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Abstract

The conversion oE£ O, to valuable chemicals via electrochemiC&) reduction reactionsJO:RR)
offers a clean approach for recycli@g» with sustinable and environmental benefiégsnong a
variety of derived chemicals, carbon monoxide (CO) and formic @@OOH) are attracting
attentionon the basis that fewer electram®neededandthey havdarge potential markset{CO

for synthetic gas and forimacid for hydrogen carrier). NestbelessCO:RR is difficultand needs
harsh reaction conditiordue toCQO is thermodynamically stable. Up till now, the research of
efficient materials is still at the egrtage and far from the requirements of higtivity, high
selectivity, long sthaility, and low overpotentialNonethelessthe prospect of arefficient
electrolytic cellhasdrawn attention recentlyon account ofscalng-up the CO:RR process and

integraton with smart energigrids.

This thesiscompees of three works andstartswith nanostructured catalysts investigations
Chapters 3focuses ornCOr-to-formae transformation, whil€€hapter 4 digs into CO-to-CO
transformation. Thehapter 5 propose a new kind of flow ce$ for potential implementatn

into theeconomic continuou8 O;RR scaing-up process.

In the firstwork, a highly selective and durablesetrocatalyst foCO»-to-formate transformation

is developed, consisting of tin (Sn) nanosheets decorated with bismuth (Bi) nanoparticles. Due to
theformation of active sites through favorable orbital interactions at the Sn/Bi interfaces; the Bi
Sn bimetdic catalyst convert€0O; to formate with a remarkably high Faradaic efficiency (96 %)

and production rate (0.74 mmotlem?) at-1.1 V versugeversible hydrogen electrode (RHE).
Additionally, the catalyst maintains its initial efficiency over an uopdented 100 hours of
operation. This study provides a general methodology for bimetallic catalyst developments and

surface engineering design taghly selectiveCO, electroreduction.



In thesecondwork, 1o further investigate the Srased materialwith different decorations arfdr

COp-t0-CO conversion a series of ternary Shi-O electrocatalysts were synthesized. Among

these, 3D ordered mesopos (3DOM) SaasTio.7O2 achieves a tradeff betweenactive sites
exposure and structural stability, demonstrating up to 71.5%&kIEEover 200 hours and %o
Faradaic efficiency for CO at an overpotential as low as 430 mV. Density functional (Dédry
and Xray absorption fine structu(XAFS) analysisreveaédan electron density reconfiguration
in the SATI-O system. A downshift of the orbital band temof Sn and a charge depletion of Ti
collectively facilitatel the dissociative adsorption afesired intermediate COOH* for CO
formation. Itwasalso beneficial in maintaining a local alkaline environment to suppressidi
formate formation and in stdizing oxygen atoms to prolong durability. These findings provide a

new strategy of material digin for efficientCO, conversion and beyond.

In the laswork, a -Gide ©® o a g u-througtscellf(AFd eell) was engineered for efficient
continuousCORR. Meanwhile, a onelimensional (1D) diffusion/transport model and a 2D
reaction/diffusion model @re built respectively to quantify the boundary layer (BL) thickeess

and the species distribution around the electrode su&ge cell hasthe following advantages:

() The neutral electrolyte flowed through the porous electrode, reducirg)_tttecknesso less

than 2 pmwith minimized mass transport resistan¢k) The wetted porous electrode was pressed

onto the membrane ensurirte shortest possiblenic condudbn pathways betweethe

el ectrodeielectrolyte interface; (rr1)yof FI owir
dissolvedCO and( # /, eliminating the degradation related to electrolyte flooding and carbonate
precipitation. (IV) While using synthesized 3DOM oShio.7O2 electrode, AFT cell achieved

production rate toward CO over 4.0 mL/min? and partial current density for COcé)

Vi



excesding 300 mAcm 2 at the cell overpotential around 1.0 tn times higher than the-¢ell

with the same condition ¢fEco (> 90%).
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Chapter 1. Introduction and M otivation

1.1. Background

Carbon dioxide €O,) is constantly accumulating in the atmosphere, whicmasnly released
through human activitiesuch as defestation, landise changes, and excessive utilization of coal
and petroleum as the main energy sout¢édhe increas of atmosphericCQO, concentration,
from 280 ppm (parts per millidoy volume) in 1750to 410ppm now!*# raises lots of associated
problems, such as global mean temperatuee gisbal averagseal e v e | rise, and
ice sheetsnass los. A serious impetus exists to capture atitize thiskind of greenhouse gds.

In the meantime, Igbal populatn, and subsequently the global enedgynand is piojected to
continue increasg, calling for a worldwide debate about carbweutral technology and energy
sustainability:*?! Our reliance on fossil fuels negdo be reduced by turning to renewable
energy?> While solar andwind renewable energy sourcedready enjog an important and
impressively increasing role in the global energy mix, storage is still an dssuéointrinsic
intermittency?® The residual electricity from these intermittent sources can be usethsform

CQO to valuable fuels and chemicals, acting as one class of energy storage.

Owing to itslinear and centrosymmetnicolecular structureZO; is thermodynamicallgtabe and

can only be converted into other carbon compounds under harsh reaction conditionshgyith as
pressurehigh temperature, or high overpotenti#i$litherto, several outeshave been developed
to convert CO, into other carbon compounds, these methods incltitermocatalytic
hydrogenatiorf>?® photochemical conversior?’ biological conversiof®, electrochemical
voncersiofi’, etc Among thes, the conversion o€O; into fuels and chemicals using renewable

electricity is one promising methpahich hasmanyadvantages includinigut not limited Utilize



and converCOy; Store surplus intermittent renewable energies; Produce chemicals foelong t
storages or further factory usagesn@ol reaction rateseélectivitythrough the applied voltage

Wide scalabilityof the processlue tomodularelectrolytic celb.'®

The electrochemical O, transformatiorcan take place over a wide range of temperatures, from
room temperature to ovdi0003 .2° For example, solid oxide electrolytic cells (SOEC) reduce
CO; to CO effciently at high current densiti€%3! however, SOEC requisehigh operating
temperatures of slinbtédipodubt difibDtiond’nTte rdora temperature
electrochemidaCQO; reduction reaction CO:RR) is considered as a promising strategy for
sequesténg CO..3*** This can be performed efficiently by coupdinwith renewable but
intermittent sources of energies to form a sustamrecycling system and createa globalscale
sustainable carbeneutral economyRigure 1-1),3% 3% allowing innovative carbon capture &

utilization (CCU) instead of carbon capture & storage (CE%).
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1.2. Challengesand Opportunities

1.2.1. Challenges

CO; has a linear and centrosymmetric molecular structure, consisting of a catvoocoaalently
double bonded to two oxygen atomish equivalent bonds (ca. 116.3 pwhich is 0.04 A sraller
than the C=0 bond in ketone structuik.must be noted th&ZO;RR is a lot morecomplicated
than water splittingas many various products can peoducedvia protoncoupledand multi-

electron transfesteps includingbut not limited tocarbon monoxide (CO), formate (HCOQr

formic acid (HCOOH), methane (GHmethanol (CBOH), ethylene (GH.), ethanol (GHsOH),

etc 40-42

To developthe CO:RR processwith economicalattractivity and practicalpossibilities it is
important to poduce (i) any product as selectively as posgiBsadatic efficiency > 90 %ofii)
products with economic value; (iii))products that are easy to sepafdtélthough ®me
hydrocarbons or alcohols, such as methanenaethanol Table 1-1), have beerof primary

interest, they are plagued by the fact of low selectivity and extensive energ§?itiput.

Table 1-1. Theoretical equilibrium potentials @ORR.

Half reactionsof CO:RR Equilibrium potential (V)vs.RHE*  Major metalic catalyss
CO; + H0O + 2e Y CO + 20H -0.10 Au, Ag, Zr
CO; + H0O + 2e Y HCOO + OH -0.03 Pb, Hg, I n
CO; + 5H,0 + 6e Y CHsOH + 60H 0.03 Cu
CO; + 6H0 + 8e Y CH,+ 80H 0.17 Cu
CO+8H0+12e Y CyHs+ 120H 0.08 Cu

The half reactionof HER

2H,0 + & Y 2H,+ 20H 0.0 Pt, Ti, Fe, Ni




In the first stage ofthe investigation researchers studied t#,RR on varioustypesof single
metalic foils with a focus ontuning the reaction conditionssuch asthe temperatureCO;
concentration, and the types electrolyts. Up till now, with the emergence of nanotechnology
andtherapid development advanced characterization techniquegood deal ohanostructured
méaerialsto efficiently improve the performance 60:RR have been synthesized and reparted
The key research area in this field Isiéfted towarddinding nanostructured materials and the
understanding of structurgerformance relationships. With tuning teuctural combinations
(ensemble and segregated mixiitf coreshells?**° ordering patterrs®l), surface
modifications®>>* controlled surface coordination number (CRiglefect site§® morphology?> °°
and size? the nanostructured materials show different selectivity and #ctifinrough
appropriate engineeringhe performanceof many typesof catalysts, such as metafsmetal
oxides®® carbon material¥* and molecular compount®$® have been greatlyimproved for
CO:RR. Additionally, the adsorptin configuratiorandbonding strength, which fther transform
reaction routesresult in distinct product distributio§$% Even wp till now, the research of
efficient materials is still at the earlier stage and far from the requirements of high actufity, hi
selectivity, long stability, and low overpotential. Meanwhtlee efficient electrolytic cellalso
draws attention recentijueto the requirements afcalng-up the CO:RR process and integiah

with smartrenewableenergygrids.

1.2.2. Objectivel

One interestingargetproduct fromCO;RR is formate, which is a stab&dnontoxic liquid and
has large market potentiih various applications including hydrogen carrier systéfi#$” and
formic acid fuelcells®¢%° Besidesijt has a high normalized market price (16.1 % $eelectron

in Table 1-2).1° However improvements irselectivityand activitywith long operating timeare



still the challengesThedesign of catalystis a critical stefio solve these challenges and achieve

feasibleCO,-to-formate transformatian

In brief, sp posttransition metals such astf® Pk, Bi’*"3 and SA® 747> produce mostly formate
duringCO2RR. Unfortunatelymost of these sugfed from lowFaradaicefficiency (FE) and poor

partial current density due to thempetitive hydrogen evolution reaction (HER)’®

Recently combining more than one element in the form of binary or rmoattiponent catalysts
has shown to be an effective approach to tune the selecti@@R catalysts** *’® However

the research on the interaction between-p@tious metals is limited, such as Bi and Sn.
Accordingly, the first objeate of the thesis i$o promoteheseledivity and activityof the catalyst
toward formate along with long operating time through bimetallic interaction between non

preciousBi and Srmetals

Table 1-2. Market price and annual global production of ma&j@.RR products'®

Product N_umber of Marketprice Normalizedprice Agpou dﬂg{%bnal
requiredelectrons ($/kg) ($/electronyx 10° (Mtonne)

Carbon maoxide (Syngas) 2 0.06 0.8 150. 0

Carbon monoxide 2 0.60 8.0 -

Formic acid 2 0.70 16.1 0.6

Methanol 6 0.60 3.1 110. 0

Methane 8 0.18 0.4 250. 0

Ethylene 12 1.30 3.0 140. 0

1.23. Objectivell
One of the major challenges for renewably powered electtiosgis to displace petrochemical

processes is higher energy efficiency (EHIE defines the overall energy utilization toward the



desired productNeverthelesEE of CO;RRis typically limited by a low selectity of thedesired

productanda large overpotential (> 0.8 .

On the other hand, Smased materialésSnQ,) are able to conve@O;to both CO and formic acid
andthe mechanism behind this s$ill unclear.? 4% 7> 8INoticeably,oxygen (O) atoms in SnO

play an important role in the adsorption of intermediét&sHowever the introduction of O
atoms also causes catalysts to beconstabie due to the competition between metallic oxide
reducton andCO;RR under highly cathodic conditiof$ Adding other atoms into materials to
stabilizethe oxidation state of the surfa@etive atoms is als@ported asin important and useful

routg e.g, copper (1) nitride (CgN) could be useds Cu support duringCO:RR, which affects

the electronicstructure and oxidation state of the surface Cu, decreasing the energy barrier

associated with CO dimerization duriGg,RR.&

Therefore| proposed to decorate Sn with titanium (Ti) to overcahegfollowing limitations of
CO:RR, i.e.stabilizing Oatoms lowering the overpotential, increasing the energy efficiency, and

extending the stability of Shased.

1.24. Objective llI

CO.RR is often stidied inan fiH-cello thatis composed of planar electrodes immersed in an
agueous electrolyteH-cell hasseverely limited mass transport across the electrolytettackl
hydrodynamic boundary laydBL).® & The reaction takes place at thaectrode/electrolyte
interfaces. The localCO, concentration close to the active surfaceelated to the formation of
intermediates, whichauld have a significant effect on product formafiof? e.g. the reaction
suffers from slow kinetics owing to the low local concentrationC@k surrounding typical

reaction catalyst¥’



Besides this fieldalsofocuseson the developmentf practicalCO; electrolytic cells®® Lots of
reactorsare proposed and testexdg.H-cell, Modified gas diffusion electrod&DE) cell, Polymer
electrolyte membrand?EM) based celletc.However, the péormance of these cells still far

awayfrom the requirements dhe economicCO;RR process.

In this work an aqueoudlow-through(AFT) cell for continuousCO;RR was proposed and had
plenty of advantagesand compared it with thgas diffusion electrodésDE) cell to furtherhave
a comprehensive understanding and shed a light onto the engineering of electrodes and electrolytic

cells forCORR.

1.3. Structure of Thesis

Thethreeobjectves of the proposed research are as follows:

1) Promote theselectivity andactivity of CO,-to-formate conversion along with long

operating time througthe investigation obimetalliccatalystsi.e. Bi and Sn;

2) Increase the energy efficiencgwer the overpotentighnd extend the stability of Srased

materialsfor COp-to-CO transformatiorby dopingTi;

3) Optimize electrolytic cells through a combination of experiments and simulatiotes
achieve highly efficientontinuousCO;RR with higher current dens#s and lower cell

overpotentiad.

This thesis i®rganized ito six chaptes. Chapter lintroduces a general background, motivation,
and the scope of &thesis.Chapter 2 presents literature review othecurrent status of materials
synthesescharacterizatiotechniqus, and electrolytic cells used fQIO;RR. Three differentasks

are presentedo achieving objectes discussed abovie subsequent chapte8-5. Chapter 3



focuses on 8i-Sn bimetallic catalyst, aiming ©O;-to-formate transformation with high activity,
high selectivity, and long stabilithapter 4 further investigates the Sbhased materials with Ti
decoration in order tachieve a lowoverpotential, high energy efficiency, and robust stakfitity
COp-t0-CO conversionChapter 5 describesa newaqueous lbw-through cell for continuous
CO:RR with a range of adntages and compares it with the GDE tlebugha combination of
experiments and simulatiort® have a comprehensive understandifigthe engineering of
electrodes and electrolytic cells I60O,RR.Chapter 6 summarizes the important resultsm this

thesisand some discussions on the future direstaomd outlooks



Chapter 2. Literature Review

2.1. Fundamentals andMetrics

2.1.1. Fundamentals ofCO2RR

The key parameters to @&uate theCORR performance of materials are the currdensity,

Faradaic efficiencyRE), overpotential Energy efficiency EE), and stabilityl t 6 s | mport an
notice thathese parameters are not only dependent on the materials itself, matyaésthe type

of electrolyte®® sygemtemperature, the hydrodynamics of the electrochemical cell, the purity of

both the electrocatalyst and the electi®)yand et

I n general, most meapoded and tesed byphetypé cellimdeb Mored.1wa s r
M KHCOs or NaHCQ electrolyte at room temperature, while the oxygen evolution reaction (OER)
takes placat the opposite anode sideiqure 2-1a). Linear sweep voltammetry (LSV) tests are
performed to nitially evaluate theCO;RR peformance of the prepared electrodes under N
bubbling andCOx-bubbling electrolyts, respectivelyigure 2-1b). A series otonstant potential
electrolysis (CPE) measurements are followed to investigate the potential dependence of the
mat er i al scé. Inprear tb obtaimtne selectivity of different products, the products in the

gas phase are injected into gas chromaptgra(GC) to perform quantification during CPE
measurements. Liquid products are dissolved in the electrolyte and quantifiechthrbuglear

magnetic resonance (NMR) spectrometiéer theCORR.

2.1.2. Onset Potential
The onset potential refers to thepéied voltage on the electrocatalyst the reference electrode,

under which the desired product is yielded at a detectableranine onset potential is always



lower than the standard reduction potentials duthéokinetic energy barrieThe differerce
between the onset potential and the standard reduction potential is defined as the onset
overpotential. The onset potential tdirectly show the minimum overpotential for t6&,RR

toward the product¥ Generally, the onset potential can be defined as the potential at which the

current density was 0.2 mé&m?Zhigher thantie initially stabilized current density.
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figures®®

2.1.3. Faradaic Efficiency

The Faradhic efficiency (FE) is defined as the percage of the total charge supplied that is used

to produce the desired product, which can also be seen as the yield based on the electrical charge
passed during the electrolySisEE is drectly related to the product selectivityJadated using

the following equation:

aZ
& % —=——-nh
V)
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whered is the number of electrons exchangeéd @ for reduction o0, to CO or formate) is
the number of moles for a specific prodti€is Faraday's constani, is the total charge passed

(C).

2.1.4. Current Density

The current density (CD) is typically normalized over the surface area or the mass of the working
electrodes. This parameter is a crucial indicator of the activity of the niaterithe cells. The
overall current density has an important relationship with the transformation rate. As a measure of
the reaction rate, this parameter is crucial for practical applications, since it determines the

electrolytic cell size and the costaued for the process.

