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in 1 M KOH/NaOH @5-29). (C) Faradaic efficiencies of @CuAgx
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CuxAgx bimetallics with different atom ratios and pure CuGa?0
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Figure 6.5:

NO and PO electroreduction performance on various metal catalysts.
(a) Total current density vs. potential of various catalystd-gdbadaic
efficiency vs. potential of Pd, and (c) Faradaic efficiency of various
catalysts at 0.100.02 V vs. RHE in NO electroreduction. (d) Total
current density vs. potential, (er Raradaic efficiency vs. potential,
and (f) Faradaic efficiency at 100Amem™ of various catalysts in 20
electroreduction. 0.1M NaOH+0.9M NaClOwas used as an
electrolyte. Detailed data is provided in Figs. ©,6and Tables D.1
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and 100% NO. BD+N> (N-N coupled products; red) and
NH3+NH2OH (single Nproducts; blue) Faradaic efficiency vs.
potential of (c) Pd and (d) Cu in 25, 50, and 100% NO. Schematics
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and (f) low NO coverages. Detailed data is provided in Table.D.206
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NHz, and N vs. potential at different pH of (b) Pd and (c) Cu. 0.5M
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and 1M NaOH (pH=14) were useaa$ electrolytes. Detailed data is
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Mechanistic insight on N@lectroreduction using flow electrolyzer
mass spectrometry and comparison of NO;ONand NHOH
electroreduction. (a) Linear sweep voltammetry (LSV) at 2 mh\(Is)
m/z=30, and (c) m/z=17 on Pd and Cu from FEMS during NO
electroreduction. m/z=44 and m/&2n (d) Pd and (e) Cu from
FEMS during NO electroreduction. 2Npartial current density vs.
potential using NO and 40 on (f) Pd and (g) Cu. N¢-partial current
density vs. potential using NO and 0.1M d@H on (h) Pd and (i) Cu.
Schematics of NO electronaection pathways on (j) Pd and (k) Cu. All
experiments were conducted in 0.1M NaOH+0.9M NaClQ......... 111
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Figure A.3:Cyclic voltammogram®n (a) Cu, (b) Ag, and (c) Sn catalysts in 1M

KHCOs under 833% CQ and 16.7% Ar, and 83.3% GQ15.87% Ar,

and 0.83% NO. Scan rate: 50 mV. ©nset potentials and cathodic
currents shifted to more positive potentials when 0.83% NO was
introduced, suggesting that NORR is more favorable thasRE®n

all three CatISTS.....uueeiiiiee e 136

Figure A.4:Cyclic voltammogram®n (a) Cu, (b) Ag, and (c) Sn catalysts in 1M

Figure A.5:

Figure A.6:

Figure A.7:

KHCOs under different concentrations of NO in Ar. Scan rate: 50 mV
s!. Onset potentials of NORR are more positive tharpFRED and
shifts in CV measurements suggest that NORR is mass transport

Faradaic efficiency and applied potential vs. time with 83.3%a@®
16.7% Ar on (a) Cu, (b) Ag, and (c) Sn catalysts at a constant current
density of 100 mA cmiin 1 M KHCO;s for 3 h. K Faradaic efficiency
increases over time due to slow flooding of the electrode, suggesting
that NQ is not responsible for the;HFE increase............cccceeee. 137

Faradaic efficiency and applied potential vs. time on (a) Cu, (b) Ag,
and (c) Sn catalysts at a constant current density of 100 nfArcth

M KHCOs for 3 h. Gas feeds were 83.3% £énd 16.7% Ar, and
83.3% CQ, 15.87% Ar, and 0.83% NQyellow). 0.83% NQ was
introduced at 0.5 h for 0.5 h. Corresponding Faradaic efficiencies are
provided in Tables A-B. Error bars represent the standard deviation
of three independent measurements. Faradaic efficiency decreases
with the introduction of N@on all three catlysts..............ccvvvvenneen. 138

Faradaic efficiency and applied potential vs. time on (a) Cu, (b) Ag,
and (c) Sn catalysts at a constamtrent density of 100 mA ctin 1

M KHCOs for 3 h. Gas feeds were 83.3% £énd 16.7% Ar, and
83.3% CQ, 15.87% Ar, and 0.83% 49 (blue). 0.83% MO was
introduced at 0.5 h for 0.5 h. Corresponding Faradaic efficiencies are
provided in Tables A.202. Erro bars represent the standard
deviation of three independent measurements. Faradaic efficiency
decreases with the introduction of®lon Cu and Ag catalysts, while
N20 has negligible effect on Sn catalyst.............ccceevvvivieeeirnnnne. 140

Figure A.8: Cyclic voltammogramsen (a) Cu, (b) Ag, and (c) Sn catalysts in 1M

KHCOs under 83.3% C®and 16.7% Ar, and 83.3% G(L5.87% Ar,
and 0.83% N@ Scan rate: 50 mV-s Onset potentials and cathodic
currents shift to more positive potentials when 0.83% 2 N®
introduced, suggesting that MRR is more favorable than GRR on
all three catalyStS........coooiiiiiiiii e 142
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Figure A.9:Cyclic voltammogram®n (a) Cu, (b) Ag, and (c) Sn catalysts in 1M
KHCOs under different concentrations of M@ Ar. Scan rate: 50
mV s’ Onset potentials of NR are more positive thaBO;RR,
and shifts in CV measurements suggest thaiRFOis mass transport
T a1 =T o SO O PP PPPPPP 143

FigureA.10: Cyclic voltammogramen (a) Cu, (b) Ag, and (c) Sn catalysts in 1M
KHCOs under 83.3% C®and 16.7% Ar, and 83.3% GQL5.87% Ar,
and 0.83% MO. San rate: 50 mV-5 Onset potentials and cathodic
currents shift to more positive potentials whefONs introduced on
Cu and Ag catalysts, suggesting thaORR is more favorable than
CO:RR on Cu and Ag catalysts..® has negligible effect on Sn
CALAIYSE. ..o e e e e e e e ean 143

Figure A.11: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M
KHCO3 under different concentrations of N2O Ar. Scan rate: 50
mV s-1. Onset potentials of JDRR are more positive than GRR
and shifts in CV measurements suggest that N2ORR is mass transport
limited on Cu and Ag catalysts..8 has negligible effect on Sn
CALAIYST. ..ot e e e e e e e e ean 144

Figure A.12: pH measured at the outlet of the electrolyzer &aranstant current
100-mA cn? CO.RR experimenwith the introduction of various NO
pH of 1M KHCQ; before entering the electrolyzer was 7081. Error
bars represent the standard deviation of independent measurements
from Cu, Ag, and Sn catalysts. The presence of NO astd INas
negligible effect in pl, while the presence of NQlightly decreases
the PH DY 0.03... ..o 145

Figure A.13: Ammonia quantification using indophenol blue meéth (a)
Absorbance vs. time of 27.1 mg*LNH4OH. Reaction is complete
after 10 minutes. (b) Photograph of 6.8, 13.6, and 27.1 tigH.,OH
(from left to right) at 20 minutes. (c) Absorption spectra for different
concentrations of N¥DH measured at 2tninutes. (d) Calibration
curve for NHOH. Absorbance was measured at 20 minutes¥H
has negligible interference. All solutions were prepared in 0.25M
KHCOs to match the condition of the liquid products in the electrolyte.
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Figure A.14: Hydroxylamine quantification. (a) Absorbance vs. time of 25 g L
NH20OH. Reaction is complete after 10 minutes. (b) Photograph of O,
10, and 3 mg L! NH.OH (from left to right) at 20 minutes. (c)
Absorption spectra for different concentrations of 8H measured
at 20 minutes. (d) Calibration curve for WPH. Absorbance was
measured at 20 minutes. Absorbance was subtracted from that of 0 mg
Lt NH2OH. NH,OH has negligible interference. All solutions were
prepared in 0.25M KHC®to match the condition of the liquid
products in the electrolyte.........cccoeviiiiiiiiiiieeeee e 147

Figure A.15: Chromatogram of gas products from electrolysis in 83.3% X57%
Ar, and 0.83% NO on (a) Cu, (b) Ag, and (c) Sn catalysts at 100 mA
cm2. TCD and Molecular sieve 5 A (MS) column are used, and 0 to
2.1 MINISSNOWN.....uiiiiiii et 148

Figure A.16: Photograph of the FEMS Setup............ccuuvviiiiiieemiiiiiiieieeeeeeeeeeee 149

Figure A.17: Mass spectra of (a) MBH, (b) NO, (c) NO, (d) N, (e) HO, and (f)
COe. MS signals were deconvoluted using the following mass spEsfra.

Figure A.18: MS signal vs. time obtained from FEMS on Cu in 1M Kkl@h
0.83% NO in Ar before deconvolutidor (a) m/z=2, (b) m/z=12, (c)
m/z=17, (d) m/z=18, (en/z=28, (f) m/z=30, and (g) m/z=44.90 V
vs. RHE was applied for approximately 2 minutes starting at t=1.5
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Figure A.B: MS signal vs. time obtained from FEMS on Cu in 1M KHQ@th
0.83% NO in Ar for (a) m/z=17 with contribution from water obtained
from m/z=18, (b) m/z=28 with contribution from G@ electrolyte
obtained from m/z=12, and (c) m/z=44 with contributiomfr&€Q;, in
electrolyte obtained from m/z=12. m/z=12 has been smootBeiD
V vs. RHE was applied for approximately 2 minutes starting at t=1.5
min. The differences are attributed to NORR products................ 151

Figure A.20: MS signal vs. time obtained from FEMS on Ag in 1M KH@@h
0.83% NO in Ar before deconvolutidor (a) m/z=2, (b) m/z=12, (c)
m/z=17, (d) m/z=18, (e) m/z=28, (f) m/z=3fhd (g) m/z=44-1.00 V
vs. RHE was applied for approximately 2 minutes starting at t=1.5
011 PP TRRP 152
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Figure A.21: MS signal vs. timobtained from FEMS on Ag in 1M KHGQvith
0.83% NO in Ar for (a) m/z=17 with contribution from water obtained
from m/z=18, (b) m/z=28 with contribution from G@h electrolyte
obtained from m/z=12, and (c) m/z=44 with contribution fromx@O
electrolyteobtained from m/z=12. m/z=12 has been smoothE00
V vs. RHE was applied for approximately 2 minutes starting at t=1.5
min. The differences are attributed to NORR products................ 152

Figure A.22: (a) Measured current density vs. time, and deconvoluted MS signal vs.
time for m/z=2, m/z=17, (b) m/z=28, m/z=30, and m/z=44 from
FEMS on Ag catigst in 1M KHCGO; with 0.83% NO in Ar-1.00 V vs.
RHE was applied for approximately 2 minutes starting at t=1.5 min.
NORR products have been deconvoluted using the mass spectra of
individual products shown in Fig. A.17. Additional information is
provided n the methods section and Figs. A.20 and.21............... 153

Figure A.23: MS signal vs. time obtained from FEMS on Sn in 1M Kkl@ith
0.83%NO in Ar before deconvolutiofor (a) m/z=2, (b) m/z=12, (c)
m/z=17, (d) m/z=18, (e) m/z=28, (f) m/z=30, and (g) m/z=445 V
vs. RHE was applied for approximately 2 minutes starting at t=1.5
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Figure A.24: MS signal vs. time obtained from FEMS on Sn in 1M Kkl@{th
0.83% NO in Ar for (a) m/z=17 with contribution from water obtained
from m/z=18, (b) m/z=28 with contributiofrom CQ in electrolyte
obtained from m/z=12, and (c) m/z=44 with contribution from,@O
electrolyte obtained from m/z=12. m/z=12 has been smoothdib
V vs. RHE was applied for approximately 2 minutes starting at t=1.5
min. The differences are atiuted to NORR products.................... 154

Figure A.25: (a) Measured current density vs. time, and deconvoluted MS signal vs.
time for m/z=2, m/z=17, (b) m/z=28, m/z=30, and m/z=44 from
FEMS on Sn catalyst in 1M KHCGQvith 0.83% NO in Ar-1.05 V vs.
RHE was applied for approximately 2 minutes starting at t=1.5 min.
NORR products have been deconvoluted using the mass spectra of
individual products shown in Fig. A.17. Additional information is
provided in the methods section and Figs. A.23 and.24.............. 154

Figure A.26: Gromatogram of gas products from electrolysis in 83.3%+t0@3%
N2O in Ar on (a) Cu, (b) Ag, and (c) Sn catalysts at 100 mA.cm
TCD and Molecular sieve 5 A (MS) column were used, and 0 to 2 min
IS SNOWN....iiii e e e 155
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Figure A.27: XPS measurements of (a) Cu, (b) Ag, and (c) Sn electrodes before
exposure to 0.83% NO (t=0 h), after exposure to 0.83% NO (t=1
h),and after 3 h electrolysis @=h) from a 100 mA cm constant
current CORR experiment with the introduction of 0.83% NO.
Corresponding N 1s XPS measurements of (d) Cu, (e) Ag, and (f) Sn
electrodes. Incorporation of N into GDL is observed on Cu and Sn
electrodes. In the case of Ageetrode, the investigation of N
incorporation is limited due to the presence of PVP surfactant.
Corresponding details are provided in Table A.15..................... 156

Figure A.28: XPS measurements of (a) Cu, (b) Ag, and (c) Sn electrodes before
exposure to 0.83% NQt=0 h), after exposure to 0.83% MNQ=1
h),and after 3 h electrolysis (t=3 h) from a 100 mA-coonstant
current CORR exeriment with the introduction of 0.83% NO
Corresponding N 1s XPS measurements of (d) Cu, (e) Ag, and (f) Sn
electrodes. Incorporation of N into GDL is observed on Cu and Sn
electrodes. In the case of Ag electrode, the investigation of N
incorporation islimited due to the presence of PVP surfactant.
Corresponding details are provided in Table A.16...................... 158

Figure A.29: XPS measuremendf (a) Cu, (b) Ag, and (c) Sn electrodes before
exposure to 0.83% JO (t=0 h), after exposure to 0.83% M (t=1
h),and after 3 h electrolysis (t=3 h) from a 100 mA“coonstant
current CQRR experiment with the introduction of 0.83%ON
CorrespondindN 1s XPS measurements of (d) Cu, (e) Ag, and (f) Sn
electrodes. Incorporation of N into GDL is observed on Cu and Sn
electrodes. In the case of Ag electrode, the investigation of N
incorporation is limited due to the presence of PVP surfactant.
Correspondig details are provided in Table A.17........................ 160

Figure A.30: XPS measurements of electrodes with high catalyst loadings of 2.0
mg cm? Cu, Ag, and Sn, and no catalyst at t=1 h after exposure to (a)
0.83% NO, (b) 0.83% N& and (c) 0.83% bD for 0.5 h during C®
electrolysis. The results confirm that N is incorporated in GDL rather
than metal CatalyStS............uuuiiiiiiiiiiiieeciiee e 161

Figure A.31: Photograph of electrochemical batch cell for XAS operando
EXPEIIMEINES. ...ttt 162
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Figure A.32: Cu Kedge (a) XANES and (f) EXAFS of Cu catalyst obtained after
exposure to 0.23% NCor 0.5 h. 0.23% was used instead of 0.83%
due to the avadbility of the gas at the time of the experiment.
Nonetheless, insight on the effect of the introduction ok M@ring
CO:RR on the catalyst oxidation state is still obtained. Cu catalyst is
quickly reduced to metallic Cu once current is applied, suggettat
Cu catalyst remains or revert to fully metallic under reaction
conditions after N@is removed from the C{stream.........ooeeeeee.... 162

Figure A.33: Cu kedge (a) XANES and (f) EXAFS of Cu catalyst obtained after
exposure to 0.83% 4O for 0.5 h. Cu catalyst is quickly reduced to
metallic Cu once current is applied, suggesting tGat catalyst
remains or revert to fully metallic under reactmonditions after MO
is removed from the CBtream........oovvvvieeiiiiii s 163

Figure A.34: SEM images of Cu electrodes obtained at (a) t=1 h and (d) t=3 h after
exposure to 0.83% NO, (b) t=1 h and (e) t=3 h after exposure to 0.83%
NO2, and (c) t=1 h and (f) t=3 h after exposure to 0.83% Muring
CO, electrolysis. Change in Cu catalyst obtained at t=1 and 3 h
compared to that obtained at t=0 h (Fig. A.1) is negligible........... 164

Figure A.35: SEM images of Ag electrodes obtained at (a) t=1 h and (d) t=3 h after
exposure to 0.83% NO, (b) t=1 h and (e) t=3 h after exposure to 0.83%
NO2, and (c) t=1 h and (f) t=3 h aftermosure to 0.83% D during
CO, electrolysis. Change in Ag catalyst obtained at t=1 and 3 h
compared to that obtained at t=0 h (Fig. A.1) is negligible........... 165

Figure A.36: SEM images of Sn electrodes obtained at (a) t=1 h and (d) t=3 h after
exposure to 0.83% NO, (b) t=1 h and (e) t=3 h after exposure to 0.83%
NO2, and (c) t=1 h and (f) t=3 h after exposure to 0.83% WNuring
CQO: electrolysis. The particle size for Sn catalyst obtained at t=1 and
3 h increased noticeably compared to that obtained at t=0 h (Figl6%.1)

Figure A.37: SEM image of Sn electrode obtained at t=1 h afteRRQvithout
NOx impurity. Because the particle size increased after,REO
without NQ, impurity, NO, impurities are unlikely the cause of the
SIZE CNANGE. ... . ittt 167

Figure A.38: Chromatogram of (a) 2%,H% CO, 1% Chl 1% GH4, 0.50% GHe,
0.25% GHe, 0.25% GHs in Ar, (b) 1% N in Ar, (c) 1% NO in Ar,
and (d)1% NO in Ar. Top and bottom are measured by FID and TCD,
respectively. (e) Retention time of different components in TCD
during GC analysis. Molecular sieve 5 A (MS) and Haysep D (HayD)
columns are used for separation of gases............ccccvvvriireniinnns 168
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Figure B.1:

Figure B.2:

Figure B.3:

Figure B.4:

Figure B.5:

Figure B.6:

Figure B.7:

Characterizations for €4Ago.1 bimetallic before and after thermal
shock. (a) SEM image of Cu(NJ2 and AgNQ precursors dispersed

on thecarbon nanofibers. (b) Digital photos of the metal nitrates on
the carbon nanofibers before and during thermal shock. (Photo Credit:
Chunpeng Yang, University of Maryland at College Park) (c) SEM
image and (d) corresponding area EDS spectrum ofoADd.1
bimetallic nanoparticles synthesized on carbon nanofibers using the
rapid shock technique. Quantification of the spectrum confirms the

Thermogravimetric analysis curve ofo@\Do.1 nanoparticles on the
carbon nanofibers performed in air atmosphere. The 21 wt% which
remains at 800 °C in air@ CuO and AgD, corresponding to a metal
content of 17 wt% in the GYAQo.ll CNFS.........coooiiiiie, 171

SEM images of GuwAgo1 hanoparticles synthesized on carbon
nanofibers using conventional annealing in a furnace. The thermal
annealed CipnAgo.1 nanoparticles display a large particle size {100

XRD profiles of CibAgo.1 nanoparticles synthesized using thermal
shock (as a neequilibrium method) and conventional thermal
annealing (as an equilibrium method). The +eguilibrium
synthesized CglsAgo.1 Nanoparticles show similar crystalline structure

to Cu with slight peak shifts and no phase segregation, whereas the
thermal annealed GWAgo.1 nanoparticles display segregated Cu and

HAADFSTEM image and corresponding EDS elemental mapping of
CwoAgo1 hanoparticles synthesized via conventional thermal
annealing. The Ag in the theahannealed GipAgo.1 nanoparticles is
segregated to the surface..........cccceeeiiiiiiiicccciicce e, 173

HAADFSTEM images andorresponding EDS elemental mappings of
Cuw.0Ago.1 hanoparticles synthesized by the vemquilibrium method.

In good agreement with Figure 2F, the Cu and Ag atoms distribute
homogeneously in the alloy nanoparticles............ccccccoeiiiiieeennns 174

EDS linescan profiles of Cu and Ag across differento&Ago.1
nanopatrticles (inset) at different locations. In good agreement with the
EDS mapping (Figte 2G), the linescans confirm that the Cu and Ag
distribute homogeneously in the £3Ago.1 bimetallic nanoparticles.175
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FigureB.8: In-situ EDS linescan profiles of the GAgo.1 bimetallic nanoparticle
held at different temperatures for 10 min from room temperature (RT)
to 1000 °C by irsitu TEM heating system. The homogeneous mixing
of the bimetallic nanoparticles by kineti@pping can stably exist at
temperature elevated t0 500 2C.........coooiiiiiiiiiiiieee e 176

Figure B.9: Nanostructure of the §dio.1 nanoparticles dispsed on carbon
nanofibers. (@) SEM and ) TEM images of the GuNio1
nanoparticles dispersed on carbon nanofibers. The oNTan
nanoparticles show uniform spherical particle morphology and.siz&.

Figure B.10: SEM images of the §4%m.1 nanoparticles orcarbon nanofibers,
showing uniform morphology and Size...........cccceeeiiiiiiicceciiccieennn, 178

Figure B.11: SEM and STEM images of theo@no.1 nanoparticles orcarbon
nanofibers, showing the uniform morphology and size................ 178

Figure B.12: SEM and TEM images of the o@®d.1 nanoparticles orcarbon
nanofibers, showing uniform morphology and size...................... 179

Figure B.13: SEM images of the &4Zno.1 nanoparticles on carbon nanofibers,
showing uniform morphology and size, similar to theo 6\Wo.1
NANOPAITICIES. ... 179

Figure B.}4: XRD profiles ofCuy.9Ago.1, Cb.oNio.1, Clb.eSrb.1, Clb.ano.1, Co.oPch 1,
and CuyoZno1 bimetallic and pure Cu nanoparticles @arbon
NANOTIDEIS. ...t 180

Figure B.15: Nanostructure of the €3Ago.2 nanoparticles on carbon nanofibers. (a)
SEM, (b) TEM, (c) higkresolution TEM, and (d) highesolution
STEM images of the GwAgo.» nanoparticles on carbon nanofibers.
The CuwsAgo2 nanoparticles show uniform spherical particle
morphology and crystalline structure, resembling the morphology of

Figure B.16: Nanostructure of the £3Ago.s nanoparticles on carbon nanofibers. (a)
SEM, (b, ¢) TEM and (d) STEM images of the ¢GAgos
nanoparticles on carbon nanofibers. Theo#£gos nanoparticles
show uniform spherical particle morphology amgstalline structure,
resembling the morphology of @8Ag0.1. .....covvvviriiiiiiiiiiiiiie 182
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Figure B.17: Simulation for the formation kihetically trapped homogeneous-Cu
Ag alloy. (a) MD simulation scheme showing Cu and Ag atoms
dispersed in a 50x50%502Asimulation box forming a randomly
mixed nanoparticle. (b) Analysis of averaged nearest neighbor (NN)
composition around Cu and Ag atoro$ in the nanoparticle. (c)
Atomistic simulation scheme describing the formation of a
homogeneously mixed GAg nanoparticle at room temperature....183

Figure B.18: Averaged nearest neighbor (NN) compmsiginalysis around Cu and
Ag atoms (with a cutoff radius of 3.0) after MD/MC simulation at
25 6C to evaluate the structure of the modeledAgunanoparticle
under differat diffusion conditions. In the simulation, one MC trial
step was attempted evamMD timestep. Smallen represents that the
diffusion between Cu and Ag occurs more frequently within the MD
simulation timescale. The dashed Iline represents the nominal
composition of a randomly mixed @GgAgo.s nanoparticle................ 184

Figure B.19: Schematic of the threempartment CO flow electrolyzer, which
catalysts are deposited on a gas diffusion layer positioned between the
gas and catholyte chamber. CO gas can be abundantly supplied to the
catalytic surface to overcome the mass transport limitation........ 185

Figure B.20: Total current densities of different bimetallics and pure Cu versus
applied potential during COR. Commerciatlslevant current
densities (>100 mA crf) wereachieved on all bimetallic and pure Cu
NANOCALAIYSES......ccoiiiiiiieieee e s 185

Figure B.21: Faradaic efficiency and current density of pure Cu veppled
potential during COR. The major COR products catalyzed by pure Cu
are acetate and ethylene while the minor products are propanol,
ethanol, and methane................cccciiieeii 186

Figure B.22: COR performance of various o@Xio.1 bimetallic nanoparticles.
Faradaic efficiencies and current densities of (ahd8go1, (b)
CuogNio, (€) C.eZnos, (d) Cw.oPdh.1, (€) Cadlnos, and (f) Cy.sSrva
versus applied potential during COR...........vviiiieiiiiii e, 187

Figure B.23: G: product Faradaic efficiencies of different bimetallics and pure Cu
versus applied potential for COR. Compared to pure Cyd\Gol1
and Cu.0Ago.1exhibit significantly enhanced.Cproducts FE.......... 188
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Figure B.24: Hydrogen Faradaic efficiencies of different bimetallics and pure Cu
versus applied potential as a competing reaction during COR.
Compared to pure Cu, @&Nio.1 and Cu.dAgo.1 exhibit significantly
SUPPIESSEU HFE ... eee s senr e 188

Figure B. 25: Specific double layer capacitance.j@easurement for pure Cu and
Cuw.oXo1 bimetallics. (a) Average of cathodic and anodic current
densities versus scan rate during cyclic voltammetry inFaradaic
potential region with linear fit, and (b) measureel @nd roughness
factors of different bimetallics and pure CU...............ceeeevivvieeennnn. 189

Figure B.26: ECSAormalized total current densities of different bimetallics and
pure Cu versus applied potential during COR..........cccooeiiiiiiienns 190

Figure B.27: COR performance of phasgregated bimetallic nanoparticles.
Faradaic efficiencies and current densities of plsaggegateda)
Cw.dNio1 and (b) CudoAgo.. prepared via conventional thermal
annealing versus applied potential during CQR................oevvvveeee 191

Figure B.28: COR performance of various Cu andodSib: bimetallic
nanoparticles. (a) Hydrogen and (b}:(product FE of pure Cu,
homogeneously mixed GbNio.1 prepared via thermal shock (ron
equilibrium method), and GuyNio.1 prepared via conventional thermal
annealing (equilibrium method) versus applied potential for COR.
Cw.dNio1 prepared via noequilibrium method exhibits lower
hydrogen and higheraCproducts FE..............ooooiiiiiiieenn s 191

Figure B.29: COR performance of various Cu andodBgo:1 bimetallic
nanoparticles. (a) Hydrogen and (b)»-(product FE of pure Cu,
homogeneously mixed GuAgo.1 prepared via termal shock (non
equilibrium method), and GQwAgo.1 prepared via conventional
thermal annealing (equilibrium method) versus applied potential for
COR. Cu.9Ago.1 prepared via norequilibrium method exhibits lower
hydrogen and higherZEproducts FE..............coooiiiiiineen s 192

XXVili



Figure B.30: CO adsorption comparison on pure Cu@,98ub.1, and Cd.aNio 1. In-
situ ATR-SEIRAS spectra showing C@dsorption on pure Cu,
Cuo.9Ado.1, and Cy.oNio.1 at -0.4 V vs. RHE in CO saturated 0.1 M
KOH during (a) first cathodic set and (b) subsequent sets. CO band on
Cuw.dNio.1 is shifted to a lower wavenumber, suggesting stronger CO
binding (Bistoni et alChem Sci.2016 7, 11741184). Note that the
bands located at ~30 cinhigher than the labeled bands can be
assigned to CO adsorbed on defect sites (Gunathunge JetRilys.
Chem. C2017 121, 1233712344) and they disappear on subsequent
potential steps &m positive potentials t60.4 V possibly due to
reconstruction of the surface. Spectra corresponds to 64 coadded scans
collected with @ 4 CPATESOIULION..........cceecveeeieereecteeeere e, 193

Figure B.31: Total current densities of Bg bimetallics with different ratios and
pure Cu versus the applied potential during COR. Commercially
relevant current densities (> 100 mA éwwere achieved on all Gu
Ag bimetallic and pure Cu nanocatalysts.............ccuvvvviiiccneennnnns 194

Figure B.32: COR performance of pure Cu andAgubimetallic nanoparticles.
Faradaic efficiencieand current densities of (a) Cu, (b@Ago.1,(C)
Cuw.8Ago.2, and (d) CesAgo.s versus the applied potential during COR.

Figure B.33: G+ product Faradaic efficiencies of é\g bimetallics with different
ratios and pure Cu versus the applied potential for CORoASd.1
exhibits the higheSt L FE...........cooiiiiieiieeeeeeee e 196

Figure B.34: Hydrogen Faradaic efficiencies of-&g bimetallics with different
ratios and pure Cu versus the applied potential as a competing reaction
duringCOR. Cu.0Ago.1 exhibits the highest CFE..............c........... 196

Figure B. 35: Specific double layer capacitance j@nheasurement for pure Cucan
different CuAg bimetallics. (a) Average of cathodic and anodic
current densities versus scan rate during cyclic voltammetry in non
Faradaic potential region with linear fit, and (b) measured specific
double layer capacitance f and roughness factorsf Cu-Ag
bimetallics with different ratios and pure Cu............ccccuvvvviviieennns 197

Figure B.36: ECSAormalized total current densities of Bg bimetalics with
different ratios and pure Cu versus the applied potential during C28R.

