
 

 

Cu-based catalysts for electrochemical CO2 reduction 

 

Xianlong Zhou  

 

A thesis submitted for the degree of Doctor of Philosophy  

 

School of Chemical Engineering and Advanced Materials  

The University of Adelaide 

  



 

  



Table of contents 

Abstract 1.........................................................................................................................   

Thesis Declaration…………………………………………………………...……….4  

Acknowledgement……………………………………………………………...…….5  

Chapter 1 Introduction………………………………………………………...…….8 

1.1 Significance of the Project…………………………………………………….8 

1.2 Research Objectives…………………………………………………...……...8  

1.3 Thesis Outline……………………………………………………….…..……9  

1.4 References………………………………………………………………..….10  

Chapter 2 Literature review…………………………………………………….… 11 

2.1 Introduction of electrochemical CO2 reduction on Cu-based catalyst……....11 

2.2 The local environment of Cu-based catalyst………………………………..12 

Chapter 3 Molecular scalpel to chemically cleave metal-organic frameworks for 

induced phase transition……………………………………………………………34 

3.1 Introduction and Significance……………………………………………….34 

3.2 Molecular Cleavage of Metal-Organic Frameworks and Application to Energy 

Storage and Conversion.…………………………………………………………..….35 

       3.2 Mechanistic insight into molecular scalpel to chemically cleave metal-organic 

frameworks for induced phase transition……………………………………………..57 

Chapter 4 Stabilizing Cu2+ ions by solid solutions to promote CO2 electroreduction 

to methane……………………………………………………………………...……91 

4.1 Introduction and Significance………………………………………………..91 

4.2 Mechanistic insight into stabilizing Cu2+ ions by solid solutions to promote 

CO2 electroreduction to methane…………………………………………….………92 

Chapter 5 Tuning molecular electrophilicity of Cu-MOF catalysts to steer CO2 



electroreduction selectivity………………………………………………………..124 

5.1 Introduction and Significance……………………………………………...124  

5.2 Mechanistic insight into tuning molecular electrophilicity of Cu-MOF catalysts 

to steer CO2 electroreduction selectivity…………………………………………….125 

Chapter 6 Regulating interface water structure by solvation effects to promote 

electrochemical C-C coupling reactions…………………………………………..148 

6.1 Introduction and Significance………………………………………………148 

6.2 Mechanistic insight into solvation effects regulating interface water structure 

of Cu catalysts to promote electrochemical C-C coupling reactions………………..149 

Chapter 7 Conclusions and Perspectives…………………………………………166 

7.1 Conclusions………………………………………………………………...166  

7.2 Perspectives………………………………………………………………...166 

Appendix: Publications during PhD Candidature…………….…………………169 



Abstracts 

Electrochemical CO2 reduction (CRR) that converts CO2 into high‐value fuels and 

chemicals is one of critical approaches to achieving carbon‐emissions‐neutral processes. 

The first step in developing this technology is to design and synthesize high-

performance CRR electrocatalysts. Because Cu binds to CRR intermediates *CO 

neither too weakly nor too strongly, it is the only metal catalyst to electrochemical 

transform CO2 into various products, hydrocarbons and oxygenates. They are highly 

sought because of their large market volume and commercial value. However, CRR is 

a gas/solid/liquid three-phase interface reaction near the electrode in aqueous solution. 

Therefore, in addition to the composition and structure of various Cu catalysts, their 

catalytic activity and selectivity depend significantly on the local environment, 

including catalyst surface structure and electrolyte composition. Understanding the 

structure-activity relationship between catalyst composition and local environment with 

CRR activity and selectivity is crucial, which inspires researchers to synthesize the 

desired CRR catalysts. This thesis aims to solve this key scientific question from 

catalyst design and tuning electrolyte composition to steer CRR activity and selectivity 

of Cu-based catalysts.   

First, we proposed a new method, molecular cleavage, to synthesize Cu-based 

MOFs. This strategy can precisely regulate the local coordination environment of a 

metal−organic framework (MOF) together with the derivation of a new topological 

structure. Importantly, this method is designed to circumvent limitations in hard and 

soft acids and bases (HSAB) theory to fabricate a new ordered Cu2BDC (BDC = 1,4-

benzenedicarboxylate) MOF composed of a soft acid metal and a hard base ligand. 

Starting from a reported CuBDC MOF, we demonstrated L-ascorbic Acid (LA) acting 

as a molecular scalpel to finely regulate the chemical state and coordination number of 
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Cu metal centres to cleave BDC linkers. A controlled phase transition from CuBDC to 

Cu2BDC with resulting different chemical composition and topological structure was 

achieved. In composition to the pristine CuBDC, the Cu2BDC-derived sample can 

display a higher Faradaic efficiency (FE) for C2 products (ethylene and ethanol). This 

improvement results from the formation of Cu2O (111) and Cu (111) mixed phases, 

which can promote CRR activity and C2 product selectivity in a synergistic way. 

Second, a method was proposed to stabilize Cu2+ during catalytic operation 

through fabrication of a Cu-Ce-Ox solid solution, in which Cu ions are incorporate into 

CeO2 matrix. In situ formed Ce3+ in solid solutions from electrochemical reduction can 

provide the rapid electron transport channel to suppress the accumulation of electrons 

around Cu2+ sites and protect them from reduction to Cu0. We also employed in situ 

attenuated total reflectance infrared spectroscopy (ATR-IR) to observe that the stable 

Cu2+ sites can significantly improve the initial *CO adsorption and facilitate the *CO 

hydrogenation to produce *OCH3, which is a crucial intermediate of CH4 generation. 

As a result, Cu-Ce-Ox delivered a high FE of CH4 with significant suppression of the 

competing C2 products (i.e., C2H4).  

Third, a class of bipyridyl molecules work as linkers with tunable electrophilicity 

to steer CRR selectivity of Cu-MOFs. Theory calculations and in situ experiments 

confirm that the electrophilicity of the linker can tune the catalyst’s proton availability, 

which can promote or inhibit the critical proton-coupled electron transfer (PCET) 

process in CRR. Catalyst with a low-electrophilicity linker exhibits fast proton transfer 

to *CO, accelerating its protonation to achieve a high FE of 58.2% for CH4. By contrast, 

a high-electrophilicity linker can stabilize *CO and favor its C-C coupling step, 

resulting in a high FE of 65.9% for C2H4. 

In the end, we engineered the solvated structure of metal cations to tune interfacial 
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water structure, which can fast PCET process of CO2 activation and increase the 

absorption ability for *CO intermediate on Cu2O during CRR operation, thereby 

promoting C-C coupling reaction during CRR. Dimethyl sulfoxide (DMSO) was 

employed as an electrolyte additive to tune the solvated structure of K ions because it 

can preferentially solvate with K ions over water. In situ spectroscopic characterizations 

revealed that the introduction of DMSO can form a higher percentage of 4-coordinated 

hydrogen-bonded water on the surface of Cu2O catalyst, consequently building stronger 

hydrogen bonds to stabilize *CO and fast its dimerization. 
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Chapter 1 introduction 

1.1 Background 

The development of viable technologies to convert CO2 effectively into chemicals or 

fuels is rapidly gaining momentum. Indeed, these technologies not only reduce the 

overall CO2 emissions by recycling the already burnt fossil fuels but also incentivize 

the exploration of new methods for CO2 capture.1 CRR is one of the particularly 

promising pathways for CO2 conversion since it can store renewable electricity 

obtained from intermittent solar or wind energy.2 However, at room temperature and 

atmospheric pressure, CRR requires large overpotentials to drive CO2 hydrogenation 

for producing C1 and even multi-carbon products. It is well known that the catalyst’s 

activity depends mainly on its structure and the prevailing reaction conditions.3 In a 

typical solid-gas thermal catalytic reaction, the catalytic effects are limited by 

physicochemical properties and the electronic structure of the solid catalyst.4 

Consequently, researchers focus on the development of various catalysts with high 

activity. In addition, CRR occurs on a gas/solid/liquid three-phase interface, and its 

reactivity is also sensitive to the local reaction environment of the catalysts, such as the 

specific electrolyte, pH, presence of metal cations, surface structure and composition 

of the catalyst, and some other factors.5  

1.2 Aim and Objectives  

The primary goal of this thesis is to discover the reaction mechanism of CRR on 

nanostructured catalysts and to find the activity origin on highly active catalysts. The 

objectives of this thesis are as follows: 

• To discover the Cu(I)-MOFs resulted from cleavage of synthesized Cu(II)-MOFs 

that can build Cu-based catalyst with the mixed-phase interface, thereby promoting 

the efficacy of C-C coupling in CRR.  
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• To identify the mechanism of stabilizing Cu2+ through the formation of a solid 

solution and build electronic transfer network to build a platform to investigate the 

Cu2+ behaviors during CRR operation  

• To break the conventional electronic structure engineering that tunes CRR activity 

and selectivity and propose a method to regulate the PCET process in CRR for 

tuning its selectivity. 