The partial current density (PCD) toward a specific product can be acghn@mehhmultiplying

the corresponding FE by ti@D.?*

2.1.5. Overpotential

CO:RR requires a significant overpotential to drive it at an economically viable Thie.
electrocatalyst is often employed to reduce the overpotenti@dRR. Generally, the difference
between thea p p |l i ed c at dna tthes stapdard eduttionapbtahtis defined as the
cathodic overpotentig While the cell overpotentialso can be simply defined as the difference

between operation voltages and onset cell potentials, wduokains the result of activation

electrode surface and the mass transfer limitation of diss@@d—; ¢ 5% Meanvhile, to

simplify the calculations, the ohmic drojfR¢) across the electrolyte and ion exchange membrane

is also considered as part of the overpotential although there are existinggigai@uation$®

9495
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2.1.6. Energetic Efficiency

Energy efficiency (EE) is a crucial parameter, and increasing EBei®the major challenges

for renewable electricitpowered electrosynthesis to displace petrochemical procésses.
Consicering FE and overpotential, the EE can be derived across the whole cell to indicate the

conversion of applied energy toward chemically stored er#érgy.

g 2& %

% % h

whereO is the thermodynamic reaction voltagds the total cell overpotential. Generally, half
cell EE or cathodic energy efficiency (EEfor CO:RR in H-cell was calculated using the

following equatiorf? %7

O 0&% .
A

h —cat hode

% %

whereQk & aisithe thermodynamic equilibrium potential between anode and cathode reactions,
which iISQk % a1 i1.23 O (1.23 V is the thermodynamequilibrium potential for anode

oxygen evolution reactionliy §s the thermodynamic equilibrium potential for cathode reaction
(vS.RHE). G 0.109V,Qh hei 01 4640.03V;— ., ,§. t he cathodeh overp

is the aptphoee shtboE)e nmiinmds (t he t her modynamic eq

2.1.7. Tafel Slope

The Tafel slope is a pleiopeof overpotential/s.the logarithm of the partial current density. The
number is an indicator of the reactiontpaind the rateletermining step. In general, a smaller
Tafel slope indicates better catalytic performance. In the ca§€#OgRR, Tafel slope of 116
mV-dec! implies that the ratdetermining step foilCO; reduction is the generation of the

intermediate by the initial orelectron transfer step, while the slope of 59-0&¢! is indicative

12



of a oneelectron preequilibrium step before a later rdimiting chemical step, which is

commonly invoked for metadlectrodeg?

2.1.8. Stability

The gability of the catalystss crucial with respect to industrializing the electrolytic c¥liThis
metric can be measutat a specific constant potential under chrpotentiometric tests, where
the current is fixed at a proper level and the resulting potential over theeladir full cell is

recorded

2.2. Curr ent Status of Electrocatalysts

2.2.1. COgz-to-formate conversion

Sp posttransition metals such as, i’ Pb! Bi,”*"3 and SA*" produce mostly formate during
CO:RR. However most of thesecatalystssuffered from low FEpoor PCD® 7® and hgh
overpotentialsvith thehighenergy cost. The applied high voltageould also accelerate the HER,
which is the competing reaction aretluceghe selectivity of formatel he following subsections
describe theip-to-datecatalysts in the production @drmate.

Tin

Tin (Sn), among the posdtansitionmetal block,is a pranising electrocataly$t "> %9 pecause
it showedhigh selectiviy towards the conversion €0, to formate. AdditionallySnis one of
Eat h 6 s a b u n dwhithis asdn@avoeiavihish reinforces its potential applicability to
energygrid integratior?® 19219 Metallic Snquantum sheets confined in graph@nmeth a higher
electrochemical active area confers 9 times |la@j@radsorption capacity laive tothe bulk Sn
foils. The loweredSri Sn coordination numbers, revealed byra§ absorption fine sficture

spectroscopyXAFS), enable tin quantum sheets confined in graphene to efficiently stabilize the

13



carbon dioxide radical anion. Henas Figure 2-2 reveals the tin quantum sheets confined in

graphene show enhanced electrocatalytic activity and stability.

Another strategy is to design nanosheet structures with numerous coordinatively unsaturated

sites”® The mesoporous SnManosheet§® on carbon cldt exhibiteda high partial geometry
current den s3whenFEdsfarouhd7%itowakdformate. On the other hand, binary
or multi-component metallic catalysts with unique nacale structures, suchal®y’®, coreshell
structuré®®C, and linked monontallic nanoparticle¥: "*’8 show great advantages tow@@:RR.
For example, P&n nanoparticl€§ was reported with nearly 100%electivity toward formate.
From theDensity functional theory (DFT) calculatigrike Pd-Sn alloy catalyst surface leadsao

more energetically favorabléormation of the key reaction intermediate HCOO* as well as the

product formic acid.

a b
100
0F —a— Graphene confined Sn

—_ 80 quantum sheets
DﬁE =5} = [ —4— 15 nm Sn nanoparticles
G = mixed with graphene
=< Y —¥— 15 nm Sn nanoparticles

=10 | - P
i _5 60 —a— Bulk Sn °

o2

@ 5 s
g -% 40 F
2 o0} Bulk Sn o
@ : o
= —— 15 nm Sn nanopariicles o
=3 15 nm Sn nanoparticles mixed with graphena L 20
] )

=25} —— Graphene confined Sn quantum sheats

=30 k 1 L 1 0 1

2.0 -1.5 -1.0 -0.5 -1.0 -1.2 1.4 -1.6 -1.8 2.0
Applied potential (V vs. SCE) Applied potential (V vs. SCE)

Figure 2-2. CO:RR pefformancesf Sn quantum sheets confined in gragh®rfa) LSV curves in theCO,-saturated
0.1 M NaHCGQ aqueos solution, ) FE for formate at each applied potengial

Bismuth

Due tothe advantages of low cost and low toxicii has received attention aspaomising

candidatdor CO;RR as well. Inreportedstudes, the Bi catalystscould convert CO, to COwith

highFEof 747196% in an aprotic electrol yt®8 (e.
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However in an aqueous electrolytBj-based electrodes could selectively redd€ to formate,
which isalso the focus and more practical catalytienvironment in terms of cosffectiveness

than an aprotic electrolyte with an ionic liqitable 2-1).?

Table 2-1. CO.RR properties of electrocatalysts for formate production

Electrocatalysts Electrolyte P((\)/t::Et)'al FE for formate Ref.
Sn Sn/SnQ thin film 0.5 M NaHCQ -0.70 40% 82
SnQJgraphene 0.1 M NaHCQ -1.16 94% 58
Electoplated Sn/Cu foam 0.1 M KHCG; -1.19 84% 1
Electroplated Sn/gas ) 0 112
diffusion electrode 0.5 MNaHCQ 1.10 1%
Electrodeposited Sn 0.5 M KHCO 15 24% 113
powder
Electrodeposited Sn o 114
dendrite 0.1 MKHCOs -1.3 83%
Nanoporous Sn foam 0.1 M NaHCQ -1.4 90% 115
Etched Sn foil 0.1 M KHCG; -1.7 85% 116
Sn nanopatrticles 0.45 M KHCG -1.5 70% 1r
SnPb alloy 0.5 M KHCG; -1.4 80% 118
Graphene/Sn/Graphene 0.1 M NaHCQ -1.8 89% I8
Ag.Sn nanoparticles 0.5 M NaHCQ -0.9 87% 50
Bi Bi nanodendrite / Carbon 0.5 M NaHCQ 156 96% 7
paper
Bi nanoparticle/Cu foil 0.1 M KHCG; -1.46 95% 119
Bi flake 0.1 M KHCG; -0.6 99% n
In Anodized In 0.5 M KHCG; -1.5 79% 120
Co Partially OX|d_|zed Co 0.1 M NaSQ 0.2 45% -
nanoparticles
Pb Oxide-derived Pb 0.5 M NaHCQ -0.8 98% 121
Roughened Pb 0.1 M KHCG; -1.0 89% 122
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Pd Pd-Pt nanoparticle 0.1 M KH:POy -0.4 88% 123

EIectrodepogte@d 0.1 M KHCOs 04 5506 124
nanoparticles

Pd nanoneedle 0.5 M KHCGs -0.2 91% 6

Pd nanoparticle/ Carbon 0.5 M NaHCQ -0.25 94% 125

As reported, Bi anoflakes weresuccessfullygrown on Cu foil through a pulse electrodeposition
method’ Due toalarger number of edge and corner sitem conventional Bi films deposited by
the direct current methqdBi nanoflakes resulted istrong local electric fields as confirmed by
numericalsimulation’! The local K concentration around the catalygas increased byé local
electric field which furtheractivatal the reactionMeanwhile theelectric fieldproduceda driving

force thaffacilitatescharges to move from tledectrodeo thesurface othecatalyst(Figure 2-3).
Bismuth nanoflakes ateved a maximum FE for formate close to 100%. The higher FE depends
on the edge and corner sites on these nanostructured electrodes. Theséeshanqusice strong

electric fieldinduced reagent concentration (FIRC) close to the aG@RR surface® 1 126

The Bi dendrite electrode reduced the overpotenti@l@#-to-formate conversion by 180 m#:

an overpotential of 890 mV to reach its maximum FIB@9% for formate was required by the
pristine Bi foil, while only 710 mV was needed for the Bi dendrite to achieve its maximum FE of
D89% for formation. Using DFT calculations, three pblesCO,RR pathways were investigated,
where the path involving the@fmation of HCOO* intermediate was the most favorable from the
calcdations of reaction free energies. This further indicated thathipk-index planes can
efficiently stabilize the HCOOfntermediate to enhandgO,-to-formate activity, which can be

usedto explain the origin of the enhancement performance of Bi dendrite compared to Bi foil.
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Figure 2-3. Simulated electric field distribution if@) threedimensonal and ) two-dimensional Bi nanostructures;
strong electric filel is formed as the shape is thinner and sharper. Electric field intensity plotted as a funatjon of (

thickness andd) corner agle of Bi nanostructur&$

Other Catalysts

Ultra -thin Co-basedNanosheets

Ultra-thin Cobased nanosheets, whiareonly 4-atomsthick, through a ligana@onfined growth
strategy were synthesized B§ie and ceworkers (Figure 2-4a, b).” 2’ Through ontrolling
synthesigimes of 3 hand48 h, @rtially oxidizedandpure Co twedimensional nanosheets could
be preparedrespectively As shown fromCO:RR performanceresults Figure 2-4c), the
synthesizedartially oxidized Co nanteets exhibited the best activity compatedoure Co
nanosheets argllk Co under comparable conditigrasd the overpotential was only 0.24\he
partially oxidized4-atomthick Co nanosheetshowedthe highest FE for formatgroduction of
90.1% at-0.85 V vs. the saturated calomel electrode (S@HEYyure 2-4d). With abundant active

sites and high electrical conductivitiied-atomthick nanosheetaere promisindor substantially
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promotingof CO;RR. This indicatedhat the orrect morphology and oxidah state can transform

material from one considered nearly raatdytic for the CO:RR into an active catalyst

G d 100
- P g §
,E “/ % 80F "1:
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E f 5 6of £/ \\
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Figure 2-4. (), (b) High-resolutionTEM image. €), (d) Linear sweep voltammogranesirves in aCO,-saturated
(solid line) and N-saturated (dashed linahd theFE for formate orpartially oxidized Co 4atomthick layers (red),
Co 4atomthick layers (blue), partially oxidized bulk Co (violet), and bulk Clack).’

Carbon-BasedElectrodes

Carbon nanomaterialso attractlots of research and onekind of the most promising potential
materialsfor CO,RR and other newnergy related areal t dorssidered as redacementfor
expensive metals or metal oxides for electrocatalgactiong? For examplethe N, Sco-doped
mesoporous carbon nanosheets from graphene oxide polydopamiiaks ydne synthesized and
reported byQiaoet al., whichshowedgreatperformances in both the oxygen reduction reaction
(ORR)and the oxygen evoligin reaction(OER)?8In recentnvestigationscarbon nanomaterials
werealsofound b effectively transfornCQO; to formate duringCORR,*?***° e.g., Meyer et al.
have selected nitrogatoped carbon nanotubes as the catalysCiosRR.12° Noticeably they

were selectivéo CO,-to-formate onversionand robust in aqueowectrolyte

2.2.2. CO2-t0-CO conversion

Au has attracted a lot of attention becausé¢hefability to converCO, to CO selectively and

efficiently, although the scarcity and high cost may hinderfitther practical usé: 92 13332
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Meanwhile,Ag is alsopromising as £O;RR catalystbecauseof its relatively low owerpotential

and high selectivity3*13°

For the formation of CO, theaction begins with the reductive adsorptiol©@k on the catalyst
surface leading to the formation of a *COOH intermediate, which is further explained in Section
2.4. The adsorbed *COOltermediate is further reducedttvithe addition ofextraproton arwl
electron,forming CO and HO. Compared with the first two steps, which are electrochemical
reactions and involving the transfer of an electron and a proton, the final step is the not
electrochemical and related tioerelease of CO from the electrode sBd on this reaction pathway,

the promisingmaterialsshould have a strong bindingith *COOH intermediateand weak
adsorption of COn order to providehe facile conversion of *COOH in6O. Up till now, it has

been fand thatmaterialswith well-controled size, surface structure, composition, and oexide

derived (OD) surfaces exhibited greatly enhanced performan@OiRR 2

The size of the p#cles(NPs) is crucial for the diciency of CORRR Accordingly, nanoparticles
with different sizes exhibit different performancei®RR 2* Noticeably, &oms atthecorner @

edge positions have a low coordioa number and have higher surface energy. Based on this
behavior we know, some materials we should avaidl some materials may have synergic

interaction, thus it will guide us in thgrghesis of catalysts.

2.2.3. Strategiesto CompositeNanostructured M aterials

Binary or ternary catalysts have attracted extensive attention due to their tuneable
chemical/physical propertiedn changing from monometallic to binary or ternary metallic
caalysts, an extra degree of freedom is introduced. Among a ser@senfgistic effectsthe
ensemble effect is crucial and has been identified and employed recently to alter the bonding

strength of different intermediate f@O,RR. C. Wang et al. repordea new strategy afesignthe
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ensemble size of active sites on Pd@Bimetallic catalystsHigure 2-5a) to enhance the
efficiency of CO,RR.*® The studyobjectively combined the advantages of the two metais,
hypothesized that dispersion of strongly binding metal sites, such as Pd (Third Eggeer?-
5b), on the surface of a weak binding metal, e.g., Au (First caségure 2-5b) in order to
simultaneously lower the energy barrier @D, activation ad mitigating* CO poisoning (Second
case inFigure 2-5b). The element mapping based on HAABSKFEM (aberation-corrected high
angle annular darkeld scanning transmission electron micrgegoand EELS (electron energy
loss spectroscopy) were used to follthe structural evolution at increasing Pd doségure 2-
5¢). With the increasingf Pd atoms contiruous ensembles of Paccur and form a semi
continuous layer. Ultimately, the ANP becamecompletely encapsulated in a Pd shell in the case
of Pcbo@Augo. Both theFE and partial current densitycg) toward CO exhib&d a nonlinear
behavior as the atomiatio of Pd increase§igure 2-5d). Among a series of PA@Au NPs, when
the ratio was 35, it showedhe highest activity for the selective reduction @ formation with

FEcoand 3o reachingD80% and 1.6 mA/ckat 1 0. 5 V.

As shown inFigure 2-5e thekey role of ensemble effect played by the Ag/Cu interface in Ag/Cu
nanoparticles (NP) vgauncovered in promoting the performance otRB*’ Nanodimers (ND)
including the two constituent metals, which as segregated donmarshared a tunable interface,
were obtained by developing a seedgewth synthesis. In this system, preformed Ag
nanoparticles were used as nucleation seeds forutan@ain. The type of metal precursor and
the strength of the reducing agent act asugial role in achieving the desired chemical and
structural controlDifferent ensemble structures, which lead to tandem catalysis and electronic
effects, synergistichl contributed to an enhancement in the FE faH{by 3.4fold and in the

partial currat density for CGRR by 2fold compared with the pure Cu counterparhe
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performance highly related to the ensemble structure was also unveiled through a range of

bimg al | i c CuiPd catal yst s-separated atomic arrangemédfiandi i s or d

ordered/ disordered multnetallic Au-Cu nanoparticleéd (Figure 2-5f andg).
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Figure 2-5. (a) lllustration of the synthetic schenmm the PA@Au nanoparticles with control over the dose df Pd.

(b) lllustration of the concept using atomically dispersed Pd sitéseotu surface to enhand@0,RR.*8 The yellow

and blue spheres represent Au &d atoms, respectively. For the molecular structures, red, grhpuaple colors

represent oxygen, carbon, and hydrogerpeaetively. The redus. green) arrows represent the riteiting factors in

the reaction kinetics. (c) EELSased element mafsr Pd@Augs, PG@ Augs, Pdo@Augo, and Peh@ Augo, where Au

and Pd aims are represented by red and green pixels, respecfiydlyDependaces of Fpand ¢oat 1 0s. 5 V
RHE on the Pd content within tiel@Au nanoparticle®.(e) FE for GH4 obtained on different Ag/Cu nanocrystals,
including Ag NPs, Cu NPs, Ag+Cu Mixture, AigcCuw.4NDs, Agil Cuii NDs, and AgiCis>NDs at vs.1. 1 V
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RHE# (f) lllustration of prepared G&d naoalloys with different atomic mixing patterredered, disordered, and
phaseseparated®(g) Atomic ordering transfonation of AuCu bimetallic nanoparticléd.(h) EELS mapping of the

selected region showinthe elemental distribution of Sn (blue), Ag (green), and O (*&d}) EELS elemental

mapping of Cu (green) and Sn (red) of a 7/0.8 nm CusSie#°

Coreishell n a n o simpontant tna eadier angestigatee ergpning strdtegies to
improve performance a€O;RR might alsabe accountedor ensemble effesf s uch as
bimetallic electrocatalystdand CuSn bimetallic electrocatalystyFigure 2-5h andj). F. Jiao et

al. showed the bimetallic coreith an ultrathin partially oxidized shell, which achievieh
electronic conductivity andefficient performancefor CO:RR. Otherwise,the reduction
performance is Sthickness dependemthen a thin layer of Sdp is coated ogr CuNPs:the
thicker (1.8 nm) shell shows Sike activity toproducgformate whereas the thinner (0.8 nm) shell
is selective to CQormationwith FEcor e ac hi ng 9 D caldulation@evdaledkhat
the 0.8 nm Sn@shell likely albys with a trace of Cu, causing the Sriéitice to be uniaxially

compressedndfavoring the production of CO over formate.

