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ABSTRACT OF THE DISSERTATION

Investigations of Copper-based Catalysts for Electrochemical Carbon Dioxide Reduction

by

Jin Cai

Doctor of Philosophy in Materials Science and Engineering

University of California, Los Angeles, 2022

Professor Yu Huang, Chair

The increasing atmospheric carbon dioxide (CO2) level is calling for more efficient CO2 fix-

ation systems to re-balance the carbon cycle. At the same time, CO2 can be a cheap and

abundant carbon source for synthesizing various valuable fuels. The renewable-electricity-

powered CO2 reduction reaction (CO2RR) offers a means to synthesize various valuable fuels

and store intermittent electricity as stable chemical forms. To date, Copper (Cu) remains

the most effective electrocatalyst for CO2RR in producing hydrocarbons and oxygenates.

However, Cu-based catalysts usually suffer from insufficient product selectivity. Generating

mixed products causes a high economic penalty in post-reaction separation, largely limit-

ing the broad implementation of electrochemical CO2RR. A lack of understanding of the

complicated reaction mechanism further hindered the catalyst development. Thus, I have

focused on Cu-based electrocatalytic CO2RR catalysts with high efficiency through surface

defects and co-catalyst engineering. Three types of Cu-based catalysts have been designed

and investigated; Cu foil with rich twin boundaries (tw-Cu), Cu-Ag NWs with the atomically

intimate interface, and trimetallic CuPdAg plates, which successfully improved CO2RR per-

formance. Electrochemical and advanced spectroscopies coupling with computational simu-

ii



lation provided mechanistic understandings of the influence of defect engineering on CO2RR

selectivity.

Overall, these researches demonstrate that tuning surface defect structure and atomic

arrangement of Cu-based co-catalysts are effective strategies in improving the activity and

selectivity of electrocatalytic CO2RR, thus suggesting a path towards rational designs of

Cu-based catalysts for tunable CO2RR.

iii



The dissertation of Jin Cai is approved.

Qibing Pei

Ximin He

Xiangfeng Duan

Yu Huang, Committee Chair

University of California, Los Angeles

2022

iv



To my parents, Lingcang Cai and Lili Jia,

who are always there for me.

v



TABLE OF CONTENTS

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Overview of Electrochemical CO2 Reduction . . . . . . . . . . . . . . . . . . 2

1.3 Performance Metrics and Challenges in Electrochemical CO2 Reduction Re-

actions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 A Look at the Electrochemical CO2 Reduction Pathways on Cu . . . . . . . 10

1.5 Engineering of Cu-based CO2 Reduction Reaction Catalyst . . . . . . . . . . 12

2 Highly Selective Electrocatalytic Reduction of CO2 into Methane on Nan-

otwinned Cu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3 Intimate Atomic Cu-Ag Interfaces for High CO2RR Selectivity towards

Methane at Low Over Potential . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4 Electrochemical CO2RR to Hydrocarbons on Cu plates with Ag and Pd

vi



Decoration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5 Conclusion and Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.2 Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

vii



LIST OF FIGURES

1.1 Schematic of a CO2 reduction process using renewably sourced electricity. . . . . 2

1.2 Schematic of a typical H-cell for electrolytic CO2 reduction. The principal compo-

nents are (a) the cathode reducing CO2, (b) the anode conducting a corresponding

oxidative reaction supplying both protons and electrons to the cathode, (c) the

membrane (including proton exchange membrane (PEM), anion exchange mem-

brane (AEM), and bipolar membrane (BPM)). Both the cathode chamber and

anode chamber are filled with electrolyte-conducting electrons and protons. . . . 3

1.3 Most Favorable Kinetic Pathways for the Electrochemical Reduction of CO2 to

∗CO and Formate (HCOO−) in Water Solvent at pH 7.5 . . . . . . . . . . . . . 6

1.4 Possible mechanistic pathways of CO2 reduction to C1 and C2 products on poly-

crystalline copper, grouped into different colored reaction schemes taken from the

works in the top-right legend (respective references can be found in the original

paper of Nitopi et al.3). The bottom-left legend states the meaning of the tex-

ture of the lines connecting intermediates. The image is adapted from Nitopi and

co-workers from reference 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1 Schematic diagram for the synthesis of the tw-Cu rotary electroplating system.

The anode was titanium (Ti) coated with iridium dioxide (IrO2) and the cylinder

cathode was made of Ti. During the electroplating process, the cathode rota-

tion speed was 800 rpm controlled by a modulated speed rotator. Tw-Cu was

electroplated under a current density of 11 A/dm2 (ASD). . . . . . . . . . . . . 26

viii



2.2 Structural characterization of tw-Cu and pc-Cu catalysts. (a) High-resolution

TEM (HRTEM) image of the cross-section of tw-Cu with its twin-boundary (TB)

assembly. Inset: FFT of the corresponding Cu TEM, which indicates the <110>

axial direction and expression of the 111 planes. (b) Low-magnification TEM

image of tw-Cu. The white dashed lines mark the typical TB. (c) SEM image of

tw-Cu. The white dashed lines mark the TB. (d) AFM image of tw-Cu, which

shows a surface roughness (Ra) of 2.7 nm. . . . . . . . . . . . . . . . . . . . . . 30

2.3 SEM image of (a) tw-Cu. The white dashed lines mark the twin-boundary (TB)

assembly. (b) pc-Cu exhibits a relatively featureless surface. . . . . . . . . . . . 31

2.4 (a) Plane-view EBSD orientation maps showing the texture of the surface of tw-

Cu. The inset indicates the crystallographic vectors used to color orientations

in the maps, suggesting a strong (111) texture. (b) XRD of tw-Cu and pc-

Cu, showing highly (111)-oriented tw-Cu compared to pc-Cu. The black line

represents the reference sample with a PDF number of 96-431-3212. . . . . . . 31

2.5 Electrochemical CO2RR Performance. FEs of (a) tw-Cu and (b) pc-Cu. H2,

CO, CH4, and C2H4 are denoted respectively as green, red, orange, and blue

data points. Partial current densities of (c) H2, (d) CO, (e) CH4, and (f) C2H4.

Red lines represent tw-Cu and black lines represent pc-Cu. Each error bar was

calculated from three independent measurements. All potentials were iR-corrected. 33

2.6 Linear sweep voltammetry curves obtained on (a) tw-Cu and (b) pc-Cu in N2-

saturated and CO2-saturated electrolytes. For tw-Cu, there is a clear current

density enhancement in the CO2-saturated solution in comparison with the N2-

saturated solution. The current density difference at 1.2 V vs. RHE is 28.4

mA/cm2. For pc-Cu, the current density difference at 1.2 V vs. RHE is about 8.9

mA/cm2. The larger current density difference suggests a more efficient CO2RR

on tw-Cu. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

ix



2.7 Critical (initial-state (IS), transition-state (TS), and final-state (FS)) structures

(top and side views in upper and lower panels, respectively) along the minimum

energy paths optimized within DFT-PBE-D3 for: CO reduction via PCET to

form (a) ∗CHO and (b) ∗COH, and (c) ∗COH-CHO and (d) ∗COH-∗COH C-C

coupling steps on tw-Cu(111). Atoms are colored as follows: Cu in orange, C in

dark gray, O in red, and H in light gray. . . . . . . . . . . . . . . . . . . . . . . 37

2.8 Quantum simulations of the rate-limiting steps of C1 and C2 pathways on tw-

Cu(111). (a) (Top panels) Side (left) and top (right) views of the tw-Cu(111)

surface periodic slab model and (middle and bottom panels) structures of prod-

ucts ∗CHO+(H2O)4, ∗COH+(H2O)4, ∗COH-CHO, and ∗COH-∗COH (top views)

as labeled. Cu in orange; C in dark gray; O in red; H in light gray. (b) Acti-

vation free energies Gact for C1 and C2 pathways on tw-Cu(111) (orange bars)

and planar Cu(111) (gray bars) predicted by DFT-PBE-D3 (DFT; solid bars)

and emb-CASPT2 (ECW; hatched bars) at constant-charge conditions. Both

DFT-PBE-D3-derived and emb-CASPT2-derived barriers on planar Cu(111) were

taken from ref 43. The emb-CASPT2 results on tw-Cu(111) were estimated

from energetic differences between emb-CASPT2 and DFT-PBE-D3 on planar

Cu(111). (c) Energetics of the ∗COH (green), ∗CHO (blue), ∗COH-∗COH (pur-

ple), and ∗COH-CHO (red) pathways on planar Cu(111) (left) and tw-Cu(111)

(right) predicted by emb-CASPT2 (ECW) at an applied potential of -1.2 V vs.

RHE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

x



2.9 Plot of the absolute value of the predicted free energy difference of reaction

(squares) and activation (circles) between emb-CASPT2 and DFT-PBE-D3 (|∆∆G|)

vs. the absolute value of adsorbate electron charge change difference between

emb-CASSCF and emb-DFT-PBE cluster models (|∆∆q|) for CO reduction to

form ∗CHO and ∗COH via PCET and C-C coupling steps to form ∗COH-CHO

and ∗COH-∗COH on planar Cu(111). We calculated the |∆∆q| using Bader

charge changes of adsorbates between transition (product) and reactant states.

Only the results corresponding to the activation free energies (circles) are labelled. 42

2.10 Potential dependence of the reaction (∆G) and activation (Gact) free energy for

CO reduction to form (a) ∗CHO and (b) ∗COH via PCET on tw-Cu(111). Circles

represent reaction (filled symbols) and activation (empty symbols) free energies

extracted from the Chan-Nørskov capacitor model46,47. The horizontal black

dashed lines indicate reaction free energies computed using a CHE model and

DFT-PBE-D3 at an applied potential of 0.0 V vs. RHE. Triangles represent the

intersections of these horizontal lines with their corresponding ∆ΦS-dependent

DFT-PBE-D3 reaction free energy lines. The vertical black dashed lines indicate

∆ΦS associated with applied potentials of 0.0 and -1.2 V vs. RHE as labelled.

Squares represent data extrapolated to an applied potential of -1.2 V vs. RHE. . 43

3.1 Schematic of preparing CuAgNWs. (a) The pure CuNWs is synthesized, (b)

Galvanic replacement is conducted to partially replace Cu surface to Ag surface,

(c) Atomic interface between Cu and Ag is further generated through in situ

formation of CuAg ensembles during the electrochemical CO2RR. . . . . . . . . 56

3.2 TEM characterizations of the CuNWs. (a, b) Low magnification TEM image of

CuNWs. The d=25 ± 7.7 nm width was determined by averaging more than 100

NWs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

xi



3.3 The galvanic replacement with different amounts of imidazole. (a) without imi-

dazole, (b) with 0.8 mg imidazole, (c) with 2.5 mg imidazole. . . . . . . . . . . . 60

3.4 The galvanic replacement with 2.5 mg imidazole at different times. (a) no galvanic

replacement, (b) galvanic replacement for 25 min, c) galvanic replacement for 60

min. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.5 PXRD of CuNWs and bimetallic CuAgNWs after the galvanic replacement for 25

min and 60 min (red represent pure CuNWs, green represent CuAgNWs after 25

min galvanic replacement, and blue represent CuAgNWs after 60 min galvanic

replacement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.6 STEM and EDX mapping of Cu9Ag1NWs. (a,b) STEM images of Cu9Ag1NWs,

(c-h) EDX of Cu9Ag1NWs. Yellow is Cu and purple is Ag. . . . . . . . . . . . . 64

3.7 STEM and EDX mapping of Cu8.2Ag1.8 NWs. (a) STEM images of Cu8.1Ag1.8NWs,

(b,c) EDX of Cu8.2Ag1.8NWs. Yellow is Cu and purple is Ag. . . . . . . . . . . 65

3.8 Electron microscopy analysis of Cu9Ag1NWs after CO2RR at 1.05 V vs. RHE)

for 2 h. (a) EDX mapping of Cu K and Ag L on Cu9Ag1NWs, (b) Cu component

in the EDX image of Cu9Ag1NWs, (c) Ag component in the EDX image of

Cu9Ag1NWs. (d) EDX mapping of a Cu ensemble with Ag on the surface of

Cu9Ag1NWs (Zoom in the blue circle in (a), (e) Cu component in the EDX

image of Cu and Ag ensemble on the surface of Cu9Ag1NWs, (f) Ag component

in the EDX image of Cu and Ag ensemble on the surface of Cu9Ag1NWs. Yellow

indicates Cu, and purple indicates Ag. . . . . . . . . . . . . . . . . . . . . . . . 66

xii



3.9 STEM and EDX mapping of Cu9Ag1NWs after CO2RR at -1.05 (V vs.RHE)

for 2 h. (a) EDX of Cu9Ag1NWs, (b) Cu component in the STEM images of

Cu9Ag1NWs. (c) Ag component in the STEM images of Cu9Ag1NWs. (d) EDX

of ensemble of Cu K and Ag L on the surface of Cu9Ag1NWs (Zoom in the blue

circle in figure 3.9a). (e) Cu component in the STEM images of Cu and Ag

ensemble on the surface of Cu9Ag1NWs. (f) Ag component in the STEM images

of the Cu ensemble with Ag on the surface of Cu9Ag1NWs. Yellow is Cu and

purple is Ag. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.10 EDX mapping of Cu9Ag1NWs after activations with H2, CO2, and CO at -1.05

V vs. RHE for 30 min. (a) Purging with H2, (b) Purging with CO2, (c) Purging

with CO. Yellow is Cu and purple is Ag. . . . . . . . . . . . . . . . . . . . . . . 68

3.11 STEM and EDX mapping of Cu8.2Ag1.8NWs after CO2RR at -1.05 V vs. RHE

for 2 h. (a,e) STEM images of Cu8.2Ag1.8NWs, (b,f,c,d,g,h) EDX of Cu8.2Ag1.8

NWs. Yellow is Cu and purple is Ag. . . . . . . . . . . . . . . . . . . . . . . . . 69

3.12 AgNPs. (a,b) Low magnification TEM image of AgNPs. . . . . . . . . . . . . . 70

3.13 The electrochemically active surface area (ECSA) normalized current density.

The ECSA was calculated by the double-layer capacitance of the electrodeelec-

trolyte interface in CO2-saturated 0.1 M KHCO3 solution at room temperature. 71

3.14 Electrochemical CO2RR performance in 0.1 M KHCO3 at room temperature and

atmosphere pressure. (a) FEs of CuNWs, (b) FEs of Cu9Ag1NWs, (c) FEs of

Cu8.2Ag1.8NWs, (d) FEs of AgNPs . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.1 Adsorption energies ∆Gads of CO2RR intermediates as a function of ∆GC2O2 .

Solid lines are the least-squares estimated scaling relations. dotted lines represent

slopes estimated using bond counts. Figure adapted from ref16 . . . . . . . . . . 82

4.2 Characterization of Cu plates, (a) TEM image of triangular Cu plates. (b) The

AFM image shows the thickness of a single Cu plate. . . . . . . . . . . . . . . . 89

xiii



4.3 High-resolution XPS spectra of (a) Cu 2p region for Cu nps, Cu plates, Cu99.5Pd0.5,

Cu97.6Pd2.4, Cu90.1Pd9.9 and Cu92.6Pd3.2Ag4.2. (b) Cu 2p region for Cu nps, Cu

plates, Cu99.2Ag0.8, Cu93.9Ag6.1, Cu80.3Ag19.7 and Cu92.6Pd3.2Ag4.2 plates. (c) Ag

3d region for Cu99.2Ag0.8, Cu93.9Ag6.1, Cu80.3Ag19.7 and Cu92.6Pd3.2Ag4.2 plates.

(d) Pd 3d region for Cu99.5Pd0.5, Cu97.6Pd2.4, Cu90.1Pd9.9 and Cu92.6Pd3.2Ag4.2

plates. All the spectra are background corrected. . . . . . . . . . . . . . . . . . 90

4.4 Electron microscopy analysis of CuAg and CuPd plates. (a,e,i,m,q,u) High-

angle annular dark-field imaging (HAADF) images;(b,f,j,n,r,v) Cu component

in the EDX image; (c,g,k,o,s,w) Ag component in the EDX image; (d,h,l,p,t,x)

EDX mapping of Cu, Pd, and Ag L of Cu99.2Ag0.8, Cu93.9Ag6.1, Cu80.3Ag19.7,

Cu99.5Pd0.5, Cu97.6Pd2.4, Cu90.1Pd9.9, respectively. Red indicates Cu, green indi-

cates Ag, and purple indicates Pd. . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.5 (a) X-ray diffraction (XRD) of Cu nps, Cu plate, Cu99.2Ag0.8, Cu93.9Ag6.1, Cu80.3Ag19.7,

Cu99.5Pd0.5, Cu97.6Pd2.4, Cu90.1Pd9.9 and Cu92.6Pd3.2Ag4.2. (b) Zoomed in (111)

diffraction peak of (a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.6 Comparisons of CO2RR products selectivity of Cu nps, Cu plate, Cu99.2Ag0.8,

Cu93.9Ag6.1, Cu80.3Ag19.7, Cu99.5Pd0.5, Cu97.6Pd2.4, Cu90.1Pd9.9 and Cu92.6Pd3.2Ag4.2

catalysts in H-cell with 0.1 M KHCO3 electrolyte at room temperature and at-

mospheric pressure. (a) FE of H2, (b) FE of CO, (c) FE of CH4, (d) FE of

C2H4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.7 Comparison of catalytic CO2RR activity of Cu nps, Cu plate, Cu99.2Ag0.8, Cu93.9Ag6.1,

Cu80.3Ag19.7, Cu99.5Pd0.5, Cu97.6Pd2.4, Cu90.1Pd9.9 and Cu92.6Pd3.2Ag4.2 catalysts

in H-cell with 0.1 M KHCO3 electrolyte at room temperature and atmospheric

pressure. (a) H2 partial current density jH2 , (b) CO partial current density jCO,

(c) CH4 partial current density jCH4 , (d) C2H4 partial current density jC2H4 . All

current densities are normalized by ECSA area. . . . . . . . . . . . . . . . . . . 98

xiv



4.8 Electron microscopy analysis of Cu92.6Pd3.2Ag4.2 plates. (a,f) High-angle annular

dark-field imaging (HAADF) images;(b,g) Cu component in the EDX image; (c,h)

Ag component in the EDX image; (d,i) Pd component in the EDX image (e,j)

EDX mapping of Cu K, Pd L, and Ag L on Cu92.6Pd3.2Ag4.2. The blue circle

areas with CuPdAg ensemble. Red indicates Cu, green indicates Ag, and purple

indicates Pd. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.9 Valence band spectra of Cu nps, Cu plate, Cu99.2Ag0.8, Cu93.9Ag6.1, Cu80.3Ag19.7,

Cu99.5Pd0.5, Cu97.6Pd2.4, Cu90.1Pd9.9 and Cu92.6Pd3.2Ag4.2 measured by X-ray pho-

toelectron spectroscopy (XPS) using monochromatized Al K excitation. The

Shirley background is determined and shown as a thin line underneath each spec-

trum. The average energies of the valence band spectral weight (i.e., the d-band

center position), derived after subtraction of the background and integration of

the spectrum, are marked on the top right corner of each spectrum in eV. . . . . 101

xv



LIST OF TABLES

1.1 List of commonly reported cathodic half cell reactions in CO2RR and their equi-

librium potentials table is adapted from Ib Chorkendorf. et al.3 . . . . . . . . . 4

1.2 The measurements were performed by chronopotentiometriy at 5 mA/cm2 in 0.1

M KHCO3. Table is adapted from Hori et al.48,49 . . . . . . . . . . . . . . . . . 13

