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Abstract

Carbon dioxide/monoxide (GLCO) reduction (CER/COR)i1 when powered by renewable
electricity i providesa sustainableneans toconvet emissions into valuablproducts for the
manufacturing, transport, and chemical industries;RC€an contribute to sustainability through
closingthe carbon loopjncreasing thepenetration of renewables the petrochemicalndustry,
andachievingong-term storage of renewable electricibespiteconsiderable promise, there have
yet beenfew demonstrations of C&R with a rate, energy efficiency, and carbon efficiency that
would bring techneeconomics in line with incumbent¥he main objective of the thesis is to
contribute to the realization of energgnd carborefficient CO;R. The first three technical
chapters of this thestecus on improving the performance metrics in flowsahd membrane
electrode assembly electrolyzé@hapters 3, 4, and 5)he last two technical chaptefiscus on
implementing the performand®osting strategies into carbondbemationfree systems to
achievesimultaneouslhhigh carbon and energy efficigas (Chapters 6 and 7)he first work
reports a new catalyst design that decouples gas, ion, and electron transeoidtdes, for the
first time, CQR at activities greater than 1 A trfin alkaline flow cell electrolyzers (Chapter 3).
Then, bw overptential and high selectivity in GB is achieved via an adparticle
functionalization catalyst: gold adparticles formed on the sidd alloying interface via
galvanic replacement (Chapter 4). A molecule:ionomer hierarchy is developed to lower the
activation barrier forCi C coupling and control CQwater, and proton transpartwhich in turn
enabled record energy efficiency towsathylene at industrially relevant reaction rates (Chapter
5). A cascade systemCO:R to CO in a solid oxide electrolysislc(SOEC) with zero carbonate
formation and COR to £ products in a MEA electrolyzéris developed to achieve record low
energy intensities in the electrosynthesis of @roducts (Chaptel6). Finally, a catalyst

microenvironment exhibiting cation regidn and anion attraction is developed clmmbine
i



practical energy and carborefficiency in electrosynthesis of.Cfrom CQOY/CO feedstocks
(Chapter).
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permission from American Chemical Socid8y [1
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Figure 52. Effect of hydrophilic side chain length on the ethylene partial current densities. The
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phenanthroliniurmmodified Cu/PTFE (red line). (e) Ethylene FE for S®Gdified Cu/PTFE, and
ethylene FE and productivity for tetgadro-phenanthrolinium/SS@odified Cu/PTFE (red line),

and ethylene productivity for unmodified Cu/PTFE (yellow line). Operating conditionsfl@®
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Cu/PTFE, SSe@nodified Cu/PTFE, tetrahydsphenanthroliniurmodified Cu/PTFE, and
tetrahydrephenanthrolinium/SS@odified Cu/PTFE for COR. (g) Ethylene productivity for
unmodified Cu/PTFE, SS@odified Cu/PTFE, tetrahydsphenanthroliniurnmodified Cu/PTFE,

and tetrahgiro-phenanthrolinium/SS@nodified Cu/PTFE for COR. Operating conditions: CO
flow rate of 80 sccm and 3 M KOH anolyte flow rate of 20 mL 'nlith) Raman spectra of
tetrahydrephenanthrolinium/SSC ionomer modified Cu/PTFE and unmodified Cu/PTFE (blue
and ydlow areas indicate the bridge and atop adsorptions of CO on Cu, respectively). (i) XAS
spectra of the tetrahydyghenanthrolinium/SS@odified Cu/PTFE. TP and SSC stand for
tetrahydrephenanthrolinium and SSC ionomer, respectively. Cell potentials aenpee without

iR compensationReproduced with permission from American Chemical Society [6], copyright

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

2020. eééééééééééééeéecéeeddéeééeéeéeéeéeéeeéecéecéé nl

Figure 54. 3D CTPI catalyst enables selective and efficienblE@ an MEA electrolyzer. (a)
Crosssectional SEM image of theaetrahydrephenanthroliniufrSSC ionomer hierarchy
established together with Cu NPs on a Cu/PTIBE.Schematic illustration of theetrahydre
phenanthroliniun8SC ionomer hierarchy on Cu NPe) KPS spectra of the 3D CTeatalyst.
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(d) Ethylene FE for 3D CTPlétrahydrephenanthroliniun§SGmodified Cu NPs on Cu/PTFE)

and 3D CI (SSC modifie€u NPs on Cu/PTFE) f&O:R. (€) Ethyleneproductivityfor 3D CTPI
(tetrahydrephenanthroliniufr8SGmodified Cu NPs on Cu/PTFE) and 2CTPI ¢etrahydre
phenanthroliniun8SGmodified Cu/PTFE (Cu/TP/SSCYJell potentials are presented withoRt
compensationOperating conditions: COlow rate of 80 sccm, 0.1 M KHCS anolyte flow rate

of 20 mL mir!. Reproduced with permission froAmerican Chemical Society [6], copyright
2020. ééeéeéeé. éeéeée.ceéeéeéeéeéeéeéeblececcece
Figure 55. 3D CTPI catalyst comprised of Cu NPs/tetrahypgh@nanthrolinium/SSC ionomer on
Cu/PTFE before the CB. (a) and (b) SEM images at differenagnificationsReproduced with

permission from American Chemical Soci &y [ 6

Figure 56. Schematic illustration of 3D CTPI catalyst. (a) Mechanical and ultrasonic mixing the
ink comprised of Cu NPsN, -dthglenephenarrolinium dibromideprecursor, and SSC
ionomer. (b) Spragasting of the catalyst ink onto the 2D CTPI to establish the 3D CTPI under
the negative bias formed on the cathode duringRC@Qc) Schematic illustration of the Cu NPs
surrounded by the tetrahydphenanthrolinium:SSC ionomer heterojunction. (d) Cu NPs
surrounded sequentially by the tetrahyghenanthrolinium and SSC ionomer lay&sproduced

with permission from AmericanChei cal Soci ety [6], copyré@sght

Figure 57. Postmortem 3D CTPI catalyst comprised of hierarchical Cu NPs/tetrahydro
phenanthrolinium/SSC ionomer ordering established upon completion of electrolysis in MEA
electrolyzer. (a) to (c) SEM ingas at different magnificationReproduced with permission from

American Chemical Society [6], copyrigled 202

Figure 58. CO:R performance of the 3D CTPI catalyst in an MEA electrolyzer. (a)dellllEEs

and ethylene productivitgs a function of C&concentration in a diluted GQtream. (b) Ethylene
concentrations in the cathode outlet and FEs as a functiondi@Orate. Operating conditions:

CO; flow rate of 80 sccm, 0.1 M KHC&anolyte flow rate of 20 mL mint (c) Extended C&R at

220 mA cm? and with a feeding gas of GM2 (40%:60%) at 80 sccm. Operating conditions: 0.1

M KHCOs anolyte flow rate of 20 mL mint Blue line represents the voltage recorded during the
extended CeR (primary yaxis). Each red square represents the ethylene FE averaged from three

independent measurements (secondaayiyg). (d) Comparison of the performance metrics with
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literature benchmarks (for each report, the plotted values are those fromgiest Idaration test).

Reproduced with permission from Americ®&h Che

Figure 59. FE comparison betweecontrol 3D CTPI and Cu/PTFE towards ethylene from
simulated flue gas. Futiell potentials are presentevithoutiR compensationReproduced with

permission from American Chemicaleégeciée®€8y [ 6

Figure 510. CO:R FE distribution of theontrol Cu/PTFE and 3D CTPI catalyst for either pure
CO, or simulated fluggas feedsReproduced with permission from American Chemical Society
[ 6], copyrightédberbéecéeéeeceecéeéeéeéeéen?
Figure 511 Energydispersive Xray spectroscopy (EDS) ohe¢ 3D CTPI catalyst upon

completion of 10€h continuous CeR in the MEA electrolyzer. (a) Cu. (b) S. (c) N. (d) F.
Reproduced with permission from Amer.ic&®h Che

Figure 6-1. Mechanism of carbonate formation during ££0Producing 1 mole of ethylene by
CO:R generates 12 moles of OMhich reacts with another 6 mole €0f the ethylene FE is
100%, the C@to-ethylenesingpass conversion is |imited to

is below 80%. Thus, the maximum singlass conversion is less than 20Reproduced with

,,,,,,,,,,,,,,,,,,,

Figure 6-2. Carbonatdormationfree COz-to-ethylene production through cascade 2RO(a)
Comparison oénergycomsumptiorfor ethylene production in various systems. (b) The carbonate
penalty (i.e., the faction anergycomsumptiordue to carbonate formation) in various systems.

(c) A schematic illustration of renewable &&ynthesized ethylene in a combined system
consisting ba CQ-to-CO SOEC and a C»-ethylene MEA Reproduced with permission from

El sevier [5], copyright 28d&2d4ééée&eéececece&&EXEEE
Figure 63. Cascade C&R enables carbonafese-production of ethyleneReproduced with

”””””””

permission from Elsevier[S]jocpy r i ght 2021. ééécéééééééérs

Figure6-4. COx-to-CO conversion in an SOEG, p) CO.-to-CO Faradaic efficiency, singfmss
conversion, and energy efficiency in a commerciatc®BNIO-YSZ/YSZ/GDC/LSCat various
CO; flow rates and current densitiex) (The CQ-to-CO Faradaic efficiency, singlpass
conversion, and cell voltage profiles duringt&&ur test at 815 mA cnfand a CQ flow rate of
15 sccm. The operating temperature is 800R€produced with permissiomoin Elsevier [5],
copyright 2021. é¢ééécébéc.6éEcéebécéce . eéeéeésl
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Figure6-5. COR-to-ethyleneon the bare Cu surface. (a) The thygease catalytic interface with
bare Cu and (b) the C@-ethylene performance in 3 M KOH anolytReproduced with
permi ssion from EIl sevier [5], . céepyréieghEtd2 2021

Figure 6-6. Ethylene FE and paral current density of an MEA using the Cu:SSC cathode.

Reproduced with permission from EIl sev.ié83 [ 5]

Figure6-7. CO-to-ethylene electroreduction in MEAa,(b) Introducing additives to improve CO
diffusion and staitize CO* intermediates enharneethylene FE and activity. (c) Cressctional

SEM i mages of the Cu: Py: SS@) EthgenaHE praidltagesinh e s
different anolytes. (e, f) Comparisons of the-@cethylene EE and ethylemencentratiorusing
Cu:Py:SSC catalyst and controls in MEAs with 3 M KOH. (g) Ethylene FE and voltage of the
Cu:Py:SSC for 110 hours at 150 mA'énThe error bars correspond to the standard deviation of
three independent measuremeRsproduced with pernssion from Elsevier [5], copyright 2021.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Figure 6-8. In-situ Raman spectra obtained on Cu:Py:SSC, Cu:Py, and bareTOwbatV vs.
RHE. The bare Cu surface is predominated by the btidgad CO*. The modifiation of the Py
molecule greatly increased the fraction of the diopnd CO*. After SSC ionomer coating, large
portion of atopbound CO* was still seen, although the intensity of the brlgend CO*
increased slightly Reproduced with permission from Eiger [5], copyright 2021.

,,,,,,,,,,,,,,,,,,,,,,,,,,

Cééeéeé . céeéceccecececeeceeceeeeee. eeee. eeeée. exn.

Figure6-9. SEM images of the Cu:Py:SSC cathode afteriidlr COR. The scale bars are In
and 200 nm in (a) and (bReproduced with permission from Elsevier [5], copyrigbR1l.
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Figure6-10. XPS analysesa] Cu2p XPS of the amade Cu:Py:SSC cathodé-€) N1s and S2p

XPS of the asnade Cu:Py:SSC cathodb, d) and the same electrode after 4idur COR
operation ¢, €) N1s and S2p peaks in (b, d) indicate the existence of Py molecule and SSC ionomer
on the Cu surface. After 1dour of COR, the Py molecule and SSC ionomer were still clear as
identified by the N1s and S2p peaks in (c,R¢produced with permission froElsevier [5],
copyright 2021. écéeééé&écac&adteé e.eée. eéeéso

Figure6-11. N K-edge sXAS spectra obtained on Cu:Py:SSC electrodes before and after 110 hours
of COR. The asymmetricd8& bondi ng with carbon splited t he
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at 400 and 402.5 eV. A similar N valence orbital is seen after extended R&piRoduced with
permi ssion from EIlsevier [5], c.epyreiéghtd7 2021

Figure6-12. Comparison of C@to-CO conversion at different current densities anc @@w
rates.The inlet CQ flow rate was 10 sccm to achieve high ethylene concentration at the MEA
outlet. The current density was 550 mA'ctto achievecurrent density:C®flow rate ratio of

815:15 (mA cm?vs. sccm) for high Ceto-CO single pass conversion.Reproduced with
permi ssion from EIl sevier [5],¢ééopdréd@hddg 2021

Figure6-13. Ethyleneproduction performance in the cascadeR{a) TheethyleneFE and cell
voltage of the CQo-C:H4 MEA, and the GH4 EE of the cascade GR. (b, c) COz-to-ethylene
singlepass conversion arethyleneproduction rates of the cascade Bt different operating
current densities for the Go-CoHs MEA. (d) Extended C@to-ethylenesinglepass conversion
performance of theMEA in the cascade CR. () Effect of anodic reaction on the COR
performance of the MEA in the cascade BOReproduced with permission from Elsevier [5],

copyright 2021. ¢écécceéeéeecééeecteéééecéceéceceeesdd

Figure7-1. Technoeconomic assessment. En@ggessment was performed by using a model and
assumptions similar to those reported in rgE.[66]. The dashed lines represent thedgkneand
SPCEthyiene COMbinations to achieve projectptbfitable energy intensities. The minimum
required energy intensity of 90 GJ tdtentrance to the projectgutofitability region) is based on

a total process efficiency of >50% and 45 GJ t@verage lower heating value of ethylene. A
constant energy intensity of 20 GJ'tdfor CO-to-CO convesion in a SOEC was considered. A
current density of 200 mA crm and an ethylene FE of 100% were considered

eeééeeéeeéecéecéeéee. éeéeeéeecéeéee.eéeeé.eas

Figure 7-2. Energy and carbon efficiency limitations in €00 electrolysis. (a) Ed&+ and
SPCE+ paformance assessment of literature benchmarkRICOR systems. (b) Bz and
SPCE2+ performance of bare Cu catalyst with anolytes of various pHs in egagrocatholyte
free MEA electrolyzer at a constant CO feedstock flow rate of ~10 scém(cEffect of K and
OH' concentration on the E& and SPCE:.: performance of bare Cu catalysts at various CO
feedstock flow rates (5 M KOH (pH 14.7), 1 M KOH (pH 13.9), 5 M KOH + 2 MC&s (pH
14.7), and 1 M KOH + 2 M KCOzs (pH 13.9)). (d) A map of free ergy difference( ) for CO*
reactionsto OCCOH*andCHOé ¢ é é e é ée e ééeéééeeéeéeéeéeeée. 041
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Figure 7-3. Cation and anion transport in a zeagap, catholytdree MEA electrolyzer. (a)
Uncontrolled cation and anion transport in MEA electrolyzer. Schematic ilestka and OH
transport, and Kaccumulation on cathode and Oidigration to anode. (b) Uncontrolled cation
and anion transport in reaction environment. Schematic illustrates accumulatibnrot&thode
and migration of OHto anode. K accumulation renders catalyst surface inaccessible 000
dominating HER. OHmigration reduces alkalinity, limitingi@ coupling, EE2+, and SPCE-.
(c) Controlled cation and anion transport. Schematic illustrates controfiealv#dlability on
cathale and constrained OHransport to anode. (d) Controlled cation and anion transport in
reaction environment. Schematic illustrates controlled availability 6fol cathode and
constrained migration of OHto anode (hence confined OHbn cathode). Contrad K*
availability renders catalyst surface accessible to/CO, dominating CeR/COR. Constrained
OH' migration increases alkalinity, improving C coupling, Ek2+,and SPCE2+.€ € . € . 661

Figure7-4. The powder ¥ ay di ffraction (PXRKDF praotmpearrred

different probable stackingmodedsé ¢ € € . € € é . éé é . &&eééeeeeéeée. 071

Figure 7-5. Highresolution C 1s spectra of bare Hézai COF. Peaks at 289.1 eV, 289.1 eV,
285.8 eV, 284.5 eV are attributedydt&.. é071*, C

Figure 7-6. Fouriertransform infrared spectroscopy (#¥) of bare HexAza COF compared

///////////

with startingmaterials é é éé éééééeéeé. éé. éé. eeee& ééée.

Figure 7-7. Spinning carbod3 nuclear magnetic resonance ¥8IMR CP/MAS) for
HexT Azal CG@FR ééééécééceééceéeéceeééeéeéeeéeéeée. o8l

Figure7-8. CCBH catalyst(a) Schematic illustrates QONPsc over ed by 2D, Thydr
conjugated HexAzal COF nanosheets [182], [19%)ith a longr ande st acki ng/ a
overlapping. CORprovides hydrophobic, pathways for electron transfer and cation diffusion via
catiori ” i nteraction [ 19 4cpnfines|odalyénerate@ OBard peodidea | y s
control over availability of K (due to weak catian i n t e (bid)SEM amchTEM images of

bareCu NPs (die) SEM and TEM images of CCBH catalyst. Hié&za COF nanosheets cover

Cu NPs forming a porous morphology{f) Ex-situ Raman spectrum of bare Héwai COF and

in-situ SERS of CCBH catalyst and GlPsati 1. 6 V VAgCIl gy EBCSAngrmalized

adsorbed K concentration on CCBH catalysts wérious COF loadings and bare Cinset
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illustrates methodology for K+ adsorption measuremgmsTPD profiles of CO on CCBH

catalysts withvariousCOF loadings and bare Ausetpresentsiormalized TPD peak areas109

Figure7-9. SEM images(a-c) Cu NPs(d-f) CCBH catalyst withs wt% COF.(g-i) CCBH catalyst
with 15wt% COF.(j-I) CCBH catalyst wit25wt% COF.e é e é é ¢ é e é e é e é e . 10

Figure7-10. Static contact anglgg) CCBH catalyst with various COF loadings. BBreCu NPs
with variousPTFE loadings. Substrate stands for the carbon paper usedlastate. Control Cu
stands for the CuNRmcarbonpapee é € é é € ééééééeeééeéeééeeé. 111

Figure7-11. ECSA measurements. Doultdger capacitance on QiPsandCCBH catalyst with

,,,,,,,,

variousCOF loading. Thecatalyst loadingvaslmgcm' 2 é é. ¢ éééééeéééér. . 1

Figure7-12. XRD patterns othe CCBHcatalyss with variousCOF loading and bare Cu NPs
before and after COR in &EM-based MEA using 1 M KOHnolyte aR40 mAcm 2 é .18 . 1

Figure7-13. Raman spectréa) Bare Cu NPs. (b CBH catalyst with15 wt% COF loading(c)
Innsi tu Raman spectra of bavesus@g/Agglé é .. &&€BMH3 cat a

Figure7-14.CCBH catalyst for energyand carborefficient CQR/COR. (a) CORbased SPCé+
versus Ek2+in alkaline media. Operating conditions: anolyte type: 1 M KOH; CO flow rate: 4.59
sccm (1 scem chi); and temperature and pressure: ambient. (b) CCBH catalyst provides distinct
SPCE:2+ and EE2+ (at 80 mA cmi? (orange star); at 160 mA ¢a(red star); ad at 240 mA ci?
(yellow star)). (c) Extended COR performance of CCBH at 240 m&.¢c@CBH catalyst delivers

an average Ek-+ of 41% and SPC&+ of 91% throughout. Operating conditions: anolyte type: 1
M KOH; CO flow rate: ~0.9 sccm crfy and cell temperate and pressure: ambient. (d) 489
based SPC&-+ versus Ekz+in neutral media. Operating conditions: anolyte type: 0.1 M KEICO
(pH 8.4); CQflow rate: ~0.95 sccm crfy and temperature and pressure: ambient. eReb@sed
SPCE2+ versus Ek2+in acidic nedia. Operating conditions: catholyte/anolyte type: 1 ¥ @}

+1 M KCI (pH 0.8); CQflow rate: ~1.2 sccm chi; and temperature and pressure: ambieritl4
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Figure7-15. COR Faradaic efficiency versus current density of CCBH catalyst with 15 wt% COF
loading in an AEMbased MEA using 1 M KOH anolyte. Operating conditions: CO flow rate: ~50

sccm (=10 scem cnff; and temperature and pressure: ambient. The error bars codtaspibe

,,,,,,,,,,,,,,

Figure7-16. COR performance @CBH catalyst with15wt% COF loadingwith that of bare Cu
NPs inan AEM-basedMEA electrolyzerunder their highest energy efficiency opevatmodes.
Operating conditions: CO flow rate: ~50 sc¢ri0 sccmem ?); andtemperature and pressure:
ambient The error bars correspond to the standard deviafithree independent measurements.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure7-17. XAS measurement&) The Cu kedge XAS of bare Cu and CCBH catalysts before
and after COR and Cu standar(ty.Fouriertransformed Cu kedge XAS of bare Cu and CCBH
catalysts before and after CORdaCu standardsc) Fitting of the Fourietransformed Cu kKedge
XAS of bare Cu after CORd) Fitting of the Fourietransformed Cu kedge XAS of CCBH
catalystafter CORE 6 é 6 é 6 é e ééééééeééeééeéécéecéeéeéee. 171
Figure 7-18. XPS ofthe CCBHZcatalyst with15 wt% COF loadingbefore and after 200 h of
continuous COR inan AEM-based MEA using 1 M KOH as anolyte at 240 necAY2
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eééecéeeccéeecceeececeeececeeececeeeceeeeceéee . é118

Figure7-19. COR performance of CCBH catalysts with various COF loadings. (a) CCBH catalyst
with 5 wt% COF. (b) CCBH catalyst with 10 wt% COF. (c) CCBH catalyst with 15 wt% COF. (d)
CCBH catalyst with 20 wt% COF. (e) CCBH catalyst with 25 wt% COF. (f) COF loadingsversu
current density and EJzn4 of the CCBH catalysts. Operating conditions: CO flow rafi€ sccm

cm 2 and temperature and pressure: ambient. The error bars correspond to the standard deviation
of three independentmeasurementsé ¢ € é € . € é €€ ééé. éeéeéé. éédxée. 1
Figure7-20. Extended COR performancetbeé CCBHcatalyst with15wt% COFin an AEM-
basedVEA electrolyzerusing 1 M KOH anolyte at 600 mém 2. Operating conditionsCO flow

rate: ~D sccmem' 2, and temperature and pressian@bient € ééééééééééé &0 1

Figure7-21. SEM images dhe CCBHcatalyst with15wt% COF loadingafter200 fours ofCOR
in anAEM-basedVIEA using 1 M KOH anolyte at 240 mém' 2. Operating conditionsCO flow

rrrrrrrrrrrrr

rate: ~1sccmem %, and temperature and pressunebient € é é é € 6.& é € é é é 120



Figure7-22. CQR performance of Cu NPsipported on Cu/PTF& anAEM-basedVIEA using
anolytes of various Kconcentrations at similar pH8.1 M KHCG; (pH 8.4), 0.2 M KHCQ (pH
8.4),0.3 M KHCG; (pH 8.4),0.1 M KHCGs + 0.1 M KoSQy (pH 8.4), 0.1 M KHCQ + 0.2 M
K>SOy (pH 8.4)) (@) HydrogenFE versus current densitfh) CO FEversus current densityc)
Ethylere FEversus current density. d, EthyldBE versusproductivity. Operating conditions: CO

flow rate: ~D sccmem' 2; andtemperature and pressuagnbienté ¢ ¢ ¢ é é 6 ¢ ¢ é é . 2
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]1 Thesi s overview

1.1 Moti vati on

The petrochemical sector enables the production of fuels, pldstitlizers detergents, digital
devices, and clothing employed by modern socjgéjy The industry has become a dominant
energy usef2]. The dependence of the chemical sector onlfassls i for process energy and
feedstockd poses a significant global challenge: the chemical sector makes up 18% @b today
industrial CQ emissions. With a growing dependence on fossil fuel feedstocks, the global
petrochemical sector is on coursestoit 200 million tonnes of C£equivalent by 205(B]. Cost
effective, lowcarbon routes to manufacture chemical feedstocks and fuels are needed to mitigate

environmental impactg!].

Renewableelectricity-powered &ctrochemical C@ reduction (CGR) could be asustainable
approach to convert waste emissions into valuable chemicals and achieve seasonal storage of
renewable electricity in the form of fuglBigure 11) [5], [6]. Renewableenergypowered CGR
targets commodity chemilsaand fuels that are currently manufactured using emisgiteissive
thermochemical processé€Bigure 11) [7], [8]. For example, C@to-ethylene conversioii
powered by renewable electricityholds a considerable promise of displacing td@slaarbon
intensive steararacking process for ethylene productj®h The feasibility of CGR depends on
stable operation at industrially relevant energy efficiency and productivity. Today, the practicality
of CO:R is limited by impractical performance metridstoe electrolyzers, including low energy
efficiencies, low production rates, short operational stability, and low single pass conversion
efficiencies[10], [11].

The objective of this thesis is to contribute to the realization of enamyy carborefficient
COR/CORat industrially relevant production rates in various reaction systenesfirst part of

the thesiswill be focusing on improving the performance metrics in various electrolyzer
configurations such as flow cell and MEA eletyzers.The later part will focus on developing
performanceboosting strategiesor carbonatdormationfree systers, thereby achieving the

combination ohigh carbon and energy efficiency.
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1.2 Thesi s contributions

This section summari zes the «candR/QD&tioovérds cont
industrial viability. The thesis contains six more chapters where the details of each contributing

work are provided, on the basis of publication.
Chapter 2: Background and literature review

This chapter presents a comprehensive literature review and background information on
CO:R/COR technology with a focus on performance metrics of merit, electrolyzer
configurations, and emerging systems. A large portion of this work has been published in

Nature Sustainabilitys a review articlgl2].
Chapter 3: C@electrolysis to multicarboproducts at activities greater than 1 A'ém

This chapter presenéscatalyst architecture that decouples gas, ion and electron transport.
The catalyst enables, for the first time, {RBCOR to G: products at productivities greater
than 1 A cm 4n an akaline flow cell. The catalyst combines this productivity with a half

cell energy efficiency of 50%, corresponding to-®I8l improvement in productivity with



similar energy efficiency to the literatusenchmark CeR alkaline flow cell electrolyzers.