• To rebuild the interfacial water structure for the formation of stronger hydrogen 

bonds to stabilize intermediates and improve CRR selectivity.        

1.3 Thesis Layout 

This thesis is partial outcomes of my PhD research presented in the form of journal 

publications. The chapters in this thesis are shown in the following sequence: 

• Chapter 1 introduces the general background and the significance of the project. 

Then, an outline and the research purpose of this thesis are provided. 

• Chapter 2 reviews the current development, reaction roadmap understanding and 

the designing and local environment regulation strategies of the Cu-based 

electrocatalysts for CRR. 

• Chapter 3 proposes a new method, molecular cleavage, to synthesize Cu-based 

MOFs, which can improve FE for ethylene and ethanol due to the formation of 

Cu2O (111) and Cu (111) mixed phases. 

• Chapter 4 stabilizes Cu2+ during CRR operation by fabrication of a solid solution, 

building a platform for CRR to study Cu2+ behavior.  

• Chapter 5 tunes the molecular electrophilicity of Cu-MOFs to alter the PCET 

process in CRR, thereby regulating its selectivity towards CH4 or C2H4. 

• Chapter 6 engineers solvated structure of metal cations to tune interfacial water 

structure on catalyst surface to promote C-C coupling reaction during CRR. 
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• Chapter 7 summarizes the key achievement of this thesis and provides perspectives 

for future work. 

1.4 References 

(1) Wang, G.; Chen, J.; Ding, Y.; Cai, P.; Yi, L.; Li, Y.; Tu, C.; Hou, Y.; Wen, Z.; Dai, 

L., Electrocatalysis for CO2 conversion: from fundamentals to value-added 

products. Chem. Soc. Rev. 2021, 50 (8), 4993-5061. 

(2) Bushuyev, O. S.; De Luna, P.; Dinh, C. T.; Tao, L.; Saur, G.; van de Lagemaat, J.; 

Kelley, S. O.; Sargent, E. H., What Should We Make with CO2 and How Can We 

Make It? Joule 2018, 2 (5), 825-832. 

(3) Zheng, Y.; Jiao, Y.; Jaroniec, M.; Qiao, S. Z., Advancing the electrochemistry of 

the hydrogen-evolution reaction through combining experiment and theory. Angew. 

Chem. Int. Ed. 2015, 54 (1), 52-65. 

(4) Zhou, X.; Liu, H.; Xia, B. Y.; Ostrikov, K.; Zheng, Y.; Qiao, S. Z., Customizing the 

microenvironment of CO2 electrocatalysis via three-phase interface engineering. 

SmartMat 2022, 3 (1), 111-129. 

(5) Wagner, A.; Sahm, C. D.; Reisner, E., Towards molecular understanding of local 

chemical environment effects in electro- and photocatalytic CO2 reduction. Nat. 

Catal. 2020, 3 (10), 775-786. 
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Chapter 2 Literature Review 

2.1 Introduction  

Electrochemical CO2 reduction powered by reversible electricity provides an attractive 

technique for achieving carbon‐emissions‐neutral processes. It can transform CO2 into 

various value-added chemicals or fuels, including carbon monoxide (CO), formic acid 

(HCOOH), methane (CH4), methanol (CH3OH), ethene (C2H4), or ethanol (C2H5OH). 

Cu is the only metal element to electrochemical catalyze CO2 into hydrocarbons and 

oxygenates due to its binding to CRR intermediate *CO neither too weakly nor too 

strongly. Unfortunately, this unique physicochemical property of Cu also results in poor 

selectivity, heavily impeding their practical applications for CRR. Currently, tuning the 

electronic structure of Cu can significantly improve its adsorption ability of 

intermediates and then promote electrosynthesis of the desired reduction products. 

Furthermore, since CRR occurs on a gas/solid/liquid three-phase interface, in addition 

to the design of electrocatalysts, its reactivity is also sensitive to the local reaction 

environment of catalysts, such as electrolyte, pH, metal cation, catalyst’s surface 

composition. 

     In this review we summarize various methods of tuning catalysts’ surface/interface 

to optimize the microenvironment for CRR. We present different modification 

strategies on gas transport, electrolyte composition, controlling intermediate states, and 

catalyst structural engineering. Importantly, we focus on various chemical and 

engineering methods to increase local CO2 concertation, lower the energic barriers for 

CO2 activation, decrease H2O coverage, and stabilize intermediates to modulate the 

catalytic activity and selectivity delicately. In the end, we also provide some 

perspectives on the challenges and outlook for CRR through the three-phase interface 

engineering. 
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2.2 Customizing the microenvironment of CO2 electrocatalysis via three‐phase 

interface engineering 

This chapter is included as a journal paper by Xianlong Zhou, Hao Liu, Bao Yu Xia, 

Kostya (Ken) Ostrikov, Yao Zheng, Shi-Zhang Qiao, Customizing the 

microenvironment of CO2 electrocatalysis via three‐phase interface engineering, 

SmartMat. 2022, 3, 111-129. 
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Chapter 3 Molecular scalpel to chemically cleave metal-

organic frameworks for induced phase transition 

3.1 Introduction and Significance  

Metal-organic frameworks (MOFs) comprised of metal nodes and organic linkers are a 

class of significant crystalline porous materials. MOFs present significant practical 

potential therefore for applications including gas separation, catalysis, chemical sensing 

and energy storage. Coupling between metal centres and ligands during the synthesis 

of MOFs must aligns with the qualitative hard and soft acids and bases (HSAB) theory. 

This means a hard acid prefers to coordinate with a hard base, and vice versa. Cu1+ has 

been widely investigated as CRR catalysts due to its high selectivity for C2 products. It 

is a great challenge to prepare Cu(I)-MOFs as CRR catalysts because of the limit of 

HSAB theory. 

In this chapter, there are two parts to introduce the synthesis of Cu(I)-MOFs as CRR 

catalysts through molecular cleavage of MOFs. In the first part, we describe the 

development of molecular cleavage of MOFs and also highlight their application of 

energy storage and conversion. In the second part, we present a molecular cleavage of 

Cu(II)-MOFs to synthesize Cu(I)-MOFs. The obtained MOFs can show a higher 

catalytic selectivity of C2 products. The highlights of this work include: 

1. New method. We conceive a top-down strategy to break the limitation of HSAB 

theory via the structure cleavage of MOFs, CuBDC (BDC = 1,4-

benzenedicarboxylate), to trigger a phase transition by a ‘molecular scalpel’.  

2. New MOF. Controlled phase transition was achieved by a series of redox steps to 

regulate the chemical state and coordination number of Cu ions, resulting in the 

formation of a new MOF, Cu2BDC.  

3. Universality. We also prove this strategy can be extended to general Cu-based 

34



MOFs and supra-molecules for nanoscopic casting of unique architectures from 

existing ones. 

4. New catalytic structure. The improved C2 product-selectivity on Cu2BDC-derived 

sample belongs to Cu2O (111) and Cu (111) mixed phases. 

3.2 Molecular Cleavage of Metal-Organic Frameworks and Application to 

Energy Storage and Conversion. 

This part is included as a journal paper by Xianlong Zhou, Huanyu Jin, Bao Yu Xia, 

Kenneth Davey, Yao Zheng, Shi-Zhang Qiao, Molecular Cleavage of Metal-Organic 

Frameworks and Application to Energy Storage and Conversion, Advanced Materials 

2021, 33, 2104341. 

3.3 Molecular Scalpel to Chemically Cleave Metal-Organic Frameworks for 

Induced Phase Transition. 