2.3. Electrode Structure and Reactor Design

Competing reactiongHER and undesired side reactions) &l reactantconcentration arouh
thesurface of the catalysire major obstacles preventiG@.RR from widespread adoptidii. 13’
Especially & even higher arrents, theCO, concentration at the electrode beconoesckly
depleted due tthe rapid consumption ofCO; in the electrochemical reactisand unfavorable
local pH canditions,furtherlimiting the maximum current density 6O,RR. Thesdimits cannot

be overcomeonly throughCO:; electrakineticson the electrode surface. Understanding the mass
transport dynamics is essential due to the direct influence on observistoasaformancé’

Several ectrochemical flow reacteror cellshave been reported in the literature, sucacasous
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electrolytic cel with the membrang?®® solid oxide electrolysis celf$*'4° and microfluidic

electrolytic cellst: 14¥142 Aqueous electrolytic cells with membrane are the focus of the thesis.

23.1. H-cell

Most reportedCO;RR were conducted using an-tiipe’* *®also know as threelectrode cell,

using the agprepaed electrode as the working electrode, Saturated Calomel Reference Electrode
(SCE) asareference electrogand platinum wire as the counter electrode, eetpely>® > The

three electrodes were immersataqueous solution of 0.1 M or 0.5 M KHGNaHCQ; as the
electrolytes. To avoid formic acior other producbxidation by Pt counter ettrode, a Nafion
proton exchangemembranavas adopted to separdtes cathode and anodsdes The schematic

of theH-cell is shown inFigure 2-6.

CO, inlet Gas product

'mm#llt h

electrode

| |
" | |
Working ] i, Counter
electrode
0
(0]

o
® o

(o)

(o)

L v
Reference |on-exchange
electrode membrane

Figure 2-6. H-cell configurationfor CO,RR.%*

2.3.2. ElectrochemicalFlow Cell

GeneralFlow Cell

Jaramillo et al. reported an electrochemical flow émil CO;RR (Figure 2-7a).> 143 The cell
maintained the working electrodarnallel to the counter electrode to achieve a uniform voltage.

An anion exchange membrane was used to separaHRR andOERto prevent the oxidation
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of reducedCO; products Although he membrane prohilsithe passage of the anionic products
acetate ad formatehoweverwhich still can bedetected on the counter electrode side of the cell
in low concentration after electrolgsiThe cell wagngineeredo have aelatively large electrode
area (1.5 cmx 3 cm) and a small electrolyte volume (8 mL) ack of the two compartments
increase the concentration of liquid products in the electrdijeetrolyte saturated witBO; flow
through thechambercanobtainlarge current efficiencies f@8O;RR, presumably because thie

existence ofnass transpotimitations in a quiescent cell.

PEM BasedFlow Cell

Polymer electrolyte membrane (PEM) cells are widely used for hydrogen production by
electrolysis. It is an advanced technoldpgt uses the protons before recombination @,
protonation. In this resyd, CO, conversion using PEM cells at room tempemtand ambient

pressurdiad been extensively studig&igure 2-7b). 144146

a t — To GC
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<—————— Expanded view of electrolysis cell —f————- inlet, 7. anode reservoir outlet, 8. Current collectors

Figure 2-7. Schematic of  Generalelectrochemicaflow cell® and p) the PEM electrochemical cell and the

membrane electrode assembly (MEA) fabricatitn.
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2.3.3. Gas Diffusion Electrode &lI

Alkaline GDE Cell

Kenis etal.}* reported an electrochemicghs diffusion electrode (GDERII showing in(Figure
2-8a). An ionic exchange membrane was inserted betweenc#tieodeside and anodeside
chambesto preventhe reoxidization ofliquid productsn case ofliffusing to theanoce. Stainless
steel platesctedas current collectorandhold the flow cell togethey a squeezaction toggle
plier clamp. The cathode current collector has a precisely machine®@8n? window with
0.5-cm depth behind the GDE to allow for theangort of CO,. The anode is open tbe air,

allowing oxygen to escape.

The application of5DE covered with active and rough Cu nanoparticles in the eletitraglls
results in atotal FE (~46%) for ethylene and ethanol wibD of ~200 mAcm? at a lower
overpotential (< 0.7 V). The high producticatesof ethylene and ethanol could decountedor

mainly for the use of alkaline electrolyte to improve kinetics andrthiition of HER

Fil ter-pressGDE Cell

As seen inFigure 2-8b, afilter-press type eldrochemical cell (Micro Flow Cell, Electrocell
A/S)%¢ ¥8 has threanlets (catholyte, anolyteand CQ,) and twooutlets(catholyte and anolyte).
Catholyte is 0.5 M NaHC¢& which preelectrolyzed at2 V under nirogen bubbling to remove
metal impurities.Anolyte (0.5 M NaOH) andatholytewere kept in two separate tanks and
recirculated continuously into the cell by a dual peristaltic pump to accumulate liquid products.
An ionic transport membrane (Nafionon® 11diyided the cell into two separate anodic and

cathodic compartments.
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PEM BasedGDE Cell

A PEM based GDIell was modified from convention®EMFC configuratiothroughinserting

an additional buffer layer to circateliquid phase electrolyte betweenhieo n ex change mem
and Sn GDE? as shownin Figure 2-8c. | f wi t hoadf etHabwas erhe pr edomi
product with aohamr®liG0W. tehic foiir piocefmdchytnigsert ol ayer
circul adleysttuédbes t @aantth al ly promoted the formati on

HER

A gas diffusion | ayerco@aGbd) mambtr an dpar( eCLCBDadt & ¢
toget hrevre tacs stehe anodead@hbéyhapfagCMgw®s/ C cal
si de o f2lameMlardne. he Sased cathode was made by spraying Sn catalyst ink onto

the GDL. The thickness of the buffer layer was approximately 2.4 mm. The tatahe/af the

electrolyte solution w&10 mL. The liquid products were accumulated in the electrolyte solution

during electrolysis. This design demonstrates the feasibility to use current PEMFC hardware for

CORR.
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Figure 2-8. Sctematic of &) theelectrochemical flow celt¥’ (b) the filterpress type electrochemical c&ff,and €)

the full electrochemical cell featuring a buffer layer of circulating liephdse electrolyté.

2.4. ReactionMechanism andPathways

The CO:RR involves the interactions between the adsoro molecules, intermediates,
electros, and protons. The reaction pathwagsied andmay be affected by experimental
parameters, such &0, pressurethe cathodic potential, electrolyte saletg?? 149150 Wwith
different propo®d reactionmechanismsor the combinations of different pathways, tG&.RR
leacs to different product distributions. Among different catalysts, rietalatalysts show
noticeable catalytic activities and selectiVitypecause of the differertinding strengths of
divergentintermediates andistinctive products Generally,metal catalystsan be classified into
three groupss displayed irFigure 2-9a. Group 1metals produce formate or formic acid as the
main product, in whichncluding Sn, Hg, Pb, In, etdGroup 2, e.gAu, Ag, Zn, Pd etc, have

relatively strong*COOH binding energies to facilitatéurther reduction.Neverthelessthe
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obtained *CO intermediateeed to beveakly bound to theemetal surfacgto desorb readily from

the surface and emerges as a predomi@é@ntormation FurthermoreCu is themost gecial one

and is theonly metalin group 3, whichis able tobind and convert *CO intermediate to higher
valueadded products (such as hydrocarbons and alcohols) through *COH or *CHO intermediates.
Additionally, HER asa compétive processn aqueous sationsduring CO;RR. Metals like Pt,

Ti, Fe, and Ni have a good performance for HER, so the suppression of HER is important if the

materials containing these compositions.

As shown inFigure 2-9b, oxidederived Au supposta mechanism that involves a esgible &

transfer toCO; to form adsorbedO;* "followed by a ratedetermining H transfer with HC@

serving as the Hdonor. However, the first oxygen hydrogenation step is still under debate. A.
Seifitokaldani et al. found that the hydroniums@) intermedige plays a key role in the first
oxygen hydrogenation step and lowers the activation energy barrier for CCQtiéorog DFT
calculations*®! When this hydronium influence iemoved, the activation energy barrier f
oxygen hydrogenation increases significantly, and the barrier for carbon hydrogenation is reduced.
Furmbee, J. Gong cederadt.i o i ;nd veE@dHdgneg Somedr inygdr o x y
a stable Sn brC&RBhwst bat ab gfciéneyf(FEpaf Gartbanaceous
products®* Surface hydroxyls acted a crucial rotethe activity and stabilityTo end this debate,

in situ spectroscopies are the most powerful tools. Applications of different in situ spectroscopies,
swh as Infrared, Raman,-bay absorption, Xay photoelectronand mass spectroscopfés,

enable measurements of the system under real conditions and give us a comprehensive

understanding of reaction mechanigthg>2153
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Figure 2-9. Reaction mechanism ¢&) CO;RR on metal electrodés; (b) CO;RR to CO on Polycrystalline Au and
Oxide-Derived Aui®* (c) campetitive reactions of CO and HCOO ™~ productien.

Figure 2-9c revealed tha€0O, may bind to the electrode sucin an initial electrochemical step
via the carbon or the oxygens (resulting in single adsorption intermediate, *COOH, or a bidentate
HCOO* intermediate, respectively). The second electrochemical step results in theipnooiic

CO or HCOO. HCOO* is sggested to be the key intermediate for @@&,RR to HCOO
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transformation, and optimal HCOO* binding energy supports its high selectivity for HCOO
These results suggest that oxydmrund intermediates are critical to undensing the mechanism
of CQ, reduction to HCOO on metal surface$?® Thus, tuningand controllingthe binding
erergies of the key reaction inteediates is critical for final product selectivity and energy
efficiency of CORR %2 which is also thdocus of investigations and design princgpté present

nanostructured materials.

The general literature background faohdamentals and metrics GfO:RR, current methods of
c at a bygtlsesisnd characterizations, developmeof catalytic cells, and reaction mechanism
of CORR arereviewedto provide a context for this thesis researdspired by the reported

findings, the following projects wereedormed and presented
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Chapter 3. CO2-to-formate Transformation by Bi-Sn

Bimetallic Catalyst

This chapter consists of the following paper that wasuthored by myself, my supervisors, two Ph.D.
students (Bohua Ren and Zachary P. Cano), and diabooators (Dong Un Lee, Fathy M. Hassan,
Gaopeng Jiang, Eric Croiset, ZhgngBai, and Lin Yang)Reproduced with permission fromOr bi t al
Interaction in BiSn Bimetallic Electrocatalyst for Highly Efficie@@O, R e d u c Adv. &mergy Mater

2018 8, 18022790 Co p y2018 @018 WILEY-VCH Verlag GmbH & Co. KGaA DOI:
0rg/10.10022enm.20180242 F.eatured on Cover.

Statement of Contributionst devised the concept, designed all experiment, and prepared the manuscript

draft; D. Lee and | performesinthess and characterizations of materials, and conducted electrochemical
measuremds; B. Rercarried out DFT calculations and analyses; F. Hassan, G. Jiang, and | performed the
analyes and interpretations of experimental results; J. Gostick and lopexcethe FEM model; E. Croiset
reviewed the results and revised the manuscript; £ .LB&ang, Z. Cano provided a critical review of the
manuscript; Z. Chen directed the research. All authors participated in the discussion and commented on the

results.

3.1. Introduction

The conversion of carbon dioxid€(@») into valueadded chemicals bglectrochemicalCO;
reduction reactionsQO:RR) is considered as a promising strategy for recycld®@ with
sustainableand environmental benefits> 7 1412 3334 This can be performed efficiently in the
future by couplingCO; conversion technologies with renewable but intermittent sources of energy
such as wind and solar pow2r3 However,CO:RR, in generaljs difficult due toCO, being
thermodynamically stabf%>" reailting in very sluggish reaction and huge activation
overpotentials during electroreduction. Additionally, the conversio©f competes against
other reactions such as the hydrogen evolution reactt#R) which usually significantly
decreases the formamn of reduced carbon products. One interesting product which results from

CO. conversionis formate, which is a stable nontoxic liquid that has large market potential in
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various applications includingydrogen carrier systertfs ¢’ and formic acid fuel cell$5°
However highly active, selectiveand stable electrocatalysts atil required to facilitatscC O,RR

andovercomdarge energy barriers and shift reaction pathways toward formate formation.

Based on previously reported studies, most riedakd catalysts such as Ade*Ag,2*% and
Nit°¢1%%were shown to demonstrate a low selectivity toward thedtion of formate, favoring

the conversion o€0, to CO, while Cu was demonstrated to produce a variety of hydrocarbons
and alcoholstdow Faradaic efficiencies2 ® 16961 nterestingly, Pd?>126: 1625 102,104, 106, 148, 163

Bi, %73 164165 |n 70 andPb! on the other hand, have demonstrated relatively hilgittsgty for
formate production. Pdhows high selectivity with relatively low overpotentials, but it is too
expensive for largecaleCO, reduction systems. Meanwhile, In and Pb are known to be toxic and
not environmentally friendly, which leaves Sn a@idas good candidates for formateog@ucing
catalysts. These metals, being comparatively inexpensive and environmentally benign, are also
interesting as electrode materials for lasgaleCO, reduction systems to be integrated into smart
energygrids’* %8In tems ofthe catalyst composition, combining more than one element in the
form of binary or multicomponent catalysts Washown to be an effective approach to tune the
selectivity of CO;RR catalystg! 49°0. 7678 However, a wide range of Faradaic efficiencies for
formate production(FEmatd from 40 to 99 % has been reported on various binarpaSed
electrodes. Improved Rnae has been observed on binary-I8ised catalysts where Pdag,*

Cu?’, and S*were introduced as the secondary element, whéd@troduction of metals such as

Cd and zZA%® have shown decreasedikgae These results indicate that the formation of formate

is sensitivao the electronic structure of the Sn surface which can be modified by introducing other
atoms. As suchynderstanding the synergetic interactidrbetweenbinary components is of

significant importance in designing catalysts that can perform the conversi@» td formate at
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high Faradaic efficiencies. In addition, another way to enhance the activity and selectivity of
catalysts folCO;RRis through morpblogy engineerinf®!’®and tuning of oxidation states at the
surface of catalyst®: 163164 1711n general, high surface area catalysts increase the active sites
exposire and allow for specific crystal edge and step sites to interact with re&ctafite results

from the literature suggest that by appropriately combining concepts from the conmadbsitid
morphological stus, a formate producin@O:RR catalyst with high activity and selectivity can

be produced.

Herein,| have designed and synthesized a bimetali&Bratalyst fothe efficient production of
formate. Thecombinedeffects of Sn and Bi components along withique morphology control
results in high formate partial current density as well as long durability, showing almost
exclusively formate production over 100 hours of operation. On this basis of physicochemical,
electrockemical and DFT analyses, these ekent traits of the catalyst are ascribed to four factors:

() the interface between Sn and Bi is highly favorable for charge transport due to the higher
electronegativity of Bi, allowing electron density to easily flsam Sn to Bi. The sub-atomic

orbital interaction therefore,strengthens the interaction at the active site with the HCOO*
intermediate, boosting the selectivity for formate over CO apd(ij the BirSn nanosheet
structure is observed to be very robiagin electron microscopic analysisaintaining the highly
favorable bimetallic interaction necessary for selective formate production; (iii) the nanosheet
structure with enhanced edge sigxposure promotes mass transporCah and formate ions
duringthe reactions; (iv) the fabricatiai CORR electrode is possible without the use of binding
material, significantly reducing the electronic resistance. In summary, these advantages lead to the
development of a catalyst system that can efficiently corv€xt to formate at high current

dersities for extended periods, which will be demonstrated in the following sections.
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3.2. Results andDiscussion

3.2.1. Fabrication of Bimetallic Bi-Sn Electrodes

A schematic diagram illustrating the structuretlod Bi-Sn bimetallic catalyst deposited on a
flexible carbon fabric substrate is shownHigure 3-1a, which is used as EO:RR electrode
without further modification. As described in tHeD ExperimentalMethods SnQ nanosheets
were deposited on a flexiblearbon substrate by a facile and scalable hydrothermal reaction
technique, followed by the electrqaiesition of Bi nanopatrticles uniformly onto the surface of
SnQ nanosheets. High surface area carbon fabric was used as the growth substrate during the
hydrothermal reaction, which allowed Sp@anosheets to grow vertically without any addition of
polymer binders, such as polytetrafluoroethylene (PTFE) or Nafion, which usually lower the
overall electronic conductivity of the electrode. Additionally, this métban be deployed for gas
diffusion electrode fabrication for future gpeaseCO, electrolyzer aplcations. Prior to testing

for CO:RR activity, the assynthesized catalyst was exposed to asitun electrochemical
reduction conditioning step by applgira constant potential e1.14 Vvs. RHE for 20 min to
reduce Sn@to Sn nanosheets, similarly twepiously reported methods in the literatéfte’®
Therefore, a pdion of the current observed during thesitu electrochemical reduction is ascribed

to the reduction of Snxo Sn Figure S31). To prevent reoxidation of the freshly prepared
surface, the electrode was tested immediately in the same electrolytetvexipogingit to the

open environment, whicHlawed CO;RR to occur over the B8n surfacé® 7> 101
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Figure 3-1. (a) A schematic illustration of the Hin catalyst structure grown on porous carbon fabric substrate, and
the actie interface formed by Bi nanoparticle deposition on Sn nanosheets. SEM imageSrdCBicatalyst (b)
before, and (c) after the-gitu preconditioning reduction step, respectively. (d) STEM image of the surface ef a Bi
SnQG nanosheet. HRTEM images &) [Bi-decorated, and (f) Bree SnQ nanosheet, respectively. (g) XRD patterns
of the catalysts: BSnQ/CF, BiSn/CF, and CF. Sn: JCPD8-0673; Sn@ JCPDS 441445; Bi: JCPDS 44.246;

C: JCPDS 411487.