2.1 Comparison of CO2RR in peak CH4 production for different Cu-based catalysts

in H-cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.2 Constant-charge DFT-PBE-D3 and approximated emb-CASPT2 activation free

energies (Gact) and reaction free energies (∆G) in eV for CO reduction via PCET

to form ∗CHO and ∗COH and C-C coupling pathways to form ∗COH-CHO and

∗COH-∗COH on tw-Cu(111). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.3 Constant-charge DFT-PBE-D3 and emb-CASPT2 activation free energies (Gact)

and reaction free energies (∆G) in eV for CO reduction to form ∗CHO and ∗COH

and C-C coupling pathways to form ∗COH-CHO and ∗COH-∗COH on planar

Cu(111), as well as free energy differences between two levels of theory. The

energetics for CO reduction via PCET to form ∗CHO and ∗COH and for C-C

coupling pathways to form ∗COH-CHO and ∗COH-∗COH on planar Cu(111)

were taken respectively from Refs. 43 and 45. . . . . . . . . . . . . . . . . . . . 39

xvi



2.4 Adsorbate Bader charge changes between transition- and reactant-state struc-

tures (∆qTS−R), and between product- and reactant-state structures (∆qP−R)

computed using embedded cluster models at the emb-PBE and emb-CASSCF

level for CO reduction to form ∗CHO and ∗COH and C-C coupling pathways

to form ∗COH-CHO and ∗COH-∗COH on planar Cu(111), as well as adsorbate

Bader charge change differences between the two levels of theory. The structures

and electron densities for CO reduction via PCET to form ∗CHO and ∗COH

and for C-C coupling pathways to form ∗COH-CHO and ∗COH-∗COH on planar

Cu(111) were taken respectively from Refs. 43 and 45. . . . . . . . . . . . . . . 40

2.5 Adsorbate Bader charge changes between transition- and reactant-state (∆qTS−R),

and product- and reactant-state (∆qP−R) structures computed using periodic slab

models at the DFT-PBE-D3 level for CO reduction via PCET to form ∗CHO and

∗COH and C-C coupling pathways to form ∗COH-CHO and ∗COH-∗COH on pla-

nar Cu(111) and tw-Cu(111). Note that q on the two surfaces (planar and tw)

agree to ∼0.10 e for the same type of reaction. The structures and electron den-

sities for CO reduction via PCET to form ∗CHO and ∗COH and C-C coupling

pathways to form ∗COH-CHO and ∗COH-∗COH on planar Cu(111) were taken

respectively from Refs. 43 and 45. . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.6 Surface Bader charge (q, calculated from the tw-Cu(111) slab plus all of the

adsorbates) and work function of the tw-Cu(111) slab with respect to the energy

level of the bulk solvent in eV (∆Φ), computed at the DFT-PBE-D3 level in the

presence of implicit continuum solvation, and reaction (∆G) and activation (Gact)

free energies at constant ∆Φ in eV at the DFT-PBE-D3 and emb-CASPT2 levels

of theory for CO reduction to form ∗CHO and ∗COH via PCET on tw-Cu(111). 44

xvii



2.7 Activation (Gact) and reaction (∆G) free energies in eV for CO reduction to form

∗CHO and ∗COH via PCET at an applied potential of -1.2 V vs. RHE evaluated

by emb-CASPT2 on tw-Cu(111) and planar Cu(111).The emb-CASPT2 energies,

surface Bader charges, and work functions with respect to the energy level of the

bulk solvent used to simulate potential-dependent activation and reaction free

energies on planar Cu(111) were taken from Ref. 43. Unlike in Ref. 43, here, we

report the energetics at more negative applied potentials of -1.2 V vs. RHE to

compare the results between the planar Cu(111) and tw-Cu(111) directly with

experiment (an applied potential of -0.9 V vs. RHE was used in the original work). 45

3.1 The atomic composition of CuAgNWs by ICP and XPS. . . . . . . . . . . . . . 62

3.2 FE for Cu9Ag1 NWs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.3 FE for Cu8.2Ag1.8NWs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.1 Summary of CO2RR on CuAg and CuPd Catalysts . . . . . . . . . . . . . . . . 82

4.2 Summary of electrochemical double layer capacitance measurement on glass car-

bon, Cu nps, Cu plates, Cu99.2Ag0.8, Cu93.9Ag6.1, Cu80.3Ag19.7, Cu99.5Pd0.5, Cu97.6Pd2.4,

Cu90.1Pd9.9, and Cu92.6Pd3.2Ag4.2. . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.3 The atomic compositions of CuAg, CuPd and CuPdAg plates measured by ICP

and XPS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

xviii



ACKNOWLEDGMENTS

First and foremost, I would like to express my deepest gratitude to Prof. Yu Huang, who

provided me with great research opportunities, supported me, and guided me throughout my

Ph.D. study. She has a great impact on my life and work ethic. She taught me that research

should be driven by intrinsic curiosity and directed me to think independently and critically.

Most impotently, she trained me to become the independent researcher I am today. None of

the achievements would be possible without her guidance, and I am forever grateful.

I would also like to thank all my committee members, Prof. Qibing Pei, Prof. Ximin He,

and Prof. Xiangfeng Duan. Thank you for the insightful comments and constructive advice.

I also learned a lot from asking questions and communicating with other UCLA members.

Matthew Mecklenburg, Jared, Judy, Ivo, Adam, and Mike at CNSI; Ignacio and Bob at the

chemistry department and Noah at Nanolab are my mentors in tool operation and helped

me a lot with troubleshooting. Thank you all.

Moreover, I would like to thank my lab mates for their support, advice, and friendship

during these years. I’m especially grateful to Dr. Chungseok Choi and Dr. Enbo Zhu, who

mentored me at the early stage of my Ph.D. and provided me with many valuable suggestions

for my research. I would also like to thank Yang Liu, Haotian Liu, Dr. Huaying Ren, and Jin

Huang for their collaboration and help with my projects. I want to thank Chengzhang Wan,

Dr. Zipeng Zhao, Zeyan Liu, Bosi Peng, Ao Zhang, and Dr. Hongtu Zhang for valuable

insights and discussions that helped me design and understand the electrochemical CO2

reduction experiment. I’d like to thank my office mates: Dong Xu, Dr. Peiqi Wang, Dr.

Guangyan Zhong, Dr. Zhong Wan, Dr. Qi Qian, Dr. Dehui Zhang, and Boxuan, whom I

have enjoyed working with and learning from. I had many delightful lunch and coffee break

discussions with them. Lastly, I would like to thank Dr. Bocheng Cao, Dr. Michelle Flores,

Dr. Zhihong Huang, Dr. Zhaoyang Lin, Xucheng Yan, Dr. Sung-joon Lee, and all other

group members and collaborators. I feel very fortunate to work with you all.

xix



Next, I want to thank my collaborators outside the Materials Science and Engineering

department who instilled valuable insights. I’m grateful to Prof. Emily A. Carter and

Dr. Qing Zhao at Princeton University; Dr.John Mark P. Martirez at the Department of

Chemical and Biomolecular Engineering, UCLA, for their input on the simulation part of the

work. I enjoyed our weekly meeting and learned a lot about not just the fundamentals of CO2

reduction but also the skill of planning, organizing, and presenting scientific works. I want

to thank Prof.Chih Chen and Wei-You Hsu at National Yang Ming Chiao Tung University

(NYCU), who are extremely kind in providing samples and exchanging ideas. I hope our

paths will cross again in the future. A big thank you to Dr. Mingjie Xu at UCI, who helped

me with the EBSD measurements.

To the friends who have brightened my graduate days, even in the darkest hours, I’d like

to thank them for being part of my life at UCLA. Zihang, Xiaotian, Xia Sang, Tianyi and

Dong. A special thank you to Juncheng, who has been a constant source of support and

encouragement during the challenges of graduate school.

In addition, this work, and my graduate career as a whole, has been supported financially

by the Office of Naval Research (ONR) under grant no. N000141712608 and by the University

of California, Los Angeles.

Lastly, I would like to thank my parents for the best childhood I could ever dream about.

I was surrounded by love and company. They encouraged me to be curious and explore the

world fearlessly. I’m most grateful that my parents guided me to observe the world from

multiple perspectives and nurtured a child’s imagination in creativity.

Chapter two is a version of [Submitted manuscript] Author list: Jin Cai, Qing Zhao,

Wei-You Hsu, Chungseok Choi, John Mark P. Martirez, Chih Chen, Jin Huang, Emily A.

Carter, and Yu Huang.DFT simulation of CO2 reduction process on Cu is conducted by

Qing Zhao.

Chapter Three is a version of [Nano Research] Author list: Chungseok Choi, Jin Cai,

xx



Changsoo Lee, Hyuck Mo Lee, Mingjie Xu, and Yu Huang. 2021, 14(10), 3497-3501.DOI:

https://doi.org/10.1007/s12274-021-3639-x.

xxi



VITA

2016 B.S.

Materials Science and Engineering,

Wuhan University of Technology, Wuhan, China

2017-2022 Graduate Student Researcher

Department of Materials Science and Engineering

University of California, Los Angeles

Los Angeles, CA

PUBLICATIONS

Oral presentation at ACS Fall 2022 National Meeting Exposition in Chicago, IL, August

21 - 25, 2022. Division: Division of Energy and Fuels. Session: Electrochemistry-Enabled

Catalysis for Energy, Chemicals Materials. Title: Highly selective electrochemical reduction

of CO2 into Methane on Nanotwinned Cu.

Chungseok Choi, Jin Cai, Changsoo Lee, Hyuck Mo Lee, Mingjie Xu, and Yu Huang. Inti-

mate atomic Cu-Ag interfaces for high CO2RR selectivity towards CH4 at low over potential.

Nano Research, 14(10):34973501, 2021.

Qi Qian, Huaying Ren, Jingyuan Zhou, Zhong Wan, Jingxuan Zhou, Xingxu Yan, Jin

Cai,Peiqi Wang, Bailing Li, Zdenek Sofer, et al. Chiral molecular intercalation superlat-

tices. Nature, 606(7916):902908, 2022.

xxii



Chungseok Choi, Soonho Kwon, Tao Cheng, Mingjie Xu, Peter Tieu, Changsoo Lee, Jin Cai,

Hyuck Mo Lee, Xiaoqing Pan, Xiangfeng Duan, et al. Highly active and stable stepped cu

surface for enhanced electrochemical CO2 reduction to C2H4. Nature Catalysis, 3(10):804812,

2020.

Enbo Zhu, Wang Xue, Shiyi Wang, Xucheng Yan, Jingxuan Zhou, Yang Liu, Jin Cai, Ershuai

Liu, Qingying Jia, Xiangfeng Duan, et al. Enhancement of oxygen reduction reaction activity

by grain boundaries in platinum nanostructures. Nano Research, 13(12):33103314, 2020.

Enbo Zhu, Xucheng Yan, Shiyi Wang, Mingjie Xu, Chen Wang, Haotian Liu, Jin Huang,

Wang Xue, Jin Cai, Hendrik Heinz, et al. Peptide-assisted 2-d assembly toward free-floating

ultrathin platinum nanoplates as effective electrocatalysts. Nano letters, 19(6):37303736,

2019.

xxiii



CHAPTER 1

Introduction

In this chapter, I will start with introducing the research background of electrostatic carbon

dioxide (CO2) reduction (CO2RR) on copper (Cu)-based catalysts, including the motivation

of this technology application in renewable energy, followed by the description of performance

metric, research challenges and development of Cu-based catalysts for CO2RR. Central to

this discussion will be the relationship between the structure of the catalyst and the kinetics

of CO2RR pathways. The aim of this chapter is not to cover the background exhaustively

but rather to selectively discuss some advances and pertinent challenges in this field. My

research themes seek to understand the structural-performance correlation of electrochemical

CO2RR with the ultimate objective of effective catalyst design and control of the reaction.

1.1 Motivation

The electrochemical CO2 reduction reaction (CO2RR) study is primarily driven by the in-

terests of promoting renewable energy usage, decreasing CO2 emission, and eventually con-

verting human society energy consumption to a more efficient and environmentally friendly

mode. According to the U.S. Energy Information Administration (EIA) Annual Energy Out-

look1, global energy usage has been projected to continually increase while traditional fossil

fuel is still the primary energy source, emitting CO2 during energy extraction. Based on the

current energy consumption mode, there is a conflict between maintaining global economic

growth and preventing further carbon accumulation in the atmosphere. Though carbon-

free renewable energy like solar, wind, and hydropower are predicted to gain more market,
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Figure 1.1: Schematic of a CO2 reduction process using renewably sourced electricity.

their unpredictable and inconsistent nature limits the further application of these renewable

sources.2 CO2RR driven by clean electricity is a potential technology to store these intermit-

tent renewable energies in stable and convenient forms to utilize chemicals while consuming

CO2 at the same time. Local industry emissions containing high concentration CO2, such as

breweries, cement manufacturing, and petroleum refineries facilities, can be transferred to

the value-added chemicals through efficient electrochemical CO2 reduction technology uti-

lizing inconsistent clean electric power sources. Storing these renewable energies in chemical

form by reducing CO2 to fuels and chemical feedstocks is a promising solution for renewable

energy output intermittency and transportation problems. Figure 1.1 illustrates the overall

path of combining CO2 reduction with clean power utilization.

1.2 Overview of Electrochemical CO2 Reduction

The electrochemical CO2 reduction includes a cathode that reduces CO2 into hydrocar-

bons/oxygenates and an anode that supplies a corresponding oxidative process. Most com-
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monly, the anode reaction is water oxidation (Eo = 1.23 V vs. the reversible hydrogen

electrode (RHE))3:

2H2O → O2 + 4H+ + 4e− (1.1)

The cell is filled with electrolyte as a conductive medium. The electrolyte can be liquid,

solid, or a combination of both. The cathode chamber and the anode chamber are com-

monly separated by a membrane that conducts ions with liquid electrolyte. The separation

prevents the crossover of anode and cathode materials, also the reduction and oxidation

products. Under their collective effect, the possibility of cross-contamination and parasitic

side reactions can be raised. Figure 1.2 show a typical H-shaped, two-compartment electro-

chemical cell (H-cell) setup, which is largely used in the fundamental study of CO2 reduction

reaction.

Figure 1.2: Schematic of a typical H-cell for electrolytic CO2 reduction. The principal

components are (a) the cathode reducing CO2, (b) the anode conducting a correspond-

ing oxidative reaction supplying both protons and electrons to the cathode, (c) the mem-

brane (including proton exchange membrane (PEM), anion exchange membrane (AEM), and

bipolar membrane (BPM)). Both the cathode chamber and anode chamber are filled with

electrolyte-conducting electrons and protons.

CO2 reduction reaction, including multiple proton-electron transfers and accounts for a
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Table 1.1: List of commonly reported cathodic half cell reactions in CO2RR and their

equilibrium potentials table is adapted from Ib Chorkendorf. et al.3

CO2RR Products # e- Reaction Eo (V vs. RHE)

Formic acid 2 CO2 + 2H+ + 2e− → COOH(aq) -0.12

Carbon monoxide 2 CO2 + 2H+ + 2e− → CO(g) +H2O -0.1

Methanol 6 CO2 + 6H+ + 6e− → CH3OH(aq) +H2O 0.03

Methane 8 CO2 + 8H+ + 8e− → CH4(g) + 2H2O 0.17

Acetic acid 8 CO2 + 8H+ + 8e− → CH3COOH(aq) + 2H2O 0.11

Acetaldehyde 10 CO2 + 10H+ + 10e− → CH3CHO(aq) + 3H2O 0.06

Ethanol 12 CO2 + 12H+ + 12e− → C2H5OH(aq) + 3H2O 0.09

Ethylene 12 CO2 + 12H+ + 12e− → C2H4(g) + 4H2O 0.08

Ethane 14 CO2 + 14H+ + 14e− → C2CH6(g) + 2H2O 0.14

Propionaldehyde 16 CO2 + 16H+ + 16e− → C2H5CHO(aq) + 5H2O 0.09

Propanol 18 CO2 + 18H+ + 18e− → C3H7OH(aq) + 5H2O 0.1

range of possible reactions. The most commonly reported CO2RR reduction products, the

corresponding reactions, and the standard reduction potentials for these species are listed

in table1.1.3 The standard reduction potentials are calculated by the Gibbs free energy of

the reaction. It is worth noting that along CO2RR, hydrogen evolution reaction (HER) with

standard reduction potential Eo of 0 (V vs. RHE) serves as a competing reaction:

2H+ + 2e− → H2 (1.2)

The similar standard reduction potential ranges of HER and multiple products of CO2RR

result in producing mixed products, which leads to a high economic penalty in post-reaction

separation, thus essentially limiting the broad implementation of electrochemical CO2RR.

CO2 reduction is a thermodynamically uphill reaction that demands energy input. The

actual electrode potentials required to drive the CO2RR reductions are more negative than

the equilibrium potential due to the kinetic barriers of elementary steps. The Arrhenius
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equation describes the relationship between reaction rate and activation energy (Ea):

k = ve
−Ea

kBT (1.3)

Where k is the rate constant, v is a prefactor, kB is the Boltzmann constant, and T is the

absolute temperature. The reaction rate increases exponentially as the activation energy

decreases. Heterogeneous catalysts lower the activation barrier of the chemical reactions by

changing the energy levels of bound intermediates relative to one another. The Sabatier

principle states that "an ideal catalyst must bind to the reactant at an optimum strength."

If the binding is too weak, the reactant rarely interacts with the catalyst, whereas if the

binding is too strong, the reactant does not desorb from the surface and prohibits further

interaction."4 Figure 1.3 shows the most favorable elementary steps for carbon monoxide

(CO) and formate (HCOO−) formation (simplest products of CO2RR, needing only two

proton-electron pairs) calculated in the explicit water model.5 For CO2 reduction to CO, the

rate-determining steps (RDS) is the physisorbed CO2 to chemisorbed CO2 (∗CO2), with a

free energy barrier of ∆G = 0.43 eV, followed by protonating ∗CO2 to form ∗COOH and then

dissociating ∗COOH to form ∗CO. While for HCOO− formation, the RDS is the reaction of

physisorbed CO2 with a proton (along with electron transfer) to form HCOO−, with a free

energy barrier ∆G = 0.80 eV.5

The overall rate-limiting steps and kinetic barriers for each product dependent highly on

the catalyst structure and reaction environment. An ideal catalyst should be able to achieve

a high rate of reaction and high selectivity toward desired product by controlling the kinetics

of the reaction.

The CO2RR catalysts researched in this work is operated under aqueous condition (0.1

M KHCO3). The CO2 dissolution process is shown below6:

CO2(g) � CO2(aq) (1.4)

CO2(aq) +H2O � H2CO3(aq) (1.5)

5



Figure 1.3: Most Favorable Kinetic Pathways for the Electrochemical Reduction of CO2

to ∗CO and Formate (HCOO−) in Water Solvent at pH 7.5

H2CO3(aq) � H+(aq) +HCO−
3 (aq) (1.6)

The solubility of CO2 can be calculated by Henrys law under ideal condition7:

[CO2]aq,0 = K0[CO2]g (1.7)

At 1 atm, the CO2 concentration in water is approximately 34 mM.6 During the CO2 re-

action, the local pH is increased due to proton consumption, which further decreases the

concentration of CO2 near the catalyst surface. The potential also affects the reaction path-

way. It is observed in the experiment that there is a potential dependence of products.