This advance has been achieved by developing an iorcatedyst heterojunctions that
separate the transport of gaseous feedstock, electrons, and ions, maximizing their
availability over the entire electrochemically active sites. The catalyst can be priepared
the planar (2D) and higburfacearea (3D) configurations. 3D catalishomer bulk
heterojunctionsi by extending the triplphase boundary enable G: productivities
greater than 1 A ch? This work has been publishedStiencg13].

Chapter 4: Gold adparticles on silver combine low overpotential and high selectivity in

electrochemical C&conversion

This chapter presents an adparticle functionalization catalyst: gold adparticles formed on
the silvergold alloying interface via galvamireplacement uniquely combine low
overpotential and high selectivity in G@-CO conversion. It is found using a suite of
electroanalytic tools, operando spectroscopies, and theoretical calculatibat gold
adparticles formed at the silvgold interfaces modify the lattice and electronic structure

of silver and lower the free energy change required to form *COOH, a key reaction
intermediate along the pathway to CO. This strategy applies to both planar and high
surfacearea catalysts, enabling ovetential reductions of 200 mV compared to pure
silver catalyst up to current densities exceeding 400 mAZgmmeutral electrolytes. The
silver-gold catalyst enables a CO partial current density of 250 miXamn (| dcel | |
i achieving CO productivityequired for practical application. When integrated into an
MEA electrolyzer, the silvegold catalyst enables CO electrosynthesis for 60 hours,
delivering an averagearadaic efficiencyf 90% and fulcell energy efficiency of 33% at

200 mA cm 2 This work has been published ACS Applied Energy MateriaJ$4].

Chapter 5: Higkrate and efficient ethylene electrosynthesis using a catalyst/promoter/transport

layer

This chapter describes an organic molecule:ionomer hierarchy established on copper
catalyss that enables an ethyleRaradaic efficiencyf >60% at reaction ratesf >300
mA cml 4n a neutraimedia MEA electrolyzer. The organic molecular additive is designed

to increase the ratio between the atop CO and bridge CO, lowering the activatien barri



for Ci C coupling. The ionomer surrounding the-25 nm thick molecular film, however,
enables effective C{) HO and proton transport to the local reaction environment.
Hierarchical ordering of these functional films enables efficierdFC& high reaabn rates

by largely suppressing the competing hydrogen evolution reaction (HER). Establishing the
similar molecule and ionomer hierarchy on Cu NPs enables an ethylene productivity of
>200 mA cm 2 ethylene fulcell energy efficiency of >21%, an ethylemelumetric
concentration of >35%, and stable operation of 100 hours. This work has been published
in ACS Energy Lettel$].

Chapter 6: Cascade G@lectroreduction enables efficient carborase production of ethylene

This chapter presents a cascade®@pproach, in which C£o-Cz+ conversion is
performed through two cascading processes-0€CO in a solid oxide electrolysis cell
(SOEC) withzero carbonate formation and @®C»+in a MEA electrolyzer. This cascade
approach requires G€-ethylene conversion with energy efficiency well beyond
demonstrations to date. Focusing on@@to-C»+ conversion in amembrane electrode
assemblyMEA) electrolyzer it is found that the organic film produced from the reduction
of N-tolylpyridinium to N-tolyl-tetradihydrebipyridine improves the stabilization of key
reaction intermediates, while a sherdechain (SSC) ionomer enhances CO transport to
the active sites of Cu, enabling selective and stable production of ethylene. The cascade
system achieves GAo-ethylene conversion with no loss of € carbonate and a 48%
less energy input compared to the direckR@ute. This work has been publishedaule

[5].

Chapter 7: Energyand carborefficient CQ/CO electrolysis to multicarbon products via

asymmetric ion migraticadsorption

This chapter explores the origins of low energy efficiency (EE) and spage carbon
efficiency (SPCE) in thdest current C&R/CORto-Co+ membrane electrode assembly
(MEA) electrolyzers. It is found that cations'jicross over from the anode to the cathode,
accumulate on the catalyst surface, block the active sites, limit reactal@@ @ansport,
and lead to ydrogen evolution reaction (HER)the primary cause of EE and SPCE loss.

An additional cause is the Olhigration from cathode to anode, reducing alkalinity on the



cathode and thereby diminishing € coupling.The chapter then presents a strategy to
breakthe bidirectional flow of ions, i.e., repelling the cations while attracting locally
generated anions, to simultaneously achieve practical EE and SPCE in the
electroproduction of & products. A catalyst/covalent organic framework (COF) bulk
heterojunctio that provides asymmetric ion migrattand s or pti on i s- devel
conjugated hydrophobic COFs constrain catiof) (#iffusion via catior’ interactio
whilst promoting anion (OH and gaseous reactant adsorption on the catalyst surface. As

a result the system achieves electrosynthesis nfpfoducts in a full cell with a record

SPCE of 95% and EE of 41%, all sustained over 200 fhorgpresenting a considerable
performance improvement over all RICOR systems reportedhis work is under

review.

1.3 Primary contributions

The publications to which the candidate have made major contriblitiaegecognized by the
first and cefirst authorshipi are listed below and discussed in the detail in the chapters of the

thesis.

1. Ozden, A, de Arquer, F.P.&5 Huang, JE , Wi cks, J., Sisler, J.
c. P., Lee, G. , Wan g, X. High single. pbks carbé@a r g e n

dioxide conversion electrolysérdNature Sustainability2022 (Accepted).

2. de Arquer, F.P.&, Dinh, GTA, Ozden, A%, Wicks, &, McCallum, C., Kirmani, A.R.,
Nam, DH., Gabardo, C., Seifitokaldani, A., Wang, X., Li, Y.C., Li, F., Edwards, J.,
Richter, L.J., Thorpe, S .eléctralysisS0 muttiGanbgn D .
products at activities greatttran 1 A crh ® Science2020, 367, 66-566.

3. Ozden, A, Liu, YA, Dinh, GTA, Li, J., Ou, P., de Arquer, F.P.G., Sargent, E.H., Sinton,
D. AGol d adparticles on silver combine |
electrochemical C&c o n v e rAES$Apptiedl Energy Materials2021, 4, 7504512.

4. Ozden, A, Li, FA, de Arquer, F.P.G., Ros&ternandez, A., Thevenon, A., Wang, Y.,
Hung, SF-., Wang, X., Chen, B., Li, J., Wicks, J., Luo, M., Wang, Z., Agapie, T., Peters,
J. C., Sar ge nt Highfateldnd efficient ethylene electidsynthiesis using a
catal yst/ pr omo AESrEhergy leeties2020,r512811P&18.e r 0 .



5. Ozden, A, Wang, YA, Li, FA, Luo, M., Sisler, J., Thevenon, A., Roddsrnandez, A.,
Burdyny, T., Lum, Y., Yadegari, HAgapie, T., Peters, J.C., Sargent, E.H., Sinton, D.
i Ca s ¢ adlectroeduction enables efficient carboriate e e pr oducti on of
Joule 2020, 5, 70&719.

6. Ozden, A, Li, }, KandambethS, Li, X-YA, ShekhahO., Ou, P., Finfrock Y.Z,
Wang Y-K., Alkayyali, T., de Arquer F.P.G., Kale, V.S, Bhatt P.M., Ip, A.H.,
Eddaoudi M., Sargent, E.H., Sinton, DiiEnergy and carborefficient CQ/CO
electrolysis to multicarbon products via asymmetric ion migratidsorptiod . 22 0 2
(Under reviev).

1.4 Suppl ementary contributions

The following publications areollaborativeprojectsin which the candidate made contributipns

in addition to those detailed in the technical chapters of the thesis

1. Li, FA, Thevenon, A, HernandeRosas, A, Wang, 2, Li, YA, Gabardo, C.MQzden,
A., Dinh, C-T., Li, J., Wang, Y., Edwards, J.P., Xu, Y., McCallum, C., Tao, L., Liang, Z
Q. , Luo, M. , Wang, X . ,-S., INam, DHd .Bermu@ea,BReQi., e n , C
Zhuang, FT., Li, Y.C., Han, Z., Britt, R.D., Sinton, D., Agapie, T., Peters, J.C., Sargent,
E.H. fAMol ecubtw@et huhéeng bdiuncR&0, 577,H0843.

This work presented a molecular strategy to tune the selectivity of thie ©Cthylene.
The candidatetogether with the lead author, performed the performance and tgtabili
experiments ira neutralmedia MEA which yields an average ethylelRE of 64% at 125
mA cm 2 for 190 h.

2.Li, FA., Li, Y.CA., -HWam,y¥. Lug N., Wand, X.Qzdeh,A. , Na
A., Hung, SF., Chen, B., Wang, Y., Wicks, J., Xu, Y., Li,,XGabardo, C.M., Dinh, .,
Wang, Y., Zhuang, T . , Sinton, D. , Sar g etmdthanol E. H.

conversion via enriched intermediates at molecuket a | cat al WNature i nter
Catalysis 2020, 3, 7582.

This work presented a molecuigetal catalyst interface that enables selective>@®

ethanol conversion. The candidategether with the lead author, performed the



performance and stability experiments in ME¥able operation of 12 h with an average

ethanolFE of ~40%is achieved in an ME&Ilectrolyzer

. Wang, YA., Wan-§ A. Z A DidenDA] Wiliria, M.G., Seifitokaldani, A.,

Tan, GS., Gabardo, C.M., Luo, M., Zhou, H., Li, F., Lum, Y., McCallum, C., Xu, Y., Liu,

M., Proppe, A., Johnston, A., Todorovic, P., Zhuangl.TSinta, D., Kelley, S.O.,
Sargent , E. H. AEfficient met hane ed ectro
avai | aNaturé Catalysgs2020, 3, 98106.

This work presented a materials processing strategy baseesin &lectrodeposition of
copper under CE&R conditions that preferentially forms Cu(100) facets, favoring the
electrosynthesis of £ products. The candidate designed and performed the performance
and stability assessment in an MEA electrolyzer. The candidatgated the highate and
selective ethylene electrosynthesis achieved in a flmil electrolyzer tothe MEA
electrolyzer.This approach results igable operation of-65 hours with an average
ethyleneFE of ~60% at 300 mA chf.

. LeowA, W. R.Ozder, A, Wang,¥ANam, EH., Chen, B., Wicks, J., Zhuang,
T-T. |, Li, F. ., Si nt on, -md&liated s8extivey edentitosynthésis ldf. A Cl
ethyl ene and propyl ene Soencedd20 36& 1228283gh cur r

This work presented an exti#d heterogeneous:homogeneous catalyst interface, based on
a chloride redox mediator at the anode, to achieve selective andategbxidation of
ethylene to ethylene oxideone of the most produced commodity chemicals in the world.
The candidatesyntheszed iridium oxide supported titanium (Ir©X) catalysts for
efficient oxidation of ethylen&o-ethylene oxidet high reaction rate$he candidate also
assisted in building a system integration composed of at&€thylene MEA system and
ethyleneto-ethylene oxide flow cell electrolyzeéhat produce ethylene oxide from GO

water, and electricity

. Wang, XA., Wang, ZA., -T.dzdeAA,diu¥eC., NankDH,. G., D
Li, J., Liu, Y-S., Wicks, J., Chen, Z., Chi, M., Chen, B., Wang, Y., TamHowe, J.Y.,

Proppe, A., Todorovic, P., Li, F., Zhuang,T, Gabardo, C.M., Kirmani, A.R., McCallum,

C.,Hung, SF . , Lum, Y., Luo, M. , Mi n, Y., Xu, A.,



A.H., Richter, L.J., Kelley, S.O., Sinton, D., SargentHE. A Ef f i ci ent el ectr
COx-toet hanol via suppr eNasre BnergydaoR0, 5 478186y genat i o

This work presented a material design strategy that promotegocthanol conversion
via suppression of deoxygenation of the intermedif® CCH to ethylene. The candidate,
together with the leading author of the papemslated the highate and selectivethanol
electrosynthesis achieved in a flm&ll electrolyzer to MEA electrolyzer successfully.
Stable operation of 3 h with an avemge ethanoFE of ~52% is achieved in an MEA
electrolyzer

6. Huang, J.@&ZAde n,RasAul, K38., deArquer, F.P.G, Liu, S., Zhang, S., Luo,
M., Wang, X., Lum, Y., Xu, Y., Bertens, K., Miao, R.M., Dink;TC, Sinton, D., Sargent,
E. H.2eflG& trol ysis to mul ti Scencb2021, 3p2t6d4buct s i

This work presented a catik@augmenting layer architecture that increases potassium cation
on electrochemically active sites, enabling BAGn acidic media byimproving CQ
activation kinetics and achieving a SPCE of 7i7%is exceeds what can be achieved in
neutral and alkaline media GR. The candidate, together with the lead author, designed
and manufactured the catalyst and electrolyzer and performed oelemtrical

performance and stability measurements.

7. Li,YA .0,z d e n,Leow W.R., Ou, P., Huang JE., Wang Y., BertensK., Xu, Y., Liu,
Y., Roy, C., Jiang H., Snton, D., Li, C., SargentE.H. A Rmalliated electrosynthesis
of ethylene oxidérom CQ a nd  w dldtuger Gatalysis 1-8 (24" February2022).
https://doi.org/10.1038/s419222-007498.

This work presented a class of peri@thetaloxide-modified iridium oxide catalysts tha
can tune HOCI cleavage energy and promote ethytteréhylene oxide conversion. The
candidate fabricated the barium, lanthanum, cerium, and bismideloaded catalysts

and assisted in electrolyzer design, system integration, and electrochemicabmeass

8. Li, OlzAl.e,n.,Gud 8., de Arquer, F.P.G., Wang, C., Zhang, M., Zhang, J., Jiang,
H. , Wan g, wW. , Dong, H. , Sinton, D. 2 Sarge


https://doi.org/10.1038/s41929-022-00749-8

electroreduction to formate via redaxodul at e d stabi |l i Kaurei on of
Communications2021, 12, 5223.

This work showed that alloying -lplock elements with altering electronegativities
modulates the redox potential of active sites and stabilizes them throughout extepBed CO
exceeding 2400 hours of continuous operatiThe candidateranslated th@erformance

and stability of the highly performing S8i/SnQ; catalyst to a neutral media @®system

and showcaskproduction of concentrated formate from the cathodic stream.

9. Mi ao, R. KAOzden, XAy, R¥ B Db, rienA C.P., Gatamlo, C.M., Lee, G.,
Edwards, J.P., Huang, J.E., Fan, M., Wang, X., Liu, S., Yan, Y., Sargent, E.H., Sinton, D.
AEl ectroosmotic flow steers neutr al prod
electroproduction from C£ Jouleg 2021, 5, 2742753.

This work presented a strategy that leads to continuous production of concentrated ethanol
up to 13 wt% in an MEA electrolyzer. The strategy relies on reversing the direction of ion
and electroosmatig¢ransport by using a porous proton exchange layer, limiting the
unwanted ethanol crossover from the cathode to anode and producing concentrated ethanol
at the cathodic stream. The system shows stable operation of 80 hours. The candidate
assisted in papestructuring and editing.

10.Robb,OAden, MiAao, R.K., OO6Brien, C., Xu, Y.
N., de Arquer, F.P.GA., Sargent, E.H., Sin
fromCQvi a por ous hy dACS AppliedMadals & thtertagegld, 4155
4162 (2022).

This work presented a porous and hydrophobic adlayer that facilitates the evaporation of
ethanol into the cathodic stream and limits water transport, resulting in production of
concentrated ethanol 6fl2.4 wt% fom the cathodic stream. The system is stable for at
least 12 hours of initial operation. The candidate assisted in designing experiments,

materials characterization, and writing the paper.

11.Wang, XA.Qzde® @, Hung,AF.,Tam, J., Gabardo, C.Mdowe, J.Y., Sisler,

J ., Bertens. K., de Arquer, F. P. G. , Mi a o, I



| p, A. H. Sinton, D. , Sar g e nstfuel fret ddrbon A Ef f i
monoxide using mukelemertd o p e d Na@ite &nergy7, 170176 (2022).

This work presented a material design strategy that promotes electrosynthesis of
propanol from CO through facilitadenultiple Ci C coupling stabilized C intermediates,

and improve CO adsorptioni all resulting in enhanced-propanol production. The
candidate assisted in fabrication of key materials of the electrolyzer that enables high

performance and stable electroproduction-pfopanol.
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2 Background

CO:R systems rely on pair of cathodic and anodic react®nThe cathodic reaidn is the
electrolysis of CQto a group of €(e.g., carbon monoxide, formate, methane, methdhb])
[21], C (e.q., ethylene, ethanol, acetaf@2]i [24], or C3 (e.g.,n-propanol)[22], [25] products.
The CQR needs to be coupled with an oxidation reaction at the anode, which is typieally

oxygen evolution reaction (OER) anorganic oxidation reaction (OORJ6].

21 Catde

2.1.1 Cathode: CO: electroreduction

The diversity of product isargely determined by thdorm of CQ absorbed on the catalyst:
*HCOO (an intermediate resulting in formate) or *COOH (an intermediate resulting in carbon
monoxide) A prerequisite for the generation of @roducts is the formation of *CO intermediate
and its ensuing reduction. 8ICQR can be performed in ghH electrolytes, expression of which

in basic and acidic electrolytes is provided in Equatiork) @d (22):

@O @GOG OGO b & "0 (2-1)
@O MO OGO b H 00 (2-2)

The stoichiometric coefficients, b, c, represent the mole of GOH.0, and &, respectively.
Regardless of the pH, the @& similar to many other electroreduction proce42&$, requires
reactant CQ ions, and electroni all can be obtained in a thrghase (solid, liquid, and gas)
reaction environment: a metal catalyst (e.g., copper, silver, gold, indium, lead, zinc, or bismuth),
an electrolyte (e.g., KOH, KHCGDK2CO;s, or K2SQy), and a reactant (Gither in dilute or
concentrated forms). Bismuth, zinc, leallfur,and indium are the elements that produce formate
selectively{28]i [30]. Gold and silver are the elements that form *CO, but desorb it without further
reduction, thus they produce CO selectij@l]. Copperis the only element that can bind *CO
sufficiently to allow its further reduction to>Cproductg6], [31]. The CQR requires a negative
potential at the cathode (where £ reduced) and a positive potential at the anode (where the
protons and electrons are generated). TheRasan be performed under various temperatures and

pressures, but in this thesis, the fotusless otherwise statédwill be on the CGR performed

11



under roortemperature and standard atmospheoitditions. The minimum potential to perform
CO:R under the standard calculations can be derived from thermodynamics using Equ@}ion (2

wO i

o 50

(2-3)

where @eactiond S t he Gi bbbés free ener gy aihthemgmberunder
of electrons required to produce per mole of product,kands t he Far adayo6s con:¢
the thermodynamic potential shows a slight variance depending omprdoect type, the
discrepancy is not sufficient to make any significant difference on the selectivity towards the target
product. Herein, it is also worth noting that potentials required to drive thie @@ likely to drive

the competing hydrogen evolati reaction (HER) as welB2], and thus kHlco-exists with CGR

products and unreacted &t the cathodic stream.

2.1.2 Cathode: carbonate formation

In CO:R, the increasing reaction rates or the use of alkaline/neutral electrolytes result in carbonate
formation(20H + CQ: Y  Cs®+ H:0) through the reaction of G@vith hydroxides present in
the electrolyte and those locally generated byRCEigure 21) [33].

_ CO,R AEM co,

I(l)

+ on

T

CO, CO,; = CO> =P COs2-

7 /
g S N 4
= OH OH- OH g
S CO,+ 20H — CO2 +2H - 2
3 CO5>™ + H,0 CO, + H,0 o
=t o
= e
] OH~ ©

Figure 2-1. Carbonate formation and crossover during CO2R in a zero-gap, catholytefree
AEM -based MEA electrolyzers using neutral and alkaline media electrolyteReproduced

with permission from Springer Nature [12], copyright 2022.

Carbonate formation imposes an unacceptably low upper limit on single pass conversion efficiency

(SPCE) in benchmark, ont¢lerough electrolyzers the fraction of CQreduced to target products

12



[34]. In practical devices, SPCEs are well below fundaméntas, due to the imperfect FE35],
[36]. In alkaline media (pH >14), typically 95% of G@put is lost, and thus for complete
reactant C@conversion to be obtainéddeach CQ molecule would be separated and recirculated
an average of 20 timg87]. Evenwith the use of milder neutral electrolytes, 75% of.@Olost
to carbonate formation and ensuing crossover in conversiog far@lucts. The energy demand
from separation steps is prohibitive (Figur@)2 The regeneration of alkaline electrolyte (such as

via calcium caustic loop) accounts for-88% of total energy input.

cathode separation

Energy intensity (GJ ton™!)

1
1
1
1
1
1
1
1
:
5

10 15 20

Carbonate formation ratio
(mole lost-CO; /mole reduced-CO,)

Figure 2-2. Energy penalty associated with carbonatedrmation and cathode separation
versus SPCE to ethylene. CQseparation in the neutral case (neutramediaMEA) is treated
similarly to carbonate regeneration in alkaline case (alkaline flow cell (AFC)). The energy
penalty associated with regeneration of l&aline electrolyte is based on calcium loop. The
carbonate formation ratios were obtained by performing CQR at 300 mA cm?2. The energy
intensity versus carbonate formation ratio and SPCE to ethylene versus carbonate formation
ratio is measured at a currat density of 300 mA cm?, a cell voltage of 3.7 V, and an ethylene

FE of 70%. Reproduced with permission fromSpringer Nature [12], copyright 2022.

A shift from alkaline to neutral media (pH 4.6 t0~8.2)1 while maintaining C@R performance

T could reduce energy penalties associated with carbonate regeneration and cathode separation.

However, even under the milder conditions 42), the CGR system (with theoretical G&o-
ethylene SPCE of 25%) requires extraenergy inpuf ~42 GJ to produce one ton of ethylene
at typical conditions (Figure-2). Thisextraenergy cosassociated with the separation prodsss

13



prohibitive as it is almost equal to the lower heating value of ethytedeGJ ton 3 [6]. An
analysis of theSPCEof CQO;, as a function of carbonate formation ratio (16€:reducedCQOy)
indicates thatarbonefficient systems minimize Cg@loss to carbonate and enable high §PC
towards Co+ products (e.g., ethylenéfrigure 23). Strategies to remove these $nits are of

importance to the field.

100 T T T T T T T T g |

Fy [o)] e
o (=] o
1 1
1 I

Theoretical SPC to ethylene (%)
[ W]
e

5 10 15 20 25
Carbonate formation ratio
(mole lost-CO, /mole reduced-CO,)

o

o

Figure 2-3. SPCE of CQ towards ethylene versus carbonate formation ratio. Carbon
efficient systems mitigate CQ loss to carbonate and yield a high SPCE. The dashed lines
represent SPCE limits for ethylene in alkahe and neutral media CQR electrolyzers. The
carbonate formation ratio of <3 represents the carbonatdormation-free systems.
Reproduced with permission fromSpringer Nature [12], copyright 2022.

22 Anode

An oxidation reaction (oxygen evolutioeaction[38], [39] or organic oxidation reactigdO0]) is
typically coupled with the CgR. Due to the welestablished performance (low overpotentials,
high reaction rates, and operational stability) and the availability of robust catalysts (such as
iridium based catalygtghe COR systems typically use OER at the anddalkaline electrolytes,

the OER occurs according to Equatior4(2

10 0° ¢00O 1Q O (2-4)
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Reactions alternative to OER, including OORs (glucose oxidation reagtyaerol oxidation
reaction) have also been investigated to achieve reductions in telfudbtentials or produce

valuable products at the anode as .

23 Perf ormance metri cs

The performance of the CR electrolyzers is assessed based on sekeyaimetrics[42]. The
specifications of the anode and cathode catalysts, anion/cation exchange membrane, and

electrolyzer configurations play a key role in each of these m@¢t8¢.5[44].

2.3.1 Faradaic efficiency

Faradaic efficiencyFE) represents the selectivity of the electrochemical conversion of a feedstock

(e.g., CQ/CO) to asingle or a group ofeaction produst(e.g., carbon monoxide, methane,

ethylene, acetate, formate, methanol, aqmtopanol)[45]. FE towards a target prodix, can be

calculated using Equation-8):

& O
0

0
"00 o (2-5)

wherely is the productivity towards produgt z is the number of electrons needed for each
molecule of produck, & is the molar production rate of produgtFi s t he Faraday®os
(96485 C mdl), andl is the current. The FE is an indicator of how electrons supplied are spent
towards any posisie reaction product. The total FE towards all reaction products should be 100%.

A high FE towards a target product is required to minimize the energy penalty associated with
electrolyzer electricity and product separation. Designing catalysts that ablgbweE towards

target G+ products is required to bring the RICOR technology a step closer to viabi[#g].

2.3.2 Current density

The current density represents the reaction rate of the electrochemical reaction. The current density

can be calculated ugy Equation (5):

(2-6)

.0
0 <
(¢}
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wherel is the total current and is the geometric area of the electrode. In a full system, the
geometric electrode areas for the cathode and anode are typically the same, and thus the current
density term can be representative of the full cell. The specifications of the catalyst antyezéct
configuration play a role in the current den$4$], [47]. Achieving largescale operation requires

current densities that are above a level so that the operational and capital costs are sufficiently low
to achieve profitability. The current uigities greater than 100 mA thare estimated to be the

values required for larggcale applicationfl4].