As revealed by scanning electron microscopy (SEND) verticallystanding BiSnG nanosheets
successfully are observed to grow directly on the porous carbon substrate as shimurei3-
1b andFigure S3-2a. This structure is very advantageous for increasing the surface area since

unsupported 2D nanostitures tend to agglomerate and lose active surface area. No obvious
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morphology change is observed after thsito electroreduction of BEnG: nanosheets as shown

in Figure 3-1c. The surface of the nanosheets may havexmized during the SEM
characteration, but this image is still indicative of no significant morphological change resulting
from the insitu electroreductiorilhe SEM imags of various electrodes fabricated using varying
Bi deposition times (Sn&CF, Bi(0.1}SnQ/CF, Bi(0.5}SnQ/CF, BiSn/CF and Bi(35nQ/CF)

show similar vertically standing nanosheet morpholdggure S3-2b, 2¢-f, respectively).

As shown by the scanning TEM (STEM) and higisolution TEM (HRTEM) images iRigure
3-1d ande, small Bi particles attached to the sudfaf SnQ nanosheets are observed be 3 nm in
average diameter and withdaspacing of 0.329 nm that corresponds ® ((h02) plane of B! In
comparison, Sn®©nanosheets show lattice fringes withdespacng of 0.335 nm which
corresponds to the (110) plane of Sm®both Bidecorated and Bree samplesHigure 3-1eard

f, respectively}® The elemental constituents of the electrodes are revealed by -eligpgysive
X-ray spectroscopfEDX) as shown irFigure S3-3, which clearly indicatethe presence of both
Bi and Sn. It is important to carefully control the Bi dedositime agheexcessive current passed
during this step leads to aggregation and formation of relatively lardadBers as shown by SEM

and TEM imagesKigure S3-2g, 2h andS3-4).

To further characterize B$n electrodes, XRD was conducted to stumydrystal structure of the
Bi-SnQy/CF electrode, which clearly showed peaks that matched Bi (JCPBE2484 andSnQ
(JCPDS# 411445) Figure 3-1g). Even though no morphological change was observed before
and after the isitu reduction of the electrosl®ased on the SEM analysis above, the XRD patterns
of Bi-SnQ/CF and BiSn/CF inFigure 3-1g clearly showthe disappearance of the Sa@eaks

and emergence of Sn peaks at 30abid 32.0° which correspond to the (200) and (101) planes
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(JCPDS# 04673). The same trend was observed with other B§RD/CF and oxidederived

Bi-Sn/CF electrodes as shown by their XRtgras Figure S3-5).

Further composition and valence state study of the B(Qy/CF electrodes have been conducted
by X-ray photoelectronspectroscopy (XPS). The obtained XPS spectra are calibrated via
alignment of the C(sp2) peak position in the Gpectrum to its reference value of 284 eV. The
survey XPS spectrunfrigure S3-6a) clearly confirms that the samples consist of the elenténts

Bi, Sn, O, and C. Moreover, the higlsolution core spectrum of Snsa@énd Sn 3¢ (Figure S3-

6b) show thathe two main peaks (486.77/495.18 eV iRBIQ/CF, and 486.70/495.11 eV in-Bi
Sn/CF, respectively) correspond td*Sin SnG.”® The transition from Sngto Sn after the isitu
electroreduction is observed by the negative shift in the binding energy of 0.07 eV from Bi
SnQ/CF to BiESn/CF as shown ifrigure S3-6b. Despite the electrode having undergone re
oxidation due to the air exposure during samplespart to XPS, the electrode still maintained

this shift indicative of the robustness of thesitu reduction process.

a Sn3d  4gsssev b Bidf 59050y

495.26eV P
\ A8\ Bi3rsno, %
Bi(3}Sn0,/CF ) e1oe 156616V
164.58 eV 159.27 eV
BI-SNO,/CF \“_"
159.41 eV
L0166V

Bi-SnO,/CF

164.72eV
Bi(0.1)-SnO,/CF

Intensity (a.u.)

NN Y

Bi(0.1}-SnO,/CF

Intensity (a.u.)

SnO,/CF Sn0,/CF
496 492 488 4g4 165 162 159 156
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Figure 3-2. (a) Sn 3d and (b) Bi 4f coflevel XPS spectrum of Bi(33nQ/CF, BSnQy/CF, Bi(0.1)-SnGQ/CF, and
SnG/CF.
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As shown inFigure S36c¢, the peak profile of Bi 4f (159.27/164.58 eV and 158.57/163.85 eV for
Bi-SnQ/CF and BiSn/CF, respectively) indicates that®Bispecies dominate as the main
component of bismuth oxidé? The small peaks at 156.22/161.70 eV are ascribed’sd & the
surface. The XRD patterns only show the metallic Bi phase in be8n8i/CF and reduced Bi
Sn/CF samples as it is a bulk probing technique, while the suréasitigity of XPS allows
characerization of the oxidation states of Bi nanopatrticles. The binding energies of-Sngtl
Sn3ad. peaks shift to larger energies with increasing amounts of Bi as shokigure 3-2a.
Specifically, Bi(0.1)SnG/CF has the lowest Snddand Sn3gl2 binding energies. On the other
hand, as the amount of Bi increases, BiABi4fs;, peaks shift to lower binding energies. In
addition, the Bi(3)SnQ/CF has the lowest Bi ##/ Bi 4fs2 binding energyRigure 3-2b). These
results are clear indications of the transfer of electrons from Sn to Bi atoms, which modifies the
overall electronic structure of the active sites at th&minterfacesThe interaction of Sn and Bi
orbitalsand how it affects the formation of formateroshg CORR will be discussed with both

experimental and computational results.

3.2.2. Electrochemical CO2 Reduction Performance

As mentioned above, the oxiderived Bi(x}Sn/CF electrodes are tested immaealiafollowing

the insitu precondition redugbn step to prevent surfaceogidation. TheCO,RR activity of the
prepared electrodes @&in/CF, Sn/CF, and CF) are measured by linear sweep voltammetry (LSV)
(Figure 3-3a). Under N bubbling of 0.5 M KHCGQelectrolyte, the increase in the current past

0.7 V is ascribed to the hydrogen evolution reaction (HER), which is the main competing reaction
during theCO,RR. With the CO,-purged electrolyte, however, a dramatiarrent increase is
observed which indicates that tl30,RR occurs readily on the BSn catalyst® A series of

constant potential electrolysis (CPE) measurements are performedestigatethe potential
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dependence of thelectrode on Femateas shown irFigure 3-3b. With increasing overpotential,
FErormatewas found to continuously increase for all electrodes tested, reaching a maxirhuid at

V vs. RHE, then decreasing slightfter this point. Thigrend might bedueto mass transport
limitations of CO,. Oxide-derived BiSn/CF bimetallic catalyst demonstrated the highestizk

of 94 + 2 % at1.14 Vvs. RHE, while Fimatewas 78 + 2% on the Sn/CF electrodelat4 Vvs.

RHE. Although a wide range of kkatefrom 40 to 99 % has been reported on varioub&ed
electrodesTable S3-1), the BiSn/CF electrode presented in this study, which has the advantages
of nonprecious metal composition and a practically viable &ion method, demonstrates both
very hich FE and current density. These excellent performance metrics are attributed to the unique
Sn nanosheet structures which consist of manysagige corner sites that lead to a strong local
electric field as depicted iRigure S3-7. According to the fieldnduced reagent concentration
(FIRC) theony® high-curvature structuresoncentrate electric fields wdti can affect local ion
concentrations and in turn lead to a high local concentraticdb@afclose to the activecO;
reduction reaction surfae’’ 1"*The Bi/CF electrode exhibits a kate0f 78 + 2% Figure S3-

8a), which is slightly lower than the reported values obtained with Bi dendfites)oflakes}

and nanosheet$.'%This is likely due to thegglomeration of Bi particles into clusters during the
electrodeposition in the absence of Sm@nosheetdjgure S3-5h), resulting in the loss of high
index plane€? corner and edge sitésr undercoordinated Bi sité§* which are responsible for

high CO2RR activity in Bi dendritic and nanoflake structures.

The decreasing F&mnateat high overpotentials is indicative of the formation oftogegn and CO
outcompeting the reduction GO, to formate, as shown by the product distributiofrigure 3-
3c. This competition between the production of formate, hydragehCO is commonly @erved

and reported in the literatuf@However, it is impaant to note that the optimized-Bin catalyst
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composition ad morphology in this study highly favors the production of formate, as Faradaic
efficiency toward CO is kept below 10 % and the rest being hydrogen at all potentials tested. No
other products &de from CO, H and formate are observed, which simplifieeduct separation

in practical applications because the forradataining liquid electrolyte can be easily separated
from CO and H. This allows the electrolyte to be readily refined and usétkdydrogen carriéf:

16,6667 or as the fuel for formic at fuel cells®®5°
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Figure 3-3. () CO.RR activities of the prepared electrodes@WCF, Sn/CF, and CF) in an-Ndotted line) oICO»-
purged (solid line) 0.5 M KHC®electrolyte at a scan rate of 20 mV. s(b) FE of formate generated on electrodes
(Bi-Sn/CF, Sn/CF, and CF) at a series of potentials i@ to-1.34 V. (¢) FE of formate, CO and:ldn oxide
derived BiSn/CF electrodes at series of potentials fror.64 to-1.34 V. (d) FE of formate with varying ratios of

Bi and Sn at1.14V vs. RHE. The error bars represent the standard deviations of three independent measurements of

the same sample.

40



The effectof Bi deposition on the edectivity of CO;RR also wasexplored by varying the
electrodeposition time of Bi on Sa@anosheets, resulting in the different compositions ¢31Bi
bimetallic catalysts. The electrochemical testing reveals the 1:1 ratio 8hBa demonstrate the
highest FEormate 85 shown inFigure 3-3d, with either increasing or decreasing amounts of Bi
leading to the reduction of kfmate Structurally, these electrodes are observed to be different as
shown inFigure S32 and S3-4, with the best performing Bsn electrode displaying a uniform
distribution of 3nm Bi nanopatrticles on Sn nanosheets surfaces, greatly increasing the exposure
of the active BiSn interfaces. In comparison, electrodes with aBi:ratio lower tharl were
observed to be absent of Bi nanoparticlegifre S34b), while electrodes with a BSn ratio

larger than 1 lead to the formation of relatively larger Bi chsstieie to the agglomeration of Bi

nanoparticlesKigure S3-4d).

Interestingly, all elettodes fabricated and tested still show considerably favo€BIBR activity
toward formate production resulting & FEormate Of Over 75 % (Table S31). Regardlesshese
results obtained from different fin compositions indicate that the amountsaaheclement have

a strong influence on the structure of the catalyst which in turn dicteeproduct selectivity
during CO:RR. Although various Sbhased bimetallic atalysts hae been studied as shown in
Table S31, such as Pd/S®,Ag/Sn>° Zn/Snt%8 and Cu/Srf? the selectivity is varied indefinitely
between CO and forate. For instance, the production tendency of CO and formate depends on
the thickness of Snshell in a Cu/Sn@core/shell catalys® Based on this optimized 8n
bimetallic composition and morphology, the electrodeitalion can be readily scaled up to
produce highly efficien€CO, reduction active gas diffusion electrodes for high conversion rate

devices such as0; electrolyzers.
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One other point to highlight in this study is the use of flexible and porous carbon dataihigh

surface area growth substrate, which directs the uniform growth of Sn nanosheets and increases
the exposure of the active sitThe porous nature of the electrode significantly promties
diffusion of the dissolved O, into the active sitesral the products out of the electrode by the
freely flowing electrolyte™> 19 174Therefore, the interéions between the catalyst and the
surrounding fluid are enhanced. Rgjure S3-8b shows, the production ebf formate can be as

high as 0.74 mmol-hcm? for the oxide-derived BiSn/CF electrode at the optimum potential,
which is remarkable in compaois to 0.2 mmol #t cm? as reported in a previous study of a tin
basedCORR catalyst?® The easily scalable composite oxidierived BiSn/CF electrodes can be
sardwiched with a hydrophobic gas diffusion layer to compose a gas diffusion electrode, which is

a good candidate for industri@0,-consuming flow eletrolyzers'®

3.2.3. Stability of Oxide-derived Bi-Sn/CF Electrode

The durability of the oxidelerived Bi-Sn/CF electrode is demonstrated by condudi@gRR at

the optimum potential for an extended period of up to 100 h. The resulting current density and FE
towardformate are observed to slightly fluctuate due to increasing concentrations of formate in
the electrolyte, which is a common phenomenon observédtoh type reactof.In order to
eliminate the effecof variation of formate concentration in the electrolykes electrolytewvas
replaced witha fresh electrolyte every 20 hours. The durability testing proceeds by applying a
constant potential 0fl.14 V vs. RHE, where the highest kkate iS 0bservedwithout changing

any other cell component. The #kate is calculated every 20 hours of operation, and the
concentration of formate is found to be as high as 180 mM. The-derieed BiSn/CF elecmde
exhibits excellent stability over 100 hours of opierawithout any obvious degradation in FE or

partial current density of formate as shownFigure 3-4 and Figure S3-9, which is likely
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attributed to the strgy anchoring effect between the activeSBi structure and the carbon fabric
substrate which are observed to be unchanged even afteetomglurability testingKigure 3-4,

inset).

3.2.4. Computational Analysis

Periodic Density Enctional Theory (DFT)calculations were conducted to support the
experimental results obtained above for iy reduction activity toward formate production on

the BESn bimetallic catalyst. Theomputational analysisonsiders two main pathways for CO

and HCOO production fom the adsorption of bicarbonate (eH¥) species Figure S3-10),

which is reported as the primary carbon source for formate production @@yeectroreduction

in the literature’® 154 1>Figure S3-10c showsthe binding ofCOsH* to the electrode surface
during the initial electrochemical step to the carbon atom (Rla) and the oxygen atom (R1b)
resulting n the formation of the COOH* and HCOO* intermediates, respectiely. > The

second electrochemical step (R2) results in the production of CO (R2a) or HCOOHYR2D).

COH*+H"+eY COOH* + OH* (R1a)
COOH*+H +eY CO*0*H (R2a)
COH*+H*"+eY HCOO* + OH* (R1b)
HCOO*+H +e Y HCOOH* +* (R2D)

As depicted byhe energy profilesHigure 3-5aandb),thee ner gy di f)fbeweenthees ( @
adsorptionof two competing intermediate€QOH*, HCOO?* on the Sn (101) and Bn (101)

surfaces are 0.55 and 0.81 eV, respectivEhe energy differences of corresponding adsorbed
produc)tare043aqte 0.85¢V respectively. 1@ahd.dpBgBiSnr val u

(101) surface indicate that the pathway involving the HCOO* intermediate leads to a more
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favorable formation of formate due to the changes in the electronic structure caused by interfacing

with Bi nanoparticlesgonsistent with the experimetesults.

m  FE (formate)
o || 4 PCD (formate)

FE (formate) (%)

Figure 3-4. Stability of the oxidederived BiSn/CF electrode demonstrated by partial current density (PCD) and FE
toward formate during lorgme operation (100 h) afi..14 Vvs. RHE. Inset: SEM images of 88nQy/CF before

(left) and after (right) the stability tes
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Figure 3-5. Calculated reaction energy profiles 80:RR to form CO (top) and HCOOH (bottom) on the (a) Sn
(101) surface and (b) Bn (101) surface. All energies aegardingthe energies of C§l adsorbed on Sn (101) or
Bi-Sn (101) surface.

To better understand the reason for the higher valugstoh n d 2 ompthe BiSn (101) surface,

the projected density of states (PDOS) of the O atom in adsorbed HCOO* and surface Sn atoms
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in Sn (101) and BBn (101) are analyzed by decomposing the eleaiensity and the wave
function into the atomic orbitalontributions. As shown ifigure 3-6a, there are harmonicp

and ps overlaps between theZp and Srbs, SR5p states at energy levels from 010 eV in Sn

(101). In contrast, for Bén (101),ter e ar e t hree new harmomi c ove
the strong interaction between the O and Sn atoms fdopéd Sn (101) surfa¢é Especially for

the U and 9 ar eas,-2plaadrSgid areoobsemnved,dndisatingand @Sme n O
bonding. The density of states at the Fernairgy level (E) roughly determines the availability of
electrons for a given reactidff. Comparing the PDOS of the p orbit&igure 3-6b) and d orbital

(Figure 3-6¢) of an Sn atom on §401) and BiSn (101) surfaces before HCOO* adsorption, both

p and d orbitals of Sn electron states upshifted away from the Fermi level after interfacing

with Bi deposits. Although Sn is nottensition metal, the d orbital of Sn electron statestiils
important and needs to be considered for studying the changes in electronic stt{ftThesfore,

the electron density from the more electigaiteve O atom is readily transferred to the p and d

orbitals of the Sn atom, thus boosting the staulsorption of the HCOO* intermediate on the Bi

Sn (101) surface and improving the selectivityC@,RR toward formate 5 179180

This finding is consistent with and can be used to explain other reported Ibometaponent
catalysts Table S31) which have shown improved formate selectivity when secondary atoms
such as P8, Ag® Cu*® and S$* were incorporated into Sn, which all havesaonger
electronegativit{?! than Sn. On the other hand, tlemhate sadctivity was found to decrease with
the incorporation of Cd and 2%, each of which has a weaker electronegativity tharFRjuie
S311). A strategt combination of binary components will thus lead to the optimum binding
energy on the volcano plot, with the electron density shifting between bimetatijgonentslue

to their contrasting electronegativity values being the significant contributor.
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Figure 3-6. (a) Projected density of states (PDOS) of,aar d orbital of Sn atom and p orbital of O atom on Sn
(101) and Bisn (101) surfaces with adsorbed HCOO*. PDOS of (b) p orbital and (c) d orbital of Sn atom on Sn (101)
and BiSn (101) surfaces before HCOO* adsorption.