CO-CO dimerization is favored under low potential. It has been found that increasing the

size of alkali cation tends to enhance the selectivity for CO and C2H5OH. Overall, the local

pH, applied potential, and local ion concentrations should be considered when optimizing

the catalyst’s performance.
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1.3 Performance Metrics and Challenges in Electrochemical CO2

Reduction Reactions

Current Density

Current density, denoted by j, represents the rate at which products are generated. It

indicates the catalyst activity. Current density equals the total current divided by the

geometric area of the active catalyst at a given potential. Electrochemically active surface

(ECSA) is also used to account for the explicit activity of the catalyst. In this study, ECSA is

estimated by measuring the double-layer capacitance of the electrode-electrolyte interface.8

Double-layer capacitance can be measured by performing cyclic voltammetry (CV) in a

potential range where no Faradaic processes occur. In this range, the measured current

is only due to the charge of the electrochemical double layer. The charging current, ic, is

related linearly to the scan rate v in CV scans, and the slope is equal to the double-layer

capacitance (CDL):

CDL = ic
v

(1.8)

This measured capacitance (CDL) can be compared to a reference surface to obtain a relative

roughness factor (SRF) for the electrocatalyst:

SRF =
CDLsample

CDLreference

(1.9)

ESCA can be calculated by multiplication of the SRF and the geometric surface area (A):

ECSA = SRF × A (1.10)

A high current density is essential for industrialized application of CO2 electrolyzer since

it decreases the overall electrolyzer size, which leads to lower capital investment. Current

density is affected by multiple factors, such as catalyst structure, catalyst loading, and trans-

port rate of reactants and products to and from the electrode. The current density of CO2RR
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is limited, especially for the low solubility of CO2 in water, along with poor diffusion charac-

teristics near the catalyst surface. Reported current density has been stagnating at less than

100 mA/cm2 in H-cell due to the limited CO2 solubility in aqueous electrolyte, while over 300

mA/cm2 are suggested for commercial usage to make capital costs minimal versus operating

costs for CO2RR.9 Flow cell setups combined with the membrane electrode assembly (MEA)

are reported to overcome the limitation of CO2 diffusion and increase current density effec-

tively. Strasser’s group has reported a 700 mA/cm2 current density using a nitrogen-doped

porous carbon catalyst in the flow cell.10 Sargent’s group has reported an ethylene par-

tial current density of 1.3 A/cm2 with a Cu-catalyst: ionomer bulk heterojunction (CIBH)

architecture in an ultraslim flow cell.11

Faradaic Efficiency (FE)

The Faradaic Efficiency (FE) describes the selectivity of CO2 reduction. It is the ratio

between the current contribution to the specific product and the total current. Higher

target product FE is desirable as there are usually multiple products generated from a single

catalyst.

Overpotential

The overpotential is the absolute difference between a product’s applied potential and the

thermodynamic equilibrium potential. Reducing overpotentials lowered the overall power

input and increased the energy transfer efficiency.

Stability

Reaction stability describes the degradation of the catalyst along with the whole electro-

chemical system. It is crucial for commercial catalyst usage as the performance should be

constant during operation. Low stability increases the replacement and maintenance costs.

8



PEM water-splitting electrolyzers have been demonstrated to operate beyond 20 000 h un-

der mild conditions.12 However, reported CO2 electrolyzers usually fail with 20 hours of

operation in H-cell. The low stability of the CO2 electrolyzer is usually due to the catalyst

structure break-off under negative voltage, impurity from the electrolyte, or counter electrode

deposition on the catalyst surface. Liu et al. found that they could run a CO2 electrolyzer

at 200 mA/ cm2 for 3,800 h at room temperature using a zero-gap cell configuration.13

Challenges

CO2RR is a complicated reaction, and research on CO2RR is relatively young compared to

the water electrolyzer. The cost of electrochemical CO2RR mainly comes from the electricity

input, product separation, and electrolyzer maintenance.14 To scale CO2RR for commercial-

ized utilization, the activity, selectivity (FE), and stability should meet the techno-economic

requirement. In other words, the electrolyzer system should be operated to produce a single

valuable product with high current density at low overpotential for long time operation. Sig-

nificant improvement is required to make CO2RR competitive with conventional chemical

products.15 Several economic analysis14,16,17 has been reported to evaluate the desired range

of CO2RR performance metrics, which largely depend on the renewable electricity price (FE

>80% for C2 products at >500 mA/cm2 are preferred for profitable production).17

A greater fundamental understanding of the catalysis mechanisms is needed to support

the rational design of the catalyst and electrolyzer system. Theoretical simulation works

have provided valuable insight and promoted the CO2RR mechanism studies. However, they

encountered issues that oversimplified the model and resulted in gaps between simulation

findings and experiment observation. For example, DFT studies with generalized-gradient

approximations to the exchange-correlation (XC) functional predict ∗CO adsorption on Cu

(111) to be hollow site18 while atop site19,20 were observed by low-energy electron diffraction

(LEED) and reflection absorption infrared spectroscopy (RAIRS) experimentally. Moreover,

theoretical work applies different simplifying assumptions in modeling results in diverse sim-

9



ulation results, making it hard to compare the binding energy of intermediates and activation

barriers between literature. In-situ investigation of the electrochemical reaction process is

critical to complete to mechanism map. However, a higher detection limit of intermedi-

ates, better spatial resolution, time resolution, and smaller sampling depth are currently

challenging.21

1.4 A Look at the Electrochemical CO2 Reduction Pathways on

Cu

CO2RR on Cu is a complex reaction network involving many possible intermediates and

reaction pathways that scientists have not fully revealed. Understanding the reaction mech-

anisms of CO2RR is essential for the researcher to design and develop effective catalysts.

The mechanism understanding is especially limited when the carbon numbers of products

increase. Still, progress has been made since Hori et al.22 first reported the CO2RR on Cu

in 1985, which helps sketch a preliminary reaction pathways map of C1 and C2 Products as

discussed and summarized in figure 1.43.

For the C1 product, its commonly agreed that the first limiting step is the adsorption of

CO2
23, as described in the previous section. ∗COOH, which binds to the catalyst through

the carbon atom, is the key intermediate for the CO pathway. ∗OCHO which binds through

oxygen is the key for HCOO- formation. Norskov, Jaramillo, and coworkers found volcano

trends of ∗COOH and ∗OCHO binding energy for the activity of CO2RR to CO and HCOO−

based on experimental and theoretical studies.24 ∗CO, formed through ∗COOH, is the key

intermediate to products requiring more than 2 electrons transfer. It is found that CO reduc-

tion gives similar products (except formate) with CO2, which suggests ∗CO is intermediate

for products requiring more than two electrons transfer.25,26 The following limiting step in

forming C1 hydrocarbon has been proposed to be CO protonation to ∗COH27 or ∗CHO28,29,

which further reduces to methane (CH4) or methanol (CH3OH). For C2 products, the C-C

10



Figure 1.4: Possible mechanistic pathways of CO2 reduction to C1 and C2 products on

polycrystalline copper, grouped into different colored reaction schemes taken from the works

in the top-right legend (respective references can be found in the original paper of Nitopi

et al.3). The bottom-left legend states the meaning of the texture of the lines connecting

intermediates. The image is adapted from Nitopi and co-workers from reference 3.
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bond formation has been proposed mainly through:

∗CO + ∗CO −→ OC ∗ ∗CO
H++e−−−−−→ OC ∗ ∗COH or O ∗ CCHO (1.11)

∗CO + ∗CHO
H++e−−−−−→ O ∗ CCHO (1.12)

∗CHO + ∗CHO → ∗OCHCHO∗ (1.13)

∗COH + ∗CHO → ∗COHCHO (1.14)

∗COH + ∗COH → ∗COH ∗ COH (1.15)

The dimerization of ∗CO forming ∗OCCO is supported by theoretical simulation29,30 and

time-resolved attenuated total reflection-surface enhanced infrared absorption spectroscopy

(ATR-SEIRAS) experiment31. The coupling of ∗CHO to form ∗OCHCHO∗,32 coupling

between ∗CHO, and ∗CO to form O∗CCHO at higher overpotentials are supported by the

simulation.30,33,34 These studies suggest that the C-C coupling process is sensitive to the

catalysts’ composition, structure, and reaction environment. The key factors determine

whether the C-C coupling is kinetically favorable, including the local ∗CO concentration,

the ∗CO binding energy on the catalyst, and the hydrogenation of ∗CO, if ∗CHO plays a

role in the coupling process.23 There is competition for the shared intermediates between the

C1 and C2 pathways. The following chapter will discuss in detail the control of the reaction

toward a single product.

1.5 Engineering of Cu-based CO2 Reduction Reaction Catalyst

Much effort has been put into studying and engineering Cu-based catalysts, including ad-

justing the crystal size,35 exposed facets,36–38 defect,39,40 strain engineering,41–43 adjusting

the Cu oxidation state44,45, and bimetallic catalysts design46,47. In the following discussion, I

will highlight the Cu facets, defect engineering, and bimetallic catalysts designing strategies

which are the focus of this dissertation.
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Table 1.2: The measurements were performed by chronopotentiometriy at 5 mA/cm2 in

0.1 M KHCO3. Table is adapted from Hori et al.48,49

FE %
Cu orientation

Potential

V vs. RHE CH4 C2H4 CO Alc. Ald. HCOOH H2

(100) -1 30.4 40.4 0.9 12.0 4.4 3.0 6.8

(111) -1.15 46.3 8.3 6.4 3.3 2.7 11.5 16.3

(110) -1.15 49.5 15.1 0 7.4 3.1 6.6 18.8

(311) -0.97 36.0 23.8 2.6 5.2 3.4 14.0 13.3

(711) -0.94 5.0 50.0 1.1 14.2 6.4 4.6 15.6

(210) -1.12 64.0 13.4 2.2 7.3 1.5 5.5 7.0

(510) -0.98 8.1 42.3 2.1 29.5 5.6 2.9 10.5

(610) -0.97 7.6 44.7 0.9 29.3 2.7 1.4 9.0

(810) -0.98 6.4 45.1 1.4 28.8 2.0 1.5 8.7

Hori et al. studied CO2RR on single-crystal copper prepared by mechanical and electro-

chemical polishing.48,49 The product distribution for each facet is summarized in table 1.2.

Among the three low-indexed facets, i.e. (111), (100), and (110), (100) is the most selective

toward ethylene (C2H4), while (111) and (110) favor the production of CH4. The reason

behind this facet-dependent product distribution is still not entirely elucidated. Simulation

work suggests this can be attributed to stronger CO binding19 and lower CO dimerization

barrier on (100) compared to (111),50. However, Cuenya et al.51 recently published a work

studying the CO2RR on atomically well-ordered Cu(100) and Cu(111) flat surfaces under

the ultrahigh vacuum (UHV) condition. Contrary to previous reports, they find that atom-

ically ordered Cu(100) and Cu(111) favor H2 production. A larger amount of hydrocarbons

are generated only when defects are introduced to the flat surface by etching and plasma

treatment. Unwin et al.52 utilize scanning electrochemical cell microscopy coupled with
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electron backscatter diffraction (EBSD) on polycrystal Cu. They show that the CO2RR

activity scales with the step and kink density. These works demonstrate the importance

of considering defects in analysis, as most Cu-based catalysts reported in CO2RR studies

contain defects such as kinks, steps, dislocations, and grain boundaries. Even for single

crystal catalysts, surface reconstruction during the CO2RR could introduce defects-sites and

further complicate the research. On the other hand, there is a great chance of utilizing defect

engineering to improve the catalyst. Choi et al.39 synthesized Cu nanowires with rich surface

steps through in situ electrochemical activation, which shows FEC2H4 > 70% and 200 hours

of stability. Their simulation work demonstrates a higher barrier for the C1 path, along with

a slower HER on the stepped surface compared with that of C2, which leads to the greatly

enhanced selectivity towards C2H4. The enhanced FEC2H4 on defects has also been verified

by Zhang and co-workers.53 In their study, a Cu nanosheet with 2-14 nm nanodefects achieve

a FEC2H4 of 83%. They found that the nanodefects can enrich the local ∗CO and hydroxide

(OH-) concentration, thereby accelerating the C-C coupling.

However, defects include a large group of structures, including vacancies, dopants, dislo-

cations, and grain boundaries. The explanation of the defect contribution toward CO2RR

is diversified. The assumption mainly includes stronger C2 intermediate binding on low

coordinated sites and local lattice strain in the defective site, which adjust the electronic

structure.42 Still, the study of the specific defect type is limited due to the lack of close

defect structure control. Well-defined defective sites, in-situ characterization of catalyst

structure, and examing local CO2RR product production at the atomic scale are needed to

reveal the catalytic role of each type of defect site.

Besides defect engineering, another way of tuning the reactivity of a catalyst is by design-

ing the bimetallic structure. Scaling relations limit the design flexibility on a single catalysis

site.Taking the CO2RR to CO pathway as an example, CO2 first proceeds to ∗COOH, fol-

lowed by a proton-coupled electron transfer, leading to the formation of ∗CO. Next, ∗CO

desorbs from the catalyst forming the gaseous CO product. Here, both ∗COOH and ∗CO
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interact with the catalyst through C-metal bonds. As CO2RR intermediates bind on a cata-

lyst through similar C or O bonds, when one adsorbate binds more strongly/weakly, similar

adsorbates tend to bind more strongly/weakly on the catalyst as well. Due to linear scaling

relations, designing a catalysis site with ideal ∗COOH binding for forming ∗CO would likely

result in non-ideal ∗CO binding for ∗CO desorption. Therefore, the binding energy for ac-

tivation or release will be non-optimal, especially for more reduced products, unless scaling

relations are broken.

Designing CuM (M denotes metal elements) structure which aligns Cu with secondary

atoms that change the geometric and electronic structure of Cu is a promising strategy to

break the linear scaling relationship and optimize multiple elementary steps of CO2RR. In-

corporating foreign elements into Cu supplies diverse catalysis sites that can be optimized for

each step separately. Experiments studies have verified that both the structure and compo-

sition of CuM affect the catalytic performance. Jia et al. reported taht an electrodeposited

CuAu alloy, with optimal Cu63.9Au36.1 composition, exhibited an FE of 15.9% for methanol

(CH3OH), which is 19 times higher than that of pure Cu.54 This study claimed the bind-

ing of ∗CO was likely optimized for CO2RR toward alcohols in this Cu-Au system. Ma et

al. studied CuPd catalysts with ordered, disordered, and phase-separated atomic arrange-

ments.47 They found that the phase-separated CuPd achieves higher selectivity (>60%) for

C2, which may arise from a favorable geometric arrangement for molecular distance and low

steric hindrance for C-C coupling.

In short, this chapter provided an overview of CO2RR topics and discussed the back-

ground of Cu-based catalyst development that will be further extended in this thesis. Large

improvements in efficiency and selectivity have been made by defects and Cu-M bimetallic

structure engineering. In the few examples provided, the two approaches are promising in

breaking the scaling relationship geometrically and controlling the mixed reaction pathway

to the desired direction.
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CHAPTER 2

Highly Selective Electrocatalytic Reduction of CO2

into Methane on Nanotwinned Cu

2.1 Introduction

The electrochemical reduction of carbon dioxide (CO2) offers a promising means for stor-

ing intermittent renewable energy in chemical fuels, promoting the usage of carbon-neutral

energy in transportation and chemical sectors.1–4 To date, copper (Cu) remains the most ef-

fective electrocatalyst for the CO2 reduction reaction (CO2RR) for producing hydrocarbons

and oxygenates.5 A variety of molecular products containing one to three C atoms (C1 to C3)

have been reported on Cu-catalyzed CO2RR,5–7 which shows great economic potential for

producing chemical fuels using CO2.8 Among these hydrocarbon products, methane (CH4),

the simplest of them, is of particular interest due to its good compatibility with existing

natural gas infrastructure.9 However, current Cu-based catalysts exhibit insufficient CH4

selectivity, resulting in a high economic penalty in post-reaction separation, contributing to

the current limited deployment of electrochemical CO2RR.10

It has been widely reported that the CO2RR pathways are highly dependent on the

catalyst surface structure.11 For example, a close-packed Cu(111) surface is more selective

toward CH4 compared to a more open Cu(100) surface.12–14 In addition, defects such as

steps, twin boundaries, and grain boundaries exposed on the surface have been found to

influence CO2RR selectivity.15–17 Despite considerable efforts, the underlying mechanism of

defect-modulated CO2RR not yet well under-stood, which has hindered defect engineering of

24



Cu-based catalysts to achieve, e.g., high CO2RR CH4 selectivity. Herein, we report a highly-

(111)-oriented Cu foil electrocatalyst with dense twin boundaries (tw-Cu) with an exceptional

CH4 selectivity of 86.1 ± 5.3% at –1.2 ± 0.02 V vs. the reversible hydrogen electrode (RHE).

Quantum mechanical simulations show that the incorporation of twin boundaries on Cu(111)

facets greatly reduces the reaction barrier of the rate-limiting CO hydrogenation step for CH4

formation compared to the planar Cu(111) surface, explaining the high CH4 selectivity in

experiments.

2.2 Materials and Methods

Chemicals

Ethanol (C2H5OH) (200 proof) and potassium bicarbonate (KHCO3) were purchased from

Sigma-Aldrich. An ultrapure purification system (Milli-Q advantage A10) produced the

deionized water (DI) (18.2 MΩ cm) used to make the solutions. Pc-Cu was purchased from

Sigma-Aldrich with 99.999% purity. The Nafion 115 membranes were purchased from the

Fuel Cell Store. All reagents were used as received without further purification.

Synthesis of Tw-Cu

In this study, we adopted rotary electroplating to fabricate tw-Cu foils. The electrolyte con-

tains copper sulfate (CuSO4), hydrochloric acid (HCl), sulfuric acid (H2SO4) and additives

for nanotwin growth provided by Chemleaders, Inc. Figure 2.1 shows the schematic diagram

for the rotary electroplating system, in which the inert anode is titanium (Ti) coated with

iridium dioxide (IrO2) and the cylinder cathode is made from Ti. During the electroplating

process, the cathode rotation speed was 800 rpm controlled by a modulated speed rotator.

The current density was 11 ASD (A/dm2) and the thickness of tw-Cu foils was about 45 µm.

Due to advantageously poor adhesion between the Ti and the tw-Cu foils, the electroplated
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Figure 2.1: Schematic diagram for the synthesis of the tw-Cu rotary electroplating system.

The anode was titanium (Ti) coated with iridium dioxide (IrO2) and the cylinder cathode

was made of Ti. During the electroplating process, the cathode rotation speed was 800 rpm

controlled by a modulated speed rotator. Tw-Cu was electroplated under a current density

of 11 A/dm2 (ASD).

tw-Cu foils can be peeled off easily after deposition.

Structure Characterization

Transmission electron microscopy (TEM) samples were prepared by a Nova 600 SEM/FIB

system. TEM images of tw-Cu were taken using the FEI Titan scanning transmission electron

microscope at an acceleration voltage of 300 kV. Atomic force microscopy (AFM) images were

measured using a Bruker Dimension FastScan Scanning Probe Microscope (SPM) under

ScanAsyst mode. Scanning electron microscopy (SEM) images were taken by a ZEISS Supra
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40VP SEM. The crystal structure of the Cu foil was analyzed with a Panalytical X’Pert

Pro X-ray Powder Diffractometer (XRD) using a Cu Kα radiation source and conducting

a symmetric scan. Electron backscatter diffraction (EBSD) was measured with a TESCAN

GAIA-3 XMH integrated FIB-FESEM.

Electrochemical Measurement

All electrochemical experiments were conducted in a H-cell composed of two compartments

and separated by a proton-exchange membrane. The cell was sonicated with 2% nitric

acid and boiled with DI water three times before each test. The tw-Cu and pc-Cu foil

was cut to 0.3 cm2 and electrochemically polished in 85% phosphoric acid using samples

as the anode and a Cu foil as the cathode under 2 V vs. Ag/AgCl for 200 s, then rinsed

with DI water before each test. Cu foil was fixed by an electronic clip to form the working

electrode. The counter electrode was a Pt wire from Pine Instruments. A Ag/AgCl (4M

KCl) electrode purchased from Pine Instruments was used as the reference electrode. 0.1 M

KHCO3 electrolyte was prepared as electrolyte. A stir bar was introduced to the cathode

chamber to mix the electrolyte thoroughly. A glass gas dispersion purging tube was inserted

in the cathode chamber. CO2 (Air gas, 99.99%) was purged at a rate of 11 sccm for 25

minutes before and during all electrocatalytic measurements. Electrochemical measurements

were performed using a Princeton potentiostat (VersaSTAT 4). All current density was

normalized by the geometric area. A constant voltage was applied for 20 to 30 minutes

before the effluent was injected into a gas chromatograph (GC). Electrochemical data were

recorded vs. the reference electrode and converted to the RHE scale after iR correction.