This part is included as a journal paper by Xianlong Zhou, Juncai Dong, Yihan Zhu, 

Lingmei Liu, Yan Jiao, Huan Li, Yu Han, Kenneth Davey, Qiang Xu, Yao Zheng, Shi-

Zhang Qiao, Molecular Scalpel to Chemically Cleave Metal-Organic Frameworks for 

Induced Phase Transition, Journal of the American Chemical Society, 2021, 143, 

6681−6690. 
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following sections). Thermogravimetric (TGA) analysis
showed the ratio of Cu and BDC changed from 1 to 2
following LA treatment (Figure S2, see detailed analysis in the
Supplementary Note). Therefore, the as synthesized MOF was
denoted as Cu2BDC. The phase transition was confirmed by
power X ray diffraction (XRD) patterns (Figure 1b), which
show a decreased (001) crystallographic plane from 1.05
(CuBDC) to 0.97 nm (Cu2BDC), indicating a compression of
the metal oxide interlayer spacing.
Fourier transform infrared spectroscopy (FTIR) was em

ployed to investigate the coordination mode of Cu and
carboxylate linker in the forms of chelating, bridging, ionic or
monodentate.32 The splitting value of asymmetric and
symmetric stretch of carboxylic vibration, Δ = νas(COO

−) −
νs(COO

−), was used to determine the mode of binding
(Figure S3).33 As is shown in Figure 1c two antisymmetric
peaks appear in Cu2BDC and CuBDC. For Cu2BDC, O atoms
of carboxylate groups connect with two different Cu atoms
respectively, yielding two peaks of 1571 and 1527 cm−1.34,35 In
contrast in CuBDC, two O atoms connect to two different
atoms. One O atom connects to Cu metal to yield an
antisymmetric peak at 1571 cm−1. The other O atom connects
to H from the coordinated H2O in the structure, and results in
formation of hydrogen bonds (Figure S4). Therefore, the
values of 175 and 131 cm−1 on Cu2BDC are consistent with a
bridging character that is greater than 163 and 104 cm−1 on
CuBDC for a monodentate mode.36 These two values are
lower than those of a normal monodentate mode because the
inherent hydrogen bond withdraws the electron density of the
C−O bond to the oxygen atom, resulting in the frequency of
the antisymmetric peaks of CuBDC shifting to a lower
wavenumber. Additionally, the hydrogen bond broadens the

peak at 1512 cm−1 to contrast with the sharp peak at 1527
cm−1 in Cu2BDC.
In Raman spectroscopy (Figure 1d), the pair of peaks at 718

and 561 cm−1 in CuBDC can be assigned to (H2O)O−Cu−
O(H2O) and Cu−O(H2O) stretching, respectively.37 The
disappearance of them from Cu2BDC indicates that the
coordinated water in the framework of CuBDC had been
cleaved. Additionally, the new pair of peaks at 709 and 678
cm−1 in Cu2BDC can be attributed to Cu(OH)x species,

38,39

indicating a mixed state of Cu1+/Cu2+ ions. The initial peak at
268 cm−1 in CuBDC split into two at 275 and 263 cm−1. This
finding shows that the Cu sites of Cu2BDC underwent a
rearrangement and became two kinds of Cu−Cu stretches40

that agree well with those from FTIR.
Atomic Structural Analyses by High-Resolution

Transmission Electron Microscopy (HRTEM). The vibra
tional spectroscopic investigations showed distinct structures
of CuBDC and Cu2BDC. The recent breakthroughs in low
dose HRTEM imaging techniques permit direct structural
elucidation of atomic structure.41,42 As is shown in Figure S5,
the nanoribbon shaped Cu2BDC is assembled by small, thin
nanocrystals along the [001] projection, which typically differs
from bulk thick CuBDC in Figure S6. A high magnification
TEM image and corresponding fast Fourier transform (FFT)
patterns confirmed that these nanocrystals are highly
crystalline (Figure 2a). It is therefore that Cu2BDC adopts a
layered structure similar to that of CuBDC, i.e., CuOx
polyhedral sheets bridged by BDC linkers (Figure 2b−e).
However, there is a significant difference between the

layering of polyhedral sheets in Cu2BDC with that of its parent
CuBDC. Instead of two split dark dot contrast, mainly arising
from well separated neighboring H2O terminated CuOx
polyhedral columns in CuBDC along the [100] projection,

Figure 2. (a) CTF corrected HRTEM image of Cu2BDC and FFT pattern (inset) along the [010] projection; (b, c) simulated potential map of
highlighted area shown in (a) and proposed structural model for Cu2BDC projected along the [010] projection; (d, e) simulated potential map and
structural model for CuBDC along the [100] projection; (f) HRTEM image of Cu2BDC taken near the Scherzer defocus along the [001]
projection.
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the crystal system of nanoparticles is triclinic, rather than
orthorhombic in CuBDC (Figure S12e). This finding suggests
the final Cu2BDC nanoribbons result from growth of these
nanoparticles. AFM profile revealed the thickness of nano
sheets is ∼150 nm, Figure S12f. This is a value significantly less
than that for CuBDC. It indicates an exfoliation occurred. On
the basis of the fact that the pristine CuBDC·2H2O crystal
structure is connected by these coordinated waters via H
bonding, we hypothesized that this step is the chemical
exfoliation of bulk CuBDC·2H2O into nanosheets via the

breaking of partial H bonds. The DFT computed exfoliation
energies (definition can be found in the Supplementary Note)
underscored that the bulk model with less coordinated water is
more readily exfoliated (Figure S13).
Following the coordination with LA, Cu2+ ions in the

CuBDC·2H2O sheet were chemically reduced, resulting in a
decreased valence, and consequently, a lowered coordination
number.45 The latter triggers breaking the Cu carboxylate
coordination together with cleaving of BDC ligands, yielding
the second transition samples of Cu2BDC·H2O and H2BDC in

Figure 4. Proposed molecular cleaving mechanism. (a−c) XRD patterns and FTIR spectra of various transition samples; (d) Reaction processes of
four step molecular cleaving. The most likely reaction equation for each step is (Step I) Cu(II)BDC·2H2O + 1/2LA→ Cu(II)BDC (LA)1/2·2H2O;
(Step II) 2Cu(II)BDC (LA)1/2·2H2O → Cu(I)2BDC·H2O + H2BDC + C6H8O7; (Step III) C6H8O6 ↔ C6H6O6 + 2H+ + 2e−; Cu(I)2BDC·H2O +
H2O + C6H6O6 → Cu(II)2(OH)2BDC + C6H8O6; (Step IV) Cu(II)2(OH)2BDC + C6H8O6 → Cu2(OH)BDC·H2O + C6H7O6.
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solution (Figure 4d, Figure S14). This process is rapid and
cannot be controlled by the amount of LA. Additionally, this
process is accomplished due to the unique molecular
configuration of LA, i.e., two oxygen atoms in the adjacent
hydroxyls can attach with two Cu atoms in the CuBDC·2H2O
framework. A slight configuration change results in a more
ready cleaving of H2BDC than that by another hydroquinone
(HQ) reductant as a control (Figures S15 and S16). This was
confirmed via experiment in which there was no phase or
structural change observed in CuBDC·2H2O as a result of HQ
treatment (Figure S17). Additionally, it was found that the
traditional acid etching also cannot facilitate the phase
transition because it cannot reduce the chemical state of Cu
to regulate its coordination number, and consequently, to
cleave the BDC linkers (Figure S18). In contrast, as a strong
reductant NaBH4 reduced the CuBDC structure to pure Cu
(Figure S19). This finding confirmed the special phase
transition function of LA during cleaving.
When missing linkers Cu2BDC·H2O is unstable because of

the interaction of Cu1+ with H2O.
7 LA, however, is readily

oxidized into dehydrogenated LA (C6H6O6), which further
oxidizes Cu1+ into Cu2+ with formation of OH groups in the
interlayer (Figure 4d). Specifically, two Cu2BDC·H2O
molecules are bridged with each other by triple μ3 OH groups
(Figure S20). This results in a Cu2(OH)2BDC structure with
compression of the metal oxide interlayer spacing, as is
evidenced in the XRD patterns (Figure 4a). Given there is no
obvious difference in Cu2(OH)2BDC and the final Cu2(OH)
BDC·H2O in XRD patterns, FTIR was employed to determine
distinctive local structures. As is shown in Figure 4b the
Cu2(OH)2BDC structure was confirmed by formation of a

new, sharp OH peak (3611 cm−1) together with the
disappearance of H2O stretching peaks (3330 and 3270
cm−1).46 A Δvalue of 175 cm−1 confirms a bridging mode of
Cu and BDC coordination, rather than a monodentate one in
CuBDC·2H2O (Figure 4c). With additional LA some of the
Cu2+ ions in Cu2(OH)2BDC were reduced to Cu1+ with
removal of the OH bridge to form the final Cu2(OH)BDC·
H2O (Figure 4d). The peak for OH species in the FTIR
spectrum is significantly weaker than that for Cu2(OH)2BDC
(Figure 4b). In addition, a new, strong peak at 1527 cm−1 was
observed in Cu2(OH)BDC·H2O spectrum compared to that of
Cu2(OH)2BDC. This can be assigned to Cu1+ coordination
with carboxylate (Figure 4c),34 which agrees well with the
XANES and XPS results.
Following cleaving, the Cu2(OH)BDC·H2O nanocrystalline

material self assembled into nanoribbons along the [001]
direction because of the interaction between Cu ions and
carboxylic acid of 2,3 diketo L gulonic acid (C6H8O7) derived
from oxidative LA. This oriented growth is attributed to the
fact that the BDC ligands and C6H8O7 have the same
carboxylate functionality. The latter works as the capping
reagent in the self assembly processing.47 This impedes the
coordination mode of Cu and BDC in the [100] direction and
facilitates crystal growth in the [001] direction.