XXIX



Figure B.37: Methane Faradadfficiencies of CuvAg bimetallics with different
ratios and pure Cu versus the applied potential during COR. The CH
FE increases with increasing concentration of Ag in theAQu
DIMELAIIICS... ..o 198

Figure B.38: Stability tests of GuAgo1 and CudNio1 for COR. Faradaic
efficiencies and applied potentials of (a)o@&go.1 and (b) Cd.oNio.1
for COR in 1 M KOH at 100 mA crhfor 3 h Both catalysts show
stable Faradaic efficiencies and applied potentials for over the span of
the stability test. The fluctuation in applied potential was due to the
accumulation of bubbles near the electrode surface and eventual flush
out during the eldmlySiS...........coooeeiiiiiiiieeee e 199

Figure B.39: STEM image and EDS elemental mappinGwfsAgo.1 after COR.
The Cuw.oAgo1 sample showed that some particles became slightly
phase segregated, with Ag on the surface (due to the lower surface
energy of Ag), but other nanopatrticles remain homogeneously mixed

Figure B.40: STEM image and EDS elemental mappin@wfoNio 1 after COR.
There was no sign of phase segregatio@usdNio.1after COR......... 200

Figure C.1: (a) Photograph and (b) schematic of a membrane electrode assembly
(MEA) €lECHIOIYZEN.... ...ttt 206

Figure C.2: Characterization of Ag electrode. SEM images of (a)apck(b) post
reaction electrodes. (c) Ag 3d and (d) Ir 4f XPS measurements-of pre
and patreaction electrodes. Pestaction electrode was obtained
after 300 h twestep CQ electroreduction experiment shown in Fig.
ST TP 207

Figure C.3:Characterization of Ireon Ti electrode. SEM images of (a) pand (b)
postreaction electrode, and (c) Ti felt. (d) Ir 4f, (e) Ti 2p, and (f) Fe
3p XPS measurements of prand postreaction electrodes. Pest
reaction electrode was twined after 300 h twetep CQ
electroreduction experiment shown in Fig. 5.3........ccccooiiiiieee 208

Figure C.4: Characterization of Cu electro8&M images of (a) preand (b) post
reaction electrode. (c) Cu 2p, (d) Ni 2p, and (e) Fe 3p XPS
measurements of preand posteaction electrodes. Pesaction
electrode was obtained after 300 h istep CQ electroreduction
experiment shown in Fig. 5.3........cooiiiiiiiii e, 209

XXX



Figure C.5:Characterization of NiFe on Ni foam electrode. SEM images of (a)

Figure C.6:

Figure C.7:

pre- and (b) posteaction electrode, (c) and Ni foam. (c) Ni 2p and (d)
Fe 3p XPS measurements of pend postreaction electrodes. (f)
Table of Ni and Fe ratio obtained from XPS measurements- Post
reaction electrode was obtained after 300 h -step CQ
electroreduction experiment shown in Fig. 5.3............ooiiiieee 210

EDS measurements of (a)-f@ed (b) posteaction NiFe on Nifoam
electrodes. (c) Table of Ni and Fe ratio obtained from EDS
measurements. Pestaction electrode was obtained after 300 h-two
step CQ electroreduction experiment shown in Fig. 5.3.............. 211

SEM images of (a) GDL, (b) reinforced GDL, and (c) carbon bla2id.1

Figure C.8: Faradaic efficiency and current density vs. potential fop CO

Figure C.9:

electroreduction using Ag and 5wt. % Sustainion with (a) 0 wt. %, (b)
25 wt. %, (¢ 5 wt.%, and (d) 10 wt.% carbon black (CB). (e)
Comparison of C@electroreduction using Ag with different loadings
of CB. 50 mL mint CO; and 100 mM CsHC®was used................. 212

Gas molar fraction and CO Faradaic efficiency vs. flow rate fer CO
electroreduction using Ag and 5wt. % Sustainion with (a) 0 wt. %, (b)
25 wt. %, (c) 5 wt.%, and (d) 10 wt% carbon black (CB).
Comparson of CQ electroreduction using Ag with different loadings
of CB for (e) CQ molar fraction and CO Faradaic efficiency, and (f)

CQOz conversion. 100 mM CsHCGQvas used as electrolyte............ 213
Figure C.10: Photograph of a tvetep CQ electroreduction setup..................... 214
Figure C.11: P&ID of a twstep CQ electroreduction Setup............ooccvvveeeennee 215

Figure C.12: Integrated twstep CQ electroreduction for 300 h. (a) Potentials of

CQO; and CO electroreduction and acetate purity vs. time, and (b) FE
vs. time for integrated twstep CQ electroreduction. 8 mL mihCO,

and NaOH trap was used. For GRR, CsHCQ@ was recirculated
while for CORR, 2 M KOH was replenished every 24 h. Data was lost
= L= £0] 01 o 0000 o T 217

Figure C.13: Gas product Faradaic efficiency and potential of @@ CO

electrolyzers after 300 h operation in the 1step electrolysis. Highly
pure CQ and CO were supplied to GGand CO electrolyzers,
TESPECTIVEIY.c .ttt 218

XXXI



Figure C.14: EDS measurement of pasdction Cu electrode after 300 h operation
IN thetwo-step electrolySis.........ccccuviiiiiiiiiie e 218

Figure C.15: pH measurement of electrolytes for,@@d CO electroreduction at
100 MA CIMP. oottt emnee e e et eeaeenes 219

Figure D.1: Comparison of operating temperatures of different aliatement
technologies, including electrochemical NQeduction reactin
(eNORRR), selective catalytic reduction (SCR), and selective- non
catalytic reduction (SNCR)Z........ccoooviveeieete e, 221

Figure D.2: Schematic of a géexd threecompartment flow cell.......................... 222
Figure D.3: SEM images of (&g, (b) Co, (c) Ni, (d) Cu, (e) Pd, (f) Ag, and (g8

Figure D.4: EDS mapping of Pt, including (a) SEM image, (b) Pt eleraadt(c)
C lBMEBNT. e e 223

Figure D.5: XPS of (a) Fe, (b) Co, (c) Ni, (d) Cu, (e) Pd, (f) Ag, and (g) Pt....224

Figure D.6: Electroreduction of NO on (a) Fe, (b) Co, (c) Ni, (d) Cu, (e) Pd, (f) Ag,
(9) Pt, and (h) gas diffusion layer (GDL) without any metallgatan
0.1 M NaOH + 0.9 M NaCl®in a flow electrolyzer. Corresponding
Faradaic efficiencies are provided in Table D.1...............ccccc....e.. 225

Figure D.7: Comparison of NO electroreduction selectivity on various meatals
gas diffusion layer (GDL) without any metal catalyst in 0.1 M NaOH
+ 0.9 M NaQOs in a flow electrolyzerfor (a) NeO, (b) N, () NH,
and (d) NHOH. Corresponding Faradaic efficiencies are provided in
1= o] [ 5 20 226

Figure D.8: Electroreduction of2® on (a) Fe, (b) Co, (c) Ni, (d) Cu, (e) Pd, (f) Ag,
(9) Pt, and (h) gas diffusion layer (GDL) without any metal catalyst in
0.1 M NaOH + 0.9 M NaCl®in a flow electrolyzer. Corresponding
Faradaic efficienciesra provided in Table D.2...........cccccceeeiiiiineee 228

FigureD.9: H, Faradaic efficiency vs. potential on various megaid gas diffusion
layer (GDL) without any metal catalyst in 0.1 M NaOH + 0.9 M
NaClOQs in a flow electrolyzer Corresponding Faradaic efficiencies
are provided in Table D.2.........uuiiiiiiiiiiiiiiiieeeeee e 229

Figure D.10: (a)Photograph and (b) Faradeificiency and current density vs.

potential of Pd foil in 0.1 M NaOH + 0.9 M NaClO4 for NO
electroreduction using a battype cell..........ccooeiiiiiiiiceciiie, 231

XXXii



Figure D.11: Comparison of NHproduction rate vs. potential from reported
studies. Electrochemical NO reduction reaction (eNORR) and
electrochemical Areduction reaction (eNRR) to NHre considered.
Detailed data is provided in Table DA4..........ooouvviiiiiiiiccceeiiiiiinns 232

Figure D.12: N Faradaic efficiency vs. *N binding energy0.10 0.02 V vs. RHE
*N binding energies calculated by Ngrskov and coworkers were used
INthiS ANAIYSISS........oiviie et ees et 234

Figure D.13: Electrochemat active surface area (ECSA) measurement. Specific
double layer capacitance {{Cmeasured via cyclic voltammetry in 0.1
M KHCOs at nonFaradaic potential region for (a) metal foils and (b)
metal particles deposited on gas diffusion layer (GDL). (c) Cyclic
voltammetry of Pt on GDL in 0.1 M HClOafter CO adsorption at
0.37 V vs. RHE with a scan rate of 20 mV. ¢d) Summarized tab
Of ECSA MEASUIEMENL.....ccevviiiiiiiiiiiii e s ceeettiisnsa e e e e e e e e e e eneesaa s 235

Figure D.14: ECSAormalized NO electroreduction current density vs. potential
of various catalysts i6.1 M NaOH + 0.9 M NaCl@........................ 236

Figure D.15: ECSAormalized NO electroreduction current density vs. potential
of various catalyts in 0.1 M NaOH + 0.9 M NaCIlQ....................... 236

Figure D.16: (a) pH measured at the outlet of the flow electrolyzer and (b) current
densityvs. potential for eNORR on Cu for 1 M NaOH, 0.1 M NaOH +
0.9 M NaClIQ, 0.1 M HCIG:+ 1 M NaCIQ, and 0.5 M HCIQ+ 1 M
NN = L1 [ PSSO 238

Figure D.17: Current density vs. potential of NO electroreduction using various
electrolytes for (a) Pd and (b) Cu in a flow electrolyzer............... 238

Figure D.18: Tafel plots of (a) 2 formation for Pd and (b) NdHormation for Cu
at different electrolyte pH. (a) Data points at kineticallyntcolled
region, which exhibited linear behavior at high potentials, were
selected for Tafel analySiS.........cccvvieiiiiiiiiccc e 240

Figure D.19: Proposed NO electroreduction reaction mechanisms on (a) Pd and (b)
Figure D.20: Linear sweep voltammetry (LSV) at 2 mV! gluring NO
electroreduction using Pd th1 M NaOH + 0.9 M NaCl@............... 242

Figure D.21: Electrochemical reduction of 0.1 M XHH in 0.1 M NaOH + 0.9 M
NaClQs using (a) Pd and (b) Ao a flow electrolyzer..................... 242

XXXili



Figure D.22: NH collected at the gas outlet through a liquid trap using electrolyte
with various pH during eNORR on Cu in a flow electrolyzer....... 243

XXXV



ABSTRACT

Motivated by theneed to mitigate greenhouse gas and air pollutant emissions
and the decreasing price of renewable electricity, electrochemical conversion
technologies havemerged apromising alternatives to existing technologies which
typically rely on fossil fuelsVarious molecules, including carbon dioxide (0O
carbon monoxide (CO), and nitrogen oxides (NCcan be electrochemically
converted to valuadded fuels and chemicals or harmlessleculesIn this thesis, |
presentthe remaining challenges, opportunitieand our effold to advance the
electrochemical technologies furthterconvertthree sets of gases (i.€0,, CO, and
NOy) via catalyst development, reactor engineering, reaction environment
modification and fundamental studies

| first examine the effecof NOx (i.e., nitric oxide, nitrogen dioxide, and
nitrous oxide) in electrochemical C® reduction reactiom on three model
electrocatlysts (i.e., copper, silver, and tinBecause industrial COpoint sources
often contain gaseous impurities, understanding the effect sk thgurities in
electrochemical C&reduction reactiogis crucial forpractical application.

Next, | develop a onrequilibrium synthesis methodh collaboration withthe
Liangbing Hu group athe University of Maryland,to synthesize a wide range of
homogeneously mixed copplkased bimetallic catalysts regardless of the miscibility
of the two metals and evaluatesth inelectrochemicaCO reduction reactiomowards

multi-carbon(Cz+) productsformation The nonrequilibrium methodgives access to
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novel catalysts thatamot be synthesized using conventional methodgaoedes an
ideal platform to study the effectf secondary metals othe copper catalystin
electrochemical CO reduction reaction

Then | developthe twestepelectrochemical C&conversion proces®ward
selective acetate and ethylene formati®®; is first converted to CO in the first
electrolyzer and CO is further convertedo acetate and ethylene in the second
electrolyzer The flexibility to optimize two electrolyzers individually allows far
more effective . products formatiocompared to idect CQ electroreductionn one
step.

Lastly, I show an electrochemical route to convert,dOhigh reaction rates
(400 mA cn?) under ambient conditions. Activity and selectivity of various transition
metal catalysts are examinednd strategies to e selectivity via reaction
environmenimodification(i.e., NO coverages and electrolyte p&tre describedThis
work offers an alternative method telectrochemicallyabate NQ emissions using

renewable electricity.

XXXVi



Chapter 1

INTRODUCTION

1.1 Motivation for electrochemical processes

Rapidly increasing concentration oérbon dioxide (C@) in the atmosphere
posesa great threat to human health and sustainabifit@aused by human activities
burning fossil fuels, such as coal and the CO; level is higher thamat any point in
the past 800,000 yeatd.CO; in the atmosphere has consistently increased and
reached 416 ppm in 2021, compared to an average of about 280 ppm before the
industrial revolution in the mid700s. According to the international panel on climate
change (IPCC) report, global warmingust be limited to 1.8 above the pre
industrial leveF, and to achieve thigarget, CQ emissions must be reduced by at least
49% from the 2017 levels by 2038nd carbon neutrality must be achieved by 2050.

In this regard, many countries including the U.S. has pledged to cut down greenhouse
gas (e.g., C&® methane, nitrous oxide, fluorinated gasas.) emissions by 50% from
2005 levels by 2030 and achieve-meto greenhouse gas emissions by 2050.

In addition to greenhouse gases, air pollutants, such as nitrogen oxidgs (NO
carbon monoxide (CO), dur oxides (SQ), ozone, particulate matter, and lead,
induce harmful effects on our health and environridmostly generated during fossil
fuel combustion processes at the energy, industrial, and transportation sectors, air
pollution is responsible for about 4.2 million deaths worldwide every yeanrding
to the World Health Organization (WH®Even though the U.S. has been regulating

air pollutant emissions through the U.S. Environmental Protection Agency (EPA)



since 1970 by the Clean Air Act, more than 100,000 people still die early due to air
pollution exposures every yeamherefore, more aggressive policies and adwairce
air pollution abatement technologies are needed to cut down the air pollution and
improve public health.

Additionally, the price of renewable electricity has been droppapedly due
to thedevelopment ofenewable energiechnologies (e.g.ptar and windl. IPCC has
recommended thaenewable sources must produce87/6 % of t he worl doés
by 2050to impede global warmin®With combined factors of the improvement in
technologies, ggopriate government policy, and decline in equipment production
costs, the price of renewable electricity continuouslydeclinng. The price of
electricity from wind is already as low as 0.02 USD/kWh in some parts of thé®U.S.,
andthat from photovoltaics is projected to drop to 0.03 USD/kWh by 2b8taking
renewable electricity costompetitive with the electricity generated from conventional
technologies.

With the need to reduce greenhouse gas and air pollutant emissions and the
decreasing price of renewable electricity, electrochemical convetsmmologies
have emerged as promising alternasue existing technologies, which typically rely
on fossil fuels. Various chemicals, including £@O0O, and N, can be effectively
converted to valuadded feedstocks or harmless gases using renewabléciieét!*
(Fig. 1.1). Compared to existing technologies, electrochemical technologies can be
easily coupled with renewable electricisyeenvironmentally friendly if coupled with
renevable electricity,are readily scaled up, and operatadderambient conditions.
Much progress has been made in these electrochecoicaérsiontechnologies, and

some are even being commercially investigated. For instaaeerad starups and



establishedcompanies, including Twelve, CERT, Dioxide Materials, and Siemens,
have started investing in electrochemical >C@duction reaction (eCBR)
technology.The remaining challenges, opportunities, and our approach to further
develop the technologies, inclondi catalyst development, reactor engineering
reaction environment modificatioand fundamental studies, will be discussed in this

thesis.

Greenhouse gases and air pollutants
» Solar  Wind Hydro

NO, SO, CO, @ @ ,i\

Electrolyzer —) m &
Fuels and chemicals

or harmless gases

Figurel.l: Schematic of an electrochemical conversion technology to convert
greenhouse gases and air pollutants intelsftand chemicals using
renewable electricityVarious gases can be upgraded into added
fuels and chemicals or harmless gases

1.2 Fundamentals of electrocatalysis

Electrocatalysis is a process of promoting electrochemical reactions with the
addition ofa catalyst® While not being consumed or changed, electrocatalysts lower
the activation energy, increase the reaction rate or selectivity, and allow the reaction to
occur at lower driving force(e.g., potential, temperature, pressure, etc.). There are
two main categees of catalysis: homogenous catalysis, in which the catalyst is in the

same phase as the reactant, and heteeogsrcatalysis, in which the catalyst and the



reactants are in different phases. While both types of catalysis have advantages and
disadvantags, this dissertation focuses on heterogeneous electrocatalyrsis
heterogemous catalysis, reactants go through a cycle of adsorption, reaction, and
desorption at the catalyst surface. According to the Sabatier principle, an ideal catalyst
has an optimal interaction between the catalyst's surface and the
reactanfproduct/intermediate strong enough to allow for the adsorption of the
reactanfintermediatéout not too strong to poison the catalyst surfdce.

Electrochemical reactions involve the trarsfof electrons to or from a
molecule. Referredo as redox (i.e., reductienxidation) reactions, these types of
reactions consist of two paired reactions: reduction reaction at the cathode, which
gains electrons, and oxidation reaction at the anodehvdses electrons:

Reduction: A +eA A
Oxidation: BA B" + €
Overall: A+ BA A +B*
A voltage is required to drive the reaction, andNleenst equation can

describe the thermodynamic potential
4 2 AA

VY S
whereO is the equilibrium potentialD is the standard equilibrium potential, R is
the universal gas constant (R=8.31491dol%), T is the temperature in kelvins, z is
the number of transferred electrons, F is the Faraday constant (F=96485.3)C mol
and [Red] and [Ox] are surface concentrations of oxidant and reductant, respectively.
However, all electrochemical reactions require an overpoterdiagadditional energy
to drive the reaction to overcome the activation barriers, and it can be described as th

following:



where E is the applied potential.

Electrical current, which is equivalent to reaction rate, depends on the
overpotential. This lectrochemicalkinetics relationship can be described by the
following Butler-Volmer equation: R

e eiop® Agb P
24 24
where j is electrode current density (AQis exchange current density (A3
is anodic charge transfer coefficieatd| is cathodic charge transfer coefficient.

In electrocatalysis, selectivity described by Faradaic efficiency (FE), also
known as current efficiency. FE for a certain product is described by:

FE(%)=— pnTm
where n is the number of moles of product and Q is the total charge passed to the
overall reaction. A high FE towards i@ product is typically desired to maximize the
amount of current used towards the desired product and minimize the separation cost
in the downstream process.

Stability isanother important parameter to determine the stability ofadtedytic
performanceover a long time. Electrocatalysts must resist degradation (e.g.,
restructuing, corrgsion, aggregton, etc.) under reaction conditions (e.g., interaction
with reactant/product/intermediate, acidic/alkaline electrolyte, impurities, etc.) and
maintain dureble performance over thousands of hours. Overall, an ideal catalyst

exhibits low overpotential, high current degshigh FE, and good stability.

1.3 Background on electrochemical CQreduction reaction
eCORR is a technology to convert greenhouse gas i@ valuablefuels or

chemicals using electriciti#:'® If coupled with renewable electricity, eGRR can



offer an alternative green pathway toward the productiomabfablechemicalsand
the reduction of theuse of fossil fuels andCO; emissions In a typical CQ
electrolyzer, cathode and anode are separated by aexebiange membranand
electrons are transferred through the outer circuit (Fig. 1.2). Commonly coupled with

oxygen evolution reaction (OER) the anode, C@is reduced at the cathode.

e e
Cco
H,O 2
2 H,O
OH-
—
I\\_ P _r"‘
0, Fuels and
H,0 chemicals
|
Anode Cathode
Membrane

Figurel.2 Schematic of a typical CCelectrolyzer.Cathode and anode are separated
by an ionexchange membrane and connected by an outer circuit.

CO; is a thermodynamically stable molecubn high energy is needed to
convert CQ into different moleculesAdditionally, because of similar standard
potentials of eCERR to various products, CQOs often converted to a wide range of
products instead of on€Table 1.1).Furthermore undesired H is produced at a
substantial amount because eR8 is generally conducted in an aqueous electrolyte
and the standard potential of hydrogen evolution reaction (HER) is close to those of

eCQORR. In this regard, eledcatalysts playital roles in reducing the activation



barrier and determining product selectivity. For instance, high soagl®on (G; i.e.,

CO and formate) product selectivity (>90% FE) can be achieved on catalysts such as
Agl’8and SA%?for CO and formate/formic acid produmti, respectively. Regarding
multi-carbon (G+) products(i.e., ethanol, ethylene, acetate, propanol, ,e@u)is the

only single metal catalyst that can produce @oducts at an appreciable amotfit

At present, obtaining high FEr a single G+ product remains one of the biggest

challenges.

Tablel.1: Standard potentials for electrochemical Zg@duction reaction (eGEBR),
hydrogen evolution reaction (HER), and oxygen evolution (OER).

Standard
Electrode Reactions potential Catalysts
(V vs. RHE)
CO; + 2H,0 + 2¢? HCOOH + 20H -0.250 Sn, Pb, Bi, In
eCORR CO, + 2H,0+ 2eP CO + 20H -0.106 Ag, Au, Pd, Zn
Cathode 2CO; + 8H.0+ 12eP CyHs+ 12 OH 0.064 Cu
2CO + 9H,0 + 12eP C;HsOH + 12 OH 0.084 Cu
HER  2H,O+ 2eP H,+ 20H 0
Anode OER 40HP O;+2H,0 + 4e 1.23 Ir, NiFeO,

Severalstrategies have been employtedvercome thehallenges mentioned
above First, as electrocatalysts are one of the mesentiacomponents in eCRR,
novel catalysts with different elements, dopants, morphologies, facets, particle sizes,
and grain boundaries have been actively investigated. For instance, 80% FE towards
ethylene and 40% FE towards ethanol have been reported @€and Ce(OH)x
doped C@&, respectively. Finéuning of intermediate binding energy is an effective
strategy to modify the catalytic properties. Second, ABDactivity and selectivity
have been improved by steering microenvironments (e.g., local reactant and product

concentrations, pH, cations, anions, ionomers, surfactants, etc.). For example,



eCQORR current densities and selectivities were betthanced by sing various
combinatiors of ionomer coatings (i.e., cationand anion conducting), which
controlled the local pH and GOconcentratiorf*?® Lastly, innovative reactor
engineering as enabled eCBR operation at high current densities, which is critical
for practical application. In conventional-tifpe cells, reaction rates have remained
low (<100 mA cn) due to the low solubility of CO(33 mM at 23 ) in water?®
Nonetheless, vapded QO: electrolyzers using gas diffusion electrode (GDE) and
membrane electrode assembly (MEA) overcame the solubility limit and achieved
current densities well above 100 mA @éi3{ Recently, Sargent and his -emrkers
reported a recortligh current density of 1 A ciy® pushing eCGRR closer to
commercialization.

One area that has been neglected for the practical application eRBG©Othe
effect of impurities in eCERR. MosteCQ:RR studies have been conducted using
highly pure CGQ; however, CQfrom flue gases often contaigontaminarg such as
SOy, NO;, O, and volatile organic compounds (VOCEP! CO, directly captured
from the air is another option to obtain G@ith minimal impurities However,the
direct air capture technology is less developed,taa€O; price is much higher than
that obtained from flue gasé&sThus, understanding the effect of gaseous impurities in
eCORR is essential fontegratingeCORR technology with C@captured from flue
gases. The impact of N@On eCQRR is presented in Chapter 3.

1.4 Background on two-step electrochemical CQreduction and
electrochemical CO reduction reactios

Despite recent progress in e§RR, low FE energetic efficiencyandcarbon

efficiency (CQ-to-product)towards desired products, especialbs @roducts, remain



a challenge for a room temperature :Gflectrolyzer3* Production of G products
can be promoted by using alkaline electrolytes owing to the suppression of icgmpet
HER®*>3% however, eCERR in the alkaline electrolyte is unsustainable due to the
carbonate formationQO; + OH- A HCOs, HCOs + OH A COs* + H20).3"3° This
carbonate formation not only consumes Cénd electrolyte but also causes
performance degradation and mechanical failure due to the salt formation at the
electrode and flow channels.

Two-step eC@RR, in which CQis converted to CO in the first step, followed
by further conversion of CO to>Eproducts in the s®nd step, is a promising strategy
to produce G: products (Fig. 1.3) effectivelyCO-to-CO process (e.g., solid oxide
electrochemical cell (SOE&)* and room temperature electrochemical ¢eft*)
have already shown encouraging results with high CO FE (>9886)he twestep
approach is highly feasibl8y providing CO, which is therucid intermediate for the
C-C bond formation, at high coverages the catalyst surface and usiaghighly
alkaline electrolyte, which does not react with CO, electrochemical CO reduction
reaction (eCORRyan produce G: products at a superior FE comparedatalirect
CO-to-Co+ products proces&*® The flexibility to optimize two electrolyzers

individually offers unique opportunities for the twstep approach.

Unreacted CO,

CO ¥ C2+
—2 ., co, CO, | co,/co » €O products
Electrolyzer g Electrolyzer

HEO i (Neutral condition) Se parator HZO 1 (Alkaline condition)

Figurel.3 Schematic of a twatep electrochemical G@eduction reaction process.



However, eCORR has received less attentama studies on eCORR catalysts
have been relatively scarce. To develop more effeceé® ORR catalysts, the
properties of Cu, which is the only single metal catalyst that can produce
appreciable amount of € products, have been modified in various ways-b@sed
bimetallic catalysts are promising candidates as bimetallic catalystsitexhique
properties that are distinct from their constituergtals Several bimetallic catalysts,
including CuAg,** Cu-Sn® and CuPd*®“® have been explored, but because these
catalysts from differentiteratures exhibited different morphology, particle, size,
mixing patterns, ratio with secondary metals, etc., the effect of secondary metals on
Cu has remained unclear. With a novel sgguilibrium synthesis method, in which
rapid thermal shock was appdi to the precursors and kinetically trapped both
miscible and immiscible elementsn aextensie library of Cubased bimetallic
catalysts with similar properties (e.g., particle size, morphology, mixing pattern, etc.)
was obtained. The development of a #guilibrium synthesis method and evaluation
of various Cubased bimetallic catalysts in eCORR are presented in Chapter 4.

Additionally, despite promising prospects of the tatep eCGRR approach,
integration and stable operation of £&hd CO electrolyzs in aa MEA, which is the
most practical electrolyzer configuration, have not been demonstrated. The
development of an integrated tvtep eCGRR process for the selective production of

acetate and ethylene wii200 h stable operation is presented iapthr 5.

1.5 Background on electrochemical NQ reduction reaction
Nitrogenoxides (NQ) areair pollutants formed during fossil fuel combustion
processes, such as chemical plants, power plants, and transpdftafiarious

compounds are included in the family of N®I2O (nitrous oxide), NO (nitric oxide),
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N20- (dinitrogen dioxide), MOz (dinitrogen trioxide), N@ (nitrogen dioxide), NO4
(dinitrogen tetroxide), and 2Ds (dinitrogen pentoxide)® Because NQ induces
adverse health and environmental effects, such as smog, acid rain, and water quality
deterioration, N@emissions have been strictly regulated across the glokige bhS.,

NOx emissions have been regulated sittoe1990s bythe Acid Rain Program and
CrossState Air Pollution Rule, and Enenmental Protection Agency (EPAJhe
administrator recently announced in 2018 that EPA would pursue the ClBamcés
Initiative (CTI) to regulate N@emissions more strictly for heaagduty trucks.

Several existing N abatement technologies, such as selective catalytic
reduction (SCR) and selective noatalytic reduction (SNCR), have been responsible
for the NQ emissions control. SCRnd SNCR have been favored for high ;NO
removal efficiency ¥90%) and low capital and operating costs, respectitefy.
Nonetheless, the main drawback of these technologies is that they both require high
operating temperatures and suffer from low yNGonversion activity at low
temperaturesln particular, NQ slip during cold start accounts for 40% of the total
NOx emissions in mobile sourcésConverting NQ at low temperatures (<2@0)
remains a challeng®g.

Electrochemical NQreduction reaction (eN@®R)is an alternative technology
to convet NOx into benign N, which can be emitted to the atmosphere, or ammonia
(NHs), which can be used as fertilizer using electricity and watBecauseeNORR
is powered by voltage (electrical energy), in contrast to temperature in conventional
technologieseNORR can effectively convert NOat room temperature. Additionally,
theelectrochemical method only uses cheap and abundant water and does not require a

continuous feed of reactants, suchNk$s, H,, CO, and urea, so it can reduce the cost
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associated with transport and storage. Ladhg, electrochemical approadan be
easily coupled with renewable electricity, and its merit is increasing with the rapid
decrease in the price and taddeployment of renewable electricix.comparison

of NOx control technologies summarized in Table.2

Tablel.2 A summary of various NEOcontrol technologies

NOx Operating
Technology Description removal temperaturel  Advantages Disadvantages
efficiency (%) (°O)
NOx removal (/)A\I’T;E);%r:lt
Electrochemical| using electricity P 9
. temperature ang .
NOx with catalyst at Early in the
. . 2090 20-80 pressure
Reduction ambient development stage
(eNOR) temperature ang No need for
ressure hazardous
P reducing agent
High capital cost
Catalyst High operating cost
. promotes o
Selective . Low activity at low
Catalytic be:\?vae(;tll’IORO 80-90 250.450 High NOx temperature
Reduction and reducin removal (>90%) Transportation,
(SCR) agent (e 9 storage, and
9 -9 injection system for
ammonia) )
reducing agent
Low NOx removal
(<50%)
Selective Injection of . Low activity at low
Non-catalytic reducing agent Low capital cost temperature
) > 40-50 850110 Low operating .
Reduction to react with cost Transportation,
(SNCR) NOx storage, and
injection system for
reducing agent

Nonetheless, electrochemical edRR is at an earlyesearch stagand is far
from replacing existing technologies. NO andONreduction reactions have been
studied for nitrate/nitrite reduction in the context of wastewater treatment; however,
these studis have focused on gaining fundamental understanding of the
nitrate/nitrite reduction using NO and:® as key intermediaté$,and the practical
value of direct gaseous N@eduction has not been realized. Additionally, due to the

low solubility of NGO, (2mM for NO and 34 mM for BD), reaction rates have been far
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too low (<100 mA crif) to be considered for practical applications. The development
of an eNQRR technology at hig reaction rates, using a vaged NO electrolyzer

with gas diffusion electrodes (GDE), is presented in Chapter 6.

