0] O 0 0 0 0 95.1]6.(101
Il n | 7T2. 13 5.0 O 0 0 0 2. 94.]13.(100
Sn |i1. Q0 15. 0] O 0 0 0 7. 8 8 4.1100
Cd |71.2 i5. 0[1. 0 0 0 13, 78.[9.(103
Au |1T0. 4@ 15.0[ O 0 0 0 87. 0. 7/10]98.
Ag |1T0. 9 5.0 O 0 0 0 81. 0.6/12]94.
Zn [(71. 71 i5. 0| O 0 0 0 79, 6.19.]95.
Pd |i0. § i5. 0| 2. 0 0 0 28. 2.826]60.
Ga |710. § 15. 0] O 0 0 0 2 3. 0 791102
Cu |1T1.Q0 15.0/33|25)] 5.7 3.0 1. 9. 420(103
N i 1. 15.0/1.]0. 0 0 0 1. 488|92.
Fe |T0. 83 15. 0 O 0 0 0 0 0 94(94.
Pt T0. g 5. 0] O 0 0 0 0 0. 1{95]95.
Ti 1.2 1i5. 0] O 0 0 0 tr 0 99(99.

* Ethylene(C;Ha), Prgpanol (GH;OH)
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For a better understanding of the £RR mechanism and higher catalytic activity and
product selectivity, increasingly research efforts have focuseéxptoring new types of
catalytic active sites and structures. Various strategies such as altering crystal facets, changing
morphologies, and adifying the crystal structure and the oxidation states have been
investigated. Ithe following sectionswe summarize sonw theseapproacheand provide an
overviewof therecent trends in CARR on monanetallic NPs andliscuss the key factors that

affect the catalytic activities dhebimetallic catalysts

2.4.Monometallic Catalysts

Pure netal NPshave been wlely studied for electrochemical GBR due tothe high surface
to-volume raticandthesurfaceto-mass ratimf NPs which areadvantageous for achieving high
mass activityThrough the apprapatesynthetic strategies and the characterization $pad well
as the computational simulatignthe structure morphologyand the oxidation statean be
tailoredprecisely The particlesize effectof somemetalelectrode®n ther catalytic activites
toward CORR has benstudied(e.g. Cuy Au, Pd Ag) [31i 35]. The COR performance oPd
NPswith different skesrangedrom 2.4 to 10.3 nmwvasinvestigated31]. Themaximum Fko
of 91.2%was achieveati 0.89 V vsRHE on 2.4 and 3.7 nm particlesompared t&b.8% by
using 10.3 nmparticlesat thesame potentialMoreover, the turnovefrequenciesfor CO
formation within this size range showed a volcatype curve This suggestthat tailoing the
sizeof Pd could tuneCO, adsorption*COOH formation and *COdesorptiorbecause othe
varying ratio othecorner, edgeand terrace siteBFT calculatiorsindicatedthatthe adsorption
of CO, and* COOHwasmorefavorable orthecornerand edge sites tham theterrace sites of
the RI NPs while HER on all siteswassimilar. Ag NPsalsoexhibiteda volcano curvewhere
thecurrent densityncreasedir stly with decreasinghe particlesize from bulko 5 nmand then
decreasdfor particles’ 5 nm [32]. This volcano effect was attributed ttoe strongcorrelation

between the key intermediates andpheticle size

Tuning the size of monodisperse Au NiPtherangeof 4i 10nmshowed that the highest
CO FE of 90 % was achieved by 8 nnmi @.67 V vs. RHE. Based on DFT calculatiotis
high edge(favor CO productionjto- corner (active for HER3itesratio on the Au surfacehe
high the stabilization of *COOH, the keptermediate for CO productiofhus the8 nmAu

NPshad theoptimum ratioof edge sites over cornsites[33]. The sizedependentatalysisof

10
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Au in CORR to COwas furtherinvestigatedy usingmicelle-synthesized Au NPs in the size
range of 18 nm.The current densityncreased with decreasitige particle size butthe Fkco
showedthe oppositetrend These higher current densiti@gere associated tbBlER, which
became moréavorableoverlow-coordinate sites thaBO,RR [35]. In addition tothe previous
exanplesof noble metalsthe size-dependentlectrocatalyticreduction of CQ over Cu NPs
wasobservedCuNPsin themean size rangérom 2 to 15 nmshowed thathecurrent efficiency
and product selectivity for CO and Hincreased significantlyather thanCHs and CoH4
selectivity, compared to Cu foil34]. Theincreased population édw-coordnatesiteson the
surfaceof smaller Cu NPswhichbind CO,, CO, and Hatomstrorgly, is linked tothe observed
trends

The morphologyof monometallicNPs has a strong influenceon surface structures
which could result im tuneccatalytic activityand product selectivith86i 38]. For exampleAg
nanocoral electrocatalystvassynthesized byn oxidationreductionapproachin the presence
of chloride iors in an agueousiedum. This structure exhibiteda selectiveCO formationwith
95% FEat a low ovepotential~ i 0.37V vs. RHE The current densityof 2 mA cm'? was
achieved andemainedstable for ovei72 h The activity increased b2 times at10.6 V vs.
RHE, conpared withAg foil. The improved catalyticperformance othe chloridederivedAg
nanecoral catalyst was attributednot only to the morphology effect the increased
electrochemically active aredut some insightsvere proposed into thele of the adsorbed
chlorideions on the surfaceresuting in an increasef the intrinsic activity for CO;R and
suppresing HER [36]. The porousstructues help toincrease the electrochemilsalactive
surface areandthe mass transpoftr CO;R. A nanorous Agcatalystwassynthesized by
two-stepde-alloying of Ag-Al precursorand nvestigated in CERR. Thecatalysigenerated CO
with a FE of~92% atmo der at e o v e 650D oV esnRHEand exhibded darge
increasedn the electrchemicalsurface area and tleatalytic activityby ~150 and ~20 times
respectivelycompared tgoalycrystallineAg. Theimproved cataltic activity maybe due tdahe
better stabilization of thkey intermediateon the highly curvedurface ard hencea lower
thermodynamic barrigB7]. In another studyAg-nandoamcatalyss were developetased on
a concentrated additive aruitrateassisted metal depositioprocess[38]. The Ag foam
exhibiteda good activity and selectty for CO formation atow andmoderateoverpotentals
TheCOFEsar e Owithiawide potential window rangingromi 0.3V to11.2 V vs.

11
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RHE andthe correspondingCO partial current densitie$f ) increasedrom i 0.02 toi 14.7
mA cm 4 Most interestingis the ability to generatehydrocarbonsat high ovepotentias,

reachingmaximumF k& y and F E,4,0f 51% and 8.%o, respectively &t 1.5V vs. RHE This

2H4
behaviorwasattributed to thestabilizationof *CO on the Ay nanofoansurface comparedo
theunmodified Ag foil This resultsin aconsiderabléncreasef the *COresidence timewhich
is crucialto the furtherreductionsteps (protonatiornto CHs andC-C couplingreactionfor CoHa
evolution). For prolongedCO; electrolysisati 1.5 V vs. RHE thedegradation was observed

and theF [k decreasedo 32%within Sh.

In additionto Ag, a topdown approach wasmployedusing a controlled chemical
etchingof Cunanaubesto getdifferent shapesThe nanarystals that weretched for 12 h or
more showed arhombic dodeahedralsha with erriched expasure of(110) facets These
particles exhibited a threefold higher current density tha@u nanocubesand enhanced
selectivity to hydrocarbongather thanCO at 1 0.8 V vs. RHE[39]. The stability of Cu
narocubesvas addessedn another studyin terms oboth activity andetaining thesynthesized
shape.The CO:RR was performedtogether with productistribution and themorphology
changes were nmitored ex-situ usingtransmission electron muscopy(TEM) after different
electrolysis tims up to 12 h For longelectrolysismeasurementgshe HER activity increased
and CQR activity decreasedand thanorphologychangesecameobvious[21]. Additionally,
octahedraPd NPsxhibitedbetter activityand higheselectivitytowardCO formationthan Pd
nanoctes[40]. These improvementwere attributedd adecrease in th€O binding energgn

the RI (111) surface of theoctahedraktructures

The activity of 1D and2D morphologieshasalsobeen studie@ndtheir potentialfor
CO:.RRwasinvestigatedFor example ultrathin 2 nm wideAu nanowirefNWSs) with different
aspect ratisweresynthesizedisinga seeemediatedyrowth methodLongerNWs weremuch
more activewhere500 nmlong NWscatalzedthe CO,RRto CO at an onst potentiabfi 0.2
V vs. RHE. The FEkoreached®4%ati 0.35V vs. RHEand remais stable for7 h[41]. The
DFT calculationssuggestd the higher density of active edge sitehavebetter CO selectivity)
on NWsand tle weakCO bindingenergyarethe possible reasons fahe improved catalytic
activity. Hexagonal B nanosheetsvith 5 atomic thickess and 5.1 nnadge lengthwere

syrthesized with uniforrmorphology The Pd nanosheetgeneratedCO with 94% FE ati 0.5

12
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V vs. RHEwithout anynoticeableactivity change This performance waattributedto the high
edge siteslensty on hexagonal ®nanosheetgomparedo Pd NP442]. Furthermoreultrathin
bismuth nanosheetsith single crystallinityandenlarged surface are#ere peparedvia the in
situtopaactic transformation dfismuth oxyiodide nanosheethecatalystshowed a&elective
and efficientCOR to HCOOHw i t h % FEaf 3.5 V vs. RHEanda stable current density
of 15 mA cm?for 10 h.The highselectivityfor C:RR to HCOOHwas attributed tthe better
stabilzation of*OCHO on Bi (001) surfacecanpared witi*rCOOH or*H [43].