Catalytic Activity for CRR. It is widely reported that the
oxidation state of the surface Cu sites can regulate product
distribution of CO2 reduction reaction (CRR). For example,
both theoretical and experimental work has demonstrated that
the mixed Cu1+/Cu0 species promotes CRR activity and C2
product selectivity in a synergistic way.48 Given that there is
Cu2+/Cu1+ that is two different Cu atoms in the Cu2BDC

Figure 5. CRR performance on CuBDC and Cu2BDC derived electrocatalysts. (a) SEM images of Cu2BDC derived samples under different
reduction times at a constant potential of −1.30 V vs RHE. (b) In situ Cu EXAFS spectra of Cu2BDC under distinct applied potentials vs Ag/AgCl.
Cu2O and Cu foil work as reference samples. (c) Faradaic efficiencies (FE) of CRR products for Cu2BDC derived sample over a range of applied
potentials. (d) XRD patterns for Cu2BDC and CuBDC derived samples following CRR testing after 60 min at a constant potential of −1.30 V vs
RHE. (e) Comparison of FE of C2 products on different derived electrocatalysts at a constant potential of −1.30 V vs RHE.
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framework, we expect that these will be converted into target
Cu1+/Cu0 species under a negative potential of CRR. The ex
situ SEM images indicate a structure reconstruction occurred
following electrochemical reduction at constant potential. In
this, the original nanoribbon morphology evolved into
nanoneedles (Figure 5a, Figure S21). As is shown by the in
situ Cu EXAFS characterization, under low potentials of CRR
pristine Cu2BDC is decomposed and converted into, mainly,
Cu and a small amount of Cu2O (Figure 5b).
Electrochemical testing showed that the Cu2BDC derived

sample gave greater C2 products (ethylene and ethanol) and
lower CO and H2 Faradaic efficiencies (FE) when compared
with derived CuBDC (Figure 5c, Figure S22) and MOF
derived Cu based CRR electrocatalysts, Table S2. The
improved C2 product selectivity on Cu2BDC derived samples
is attributed to Cu2O (111) and Cu (111) mixed phases.
However, there is no such couple in derived CuBDC (Figure
5d). As a result, Cu2BDC derived samples exhibited a FE of
46.8% for ethylene and ethanol. Significantly, this is a greater
value than for the derived CuBDC (Figure 5e).
Generalization to Other Linkers. To assess general

ization of the molecular scalpel cleavage, we tested three
additional linker formed MOFs and supramolecules. A long
dicarboxylic linker was used to prepare CuNDC (NDC = 2, 6
naphthalenedicarboxylic acid). Following LA treatment the
initial bulk sheets converted into thicker, nanobelts with a
phase transition. This is a similar finding to CuBDC (Figure
6a, d). FTIR spectra exhibited a stronger peak at 1702 cm−1

following treatment. This finding is attributed to the stretching
of free −COOH species as a result of Cu−O bond cleavage
(Figure S23a). In addition to dicarboxylic linkers, we

confirmed that the tricarboxylic 1,3,5 benzenetricarboxylate
(TA) based HKUST 1 can be cleaved into nanowires that are
narrower than those for Cu2BDC (Figure 6b). XRD patterns
and FTIR spectra showed clearly a phase transition with a
change in coordination of Cu and carboxylates (Figure 6e,
Figure S23b). Importantly, this cleavage can be extended to a
nitrogen containing soft base melamine formed Cu melamine
complex (Cu Me) (Figure 6c, f).49,50 FTIR spectra indicated
the formation of Cu1+ Me complex after cleavage, evidenced by
a peak splitting from 1476 cm−1 into 1480 and 1464 cm−1

(Figure S23c).51 The width of the nanosheets significantly
increased compared with that for the initial nanoparticle, and
was greater than that for Cu2BDC. This finding likely results
because of the difference of carboxylate in melamine and
because C6H8O7 cannot work as a capping reagent to impede
the growth of Cu Me along any one specific direction.
In addition to the Cu based MOFs, we investigated

application of the novel molecular cleavage to metal ions
based MOFs including NiBDC and FeBDC. Both of these
have a structure similar to CuBDC. For NiBDC there was no
phase transition and its size became less after treatment
(Figure S24). We hypothesize that this change is because of
completion of the first step of etching but without linker
cleaving because of lack of Ni2+/Ni1+ redox. For FeBDC, the
initial spindle morphology was broken following treatment to
generate bulk H2BDC only (Figure S25). The reason, most
likely, is that there were no stable chemical bonds forming
between Fe2+ and nearby BDC to complete steps similar to
Step III and IV of Figure 4d. This finding emphasizes that to
fabricate a new structure using molecular scalpel cleaving, the
metal center in parent MOF should possess not only a redox

Figure 6. SEM images and XRD patterns of (a, d) CuNDC; (b, e) HKUST 1; (c, f) Cu Me before (insets in panels a−c) and after LA treatment.
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SUPPLEMENTARY NOTES 

 

1. Materials synthesis 

Cleavage of CuBDC with different amount of LA. 0.2 g of CuBDC was dispersed in 8 mL of water 

with sonication for 10 min. Different amount of LA (0.03, 0.06, 0.09, 0.12, and 0.15 g) was added 

into this mixture. Following sonication for 60 min the precipitate was washed respectively with 

dimethylformamide (DMF) and deionized water three times. All samples were obtained following 

freeze-drying for 48 h. 

Cleavage of other MOFs with LA. The treatment of other MOFs was similar to that for CuBDC. 

Typically, 0.2 g of as-prepared CuNDC, HKUST-1, Cu-Me, FeBDC or NiBDC samples and 0.12 g 

of LA were mixed in 8 mL of deionized water. Following sonication for 1 h, the resultant powder(s) 

was collected following washing three times with solvent. CuNDC and NiBDC were washed with 

DMF and deionized water; HKUST-1 and Cu-Me washed with methanol and deionized water; 

FeBDC washed with deionized water. Samples were collected following freeze-drying for 48 h. 

Cleavage of CuBDC with HQ. 0.2 g of CuBDC was dispersed in 8 mL of water with sonication for 

10 min. 0.12 g of HQ was added into this mixture. Following sonication for 60 min the precipitate 

was washed respectively with DMF and deionized water three times. The products were obtained 

following freeze-drying for 48 h. Different concentrations, temperatures or solvents for HQ treatment 

are considered to promote the cleavage. Different concentrations mean that 0.12, 0.24 or 0.48 g HQ 

was used to cleave CuBDC in water, respectively, while the reaction temperature is at 40 ℃. Different 

temperatures mean that 0.12 g HQ was used to cleave CuBDC in water, while the reaction temperature 

is at 40, 60, or 80 ℃. Different solvents mean that 0.12 g HQ was used to cleave CuBDC at 40 ℃, 

while the solvent is water, DMF or CH3CN, respectively. 

Cleavage of CuBDC with HCOOH. 0.2 g of CuBDC was dispersed in 8 mL of water with sonication 

for 10 min. 0.12 g of HCOOH was added into this mixture. Following sonication for 60 min the 
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precipitate was washed respectively with DMF and deionized water three times. The products were 

obtained following freeze-drying for 48 h.  

Cleavage of CuBDC with NaBH4. 0.2 g of CuBDC was dispersed in 8 mL of water with sonication 

for 10 min. 0.12 g of NaBH4 was added into this mixture. Following sonication for 60 min the 

precipitate was washed respectively with DMF and deionized water three times. The products were 

obtained following freeze-drying for 48 h.  

Synthesis of CuNDC. 2 mmol of Cu(NO3)2·6H2O and 2 mmol of 2, 6-Naphthalenedicarboxylic acid 

were dissolved in 45 mL of DMF and placed in a closed three-necked bottle in an oil-bath under 

magnetic stirring at 110 °C for 24 h. The resulting powder was collected by washing with DMF three 

times and then vacuum drying at 80 °C overnight. Through solvent exchange in deionized water 

CuNDC crystals were collected following freeze-drying for 48 h. 