3.3. Conclusions

In summary, a bintallic Bi-Sn catalyst was synthesized and investigatea faghly efficient
conversion ofCO into formate. Due to the orbital interaction of8n and S¥O, the compadsion
and morphology optimized electrode {8n/CF) led to 96 % Faradaic efficiency formate at
1.14 Vvs. RHE with a high production rate of 0.74 mniot cm2. Additionally, the electrode
demonstrated excellent durability of 100 hours of continuguesation with no degradation in
current density and Faradaic efficiencizurthermore, DFT simulation showed thaBi

nanoparticles that formed an interfacéwthe underlying Sn nanosheesulted in both the p and
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d orbitals of Sn electron states to beslhifted away from the Fermi level. This in turn led to the
shifting of the electronehsity from more electronegative O atoms to the p and d orbitals of Sn
atoms, thereby better stabilizing HCOO* intermediates e8rgiL01) than on an undecorated pure
Sn(01) surfacesThe present work sheds light threrational design of catalysts forttue CO,RR
studies by presenting a facile synthesis technique forstrarctured bimetallic catalysts and

providing subatomic insights into electronic structure changiethe bimetallic interfaces.
3.4. Experimental Methods

3.41. Experimental Section

3.41.1.Direct growth of SnQ nanosheets on carbon fabrics (SaCF).

SnQG nanosheets were grown on a conductive high surface area carbon fabric (CF, Fuel Cell Earth).
The synthesis ofhe SnQ,/CF electrode was conducted according to previous vmookir lab!’
Specfically, 0.5646 g of tin(ll) chloride dihydrate (Sn@H,O, Alfa), 0.4508 g of urea
(NH2CONH,, Signme-Aldrich) and 0.1122 g of ammonium fluoride (hH SigmaAldrich) were
compktely dissolved in DDI water (60 mL) under stirring, then hydrochloric acid (HCI, 37%,
SigmaAldrich) was added drepiise until the slution turned transparent. One piece of CB ¢6

5.0 cm) with the solution astransferred into a 100 ml Tefldmed aubclave and kept at 180 °C

for 10 h. After the hydrothermal process, the obtained CF was rinsed with DDI water and ethanol

repeatedhyand dried under vacuum at 80 °C overnight.

3.4.1.2. Bismuth decoration on SneCF (Bi-SnG:/CF).
The asgrown SnQ/CFwas used as the substrate to electrodeposit Bi, formi8nBi/CF. First,
an aqueous bismuth solution was prepared by dissolving 0.9760bgsmuth (lII) nitrate

pentahydrate (Bi(N€)s-5H20, SigmaAldrich) in 60 mL of DDI water, then hydrochloric acid
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(HCI, 37%, SigmaAldrich) was added dreprise to make the solution transparént®2 One piece

of SnQ/CF (1.0cm x 1.0 cm) was immersed ihé deposition solution as the working electrode,
while a saturated calomel electrode (SCE) and a platinum foil were used as reference electrode
and counter electrode, respectively. The electrodeposition wdsiaed by applying0.1 V vs.

SCE untilthedesired amoun{Table S32) of electron charge was passed to obtain the composite
electrodes with different ratios of Sn and Bi. Pure CF also served as a substrate for the direct
deposition of Bi as a comparisomhich was denotedsaBi/CF. After electrodemsition, Bi(x)

SnQG/CF and Bi/CF electrodes were cleaned with DDI water and dried in an oven at 80 °C

overnight.

3.4.1.3. In-situ electrochemical reduction of BEnOG,/CF (oxide-derived BtSn/CF) electrode
In-situ electrochemical reduction of the bimetalélectrode was conducted @O,-saturated 0.5
M KHCO:s electrolyte at1.8 Vvs. SCE to electrochemically reduce theggewn SnQ during the
hydrothermal reaction to Sn. This grenditioning step is corstiert with the methods mentioned

in the literaturdor tin-based catalyss: 8

3.4.1.4. Materials Characterization

The complex oxidaelerived BiSn composite electrodes synthesized in this study were
characterizedy the following techniques. XR[X-ray diffraction, Rigaku Miniflex 600), and
XPS (X-ray Photoelectron Spectrometer, Thermo Scientif@gtia XPS spectrometer)asused

to confirm the crystal structure and elemental composition, respectively. SEM (8rateutron
microscopy, LEO FESH 1530) and Tl (transmission electron microscopy, JEOL 2010Bsw

employed to observe the morphology of the electrodes.
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3.41.5. Electrochemical measurements

ElectrochemicalCO, reduction was conducted in a gaght H-type cell with Nafion 117
membrane to separateettwo compartments and preveniorseédation of CO;RR products at the
anode Figure S312). One platinum wire andnaSCE were used as the counter and reference
electiodes, respectively. The calibration of teéerence electrode was checked against asiNer
hydrogen electrode (RHE) and the measured potentglSCE) were converted to RHE using

the formula E(RHE) = E(SCE) + 0.235 V + 0.0591 M x pH. The electaigs 0.5 M potassium
bicarbonate (KHCQ  99.95%, SigmdAldrich) saturated withCO, (pH = 7.2). Before
electrolysis, the electrolyte was purged witt, gas (99.998%, Praxair Gas) for at least 30 min.
Each compartment contained 30 mL of electrolyte wif0ml headspace. The electrolyte ith
cathodic compartment was stirred at a rate d@f im to enhance mass transportGsd, and
products around the surface of the working electrode. The working electrodes for electrolysis
experiments consisted of 0%51.0 cnt oxide-derived Bi(x}Sn/CF heldby a clamp made of
platinum. TheCO. reduction wa performed for 1 h at various potentials in the electrolyte. The
electrochemical measurements were carried out using a potentiostat (BiMSRB00). The
current desities reported in this work were norimad to the geometric surface area. T,
electoreduction test was repeated three times, and the results presented are the averaged values.
All the experiments were conducted under ambient pressure and at roperdature (23 °C).

CO:RR products anafsis The concentration of reaction products ie fiquid electrolyte was
detected using a 500 MHH liquid NMR spectrometer (Bruker Advance) with the water
suppression method. The standard solution consistedbdf™dM N, Nd i met hy | f or ma mi
99.9%, $gma-Aldrich) in D20 (99.9%, SigmaAldrich). N, N-dimethylformamide was used as an

internal reference for the chemical shifts. Typically, NMR samples were prepared by mixing 630
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uL of the productontaining electroly e and 70 €L standard sol uti on
(Figure S3-13) were generatedsing a stock solution of sodium formate (Sig&ddrich).
Assuming that two electrons are needed to produce one formate molecule, the Faradaic efficiency
(FE) can bealculated as follows: FE =R % Normatd Q = ZF X normatd (Ixt), whereF is the Faraday
constang

Gas products were quantified by gas chromatography (GC, Inficon Micro 3000 GC). The GC has
two channels, one eqped with a packed Molecular Sieve column and the other with a packed
Plot U column. Eaclthannel was connected to a thermal conductidétector (TCD). Argon
(Praxair Gas, 99.999%) and Helium (Praxair Gas, 99.999%) were used as the carrier gases,
respedvvely. The gases from the outlet of the cathodic compartment were collected by a 50 CC
gastight syringe (Perfektum), then injected intetGC. Every gas sampleasmeasured three

times. The FEs of both CO ana production resulting from the electrolysigre calculated by

methods reported in the literatuffe’®

3.42. DFT Calculation Methods

In order to investigate the origin of the higérformance of BEn bimetallic catalysts, calculations

were carried outising periodic Density Function&heory (DFT) implemented in the Vienna Ab

initio Simulaion Package (VASP 5.2§>1% The projectoraugmented wave (PAW) metheadis

applied to solve the iealectron interactions in a periodic syst&thThe generalized gradient
approximation (GGAY®wi t h Per de wihd (PBK}¥ furlEtiomalz wa used to treat
theexchange or r el ati on i nter act i d%Spinpolarizdd batculskiandr n T S h a

were carried out with an energy cutoff for the plane waves of 400 eV.

The convergence criteria for optimization of the atomic structure were set af ¥1and a

HellmannFeynma#®® force of 0.01eV/A. The Gaussian smearingrmeth ( 6=0. 1 eV) wa
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A MonkforstPack kpoint mesh of 2 x 2 x 1-goints was emplagd 184191 By increasing the cutoff
energy to 450 eV and the number gbdints to 4 x 4 x1, we observed a negligibly small gean

in adsorption energies (< 0.01eV) of surface species, which indicates that adsorption energy values
are well converged with respect tloese parameters. As previously repoffe@0; reduction
occurs at a metallic Sn site and the (101) facet of Sn can be detected by HRTEM; thare&are,
(101) surface with 4tamic layers and 2 x 2 unit cells was used as the model system. The interface
of the Bi-Sn bimetallic electrode is important for highlyesgive CO,RR. In order to simulate the

role of Bi on this bimetallic catalyst, an (101) surface was built lWewratingone Bi atom

onto the surface of pure Sn (101) surfdegire S3-10). Although there were no explicit alloy
peaks observed ithe XRD pattern, Bi atoms at the surface of Sn can still be inserted into the
underlying lattice to form a bimetallic Bn interface’® A vacuum layer of 15 A was added to
separate neighboring slabs to avoid possible ictiera An 8 x 8 x 1 points mesh was used for

the density of states (DOS) calculation.

3.5. Supporting Figures and Tables

Figure S3-1. Electroreduction of SngXo Sn through irsitu reduction ofheelectrode. Inset digital images are of the

CF surfaces during electroreduction. A drastic decrease in the current is observed in the firg¢ 2 daiing which
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tin oxide is reduced to tin with significant gas eviu at the electrode, which is most likely hydrogen evolutién.

¥92When the Sn@was reduced to Sn, the hydrogen evolution was suppres&iehced byewerbubbles.

Figure S32. SEM images of the 3D electrodes: (ayBiQ/CF (b) SnQ/CF; (c) Bi(0.1}SnG/CF; (d) Bi(0.5)
SnG/CF; (e) BISnQJ/CF; (f) Bi(3)»SnGQ/CF; (g) Bi(10ySnG/CF. (h) Bi/CF. The mass ratiosf Bi and Sn are

calculated as shown in Tabl&-8.
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T+
Spectrum 1

Figure S3-3. STEM images and EDX of the 3D electrodes: (a) #66, (b) BiSnG. (Copper peaks are from TEM
copper grid.)

Figure S34. HRTEM images of (a) Sngéhanosheet; (b) Bi(0.1)SnG nanosheet; (c) STEM image of BSnQ
nanosheet; (d) HRTEM image of Bi(S33nQ nanosheet. The mass ratios of Bi and Sn are calculated as depicted in
Table $-2.
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Figure S3-5. XRD patterns of the catalysts. a. Srob carbon fibers (SHICF); b. After activation, Sn£was reduced
to Sn (Sn/CF); c. Bi was deposited on S4&F (Bi(0.5) SnQ/CF); d. Bi(0.5)Sn/CF; e. bare carbon fiber (CF); f-Bi
SnQY/CF; g. BiSn/CF; h. Bi(3)SnQy/CF; i. Bi(3)-Sn/CF; j. Bi(10)SnQ/CF; k. Bi(10)Sn/CF. Sn©JCPDS 411445;
Sn: JCPDS 040673; Bi: JCPDS 44.246.
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Figure S36. (a) Full XPS survey of Bi(xsnQ/CF. (b) Sn 3d and (cBi4f core level XPS of BSnG/CF (kefore

thein-situ reduction ofheelectrode) and B&En/CF (after irsitu reduction otheelectrode).
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Figure S3-7. Simulated electric field distribution in twdimensional nanosheets.

The electric field generated near the nanosheets was simulated using the COMSOL Multiphysics finite-element-based
solver. The Electric Currents module was used to solve the electric field, as the opposite gradient of the electric potential
V: O ®. The electrolyte conductivity was taken to be 10 S-m'i. & 7 1732D models were used to represent

nanosheets structures. Extremely fine triangular meshes were used for all simulations.
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Figure S38. (a) FE of formate generated on oxiderived Bi(x}Sn/CF electrodes at a series of potentials #0164
to-1.34 V. (b) Production rate of formate generated on ed@&lé/ed Bi(x}Sn/CF electrodes at a series ofgntials.
The CO;, reduction was performed for 1 h at various constant potentials-fidi to-1.34 V in aCO,-bubbled 0.5
M KHCO;s electrolyte.
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Figure S39. (a) CO.RR activities of the BiSn/CF electrodes before and after theiltaltest in a 0.5 M KHCQ
electrolyte at -a (bpXRB patterna of BEN@/CF b2fore and/after the stability test.

Figure S310. (a) Sn (101) surface with 4 layers and 2 x 2 unit cells used asoithel system; (b) BSn (101) surface
built by decorating one Bi atom on the surface of pure Sn (101) surfa@m(glation considering two pathways for
CO and HCOOproduction from CGH*.
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Figure S3-12. Schematic illustration of the electrochemical cell used-iosRR.
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Figure S3-13. (a) A linear relationship between the formate concentration and relative peals 2od4F. The linear
correlation coefficient is 0.99996. (b) NMR spectrum of 0.5 M KH@l@ctrolyte after 1 h aEO:RR.
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Table S31.

CO:RR properties of electrocatalysts for formate production

Current
Potentia Density .
Electrocatalysts Electrolyte | (Vesd) FEsormate (per geometric Durability  Ref.
surface area)
. 05M 0 5 This
Bi-Sn/ CF KHCOs -1.14 96% 45 mA cm 100 h work
05M 5 This
Sn/CF KHCOs -1.14 80% 23 mA cm - work
. 05M 5 76
Pd-Sn nanopatrticles KHCOs -0.43 99% 30 mA cm 5h
Ag.SnCor eT &
9 Structure N(;SCMQ -0.9 87% 20 mA cn? 25h 50
05M 5 166
Ag-Sn/rGO catalyst NaHCO: -0.94 88% 21 mAcm 6 h
05M 5 166
Cu-Sn/rGO catalyst NaHCO: -0.99 87% 24 mA cm 6 h
Cu/SnQ 0.5 M
Cor el Sh KHCO -0.9 90% 22 mA cn? - 49
Structure 8
S”'f%’r']v'gi‘:géated KOH%:A(QS 075  93%  55mAcn? 40 h g
Sn
based cdsna N(;'S(':V'Q 09  50%  6mAcn? : 166
ZnSn03 N%:CMQ -0.9 55% 3 mA cm? - 166
Graphene confined 0.1M i o 2 75
Sn quantum sheetc NaHCG; 11 93% 25 mA cm 50h
0.1M 5 8
SnQJ/graphene NaHCO: -1.16 94% 10 mA cm -
L 05M 2 32
Sn/SnQ thin film NaHCQ: -0.7 40% 4 mA cm 12 h
Electroplated 05 M
Sn/gas diffusion NéHCQg -1.10 71% 20 mA cnv? 6h 12
electrode
Flectrodeposited S KOH%:I\SS 136 83%  25mAcn? 18 h 116
Sn modifed N 0.5 M
dopedcarbon KH co -0.8 62% 9 mA cnt? 24 h 102
nanober 3
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Tin monoxide 0.5M

- 0, 2 _ 81
(SnO) nanoparticles KHCOs 0.86 75% 10 mA cm
. 0.5 M ) This
Bi/CF KHCOs -1.14 78% 53 mA cm - work
Bi flake KOHJ&:“(43 0.6 99% 4 mAcn? 10 h n
. . 05 M 2 72
Bi dendrite KHCOs -0.74 8% 10 mA cm 12 h
Bi-
based : :
S“'ph"gde”"ed Ngﬁ(':v'@ 075  84% 5 mA cm2 24 h 165
. 05 M 2 73
Bi nanosheets NaHCQ: -0.7 90% 13 mA cm 5h
l;gf;g'r:‘ezt's N‘;ﬁ CMQ 09  ~100% 15 mAcm? 10 h 164

Table S32. Actud compositons of the synthesized BiE§n/CF and the amount of electron charge passed

Calculated composition Bi/Sn surface ratio N Total Charge
(XPS measured composition) Passed/ C
Bi(0.1)-SnQy/CF 0.1 5
Bi(0.5)-SnQ/CF 0.13 10
Bi-SnG,/CF 0.17 20
Bi(3)-SnQ/CF 0.28 50
Bi(10)-SnQ/CF 0.45 100

Note: The electrodeposition was conducted by apphntV until a desired amount of electron charge was passed

to obtain the composite electrodes with different ratios of Bi and Sn.
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Chapter 4. CO2-to-CO Transformation by Sn-Ti-O

Ternary Catalyst

This chapterconsists of the following paper that wasaathored by myself, my supervisors, four Ph.D.
students (Bohua Ren, Haozhen Dou, Zhen Zhang, and Yaping Deng), and six collabor@dars (FMark,

Jie Yang, Zhegyu Bai, Lin Yang, Gianluigi A. Botton, and Yongfeng HReproduced with permission

from i T e r n alr-Q EleStrocatalyst Boosts the Stability and Energy EfficiencC@ Reduct i on o,
Angew. Chem. Int. Edit202Q 59, 1286@ iyaght2020 WileyVCH Verlag GmbH & Co. KGaADOI:
0rg/10.1002/anie.20200414Peatured on Cover.