The CO:R performance ot metal surface showed a strongdependence rothe size,
morphology ad surface structuré\ simpleapproachwasemployed tamprovethe catalytic
activity of polycrystallinemetals whichis thereductionof a thermally oanelectrahemically
oxidizedmetak results in the fanation ofmetalnanostucturesknown as g&ide-derived metal

catalyss. This oxidation/rediction process isepesentedn Figure 3.

Metal oxide coated foil Oxide-derived metal

>

Electrochemical reduction

Thermal or electrochemical oxidation
of metal foil

Figure 3. Oxide-derived metal electrode formation

Nanostructured Awas preparethy anodizatiorof an Au foil followed byareduction
step The oxide-derived Au NPs exhibiteda higher selectivity for COproductionat lower
overpotentialand retaintheir acivity for ~ 8 h compared tahe polycrystalline and other
nanostructured Au electrodeShe enhancedactivity of oxide-derived Au was directly
associateavith the density ofjrain boundariesredaedby the oxidation/reductiostepand thus
higherstability of cot 'intermediatg44]. The Oxide-derivedPbhas up to 70@imes lower H*
reduction activityrelative to Pkfoil, resulting ina highFE for CO;R to HCOCH [45]. Such
activity of p-block metals was e&plained by the presence of a metastable surface
oxide/hydroxide layer, thauppres$iER, but is active for CERR over prolonged electrolysis.

A modified Cu electrodewas preparetly annealingCu foil in airatmosphereat 500°C for 12

13
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h followed byelectrochemicateductionof the resultinghick CwO layer. A stabletotal current
density 0f2.7mA cm 21was obtained &t 0.5 V vs. RHEandremained for7 h, compared with
fast deactivation fothe commercialCu foil and low-temperature annealedu foils [46]. In
another studyCuNWswere preared by oxidatiomeduction of Cu mesiTheseoxide-derived
nanostructurewith roughsurfacegeneraed mainly HCOOH andCO with a current density of
i 17 mAcm ?tati 0.9V vs. RHE[47]. Generally this oxidationreductionapproaciprovided
an dficient andeffective wayfor growing nanostructurem the surface avarietyof transition
metals[48i 50].

It was veryimportant for theresearch community tainderstand the activitand
selectivity of pure metalsand figure outthe exsting challenges(1) high CO selectivity is
associated witkxpensive noble metal catalyqt8) catalyststhatgeneateHCOOHsufer from
low current densitieand highoverpotentials(3) poor selectivty of hydrocarbos producing
metal surfacesThese findings suggest thatuning the binding energy of the potential

intermediates on the metal surfanght overcomethe abovdimitations

Moving beyond pure metals, bimetallic NPs provide an ideal platform for studying the
effect ofsurfacecomposition51,52]and to identify how to bypasisescaling relationg53,54]
Through appropriate synthesis procedures, a wide range of combinations (with various
compositions, patterns of mixinggeometric structuresand intermetallic phases) can be
explored(Figure 4). Such materials can provide multiple active sites for reaction intermediates
with tunable binding strength and thus exhibit altered reactivity relative to their monometallic
counterpartsin the first study, a number ofCu-basedcatalystswere surveyed.TheseCu-X
bimetalliccatalystX = Ni, Pb, Sn Zn, Cd and Ag)exhibiteda sdective reduction of CQto
CH30H, HCOOH andCO at low overpotentiad, anddemonstrateénhancedactivity than that
of the parentmetals[55]. The presace of a secondelementcan significanty modify the
catalytic performancen differentways (1) modifying the eleatonic surfacestructure which
influencesthe binding energy of interediates (2) introducing strain effe¢ (3) the geometric
effect,which stems from thatomicarrangemendat the active sitesnd(4) ading synergisically
for CO:R. Thereareample exampkin the literatureon usingbimetallic catalystan CO:RR,
which highlight the potentiabf the bimetallicsystems tenhanceindor createuniqueactivity

relativeto their parent metal#n the next sectionye providean overviewand discussioabout
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different bimetallic systers focusing much on the Au-based bimetallicsystens, and then

briefly summarizehe systemshat contain eithegn, Ag orPh.

Ordered Disordered Phase-separated ~ Bimetallic interfaces
Layered Mixed-metal
Core-shell thin films thin film

Figure 4. Schematic illustration of various mixing patterns and geometric structubesefallicelectrocatalysts

2.5.Gold-BasedBimetallic Systems

Au is one ofthe moststableandactivecatalysts forselectiveCO, conversiornto CO [44]. The

weak binding energy of Canhibits the further reductionto hydrocarbonsand alcohols

Furthemore the activatiorof CO; molecules to *COOHon theAu surfacehas ahigh energy
barrier Thereforetheintroductionof a second metalvhichadsorbshe keyintermediatg* CO)

with different binding energiesould effectivelytune productdistribution on the Au-based

catalysts

2.5.1.Combination with Moderate CO-Binding Metal

The combinationof Au with Cu metalfor its unigueand moderatéinding energy to CChas
been widely studiedsomeelectrodesiaveshown improved selectivityand higheintrinsic for
producing CQwhile otherbimetallic catal/stshavedemonstratethigh activity and selectivity
for multi-carbon products.Au-Cu bimetallic NPsin dloy form were synthesizegbrior to
assembly on thinlins (monolayersjor CO, reduction.Theaddition of copper atoms into gold
structure resulted in the appearance of new prodGétsandC,H.), as expected, batvolcane
shape CO-formation activity with a peak for th&usCu catalystvas observedrheanalysis of

the surfacevalence bad spectrarevealed the dand centegradually shiftsdownwards from
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Cu to Auand sggested thathe activity/selectivity ofthe bimetallic conpositions is linked to

the electronic modification, togethewith the geometric effect¢arrangements of metatoms)
affecting thebinding energy othe key intermediate®2]. The shelithickness dependence of
the electrochemical COeduction wasnvestigated on A@Cu coreshell NPs On cubic gold

NPs with 78 layers of copper, hydrogeand ethylendormedwith higher selectivity, while
with more than 14 layers abpper the particles became more selective towards the production
of hydrogen andCHa. This trendwas attributed to theatalyst compositignsuface structure
andstraineffects[56].

The influence of surface defediscancieson the catalytic activity and selectivityvas
investigatedusingde-alloyed AwCu nanocubesThevacanciesverecreatedby the treatment
with acetic or nitric acid for different times to etch the superficial Cu atomallDged AgCu
showed a considerable low CO onset potential and a 90.2%=fFE.38 V vs. RHE, compared
to AusCu alloy and Au NPs. Based on the compotadl studies, the improved performance was
attributed to the stabilization of *COOH, the key intermediate for[€0. Electrodeposited
Au-Cu alloys on nangorous Cu fin were swythesizedwith different composions and
exhibited an improved activitytowardsalcohol formation relative to pure CuAmong the
different compositionsthe Cus3.0Auze.1 generatedCHzOH with a FEof 15.9%, which isabout
19timesthatof pure Cyand& %, (increased to 129 heincorporatia of Auinto Cu alloys
favors alcohol productionover HCOOH and suppressedHER. This revealed that the

multifunction catalysis othe Au-Cu alloyscouldassistin improvedalcohol formatior{58].

Adsorption Bi-functional
On single metal adsorption

“h

Figure 5. Schematic diagram of the-hinctional interface effect and stabilization of *COOH intermedia®3.
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Au-basedcatalystswith bi-functionalinterfaceweredevelopedo reduce thamount of
precious metaandachieve anmprovedCOzR, compared to pumnetal Au metalis combined
with oxophilic meta$ to form a bimetallic interfaceather than alloysAmong theoxygen
affinity metals Cu metal waghoserdue tothemoderatéindingenegiesof *COOH and*CO
on the Cyand Qi binds*O more strongly than Aufor the further stabilization oFCOOH
throughthe oxygenrmetalinteraction,this bi-functional interface effeds slown in Figure 5
[59].