2.3.3 Voltage

The operating voltage represents the driving force to the reaction. The voltage can be described in
different forms: as an overpotential (which shows the potential with respect to a reference
electrode) and as a full cell potential. Overpotential is a uneas how far the potential required

to drive the reaction is from the thermodynamic potential. The overpotential should be minimized
to reduce the energy cost associated with electrolyzer elect@erypotentiad can be calculated

using Equation ():

- 0 (0} (2-7)

whereEappiedis the applied potential ar@ is the thermodynamic potentidihe terminology of
overpotential applies to a half reactiondatine overpotential values are presented wih

compensation with respect to a reference electrode.

When the overpotential applies to a fodlll potential, the thermodynamic potential is calculated

by considering the anodic and cathodic thermodynamenpiats using Equation {2):
o O (6} (2-8)

O is the cell thermodynamic potentid canodeis the cathode thermodynamic potential, and
E°anodeis the anode thermodynamic potential. When the thermodynamic potential of the cell is
calculated, it is typical to use potentials, which cover all voltage loss sources, including anode
overpotential, cathode overpotential, membrane losses, interface, lasdeNernstian pH losses.
Unless otherwise stated, the voltages reported in this thesis &n#-itedl potential{that is, they

have not been corrected iR).

16



2.3.4 Energy efficiency

Energy efficiency(EE) represents the energy utilization (powesproduct) toward a single or a
group of producs. EE depends on three parametelE, cell potential, and thermodynamic
potential required to produce the prodagdf interest[48]. The EEtowards produck can be
calculated by using the FE and cell voltage according to Equati#n (2

00 "00

2-9
5 (29)
where"O0is the FE towards produgt’®’ s the thermodynamic potential towards prodxict

andO is theappliedpotential.

Although the EE can be calculated using the half deicompensated cathodic potential, it is

more practical to calculate the energy efficiencies by uUsihgell voltages, which provides more

realistic insights into the real operational and capital cAdtsgh EE is required to synthesize the

product of interest witlthe minimum energy input. Improving tHeE towards a target product

with alower overpdential is required to increase tB& of conversion. Designing catalysts with

a |l ower Ci1 C coupling ener gy albghFEwithea fower energyher e f
input. Successful integration of such catalysts into-emdjineered electrahers is expected to

yield further improvements in the conversie&E.

2.3.5 Single pass conversion efficiency

Single pass conversion efficiendfsPCE)represents the carbon utilization (carkdosproduct)
towards a target product or a group of produata sirgle pass through the electroly$49]. SPCE
is often referred to as the ratio between the mole of red@&atCO) converted into a product or
a group of products and mole of €€@d into the electrolyzein this thesisthe term carbon
efficiency is used interchangeably with SPAP.CEtowards gas, liquid, or a group of products
at 258C and 1 atntan becalculated usingquation(2-10):

SPCE = (j x 60 sec)/(NX F) + (flow rate (L/min) x 1 (min))/(24.05 (L/mol)) (2-10)
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wherej represents the partial current density towardingle or a group of productdyepresents
the number of electrons transferred to form 1 mole of target prodldmtyh SPCEis required to

reduce the cost associated with feedstock and cathodic separation.

2.3.6 Product concentration

Product concentration represents the volumetric or molar ratio between the target product and all
other products and feedstd&0], [51]. A high product concentration at the cathodic liquid stream

is key to prevenproduct crossover and its ensuiogdation at the anodandto minimize the
energyrequirementssociated with product separat[68], [53].

2.3.7 Operational stability

Operationastability represents the duration during which performance metrics, inclaéiragll
potential, SPCE and product concentration, remain close to initially achieved ones. Prolonging
the operational stabilitys;000 hours is desired to render the RICOR a reliableoption for the
production ofenewable fuels and chemicals. Unfortunately, predantCQR/COR electrolyzers
offer operational stability limited to tens of hourand there exists very limited stability
demonstrations exceeding the first mittne of 1,000 hourfb4]. Prolonging the operational
stability of 5,000 hourgsemains grimary milestone to be made to realize the electrosynthesis of

renewable fuels from waste GIOO emissions.

24 El ectrolyzer configurations

The electrolger configuration greatly influences the reaction rate,andoperational stabilityf

the electrochemical retons [55]. Today, CQR/COR is performed inone of three main
electrolyzer configurations: ktell [56], [57], flow cell [58], [59], and membrane electrode
assembly(MEA) [11], [60]. H-cell electrolyers are limited tgrohibitively low reaction rates,

only several tens of mA cnf due to the limited solubility of COn aqueous solutions. Flow cell
electrolyzers decouple reactant and electrolyte transport via gas diffusion electrodes 2Hg

a), and thereby overcomée CO, mass trasport limitationsto achievehigh current densities.
However, ohmic loss across the cathode electrolyte resuhigginoverpotential and loviEE.
Additionally, the produced liquid products are diluted by the bulk electrolyte, and salt precipitation
limits operational stability. The MEA electragr is an emerging platform that combines

18



cathode:membrane:anode in a zgap configuration and reduces ohmic loss, liquid product

losses and salt formation (kige 2-4 b). Integration ofrobustcatalysts into flowcell and MEA

electrolyzers has enabled considerable improvementsEr{6&], productivity [13], [58], and

stability [60] towards C+ products.
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Figure 2-4. Conventional COzR electrolyzer configurations. Schematic illustration of (a) an

liquid -electrolyte alkaline flow cell (AFC) electrolyzer and (b) catholytdree, zerogap,

neutral media MEA electrolyzer. Reproduced with permission fromSpringer Nature [12],

copyright 2022.
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3 CQelectrolysis to multicarbo

greater t'fan 1 A cm

This workpresens a new catalyst design that decouples gas, ion and electron transport. It enables,
for the first time Jow-temperature€O;R at partial current densitiesell in excess of the 1 Am' 2
threshold. It combines this record productivity wathalf-cell energy efficiencyEE) of 50%.The

work achievethis advance bysingplanar heterojunctions that separate the gas and ion transport,
maximizing their availaility over the entire catalyst surface. The findings open the doomto
temperature, gaghase CG@R that combines high productivity amtE, bringing the technologya

step closer twiability.

The work presented in this chapter is formed the basis opthikcation:de Arquer, F.P.&,

Dinh, GTA, Ozden, A, Wicks, &, McCallum, C., Kirmani, A.R., Nam, 4., Gabardo, C.,
Seifitokaldani, A., Wang, X., Li, Y.C., Li, F., Edwards, J., Richter, L.J., Thorpe, S.J., Sinton, D.,
Sar gent , ,eEctrdlyss taintficarbon products at activities greater than 1 A &tm
Science2020, 367, 66:666.Some excerpts in this chapter are reproduced fedrfil 3] with the

permission fromAmerican Association for the Advancement of Science

The candidate was a-dwst author of this work and played the primary roledeveloping the
approach,designingand preparing theatalyss (catalyst:ionomer planar heterojunctioasd
control catalysfs performing theelectrochemical performance tesfi (cyclic voltammetry
measurementand CO,R/COR performance testing and product analysis under various applied
potentialsand operating conditiojsanalyzing the datal NMR data collection and analysis),
preparing the catalysts for-eand insitu chaacterizationand writing the papeiThe other ce

first authorsPr. F. Pelayo Garcia de Arquddy. CacThang Dinh, and Mr. Joshua Wicks, helped

perform experiments, analyzed the data and assisted in writing the manuscript.

31 Il ntroduction

Addressing the glbal energy problem urgently requires the deployment of renewables, their
storage, and the reduction of global warming greenhouse emifgynGasphase electrolysis is

an attractive avenue to achieve these goals, for it offers a route to upgradegseegases such

as CQto more valuable fuels and feedstock using renewable ele¢@®ins
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COcRis today curtailed in its low productivitylimited diffusion of gas through liquid electrolytes
to the surface of the catalybstand its lowEE. This problem is especially acute for the most
economically attractive C&derived products, which rely on ntiple carbon coupling steps
(ethylene, ethanol, acetatepropanol)[64], [65].

Specifically, whereas wataplitting electrolyers for H production have reached the 1cAY 2
range needed for economic viability, éelectrolyzers have so far been litad to the ~100 mA
cm' “regime.Energy assessments suggbst the deployment of GB is severely limited by the
large electrolyzer capital costs underutilized due to the intermittent nature of renewable
electricity: they will require efficient operatiovell beyond D0 mA cm' %to take advantage of

low-cost curtailed and excess renewable electrj6idy.

This workpresend a catalyst design that decouples gasaiot electron transport. It enables-gas
phase electrolysis at productivities well in excess of 6@mMA cm’ %threshold. It combines this
producton ratewith a half-cell EE of 50%. This advance is achievdny developingcatalyst
ionomer planar heterojunction§CIPHs) that separate the processes of gas and ion transport,
maximizing their availability over the entire catalyst surfadee design can also be translated to
threedimensional catalystionomer bulk heterojunctiondCIBHs) having an engineered
morphology that dramatically extends the tripleaseboundary.The findings open the door to
gasphase electrolysis that combines high productivity BBdbringing forward this technology

in the direction of viability.

32 Experi ment al

3.2.1 Reagents

High grade potassium hydroxide (KOH) potassium chloride (KCI), and potassium iodide (KI) were
purchased from Sigma Aldricklectrolyte solutions were prepared from a stock solution of 10 M
in deionized (DIwater(Milli-Q gr ade wa t whichwaldiButed®to tMegarget molarity.

All reagents were used without further purification.

3.2.2 Electrode preparation

Catalyst:ionomer planar heterojunctions (CIPH) were prepared by coating the surface of a metallic
Cu/PTFE catalyst with a continuous ionomer layé&e ionomer layer was sprayed from a solution
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consisting of a mixture of 700 mg polymeric binder (Nafian 7 solution, 5 wt%, Sigma Aldriéh
with 50 pl methanol (99.8%, anhydrous, Sigma Aldfich

3.2.3 Electrode characterization

Scanning electron microscop$EM) images were acquired using a Hitacht&30 apparatus at

5 keV and different magnifications. Cressctional elemental mapping was performed using a
Hitachi CFETEM HF3300, and the Cu coated gas diffusion electrode sample was prepared using
Hitachi Dualbeam FIBSEM NB5000. Briefly, a slice (~5000 nm thick) of gas diffusion
electrode was cut using eam and attached with a stage with tungsten deposition and lifted out

for subsequent STEMEDX analysis.

Transmission electron microscopy (TEM) imagjiand elemental mapping were carried out using

an FEI Titan 86800 LB TEM operated at 200 kV. The instrument was equipped with a CEOS
image corrector and a Gatan Tridiem energy filter. EELS mapping revealed the presence of Cu
and prfluorinated sulfonic @d (PFSA) ionomer. These samples were prepared by a Zeiss

NVision 40 FIB in crossection mode.

X-ray photoelectron spectroscopy (XPS) measurements were performed using a Thermo Scientific

K-Al pha system, with a pass esnempgyyfofd. 0 eW, a

Contact angle measurements were performed using the sessile drop method onrbasadeo
contact angle measuring system (OCA 15EC). Briefly, a single water droplet was placed on the
sample, and approximately 15 seconds were given biéfei@ntact angles were measured by the

computer software.

Raman spectra were obtained using a Renishaw Raman spectrometer equipped with a 785 nm
excitation laser and 1200 mrhgrating. The Raman spectra were obtained in the range of 200
3000 cm with anexposure time of 10 seconds for each acquisition over 10 acquisitions. The
spectra were averaged and analyzed via WIRE 4.4 software. A 63x magnification immersion
objective and a customade PTFE flow cell were employed for the spectra collection. Thempow

of the laser was constant at 200 pW. The flow cell in which the measurements performed had a
liquid reservoir to which the immersion objective can be dipped. In the flow cell, a gas diffusion

electrode was used to separate the cathode electrode friiquitieelectrolyte. The gas chamber
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was used to feed the system with G a constant flow rate of 50 sccm. For oxygen reduction
reaction (ORR) measurements, air was fed into the system by using peristaltic pumps. The area of
the electrode in thisonfiguration was 1 cf A platinum wire was used as the counter electrode,
an Ag/AgCl was used as the reference electrode, and the electrode of interest was used as the

working electrode.

3.2.4 Electrochemical performance testing

The @, CO: and CO electroredtion performance of the cathode electrodes was investigated
using a computeaided test station (Autolab PGSTAT302N): a custoade flow cell with a
constant electrode geometric area of #;,@wligital mass flow controller (Sierra, SmartTrack 100);

a curent booster (Metrohm Autolab, 10 A); and two peristaltic pumps with silicone tubing for the

supply of anolyte and catholyte.

The custorrmade flow cell comprises of a cathode chamber and electrode; an anion exchange
membrane (Fumasep FABK-130); and anodehamber and electrode (nickel foam, 1.6 mm
thickness). The cathode and anode electrodes were subsequently mounted on their respective flow
chambers, separated by the anode exchange membrane, and assembled together via PTFE spacers
by applying equal compssion torque to the tightening bolts of the cell. The cathode electrode

was operated as the working electrode. An Ag/AgCI reference electrode (filled with 3 M KCI
solution) was employed in the catholyte stream via a port drilled into the a separatoresmploy
between the anode and cathode chambers.iRHgerrection losses between the reference and
working electrodes were determined via electrochemical impedance spectroscopy (EIS)
measurements. Thi&R-corrected electrode potentials were scaled to the rélerbydrogen

electrode (RHE) using Equation-13:

(0] O ¢ ™™ w® T8tLwn 0 (3-1)

whereO is the potential of the reversible reference electrode (RBE)}, is the applied

potential, andy "Gs the alkalinity of the catholyte. pH is calculated via a readdiffasion model.
The performance metrics, including current densities and FEs, were normalized to unit area by

using the geometric area of the electrode
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Anode and cathode electrolytes were supplied to their respective chambers at a constant flow rate
of 10 mL minl ‘through peristaltic pumps with the silicone tubing (Shore A50). The feedstock
COz (Linde, 99.99%) was supplied to the cathode compartment@atstant flow rate of 40 sccm
through a digital mass flow controller. For the ORR measurements, air was circulated into the

cathode via peristaltic pumps.

Cyclic voltammetry (CV) was applied to the electrodes in a wide range of voltages, with a constant
scanning rate of 50 mV' § Each curve is the representative of 15 scans from 3 independent

measurements.

3.2.5 Product analysis

The gas products from the reduction reactions (i.e., ORRR@@d COR) were collected in 1 mL
volumes via gasight syringes (Hamilton chromatography syringe) at least three times. The
samples were then injected into a gas chromatography (PerkinElmer Clarus 680), equipped with a
thermal conductivity detector (TCD), flame ionization detector (FID), and packed columns
(Molecular Sieve 5A and Carboxd®00). The GC uses Argon (Linde, 99.999%) as the carrier
gas. The FEs were determined as a function of operating guarghproduct distribution data

wereobtained from at least three different measurements under similditicns.

The analysis of the liquid products was made via nuclear magnetic resonance specttéscopy (
NMR) from respective catholyte solutions. The liquid products were collected from tie GO

fresh samples at various applied potentials. The flownaadl assembled with the fresh anode and
cathode electrodes, and anode and cathode electrolytes with a constant volume of 25 mL were
circulated through the anode and cathode chambers via peristaltic pumps. The cell was operated
for 800 seconds. The electyt#s collected upon completion of 800 seconds of operation were
diluted 20 times and mixed with an internal standard (dimethyl sulfoxide (DMSQO)) during the
preparation of NMR tubesH NMR spectra were collected on an Agilent DD2 500 spectrometer

in D20 inwater suppression mode, and the liquid product distributions were obtained by analyzing

the spectra using MestReNova software.
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33 Results and discussion
3.3.1 Characterization of catalyst-ionomer planar heterojunction (CIPH)

The approach talifferentiate gas/iortransport is designed andalizedexperimentally. lonic
perfluorinated ionomeiiswhich combine asymmetric hydrophobic and hydrophilic functionalities
along with ion transpori are considered67], [68]. It is hypothesized thatheir controlled
assembly into distinct hydrophobic and hydrophilic layered domains would provide independent
pathways for gas and water/ion transport under the right morph@®f\70]7 one that does not
inhibit ion transport, enabling loagnge @s transport through hydrophobic channels (Figtte 3

a). PFSA ionomers such as Nafion exhibit'S@ydrophilic) and Ck(hydrophobic) differentiated
groups. A configuration whereby SQwas preferentially exposed to hydrophilic metal surfaces
and electrlyte and established a percolating hydrophobic channel througki@&ichains would

fulfil these requirements (Figure13b).

To promote the exposure of 8@roupsPFSA ionomer solutiongere prepareih polar solvents,
which were therspraydepositedbnto hydrophilic metal catalysts afirious massadings[71].
SEMimageseveal a homogeneous, conformal ionomer coating over the entire cdtajyse (3
1 cd). Cryo-microtomedcrosssectional TEM images reveal the presence e18 Bm continuous
and conformal ionomer layéFigure 31 eg), consistent with a SDbackto-back configuation,
eshblshinga welldefined CIPH.

Seeking to characterize the CIPH and the ionomeliguattion in its hydrated condition, a suite

of ex-situ and insitu surface enhanced Raman spectroscopy (SERS) experiments are designed
(Figure 31 h). As-deposited ionomers on Ag catalysts exhibit strong characteristic signals at 733
cm Ycharacteristiof i CF and @ C vibrations) and at 1005 énfand 1130 ci(associated with

i SO modes) as well as a complex background set of features arising from bEh€x386 cm 3,

CiF (1182 crh 1 1300 cm ) and S=0 (1446 cm} modes[72], [73]. Hydrated samples retain
characteristid CR, Ci C, andi SO;' spectral features but with increased relative contribution of
sulfonate groups (1009 ¢nfand 1131 cmj compared to perfluoronate (730'chn

To better characterize the CIPH structural configana wide angle Xray scattering (WAXS)
measurements are further carried out on PTFE/Cu/ionomer samples (FijureBdth control
and CIPH samples exhibited a similar contribution of the different Cu planes and PTFE backbone
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support. CIPH samples, in addition, revealed strong differentiated peaks at1128 A and 2
A’ ! The first two peaks are associated with crystalline amafphous PFSA phases. Resonances
in the area ca. 2'Alare ascribed to overlapping diffractions from intrachain correlations associated

with ionomer orientation.
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Figure 3-1. The catalyst:ionomer planar heterojunction (CIPH). (a) Schematic of metal
catalyst deposited onto a polytetrafluoroethylene (PTFE) hydrophobic fiber. (b)

Perfluorinated ionomers such as Nafion exhibit asymmetric hydrophilic and hydrophobic
characteristics endowed byi SOs' and i CFs functionalities, respectively. Hydrophobic
domains fadlitate gas diffusion while hydrated hydrophilic surfaces provide water and ion
transport channels. €-d) Scanningelectron-micrographs of ionomercoated metal catalysts.
(e-g) Transmissionelectrornrmicrographs of catalyst/ionomer crosssections revealing
conformal overcoating. (h) Raman spectra of control and ionomermodified catalysts
revealing ionomer distinctive features ofi CF2 and i SOs' groups. (i) Wide-angle X-Ray

scattering (WAXS) spectra for control and ionomermodified catalysts. Reproduced with

permission from American Association for the Advancement of Scieng&3], copyright 2020.
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3.3.2 Performance of catalyst-ionomer planar heterojunction (CIPH)

The electrochemical performance of tG#PH for different electrocatalystsaand reactiongs
investigatedFigure 32). TheORRIs a key reaction for fuel cells where oxygen is reduced into
water[74]. The lack of a competing reaction to tB&Rat potentials more positive than hydrogen
evolution canprovide a route tadentify gasreactant stagnancy and its impactthe limiting
current.Thus,CIPH structures consisting of sprayed ionomer coatings Agd?TFE membranes
were built withdifferentmasdoadings and theORRcurrentwas monitoredising 5 M KOH water
electrolyte and air athe reactant. Unmodified Ag catalysts show a current density tHaivisr
than30 mA cm' 2. CIPH catalysts exhibit a ghificantly enlarged current density of 260\ cm' 2
under the same conditions up to 0.25 V vs. RHE, where rqrddluction was observed. This is
consistentvith the in-situ Raman measurements, which shpamoted availabilityof O, on the

catalyst surface.

To assess whether igransport or the electroactive area was modified in metamer catalysts,

the hydrogen evolution performance tbk controlAg and Ag-ionomer planar heterojunction
catalystsis comparedunder Ar. Because the only reactant in lyelrogen evolution reaction is
water, the performanagould not be affected by the gas diffusion properties of the PFSA ionomer
layeri catalyst performance would be affected only by water availability and ion transpsrt.
found that both samples shaimilar HER activity (Figure 32), confirming that the enhanced
activity of theCIPH stems from its enhanced gas transport properties and that ion transport is not
compromised in this architecture. These resafieeewith the similar hydrophobicity of the
catalysts before and after ionomer modification. Contact angle measurenwntgaandCIPH
samplesyield a similar valueof ~121-1 2 2Fgyurg 33). These results further confirm that the
enhanced gas reduction performanc€IiRH originates from thextended gas diffusion through

the ionomer layer; rather than from a redistribution of the gas/electrolyte in the PTFE membrane

pores.

To shed further light on thieatureof the ionomer modification, the performanceQiPH for
different reactionss investigated Ag-based CIPHSs testedfor CO:R targeting CO production,
and observed th&ER was suppressed belowF& of 5% up to700 mAcm 2 (Figure 32 b). In
contrast, Agcontrol catalystlimited by CQ availability, exhibis a CQR partial current denisi
pinned below 200 mAm' 2, with dominating HER
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These observations translate as well teb@sed CIPHargeting hydrocarbon generatidriqures
3-2 ¢d). Cu-based CIPHexhibitsa remarkable increase of @current. At 500 mAm 2, Hz FE
remains below 10%whereasthyleneFE reaches 70%. Bare Cu catalybtsyever exhibit CQR
currentdensity ofL00 mAcm' 2 with H> FE exceeding 60% aimilar currentsWhen the reactant
is diluted with N, the Cubased CIPH catalyst maintains tréginal productivity levels down to
the CQ|N2 flow rate ratio of 6(40 (Figures 3-2 e-f).
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Figure 3-2. Electrochemical performance of CIPH for different reactions and metallic
catalysts (@) ORR shows one order of magnitude increase ircurrent density with ionomer
coating over Ag catalystsRHE refers to reversible hydrogen electrode(b) In the case of
CO:2R, aCO:zR FE of 95% is achievedat 600 mA cm'? on the Agbased CIPH (c) On Cu-
basedCIPH, efficient COzR towards C2+ products is achievedat 700 mAcm' 2. (d) The trend
is maintained for COR, where CIPH shows an Hz2 FE of only 6% up to 370 mAcm' 2 (e-f)
Partial pressure COR experiments performed with CO|N feeds for CIPH and control
catalysts show that only at partial pressures below 60% isid observed for CIPH, whereas
a sharp, steady decrease abtainedfor control catalyst. Both the CIPH and control catalysts
have similar resistance and doubldayer capacitance. Performance experiments were
performedin 5 M KOH electrolyte. Reproduced with permission fromAmerican Association

for the Advancementof Sciencg13], copyright 2020.
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To demonstrate the benefit of t6#PH for othergas reactants, thgerformance o€OR on Cui
a system with activity limited by the poor diffusion of CO in the electrdlyite also monitored
(Figure 32 d). Cu-based CIPHields suppresseéi, FE to 6%up to 400 mAcm' 2. H, FEon Cu
sampleshowever exceeds 50% at similar working poterdiaPostreaction SEMmagesreveal

the unmodified presence of the PFSA ionomer inGHRH after reaction(Figure 34).

Cu+PFSA

Cu

120°C 122°C

Figure 3-3. Contact angle measurement ofcontrol and CIPH samples reveal a similar
hydrophobic/hydrophilic character after PFSA coating.Reproduced with permission from

American Association for the Advancemenof Scienceg13], copyright 2020.

S-5200 5.0kV x100k SE 500nm S-5200 5.0kV x300k SE

Figure 3-4. SEM imagesof Cu CIPH after COzR at (a) 1um, (b) 300 m, (c) 500 rm, and (d)
100 M. The samples were operateth 5 M KOH at 1 3 V vs AgJAgCI for 50 minutes. The
PFSA layer is evident at all magnifications. Cu surfacexperiencessurface reconstruction
forming smaller grains. Reproduced wth permission from American Association for the

Advancement of Scienc§l3], copyright 2020.
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34 Concl usi ons

In summary, this worklemonstrates metal:ionomieybrid catalysts that exhibit phaselective
gas/electrolyte/electron transport. The new catalysts decouple gas/ion/electron transport
phenomena which limited the available reaction area and subsequent activity, thus enabling gas
phase electrochemistwith record current densities aedergy efficienciesThe work first starts
investigatingthe use of ionomers with asymmetric hydrophilic and hydrophobic functionalities
andthen presentan ionomer coating that enables differentiated gas transport chdtimeigh
hydrophobic domains) and water uptake and cation transport via hydrophilic domainsyagich
characterizedria a suite ofspectroscopiesind microscopiesThe universal character of this
approachs demonstrated by using CIPks different reations such a®RR, CQR, and CQR.

The phenomenpresented in this worgrovide a route t@atalyst design principles that are not
constrained byhe limitations in simultaneous transporigaismoleculesjons, andelectrors. The
CIPH structurespave theway to the realization of renewable electrochemistrypraictical

production rates.