Product Analysis

Gas products were analyzed by a GC instrument (Shimadzu GC-2010-Plus) equipped with

a Barrier Ionization Discharge (BID) detector and a Restek ShinCarbon ST Micropacked

27



column (2m 1mm ID). Helium ISP (Air-gas, 99.9999%) was applied as the carrier gas. The

H-cell was connected to the GC with an outlet gas line. The effluent was injected through a

six-port valve with a sampling loop of 1.5 ml effluent gas. The column oven was maintained

at 30 ◦C for 8 minutes followed by a temperature ramp at 8 ◦C min-1 to 250 ◦C, which was

maintained for 5 min. The external standard method was used for quantitative calculations.

A calibration curve was made analyzing a series of standard gas mixtures (Air Gas), with

the concentration of the standard gas as the vertical axis and the respective peak area as the

horizontal axis. After the calibration curve was created, the concentration of sample could

be calculated from the calibration curve based on the peak area detected under the same

condition. The FE was calculated from

FEi =
ne · F · Ci · rG · Po

R · To · Isat
× 100% (2.1)

where:

ne = number of electrons transferred;

F = Faraday constant (96485 Cmol−1);

i = species, either H2, CO, CH4 or C2H4;

Ci = concentration of the gas read from GC-BID;

rG = gas flow rate acquired from a ProFlow 6000 electronic flow meter (Restek) at the exit

of the electrochemical cell (ml min-1 at room temperature and ambient pressure);

P0 = atmospheric pressure (101325Pa);

R = ideal gas constant (8.314J ·mol−1 ·K−1);

T0 = room temperature (298.15K);

Isat = current after saturation;

Liquid products were analyzed by Quantitative NMR spectroscopy (Bruker AV-300).

Specifically, 0.1ml D2O was added to 0.9 ml of the cathode electrolyte, and 10 l of dimethyl

sulfoxide (17.75 µM) was also mixed in as an internal standard. The one-dimensional 1H
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spectrum was measured with a prewater saturation method.

Computational Details

We performed spin-polarized periodic Kohn-Sham DFT calculations with the all-electron,

frozen-core, projector augmented-wave (PAW)18 method, Perdew-Burke-Ernzerhof (PBE)

ex-change-correlation functional,19 and Grimmes D3 dispersion correction20,21 with Becke-

Johnson damping22 using the Vienna Ab initio Simulation Package (VASP)23,24 version 5.4.4.

We self-consistently simulated the valence 1s of H, 2s and 2p of C and O, and 4s and 3d

of Cu. We employed a four-layer 4 × 6 supercell containing 96 Cu atoms along with at

least 15 Å of vacuum to model the tw-Cu(111) surface (Figure 2.8a). We relaxed the atomic

positions in the two topmost Cu layers and fixed the atoms in the two bottommost Cu layers

at their bulk atomic positions. We applied dipole-field energy and potential corrections25

along the z-direction to cancel the artificial electrostatic interaction between the slabs. We

used a kinetic-energy cutoff of 660 eV for the planewave (PW) basis set, along with a -point-

centered Monkhorst-Pack26 k-point mesh of 4 × 4 × 1 to sample the Brillouin zone. We used

Fermi surface smearing with a width of 0.09 eV within the Methfessel-Paxton scheme26 for

Brillouin zone integration to aid self-consistent-field convergence. We relaxed all atoms until

the absolute total force on each atom was smaller than 0.03 eV/Å in geometry optimizations.

We optimized the MEPs using the climbing image nudged elastic band (CI-NEB)27 method.

2.3 Results and Discussion

Surface Structure Study of Tw-Cu and Pc-Cu Catalyst

We first synthesized the tw-Cu catalysts using a previously reported approach,28,29 through

rotary electroplating in a copper sulfate (CuSO4), hydrochloric acid (HCl), and sulfuric

acid (H2SO4) mixed electrolyte with titanium (Ti) used as the cathode and Ti-coated with
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iridium dioxide (IrO2) as the anode (see Figure 2.1 for details). The resulting 45-µm-thick

electro-plated tw-Cu foil was then peeled off for subsequent structural characterization and

electrochemical CO2RR studies.

Figure 2.2: Structural characterization of tw-Cu and pc-Cu catalysts. (a) High-resolution

TEM (HRTEM) image of the cross-section of tw-Cu with its twin-boundary (TB) assembly.

Inset: FFT of the corresponding Cu TEM, which indicates the <110> axial direction and

expression of the 111 planes. (b) Low-magnification TEM image of tw-Cu. The white dashed

lines mark the typical TB. (c) SEM image of tw-Cu. The white dashed lines mark the TB.

(d) AFM image of tw-Cu, which shows a surface roughness (Ra) of 2.7 nm.

The cross-section of tw-Cu was characterized by transmission electron microscopy (TEM),

which shows well-defined twin boundary structures (Figure 2.2 a-b). The stacking sequence is
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Figure 2.3: SEM image of (a) tw-Cu. The white dashed lines mark the twin-boundary

(TB) assembly. (b) pc-Cu exhibits a relatively featureless surface.

Figure 2.4: (a) Plane-view EBSD orientation maps showing the texture of the surface of

tw-Cu. The inset indicates the crystallographic vectors used to color orientations in the

maps, suggesting a strong (111) texture. (b) XRD of tw-Cu and pc-Cu, showing highly

(111)-oriented tw-Cu compared to pc-Cu. The black line represents the reference sample

with a PDF number of 96-431-3212.

inverted as ABC/A/CBA.30 The structure of the tw-Cu was analyzed further by fast Fourier

transform (FFT). The inset of Figure 2.2a shows the FFT with <110> axial direction and

expression of the {111} planes. The tw-Cu is comprised of nanotwins with an average width
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of 7 nm, quantified from Figure 2.2b. Scanning electron microscopy (SEM) and atomic force

microscopy (AFM) further confirmed the rich twin boundaries on the surface (Figure 2.2c-d,

Figure 2.3). The twin-boundary density of tw-Cu was determined to be 0.5 µm/µm2 by

electron backscatter diffraction (EBSD) (Figure 2.4a), which was much higher than (0.07

µm/µm2) that of the commercial polycrystalline Cu foil (pc-Cu, 99.999% Cu foil, Sigma-

Aldrich). The tw-Cu possessed a highly preferred (111)-oriented texture on the surface

(Figure 2.4a), consistent with X-ray diffraction (XRD) spectra. (Figure 2.4b).

Electrochemical CO2RR Study

The CO2RR performance of tw-Cu and pc-Cu were measured in a gas-tight, H-shaped, two-

compartment electrochemical cell (H-cell) separated by a proton-exchange membrane with

CO2-saturated 0.1 M KHCO3 (pH = 6.8) at room temperature and at atmospheric pressure.

Tw-Cu and pc-Cu first were polished electrochemically in 85% H3PO4 solution, and then

were washed with deionized (DI) water and immediately transferred to the H-cell prior to

every CO2RR test. The CO2RR performance was analyzed at potentials ranging from -0.98

to -1.3 V vs. RHE. The performances of tw-Cu and pc-Cu are summarized in Figure 2.5.

The dominant CO2RR products were gaseous CH4, ethylene (C2H4), carbon monoxide (CO),

and hydrogen (H2). As the Faradaic efficiency (FE) of liquid products was less than 1%,

we focused our analysis on gas-phase products. Notably, tw-Cu showed initial production

of CH4 from 0.99 V vs. RHE, which reached the highest FE of 86.1% at -1.2 V vs. RHE,

doubling the observed FE of CH4 on pc-Cu (43.4%) at the same potential (-1.2 V vs. RHE).

Accordingly, tw-Cu showed larger absolute CH4 partial current densities (jCH4) compared to

pc-Cu. The jCH4 of tw-Cu reached -21.7 mA/cm2 at -1.3 V vs. RHE, much larger magnitude

than that of pc-Cu jCH4 (-16.3 mA/cm2). Hereafter, comparisons between cathodic (partial)

current densities, which by convention are negative, will refer to their magnitude only. The

superior selectivity for CH4 on tw-Cu was accompanied by suppression of H2 and C2H4

generation. The H2 selectivity observed on tw-Cu is 10% less than that on pc-Cu from
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Figure 2.5: Electrochemical CO2RR Performance. FEs of (a) tw-Cu and (b) pc-Cu. H2,

CO, CH4, and C2H4 are denoted respectively as green, red, orange, and blue data points.

Partial current densities of (c) H2, (d) CO, (e) CH4, and (f) C2H4. Red lines represent tw-

Cu and black lines represent pc-Cu. Each error bar was calculated from three independent

measurements. All potentials were iR-corrected.
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Table 2.1: Comparison of CO2RR in peak CH4 production for different Cu-based catalysts

in H-cells.

Catalyst FECH4 (%)
Applied potentials

(V vs. RHE)
Electrolyte Reference

tw-Cu 86 -1.22 0.1 M KHCO3

pc-Cu 43 -1.23 0.1 M KHCO3
This work

single crystal Cu (111) 46 -1.15 0.1 M KHCO3
31

single crystal Cu (110) 50 -1.15 0.1 M KHCO3
32

five-fold twinned Cu NWs loaded on carbon black 55 -1.25 0.1 M KHCO3
33

copper (II) phthalocyanine 66 -1.06 0.5 M KHCO3
34

nanotwinned copper 62 -1.6 0.2 M KHCO3
35

CuBi nanoalloys 70.6 -1.2 0.5 M KHCO3
36

CuNWs 55% -1.25 0.1M KHCO3
33

Single atom Cu on CeO2 58% -1.8 0.1M KHCO3
37

Cu electrode 62% -1.2 0.1M KHCO3
38

CRD-Cu3Pd 40.6% -1.2 0.1M KHCO3
39

Cu/CeO2-x 54% -1.2 0.1M KHCO3
40

Cu2O@CuHHTP 73% -1.4 0.1M KHCO3
41

La2CuO4 56.3% -1.4 0.1M KHCO3
42

-1 to -1.2 V vs. RHE. The partial current density of H2 (jH2) on tw-Cu remained low at

-1.8 mA/cm2 at -1.2 V vs. RHE while the jH2 on pc-Cu significantly increased from -1.6

mA/cm2 (-1.0 V vs. RHE) to -5.6 mA/cm2 (-1.2 V vs. RHE), which suggests lower intrinsic

activity of the hydrogen evolution reaction (HER) on tw-Cu. Meanwhile, tw-Cu exhibited

lower C2H4 selectivity than pc-Cu in the potential range of -1.1 to -1.3 V vs. RHE. At -1.2

V vs. RHE, the FE of C2H4 reached 39.6% on pc-Cu, which is ten times higher than that

of tw-Cu at the same potential. Similarly, the partial current density of C2H4 (jC2H4) on

pc-Cu reached -8.3 mA/cm2 at -1.2 V vs. RHE, which is 9.22 times higher than on tw-Cu

(-0.9 mA/cm2). Taken together, tw-Cu showed a remarkably high FECH4 in an H-cell not

just when compared to pc-Cu, but also when compared to many state-of-the-art Cu-based

catalysts reported in the literature, which includes five-fold twinned Cu nanowires (NWs),33
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Copper(II) phthalocyanine,34 and Cu-Bi nanoalloys36 (Table 2.1).

To study further the competition between the HER and the CO2RR on tw-Cu and pc-Cu,

we performed linear sweep voltammetry (LSV) measurements in N2-saturated (not CO2RR,

only HER) and CO2-saturated electrolyte, respectively (Figure 2.6). For tw-Cu, the total

current density (-36.2 mA/cm2) increased in magnitude by 28.4 mA/cm2 at 1.2 V vs. RHE

in CO2-saturated electrolyte compared with N2-saturated electrolyte (Figure 2.6). On the

other hand, the magnitude of the current density for pc-Cu increased by only 8.9 mA/cm2 at

the same potential (Figure 2.6). The larger cathodic current density enhancement on tw-Cu

in CO2-saturated electrolyte thus im-plies a higher CO2RR efficiency. Under N2-saturated

conditions, however, pc-Cu exhibited a larger current density of -9.8 mA/cm2 at -1.2 V vs.

RHE compared to tw-Cu (-7.6 mA/cm2), indicating a higher HER activity on pc-Cu.

Figure 2.6: Linear sweep voltammetry curves obtained on (a) tw-Cu and (b) pc-Cu in

N2-saturated and CO2-saturated electrolytes. For tw-Cu, there is a clear current density

enhancement in the CO2-saturated solution in comparison with the N2-saturated solution.

The current density difference at 1.2 V vs. RHE is 28.4 mA/cm2. For pc-Cu, the current

density difference at 1.2 V vs. RHE is about 8.9 mA/cm2. The larger current density

difference suggests a more efficient CO2RR on tw-Cu.
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Quantum Mechanical Studies of Activity and Selectivity

To gain further insights into the highly improved selectivity toward CH4 production on

tw-Cu, we first performed van-der-Waals-corrected periodic density functional theory cal-

culations (DFT-PBE-D3, see Materials and Methods) to determine the reaction barriers of

pertinent reactions in CO2RR. Our previous high-level quantum simulations demonstrated

that the rate-limiting step toward CH4 on Cu(111) likely involves reduction of adsorbed

CO (∗CO) roughly equally to hydroxymethylidyne (∗COH) and formyl (∗CHO) at -0.9 V

vs. RHE.43,44 In both hydrogenation reactions, a proton-coupled electron transfer (PCET)

mechanism is preferred over surface hydride transfer.43,44 Furthermore, two adsorbed hy-

drogenated CO species (∗COH and/or ∗CHO) are necessary reaction intermediates for C-C

coupling toward multi-carbon products on the same facet, and ∗COH-CHO and ∗COH-∗COH

are the most kinetically favorable coupling products.45 We therefore calculated the activa-

tion barriers for these same C1 and C2+ pathways on a Cu(111) slab with twin boundary

assemblies (tw-Cu(111)) (Figure 2.8a). The product structures and critical structures along

the minimum energy pathways (MEPs) appear respectively in Figure 2.7 and 2.8a.

To simulate the rate-determining C1 path (i.e., CO hydrogenation via PCET) on tw-

Cu(111), we introduced an Eigen cation (H9O4
+) as a proton source to represent the explicit

solvent. We predict at the DFT-PBE-D3 level that the reduction of ∗CO to form ∗CHO

occurs with an activation (reaction) free energy of 0.55 (0.34) eV (Figure 2.8b). The com-

peting ∗CO reduction to form ∗COH is a transition-state-free process with an activation and

reaction free energy at the DFT-PBE-D3 level of 0.21 eV (Figure 2.8b). When compared

with the DFT-PBE-D3 activation barriers of 0.85 eV for ∗CHO formation and 0.44 eV for

∗COH formation on planar Cu(111),43 tw-Cu(111) exhibits lower activation barriers for both

∗CO reduction steps. Given that the first hydrogenation step is likely rate-determining in

CO2RR, this may explain the observed higher CO2RR reaction rate and the enhanced CH4

production on tw-Cu.
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Figure 2.7: Critical (initial-state (IS), transition-state (TS), and final-state (FS)) structures

(top and side views in upper and lower panels, respectively) along the minimum energy

paths optimized within DFT-PBE-D3 for: CO reduction via PCET to form (a) ∗CHO and

(b) ∗COH, and (c) ∗COH-CHO and (d) ∗COH-∗COH C-C coupling steps on tw-Cu(111).

Atoms are colored as follows: Cu in orange, C in dark gray, O in red, and H in light gray.

We next calculated the barriers for C-C coupling to understand the selectivity toward

C1 (CH4) vs. C2 (C2H4) products on tw-Cu(111). C-C coupling routes are non-electroactive

and thus no H9O4
+ was included in the simulations. The predicted barrier at the DFT-

PBE-D3 level for forming ∗COH-CHO is 0.47 eV, which is higher than the 0.34 eV on

planar Cu(111)45 (Figure 2.8b). The DFT-PBE-D3 barrier for the other C-C coupling step

forming ∗COH-∗COH decreases only slightly to 0.20 eV on tw-Cu(111) compared to 0.24 eV
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Figure 2.8: Quantum simulations of the rate-limiting steps of C1 and C2 pathways on

tw-Cu(111). (a) (Top panels) Side (left) and top (right) views of the tw-Cu(111) surface

periodic slab model and (middle and bottom panels) structures of products ∗CHO+(H2O)4,

∗COH+(H2O)4, ∗COH-CHO, and ∗COH-∗COH (top views) as labeled. Cu in orange; C

in dark gray; O in red; H in light gray. (b) Activation free energies Gact for C1 and C2

pathways on tw-Cu(111) (orange bars) and planar Cu(111) (gray bars) predicted by DFT-

PBE-D3 (DFT; solid bars) and emb-CASPT2 (ECW; hatched bars) at constant-charge con-

ditions. Both DFT-PBE-D3-derived and emb-CASPT2-derived barriers on planar Cu(111)

were taken from ref 43. The emb-CASPT2 results on tw-Cu(111) were estimated from ener-

getic differences between emb-CASPT2 and DFT-PBE-D3 on planar Cu(111). (c) Energetics

of the ∗COH (green), ∗CHO (blue), ∗COH-∗COH (purple), and ∗COH-CHO (red) pathways

on planar Cu(111) (left) and tw-Cu(111) (right) predicted by emb-CASPT2 (ECW) at an

applied potential of -1.2 V vs. RHE.
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Table 2.2: Constant-charge DFT-PBE-D3 and approximated emb-CASPT2 activation free

energies (Gact) and reaction free energies (∆G) in eV for CO reduction via PCET to form

∗CHO and ∗COH and C-C coupling pathways to form ∗COH-CHO and ∗COH-∗COH on

tw-Cu(111).

DFT-PBE-D3 emb-CASPT2

Gact (eV) ∆G (eV) Gact (eV) ∆G (eV)

∗CHO 0.55 0.34 0.77 0.60

∗COH 0.21 0.21 0.92 0.92

∗COH-CHO 0.47 -0.96 0.44 -1.32

∗COH-COH 0.20 -1.28 0.42 -1.20

Table 2.3: Constant-charge DFT-PBE-D3 and emb-CASPT2 activation free energies (Gact)

and reaction free energies (∆G) in eV for CO reduction to form ∗CHO and ∗COH and C-C

coupling pathways to form ∗COH-CHO and ∗COH-∗COH on planar Cu(111), as well as

free energy differences between two levels of theory. The energetics for CO reduction via

PCET to form ∗CHO and ∗COH and for C-C coupling pathways to form ∗COH-CHO and

∗COH-∗COH on planar Cu(111) were taken respectively from Refs. 43 and 45.