Statement _of Contributions:l devised the idea, synthesized the materials, and carried out the

electrochemical measurements; B. Ren conducted $)ftlation and analyses; M. Park and Bbu
contributed to the materials®d synthesis and <char
experiments; Z. Bai and Z. Zhang contributed to electrochemical experiments and data analyses; Y. Deng
and Y. Huperformed XAFS experiments; J. Goktand | developed the FEM model; Z. Chen supervised

the research work; G. Wen, B. Ren, Z. Bai, and Z. Chen wrote the manuscript. All authors participated in

the discussion and commented on the results.
4.1. Introduction

The conversion o£0O; to valuable chmicals via electrochemic@lO; reduction reactionsJO:RR)

offers a clean and sustainable approach toward closing the carbdr’léiThe CO:RR process

also allows for harvesting intermittent renewable gpaources such as wind and sdfkmong

a variety of derived chemicals, carbon monoxide (CO) and formic acid are of great interest due to
their relatively lower activation potentials and their large potentiaketgdCO for synthetic gas

and formic acid for hydrogen carriéf).1%41% To seek efficient electrocatalytic materials, many
strategies have been explored extensively, including, but not Ilimited to, engineering
morphology!®4 196197 exploration of the binarynetal hybrid effect®4% 166. 19899 ning oxidation

state$? 20 and synthesizing singi@tom catalyst$>® 20%292 However,there are still technical
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challenges that hinder the commercial sgpup of CORR processes, such as limited EE
(generally lowerthan 60%), shorter operating lifetime (generallywéo than 100 hours), and

difficult separation of end products.

Tin (Sn) and partially oxidized Sr®ased materials are one of the most promisingpmeaious
materials for practicalO;RR systems; "> being ableo convertCO, to both CO and formic acid
(Table $4-1).%° 8 Noticeably, oxygen (O) atoms in Sp@ay an important role in the adsorption

of intermediate§?® Neverthdess, the energy efficiency (EE) 6f:RR s typically limited by a

low selectivity ofthe desired product, a large overpotential (> 0.8 V), and a narrow potential
window & Additionally, the introductiomf O atoms also caes catalysts to become unstable due

to the competition between metal oxide reduction@@RR under highly cathodic conditiorf$.

Heran, | proposéd to decorate Sn with titanium (Ti) and construct a 3D ordered mesoporous
(3DOM) structure to overcome existing limitations@®RR. First,the addition of Ti atomsis
revealed to preferably adsorb the oxygen atom in the COOH* intermediate, tuningetieisel
toward CO instead of formate. Second, Ti atoms are further unearthed to stabilize the lattice
oxygen atoms in SnCGand maintain the 3DOM strwge, prolonginghe catalyst lifetime. Third,

the robust 3DOM structure results in a local environmeith Wigher alkalinity, not only
suppressing the hydrogen evolution reaction (HER) but also further hindering formate formation.
Finally, the decorativé&i atoms and the high local alkaline environment are experimentally proven
to reduceCO; activation potatial and expand the potential window. Therefdinework offers a

new 3DOM ternary SiTi-O electrocatalyst that can efficiently conve@®, to CO athigh cathodic
energetic efficiency (Ef&) for extended periods, advancing-Based catalytic materials rfo

scalng-up and practical applications GO:RR.
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4.2. Results andDiscussion

Density functional theory (DFT) analyses were performed to examinedhecanteractions in

the SATi-O met al T ox i d & is iepotted tofhave good aSivitDfQO,RR.>0: 86 203
While TiO2 plays an important role to maintain the structure. The samples with lower ratios of Ti
(<0.7) cannot construet stable 3DOM structure aralpure TiQ sampe is inactive for CO;RR
(Electrochemical Performancecsien). Consequently, two Models were considered in DFT
simulation to consider the effect of Ti time active SnQ site. Modé | was generated (i.e. SrO

with 6 oxygen vacancies, Sn€)?** owing to the fact that the surface tin oxide layer can be
partially reduced under reaction conditiGRsdodel 1l was built as Model | with three Ti atoms
substituting Sn on the surface (i.e. Sn(Bij)dn order to invesgate the influence of Ti on active
SnQ.; site. Model 1l in DFT analyses was used as a representation of the local atomic structure of
active site¢® 2% Two main pathways for CO and formicidigHCOOH) production were

considered on two modelBiGure S4-1a-c in the4.5. Supporting Information§* 86 201

Table 4-1. Calculated average Bader charge (e) of surface Ti atomsedgioboringSn and O atoms in Model | and

I, respectively
Aol Surface Models Variation
Model I: SnQ.y Model Il: Sn(Ti)Oz-q (@)
O (av) -1.063 -1.061 +0.002
Sn (av) +1.390 +0.843 -0.547
Ti (av) - +1.745 -

[a] O (av) and Sn (av) entries indicate the average (av) charges obglygen atoms and three Tin atoms,

respectively, loced at the nearest neighboring sites of Ti.

From Bader charge analysiBaple 4-1), we found that the surface Sn atoms near Ti atoms possess

a formal charge variation é0.547 e, while O atoms near Toans retain its valence state (+0.002
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e variation).This infers that Ti tends to delocalize charge by releasing it to the Snitgume(4-
1d). The projected density of states (PDOS) of the surface Sn and Tiasshsther analyzed
in Figure 4-1c-e. The substitution of Ti atoms causes the s, p, andhd banérs of surface Sn
atoms to downshift by over 2.3 eVgble $4-2).2% The electron density transféom Ti to Sn

has two important impacts:

() In favor of CO production (shortened reaction pathway). The marked downshift of the band
ceners indicats that the antibonding states are filled with more electrons. The-dmcktion
antibonding statesherdore, decreaseRigure 4-1¢€).%> 206207 Specifically, the backlonation from

the valence band of Sn to the unoccupied orbital of COOH* is redBeeghkening the S
bond. On the other hand, Ti atoms are depletedeofren density and further possess enhanced
O affinity, seeking to bond with the oxygen atom of COGM*The corresponding effectshe
breaking of GO bond and weakening of Shbond duringhe adsorption processboth benefit

the dissociative adsorption of COOH* intermediads illustrated ifrigure 4-1d. These results
additionally reveal the change in the catalytic mechanism iassdowith Ti substitution. As
depicted inFigure 4-1a, the intermediate COOHwhich is derived from CeH* anddeemed as
the main intermediate of CO formation, bonds on the,Srs0rface (Model I) through a carbon
atom Figure 4-1a). Upon furthertranser of H* from the electrolyte, COOH* dissociates into
CO* and OH* with a reaction energy ¢1.96 eV {Table 4-2). However, for the SiTi-O system,
COOH* dissociative adsorptiomkes place on the Sn(Tiy@surface (Model I1), leading to direct

CO* formation (Figure 4-1b). This transforms CO* formation from a tvabep reaction (CO3H*

YCOOH* Y CO*-jteptreaction (Cnre Y CO*), which facilitar

(Figure $4-1d ande).
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Table 4-2. Calculated reaction energieés&) of Model | and .

Surface Models

Reactions
Model I: SnQ.y Model 1I: Sn(Ti)Oz-a
COOH*+ OH*+ H + € +* A CO* + H,O* + OH* -2.96 eV -3.33eV
HCOO* + OH*+ H'+ € A HCOOH* + OH* -3.59 eV -2.49 eV

[a] the reaction energy for CO* formaticstep is calculated by usifgfCO*+20H*)-E(COsH*+H*) due to
dissociative adsorption of COOH* for Model Figure S41).

(1) Suppression of HCOOH production (highexaction energy): For Model | (pure Sag)
HCOO* is adsorbed on the surface by form#gO bond. However, for Model Il (Sn(Ti)}Q),
HCOO* tends to adsorb by forming-O bond insteadHigure 4-1f). The Ti atoms introduced in

the pure Snex system inteacts with neighboring Sn atoms. As showrkrigure 4-1f, Sn atoms
deplete Ti atoms ofiectron density. Consequently, Ti atoms further possess enhanced O affinity,
which indicates that TO bond is stronger than $h bond. This is also supported by th@sger
adsorption of HCOO* on Model II. As indicated by the definition of adsorptionggn&ady in

the Supporting Information, a more negative valu&@fmeans stronger adsorption. As shown

in Table $4-3, Eagsof HCOO* on Model Il is-3.11 eV, whileEagsis -2.20 eV on Model I. The
much higher adsorption strength (more negative) make®®f intermediate overly stabilized,
making it more difficult to break the 1 bond and produce HCOOH?*, as showrfFigure $4-

1b. In addition, the higher adsorptionexzgy of HCOOH* on Model II, as shown fable $4-3,

leads to unfavorable desorption. Timve reasons justify the higher reaction energy for HCOOH*
production in Model Il than Model I, causing suppression of HCOOH* in Model Il. Accordingly
(Table $4-4), the variation in reaction energies indicate that CO formation is more spontaneous

andtheformation of HCOOH is suppressed for Model I1.
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As disclosed by DFT calculations, with appropriate construction of ternafy-Sncatalysts, Ti
atoms tend to delocak charge by releasing it to the Sn atoms. This may explain why selectivity

is shifted bwards CO rather than formate.

d Model I: SnO, 5 b Model II: Sn(Ti)O,.5
OH . co*
COOH H* COOH COOH OH f OH*
H*
‘ é.)‘
p )'( F( —4 :
Before Ads. After Ads. Before Ads. After Ads.
C sninModell SninModelll  Tiin Modelll 4

B
Downshifts weaken o
the bonding >
2
©
C
i
Density of states (a.u.)
f H
/
-J _______ 4__9 > o’c\o
20 L
< %e— >

PDOS (a.u.)

Figure 4-1. DFT simulations. (a) COOH and OH species on the surface of Model | before and after adsorption (Ads.).
(b) COOH* dissociative adsorption on Model Il. (c) PDOS of s, p, and d orbit&s and Ti atoms on Model | and
Model II. Dashed lines indicate thebital band cergrs and Fermi energy level. (d) Schematic of COOH* dissociative
adsorption on the Shi surface. (e) Approximate schematic of antibonding and bonding states betweeactitn
surface and the adsorbate before (gray) and after (blue) Stitstibn. (f) Schematic of HCOO* adsorption on the

SnTi surface.

In light of SnTi interactions and previously reported superiority of mesoporous strdétat,
we sought to produce 3DOM ternary-BrO compounds, which were prepared according to our

previous work'*?12 A series of ternary STi-O catalysts with varying surface ratios of-Bin
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were synthesized and characterized:o1$.902, Sm2TiosO2, Sm.aTio Oz, Sr.aTioeOz,
Srv6Tio.402, SnsTio202 (Table S45). Among these, the SgTio7O. catalyst had the best

selectivity for CO formation as discussed in the later Electrochemical Performance section.

The produced ternary SHi-O materials were characterized using scanning electron microscopy
(SEM) and observed an evident honeycomb postvusture, as shown iRigure 4-2aandFigure

$4-2. The structure exhibited consistent pores with a diameter of approximately 10@igume (

4-2b) providing strong structural support and high surface area with many available sites for
catalytic activity. Interestingly, only for certain Shi-O ratios (Se2Tio.gO2 and SiB.3Tio.702,

Figure $4-3 and$4-4), there were 5 nm nanoparticles attactosdtie 3DOM framework$cheme

4-1 andFigure 4-2b inset).

Figure 4-2c depicts a compositional line scan on theesdd the porous structure of 3DOM
Sn3Tio.702 material, showing the composition of Sn, Ti, and O elements. As further shown in
Figure 4-2d andS4-3, the chemical compositional maps with Electron Energy Losst®seopy
(EELS) were obtained over the regishown within the green box. The results showed a 3DOM
framework with adherent nanoparticles composed of xSm@h dispersed amorphous/
crystallographic (anatase) TiOn Srv.sTio.7O2 material Scheme 41). High-resolution TEM
(HRTEM) was performed on ttf8DOM structure, which showed asgppacing corresponding to the
(110) and (101) planes of Spénd the (211) and (105) planes of anatase @it amorphous
layer Figure 4-2¢). The same conclusions were deriviedm the compositional line scan,
chemical canpositional maps, and HRTEM of &iTi0.s02 material which are provided Figure

S44.
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Figure 4-2. Material characterizations. (a) SEM images, (b) TEM images, andrie)stan fom EELS spectra on
the edge of 3DOMBMy 3Tio. 702 material. (d) Elemental mapping from EELS spectra of O (red), Ti (green) and Sn
(blue) atoms. (e) HRTEM image of &Tio. 702 material. (1) 0.261nm, Sn(101); (2) 0.330nm, SnKX(110); (3)
0.167nm, anatase T¥@211); (4) 0.170 nm, anatase Ti(105); (5-7) amorphous layer; Red dash limghlights the
interface between Sn@nd TiQ. (f) XRD patterns of 3DOMIO2, Sty 1Tio.9O02, Sty.2Tio.g02, Sry.aTio. 702 and 3DOM
SnG electrods. SnQ: JCPDS 411445; TiQ in anatase phase: JCPDSPA72; TiQ in rutile phase: JCPDS 78
1510.

Hierarchically ordered and interconnected mesoporous structure of synthesite® $materials
were found to feature a type IVzldsorptiordesorption isdterm?1+212 as shown irFigure S4-
5. Particularly, SesTio.70> material showed Brunau&mmetTeller (BET) specific surfacarea

of 39.9 nfg'* and a less broad pore size distribution. This special structure appears to achieve an
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ideal balance between exposure of active sites (mofE-8ninterface) and appropriate electron
density shift to enable Shi-O ternary synergistic fiect and displayoptimum CO:RR
performance as depicted by electrochemical tests, to be discussed later. The formation of such
special structures, with nanoparticles attached to the surface of 3DOM frameavode ascribed

to the selective surface migi@t, phase separan and oxidation of the metals during

calcination?'?

Due to the nature of sample fabrication-fecipitation and calcination at 600), it is possible

to thermodynamically obsenrtleeformation of $-Ti intermetallic as well as mixedxide phases
as indicated in the phase diagrafg(re $4-6 a, b). TheX-ray diffraction (XRD) technique has
deep penetration and provides a glimpse of the material composhisrdepicted from XRD
patterns Figure 4-2f, S4-74), the special SixTio. 702 composition displayed a major Snhase.
However, as shown iRigure 4-2c-e (Line scan from EELS spectra; Elemental mapping; HRTEM
images), there were still coexisting amorphous and anataseph#3es presumably near the
surface of the 3DOM framework. Due to Bikeing mainly amorphous and the limited amount of
anatase Ti@) thepeaks of Sn@dominated and Ti®peaks could not be observed in the XRD

patterns.

For the higher SiTi ratios (SB.s0.4Tio.20.602), XRD patterns still clearly revealed only peaks of
Sn(Q, and the Ti atoms likely existed as poorly crystalline oxiddthough the pure Sn@ample
formed an extensive 3DOM structure, with low additions of pj@he SnQ phase tended to
congregate and formed nanoparticles with the influence of Ti additions, thereby interrupting the
framework, as shown iRigure $4-8. From TEM images Figure $4-9), the 3DOM formation
became more stable for &ilio 02, suggesting higher additions of Ti@ventually stabilize the

structure.
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Putative reactive
Pore +Am./Ana. TiO, SnO, + Dispersed TiO, Sn-Ti-O interface

Framework: SnO, Nanoparticles:

Scheme 41. Schematic of the 3DOM ternary &Tio.7O2 electrocatatst and local putative reactive Sit-O interface.

(Am. indicates amorphous and Ana. indicates anatase.)

On the other hand, for a lower-Sinratio (Sn.2Tio.sO2, Sn.1Tio.902), there was evidence peak
broadening and peak shoulder/separation at arotihy@2°, and 51° in the XRD patterisdure
$4-7a) presumed to correspond to the spinodal decomposition regiguré $4-6a), displaying

a more defined coexistence of Sred anatase TiJphases.n this casethe formation of TiQ

rich regions causeithe shifting and transition of Srieaks towards Ti@anatase. At 100 mol%
TiO2 composition, the phase diagram predicts a rutile pHasaterestingly, our 3DOM structa
appeared as anatase, which has higher catalytic activity than the rutilé’Si@mesidering the
differences beteen nanamaterial and bulk material solidification, the deviation from the phase
diagram is understandable. The 3DOM nanostructure presents itself with larger solubility range
and formation of anatase rather than rutile due to: (1) the extra energy apjpingrthe sonication
procedure, (2) possibility of liquid and solid phase cderise in small dimensior&® and (3)
more Ti accommodation due to atomic segregatovards the surface which avoids nucleation
of another phas&’ The special SiTi ratio (Sn.sTio7O2) is most likely the crucial turning point
for spinodal decomposith for the nandoinary materials Kigure $4-6¢). Srv.3Tio.702 not only
avoided corplete spinodal decomposition, presenting maitlg SnQ phase with minor

amorphous/ anatase TiPhase but also maintained a stable 3DOM structure.
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As we previously disclosEP® the Snabased catalysts need to undergo accelerated degradation and
activation under1.13 Vvs. RHE before performin€ O,RR.>° The emergence of Sn peaks was
found for the electrodes with Shi ratios higher than 3.7 after the-gitu activation stepRigure

S$4-7). After the activation step, notably, the Sp@eaks were still conserved for ¢Sifiio.7O02
electrodes, wie there were no remaining strong Srg@aks for the 3DOM Sn(electrode after
activation. Further, for lower Shi ratios (Sn.1Tio.902 and Sp.2Tio.s02), the oxideto-metal phase
exchange (i.e. reduction of Sp® Sn) was not noticeable from XRD ana$ysthis resistance to
phase change isnderstood to be due to the oxygen atoms being much more stablelirOSn

ternary structure durinGO;RR.