35 Refl ection on this project, not

This work presents a catalyst design strategy that enablesat@iproduction ofZ; and Ca+
products from CQ@in alkaline flow cell electrolyzersThe catalyst combirsehigh productivity
with high haltcell energ efficiencyby also benefiting from the use of highly alkaline electrolytes
However, the use of alkaline electrolyiegshe main linitation of this work. This limitation is
associated with the carbonate formation, and associated drawbadedt dbrmation, low
operational instabilityand prohibitively low single pass carbon conversion efficiensgother
limitation thathas alreadynotivatedadditionalresearch efforts is that modifying the Cu catalysts
with nmthick ionomer films shift the practicatselectivityregimeto highreaction rates, which
requires high applied potentialto drive theCOzR. Though the use of alkalinelectrolytes
compensatefor this voltage discrepandyy lowering the ohmic loss flow cell electrolyzers
integration of thiscatalyst into a fulcell systemand the use of neutral electrolyt@dEA
electrolyzersyesulsin low enery efficiencies. Tlerefore, the strategy presented here needs to be
coupled with either low-overpotential catalysts ooverpotentiareducing strategies totake

advantagef high productivitywithout sacrificingother metrics.
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4 Gold adparticles on sitlivalr ¢
and high selectivitonwveelse ©

This work presentan adparticle functionalization catalyst design: géd) adparticles formed

on the silvergold (Ag-Au) alloying interface via galvanic replacement uniquely combine the
benefits of pure Ag and Au catalysthe Au adparticles formed at th&g-Au interfaces modify

the lattice and electronic structure &f and lower the free energy change required to form
*COOH ( pG* COOH), a key reaction intermediate a
to both planar and higburfacearea catalysts, enablirgignificant overpotential reductionat

industrially relevant reaction rates ((L@nA cni?). The AgAu catalys enables a CO partial

current density of 250 mA crha t ( | d c & hchigving<CDprodyctivitiesrequired for
practicality.

Work from this chapter formed the basis of this publicat@rden, A%, Liu, YA, Dinh, GTA, Li,

J., Ou, P., de Arquer, F®. , Sargent , E. H. , Sinton, D. nGol
overpotential and high selectivity in electrochemicalG0O0 n v e r ACE éppled Energy

Materials, 2021, 4, 7504512.Some excerpts in this chapter are repiadl from ré [14] with
thepermission fromAmericanChemical Society

The candidate was a -¢mst author of this work and played the primary role in desigrind
preparing the catalyss (adparticlefunctionalized catalysts and contrés), performing the
electrochemical péormance testingcyclic voltammetry measurements and BQerformance
testing and product analysis under various applied potentials and operating conditialyzing

the data(electrochemicalperformanceand characterization datgperformingex- and in-situ
characterizationand writing the paper. Thather cefirst authors, Mr. Yanjiang Liu anbr. Cac

Thang Dinh helped perform density functional theory calculations and analyzed the data and

assisted in editing the manuscript.

41 | ntroducti on

CO:R, powered by renewable electricity, offers a route tezeetemission production of
valuable chemicals and fuelgat are produced currently via carbiotensive process¢g5], [76].
Carbon monoxide (CO) is a widely used feedstock in Fisthgpsch processes and alcohol
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synthesis reactions. CO can also be further reduced to-cadfton products such as ethylene,
acetate, and-propanol via further reductidb], [77], [78]. The conversion of C&to-CO requires
fewer electrons and protons (2H"), and has been achieved with raaity Faradaic efficiencies
(FEs) (>90%) at industrially relevant reaction rates00 mA cm?) [79]i [81].

Electrochemical C&to-CO conversion starts with the formation of *COOH intermediate. Surface
adsorbed *COOH is then reduced to *CO via electransfer and desorbed, as shown in
Equations (41), (42) and (43) [82], [83]. An ideal CQ-to-CO catalyst would provide an
adsorption strength that facilitates both *COOH formation and the *CO desorption&gips
[86].

CO,+H*(aq)+d + * Y * COOH (4-1)
COOH*+H"(agq)+d Y CO* O+ H (4-2)
CO* Y CO ++* (4-3)

Presentday lowrtemperature C&to-CO conversion is performed on heterogeneous catalysts such
as Ag[87], [88], Au [89], [90], and palladium (Pd)91], [92]. Ag and Au exhibit the highest
selectivities to CO (>80%93]. Ag can mediate C£to-CO conversion at practical productivities
>100 mA cm 2 However, this high activity comes at the expense of high overpotentials. A
practical level of activity (CO partial current density of >150 mA' §mat low cathodic
overpotentiad (4 1 V versus RHE) are required for the practicality of the-@BCO conversion
procesg94], [95]. Au achievesCO, conversion at lower overpotentials, lsutffer low selectivity
(<90%) at production rates greater than 100 mA §86], as the hydrogen evolution reaction
takes over. These limitations prevent conventional Au and Ag catalysts from achieving high

energy efficiency (EE) at industrially relevaeaction ratef97].

This work reports an activity promoting strategy that combines the selectivity of Ag with the
activity of Au, reduces the energy barrier for @tivation and thereby enables high EE-@®

CO conversion. Using density functiortakory (DFT) calculations, it is found that creating an
active AgAu interface lowers the desorption energy of *CO, and that undercoordinated Au atoms
at the AgAu interface significantly decrease the formation energy of *COOH GO + € Y

*COOH), reducig the overpotential in C&o-CO conversion.
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The Audoping strategy is implemented on both planar catalysts (sputtered Ag on porous PTFE
with Au-doping via galvanic replacement, 2D AgAu) and haginfacearea catalysts (Adoped

Ag nanoparticles on 2D AgA 3D AgAu). In a gas diffusion electrotbased flow cell
electrolyzer, 2D AgAu and 3D AgAu catalysts yield CO FEs exceeding 90% at CO patrtial current
densities up to 165 mA ¢nfand 350 mA cm? respectively. These AgAu catalysts exhibit ~200

mV lower ongt potentials compared to the undoped Ag controls. In a MEA electrolyzer, the 3D
AgAu catalysts enable CO FEs of >90% and CQdall energy efficiencies of >30% over a wide
range of CO partial current densities from 105 mA ém 240 mA cm 2 The MEA electrolyzer
equipped with a 3D AgAu catalyst enables stable CO electrosynthesis for 60 hours at a current
density of 200 mA cm? with an average CO FE of 90% and averagedeill EE of 33%. At an
average current density of 185 mA 'cfithe sysem also maintains an average single pass CO
conversion of 33% for 60 hours.

42 Experi ment al

4.2.1 Reagents

High grade potassiumicarbonatg KHCQOzs) andpotassium chloride (KCI) were purchased from
Sigma Aldrich Electrolyte solutions were prepared from a stock solution of 1 déionized (DI)
water(Milli-Q gr ade wa twhichwaddduted to tMegtarget molaritfl reagents were
used without further purification.

4.2.2 Electrode preparation

The planar (2D) BAu electrodeswere preparedhrough galvanic replacement. Firstly, the
AQ/PTFE substrates were prepared by evaporating Ag target purchased from Kurt J. Lesker
Company onto a single side of thelytetrafluoroethylene (PTFE) substrate (45 aver age po
size) with a constant sputtering rate of ¢ under 10 5Torr until a Cu thickness of 300 nm
achievedThen,an ink of 10 mM of gold(Ill) chloride (99%, Sigma Aldrighin deionized (DI)

waterwas preparedrhen,1 mL of the resulting solutiowas dilutedwith 9 mL of acetoneThe

Ag/PTFE electrodewere then immerseitito the resulting ink for various duration (from 5 to 30

minuteg. The AgAu electrodes were first rinsed with DI water for Sutesand then driedinder

N2 flow. The electrodes were stored underdxivironment overnight prior to the performance

testing.
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The highsurfacearea AgAu electrodes were prepared by syieyositing AgAu NPs onto the 2D
AgAu electrodes with the sputtered Ag catalyst thiclsnaf 300 nm. The AgAu NPs were prepared
by sonicating Ag NPs (<100 nm particle size) in an ink containing 1 mL 10 mybld{lll)
chloride (99%, Sigma Aldri}) and 9 mL of acetone for 15 minutes. The resulting ink was then
centrifuged at 6000 rpm for 5inutes and washed with ethanol for five times. After complete
drying under Nflow for 24 hours, the AgAu nanoparticles, together with a polymeric bindse
sonicatedor 1 hour in methanol and spralgposited onto the 2D AgAu electrodes until a total
loading of 2 mgem' 2achieved. The resulting electrodes were dried undeeriVironment

overnight prior to the performance tests.

4.2.3 Electrode characterization

Scanning electron microscopy (SEM) imaging and energy dispersiay XEDX) elemental
mapping werg@erformed in a higiesolution scanning electron microscope {BRM, Hitachi S
5200).

Transmission electron microscopy (TEM) imaging was performed in a field emission transmission

electron microscope (Hitachi HF3300).

X-ray photoelectron spectroscopy @Pmeasurements were carried out in PHI 5700 Electron
Spectroscopy using A U -r& radiation (1486.6 eV) for excitation.

OperandoX-ray adsorption spectroscopy (XARgasurements at the Ag-edge were carried out

at the 9BM beamline of Advancdthoton Source (APS, Argonne National Laboratory, Lemont,
lllinois, USA) using a homenade flow cell[98]. Fluorescence yield was recorded using silicon
drift detectors at both the 9BM and 20BM beamlingstay absorption near edge structure
(XANES) datawere analyzed using the Athena software included in a standardized IFEFFIT
packagd99]. X-ray absorption fine structure (EXAF#Y}ings were performed using the Artemis
(FEFF) software included in the IFEFFIT pack&b@O].

4.2.4 Electrochemical performance testing

Catholyteincluded performance testing in flow cell: The £Operformance of the 2D and 3D

AgAu electrodes in liquigtlectrolyte flow cells was investigated via an electrochemical test

34



station, equipped with a potentiostat and a current boostetrdhm Autolab, 10 A). The
experimental setup was composed of a homaele liquidelectrolyte flow cell electrolyzer
composed of a gas chamber, a cathode chamber, and an anode chamber. The AgAu electrode of
interest was placed between the gas and catkbdimbers with the geometric active surface areas

of 1 cnt. In this electrolyzer configuration, the catalyst layer was facing to the cathodic chamber,
and the anode and cathode chambers were separated by an anion exchange membrane (AEM,
Fumasep FAA3-PK-130). An Ag/AgCI electrode and a nickel foam were used as the reference
and counter electrodes, respectively. For the electrochemical performance measurements, 1 M
KHCOs was used as the catholyte and anolyte, and they were fed into the cathode and anode
chamlers via peristaltic pumps with a constant flow rate of 15 mL rhifhe flow rate of C@

(>99.9%, Linde gas) fed into the cathode chamber was kept constant at 40 sccm via a digital mass
flow controller (Sierra, SmartTrak 100), and the actual flow rate @f Was determined by a

bubble flow meter at the outlet of the cathodic stream.

Catholytefree performance testing in membrane electrode assembly (MEA) electrolyzer: The
COR performance of the 3D AgAu and 3D Ag control electrodes was investigated in the
caholyte-free, neutral media electrolyzers via an electrochemical test station connected to a
potentiostat and current booster (Metrohm Autolab, 10 A). The experimental setup consists of a
MEA electrolyzer (Dioxide Materials), a mass flow controller (Siegmart Trak 100), a
humidifier, an anolyte container, and peristaltic pumps with silicon tubing for anolyte delivery.
The MEA electrolyzer consisted of cathode electrode (3D AgAu or 3D Ag electrodes), anode
electrode (IrOxTi), and AEM (Sustainioff X37-50), and stainless steel cathode and titanium
anode flowfield plates with the geometric areas of 5°cifhe IrOxTi electrodes were prepared,

and AEMs were activated by following the recipes akin to those presented in previous[&ports
The anoeé electrode preparation involves several sirtplperform steps: (1) etching the Ti mesh
(Fuel Cell Store) in 6 M hydrochloric acid (HCI) at 70 for 40 mirutes (2) washing the etched

Ti meshes with DI water at 9UC for 30 mirutes (3) immersing the Tmeshes into an ink of
iridium(1V) chloride hydrate (Premidt) 99.99%, metals basis, Ir 73% rimmum, Alfa Aesaf), n-
propanol, and HCI; and (4) drying and sintering the resulting Ti meshes into the solution. The Ir
loading was kept constant at 1.5 mg &ithe AEM activation involves storing the AENh 1 M

KOH solution for 48 hours. The activated AEMs were then rinsed with DI water for 15 minutes

before the assembly. The MEA electrolyzer was assembled by placing the anode and cathode
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electrodes to their spective flowfield plates and separating them physically from each other via
an AEM. Upon completion of the assembly, 0.1 M KHGA&th a constant flow rate of 10 mL
min' 'was supplied to the anode flow field, and humidified.@@h a constant flow rate of 80
sccm was supplied to the cathode flow field. TheR@as initiated by applying a negative full

cell potential ofi 3 V, and upon complete stabilization of the corresponding current, the potential

was increased with suffialy small increments in the negative direction up4a V.
4.2.5 Product analysis

The corresponding current at each voltage applied was continuously recorded, and at each current,
the gas products were collected at least three times in 1 mL volumes sighgasyringes
(Hamilton chromatography syringe) from the outlet of the cathodic gas stream. The gas products
collected were injected into a gas chromatography (GC, PerkinElmer Clarus 600), equipped with
a flame ionization detector (FID), a thermal conduttidetector (TCD), and packed columns.

The GC spectra corresponding to the injections were utilized to calculate the FE towards CO and
H>. The voltages obtained from the flow cell measurements were converted to the RHE scale using
Equation (44):

E (vs.RHE) = E (Ag/AgCl) + 0.210 + 0.059 x pH + IR (4-4)

wherepH is the representative of the alkalinity near the catalyst sunfé&e#ie current, an®is

the solution resistance. ThR value was determined through electrochemical impedance
spectroscopy (EIS) measurements performed in the frequency range-d0-108z with an
amplitude of 10 mV. The FEs towards CO andnagre calculated using Equation

ROIARINAX(2 A 081 s TR A [6) (4-5)

where'Qis the partial current of produat E  is the total current, is the number of electrons

required to produce 1 mol of produgty is the CQ flow rate at the outlet of the cathodic

stream is the concentration of produat "Ois the Faraday constant, atdis the unit molar

volume under room conditis. The EEs towards CO were calculated using Equatiéit (4

36



0¢ Qi "MWOWOHO W (-6

(4-6)
where% is the thermodynamic potenti&, % is theFE towards CO, an% is the
full-cell potential. The SPCE of C@wards CO was calculated using Equatiof (4

YOO O—— QaéidoQwp & TgBU— (4-7)

whereBs the partial current density towards COis the electron transfer for every molecule of

product,&is the Faraday constant. The SPCE towards CO was calculate8Gag8 1 atm.
4.2.6 Density functional theory calculations

PBE exchange function§l01] with a projectoraugmented wave pseudopotenfid2] by the
Vienna Ab initio Simulation Package (VASR)3] was used to calculate the electronic energies.
Pure metal and island models were conceived for investig&ime. Ag and Au (111) surfaces
were set as fodayered slabs of a (4x4) surface unit cell. The monolaye3)(8x islands were
imposed on a threlayered (6%) (Au(3x3}i@AQ(6x%6)) and (7x7) Ag(111l) (Au(3x3)
I@AQ(7x7)) slabs (ensured by the converge testtlie scale of island and substrate), with
supercell cell sizes of 14.42x14.4%Z And 17.31x17.31 Ain the perpendicular direction. To
illustrate the interactions between slabs and the adsorbates, the zero dampbg DEHhod was
applied as the Van der Waals correctip@4]. The adsorbates and top two layers for all models
were relaxed until the neained force below 0.02 eV' A& with bottom two layers fixed. The k

points were set as 3x3MonkhorstPack mesii105] for the pure metal models, with 1x1 for

the island models. The coff energy of 450 eV was utilized for all models. ConsideringO
*COOH and *CO were set as the intermediates. For the pure metal models, the electronic energies
of *COOH and *CO at all typical binding sites (bridge, hollow, and top) were calculbedhe

island models, the intermediates at thdupictional, cornerand saddle sites were examined.
Further free energy corrections were utilized to convert the electronic energy of the most stable
binding sites from each of the four models into free energies, wherpaitcenergy, enthalpy,

and entropy corrections wee performed using the harmonic oscillator approximation and the
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computational hydrogen electrode (CHE) method, assuming the pelgtcinon pair shares the
same free energy with hydroge'h eno6x®6.s{ @indar d

43 Ressiland di scussi on

4.3.1 Characterization of gold adparticles on silver

A set of 2D AgAu catalysts with different morphologies were prepared using a galvanic
replacement reaction. The galvanic replacement was performed by immersing Ag/PTFE catalysts
in a homogeneous mixture of DI water and acetone containing 1 mM fu®@hrious durations,

from 5 to 30 minutes.

SEM images show the growth of adparticles on the surface of Ag/PTFE fibers as a function of

galvanic replacement duration (Figurd 4).

XPS peaks corresponding to Ag 3d and Au 4f confirm thexistence of Au and Ag on the surdac

of the resulting electrode (Figureldb). The XPS spectra of 2D AgAu catalysts with those of pure
Au and Ag foils is compared. It is observed that positive peak shifts of the 2D AgAu catalysts in
both Au and Ag plots, indicating electron withdraws fréun 4f and Ag 3d orbitals. This charge
transfer between Au and Ag clearly shows an electronic modification of Ag catalysts with the

addition of Au adparticles (Figure?).

XRD studies of the 2D AgAu and 2D Ag control catalysts show thatidping resultsn a
negative shift in the crystal phase of Ag, indicating a lattice expansion of Ag via Au doping (Figure
4-1 c). Similar negative shifts and spectra are detected for galvanic replacement durations ranging
from 5 to 30 minutes, indicating that Au modifibe lattice of Ag prior to forming islands of Au
adparticles on the surface.

Carrying out insitu XAS measurements, the alloyed AgAu structures are confirmed. Through
EXAFS fitting, a decrease of Au coordination with galvanic replacement durationsrantieof

10 to 15 minutes is found, which signifies the formation of surface Au adpatrticles at the AgAu
alloy interface under these conditions (Figures de). With longer replacement duration, an
increase in the density of Au adparticles is observigni(€ 41 d), consistent with the SEM results
(Figure 41 a).
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Figure 4-1. Characterization of planar (2D) AgAu catalysts. (a) SEM images of AgAu
catalyst. The SEM images illustrating the growth of dendrites with extending duration of
galvanic replacemen duration, whereby extending duration of galvanic replacement results
in structured deposits. Scale bars are 200 nm. (b) XPS spectra of AgAu catalyst. The Ag3d
and Au4f signals indicate the coexistence of Ag and Au in AgAu catalyst. (c) XRD spectra of
2D AgAu catalyst. (d) The Au L3edge EXAFS spectra of various AgAu catalysts in
comparison with those of Ag and Au foils. (e) The Au L&dge EXAFS fitting results for the

AgAu-15min catalyst. Red curves are cumulative fitting spectra. Blue and pink curves
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represent AlrAu and AgAu scattering paths, respectively. Note: AgAu catalyst stands for

Au-doped planar Ag/PTFE (with an optimized galvanic replacement duration of 15 min).
AgAuU-5min, AgAu-7min, AgAu-10min, AgAu-15min, AgAu-20min and AgAu-30min stand
for the catalysts with 5, 7, 10, 15, 20, and 30 mites of galvanic replacement durations.

Reproduced with permission from American Chemical Soiety [14], copyright 2021.
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Figure 4-2. XPS spectra of the 2D AgAu catalyst. (a) AuAdu 4f spectra versus Adfoil

spectra. (b) AUAgAg 3d spectra versus Atfoil spectra. A shift in the AuAg-Au 4f spectra

versus Aufoil spectra indicates the successful alloying between AgAReproduced with

permission from American Chemial Society[14], copyright 2021.

4.3.2 Mechanistic understanding

To provide mechanistic insights into the electrochemical activity of Ag and Au towargoCO

CO conversion, density functional theory (DFT) calculations of adsorption geometries and

energetics are performed. TBET calculations predict that the free energiesoton *COOH

( @®coon) T potentiatdetermining step in CR i on pure Ag and Au are 1.61 eV and 1.38 eV,

respectively(Figure 43 a) Seeking tofind the possible materials structure combinations that

would lower the free energy to form *COOWjsf ound t hat t he

of gold particles on Ag) lower the free energy required to form *COOH, such that both Au(3x3)

i sl

and

I@AQ(6x6) (0.86 eV) and Au(3x3)@Ag(7x7) (0.78 eV) possess smaligB-coon than Ag(1.61

eV) and Au(1.38 eV{Figure 43). The presence of undercoordinated Au in the island case led to

preferentially binding of *C species. Ag also has a higher affinity fo{#@], and thus further
stabilizes *COOH. The configuration of *COOH here provides-fubctional[108] binding sites
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for C-Au and OAg 1 a feature of the AgAu combinati@oesnot present in pure Ag or Au cases

due to the unstable Ag bound with *C ahd fully coordinated nature of Akor island cases, the
enhancement ik (CO:R) outweighs that it (HER) (Figure 43), due to the undercoordinated

Au species. These findings suggest the opportunity to achieve, via AgAu catalysts, the
combination of highCO productivity and low overpotential.h€ DFT findings suggest that
decreasing C@activation barrier and suppressing HER on Ag (via Au islands), the overpotential

towards CG-to-CO conversion can be lowered, thereby a higher EE can be attained.
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Figure 4-3. Mechanistic understanding. (a) Free energy diagram for C&R to CO in all
models. (b) Calculated limiting potential for HER versus that for CQR. Right and upper
regions denote high activity for COR and HER, respectively.Reproduced with permission
from American Chemical Society{14], copyright 2021.

4.3.3 Electrochemical performance

The origins of the limitations of conventional Ag and Au catalysts are analyzed at practical reaction
rates (>100 mA cij. This analysis leads to two main findingsgthicathodic overpotential on

Ag and high HER activity on Au. Using planar Ag/PTFE and Au/PTFE catalysts, thBR CO
performance is investigated in 1 M KH@Over a voltage range ©0.41 and 1.36 V versus the

RHE. It is found that CO partial current densitgreases with increasing applied potential on both
Ag/PTFE and Au/PTFE catalystBigure 44). On Au/PTFE catalyst, the CO FE remains above
90% up to a current density of 60 mA '@and a potential of 0.57 V versus RHE. A further

increase in theurrent density results in HER dominating 480and the partial current density is
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capped at ~100 mA cnfati 0.71 V versus RHE (58% CO FE at 176 mA érand ati 0.88 V
versus RHE)Kigure 44). On the Ag/PTFE catalyst, the CO FE remains above 90% upuioeant
density of 120 mA cht, albeit with a cathodic overpotential b1.32 V versus RHE. The CO
partial current density reaches its plateau of ~160 m& an 1.36 V versus RHE (86% CO FE
at 186 mA crfv).
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Figure 4-4. Mechanistic understanding. (a) CQpartial current density versus potential. (b)
CO FE versus potential. Note: AgAu catalyst stands for Auloped planar Ag/PTFE (with an
optimized galvanic replacement duration of 15 mintes), 2D Ag catalyst stands for planar
(2D) Ag/PTFE, and 2D Au catalyststands for planar (2D) Au/PTFE. Reproduced with
permission from American Chemial Society[14], copyright 2021.

The initial CQR performance of the 2D AgAaatalysts is assessed in a flow cell with 1 M KRCO
liquid electrolyte (Figure-%). With galvanic replacement durations in the range of 0 to 15 minutes,
the peak CO partial current density increased from 160 to 183 mAarmd the corresponding
cathodicoverpotential reduced froiml.34 tor 1.16 V versus RHE (Figure4)). Tafel analyses of

CO productivities from C@on 2D AgAu exhibit a slope of 82 mV déclower than that of Ag

(137 mV det!) (Figure 46), indicating a faster electron transfer for COnfiation. Further
extending the duration (from 15 to 30 minutes) did not improve performance, instead leading to a
higher HER activity and a lower peak CO partial current density (Figutei4outcomes
attributable to excessive Au surface coverage. De8télER activity at low applied potentials
(~10.4 V versus RHE), the 2D AgAu catalyst combines high CO FE and low overpotential at
reaction rates >120 mA ¢éf(Figure 44).
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Figure 4-5. Performance of planar (2D) AgAu catalysts with various galvanic repleement
durations between Au and Ag atoms in a flow cell. Operating conditions: 1 M KHC®was
supplied to the cathode and anode with a flow rate of 20 mL mint CO2 was supplied to the
cathode with a flow rate of ~50 sccm; experiments were performed under room temperature
and pressure. Potentials are presented witlR compensation. The error bars correspond to
the standard deviation of three independent measurementag catalyst stands for Ag/PTFE
and AgAu-5min, AgAu-10min, AgAu-15min, and AgAu-30min stand for the catalysts with
5, 10, 15, 30 minutes of galvanic replacement durationReproduced with permission from

American Chemical Society[14], copyright 2021.
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Figure 4-6. Partial CO current densities and Tafel slopes on pure Au, pure Ag, and 2D AgAu
catalysts. Operating conditions: 1 M KHCG was supplied to the anod with a flow rate of
15 mL min' * humidified CO2 was supplied to the cathod with a flow rate of 80 sccm;
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experiments were performed under room temperature and pressureReproduced with

permission from American ChemicalSociety[14], copyright 2021.

To further boost current densities at similar cathodic overpotentials, théoreaderface is
extended by translating the Aloping strategy to a 3D catalyst motif, in which-Aoped Ag NPs
are supported on 2D AgAu catalysts (Figuré)4

Figure 4-7. Characterization of 3D AgAu catalysts. (a) and (b) SEM images of the Adoped

Ag NPs formed on the 2D Ag/PTFE substrates Scale bars are 2 um and 500 nm, respectively.
(c) and (d) TEM images of the Audoped Ag NPs.15-minutes of galvanic replacement
between the Ag and Au atoms leads to growth of small islands on the surface of the Ag NPs.
Scale bars are 100 nm and 50 nm, respectively. (e) and (f) TEM images of the-daped Ag
NPs. Scale bars are 50 nm and 20 nm, respectivelg) HAADF -STEM image of the 3D AgAu
catalysts. (h) EDX elemental mapping of Ag. (i) EDX elemental mapping of Au. (j) EDX
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elemental mapping of Au and Ag. Scale bars of HAADFSTEM images and EDX mappings
are 50 nm.3D AgAu catalyst stands for Audoped Ag NPssupported on planar 2D AgAu
catalyst (with the galvanic replacement duration of 15 miantes). Reproduced with
permission from American ChemicalSociety[14], copyright 2021.