In a fewrecent reportsthey directly Inked theobservedmprovement in @ products
activity and selectivityo a CO spilloveeffect[60,61] Cu-Au catalystswere synthesizd by
thedeposition of ANPson CupO NWs by thegalvanicreplacementAfter the electrochemical
prereduction stepCuwO derivedCu-Au catalysts exhibitedmprovedselectivitytowards G+
productswith aFE of ~70% afi 1.05 V vs. RHEwhichis highercompared wittb5% generated
on CwO derived Cucatalyst at the same potenti@his behavior wasattributed to the flow of
the generate@€O on Au sitesto the adjacentCu surface.This configurationincreasedhe CO
covergeon Cuandled toa further reductiorof the CO to higher hydrocarbongndsuppress
the HER [60]. Other metallic Ci-Au combinations have been investigattd CO:R, a
polycrystalline Cu foil decorated with ANPs (Au/Cu) The Au/Cu bimetallic catalyst
synergisticallyreducel COz to . 2 € reduction productat ratesmore thar2-fold higher than
theconstituenimetals The alcohoproducs were generatest 265 mV morepositivepotentials
on the Cu/Aucatalysts relative t€u. A sequentiatatalsis mechanismfor the production of
alcohol was proposedi61]. A control experiment waperformed onthe Auo.0iCloge alloy
surfacewhich did not reprduce theobservedrendof alcoholproduction at low overpotentl
Theseresults supporthe hypothesis of th sequentiacatalysis mechams over two separate
metalsoperate irclose vicinity It wasalsoreportedon the skectiveformation ofCoHsOH over
Au-Cu alloyNPssupportedCu submicrometercore arrays The & %o ( reachad ~29 %, while
the ethylene formatiois relatively suppressed te16% ati 1.0 V vs. RHETheratio between
the partial currenlensities ofC2HsOH andCzH4 can be tuneéfom 0.15+ 0.27to 1.81 + 0.55
by varying the Au concentration.The experimental andDFT calculatiors revealedthe
importanceof Au in tuning the key intermediatebinding emrgy at the interface and

consequentlynodify theactivity andselectivity[62].
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Furthermore the systenatic atomic ordering control played an important role in the
catalytic performance of ACu alloy NPs Atomically ordered AuCu NPs selectively reduced
COxto CO achievin@ FE of 80%, whereas disordered AuCu NPs favored the HERhwias
assigned to the formation of compressively strained thtemic gold layers over the
intermetalliccore[63]. In another studyhy coatingthe CuNWswith a thinAu layer, the current
densityincreasedlightly. That catalysgenerates only Hand CQOin thewhole potential range
with a totalFE of 100% At1 0.50 V vs. RHE a FEco of 11% wasachiewed andreaching a
maximum of 33 %at a potentiabf i 0.65 V vs. RHE thendecreases \h a furtherincrease of
the overpotential.The low FEco observed oveAu coatedCu nanowires was attributed to the
pattern of this bimetallic systerwhich is layeedthin films. The Au coating might not cover
thewhole Cu wiresand possessome defectsThe presencef Cubeneaththe Aucoatirg might
facilitate the HER At 1 0.65 V vs. RHE the CO/H: ratio of 1:2 remains stable for24 h of
electrolysisthe arrent densitydecaydfrom i 14 to i 8 mA cmi?during trefirst 3 h, and then

becamestable[64].

The above mentioned AQu electrodes represent different typebiofetallicgeometric
structures fixed-thin films, layered thin filmsalloy, and coreshellNPg and mixing patterns
(ordered, disordered, and phasparated) that can influence gedectivity and activity of the
catalyst by modulating the adjacent binding sites. Investigations of morstdyaioyed NPs
have considered that alhe constituent metals participate in bonding with the intermediates,
however, in other bimetallic pattes, only one site is active or exposed to the reactants, such as
layered thin films and corghell NPs (metal on metal structure). Thieding energyof CO,
oxide-derived nature of Cu and phase boundaries are critical factors in the catalytic performance
of these systems. The generated CO with high concentration nearbye§€where CO is
further reduced to hydrocarbon and oxygenakbs. Q C coupling process is considered to be
more favorable on oxidderived Cu catalysts due to the grain boundarietect® lower
coordinate sites, surface/subsurface oxygen or residual species[65,66] The phase
separated ACu electrocatalysts showed the best activity towaedslCohols superior to Au,

Cu or AuCu alloys, this was attributed to the more stabilization of the intermediates at the
Au/Cu interface, where gequential catalysis mechanism was proposed by decoupling the

multiple reduction steps during GB, which is not possible on monometallic surfaces. The
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insights gained from the Au/Cu catalysts motivate the development of a high surface area

catalyst to prduce longchain alcohols and to investigate other bimetallic systems as well.

2.5.2.Combination with Strong CO-Binding Metal

Pd binds CO strongly andhas a higher affinity to oxygen than A67], resulting in more
stabilization of the reaction intermediates such as *COOH via bidentate interabt&ainciiease

of the binding strength dheintermediates to the alloy surface is one of the proposed ways to
break the scaling relations. Previous reports on AallBgts show that they have a strong ligand
effect which can cause an averaging of their CO binding energies (strengthening the CO binding
energy to Au sites and simultaneously weakening the binding energy of CO to P{b8ites)

This bimetallic system has been widely studied for many heterogeneous and electrocatalytic
reactons[69], but a few reports are found on eRR. Au-Pd alloy thin filmsaremore selective

to HCOOH production, relative to pure Au and [F@]. PdAu overlayerswere preparecoy
electrodeposition of Pd @Au substratend catalyzed thiermation ofC; to Gs hydrocarbon§71].

The coreshell structures with different shell thicknesses and compositions were developed and
evaluated for CeRR, Au-Pd coreshell NPs showed that the catalytic activity and product
distribution are linked to the Pd shell thickness. As the shell thickness was increased from 1 to
10 nm, hydrocarbon and formate were also formed, besides CO.4#nd]Hrhe former two
exampleshowedthe formation 6, 2e reduction producten Cufree electrocatalyst&nother
coresshell NPs consisting of bimetallic core and an ultrathimi€tdshell exhibited an improved

CO selectivity for all compositions compared to pure Au and Pd. By controlling the Au:Pd
atomic ratio, the shell thickness and compositions caarieel With increasing the Au content,

the FEco increases at lower overpotentials. A maximum of 96.7% was obtairied.@tV vs.

RHE for Au7sPds[73]. Alloying Au with different compositions d?d onasmooth thin film surface

was found to suppress hydrogen evolution by increasing tblieRECiDtermediate (*CO) coveragt

lower overpotentialf51].

Au-Pt alloyswith different compositionsvere preparedoy magné&on sputteringco-
deposition tehniqueasa first systematicexgoration of alloying Au with Pt which bindsCO
stronglyandgenerates mainlidz. The syngas(CO/H,) ratio showed a good tunability, which
was attributed to the linear change in the binding strengtR©OH and *COintermediates

[74]. The variationof the electronic propertiesaused byadjustingthe binary composition
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camot tune thebinding strength of aertain intermediatevithout modifying othes for a
selectiveand a highCO, reduction performanc&o, he geometric effecisrealsoimportantto

the catayst desiq.

2.5.3.Combination with Weak CO-Binding Metal

Au, Ag, andZn all bind CO weaklyandproducemostly CO,soas soon a€O is producedit
desorts and cannot gon furtherto form highly reduced product®u-Ag bimetallicaloys and
coreshell structureswere designed anexplored in photacatalytic [75]. and electrocatgtic
reactiors [76i 78]. The catalytic activity of thesestructureshas not received considerable
attentiontowardselectrochemicaCO;RR. There are a fewtudies about thg@lasmam-induced
photocatalytic CER under visible light irradiatiorAu-Ag alloys co-decorated’iO2 NWs (Au-

Ag alloy/TiO. NWs) exhibited an enhanceghotocaslytic activity and selectivity to CO
formation, compaed to Au/TiO., Ag/TiO2 or pare TiQ NWs [79]. Moreover, the Au-Zn
combinationhas not beenemployed in C@R yet Ag-Zn catalysts(as Cufree electrodg)
reduced CQto . 2eTreduction productdPulsedeposited Zn dendrites on a Ag foam catalyzed
theformation of CHsOHwi t h a FE O 10.5 % ®aa7nm\cm?{B0l.danl curr
another studyAg-Zn alloy foil producedCHsOH andCHs ati1.43 V vs. RHEwith five-fold

and threefold higher FEs than thosegenerated ompure Ag and Znsurfaces, respectiwel
Althoughthe aboveresuts demonstratéhe potentialof the Ag-Zn combinationn CO:RR, the
systematic ingstigationof alloying Au with Ag or Znin CO:R performancaes still lacking