1.6 Thesis scope and structure

This thesiswill describe our efforts to understand and deveil@ious
electrochemical conversion technologiés convert greenhouse gases and air
pollutants, including Ce) CO, and NQ, into valuablefuels and chemicals or harmless
gases.

In chapter 2, general ekochemical measurement techniques and reactor
designs are presented.

In chapter 3the effects of NQ (i.e., N&, NO, and NO) in eCQRR for three
catalysts (i.e., Cu, Ag, and Sn) are studied. We show that the presence iof tR®
CQO; stream leads to substantial loss in FE due to the preferential reduction gf NO
over CQ. Main eNQRR products are identified as NHN2, N2O, and hydroxylamine
(NH2OH). However, eCeRR performance quickly recovers after N8 removed
from the CQ stream, indicating thdhere is no longerm effect of NQ on eCGORR.

In chapter 4, a large library of €hased bimetallic nanoparticle catalysts is
synthesized via a neequilibrium rapid shock method, and the effect of the
incorporation of secondary metals on Cu in eCORPBrésented. We first show that
we can synthesize a wide array of homogeneously mixed bimetallic catalysts
regardless of the miscibility ahe two elements. Then we investigate the eCORR
performance on various bimetallic catalysts with differel@ments and ratios. We
discover that CabAgo.1 and Cud.oNio.1 promote the production of 2€ products and

offer additional insights on the effect of secondary metals on Cu for eCORR.
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In chapter 5, a twstep eCGRR towardsselective acetate and ethylene
productionis developed. We optimize the individual performance of @ad CO
electrolyzers and demonstrate a stable operation of the integrated process for 200 h.

In chapter 6, a room temperature electrochemicak N®©., NO and NO)
conversion technologypperating at high reaction rates is developed. High current
densities are achieved by utilizing a vajed electrolyzer with GDE, and activities
and selectivities of various transition metal catalysts are studied. Furthermore, we
show thathe selectiviy can be steered by modifyirilge reaction conditions (i.e., NO
coverage and pH of the electrolyte) and offer insigtat reaction pathways.

In chapter 7, conclusions with outloofor all the research topics discussed in

the thesis are presented.
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Chapter 2

EXPERIMENTAL METHODS

Experimental methods associatesith specific experiments, including
electrode preparation, electrochemical measurement, product quantification, and
material characterization, are described in detail in the methods section at the end of
each chapter. In this chapter, general electrod@nmeasurement techniques and

reactor designs are presented.

2.1 Electrochemical measurement techniques

Threeelectrode configuration is an ideal systefor studying the
electrochemical behavior of a single electrode. In a traditionalpl cell, three
eledrodes (i.e., working, counter, and reference electrodes) are immersed in the same
electrolyte (Fig.2.1). Separation of the working and the counter electradés a
membrane is advised to separate the cathode and the anode reactions and prevent the
re-reduction/oxidation of newly formed products. During the experimetjrrent is
flowed between the working and the counter electrode, while the potential is measured
between the working and the reference electradee working electrode is the
electrode tdoe studiedthe counter electrode completes the circuit by passing current
to the working electrode, and the reference electrode acts as a reference to control and
monitor the working electrode’s potentigithout passing any current. Becaube
current passed to the reference electrode is negligible, the reference electrode provides

stable control over theorking electrode's potentiabilver/silver chloride (Ag/AgCl)
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and mercury/mercury oxide (Hg/HgO) electrodes are commonly used for

acidic/netral and alkaline solutions, respectively.

Ref lectrode: Counter electrode:
€ erence ec fode. water oxidation reaction

Critical for measuring |
and controlling o
working electrode (V)

potential

Electrolyte: \' 8 ©
COz-saturated
Working electrode: Membrane: prevent oxidation of
CO, reduction reaction CO, reduction products

Figure2.1: Schematic of a threelectrode setip in a conventional Hype cell.
Electrochemical C@reduction and water oxidation reactions are used as
examples.

There are various modes of electrochemical measurements. In linear sweep
voltammetry (LSV)thecurrent is measured whitbe potential is swept from the start
to the end potential with a pdetermined scan rate. Cyclic voltammetry (CV) is very
similar, except the direction of the scan is reversed once it reaches the end potential
and is swept back to the start potential. Both techniques provide instghthe
current response regardimgplied potential, but the obtained information could be
limited to reactions involving multiple products. For reactions with more than one
product, such as electrochemical £QO, and NQ reduction products need to be
guantified to assign thecurrent respores to each reaction. Galvanostatic and

potentiostatic modes allow for steastate operation and are advantageous for
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guantifying products under certain conditions. In a galvanostatic rtieeigotential is
measured while applying constant current, and potantiostatic modehe current is

measured while applying constant potential.

2.2 Electrochemical reactor desigs

Reactor designs play crucial roles in determining mass transport, system
stability, and energetic efficiendyAs discussed abovan H-type cell is a traditional
reactor setup to conduct electrochemical reactions.(Eiga and d). In adtion to a
simple experimental setup, the presence of the reference electrode maketypke H
cell ideal for fundamental studies. However, several limitations exist for this design.
Taking eCORR as an example, eGRR in the Htype cell relies on the disked
CQ, in the electrolyte for the reactant. Because the solubility ofi€®@w (33 mM in
water at 23 ), eCQRR is mass transport limited at a relatively low current density
and the maximum current density is low (<100 mAZmMass transport limitation is
more severe for other molecules with lower solubility, such as @@ NJ.
Additionally, because the distance between the working and the counter electrode is
far, high resistance and voltage legadow energy efficiency. Lastlfhe H-type cell is

difficult to scale up.
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Figure2.2 Comparison of/arious electrochemical reactor designs. Photographs of (a)
conventional Hype cell, (b) threeompartment flow cell, and (c)
membrane electrode assembly. Schematics of (a) conventietgleH
cell, (b) threecompartment vapeiied cell, and (c) membrangectrode
assembly. Adapted with permission from Overa €t @bpyright 2022
American Chemical Soety

Innovative vapoifed reactor designs have been introduced to address the poor
mass transport issue and achieve high current dendiii@sis introduced to the
catalyst surface as gas for both theeenpartment flow cetl® (Figs. 2.20 and e) and
membrane electrode assenfBYMEA; Figs. 2.2c and f), allowing for high current

densities. Utilizatia of vaporfed electrolyzers pushed the maximum current densities
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close to 1 A cr?,° which have been limited to <100 mA &in the Htype cell. Both
designs are easy to scale up.

In thethreecompartment flow cell, catalysts are deposited on the gas diffusion
electrode (GDE), a hydrophobic porous carbon layer. Hydrophobicity of the GDE is
key to the reactor design in separating the gas reactant from the electrolyte. This
design isexcellent for fundamental studies at high current densities because it is easy
to insert reference electrodes. Reference electrodes are typically placed at the entrance
of the electrolyte by a thin tubing. However, electrolyte layers between the working
and the ounter electrodes increase the resistancevaitdge, lowering the energy
efficiency.

MEA is an alternative reactor design that is likely the best candidate for
commercial application. lanMEA, theelectrolyte layer is removednd the distance
betweenthe cathode and the anode is minimiz&kduced distancsubstantially
lowers the resistance and voltage, and high energy efficiency can be achieved.
However, it ischallengingto insert reference electrodes in an MEA, so it is less
preferred for fundameat studies.A comparison of various reactor designs is

summarized in Tablg.1

Table2.1: Summary of comparison of various electrochemical reactor designs.

CO, Current
Cell Co, 2 density Reference| Energy Stack
configuration | feed transport ” electrode | efficiency | (scaleup)
limitation (mA sz)
H-type Dissolved Yes Low (<100) Yes Very low No
Three
Compartment| Vaporfed No High (>300) Yes Low Yes
flow
MEA Vaporfed No High (>300) Difficult High Yes
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Chapter 3

IMPACT OF NITROGEN OXIDES ON ELECTROCHEMICAL CARBON
DIOXIDE REDUCTION

This chapter presents the impact of JN& common contaminant in G&om
point source, in eCORR. Understanding the potentiaffects of contaminants on
CO:RRIis crucial for practical applications. This chapter is adapted and reprinted from
the research article titled @Ai mpact of
dioxide reductioo p u b | NatuneeCommiumication®OI: 10.1038/s4146020
197318), with permission granted I8pring Nature.

3.1 Introduction

The electrochemical COeduction (CORR) provides a promising, sustainable
avenue to generate vatadded fuels anadhemicals from greenhouse gas £C®
Depending on the clue of electrocatalyst, COcan be converted into a variety of
singlecarbon (G; e.g., carbon monoxide, formic acid, methanol, and methane) and
multi-carbon (G+; e.g., ethylene, ethanol, acetate, andrapanol) products with
tremendous market potentidl§ While CQ:RR is being actively studied, most studies
are conducted using highly pure £f@ed®° For commercial applications, the most
commonly available C®sources are industrial point sources, susttlzemical and
power plantsi however, CQ gas emitted from these sources often contain a variety
of contaminants, such as sulfur oxides {5@itrogen oxides (NQ), O, and volatile

organic compounds (VOC) (Fig.1a)*?1* Therefore, there is an urgent need to
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understand the potential impact of common contaminants in industrigd@l@ces on
the catalyst properties in CRR.

Gas impurity in CQ can affect the performance of eRR electrocatalysts as
we demonstrated in ¢hcase of SE}° where a trace amount of S@ the feed is
sufficient to alter the product selectivity of Cu catalyst substantially. The potential
impacts of impurity include lowering Faradaic efficiency (FE; i.e., number of
electrons transferred to desired products divided by the total numbdeotfors
passed in the system) due to competing reactions of impurity overali€ring the
property of the catalyst by incorporating into the catalyst and/or support, and
adsorbing on the catalyst surface to physically block the active sites3(Eg. To
date, there are onlg few studies focusing on understanding how the presence of
contaminants influences the behavior of electrocatalysts undgRFCGonditions:> 21
For example, NQis one of the major contaminants present in industrial @@nt
sources with a typical concentration of 1,000 pggrif. The NQ contaminants
typically consist of 98®5% nitric oxide (NO) and-20% nitrogen dioxide (Ng).?
Additionally, nitrous oxide (MO) is also a common byproduct formed in the y\NO
removal proces$ which has a relatively low reactivity in comparison to otherkNO
Previous study has shown that 200 ppm of NO has a negligifiuence on Cu
catalysts in CERR in a conventional batch céfl Furthermore, less than or equal to
1667 ppm of N@has shown to be either beneficial or neutral, and greater than 1667
ppm of NQ has shown to be detrimental in €€R, mainly due to a reduction in pH
of the electrolyte, also on Cu catalysts itanventional batch cetf. However, the
behavior of various N@impurities in CQRR at industrially relevant high current

densities (>100 mA crf) has not been explored yet.
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Figure3.1: CQ electrolysis technology using industri€O. point sources.(a)
Schematics of C@electrolysis with CQ@ stream obtained from point
sources containing impurities such as nitrogen oxidesx)N8ulfur
oxides (SQ), O, and volatile organic compounds (VOC) and potential
influence of impurities INCO, electroreduction (CERR). (b) Standard
potential vs. reversible hydrogen electrode (RHE) foeRI) hydrogen
evolution reaction (HER), N©reduction (NO2RR), NO reduction
(NORR), and MO reduction (NORR). Detailed reactions are provided in
TableA.1.
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In this work, we investigate the influence of NQ@e., NO, NG, and NO) in
CO:RR using a threeompartment flow cell. Three model electrocatalysts, including
copper (Cu), silver (Ag), and tin (Sn), aselected to represent the most studied
catalysts for . products, carbon monoxide (CO), and formate, respectively. Most
NOy contaminants in the GCfeed significantly reduce the GRR FE becauséhe
electrochemical reduction of NOoccurs at much more piive potentials than
CO:RR (Fig.3.1b). NO and N@impurities have more severe impacts on.RR FE
than NO, likely due to the greater number of electrons required in ther&iations.
Despite the loss of CBR FE, none of the three catalysts exhibisggaificant change
of product selectivity after removing the N@®npurity from the CQ feed. Moreover,
we employ gas chromatography (GC), spectrophotometry, and flow electrochemical
mass spectrometry (FEMS) to analyze the products of electroreductio®,othi
dominant component of NOn industrial point sources, in which the major products
are ammonia (Ngj, hydroxylamine (NHOH), Ny, and NO. Investigation of the
effect of different concentrations of NO in @RR shows that N at typical

concentration# flue gases is compatible with GRR.

3.2 Results and discussion

Electrodes were prepared by loading commercial Cu, Ag, and Sn particles on a
gas diffusion layer (GDL), a microporous carbon paper which provides mechanical
support, electrical conductivity,nd hydrophobicity. Scanning electron microscopy
(SEM) images of the gsrepared electrodes confirm uniform deposition of metal
nanoparticles on GDL, covering the majority of the GDL surface (Rid.).
Electrochemical experiment was performed thraecompartment flow cell, in which

CQ; gas is directly fed to the electrediectrolyte interface, enabling GRR at high
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current densities (FigA.2). NO¢ impurities were mixed with COgas feed prior to
entering the flow cell. As the concentrationN®y in typical exhaust streams may be
as high as ~3,000 ppm (i.e., 0.3 vol. ¥a¥pnservative streams 88.3% CQ, 15.87%
Ar, and 0.83% NG were used for most studi€to keep the C®partial pressure
constant during the introduction of NQvhich contains Ar, C@patrtial pressure was
maintained at 0.833 bar throughout the study by using a mixtu88.8% CQ and

16.7% Arwhen NQ was not introduced.

3.2.1 Impact of NOx impurities on CO: electroreduction

The influence of NO in C&RR on Cu, Ag, an®n catalysts was first evaluated
at a constant current density of 100 mA T(fig. 3.2ac). The CQRR experiment
was performed by switching the gas feed from 83.3% &M@ 16.7% Ar (6.5 hour)
to 83.3% CQ,15.87% Ar, and 0.83% NO (green region;-Q.5aur) and back to 83.3%
COz and 16.7% Ar (13 hour). With 83.3% C@and 16.7% Ar, before exposure to NO,
Cu catalyst produced a wide range af(i., methane, CO, and formate) and Ce.,
ethylene, ethanol, acetate, and propanol) products. In theafadgsand Sn catalysts,
the major products were CO and formate, respectively. The observeRRCO

selectivity of the Cu, Ag, and Sn catalysts was consistent with previous reports.
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Figure3.2: CQ electroreduction performance in the presence of NO. Faradaic
efficiency and applied potential vs. time on (a) Cu, (b) Ag, and (c) Sn
catalysts at a constant cemt density of 100 mA crhin 1 M KHCGO; for
3 h. Gas feeds were 83.3% £&nhd 16.7% Ar, and 83.3% GQO15.87%

Ar, and 0.83% NO (green). 0.83% NO was introduced at 0.5 h for 0.5
h. Corresponding Faradaic efficiencies are provided in Tabl2sgl. (d)
Effect of different concentrations of NO in G@lectroreduction on Cu,
Ag, and Sn catalysts. 0.083% and 0.0083% represent the typical NO
concentrations in flue gases and flue gases afterrBi@oval processes,
respectively.Corresponding Faradaic efficiencies are provided in Table

A.6. Error bars represent the standard deviation of three independent
measurements.

When 0.83% NO was introduced at t=0.5 hour, the totalREOFE decreased

noticeably on all three catalysts (Fi§2ac). On average, the losses in f&RR FE
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accounted for 33.9, 29.6, and 27.9% on Cu, Ag, and Sn, respectively3&ay,
which is likely due to the preferential reduction of NO over,C&suming NO is
fully converted to NH, conversions of NO during GAR are between 48% and 60%
(Table A.5). As shown in Fig3.1b, standard potentials of NORR are much more
positive than those of GBR. For instance, the standard potential of NORR A@sN
1.68 V vs. RHE, while the standard potentials ohRR are betweerD.250 and 0.169
V vs. RHE. Cyclic voltammetry (CV) measurements undep @th 0.83% NO also
confirmed that NORR is more favorable than88 on Cu, Ag, and Sn catalysts (Fig.
A.3). On all three catalysts, onset potentials and cathodic currents sbiftadre
positive potentials when 0.83% NO was introduced to the, Gteam. CV
measurements under different concentrations of NO in Ar also confirmed more
positive onset potentials of NORR than &R and showed that NORR at 0.83% NO
is mass transport limite (Fig. A.4). After restoring 83.3% Cfand 16.7% Ar, the
CO:RR performance and the total €RR FE on all three catalysts quickly recovered
and were stable for additional 2 hours of electrolysis. No obvious change in selectivity
was observed for any of thieree catalysts, suggesting that the exposure to NO did not
alter the catalyst property in any significant way. There is a slight increaseRE H
over time (Fig.3.2ac), but it is likely due to the slow flooding of the electrode (Fig.
A.5)24

To obtain insightnto the influence of NQin CO:RR at typical concentrations
of NOx in point sources, we evaluated the effect of 0.083% and 0.0083% NO,
representing the typical NQroncentrations in flue gases and flue gases after NO
removal processés respectively, in CERR (Fig.3.2d). Although the losses in FE at

0.83% ND were detrimental, the effect of NO was less severe at 0.083%, with less
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than 5% losses in FE, and negligible at 0.0083% NO. Therefore, NO at typical
concentrations of NQin flue gases is compatible with GRR, although a complete
removal of NQ is desied to maximize CeRR FE.

NO: is another major contaminant in industrial £6»int sources A0% of
NOy), and a substantial amount of@I may also be formed as a byproduct during the
NOy removal proces&#Thus, we further investigated the influence of N@d NO
in CO:RR on Cu, Ag, and Sn catalysts following the similar experimental procedure to
the NO experiment. When 0.83% B ®as intoduced at t = 0.5 hour (yellow region),
the CORR FE decreased on all three catalysts (Biga). The decrease of the total
FEs were 30.8%, 25.6%, and 22.9% on Cu, Ag, and Sn catalysts, respectively.
Similarly, when 0.83% BD was introduced (blue region)he total CORR FE
decreased by 11.4%, 10.2%, and 1.4% on Cu, Ag, and Sn catalysts, respectively (Fig.
3.3b). Distinct from Cu and Ag catalysts, Sn catalyst did not show a significant loss of
the CORR FE in the presence of2®, which is likely due to theoor activity of Sn
for NJORR? Sn catalyst maintained a high @R FE over the course of 3 hours of
electrolysis, suggesg the resistive feature of Sn catalyst tgONmpurity. As shown
in Fig. 3.1b, standard potentials of N@nd NO are also more positive than those of
CO:RR, and therefore, we attribute the loss of thexRO FE to the preferential
reduction of NQ and NO over CQ, which is further supported by the CV study (Figs.
A.8-11). When a pure COfeed was restored, the total ¢RR FE on all three
catalysts quickly recovered, suggesting that the exposure ofaN® NO does not

affect the property of the taysts.
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Figure3.3: CQ electroreduction performance in the presence of Bi@ NO. CO
electroreduction Faradaic efficiency, excluding hydrogen Faradaic
efficiency, vs. time with the introduction of (a) 0.83% N@ellow) and
(b) 0.83% NO (blue) on Cu, Agand Sn catalysts at a constant current
density of 100 mA criin 1 M KHCGO; for 3 h. Gas feeds were 83.3%
COz and 16.7% Ar, and 83.3% G@nd 15.87% Ar with 0.83% NOor
0.83% NO. NO& and NO were introduced at t=0.5 h for 0.5 h.
Corresponding Faradaic efiencies are provided in Figa.6 and 7, and
Tables A.7-12. (c) Loss in Faradaic efficiency during €O
electroreduction from the introduction of 0.83% NO, 0.83%>N&hd
0.83% NO on Cu, Ag, and Sn catalysts. Corresponding Faradaic
efficiencies are proded in TableA.13. Error bars represent the standard
deviation of three independent measurements.

A comparison of the losses in FE due to the various, M@purities is
presented in Fig3.3c. NO and NQ show greater losses in FE thapONon all three
catalysts, likely due to the greater number of electrons required in the reactions. As
will be discussed in the following section, the main products of NORR atcaN¢H
NH20H, which require 5 and 3 electronespectively, while the main product of
N2ORR is N, which only requires 2 electrons. Given that all,N€adily reacts at the
catalyst surface, the same amount of NO and diidsume more electrons thaaQ\
causing greater losses in €RR FE.Among allthe catalysts, the Cu catalyst suffers
the largest FE loss on all N@npurities, followed by Ag and Sn catalysts. Indeed, Cu

has been demonstrated as one of the more active metals for the electroreduction of
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NO?® and NO,? in which Cu achieved high FE in,QRR to N at relatively low
overpotentials. Theesults suggest that Cu is an effective electrocatalyst for NO
reduction, which may be further explored in future studies.

Furthermore, pH was measured at the outlet of the electrolyzer at different time
points (i.e., before, during, and after Nidtrodudion) to investigate the effect of NO
on the electrolyte pH (FigA.12). The measured pH shows that the presence of NO
and NO hasa negligible effect on the pH, while the presence of.Nghtly
decreases the pH by 0.03. Although N®drolyzes to produce nitric acid and nitrous
acid?’ the effect in pH is vergmall, possibly due to the small amount of Ni@ the
gas feed, rapid reaction of N@t the catalyst surface which prevents ;N@m
penetrating to the bulk electrolyte, amdflowing electrolyte which is constantly

replenished.

3.2.2 Identification of NOx reduction products

The electrochemical reduction products of NO, the major component pinNO
industrial point sources, were further investigated. Ass,N¥H.OH, N, and NO
have been suggested as the main products in NOBRENH3; and NHOH were
detected via spectrophotometry (Figsl3 and 14), and Nwas detected via GC (Fig.
A.15). We note that the concentration a¢fONin the gas product stream was below the
detection limit of GC, suggesting that®l FE was below 2% FE on all three catalysts.
As shown in Fig4.4a, NORR product selectivity varied among different catalysts. Cu
primarily produced NEland N, with no NHOH, Ag produced a mixture of NORR
products, and Sn primarily produced ddH. These observations are consistent with

previous reports, in which Cu has been demonstrated as an effective catalyst for
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NORR to NH,%® and Sn has been used as a dopant in Pt to shift the selectivity from

NHs to NH.OH in nitrate reductio®
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Investigation of the NO electroreduction products. (a) Faradaic efficiency
of NO electroreduction products produced dustegtrolysis with 83.3%
COp, 15.87% Ar, and 0.83% NO on Cu, Ag, and Sn catalysts at a
constant current density of 100 mA énin 1 M KHCGO; for 3 h.
Corresponding Faradaic efficiencies are provided in Tablel. Error

bars represent the standard deviabbthree independent measurements.
(b) Schematic of flow electrochemical mass spectrometry (FEMS) setup.
(c) Measured current density vs. time, and deconvoluted MS signal vs.
time for m/z=2, m/z=17, (d) m/z=28, m/z=30, and m/z=44 from FEMS
on Cucatalyst in 1M KHCQ with 0.83% NO in Ar.-0.90 V vs. RHE

was applied for approximately 2 minutes starting at t=1.5 min. NORR
products have been deconvoluted using the mass spectra of individual
products shown in FigA.17. Additional information is proveed in the
methods section and Figs.18 and 19.

35



To further probe the formation of NORR products with greater sensitivity and
determine the formation of &, we employed the FEMS (Fi®.4b and Fig.A.16),
which allows us to continuously measure gas andti® liquid products operando
with a low detection limit and a short response time by continuously pulling products
to the mass spectrometry (MS) near the surface of the electrodes (See Methods for
more details). The MS probe was placed near the worklegirode from the gas
channel side, and the MS signals linked to possible products were tracked over
time. We conducted the FEMS measurement on the Cu catalyst using 0.83% NO in Ar
(in the absence of G because the ionization ok m/z=28, 14) and bD (m/z=44,
30, 28, 14) produces the same fragments withh @@d various C@ reduction
products3¥33 complicating the reliable angadis of the NORR products (sé@pendix
A Note for more details). MS signals of the FEMS measurement under a continuous
feed of 0.83% NO are presented in Bgic and d. When a constant potentiat@B0
V vs. RHE was applied at t=1.5 for approximatelyniutes, MS signals of NO
(m/z=30) decreased while those of th/z=2), NH (m/z=17), N (m/z=28) and NO
(m/z=44) increased (Fig3.4c and d), indicating the consumption of NO and the
formation of H, NHs, N2, and NO. The formation of Nkland N> detected by FEMS
is in agreement with the results obtained from spectrophotometry and GC analysis,
respectively. The production of.8, which was difficult to measure via GC, was
clearly observed in FEMS, suggesting thaDNs one of the NORR productsHXOH
was not detected in FEMS, because it is nonvoltigimilarly, FEMS results also
suggest the formation of2dind NO on Ag and Sn catalysts (Figs.20-25). However,
the formation of NH was observed only on Ag and not on Sn, likely due to the small

amount of NH produced on Sn. Collectively, NHNH>OH, N, and NO have been
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determined as the NORR products. The analysis of the NORR products further
confirms that the loss in GABR FE is due to the preferential reduction of NO over
CQ..

In the case of PORR, a subsantial amount of Nwas quantified with a GC
(Fig. A.26). While the losses of GRBR FE were 11.4%, 10.2%, and 1.4% on Cu, Ag,
and Sn catalysts, respectively, the amounts.adétected were 8.2%, 7.3%, and 0.5%
of the total FE, respectively, accounting tbe majority of the loss in the CRR FE.
Small amount of N detected on Sn catalyst demonstrates the resistive nature of Sn

catalyst in NORR.

3.2.3 Characterization of catalyst structures in the presence of NO

X-ray photoelectron spectroscopy (XPS) measerds were conducted to
reveal the influence of NOon the surface electronic structure and the chemical
environment of the catalysts. The samples were obtained at various points of the
CO:RR experiment, including before exposure toxN&iterexposure to NQ and at
the end of &hour electrolysis. As shown in Fi§.5a, the Cu and Sn electrodes before
the exposure to Nid not show any noticeable peak in N 1s XPS measurements. In
contrast, Ag showed two distinct peaks at 400.5 eV and 398,5vb\¢h can be
attributed to polyvinylpyrrolidone (PVPY;*® a surfactant used in the nanoparticle
synthesis. The XPSneasurements obtained after the NO exposure (t=1 hour)
exhibited new N 1s peaks on Cu and Sn electrodes3big). The peaks at 401.4 eV,
400.2 eV, and 398.2 eV can be assigned to graphitic, pyrrolic, and pyridinic N,
respectively?®3” suggesting that incorporated N atoms mainly interact with carbon in
GDL rather than metal catalysts (metal nitride peaks typically observed near 397

eV)3®3 The XPS measurements obtained aftdro8r electrolysis show that the N
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incorporated in the electrode surface was still intact after additional 2 hour.8RCO
(Fig. A.27 and TabléA.15), with the total amount of N in the Cu and Sn electrodes
remaining relatively unchanged. In the cases of 0.83% at@ 0.83% MO, the XPS
measurements show similar N incorporation in GDL (Fgg28 and 29, and Tables
A.16 and 17)Regarding the Ag electrode, the XPS investigation of N incorporation

associated with NOwas largely limited by the presence of the PVP surfactant.
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Figure3.5: Evaluation of the influence of NO on the catalyst structure. XPS
measurements of Cu, Ag, and Sn eledes (a) before (t=0 hour) and (b)
after exposure to 0.83% NO (t=1 hour) during C6@lectrolysis.
Corresponding XPS data is provided in Ag27 and TabléA.15. Cu k
edge (c) XANES and (d) EXAFS spectra of spent Cu catalyst after
exposure to 0.83% NO dag CQG electrolysis. Cu foil, CO, and CuO
were used as references.
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To further confirm the incorporation of N into GDL rather than the formation
of metal nitrides, we increased the catalyst loading to 2.0 mg ahich created a
thick layer ofcatalyst on the GDL with a much less exposure of GDL in the XPS
measurement. After exposure to 0.83% NO during €lectrolysis, the N 1s signal
was not detected on the Cu and Sn electrodes with the increased catalyst loading,
whereas the XPS measuremefaisthe Ag electrode clearly shows the N 1s signal,
which is due to the presence of PVP on the surface of Ag catalyst ARQ).
Conversely, when the same experiment was repeated with GDL without any catalyst,
N species was still detected, confirming theorporation of N into GDL (FigA.30).
Experiments using NOand NO show similar incorporation of N into GDL (Fig.
A.30).

To probe the influence of NOmpurity on the oxidation state of the Cu
catalyst, we conducted-My absorption spectroscopy (XAeasurements using a
customized XAS batch cell (Fig\.31). Because of the toxicity of the NQases, we
did not use the N©Ogases directly at theynchrotron Xray beamline but conducted
XAS experiments with the electrodes taken out of the electrolsizer h (after
exposure to NOfor 0.5 h) during C@+NOx experiments (Fig3.2ac andFigs. A.6
and 7). The Cu kedge xray absorption neagdge spectroscopy (XANES) spectra of
the Cu catalyst after the NO exposure show a similar spectrum of te tanded,
suggesting an avera@® oxidation state of +1 (Fi@.5c). Extended Xay absorption
fine structure (EXAFS) result shows that the dXposed Cu sample contains a
mixture of Cu and GO (Fig. 3.5d). Slight oxidation of Cu is likely due to the
exposureof the sample in air during sample handling. After a constant current density

of 5 mA cm? was applied under CGBR condition, the Cu catalyst was quickly
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reduced to metallic Cu, suggesting that a small amount of current is sufficient to fully
reduce the Ciatalyst under CERR conditions. XAS measurements on Cu samples
exposed to N@and NO also exhibited similar behaviors as the -M€ated Cu
sample (FigsA.32 and 33), confirming that the Cu catalyst remains or revert to fully
metallic under reaction cdrtions after NQis removed from the C{Ostream.