The electrochemical performance of the 3D AgAu catalysts and 3D Ag contnoestigated in
a flow cell electrolyzer. It is found that the working principle of the 3D AgAu catalysts is akin to
that of the 2D AgAu catalysts: AgAu catalysts enable greater CO productivities with lower
cathodic overpotentials over a wide range of curaensities (Figure-8 ab). The 3D AgAu
catalysts enabled a peak CO partial current density of 408+15 tAaim1.36 V versus RHE),
compared to 340+12 mA ¢éfor the Ag control case. The extended reaction interface in the 3D

AgAu catalyst also promoted CO productivity compared to 2D AgAu catalyst (Figied).
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Figure 4-8. Performance of planar (2D) and highsurface-area (3D) AgAu and Ag control
catalysts in a flow cell. (a) LSV curves in a potential window of 0.20 andi 1.40 V versus
RHE. (b) LSV curves in a potential window off 0.84 andi 1.40 V versus RHE. (c) CO FE
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versus potential. (d) CO patrtial current density versus potential. Operating conditionsl M
KHCO 3 was supplied to the cathode and anode with a flow rate of 20 mL mid CO2 was
supplied to the cathode with a flow rate of ~50 sccm; experiments were performed under
room temperature and pressure. The LSV curves were obtained by sweeping the tagje
from 10.2 V to1 1.4 V versus RHE with a constant scan rate of 25 mV. Each LSV curve is
the representative of 15 scans from 3 independent measurements. Potentials are presented
with IR compensation. The error bars correspond to the standard deviationfothree
independent measurements. 2D Ag catalyst stands for planar (2D) Ag/PTFE, 2D AgAu
catalyst stands for Audoped planar Ag/PTFE (with an optimized galvanic replacement
duration of 15 minutes), 3D AgAu catalyst stands for Audoped Ag NPs supported on lanar
2D AgAu catalyst (each with an optimized galvanic replacement duration of 15 mirtes),
and 3D Ag catalyst stands for Ag NPs supported on planar 2D Ag cataly®eproduced with
permission from American Chemical Socity [14], copyright 2021.

The activity promoting catalyst strategy is then adopted to a MBA&atholytefree electrolyzer
platform that enables stable and eneefficient CQ electrolysig60]. IrO>-Ti, an AEM and the

3D AgAu catalysts were used as the anode electrode, &getrand cathode, respectively.
Exploring CQR performance at a voltage range 8ftoi 4.2 V, it is found that CO FE increases

with increasing cell potential, reaching a plateau of 93£1% at a CO partial current density of 186+3
mA cmi 2. The 3D AgAu cataists delivered CO FEs above 90% up to ~240 mA?ciivhile the
increasing applied potential led to an increase in HER activity, the system delivered a peak CO
partial current density of 302+12 mA tfrat a fullcell potential ofi 4.1 V (Figure 49 a). In
contrast, the MEA system with the 3D Ag control catalysts provided a lower peak CO patrtial
current density of 204+9 mA drhand required a fultell potential ofi 4.2 V (Figure 49 a). The

MEA system vith the 3D AgAu catalysts achieved a peak CO-¢ell EE of 37+1% at a CO
partial current density of 43+1 mA émand the fullcell EE remained above 30% up to a partial
current density of 247+6 mA ¢ In contrast, the fultell EE of the 3D Ag contratase dropped

below 30% at CO partial current densities greater than 163+5 mA (Eigure 49 b). The 3D

AgAu catalyst delivered a cathodic gas stream with a peak 48% CO (molar ratio) and a peak SPC
of 34% for CQO-t0-CO conversion (Figure-8@ c-d). At 185mA cm' 2, the 3D AgAu catalyst
enables a SPC of 33% (Figur©4). The 3D AgAu catalyst was stable, providing a CO FE of
~90% and average CO fudkll EE of 32% for 60 hours (Figured4).
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Figure 4-9. Performance of 3D AgAu and Ag control catalysts ia MEA electrolyzer. (a) CO
FE and CO partial current density versus potential for 3D AgAu and Ag control. (b) CO EE
versus CO partial current density for 3D AgAu and Ag control. (c) CO concentration (molar

ratio) at the cathode outlet versus reactant C®flow rate for 3D AgAu. (d) SPC of CQ
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towards CO versus flow rate for 3D AgAu. (e) Extende&PC ati 3.8 V (CO2 with a flow rate
of ~15 sccm; 0.1 M KHCQ anolyte with a flow rate of 15 mL mini ! ambient pressure and
temperature). The black line represents the fulcell potential (primary y-axis). Each green
circle represents the SPC averaged from three samples (secondanaxis). (f) Extended
CO:zR performance of 3D AgAu at 200 mA cri¥ (CO2 with a flow rate of ~80 sccm; 0.1 M
KHCO 3 anolyte with a flow rate of 15 mL mirf ! ambient pressure and temperature). The
black line represents the fultcell potential (primary y-axis). Each red square represents the
CO FE averaged from three samples (secondanyaxis). Full-cell potentials are presented
without iR compensation. The error bars correspond to deviation of three measurements. 3D
AgAu stands for Au-doped Ag NPs supported on planar 2D AgAu and 3D Ag stands for Ag
NPs supported on planar 2D Ag.Reproduced with permission from American Chemical
Society[14], copyright 2021.

It is found, by performing SEM, EDX, and XPS, that the catalyst maintained its morphology and
composition through the extended RJFigure 410 and Figure 4.1).

Figure 4-10. Morphology of the 3D AgAu catalyst (with a galvanic replacement duration of
15 minutes) after 70 hours of C@R at 200 mA an'2. (a) SEM image. (b) EDX elemental
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mapping of Ag. (c) EDX elemental mapping of Au. (d) Overlap. Scale bars are at 1 pum
Reproduced with permission from American Clemical Society{14], copyright 2021.

a b

Ag 3d Au 4f

Intensity (a.u.)
Intensity (a.u.)

378 375 312 3069 366 90 92 8 84 82
Binding energy (eV) Binding energy (eV)
Figure 4-11. XPS spectra of the 3D AgAucatalyst (with a galvanic replacement duration of
15 minutes) after 70 hours of continuous CeR at 200 mA cm 2 The Ag3d and Au4f signals
indicate the existence of Ag and Au on the surface of ¢helectrode after extended CeR.

Reproduced with permission fom American Chemical Society{14], copyright 2021.

44 Concl usi ons

In summary, this work presents an activity promoting strategy that enables low overpotential and
selective C@to-CO conversion at industrially relevant reaction rates and EEs. This adsance
achieved by developing AgAu catalysts synthesized through galvanic replacement between Ag
and Au. Benefiting from the low energy barrier for formation of key reaction intermediate
(*COOH), onset potential reductions of up to ~200 mV over a wéagje of CO partial current
densities (100400 mA cm?) are achieved. The universality of the strategy is demonstrated in
flow cell and MEA electrolyzers formats with neutral media electrolytes. In an MEA electrolyzer,
high-surfacearea AgAu catalysts eniglol CO FEs of >90% and CO fudell EEs of >30% up to a

CO partial current density of 247+6 mA GnThe AgAu catalysts were stable, converting@O

CO conversion for over 60 ho'dwrslerhoth hiphiagddowr e a c t
CO, reactamn availability conditions. The AgAu catalystin the context of its high selectivity,
productivity, EE, and stability is among the best lotemperature, neutrahedia CQ-to-CO

catalysts in literature.
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45 Refl ection on this probjectatioat

This work presents activitpromoting strategyforming Au adparticles on the A§u interfaces

to lower the overpotential in G&o-CO conversionin this work, the catalyst preparation relies

on modifying the lattice and electronic structurettod silver catalyst via galvanic replacement
between the gold and silver atoms. The duration of galvanic replacement was the main parameter
controlling the growth of Au adparticles. The electrochemical performance of the catalyst is quite
sensitive to thgalvanic replacement duratiorequiring efforts to achieve ideal morphologyd
composition for optimum C&R performanceln this work, the AgAu catalystreintegrated into

both flow-cell and MEA electrolyzers. Both systemseuseutral electrolytes, tisuleading to
modest reaction rates ardgh applied potential to drive the reaction. This limits both the
production rates and engrgfficiencies. Lastly, the use of neutral electrolytes (albeit mitigated
compared to the case of alkaline electrolytesiiltes carbonatdormation, limiting the single

pass conversion efficiency and operational stability of the system.
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5 Highhte and efficient ethyl en
a catalyst:promoter:transpor

This work presents an organic molecular adlayer functionalization catalyst design: in this new,
hierarchical catalyst:molecule:ionomer interface catalyst, the catalytmailye Cu is
functionalized using a phenanthrolinitaierived organic film and a pgheric perfluorocarbon
ionomer. Using a suite of electroanalytical tools and operando spectroscopies, it is found that,
compared to a Ceontrol catalyst, the phenanthroliniugterived organic film optimizes CO
adsorption by stabilizing the atdgwund confguration, increasing the ethylene selectivity and
therefore fullcell EE; and the ionomer layer increases,@@nsport to the catalyst surface via
decoupled transport of GCand hydrated ions @®/OH), boosting ethylene partial current
densities. his adayeraugmentation strategyovides a route to: (Brecordfull-cell EE of 21%
andarecordethylene partial curremtensity of >200 mA chf.

Work from this chapter formed the basis of this publicat@eden, A%, Li, FA, de Arquer, F.P.G.,
RosasHemandez, A., Thevenon, A., Wang, Y., HungS Wang, X., Chen, B., Li, J., Wicks,

J. Luo, M., Wang, Z., Agapi e, T-rateandefficents, J.
ethylene el ectrosynthesi s uSsACSHnergy Lettegs20a0,5 st / pr
2811-2818.Some excerpts in this chapter are reproddoamu ref. [6] with the permission from

AmericanChemical Society

The candidate was a -¢mst author of this work and played the primary role in desigrind
preparing thecatalyss (catalyst:tetrahydr@henanthrolinium:ionomer catalysts and controls)
performing theelectrochemical performance testing (cyclic voltartrsneneasurements and
CO:R/COR performance testing and product analysis under various applied potentials and
operating conditionsgnalyzing the datgelectrochemical performance and characterization data)
performing ex and insitu characterizatiorandwriting the paper. The otheo-first author,Dr.

Fengwang Li, assisted in materials characterization, data analysis and manuscript writing.
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51 I ntroducti on

The electrochemical CQeduction reaction (C£R) offers storage of intermittent electricftpm
solar and wind in the form of fuels and valeded chemicalfl09], [110] enabling further

penetration of renewables in the transportation and chemical ind{igjrigisl 1], [112]

Implementation of CeR will require high productivity to reduce capital cost, and high energy
efficiencies (EE) to reduce operating costchneeconomic assessments further emphasize the
need for high activity in generating higlalue CQR products, suchs ethylene, well beyond the
100 mAcm ? threshold[113], [114] Conventional Hcells deliver current densities of only tens

of mA cni? due to CQ mass transport limitations in aqueous solutidis].

Introducing CQin the gas phase enables facilex@@nsport from the bulk to the local electrode

by decreasing the thickness of the diffusion layer from tens of micrometers to tens of nanometers,
permitting CQR current densities above 100 mA én{59], [116]. In such a flowcell
configuration, a gas diffusion electrode (GDE) separateplgase CQ@from either alkaline or
neutral electrolytg117], [118] However, ohmic loss across the neutral electrolyte that extends
between cathode and anode causes advgtpotential when the current density is high, limiting

EE [11]. Though the use of alkaline electrolyte increases ionic conductivity and enables higher
current densities and EE%$18], the formation of carbonate salt from the reaction ot @@h

alkdi electrolyte wastes reactant g@educes system stability, and increases[@@3t

Membrane electrode assembly (MEA) electrolyzers form an integrated layered stack by removing
the catholyte and merging the cathodegxchange membrane:aro(Figure5-1 a)[11], [119],

[120]. MEAs developed for fuel cells and water electrolyzers and achieved current densities >1 A
cm 2 [121], [122] However,with present day MEAs, C/R activities towards ethylene are still
limited to approximately 100 mam 2 [60], [123].

Here we present hierarchical adlayea catalyst:tetrahydrphenanthrolinium:ionomer (CTPI)
structuré that enables highate and efficient electrosynthesis diygdene in an MEA electrolyzer.
In this design, the catalyticallgctive Cu is modified by a phenanthrolinitderived molecular
film and a perfluorocarbon based polymeric ionomghnis hierarchical adlayer augments

simultaneously thavailability of reactant C&and the binding strength of *CO, a key intermediate
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along the pathway to ethylefE24], [125] These two factors contribute to current densities and
EEs in CQR.

The system achieves as a result ethylene partial curreritieemgeater than 200 mém' 27 a
two-fold enhancement in production rates compared to the best prior reports in MEA electrolyzers
[60]. The system achievéiis with an ethylene FE of 66% and a{fcdlll EE of 21% the highest
selectivity, and the hitest efficiency, reported for MEBRased CGR electrolyzers.

52 Experi ment al

5.2.1 Reagents

High grade potassiutbicarbonat§ KHCOs) and potassium chloride (KCI) were purchased from
Sigma Aldrich Electrolyte solutions were prepared from a stock solution of 1 déionized (DI)
water(Milli-Q gr ade wa twhichwaddduted to tMegtarget molarifl reagents were

used without further purification.

5.2.2 Synthesis of molecular precursor

N, Mthylenephenanthrolinium dibromide molecular precursor was synthesized by following the

procedurgresented in previous reporf126].

5.2.3 Electrode preparation

Cu target (Kurt J. LeskerCompany) was evaporated onto a single side of the
polytetrafluoroethylene (PTFE) substrate (45n aver age pore size) with
0.50 A set 'under 10 ®Torr. The sputtered Cu thickness was varied between 100 nm and 200 nm,

with the thickness increments of 25 nm. The phenanthrolirderived film was electraleposited
froma0.1MKHC@s ol uti on ¢ ont aéthylensphpenahtbrolimush dibronide.

The electrodeposition was performed in a tkeletrode setup, in which Cu/PTFE wasdigis

the working electrode (5 chgeometric active surface area), Ag/AgCl (3M KCI) as the reference
electrode, and Pt sheet as the counter electrode. Cyclic voltammetry was applied to the Cu/PTFE
electrode in the range ©0.6 V andi 2.0 V, with a scannip rate of 50 mV's. Thetetrahydre
phenanthroliniumoading on the Cu/PTFE electrode was controlled by varying the number of

cycles. The ionomer deposition was carried out by spoaying a solution of 17 pl
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perfluorosulfonic acid ionomer (PFSA, AquividrD79-25BS) and 3 mL methanol onto the
tetrahydrephenanthroliniummodified Cu/PTFE electrode with the sample geometric area of 18
cm?. The 3D CTPI electrode was obtained by spragting a solution containing Cu NPs (25 nm
average particle size, Sigrdddrich), N , Pethylenephenanthrolinium dibromideand methanol
(SigmaAldrich) onto the Cu/PTFE electrodes. The nominal Cu NPs loading and GtoMFC
ionomer weight ratio (wt%) were optimized, and the optimum values were determined to be 1.25
mgcmM?and22. 0 wt %, respecti vel ythyledgphenanthrelinignm t rat
dibromide with respect to the Cu NPs loading was optimized to be 7.5 wt%. The catalyst inks were
prepared by following three sequential steps: (i) ultrasonically mixing Cu NPBlwithethylene
phenanthrolinium dibromide in 3 mL methanol for 30 minutes, (ii) incorporating 1 mL methanol
solution containing the respective amount of ionomer into the resulting catalyst solution, and (iii)
ultrasonically mixing the final Cu NRstrahydo-phenanthroliniunSSC ionomer containing

slurry for 30 minutes.

5.2.4 Electrode characterization

Scanning electron microscopy (SEM) imaging and associated energy dispensye(BXDX)
elemental mapping were performed via a higbolution scanning electronicroscope (Hitachi
S-5200). Crossectional SEM imaging was performed via Bhehm FIBSEM NB5000. Xray
photoelectron spectroscopy (XPS) measurements were carried out via PHI 5700 Electron
Spectroscopy for Chemical -rAynraihtipns(1486.6€\) asttrem by
energy source for excitation. Transmission electron microscopy (TEM) imaging was carried out
via a field emission transmission electron microscope (Hitachi HF3300ay Xadsorption
spectroscopy (XAS) data were processed viadthena software included in a standard IFEFFIT
package. Irsitu Raman measurements were performed by using a Renishaw inVia Raman
Microscope equipped with a water immersion objective (63x, Leica Microsystems) and 785 nm
laser. The irsitu Raman measuremsnwere performed in a modified cell, in which an Ag/AgCI

(8M KCI) reference electrode and a platinum (Pt) wire were employed as the reference and counter
electrodes, respectively. The Raman spectra were obtained via the commercial software (Renishaw
WIRE, version 4.4).
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5.2.5 Electrochemical performance testing

The CQR/COR performance characteristics of the catalysts were investigated using an
electrochemical test station. The experimental setup consisted of a potentiostat and a current
booster (Metrohm Autolaldi,0A), commercial CeR MEA electrolyzer (Dioxide Materials), mass

flow controller (Sierra, SmartTrak 100), humidifier, peristaltic pump with silicon tubing, and

anolyte container.

The main constituents of the @@lectrolyzer are MEA, anode and cathodevfleelds (made of
titanium and stainless steel, respectively), and anode and cathode conductive plates. The geometric
active areas of both the anode and cathode flow fields weré.5Tben MEA was comprised of
cathode electrode, anode electrode-I(O- mesh), and anion exchange membrane (AEM,
Sustainioff X37-50). The MEA was first placed between the anode and cathode flow fields and
then assembled togethrough equally applied compression torque to the associated bolts. The
flow fields were mainly responsible for effective supply of aqueous anolyte solution (0.1 M
KHCOs3) and humidified C@over the respective surfaces of anode and cathode electibaes.
anode and cathode gaskets were placed between the flow fields and respective electrodes to ensure
sealing during reactionfo ensure good electrical contact between the cathode flow field and
cathode electrode (Cu/PTFE), the cathode electrode was attactedstainless steel surface of

the flow field by using a copper tape frame, which was then fully covered with a Kapton tape
frame to eliminate copper tapeds pot-a@ti al
manufacturing involved several sential steps: etching the Ti screens (Fuel Cell Store) in 6 M
hydrochloric acid (HCI) solution for 40 minutes at 80 °C, washing the etched Ti screens with
deionized water (DI) to remove any potential impurities, immersing the Ti screens into a solution
conposed of isopropanol, iridium (1V) oxide dehydrate (Preffj@9.99%, metals basis, Ir 73%
minutes, Alfa Easer), and HCI, and drying (at 100 °C for 10 minutes) and sintering (at 500 °C for
10 minutes) to achieve the final form of titanium iridium oxide-If0.). These steps were
repeated until the final Ir loading of 2 mg '‘@nThe AEM was activated in a 1 M KOH solution

for 24 hours and immersed into water for 5 minutes prior to being mounted between the anode and

cathode electrodes.

55



After the electrolyze assembly, 0.1 M KHC®was circulated through the anode side of the
electrolyzer with the constant flow rate of 10 mL htmia a peristaltic pump, while the fully
humidified CQ was supplied to the cathode side with the constant flow rate of 80 sc¢hevia
mass flow controller. After threminutes of initial operation, the full cell potentialid3.0 V was

applied to the electrolyzer, and then the potential was gradually increased3nd with the
increments ofi 0.10 V. The voltage increments were deaupon complete stabilization of the
corresponding current, typically required-26 minutes. The current data for each corresponding
potential were recorded while simultaneously collecting theRCgas products in 1 mL volumes

using gas tight syringes @tilton chromatography syringe). For each applied potential, gas
products were collected at least 3 times with proper time intervals. The gas samples were then
injected into the gas chromatography (GC, PerkinElmer Clarus 680). The GC used for the gas
prodwct analysis comprises of three constituents: a flame ionization detector (FID), a thermal
conductivity detector (TCD), and packed columns. The spectra obtained from the GC for each gas

injection was utilized to calculate the FE towards gas products sRICOR.

For the stability test, the MEA electrolyzer was operated at a constant current density of 220 mA
cm' 2by cofeeding CQ and N with the constant stoichiometric ratio of 40%:60%. The gas
products were collected at frequent time intervals, and fon eéata point, three continuous
injections were made, and thus each selectivity value in the stability curve was the average of three

sequentially obtained FEs.
5.2.6 Product analysis

FE towards any of C£R gas products was calculated using Equatieh)(5

00

(5-1)

where'Qis the partial current of product'Q s the total curren€ is the number of electrons

required to form 1 mol of produdi, U is the flow rate of C@at the cell outlet( is the

concentration of produdi measured via gas chromatograpiys the Faraday constant, atd

is the unit molar volume undesom conditions.
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53 Resul ts and di scussi on

5.3.1 Insights into low production rates in today® CO2R MEA electrolyzers

First, a diagnostic study is performed to understand the origins of low current densities in MEA
electrolyzers. Using polycrystalline Cu (150 nrthick) sputtered on a porous
polytetrafluoroethylene (PTFE, average pore size of 450 nm) gas diffusion layer as the cathode
(Cu/PTFE) (Figure & a), an AEM as the solistate electrolyte (Figure-5a), and iridium oxide
supported on a titanium mesh as #node, the MEA is assembled, and theRC@erformance is
explored in a voltage range 08 Vi 14.5 V. Both total current density and ethylene FE increase
with increasing voltage, and the peak ethylene FE reaches 453%8a¥. This trend results in a

peak ethylene partial current density of ~75 n#fFigure 51 b). The limiting current density was
positively correlated with the partial pressure of2GOpplied, suggesting that mass transport of
CQO: could be limiting the reaction rate. The fakll EE was 14% based on Equatior2{5

EA

| FEithyrlene (5-2)

Eappl ied

EE

whereE° is 1.15 V, the thermodynamic potential for the overall rea@©®, + 2H,0Y CoHa4+
30e. Itis suggeste that the C@concentration decreases rapidly at the gas/liquid/solid-fiivase
interface (Figure & c): since CGR uses water as the proton soujt25] and generates local
hydrated OH, a significant portion of the catalyst surface is likelgiccessible to CO[127],
[128], and the competing HER dominates in these areas (Figlidd.5

5.3.2 Catalyst design for high-rate and efficient CO2R

It is well established that GA kinetics would increase if the transport of Z@catalyst surfaces
was uimpeded by OHH-O, i.e. with separate gas and ion/liquid transport channels that improve
CO; transport and avoid consumption of &6y OH [129].

Taking inspiration from the role of ionomers in the enhancement of oxygen reduction reaction
(ORR) kinetis in fuel cells through concurrent transport of reactantqrogiucts and charged

specieqg130], [131] this work explores the viability of ionomers on fROperformance of Cu
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catalysts. It is reasoned that the hydrophobic and hydrophdgiments of the ionomer would allow

the transport of gas and hydrated ions, respectjg&ly
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Figure 5-1. lonomeraugmented CQ availability in MEA electrolyzer. (a) Cu/PTFE
electrode and its interface with AEM. (b) Ethylene partial current densities on bare
Cu/PTFE, and SSGmoadified Cu/PTFE electrodes. FuHlcell potentials are presented without
iR compensation. The CQR was operated at a CQ flow rate of 80 sccm, 0.1 M KHCGs
anolyte with a flow rate of 20 mL min ! (c) Limited CO: availability on unmodified Cu
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surface. The schematic illustrates the local C&and H20 transport for a Cu/PTFE fiber. (d)
Competition between the COGR and HER on unmodified Cu surfece. The limited CQ
availability surface dominates the competing HER. (e) Enrichment of C®species in the
reaction environment enabled by SSC ionomer surrounding Cu surface. The schematic
illustrates the local CQ: and H20 transport for a Cu/PTFE fiber coated with SSC ionomer.
() Dominancy of the CQR over the HER with SSC ionomer Reproduced with permission
from American Chemical Society[6], copyright 2020.

By forming nmthick polymeric films via the spragoating of an ionomer solution onto the
Cu/PTHFE substrate, the CGB performance is investigated. A shsidechain (SSC)
perfluorocarbon polymg67], [132]is used as the ionomer (Figurel%). This SSC ionomer is
composed of a hydrophobic PTFE backbone and a hydrophilic side chain terminated by sulfonic
acid.

It is found that the SSC extends the ethylene partial current density to 280 nffigure 51

b). The increased current density is attributed to increasedr@®@port achieved by the separation
of CO; and ion/HO pathways. As in prior report$3], [67], a much larger portion of the catalyst
becomes accessible to gas ¢gc@a a hydrophobic batlone while the transport of ionsf@ is
retained within hydrophilic side chains (Figurd &f). This effect is akin to the wetdloordinated,

simultaneous transport of@nd proton/HO transports in fuel cel[d30], [131]

The length of the side chmin the ionomer does not markedly affect the productivity of ethylene
from CO:R (Figure 52). Although the partial current density for ethylene is increased to >200 mA
cm ?, the ethylene FE around 52% is only slightly higher than that afahtol Cu/PTFE case,

and the high1(4.5 V) potential required (Figure-Bb) renders a low fultell EE <15%. We
realized that, at the optimum voltage for tomtrol Cu/PTFE 3.8 V, the FE towards CO for the
SSCGmodified Cu is 25% while that for the Cu/PTFE&%. Converting the excess CO to ethylene

while maintaining a similar applied voltage would improve EE.
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Figure 5-2. Effect of hydrophilic side chain length on the ethylene partial current densities.
The catalyst was comprised of Cu NPs mixed with eitherSC (Nafion®) or SSC (Aquivior®
D79-25BS) supported on Cu/PTFE electrode. The sputtered Cu thickness, Cu NPs loading,
and Cu NPs:ionomer ratios were kept similar for both the catalysts. Fultell potentials are
presented withoutiR compensation. Operatingconditions: 0.1 M KHCOs with a flow rate of

20 mL min' * CO2 with a flow rate of around 80 sccm; and ambient conditionsReproduced

with permission from American Chemical Society[6], copyright 2020.

Next, a further adlayer an organic film functioning similar to pyridiniwerived filmsi is
introduced between the SSC ionomer and Cu surf@@g It is postulated that conformal
hierarchical deposition of such a layer together with SSC ionomereo@ubsurfacé without
disrupting SSC benefits and blocking the catalytically active sitaay optimize the binding of

*CO, and therefore promote Gi0-ethylene conversion (Figure®a).