2.5.4.Combination with Formate-Producing M etal

Synthesis of bimetallic electrodes containinglpck metals (such as Sn, In and Pb, all having
high H overpotential and favor HCOOH production) is a good strategy not only to tune the
CO:RR activity and selectivity but also to suppress HER'[81,82] A Sn/SnOx electrode
exhibitedan8-fold higher partial current density adeold higherFE coonthan the respective

Sn foil [83]. Sn and Pbnetalshave beerextensivelymixed with Cu and exhibited atunable
selectivitybetweerCO and HCOOHBriefly, A Cu-Sn bimetallic alloy resulted in the selective
reduction of CQt o CO wi t h ata 0.6F\Evs. ®HE88]%€u/SnQ coreshell NPs
showed thicknesdependent C®reduction properties: the thicker shell (1.8 nm) acted like
SnG NPs andHCOOHwas the major product, whereas the thinner shell (0.8 nm) was selective
towards CO formation wita FE = 93%[85]. A Pb-adatomdecoratedCu foil (0.78mondayer
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PL/Cu catalyst)effectively suppressed the HE®%2fold conpared to Cdoil, and gaemated
HCOOH with a FEof 70.5 + 0.7%at i 1.25V vs. RHE[86]. Alloying Ag with Snwas
investigatedor CO, reduction Ag-Sn NPs, having a bimetallic core and a thin partial oxide
shell with tunable thickness (A§n/SnQ), exhibited a volcandype curve between FtooH

and bulkSncontent80 % FEHCOOHandEE # QfT 16 mA cmi?ati 0.8V vs. RHE) [87]. From
theabove resu#t the combinatioswith formateproducingmetalsin alloy orcoreshell form
exhibitunique propertiesthan those of the parenetals interms of CO-binding energy higher
activity towards HCOOH productigrand syppression ofthe HER.Still, beyond theabove
examplesthe combinations of-plock metals with Athavenot beenstuded. This is indeed
suiprising

2.6.Non-Au-Basal Bimetallic Systens

CuAg combinationswith different forms including alloy, phasseparategand phasélended
bimetallic have beersynthesizedaindinvesigatedas catalys for CO,RR. Bimetallic Ci-Ag
thin films havebeen reportetb suppress HERNd exhibithigherselectivity for G+ oxygenates
throughvarious mean$88,89] In the first example,Cu-Ag surface alloygreparedby arc
melting of physically mixed Ag and Cu under Aratmosphergrapid quenchingin deionized
water, andcold rollinginto foils, leading tocompressive straion Cusurface atorm Thevalence
band structure of Cshifted tolower levels andhence weakesd the binding strengthof *H.
This resuledin selective suppression 8fER by 601 70 %anda 107 15 % increase in the
oxygenatesormation Mainly acetate andcetatlehyde(these areninor products 1% onpure
Cu) Thisadjustedselectivity is attributed to reduced rate€of O hcleavafestemmingrom
thedeaeasedoverage of adsorbed hydrogand the reduced oxophilicity of the compressively
strained Cy88]. Thiswasattributedto the considerableulk-phasemiscibility between Ag and
Cuobtainedn thesdilms. Ag weakly bindshydrogen compared to Q&7], sotheincorporation
of Ag into Cucatalystsresulting in a lowetH surface coveragandconsequentlguppress the

HER rates anttydrogenation of C&R intermediate tdwydrocarbons.

Similarto Au/Cubimetallicsystemsthe development ad Ag incorporated GO (Ag-
CwO) catalyst (phasseparated and phab&nded),leads tothe suppression of Aevolution
and modulating the selectivity @>HsOH formation The phasélended AgCwO showed a
34.15%& %,/ (ati 1.2V vs. RHEwhich isthreefold higher than that of theu2O at the same
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potential Besides the role of Ag sites to provide a higher concentration of CO near Au/Cu
surface, thgopulation of AgCu biphasic boundaries alsoconsidered to beritical in the
determination of the ethanol selectiv[80]. The sequentiatatalysis mechanism drthe CO
spilloverfrom Ag to Cu sitesverediscussedn the phaseseparatedCu-Ag alloy. This oxide
derivedcatalyst waprepared via thgalvanic replacememeactionbetween Agprecursorand
CwO NWs. At 1 1.05 V vs. RHEthis bimetallicgenerated & products withea 76 % FE while
the oxidederived CuO exhibited only58% Particularly the & % . increasedrom 33% to

52% afterAg incorporation into th€wO NWs.

SnPb alloys showed higher eletrical conductivitiescompared tqure phases dahe
parent metalsAmong thedifferent compositionsSres. $kuz 7 exhibited théhighest& % , , and
I% 41 1Qf 80 % andi5.7 mAcm ®at 136V vs. RHE respectivelywhich isabout 20%more
thanthosemeasuredor Pb or Sn electrode#t is supposed that thEesencef SnQ and PB
on the surface improgethe electrical conductivity and catalytic activity of tadoys and
facilitatestheselective reduction of C£2o HCOCH [91]. Pd-Snnanoalloysselectivelygenerate
HCOOH, andthe CO formation and HERvere suppressed alow overpotentiabf . ;26 V.
The catalytic activityand selectivity are correlated tehe relativecontent ofPd%/Pd?*. DFT
calculationssuggestthat the surface configuration of ®SnO stabilized *OCHO the key
intermaliateand favos the formatiorof HCOOH[92]. A few recent studies demonstrated the
formati on of hi gh | tyansfeg usingetecrocptalysts that do sot dontain2 e
copper.In addition tothe Ag-Zn [80] and AuPd[72] catalysts thatve mentionedpreviously,
nickel (Ni)-gallium (Ga) films with different phases were prepared and t€33dNisGaz alloy
catalyzed the formation of GHC:Hs, and GHs with a total FE of ~ 4%. NiAl and NeGa
intermetallic compounds also generatedh@d G products[94]. The activity descriptors (i.e.,
overpotential, current density, and product distributionjhefbimetallic nanoparticlesvere

summarizedn Table 3.
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Table 3. Comparison of various bimetallic catalystslie literature studied in C&reduction*

. Loading ] E (V) Faradaic Efficiency
Catalyst Preparation state Electrolyte > P VS. Ref.
(e9g%g (MAcm®) | oo (%)
: COxstd 0.1 M - . _
AusCu Coreduction alloy/monolayer KHCOs (pH = 6.8) 7.66 i 2 10.73 CO=65 [52]
COs-std. CHs=~5, GHs=~20
Au@Cul -rr(::;ﬁ;ti?rjm éggscﬁjl phosphatéuffer N/A ~1 10| 106 Concucoon = 45 MM [56]
(pH = 80) mglcatalyst@ T 1.
COs-std. CHs=~12, GHs=~5
Au@Cu2 Two-step Au@Cu2 phosphate buffer|  N/A ~7 10| 706 | Concicoon=13mM | [56]
reduction Coreshell _ i1 N
(pH - 80) mg catalyst@ 1.
Coreductiont+ COy-std. 0.5 M jco= T 4 _ _
De-AusCu Surface etching alloy KHCOs (pH = 7.2) N/A o= 2 10.38 CO=90.2 [57]
" CO,-std. 0.5 M e - CHs:OH=15.9
CuszAuss1 | Electrodeposition aloy KHCOs (pH = 76) N/A 2] 110 C,H-OH =12 [58]
Ordered . COxstd. 0.1 M . i _
AUCU Coreduction alloy KHCOs (pH = 6.8) 4.0 jco= 1 1| 10.77 CO=80 [63]
disordered : COsstd. 0.1 M o i a
AUCU Coreduction alloy KHCOs (pH = 6.8) 4 jco= 1 0| 10.77 CO=34 [63]
. CO =40
e-beam COy-std. 0.1 M jHcooH = -
Auo s th a5 L alloy z N/A A 11.0 H, =37 [70]
codeposition KHCO; (pH = 6.8) 1 0. 4 HCOOH = 7
Pd overlayers COz-std. Cli C5
Pd-Au electrodeposition on Auy phosphate buffer N/A N/A 114 hydrocarbons total | [71]
(pH = 6.7) FE = 3.23
Magnetron COp-std. 0.1 M ; .
Au-Pt sputtering KHCOs (pH = 6.8) N/A N/A 10.65 | Tunable syngas ratiq [74]
Galvanic
AuNPsatCu| COystd 0.1 M - i _
Cu-Au replacement wires KHCOs (pH = 6.8) N/A 1 42 1 1.| Cyproducts=77 | [60]
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Au sputtering on COy-std. 0.5 M - - _
Cu-Au Cu NWs Coreshell KHCOs (pH = 7.2) N/A 114 10.65 CO =33 [64]
Electrodeposition (01 M
Pd-Au P Pb/Au KH2PQ/0.1 M N/A 17 114 C1liC5=3 [71]
of Pd on Au foam K-HPQ)
Two-setps COy-std. 0.1 M 10.5 _
Au@Pd colloidal method Coreshell N2SQs (pH = 4.0) N/A N/A HCOOH= 27 [72]
Onestep Core(alloy)i COy-std. 0.5 M - 10.5 _
AuzsPles reduction shel(Pb) | KHCOs(pH = 7.2)| 839 110 CO = 96.7 [73]
Electrodeposition
CuSn | of Sn on oxide alloy COrstd. 0.IM |\ 71.0 706 co6 90 | [84]
. KHCO:s3 (pH = 6.8)
derived Cu
Galvanic Core glloy) i COx-std. 0.5 M
AQ76STp4 displacing of Sn Y, NaHCQ (pH = 1000 119.7 10.8 HCOOH= 80 [95]
: shell (SnQ)
with Ag 7.2)
. CO,-std. 0.5 M
cu Seedmediate | oo e shel NaHCQ 40000 74.6 707 Co=93 [85]
Sn(Q-(0.8) growth (pH = 7.3)
: COxstd. 0.5 M
Cu/ Seedmediate _ - _
SNO~(1.9 growth Core-shell NaHC;%)(pH = 40000 N/A 10.9 HCOOH= 85 [85]
. COy-std.
Seedmediate Au@Cul CoNnCHcoon= 45 mM
Au@Cul growth Coreshell ph?gﬂhitg g)uffer N/A N/A 11.0 mg [56]
" COsxstd. 0.1 M o - _
Cuwr-Sniz | Electrodeposition alloy KHCOs (pH = 6.8) N/A [ 10.99 CO=60 [96]
" COsxstd. 0.1 M - - _
Cuss-Snus | Electrodeposition alloy KHCOs (pH = 6.8) N/A [ 1.1 HCOOH= 90 [96]