Moreover, exsitu SEM images were obtained at various points of the
experiment to evaluate the impact of Néh the catalyst morphology. SEM images of
the spent catalysts after the exposure ta M@urities (t=1 hour and 3 hours) exhibit
minimal changes in Cu and Ag catalysts (F<l, 34, and 35). Although an increase
in particle size was observed in the case of Sn catalysts @ihsand 36), the Sn
sample obtained after 1 hour of €&ectrolysis inthe absence of N(also showed a
similar increase in particle size (Fig.37). The Sn particles likely aggregated to
lower the surface energy under €RR condition regardless of NOand therefore,

NOx impurities are not the primary cause of the size change of the Sn particles during
CORR. These results suggest that the presence of #@ng CQRR has a

negligible impact on the catalyst morphology.

3.3 Conclusions

In summary, we investigated the influerafevarious NQ (i.e., NO, NQ, and
N20) in COQRR on Cu, Ag, and Sn catalysts in a flow cell. The presence qf NO
impurities reduced the GAR FE due to the preferential reduction of N®@er CQ.
The impact of NO and N£is more severe than that ob® in CO;RR due to the
greater number electrons involved in NORR andRI® compared to pORR. The
major NORR products are NHNH20H, Ny, and NO, in which the selectivity varies

among different catalysts, whereagONs primarily reduced to N Despite the los of

40



CORR FE, a small amount of N@n the CQ feed does not alter the metallic nature

of the catalyst under GBR conditions as demonstrated by the XPS and XAS
measurements. Furthermore, although high concentrations ;ofd®be detrimental

to CORR, NQ at typical concentrations of flue gases is compatible withRED
causing small losses in GRR FE.The NOx removal process, which is a relatively
mature technology, may also be employed to ensurgRRMperation at maximum
efficiency. This work not only demonstrates the effect of trace amount af NO
impurities that are often present in the industrialo@@int sources on the most
commonly studied metal catalysts, but also offers new insights on the electrochemical

reduction of NQ, which has rarely been explored in the literature.

3.4 Experimental methods

Electrode preparation. Commercial Cu (25 nm, Sigmadrich), Ag (<100
nm, 99.5%, Sigmdldrich), and Sn (0.1lem, Alfa Aesar) particles were used as
cathode catalysts. Commercial #@9.99%, Alfa Aesar) was used as an anode
catalyst. The catalyst inks were prepared by dissolving 3 mg of the catalyst ahd 20
of Nafion (5 weight % in 50/50 water and isopropanol) in 3 mL of isopropanol. The
catalyst ink was sonicated for at least 30 min, and 0.25 mgotmatalyst was drop
casted onto a Sigracet 29 BC GDL (Fuel Cell Store).

Flow cell electrolysis.The electrochemal measurements were conducted in a
threecompartment flow cell with channel dimensions of 2 cm by 0.5 cm by 0.15 cm
(Fig. A.2). The electrode area was 1%amd the distance between the electrode and
the membrane was 0.15 cmn AAA-3-hydroxide exchangenembrane (Fumatech)
was used to separate electrolyte in the anode and the cathode chamber. 1 M KHCO

was prepared by purging G@QVatheson, 99.999%) into potassium carbonate (99%,
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Alfa Aesar) and purified using a Chelex 100 sodium salt (Sigma Aldricter Af
filtering Chelex 100 sodium salt, 1 M KHGQvas used as an electrolyte for both
catholyte and anolyte and was fed at 0.9 mLwiia peristaltic pumps (Cole Parmer).
The total gas flow rate was maintained at 19.2 mLmwith different flow rates of
COp, Ar (Keengas, 99.999%), and NJror instance, 83.3% CQ@nd 16.7% Ar was
prepared by flowing 16 mL mihCO; and 3.2 mL mirt Ar via Brooks GF40 mass
flow controllers.83.3% CQ, 15.87% Ar, and 0.83% NQwvere prepared by flowing
16 mL mirt COwith 3.2 mL min! of 5% NO/Ar (Matheson Gas) or 3.2 mL rriof

5% NOYAr (Matheson Gas) using a 50 mL gastight syringe (1050 SL, Hamilton) via a
syringe pump (Cole Parmer). Syringes were quickly switched to anethmange
before running out of gases. SimilarB3.3% CQ, 15.87% Ar, and 0.83% J® was
prepared by flowing 16 mL mihCO;, 3.04 mL mint Ar, and 0.16 mL mir N2O
(99.99%, Matheson Gas)..® was fed by using a 10 mL gastight syringe (1010 SL,
Hamilton)via a syringe pump (New Era Pump Systerfs).the NO> experiment, the
gas outlet of the electrolyzer was connected to 2M KOH (85%, Sigdrech) to
scrubthe remaining NQ, and additional Ar was flowed at 16 mL rriio carry the
CO:RR products tahe GC.

CV and chronopotentiometry experiments were conducted via an Autolab
PG128N. For CV measurements, the electrodes wersegueed at 100 mA chin
83.3% CQ and 16.7% Ar for 10 minutes. The hakll potentials were measured with
respect to Ag/AgCreference electrode (Pine Research) and calculated to the RHE
scale in which E (vs. RHE) = E (vs. Ag/AgCI) + 0.209 V + 0.0591 V x-pH

The pH was measured at the outlet of the catholyte channel. The resistance was
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measured with the curreimterrupt techniqué® and the measured potential was
manually post IRcorrected.

Product quantification. The gas products were analyzed via a multiple gas
analyzer no. 5 gas atmatography system (SRI Instruments) equipped with a
Molsieve 5A and a HayeSep D column connected to a thermal conductivity detector
(TCD) and a flame ionization detector (FID). Ar was used as a carrier gas with a flow
rate of 19 mL mirtand 1 mL of samip was automatically loaded to the column. The
gas sample was loaded to 0.5 m HaySep BEcplemn connected to 2 m Molsieve 5A
column at 0.050 min. At 0.490 min, any molecule remaining in the HaySep D
precolumn was backflushed out to vent. At 2.150 ntime gas sample was
automatically loaded to 2 m HaySep D column. The column temperature was
maintained at 35 for 2.950 min, increased to 240at 43 /min, and maintained at
2103 until the end of the analysis. A typical GC analyses of potentiadRERO
products,N2, NO, and NO are provided in FigA.38.2% H, 1% CO, 1% ChH 1%

CoHa, 0.50% GHe, 0.25% GHe, 0.25% GHs in Ar (Matheson) was used to obtain the
chromatogram of potential GRR products.

The liquid CORR products were analyzed Vid nuclear magnetic resonance
(NMR) with water suppression using a presaturation method (Bruker AVIII 600 MHz
NMR spectrometer). The liquid sample was collected at the outlet of the electrolyzer
and diluted to 25% in deionizedater (DI). 500¢L of the diluted sample was mixed
with 100 €L of 25 ppm (volume %) di met hyl
was used as an internal standard, @D

NHs was quantified using indophenol blue metHosiith UV-vis spectroscopy

(Nanodrop 2000, Thermo Scientific). 160 of t he sampl e was mi xe
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alkaline lypochlorite solution (A1727, Sigm&l dr i c h) and 500 eL
nitroprusside solution (P6994, Sigmddrich). The solution was incubated in the dark
at room temperature for 20 minutes.cR of the solution was pipetted onto the
pedestal, and the absorlbanwas measured by WWs spectroscopy from 190 nm to
840 nm. The absorbance of the sample was measured at 630 nm, and the absorbance
measured at 830 nm was subtracted to remove the background. The calibration curves
were obtained using different concemtvas of ammounium hydroxide (NBH,;
28.0:30.0%, Sigma Aldrich) in 0.25 M KHC&Fig. A.13).

NH20H was quantified using a procedure modified from a procedure reported
by Afkhami et al? with UV-vis spectroscopy (Nanodrop 2000, TherBgientific).
Neutral red solution was prepared by dissolving 200 mg of neutral red (Silgimeh)

in 100 mL DI. lodate solution was prepared by dissolving 1.00 g of potassium iodate

(KIO3, 99.995%, Sigm& | dr i ch) i n 10 thesample Was mixeBWith &L of

250 €L of 3.0 M sulfuric acid (Fisher Sci e

mi nut es at room t themewral aetl sotuteon was &dded wlthe o f
solution. The solution was incubated at room temperature for 20 minutds.of the

solution was pipetted onto the pedestal, and the absorbance was measuregidy UV
spectroscopy from 190 nm to 840 nm. The absorbance of the sample was measured at
510 nm, and the bsorbance measured at 800 nm was subtracted to remove the
background. The change in absorbance was determined by subtracting the absorbance
of the sample solution from the absorbance of the solution with 0-hMH.OH. The
calibration curves were obtaineding different concentrations of hydroxylamine (50

wt % in HO, Sigma Aldrich) in 0.25 M KHCe&XFig. A.14).
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Flow electrochemical mass spectrometry (FEMS)An identical flow cell
with an entrance for the MS probe at the top of the gas channel was ugbd for
FEMS measurement (Fid..16). The probe consisted of a PEEK capillary with inner
diameter of 0.25 mm with PTFE membrane attached at the tip of the capillary. The
PTFE membrane with a pore size of 200 was used to prevent the entry of aqueous
electrdyte, while allowing gaseous and volatile products to enter the MS chamber.
The distance between the probe and the cathode was kept constant. The electrodes
were prereduced at 10 mA ctfor 5 minutes in Ar before the introduction of 0.83%
NO. The product were detected by a Hiden Quadrupole mass spectrometer (MS). The
mass fragments were detected by a secondary electron detection voltage of 1700 V
with an ionization potential of 70 eV amthemission current of 200 A. m/z of interest
was tracked over theourse ofthe experiment, in which a constant potential was
applied for approximately 2 minutes starting at t=1.5 min. For the deconvolution of
the m/z=17 signalthe m/z=17 signal fronthe water was first determined usirtige
m/z=18 signal. Next, the caitiution from water tahe m/z=17 signal was subtracted
from the observed m/z=17 signal to obtain the signal from ammonia. For the
deconvolution of m/z=28 and 44 signals, m/z=28 and 44 signals fromirCe
electrolyte was first determined usitige m/z=12 signal. m/z=12 signal was smoothed
using the Savitzskgolay method with a window of 30 data points to reduce the
oscillations in the signal prior to deconvolution. Next, the contributions fromt€O
m/z=28 and 44 were subtracted from the observed28/and 44 signals to obtain the
signals from NORR products. m/z=44 signal corresponded to the signal ##omn N
and this was used to calculate the contribution # K m/z=28 and 30. Lastly, the

contributions of NO to m/z=28 and 30 were subtracted frome tm/z=28 and 30
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signals from NORR products, respectively, to yieldadd NO signals, respectively.
All deconvolution was conducted using MATLAB. Mass spectra ofi®H, NO, NO,

N2, H2O, and CQ used for the deconvolution were obtained using the same MS
equipment (FigA.17).

Material characterization. For SEM and XPS measuremerttse electrodes
were first taken out of the electrolyzer after electrolysis at desired time points. The
electrodes we dried in the vacuum oven (MTI Corporation) for up to three days
before SEM images were acquired with Auriga 60 CrossBeam (1.5 kV). The
electrodes were quickly transported to the XPS equipmerdlfKa Alpha Xray
photoelectron spectrometer system, TherRisher Scientific) after drying in the
vacuum oven for 5 minutes. The electrodes were exposed to air for less than 20
minutes. Highresolution XPS measurements were obtained at pass energy of 20 eV
with a step size of 0.1 eV. Flood gun was turned on2QuAg 3d, and Sn 3d were
scanned 10 times while N 1s was scanned 30 times. Four different spots were scanned
and averaged. All peaks were fitted using Thermo Avantage software with
adventitious carbon referenced to the C1s peak at 284.8 eV.

XAS measuremdnwas performed at the-I® Beamline of the National
Synchrotron Light Source 1l at Brookhaven National Laboratory (BNL). The
electrodes were taken out of the electrolyzer at 1 h (after exposurextiiND5 h)
during a 100 mA cm constant current CRR experiment with the introduction of
NOx (Fig. 3.2ac and FigsA.6 and 7). In the case of NOhe samples were exposed
to 0.23% NQ instead due to the availability of the gas at the time of the experiment.
The electrodes were quickly stored in vialsefllwith Ar and the vials were tightly

sealed with Parafilm at the home institution. The electrodes were transported to the
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Brookhaven National Laboratory (New York, USA) and were loaded intXAS

batch cell, which was fabricated from Teflon and 304 kamsteel, with a Kapton

film window for high transmissivity for Xay measurements (FigA.31). The
electrodes were exposed to air for approximately 20 minutes before the measurement.
Pt wire and Ag/AgCl were used as a counter and a reference elecesplestively.

1M KHCO; was used as an electrolyte and@@s flowed at 10 mL mih XAS data

was analyzed using the IFEFFIT package, which included ATHENA and
ARTEMIS .3

3.5 Acknowledgements

This material is based upon work supported by the Department of Energy
under Award DEFE0029868. The authors also thank the National Science Foundation
for financial support (Award CBEL803200). This research used resources at-the 8
ID Beamline of the National Synchrotron Light Source Il, a US Department of Energy
Office of Science User Facility operated by Brookhaven National Laboratory under
contractno. DESCO0012704. The authors acknowledge E. StavitskD(8eamline,
NSLSI1l, Brookhaven National Laboratory) for assistance iara¥ absorption

spectroscopy measurements.

47



10.

11.

12.

13.

14.

15.

REFERENCES

Chen, C., Khosrowabadi Kotyk, J. F. & Sheehan, S. W. Progress toward
Commercial Application of Electrochemical Carbon Dioxide Reductizirem

4, 2571 2586 (2018).

De Luna, Pet al. What would it take forenewably powered electrosynthesis to
displace petrochemical process&stenced64, (2019).
Lu, Q. et al. A selective and efficient electrocatalyst for carbon dioxide

reduction.Nat. Communb, 1i 6 (2014).

Zhang, S., Kang, P. & Meyer, T. J. Nanostured tin catalysts for selective

electrochemical reduction of carbon dioxide to formatedm. Chem. So&36,

1734 1737 (2014).

Dinh, C. T.et al. CO, electroreduction to ethylene via hydroxidediated

copper catalysis at an abrupt interfa8eierce 360, 783 787 (2018).

Kuhl, K. P.et al. Electrocatalytic conversion of carbon dioxide to methane and
methanol on transition metal surfacds.Am. Chem. So0d.36, 14107 14113

(2014).

Hori, Y., Wakebe, H. H. I., Tsukamoto, T. & Koga, O. Electrolgditaprocess
of CO selectivity in electrochemical reduction of £&t metal electrodes in
aqueous medi&lectrochim. Acté89, 1833 1839 (1994).
Jouny, M., Luc, W. & Jiao, F. General TechBoonomic Analysis of C®

Electrolysis Systemsnd. Eng. ChemRes 57, 2165 2177 (2018).

Endrédi, B.et al. Multilayer Electrolyzer Stack Converts Carbon Dioxide to

Gas Products at High Pressure with High Efficie®@S Energy Letd, 1770

1777 (2019).

Arquer, F. P. G. Det al. CO, electrolysis to multicarbon products at activities

greater than 1 A chi. 367, 661i 666 (2020).

Koytsoumpa, E. I., Bergins, C. & Kakaras, E. The.@donomy: Review of
CO, capture and reuse technologig@sSupercrit. Fluidd.32, 3/ 16 (2018).

D6 Al essandr o,

D.

M.

Smi t

B.

for new materialsAngew. Chemielnt. Ed.49, 6058 6082 (2010).
Last, G.V., Schmick, M. Tldentification and Selection of Major Carbon
Dioxide Stream Composition@acific Northwest National Laboratory, 2011).
Metz, B., Davidson, O., De ConincK. C., Loss, M. & Meyer, L. AIPCC
Special Report on Carbon Dioxide Capture and Storage, 442 pp., Cambridge
University Press, Cambridge, UKR005).
Luc, W. et al. SO>-Induced Selectivity Change in G@lectroreductionJ. Am.

Chem. Sod2019).

48

&

Long,



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Williams, K. et al. Protecting effect of mass transport during electrochemical
reduction of oxygenated carbon dioxide feedsto&ksstain. Energy Fuel3,
12251232 (2019).

Wang, X. et al. Mechanistic reaction pathways of enhanced ethylene yields
during electroreduction of C&®CO cofeeds on Cu and CGiandem
electrocatalystdNat. Nanotechnoll4, 1063 1070 (2019).

Komatsu, S., Tanaka, M., Okumura, A. & Kungi, A. Preparation e$atid
polymer electrolyte composite electrodes and application to-plgase
electrochemical reduction of GCElectrochim. Actal0, 745 753 (1995).

Zhai, Y., Chiachiarelli, L. & Sridhar, N. Effect of Gaseous Impurities on the
Electrochemical Reduction of Gn Copper Electrode€CS Trans.1i 13
(2009).

Xu, Y. et al. Oxygentolerant electroproduction of (products from simulated
flue gasEnergy Environ. Scil3, 554 561 (2020).

Engelbrecht, A., Hammerle, M., Moos, R., Fleischer, M. & Schmid, G.
Improvement of the selectivity of the electrochemicahwersion of CQ to
hydrocarbons using cupreous electrodes wittsitin oxidation by oxygen.
Electrochim. Act®24, 642 648 (2017).

Gholami, F., Tomas, M., Gholami, Z. & Vakili, M. Technologies for the
nitrogen oxides reduction from flue gas: A revie8ci. Total Environ.714
136712 (2020).

Skalska, K., Miller, J. S. & Ledakowicz, S. Trends in,NfDatement: A review.
Sci. Total Environ408 3976 3989 (2010).

Jouny, M., Luc, W. & Jiao, F. Highate electroreduction of carbon monoxide to
multi-carbon productd\at. Catal.1, 748 755 (2018).

Kudo, A. & Mine, A. Kudo et al 1997 Electrocatalytic reduction of nitrous
oxide on metal and oxide.pdfppl. Surf. Scil21/122 538 542 (1997).

Long, J.et al. Direct Electrochemical Ammonia Synthesis from Nitric Oxide.
Angew. Chemie Int. EQI 10 (2020).

FinlaysonPitts, B. J., Wingen, L. M., Sumner, A. L., Syomin, D. & Ramazan,
K. A. The heterogeneous hydrolysis of N@ laboratory systems and in
outdoor and indoor atmospheres: An integrated mechaRisys. Chem. Chem.
Phys.5, 223 242 (2003.

SotoHernandez, Jet al. Electrochemical reduction of NGOspecies at the
interface of nanostructured Pd and PdCu catalysts in alkaline condAippis.
Catal. B Environ259 118048 (2019).

Rosca, V., Duca, M., DeGroot, M. T. & Koper, M. T. Mltrogen Cycle
ElectrocatalysisChem. Rev109, 2209 2244 (2009).

Yang, J., Kwon, Y., Duca, M. & Koper, M. T. M. Combining voltammetry and
ion chromatography: Application to the selective reduction of nitrate on Pt and
PtSn electrode#\nal. Chem85, 7645 7649 (2013).

49



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Clark, E. L., Singh, M. R., Kwon, Y. & Bell, AT. Differential Electrochemical
Mass Spectrometer Cell Design for Online Quantification of Products Produced
during Electrochemical Reduction of @@nal. Chem87, 8013 8020 (2015).
Schouten, K. J. P, Qin, Z., Gallent, E. P. & Koper, M. T. M. Twihays for
the formation of ethylene in CO reduction on sirgfigstal copper electrodes.
Am. Chem. Sod.34, 9864 9867 (2012).

ArantAis, R. M., Scholten, F., Kunze, S., Rizo, R. & Roldan Cuenya, B. The
role of in situ generated morphological motfisd Cu(i) species inZ product
selectivity during C@pulsed electroreductioat. Energys, (2020).

Zhang, Z.et al. Synthesis of monodisperse silver nanoparticles forjahk
printed flexible electronicfNanotechnology?2, (2011).

Xian, J.,Hua, Q., Jiang, Z., Ma, Y. & Huang, W. Sidependent interaction of
the poly(Nvinyl-2-pyrrolidone) capping ligand with Pd nanocrystalangmuir

28, 67366741 (2012).

Inagaki, M., Toyoda, M., Soneda, Y. & Morishita, T. Nitrogdoped carbon
materials Carbon N. Y132 104 140 (2018).

Lazar, P., Mach, R. & Otyepka, M. Spectroscopic Fingerprints of Graphitic,
Pyrrolic, Pyridinic, and Chemisorbed Nitrogen irRDdped Graphenel. Phys.
Chem. C123 10695 10702 (2019).

Wu, H. & Chen, W. Copper nitle nanocubes: Sizeontrolled synthesis and
application as cathode catalyst in alkaline fuel cdllsAm. Chem. So0d.33
15236 15239 (2011).

Qu, F., Yuan, Y. & Yang, M. Programmed Synthesis ofNarNanoparticles
via a Soft Chemistry Approach withlrea: Application for Ethanol Vapor
SensingChem. Mater29, 969 974 (2017).

Liu, K., Smith, W. A. & Burdyny, T. Introductory Guide to Assembling and
Operating Gas Diffusion Electrodes for Electrochemicab ®@duction.ACS
Energy Lett4, 639 643 (2019).

Andersen, S. Zet al. A rigorous electrochemical ammonia synthesis protocol
with quantitative isotope measurememature570 504 508 (2019).

Afkhami, A., Madrakian, T. & Maleki, A. Indirect kinetic spectrophotometric
determinaibn of hydroxylamine based on its reaction with iodAteal. Sci.22,
329 331 (2006).

Ravel, B. & Newville, M. ATHENA, ARTEMIS, HEPHAESTUS: Data
analysis for Xray absorption spectroscopy using IFEFFIL. Synchrotron
Radiat.12, 537 541 (2005).

5C



Chapter 4

ADVANCED BIMETALLIC CATALYST DEVELOPMENT FOR
ELECTROCHEMICAL CARBON MONOXIDE REDUCTION

This chapter presents a nonequilibrium synthesis strategy to address the
immiscibility challenge in bimetallics andhe discovery ofeffective bimetallic
catalysts foreCORR. Bimetallic catalysts are promising candidates to tune the
property of Cu, which is the only single metal to prodGeeproducts This chapter is
adapted and reprinted from the research articlet | e d Aovercoming
toward bimetallic catgl s t | ipoblishedy i6 Science AdvancegDOlI:
10.1126/sciadv.aaz6844), with permission granted A®AS This work was a
collaboration betweenhe Feng Jiao group at théniversity of Delaware andhe

Liangbing Hu group at theniversity of Maryland.

4.1 Introduction

Bimetallic nanoparticles have gained broad interest in various f{&ldg),
particularly heterogeneous chtic reactions such as CO oxidati@d), reforming of
hydrocarbong4), and transformation of CQo fuel and chemical&). Distinct from
monometallic materials, bimetallic nanoparticles often exhibit unique catalytic
properties that cannot be accessed in their constituent metals(@lioRer instance,
numerog Ni-based bimetallic catalysts modified with metals such as Au and Pt have
demonstrated greater resistance against carbon deposition compared to puteNi in
dry reforming of methané4, 7). However, identifying the origin of the performance

enhancement in bimetallic ggss remains a fundamental challenge in catalysis,
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mainly due to the complex nature of the nanostructured bimetallic particles. Many
factors, such as the chemical nature of the constituent metals, the size of the particles,
and the nanoscale arrangementtteé two constituent metals, could play important
roles in determining the physicochemical propert)s making it inherently difficult

to correlate structures and catalytic beha®r 9). Therefore, a general synthetic
method that can prepare a broad coitectof homogeneously alloyed bimetallic
nanoparticles with identical structgrés needed to minimize the heterogeneity in
bimetallic catalysts

However, many bimetallic systems do not exist as homogeneous alloys,
exhibiting wide miscibility gaps in thehase diagrams due to their positive heat of
mixing. For instance, via conventional methods, such aseauaction, concurrent
thermal decomposition, se@dediated growth, and galvanic replacement, bimetallic
structures are generally limited to their therymamically favorable structures, and
syntheses tend to yield cesiell or other heterostructur€s, 2, 10. While some
unconventi onal -irmddaidn@l, spark dischargél2p gulsed laser
ablation (13), and surface plasmon resonandel), have been explored to mix
immiscible elements, these techniques are dependent on extreme conditions and
complex processes, or only applicable to specific bimetallic systems.

Heren, we report a nceequilibrium synthetic strategy to overcome the
immiscibility of bimetallic materials and use ®ased (CtX) bimetallics as a proef
of-concept to show the successful mixing of bimetallics toward a library of
homogeneously alloyed bimetalnanoparticles. According to binary phase diagrams
(15), Cu is thermodynamically miscible with metalsce as Pd, Zn, etc. but

immiscible with other metals such as Ag, Ni, Sn, In, etc. in the composition of
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Cuw.9Xo.1 at room temperature (indicated in Figl). Except for those readily miscible
systems, Cu does not alloy with most metals via conventional bimetallic synthesis
methods but forms various phasegregated structures, as shown in Ei).(16). For
example, as Cu and Ag are immiscible at almost all ratios at room temperature, except
for a few partially alloyed G&Ag bimetallics reported5, 17, 1§, Cu-Ag bimetallics
are generally phassegregated as coshell, crescent, or other heterostructures, rather
than being homogeneously mixg®-21).

Nonetheless, neaquilibrium synthesis allows us to freely mix Cu with almost
all common metals into homogenous bimetallic nanoparticles without limitatien.
thenutilize a collection of Ct&X bimetallic nanoparticles to screen novatatysts in
the electrochemical reduction of carbon monoxide (COR) and study the role of the
secondary metals. Among various-Ewimetallics, CdAg and CuNi, which have
miscibility gaps in their bulk phase diagrams but are homogenously mixed by this
nontequilibrium synthesis, show exceptionally high Faradaic efficiencies (FE) of
multicarbon (G+) products at high current densities compared to pure Cu. This non
equilibrium synthesis allows us to generate a library of alloyed bimetallic particles that
not anly provides an ideal platform for studying the role of secondary metals in
reactions of interest but also gives access to a range of novel bimetallic materials that

cannot be synthesized through conventional methods.
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Figure4.1: Synthesis of bimetallic nanagiales via conventional and naquilibrium
methods. Via conventional bimetallic synthesis methods, only readily
miscible metals (shown in green) can mix with Cu while others (shown
in red) form phassegregated structures (such as trell). In contras
via the norequilibrium synthesis, Cu and other metals (X) can be
kinetically trapped in homogeneously mixed nanoparticles, regardless of
their thermodynamic miscibility. The miscibility of Cu and X indicated
in the left panel is drawn according to thieary phase diagrams with the
composition of CelgXo.1 (15).

4.2 Resultsand discussion

4.2.1 Development of a norequilibrium synthesis method

In a typical norequilibrium synthesis of GAg bimetallic nanoparticles, we
dispersed precursors of two metals (CugN@nd AgNQ) on a carbon substrate (e.g.,
carbon nanofibers that featured a significanmber of surface defects and functional
groups), and treated the material with an ultrashort current pulse (see Methods for
more details) (FigB.1). The heating of the carbon substrate created by the current
pulse causes a rapid thermal shock of >1300hat lasts for only 0.2 s, quickly
guenching to room temperature after ceasing the current 3i2é\). The metal

precursors rapidly decompose during the Hgiperature shock and form Cu and Ag
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atoms mixed together, driven by their mixing entropyhathigh temperature. Because

of the short duration of thermal shock (~0.2 s), Cu and Ag atoms cannot diffuse across
a great distance to form a fully thermodynamically equilibrated phase but instead are
kinetically trapped by the surface defects and funetigroups of the carbon substrate,
forming uniform bimetallic nanoparticles. We observed the uniformity of the
morphology and size of the resulting -8g bimetallic (Cu4.9Ago.1) nanoparticles
through scanning electron microscopy (SEM) and transmissi@tr@iemicroscopy
(TEM) analysis (Fig4.2B-D). Energy dispersive Xay spectroscopy (EDS) coupled
with SEM (Fig. B.1) confirms the Cu and Ag in the nanoparticles, showing a
consistent composition as designed. The metal content of tAey®imetallic on tle
substrate is 17 wt% based on a thermogravimetric analysis BE2y. The TEM
measurement shows that thep@Ago.1 nanoparticles have an average diameter of 16.7
nm with a very narrow size distribution (Fig.2E). In contrast, the GYAQgo.1
nanoparties prepared with the same precursors but via the conventional thermal
annealing in a furnace (1000 °C in argon flow for 1 h) slaowuch larger particle

size (Fig.B.3). Another unique feature of the higgmperature shock synthesis is that
the resultinghanoparticles are free of surfactants or other residues on surface, which is

critical for fundamental heterogeneous catalysis studies.
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Figure4.2: Nonequilibrium synthesis of Cbased bimetallic nanoparticles. (A)
Temperature evolution during the rapid thekmshock process. Inset:
thermal imaging of the substrate at 0.1 s during the-tagiperature
shock. (B, C) SEM and (D) TEM images of £$Ago.1 nanoparticles on
carbon nanofibers. (E) Particle diameter distribution of theos&yb.1
nanoparticles from th€EM image. (F) Higkresolution STEM image of
the CuwdAgo1 hanoparticles dispersed on the carbon nanofibers.
HAADF-STEM image and corresponding EDS elemental mapping of (G)
Cuw.9Agdo.1, (H) Cw.aNio1, (I) Cw.eSrn1, (J) Cuw.dno.1, and (K) Cy.oPh 1.
Scale bars in &: 5 nm.