N, Mihylenephenanthrolinium dibromide is electroreduced on@u& TFE catalyst to form a

20£5 nm continuous filcomprising primarilythe 4,4' and 2,2limeric structuregFigure 53 b),

in accordance with previous findings on polycrystalline copp26]. While it is possible that
during extended storage the nal&r film composition evolves, for example via partial oxidation,

its CO:R performance is high even after a period of weeks. A 15+5 nm SSC ionomer layer was
then spraydeposited onto the electrode, and the resulting electrode possessed a similar
morphology to the unmodified Cu/PTFE (Figur8 5).
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It is found that theohenantholinium-derived molecular film enables an improved ethylene FE.
Applying the optimal tetrahydrphenanthrolinium loading to the Cu/PTFE surface, an ethylene
FE of 58% is achieved aB.7 V (Figure 53 d). The increased ethylene FE at the expense of CO
FE is consistent with the prior repgi®0]. Due mainly to the improved FE, the fakll EE
improved from 14% for the control Cu/PTFE, to 18%.
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Figure 5-3. COz-to-ethylene conversion in an MEA electrolyzer. (a) Hierarchical tetrahydre
phenanthrolinium:ion omer modified Cu/PTFE surface allows more C®@ and *CO. (b)
Electrodimerization of the phenanthrolinium into the 4,4' and 2,2:tetrahydro-
phenanthrolinium  dimeric  structures. (¢)  SEM images of tetrahydre
phenanthrolinium/ionomer on Cu/PTFE. (d) Ethylene FEand productivity for unmodified
Cu/PTFE (yellow line) and tetrahydro-phenanthrolinium-modified Cu/PTFE (red line). (e)
Ethylene FE for SSCmodified Cu/PTFE, and ethylene FE and productivity for tetrahydro-
phenanthrolinium/SSC-modified Cu/PTFE (red line), and ethylene productivity for
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unmodified Cu/PTFE (yellow line). Operating conditions: CQ flow rate of 80 sccm, 0.1 M
KHCO 3 anolyte flow rate of 20 mL mirt ! (f) Ethylene FE for unmodified Cu/PTFE, SSG
modified Cu/PTFE, tetrahydro-phenanthrolinium-modified Cu/PTFE, and tetrahydro-
phenanthrolinium/SSC-modified Cu/PTFE for COR. (g) Ethylene productivity for
unmodified Cu/PTFE, SSCmodified Cu/PTFE, tetrahydro-phenanthrolinium-modified
Cu/PTFE, and tetrahydro-phenanthrolinium/SSC-modified Cu/PTFE for COR. Operating
conditions: CO flow rate of 80 sccm and 3 M KOH anolyte flow rate of 20 mL min? (h)
Raman spectra of tetrahydrephenanthrolinium/SSC ionomer modified Cu/PTFE and
unmodified Cu/PTFE (blue and yellow areas indicate the bridge and atop adsorptions ofGC
on Cu, respectively). (i) XAS spectra of the tetrahydrgphenanthrolinium/SSC-modified
Cu/PTFE. TP and SSC stand for tetrahydrephenanthrolinium and SSC ionomer,
respectively. Cell potentials are presentedvithout iR compensation. Reproduced with

permission from American ChemicalSociety[6], copyright 2020.

Although the ethylene FE is high for the tetrahyghenanthroliniurrmodified Cu/PTFE catalyst,
the partial current density was capped at around 110 niA @magreement witlhe picture of
limited CQ transport.

To recover the alreadgchieved high current density observed in the-8®8dified Cu/PTFE case,
the outermost SSC layer reintroducedto the tetrahydrgphenanthroliniurrmodified Cu/PTFE
catalyst(Figure 53 c).

It is found that the FE and partial current density towards ethylene are increased, especially at the
applied voltage region where the &0is otherwise limited by C£Onass transport, as in the case

of tetrahydrephenanthroliniunmodified Cu/PTFE electrod@&igure 53 e).

By optimizing the tetrahydrphenanthrolinium loading and the hierarchical ordering in the
tetrahydrephenanthrolinium/SSC film, a peak ethylene FE of 69% with a partial current density

of 304 mA cm? is achieved the highest performanaaetrics for CGR MEA electrolyzers to

date. The fullcell EE is 18%, a similar value to that achieved by the tetrakgideoanthrolinium

modified Cu, due to the compromise between increased ethylene FEs and simultaneously increased

applied potentials.
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This tetrahydrephenanthroliniunmolecule was reported in a recent flow cell electrolyzer study,
with operating current densities lower than 10 om? [126], and has not been applied to GDE
based CGR MEA electrolyzers.

To clarify the CQadsorption enhaneg role of the tetrahydrphenanthrolinium in this new
system, CO is used as a probe molecule and COR is performed using 3 M KOH as the anolyte, a
condition that has been proven to promote CJOB3], [134] It is found that the tetrahydro
phenanthrolinim-modified Cu/PTFE shows a higher ethylene Figre 53 f) and partial current

density Figure 53 g)in both cases, with and without the SSC layreaddition,the SSC ionomer

layer promotes higher current densities, benefiting from the improved availability of CO near the

active sites, akin to the case of £0

Usingin-situ Raman spectroscopy, it is found that the tetrahydienanthrolinium increases the
ratio of atop to bridge bound CO from 0.14 on Cu to 0.Hidure 53 h),an optimum value found

previously[60] that resulted in a low activation barrier fof € coupling, the first step in COR
[125], [135]

It is further confirmed that the modificatiaf the tetrahydrgphenanthrolinium on Cu does not

promote COR t hrough the tuning of Cubds electronic
unaltered Cu tedge soft XAS on the tetrahydphenanthrolinium deposited Cu/PTFE upon 1

hour electrolysis at3.7V (Figure 53 ).

A prior report[11] has shown that a lower G@artial pressure favors the ethylene selectivity,
which the authors attributed to a high local pH by mitigating the reaction bf\@rexcess C@
However, at the relatively high current densities tested here, loweringp@®al pressure

decreases crant density due to less reactant£a@ailability.

Instead,to improve current densities at similar, if not increased, EEs, this work extended the
developed CTPI architecture into three dimensions by establishinget@ahydre
phenanthroliniumonomer hiearchy together with Cu NPs on a Cu/PTFE substrate (Figdra 5

b): more active sites lead to higher current densities per geometric area and thus meanwhile

consume more C{by CO:R, resultinginlessCif reeo t o 'react with OH
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Figure 5-4. 3D CTPI catalyst enables selective and efficient C& in an MEA electrolyzer.
(a) Crosssectional SEM image of theetrahydro -phenanthrolinium/SSC ionomer hierarchy
established together with Cu NPs on a Cu/PTFEbJ Schematic illustration of thetetrahydro-
phenanthrolinium/SSC ionomer hierarchy on Cu NPs.d) XPS spectra of the 3D CTPI
catalyst. d) Ethylene FE for 3D CTPI (tetrahydro-phenanthrolinium/SSGmodified Cu NPs
on Cu/PTFE) and 3D CI (SSC modifiedCu NPs on Cu/PTFE) for CO2R. () Ethylene
productivity for 3D CTPI (tetrahydro-phenanthrolinium/SSGmodified Cu NPs on
Cu/PTFE) and 2D CTPI (etrahydro-phenanthrolinium/SSGmodified Cu/PTFE
(Cu/TP/SSC)).Cell potentials are presented withoufR compensation Operating conditions:
CO2 flow rate of 80 sccm, 0.1 M KHCQ anolyte flow rate of 20 mL min 1. Reproduced with

permission from American ChemicalSociety[6], copyright 2020.
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A homogenous dispersion of Cu NPs, tetrahyglmenanthroliniumand SSC ionomer is thus
sprayed onto the Cu/PTFE substrate (Figutg.5

-
Cu NPs/TPISSC

Lol o et N
$-5200 10.0kV x10.0k

Figure 55. 3D CTPI catalyst comprised of Cu NPs/tetrahydrephenanthrolinium/SSC
ionomer on Cu/PTFE before the CQR. (a) and (b) SEM images at different magnifications.
Reproduced with permission from American Chemical Society[6], copyright 2020.

The tetrahydrgphenanthrolinium precursor was eleetlionerized in-situ when CQR was
initiated in the MEA (Figure %), establishing a highly porous catalyst comprised of Cu
NPs:tetrahydrgphenanthrolinium:SSC ionomer (Figur&’h

A -

7z I
[ | o=?=o
Cunps | Y TP ssc o
B spra; electro ~L_
L casti assembly
> —_— e

CTPIink 2D CTPI 3D CTPI

Figure 5-6. Schematic illustration of 3D CTPI catalyst. (a) Mechanical and ultrasonic mixing
the ink comprised of Cu NPsN , -ethglenephenanthrolinium dibromide precursor, and
SSC ionomer. (b) Spraycasting of the catalyst ink onto the 2D CTPI to establish the 3D CTPI
under the negative bias formed on the cathode during C£R. (c) Schematic illustration of
the Cu NPs surrounded by the tetrahydrephenanthrolinium:SSC ionomer heterojunction.
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(d) Cu NPs surrounded sequentially by the tetrahydregphenanthrolinium and SSC ionomer

layers. Reproduced with permission from American Chenical Society[6], copyright 2020.

The X-ray photoelectron spectroscopy (XPS) peaks corresponding to S2p, N1s, F1s, and Cu2p
confirm the presence of each component in the Cu NPs:tetrapidr@anthrolinium:SSC catalyst

upon completion of CER (Figure 54 c). The N1s spectrum consist of two peaks located at 400.2
eV and 402.5 eV, indicating that the tetrahyghenanthrolinium includes tertiary amine and
guaternary ammonium, consistent with the prior refi@6]. The electrochemicaderformance of

the 3D CTPI catalyst is investigated in an MEA electrolyzer in neutral media. The €lectro
dimerized molecular film resulted in an increased ethylene FE compared to the control samples
(Figure 54 d). The working principle is similar to thdapar CTPI catalyst the tetrahydre
phenanthrolinium promotes ethylene selectivity via favourable COR, and the SSC ionomer enables
higher productivity by enhanced G@®ansport.

¢
Ny |
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SV 25, .d

S-5200 10.0kV x20.0k SE
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S-5200 10.0kV x50.0k SE

Figure 5-7. Postmortem 3D CTPI catalyst comprised of hierarchical Cu NPsk&trahydro-
phenanthrolinium/SSC ionomer ordering established upon completion of electrolysis in
MEA electrolyzer. (a) to (c) SEM images at different magnificationsReproduced with

permission from American ChemicalSociety[6], copyright 2020.
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The extended reaction interface provided by the 3D catalyst yielded improved productivity
compared to its 2D counterpart at lower voltages (Figudee), reaching an ethylene partial
current density of 208 mA cnfat onlyT 3.9 V. In contrast, the 2D catalystovides 97 mA crn?

at the same potential. The fakll EE is 21% for the 3D CTPI catalyst, slightly higher than the

best prior value in MEA electrolyzef&0], but along with a 2.8x larger current density.

The performance of 3D CTPI catalyst is furtbessessed under challenging conditions: a diluted
CO, stream[136]; a direct intake of flue gg414], [137} and a variable C&feed rate (Figure-5

8) [118]. The dilution of CQ streams (down to 10%) is simulated viafeeding CQ with No.

The 3D CTPI catalyst maintained ethylene partial current densities >120 mA @iong with
EEs over 20% at all concentrations including 10% eQ-igure 58). Markedly, it yields an
ethylere FE of 69% at 3.7 V at a 40% C@concentration, corresponding to a faéll EE of 22%.
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Figure 5-8. CO2R performance of the 3D CTPI catalyst in an MEA electrolyzer. (a) Fukcell
EEs and ethylene productivity as a function of CQconcentration in a diuted CO2 stream.
(b) Ethylene concentrations in the cathode outlet and FEs as a function of G@ow rate.
Operating conditions: COz flow rate of 80 sccm, 0.1 M KHCQ anolyte flow rate of 20 mL
min' ! (c) Extended CQR at 220 mA aen'? and with a feeding gas of C@N2 (40%:60%) at
80 sccm. Operating conditions: 0.1 M KHCQ anolyte flow rate of 20 mL mirl ! Blue line
represents the voltage recorded during the extended C& (primary y -axis). Each red square

represents the ethylene FE averaged frorthree independent measurements (secondary y
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axis). (d) Comparison of the performance metrics with literature benchmarks (for each
report, the plotted values are those from the longest duration testiReproduced with

permission from American ChemicalSocigy [6], copyright 2020.

The 3D CTPI catalyst is further tested using a simulated flue gas composed @{f5CI%6), Q
(3.99%), CO (190 ppm), M98 ppm) and A(balance). The 3D CTPI yields an ethylene FE of
22% ati 3.8 V, whereas Cu/PTFE provides an ethylene FE of <5% aicBogd 14.0 V (Figure
5-9). The direct intake of flue gas decreases selectivity toward®lR@GDthe current densities
investigated (Figure5-10). This is ascribed to the parasitic ORR38], which is

thermodynamically more favourable than R)as well as the poisoning of catalysts by BQG9].
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Figure 5-9. FE comparison betweercontrol 3D CTPI and Cu/PTFE towards ethylene from
simulated flue gas. FuHcell potentials are presented withouiR compensation.Reproduced
with permission from American Chemical Society[6], copyright 2020.

The CQ flow rate was varied 2fold (80 to 3 sccm) Wwile performing CGR with the 3D CTPI
catalyst at 300 mA ch? The ethylene FE reached a peak of 67% at ~30 sccm (Figitg).5
Lower flow rates reduced the selectivity, although ethylene production continued with an FE of
~28%, for the lowest C&flow rate of 3 sccm. At this low C&flow rate, the 3D CTPI produced

an outlet gas stream with 37% ethylene (molar ratio) (Figt8dépb The comparative value at 80

sccm is 1%0btainingconcentrated products reduces prociagaration/purification cosfs19].
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Figure 5-10. CO2R FE distribution of the control Cu/PTFE and 3D CTPI catalyst for either
pure COzor simulated flue-gas feedsReproduced with permission from American Chemical
Society[6], copyright 2020.

The3D CTPI catalyst was stablepresenting an average ethylene FE of 63% at a constant current
density of 220 mA cmZor over 100 hours of operation (Figur8®s). It is found that the catalyst
maintained its morphology and microstructure during extend&@RqFigure 511).

A
C

Figure 5-11. Energy-dispersive Xray spectroscopy (EDS) of the 3D CTPI catalyst upon
completion of 100h continuous CQR in the MEA electrolyzer. (a) Cu. (b) S. (c) N. (d) F.

B-
D

Reproduced with permission from American ChemicalSociety[6], copyright 2020.



By comparing the performance metrics presented herein with literature benchmarks (Fgure 5
d), it can be concluded that the 3D CTPI catalyst offers a means to achievengffiaghrate

COp-to-ethylene conversion in MEA electrolyzers.

54 Concl usi ons

In summary, this work devises a hierarchical adlayer structure that enables stable, seleetive CO
to-ethylene conversion at high productivity and EE. Benefiting from the catatyahiydre
phenanthrolinium:ionomer augmentation, the structure offers improved a@@lability and
optimized adsorption of a key intermediate, CO. In an MEA electrolyzer this strategy achieved an
ethylene FE of 66% at partial current densities >200 mA?@nd fulkcell EE of 21%. The
tetrahydrephenanthroliniurraugmentation approach extends the boundaries of what can be

achi eved i:RMEAeldcaolypess and €ets out a path for future development.

55 Refl ection on this probobjectatioat

This work presents a hierarchical catalyst that simultaneously controls the transgarttaht

CQO; and the adsorption of reaction intermediatéise combination of botlenables highrate and
energyefficient CO.-to-ethylene conversiort.he design can be implemented in both planar and
high-surfacearea electrodes. The hierarchical catalyst design combines the benefits of prior
ionomeronly and molecul®nly catalyst desigs, while eliminating their drawbacks. For
example, unlike ionomesnly Cu catalys, it does not require high applied potentials to promote
Co+ products or unlike moleculenly Cu catalysts, it does not limit the productivities to a regime

of 100 mA cm 2 However, the main limitation of the hierarchical catalyst design comes from the
difficulty in preparation and scalability. The formation of the inner molecular fill@wrelies on
electrodeposition, while the formation of the outer layer on the innércuar layer relies on
spraydeposition. Thus, # hierarchical catalyst magquire advance manufacturing techniques
for scaling and mass production. The other limitation of the work comes from the use of neutral
electrolyteswhichi although an improveent over alkaline electrolytéslimits boththe single

pass conversion efficien@ndoperational stability
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6 Cascadel@@troreduction enabl
car bonrmage production of et hyl

This work provides the first demonstration of £Rwithout incurring CQ loss to carbonate and
associated energy penalties. The work divides the-tG®thylene process into two cascading
steps:(1) CO reduction to CO in &arbonatdormationfree systemand (2) CO reduction to
ethylenein a MEA electrolyer. The work assesses the energy requirement of the process and
presents a strategy that reduces the energy intensity of the most energy inten$ivehstbgs

the CO-to-ethyleneconversion.The strategy used to improve the energy efficiency (EE) ef th
CO-to-ethylene relies on a hierarchical catalyst composed Mftalyl-tetradihydrebipyridine
molecular film and a shoedidechain (SSC) ionomer layer. The molecular film enables the
stabilization of key reaction intermediates, while an SSC ionomemeel CO transport to the

Cu surface, allowing for the stabdémd selectivgproduction of ethyleneThe full SOEGMEA

cascadeystem enables ~48% reduction in energy intensity compared to the direct route.

Work from this chapter formed the basis of hislication:Ozden, A\, Wang, Y:, Li, FA, Luo,

M., Sisler, J., Thevenon, A., Rosdgrnandez, A., Burdyny, T., Lum, Y., Yadegari, H., Agapie,

T. , Peters, J. C. , S ar g e ntelectroEeduttion, enaBlés neffioent, D.
carbonatdreepral u ct i o n oJoulee02B,,7@1ESDme excerpts in this chapter are

reproducedrom ref.[5] with the permission fronElseviet

The candidate was a-dwst author of this work and played the primary roleconceiving the
approachdesigning catalyst(hierarchical catalyst and contrjlperforming theslectrochemical
performance testing (COR performance testing and product analysis under various applied
potentials and operating conditionsgnalyzing the ata (electrochemical performance and
characterization datg)erforming exand insitu characterizatiomnd writing the paper. The other
cofirst authorsDr. Yuhang Wang an®r. Fengwang Li, assisted in materials characterization,

data analysis and maswaript writing.

61 | ntroducti on

Global annual ethylene production reached 185 Mt in 2018, exceeding that of any other organic

chemical[140]. Production okthyleneinvolves steam cracking of fossil fuéérived longchain
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hydrocarbong a process that releases 2onnes of C@per tonne okthyleneproduced before
the inplant CQ capturg141]. The net process releases ~200 Mt ob@@nually, accounting for
0.6% of total anthropogenic emissiofis10]. CO. electroreduction (C&R) using renewable
electricityis promisingfor low-carbonethyleneproduction.Today, CO:R achieves ethylenEEs
of 70-80%[7] and EEs over 30% at current densitid®0 mAcm' 2[59]. However, due to the
formation of carbonate during GR (Figure 61), concerns regarding the consequenergy

consumptiofproductionpenaltyhave risen.

To assess the energy cost associated withr€&ztant loss to carbonate, energy assessments for
benchmark neutral and alkaline gROsystems from literature are performed, with the ideal and
base case scenarios. Electrolyte regeneration, system operation, and anodic product separation
associated witttarbonate formation significantly increases energy consumption and cost. The
regeneration of alkaline electrolyte induces a penalty of ~278 GJ per tonne of ethylene produced,
accounting for 66¥0% of the total energy requirement (Figur@)6MEA electrolyzers result in

less carbonate formation. Howevesix moles C@ for every mole ofethyleneis produced,

causing a 4x increase in membrane resistqiicg [119], [142] pH-gradient induced high
voltages[11], and 66890 GJ of extra energy consumptipar tonne ethylené a process energy

penalty of ~35% (Figure-8).

CoH,

2C0, + 8H,0 + 12¢-
> C,H, + 120H-

6CO,2

Figure 6-1. Mechanism of carbonate formation during CQR. Producing 1 mole of ethylene

by CO2R generates 12 moles of OHwhich reacts with another 6 mole CQ. If the ethylene

FE is 100%, the CO-to-et hyl ene single pass conversion is
ethylene FE is below 80%. Thus, the maximum single pass conversion is less than 20%.

Reproduced with pemission from Elsevier [5], copyright 2021.
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Encouraged by recent advances in CO electroredugtidn[119], carbonatdree conversion of

CQO; to ethylenecould be realized through two cascading stéfigure 62 ¢). (2 pedudTidan

to CO in a C@to-CO electrochemical cell (SOEC) which avoids carbonate form§tié8] and

() CO r etiyleceiCORtorethlylengin an MEA electrolyer (Figure 63). Despite the
cascade approach requiring additional energy input for separation and heating, as twell
separate systems, the cascade route could be competitive with the direct route (employing best
reported metrics in literature as inputs and assuming capital costs fixed to $t&\Qascade
approach benefits from high process efficiency in the SGIE(; as well as the use of an alkaline
electrolyte in the C@Qo-ethylene step, without suffering carbonate formation. For both
electroproduction routes, operating potential, FE and current density are the most important

parameters influencing the eneigyensity ofethyleneproduction.

[7] Heating [7] carbonate regeneration D Anode separation

[[] cathode separation [ Electrolyser electricity
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Figure 6-2. Carbonate-formation-free CO2-to-ethylene production through cascade CeR.
(a) Comparison ofenergy comsumptionfor ethylene production in various systems. (b) The

carbonate penalty (i.e., therfaction of energy comsumptiondue to carbonate formation) in
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various systems. (c) A schematic illustration of renewable C&synthesized ethylene in a
combined system consisting of a C£t0-CO SOEC and a CQOto-ethylene MEA. Reproduced
with permission from Elsevier [5], copyright 2021.
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Figure 6-3. Cascade CQR enables carbonatdree-production of ethylene.Reproduced with
permission from Elsevier[5], copyright 2021.

6.2 Experi ment al

6.2.1 Reagents

High grade potassiutvicarbonat¢dKHCOz), potassium hydroxide (KOH), apdtassium chloride
(KCI) were purchased from Sigma Aldricklectrolyte solutions were prepared from a stock
solutionin deionized (DIwater(Milli-Q gr ad e wa t,ahich\{as 8iluted tolthg farpet
molarity. All reagents were used without furthmurification.

6.2.2 Synthesis of molecular precursor

The tolylpyridinium triflate additive was synthesized according to previous rgpbt], [145]
Before usage, the additive was recrystallized two times from a mixture of MeOH:ether (1:5) and

metal tracesmpurities were removed using activated Chelex rgsi6].

6.2.3 Electrode preparation

The gas diffusion electrode (GDE) developed was composed of two catalyst layers: sputtered Cu

layer and electrodeposited Cu layer. A 480 Cu seed was first magneticallyusiered onto the

polytetrafluoroethylene (PTFE) substrate with
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rate of 0.50 A séctunder 10 ®Torr. Then, a Cu catalyst was electrodeposited onto the 150 nm
Cu sputtered PTFE substrate. The solution prepimethe electrodeposition was comprised of
0.1 M copper bromide (98%, Sigrfddrich®), 0.2 M sodium tartrate dibasic dehydrate (purum
p.a., 98.0% (NT)), and 1.0 M potassium hydroxide (KOH, Sigia@rich®). The
electrodeposition was carried outia#00 mA cm' 2for 90 seconds under the flow of €Ohe
electrodeposition was performed in a flow electzetywith the anode and cathode flow
compartments, separated by an anion exchange membrane (AEM, Su¥tsBifeB0 grade 60,
Dioxide Material$™). Pure CQ with aflow rate of 80sccmwas supplied to the cathode while 1
M KOH was circulated through the anode companma 9 cnf nickel foamand a Ag/AgCI (3

M KCI) were used as the counter electrode and reference electrode, respectively.

6.2.4 N-arylpyridinium-derived film deposition

The surface of the Cu catalyst was modified by electrodepositing2® Inthick N-tolyl-
tetradihydrabipyridine (Py) film from a solution containing 0.1 M KHG@nd 10 mM Ntolyl-
pyridinium triflate precursor. The electrodeposition was performed in a -éheewode
configuration, in which Ag/AgClI (3 M KCI) was the reference electrode, theretigtosited Cu

was the working electrode, and platinum (Pt) foil was the counter electrode. The electrodeposition
was performed via a cyclic voltammetry method in a potential rang8.6fV and1 2.0 V, with

the scanning rate of 50 mV

6.2.5 SSC ionomer deposition

The Py molecule coated Cu catalysts were modified by spray depositiofd 50 thick ionomer

layer from a solution containing 16.88 ul cation exchange perfluorosulfonic acid (PFSA) ionomer
with shortsidechain (SSC) (Aquiviofi D79-25BS) and 3 mLmethanol (99.8%, anhydrous,
Sigma Aldricl?). Before deposition, the solution of SSC ionomer and methanol was sonicated for
1 h to ensure homogeneous dispersion of polymeric binder in the solvent. The resulting electrode

was then dried overnight under ro@onditions before performance testing.