Synthesis of HKUST-1. 2 mmol of Cu(NO3)2·6H2O and 2 mmol of trimesic acid were respectively 

dissolved in 50 mL of methanol. Following formation of homogeneous solution, the two solutions 

were mixed and stirred for 2 h at room temperature.1 Blue precipitate powder was acquired following 

washing with methanol three times and then vacuum drying at 80 °C overnight. Through solvent 

exchange in deionized water HKUST-1 crystals were collected following freeze-drying for 48 h.  

Synthesis of NiBDC. Preparation of NiBDC was similar to that for CuBDC, in which 

Cu(NO3)2·6H2O was replaced with Ni(NO3)2·6H2O (2 mmol). 

Synthesis of FeBDC. Synthesis of FeBDC followed that reported in the literature.2 0.5 mmol of 

Fe(NO3)3·9H2O and 2 mmol of H2BDC were dissolved in 60 mL of DMF in a 100 mL Teflon vessel 

to form a dark-yellow solution. The vessel was put into a stainless-steel autoclave and kept at 150 °C 

for 3 h. The resulting powder was obtained following washing respectively with ethanol and water 

three times. The FeBDC crystals were collected following freeze-drying for 48 h. 

Synthesis of Cu-melamine. Synthesis of Cu-melamine (Cu-Me) followed that in the literature.3 5 

mmol of CuCl2·2H2O, 5 mmol of melamine and 100 mL of methanol were mixed in a 250 mL closed, 

three-necked bottle. The solution was refluxed under magnetic stirring at 70 °C for 3 h, before cooling 
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to room temperature. A resultant green-coloured powder was obtained following washing with diethyl 

ether three times and then dried under vacuum oven at 80 °C overnight. Through solvent exchange 

in deionized water the Cu-Me crystals were obtained following freeze-drying for 48 h. 

2. Computation models and methods 

To investigate the thermodynamics of CuBDC exfoliation Density Functional Theory (DFT) 

computations were carried out. All electronic structure computations were carried out by Perdew-

Burke-Ernzerhof (PBE) exchange-correlation functional using a projector augmented-wave method 

by VASP.4-6 For the plane-wave expansion a 400 eV kinetic energy cut-off was used - following 

testing a series of different cut-off energies. The convergence criterion for electronic structure 

iteration was set to 10-5 eV, and that for geometry optimization was set at 0.01 eV/Å. A Gaussian 

smearing of 0.05 eV was applied during geometry optimization and total energy computations, whilst 

for accurate density of states computation a tetrahedron method with Blochl correction was employed. 

The K-points were set to be 2 x 3 x 4 for pristine CuBDC and 2 x 1 x 4 for cleaved CuBDC unit cells. 

The Tkatchenko-Scheffler method was applied during all computations to address properly the van 

der Waals interactions between atoms.7 The unit cell of CuBDC was optimized to be, respectively, 

10.88 Å, 7.49 Å, 5.81 Å on a, b, c directions.  

To compute the exfoliation energy with different numbers of coordinated water, the unit cells 

were cut perpendicular to b direction. A 15 Å vacuum space was put between two cleaved CuBDC 

layers, making the new b lattice constant 22.49 Å. The exfoliation energy is defined as 

 Eexfoliation = Ecleaved - Ebulk   

where Ecleaved = energy of a Ecleaved model and Ebulk = energy of pristine CuBDC models. To compute 

the cleavage energy across a direction a supercell of 2 x 1 x 1 was created to give a cell size of 21.76 

Å x 22.49 Å x 5.81 Å. The connecting benzene ring was replaced by one and two LA/HQ molecules 

to investigate thermodynamic stability and degree of difficulty for cleavage with the aid of the solvent 

molecules. To ensure comparability, atom types and numbers for each investigated system were 
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strictly kept the same. The reference energy level was set to be that for the initial state based on 

pristine CuBDC unit cell. 

3. TGA Analysis 

Taking the pristine CuBDC·2H2O as an example, which was oxidized into CuO under air atmosphere 

for the TGA test. An experimental CuO mass percentage of 30.00 % (Figure S2) was observed, 

closing to the theoretical value of 30.30 % based on the following equation. 

 

Afterwards, we propose the chemical formula of final products is CuxBDC (x > 1). If all of Cu2+ in 

CuBDC was reduced to Cu1+, the ratio of Cu to BDC would be 2 when the principle of valence 

balance is considered. Therefore, the calculated CuO mass percentage would be 54.79 % based on 

the following equation. 

 

Noted that this value is higher than that of experimental value of 49.70 % (Figure S2). Besides, 

according to the FTIR results (Figure 4b), there are some OH and H2O groups in the framework on 

Cu2BDC. XPS results prove that the ratio of Cu1+ to Cu2+ in Cu2BDC is 1 (Figure 3c), suggesting the 

ratio of BDC2- to OH- is 1. Therefore, we propose its chemical formula of final products is 

Cu2(OH)BDC·H2O, which has a theoretical CuO mass percentage of 48.93 % based on 

 

This value is much closer to the experimental value (49.70 %), validating our proposed formula.  

4. Structure Description of CuBDC 

CuBDC crystallizes in the orthorhombic system with space group Pmc21. In the structure, the 

asymmetric unit contains a unique Cu2+ ion and two BDC linker. The coordinated Cu is completed 

by two carboxylic oxygen atoms (O1, O2) of two BDC linkers, two μ2-oxygen atoms (O3, O4) of two 

bridged water molecules and one oxygen atom (O5) of one water molecule (Figure S8c). Thus, the 

Cu atom is pyramidally coordinated by five O atoms, forming a square pyramid. The pyramids are 
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corner connected with each other along the [001] direction to construct zigzagging chains of 

[Cu(H2O)2(COO)2]n. Different chains are separated by the BDC linkers along the [100] direction, 

forming 2D layer structures (Figure S8d), which is connected by hydrogen bindings along the [010] 

direction. Topological analysis of CuBDC reveals that every [Cu(H2O)]2+ unit is coordinated with 

two bridged water molecules and two monodentate BDC linkers to form a 4-connected node. 

5. Reaction Stoichiometry 

We establish the reaction stoichiometry between CuBDC and LA from the perspective of chemical 

reaction equations. The molar amounts of 0.2 g CuBDC and 0.12 g LA are both ~0.65 mmol. The 

phase transition in this work undergoes two processes. The first step is the cleavage of all CuBDC 

molecules by half amount of LA (0.325 mmol), yielding Cu(II)2(OH)2BDC, H2BDC and oxidized 

LA (C6H8O7).  

CuBDC·2H2O + 1/2C6H8O6 + H2O → Cu(II)2(OH)2BDC + H2BDC + 1/2C6H8O7   

While the second step is that half of Cu2+ ion in Cu(II)2(OH)2BDC reduced into Cu1+ via an one-

electron reduction, yielding Cu2(OH)BDC·H2O (Cu2+/Cu1+ = 1), which was labelled as Cu2BDC in 

the manuscript. 

Cu(II)2(OH)2BDC + C6H8O6 → Cu2(OH)BDC·H2O + C6H7O6   

Based on above XRD, FTIR and XPS analysis (Figure S9, S10), we propose the final product 

Cu2BDC is a pure phase when 0.12 g LA was used to realize the cleavage of 0.2 g CuBDC. 
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Figure S1. AFM images of (a) CuBDC and (b) Cu2BDC. Corresponding height profile of (c) CuBDC 

and (d) Cu2BDC. Scale bar is 0.5 µm in panels (a) and (b).  

 

 

Figure S2. TGA curves for CuBDC and Cu2BDC under air atmosphere. For the range: < 300 oC the 

mass difference of two samples results from removal of coordinated water in Cu2BDC; > 300 oC the 

mass difference results from removal of H2BDC in Cu2BDC.  
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Figure S3. (a) Three coordination modes and correponding ∆ values for carboxylate ion and metal 

(M). (b) FTIR spectrum of Cu2BDC and assignment of typical peaks.  

 

 

 

Figure S4. The coordination structure of carboxylate binding in CuBDC. 
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Figure S5. (a) TEM and (b) HRTEM images of Cu2BDC. 

 

 

Figure S6. (a) TEM and (b, c) HRTEM images of CuBDC. 

 

 

 

Figure S7. (a) CTF-corrected HRTEM image and (b) corresponding simulated projected potential 

map of the area highlighted in Figure 2f.  
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Figure S8. Coordinated environments of Cu in (a) Cu2BDC and (c) CuBDC. The images of project 

along (b) Cu2BDC [001] and (d) CuBDC [100]. A, (0, 1, 0) + (x, y, z) for O5; B, (1/2, 0, 0) + (x, y, 

z) for O6. 