To explore the complex interactions and the electronic structure between Sn, Ti, and O atoms, the
calculated barge density reconfiguration is dissed inFigure 4-3a and shows that the charge
density is accumulated around O and Sn atoms, while depleted around TF&tdHSE To

further verify the electron densitpfiguration of Ti in the atalysts, Xray absorption neagdge
spectroscopy (XANES) at the Ti&dge was performed to illustrate the coordination environments

of Ti in different cases. Three char aedjeer i st
structure of the Ti Kedge spectra of compounds with high structural symmetry, such as six
coordinated anatasEigure 4-3b).21%220 For all SATi-O materials, Aland A3 signals were weak;

only a pronounced A2 pd& was perceived instead, indicating the existence of less symmetric Ti
atoms predominately on the surface of the oxfd&&2 The low-coordination nature of Ti is also
supported by the amorphous structure of;la® depicted by XRD patterns (i.e. no clear discre
diffraction peaks associated with anatase 2JiBigure $4-7), HRTEM Figure 4-2¢), and
extended Xray absorption finestructure (EXAFS) spectra of Ti-Edge (where lower EXAFS

amplitude is observed for Ski-O samples as shown Kigure $4-10a, b. Forthe Ti atom in
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Smv.1Tio 902, it showed the highest intensity for A2 peak with negligible Al peak, suggesting its Ti
coordnation was more similar to fowmoordinate Ti@2?? On the other hand, the Ti atoms in
Smv.aTio. 702 had the lowest predge pealarea with more defined Al, A2, and A3 peaks (inset of
Figure 4-3b). This indicates that Ti in SB@Tio.702 specifically had a more dirted
symmetry??2due to the strongest interaction between Ti 3d and Sn/Q4&gag)electron density

reconfiguration.

SnL3 edgeXANES spectraKigure S410¢) further confirmed Sn atoms in &Ti0.70 exhibited

an oxidation state between the?Sand SA* state’ In summary, the interaction betwesn and

Ti atoms exists asnamorphous structure with partial electrandity reconfiguration among Sn,

Ti, and O according to the XRIFigure S47), XPS figure S411) and Ti Kedge and Sihs

edge XANES spectraF{gure 4-3 and Figure S410¢). Additionaly, our simulated XANES
spectrd®®??6 ysing DFT Model Il Figure S410d) is consistent with the experimental
measuremds, which indicates the DFT surface model is valid to depict the interaction of local

SnTi-O interface.

XPS analysis was performed to further prove the oxide states in terrdryCboatalystskigure
4-3c-eandFigure S411a<c). Both Ti and Sn in the atrix were present in their oxide states‘(Sn

and T, respectively)Figures 43c shows theobvious shifts of O 1s with different ratios of-Sn

Ti. These shifts resulted from interactions between O, Sn, and Ti alfitis.increasing SiTi

ratio, the O 1s and Ti 2p binding energies shifted higher, while all Sn 3d peak3ieC8naterals

shifted to lower binding energy compared with the 3D, with the shift of SasTio.7O2

being the largest. This indicates the strongest interaction between Ti and Sn/O was experienced
within Srp.3Tio.7O2, as the maximum electron density was acdated arond Sn atoms, and the

most depletion of electron density occurred for Tit¥p?272%° These shifts are attributed to a
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partial electron desity reconfiguration among Sn, Ti, and ®Gigure S411¢g, which also

corresponds with the Ti #¢dge XANES and DFT analyses.
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Figure 4-3. Electron density transfer among Sn, Ti, and O atoms. (a) Scheme of calculated chaitges.déhe

yellow and cyan blue isosurfaces correspond to the increates inumber of electrons and the depletion zone,

respectively. (b) XANES spectra of Ti&dge; the red area highlights the rRedge absorption energy. (c) O 1s, (d)
Ti 2p and (e) Sr8d corelevel XPS spectra of 3DOMIO2, Sny.1Tio.d02, Shy.2Tio.g02, ShaTio 702 and 3ADOMSNG,

materials.

From the compason of XPS spectra before and after the activation $tguie S4-110-), the

activation step resulted in a high numberogjgen defect sites (531.0 eV) with a low oxygen

coordinatioR®*?32 and the presence of 8ff* (485.9 and 494.4 eV) and §@84.0 and 492.5 eV)

on the SazsTio 702 catalyst surface. To further consider the effect caused by metallic Sn atoms, we
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added a new DFEns-Sn(Ti)O, model (Model 111), & shown inFigure $4-12, which containsa

Srs clusteri the most stable configuration containing 5 Sn atdhismounted on the Sn(Ti}O
surface. SuSn(Ti)O2> model indicated the preferential formation of formate over CO. This
outcome contradicts experimental results, and it is concluded thangtel configuration is
unlikely the active site fo€O»-to-CO reduction. Only by appropriate constructionevhary Sn

Ti-O catalysts (S4sTi0.702), one appears to achieve a balance between exposure of active sites
andan appropriate electron density &hit was demonstrated that Ti atoms tended to delocalize
maximum charge by releasing it to the Sn atontkércompositions of $RiTio 702, which altered

the selectivity between CO and formate. Though the main cause of charge delocalization is
electrongativity difference between Sn, Ti, and O, other factors can also play a role, saich as

synthesis methodpmposition, and contact interface.

The CO:RR activities of ternary SiTi-O electrodes were investigated in antygde
electrochemical cell separategl a Nafion membrane witGOy-saturated 0.5 M KHC®as the
electrolyte (methods in Supporting Informatidf)n this work, the potentials reported are all
converted into RHELinear sweep voltammetry (LSV) was performed firstly in @@-purged
and N-purged electrolyteRigure $4-13a, b, which showed the catalysts induce higher currents
in theCO,- saturated solution. Then the constant potential electrolysis (CPE) te&tsdors and
repeated three times; the results presented are the averaged values under a sequence of potentials
(Figure $4-13¢. H., CO, and formate were the only prorts detected by gas chromatography
(GC) and 1H Nuclear Magnetic Resonance (NMR) spewcteter, respectively, and overall
Faradaic efficiency (FE) of approximately 100% was achieVetblé S4-6, Figure $4-14). As
depicted irFigure 4-4a, Sn3Tin702e | ® dédhowed a noticeable FE(CO), reaching 92% + 2.5%

at a low potential of arouneD.54 V vs. RHE (430 mV overpotential). The cathodic energy
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conversion efficiency is projected to reach 71.5 % (methods in Supporting Information), which
surpasses most Sragd catalysts Table $4-1) and satisfies the basic requirement for
electrosynthesis to oapete with fossil fuetierived feedstock®. Meanwhile, the remarkable CO
selectivity (above 90%) was maintained over a widiptial window, from0.54 V t0-0.94 V,

as highlighted in light blue iRigure 4-4a. It is deemed that a wide potemtrandow is essential

for scalingthe CO;RR process into practical and grtale application®, and will enhance the

robustness and stability during inherent potential fluctuations inherent troglers.

Comparing the entire series of produced 3DOM catalysts toward CO formBigurg 4-4b),
3DOM TiO2 had neast zero FE(CO), while FE(CO) on the 3DGSQ reached a maximum of
about 50% at0.34 V and decreased with more negative potential. Enerstudied 3DOM ternary
SnTi-O catalysts, SxTio.7O2 obtained an optimum selectivity for CO, which is a more ddsirab

product than formate in terms of separation and broadét use.

As depicted inFigure 4-4c, the optimal current density was achieved by 3%n.70> and also
demonstrated superiority over reported resditdh(e S41). Especially compared with the SnO
nanosheef§ we previously reported, 3DOMNO;, exhibited a slightly lower formate selectivity
(65% FE(HCOO) for 3BDOM-SNG vs. 77% for Sn@nanosheets) antbmpetitively higher CO
selectivity (32% FE(CO) for 3DOMNG: vs. 18% for Sn@nanosheets) at its optimum potential
of-1.03 V. The observedffierences in selectivity is attributed to the high local alkalinity provided
by the mesopores, as shown in Eigure 4-4e From the finite element method (FEM) modeling,

the local pH value was determined to theoretically reach up to 9.2 in the poreQMgf 3D
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Our FEM calculation results further validates ability of our mesoporous structure to increase

CO selectivity, by not only suppressing the HER>® but also hindering formate formation. The
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bicarbonateelectrolyte has low buffer capacity with limited migration rates of iopaces>° It

results in two consequences: 1) limited hydroxide ions atimn rates and increased local
alkalinity restrict the availability of ptons in the mesopores, which inhibits the HER activfty;

316, 321 9 |imited formate ions migration rates and increased formate ions concentration in the
mesoporesHigure $4-15) further hinder formate formation. Additionally, a highly alkaline region

is also beneficial for the catalytic activation GQzin the electrolyté® ®3The authors
acknowledge that intentionally creating a high alkaline environment with the use of KOH
electrolyte in the HI'ype cell exeriment would directly demonstrate these favorable effects.
However, KOH participates in a side reaction that consu@@sand decreases the available

CO; concentration around the electrodes needed for the reduction rédctiram. example,
researchers have previously proposed to use alkaline flow cells with a gas diffusion electrode
(GDE) operated in aldw-by mode®® 237238 |t can provide higher current densiti@8D) and

energy efficiegsies. However, it was also shown to suffer from carbonate salt precipitation in the
stagnant pores of the GDE. Moreover), is parasitically converted to bicarbonatetie KOH
electrolyte. Noticeably, the high local alkalinity air engineered mesoponesnained confined

and appeared to be unaffected by the strong stirring turbulence in the experimental setup. It was

therefore able to maintaidO; availability, which is an impressive feature f0ORR.

Although the 3DOM Sn@showed improved CO selectiyitrelative to the nanosheets, 3DOM
SnQG was not stable and only had stability for around 20 hours. Afterward, the FE(CO) was
suddenly reduced and the porous structure collagagdré $S4-16). Remarkably, the produced
optimum Si.3Tio.7O2 electrode had gabstability of over 200 hours of continuous electrolysis
(or ange HEgure -4 without any obvious degradation confirmed by LSV curves and

XRD, XANES and EXAFS analysefifure $4-16 e, f,and$4-17). SEM image igure $4-16)
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displayed the collage of the porous morphology, which is likely attributed to further reduction of
SnQ and the removal of oxygen atoms from the crystal lattice, as proven by XPS Spigeira (

$4-18). To maintain a constant ionic concentration in the electrolyte duringnged testing, the
electrolyte was replaced wittifresh solution every 20 hoursdathe recorded time step was set to

30 mins. To demonstrate structural robustness, we altered the potential during the stability test. As
the SpaTio7O>-b ¢ u r v ethedeteptivitg vwas well maintained under a wide potential window
(-0.54 V t0-0.94V). From stability tests, it was evident that the existence of Ti was essential to
not only donate electron density and stabilize the lattice oxygem itethary SfTi-O materials

but also to strengthethe 3DOM structure. The demonstrated electrochehpeaformance and
resistance to variations in potentials can broaden the utilization of catalysts and is essential for a

practical CO:RR system.

43. Conclusions

In summary, 3DOM ternary Shi-Oc a t aweye suceessfully produced, representing a simple
but highly effective artificial material fo€ORR. DFT calculations combined with different
physical and chemical characterizations revealed the nditire electron density reconfiguration
among Sn, Tiand O atoms. A balance between exposure of agitiee andhedegree of electron
density shift was imperative for achieving a highly efficient 3DOM catalyst. In particular, it was
inferred that the cuial electron density transfer from Ti to Sn enabled the dissociative adsorption
of COOH*, directly poducing CO with cathodic energy efficiency over 71.5%. The existence of
Ti not only effectively creates an electron bahkat contributes tothe activation of catalytic
reactions, but it also plays an important role in strengthening the 3DOM structurdemt@
maintain a high E&for over 200 hours within a wide potential window. Insights gained through

these quantitative analyses of electron densitfigoration can be further exploited as promising
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design principles for higperformance catalysts, kiag the electrochemical process more

sustainable for practical applications.
4.4. Experimental Methods

4.41. Computational Methods

4.41.1.DFT Computaton.

Periodic density functional theory (DFT) calculations including structlexations, singlgoint
energies, and electronic structures were performed using Vienna Ab Initio Simulation Package
(VASP 5.4.4)'83The electron exchangmrrelation potential wadescribed by the PerdeBurke-
Ernzerhof (PBE) functional of generalized gradient approximation (G&Aj. orderto make
comparable DFT models (i.e. similar lattice parameters and space ghmypng the interaction

in SnTi-O interface: 1. pure Ti& and Shdoped TiQ.; 2. pure Sn@y and Tidoped SnQy.
Since pure TiQ; catalysts are inactive, we adopted tladter configurations in the DFT
calculations. The (110) facet of Spidentified by XRD patterns and HRTEM characterizafton

8 was built with 2 x 2 supercell and 6 atomic layers{Sg). Model | (i.e. Sn@) wasgenerated
with 6 oxygen vacancies (Spg?%* owing to the fact that the surface tin oxide layer can be
partially reduced to Stoxide at reaction conditiorts.8Model Il was built as Model | with three

Ti atoms substituting Sn on the surface (i.e. Sn(Z#)@ order to investigate the rodé Ti.

A vacuum layer of 20 A was added to separate neighboring slabs to avoid possible interaction.
MonkhorstPack kpoints of 2x2x1 rash was utilized foa sampling of the Brillouin zone for
structural relaxation. An 8 x 8 x 8points mesh was used ftire density of states calculation.

The electronic seltonsistency loop was converged within 1%1@V using a residual

minimization meéhod direct inversion in the iterative subspace (RMDNS) algorithm. Spin
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polarization calculations with an energy cfit for the plane waves of 400 eV and a Hellmann
Feynmanr® force of 0.02 eV/A was adopted as the convergence criterion for optimization of the

full structureBy i ncr eascfifmgemdmrgy utt op odi5mt se Vt ca ndl 4Thle, kw
a negligible change i n, awlhsiocrhp tiinodni ceanteersg itehsa t( <e
asymptotically converged t(DBT+UW rhethodpas malementeelr s u s
to correct the orsite Coulomb interactions for the localized Ti3d electrons. The value of U was
chosen to be 4.0 eV bause it can generaaesimilar electronic structure that was experimentally

observed®® U = 0 eV was used for Sn4d electrons as it has no contribwanrtime Fermi levet'
The reaction energy Hs defined as follow$9%1%!

P EEFs) Eqs) (4-1)
whereE( | andE( r ggpresent the zenpoint energy (ZPEYorrection energies of the initial state
(IS) and final states (FS), respectively. Negatigkies oftp Eepresent exothermic reactions.

The adsorption energy.& of surface species is defined as folpo! 919

Eads Eabsorbates/siat=slat- Eadsorbates (4-2)
where Eabsorbates/siab Eadsorbates aNd Esian represent the total energy (eV) of sudaslabs with

adsorbates, the energy of free adsorhates the energy of bare suréaslabs, respectively.

The computational analysis considers two main pathways for CO and H@6dction from the
adsorption of bicarbonate (GB*) species® The HCOs forms via tydrogen bong, followed by

a rapid balance (R1) betwe®®, and HCO3.84 17>

COs + H,0F COH' + H* (R1)

COH*+*+H*'+d Y COOH* + OH* (R2a)
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COH*+*+H*'+dY HCOO* + OH* (R2b)
COOH*+*+H +d Y CO*0*H (R3a)
HCOO*+H +d Y HCOOH* (R3b)
4.41.2.FEM simulations.
Finite elementmethod (FEM) simuations were performed using the COMSOL Multiphysics

software packag&econdary Current DistributioandTransport of Diluted Speci@sodules were

used to establish comprehensive chemiistigss transport model of the 3DOM structtie?4?

4.4.2. Experimental Section

4.4.2.1.SyntheticProcedures

The 3DOM SgTi1xO2 was synthesized by using a sacrificial polymer template method. Firstly,
polystyrene (PS) beads were prepared by an emulfifieremulsion polymeraion in which
polyvinylpyrrolidone (PVP),styrene, and potassium persulfate;$QOs) were employed as
dispersion agent, monomer, and initiator, respectively. The details for the polymerization were
reported in our previous studi*2'? Once the polymerization was finished, the PS colloidal
solution was centrifuged at aw rotation speed for 12 h and dried at°@Dto acquire a close
packed PS beads template. Meanwhile, in terms of a preparation of metal preclutson, tin
chloride (SnGlJ), titanium (IV) butoxide, hydrochloric acid (HCI), and ethanol were utilizad. |
detail, SnC] and titanium (V) butoxide were firstly dissolved in ethanol followedhsaddition

of a certain amount of HCI, where the molatio of the solution was kept at 2 M (mole of
metalgvolume of solvent). Different molar ratios between thetahprecursors were tried. The
amount of HCI was increased as the volume of titanium precursor was raised since HCl is required
to dissolve titaium hydroxide formed in ethanol solution in order to obgaitear metal precursor

solution. The prepared natprecursor solutions with various ratios were infiltrated into the voids
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of the closepacked PS beads template by soaking the template inpoetbersor solution for 4h.
Then, the metal precursepaked PS beads templates were collected by a vacuratidiitthat
removes excess precursor solution, followe@dyying process in ambient conditions overnight.
After the metal precursor soaked R&lls template was completely dried, it was heated t6@00
in an airstream with a ramping rate of@ min! and soaked for 3 h tourn and eliminate the
polystyrene beads leaving mesoacrepores while the metal precursors were solidified building
a rolust metal oxide skeletal framework. Five samples demonstatiedr and uniform 3DOM
structure, where the saltant samples were named using surface atoms ratios: 3By
Sry.aTio. 702, Sn2Tiog02, Sn.iTiogO2, and 3DOMTIO,. With a higher SfTi ratio, such as
Srv.aTio.e02, Sny.eTio.402, and SwegTio. 20z, it was hard to forna stable 3DOM structure={gure
$4-8), although there were randomly distributed porous frameworks. The formation of a range of
unique structures can be described by the selestiviace migration, phase separation and

oxidation of the metals during calcinati®i.