We further examined the crystalline structure of the $8go.1 nanoparticles
synthesized by the nesguilibrium method. The higlesolution scanning
transmission electron microscopy (STEM, Hg2F) show that the neequilibrated

Cuw.dAgo.1 bimetallic alloy features a fagmentered cubic (fcc) crystalline structure,
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which is the same as the monometallic Cu and Ag, With) spacing of 2.20 A. The
even Zcontrast in the STEM image (Fig.2F) indicates a homogeneous, random
mixing of Cu andAg atoms, without phase segregation into a -sbr&l or other
heterostructures. The naguilibrium synthesized G@Ago.1 (by thermal shock)
showed no segregated phases in the powdwyXliffraction (XRD) profile (FigB.4),
whereas the equilibrium sicture of Cd.oAgo.1 (by conventional thermal annealing)
showed significant phase segregation of Cu and Ag. The phase segregation of the
equilibrated CuigAgo.1 is clearly observed in the EDS elemental mapping (Bi§),
where Ag is segregated to the swwé. By the nomquilibrium synthesis, however, the
Cu and Ag atoms in the GuAgo.1 nanopatrticles distribute homogeneously throughout
the nanopatrticle, as evidenced by EDS elemental mapping4(Ef@.and additional
nanoparticle EDS mappings in FiB.6). EDS linescan across different GsAgo.1
nanoparticles (FigB.7) further confirms the uniform distribution of Cu and Ag in the
nanoparticles obtained by the requilibrium method. To investigate the thermal
stability of the CuoAgo.1 bimetallic nanogprticles, we performednin-situ TEM and
EDS linescan using an in situ heating apparatus. As shown inBFRy.Cu and Ag
remained a homogeneous distribution at room temperature, 250 °C, and 500 °C. When
the particle was heated above 750 °C, the Ag attifissed to the surface. Therefore,
the homogeneous mixing of the bimetallic nanoparticles by kinetic trapping is
thermally stable up to ~500 °C.

In addition to Cw.0Ago.1 nanoparticles other Cd.gXo1 bimetallics, such as
Cuwo.aNio.1, Ch.gSmp.1, Chano.1, Cw.oPh 1, and CyeZno 1, are also studied. While Ni,
Sn, and In are immiscible with Cu at the explored composition.£Gu), according

to their binary phase diagran(5), we successfully obtained uniform &Xo.1
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bimetallic nanoparticles using the nequilibrium synthetic approach (see SEM and
TEM images in Fig. B.9-S13). The homogeneity of the resulting 0@Xio.1
nanoparticles is confirmed by higimgle annular darkeld (HAADF) STEM analysis
and the corresponuly elemental distribution of Ni, Sn, In, and Pd using EDS (Fig.
4.2H-K). The alloyed structures of the §4Xo.1 bimetallics are further evidenced by
XRD (Fig. B.14). The CuoXo0.1 nanoparticles showed similar diffraction patterns with
standard Cu, with @k shifts compared with pure Cu, due to the alloying of Cu and X
and changing of lattice parameters. No segregated phase of the secondary metal was
observed in the XRD profiles of GuXo.1, demonstrating that the higemperature
shock synthetic approadt a powerful method to overcome the miscibility limitation
in bimetallic materials.

We also investigated whether the ratio between two constitute elements can be
tuned in the highemperature shock synthesis.-&g was chosen as a model system
(because foits wide immiscibility gap) and three different compositions ofA
bimetallic samples (i.e., G¥Ago.1, Clo.sAdo2, and CudsAgos) were synthesized. The
SEM and TEM images of GWAgo.1, Clb.sAgo2 and CusAgos (Fig. 4.2B-D and
B.15-16) show simar particle size and morphology in all three-&g bimetallics.

The highresolution STEM images (Figd.3A-B) confirm that all three Gég
materials share a similar fcc crystalline structure. die) spacings of the GuAgx (X

= 0.1, 0.2, and 0.5) alys are 2.20, 2.25, and 2.29 A, respectively, betweedihg
spacings of Cu and Ag metals. The spacing values are higher than those predicted
from Vegar doanindremsing toendtwithsintreased Ag content in the Cu
xAgx alloy nanoparticles. Importantly, although all three-A bimetallics are

thermodynamically immiscible (Figt.3C), homogeneously alloyed é\g bimetallic
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nanoparticles are obtained (F§2G, 3D, and 3E), suggesting that the atomic ratio in
bimetalliccan be readily tuned in the nequilibrium synthesis.

To understand the formation of the homogeneously m&ed\g bimetallic
nanoparticles, we conducted atomistic simulations usingsA%ids as a typical
immiscible system. We modeled the oefgo.s bimetallic system with a 5 nm sized
cuboctahedral nanoparticle containing 4033 atoms:1@\g2016 in an fcc lattice. A
Monte Carlo (MC) sampling at high temperature (1000 °C) was performed to find a
low energy state. Starting from an atomically dispersedispeecomposed from the
homogeneously mixed metal nitrate precursors, the atomic configuration of the
nanoparticle after MC simulatiowas quenched to room temperature (FBgl7),
without long range chemical ordering such as phase segregation. To evhtiate
stability of the nanoparticle at room temperature, we further performed coupled
Molecular Dynamics/Monte Carlo (MD/MC) simulation at 25 °C (see Methods for
details). We investigated the structure of the modeledA@wanoparticle under
different diffusion conditions (by proposing one MC trial step eveMD timesteps),
calculating the averaged composition of the fimsarest neighbor lattice sites around
Cu and Ag (FigB.18). At the thermodynamic equilibrium state (simulated with 1
fs, sufficiert diffusion), approximately 88% of the nearest neighbor atoms around Cu
are Cu atoms and similarly, Ag has higher affinity to Ag atoms @RF), which
indicates a phase segregation between Cu and Ag. The equilibrium structurdgf Cu
nanoparticle is piise segregated (Cu core and Ag shell structure as shown Hh3Hg.
inset), in good agreement with most reportedAgunanostructures synthesized by
equilibrium methods(19, 2Q. In contrast, using the nesqguilibrium synthesis

described in this work, the quenched-&g nanoparticle was kinetically trapped,

59



allowing limited diffusion ( = 10 ps). As a result, the average probability of@iy
Ag-Ag, and CuAg neighbor pairs is approximately equal to 0.5 (Bi§G), indicating
homogeneous mixing of the Cu and Ag atoms in thes&gb s bimetallic nanopatrticle.
Therefore, our simulatioresults confirm that the nesquilibrium synthesis can trap
the bimetallic mixture in homogeneous nanoparticles @&RfS, inset) that are stable

at room temperature due to limited diffusion
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this work fall in the miscibility gap. Phase diagram of&gireproduced
from (15). Copyright 2010, ASM International. HAABSTEM images
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4.2.2 Application of Cu-based bimetallic catalystsn electrochemical CO
reduction reaction

The assynthesized noeequilibrium CuX bimetallic nanoparticles are further
investigated as electrocatalysts for carbon monoxide reduction (COR).
Electrochemical reduction of CGQCO:R) or CQ derived CO is particularly attractive
for sustainable chemical ptactions because if powered by renewable electricity, the
whole process does not emit any greenhouse gaggoMetimes even with a negative
CO, emission)(22-25). Although much effort has been devoted to developingXCu
bimetalic catalysts towards £ products in C@R/COR, a comprehensive
understanding of structuq@operty correlation is largely lacking because of the highly
heterogeneous nature of -Gubimetallic nanomaterials (such as cateell and phase
segregation). Herethe newly synthesized homogeneously alloyedXCsamples
enable us to screen a large set of bimetallics with different compositions but a nearly
identical nanostructure.

The COR experiments were conducted in 1 M potassium hydroxide (KOH)
using a threeompartment flow electrolyzer (Fid3.19) (25). High current densities
(> 100 mA cn) are achieved for all GgXo.1 bimetallics and pure Cu catalysts (Fig.
B.20). As shown in Figd.4A, themajor COR products are acetate and ethylene while
the minor products are propanol, ethanol, and methane (sgeBR2§ and 22, and
Tables B.1 and 2 for detail). Compared to pure CupfNio.1 and Cy.0Ago.1 exhibit
significantly enhanced £ products andsuppressed HFE while CwsSrv1 has
negative effect and other metals have minimal effect. The trend is maintained over a
broad range of applied potentials (&id3.23 and 24). In particular, GeéNio.1 Shows
~20% improvement in £ FE, showing the highest.CFE of ~76% and ~40%

suppresion in B FE compared to that of Cu. Notably, dsMio.1 exhibits an
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exceptionally high maximum acetate FE of ~47% with a specific current density of
~93 mA cn¥, which is among the highest values reported to date for acetate formation
in COR in the liteature (Fig4.4B and TabldB.3) (25-29).

To compare the intrinsic reaction rates of different bimetallics to pure Cu, the
current densities were normalized to the electrochemically active surface area (ECSA)
(Fig. B.25 and 26). We note that the EC8Armalized activity for bimetallics in COR
iS a conservative estimate as not all the metal sites are expected to be active.
Nonetheless, the intrinsic reaction rates of bimetallic catalysts were either comparable
or slightly enhanced, indicating the promotional role of secondary metals on Cu. In
addition, phassegregated GisNio.1 and Cud.0Ago.1 prepared via conventional thermal
annealing have been evaluated in COR to illustrate the effect of mixing patterns (Fig.
B.27 and TableB.4). Compared to homogeneously mixed alloys, pisaggegated
alloys exhibit higher Hand lower G+ FE (Figs. B.28 and 29). Metals such as Ni and
Ag as single metals are poor catalysts in C(B) and synergistic effect on
bimetallics is realized when the interaction between Cu and secondary metal is
maximized via homogenous mixing.

To investigate the origin of the enhanced performance on homogeneous
Cuw.Nip1 and CuyoAgo1, we employed irsitu attenuated total reflection surface
enhanced infrared absorption spectroscopy (AHRRAS). The strength of the CO
adsorption is reflected on the position of the CO adsorption (@akandthe insitu
ATR-SEIRAS study at0.4 V vs. RHE reveals the CO adsorption strength of various
catalysts under COR operating condition (Bg0). The spectra show a shift in the
adsorbed CO band center from 2053%com Cu to significantly lower 2040 cton

Cuw.dNio.1. A peak shift to a lower wavenumber indicates an enhanced CO adsorption
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on CuwdNio1 Because Ni has stronger CO binding energy than Cu and the
modification in the electronic structure of bimetallic catalysts generally trends with the
propety of the secondary met§B2), the incorporation of Ni likely strengthens the
interaction between the adsorbate and the catalyst surface. In contregigdiu
exhibits a similar band center to that of &u2052 crrit despite the similarly enhanced
performance. Although stronger CO binding energy may be responsible for the
enhanced performance on dgMio.1, further investigation is needed to determine the

origin of the performance enhancement ofgfigo1 in COR.
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Figure4.4:. Bimetallic catalyst screening for the COR. (A) Faradaic efficiencies of
pure Cu and different GgXo.1 bimetallic catalysts a0.70 0.01 V vs.
reversible hydrogen electrode (RHE). (B) The acetate Faradaic
efficiencies and current densities of the-XXbimetallic and Cu catalysts
in this work compared with statd#-the-art catalysts in COR in 1 M
KOH/NaOH (25-29). (C) Faradaic efficiencies of CuAgx bimetallics
with different atom ratios and pure Cu-8t70 0.01 V vs. RHE. (D)

The G+/C; FE ratio and . Faradaic efficiencies of GuAgx bimetallics
with different atom ratios and purau@t-0.70 0.01 V vs. RHE.

Thenon-equilibrium synthesis that enables free mixing of immiscible elements
at any composition allows us to investigate the composition effect of immiscible
bimetallics on catalysis, which cannot be achieved via conventioe#thods. For
instance, Kenis et af5) and Bell et al(17) reported enhanced selectivity towards C

products in C@R using CuAg alloys synthesized via arc meting and galvanic
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replacement, and electrodgition, respectively. However, due to the limitation of
these synthesis methoddose catalysts were either phasgregated or partially
alloyed, leaving the understanding of the composigmperty relationship
incomplete. Thus, we investigated théeet of the CuAg bimetallic composition on
COR to fill this knowledge gafsee Fig. B.31 and 32, and Taldé.1 and 5 for more
detail). As shown in Fig4.4C, COR products and.H-Es vary significantly with
different concentrations of Ag. The total COR FE increases with decreasing
concentration of Ag from GisAgos to Cu except for CipAgo.1, Which exhibits the
highest G+ FE, while the opposite trend is observed fof FE. Thetrend is
maintained over a wide range of applied potentialss(HB@3 and 34). We also report
the ECSAnormalized current densities (Big3.35 and 36) and the intrinsic reaction
rates are slightly improved for GAg bimetallics.

Interestingly, while tk ratio of G+ to G product decreases with increasing
concentration of Ag, the highestOFE was achieved on GbtAgo.1 (Fig. 44D). As
evidenced by the increasing trend of {FHE with increasing concentration of Ag (Fig.
B.37), the presence of Ag atonmerferes with the capability of Cu to dimerize CO
intermediates and promotes gfdrmation. This is in agreement with a previous study
suggesting that € coupling is favored on neighboring Cu si{88). In contrast, the
interaction between Cu and Ag is expected to increase with increasing concentration
of Ag, yielding greater modification on the property of Cu. Colletyi, these results
suggest that geometric and electronic effects compete with each other in-&g Cu
bimetallic catalysts, and the best performance is realized wibAQul1 when there is
an optimal balance. We propose that to design efficient catdtystrd G+ products,

it is vital to incorporate an optimal amount of secondary metal while maintaining
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neighboring Cu sites. The elucidation of the strucpraperty relationship of GAg
bimetallics in COR, which has been lacking due to the miscibgap in CuAg
bimetallics, is made possible by this unique-eguilibrium synthesis method.

To evaluate the stability of neequilibrium bimetallic catalysts, we conducted
a constant current COR experiment at 100 mA?dor 3 h using CbisAgo1 and
Cw.dNio.1 as catalysts (FigB.38). Faradaic efficiencies and applied potentials were
stable for both catalysts over the span of 3 h. The structural stability was also
examined via HAADFSTEM images and corresponding EDS elemental mapping of
the catdysts after the stability test. A small portion of theo@ADo.1 hanoparticles
become phase segregated with Ag on the surface (due to the lower surface energy of
Ag), whereas the majority remains homogeneously mixed B=8f). For Cy.oNio.1,
there waso sign of phase segregation after COR (Big0). Although we observe a
slight indication of phase segregation ono6\go.1;, these results suggest that the
majority of the Cd.9Ago.1 and Cu.oNio.g catalysts remains homogenous under reaction

conditions.

4.3 Conclusions

We demonstrate the ability of the nrequilibrium synthetic strategy to
overcome the immiscibility of Gbased bimetallics. As a proof-concept, we
successfully prepared a collection of homogeneousXCalloys, including
Al mmi s ci b tiomx such@sn®Agy to @reate a library of bimetallic materials
that enable the systematic study of the role of secondary metals and screening of
various CuX bimetallics in COR at commerciatielevant current densitiedmong
various Cu-X alloys, Cuw.aNio.1 and Cu.sAdo.1 exhibited enhanced FE towards.C

products.In particular, CggoNio.1showed the highest.€product FE of ~76%, which
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is ~20% higher compared to that of Cu. Theolo: also demonstratedn
exceptionally high maximum acetate FE @f7% with specific current densities of
~93 mA cn?, among the highest values reported to ddtareover, we elucidated the
structureproperty relationship of GAg bimetallics and find thaincorporating an
optimal amount of secondary metal while maintagnneighboring Cu sites is essential
for effective catalyst design for CORhe norequilibrium synthetic strategy should
not be limited to Ctbased bimetallics and can be extended to other bimetallic or metal
oxide systems. dgether withartificial intelligencebased machine learninthe new

synthetic method will make rapid catalyst screening and rational design possible.
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4.4 Experimental methods

Synthesis The process for the nesquilibrium synthesis was realized using a
high-temperatureshock method on carbon nanofiber (CNF) substrates, as first
demonstrated by Chen et al. in 2qQB8). The CNFs wex prepared by electrospinning
polyacrylonitrile. The polyacrylonitrile solution in dimethylformamide (10 wt%) was
electrospun from a syringe at a rate of 1 mlLcbntrolled by a peristaltic pump. The
needle of the syringe was placed 15 cm from a rotatimgpinum foil, between which
a high voltage of 10 kV was applied. Thesgpun polyacrylonitrile nanofiber mat was
peeled off from the aluminum foil after electrospinning and calcined in air at 260 °C
for 5 h, then carbonized in argon flow at 900 °C for,Zahd finally treated in CO
flow at 750 °C for 2 h to obtain the CNFs.

To prepare the CX (X = Ag, Ni, Sn, etc.) bimetallic nanoparticles, the CNF
mat was attached between two Cu electrodes using silver paste. The precursor
solutions of Cu and X (0.05 Mitrate salt dissolved in ethanol) were mixed and
dispersed in the CNF substrate. The material was then dried at 80 °C and moved into
an argorfilled glovebox. An external power sourdédithley 2425 connected to the
Cu electrodes was used to create pidracurrent pulse (0.2 s) through the CNF
substrate. The Jouleeating induced by the current pulse instantly elevated the
temperature of the CNFs (accompanied with the emission of light) and then rapidly
guenched after the current pulse ended. The mdtakes decomposed during the
high-temperature shock and were mixed and trapped in bimetallic nanoparticles after
the rapid quench.

Characterization. The temperature evolution during the hitgmperature
shock synthesis was measured by recording the cafiar pyrometry using a Vision

Research Phantom Miro M110 higpbeed camera (2000 frames per second). For the

69



temperature calculation, the greyo dy mo d e | was applied,
Law, and integrated over the entire spectrum to which theeiawas sensitive.
MATLAB was used to extract raw pixel values and calculate the temperatures. Three
color ratios (red, green, and blue) were simultaneously used to estimate the
temperature by minimizing their summed error with a further thresholding tosed
eliminate summed errors.

The particle morphology of the €K alloys was observed onHitachi SU70
field emission SEM coupled with an EDS system for elemental analysis. TEM images
of the Cu-X nanoparticles wereneasured with a JEOL 2100F TEM. STHADS
elemental maps of CK alloys were acquired with a Therakosher Talos F200X.
High-resolution STEM images were acquired with a Hitachi HD2700C dedicated
STEM with a probe corrector. 4situ STEM and EDS line scan were performed at
room temperature, 25006, and 1000 °C with a Wildfire in situ heating system. The
EDS was obtained at each temperature after stabilizing for 10 min. We note that the
EDS for 1000 °C was taken after holding at 1000 °C for 10 min and cooling to room
temperature because EDS countit be done at 1000 °C. All TEM were operated at an
accelerating voltage of 200 kV. Thermogravimetric analysis was performed on
Discovery SDT 650 thermal analyzerthre air from room temperature to 800 °C with
a temperature ramp rate of 10 °C/min. XRID the bimetallic nanoparticles was
conducted on a D8 Advance Diffractometer (Bruker) at 40 kV and 40 mA using a Cu
KU radi atei=a.540568)ur ce (

The ECSA was determined by measuring the dolayler capacitance )
of Cu-X alloys and Cu nanopactes in Arpurged 0.1 M HCI®@ in a Hcell. All

electrodes were electrochemically reduced at 5 m& &n 10 min prior to ECSA
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measurements. Cyclic voltammetry was performed in aR@wadaic potential region

at various scan rates from 5 to 50 m¥ad he observed currents were plotted as a
function of scan rate. &£ was determined by obtaining the slope and ECSA was
calculated by normalizing to theoCof Cw.9Ago.1.

Electrode preparation. Cu-based bimetallics an€Cu nanoparticles were
ground into fingpowders. The cathode catalyst inks were prepared by dissolving 3 mg
of the catalyst in 3 pL Nafion solution (5 wt% in 50/50 water and isopropanol) and
1.44 mL isopropanol. IrPpowder (99.99%) was purchased from Alfa Aesar, and the
anode catalyst ink was prepared by dissolving 25 mg ofiirQ0 uL Nafion solution
and 3 ml of isopropanol. The catalyst inks were sonicated for at least 30 minutes prior
to drop casting. Then, 0.17g cn?, 0.34 mg crit, and 0.25 mg crhof the catalysts
prepared via thermal shock, catalysts prepared via conventional thermal annealing,
and IrQ catalysts, respectively, were dropsted onto a Sigracet 29 BC GDL (Fuel
Cell Store). The loading of theatalysts prepared via conventional thermal annealing
was double the loading of the catalysts prepared via thermal shock to access similar
potential range in COR.

Electrocatalytic performance measurement The CO electrolysis was
performed in a threehannéflow cell configuration with channel dimensionstm

0.5cm 0.15 cm An FAA-3 hydroxide exchange membrane (Fumatech) was used
to separate the cathode and anode chambers. CO gas was flowed at 15 sccm via a mass
flow controller (Brooks GF 40). 1 M ®&H (99.99%, Sigma Aldrich) was used as
catholyte while lower purity 1 M KOH (85%, Sigma Aldrich) was used as anolyte.
Higher purity KOH was used as the catholyte since metal impurities are known to

severely affect the COR performance at the cathode. Boitiolgte and anolyte were
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flowed at 0.9 ml mirt via peristaltic pumps. The pressure of the gas in the gas
chamber was controlled via a backpressure controller {Eaimer).

Chronopotentiometry experiments were conducted via an AutoLab PG128N.
The catalyts were reduced at 100 mA @for 20 minutes prior to measurements, and
each current was applied for 20 minutes for product quantification. Every experiment
was repeated three times. The kadfl potentials were measured at constant current
densities after the cell had reached stestdye using an external Ag/AgCl reference
electrode (Pine Research). The resistance between the working and the reference
electrode was measured with the cunietgérrupt technique, and the measured
potential was corrected for the resistance. The cathotentials were reported with
respect to the IRorrected reversible hydrogen electrode (RHE) in wki¢las. RHE)
=E (vs. Ag/AgCl) + 0.209 V + 0.0591 V/pH x p+-

The gas products were quantified using a Multiple Gas Analyzer #5 gas
chromatogrphy system (SRI Instruments) equipped with Molseive 5A and HayeSep
D columns connected to a thermal conductivity detector (TCD) and a flame ionization
detector (FID). The liquid products were quantified id NMR with water
suppression using a psaturaibn method (Bruker AVIII 600 MHz NMR
spectrometer). Typically, collected I iquic
sampl e was mi x e coniaihirg 25Lppra (v/€) dimathyl sulphoxide
(99.9%, Alfa Aesar) as the internal standard.

In-situ ATR -SEIRAS. A two compartment PTFE cell with three electrodes
was used for ATFSEIRAS measurements. The schematic of the cell and steps to
prepare chemically deposited gold film on the silicon ATR crystals can be found in

our previous study35). The working electrode was the bimetallic catalyst drop casted
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on the gold film on the silicon ATR crystals with catalyst loading of@%mg cn?.

The catalyst inks were prepared by dissolving 5 mg catalyspiinNafion solution (5

wt% in 50/50 water and isopropanol) and 280 isopropanol. A graphite counter
electrode was placed in one compartment, and a working electrode and Ag/AgCI
referenceelectrode (3.0 M NaCl, BASI) were placed in the other compartment with
gas inlet and purge lines. Two compartments were separated by a Nafion ion exchange
membrane (IEM, Nafion 211, Fuel Cell Store). 0.1 M potassium hydroxide solution
(SigmaAldrich, 99.9%) was used as the electrolyte. The electrodes were connected
to a potentiostat (Solartron 1260/1287) to apply potentials during measurements. The
cell is integrated into the Agilent Technologies Cary 660 FTIR spectrometer equipped
with a liquid nitrogercooled MCT detector. All spectra were collected with 64
coadded scans and 4 émesolutions.

Simulation. To simulate the thermal shock synthesis of the-AQu
nanoparticles at high temperature, a Metropolis algorithm based Monte Carlo (MC)
simulation methd was employed to sample the atomic configurations of thAdg-u
alloy nanoparticle ira canonical ensemblg6, 37. Starting from a random atomic
configuration, 5 million MC trial steps that swap the position of Cu and Ag atoms
were attempted to simulate the leramge diffusion process in the modeled system. At
given temperat@ T, the transition probability from the old configuration to the new

configuration was calculated according to the Boltzmann distribution:

e YO
n | ElpPA @ Db—,,Y
in which YOis the total energy change for the configuration transition of the

alloy system an® is the Boltzmann constant.
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The structures of the GAg alloy nanoparticles at room temperature were
investigated by a coupled Molecular Dynamics/Monte Carlo (MD/Mi@julation
scheme. The samples were held for 10 ns in the MD simulation, during which one MC
trial step was inserted evemtimesteps, witm ranging from 1 fs to 10 ps. Smaller
represents that the diffusion between the Cu and Ag occurs more frequigmittythe
MD simulation timescale. The MD/MC simulations were executed in nvt ensemble
with a NoséHoover thermosta38) The velocity Verlet algorithm was employed to
integrate the equation of motion with a timestep d¢é.1All the simulations were run
in the Largescale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
packag€g39).

The interatomic potential of the GAg alloy system was described within the
framework of the second nearest neighbor Modified Embedded Atom Method
(MEAM) (40, 4. The parameters of the MEAM potentials for pure elements Cu, Ag,

and CuAg binary alloys were taken from referern(d@, 43.
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Chapter 5

TWO-STEP CARBON DIOXIDE ELECTROREDUCTION FOR SELECTIVE
ACETATE AND ETHYLENE PRODUCTION

This chapter presents the development of thedtep eCORR process in
which CQ is first converted to CO in the first GCelectrolyzer and C®is
sequentiallyconverted toC,+ products in the second CO electrolyz&he work

provided in this chapter has not been published but is in progress

5.1 Introduction

Electrochemical C@reduction reaction (eCBR) using renewable electricity
is a promising techmlogy to produce valuable fuels and chemicals while mitigating
greenhouse gas GQemissions!® Among various CERR products (e.g., carbon
monoxide (CO), formate/formic acid, ethylenehaatol, propanol, acetate/acetic acid,
etc.), multicarbon (G+) products are generally desired due to their higher market
potentialst*® For instance, ethylene and acetic acid were produced globally at 140
megatonnesral 9.1 million tonnes, respectively, and the demand for both is expected
to grow*8

Recent studies have reported effectieetate productioftom electrochemical
CO reduction reaction (eCORR}? however, acetate production directly from £0
remains a challengeagetate FE typically below 5%Y.!® For effective acetate
production highly alkaline electrolytes are needed because acetate is formed via OH
nucleophilic attack on the ketene intermedfdtt Nonetheless, eCBR in the

alkaline electrolyte is unsustainable due to th&carbmate formation (C@+ OH- A
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HCOs, HCO: + OH A COs% + H0), which (1)consumes C®and electrolyte,
which imposes cost penalty on e€€eparation and electrolyte regeneration, (2) causes
mechanical failure in the electrolyzer, in which salts block the pores of the gas
diffusion layer (GDL) and flow channels, and (3) limits the -Cé&nversion to
productst™ 17

Two-step eC@RR is an alternative approach for effective:+ @roducts
formation (Fig.5.1).182! Using CO as an intermediate, €8 first converted to CO
using Ag catalyst and neutral electrolyte in the first electrolyaed CO is further
converted to & products using Cu catalyst and alkaline electrolyte in dworsd
electrolyzer. A high concentration of CO, which does not react with alkaline
electrolytes, anda highly alkaline environment in the second electrolyzer allow for the
effective production of & products with no bicarbonate formatiot? Additionally,
alkaline electrolyte provides @roader option for norpreciots metal anode
catalysts>?3 Recently, we have shown thtite NiFe anode can effectiwelconvert
alcohols (i.e., ethanol and propanol) to carboxylates (i.e., acetate and propionate) at
the anodé? With the flexibility to optimize C@ and CO electrolyzers individually,

highly effective acetate productionahigh rate and purity is feasible.
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CO, electrolyzer CO electrolyzer

CO2 _» Ethylene
: Acetate

Neutral electrolyte Alkaline electrolyte

Figure5.1: Schematic of a twstep electrochemical GQeduction reaction for muki
carbon chemical production.

In this work, twestep eCGQRR for selective acetate and ethylene produadto
developed. Stable and mésansport effective electrodes, fabricated by applying
fluorinated ethylene propylen&EP) layer on a gas diffusion layer (GDL) and
modifying the catalyst layer with carbon black (CB), enabled-tengn operation with
low hydrogen evolution reaction (HER) and high current densities (>400 mA.cm
For CORR, the CO-dominant stream, which lowers the downstream C&pture cost,
with asmall amount of C®(<10 vol. %) was obtained at high €Gnversion (47%).

For CORR, ethylene and acetate were produced as the major producashighly
pure acetate (~99%) liquid stream was obtained using an effective alcohol oxidation
NiFe anode. The integrated tv8tgp eCQRR system operated stably for 200 h, and

future design recommendation is provided based on the degradation mechanism study.
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5.2 Results and Discussion

5.2.1 Optimization of individual CO 2 and CO electroreduction reactions

Both CG and CO electroreduction weednducted in a membrane
electrode assembly (MEA) configuration (Fig.1), which is ideal for practical
application. High reaction rate and low resistance are achieved owing to highly
effective mass transport from directly fed reactants as vapor and izedirdistance
between the cathode and the anode, respecfi¥2lffor eCORR, metallic Ag
particles (~100 nm; FigC.2) depositd on carbon GDL and Irfparticles (<10 nm;
Fig. C.3) deposited on Ti felt were used as cathode and anode, respectively. For
eCORR, Cu particles, which are oxidized on the surface; &1Fig. C.4) deposited
on carbon GDL and Nfre deposited on Ni foanFigs. C5 and 6) were used as
cathode and anode, respectivdiiie mtio of Ni and Fe on the surface, determined by
XPS, was48:52 (Fig.C.5), and that of the bulk, determined by EDS, were 87 and 13
(Fig. C.6). 100 mM CsHC®and 2 M KOH were used as electrolytesd6ORR and
eCORR, respectively.