 

 

Figure S9. Structural characterization of CuBDC and the samples synthesized by different amount 

of LA cleaving CuBDC. (a) XRD patterns. (b) FTIR spectra.  
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Figure S10. XPS analysis of the product with different LA (0.12 and 0.15 g) to cleave CuBDC. 

 

 

Figure S11. Characterization of CuBDC-0.06 transition sample. (a) SEM image; dashed circles 

show the existence of nanoparticles. (b) TEM image. (c, d) HRTEM images; panel d is enlarged 

image of dashed circles part in panel c. (e) FFT pattern. (f) AFM profile. 
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Figure S12. Structural models for CuBDC before (top) and following exfoliation (down) with 

different number of coordinated water and corresponding exfoliation energy. The positive value of 

exfoliation energy indicates this process is achieved with additional energy provided e.g. by 

sonication in the experiment. In addition, the fewer number of water in the framework, the smaller 

exfoliation energy, i.e. the more is the facile exfoliation.  

 

 

 

Figure S13. XRD patterns for Cu2BDC washed with different solvent, and commercial H2BDC. The 

labelled peaks (stars) are assigned to H2BDC cleaved from CuBDC because H2BDC is insoluble in 

water but soluble in DMF. 
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Figure S14. DFT-computed total energy of the system with clipping of H2BDC from CuBDC by 

different numbers of LA and HQ molecules. 

 

 

Figure S15. Molecular model of (a) LA and (b) HQ. The structural model of (c) LA and (d) HQ 

coordinated with CuBDC. 
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Figure S16. The XRD patterns of CuBDC after HQ cleaving under different conditions. Cu2BDC 

and CuBDC work as reference samples. (a) different amount of HQ; (b) different temperatures; (c) 

different solutions. 

 

 

Figure S17. (a) XRD patterns and (b) FTIR spectra of CuBDC treated by HCOOH (CuBDC-HCOOH) 

and Cu2BDC (CuBDC-LA).  
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Figure S18. XRD patterns of CuBDC after NaBH4 cleaving. CuBDC and CuBDC-LA (Cu2BDC) 

work as the reference samples.  

 

 

 

Figure S19. Proposed mechanism for Cu2BDC·H2O bridging with OH- to form Cu2(OH)2BDC. 

Namely, oxidization of Cu1+ ion enables its coordination number to increase. This results in one Cu2 

atom in the layer B coordinating with two free oxygen atoms in layer A. Therefore, the coordination 

mode of Cu and carboxylate group convert from monodentate into bridging. Concomitantly H2O 

provides the proton to facilitate C6H6O6 reduction to C6H8O6 and to yield active OH groups. These 

bridge three Cu atoms in the metal layer to form the Cu2(OH)2BDC structure. 
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Figure S20. Ex-situ XRD patterns for Cu2BDC derived samples under different reduction times at a 

constant potential of -1.30 V vs. RHE. 

 

 

Figure S21. Faradaic efficiencies of CRR products for CuBDC derived samples over a range of 

applied potentials. 
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Figure S22. FTIR spectra of (a) CuNDC, (b) HKUST-1 and (c) Cu-Me samples before and after a 

LA treatment.  

 

Figure S23. (a) XRD patterns for NiBDC before and after LA treatment. SEM images for (b) NiBDC 

before and (c) NiBDC after LA treatment.  
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Figure S24. (a) XRD patterns for FeBDC before and after LA treatment. The labelled peaks (stars) 

are assigned to H2BDC. SEM images for (b) FeBDC before and (c) FeBDC after LA treatment.  
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Table S1. Structure refinement parameters for Cu2BDC. 

Empirical formula Cu2C8H7O6 

Formula weight 327 

Crystal system Triclinic 

Space group P1 

Unit cell dimensions (Å) a = 7.0112603     

b = 4.4221462 

c = 9.9285706 

 = 98.66481 

 = 92.40965 

 = 98.74176 

V (Å3) 300.11987 

Absorption coefficient (cm-1) 89.963 

Crystal density (g/cm3) 3.577 

Cell Mass 646.418 

Theta range (°) 

Rexp 

Rwp 

5 - 80 

1.50% 

2.73% 

Goodness of fit 1.82 
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Table S2. CH4 and C2 products Faradaic efficiency comparison of the recently reported Cu 

electrocatalysts derived from other precursors. 

Sample Electrolyte 
Potential (V vs 

RHE) 

C2 FE 

(%)* 

CH4 FE 

(%) 
After CRR Ref 

Cu2BDC 0.1 M KCl -1.30 47.0 0.9 Cu2O/Cu 
This 

work 

Cu 

phthalocyanine  
0.5 M KCl 

-1.60 (V vs 

Ag/AgCl) 
25.0 4.0 Cu 8 

Cu(II) complexa 
0.1 M 

KHCO3 
- 1.00 8.4 -- Phen­Cu(I) 9 

HKUST-1 
0.5 M 

NaHCO3 

-2.00 (V vs 

SCE) 
12.0 -- Cu 10 

Copper-

porphyrinb 

0.5 M 

KHCO3 
-0.98 17.0 27.0 Cu 11 

Cu2O/CuHHTPc 

0.1 M 

KCl/0.1 M 

KHCO3 

-1.40 -- 73.0 Cu 12 

Cu-ade MOFd 
0.1 M 

KHCO3 
-1.60 23.0 50.0 Cu 13 

a, 1,10-phenanthroline-Cu; b, porphyrin = 5,10,15,20-tetrakis(2,6-dihydroxyphenyl) porphyrin; c, 

HHTP = 2,3,6,7,10,11 hexahydroxytriphenylene; d, ade = adeninato/carboxylato. *, it is the total FE 

of C2H4 and C2H5OH. --，no data. 
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Chapter 4 Stabilizing Cu2+ ions by solid solutions to promote 

CO2 electroreduction to methane 

4.1 Introduction and Significance  

Cu serves as the only metal catalyst to achieve CRR with the generation of 

hydrocarbons and oxygenates. The previous report has confirmed that the *CO 

adsorption energy on Cu-based catalysts increases monotonically with the oxidation 

state. However, during CRR operation, a large overpotential is used to derive the 

catalytic reaction, which results in the reduction of various Cu-based catalysts to metal 

Cu0. Therefore, there is a lack of a platform to investigate the catalytic behavior of Cu2+ 

in CRR.   

In this chapter, a solid-solution strategy is proposed to stabilize Cu2+ ions by 

incorporating them into CeO2 matrix, which works as a self-sacrificing ingredient to 

protect Cu2+ active species. In situ spectroscopic characterization and density functional 

theory (DFT) calculations reveal that, compared with the conventional derived Cu 

catalysts with Cu0 or Cu1+ active sites, the Cu2+ species in solid-solution (Cu-Ce-Ox) 

can significantly strengthen adsorption of *CO intermediate, facilitating its further 

hydrogenation to produce CH4 instead of dimerization to C2 products. As a result, 

different from most of the other Cu-based catalysts, Cu-Ce-Ox delivered a high faradaic 

efficiency for CH4 of 67.8 % and as low as 3.6 % for C2H4. 

The particular novelty of this work is: 

1. New structure. We first report the solid-solution strategy to stabilize Cu2+ ions 

during CRR operation. Cu2+ ions are incorporated into CeO2 matrix, which serves 

as a self-sacrificing ingredient to protect Cu2+ active sites. 

2. New mechanism. In situ attenuated total reflectance infrared spectroscopy (ATR-

IR) and DFT calculations confirmed that the stable Cu2+ active sites could 
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significantly enhance the initial *CO adsorption and promote the *CO 

hydrogenation to form *OCH3, a crucial intermediate of CH4 generation. 

3. High selectivity. Cu-Ce-Ox delivered a high faradaic efficiency for CH4 of 67.8% 

and as low as 3.6% for C2H4. The ratio of FECH4 to FEC2H4 for Cu-Ce-Ox is 31 times 

higher than that of the CuO supported on the surface of CeO2 (CuO/CeO2) and 22 

times higher than that of the conventional oxide-derived Cu. 