4.4.2.2.Characterization

The 3DOM SkTi1.xO2 were characterized by the following techniques: XRBrg¥ diffraction,
Rigaku Mniflex 600) and XPS (Xay Photoelectron Spectrometer, Thermo Scientifidpgha

XPS spectrometer) as used © confirm the crystal structure and elemental composition,
respectively. XRD patterns were obtained withT$mO- electrodes (catalysts on tharbon
papers). SEM (Scanning electron microscopy, LEO FESEM 1530) and TEM (transmission
electron microscopy, JEOL 2010Fpsemployed to observe the morphology of the electrodes.
HRTEM analysis was performed using an abeatiorrection FEI Titan 8800 (FEI Company,

The Nethetlands) transmission electron microscope equipped with a Gatan Quantum energy filter

(Gatan Inc., USA) and a higtrightness electron source. Imaging was carried out using a high
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angle annular darkeld (HAADF) detector, with compgitional mapping obtained using electron
energy loss spectroscopy (EELS)ra§ absorption nesgdge spectroscopy (XANES) of Ti-K
edge and Sn fedge and extended -day absorption fine structure (EXAFS) of Ti-K
edgemeasurenmats were performed at Canadiaight Source Inc, Canada, using the Softay
Microcharacterization Beamline (SXRMB). Reference compounds, such as titanium powder,
titanium oxides, tin oxides (1), and tin oxides (IV) time anatase phase were measuretbial
electron and transmissianodes for comparison and energy calibration. All XANES and EXAFS
data were processed usingthe Athena program  (http://bruceravel.github.io/
demeter/documents/Athena/index.html). The FDMNES (Finite Difference Method Near Edge
Structurej?>??6 was used to simulate the TIAKIES spectra using Model 1l (Sn(Ti}@ in DFT

models in order to compare with the XANES measurements, and further to verify the DFT models.

4.4.2.3.ElectrochemicalMeasurement

CO:RRwas conduad accordingo the previous work® In a typicaly prepared procedure of the

working ekctrode, 3 ml of the homogeneous ink, which was prepareéispgrsing 5 mg sample

and 80 ¢l Naf i on s o l-ethanolsalutioh witwdufed ratio of 1:1, wasl wa't
loaded onto Sigracet 29 BC carbon paper of 1.0 x 0.E»RR experiments wre carried out in
aCOy-saturated 0.5 M KHCgxsolution (30 ml). The KHCeelectrolyte was purged wittO; for

30 min prior to the measurement. TDE,RR was performed for 2 hrs at various potentials in the
electrolyte. The electrochemical measurement&warried out using a Gamry potentiostat. The
current densities reported in this work were normalized to the geometric surface area. Three
independent measurements were performed, and the results presented are the averaged values
(Table $4-4). All the expeiments were conducted under ambient pressamd at room

temperature (28).
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4.4.2.4.ProductsAnalysis

The concentration of reaction products in the liquid electrolyte was detected using a 568 MHz
liguid NMR spectrometer (Bruker Advance) with thetarasuppression methd8Gas products
were quantified by ofine gas chromatography (GGRI 8610C). The GC is equipped with a
packedMolecular Sieve column ana Helium ionization detector (HID). Helium (Praxair Gas,

99.999%) was used as the carrier gas.

4.5. Supporting Tables and Figures

Table S41. CO:RR perfaomance of Srbased electrocatalysts

Cathodic  Current

Cell type/ Ceiliwdle Ul energy Density Stability

Product Catalyst Electrolyte Potential efflcolency efficiency  (mA cmr ) Ref.
(VRrie) (%) 3 2
(%)
. 05M ) 86
Bi-Sn/ CF KHCOs 1.14 96 51 45 100
Graphene confined 0.1 M ) 75
Sn quantum sheets NaHCOj3; 11 93 50 25 50
Ag.Sn Cor el 05M
3 -0.9 87 51 20 25 50
Structure NaHCO;
Sn-OH-5.9 0.1M KCl 0.94 82 48 15 60
branches
Single-atom Sn *
) 0.25M ) 200
on N-doped KHCO5 0.9 75 44 18 200
graphene
Pd-Sn 05M i 104
nanoparticles'® KHCO3 0.43 99 75 30 5
Cu/Sn0O; 0.5 M
H- cell/ Coreil Shel |l -0.9 85 50 22 - 49
KHCO3
Formate Structure
Sulfur-Modulated 0.1M 74
Tin Sites KHCOs 075 93 59 55 40
01M i ) 58
SnO,/graphene NaHCO; 1.16 94 50 10
Electroplated 0.5 M
Sn/gas diffusion ‘ -1.10 71 38 20 6 148
NaHCO;
electrode
Electrodeposited 0.1M 08
Sn dendrite KHCO3 -1.36 83 40 25 18
Sn modified N- 0.5 M
doped carbon y -0.8 62 38 9 24 102
’ KHCO3
nanofiber
Tin monoxide
05M
(SnO) -0.86 75 45 10 - 81
nanoparticles KHCOs
4.0 32
Flow cell/ Sn-based gas 0.5 M KCl (Cell 84 (Fullcell 163 - 243
Formate diffusion electrode
voltage) EE)
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05M 3.1 33

Sn 3D electrode KHCOs + 2 (Cell 83 (Full cell 133 - 244
M KCI voltage) EE)
. 05M This
Sn-Ti-O KHCO3 -0.54 94.5 715 3.91 200 Work
. 05M This
Sn-Ti-O KHCOs -0.94 94.5 58.3 33 200 Work
Cu/Sn0O, 05M
H- cell/ CoreiShell ~o -0.7 93 64 4.6 - 49
Carbon Structure s
monoxide 0.5M 32
Sn/Sn0O; NaHCOs -0.7 58 40 3 5
05M 0, 166
CdSnO; NaHCOs -0.9 20% 12 6 -
05M _ 0, - 166
ZnSn0Og3 NaHCOs 0.9 18% 11 4

Table S42. Calculated Band ceatof the Sn atom on Model | and II.

Surface Models

Band center of Variation
Sn atom Model I: Model II: (1-11)
SnO2.i Sn(Ti)Ox.i
s -0.17 -3.05 -2.88
p +6.27 +3.51 -2.76
d -14.2 -16.46 -2.29

R (Sn) =139 + 4 pm; R (Ti) = 160 * 8 pm;

Table S43. The adsorption energies of HCOO* and HCOOH* on Model | and Model .

Adsorption energy/eV

Intermediate Species Model I: Model II:
SnO2.4 Sn(Ti)Oa-y

HCOO* -2.20 -3.11

HCOOH* -0.15 -1.65

Table S44. Summary of electron density transfer effects on Model 1.

Product species Effect of e density transfer Result
HCOOH Stronger Ti-O bond formation High reaction energy

A Overly stabilized intermediates A HCOOH product not favored
co Weakening Sn-C bond Low reaction energy

A Fewer reaction steps A CO product favored
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Table S45. The compositions of the synthesized teyn@n Ti-O materials obtained from XPS.

Sn: Ti ratios
Sample

XPS measured Targeted
3DOM SnO, 1.0 1.0
SnpgTio 202 0.82:0.18 0.85:0.15
SnoeTio.sO2 0.64:0.36 0.60:0.30
SNo.4Tio602 0.42:0.58 0.55:0.45
Snp3Tio 702 0.28:0.72 0.40:0.60
Sng2Tio 02 0.21:0.79 0.25:0.75
Snp.1TiosO2 0.12:0.88 0.10:0.90
3DOM TiO, 0:1 0:1

Note: It is important to note that catalytic reactions occur on the surface of the materials, and therefore penetration
capabilities of various characterization techniques must tedemed. XPS technique can detect surface properties to

a depth of approximatel5 nm, so the composition information fraime XPS spectrum was used as the basis for
naming the samples. It is important to note that the difference between targeted da¥@Saneasured ratios might

due to the depth limitation of XPS techniques dralghell of discrete and dispersed ZiO

Additionally, DFT calculations are based on models with dimensions less than 1 nm and the composition information
in the depth of 1 nmrad 5 nm might not be the same. Therefore, the ratio derived from XPS regsults ba directly

used to compare with DFT models.

DFT simulations were intended to firstly give local electronic reconfiguration information regardifigCsaystems.

We wantel to understand the effect of Ti addition on the atomic surface and obsemngesha the SiTi-O
interaction. We synthesized a series of ternarfis@ catalysts with varying surface ratios of8into confirm and

expand the predictions from DFT. Fraime characterization of catalysts, it was found that a structural evolution
acompanied the electronic reconfiguration modeled by DFT. From our results, there was a certain composition that
had optimum electrochemical reduction performance due to a cotiobired structural and electronic properties.

From this perspective, we beliethat the calculations are still valid as a guide for materials synthesis.
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Table S46. CO:RR performance of ternary SFi-O electrodes it€O, satuated 0.5 M KHCQ@aqueous solution.

3DOM $&nO

Potent i
Pot ent (Ws RHE FE( CO) FE(HCOOH FE (QH Current |
(WsSCE) with i (% N 2. (% N 2.0 (% N 2. ( mMA & m
Correct
1.0 -0. 34 54 1 45 0.2
1.1 -0. 44 46 8 47 0.9
1.2 -0. 54 43 18 40 2.5
1.3 0. 64 46 26 27 6.9
1.4 0. 74 43 36 20 10. 8
1.5 -0. 84 43 48 9 16. 8
1.6 -0.94 34 58 8 22. 4
1.7 -1. 03 32 65 4 28.9
-1. 8 -1.13 29 60 10 38. 8
1.9 1,21 25 55 19 51. 3
2.0 1. 32 24 45 30 63.8
Sn T Q2
Pohei a
Potent (¥s RHE FE(CO) FE(HCOOH FE(@H Current |
(s sCcCl wi th i (% N 2. (% N 2.0 (% N 2. ( MA & m
Correct
1.0 -0. 34 41 6 49 0.2
1.1 0. 44 44 13 42 1.9
1.2 -0. 54 47 20 30 4.7
1.3 0. 64 47 27 21 7.3
1. 4 0. 74 48 35 17 12.9
1.5 -0. 84 47 41 8 18. 9
1.6 -0. 94 43 46 9 28. 0
1.7 -1. 03 43 43 10 36. 8
-1. 8 -1.13 40 39 21 46. 4
1.9 1,21 28 33 38 70.9
Sn T Q2
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Potenti

Pot ent (Ws RHE FE( CO) FE(HCOOH FE (QH Cuent Derl
(s sSsCcCl with i (% N 2. (% N 2.0 (% N 2. ( MA & m
Correct
1.0 -0. 34 44 1 53 0.2
1.1 -0. 44 6 6 2 31 0.7
1.2 -0. 54 92 2 6 3.9
1.3 -0. 64 91 3 4 10.0
1.4 0. 74 92 4 3 16.9
1.5 -0. 84 93 4 3 24. 6
1.6 -0.94 92 4 4 33.3
1.7 -1. 03 84 10 6 45 .5
-1. 8 -1.13 69 12 16 55.0
1.9 1,21 50 7 40 66. 7
Sn.Td.Q
Potent i
Potent (WwWs RHE FE( CO) FE(HCOOH FE(@QH Current |
(WwWsSCE) wi th i (% N 2. (% N 2.0 (% N 2. ( mMA  m
Correct
1.0 -0. 34 39 3 58 0.1
1.1 0. 44 47 2 51 1.9
1.2 -0. 54 54 5 41 2.6
1.3 0. 64 6 4 8 29 6. 8
1.4 0. 74 6 6 8 26 12.5
1.5 -0. 84 6 6 13 21 21.1
1.6 -0. 94 67 16 16 29. 8
1.7 -1. 03 62 24 13 39.3
-1. 8 -1.13 53 19 27 53.9
1.9 1,21 42 10 48 71. 2
S .Td Q2
Potent i
Potent (WsRHE) FE(CO) FE(HCOOH FE (@QH Current |
(WsSCE) with i (% N5%) (% N 2.0 (% N 2. ( MA & m
Correct
1.0 0. 34 16 0 84 0.1
1.1 0. 44 25 1 74 0.2
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1.2 -0.54 28 2 70 3.
1.3 0. 64 30 3 67 8.
1. 4 0.74 36 4 60 13. 2
1.5 0. 84 36 5 59 21.0
1.6 0. 94 36 8 56 30.5
1.7 -1. 03 40 10 50 43.8
-1. 8 -1.13 36 6 58 53. 6
1.9 1,21 34 5 61 69. 8
3DOM i O
Potent |
Potent (WsRHE) FE(CO) FE(HCOOH FE(H2) Current |
(Ws SCI with i (% N 1. (% N 1% (% N 2. ( MA & 'm
Correct
1.0 -0. 34 1 0 60 0.
1.1 0. 44 1 0 96 1.
1.2 0. 54 2 0 97 2.
1.3 -0. 64 3 0 98 5.
1. 4 0.74 1 0 96 9.
-1. 5 -0. 84 0 0 95 15. 5
-1. 6 0. 94 2 2 90 21. 8
1.7 -1. 03 4 3 93 28.1
-1. 8 -1.13 1 1 95 33.5
1.9 1,21 0 0 95 41. 8
NOTE: CrGrRRt est was repeated thse@rteismas eadanédrtehe hresawleraged
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a Model I: SnO, 4 b Model lI: Sn(Ti)O,_5

P
C L4 Cg
+H-+e +H-+e
4 Rla R2a

COOH*+OH* CO*+H,0+0OH*
CO,H* 4
N +H-+e +H-+e
Q ﬁ
R1b R2b
HCOO*+OH* HCOOH*+OH*

@OsnOTi®0® Cc O H Q© O vacancy

Q.
(7]

CO* formation pathways HCOOH* formation pathways

< 04 : e < 0
L L %
> -3.33eV > K]
20-2+ 0 -2+ T,
v X ™, v
< (U A1 < 5 % vy
o -4 Dissociative COOH*+OH**, |-296eV| o -4 : 5
o adsorption (CO* +20H*) ™ o “h  [-3.59eV
4= “= 249eV| %
£ 2 % A
- -~
% _gd — Modell:Sn0O,5 %j 8.
< —— Model II: Sn(Ti)0,.¢ o

CO3H* COOH*+OH* CO*+H20+OH* CO3H* HCOO*+OH* HCOOH*+OH*

Figure S41. (a) Model I: Sn@with 6 oxygen vacancies (Sag) owing to the fact that the surface tin oxide layer can
be partially reduced at reaction conditior.§ Vvs. RHE)>% & (b) Model Il: 1/8 Ti substitution of Sn casurface
based on Model | (Sn(Ti)X). (c) Simulation considering two pathways for CO and HCOOH production froshl€O

86, 175, 245Calculated relatig free energy profiles fd&EO;RR to form (d) CO* and (e) HCOOH* on the Model | and II.

All energies aravith reference to the energies of ¢adsorbed on Sn (101) or-Bn (101) surface.
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Figure S4-2. SEM images of (a) 3DOM Tig) (b) Srn.1Tio.dO2; (€) Sn.2Tio.s02; (d, €) SusTio./Oz; (f) 3DOM SnQ.
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Titanium

Ti Sn Mix

20 nm

Titanium [ Ti Sn_i/ﬁx

20 nm

Figure S4-3. (a, b) Elemental mapping from EELS spectra of Q,afid Sn atoms of $8Tio /0, material within
different areas.
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~~ Oxygen

/ Titanium

oxygen i Titanium

Titanium i Ti Sn Mix

Figure S44. (a) Line scan from EELS spectra on the edge, (b, c) elemental mapping ftddrsp&ctra of O, Ti and
Sn atoms within different areas, and (d) HRTEM of Siv sO. material.
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Figure S45. (a) N; adsorptiordesorption isotherms, and (b) pore size distribution of the synthesized materials. (c)

and (d) s the corresponding red region highlighted in (a) and (b), respectively.

a ————————— b
1400[" sSsS b 1700
g L l g 1500 .
g g 1300 | / s
- -
51200 e E 1100 . g 2
[ so00l, Miscibility Gap 2 700 Liquid+Sn,Ti, :
b 500 HCP+SnTi,|
1 L 300 L " L " L 1 1 1 1
0 20 20 60 80 100 00 01 02 03 04 05 06 07 08 09 10
SnO, mol %, Ti/(Ti+Sn) Tio, mol Ti/(Ti+Sn)
Regions
Materials
Spinodal De-
composition
Phases
Stable 3DOM

structure
0 20 40 60 80 100

XPS Tested mol %, Ti/(Ti+Sn)
Figure S46. (@) The phase diagram of SpDiO, system* and SATi systend*”. Under the miscibility gap, the
sample undergoes spinodal decomposition and congfistoth SnQ and TiQ phases. (c) The properties of
synthesized materials. The speciad Siv. 70, material not only avoided complete spinodal decomposition, presenting

mainly the SnG phase with minor amorphous/ anatase;lp@ase but also maintained a stable 3DOM structure.
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d Before CO2RR b After activation
3DOM-TIO, I 3DOM-TIO4
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Figure S47. XRD patterns of the ternary SFi-O catalysts (a) before and (b) after thesitu activation step. SnO
JCPDS 411445 TiOz in anatase phase: JCPDSPA72; TiG in rutile phase: JCPDS 78510. Sn: JCPDS 0d673.

Boxed regions highlight major peak differences between different compositions.

Figure S4-8. SEM images of (a) 3DOM SnfXb) Sn.4Tio.602; (C) Sny.eTi0.402; (d) SrygTio.20x.
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