6.2.6 Materials characterization

Scanning electron microscopy (SEM) imaging and energy dispersiay XEDX) elemental
mapping of the electrodes were carried out in a-ngglolution scanning electron microscope {HR
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SEM, Hitachi S5200). Xray photoelectron spectroscopy (XPS) measurements were performed

in ECSA system (PHI 5 #dy6nergy seuccel(14pe6e\d). TramsmissiorA | K U
electron microscopy (TEM) images were collected by using a field emissiormtssien

electrode microscope (Hitachi HF3300§razing incidence widangle Xray scattering

(GIWAXS) measurements were performed at beamline Si&imj-12B2 of the National
Synchrotron Radiation Center (NSRRC)ra§ adsorption spectroscopy (XAS) measueats

were performed at the high resolution spherical grating monochromator (SGMLT#dBmline

of the Canadian Light SourcAthena and Artemis software incorporated into standard IFEFFIT

package was employed to process the XAS data.
6.2.7 In-situ Raman measurements

In-situ Raman measurements were carried out via iR&man Microscope equipped with a water
immersion objective (63X, Leica Microsystems), a 785 nm laser, and a modified flow electrolyzer
having a Ag/AgCl (3 M KCI) reference electrode and a platinum (Pt) counter electrode. Raman
signals were processed witkrtain considerations. The ratio of atop *CO and bridge *CO was
calculated by the integration of corresponding Raman intensity within one spectrum. Only
atop/bridge ratios (equivalent to intensities relative to a reference), instead of absolute mtensitie
were compared for different samples. Further, to ensure quality of Raman spectroscopic signal, in
the measurements, 10 scans per spectrum were collected, smoothed and baseline corrected using
the Renishaw WIRE (version 4.4) software. The assignmentapofaR shift is based on cress
referenced literatufd47], [148]and on a prior study of a library of #yased molecules for GR

[60].

6.2.8 Electrochemical performance testing of CO-to-ethylene conversion

The electrocatalytic measurements of-€@ylene caversion were performed in a membrane
electrode assembly (MEA) electrolyzer (Dioxide Matefiafscn? geometric active surface area).
Cu:Py:SSC electrodes were used as the cathodes.

To fabricate the FIrO2 anode electrodes for OER, commercially availabéium (Ti) meshes
(Fuel Cell Store) were first etched in a boiling solution of 6 M HCI for 30 minutes. The etched Ti

screens were then immersed into a solution comprised of iridium (V) oxide dehydrate (Fremion
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99.99% metals basis, Ir 73 nmmum, Alfa Aesaf), isopropanol (Sigmaldrich®), and HCI (ACS
reagent, 37%, Sigmaldrich®), and were sequentially dried and sintered. The last two steps of the
procedure were repeated until the total Ir loading of 2 mf wras achieved. AEM membranes

(4 x 4cn?, Sustainiofi X37-50 grade 60, Dioxide Materidl¥) were used in all the performance
experiments. The AEM membranes were activated in 1 M KOH solution for at least 24 hours

before testing.

To fabricate the P€ anode electrodes for GOR, commercialipi&able platinum on graphitized
carbon powder (Sigma Aldri€h PtC, 40 wt.% Pt on Vulcan XC72) was first physically mixed
with SSC ionomer (Aquivich D79-25BS) in a glass beaker and then sonicated for 1 hour. The
resulting catalyst ink was then spray teabon both sides of the hydrophilic carbon cloth until the

Pt loading of 0.5 mg chiachieved.

During the performance testing, KOH solutions (for OER) or KOH+glucose solutions (for GOR)
were supplied to the anode flow field with a flow rate of 10 mL'fiand humidified CO was

fed into the cathode flow field with the constant flow rate of 80 sccm. The reaction was initiated
by applying a negative potential. The voltage increments were made with sufficiently small
increments upon completion of at least ihutes stable operation. The gas products were
analyzed by injecting the gas samples collected in 1 mL volumes viighassyringes
(Hamiltor®) in a gas chromatography (GC, PerkinElmer Clarus 580) equipped with a flame
ionization detector (FID) and hérmal conductivity detector (TCD).

For the extended COR operations, the MEA electrolyzer was operated at constant current densities
of 150 mA cm 2(for MEA only) and 120 mA cm?(for cascade SOEGIEA system). For the
extended COR operation, AEMembranes (4 x 4 cinFumasep FAA-50, FUMA-Tech) were

used due to their high stability under alkaline conditions. The AEM membranes were activated in
3 M KOH solution at 25 °C for at least 48 hours before testing. The gas products were collected at
frequent time intervals, and for each data point, three independent injections were made, and thus
eachselectivity point presented was calculated by averaging the FE values obtained from three

consecutive injections.
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6.2.9 Electrochemical performance testing of CO»-to-ethylene conversion

in the cascade system

An open flanges solid oxide electrolysis cell (SOEC) setup (Fiaxell SOFC Technologies,
Switzerland), equipped with a 25 mm electradpported cell (Fuel cell materials, USA), was
used to convert COnto CO. The cell possessed a geometric active area of 122Tdm SOEC
setup was operated at 800°C and 815 mA éwith a CQ inlet flow rate of 15 sccm. The outlet

of the SOEC setup was connected to a.@@pture solution containing 30%wt aqueous
ethanolamine dation. The purified CO at 25 °C was then supplied to the MEA electrotieer
ethylene electroproduction from CO. In the MEA electrolyzer, 3 M KOH was used as the anolyte,

and the C@o-ethylene conversion was performed at current densiti28-200 mA cm 2
6.2.10 Product analysis

Faradaic efficiency (FE) towards any gas product was calculated using Equétjon (6

TOE® 0 (6-1)

001 O MKW Q s

where"Gtands for the Faraday constant,stands for the number of electron transfer needed for
the production of 1 mol of product & stands for the flow rate of supplied gésstands for
the detected concentration of productia gas chromatagphy (p.p.m);Q stands for the

overall current measured, aad stands for the unit molar volume of supplied gas.

The full-cell EE of the MEA electrolyzetowards ethylene production was calculated using
Equation (62):

o~ s 3 et T o -0, ‘00 (6-2)
O¢ Qi OXBQQW M W& o
whereO represents the thermodynamic cell potential for ethyleh®6 V for COto-
ethylene),"O0 represents the FE towards ethylene, &nhd represents the fultell

voltage.
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Liquid products of COR and GOR were analyzed by nuclear magrstonance spectrometer

Agilent DD2 600 MHz) by using dimethylsulfoxide as an internal standard.

6.2.11 CO diffusion modelling

The concentration of CO in the electrolyte an
using a 1D reacticdiffusion model. he model is adapted from a previous repd8], which

modelled the diffusion of C®across a gadiffusion layer for various electrolytes, current
densities, and pressures. Unlike the-@@del, CO diffusion into the electrolyte at 0 mA'ctn

does notdirectly affect the local pH or change the concentration of CO dra&ta function of

distance into the electrolyte. The governing correlations, Equatio$ &d (64), for the

simulation are shown below and extend from thé lgasd interface of theasdiffusion layer at

Xx = 0 em to an assumed diffusion | ayer bounda
6.3
réd 166 (6-3)
T o Tw
50 6.4
TU‘ o | U‘O v (6-4)
T o Tw

where’Y and’Y account for the consumption of CO in the reduction reaction and the
production of OH, respectively. These reactions are assumed to occur homogeneously throughout
the catalyst layer such that the source and sink of CO ahda@Hpatially dependent acdiong

to Equations (&) and (66):

E &% & % & % p (6-5)
& ] ] ] U

g ’

(6-6)

N
Rol T
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Q

Lo

79



whereFi s the Faradayos c¢ons t'aandjis thengeometdackcernent a s 9 ¢
density. As was done previously, a catalyst layer pordgiof,60% was assumed. Based upon the
experimental results, product selectivities of 15% hydrogen, 50% ethigramol, 10% acetate,

and 25%n-propanol are assumed for all simulations to approximately account for the number of
electrons transferred per CO molecule consumed. A reaction thickness of 100 nm was assumed
for the catalyst layerl¢atayst= 100 nm). Themaximum solubility of CO in the electrolyte was
modell ed using Henrybds constant at 1 atm and
account via the Sechenov equation. Afloba boundary condition was imposed at the-ledind

boundary for OH while the concentration of CO was initially described by the solubility of CO

in the imposed KOH concentration and partial pressure conditions. Both CO and KOH were fixed
to their bul k electrolyte concentrations at
concentration profiles of CO and Oivere then found at steady state for a variety of KOH

concentrations, partial pressures, and current densities.

63 Resul ts and di scussi on

6.3.1 CO2-to-CO conversion in an SOEC

First, the performance of C&o-CO in an SOEGs establishedThe SOEC was operated at 800
°C. 95% CO FE and 89% CO EE were achieved at 815 niXand a CQflow rate of 20 sccm
(Figure 64 a) Thisleads toa CQ-to-CO singlepass efficiency of ~36%and it can be further
improvedby lowering flowrates or increasing curreriere, a maximum C&to-CO singlepass
efficiency of ~55% was obtaindéFigure 64 b)at a CO FE of ~77%, current density of 1.25 A
cm' 2 At lower flow rates, considering both CO selectivity and.GiDgle pass conversion, the
current density vs. CEXlow rate ratio of 815:15 (mA chsccm) was the best condition under
which a constant CO FE of ~91% and £&6-CO singlepass conversion of ~45%ere achieved
(Figure 64 c). The energynputfor this SOEC step was 13.49 @#né CO.
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Figure 6-4. CO2-to-CO conversion in an SOEC. 4, b) CO2-to-CO Faradaic efficiency, single
pass conversion, and energy efficiency in a commercial 25h NiO-YSZ/YSZ/GDC/LSC at
various COz flow rates and current densities. §) The COz-to-CO Faradaic efficiency, single
pass conversion, and cell voltage profiles during 5Bour test at 815 mA cm 2and a CO: flow
rate of 15 sccm. The operating temperature is 800 S@®Reproduced with pemission from

Elsevier[5], copyright 2021.
6.3.2 CO-to-ethylene conversion in an MEA

For G:H4 production energyanalysis shows that the success etiscad@approach relies on GO
to-CoHa in MEA electrolyzer. High GH4 FE (>60%) is required in concert with high current
density (>150 mA cj and low operating fultell potential (<3 V). To date, the highest FE for
CO-to-CoH4 in MEA electrolyzers remains below 40%, and the corresponéitiylenepartial
current density jéana) is less than 60 mA cnf[119]. Therefore,a high performance G@-
ethyleneMEA electrolyzer is essential for efficient, cascade &0 ethyleneconversion.

First, electrodeposited copper (Cu) catalystsre preparedinder CQ-rich conditions as MEA

cathodes. A C&rich environment increases Cu(100) expos[ik#2], which enhances the
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selectivity towardethylenein CO:R [149]. However, a simple Cu surface has large regions that
do not have ready access to CO on the hydrophilifasel(Figure 65) [150]. The MEA was
assembledand COR performance was investigatesing electrodeposited Cu as the cathode
electrode AEM as themembraneandIr-TiOx as the anode electradghis catalyst consequently
favors H production, allowingethyleneproductionwith a maximum FE of 50% at a low partial

current densityjézna) of 60 mA cm %(Figure 65).
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Figure 6-5. COR-to-ethyleneon the bare Cu surface. (a) The thregohase catalytic interface
with bare Cu and (b) the CO+to-ethylene performance in 3 M KOH anolyte.Reproduced

with permission from Elsevier [5], copyright 2021.

Modifying the Cu surface with hydrophobic aliphatic molecules or ionomers has been
demonstrated to increase reactant availability at the catalytic intdifae[150], [151] and
improve the selectivity and activity towardshylene electroproduction[13]. Therefore, a
(C4HF704S .CoF4)x shortsidechain (SSC) ionomdilm wascoaedon the Cu surfacdt is found

that kb selectivity was suppressed by-20% across the screened cell potential window, and that
the highesjczra increased to ~155 mA ¢nd(Figure 66). However, the maximurathyleneFE
remained ~50%The strategy pursued to promathyleneat lower potentials was to alter the
adsorption of the key CO* intermediate via a molecular tuning strg@égyAn N-tolyl substituted
tetrahydrebipyridine (labeled Py) interlayavas introducedetween Cu and SSC by an eleetro
dimerization method. This metal:molecular film:ionomer combination (labeled Cu:Py:SSC), in
which SSC improves the CO diffusion at the oldgger and Py provides more atbpund CO*

on Cu surfacéFigure 67 a) enabled the highesthyleneFE of 65 + 1% at 2.5 V and provided a
jcona of 130 mA cmi? at 2.6 V(Figure 67 b). To gain insight into the enhanced @®ethylene
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selectivity and produivity, the catalystsvere characterizedsing SEM and TEM, respectively.
A dendritic Cu fully covered by the Py molecule and SSC ionavasrobserve@Figure 67 c).

Figure 6-6. Ethylene FE and partial current density of an MEA using the Cu:SSC cathode.
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Reproduced with pemission from Elsevier [5], copyright 2021.
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Figure 6-7. CO-to-ethylene electroreduction in MEA. @, b) Introducing additives to improve
CO diffusion and stallize CO* intermediates enhance ethylene FE and activity. (c) Cross
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sectional SEM i mages of the Cu:(@¥thyRi®&€CEandt al y s
voltages in different anolytes. (e, f) Comparisons of the C@-ethylene EE and ethylene
concentrationusing Cu:Py:SSC catalyst and controls in MEAs with 3 M KOH. (g) Ethylene

FE and voltage of the Cu:Py:SSC for 110 hours at 150 mA ¢ The error bars correspond

to the standard deviation of three independent measurementReproduced with pe@mission

from Elsevier [5], copyright 2021.

In-situ Raman spectroscopic studiesre then performedn the catalytic interfacg44], [148],

[152]. A stabilized atogbound CO*60], known to favor the key CQO dimerization stefll49],

[153], is evidenced by the transformation of CO* adsorption configurat{Bigure 68): the
fraction of the area of atelpound CO* at the wave number of ~2080 &fd54] increased t83%

when Py molecule was electrodeposited onto the Cu surface. By contidgtsbdound CO* at
19802020 cm? [154]i [156] dominated the adsorption configurations on the bare Cu.

X Atop-bound CO*
[\ -0.57 Vvs. RHE
[\ Bridge-bound CO*
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Figure 6-8. In-situ Raman spectra obtained on Cu:Py:SSC, Cu:Py, and barf€u at10.57 V
vs. RHE. The bare Cu surface is predominated by the bridgbound CO*. The modification
of the Py molecule greatly increased the fraction of the atepound CO*. After SSC ionomer
coating, large portion of atopbound CO* was still seen, although the irgnsity of the bridge
bound CO* increased slightly. Reproduced with pemission from Elsevier [5], copyright
2021.

The full-cell EEwas then optimizedy increasing the alkalinity of the anolyte. With increasing
KOH concentration, thethyleneFE peak inaased to~65% (Figure 67 d), an example of

alkalinity favoring G+ production[134], [157], [158] The ionic conductivity was also improved
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by high alkalinity, and th@c2ns at eachethyleneFE peak increased from ~47 to ~100 mA' ém
and thecell potential reduced from 2.8 to®V in the range of 0.1 to 3 M KOHFrigure 67 d).
However, 5 M KOH lowered thig-nato 81 mA cm Zat all applied potentialgttributableto a low
CO concentratioat thecatalystiayer. ConsideringethyleneFE, jc2ns, andpotential, the 3 M KOH

is the best for C@o-ethyleneconversion in this system.

Further comparisons in 3 M KOH revealed that the Cu:Py:&8@bination outperformed the
Cu:SSC and bare Cu in terms of bftbns andethylenefull-cell EE Figure 67 €. Importantly,
the systenachievasi when compared to bare Cua 5x increase in the pegdens (from 26£2 to
129+1 mA cm § and a 1.4x increasa the peak fullcell EE (from 21+2 to 29+1%) using the
Cu:Py:SSC combination.

Typical COR gas and liquid produat®re observeth the current density range of 25 to 250 mA
cm' 2 with the peak & FE of ~85% at 160 mA ch A stable 28%ethylenefull-cdl EE for the
Cu:Py:SSC system was achieved in the current density range of 80 to 170" riAvkareas the
Cu:SSCand bare Cu systems were limited to EEs of <20% in this current density Fange 6

7 ). At an inlet CO flow rate of 4 sccmn &thyleneconcentratiorof ~36%was achievedFigure
6-7 f). This translated to a ~26% GiG-ethylenesingle pass conversioand is ~3 times higher
than that of bare Cu.

The stability of the MEA with the Cu:Py:SSC cataligsstonfirmedusing 3 M KOH at 150 mA

cm 2 The system maintained a constetfityleneFE of 61 + 2% and a fultell potential of 2.73 +

0.02 V for 110 hoursvith no performance degradatighigure 67 g). The cathode electrods
analyzedafter 110hours of electrolysis, usingsEM (Figure 69), XPS (Figure 610), and XAS
(Figure 611). The Cu morphology and Py:SSC coating as well as associated features were

retained.

The MEA equipped with the Cu:Py:SSC catalysthen taking the carbonate formation penalty
into account outperformed literature benchmarldd], [60], [119], [159], [160]including both
CO:R and COR, irethyleneFE, jCoHa, ethylenefull-cell EE and operation duration
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Figure 6-9. SEM images of the Cu:Py:SSC cathode after 1#0our COR. The scale bars are
lem and 200 n m Repmodued yvith pemdsiof foojn Elsevier [5], copyright
2021.
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Figure 6-10. XPS analyses. § Cu2p XPS of the asmade Cu:Py:SSC cathode.lf-e€) N1s and
S2p XPS of the asnade Cu:Py:SSC cathodely, d) and the same electrode after 1tBour
COR operation (c, €) N1s and S2p peaks in (b, d) indicate the existence of Py molecule and
SSC ionaner on the Cu surface. After 116hour of COR, the Py molecule and SSC ionomer
were still clear as identified by the N1s and S2p peaks in (¢, eproduced with pgmission

from Elsevier [5], copyright 2021.
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—— Before CORR
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Figure 6-11. N K-edge sXASspectra obtained on Cu:Py:SSC electrodes before and after 110
hours of COR. TheasymmetricNC bondi ng with carbon splits th
centered at 400 and 402.5 eV. A similar N valence orbital is seen after extended COR.

Reproduced with permission from Elsevier[5], copyright 2021.
6.3.3 Cascade CO»-to-ethylene conversion in the integrated system

Encouraged by thkigh-performancenf both stepsan integrated system for carbonéiee CQ-
to-ethyleneelectroproductiois built (Figure 62 and Figure ). The SOEC was operated at 800
°C and a current density of 550 mA ‘cfnyielding a ~95% CO FE, ~86% CO fudell EE (for
electricity only), and ~48% singlgass utilizatior(Figure 612).

I CO Faradaic efficiency Il CO energy efficiency
O CO, single pass efficiency

Efficiency (%)
(2] (o] 8
=] o =]
T T T

B
o
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o
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0 L
550 mA cm?/10 sccm CO, 815 mA cm?/15 sccm CO,

Figure 6-12. Comparison of CO-to-CO conversion atdifferent current densities and CQ
flow rates. The inlet COz2 flow rate was 10 sccm to achieve high ethylene concentration at the

MEA outlet. The current density was 550 mA crh %o achievecurrent density:CO2 flow rate
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ratio of 815:15 (mA cm ?vs. sccm) fo high CO2-to-CO singlepass conversionReproduced

with permission from Elsevier[5], copyright 2021.

The inlet CQ flow rate was set at 10 sccm to ensure the optimal 815:15 (mhAvsmsccm) ratio
of current density: C®flow rateand an outlet CO production of ~4.5 sccm for a hightGO
ethylenesingle pass conversion utilization. The products of the SOEC were purified using CO
capture solution containing 30% ethanolamine before feeding into tie-€@yleneMEA. The
temperaturef the purified gas supplied to the MEA electaaly was measured to be 25. The
system had a peak G@p-ethyleneEE (for electricity only) of 20%Figure 613 a)and a
maximum singlepass conversion of ~11% for G@-ethylenewith no loss of CQ@to carbonate
formation in electrolyte¢Figure 613 b) The combined system produceithyleneat a peak rate
of 1.3 mmol At at 120 mA crh Figure 613 c), with a G+ FE of ~76%. The system maintained
the peak singlpass conversioma productivity in C@-to-ethyleneat 120 mA crh %or 40 hours
(Figure 613 d) Thecascade system achiewvetthyleneproductionwith an energy intensity of 138
GJ (tonne @H4)', a major savings relative to the direct route (~267 GJ (toaHg)'C).

Having established the system performance in-Bydside comparison with previous -@tep

COzR processes, thgerformance of th®1EA in the cascade systemwas takera step furtherThe

oxygen evolution reaction (OER)as replaceavith the glucose electraaation reaction (GOR)

for which the thermodynamic potential is ~1 V less than that of @ERGIluconate, glucuronate,
glucarate, and formate were detected as the major GOR products in the current density range of
40 to 200 mA cm? It is found that oupling the COR and GOR in alkaline media reduces the
potential requirement approximately 1 V at industrially relevant current der(&itigse 613 e)

At a current density of 120 mA ém(at an MEA fulkcell potential of 1.27 Y, an ethyleneFE of

~55% and a & FE of ~90%are obtaineqFigure 613 e) This voltage reduction enables a total
energy requirement of ~89 GJ (tonngH@)' * which represents a 35% reduction in the energy
consumption compared to the MEA cell using OER anode at the sarrent density (~138 GJ
(tonne GH4)' ). All earlier comparisons involve OER only, both in the cascade system and all
reference cases. This additional GOR result highlights the potential to reduce the energy intensity
of ethyleneproduction further. Hein, it also worthnoting that although the anodic produdéts
gluconateglucuronate, glucarate, and forméatare more valuable than the glucose input, making

a full economic case for the anode side upgrading would require detailed assessment of multiple
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separationsDespite the gains demonstrated here, profitahgleneproductionwith cascade
CO:R will require further improvements in performance metrics, including selectivity, current
density, single pass utilizatioBE T in both the first step (C&£to-CO in SOEC) and second step
(CO-to-ethylenen MEA). Further reductions in the capital and operational costddmlso bring

theproces<gloser to viability
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Figure 6-13. Ethylene production performance in the cascade C@R. (a) The ethylene FE
and cell voltage of the CGto-C2H4 MEA, and the CzH4 EE of the cascade CGR. (b, ¢) CO2-
to-ethylene single pass conversion ancethylene production rates of the cascade Ce&R at
different operating current densities for the COto-C2Hs4 MEA. (d) Extended QO2-to-
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ethylenesingle pass conversion performance of the MEA in the cascade GR. (€) Effect of
anodic reaction on the COR performance of the MEA in the cascade CR. Reproduced

with permission from Elsevier [5], copyright 2021.
64 Concl usi ons

A cascade approach that avoids carberiatmation and associated energy penaitigSO;-to-
ethyleneconversionis developed byombining an SOEC with a high performance COR MEA
system designedherein A layered catalyst structure composed of a metallic &-tolyl-
tetrahydrebipyridine, and SSC ionomeis designedo achieve higirate and efficient C&@o-
ethyleneconversion in a MEA electrokgr. The combined functions of each layer raised the device
ethyleneFE to 65%, at a fultell ethyleneEE of 28% aross a broad range of current densities,
versus the <50% FEs of the bare and siteyer catalyst structures. To drive an ¢agend CQ
conversion process without the lossGfd, to carbonatethe MEA electrolyzer was pairedvith a
SOEC forCOz-to-CO conversion. With the CO stream produced from the SOEC, the MEA system
generatecethyleneat a peak rate of 1.3 mmol hand maintained continuous operation for 40
hours. The full cascade system required ~138 GJ (toaHg)'C acthieving significant savings
over the directlycomparable onstep CQ-to-ethyleneroute (=267 GJ (tonne28.)" 3. Having
established the direct comparison with existing systems on the basis of OER anode reactions in all
cases, an approach designedo redice the energy consumption of the MEA furthehich is
switching the OER anode to GOR. With this enhancementcdbeade SOEMEA system
requires a total energy requirement of ~89 GJ (tonsté,)C! These results demonstrate the
potential to electrocatgiically convert CQ to ethylene without carbonate production and
associated energy penalties. The result is a rdoara&nergy requirement for the production of

t he wo r -prddaced ongang tompound.
65 Refl ection on this pruobjleicctat inoont

This work presents a layered catalyst that enables enargy carborefficient COto-Co+
conversion in a zergap, alkaline media COR MEA electrolyzer. By utilizing the downstream of
a SOEC, the work presertarbonatdormationfree production of & products from C@ The

viability of the cascade CB approach depends on achieving success in operating two
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independent electrochemical systems under their ideal conditions, whperfbemance of the

first sysem affecs that ofthe secondsystemto a large extentAlthough the SOEC technology is
more established than let@mperature COR systems, challenges in this first step refain.
example, he flow rate and composition of tf®OEQs cathodic downstreaimss a significant
impact onthe performance of the full systefithe SOEC and its operating conditions need to be
carefully optimized to achieve stable CO FE and CO productivity simultaneously. The second
challenge is to perform extended £0-CO conversionn an SOEC. As the statd-the-art
SOECs suffer greatly f r onpaVaitability{tmaghteve highsiegleat i on
pass CQ conversion)increases theoncentration of CO in the local reaction environment,
accelerating the CO poisoning &ft. Thus, operating the cascade RGystem (under high
carbonefficiency mode)or long periodsivould requirenew strategiesd mitigate CO poisoning

in the SOECsThe third challenge is the complexity of the system. The cascade @€&s two
separate ektrochemical systems (SOEC for £0-CO and COR MEA for C@o-C»+) and a
COp-capturing unit, and also requiréeating for the SOEC. Thienders the cascade RO

relatively more complex than singtéep COR systems.
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7 Energunadarkbddicie@® &€IOectr ol y

mul ticarbon products via as'

adsorption

This work provides insights into the origins of low energy efficiencyctBEand single pass
conversion efficiency (SPCGE+) in the best current COR toxCelectrolyzers. The bidirectional
nature of cation and anion counterflow in the stdtthe-artmembrane electrode assemiWEA)
electrolyzers is found to be the primary cause of EE and SPCE loss iftdd@Rconversion.

The work then presents a catglynicroenvironment with cation repulsion and anion attraction
features to break the bidirectional flow of ions. The catalyst is the catalyst/covalent organic
framework (COF) bulk heterojunction (CCBH) that provides asymmetric ion migratisorption
(AIM-A). T h e-conjugated hydrophobic COFs constrain catior) (Kiffusion via cation’
interactions, whilst promoting anion (OHand gas reactant adsorption on the catalyst surface. The
full-cell system with the asymmetric ion migratiadsorption reactionngironments achieves
electrosynthesis of £ products with a record SPCE of 95% and an E&+ of 41%, all sustained

for 200 hours.