4.2 Stabilizing Cu2+ ions by Solid Solutions to Promote CO2 Electroreduction to 

Methane 

This chapter is included as a journal paper by Xianlong Zhou, Jieqiong Shan, Ling Chen, 

Bao Yu Xia, Tao Ling, Jingjing Duan, Yan Jiao, Yao Zheng, Shi-Zhang Qiao, 

Stabilizing Cu2+ ions by Solid Solutions to Promote CO2 Electroreduction to Methane, 

Journal of the American Chemical Society, 2022, 144, 2079−2084. 
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showed that the main phase in Cu Ce Ox is a typical face
centered cubic CeO2 (Figure 1a), demonstrating the formation

of a solid solution phase. By contrast, two weak diffraction
peaks of CuO can be observed with the control sample, CuO/
CeO2, which was prepared by an electrospinning−calcination
method without an etching process. The Cu Ce Ox solid
solution phase was also confirmed by Raman spectroscopy
(Figure 1b). In addition, the bands at 500 to 600 cm−1 are
assigned to a defect induced mode (D) resulting from the
incorporation of CuOx species into CeO2 (Figures S2 and
S3).24 A lower intensity of them in Cu Ce Ox than in CuO/
CeO2 suggests that Cu species exist as Cu ions in the former
but as CuO in the latter.25,26 The Cu content of Cu Ce Ox is
2.47 wt % as determined by inductively coupled plasma optical
emission spectroscopy (ICP OES), which demonstrates a Cu/
Ce atomic ratio of 0.08 (Table S1).
Transmission electron microscopy (TEM) images reveal

that both Cu Ce Ox and CuO/CeO2 consist of small
nanocrystals with slightly different grain sizes (Figure S4).
High resolution TEM (HRTEM) images confirm the presence
of CuO clusters for CuO/CeO2, whereas no CuO is observed
in Cu Ce Ox (Figure 1c,d). The energy dispersive X ray
(EDX) element mappings further validate that Cu and Ce
are uniformly distributed in the Cu Ce Ox framework (Figure
S5). By contrast, the uneven distribution of Cu species in
CuO/CeO2 indicates the formation of CuO nanoparticles
(Figure S6).
Cu K edge X ray absorption near edge structure (XANES)

spectra display that Cu species in Cu Ce Ox exhibit an

oxidation state close to that of the CuO reference (Figure 1e).
In the R space extended X ray absorption fine structure
(EXAFS) spectra (Figure 1f), no Cu−Cu bond is observed
in Cu Ce Ox, indicating that Cu2+ ions are monodispersed in
the CeO2 framework. This finding is also confirmed by Cu K
edge wavelet transform (WT) EXAFS analysis (Figure S7). In
a comparison with the two characteristic regions (Cu−O and
Cu−Cu bonds) for CuO and CuO/CeO2, the absence of the
corresponding signal for the Cu−Cu bond in Cu Ce Ox (CuO:
2.5 Å−1) strongly supports the atomic dispersion of Cu species
in the CeO2 matrix. Cu K edge EXAFS fitting further confirms
that Cu ions in the solid solutions have the same coordination
environment as CuO (Figure S8 and Table S2). In addition, a
lack of medium range order around the Cu cations suggests
that the Cu2+ ions are doped into the CeO2 lattice,

27 in good
agreement with the finding of the Raman spectra.
The CRR catalytic performances of CuO/CeO2 and Cu Ce

Ox were investigated in 1 M KOH solution by a flow cell
(Figure S9). As shown in Figure 2a, at low potentials (below
−1.0 V vs RHE), the main product with Cu Ce Ox is CH4 with
a maximum FECH4

of 67.8% achieved at −0.82 V vs RHE (with
iR correction) with a total current density of 200 mA cm−2. At

Figure 1. Structural characterizations of CuO/CeO2, Cu Ce Ox, and
CuO. (a) XRD patterns. (b) Raman spectra. (c, d) HRTEM images.
(e) Cu K edge XANES spectra. (f) Fourier transformed Cu K edge
EXAFS spectra.

Figure 2. CRR performances of various samples. (a, b) FEs for CRR
products at different potentials. CuO/CeO2 can produce a few liquid
products (e.g., formic acid and ethanol) under a more negative
potential, which make the total FEs less than 100%. (c) FECH4

of Cu
Ce Ox in comparison with other reported Cu based catalysts after iR
correction (Table S3). (d) Ratios of FECH4

to FEC2H4
for CuO/CeO2

and Cu Ce Ox. (e) FEs for CRR products and ratios of FECH4
to

FEC2H4
on different Cu Ce Ox samples at −1.4 V vs RHE. (f) Cyclic

voltammograms of Cu Ce Ox and CuO/CeO2 after CRR.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.1c12212
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the same time, strong C2H4 suppression (FEC2H4
< 3.6%) can

be observed. The long term stability of Cu Ce Ox under a
constant potential of −1.4 V vs RHE was evaluated in the flow
reactor for more than 6 h with an average FECH4

of around 65%
(Figure S10). By contrast, CuO/CeO2 and CuO produce a
mixture of CH4 and C2H4 (Figures 2b and S11), which is
similar to the widely reported OD Cu catalyst.28,29 Compared
with the other reported Cu based materials, Cu Ce Ox exhibits
a remarkable CH4 catalytic activity at a lower potential (Figure
2c). The maximum ratio of FECH4

to FEC2H4
is 36.8 (at −1.6 V

vs RHE), which is about 58 times higher than that of CuO/
CeO2, unambiguously indicating higher CH4 selectivity
compared with C2 products on Cu Ce Ox (Figure 2d).
Because the two samples have similar physical characteristics,
such as particle size and surface area (Figure S12), the
difference in CH4 selectivity can be attributed to the intrinsic
chemical characteristics (i.e., the existence of Cu2+ ions in Cu
Ce Ox).
Therefore, we regulated the atomic ratio of Cu to Ce in a

series of Cu Ce Ox samples (Figure S13) to investigate the
relationship between the concentration of Cu2+ and the CH4
selectivity. At −1.4 V vs RHE, all of them (with Cu/Ce =
0.05−0.11) can exhibit FECH4

overwhelming FEC2H4
(Figures

2e and S14). When Cu/Ce rises from 0.05 to 0.08, the ratio of
FECH4

to FEC2H4
increases 17 fold, indicating that a high

concentration of Cu2+ in Cu Ce Ox can significantly promote
the CH4 selectivity. However, a further increase of Cu/Ce to
over 0.11 leads to a decrease in CH4 selectivity. This change is
possibly due to partial reduction of the Cu2+ to form OD Cu,
in which the Cu0/Cu1+ mixed interface can promote *CO
dimerization to yield C2H4.

9,28

To reveal the origin of the different catalytic selectivity at
−1.4 V vs RHE, we further performed cyclic voltammetry
(CV) measurements to investigate the structural change of two
samples during the CRR process. Figure 2f shows evident Cu0/
Cu2+ redox peaks in CuO/CeO2 after CRR, similar to that of
CuO (Figure S15), suggesting that CuO in CuO/CeO2 has
been electrochemically reduced to OD Cu. By contrast, there
is no redox peak in the CV of Cu Ce Ox as deep as −1.6 V vs
RHE (Figures S16 and S17), confirming that its Cu2+ species
remained unchanged during the process. Similar results apply
for the other solid solution samples except for Cu Ce Ox 0.11,
which shows a weak Cu0/Cu2+ redox peak (Figure S16d).
In addition, we conducted spectroscopic characterizations to

detect the possible phase transition and oxidation state change
of these catalysts during CRR. Selected area electron
diffraction (SAED) images and XRD patterns indicate no
phase change for Cu Ce Ox before and after the CRR process
(Figure 3a,b). By contrast, the XRD pattern of after CRR
CuO/CeO2 exhibits the disappearance of peaks corresponding
to CuO and the emergence of a Cu0 signal (Figure S18),
suggesting the reduction of CuO. This result is also supported
by the HRTEM image and SAED images (Figures S19 and
S20). X ray photoelectron spectroscopy (XPS) analysis also
demonstrates that Cu2+ in Cu Ce Ox remains unchanged in the
CRR process, whereas Cu0 was found in the sample of CuO/
CeO2, suggesting the reduction of CuO (Figure 3c,d). In EDX,
compared with the uneven Cu distribution in CuO/CeO2
(Figure S21), uniform Cu species can be found in Cu Ce Ox
(Figure S22), further implying that no Cu nanoparticles were
generated.