*std: saturated
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3. Motivation and Aims

Recent research has shown tiatelectrochemicalCO;RR is a potentially attractivapproach

to close the energetic carbon cybkrause iprovidesa convenient means of storiagctricity
from intermittentenergysources such as solar and wimdhigh-energydensity form.The
electrochemical anvesion of CO; can generate a variety wéluablecarbonbasedchemicals
with high current efficiencunderambientconditions These products can be used as feedstocks
for chemical synthesis or converted to hydrocarbon Tired.investigation of the electrocatalytic
activity of different materials toward G@eductionhas been carried out in our research group,
including metal NB, conducting polymers and metatrogen doped carbebased catalysts.
Within the group, thosavho focused on C@conversiorandworked particularly to perfetche
experimental methods and compare the activity of the different matértats resulted ira
robustprotocol to measurehe catalyst activitythrough improving the electrochemical cell
configurationfor better product detection and quantificatiirvasgood to benefit frontheir
initial work and from their insights into electrochemistry and cataly3ise advantage of
alloying andtuningthe electronic and geometric structures of the bimetallic catatysged

us to contribute to the developmeftbimetallic catalysts for C£R.

Here, we aimed to provide a systematic study of the electrocatalytic activitylwdgad
bimetallic NPs toward CgZR. We carefully surveyed the literature and decided to explore the
combination of Au with Sn, Pb, and Ag, as three bimetallic systems which have not been
employed in CG@R yet. During my research, we aimed to find answers to the following

guestions:

A Isit possible to combine Au witHgtock metal$Sn and Pbvith different compositions?

A What is thestructure(e.g., alloy,nanocompositegr new intermetallic phase) of these
systems?

A How does theombinatiorof p-block metals (Sn and Phjth Au NPs affect the catalytic
performance and product distribution?

A Is the native oxide layer of theljpock metals stable under the reduction conditions, and
if yes, how does it affect the product distribution?

A Could the surface electronic properties alone determine the electrocatalytic
performance of AlAg alloys?

As a first step, our goal was to develop a direct and reproducible approach to synthesize

Au-Sn NPs with tunable composition, and wadifined morphologyin thenext step, we studied
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the catalytic activity of the A®n NPs, investigating the effect of the phase composition in
CO:RR. Further, we introduced a new synthetic approach to prepalkb Aatalysts to explore

the effect of replacing Sn with Pb on théatgtic activity and product distribution, we also tried

to uncover theole of Au/Pb interfaces in the electrocatalytic B@s well as to elucidate the
stability of the nativesubstoichiometric oxide under the reduction conditiohseries of Au

Ag alloy NPs with different compositions and narrei@e distribution \@sprepared, as a good
model to investigate the correlation between the surface electronic properties and the catalytic
activity in COR.
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4. Experimental

This chaptedescribesthe synhesisand morphologicaland structuratharacterizationof the
threestudiedAu-based bimetilic systemqAu-Sn, AuAg, and AuPb). A description of the
electrochemical cetha was usedo carry out CORR expeimentsis giventogethemwith the
product detetion and quantificationThe preparation of thevorking electrodesandthe post
treatmentstepsare mentiord. We also discusghe electrochemicalmeasurementsn situ

Ramanspectroelectrochemistrandthetheoretical calculations

4.1.Materials

Synthesis oAu-basedbimetallic NPs

Gold (1) chloride trihydrate (KAuCls-3H20, 99.9%, Aldrich)

Tin (IV) chloride pentahydrate (Sn&5H0, 98%, Honeywell/Fluka)

Sodium citrate monobasic anhydro@iizNaOyr, 99.5%, Fluka)

Sodium citrate dihydrate @EisNagO7-2H.0, 99%, Aldrich)

Sodium borohydride (NaBKH99%, Aldrich

Poly(vinylpyrrolidone) (PVP, My = 40 000, Fluka)

Silver nitrate (AgNQ, 99.9%, Molar)

Tannic acid C7eéHs2046, ACS reagent, Aldrich)

Lead (ll) nitrate Pb(NO3)2,099 . 0%, Anal aR NORMAPUR, Reag.
f L-Ascorbic acidCeHsOs, 09 9 %, ACS reagent)

All reagents were used without further purificati®olutions were prepared using ultrapure

deionizedwater (Millipore Direct Q3U V , 1 8 . 2 AllMMssveara Was cleaned with aqua

= =2 4 A4 A4 A -5 -2 -

regia

Electrochemial characterization andoroductguantification

Sodium sulfate (N&8Qs, O VBVR)%

Sodium hydrogen carbonate (NaH§99.7, VWR)
Potassiumhydrogen carbonat& HCGOs, 99.7, VWR)
Deuterium oxide (RO, 99.9 atordo D, SigmaAldrich)
Phenol(CsHeO, 99.5% SigmaAldrich)

= =4 4 A4 -2
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1 Isopropano(CsHgO, 99%,VWR)

1 Acetone(CsHeO, 99.5%, VWR)

1 Ethanol C2HeO, 99%, VWR)

1 Dimethylsulfoxide DMSO, C:HeSO, 99.8% Alfa Aesar)

f Carbon dioxide {?(CO;,, 99 atomic%'C, SigmaAldrich)

f NaH“CQ; (98 atomic%*C, ' 3 %0t SigmaAldrich)
 KH?CO; (98 atomic%3C, ~° 3 %0t Sigméaaldrich).
1 Carbon dioxide (C@ 99.995%, Messer)

1 Helium (He, 99.9999%, Messer)

1 Argon (Ar, 99.999%, Messer)

1 Nitrogen (N, 99.995%, Messer)

1 Compressed air (20.5%,, 79.5% N, Messer)
All reagents were used without further purificati@olutions were prepared using ultrapure
deionized water (Millipore Direct QRYV, 18. 2 MY c¢cm)

The Au-based bimetallic NPs were synthesiaedh different compositions and uform
morphology using chemical reduction methodsA detailed descriptiorof the synthesis

proceduras givenin the followingsections

4.2. Au-SnBimetallic NPs

4.2.1.Synthesis ofAu NPs

Gold NPs were prepared using a modified method reported elsef@igrin a 250 crm round
bottom flask, 100 cm(0.25 nmv) HAUCIs solution was added and heated under moderate
stirring. When the solution started to boil, 0.72@h0.23M sodium citrate solution was added,
and the solution color turned to wine red within a ®gonds. Then the heating was stopped,
and the colloiddispersioncooled down to room temperature. The molar ratio of HAUCI

sodium citrate was adjusted to 1:6.

4.2.2.Synthesis ofAu-Sn Bimetallic NPs

Bimetallic Au-Sn NPs with different nominal compositiofi®., AwSn, AuiSn, AuiSrp, and
AuiSny) were synthesized using an adopted-sigp synthesis approa¢®8]. This method
comprises the reduction of different amountsimiprecursor in the presence of premadé
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NPs, acting as nucleation se¢Bmjure 6). In a typical procedure (for AiBny in this example),

5 cn? aqueous solution of SnEEH.O (5 mMM) and 0.1 g of PVP were added to 100°@h
colloidalgolddispersiorand stirred for 20 min. Subsequently, 1Gai0.26M NaBH: solution

was added to the reaction solution at room temperature. The color of the solution changed from
wine red to deeprown,which implies the formationf Au-Sn bimetallic NPs. After stirring for

30 min, the product wasentrifugedand washed with water and ethanol three times. For the
other compositions, the amount of SpPEH.O was adjusted to prepare the desired

compositions.