DFT-PBE-D3 emb-CASPT2

Gact (eV) ∆G (eV) Gact (eV) ∆G (eV) ∆GECW−DFT
act ∆GECW−DFT

∗CHO 0.85 0.53 1.07 0.79 0.22 0.26

∗COH 0.44 0.44 1.15 1.15 0.71 0.71

∗COH-CHO 0.34 -1.10 0.31 -1.46 -0.03 -0.36

∗COH-∗COH 0.24 -1.32 0.46 -1.24 0.22 0.08

on flat Cu(111)45 (Figure 2.8b). Because tw-Cu(111) maintains similar or higher barriers

for C-C coupling (a C2 rate-limiting step), whereas above we show that hydrogenation of
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Table 2.4: Adsorbate Bader charge changes between transition- and reactant-state struc-

tures (∆qTS−R), and between product- and reactant-state structures (∆qP−R) computed

using embedded cluster models at the emb-PBE and emb-CASSCF level for CO reduction

to form ∗CHO and ∗COH and C-C coupling pathways to form ∗COH-CHO and ∗COH-∗COH

on planar Cu(111), as well as adsorbate Bader charge change differences between the two

levels of theory. The structures and electron densities for CO reduction via PCET to form

∗CHO and ∗COH and for C-C coupling pathways to form ∗COH-CHO and ∗COH-∗COH on

planar Cu(111) were taken respectively from Refs. 43 and 45.

emb-PBE emb-CASSCF

∆qTS−R ∆qP−R ∆qTS−R ∆qP−R ∆∆qECW−DFT
TS−R ∆∆qECW−DFT

P−R

∗CHO 0.35 -0.03 0.21 -0.20 -0.14 -0.17

∗COH 0.31 0.31 -0.05 -0.05 -0.36 -0.36

∗COH-CHO 0.03 0.14 0.00 0.03 -0.03 -0.11

∗COH-COH 0.14 0.17 0.08 -0.00 -0.06 -0.18

∗CO is promoted significantly by the twin boundaries, the C1 path towards CH4 may be

disproportionately enhanced. However, because PCET is involved, rigorously analyzing

the selectivity toward CH4 vs. C2H4 requires a potential-dependent barrier analysis under

working conditions (vide infra).

We showed previously that one needs to use embedded correlated wavefunction (ECW)

theory48–52 to predict accurately the activity and selectivity of CO2RR on planar Cu(111)43,44.

We therefore expect that the same level of theory is needed to describe correctly CO2RR

on tw-Cu(111). However, the high computational cost of, e.g., embedded complete active

space second-order perturbation theory53,54 (emb-CASPT2) impedes such investigations. We

therefore used the energetic differences predicted between emb-CASPT2 and DFT-PBE-D3

on planar Cu(111) an ECW correction to approximate emb-CASPT2-predicted barriers on
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Table 2.5: Adsorbate Bader charge changes between transition- and reactant-state

(∆qTS−R), and product- and reactant-state (∆qP−R) structures computed using periodic slab

models at the DFT-PBE-D3 level for CO reduction via PCET to form ∗CHO and ∗COH

and C-C coupling pathways to form ∗COH-CHO and ∗COH-∗COH on planar Cu(111) and

tw-Cu(111). Note that q on the two surfaces (planar and tw) agree to ∼0.10 e for the same

type of reaction. The structures and electron densities for CO reduction via PCET to form

∗CHO and ∗COH and C-C coupling pathways to form ∗COH-CHO and ∗COH-∗COH on

planar Cu(111) were taken respectively from Refs. 43 and 45.

planar Cu(111) tw-Cu(111)

∆qTS−R ∆qP−R ∆qTS−R ∆qP−R

∗CHO 0.34 -0.12 0.23 -0.03

∗COH 0.31 0.31 0.28 0.28

∗COH-CHO 0.10 0.07 0.09 0.05

∗COH-∗COH 0.01 0.14 0.01 0.15

tw-Cu(111) (Table 2.2). In other words, we shifted the reaction and activation energies on

tw-Cu(111) by the same ECW correction as their counterpart reaction on planar Cu(111).

The nature of the difference in the predicted activation barriers between emb-CASPT2 and

DFT-PBE-D3 in part originates from the difference in their descriptions of charge trans-

fer during a reaction. We reached this conclusion by establishing a good linear correlation

between (activation and reaction) free energy differences and charge change differences on

adsorbates predicted at the two levels of theory on planar Cu(111) (Tables 2.3, 2.4, Fig-

ure 2.9). Because the same pathway on two different surfaces involves the same amount of

charge transferred from the surface to the adsorbates and vice versa, we may directly use

the corrections obtained from planar Cu(111) on tw-Cu(111) foregoing the need to perform

expensive emb-CASPT2 calculations on tw-Cu(111) (Table 2.5). By applying this strategy,

emb-CASPT2 would predict that the reduction of ∗CO to ∗CHO (∗COH) via PCET occurs
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Figure 2.9: Plot of the absolute value of the predicted free energy difference of reaction

(squares) and activation (circles) between emb-CASPT2 and DFT-PBE-D3 (|∆∆G|) vs.

the absolute value of adsorbate electron charge change difference between emb-CASSCF

and emb-DFT-PBE cluster models (|∆∆q|) for CO reduction to form ∗CHO and ∗COH via

PCET and C-C coupling steps to form ∗COH-CHO and ∗COH-∗COH on planar Cu(111). We

calculated the |∆∆q| using Bader charge changes of adsorbates between transition (product)

and reactant states. Only the results corresponding to the activation free energies (circles)

are labelled.

with a barrier of 0.77 (0.92) eV on tw-Cu(111), lower than the barrier of 1.07 (1.15) eV on

planar Cu(111)43 (Figure 2.8b). In contrast, emb-CASPT2 would predict that the preferred

C-C coupling route is the formation of ∗COH-∗COH on tw-Cu(111) with a barrier of 0.42

eV, higher than the activation barrier of 0.31 eV for the most preferred ∗COH-CHO pathway

on planar Cu(111)45 (Figure 2.8b). Therefore, using this beyond-DFT ECW theory that

properly treats charge transfer, we again predict that use of tw-Cu(111) rather than planar

Cu(111) reduces barriers for C1 rate-limiting steps, while increasing barriers for C-C coupling
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Figure 2.10: Potential dependence of the reaction (∆G) and activation (Gact) free energy for

CO reduction to form (a) ∗CHO and (b) ∗COH via PCET on tw-Cu(111). Circles represent

reaction (filled symbols) and activation (empty symbols) free energies extracted from the

Chan-Nørskov capacitor model46,47. The horizontal black dashed lines indicate reaction free

energies computed using a CHE model and DFT-PBE-D3 at an applied potential of 0.0 V vs.

RHE. Triangles represent the intersections of these horizontal lines with their corresponding

∆ΦS-dependent DFT-PBE-D3 reaction free energy lines. The vertical black dashed lines

indicate ∆ΦS associated with applied potentials of 0.0 and -1.2 V vs. RHE as labelled.

Squares represent data extrapolated to an applied potential of -1.2 V vs. RHE.

to form the most favored product (∗COH-∗COH on tw-Cu(111) vs. ∗COH-CHO on planar

Cu(111)).

Finally, to fully rationalize selectivity toward CH4 vs. C2H4 on tw-Cu(111), we contextu-

alized the activation free energies presented above under real electrochemical conditions by

transforming them from being a function of charge to a function of electrochemical potential

(a thermodynamic Legendre transformation from constant charge to constant electrochemical

potential), to determine potential-dependence of the barriers (Figure 2.10, Tables 2.6, 2.7).43

We performed this analysis for electroactive CO PCET reduction steps. The emb-CASPT2
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Table 2.6: Surface Bader charge (q, calculated from the tw-Cu(111) slab plus all of the

adsorbates) and work function of the tw-Cu(111) slab with respect to the energy level of the

bulk solvent in eV (∆Φ), computed at the DFT-PBE-D3 level in the presence of implicit

continuum solvation, and reaction (∆G) and activation (Gact) free energies at constant ∆Φ

in eV at the DFT-PBE-D3 and emb-CASPT2 levels of theory for CO reduction to form

∗CHO and ∗COH via PCET on tw-Cu(111).

DFT Gact or ∆G ECW Gact or ∆G
q ∆Φ

∆ΦR ∆ΦP/∆ΦTS ∆ΦR ∆ΦP/∆ΦTS

Reactant -0.91 3.96 - - - -

TS -0.10 4.23 0.44 0.66 0.65 0.88∗CHO

Product -0.01 4.25 0.21 0.47 0.47 0.73

Reactant -0.91 3.96 - - - -

TS - - - - - -∗COH

Product -0.07 4.16 0.12 0.29 0.84 1.01

activation barriers at an applied potential of -1.2 V vs. RHE (Figure 2.8c and Table 2.7) for

C1 rate-determining steps (0.00 eV for ∗CHO formation and 0.12 eV for ∗COH formation)

are lower than that of the C2 rate-determining steps (0.42 eV for ∗COH-∗COH formation and

0.44 eV for ∗COH-CHO formation) on tw-Cu(111). These trends illustrate that tw-Cu(111)

can enhance CH4 production via substantially accelerated CO hydrogenation kinetics. By

contrast, barriers for C-C coupling do not decrease on tw-Cu(111), effectively limiting C2H4

formation at this applied potential and explaining the high (low) FE for CH4 (C2H4) ob-

served in the experiment (Figure 2.5). Unlike tw-Cu(111), planar Cu(111) exhibits similar

emb-CASPT2 barriers for C1 (0.36 eV for ∗CHO formation and 0.37 eV for ∗COH forma-

tion) and C2 (0.46 eV for ∗COH-∗COH formation and 0.31 eV for ∗COH-CHO formation)

rate-determining steps at the same applied potential (Figure 2.8c). This would explain the
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Table 2.7: Activation (Gact) and reaction (∆G) free energies in eV for CO reduction to

form ∗CHO and ∗COH via PCET at an applied potential of -1.2 V vs. RHE evaluated by

emb-CASPT2 on tw-Cu(111) and planar Cu(111).The emb-CASPT2 energies, surface Bader

charges, and work functions with respect to the energy level of the bulk solvent used to

simulate potential-dependent activation and reaction free energies on planar Cu(111) were

taken from Ref. 43. Unlike in Ref. 43, here, we report the energetics at more negative

applied potentials of -1.2 V vs. RHE to compare the results between the planar Cu(111)

and tw-Cu(111) directly with experiment (an applied potential of -0.9 V vs. RHE was used

in the original work).

tw-Cu(111) planar Cu(111)

Gact (eV) ∆G (eV) Gact (eV) ∆G (eV)

∗CHO 0.00 -0.28 0.36 -0.02
U = -1.2 V vs. RHE

∗COH 0.12 0.12 0.37 0.37

almost identical FEs, and thus a similar degree of preference for CH4 and C2H4, observed at

-1.2 V vs. RHE for pc-Cu (Figure 2.5).
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2.4 Conclusion

To summarize, we report that a tw-Cu catalyst with a densely packed twin boundary on

the surface exhibits a high FECH4 (86.1 ± 5.3 %) in a H-cell. Coupled with structural and

electrochemical surface characterizations of the tw-Cu catalyst, our computational analysis

showed that the existence of twin boundaries in Cu(111) electrodes decreases the barriers

for CO hydrogenation, while not doing so for C-C coupling, leading to a higher selectivity

toward CH4 over C2 products. Our findings suggested an effective approach for tuning

CO2RR product selectivity by catalyst surface structure engineering.
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CHAPTER 3

Intimate Atomic Cu-Ag Interfaces for High CO2RR

Selectivity towards Methane at Low Over Potential

3.1 Introduction

Humanity is at the brink of fossil fuel exhaustion and faces challenges of global climate

change. Carbon dioxide (CO2) emission is a primary driver of global warming and the

reducing pH levels of the ocean. Meanwhile fossil fuels are not renewable and will eventually

deplete. Creating a closed-loop process to recycle CO2 to value-added fuels is a promising

option to mitigate global warming and grant inexhaustible energy sources.1–4 Developing

efficient electrochemical catalysts for CO2 reduction reaction (CO2RR) is a prerequisite for

establishing a carbon recycle loop and renewable energy technologies.

In the past decade, electrochemical CO2RR has remarked prominent achievements in

both scientific apprehension and technological developments. Among many electrocatalysts,

copper (Cu) is the only known electrochemical catalyst to convert CO2 to alternative en-

ergy fuels and hydrocarbons (especially methane (CH4)) with sufficient current density and

selectivity.5 However, a mixture of primary products, competition with hydrogen evolution

reaction (HER), and required high overpotential for CO2RR on monometallic Cu still pose

challenges. Therefore, designing Cu-based catalysts with high selectivity at low overpoten-

tials is of great interest.6 The prior art of research has improved Cu catalyst’s modulation

of structure defects,7–10 shapes,11–13 size,14 and chemical states15–20 of Cu. For example,

grain boundaries (GBs) exhibited ∼ 2.5 times higher CO2RR activity with less competitive
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reaction (HER).21 Cheng et al. reported that Cu’s surface steps, having a combination of

one strong and one weak CO binding sites, enhancing C2 productions with reducing the rate

determining step (∗OCCOH formation energy) to 0.52 eV.22 Alloying Cu with a second metal

is another attractive way to design catalysts.23 However, Cu usually lost its extraordinary

CO2RR capability of producing hydrocarbon and oxygenates, having C2 and C3 carbons by

forming an alloy with other elements.24–27 Thus, interface Cu with neighboring unmixable

second elements has been proposed to design Cu-based catalysts to retain the Cu’s unique

CO2RR capability.27,28 Because of this complexity, the research in CuM (M denote another

metal element) alloy catalysts for electrochemical CO2RR has not been sufficiently explored

or compared with pure Cu. Silver (Ag) is a promising candidate to achieve such an un-

mixable Cu-M interface design because Ag and Cu are known for their thermodynamical

immiscibility over all compositions at room temperature.29–34 For example, Huang et al.

reported that the interface between Cu catalysts and Ag catalysts was the crucial active

site to enhance CO2RR over pure Cu catalysts.34 However, the interface between Cu and

Ag has been limited due to the limited boundary obtained between Cu and Ag catalysts.

Maximizing the Cu and Ag interface at the atomic level is highly desired but challenging.

Herein, we report a two-step approach to build the interface between Cu and Ag at

the atomic level (Figure 3.1). Cu nanowires (CuNWs) were first synthesized and followed

by galvanic replacement from Cu to Ag to achieve in situ formation of CuAg ensembles to

obtain CuNWs with rich atomic Cu-Ag interfaces. The attractive Cu-Ag interface showed

a dramatic change in CO2RR selectivity from C2H4 to CH4, which remarked a 63.3 ± 4.9%

FECH4 at -1.1 ± 0.01 V (RHE) (reversible hydrogen electrode, referenced to all potentials)

and an impressive maximum FECH4 of 72% at low potential of -1.2 V.
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Figure 3.1: Schematic of preparing CuAgNWs. (a) The pure CuNWs is synthesized, (b)

Galvanic replacement is conducted to partially replace Cu surface to Ag surface, (c) Atomic

interface between Cu and Ag is further generated through in situ formation of CuAg ensem-

bles during the electrochemical CO2RR.

3.2 Materials and Methods

Chemicals

Copper(II) chloride dihydrate (CuCl2 · 2H2O, 99.999%), Silver acetate(99.99%), Imidazole

(99%), D-(+)-Glucose (> 99.5%), Hexadecylamine (HDA) (> 98%), Ethanol (200 proof),

were all purchased from Sigma-Aldrich. Ultra-pure purification system (Aqua Solutions)

purified the deionized (DI) water (18.2 MΩ/cm) in aqueous solutions.
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Preparation of CuAg Nanowires (CuAgNWs) Catalyst

To synthesize CuAgNWs catalyst, we use a two-steps process. First, 22 mg CuCl2·2H2O, 50

mg D-(+)-Glucose, 180 mg HDA were mixed in 10 ml DI water containing in 30 ml vial.

The mixtures were sonication for 15 min. The mixture was transferred to an oil bath and

was heated to 100 ◦C with stirring for 8 hr. The synthesized CuNWs was naturally cooled

down to room temperature for 12 hr. Second, 9.72 mg Ag acetate and 6.7 mg imidazole were

mixed in 8 ml DI water, 1 ml the mixture was added in the CuNWs solutions, and kept at

50 ◦C without stirring for 25 min or 60 min. The synthesized CuAgNWs were thoroughly

washed with hexane/ethanol solvents and were collected by centrifuge at 9500 rpm.

Materials Characterizations

After the synthesized NWs were washed, the NWs dispersed in hexane were dropped and

dried onto carbon-coated copper TEM grids (Ted Pella, Redding, CA) under room tem-

perature for TEM analysis. To get transmission electron microscopy (TEM) images, a FEI

CM120 transmission electron microscope was operated at 120 kV. A 300 kV FEI Titan

transmission electron microscope was conducted for high-resolution TEM images (HRTEM).

JEM-ARM300F Grand ARM TEM with 300 kV was used for high resolution dark field im-

ages and Energy-dispersive X-ray spectroscopy (EDX). We measured the size of CuNWs

by the longest width within the NWs. Powder X-ray diffraction (PXRD) patterns were

taken from a Panalytical X’Pert Pro X-ray Powder Diffractometer with Cu-K radiation.

The concentration of catalysts was analyzed by inductively coupled plasma atomic emission

spectroscopy (TJA RADIAL IRIS 1000 ICP-AES).

Electrochemical Measurements

To measure current densities, a three-electrode cell was used. We used a glassy-carbon ro-

tating disk electrode (RDE) working electrode (diameter: 5 mm, area: 0.196 cm2) purchased
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from Pine Instruments. The current densities were measured by CV scanning at a rate of 50

mV/s in CO2-saturated 0.1 M KHCO3 electrolyte. To calculate Faradaic efficiency (FE), we

used a gas-tight electrolysis H-cell (WizMac) separated with a cation exchange membrane

(Sigma Aldrich). Consumed charges were collected to calculate from Princeton Applied Re-

search VersaSTAT 4 workstation. Working, reference, and counter electrodes were 1 cm

diameter glassy-carbon electrode, Ag/AgCl (4 M KCl) electrode, and Pt wire, respectively.

CO2 (Air gas, 99.99%) was bubbled to 0.1 M KHCO3 electrolyte solution for 30 minutes

and kept purging into the cathodic compartment at 15 sccm. All discussed potentials were

converted to those against RHE after iR correction.

Product Analysis

Gas products were analyzed by gas chromatography equipped with a barrier ionization dis-

charge detector (GC-BID) (Shimadzu Tracera GC-BID 2010 Plus) and a Restek Micropacked

GC column. GC-BID was calibrated by five standard gases. Helium (Air gas, 99.9999%)

was the carrier gas. An outlet gas line of gas-tight H-cell was directly routed to a p-type

Hastelloy 6 port with a sampling loop (1.5 ml). 1.5 ml effluence gas was analyzed at every

45 ± 1 min. The FE was calculated as below:35

FEj =
nFvjGpo
RTitotal

× 100% (3.1)

where:

n = the number of electrons for a given product.

vj(vol.%) = The volume concentration of gas products (CO, H2, CH4, and C2H4) in the

effluence gas from the electrochemical cell (GC data).

G (ml/min at room temperature and ambient pressure) = Gas flow rate measured by a

ProFlow 6000 electronic flow meter (Restek) at the exit of the electrochemical cell.

itotal(mA) = steady-state cell current.
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p0 = 1.01× 105 Pa, T = 298.15 K, F = 96485 C ·mol−1, R = 8.314 J ·mol−1 ·K−1.

Quantitative NMR (Bruker AV-600) was conducted to analyze the liquid product. Specif-

ically, 0.3 mL of D2O was added to 0.65 mL of the reacted electrolyte, and 50 µL of dimethyl

sulfoxide (0.512 µM/mL) was mixed as an internal standard. The 1D 1H spectrum was mea-

sured with a pre-water saturation method.

3.3 Results and Discussion

We synthesized bimetallic CuAg nanowires (CuAgNWs) through a synthesis of CuNWs fol-

lowed by galvanic replacement of Cu to Ag (Figure 3.1a, 3.1b). To be specific, 22 mg of

CuCl2 · 2H2O, 50 mg of glucose, and 180 mg of hexadecylamine (HDA) were mixed in 10

mL of deionized (DI) water (18.2 M/Ω) under sonication for 15 min, then heated at 100 ◦C

for 8 hr in an oil bath. After the reaction solution cooled down to room temperature, 1.21

mg of AgCH3CO2 and 0.84 mg of imidazole were added to the CuNW solution, which was

kept at 50 ◦C for 25 min or 60 min without stirring for galvanic replacements from Cu to

Ag.