We first fabricated a customized reinforced GDL by applying a layer of
FEP with CB fora more durlle eCQ/CORR (Fig. 5.2a andC.7). Consisting of
macrce and microporous laysr GDL is already treated with polytetrafluoroethylene
(PTFE) to provide hydrophobicity; however, HE rapidly increased from 12% to
>30% within 10 h of accelerated durabiligst (500 mA cr) in eCORR using Cu
due to flooding(Fig. 5.2b). In contrasta much lower H FE was maintained for a 20
wt.% FEP reinforced GDL, owing to the enhanced hydrophobidihe alditional
layer of FEP hinders the penetration of the electrolyteugh the GDL, reduces salt

formation, and maintains effective gas transpbne keneficial effect othe FEP layer
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was no longer observed for 30 wt. % FEP reinforced GDL because excess FEP fully
covered GDL, hindering the gas transport. 20 wt. % FERamed GDL was used for
all the eCQ/CORR results presented in this study.

a b c H. co
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Figure5.2: Individual CQ and CO electroreduction performance. (a) Schematic of a
reinforced gas diffusion electrode, (b} Haradaic efficiency vs. time for
reinforced GDL with diffeent amount of FEP in CO electroreduction, (c)
Faradaic efficiency and current density vs. potential and (d) molar gas
fraction and CO Faradaic efficiencyatlifferent CQ flow rate of Ag in
CO; electroreduction. (e) Faradaic efficiency and current densst
potential of Cu in CO electroreduction. 50 mL miG@O; and 100 mM
CsHCQ, and 20 mL mit CO and 2 M KOH were used for e@RR and
eCORR, respectively, unless otherwise stated.

TheAg catalyst layer waturthermodified by adding CB alifferent loadings,
ranging from O to 10 wt.%to improve CQ transport and achieve high egRIR
current densityFigs. C.8 and 9).The aldition of carbon support provides pores within

the Ag catalyst layer and promotes eansport to the Ag surfacéln contrast to Ag
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with 0 wt.% CB, which reached mass transport limited CO partial current density at
~300 mA cn?, Ag with 2.5 and 5.0 wt.% CB showed ~400 mA tmithout mass
transport limitatior(Figs. 5.2c andC.8). For 10 wt.% CB, both potential and CO FE
were worsenedbecause excess CB decreased Ag active area and hindeged CO
transport.

CO-dominant stream with minimal GQ<10 vol. %) was also obtained by
operating eCGRR at high CQ conversion (Fig 5.2d andC.9). Similar to the
previous resultghe Ag electrode with 5 wt.% CB showed the highest€@nversion
of 47% while maintaining ~80% CO FE at 6 mL mi€QO, feed. High CQ
conversion was obtained dtet expense of increasec HE and decreased CO FE
because C®was no longer abundant at high conversiéarthermore, CO-to-
carbonate reaction occurs atl:1 ratio to CO20-CO, assuming carbonate as the
dominant charge carrier, and m@30; is emitted ¢ the anode sid€:?® Thus the
outlet gas stream was Gddminant at 47% Cg@to-product conversion because of
carbonate formationCO, and Q separation in the anode is inevitable in the present
configuration using an anieexchange membrane, but the need to separate the
unreacted C®in the cathode can be minimized by producan@O-dominant gas
stream.

Using a similar approach of the additiohFEP layer and CB in the electrode,
Cu electrode with 10 wt. % CB and 10 wt. % Nafion exhibited up to 500 A cm
with <10% B FE at ~2.3 V (Fig5.2e). Ethylene and acetate were the major eCORR
products, with small amounts of ethanol, propanol, angipnate. Ethanol and
propanol that crossed over to the anoaggerconverted by the NiFe anode to acetate

and propionate, respectively, exhibitiagacetateselective process.
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5.2.2 Integration of CO2 and CO electroreduction process

Once CQ and CO electrolyzerwere optimized individually, two electrolyzers
were integrated, with a NaOH trap in between to capture the unreactd#igGe5.3,
andC.10 and 11)The CO; electrolyzer was operated ahigh conversionof close to
40%to minimize the burden on tH@0; trap. Liquid streams fothe CO electrolyzer
were recirculated to promote alcohol oxidation towards carboxyktdsobtain a
highly pure acetate streaWith ethylene (~20% FE) and acetate (~50% FE) being the
dominant G: products, the twstep systenoperated successfully for 200 h (Fig3).
In the liquid stream, acetate was the dominant product with a purity of ~99%.
Potentials of C@and CO electrolyzers were 3.0 V and 2.1 V, respectively, at 1 h with
1.2 and 0.7 mV H degradation rate, respeatly, over 200 h. llwas maintained at
<30% for 200 h. Compared to previous studies on thestep CQ electroreduction
approach, which have operated for <40 h, 200 h operation in this work demonstrates

the robustness and the feasibility of the presenteestep approach (Tabf@.1).192?
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Figure5.3: Integrated twastep CQ electroreduction. (a) Potentials of €@nd CO
electroreduction and acetate purity vs. time, and (b) FE vs. time for
integrated twestep CQ electroreduction. 8 mL mih CO, and NaOH
trap was used. For eGRR, CsHCQ was recirculatedvhile for eCORR,

2 M KOH was replenished every 24 h. Dataswast at around 100 h.

Slow degradation in performance was observed for the 200 h operation,
So to better understand the degradation mechanisstepoCQ electroreduction was
operated foran additional 100 h until Hibecame the dominant product (F@12).
Although the potentials for both electrolyzers did not shift much,FB steadily
increased, reaching >50% at 300 h. Evaluation of individual electrolyzers showed that
both electrolyzers had degraded, exhibiting ~4094H (Fig.C.13). SEM images &h
XPS measurements were conducted on the cathodes and the anodes to explain the
degradation.

For eCORR, the Ag cathode showed minimal change in morphology
and oxidation state (Fig:.2), suggesting that the Ag catalyst was stable. Ir was not

detected, sdr also did noimpactthe cathode eCRR. Forthe IrO> anodemostirO»
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was intact and there was n@pparentchange inthe oxidation state (Fig.C.3).
However,a small amount of Fe, which is likely frothe stainless steel anode flow
plate, wagdetected by XPS on the backside of the;la@ode. Nonetheless, the front
side, which was coated with Is@nd in contact with the membrane, did not show any
Fe, so the deposition of Fe dhe Ti electrode likely did not contribute to the
performance degdation. Titanium oxide (Tig) plate which is more corrosion
resistant, can be used instead of stainless steel to prevent metal leaching. We suggest
that salt formation, caused by flooding, asphienary contributor to the increase in,H
FE. Cations (i.e.Cs) arecarried over through the membrane with the electrolyte, and
metal carbonates formed inside the GDL and flow chatlikely hindered the C®
transport. Flooding is a commonly observed challenge for attmngoperationt®-’

For eCORR, surface Fe content in theA¥ianode ecreased from 51.6%
to 44.2% (Fig. C.5 and 6). Yet, acetate was maintained as the dominant liquid product
and eCORR potential hadminimal shift, suggesting théhe anode was still capable
of alcohol oxidations and minor leaching of Fe did not impaetanode performance.
For the cathode side,small amount of m Cu dissociated into risize and Cu was
reduced to metallic Cu (Figc.4), but these are likely not responsible for theRHE
increase. Importanthg small amount of Fe (~10 at. %) was detected on the surface of
the Cu electrode via XPS. Considering that XPS is extremely sustatgtive, and Fe
was not detected in the EDS measurement Eit4), the amount of Fe that crossed
over from the anode iskiely low. Nonetheless, Fe is an effective HER catalysip
the crossover of Fe must be preventgdk 2 M KOH electrolytepH dropped to ~13
with the accumulation of acetate (Fi@.15), and the surface pH is expected to be

lower. Since NiFe is the most stable in alkaline electreffenaintaining the pH can
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enhance the stability of the NiFe anode. Additionally, Fe may have been present in the
electrolyte, so the preeatment of the electrolyte may be beneficlanaky and co
workers have also observed severe Ni crossover inRROunder neutral
electrolytes.3! Similar to eCORR, flooding and salt formation must also be the major
contributor to increased HFE. Moreover, sce a highly alkaline 2 M KOH
electrolyte was used for the CO electrolyzer, any ®@t passed through the et@ap

was immediately converted to potassium carbonate salts, expediting the salt formation
on the GDL. Although 200 h of stable operation was demonstrated in this work,
further work is needed to push the stability to thousands of hours, which is ¢otical

commercial application.

5.3 Conclusiors

In conclusionatwo-step CQ electroreduction process ftire selective
production of acetate and ethylene was developed. &@ CO electrolyzers were
first investigated individually to achieve high current deesitand more durable
operation by using a reinforced GDL. High £€€nversion was obtained in the first
CQO; electrolyzer to produce G@ominant gas stream with minimal g@nd highly
pure acetate stream was produced in the second CO electrolyzer biNikgranode,
which promoted alcohol oxidation to carboxylates. Overall, the-si®p process
operated stably for 200 h with acetate and ethylene as the majpraducts. Lastly,
the degradation mechanism study revealed that the flooding and the satidiorima
the GDL is likely themost significah contributor to the performance degradation for
both CQ and CO electrolyzers. Ftine CO electrolyzera small amount of Fe crossed

over to the cathode, which may have also enhanceBBH Overall, the presesd
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approach demonstrates the feasibility of the-step eCGRR process for the effective

production of G+ products.
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5.4 Experimental methods

Electrode preparation. Reinforced GDL was fabricated by -@praying
Teflon dispersion FEPD 121 (Fuel Cell Stoe)d CB (Vulcan XE72R; Fuel Cell
Store) onto a Sigracet 39 BC GDL (Fuel Cell Store). FEP ink was first prepared by
adding 400 mg CB and desired amount of FEPD (e.g., 10, 20, and 30 wt. % relative to
CB) in 20mL IPA and 20 mL deionized (DI) water. After smating and vortexing for
30 min, FEP ink was asprayed onto the GDL at 10C€ until 20 wt.% relative to
GDL was loaded. After drying, reinforced GDL was heaated at 300 °C in the pre
heated furnace for 10 min.

Cathodes were fabricated by-apraying cathode ink onto the reinforced GDL.
Ag ink was prepared by adding 100 rAg (<100 nm, 99.5%, Sigmaldrich), the
desired amount of CB, and Sustainion-2Aonomer (Dioxide Materials) to obtain 5
wt. % ionomer relave to Ag in 10 mL IPA and 10 mL DI water. Cu ink was prepared
by adding100 mg Cu(~625 mesh, 0-4.5 micron, 99%, Alfa Aesar}the desired
amount of CB, and Nafion ionomer (Fuel Cell Store) to obtain 10 wt. % ionomer
relative to Cu in 10 mL IPA and 10 mkl water. After sonicating and vortexing for
30 min, catalyst ink was agprayed onto the reinforced GDL at 1@to obtaina 1.0
mg cm? loading.

IrO2 (99.99%, Alfa Aesar) anode was fabricated bysairaying IrQ ink onto
Ti felt (Fuel Cell Store). D2 ink was prepared by adding 50 mg ir@nd Teflon
dispersion FEPD 121 to obtain 5 wt. % FEP relative te info 5 mL DI water first,
followed by 5 mL IPA. After sonicating and vortexing for 30 min, catalyst ink was air
sprayed onto the Ti felt at 20C to obtaina 2.0 mg cn¥ loading. After drying, the
IrO2 anode was hedteated at 300 °C in the pheated furnace for 1 h. NiFe anode

was prepared by following thareviously reported proceduteEssentiallyNi and Fe
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were electrodeposited onto fiam (99.99%, 1.6 mm thickness, MTI Corporation) in
an electrolyte bath of 3 mM nickellY nitrate hexahydrate (Ni(N§pBH20, Sigma
Aldrich) and 3mM iron () nitrate nmahydrate (Fe(NgsBH-0, SigmaAldrich).

Electrochemical experiment.CO; and CO electroreduction experiments were
conducted in & MEA electrolyzer with serpentine flow channels (Figl). Teflon
gaskets ( 0. -€drd were MiseM dos deadifferent components in the
electrolyzer. For eC&RR, Ag cathode, Ir@anode, Sustainion membrane (X307
Grade RT; Dioxide Materials), and 100 mM CsHC@lfa Aesar) were used-or
eCORR, Cu cathode, NiFe anode, AMX membrane (Orion Polymer), and 2 M KOH
(Alfa Aesar) were used. For the stability test, G@s supplied at 8 mL mih and
NaOH pelles wereused as a CQrap (Fig. C.10 and 11)The CO; trap was switched
every 48 h. 50 mL of 100 mM CsHG@as recirculated, and it was switched at 144 h
and 264h. 50 mL of 2 M KOH was switched every 24 h, and liquid samples were
obtained every 12 h or 24 The @athode side athe CO electrolyzer was washed with
3 mL of DI water at 137 h and every 48 h starting at 168 h. Data was lost at ~100 h
due to computerailure, but electrolysis was continuously operated.

Product quantification. Gas products were quantified using a multiple gas
analyzer no. 5 gas chromatography system (SRI Instruments), which was equipped
with a MolSieve 5A column, a HaySep D column, artiexmal conductivity detector
(TCD). Outlet gas flow rates were measured with an ADM flow meter (Agilent).
Liquid products were quantified B{-NMR. After diluting the liquid products in 2 M
KOH by 1/ 20, 500 €L of the spm()ldeethylas mi X ¢
sulfoxide (DMSO; 99.9%, Alfa Aesar) in 2D, which was used as the internal

standard.
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Material characterization. SEM and EDS images were obtained with Auriga
60 CrossBeam (1.5 kV). Higtesolution XPS measurements were performed with
K-alpha Alpha Xray photoelectron spectrometer system (Thermo Fisher Scientific, 20
eV pass energy, 0.1 eV step size). All spectra were calibrated to the adventitious

carbon at 284.8 eV, and peak fitting was conducted with Thermo Avantage software.
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Chapter 6

ELECTROCHEMICAL REDUCTION OF GASEOUS NITROGEN OXIDES
ON TRANSITION METALS AT AMBIENT CONDITIONS

This chapter presents the developmentelOxRR technology that can be
conducted at high reaction rates under ambient conditGompared to existing
technologieswhich suffer from low activities at low temperatures, an electrochemical
methodconvers NOy efficiently at room temperaturdhis chapter is adapted and
reprinted from the research article tit]l
nitrogen oxides on transitionJowedathes at ar
American Chemical SocigtDOI: 10.1021/jacs.1¢10535), with permission granted by
ACS Publications.

6.1 Introduction

Nitrogen oxides (N6, which are one ofthe primary air pollutants and
greenhouse gases that are formed from combustion processes such as power plants,
chemical plantsand transportation, are largely responsible for environmental and
health issue82 Nitric oxide (NO) and nitrogen idxide (NQ)) are the major
components of NQin flue gases, and nitrous oxide »(D) is released at high
quantities from nitric acid, adipic acid, and caprolactam production pi&ntst
present, the most established ,N&batement technologies are selective catalytic
reduction (SCR) and selective noatalytic rediction (SNCR), which convert NO
into benign N.Y'3 However, the need for high temperatures (8l50r SCR and

>803 for SNCR) and a continuous supply of reductants (e.g., ammonig,(blda,
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carbon monoxide, hydrogen, etc.) yields major drawbacks for these technélbyies.
particular, NQ emissions during cold start account fioe majority of NO, emissions
in mobile sources, because conventional technologies suffer from lgwddQion
activity at near ambient temperatufe§vhile much efforthas been devoted to
lowering the operating temperatures of existing thermocatalytic approaches, achieving
high NO, reaction activity at ambient temperature remains challenging.

Electrochemical NQreduction reaction (eN®R) is an alternative approach
to convert NQ into benign N or useful chemicals (e.g., NH powered by renewable
electricity (Fig. 1). For environmental applicatioh, is the desired product because
it is nontoxic and can be emitted directly to the atmosphere, whereasiNH
preferabé whenthelocal generation of fertilizer is needed for crops. More importantly,
eNORR can be conducted at high reaction rates at ambient temperature because it is
driven by applied potential (i.e., electrical energy), as opposed to high temperatures
and pressures in conventional technologies Bifj). Furthermore, eN{RR does not
requre a continuous supply of strong reductants (e.gs)Nihich minimizes waste
stream generation and cost associated wéhsportation, storage, and injection of
hazardous reductants.While eNQRR has great potentials, most efRR studies
were conducted in a conventional batghe electrochemical céli’® where the
reaction rates were greatly limited (mostly <10 mAZ%mith porous Cu fam at ~100
mA cm?)!! due to the low dability of NOy in water (e.g., NO: 2mM andZ9: 34mM
at ambient conditions). Consequently, the mechanistic investigation ofREN®@as
also conducted at reaction rates that are orders of magnitude lower than those for
practical applications. Additionallyhe proposed reaction mechanisms of eRI® are

mainly based on experimental studies relatedh®electroreduction of nitrate and
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nitrite where NO and PD are key intermediate specfésA dedicated eN¢RR
mechanistic study is needed to understand the activity and selectivity of metal
catlysts in eNQRR at practical reaction rates (>100 mAfEm

In this work, we investigate a series of transition metal catalysts for
electrocatalytic reduction of gaseous NO an@® Mtanambient condition in a g&ed
electrolyzer configuration. Fe, Co, NCu, Pd, Ag, and Pt ashosen as representative
metal catalysts because they are common catalysts for electroreduction reaatibns
as oxygen reduction reaction and hydrogen evolution reaction (HER). Four major
products, i.e., BD, N, NHsz, and hydroxylamine (NHOH), are observed in
electrochemical NO reduction reaction (eNORR), whereass lthe main product in
electrochemical D reduction reaction (e/RR). To gain mechanistic insights, NO
partial pressure and pH effects are investigated oanddCu, representing catalysts
selective for N and NH formation, respectively. We reveal that high local NO
coverage promotes-N coupling and achieve close to 100% \NFE on Cu in acidic
electrolyte. The formation of NHis greatly favored, whereas tiN> production is
suppressed, in acidic electrolyte. Lastly, combining various electrochemical
experiments andoperando flow electrolyzer mass spectrometry (FEMS), we

determinghereaction pathways of eNORR on Pd and Cu.
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Figure6.1: Strategy for NQelectroredction at ambient condition. N@mitted from
mobile and stationary sources can be converted2torNNHs via NOx
electrolyzer using batteries or renewable electricitycih be emitted to
the atmosphere and Nldan be used as a fertilizer for crops.

6.2 Resuts and Discussion

Electrochemical reduction of NO and®l were performed in a gdsd three
compartment flow cell (FigD.2), in which NO and BD supplied directly to the
electrode surface as gas allowed for high reaction rates that were limited in a
conwentional batckype cell due to low solubility of NO and2® in water. Cathode
electrodes were prepared by depositing commercial iron (Fe), cobalt (Co), nickel (Ni),
copper (Cu), palladium (Pd), silver (Ag), and platinum (Pt) particles onto a gas
diffusion layer (GDL), which is critical for providing hydrophobicity and electrical
conductivity. Scanning electron microscopy (SEM) images of the electrodes showed
that all metal particles are evenly deposited on the GDL 8). Cu, Pd, and Ag
particles are ¥00 nm while Fe, Co, and Ni particles aretsi (Fig.D.3). In the case
of Pt, the particle size was difficult to determine due to the highly dispersed nature of

Pt on carbon; however, homogeneous dispersion of Pt on carbon was confirmed by
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energydispersve X-ray spectroscopy (EDS; FigD.4). X-ray photoelectron
spectroscopy (XPS) showed that Pd and Ag are fully metallic while Fe, Co, Ni, Cu,

and Pt are partially oxidized at the surface (Bicp).

6.2.1 Electroreduction of NO and N.O

eNORR on various metal cétats was first conducted in an alkaline
electrolyte of 0.1M NaOH+0.9M NaClJFigs. 2ac). High current densities of up to
400 mA cn? was achieved on all metal catalysts without mass transport limitation
(Fig. 2a). Contrary to literatures suggesting BMORR activity on metals with weak
binding energy? such as Ag and Au, Ag also achieved high eNORR current density,
owing to the NGsaturated environment. Compared to eNORR in a conventional
batchtype cell, which exhibited a maximum eNORR current density of 6.4 mA cm
using Pd foil (FigD.10), gasfed eNORR achieved orders of magnitude higher current

density.
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Figure6.2: NO and MO electroreduction performance on various metal catalysts. (a)
Total current density vs. potential of various catalysts, (b) Faradaic
efficiency vs. potential of Pd, and (c) Faredafficiency of various
catalysts at 0.100.02 V vs. RHE in NO electroreduction. (d) Total
current density vs. potential, (ep Naradaic efficiency vs. potential, and
(f) Faradaic efficiency at 100 mA cfrof various catalysts in 2D
electroreduction. @M NaOH+0.9M NaClQ@ was used as an electrolyte.
Detailed data is provided in Fig3.6-9, and Table®.1 and 2.

Faradaic efficiency (FE) over a wide range of potentials of Pd is shown in Fig.
6.2b. NO, N2, NHz, and NHOH were identified as the major eNORRducts. NO,
which requires only two electrons, was exclusively formed at high potentials (>0.3 V
vs. RHE), while other further reduced products, such adNN:; and NHOH, were
formed at low potentials (<0.3 V vs. RHE). In general, all metals excepCtio
followed similar eNORR selectivity trends with Pd, suggestingimilar eNORR
mechanism on those metals except for Cu (Bi§). Notably, undesired HER was
almost completely suppressed even on efficient HER catalysts, such as Pd and Pt (Figs.

6.2b ard D.6). Indeed, thermodynamic potentials of eNORR are much higher than that
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of HER (TableD.3), anda greatly enhanced ratio of available *NO relative to *H on
the surface led to effective eNORR with minimal HER.

Comparison of eNORR FEs at 0.1@.02 V vs.RHE on various metal
catalysts is presented in F§2c. A narrow potential window of 0.02 V was used in
this study, because the experiments were conducted at constant currents instead of
constant potentials that caused a small variation in appliednt@dse Similar
selectivity trend was observed over a wide range of potentialsFiy. NoO was the
dominant product for all metallic catalysts except Cu, which exhibited high selectivity
towards NH over the entire potential range (0.3V ~ 0.0 V vs. RRIgs.D.6 and 7,
and TableD.1), consistent with experimental and computational studies suggesting
that Cu is the most active and selective catalyst towards piétiuction**> This
result strongly demonstrates that Cu is an ideal catalyst for the electrochemical
production of NH. Compared to other electrochemical Nptoduction studies!-122
the highest NH production rate of 1806mol cm? h! was achieved at the lowest
potential (0 V vs. RHE) in this work (Fi@.11 and Tabld®.4).

N20 has been sugges as an intermediate for formation, and high pO FE
and low N FE on most metals suggest thatONfavors desorption over further
reduction to N (Fig. 6.2c). High NO FE even on metal surfaces with strong *N
binding energy (e.g., Fe, Co, Ni, etc.)icates that MO interacts very weakly with all
metal surfaces. Despite low2NFE, a correlation between>NFE and *N binding
energy>® in which N formation was favored on metals with strong *N binding eperg
was observed (Fid.12). The highest NFE of 23% was achieved on Fe, a metal with
the strongest *N binding energy. These results direct future research effort towards

developing catalysts with strong *N binding energy for enhancgeBN
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To compare th intrinsic eNORR activities, geometric current densities were
normalized by the electrochemically active surface area (ECSA) Bi$y8.and 14).

Pd and Pt showed one of the highest intrinsic eNORR activities at high potentials;
however, the intrinsic aetties decreased at lower potentials (<0.3 V vs. RHE) and
became comparable to other metals. Pt group metals (i.e., Pd and Pt) typically exhibit
hydrogen underpotential deposition at potentials more negative than ~0.3 V vs.
RHE?2* so eNORR activities maflave been hindered by the competitive hydrogen
adsorptionln addition, Ag exhibited a noticeably low intrinsic activity, which can be
attributed to its relatively weak binding energy. Overall, all metals showed comparable
intrinsic eNORR activities, excefor Ag with low intrinsic activity.

Interestingly, GDL without any metal catalyst also exhibited significant
eNORR activity, suggesting that carbbased materials are potentially good
candidates for eNORR (Fi§.2a). Consequently, metal sites on pregly reported
C-supported metal complexes may not be the only active sites and further
investigation is needed:>2?% Although it is not possible to deconvolute the
contribution of GDL from metal catalysts in eNORR, the active sites on the metal
catalysts are the major contributor to the observed eNORR activities, because the GDL
is almost completely avered by the metal catalysts (FiD.3) and the eNORR
activities of metal catalyst electrodes exceed that of bare GDL @=2gsc).

As mentioned above, 0 is likely a key intermediate in eNORR, and
therefore, we investigated e®RR on various metal catalysts (Figs2d-f). High
current densities for e/RR were observed on various metal catalysts @g),
and N was the only main elDRR product (Fig6.2e), confirming that BO may be

an intermediate for the formation ok fom NO. Because the required potentials for
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different metals were vastly different from each other, FEs at 100 mA am@
presented in Figs.2f for comparison. Overall, Co, Cu, and Ag exhibited highFRs
over a wide range of potentials with low HERiaties, whereas HER was prevalent
on Fe, Ni, Pd, and Pt (Fige.8 and 9). Contrary to eNORRhe capability to suppress
HER was essential for eMRR catalysts due to the relatively weak adsorption of
*N,O compared to *H! Additionally, because other reaction pathways (i.e.,
formation of NB and NHOH) were blocked and Nwas the only available eQRR
product, metalshat exhibited low N FE in eNORR showed high2NFE in eNORR.
For instance, although Cu exhibited the lowesFH in eNORR (Fig6.2c), it became
one of the most effective eNRR catalyst to produce.NThe ECSAnormalized
eN2ORR current densities revedl that Co exhibits the highest intrinsic activity, with
intrinsic activities generally following the order 6b > Cu > Ag > Fe > Ni> Pd > Pt
(Fig. D.15). Additionally, GDL showed low activity in edDRR, suggesting that the

presence of metal catalystsessential for effective eldRR.

6.2.2 NO partial pressure effect on NN coupling in NO electroreduction

To understand the reaction mechanism of eNORR, we evaluated the effect of
local NO coverage on eNORR at various NO concentrations (25%, 50%, and 100%
NO, balanced with Ar) for Pd and Cu, representing selective catalystsfan®i NH:
formation, respectively. As shown in Figi3a, eNORR product selectivity on Pd was
strongly affected by the NO partial pressure. Whif©Nnd N were major products
at high NO coverages, FE shifted towardssNidd NHOH at low NO coverages. At
25% NO, maximum Nkl and NHOH FEs of 40% and 37%, respectively, were
achieved as opposed to 14% of each at 100% NO. Cu also exhibited similar behavior

of decrease in DO and N and increase in NHand NHOH at low NO coverages (Fig.
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6.3b); however, because NHvas already the dominant product, the change was
relatively insignificant. There is a substantial amount péletected at 400 mA cRin
25% NO, whichis likely due tothe mass transport limitation of NO to the catalyst

surface.
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As shown in Figs6.3c and d, surface NO coverage has a great impact on the
rate of NN coupling. The selectivity of M coupled products (Nand NO; red)
clearly decreased, while that of singdeproducts (NH and NHOH; blue) increased
using dilute NO streams. Despite drastically different eNORR product selectivity on
Pd and Cu, they exhibited similar responses to different NO coverages. The
experimental results suggest that providing N in the vicinity of otherdy, @vailable
NO in solution, adsorbed *NO, or *N) is critical for theNNcoupling, regardless of
the choice of the catalyst. In summary, theNNcoupled and singtél products are
favored at high and low NO coverages, respectively (g and f). We lsow that
controlling the local NO availability is an effective strategy to tune the eNORR

product selectivity.

6.2.3 pH effect on NO electroreduction

pH effect on eNORR was investigated by adjusting the pH value of the
electrolyte. During eNORR, the local pH mdgviate substantially from the bulk pH
at high reaction rate$;?° because His consumed in acidic electrolyte and OBl
generated in alkaline electrolyte during eNORR. For instatifee,pH of 0.1M
HCIO4+1M NaClQy measurd at the outlet of the electrolyzer increased dramatically
from 0.95 at 100 mA criito 10.7 at 200 mA cr (Fig. D.16), invalidating the
evaluation of pH effect under these conditions. Moreover, eNORR in acid electrolytes
at high current densitig&200 mA cn¥) was similar to that in alkaline electrolytes,
further supporting that the local pH of acid electrolyte is no longer acidic at high
current densities (FidD.16). Therefore, the pH effect was evaluated at <100 mA cm
with 0.5M HCIQi+1M NaClQ; (pH=0.5), 0.1M NaOH+0.9M NaClQ(pH=12.7), and

1M NaOH (pH=14), in which the cation (i.e., N&@oncentrations were kept consistent.



To elucidate the pH dependence on eNORR, the results are presented using the

standard hydrogen electrode (SHE) scale. the SHE scale, the eNORR onset

potentials showed positive shifts in acid electrolytes on both Pd and Cu, suggesting

that eNORR is pklependent (FigD.17). Noticeably, NH FE was substantially

enhanced inhe acid electrolyte on both Pd and Cu catalystg.(6.4a). In the case of

Pd, 25% NH FE was achieved at pH=0.5, but the formation ofsNt&s almost

completely suppressed (<1% AIAE) at pH=14. In the case of Cu, nearly 100%:NH

FE was achieved with close to complete suppression of other eNORR pratlucts

pH=0.5 compared to <80% NHE at pH=14.
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Figure6.4: pH effect on NO electroreduction. (a) NFaradaic efficiency vs. potential
of Pd and Cu at different pH. Partial current deesibf N-O, NHs, and
N2 vs. potential at different pH of (b) Pd and (c) ClbNd HCIOs+1M
NaClQy (pH=0.5), 0.1M NaOH+0.9M NaClp (pH=12.7), and 1M
NaOH (pH=14) were used as electrolytes. Detailed data is provided in
TableD.6.