Work from this chapter formed the basis of this publicat@zden, A, Li, A, KandambethS?,

Li, X-YA, ShekhahO., Ou, P., Finfrock Y.Z, Wang Y-K., Alkayyali, T., de Arquer F.P.G.,

Kale, V.S, Bhatt P.M., Ip, A.H., Eddaoudi M., Sargent, E.H., Sinton, DEnergy and carbon
efficient CQ/CO electrolysis to multicarbon products via asymmetric ion rtiaradsorption .
2022 (Under review,)

The candidatés the co-first author of this work and played the primary role in desigring
preparing thecatalyss (CCBH catalysts and controJs)performing the electrochemical
performance testingddO-R/COR performance testing and product analysis under various applied
potentials and operating conditionsgnalyzing the datdelectrochemical performance and
characterization dataandperforming ex and insitu characterization, anriting the paper. The
other ccfirst authors, Professor Jun Li, Dr. Sharath Kandambeth, and Dr-Yéad.i, analyzed

the dataassisted imaterials characterization anthnuscript writing, and helped perform density

functional theory calculations.
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71 I ntroducti on

The electrochemi¢aeduction of CQand CO (CGR/COR)i powered by renewable electricity
provides a route to upgrade captured.@@®@ multicarbon (@+) productq7], [77], [161], [162]
Presentday CQR/COR technology realizes production of@roducts such as ethylene, ethanol
andn-propanol at significarates (>100 mAm' 2) [163], [164] The challenge is to achieve these
productivities, with viablenergy efficiency (EE) and carbon efficienegivalent to singleass
carbon efficiency$PCE) in the statef-the-art, oncethrough electrolyzejg165]i [167]. Progress
here will requireinnovativematerial and systerdesign principleshat enablepracticalEE and
SRCE in the electrosynthesis ohCproducts(Figure 71) [13], [119],[168]i [171].
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Figure 7-1. Technoeconomic assessment. Energy assessment was performed by using a model
and assumptions similar to thoseeported in refs. [5], [66]. The dashed linesepresent the
EEethyiene and SPCEthylene COMbinations to achieve projectedprofitable energy intensities.
The minimum required energy intensity of 90 GJ ton ! (entrance to the projected
profitability region) is based on a total process efficiency of >50% and 45 GJ tbAaverage
lower heating value of ethylene. Aconstant energy intensity of 20 GJ tonifor CO2-to-CO

conversion in a SOEC was considered. A current density of 200 mA ¢frand an ethylene FE
of 100% were considered.

Alkaline electrolytegpromote carboitarbon (CC) coupling[59], [134] 1 a ratelimiting step
along the pathway tG>+ producs [172]i [174]. With recent advances in catalyst and electzety
designs alkalinemedia COR achievesan impressive Eg+ of 40%, moving EEs towasdthe
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realm of industrial viability (>50% Edz+) (Figure 72 a) [58], [59]. However, in alkaline
electrolytes, C@reacts with hydroxide to form (bi)carbonate, limiting theC&P.+ to < 5%
(Figure 72 a)[13]. The use of neutradlectrolytesenablesa higher SEEEc2+ of ~30%, but this
comes at the expse of a lower E€&+ of <20%(Figure 72 a)[11]. Acidic electrolytes regenerate
CQO: locally, offering acarbonefficient platform for CQR. HoweverpromotingCO;R in acidic
electrolytes is a challengwith Ci C coupling less favoure 62], [175], [176] indeed the best
prior acidic CQR has an Eg+ of ~10% (Figure 72 a)[162]. The presentlay trade between
EEc>+ and SEEc»+ highlights the need for strategies that enable high EE SREE

simultaneouslyFigure #1).

Cascade CER1 CO, reduction to CO in aarbonefficientsystem and CO reduction t@-Gn an
alkaline systeni offers one such avenue: it delivé&Bco+ competitive tosingle-step COR, with
the benefit of a higher SEEEc2+ (Figure 72 a) [5]. Since presentlay COx-to-CO conversion
systems(such as solid oxide electrolyzdis/7]i [180]) are industrially maturén termsof EE
(>85%, without heat) and SPCE (45%6), it is the COR to & that has the greatest opportunity
to improve further[77]. Recent advances in electrody configurationg119], the electrode
electrolyte interfacg¢l34], and catalyst microenvironmerf§ have led encouraging2% EE2+
combined, simultaneouslyyith 43% SRECEco+ (Figure 72 a) Energy analyis, on the basis of
ethylene productiorsuggest that furtherimprovements of EE to 50% and beyond, an€CERo
unity, are key to achieve practicallectrosynthesis of £via cascade C£R (Figure 71) [66].

7.2 Experi ment al

7.2.1 Materials and chemicals

All the chemicals used for covalent organic framework (COF) synthesis, catalyst synthesis,
electrode preparation, electrolyte preparation, and performance testing including-2,3,6,7
tetraaminegphenazine hydrochloride, hexaketocyclohexane octahydrate, rethglgcol, acetic

acid, methanol, -propanol, potassium chloride, phosphoric acid (85%), potassium phosphate
monobasic, potassium sulfate, potassium iodide, potassium hydroxide, perchloric acid,
hydrochloric acid (HCI), Aquivion (D7/25BS), Cu nanoparticte(25 nm), dimethyl sulfoxide
(DMSO), and deuterium oxide ¢D), were purchased from Sigma Aldrich. Deionized (DI) water
(18. 2 Mq) was used f-modified e NPp. Feamasep &ALQ and o f
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Nafion (XL) membranes, hydrophobic carbon pajsgiracet 22BB), and titanium fiber felt were
purchased from Fuel Cell Store. MEA electmay (5 cnf) and Sustainidh X37-50 membrane
were purchased from Dioxide Materials. The polytetrafluoroethylene (PTFE) gas diffusion layer
with 450 nm pore size was qlnased from Beijing Zhongxingweiye Instrument Co., Ltd. Cu was
sputtered onto the PTFE substrate under vacuuni &¥bdr) using a Cu target (>99.99%) in an
Angstrom Nexdep sputtering system. A constant sputtering rate Af$e8* was applied until a

catalyst thickness of 200 nm achieved.

7.2.2 Synthesis of covalent organic frameworks

The synthesis of Hé&¥Azal COF was carried out by the solvothermal condensation reaction, as
reported in ref.[181]. The solvothermal condensation reaction was occurred between
hexaketocyclohexane octahydrate and 2,3@yaaminegphenazine hydrochloride in a solvent
containing ethylene glycol and 3.0 M acetic acid (with a volumetric ratio of 1:1). Reactants and
solvents were transferred to a screapped Pyrex tube (20 mL) asdnicated for 15 murtes

under nitrogen. Upon completion of sonication, the Pyrex tubes were placed insideeateid

oven and incubated for 4 h at%65 The temperature was then gradually increased tel KA,

and the reaction continued for 4 dayseTHex Azai COF powders were isolated by filtration,

washed with a solvent containing acetone and DI water, and dried under vacuum.

7.2.3 Preparation of gas diffusion electrodes

The gas diffusion electrodes fitre carbon monoxide reduction reaction (CQ#re prepared by

spray depositing a homogenous catalyst ink onto a carbon paper sudystoditeving a procedure

similar to those in raf [182]i [184]. The substrates used for the acidic medialRC&xperiments

were based on Cu sputtered onto a polgfletoroethylene (PTFE) substrate (Cu/PTFE). The
average pore size of the PTFE substrate was 450 um, and the catalyst thickness was 200 nm. The
sputtering was performed with a sputtering rate of 0.8&& under 10 éTorr until a catalyst
thickness of 200im achieved. The catalyst ink was prepared by adding a polymeric binder to the
previously prepared ink containing Héxzal COF and Cu NPs and by sonicating the resulting ink

for 2 h in an ultrasonic bath. The resulting ink was then spray deposited onidostaate
(hydrophobic carbon paper for MEA and Cu/PTFE for acidic media flow cell) layer by layer until

a final catalyst loading of 0.8 n@' Zachieved. The resulting electrode was dried under vacuum
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for 12 h prior to performance testing. Control electodere prepared without adding COF inside
the ink.

7.2.4 Materials characterization

SEM imaging was carried out via a higksolution scanning electron microscope (Hitachi S
5200). XPS measurements were performed via PHI 5700 Electron Spectroscopy for Chemical
Anal ysi s syst em,-raydiffiactidn asitiseeesergyidourck for excitation. TEM
imaging and associated energy dispersiv@)X(EDX) elemental mapping were carried out via a
field emission transmission electron microscope (Hitachi HF3300)ctBtal characteristics of

the gas diffusion electrodes were analyzed by XRD at room temperature on a MiniFlex600

instrument with a Cu target (&=1.54056 j) .

XAS measurements were performed at 20BM beamline of the Advanced Photon Source (APS) in
Argonne N&onal Laboratory (Lemont, lllinois). XAS data were analyzed using the Athena and
Artemis software included in a standard IFEFFIT package. Raman spectra were recorded via a
Renishaw Raman spectrometer using a 785 nm excitation laser and 120@rating. Spectra

were obtained in the range of 22800 cm over 10 acquisitions with an exposure time of 10
seconds for each acquisition. The acquisitions were averaged and analyzed using WIiRE 4.4
software. In operando measurements, the laser power was kemntaats200 pW, and 63x
magnification immersion objective was used with a customade Raman cell. The cell was based

on a threeelectrode configuration. The cell had an electrolyte reservoir (1 cm x 1 cm geometric
surface area), in which immersion objectiwas immersed, and the electrolyte chamber was
separated from the gas chamber via a gas diffusion electrode. A platinum (Pt) wire was used as the
counter electrode, and an Ag/AgCl was used as the reference electrode. During the spectra
collection, the flowrate of carbon monoxide was kept constantiasccm cri?, and 1 M KOH

was used as the electrolyte.

Static contact angle measurements were performed via the sessile drop method otbasedeo
measurement system. The measurements were performed by following several consecutive steps:
(1) placing a droplet of water onto a circutdraped specimen extradt from a gas diffusion
electrode of interest; (2) fitting a tangent line to the intersection of the solid, liquid, and gas phases

using software; and (3) determining the external angle using software.
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K™ adsorption measurements were carried out in 1 NHKGing a tweelectrode configuration in

a beaker. The measurements were performed by following a procedure akin to that reported in ref.
[90]. A Pt electrode was used as the counter electrode, and a gas diffusion elegsextion a
catalystof interest (with a geometric area of 1 cm x 1.5 cm) was used as the working electrode.
The back side of the gas diffusion electrode was fully covered with a Kapton type. A constant full
cel | potenti al of 1T2.2 V was usipmelectredéintol d ht be
KOH. The gas diffusion electrode was taken out of the solution after 120 seconds and transferred
to a vial with 10 mL of DI water before releasing the applied potential. After releasing the applied
potential, any absorbed*kon thegas diffusion electrode was released into the DI water. The
amount of K in the water was then detected using an inductively coupled plasma optical emission
spectrometer detector (IGPES, Agilent DuaView 720 with a chargeoupled device (CCD))

that enales coverage of full wavelength (167 nm and 785 nm). The concentration waX
normalized by ECSA.

ECSA measurements were performed in a custade flow cell with a threelectrode
configuration. A gas diffusion electrode with a geometric area of X dnem was used as the

working electrode, a nickel foam as the counter electrode, and an Ag/AgCl as the reference
electrode. Both anolyte and catholyte were 1 M KOH. The charge associated with the stripping of

an underpotentiadeposited Cumonolayer was asured by following a procedure akin to those
inrefs.[90],[185] Cycl i c voltammograms (CVs) were perf
versus Ag/AgCl at various scan rates of 40, 60, 80, 100, 120 X sionolayer of chemisorbed

oxygen was first pgormed, and it was then reduced in the reverse scan. The capacitance for each
catalyst was obtained experimentally. The reference surface factor of 1 for Cu foil was utilized to

calculate the surface roughness factor of each cajafys}

TPD measureents were performed by following a procedure akin to that reported i1 8éi.

TPD measurements were performed via AutoChem 2920 Automated Catalyst Characterization
System COFmodified Cu NPs and control catalyst (Cu NPs) with the constant loadi@ ahg
wereloaded onto a t$haped quartz sample tubes. The sample tube containing the catalyst was
then connected to a gas line, which is attached with a temperature controller. The catalysts were
initially pretreated with hydrogen gas flow (with a camstflow rate of 50 mL mirt) at a constant

temperature of 220C for 2 hours to remove the surface contaminants and reduce the surface
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oxides present on the catalyst surface. Upon completion of the pretreatment, the catalyst was
exposed to helium gas flofer 1 hour to remove any gas contaminants in the line and on the
catalyst surface. For the TPD measurements, the catalyst samples were cooledid®@?@o

by using a liquid nitrogen CryoCooler set up. CO gas (10% CO/He) was then purged for an
additiona 1 hour to the sample tube to remove any physisorbed CO gas, which may be present on
the catalyst surface. Catalysts with chemisorbed CO gas were then subjected to a temperature
programmed heating program frarh20°C to 130°C. The desorbed chemisorbe® @as coming

out from the catalyst during the temperature programmed heating was monitored by a thermal
conductivity detector (TCD) and an attached mass spectrometer. For the ease of comparison, the

CO TPD peak areas were normalized with the lowest peak ahich is for Cu NPs.

Static carbon monoxide (CO) adsorption measurements were performed-ler Surface
Characterization Analyzer with enhanced corrosion resistance (ECR) from Micromeritics. The
cryogenic temperatures during adsorption measuremesrs gontrolled using liquid nitrogen

baths at 77 K. Ambient temperature was controlled using thermostat bath at 298 K. CO adsorption
measurements were carried out in a ventilated enclosure to avoid any exposure to CO. Appropriate
sensors from STANDGAS wetesed as a precautionary measure to detect any possible leakage of
CO.

7.2.5 CO2R performance testing in acidic media

Acidic CO:R experiments were carried out in a slim flow cell by using a-dlgotrode
configuration. The setup was composed of tkmraponents: catholyte chamber, anolyte chamber,
and gas flow chamber. The geometric area of the electrode wés Thacatholyte chamber was
physically separated from the gas chamber via cathode electrode, with the catalyst side facing the
catholyte andsubstrate side facing the gas chamber. Iridium oxide supported on titanium felt
(IrOx/Ti) was employed as the anode catalyst in the anolyte chamber. The IrOx/Ti electrodes were
prepared following a procedure involving several steps: (1) etching the id¢ibein 6 M HCI

at 75°C for 30 mirutes (2) rinsing the etched Ti felts with DI water for 40 oies (3) immersing

the Ti felts into an ink of propanol, iridium (IV) chloride dehydrate (Premf9r99.99%, metal

basis, Ir 73%, Alfa Aesar), and HCI,c&a(¥) drying at 100C for 10 mirutesand sintering at 500

for 10 mirutes These steps were followed until a total Ir loading of 1 mgZchieved. A cation

exchange membrane (CEM, NaffoXL) was used to separate the anolyte and catholyte chambers.

98



Catholyte and anolyte were fed into their respective chambers through silicon tubing at a constant
flow rate of 15 mLmin' . Peristaltic pumps were responsible for the supply of electrolytes. To
minimize bubble accumulation inside the chambers, anolyte dhdlyt@ entered the chambers
from bottom and exited from top, forming a close cycle. A digital mass flow controller
(SmartTrack 100, Sierra) was employed to supply: @@h a constant flow rate to the gas
chamber. The COgas cylinder was purchased fromnde Gas. All the electrochemical
measurements were performed using an electrochemical workstation (Autolab PGSTAT302N)
equipped with a current booster (Metrohm Autolab, 10 A). The catholytes and anolytes of pH
~0.80 were prepared using 1 M phosphoric &g¢idPQy) as the base electrolyte, with the
incorporation of 1 M potassium chloride (KCI). The fROperformance was investigated under
galvanostatic mode. 1 MaRQy was used as the anolyte, and 1 MPBy and 1 M KCI were used

as the catholyte. COF modifiedu@IPs deposited Cu/PTFE electrodes were used as the cathode

electrodes, while Cu NPs deposited Cu/PTFE electrodes were used as the control electrodes.

The COR was initiated by applyi ngcmd amotha€@ant cu
products wereollected from the cathodic gas and liquid streams upon complete stabilization of

the corresponding potential and collection of reaction products, which typically te@k 20

minutes For quantification, the gas products were collected in 1 mL volumeg gam tight

syringes (Hamilton chromatography syringes) and injected into a gas chromatography (GC,
PerkinElmer Clarus 680). The GC was equipped with a thermal conductivity detector (TCD) for

the simultaneous detection of hydrogen, oxygen, carbon mon@adenitrogen signals and a

flame ionization detector (FID) for the detection of methane and ethylene. The GC was equipped
with packed columns of Molecular Sieve 5A and Carbek@®0. Argon (Linde, 99.999%) was

used as the carrier gas.

7.2.6 CO2R/COR performance testing in neutral and alkaline media

The CQR/COR performance analyses were investigated in a MEA elexgralging neutral and
alkaline anolytes. The experiments were carried out using an electrochemical test station. The test
station was agjpped with a potentiostat, a current booster (Metrohm Autolab, 10A), a commercial
CO:R MEA electrolyer (Dioxide Materials), a mass flow controller (Sierra, SmartTrak 100), an

anolyte container, a humidifier, and a peristaltic pump with silicon tubing.
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The CQR MEA electrolyer was composed of titanium anode and stairge=s cathode flow

field plates. The geometric areas of the anode and cathodédldwplates were 5 ctnThe MEA

was composed of a cathode electrode (COF modified Cu NPs or Cu Nistedpon carbon
paper), an anode electrode (IrOx supported on nickel foam (IrOx/Ni)), and an anion exchange
membrane (AEM, Fumasep FAZ50 for alkaline and neutraimedia COR and Sustaini®x37-

50 for neutraimedia CQR). The cathode and anode electdeere placed on their respective

flow-field plates and then separated by an AEM.

The MEA was then assembled by applying an equal compression torque to the associated bolts.
The AEM was continuously rinsed with DI water for 10 otesprior to electrolger assembly.

The anode flow field was responsible for supplying anolyte into the anode flow field, whereas the
cathode flow field was responsible for supplying humidified reactant (CO gri@t® the cathode

flow field. The IrOx/Ni electrodes were preparedlowing a procedure involving several steps:

(1) immersing theNi felts into an ink of 2propanol, iridium (IV) chloride dehydrate (Premfon
99.99%, metal basis, Ir 73%, Alfa Aesar), and HCI, (2) drying at{ofbr 10 mirutesand
sintering at 500C for 10 mirutes These steps were followed until a total Ir mass loading of 1 mg

cm “Zachieved.

After electrolyer assembly, anolyte (KOH for COR and KHEr CO;R) was continuously
supplied to the anode chamber of the elecmarlyand fully humidifiedeactant gas (CO for COR

and CQ for CO;R) was supplied to the cathode side with a constant flow rate. Unless otherwise
stated, the flow rates of the reactants were kept constant eithes@trBQ~10 sccm crf) or 5

sccm (~1 scem ch). A constantcurrent density of 100 mA cnfwas applied to initiate the
reaction, and then the current density was gradually increased with 100 nflho@ments. The
increments were made upon complete stabilization of the corresponding voltage and collection of
reacton products, which typically took 250 mirutes For each applied current density, gas
products were collected in 1 mL volumes 3 times with frequent time intervals. The samples were
then injected into the GC for product quantification. The liquid produets collected from both
theanode and cathode liquid streams.
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7.2.7 CO2R/COR product analysis

The GC spectra for each gas injectiotogether with current density, GQ@utlet flow rate, and

fraction of gas productiswas used to evaluate the gperformanceisingEquation (71):

Faradaic efficiency (%) = N« Fx v xr/ (i x V) (7-1)

whereN represents the number of electrons transferffetkpresents the Faradaic constant,
represents the gas flow raterepresents the concentration of product of interest in ppm,
represents the total current, avid represents the unit molar volume of product of interest. The
flow rate at the outlet of the cathodic gas stream was measured by a bubble flow meter prior to

collecting samples via gas tight syringes.

The liquid products were characterized #NMR spectroscopy (600 MHz Agilent DD2 NMR
Spectrometer) with suppressing water peak. Dimethyl sulfoxide (DMSO) and deuterium oxide
(D20) were used as the referentanslard and lock solvent, respectively. THENMR spectra for

each conditiori together with the amount of charge passing and the duration of rehatias

used to quantify thEE towards liquid CO:R products usingquation (#2):

Faradaic efficiency (%¥F N x F X Nproquc{Q (7-2)

whereN represents the number of transferred electi®ngpresents the Faradaic constapbduct
represents the total mole of products, &é i x t represents the total charge passing during

measurement.

7.2.8 Single pass carbon efficiency (SPCE) calculation

SPCE towarglgas, liquid, or a group of gas and liquid products &2&nd 1 atm was calculated
usingEquation (#3):

SPCE = (j x 60 sec)/(NX F) + (flow rate (L/min) x 1 (min))/(24.05 (L/mol) (7-3)

wherej represents the partial current density towardingle or a group of productdyepresents

the number of electrons transferred to form 1 mole of target product.
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7.2.9 Density functional theory (DFT) calculation

All spin-unrestricted densitfunctional theory (DFT) calculations were carried out by using the
Vienna ab initio simulation package (VASRP3], [187] The plane waves were constructed by
using projector augmentedave method (PAW) with a cuff energy of 400 e\188], [189] The
exchangecorrelation energy was determined by the PerBewvke-Ernzerhof formulation of the

generalizeehradient approximation (GGRBE)[101].

Here, a (3 x 3 x 4) Cu(111) model was used to simulate the Cu surface. To fully consider the
solvation effet, 18 explicit water molecules were optimized, and a local minimum via hydrogen
bond network was formed. Each slab was separated from its periodic imagegdrby about 15

A of vacuum space. The bottom two atomic layers were fixed to simulate thstiudture. The

two top layers were allowed to relax.

The Brillouin zone integrations were performed on a MonkkHReskk 6 x 6 x 1 4point mesh
[105]. The selfconsistent field (SCF) convergence criterion was set to beelq) and the force
convergence for geometry optimization was set to be 0.05' &Inithe model, 0, 1, 2 OH* were

considered on a Cu(3 x 3) periodic surface.

Different possible adsption configurations were tested to find the most stable structures when
CO adsorbed on the Cu surface with different OH* coverage. Meanwhile, 0, 1, 2, 3 potassium
atoms were incorporated into water layers to simulate different potassium concentrations. T
competing reaction pathways of COR correlations were considered as shown in Equatijons (7
and (#5).

606 O QO30 (7-4)
60 60 O QOHUHT0 (7-5)

Herein, the difference of Gibbs free energies for CO* protonatiolCaé@aoupling were obtained

by the correction of Gibbs free energy (G) using Equatief) (7

0 0 GO0 6/ QIYY (7-6)
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whereOrepresents the DFRalculated energy rrepresents the heat capacityrepresents the

entropy, andl represents the temperature (which is set to room temperature (298.15 K)).

7.3 Resul ts and di scussi on

7.3.1 Insights into low energy- and carbon-efficiency int o d aQOB MEA

To probe the interplay between EEand S Ec.+, COR performance is investigated in a MEA
electrolyzer in whiclEEc2+ is sought to be optimizgdd 19]. The system was equipped with a Cu
catalyst,on which both cations (K (crossing over from the anolyte) and anions {Dpfomote
Ci C coupling[59], [162].

An increase in the electrolyte alkalinftpm pH~8.4 (0.1 KHCQ) to~14.7 (5 M KOH) improves
the peak Faradaic efficiency (FE) and EE of ethylenetjrseand EEtnyiend T @ dominantCs
product from COR omegularCu (Figure 72 b)[134]. However, he peak SPCEhnyienedecreass
sharply, with the increasing alkalinity fropH ~14 (1 M KOH) to ~14.7 (5 M KOH). The
electrolyte effectbecomeseven more acuteunderthe conditions that enable practical SPCE
(constrainecCOavailability): both EEthyleneand S Eethyienedecreasdramaticallywith increasing
KOH concentratiorfFigure 72 c).

It is posited that the performance decayiginate partly fronthe excesK™ blockingthe catalyst
surface[190], [191] limiting the CO transportTo test this hypothesis, excessiK includedin
electrolytes by maintaining similar pH (@3.9for 1 M KOH + 2 M K:COz andpH 14.7for 5 M
KOH + 2 M KzC0;), and found that both EEyleneand S Eethyieneare diminishedthe hydrogen
evolution reaction (HER) begins to dominate (Figuz @).
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® Alkaline CO,RR

® Alkaline CORR

Figure 7-2. Energy and carbon efficiency limitations in CQ/CO electrolysis. (a) EE2+ and
SPCEc2+ performance assessment of literature benchmark CER/COR systems. (b) Ek2+
and SPCE:2+ performance of bare Cu catalyst with anolytes of varioupHs in a zercgap,
catholyte-free MEA electrolyzer at a constant CO feedstock flow rate of ~10 sccm &t (c)
Effect of K* and OH' concentration on the EE2+ and SPCE:2+ performance of bare Cu
catalysts at various CO feedstock flow rates (5 M KOH (pH 14.71L M KOH (pH 13.9), 5 M
KOH + 2 M K2COs3 (pH 14.7), and 1 M KOH + 2 M K2COs (pH 13.9)). (d) A map of free
energy difference( ) for CO* reactions to OCCOH* and CHO*.

7.3.2 Density functional theory (DFT) calculations

The effect of cations and anions 6hC cougding is then investigated using density functional
theory (DFT) calculationsA Cu surface is simulated wiin OH coverage ranging from 0 to 2
(1/9 site&!) and a K concentration rarigg from 0 to 3 (1/18 HO'Y), andgenerated a free energy
di f f e rG mapdor GOdpreactions to OCCOH* and CH®*key intermediateslong the
pathway toC, and G products, respectively. DFT calculations confitmatthe increase of OH*
coverage faus CiCc ou p | i n gG) (Fiuvewr2 d), caopsistent with the view that high

104