The relatively high standard reduction potential of Ag (Ag++e− → Ag(s), 0.80 Eo (V)

(standard hydrogen electrode) compared to Cu (Cu2++2e− → Cu(s), 0.34 Eo (V) (standard

hydrogen electrode))36 drives replacements from Cu to Ag on the surface of CuNWs. The

synthesized CuAgNWs were washed five times with hexane/ethanol mixture and were col-

lected by centrifuge. The CuAgNWs were characterized by transmission electron microscopy

(TEM), Cs-corrected high-angle annular dark-field imaging scanning transmission electron

microscope (HAADF STEM), Energy-dispersive X-ray spectroscopy (EDX), and powder X-

ray diffraction (PXRD). The average size of CuNWs (25 nm ± 7.7 nm) was obtained by

averaging more than 100 NWs in width (Figure 3.2). Imidazole, a small molecular capping

agent, was found pivotal in slowing down the fast Ag galvanic replacement reaction on the

surface of CuNWs and keeping one dimensional structure of CuAgNWs without disintegrat-
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Figure 3.2: TEM characterizations of the CuNWs. (a, b) Low magnification TEM image

of CuNWs. The d=25 ± 7.7 nm width was determined by averaging more than 100 NWs.

Figure 3.3: The galvanic replacement with different amounts of imidazole. (a) without

imidazole, (b) with 0.8 mg imidazole, (c) with 2.5 mg imidazole.

ing into CuAg nanoparticles (NPs) (Figure 3.3). The pure CuNWs showed flat and clean

surfaces, whereas the uneven surface was observed after the Ag galvanic replacement on the

surface of CuNWs (Figure 3.4).

The PXRD peaks of CuAgNWs indicate no Bragg angle shift of Cu {111} and Ag {111}

after the galvanic replacement of Ag for 25 min (Figure 3.5), which indicates an unmixable

pure Cu and Ag phase system without forming the CuAg alloy. High intensity of Ag {111}

plane in CuAgNWs with the galvanic replacement for 60 min illustrates more replacements

from Cu to Ag element for longer galvanic reaction times.

To quantify the bulk and surface composition of CuAgNWs, we carried out inductively
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Figure 3.4: The galvanic replacement with 2.5 mg imidazole at different times. (a) no

galvanic replacement, (b) galvanic replacement for 25 min, c) galvanic replacement for 60

min.

Figure 3.5: PXRD of CuNWs and bimetallic CuAgNWs after the galvanic replacement for

25 min and 60 min (red represent pure CuNWs, green represent CuAgNWs after 25 min

galvanic replacement, and blue represent CuAgNWs after 60 min galvanic replacement.
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Table 3.1: The atomic composition of CuAgNWs by ICP and XPS.

ICP measurement XPS measurement
Min. Notation

Cu (at%) Ag (at%) Cu (at%) Ag (at%)

0 min Cu 100 0 100 0

25 min Cu9Ag1 90.39 9.611 89.08 10.93

60 min Cu8.2Ag1.8 82.11 17.89 68.13 31.87

coupled plasma atomic emission spectroscopy (ICP-AES) and X-ray photoelectron spec-

troscopy (XPS). Table 3.1 shows a summary of ICP and XPS composition analyses. The

bulk composition from ICP analysis showed 82% of Cu and 18% of Ag (Cu8.2Ag1.8NWs)

in CuAgNWs with the galvanic replacement for 60 min; and 90% of Cu and 10% of Ag

(Cu9Ag1NWs) with the galvanic replacement for 25 min. In the case of XPS, the calculated

electron inelastic mean free path of Cu at 992.3 eV and Ag 365 eV are 1.67 nm and 0.727

nm, respectively,37 which reveals a surface limited component analysis of XPS for Cu and

Ag metal. XPS analysis of Cu8.2Ag1.8NWs (60 min) illustrates two times higher Ag con-

centration than the Ag component from ICP analysis, indicating thicker Ag concentration

on the surface of Cu8.2Ag1.8NWs. In contrast, in CuAgNWs from 25 min galvanic replace-

ments show comparable Ag concentration at bulk and surface of Cu9Ag1NWs, indicating

that the galvanic replacement only occurred at the CuNW surface and Ag mainly stays near

the surface.

Indeed Cs-corrected HAADF STEM images of CuNWs and EDX maps of the Cu9Ag1NWs

confirmed that galvanic replacement of Cu to Ag on the surface (Figure 3.6). The EDX maps

showed Ag mainly located on the surface of CuNWs, and formed separate Ag phase from

Cu phases in Cu9Ag1NWs (Figure 3.6c-d). Cu K and Ag L EDX maps illustrate that a thin

layer of Ag covers the surface of CuNWs (Figure 3.6e, Figure3.6h). In contrast, with longer

(60 min) galvanic replacement, the Cu8.2Ag1.8NWs showed more uneven surfaces and much
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thicker surface coverage of Ag compared to Cu9Ag1NWs (25 min galvanic reaction). (Figure

3.7).

We further found that electrochemical treatment of the as-prepared Cu9Ag1NWs can

drive Cu to the surface of Cu9A1NWs and generate atomic Cu-Ag interfaces with more

exposed Cu surface. The Cu9Ag1NW catalysts inks were prepared by mixing 4 mg of the

CuAgNWs in 1 ml ethanol and 10 µl of 5% Nafion. We dropped 10 µl catalyst inks on

the 1 cm diameter glassy carbon electrode. Subsequently, by using a high reduction bias

(V = -1.05 V), we activated the CuAgNWs in CO2-saturated 0.1 M KHCO3 solution for

2 hr. After such treatment, Figure 3.8 showed the generated atomic Cu-Ag interfaces on

the surface of Cu9Ag1NWs. EDX maps showed that Cu rose above the top of Ag-covered

surface of as-prepared Cu9Ag1 NWs (Figure 3.8a, Figure 3.8d and Figure 3.9). The interfaces

between Cu ensembles and Ag layers are quite prominent in Cs-corrected HAADF STEM of

Cu component in Figure 3.8b,e and Ag component in Figure 3.8c, Figure 3.8f.

The migration of Cu atoms outward to the surface of the NWs can be understood in

the differential binding strengths of Cu and Ag to CO2RR intermediates or products. Back

et al.38 reported that Cu(211) has -0.77 eV of CO binding energy (EB[CO]), -0.16 eV of

H binding energy (EB[H]), and -0.07 eV of OH binding (EB[OH]), which are all stronger

than Ag(211) (-0.15 eV of EB[CO], 0.30 eV of EB[H], and 0.56 eV of OH binding EB[OH]).

Zhong et al.39 also reported that the Cu has stronger EB[H] and EB[CO] than Ag. The Cu

under Ag surface could go to the top surface because of Cu’s stronger binding energies with

hydrogen, carbon monoxide, and hydroxide compared with Ag. To confirm the molecules’

types for the generation of the unique Cu-Ag surface ensembles structures, we carried out

the activation process changing purging gas of CO2, CO, and H2 at -1.05 V vs. RHE for

30 min, respectively.Figure 3.10 illustrates that the Cu component went to the top surface

at all purging conditions. Interestingly, in the Cu8.2Ag1.8NWs, the Cu and Ag elements

separated into Cu particles and Ag straw structures (Figure 3.11). This indicates a thick

enough Ag surface layer might limit the movement of Cu towards the surface to rise above
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Figure 3.6: STEM and EDX mapping of Cu9Ag1NWs. (a,b) STEM images of Cu9Ag1NWs,

(c-h) EDX of Cu9Ag1NWs. Yellow is Cu and purple is Ag.
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Figure 3.7: STEM and EDX mapping of Cu8.2Ag1.8 NWs. (a) STEM images of

Cu8.1Ag1.8NWs, (b,c) EDX of Cu8.2Ag1.8NWs. Yellow is Cu and purple is Ag.

the Ag surface.

We conducted CO2RR with CO2-saturated 0.1 M KHCO3 (pH 6.8) in a gas-tight H-cell

at room temperature under atmospheric pressure. We analyzed effluent gas/liquid products

at different applied potentials between -1.02 and -1.25 V vs. RHE. To compare the CO2RR

performance of pure Ag, we also synthesized AgNPs (Figure 3.12).

It is found that with increasing Ag content in the CuAgNWs, the electrochemically active

surface area (ECSA) normalized current densities decreased (Figure 3.13). Because liquid

products from CO2RR of these catalysts were less than 10%, we focused the discussion of

Faradaic efficiency (FE) on gas-phase products (Table ??,Table 3.3). Figure 3.14 shows FEs

of CuNWs (Figure 3.14a), Cu9Ag1NWs (Figure 3.14b), Cu8.2Ag1.8NWs (Figure 3.14c), and

AgNPs (Figure 3.14d). The pure CuNWs exhibited high selectivity of 60.37 ± 4.46% of

FEC2H4 at -1.06 V (RHE), and 55.01 ± 7.58% of FECH4 at -1.23 V vs. RHE (Figure 3.14a).

However, Cu9Ag1NWs showed very different product selectivity. Cu9Ag1NWs suppress C2H4

productions to less than ∼ 21% at all measured potentials (Figure 3.14b). At the same time,

the CH4 production from Cu9Ag1NWs started to rise at ∼ -1.12 V vs. RHE with FECH4 63.29

± 4.85%, which continued to rise to an impressive maximum FECH4 72% at low potential of
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Figure 3.8: Electron microscopy analysis of Cu9Ag1NWs after CO2RR at 1.05 V vs. RHE)

for 2 h. (a) EDX mapping of Cu K and Ag L on Cu9Ag1NWs, (b) Cu component in the

EDX image of Cu9Ag1NWs, (c) Ag component in the EDX image of Cu9Ag1NWs. (d)

EDX mapping of a Cu ensemble with Ag on the surface of Cu9Ag1NWs (Zoom in the blue

circle in (a), (e) Cu component in the EDX image of Cu and Ag ensemble on the surface of

Cu9Ag1NWs, (f) Ag component in the EDX image of Cu and Ag ensemble on the surface of

Cu9Ag1NWs. Yellow indicates Cu, and purple indicates Ag.
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Figure 3.9: STEM and EDX mapping of Cu9Ag1NWs after CO2RR at -1.05 (V vs.RHE) for

2 h. (a) EDX of Cu9Ag1NWs, (b) Cu component in the STEM images of Cu9Ag1NWs. (c)

Ag component in the STEM images of Cu9Ag1NWs. (d) EDX of ensemble of Cu K and Ag L

on the surface of Cu9Ag1NWs (Zoom in the blue circle in figure 3.9a). (e) Cu component in

the STEM images of Cu and Ag ensemble on the surface of Cu9Ag1NWs. (f) Ag component

in the STEM images of the Cu ensemble with Ag on the surface of Cu9Ag1NWs. Yellow is

Cu and purple is Ag.
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Figure 3.10: EDX mapping of Cu9Ag1NWs after activations with H2, CO2, and CO at

-1.05 V vs. RHE for 30 min. (a) Purging with H2, (b) Purging with CO2, (c) Purging with

CO. Yellow is Cu and purple is Ag.

-1.17 V vs. RHE, and maintained at 66.36 ±4.18% of FECH4 at -1.20 V vs. RHE (Figure

3.14b).

The reaction pathways of CH4 and C2H4 share a common ∗COH intermediate, which

deviates to CH4 with ∗HCOH and C2H4 with ∗OC-COH (∗active sites of catalysts)40. Thus,

catalysts availability to adsorb H (Had) compared to adsorb CO (COad) induces higher CH4

selectivity over C2H4 selectivity. Chen et al. reported that hydrogen binding energy increases

by ∼ 1 eV/V while the CO binding energy varies little with applied potentials40. Assuming

dominant hydrogen coverage at more negative than -0.8 V vs. RHE,40 at -1.12 V vs. RHE on

the surface of Cu-AgNWs, the Cu portion would be covered by hydrogen (Cu-H∗) while the

surface of Ag is still dominant by CO (Ag-CO∗). CO dominance on Ag surface is consistent

with our observation of FECO over 90% at ∼ -1.13 V vs. RHE on AgNPs (Figure 3.14d). On

CuAgNWs, the diffusion of CO from Ag section to the Cu section is likely more efficient due

to the short diffusion length. Thus, efficient feeding of CO to hydrogen-covered Cu surface

could make it favorable to generate ∗COH, and the dominant hydrogen coverage on the Cu
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Figure 3.11: STEM and EDX mapping of Cu8.2Ag1.8NWs after CO2RR at -1.05 V vs.

RHE for 2 h. (a,e) STEM images of Cu8.2Ag1.8NWs, (b,f,c,d,g,h) EDX of Cu8.2Ag1.8 NWs.

Yellow is Cu and purple is Ag.
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Figure 3.12: AgNPs. (a,b) Low magnification TEM image of AgNPs.

surface might drive ∗COH to ∗HCOH and finally CH4.

To further investigate the importance of the different interfaces between Cu and Ag com-

ponents for high CH4 generation, we compared FEs of Cu9Ag1NWs and Cu8.2Ag1.8NWs.

Both Cu9Ag1NWs and Cu8.2Ag1.8NWs showed higher selectivity of CO ( > 60% FECO)

at ∼ -1.05 V vs. RHE than pure CuNWs (Figure 3.14a-c), confirming contribution from

the Ag component. However, the Cu8.2Ag1.8NWs still showed high CO selectivity (53.21 ±

20.00%) with low CH4 production (10.55 ± 9.15%) at -1.13 ± 0.02% V vs. RHE (Table 3.2,

3.3), while Cu9Ag1NWs already demonstrated over 60% FECH4 . HRTEM and EDS showed

larger separations between Cu and Ag components in Cu8.2Ag1.8NWs (Figure 3.11) than

Cu9Ag1 (Figures 3.8).

Table 3.2: FE for Cu9Ag1 NWs

Applied potentials

V vs. RHE
FEH2 % FECO % FECH4 % FEC2H4 % FECH3CH2OH % FECH3COO- % FEHCOO- % FETotal %

-1.05 ± 0.01 14.73 ± 3.56 55.08 ± 0.11 6.25 ± 0.88 17.34 ± 4.06 1.93 0.61 0.15 96.10 ± 8.39

-1.12 ± 0.01 16.79 ± 4.98 3.16 ± 0.54 63.29 ± 4.85 21.51 ± 1.22 1.53 0.34 0.10 106.72 ± 4.17

-1.20 ± 0.02 24.66 ± 8.11 2.30 ± 0.52 66.36 ± 4.18 8.89 ± 4.46 1.17 0.22 0.11 103.72 ± 5.01
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Figure 3.13: The electrochemically active surface area (ECSA) normalized current density.

The ECSA was calculated by the double-layer capacitance of the electrodeelectrolyte inter-

face in CO2-saturated 0.1 M KHCO3 solution at room temperature.

Table 3.3: FE for Cu8.2Ag1.8NWs

Applied potentials

V vs. RHE
FEH2 % FECO % FECH4 % FEC2H4 % FECH3CH2OH % FECH3COO- % FEHCOO- % FETotal %

-1.04 16.36 82.03 0.05 2.1 5.09 1.87 0.61 108.14

-1.13 ± 0.02 12.80 ± 2.63 53.21 ± 20.00 10.55 ± 9.15 19.50 ± 7.42 3.07 1.15 1.34 101.62 ± 2.12

-1.23 ± 0.01 28.07 ± 16.16 25.58 ± 1.55 33.75 ± 7.27 11.21 ± 4.44 2.43 0.47 2.09 103.61 ± 10.92

This indicates that an intimate atomic level Cu-Ag interface between the Cu and Ag

components is necessary to promote the synergistic effect of CO-Ag∗ and H-Cu∗ in order

to promote high CH4 selectivity. To the best of our knowledge, the Cu9Ag1NWs provide

high FECH4 at the lowest applied potential 72% of FECH4 at -1.17 V vs. RHE in H-cell
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Figure 3.14: Electrochemical CO2RR performance in 0.1 M KHCO3 at room tempera-

ture and atmosphere pressure. (a) FEs of CuNWs, (b) FEs of Cu9Ag1NWs, (c) FEs of

Cu8.2Ag1.8NWs, (d) FEs of AgNPs
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with standard glassy carbon electrode at room temperature and atmospheric pressure (0.1

M KHCO3) compared to all other materials reported in the literature to date (Table 2.1).

3.4 Conclusion

We successfully generated atomic Cu-Ag ensembles via ex-situ galvanic replacement from

Cu to Ag, followed by an in-situ electrochemical activation approach. The atomic Cu-Ag

ensemble interface showed a change of CO2RR selectivity from C2H4 to CH4, which remarked

the highest FECH4 at the lowest applied potential 72% of FECH4 at -1.17 V vs. RHE in H-

cell. These findings suggest an effective way to generatie unmixable atomic ensemble Cu-Ag

interfaces to enhance CH4 selectivity with lowerb overpotential under operando conditions.

This approach can be expanded to other unmixable metal atoms to engineer the atomic

ensemble interface to for desired catalytic properties.
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CHAPTER 4

Electrochemical CO2RR to Hydrocarbons on Cu plates

with Ag and Pd Decoration

4.1 Introduction

As climate change is intensified by carbon dioxide (CO2) emissions threatening the human

living environment, it is urgent to develop an effective and sustained solution to reduce

emissions of CO2. Electrochemical CO2 reduction (CO2RR) driven by clean electricity is

a potential technology that stores inconsistent renewable energy like solar, wind, and hy-

dropower into stable and convenient utilized chemicals while consuming CO2 simultaneously.

To date, copper (Cu) is the only known metal that can produce hydrocarbons and oxygenates

effectively.1 One of the key challenges of industrializing this technology is to improve product

selectivity toward the desired product that either possesses high energy density or is easier

to transport and compatible with energy infrastructure. Hydrocarbon products with mul-

ticarbon such as ethylene, are highly attractive because of their versatility in the chemical

and energy industries.2

Tuning selectivity of electrochemical CO2RR is hindered by the limited understanding of

the complex reaction networks. Multiple C-C formation mechanisms were reported for Cu-

based catalysts so far, which all process through ∗CO: the dimerization of ∗CO forming

OC∗∗CO is supported by theoretical simulation3 and in situ spectroscopy experiment4;

the coupling of ∗CHO to form ∗OCHCHO∗;5 and coupling between ∗CHO and ∗CO to

form O∗CCHO.6 Key factors determine whether the C-C coupling is kinetically favorable,
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including the local ∗CO concentration near the C2 catalysis site, the ∗CO binding energy

on the catalyst, and the protonation of ∗CO to ∗CHO for the ∗OCHCHO∗ and O∗CCHO

pathway.

A lot of effort has been put into increasing the local ∗CO concentration and adjusting

∗CO binding energy to promote the C–C coupling process. Incorporating Cu with a sec-

ondary element has proven effectively tune the CO2RR toward C2 products.7–14 According to

the Sabatier principle, the corresponding intermediate should be bound neither too strongly

nor too weakly for each elementary catalysis step.15 In other words, the binding energy for

activation or release should be optimized. Metal exhibiting weak ∗CO binding energy like Ag

and Au has a higher turnover frequency (TOF) of converting CO2 to CO. Metal exhibiting

strong ∗CO binding like Pd will be poisoned while further reduction is terminated. Optimiz-

ing binding energy for processes involving multiple steps and intermediates is restricted by

the scaling relationship, as discussed in Chapter 1. Incorporating Cu with foreign elements

supplies diverse catalysis sites, which can be optimized for each step separately (synergistic

effect), thus freeing researchers from constriction from the linear scaling relationship.