To further understand the pH effect, partial current densities of individual

products (NO, NHs, and N) were plotted for both Pd and Cu (Figs4b and c). In

the case of Pd, the potentials fofONand NH were shifted while that of Nwas not,

indicating that the rate determining steps (RDSs) for the formations@faNd NH

or the preceding steps are jolgpendent but not for Nproduction. Notably, N
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formation was greatly suppressed in acidic electrolyte. For e flkmation, high
Tafel slopes of 300 to 500 mV dé¢Fig. D.18) and pH dependence of® formation
suggest that the RDS may lgoverned by nowmlectrochemical steps (e.g., slow
adsorption, desorption, andNl coupling), involving proton transfer in the preceding
step.The pevious study has suggested that the formation @ follows an Eley
Rideal mechanism, in which NO in solni couples with an adsorbed *Né&?! and
recent computainal study claimed that *NNO is the most preferred pathweyEor

the N formation, different pH dependence betwee®Mnd N formations indicates
that theyeither do not share the same reaction pathways, or a step after the RDS of
N20O formation is the RDS of Nformation. Further mechanism investigation, which
will be discussed in the following section, support thatidNlikely formed via a
sequential redumn of NO to NO, followed byareduction of NO to N. In this case,
because BD has a relatively weak binding enerdyand hydrogen adsorbs strongly
on Pd surfacé a high hydrogen coverage on Pd may suppress i@ealsorption.
Lastly, pHdependence of NHreveals that the protonation step is RDS, in good
agreement with previous studi®s.Proposed eNORR mechanisms of Pd are
summarized in FigD.19.

In contrast, Cu exhibited phhdependence for X0 and N, and pH
dependence for Nd&d This indicates that the RDS§ 20 and N formations may be
the NN coupling step, whereas the RDS of Nidrmation involves the protonation
step. Based on the Tafel slopes that are close to 59 mV(Be&r D.18) and the pH
dependence of NgHfformation, we propose that the RDS of Nidrmation is a first
proton transfer step of NO (*NO +"M *NOH), with an electron transfer as the

preceding step (NO + & *P *NO). These experimental results are consistent with



computational studies, suggesting that the RDSs of Cu afdOGNormation, *N*N
formation, and *N@, *NOH for N.O, N, and NH, respectively:! Proposed eNORR

mechanism of Cu is presented in Figl9.

6.2.4 Mechanistic insight on NO electroreduction

To probe the formation of products under reaction conditions, we employed
the newly developed FEMS technique, which continuously measures gas and volatile
liquid products with great sensitivity and short response time near the electrode
surface in work using ass spectrometry (MS}:>The MS probe was located close to
the electrode surface from the gelsannel, and MS signals relevant to eNORR
products were monitored in real time on both Pd and Cu (6igae). Pd exhibited a
plateau between 0.4 and 0 V vs. RHE, similar to what was observed duihg N
electroreduction (Fig$.2d andD.20). Similarly,this is likely due to the poisoning of
the Pd surface by NOA® electroreduction intermediates or adsorbed hydrogen.
Using the FEMS technique, the consumption of M@z£30) and the production of
NHz (m/z=17), NO (m/z=44) and A (m/z=28) are evident in §s.6.5b-e. NHbOH
cannot be detected because it is nonvolatile. The onset potentialsOoarid N
formations on Pd are ~1.0 V and ~0.35 V, respectively @), while those on Cu
were ~0.80 V and ~0.46 V, respectively (Féche). The onset potentiatd N.O were

clearly higher than those of.ln both catalysts.
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Figure6.5: Mechanistic insight on NO electroreduction using flow electrolyzer mass
spectrometry and comparison of NO;\ and NHOH electroreduction.
(a) Linear sweep voltammetry (LSV) at 2 mV, b) m/z=30, and (c)
m/z=17 on Pd and Cu from FEMS during NO electroreduction. m/z=44
and m/z=28 on (d) Pd and (¢) Cu from FEMS during NO
electroreduction. MNpartial current density vs. potential using NO and
N20 on (f) Pd and (g) Cu. Nd-partial currat density vs. potential using
NO and 0.1M NHOH on (h) Pd and (i) Cu. Schematics of NO
electroreduction pathways on (j) Pd and (k) Cu. All experiments were
conducted in 0.1M NaOH+0.9M NaClO

N2 productions from eNORR and eDRR were investigated to gadalditional
insights on the Biformation pathways. In the case of Pd, thedimation in eNORR
occurred at higher potentials than that in eNORR and followed similar trends to that

from NO (Fig. 6.5f). Nonexponential behavior of Npartial current densityof
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eNoORR (Fig.D.20) is likely due to surface blocking, which was discussed earlier.
Similar Ne formation behavior strongly suggests thatidNproduced via a sequential
NO reduction to MO, followed by a further reduction of20 to No. On the other hand

N2 formation from eNORR occurred a& lower potential than that from eNORR on
Cu (Fig.6.5g). Unfavorable Nformation fromthedirect feed of MO suggests thataN
formation from NO does not go throughh@ and follows an independent parallel
pathway. N is likely formed viathe coupling of two adsorbed *N on Cu.

NHs production pathway was also investigated by comparing the
electroreduction of NO, M, and NHOH. NHz was not observed during eQRR,
and numerous studies time electroreduction of Nhave eported extremely low NH
activities”?! Therefore, NH productiors through NO and N are eliminated as the
dominant pathways. Both Pd and Cu were activehm electrochemical NFOH
reduction reaction, mainly producing NEnd B (Fig. D.21). However, the potentials
required for NHOH electroreduction were much lowéan those for eNORR to NH
(Figs.6.5h and i). Thus, NEOH is likely not an intermediate for NHormation, and
NHs has an independent reaction pathway, not involving®H for both Pd and Cu.

Based on the experimental results above, we propose poteN@RR
pathways on Pd and Cu (Figd5j and k and S19). For Pd@ is produced at the
highest FE, and N NH.OH, and NH are also produced at appreciable FEs of
approximately 20% each (Fig6.2b and c). NO, NHOH, and NH likely follow
parallel pathwayswhereas MNis formed via a sequential reduction of NO tgONand
then to N. In contrast, Cu mainly produces blkFigs. 6.2c andD.6), and all four
eNORR products (i.e., N N.O, NHOH, and NH) are possibly formed via

independent reaction pathways.
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6.3 Conclusions

In conclusion, we have demonstrated the electrochemical reduction of NO and
N2O on various transition metal catalysts at high reaction rates (400 mfAusimg a
gasfed electrolyzer configuration. Fe, Co, Ni, Pd, Ag, and Pt exhibited similar
eNORR product selectivity trends, in which®, N2, NHz, and NHOH were the main
products, whereas Cu exhibited an exceptionally high détectivity. For eNORR,
Co, Cu, and Ag achieved highoNFE at high rates, and suppression of HER was
critical.

This work further revealed new mechanistic insight on eNORR using Pd and
Cu, representing catalysts selective foradd NH; formation, respectively. High and
low NO coverages on the catalyst surfdaeilitated the formation of NN coupled
products (i.e., DO and N) and singleN products (i.e., NEl and NHOH),
respectively. Moreover, NHand N productions were substantially enhanced and
suppressed, respectively, in acidic electrolytes for both B€arClose to 100% Nkl
FE was achieved on Cu in acidic electrolytes. Based on the studies of the pH effect,
FEMS, and comparison of electroreduction of NQONand NHOH, we revealed
mechanistic insights of 2D, No, and NH formation and showed that Rad Cu likely
follow different reaction pathways. This work offers an alternative strategy to

electrochemically abate N@missions at ambient condition.
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6.4 Experimental methods

Electrode preparation. Pd foil (99.9%, Sigmaldrich) attached to a nickel
wire with Ag paint (SPI Supplies) was used as a cathode for a batch cell testing.
Commercial Fe (B & m, 9 8 %, Al fa Aesar), Co (1.3
Nanomaterials), Ni (70 nm, 99.9%, US Research Nanomaterials), Cu (25 nm; Sigma
Al drich), P d SigmaAldrichynAg (<L@0.nA,%9.5%, Sigmaldrich),
and Pt/C (5 wt%, 99.99%, Alfa Aesar) were used as cathode catalysts. Catalyst inks,
consisting of 3 mg of catalyst and 20 ¢lL
water) in 3 mL of isopropanol, wererscated for over 30 min, and were drogsted
onto a Sigracet 39 BC GDL (Fuel Cell Store) to obtain 0.25 mg lwading of
catalyst. IrQ anode was prepared with commercial Jdr(®9.99%, Alfa Aesar) by
following the same procedure tee cathode. NiFe arde was prepared by following a
previously reported procedufeln short, Ni and Fe were electrodeposited onto Ni
foam (99.99%, 1.6 mm thickness, MTI Corporation) usieg electrolyte bath
containing 3mM nickell{) nitrate hexahydrate (Ni(N§pTBH20, SignaAldrich) and
3mM iron (ll) nitrate nonahydrate (Fe(NJ3PH20, SigmaAldrich).

Electrochemical experiment. Flow cell electrochemical testing was
conducted in a gaed threecompartment flow electrolyzer withn electrode area of
1 cnt and channel dimensions of 2 cm by 0.5 cm by 0.15 cm [FR). Fumasep
FAA-3-50 (Fumatech) and Nafion 117 (Fuel Cell Stor&€revused as separators for
alkaline and acidic electrolytes, respectively. NiFe ancd m@odes were used for
alkaline and acidic electrolytes, respectively. Sodium hydroxide (NaOH; Fisher
Chemical), sodium perchlorate (NaGJOFisher Chemical), and perchic acid
(HCIOs4;, 70%, SigmaAldrich) were used to make 1M NaOH, 0.1M NaOH+0.9M
NaClQs, 0.1M HCIO+1IM NaClQ, and 0.5M NCI@+1M NaClG.. NaClQy was
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chosen to keep the Naoncentration consistent because £lfdes not adsorb on the
electrode surface and e® not change the electrolyte pHBoth catholyte and anolyte
were flowed at 0.9 mL mih using peristaltic pumps (Cole Parmer). NO (99.5%,
Praxair) and BNO (99.99%, Keen Gas) were flowed at 10 mL timsing MKS
GM50A mass flow controllers. For N@H electroreduction, 0.1M NEDH (50 wt%

in H20, SigmaAldrich) in 0.1M NaOH+0.9M NaCl®@was used as catholyte, and Ar
(Keen Gas) was flowed at 10 mL riin

Batch cell electrochemical testing was conducted in a conventicoall KFig.

D.10). Pd foil, NiFe, and.1M NaOH+0.9M NaCl® were used as cathode, anode,
and electrolyte, respectivelfhe athode chamber was tightly sealed, with an outlet
connected to gas chromatography (GThe dir bar was stirred at 900 rpnThe
electrolyte was purged with NO for 30 miand NO was flowed at 5 mL mirduring
electrolysis. The dectrolyte was collected for each data point, and the catholyte
chamber was cleaned with deionized water #relelectrolyte was replenished for
each test.

Chronopotentiometry and LSV experimemisre conducted with an Autolab
PG128N. Potentials were measured after the potentials stabilized. LSV was measured
at a scan rate of 2 mVv!s For alkaline and acidic electrolytes, potentials were
measured using Hg/HgO (Pine Research) and Ag/AgCl (PineaRdy reference
electrodes, respectively. The potentials were converted to RHE or SHE scales using E
(vs. RHE) = E (vs. Hg/HgO) + 0.098V + 0.0591 V x pH , E (vs. SHE) = E
(vs. Hg/HgO) + 0.098V- — , or E (vs. SHE) = E (vs. Ag/AgCl) + 0.209V
- . The pH was measured with a pH meter (Apera Instruments) at the outlet of

the catholyte. In the case of 1M NaOH, a theoretical pH value of 14 was used due to
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the pH meter error associated withgliconcentration of Naand high pH. The
potentials were post Horrected 100% manually with the resistance measured using
the curreninterrupt method (TablB.7).3’

ECSA was determined by measuring double layer capacitangg® {@r Fe,
Co, Ni, Cu, Pd, and Ag, and conducting a CO stripping experiifentPt (Fig.D.13).
Ca was measured in an Awurged 0.1M potassium bicarbonate (KH{L@t non
Faradaic potential regions imaHd-cell. Typically, cyclic voltammetry (CV) was
condwcted at various scan rates at a 100 mV window near open circuit potential.
Cathodic and anodic currents measured at the center of the potential window was
averaged and plotted against scan rates. Slopes correspond@dTioeGoughness
factor was calculed by normalizing the & of metal particles deopsited on GDL by
those of corresponding metal foils. Fe foil (99.99%, Alfa Aesar), Co foil (99.95%,
Alfa Aesar), Ni foil (99.994%, Alfa Aesar), Cu foil (99.9999%, Alfa Aesar), Pd foil,
and Ag foil (99.9%, ymaAdirich) were used as references. Metal foils were
mechanically polished with sand papers, dipped in 1M hydrochloric acid (HCI; Fisher
Chemical), and washed with deionized water prior to measurement. 0.1M KME&O
prepared by purging GO(Matheson, 9999%) into potassium carbonate>QOs;
99%, Alfa Aesar) solution, which was purified using a Chelex 100 sodium salt (Sigma
Aldrich).

CO stripping experiment was conducted in 0.1M HCI® an H-cell. After
purging the electrolyte with CO for 10 min, CO wadsorbed on the Pt surface by
holding the potential at 0.37 V vs. RHE for 30 min while continuously flowing CO.

Then the Hcell was purged with Ar for 10 min, and CV was conducted from 0.07 V

11€



vs. RHE to 1.47 V vs. RHHE he targe ofthe CO oxidation peakvas calculated, and
the roughness factor was determined by normalizing with £26n12,

Product quantification. eNORR gas products (i.e.,2®, N, and H) were
guantified using a multiple gas analyzer no. 5 gas chromatography system (SRI
Instruments). Gas products were separated using a MolSieve 5A and a HaySep D
column and detected using a thermal conductivity detector (TCD) and a flame
ionization detector (FID). Outlet gas flow rates during NO ap@® Mlectroreduction
were measured via eotameter (King Instrument) and a flow meter (Agilent),
respectively. Some gas products may have exited the electrolyzer with the electrolyte,
accounting forthe small amount of missing FE. For flow cell testing, eNORR liquid
products were collected wittme catholyte at the outlet of the catholyte channel and
0.1M HCIOs acid trap connected at the outlet of the gas channel. Electrolyte pi&d had
great impact on the amount of MNH4" collected at the acid trap (Fi@.22). A
substantially greater amount ®dHs/NH4" was collected at the trap, because the
equilibrium of NH and NH" is dependent on the electrolyte pH, and gaseousi®NH
favored at high pH° For batch cell testing, eNORR liquid products were collected
with electrolyte in the catholyte chambé@atholytes and acid traps were neutralized
with NaOH or HCIQ and diluted accordingly.

NHs was quantified by indophenol blue metfbdsing U\tvis spectroscopy
(Nanodrop 2000, Thermo Scientific), measuring absorbance from 190 nm to 840 nm.
500 ¢ L inefhypazHlokita solution (A1727, Sigafal dr i ¢ h) and 500
phenol nitroprusside solution (P6994, Sigh& dr i c h) were added t
neutralized and diluted sample. After incubating in the dark at room temperature for 1

h, t he absor btaensample that w&s loaded ootd the pedestal was



recorded. The absorbance at 630 nm was subtracted from the baseline absorbance at
830 nm. The calibration curves were generated with different concentrations of
ammonium hydroxide (NEDH; 28.630.0%, Sigm&Aldrich) in 0.025M
NaOH+0.225M NaCl®@+0.025M HCIQ.

NH>OH was quantified by a procedure adjusted from a previously reported
method? using U\tvis spectroscopy, measuring absorbance from 190 nm to 840 nm.
Solution of sodium acetate and acetate (SAA) wasagpeebby mixing 96 mL of 1M
sodium acetate (99%, Sigmddrich) and 114 mL of 1M acetic acid (99%, Sigma
Aldrich). SAA was stored in the refrigerator & 4 Solution of NHFe(SQ).BH20
(ferric ammonium sulfate; FAS) was prepared by dissolving 964.4 mgifrAG0 mL
of 0.1M hydrochloric acid (HCI; Fisher Chemical). Solution of 1;ph@nanthroline
(1, 16Phe; SigmaAldrich) was prepared by dissolving 901.1 mg 1Pte in 100 mL
of 1M acetic acid (99%, Sigmal dr i c h) . 100 cthedilotédsampeut r al i z
was mixed with 100 eL of SAA, -Phed Aftere L of
incubating in the dark at room temperatur
sample that was loaded onto the pedestal was recorded. The absorbance at 510 nm was
subtractedfrom the baseline absorbance at 800 nm. The calibration curves were
generated with different concentrations of XHH in 0.025M NaOH+0.225M
NaClQy+0.025M HCIQ.

Flow electrochemical mass spectrometry (FEMS)FEMS was conducted
using an identical setup andopedure reported in our previous stdéiyn short,a
capillary tube witha PTFE membrane was placed at the surface of the electrode from
the gas channel to probe gaseous and volatile liquid products with MS during eNORR.

After assigninghe m/z=44signal to NO, contributions of MO to the m/z=30signal
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and m/z=28 signal were subtracted to obtain the contributions of NO apd N
respectively. After assigninghe m/z=18 signal to HO, contributions of KO to
m/z=17were subtracted to obtain the camdtions of NH.

Material characterization. SEM and EDS images were taken with Auriga 60
CrossBeam (1.5 kV). Highesolution XPS measurements were conducted avkh
alpha Alpha Xray photoelectron spectrometer system (Thermo Fisher Scientific, 20
eV passenergy, 0.1 eV step size). XPS C1s peaks were referenced to adventitious

carbon at 284.8 eV, and peaks were fitted with Thermo Avantage software.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

In this thesis, electrochemical routes to convert greenhouse gases and air
pollutants, such as GOCO, and NG, have been studied from both fundamental and
practical poins of view. Lessons learned from theseidsés can guide the future
improvement of sustainable electrochemical conversion technologiesmpletelist
of manuscripts written ahe University of Delaware is summarized in Appendix F.

In Chapter 3, we investigated the impact of various,Nludng NO, NQ,
and NO, on eCORR using three model electrocatalysts (i.e., Cu, Ag, and Sn). We
demonstrated that the presence ofxNGp to 0.83%) in the CPOfeed leads to a
considerable FE loss in eGRR, which is caused by the preferential electrorednctio
of NOx over CQ. The primary products of eNBR included NO, N., NHs, and
NH2OH. Despite the loss in FE, the electrocatalysts exhibited similarRRO
performances after pure G&ed is restored, indicating a negligible letegm impact
of NOx on the catalytic properties of the model catalysts.

In Chapter 4, we synthesized a wide range of homogeneously alloyed Cu
based bimetallic nanoparticles regardless of the thermodynamicsaibihty and
investigated these electrocatalysts for eCORR at commercially relevant current
densities (>100 mA crf). Cw oNio.1 showed the highest.Cproduct FE of ~76% with
an acetate partial current density of ~93 mAZciwhich was an improvement ave

pure Cu. The ability to overcome thermodynamic immiscibility in multimetallic
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synthesis offers freedom to design and synthesize new functional nanomaterials with
desired chemical compositions and catalytic properties.

In Chapter 5, a twatep CORR for ®lective acetate and ethylene production
was developed. Cand CO electrolyzers were first optimized to obtain high FE, low
potential, long stability, and high conversion. Next, two electrolyzers were integrated
with a CQ trap in between and were opedhtguccessfully for 200 h. Flooding and
salt formation remains the biggest challengenfore extendedperationfor both CQ
and CO electrolyzers. Moreover, fitre CO electrolyzera more effective CQtrap to
eliminate any C@from reaching the CO eleadlyzer and elimination of Fe crossover
can also improve the stability.

In Chapter 6, an electrochemical pathway to convert &@oom temperature
was developed. Various transition metals were evaluated for the electrochemical
reduction of NO and PO to reveal the role of electrocatalyst in determining product
selectivity. Specifically, Cu was highly selective towardadétmation with >80% FE
in eNORR. Furthermore, the partial pressure study of eNORR revealed that a high NO
coverage f aci Ipling raactiers In acliie elektiolites,che tormation of
NHsz is highly favored, whereas the >Nproduction is suppressed. Additional
mechanistic studies were conducted using FEMS to gain further insights into reaction
pathways. This work provides a promigiravenue toward abating gaseous xNO

emissions at ambient conditions by using renewable electricity.

7.2 Recommendations
This section presents recommendations for future resbassd on the studies

conducted in this thesis.
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7.2.1 Development of impurity-resistant CO2 electroreduction electrodes

In Chapter 3, the effect of NOn eCQRR was studiedlt showed that the
presence of NQreduces the FE of eGRR due to the preferential reduction of NO
over CQ. With growinginterest in research towargsactical application of eCRR
in recent years, the impact of many other gaseous impurities (e.g.Oga@tc.) in
eCQRRis now relatively well understootl? SO, NOy, and Q reduce the efficiency
of eCO:RR due to the preferential conversion of impurities on most catalysts (e.g., Ag,
Sn, Cu, and Aywhile SQ also steers eGER selectivity towards formate on Cu due
to the formation of copper sulfides. In general, trace amounts of impurities will likely
be present even after the separation proegascomplete elimination of the impurity
will be costly. Thereforean impurity-resistant eCeRR process is highly desired
integrateeCORR with CQ captured from point sources.

Deactivation and loss in dermance due to impurities have been studied in
existing technologies for many yedrsThus, insights and strategies to manage
impurities can be adapted to e§RR. One approach is to develop impuiggistant
catalysts viathe incorporation of secondary metals. Secondary metals may act as
sacrificial metal to capture ¢himpurity. For instance, SCtolerance in selective
catalytic reduction (SCR) was improved on-@edified Mn/TiQ; catalyst because
CeQ acted as ra SO, collector® Furthermorean additional ionomer or adsorption
layer can be applietib the catalyst to manipulate the transport of each gas. For
example, Qtransport was selégely slowed down relative to C(by the addition of
hydrated hydrophilic ionomer coating and allowed fefr€sistant eCERR 3 Lastly,
many studies on impurities have been conducted in egthéi-type cell or three

compartment vapeied electrolyzer; however, MEA is likely the best cgufiation
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for practical application due to minimal resistance and potential. Thus, condilneing

research mentioned abowsing MEA electrolyzers is recommended.

7.2.2 Mitigation of bi/carbonate formation in CO 2 electroreduction

In chapter 5, a twstep eCGRR process was developed. Although the
proposed system minimizes the £@ss due to bi/carbonate formation for the
formation of the @: product it does not fully address the problem. Because CO
reacts with locally generated QHhe maximum C@&to-CO convesion is limited to
50%, assuming carbonate as the dominant charge carrier, in thedg€@olyzer using
an anion exchange membrah&node gas stream now contains a mixture o G
Oz, which adds separation cost to the eRR process. Therefore, strategies to
achieve higher Cg&conversiorareneeded.

With more researchers reafig the importance of achieving higher €0
conversion, innovative approaches to mitigate carbonate formations have been
proposed in recent years. As locally generated @iisumes Cg) creatinga non
alkaline condition to regenerate €3 key to these appaches. For instance, Sargent
and ceworkers conducted eGBR in strong acid, in which concentrated potassium
cations played key roles in enabling e®® over HERE Bipolar membranes (BPMs)
or cation exchange membranes (CEMs) can prevent carbonate crossover and
regenerate COwith protons provided at the membrane interface. Sinton and co
workers created a permdéabCQ regeneration layer, in which anion exchange
polymer createdh locally alkaline environment, blocked protons from reaching the
catalyst surface, and allowed for local regeneration of &Cthe CEM interfacé.
However, these approaches often suffer from high potentials and HER, so future

research should focus on improving these performance metrics. Additionally, high

12¢



CQO, conversion and reduced separation cost are obtained at the expense of higher
potential andHER, soa detailed techne@conomic analysis to determine the more
promising electrolyzer configuration may be beneficial.

Tandem electrolysis, coupling solid oxide electrochemical cells (SOEC) with
room temperature CO electrochemical cells, is anothemipmog option. This
approach allows for the carbondtee CQ conversion, avoiding C£)O, separation,
at higher energy efficiency. However, the operating temperature of the SOEC is
relatively high (typically around 808 ), and CQ-to-CO conersion is still <50%,
imposinga large burden on the GO separator. Upon improvement, this approach

may be a viable option fmommercializinghe CQ-to-C»+ products process.

7.2.3 Scaleup of COz electrolyzer

With the rapid development of eGBR technologythere has been immense
interest inthe commercial application of the technology. Many companies, including
Twelve, CERT, Dioxide Materials, and Siemens, have started commercializing
eCQORR technology. Until now, most eGRR studies have been conductediitab
scale (typically <5 crf); however, scakeip and investigation of various phenomena
associated with scal@ are critical to bridgg the gap between laboratory and
industry. For instance, pressure drop and temperature management are often neglected
in a small scale, buhey must be considered for a largeale systemThe hgh
pressure drop will increaske energy require to maintain the gas flovand poor heat
management will overheat the electrolyzer. Effect of these parameters eRR@0a
largescale must be understqahd strategies to maintamreliable performancat a

largescale need to be developed.



7.2.4 Towards practical application of electrochemical NG conversion
technology

In chapter 6, an electrochemical route to converk N€ng various transition
metal catalysts at room temperature was developed. Although the study presented a
promising alternative method to abate gaseous &fissions at ambient conditions
using renewable electricity, this technology is still at an early stage and must address
several key technical challenges for practical application.

First, high selectivity towards Nis desired for the application in mobile

souces, since B can be emitted directly to the atmosphere. Several recent
publications, including our work presented in Chapter 6, have shown selective
conversion to NElfrom NO, but selective conversion te Kemains a challenge. A
systematic screening tfansition metal catalysts (i.e., Fe, Co, Ni, Cu, Pd, Ag, and Pt),
also presented in Chapter 6, exhibited an increasigB\trend with increasing *N
binding energy. Thus, electrocatalysts with stronger *N binding energy may be
favorable toward B formation. Nonetheless, a detailed computational study is also
needed to guide the rational catalyst design toward selectivefoidnation.
Additionally, the effect othe microenvironment on Nformation can be investigated.
For instance, since NHformation is $&ongly pHdependent, limiting local
proton/water concentration may inhibit MHormation and promote Nformation.
Using more hydrophobic ionomer/suppbrtlarge cations (i.e., Cp with smaller
hydration she#,*>*3and electrolytes with high pH may be effective.

Second, eNGRR must be conducted at realistic N€ncentrations. NQin
exhaust gasess typically <1% (mostlyat 1,000 ppm level}? so effective NQ
delivery to tle catalyst surface is critical to achigy high conversion. For comparison,

conventional SCR exhibita high NO« conversion of >90%° For an electrochemical
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reactor design, flow field patterns (i.e., parallel, serpentine, interdigitated, etc.)
geometric parameters (e.g., depth, number of channels, corner angle, etc.), and
pressurization will play critical roles in effective gas delivery. Furthermore, high local
NOx concentration relative to water must be maintained to minimize HER. HER will
likely dominate at high NfOconversion since available N@t the catalyst surface will
be limited. Previously mentioned strategies (i.e., hydrophobic ionomer/support, large
cation, high pH, etc.) to enhance NO water ratio must be implemented.

Lastly, the effect of other gases in the exhaust gas stream must be understood.
Realistic exhaust gas consists of (N75%), Q (~10%), CQ (~10%), HO (<5%),
CO (<10%), NQ (<1%), and S (<0.1%)!* N is difficult to activate in
electrochemical systems, but,GCO;, H20, CO, NQ, and SQ can all be easily
electrochemically activated, depending on operating conditions. In addition to the loss
in eNORR performance due to the preferential reduction of other gasksge
amount of HO, either directly from exhaust gas foom oxygen reduction reaction
(O2+4H"+4€eA 2H20) may flood the electrode, blocking N®ansport, and SOmay
poison the catalyst. Therefore, future research can be dedicated to developing
strategies to selectively convert N the presence of other gases while resisting the

poisoning of the catalyst.
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Appendix A

SUPPLEMENTARY INFORMATION FOR CHAPTER 3: IMPACT OF
NITROGEN OXIDES ON ELECTROCHEMICAL CARBON DIOXIDE
REDUCTION

TableA.1: Standard potentials for GRR, HER, NQRR, NORR, and BORR3

Standard
Reactions potential
(V vs. RHE)
CO; + 2H" + 2eP HCOOH -0.250
COx+ 2H" + 26P CO + HO -0.106
CO.RR 2COx + 12H + 126P CoH4 + 4H:0 0.064
2COx + 12H + 12eP CyHsOH + 3HO0 0.084
3CO» + 18H + 186P C3H7OH + 5H0 0.095
CO; + 8H"+ 8eP CHs+ H.O 0.169
HER 2H'+ 2eP H: 0
NO, + 7H" + 76 P NH3 + 2H,0 0.80
NO, + 2H" + 26 P NO + H,0 1.05
NO2RR NO2+ H"+€eP HNO: 1.10
2NO; + 6H" + 66 P N2O + 30O 1.23
2NO; + 8H" + 8P N2 + 4H,0 1.36
NO + 3H + 3e P NH.OH 0.38
NO + 5H + 56 P NH3z + H.O 0.71
NORR 2NO +2H +2eP N2O + H0 1.59
2NO + 4H + 4e P N2 + 2H.0 1.68
N2ORR N0 + 2H + 2eP N2+ H0 1.77
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FigureA.1: SEM images of (a) Cu, (b) Ag, and (c) Sn electrodes before electrolysis.
Metal particles are deposited uniformly on GDL.

s T
| Gas

reactant products

Cathode

Liquid

Catholyte =m—— oroducts

Membrane
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FigureA.2: Schematic of the threeompartment flowcell. CQ gas is fed to the
electrodeelectrolyte interface without mass transport limitation, enabling
CO2RR at high current densities.
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TableA.2: CO; electroreduction performance with the introduction of 0.83% NO
impurity at 0.5 h for 0.5 h on Cu cataly#ta consint current density of
100 mA cn?in 1M KHCOs for 3 h.<3% FE of formate was detected
from the anolyte side.