PVP
Sodi irat ) SnCl, , NaBH,
odium citrate
HAuCl4(aq) 1 > a I;T >
Citrate-stabilized Au-Sn NPs
Au NPs (Seeds) different intermetallic phases

Figure 6. Schematic illustration ahe synthesiof Au-Snbimetallic NPausing a twestep approach

4.3.Au-Ag Bimetallic NPs

4.3.1.Synthesis of AuAg Alloy NPs

Au-Ag NPs with different compositions (i.e., 8Ag20, AusoAgao, AusoAgeo, and AtboAdso)

were synthesizedby varying the initial Au:Ag molar ratiqFigure 7) [99]. In a typical
preparation, HAuGlsolution (12CeL, 0.05 M) was diluted to 16m?® in the presence of 0.01
mmol sodium citrate and heated to boil. In another viatnof AgNOs solution with the same
concentration and containing also 0.01 mmol sodium citrate was brought to boil. When both
solutions boiled, theppropriate volumes were mixed and tempered for 20 min. Then, the

dispersion cooled down to room temperature under stirring.

4.3.2.Synthesis ofAu-Ag Core-Shell NPs

Au NPs with an average size of 15 nm, which act as the core, were synthesized by the reduction
of 10 cm® (1 mM) of a boiling aqueous solution of HAuGlith 1 cm® of 0.04 M trisodium

citrate. The solution was boiling under continuous stirring for 10 min. Subsequently, it cooled
down to room temperatuf&00]. The Ag shell grew in the next step. An aliquot of én% of
pre-synthesized Au NPs was diluted by addingn® of ultrapure water. Then the solution was
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brought to boil and tm? of 100 mM trisodium citrate was added at vigorous stirrifigally,

2 cm? of 5 mM silver nitrate was added dropwise, while the solution was kept boiling for 10
min. The AuAg coreshell NPs solution was cooled and stored at room temperature. By
adjusting the amount of Ag precursor, the growth of the Ag shellAveore was tuned.

4.3.3.Synthesis of AQNPs

Silver NPs were synthesized based on a modified métiidd In a 250cm?® threeneck rouned
bottomed flask, a 106m® aqueous solution of sodium citrate (5 mM) and tannic acid (0.25 mM)
was heated wuter vigorous stirring. When the solution started to bailyd of AgNOs (25 mM)

was added to this solution. The solution turned dark yellow. After the solution cooled down to
room temperature, Ag NPs were washed by centrifugation to remove the ex@ssoatid

and then they were redispersed in water.

Ag* Aud* 1 Both solutions heated to boil

»

citrate citrate 2 Mix the appropriate volumes,
and boil for 10 min.

Au-Ag alloy NPs

Figure 7. Schematic illustration of the synthesis of-Ag alloy NPsby varying the initial Au:Ag molar ratio

4.4.Au-Pb Bimetallic NPs
4.4.1.Synthesis of AuDecorated PbNPs

A newprotocol was developed for the synthesis offubimetallic NPs with different nominal
compositions (i.e., AdlPbos, Aux0Pkso, AusoPliso) using a twestep synthesis approach. Starting
with the formation of metallic Pb NPs, which act as nucleaéesds, followed by the reduction
of Au precursor(Figure 8). In a typical procedure for the synthesisAafsoPhkso, 0.05 g of
Pb(NQs), was added to 30 chof (0.25 mM) PVP. The solution was stirred under nitrogen
atmosphere in a 100 émoundbottomed flaskor 20 min Subsequently, 20 chf50 mM) of
NaBH; was added using a syringe pump at a rate of 0°2vwm®. The solution was stirred for
another 1 h to complete the reaction and decompose the remaining.Nédé| 6 cni (100
mM) of ascorbic acid was add, and the mixture temperature was adjusted f&5Then, 30
cm? of (5 mM) HAUCL solution was injected using a syringe pump at a rate of 0°2rem?.

The solution was left stirring for 30 min and then allowed to cool down. The product was
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collected ly centrifugation at 10,000 rpm for 20 min and washed with ethanol/water mixture
and then dried under nitrogen. Other compositions ePAWiImetallic NPs were synthesized

by changing the amount of Au precursor.

Ascorbic acid, Aud*
at RT

2

PVP, NaBH,
Pb(NO3)2(aq) 1 >

v

Pb NPs (Seeds) Au—decorated Pb NPs
different AwPb interfaces

Figure 8. Schematic illustration ahe preparation ofAu-Pbbimetallicusing a twestep approach

4.4.2.Synthesis of PbNPs

For the preparation of Pb NPs, 0.09 g of Pb{@nd 0.5 g PVP was added to 503cof
ultrapure water in a 100 chmoundbottomed flask The solution was stirrednder nitrogen
atmosphere for 20 mirsubsequently, 40 ch{50 mM) of NaBH was added using a syringe
pump at a rate of 0.2 émin'%. The solution was stirred for another 3thrto complete the
reaction. The product was collected by centrifugation at 9,000 rpm for 20 min and washed with

ethanol and then dried under nitrogen

4.4.3.Synthesis of PeDecorated AuNPs (PbesAus NPs).

0.5 g of PVP was added to 50%(@.25 mM) of premade Au NPs in a 250 éround-bottomed

flask and stirred at room temperature for 4 h. Then, 2afr6.14 M Pb(NG), was added and
stirred under nitrogen. After 30 min, 30 tof (50 mM) of NaBH was added using a syringe
pump at a ratef 0.2 cnf min'L. The stirring was continued for an additional 1 h, then the
particles were collected by centrifugation at 10,000 rpm for 20 min and washed with
ethanol/water mixture and then dried under nitrogée. synthesis admallsized Au seedsvas
carried outto keep the size of thelmsAus sample similar to the other bimetallic partickes
follows, 2 mL of 0.034 M trisodium citrate solution was added to a boiling solution of (100 mL,
0.25 mM) HAuCk under moderate stirring. After a few secqrttie solution turned to deep red.
Boiling and stirring were continued for 20 min. Finally, the dispersion cooled down under

stirring to room temperature.
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4.5.Morphological and Structural Characterization of Au-basedNPs
Powder Xray diffraction (XRD)

XRD measurements were carried out to determine the crystal structure of-trees@dNPs
XRD patterns were obtained layBruker D8 advance -¥ay diffractometewith Cu KU (a-=
1.5418 A radiation in the 2theta range of I®C, with a scan rate of ®4nin'®. Rietveld
refinement of the diffraction patterns was carried out to quath&yhase compositions.

Transmission electron microscopy (TEM)

TEM imageswereused to study the morphologythe ynthesizedimetallic NPs and estimate
theaverage particle siz&he sze distribution histograms were conductedm the analysis of
at least300 particles.TEM images were collected oa FEI Tecnai G 20 X-Twin type

instrument, working at an accelerating voltage of 200 kV.

Scanning electron microscggSEM)

The bulk composition was analyzed with aMsEquipped withan Energy dispersive -xay
spectroscop (EDX). A Hitachi S4700 field emissioscanningelectron microscopeasfor the

measurement®perating at aacceleratingoltage of 10 kY.

UVI vis absorptiornspectrascopy

UVi Vis absorptionspectra were recorded using Agilent 84531Wis spectrophotometdn
study the plasmonic properties.

X-ray photoelectron spectroscopy (XPS)

XPS was employed to characterize the chemical state of the elements at the NPsTheface
XPS spectravere obtainedy a SPECS instrument equipped with a PHOIBOS 150 MCD 9
hemispherical analyzer. The analyzer was in FAT mode with 20 eV pass energy. The Al K
radiation b7 = 1486.6 eV) of a dual anode-rdy gun was used as an excitation source and
operated at 150 W powefen scans were averaged to get a single-regblution spectrum.
Charge neutralization was carried out during spectra acquisition, where the position and width
of the adventitious carbon peak were monitored. The adventitious carbon peak was at 284.8 eV
in all cases. Ar sputtering was carried out to remove the upper layers of the sample where
specified. The Arion gun was operated at 1.2 kV for 10 min. For spectrum evaluation, CasaXPS

commercial software package was used.
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4.6.Electrode Preparation
Au-SnElectrode

A suspension of theatdyst waspreparedn isopropanol(5 mg cmi®). Ultrasonic agitation was
used to homogenize the suspension for 30 min. The sang@spnaycoated to a preheated
(140°C) glassy carbon electrodqerhich were polishedwvith 0.05 pm Micropolish Alumina
(Buehler) rinsed and sonicated acetoneethanol, and ultfaure watey, usingan Alder AD320
type airbrush and a homemade sptagter rdot, operated with 1 baompressed air

The obtained layers were subjected to heat treatmert atmosphere at 30 to get
rid of the residual of both PVP and any traces of the solvent. The heat treduatevascarried
out at 400°C or higher, resulted in a decrease in the stability of theidinsamplesLinear
sweepvoltammetry(LSV) profiles were recordedor different loadings between 0.1.5 mg
cm 2. It was found that for all compositions, the current density reached its maximum value
around the loading of 0.35 mg th{see an example fRigure 9). This loading was employed
in all experiments
Au-Ag Electrode

The obtained dispersiafter the synthesiwas concentrated by centrifugation and redispersed
in 2 cm?® of Milli -Q-water. This solution was dregasted to a preheated (8D) glassy carbon
electrodeLSV profileswere recorded with different loays between 0.250.65 mg cri?. The
current density reached its maximum value around the loading of 0.53 Mgnaime case of
each composition (see an exampléigure 10). The obtained Ag layer was subjected to heat

treatment in Ar atmosphere at 2%Dto get rid of the tannic acid.