Among all those elements, Ag and Pd, located near Cu while on the opposite side on

the scaling relations diagram shown in Figure 4.116, have been reported effectively enhance

CO2RR performance when incorporated with Cu. Various main products, including carbon

monoxide (CO), methane (CH4), ethylene (C2H4), and ethanol (C2H5OH), were reported and

summarized in table 4.1. It indicates that the selectivity of the bimetallic catalysts is not just

determined by the type of the element, but also by the composition and assembly pattern.

The details of how foreign elements contribute to CO2RR are still a puzzle. The contribution

of foreign atoms to the Cu catalysts’ performance of CO2RR can be a mix of geometric and

electronic effects. The ratio of activation sites for ∗CO production and the C-C coupling

process, the distance between these selective activation sites, lattice strain introduced by

dissolving foreign atoms, and the elements’ mixing patterns should be considered in the

catalyst design. Despite the unclear mechanism, We found that both Ag and Pd promote
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Figure 4.1: Adsorption energies ∆Gads of CO2RR intermediates as a function of ∆GC2O2 .

Solid lines are the least-squares estimated scaling relations. dotted lines represent slopes

estimated using bond counts. Figure adapted from ref16

the hydrocarbon production, especially for C2H4. C2H4 is an important value-added product

that can be used as the building block for various plastics, including polyethylene, polyvinyl

chloride, polystyrene and polymers.17

Table 4.1: Summary of CO2RR on CuAg and CuPd Catalysts

Catalysts Ag or Pd ratio
Potentials

(V vs. RHE)
Maximum FE (%) Electrolyte Cell Reference

CuAgNWs 10 % Ag -1.17 72 % CH4 0.1 M KHCO3 H-cell 7

AgCu Nanodimers 47.6 % Ag -1.1 40% C2H4 0.1 M KHCO3 H-cell 8

Cosputtering Cu and Ag on PTFE 14 % Ag -0.84 37% ethanol 1 M KHCO3 flow cell 9

CuAg alloy films 6 % Ag -0.7 60% C2H4 1 M KOH flow cell 10

Ag core Cu shell 80 % Ag -1.06 32% C2H4 0.1 M KHCO3 H-cell 11

Cu3Pd (20 nm) 25% Pd -1.2 40% CH4 0.1 M KHCO3 H cell 12

CuPd (50 nm) 50% Pd -0.7 48% C2H4 1 M KOH Flow cell 13

Pd7Cu3 70% Pd -0.8 80% CO 0.1 M KHCO3 H cell 14
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For this reason, we grow Ag or Pd with various compositions on Cu plates (CuAg plates

and CuPd plates, respectively) with dominant (111) facet exposure as a platform to study

their CO2RR activity and selectivity as a function of elemental composition. Moreover,

majority of these research focus on bimetallic catalyst while very few research reports ternary

metal system. We thought since Ag and Pd were assumed function in discrete stages of C2

production, co-incorporate Ag and Pd might icing the cake. With proper alignment, it is

promising to break the scaling relationship geometrically and control the mixed reaction

pathway to the C2 direction, with Ag serving as the ∗CO supplier. At the same time, Pd

stabilizes ∗CO and supplies proton to increase the local concentration of ∗CO and ∗CHO.

Here we first grow Ag or Pd on Cu plates through galvanic replacement. We studied the

CO2RR on CuAg and CuPd plates with three compositions (atomic ratio of Ag or Pd to Cu

) variables. Followed by a rational design of a trimetallic CuPdAg catalyst which effectively

improved the Faradaic efficiency (FE) of C2H4 (FEC2H4) by 28.7% at -1.1V vs. the reversible

hydrogen electrode (RHE) compared to Cu plates.

4.2 Materials and Methods

Chemicals

Copper (II) chloride dihydrate (CuCl2 · 2H2O, 99.999%), Palladium(II) chloride (PdCl2,

99%), Hexadecylamine (HDA) (> 98%), D-(+)-Glucose (≥ 99.5%), Ethanol (C2H5OH) (200

proof) and potassium bicarbonate (KHCO3), Cu nanoparticles (Cu nps, 25 nm particle size)

were all purchased from Sigma-Aldrich. Silver Nitrate (AgNO3, 99.9%) and Hexanes (98%)

were purchased from Fisher Chemical. An ultrapure purification system (Milli-Q advantage

A10) produced the deionized water (DI) (18.2 MΩ cm) used to make the solutions. The

cation membranes were purchased from the Fuel Cell Store. All reagents were used as

received without further purification.
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Synthesis of CuAg, CuPd, and CuPdAg Catalysts

The Cu plates were synthesized through a chemical reduction of CuCl2·2H2O by glucose in

the presence of HDA. 315 mg CuCl2·2H2O, 750 mg glucose, 2 g HDA, 7.5 ml 0.03M NaI

solution and 142.5 ml DI water were added into a glass bottle (200 ml) and sonicated for 30

min for thoroughly mixing. The vial was then heated from room temperature to 100 ◦C in

oil bath and kept at 100 ◦C for 8 hours. The resulting Cu plates product was collected by

centrifuge at 9500 rmp and washed five times by DI water, ethanol and hexane.

CuAg plates were synthesized through a galvanic replacement reaction between AgNO3

and Cu plates. 0.4 mg, 1.1 mg, and 9.4 mg AgNO3 were added into the 20 mg Cu plates

dispersed in DI water and sonicated for 30 minutes. CuPd plates were synthesized through

a galvanic replacement reaction between PdCl2 and Cu plates. 0.5 mg, 1.1 mg, and 9.3

mg PdCl2 were added into the 20 mg Cu plates dispersed in DI water and sonicated for 30

minutes. The resulting CuAg and CuPd plates were then washed five times with DI water

and ethanol and collected by centrifuge. CuPdAg plates were synthesized by mixing 1.9 mg

1mg/ml PdCl2 and 20 mg Cu plates in DI water, sonicated for 30minutes, washed once by DI

water. Then 1.9 mg AgNO3 was added into the CuPd suspension sonicated for 30 minutes,

and washed with DI water.

Materials Characterization

TEM images were taken with an FEI Titan scanning transmission electron microscope

(S/TEM) equipped with an energy dispersive spectrometer (EDX) detector operated at

300kV. Elemental quantification was conducted by measuring the x-ray emission from the

Cu K and the Ag L levels upon excitation by an electron beam (300 kV). The thickness of

Cu nanoplates was measured using Bruker Dimension FastScan Scanning Probe Microscope

(SPM) under ScanAsyst mode. The crystal structure of the Cu, CuAg, CuPd and CuPdAg

plates was analyzed with a Panalytical X’Pert Pro X-ray Powder Diffractometer (XRD)
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using Cu Kα radiation source conducting symmetric measurements. X-ray photoelectron

spectroscopy (XPS) tests were conducted to quantify the near-surface composition of the

Cu, Ag, and Pd. All spectra were acquired using monochromatized Al Kα radiation (15 kV,

15 mA) with a Kratos AXIS Ultra DLD spectrometer. Near-surface elemental quantifica-

tion was conducted by integrating the Cu 2p, Ag 3d, and Pd 3d spectral features using a

Shirley background and normalizing their integrated areas by an internally calibrated rel-

ative sensitivity factor. The relative bulk concentration of Cu, Ag, and Pd was analyzed

using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). A calibration

curve was first obtained by measuring standard Cu, Ag and Pd solutions. Then catalysts

were dissolved in 70% HNO3 for 5 hours. The solution was then dried at 60 ◦C and dissolved

in 2% HNO3. The concentration of Cu2+, Ag+, and Pd2+ were obtained by comparing with

the calibration curve.

Electrochemical Measurements

For each Catalyst, dried particles (4 mg) were mixed with 1 ml of ethanol and ultrasonicated

for 10 minutes. 10 µl of Nafion (5 wt%) was added, and ultrasonication continued for an

extra 30 min. The catalyst ink (10 µl) was dropped onto an L-shaped glass-carbon electrode

(diameter, 6mm; area, 0.283 cm2) using a 20 µl pipette and dried under ambient air.

All electrochemical experiments were conducted in an H-cell composed of two compart-

ments and separated by a cation-exchange membrane. The cell was sonicated with 2% nitric

acid and boiled with DI water three times before each test. The counter electrode was

a Pt wire from Pine Instruments. An Ag/AgCl (4M KCl) electrode purchased from Pine

Instruments was used as the reference electrode. 0.1 M KHCO3 was prepared as the elec-

trolyte. The cathode is stirred by a stir bar to mix the electrolyte thoroughly. CO2 (Air gas,

99.99%) was purged at a rate of 11 sccm to the cathode chamber for 25 minutes to saturate

before electrochemical measurements. Electrochemical measurements were performed using

a Princeton potentiostat (VersaSTAT 4). All current density was normalized by the ECSA

85



area measured by double-layer capacitance. Cyclic voltammetries were carried in a four-neck

bottle with CO2 saturated 0.1M KHCO3 at scan rates of 20, 40, 60, 80, 100, 120, 140, and

160 mV/s. The double-layer capacitance was determined by calculating the slope of the

current density vs. scan rate as follows:

CDL =
ic
v

(4.1)

A relative surface roughness factor SRF is defined by:

SRFCui =
CDLCui

CDLglasscarbon

(4.2)

Cui: Catalysts including Cu nps, Cu plates, Cu99.2Ag0.8, Cu93.9Ag6.1, Cu80.3Ag19.7, Cu99.5Pd0.5,

Cu97.6Pd2.4, Cu90.1Pd9.9 and Cu92.6Pd3.2Ag4.2.

CDLCui : Double-layer capacitance of catalysts;

CDLglasscarbon: Double-layer capacitance of glass-carbon electrode;

The specific current density of catalysts are denoted as follows:

jCui =
jgeo

SRFCui

(4.3)

The results of the double-layer capacitance measurement are summarized in table 4.2.

A constant voltage was applied for 20 to 30 minutes before the effluent was injected into

a gas chromatograph (GC). Consumed charges were collected to calculate from Princeton

Applied Research VersaSTAT 4 workstation. All CO2 reduction electrochemical data were

recorded vs. the reference electrode and converted to the RHE scale after iR correction.

Gas products were analyzed by a gas chromatography instrument (Shimadzu GC-2010-

Plus) equipped with a BID detector and a Restek ShinCarbon ST Micropacked column (2m

1mmID). The effluent from the electrochemical cell was injected into GC through a 6-port

valve. The concentrations of gas samples were calculated from the calibration curve made

from external standards. The FE was calculated from

FEi =
ne · F · Ci · rG · Po

R · To · Isat
× 100% (4.4)
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Table 4.2: Summary of electrochemical double layer capacitance measurement on glass

carbon, Cu nps, Cu plates, Cu99.2Ag0.8, Cu93.9Ag6.1, Cu80.3Ag19.7, Cu99.5Pd0.5, Cu97.6Pd2.4,

Cu90.1Pd9.9, and Cu92.6Pd3.2Ag4.2.

glass carbon Cu nps Cu plates Cu99.2Ag0.8 Cu93.9Ag6.1

CDl mF/cm2 0.084 0.560 0.262 0.372 0.297

SRF 1.000 6.667 3.119 4.429 3.536

R2 0.996 1.000 0.990 0.995 1.000

Cu80.3Ag19.7 Cu99.5Pd0.5 Cu97.6Pd2.4 Cu90.1Pd9.9 Cu92.6Pd3.2Ag4.2

CDl mF/cm2 0.367 0.287 0.339 0.471 0.839

SRF 0.998 3.417 4.036 5.607 9.988

R2 0.998 0.999 0.996 0.999 1.000

where:

ne = number of electrons transferred;

F = Faraday constant (96485 C ·mol−1);

i = species, either H2, CO, CH4 or C2H4;

Ci = concentration of the gas read from GC-BID;

rG = gas flow rate acquired from a ProFlow 6000 electronic flow meter (Restek) at the exit

of the electrochemical cell (ml min-1 at room temperature and ambient pressure);

P0 = atmospheric pressure (101325Pa);

R = ideal gas constant (8.314J ·mol−1 ·K−1);

T0 = room temperature (298.15K);

Isat = current after saturation;

Liquid products were analyzed by Quantitative NMR spectroscopy (Bruker AV-300).

Specifically, 0.1ml D2O was added to 0.9 ml of the cathode electrolyte, and 10 l of dimethyl
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sulfoxide (17.75 µM) was mixed in as an internal standard. The one-dimensional 1H spectrum

was measured with a prewater saturation method.

4.3 Results and Discussion

The growth of Cu plates is related to the reaction kinetics. The 2D morphology is normally

not thermodynamically favored during the growth of Cu nanocrystals due to the high surface-

to-volume ratio.18 In this work, the 2D growth of Cu is controlled kinetically by capping agent

I-. Halide ions were proved capable of adjusting metal morphology during crystal growth.19

Mirkin et al.20 demonstrated that I- ions can bind strongly and selectively to the Au (111)

crystal facet and promote the formation of (111)-oriented Au nanoprisms. Tae-Wook Kim et

al.21 reported that when iodide is present in the solution, it preferentially adsorbed on the

(111) facet of the Cu and formed an adlayer. The adsorption of I- leads to anisotropic plate-

like growth of the fcc nanocrystal. The transmission electron microscope (TEM) image in

figure 4.2b shows that the as-synthesized Cu plates are triangular and truncated triangular

structures with edge lengths ranging in the micrometer scale. The Cu plates topography

measured by atomic force microscopy (AFM) reveals that the thickness of the Cu plates is ∼

40 nm. The X-ray diffraction (XRD) patterns in Figure 11d show prominent peaks at 43.3◦

and 74.2◦, corresponding to the diffractions from the {111} and {220} of face-centered-cubic

Cu (JCPDS #03-1018).

To study the effect of composition on catalyst activity and selectivity, we prepared CuPd

plates with three Cu: Pd atomic ratios and CuAg plates with three Cu: Ag atomic ratios.

CuAg and CuPd plates were synthesized by galvanic replacement reaction between Cu atoms

and Ag+ or Pd2+ ions. Ag or Pd to Cu ratio is tuned by adjusting the amount of AgNO3,

or PdCl2 added to the Cu plates. CuAg plates were synthesized by adding 0.4 mg, 1.1 mg,

and 9.4 mg AgNO3 solution into 20 mg clean Cu plates dispersed in DI water and sonicated
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Figure 4.2: Characterization of Cu plates, (a) TEM image of triangular Cu plates. (b)

The AFM image shows the thickness of a single Cu plate.

for 30 minutes. The corresponding reaction equations are shown below:

Cu(s) + 2Ag+(aq) → Cu2+
(aq) + 2Ag(s) (4.5)

CuPd plates were synthesized by adding 0.5 mg, 1.1 mg, and 9.3 mg PdCl2 solution into 20

mg clean Cu plates dispersed in DI water and sonicated for 30 minutes. The corresponding

reaction equations are shown below:

Cu(s) + Pd2+(aq) → Cu2+
(aq) + Pd(s) (4.6)

The bulk and surface compositions between Ag, Pd and Cu were quantified by inductively

coupled plasma atomic emission spectroscopy (ICP-AES) and X-ray photoelectron spec-

troscopy (XPS). The result is summarized in table 4.3.

In the case of XPS (Figure 4.3), the calculated electron inelastic mean free paths of Cu at

992.3 eV, Ag 365 eV, and Pd 330.3 eV are 1.67 nm, 0.727 nm, and 0.625 nm, respectively,22
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Figure 4.3: High-resolution XPS spectra of (a) Cu 2p region for Cu nps, Cu plates,

Cu99.5Pd0.5, Cu97.6Pd2.4, Cu90.1Pd9.9 and Cu92.6Pd3.2Ag4.2. (b) Cu 2p region for Cu nps,

Cu plates, Cu99.2Ag0.8, Cu93.9Ag6.1, Cu80.3Ag19.7 and Cu92.6Pd3.2Ag4.2 plates. (c) Ag 3d re-

gion for Cu99.2Ag0.8, Cu93.9Ag6.1, Cu80.3Ag19.7 and Cu92.6Pd3.2Ag4.2 plates. (d) Pd 3d region

for Cu99.5Pd0.5, Cu97.6Pd2.4, Cu90.1Pd9.9 and Cu92.6Pd3.2Ag4.2 plates. All the spectra are

background corrected.
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Table 4.3: The atomic compositions of CuAg, CuPd and CuPdAg plates measured by ICP

and XPS.

ICP XPS

Sample Name Cu at% Ag at% Pd at% Cu at% Ag at% Pd at%

Cu nps 100 / / 100 / /

Cu plates 100 / / 100 / /

Cu99.1Ag0.8 97.99 2.01 / 99.12 0.8 /

Cu93.9Ag6.1 91.89 8.11 / 93.88 6.12 /

Cu80.3Ag19.7 81.04 18.96 / 80.28 19.72 /

Cu99.5Pd0.5 98.14 / 1.86 99.47 / 0.53

Cu97.6Pd2.4 96.45 / 3.55 97.62 / 2.38

Cu90.1Pd9.9 84.35 0.00 15.65 90.09 0.00 9.91

Cu92.6Pd3.2Ag4.2 93.14 3.57 3.29 92.64 4.16 3.20

which reveals a surface limited component analysis of XPS for Cu, Ag and Pd element. The

surface composition from XPS analysis showed 99.1% of Cu and 0.8% of Ag (Cu99.1Ag0.8)

with 0.4 mg AgNO3 precursor; 93.9% of Cu and 6.1% of Ag (Cu93.9Ag6.1) with 1.1 mg AgNO3

precursor; and 80.28% of Cu and 19.72% of Ag (Cu80.3Ag19.7) with 9.4 mg AgNO3 precursor.

For CuPd plates, XPS analysis showed 99.47% of Cu and 0.53% of Pd (Cu99.5Pd0.5) with

0.5 mg PdCl2 precursor; 97.62% of Cu and 2.38% of Pd (Cu97.6Pd2.4) with 1.1 mg PdCl2
precursor; 90.09% of Cu and 9.91% of Pd (Cu90.1Pd9.9) with 9.3 mg PdCl2 precursor; The

concentrations measured by ICP are overall smaller than those of XPS indicate a tandem

structure of CuAg and CuPd plates. For the CuPdAg plates, the surface concentration

measured by XPS showed 92.64% Cu, 4.16% Ag, and 3.20% of Pd (Cu92.6Pd3.2Ag4.2).

High-angle annular dark-field imaging (HAADF) and Energy-dispersive X-ray spectroscopy

(EDX) were applied to study the distribution of Ag and Pd particles (Figure 4.4). The pure

Cu plates showed sharp and clean surfaces (Figure 4.2b). The Cu plates morphology was
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Figure 4.4: Electron microscopy analysis of CuAg and CuPd plates. (a,e,i,m,q,u) High-

angle annular dark-field imaging (HAADF) images;(b,f,j,n,r,v) Cu component in the EDX

image; (c,g,k,o,s,w) Ag component in the EDX image; (d,h,l,p,t,x) EDX mapping of Cu,

Pd, and Ag L of Cu99.2Ag0.8, Cu93.9Ag6.1, Cu80.3Ag19.7, Cu99.5Pd0.5, Cu97.6Pd2.4, Cu90.1Pd9.9,

respectively. Red indicates Cu, green indicates Ag, and purple indicates Pd.
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preserved well with 0.8% Ag and 0.5% Pd added, whereas the uneven edge was observed

with increased Ag and Pd atomic concentrations (Figure 4.4 i-l, u-x). The EDX elemental

mapping images show that the growth of Pd and Ag are preferred on the edge of Cu plates

(Figure 4.4). There is clear phase separation between Ag, Pd, and Cu elements on the EDX

maps.