Faradaic efficiency (%)

Time (] Feed H, CH4 CO CH4EtOHAcetatePrOHFormat¢Total
0.17 83.3% CQ 13.72.534.£16.2 9.0 0.7 5.0 9.1 905
0.39 and 16.7% Ar 14.42.334.1152 70 0.7 4.1 100 87.6

0.67 83.3% CQ, 15.87% Ar14.€1.019.€ 7.7 3.0 03 14 6.7 545
0.89 and0.83% NOinAr15£1118¢€70 23 02 15 7.1 537

1.2 19.€2.330.€13.7 49 05 39 111 86.9

14 20.62.128.213.7 5.8 05 4.0 122 86.9
0

1.8 aﬁngA)?gpoAr 21.€2.827.€126 5.0 0.7 41 132 87.7

2.3 ' 22.£2427€129 53 06 34 134 883

2.8 2412527121 44 0.7 35 13.0 884

TableA.3: CO; electroreduction performance with the introduction of 0.83% NO
impurity at 0.5 h for 0.5 h on Ag catalyst a constant current density of
100 mA cr?in 1M KHCOs for 3 h. <2% FE of formate was detected
from the anolyte side.

Faradaic effi@ncy (%)

Time (h) Feed H> coO Formate Total
0.17 83.3% CQ 8.0 83.1 3.7 94.8
0.39 and 16.7% Ar 10.0 79.2 3.7 92.9

0.67 83.3% CQ, 15.87% Ar, 6.3 53.1 2.9 62.3
0.89 and 0.83% NO in Ar 7.5 54.4 3.6 65.5
1.2 11.1 76.6 5.2 92.9

1.4 53 3% CO 116 775 63 954
070

1.8 gt 120 736 74 930

2.3 134 711 79 924

2.8 145 698 86 929
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TableA.4: CO; electroreduction performance with the introduction of 0.83% NO
impurity at 0.5 h for 0.5 h on Sn catalydta constant current density of
100 mA cm¥in 1M KHCOsfor 3 h.5-10% FE of formate was detected
from the anolyte side and is included in tbamate FE.

Time () Feed Faradaic efficiency (%)

Ha CcO Formate Total
0.17 83.3% CQ 4.6 3.8 88.1 96.6
0.39 and 16.7% Ar 4.5 4.3 81.4 90.3
0.67 83.3% CQ, 15.87% Ar, 4.2 3.9 55.4 63.5
0.89 and 0.83% NO in Ar 4.6 4.0 54.0 62.7
1.2 5.0 5.1 80.0 90.1
1.4 83.3% CG 5.6 5.2 78.1 88.9
1.8 and 16.7% Ar 7.4 5.2 76.3 88.9
2.3 8.1 5.1 77.8 91.0
2.8 9.0 55 76.9 91.4

TableA.5: Conversion of NO during CO2RR with the introduction of 0.83% NO,
assuming NO isfully converted to NH 6 € & 0 Qi b Q¢ ¢

p m&kull conversion of NO to

NHs requires 57.4 mA.

Catalyst Cu Ag Sn
Conversion (%)| 59.1 | 51.6 | 48.7
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FigureA.3: Cyclic voltammogramsn (a) Cu, (b) Ag, and (c) Sn catalysts in 1M
KHCOs under 83.3% C®and 16.7% Ar, and 83.3% GO15.87% Ar,
and 0.83% NO. Scan rate: 50 mV. SOnset potentials and cathodic
currents shifted tomore positive potentials when 0.83% NO was
introduced, suggesting that NORR is more favorable thasfRB®n all
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FigureA.4: Cyclic voltammogramsn (a) Cu, (b) Ag, and (c) Sn catalysts in 1M
KHCOs under different concentrations of NO in Ar. Scan rate: 50 fhV s
Onset potentials of NORR are more positive thanRK) and shifts in
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CV measurements suggest that NORR is mass transport limited.
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FigureA.5: Faradaic efficiency and applied potential vs. timiéh 83.3% CQ and
16.7% Ar on (a) Cu, (b) Ag, and (c) Sn catalysts at a constant current
density of 100 mA cnmiin 1 M KHCG; for 3 h. H Faradaic efficiency
increases over time due to slow flooding of the electrode, suggesting that
NOx is not responsiblér the B FE increase.

TableA.6: Loss in Faradaic efficiency during GCQelectroreduction with the
introduction of different concentrations of NO on Cu, Ag, and Sn

catalysts.
Concentrations of NO (% Cu (%) | Ag (%) | Sn (%)
0.0083 0.4 0.6 1.4
0.083 3.2 3.2 3.8
0.83 33.9 29.6 27.9
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FigureA.6: Faradaic efficiency andpplied potential vs. time on (a) Cu, (b) Ag, and (c)
Sn catalysts at a constant current density of 100 mAiom. M KHCO;s
for 3 h. Gas feeds were 83.3% £&hd 16.7% Ar, and 83.3% GQ1L5.87%
Ar, and 0.83% N@(yellow). 0.83% NQ was introduced at 0.5for 0.5
h. Corresponding Faradaic efficiencies are provided in Tahl&.
Error bars represent the standard deviation of three independent
measurements. Faradaic efficiency decreases with the introduction of
NO: on all three catalysts.
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TableA.7: CO; electroreduction performance with the introduction of 0.83% NO
impurity at 0.5 h for 0.5 h on Cu cataly#ta constant current density of
100 mA cn?in 1M KHCOs for 3 h.<3% FE of formate was detected
from the anolyte side.

Time Feed Faradaic effiency (%)

(h) H> CHs CO CH4EtOHACcetatePrOHFormateTotal
0.17 83.3% CQ 11.43.530.421.4 89 11 44 49 86.0
0.39 and 16.7% Ar  13.74.130.218.2 89 12 46 56 86.6
0.67 83.3% CQ, 15.87% 14.€2.319.275 45 05 34 50 572
0.89 A

and 0.83% N@in Ar 17.€2518.17.3 42 06 33 47 584

1.2 20.23.927.€152 65 0.7 42 7.2 854
1.4 21.€3.127.€159 59 08 39 8.2 873
1.8 aﬁii??cé/?Ar 24.3.326.€144 6.0 09 43 9.1 8838
2.3 ' 25.13.426.115.3 5.3 0.7 3.0 9.3 881
2.8 27.43.126.C14.1 47 08 36 9.7 894

TableA.8: CO electroreduction performance with the introduction of 0.83% NO
impurity at 0.5 h for 0.5 h on Ag catalyst a constant current density of
100 mA cn¥in 1M KHCGOs for 3 h. <2% FE of formate was detected
from the anolyte side.

Faradaic effiezncy (%)

Time (h) Feed H, CO Formate Total
0.17 83.3% CQ 42 823 54 92.0
0.39 and 16.7% Ar 44 819 6.0 92.3

0.67 83.3% CQ, 15.87% Ar, 4.2 59.0 4.0 67.3
0.89 and 0.83% N@in Ar 4.8 56.8 4.3 65.8

1.2 69 781 59 909

1.4 83 779 63 925
0

1.8 aﬁﬁ'ig’%@” 89 773 7.0 932

23 70 94 762 6.8 924

2.8 10.2 742 7.0 914



TableA.9: CO; electroreduction performance with the introduction of 0.83% NO
impurity at 0.5 h for 0.5 h on Sn catalydta constant current density of
100 mA cm¥in 1M KHCOsfor 3 h.5-10% FE of formate was detected
from the anolyte side and is included in the fatenFE.

Faradaic efficiency (%)

Time (h) Feed H, CO Formate Total
0.17 83.3% CQ 40 3.9 827 90.6
0.39 and 16.7% Ar 40 38 814 892

0.67 83.3% CQ, 15.87% Ar, 3.1 42 625 69.8
0.89 and 0.83% N@inAr 2.8 44 60.8 679

1.2 40 55 80.9 90.4
1.4 50 55 82.8 93.3
0,

1.8 S 58 57 8l1 925

2.3 ' 6.2 5.8 80.3 92.2

2.8 74 6.2 80.6 94.2
a 100 HO83% N0 (ST b 100 H0-83% N0 A o c 100 00
g 1'”-53 g 30:: ;-05913 £ o] 058
% i .0‘2 %soﬁﬂ O’E % - g
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Figure A.7: Faradaic efficiency and applied potential vs. time on (a) Cu, (b) Ag, and
(c) Sncatalysts at a constant current density of 100 mA ém1 M
KHCOs for 3 h. Gas feeds were 83.3% £&nd 16.7% Ar, and 83.3%
CO, 15.87% Ar, and 0.83% 4O (blue). 0.83% MO was introduced at
0.5 h for 0.5 h. Corresponding Faradaic efficiencies are prdvide
Tables A.10-12. Error bars represent the standard deviation of three
independent measurements. Faradaic efficiency decreases with the
introduction of NO on Cu and Ag catalysts, whilex® has negligible
effect on Sn catalyst.
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TableA.10: CO; electroredudbn performance with the introduction of 0.83%N
impurity at 0.5 h for 0.5 h on Cu cataly#ta constant current density of
100 mA cn?in 1M KHCOs for 3 h.<3% FE of formate was detected
from the anolyte side.

Faradaicefficiency (%)

Time (h) Feed H, CH4 CO C,H4 EtOH Acetate PrOH Formate Total
0.17 83.3% CQ 15018352139 56 03 3.7 105 859
0.39 and 16.7% Ar 16.91.733.0128 52 03 3.3 142 875

0.67 833%CQ, 15.87%Ar,19.61.42949.2 33 0.2 23 104 757
0.89 and0.83% MOiInAr 2241627686 36 02 22 107 77.0

1.2 23.221284124 46 04 31 138 88.1

1.4 83.3% CO 23.32525.6120 45 03 31 16.2 875
. 0

1.8 and 16.796 A  26:12.624.1115 44 05 3.0 152 875

2.3 27435230112 44 05 3.0 164 894

2.8 28441223117 43 06 3.1 143 8838

TableA.11: CO; electroreduction performance with the introduction of 0.839% N
impurity at 0.5 h for 0.5 h on Ag catalyst a constant current density of
100 mA cr?in 1M KHCOs for 3 h. <2% FE of formate was detected
from the anolyte side.

Faradaic effiency (%)

Time (h) Feed H, CO Formate Total
0.17 83.3% CQ 35 849 4.4 92.8
0.39 and 16.7% Ar 47 83.9 4.6 93.2

0.67  83.3% COQ, 15.87% Ar, 5.4 73.4 4.4 83.3
0.89 and 0.83% RO InAr 6.1 73.3 5.0 845

1.2 71 807 53 931

1.4 3 3% Co 7.7 808 6.0 945
.07/0

1.8 o2, 85 802 65 952

2.3 10.1 769 7.4  94.4

2.8 115 751 85 951
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TableA.12: CO; electroreduction performance with the introduction of 0.839%@ N
impurity at 0.5 h for 0.5 h on Sn catalydta constant current density of
100 mA cm¥in 1M KHCOsfor 3 h.5-10% FE of formate was detected
from the anolyte side and is included in tbamate FE.

Faradaic efficiency (%)

Time (h) Feed H, CO Formate Total
0.17 83.3% CQ 49 3.9 85.4 94.3
0.39 and 16.7% Ar 49 54 78.7 89.0

0.67 83.3% CQ, 15.87% Ar, 4.9 4.6 77.6 87.1
0.89 and 0.83% MOINAr 48 4.9 76.6 86.2

1.2 51 4.8 76.2 86.1

1.4 83.3% CO 59 5.2 7.7 88.7
. 0

1.8 and 16.7% Ar 73 5.2 76.0 88.5

2.3 9.0 54 73.1 87.5

2.8 109 5.7 71.8 88.4
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FigureA.8: Cyclic voltammogramsn (a) Cu, (b) Ag, and (c) Sn catalysts in 1M
KHCOs under 83.3% C®and 16.7% Ar, and 83.3% G0O15.87% Ar,
and 0.83% N@ Scan rate: 50 mVs Onset potentials and cathodic
currents shift to more positive potentials when 0.83% NGntroduced,
suggesting that NSRR is more favorable than GRR on all three
catalysts.
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FigureA.9: Cyclic voltammogramsn (a) Cu, (b) Ag, and (c) Sn catalysts in 1M
KHCOs under different concentrations of N@ Ar. Scan rate: 50 mV's
1. Onset potential of NGRR are more positive than GRR, and shifts
in CV measurements suggest thatRB is mass transport limited.
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FigureA.10: Cyclic voltammogramsn (a) Cu, (b) Ag, and (c) Sn catalysts in 1M
KHCOs under 83.3% C®and 16.7% Ar, and 83.3% GO15.87% Ar,
and 0.83% MO. Scan rate: 50 mVs Onset potentials and cathodic
currents shift to more positive potentials whefONs introduced on Cu
and Ag catalysts, suggesting thai{ORR is more favorable than GRR
on Cu &ad Ag catalysts. PO has negligible effect on Sn catalyst.
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FigureA.11: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M

TableA.13:

KHCO3 under different concentrations of N20O in Ar. Scan rate: 50 mV
s-1. Onset potentials of JDRR are morgositive than CERR and shifts

in CV measurements suggest that N2ORR is mass transport limited on
Cu and Ag catalysts.J has negligible effect on Sn catalyst.

Loss in Faradaic efficiency during GQCelectroreduction with the
introduction of 0.83% K, 0.83% NQ, and 0.83% KO on Cu, Ag, and
Sn catalysts.

Impurity | Cu (%) | Ag (%) | Sn (%)
NO 33.9 29.6 27.9
NO 30.8 25.6 22.9
N20 13.3 10.2 1.4
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FigureA.12: pH measured at the outlet of the electrolyzer feooonstant current 100
mA cnm? CO;RR experimentvith the introduction of various NOpH of
1M KHCOzs before entering the electrolyzer was 7@1. Error bars
represent the standard deviation of independerdsurements from Cu,
Ag, and Sn catalysts. The presence of NO apd Nas negligible effect
in pH, while the presence of NGlightly decreases the pH by 0.03.

14<



Q
(on

3: 0.6
©
\_/05 " g ¥ m ®m ®m ® ™ [ ]
E .
o 0.4
™
e 0.3
-0(-“' .
S
Q 0.2
3
5 0.1
2 27.1 mg L' NH,OH
< 00 . : . . : T
0 10 20 30 40 50 60 70
Time (minute)

c d
0.8 ——27.1mg L™ NH,OH 3
0.7' 136 -1 \(P/

— 6mgL" NH,OH

> 06 —6:8mg L NH,OH 3

~ 05 ——0mg L NH,OH o

o VY (<2}

£ 04] /f\\ %

e 0.3 // \\ [}

o / \ o

28 0.2 / \ 5

<< el
0.1 : :: \\‘vv 5
0.0 4% s 3

<

450 500 550 600 650 700 750 800
Wavelenght (nm)

0.6

0.5+
0.4+
0.3
0.2
0.1
0.0

« NH,OH
e NH,0H

.+ y=0.0178x+0.0056

R?=0.9991

-0.1

10

15 20 25 30

Concentration (mg L)

FigureA.13: Ammonia quantification using indophenol blue method. (a) Absorbance
vs. time of 27.1mg L'* NH4OH. Reaction is complete after 10 minutes.
(b) Photograph of 6.8, 13.6, and 27.1 myNH4OH (from left to right)
at 20 minutes. (c) Absorption spectra for different concentrations of
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interference. All solutions were prepared in 0.25M KHG@®match the
condition of the liquid products in the electrolyte.
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FigureA.14: Hydroxylamine quantification. (a) Absorbance vs. time ofrag L*
NH2OH. Reaction is complete after 10 minutes. (b) Photograph of 0, 10,
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(d) Calibration curve for NFOH. Absobance was measured at 20
minutes. Absorbance was subtracted from that of 0 MgNH2OH.
NH4OH has negligible interference. All solutions were prepared in
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FigureA.15: Chromatogranof gas products from electrolysis in 83.3% £05.87%

TableA.14:

Ar, and 0.83% NO on (a) Cu, (b) Ag, and (c) Sn catalysts at 100 n¥A cm
TCD and Molecular sieve 5 A (MS) column are used, and 0 to 2.1 min is
shown.

Faradaic efficiency of NO electroreductiomogucts produced during
electrolysis with 83.3% C£15.87% Ar, and 0.83% NO on Cu, Ag, and
Sn catalysts at a constant current density of 100 mAiom. M KHCOs

for 3 h. Concentration of #D in the gas product stream was below the
detection limit of GCsuggesting that X0 FE is below 2% on all three
catalysts.

Impurity | Cu (%) | Ag (%) | Sn (%)
NHs 26.5 7.8 1.9

NH20H - 11.6 13.7
N2 4.4 2.7 0.9

14¢



FigureA.16: Photograph of the FEMS setup.

Appendix Note: Design of FEMS measurement

To differentiate N> (m/z=28, 14) from NO (m/z=44, 30, 28, 14), the signals
associated with PO need to be determined from m/z=44 or 30 signals. However,
when the gas feed is 83.3% &0.83% NO in Ar, m/z=44 and 30 signadse
dominated by C@and NO, respectively, making the determination of the relatively
small NO signals unreliable. In addition, GQeduction products such as CO,
methane, ethylene, and ethanol complicate the analysis of NORR products. As an
alternative FEMS experiment was conducted using 0.83% NO in Ar in the absence of
COzto gain insight on the NORR products.
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FigureA.18: MS signal vs. time obtained from FEMS on Cu in 1M KHG@th 0.83%
NO in Ar before deconvolutiofor (a) m/z=2, (b) m/z=12, (c) m/z=17, (d)
m/z=18, (e) m/z=28, (f) m/z=30, and (g) m/z=4@.90 V vs. RHE was
applied for approximately 2 mineg starting at t=1.5 min.
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FigureA.19: MS signal vs. time obtained from FEMS on Cu in 1M KHG@th 0.83%
NO in Ar for (a) m/z=17 with contribution from water obtained from
m/z=18, (b) m/z=28 with contribution from G@n electrolyte obtained
from m/z=12, ad (c) m/z=44 with contribution from COn electrolyte
obtained from m/z=12. m/z=12 has been smootk®f0 V vs. RHE was
applied for approximately 2 minutes starting at t=1.5 min. The
differences are attributed to NORR products.
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FigureA.20: MS signalvs. time obtained from FEMS on Ag in 1M KHG@ith 0.83%
NO in Ar before deconvolutiofor (a) m/z=2, (b) m/z=12, (c) m/z=17, (d)
m/z=18, (e) m/z=28, (f) m/z=30, and (g) m/z=44.00 V vs. RHE was
applied for approximately 2 minutes starting at t=1.5 min.
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FigureA.21: MS signal vs. time obtained from FEMS on Ag in 1M KH{E@th 0.83%
NO in Ar for (a) m/z=17 with contribution from water obtained from
m/z=18, (b) m/z=28 with contribution from G@n electrolyte obtained
from m/z=12, and (c) m/z=44 with contribution from €i@ electrolyte
obtained from m/z=12. m/z=12 has besnoothed-1.00 V vs. RHE was
applied for approximately 2 minutes starting at t=1.5 min. The
differences are attributed to NORR products.
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FigureA.24: MS signal vs. time obtained from FEMS on Sn in 1M KHGGth 0.83%
NO in Ar for (a) m/z=17 with contribution from water obtained from
m/z=18, (b) m/z=28 with contribution from C£Qn electrolyte obtained
from m/z=12, and (c) m/z=44 with contribution from €@ electrolyte
obtained from m/z=12. m/z=12 has been smootHe@5 V vs. RHE was
applied for approximately 2 minutes starting at t=1.5n.miThe
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FigureA.25: (a) Measured current density vs. time, and deconvoluted MS signal vs.
time for m/z=2, m/z=17, (b) m/z=28, m/z=30, and m/z=44 from FEMS
on Sn catalyst in 1M KHC®with 0.83% NO in Ar.-1.05 V vs RHE
was applied for approximately 2 minutes starting at t=1.5 min. NORR
products have been deconvoluted using the mass spectra of individual

products shown in FigA.17. Additional information is provided in the
methods section and Figs.23 and 24.
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FigureA.26: Chromatogram of gas products from electrolysis in 83.3%+083%
N2O in Ar on (a) Cu, (b) Ag, and (c) Sn catalysts at 100 m&.chiCD
and Molecular sieve 5 A (MS) column were used, and 0 to 2 min is
shown.

15¢



t=0h Cu2p,, t=0h Ag 3d,, t=0h Sn 3d;,
B 5 5
© L - L —
S |t b (Aer 0.83% NO) A S [t=1 h (After 0.83% NO) S [t=1 h (After 0.83% NO)
2z o 2 ag 2
B Cu B g B sn?
c A c c
T |t=3h A\ £ [t=3h A £ [t=3h
940 938 936 934 932 930 928 371 370 369 368 367 366 491 490 489 488 487 486 485 484 483
Binding energy (eV) Binding energy (V) Binding energy (eV)
d e f
t=0h N 1s t=0h ._ N1s =oh N 1s
Bl e L T e
£ |t=1 h (After 0.83% NO) Pyrrolic N & |t=1 h (After 0.83% NO) S |t=1 h (After 0.83% NO) Byrrolie N
2 Graphitic N P = pvp A = s YO
D o mmer™ 50, S, T g 2 . 2 .
[3] "% ° [} (]
2 2 [=on 2
410 405 400 395 410 405 400 395 410 405 400 395

Binding energy (eV) Binding energy (eV) Binding energy (eV)

FigureA.27: XPS measurements of (a) Cu, (Ay, and (c) Sn electrodes before
exposure to 0.83% NO (t=0 h), after exposure to 0.83% NO (t=dnd),
after 3 h electrolysis (t=3 h) from a 100 mAéponstant current C/R
experiment with the introduction of 0.83% NO. Corresponding N 1s XPS
measuremes of (d) Cu, (e) Ag, and (f) Sn electrodes. Incorporation of N
into GDL is observed on Cu and Sn electrodes. In the case of Ag
electrode, the investigation of N incorporation is limited due to the
presence of PVP surfactant. Corresponding details arédpobin Table
A.15.

15€



TableA.15: XPS N 1s peak positions and surface nitrogen content (wt %) of Cu, Ag,

Cu

Ag

Sn

Sample
time (h)

1

Wk WkFk oW

and Sn samples obtained fram100 mA crif constant current CR
experimenwith the introduction of 0.83% NO. Sample time refers to the
time at which the electrode was taken out of the electrolyzer. N content
has been calculated using the following equation: N content (%) =

- P = P 1, Twheret. (wt %) = graphitic N (wt %) +

pyrollic N (wt %) + pyridinic N (wt%) or PVP (wt%), and metal = Cu,
Ag, or Sn.

Graphitic (eV) Pyrrolic (eV) Pyridinic (eV) PVP (eV) Total N

content (wt %)
401.5 400.2 398.4 - 1.48
401.4 400.2 398.2 - 1.12

- - - 400.5, 398.5 2.72
- - - 400.4, 398.5 2.92
- - - 400.4, 398.3 2.40
401.4 400.3 398.2 - 1.03
401.3 400.2 398.1 - 0.64
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FigureA.28: XPS measurements of (a) Cu, (b) Ag, and (c) Sn electrodes before
exposure t®.83% NQ (t=0 h), after exposure to 0.83% N@=1 h),and
after 3 h electrolysis (t=3 h) from a 100 mA ‘éoonstant current CBR
experiment with the introduction of 0.83% MNQCorresponding N 1s
XPS measurements of (d) Cu, (e) Ag, and (f) Sn electrddesrporation
of N into GDL is observed on Cu and Sn electrodes. In the case of Ag
electrode, the investigation of N incorporation is limited due to the
presence of PVP surfactant. Corresponding details are provided in Table
A.16.
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TableA.16: XPS N 1s pealpositions and surface nitrogen content (wt %) of Cu, Ag,

Cu

Ag

Sn

Sample
time (h)

1

Wk WkFk oW

and Sn samples obtained fram100 mA crif constant current CR
experimentwith the introduction of 0.83% N Sample time refers to
the time at which the electrode was taken out of the electrolyzer. N
content has been calculated using the following equation: N content =

- P = P 1, Twheret. (wt %) = graphitic N (wt %) +

pyrollic N (wt %) + pyridinic N (wt%) or PVP (wt%), and metal = Cu,
Ag, or Sn.

Graphitic (eV) Pyrrolic (eV) Pyridinic (eV) PVP (eV) Total N

content (wt %)
401.4 400.2 398.3 - 0.97
401.4 400.3 398.2 - 1.26

- - - 400.5, 398.5 2.72
- - - 400.4, 3984 3.63
- - - 400.4, 398.3 3.22
401.4 400.2 398.2 - 2.25
401.2 400.3 398.2 - 1.47
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FigureA.29: XPS measurements of (a) Cu, (b) Ag, and (c) Sn electrodes before
exposure to 0.83% 4D (t=0 h), after exposure 83% NO (t=1 h),and
after 3 h electrolysis (t=3 h) from a 100 mAéoonstant current C/BR
experiment with the introduction of 0.83%® Corresponding N 1s
XPS measurements of (d) Cu, (e) Ag, and (f) Sn electrodes. Incorporation
of N into GDL is obsered on Cu and Sn electrodes. In the case of Ag
electrode, the investigation of N incorporation is limited due to the
presence of PVP surfactant. Corresponding details are provided in Table
A.17.
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TableA.17: XPS N 1s peak positions and surface nitrogen content (wt %) of Cu, Ag,
and Sn samples obtained fram100 mA crif constant current CR
experimentwith the introduction of 0.83% XD. Sample time refers to
the time at which the electrode was taken outhef ¢lectrolyzer. N
content has been calculated using the following equation: N content =

- P = P 1, Twheret. (wt %) = graphitic N (wt %) +
pyrollic N (wt %) + pyridinic N (wt%) or PVP (wt%), and metal = Cu,
Ag, or Sn.
tlsn";‘;"(pr']‘)a Graphitic (€V) Pyrrolic (eV) Pyridinic (V) PVP (eV) con-[g;?l(vl\\l/t )
cu 1 401.4 400.1 398.4 - 1.28
3 401.3 400.2 398.3 - 0.89
0 - - - 400.5, 398.5 2.72
Ag 1 - - - 400.6, 398.6 2.39
3 - - - 400.5, 398.C 1.88
Sn 1 401.3 400.2 398.5 - 1.02
3 401.4 400.2 398.4 - 1.46
3 Aferexposure to 0.83% NO b After exposure to 0.83% NO, € Afer exposure to 0.83% N0
Cu (high loading) N 1s Cu (high loading) N 1s Cu (high loading) N 1s
S TR PSTWREET VTR PG PR e G e
i Ag (high loading) z Ag (high loading) S ;_,{ Ag (high loading) -
= gy L2585 g = . wa, E [Tt sy
No catalyst _ PymolicN No catalyst Pyrolig N No catalyst Pyrrolic N
a quraMk o Q waphtim#m . e
410 405 400 395 410 405 400 395 410 405 400 395
Binding energy (eV) Binding energy (eV) Binding energy (eV)

FigureA.30: XPS measurements of electrodes with high catalyst loadings of 2.0 mg
cm?2 Cu, Ag, and Sn, and no catalyst at t=1 h after exposure to (a) 0.83%
NO, (b) 0.83% NQ, and (c) 0.83% BO for 0.5 h during C@electrolysis.
The results confirm that N is incorporated in GDL rather than metal
catalysts.
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FigureA.31: Photograph of electrochecal batch cell for XAS operando experiments.
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FigureA.32: Cu K-edge (a) XANES and (f) EXAFS of Cu catalyst obtained after
exposure to 0.23% NJor 0.5 h. 0.23% was used instead of 0.83% due
to the availability of the gas at the time of the experiment. Nolesthe
insight on the effect of the introduction of N@uring CQRR on the
catalyst oxidation state is still obtained. Cu catalyst is quickly reduced to
metallic Cu once current is applied, suggesting @atcatalyst remains
or revert to fully metallic uder reaction conditions after N@& removed
from the CQ stream

162



a b

Cu-standard

Cu-standard

Normalized p(E)
[2(R)I (A)

i I
s | S
. ' |
! ' Cuz0-standard ' |
X ' ‘
] 1
d CuO-standard j Cu,0-standard
CuO-standard

8060 8980 0000 9020 9040 9060 0 ¥ 3 3 4 5 6
Energy (eV) Radial distance (A)

FigureA.33: Cu K-edge (a) XANES and (f) EXAFS of Cu catalyst obtained after
exposure to 0.83% 40 for 0.5 h. Cu catalyst is quickly reduced to
metallic Cu once current is applied, suggesting @atcatalyst remains
or revert to fully metallic under reaction conditions afte©Ns removed
from the CQ stream
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200 nm

FigureA.34: SEM images of Cu electrodes obted at (a) t=1 h and (d) t=3 h after
exposure to 0.83% NO, (b) t=1 h and (e) t=3 h after exposure to 0.83%
NO, and (c) t=1 h and (f) t=3 h after exposure to 0.83% Nuring CQ
electrolysis. Change in Cu catalyst obtained at t=1 and 3 h compared to
thatobtained at t=0 h (FigA.1) is negligible.
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FigureA.35: SEM images of Ag electrodes obtained at (a) t=1 h and (d) t=3 h after
exposure to 0.83% NO, (b) t=1 h and (e) t=3 h after exposure to 0.83%
NO, and (c) t=1 h and (f) t=3 h after exposure to 0.83% 8uring CQ
electrolysis. Change in Ag catalyst obtained at t=1 and 3 h compared to
that obtained at t=0 h (Fig..1) is negligible.
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FigureA.36: SEM images of Sn electrodes obtained at (a) t=1 h and (d) t=3 h after
exposure to 0.83% NO, (b) t=1 h and (e) trafter exposure to 0.83%
NO, and (c) t=1 h and (f) t=3 h after exposure to 0.83% Nuring CQ
electrolysis. The particle size for Sn catalyst obtained at t=1 and 3 h
increased noticeably compared to that obtained at t=0 hAHy.
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