5 i —

o =

3 7

o

2

2

— GC

8 -4 2
] ——0.33 mg cm”™
g 0.43 mg cm2
O - ——0.73 mg cm™2

40 -08 -06 -04 -02 00
Potential (V vs. RHE)

Figure 9. (A) LSV profiles of AuSn, catalyst recorded with different loadings in £€aturated 0.M NaHCG
stabilized after multiple cycles. The black line indicates the activity of the bare glassy carbon substrate. Scan rate
=5 mV g% (B) A photograph of the preparedectrode which shows the g®sited layeon glassy carbon
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Figure 10. LSV profiles of AwoAg2o catalyst recorded with different loadings in £€aturated 0.1 M NaHGO
stabilized after multiple cycles. Scan rate =5 mV s

Au-Pb Electrode

The suspension®f Au-Pb catalystsvere preparedsdescribed in theaseof Au-Snsystem.
Then, the samples were spiayated to a preheated (1%0) glassy carbon electrode, usihg
previousy mentionedsetup, but 1 bar compressed. wasapplied. The obtained layers were
subjected to heat treatmentarmgonand air atmospheres at 280 to alter the quantity of Pb
oxide species and to remove any traces of the solvenpurbéu electrodes were prepared by
drop-casting an agueous concentrated elisppn to a preheated (8C) glassy carbon. The
loading of 0.48 mg criwas employed in all experiments.

4.7.ElectrochemicalMeasurementsand CO. Reduction Products Analysis

A Metrohm Autolab PGSTAT302 type potentiostat/galvanagstet used for all electrochemical
experiments. A typical threelectrode gastight twoompartment electrochemical cell was used

to characterize the catalytic performanthe schematic diagram of the electiemical celis
shownin Figure 11. A Nafion-117 proton exchange membrane was used as the compartment
separatorA platinum foil (Alfa Aesar, 99.99%) and Ag/AgCl (3 M NaCl) were used as a counter
electrode and a reference electrode, respectifélg. measured potentials were converted to
RHE reference scale usinBrre = Eagiagel + 0.210 V + 0.0591 x pH. All currents were
normalized to the geometric surface area of the electr&de$r compartment was filled with
HCO5'! solution. The cathode compartment contained 3% afnelectrolyte with a 25 cr?
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headspace. Before electrolysis, the electrolyte in each compartment was purged sgts CO
for 30 min, and the pH of the electrolg21 M NaHCQ and0.5 M KHCOs; were6.62and7.2,
respedtely after saturationThe electrolyte in theathodic compartment was stirred at a rate of
1000 rpm. During chronoamperometneasuremest the effluent gas from the headspace of
the cathodic compartment was fed into the online sampling loop gathehromatograph (GC)
every 30 min for quantificadn of gasphase C@reduction products. The GC (SHIMADZU,
GC-2010 plus) was equipped with a barrier discharge ionization detector. A ShinCarbon ST
column was used for the separation, with helium (99.9999%) as the carri@rhgakgjuid
samplewas collectd at the same time and analyzed using a Bruker Avance Neo 500 NMR
spectrometeThe samplé450 pL) was mixed wittb0 uL DO containingphenol and dimethyl
sulfoxide as internal standards. The-gli@ensionatH spectrum was measured using a solvent
presaturation method to suppress the water peak. The ratiopdakareaf the prodetsand

the internaktandard were usetbr thecalibration Peakareas of the productight to thewater

peak wereompared to the peak areadohethyl sulfoxide while the peakareasf the products

left to waterpeakwere compared to theepk area of phenoFE values of the productsere
calculated from the amount of charge passed to produce each product divided by the total charge

passed.

Cyclic voltammetry(CV) of Au-Snbimetallic NPswas conducteth COx-saturated 0.1
M NaHCG; at different scan rategl0, 25, 50, 100 mV §), in the potential range where no
Faradaic eventakes placeto estmatethe electrechemicalactive surface areECSA). The
charge capacitance of the finely polished Sn foil was used to normalize the charge capacitance
of the bimetallic NP electrodes. Subsequently, the total electrocatalytic currents were
normalized by this relative electrochemically active surface area.
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[ Potentiostat/Galvanostat ] [ Gas chromatograph ]

(—>[Liquid sampling ]
—CO,
I BB loo

Nafion 117 | / Stirring
N " baI

CE (Pt foil) WE (catalyst. deposited RE (Ag/AgCl)

on glassy carbon)

Figure 11. Schematic diagram of the eleath®@mical reduction of COin a twocompartment cell (counter
electrodg(CE), working electrode (WE)Yeference electrode (RE)

4.8.1sotopic Labeling Experiments
Au-Snsystem

Selective isotopic labeling experimantereperformedto gain insights into the mechanism of
CQO; reduction on AeSn bimetallic catalysts'he two carbon sources (2@as and NaHC§)
were selectively labeledWhen the bicarbonate was the labetednponent, 35 chultrapure
water was added in the cathodic compartment and saturatetf@@hand then an appropriate
amount of labeled bicarbonate was dissolved in Safrthe?CO,-saturated water and quickly
added to the celln the experiment whethe CQ gas was the labeled componentfirst, 35
cm® water was pursed with Ar to remove all dissolved gases, and¥36agas was purged
(42.6 cni min'  flow rate for 11 min). Finally, the NaHG@vas dissolved in 5 chof the'*CO,-
saturated water and quickly added to the cell. The electrolysis was started right after the addition
of the bicarbonate ions to the cell, where the-equilibrium condition is in effect and the
isotopic composition of the GOgas is differentfrom that d bicarbonate.the isotopic
composition of the CO product was monitored with gasomatographynassspectrometry
(GCi MS, Shimadzu GOMS QP2010 S, RT Molsieve 5 A column), in selective ion monitoring
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mode. The signal of tha/z= 28 andn/z= 29 moleculeans of the CO were used in the analysis

A gas sample of 200 uL was taken from the headspace of the cathodic compartment and injected
into the GEMS with a gastight syringe every 11 min. Analysis was carried out under the
following parametersTswai= 90 °C (0 min),gdramp = 10 °C miht, Tena = 110 °C (0 min),

M ramp= 30 °C mifl, Tena= 150 °C (3 min); injection temperature: T = 200 °C; linear velocity

was controlled by the pressupe= 50 kPa; and split ratio: 50.he NMR spectroscopy was
employed fortheidentification and quantification of the produced formate in the liquid phase.
TheH spectrum was measuradderthe sameconditionsmentionedn sectior.7.

Au-Pb system

The two carbon sources (GQas and KHCG@) were labeled35 mL of 0.5 M KH3*CO; was
purged at first with Ar for 45 min to remove all the dissolved gases, and3b@ngas was
purged (42.6 crhmin'! flow rate for 11 min). The electrolysis was conducted at a constant
potential of 107 V vs. RHE. GEMS (Shimadzu GEMS QP2010 S, RT Molsieve 5 A
column) was employed for monitoring the isotopic composition of the &id CO Products,

in selective iormonitoring mode. The signal of the m/z = 17, 16, 15, 14, 13, and 12 molecule
ions of the CHwere used in the analysis, and for CO, the signal of the m/z = 28 and m/z = 29
molecule ions of the CO were used. A gas sample of 300 pL was taken from the beadspa
the cathodic compartment and injected into thé 8 with a gastight syringe every 11 min.