The X-ray diffraction (XRD) pattern of Cu plates in Figure 4.5a show a preferential

peak at 43.3◦, corresponding to the diffraction from the {111} of face-centered-cubic Cu (96-

431-3212). The preferential {111} diffraction peak indicates {111} basal plane exposure of

Cu plates.In addition, Cu nps shows a polycrystal diffraction pattern with prominent peaks

at 43.3◦, 50.5◦, and 74.1◦, 90.0◦ assigned to the diffraction from the {111}, {200}, {220},

and {311} Cu planes (96-901-3015). The XRD peaks of CuAg, CuPd, and CuPdAg plates

indicate no Bragg angle shift of Cu {111} after the galvanic replacement (Figure 4.5b), which

indicates no strain forming in Cu lattice after growing Ag and Pd. Ag {111} diffraction peak

at 38.2◦ is only observed in Cu80.3Ag19.7 (Figure 4.5a), and Pd {111} diffraction peak is only

observed in Cu90.1Pd9.9 illustrates more replacements of Ag and Pd, respectively. As the

presence of Ag in CuAg plates and Pd in CuPd plates are confirmed by the ICP, XPS,

and EDX test, the volume ratio of Ag in Cu99.2Ag0.8, Cu93.9Ag6.1, and Pd in Cu97.6Pd2.4

and Cu90.1Pd9.9 might fall below the detection limit of XRD (5–10%)23. We observe peaks

of Cu2O {111} at 36.5◦ ascribed to the partial oxidation of Cu in the air during sample

preparation.

We conducted the CO2RR electrochemical test of catalysts in an H-cell, analyzing the

gases and liquid products at constant potentials range between 0.9 and 1.2 V vs. RHE

in CO2-saturated 0.1 M KHCO3 (pH = 6.8) at room temperature and under atmospheric

pressure. The performance of the bimetallic and trimetallic plates was compared with Cu

plates and those of commercial Cu nps (Figure 4.6). Hereafter, comparisons between cathodic

(partial) current densities will refer to their magnitude only. The main CO2RR products are

gas-phase products, including CO, CH4, C2H4, and hydrogen (H2), the following discussion
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Figure 4.5: (a) X-ray diffraction (XRD) of Cu nps, Cu plate, Cu99.2Ag0.8, Cu93.9Ag6.1,

Cu80.3Ag19.7, Cu99.5Pd0.5, Cu97.6Pd2.4, Cu90.1Pd9.9 and Cu92.6Pd3.2Ag4.2. (b) Zoomed in (111)

diffraction peak of (a).
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of the CO2RR performances will be focused on gas-phase products. First, we observed that

Cu plates showed lower hydrogen evolution reaction (HER) selectivity and H2 partial current

density at -0.9 V, with 34.3 ± 1.2% of FEH2 and -0.08 ± 0.01 mA/cm2 of jH2, compared to

66.3 ± 6.6% of FEH2 and -0.19 ± 0.04 mA/cm2 of jH2 on Cu nps (Figure 4.6a and Figure

4.7a). The Cu nps possess a higher density of low-coordinated atoms compared to larger

Cu plates with dominated (111) surface exposure. The reduced adsorption of hydrogen

(the Volmer reaction) on Cu (H+ + e− + ∗ → Had) is the rate-determining step of the

overall electrochemical HER,24,25 and is limited by the weak hydrogen binding on Cu26.

Since stronger chemisorption of protons is expected on low-coordinated atoms, the observed

increase in hydrogen production, selectivity, and overall Faradaic activity for Cu nps appear

plausible. The Cu plates showed a considerably higher yield of CH4 with an average peak

FECH4 of 65.51 ± 9.5% at around 1.20 V when compared with the Cu nps (FECH4 = 19.5

± 2.3%) (Figure 4.6c and Figure 4.7c). We note that the primary CO2RR products of the

Cu nps were found to be C2H4 (around 40%) at 1.1 and -1.2 V (Figure 4.6d), which could

be the result of the higher (100) facets (Figure 4.5a) and step sites exposure on the surface.

It is well known that CO2RR (111) favors the production of CH4 while (100) is selective

toward C2H4.27 The discrepancy of hydrocarbons distribution among Cu plates and Cu nps

is likely originating from the (111) facets distribution on Cu plates and increased amount of

(100) on Cu nps.

When incorporating Ag with Cu plates, HER selectivity is significantly suppressed. With

0.8% Ag, the FEH2 decreased from 34.3 ± 1.2% on Cu plates to 23.6 ± 1.8% on Cu99.2Ag0.8

(Figure 4.6a), which is consistent with the assumption that the weak binding of hydrogen on

Ag decreased the overall hydrogen binding strength on CuAg plates. It is well known that

Ag is a CO-generating catalyst.28 As Ag content increases, the CO production is drastically

promoted at -0.9 V (Figure 4.6b). For 19.7% Ag, the FE of CO reach 88.2 ± 2.1% at -0.9

V, increased by 3-fold compare to copper plates (31.7 ± 5.7%) and the CO partial current

density reached 0.5 ± 0.1 mA/cm2 at -1.2 V, increased by 5-fold compare to copper plates
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(0.1 ± 0.02 mA/cm2) (Figure 4.7b). What’s more, incorporating Ag into Cu plates reduced

the onsite potential for hydrocarbons (CH4 and C2H4) and enhanced C2H4 production. On

Cu plates, CH4 and C2H4 were produced starting at -1.1 V. While on Cu99.2Ag0.8, 3.4 ±

3.2% of FECH4 and 24.0 ± 6.0% of FEC2H4 were observed at -1.0 V. This indicates the

reduced kinetic barrier for CH4 and C2H4 by Ag co-catalysts. It has been reported that

the rate-limiting step toward CH4 on Cu(111) is the protonation of ∗CO, forming ∗COH or

∗CHO.29,30. For C2H4 production, ∗COH and/or ∗CHO are necessary reaction intermediates

for C-C coupling on the same facet.31 Therefore, we hypnosis that the dominant hydrocarbon

production on CuAg plates is due to the tandem catalysis mechanism. The increasing amount

of CO produced by Ag near the Cu surface and the relatively short diffusion length lead to a

high CO coverage on Cu. It has been reported that adsorbate-adsorbate interactions of ∗CO

typically reduce their adsorption energies.32 Thus, the high local concentration of ∗CO near

the Ag and Cu interface and stronger binding of CO stabilize adsorbed ∗CO and favor more

efficient protonation under this condition. However, further increasing Ag concentration from

0.8% to 6.1% and 19.7% does not enhance the FECH4 and FEC2H4 . The product distribution

shift toward CO indicates that the nearby Cu atoms cannot utilize the excess ∗CO produced

by Ag with increased Ag atoms. Ag ends up competing with Cu for electrons and shifts the

CO2RR selectivity to CO.

Contrary to Ag, Pd exhibits strong hydrogen adsorption,33. On CuPd plates, HER is

promoted at -0.9V. For Cu90.1Pd9.9, the FEH2 increased by 17.4% compared to Cu plates

at -0.9V (Figure 4.6a), which is consistent with the HER activity trend predicted by hydro-

gen binding energy. However, at a potential more negative than -1 V, Pd promotes C2H4

selectivity. Among CuPd plates, FEC2H4 peaks on Cu97.6Pd2.4 reached 44.8 ± 0.3% at -1.2

V. Previously experiments reported that DFT calculations showed that the CuPd interface

could enhance the CO2 adsorption and decrease the hydrogenation energy barrier, which

is the rate-limiting step for ∗CO.34 Previous research reported that Pd could facilitate the

hydrogenation of ∗CO to ∗CHO intermediates through Diffuse Reflectance Infrared Fourier
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Figure 4.6: Comparisons of CO2RR products selectivity of Cu nps, Cu plate, Cu99.2Ag0.8,

Cu93.9Ag6.1, Cu80.3Ag19.7, Cu99.5Pd0.5, Cu97.6Pd2.4, Cu90.1Pd9.9 and Cu92.6Pd3.2Ag4.2 catalysts

in H-cell with 0.1 M KHCO3 electrolyte at room temperature and atmospheric pressure. (a)

FE of H2, (b) FE of CO, (c) FE of CH4, (d) FE of C2H4.
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Figure 4.7: Comparison of catalytic CO2RR activity of Cu nps, Cu plate, Cu99.2Ag0.8,

Cu93.9Ag6.1, Cu80.3Ag19.7, Cu99.5Pd0.5, Cu97.6Pd2.4, Cu90.1Pd9.9 and Cu92.6Pd3.2Ag4.2 catalysts

in H-cell with 0.1 M KHCO3 electrolyte at room temperature and atmospheric pressure. (a)

H2 partial current density jH2 , (b) CO partial current density jCO, (c) CH4 partial current

density jCH4 , (d) C2H4 partial current density jC2H4 . All current densities are normalized by

ECSA area.
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Figure 4.8: Electron microscopy analysis of Cu92.6Pd3.2Ag4.2 plates. (a,f) High-angle an-

nular dark-field imaging (HAADF) images;(b,g) Cu component in the EDX image; (c,h) Ag

component in the EDX image; (d,i) Pd component in the EDX image (e,j) EDX mapping of

Cu K, Pd L, and Ag L on Cu92.6Pd3.2Ag4.2. The blue circle areas with CuPdAg ensemble.

Red indicates Cu, green indicates Ag, and purple indicates Pd.

Transform Spectroscopy (DRIFTS) study.35 Therefore, we assume the improved FEC2H4 on

CuPd plates is a result of the reduced kinetic barrier to ∗CO and ∗CHO. Similar to Cu

co-catalyst with Ag, further increase the amount of secondary element, i.e., Pd atomic ratio

to 9.9% reduce the FEC2H4 in all applied potential range compared to Cu97.6Pd2.4 (Figure

4.6d). Therefore, we suspect that the co-catalyst elements need to be aligned with Cu in an

optimum manner with dominant neighboring Cu atoms to maximize the synergistic effect

toward C2 production and diminish the competition.

To this end, we thought Ag and Pd likely function in separate steps of C2H4 production.

Ag supplies ∗CO to Cu, and Pd facilitates the hydrogenation of ∗CO to ∗CHO. There-

fore, we incorporate these two elements with Cu synthesizing trimetallic Cu92.6Pd3.2Ag4.2

plates to enhance the synergistic effect. The structure analysis is shown in figure 4.8. EDX

mapping reveals that Pd, Ag, and Cu are phase separated. Figure 4.8j show the presence

of the three elements interface. XRD patterns of Cu92.6Pd3.2Ag4.2 showed a dominant Cu

{111} diffraction peak confirming the (111)-exposed plate morphology of the trimetallic
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sample. The CO2RR performance of Cu92.6Pd3.2Ag4.2 plates were tested under the same

condition described before (Figure 4.6, Figure 4.7). Interestingly, we observe C2H4 produc-

tion on Cu92.6Pd3.2Ag4.2 at -0.9 V, the lowest among all Cu and Cu bimetallic samples. The

Cu92.6Pd3.2Ag4.2 plates showed a higher selectivity of C2H4 with an average peak FEC2H4 of

50.3 ± 4.6% at around 1.1 V which increased by 28.7% compare to Cu plates (FEC2H4 =

21.63 ± 6.8% at -1.1 V), 15.0% higher that Cu99.2Ag0.8 (FEC2H4 = 35.2 ± 2.0% at -1.1 V)

and 11.3% higher than Cu97.6Pd2.4 (FEC2H4 = 39.0 ± 4.7% at -1.1 V) at the same potential

(Figure 4.6d and Figure 4.7d).

To investigate the electronic effect of CuAg, CuPd, and CuPdAg catalysts and their

relation with CO2RR product distributions, we collected the valence band spectra of all

samples and analyzed the d-band centers relative to the Fermi level (Figure 4.9). Based on

the d-band theory, for transition metals, the higher the d states are in energy relative to the

Fermi level, the stronger the binding due to higher energy of the antibonding states.36 The

published d-band center measured by Al kα excitation for Cu, Pd, and Ag are 3.05, 2.09, and

5.28 eV, respectively.37 The d-band centers we derived from Cu nps (2.98 eV) and Cu plates

(3.07 eV) match the literature result. The higher d-band center of Cu nps indicates stronger

∗H and ∗CO binding on Cu nps compared to Cu plates which could explain the greater HER

yield (FEH2 = 66.3% ± 6.7%) at -0.9 V and superior C2H4 selectivity on Cu nps (FEC2H4 =

42.1% ± 3.3%). We observed that, compared to Cu plates, incorporating Pd with Cu shifts

the d-band center closer to the Fermi level while incorporating Ag shifts the d-band away

except for Cu99.2Ag0.8. The d-band center of Cu99.2Ag0.8 (3.00 eV) and Cu97.6Pd2.4 (3.03 eV)

lay closely with Cu plates (3.07 eV) while exhibiting the highest FEC2H4 among CuAg and

CuPd plates respectively. Therefore, we suspect that the synergistic effect of Pd and Ag

probably originated from local geometric effects rather than the alternation of the electronic

structure of Cu catalysts which promotes C2H4 production in this study.
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Figure 4.9: Valence band spectra of Cu nps, Cu plate, Cu99.2Ag0.8, Cu93.9Ag6.1, Cu80.3Ag19.7,

Cu99.5Pd0.5, Cu97.6Pd2.4, Cu90.1Pd9.9 and Cu92.6Pd3.2Ag4.2 measured by X-ray photoelectron

spectroscopy (XPS) using monochromatized Al K excitation. The Shirley background is

determined and shown as a thin line underneath each spectrum. The average energies of the

valence band spectral weight (i.e., the d-band center position), derived after subtraction of

the background and integration of the spectrum, are marked on the top right corner of each

spectrum in eV.
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4.4 Conclusion

In summary, through the synthesis, characterization, and electrochemical study of bimetallic

CuAg, CuPd, and trimetallic CuPdAg plates with varied compositions, we demonstrate that

the concentration of co-catalyst is important in determining each catalysts selectivity. The

atomic ratio of a secondary element to Cu should be adjusted to optimum for the catalyst to

show the most significant co-catalyst effect. We found that trimetallic Cu-based catalysts can

be engineered to have active sites for key reaction intermediates with tuned binding energies

aligned together for the more reduced product (C2H4). When incorporating the Ag and

Pd together with Cu, Cu92.6Pd3.2Ag4.2 plates outperform Cu plates, bimetallic CuAg, and

CuPd plates in C2H4 production at -1 V. These findings suggest an effective way to engineer

co-catalyst, not just through bimetallic structures but also through trimetallic structures, to

enhance C2H4 selectivity with lower over potential.
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CHAPTER 5

Conclusion and Perspective

5.1 Conclusion

In summary, during my Ph.D. study, I researched and designed high-performance Cu-based

catalysts for electrochemical CO2 reduction reactions, including Cu foil with rich twin bound-

aries (tw-Cu); Cu-Ag NWs with the atomically intimate interface; and trimetallic CuPdAg

plates.

In chapter 2, I introduced a highly-(111)-oriented Cu foil electrocatalyst with dense twin

boundaries (TB) (tw-Cu) that showed high Faradaic efficiency of 86.1 ± 5.3% towards CH4 at

-1.2 ± 0.02 V vs. the reversible hydrogen electrode (RHE). Theoretical studies suggested that

tw-Cu can significantly lower the reduction barrier for the rate-determining hydrogenation of

CO compared to planar Cu(111) under working conditions, which suppressed the competing

C-C coupling step, leading to the experimentally observed high CH4 selectivity. Through this

work, I developed a catalyst showing high CO2RR selectivity towards CH4 production and

a mechanistic understanding of the influence of the twin-boundaries on CO2RR selectivity,

thus opening a path towards the rational design of Cu-based catalysts for tunable CO2RR.

In chapter 3, I report the generation of a co-catalyst with intimate atomic Cu-Ag inter-

faces on the surface of Cu nanowires via galvanic replacement from Cu to Ag and following

in-situ electrochemical activation to produce CH4 with high efficiency. The attractive Cu-Ag

interface showed a 63.3 ± 4.9% FECH4 at -1.1 ± 0.01 V vs. RHE, and an impressive maxi-

mum FECH4 of 72% at a low potential of -1.2 V. Well-integrated experimental measurements
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supported that the atomic Cu-Ag interfaces were responsible for the high CH4 selectivity.

This investigation opens the path toward designing atomically intimate Cu co-catalyst in-

terfaces for CO2RR.

In Chapter 4, taking a step further in co-catalyst design on Cu, I incorporated Pd and Ag

with Cu plates with various atomic ratios. I demonstrate that co-catalyst concentration is

important in determining each catalyst’s selectivity and should be adjusted to the optimum. I

further designed the trimetallic catalyst (Cu92.6Pd3.2Ag4.2 plates), aligning weak ∗CO binding

element (Ag) and strong ∗CO binding element (Pd) together to produce C2H4 selectively.

Cu92.6Pd3.2Ag4.2 plates outperform Cu plates, bimetallic CuAg, and CuPd plates in C2H4

production at -1V. These findings suggest efficacious design strategies for coupling Cu with

a secondary metal to reduce the activation barriers for C2H4.

5.2 Perspective

As described throughout this thesis, the advancement of design catalysts with superior activ-

ity and selectivity for deeply reduced products with high energy density is a critical focus of

electrochemical CO2 reduction. To design catalysts that show high performance of CO2RR,

a better understanding of the reaction mechanism is required for guidance. The obstacle to

understanding the mechanism is the complexity of CO2RR. CO2RR includes multiple steps

and key intermediate. Reaction pathways are determined not only by the catalyst structure

but also by the electrolyzer environment (applied potential, PH, cation concentration, CO2

concentration, etc.), which leads to enormous possibilities to consider, especially for deeply

reduced products (C2+). As a graduate student, the more I dig into this reaction, the more

I realize the complexity and the necessity of utilizing simulation and in situ/operando spec-

troscopy to measure events occurring at the surface under operating conditions. To date,

DFT simulation, which is largely used in the CO2 mechanism study, still suffers from the

limited capability of describing charge at the catalyst-electrolyte interface and evaluating
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kinetics and reaction barriers under reaction conditions. Questions including what are the

protonation steps that convert ∗CO into CH4 and detailed C2 routes remain open. Therefore,

combining in situ/operando spectroscopy with high space and time resolution and advanced

microkinetic modeling together is necessary to complete the CO2RR reaction mechanism

map.

A deep understanding of the reaction mechanism will accelerate the rational design of

CO2RR electrocatalysts and save researchers from the traditional trial-and-error approach.

The development of machine learning also presents an opportunity to screen and predict

materials while it needs reliable data engineering of the experiment reports. Building a

database with well-defined and standardized experimental results of catalyst performance will

accelerate statistical understanding and boost reliable model training for catalyst screening.

The other issue of catalyst development is the precise control of the catalyst’s structure,

both in ex-situ and in-situ electrochemical conditions. In other words, the specific activation

site for each elementary step should be assembled optimally and performed stably to achieve

the most efficient generation, transformation, and consumption of intermediates on the cata-

lyst. This likely requires the synthesis of elaborate structures that go beyond a single crystal

or single element.

Besides the catalyst, it is important to realize other critical electrolyzer system aspects,

such as electrolyte condition, ion exchange membrane engineering, gas diffusion layer design,

and process conditions. For scaled-up electrolyzers, the uniform delivery of electricity field,

efficient heat transfer (prevent overheating), and control of cell pressure condition should

also be optimized for effective and durable operation.

In summary, rapid progress has been made in understanding and improving the cat-

alyst performance of electrochemical CO2 reduction in recent years. Multiple independent

techno-economic assessments suggest that with the state-of-the-art electrolyzer performance,

carbon monoxide and formic acid production costs are already competitive with conventional

processes.1 With the ever-increasing avenues of fundamental understanding followed by the
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efficient catalyst and electrolyzer development, there are reasons to believe the step ap-

proaching industrialized electrochemical CO2 reduction will continue.
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