The analysis was carried out undidse abovementionecparameters

4.9.1n situ Raman Spectroelectrochemistry

Raman spectra were recorded with a SENTERRA 1l ComRantan microscope, using 532

nm laser excitation wavelength by 2.5 mW power and a 50x objective. In situ electrochemical
Raman experiments were performed using an HXp@-Std electrochemical cell (ECELL

GmbH) equipped with a sapphire window, and a paistat/galvanostat (Interface 1010E
GAMRY). The spectra were recorded after a 100 s potentiostatic conditioning at each potential.
For the AuSn system,hte working electrodes were prepared by smagting of 5 mg ch?
suspensions of AGre and pure Sn NPs in isopropanol and aqueous Au Mdpteheated (140

°C) platinum meshAll catalysts were studied in G&aturated 0.M NaHCQ; electrolyte and

a set of control experiments were performed on theSAucatalyst in N-saturated 0.IM

NaSQs. And for the AuPb systemthe working electrodewere prepared by sprayating of
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5 mg cm? suspensions of AdPhso and pure Pb NPs in isopropanolagreheated (11%C)
carbon papeiThecatalysts were studied in GQaturated 0.5 M KHCg®lectrolyte

4.10.Ambient Pressure Photoemission Spectroscopy Measurements

Ambient pressure U\photoelectron spectroscopy (APS) measurements were conducted to
determine the WF of the samples, using a KP Technology APS04 instrénZmm-diameter

tip with gold alloy coating was approximately 1 mm apart from the sample. The sample surface
was illuminated by UV light source with a spot size of approxim&ely} mm and the energy

of the incident photonEpn) ranged between J1eV. Upon photormbsorption Epn OU , where

0 is sample WF), electron cloud is formed, andsequentlyatmospheric ions such as'Nind

O, are generated becauseinglastic scattering between ejected electrons and atmospheric
moleculesThese ions and/or electrons aodlected by Kelvin probe tip, and thus the ion current

is recorded as a function of photon energy. For metals, a linear relation is expected when the
square root of photocurrent is plotted as a function of photon erR¥gy k (EonT h @ where

Ris photocurrent per absorbed photon,s Pl anckdgocosst et haerdhol
[102]. The intersection of the straigline secton with the zerédbaseline gives the initial

photoelectron threshold which is considered to be the metal WF.

4.11.Theoretical Calculations

We hadregular meeting with prof. Nuria Lopez (ICIQ Tarragona, Spainand her research
groupto discuss their theoretical effortstte proposednechanism of Ce&reductionover Au-
PbcatalystsDFT calculationsvere performeavith VASP 5.4.4103i 106], the Rerdew Byirke
Eenzerhoffunctional [107,108] was used withprojected augmented wayeseudopotentials
[109,110]and an energy cutothe plane waves of 45V. Bulk calculations weredonewith 3

x 3 x 3k-point samplingwhereaslals calculations with 3 x 3 &. After geometry optimization

of the bulks Au, Pb, AdPb, PbAuy, slabs calculations were performed with dipole corrections
and van der Waals interactions were included with DT For each alloy, the low index
surfaces (100, 101, 111, 110, 001) were investigated. The representation of the diluted alloy Au
(3%) in Pb sructure was done by substitution of a Pb site withTe choice of using a surface
with 3% Au concentration in the simulation instead of the experimental 8%due to
computational efficiencyOxide contributions were analyzed by adding O either osulface

or subsurface position. Subsequent>G&duction calculations were performed on the most
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stable surfacesThe Computational Hydrogen Electrod€HE) [29,67,111]was used for
modeling the C@reduction[112] and to compute the Gibbs free energies of the readlon
final results of the PbAu 3% consistent with larger systems oxn 2 Qupercell at Gamma point
with an Au island instead afsingle atomThegeometricastructures of the most stable surfaces
where the reactions paths were compuaetishown irFigure 12. Gibbsfree energyor CHy,
HCOOH,CO, andH: pathsand moreabout the proposqehthscan befoundin the third paper

of the publication listAll structures anthput and output files can be accessed at the io€hem
BD databagd.13] under this link:

https://iochembd.icig.es/browse/reviewollection/100/22849/0ed1c88f8d705d4306ceal

Pb (111) Au (111) PbAu, (111) (right) Pb,Au (100) (left)

Top view of 2x2
Pb-Au3% (111) Pb-Au3%0 (111) Pb-Au3%O0d (111)  Supercell of Pb-Au3%0Od

(111).

Figure 12. Theoptimized stratures of themost stable surfaceShedifference betweeRb-Au3%0 (111) and Pb
Au3%0d (111)is thattheO is lower in the subsurface of Pm3%0d (111) and is more stable by 0.1 eV compared
to PBAU3%0(111), O is on the surface
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5. Resultsand Discussion

This chapter descrilsghe characterization of theynthesizedombinatiors of Au with p-block
elements (Pb an®n) with different compositionsand highlighs the effectof the phase
composition of AuSn bimetallic NPs on bothatalytic activity and product distributioimn
CO:RR. The influence of replacing Sn with Pb on tiagalytic performancand selectivityvas
studied The effect of tuning the electronic propertiediaty of Au-Ag nanoalloyswas

discussedndcompared to the catalytic activity thfe Au-Ag coreshellstructure

5.1.Au-SnBimetallic NPsActivity for CO2RR

5.1.1.Synthedss and Characterization of Au-Sn Bimetallic NPs

Bimetallic Au-Sn NPs with differenhominal compositions (i.e., ABrn, AuiSri, AuiSre, and
AuiSm) were synthesized usiratwo-step synthesis approaakheredifferent amounts dfin
precursomwereredu@din the presence of premabllis, acting as nucleation seetise crystal
structure of the NPs was determined using powd®D (Figure 13A). Thepuregold showed
peaks at @= 38.12, 44.42, 64.72, and 77.73corresponding tthe facecenterectubic phase
of gold. The bimetallic phases showedtdictly different XRD patterns, confirming that new
phases were formed (and not simple alloying oetl). TheAu2Sm sample had additional peaks
at A of 23.67, 28.74, and 40.53assigned tdhe hexagonal AuSn intermetallic phase. The
AuSn phase became magoeedominanwith a further increasin Srf* concentration (sample
AuiSn), and everthe formation of phaspure AuSn was obtained (samplei8w). A different
diffraction pattern was obsexd at the highesncontent(sample AuSr), associated with the
orthothombic intermetallic AuSnphase. The pure tin exhibited a tetragonal phRgsveld
refinement of the diffraction patterns was carried out to quantify these {ffeigdses 13 B 1

C and Table 4). The percentage afhe AuSn intermetalligoghase incease from 44 to 88 and
100% in the series oAu.Sni, AuiSni, and AuSn samplesrespectively.
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Results and Discussion
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Figure 13. (A) X-ray diffraction patterns of A%n bimetallic NPs and the parent metals. The diffractions

corresponding to the respective crystal phases in the samples are indicated by thedg&uarlés;u S n

A AuShn

& Rietveld refinement of the XRD pattexrecorded for samplesB) Au.Sny, (C) AuiShy,

Table 4. Phase composition of ABn bimetallic NPs determined from Rietveld refinement

Sample

Au
Au2Sm
AuiSm
AuiSm
Au1Sn
Sn

Phase composition (w/w%)

Au AuSn AuSn; Sn
100 0 0 0
56 44 0 0
20 80 0 0
0 100 0 0
0 0 100 0
0 0 0 100
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The morphology of the A%n bimetallic NPs and their monometallic counterparts was
characterized by TEMAuU NPsaremainly spherical and crystalline, with an average diameter
of 22.4 + 2.2 nm(Figure 14). After the incorporation o6n the synthesized bimetallic NPs
retained thesphericahapeand with narrow size distributioiihesize of the samples was 23 +
2.9,31.8+3.9,32.4+£3.7,and 33 = 2.5 nm, in the series of sampléaasasingSncontent
(Figures 15i 16). HR-TEM images oAu>Sn. showed two lattice fringes withgpacings of 0.23
and 0.22 nm, assigned to (111) plangyold and (102) plane of AuSn, respectivéRigure
15E) [114]. Based on a careful analysiE50 particles, a core was detected in the center, and a
few of the trigonallyshapedAu NPs were among these particlégg(re 17), which is in good
agreement with the XRD results (i.Au>Sn. was a mixture ofjold and AuSn phaseslor
AuiSn, two d-spacing values were determined (0.31 and 0.37 nm) corresponding to (101) and
(100) planes of AuSrHgure 15F). Sample AuSre exhibits lattice fringes witla d-spacing of
0.3Inmthat can be assigned to (101) plane of A@iSgure 15G), whereas AuSm showstwo
d-spacingvaluesof 0.27 and 0.38m corresponding to (122) and (117) planes of A1ISn
respectively (Figure 15H). Based on the XRD and HREM results, the gradual phase
transformation ofold NPs into intermetallic compound phases during the increase of tin content

was confirmed andn amorphous layer on the surface of bimetallic NPs was also detected.

Figure 14. (A) TEM and (B) HRTEM images of gold seeds. The lattice fringes of the sample were observed
clearly showing a-&pacing value of 0.23 nm corresponding to (111) plane of fcc Au
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