We then conducted in situ Raman spectroscopy to study the
mechanism of Cu2+ stability in Cu Ce Ox during the CRR
process. Figure 3e shows the appearance of a new peak at
∼560 cm−1 that appeared during the negative scan, which can
be ascribed to the D1 bond of defective CeO2. This peak
originates from the electrochemical reduction of Ce4+ to Ce3+

with generation of an O2− vacancy (Figure S23).31 The
increase in Ce3+ concentration in Cu Ce Ox after CRR is also
confirmed by XPS analysis (Figure S24). Electrochemical
impedance spectroscopy (EIS) results reveal that the solid
solution after CRR has a lower charge transfer resistance,
suggesting quicker electron transfer on its surface (Figure S25).
Therefore, a CeO2 self sacrifice mechanism is proposed to
account for the stability of Cu2+ in Cu Ce Ox (Figure 3f). First,
during the CRR operation, the electron preferentially reduces
Ce4+ in Cu Ce Ox to Ce3+. Meanwhile, the newly generated
Ce3+/Ce4+ couple works as a conductive network to improve
the conductivity of the overall solid solution,32 which
suppresses electron accumulation at the Cu2+ sites and
prevents them from self reduction.
To elucidate the distinct CH4 selectivity between Ce−Cu−

Ox and CuO/CeO2, we employed in situ ATR IR spectroscopy
to identify their reactive species over the CRR process. First,
compared with CuO/CeO2, a much stronger peak at 1955

Figure 3. Stability investigation of Cu Ce Ox and CuO/CeO2 before
and after CRR. (a, b) SAED patterns of Cu Ce Ox. (c, d) Cu 2p XPS
spectra. The fitted peaks at 932.50 and 933.40 eV are assigned to Cu0

and Cu2+ species, respectively.30 (e) In situ Raman spectra on Cu Ce
Ox collected at different potentials. (f) Scheme of the self sacrifice
mechanism to protect Cu2+.
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Materials Synthesis 

Synthesis of CuO/CeO2. Electrospinning was used to synthesize the precursors of solid solutions. 

0.4 millimoles of Cu(NO3)2·3H2O, 0.6 mmol of Ce(NO3)3·6H2O, and 0.5 g of polyacrylonitrile 

(PAN) were dissolved in 6 mL of DMF under magnetic stirring for 4 h. Then, the mixed solution 

was transferred into a 10 mL plastic injection syringe. The electrospinning voltage was set as 18 kV, 

the distance between the nozzle and collector was 10 cm, the injection speed was 0.12 mm min-1, 

then the precursors of solid solutions were obtained. CuO/CeO2 powder was obtained after 

calcinating the precursors in air at 400 °C for 2 h at a heating rate of 2.0 °C min-1.  

Synthesis of Cu-Ce-Ox. A leaching strategy with concentrated NH3·6H2O (25-28%) was applied to 

synthesize Cu-Ce-Ox powder. In detail, the CuO/CeO2 powers (0.2 g) was dispersed in 20 mL of 

concentrated NH3·6H2O. The mixture was vigorously stirred at 55 °C for 60 min. The catalyst was 

separated by centrifugation, and a blue filtrate could be obtained if there were CuOx species on the 

catalyst surface. The leaching was repeated 6 times until the filtrate was colorless. The precipitates 

were washed with deionized water and ethanol for three times. Cu-Ce-Ox powder was obtained after 

freeze-drying for 24 h. 

Synthesis of Cu-Ce-Ox-A. Preparation of solid solutions with different Cu mass percentages was 

similar to that of Cu-Ce-Ox. With the total mol of Cu(NO3)2·3H2O and Ce(NO3)3·6H2O kept as 1.0 

mmol, we changed the mol mass of Cu(NO3)2·3H2O from 0.05, 0.1, 0.2, 0.6 mmol to obtain 

different solid solution precursors. After the same chemical etching with concentrated NH3·6H2O, 

the Cu-Ce-Ox samples were obtained.  

Synthesis of CuO and CeO2. Preparation of CuO and CeO2 was similar to that for CuO/CeO2, in 

which 1 mmol of Ce(NO3)3·6H2O or Cu(NO3)2·3H2O and 0.5 g of PAN were used to obtain the 

mixed solution. 

Materials Characterization 

The phase and structure of as-synthesized samples were analyzed by a Philips PW-1830 X-Ray 

Diffractometer (XRD) using Cu Kα radiation (λ=1.5406 Å, scan rate = 5° min-1). Scanning 

electronic microscope (SEM) images and transmission electronic microscope (TEM) images were 

collected on a Hitachi New Generation SU8010 SEM and a JOEL 2100 TEM, respectively. Raman 

spectra were collected on a confocal Raman microscope (Horiba LabRAM HR Evolution) with a 

633 nm solid laser as an excitation source (100 ~ 2000 cm-1). XPS measurements were conducted 

on AXIS-ULTRA DLD-600W XPS (mono Al Kα 1486.6 eV) and recorded by the hemispherical 

analyser with a step-size of 0.05 eV. The content of Cu and Ce in solid solutions was measured by 

inductively coupled plasma optical emission spectroscopy (ICP-OES, Agilent 730). 
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X-ray Absorption Spectroscopy (XAS) Analysis  

Cu K-edge X-ray absorption spectroscopy analysis was carried out under ambient condition in 

fluorescence mode at beamline 1W2B in the Beijing Synchrotron Radiation Facility (BSRF), China. 

In the testing, it used a Si (111) double-crystal monochromator, and Cu-foil was used to calibrate 

the energy. Both the incident and fluorescence X-ray intensities were monitored using standard ion 

chambers and Ar-filled Lytle-type detector, respectively. The XAS raw data were background-

subtracted, normalized, and Fourier-transformed using standard procedures with ATHENA. 

Electrochemistry Measurement 

Activity/selectivity measurement. The CO2 reduction reaction (CRR) catalytic activity of different 

samples was investigated by a commercial flow cell (Gaossunion) in 1 M KOH solution. The 

volumes of anode and cathode chamber electrolyte were both 20 mL. To prepare the working 

electrode, 30 mg of catalyst was dispersed by sonication in 2.85 mL of isopropanol and 150 µL of 5 

wt % of Nafion for 30 min. Next, inks were airbrushed onto a gas diffusion layer (GDL, Sigracet 29 

BC) as the cathode electrode (3 × 1 cm-2, loading mass: 1.0 mg cm-2). The reference and counter 

electrodes were Ag/AgCl (3.0 M KCl) and Pt foil (3 × 1 cm; 1 mm thickness) connected to a 

potentiostat (Gamry Interface 3000), respectively. An anion exchange membrane (FAB-PK-130) 

(Fuel Cell Store) was sandwiched between the two PTFE sheets to separate the chambers. In 

addition, 1 M KOH was circulated around the cathode and anode at a flow rate of 10.0 ml min-1 

during the CRR. During this process and then testing, CO2 was continuously purged at a rate of 20 

µL min-1. The resistance of 2.9 Ω was used to calculate the iR-correction. The gas products were 

self-injected into a gas chromatograph (Shimadzu GC-2014) equipped with TCD and 

methanizer/FID detectors.  

Cyclic voltammetry. Cyclic voltammetry (CV) was used to detect Cu structure change of CuO/CeO2 

and Cu-Ce-Ox after CRR. Before CV measurements, we performed a chronograph voltage testing 

under -1.4 V vs RHE for 2 h to obtain samples. Then, CO2 was turned off, and N2 was continuously 

purged at a rate of 20 µL min-1 for 30 min to remove the gas products on the electrode surface. 

Additionally, the electrolyte was replaced with fresh 1 M KOH.  Finally, we conducted CV 

measurements on the electrode with a scan rate of 20 mV s-1. 

XPS analysis of samples after CRR. We identified the Cu valence state of the solid solution after 

CRR by XPS analysis. When the CRR test was completed, the electrode was washed by deionized 

water and ethanol for three times. The sample after CRR was obtained after vacuum drying for 12 h, 

and sealed in a high-purity Ar-filled glove box to avoid oxidation in Air for further characterization.  
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Electrochemical impedance spectroscopy (EIS) was conducted also on the Gamry Interface 3000 

electrochemical workstation in the frequency from 0.01 Hz to 100 kHz with a signal amplitude of 5 

mV at -1.2 V vs RHE.  

In situ Attenuated Total Reflectance Infrared (ATR-IR) Spectroscopy 

It was performed with a Thermo-Fisher Nicolet iS20 equipped with a liquid nitrogen-cooled 

HgCdTe (MCT) detector using a VeeMax III ATR accessory (Pike Technologies). A germanium 

prism (60°, PIKE Technologies) was mounted in a PIKE electrochemical three-electrode cell with 

an Ag/AgCl reference electrode (Pine Research) and a platinum-wire counter electrode. All ATR-

IR measurements were acquired by averaging 64 scans at a spectral resolution of 4 cm-1. 

Electrocatalyst ink was prepared by dispersing catalyst powder (20 mg) in a solution containing 

isopropanol (2.9 mL) and 5 wt % Nafion solution (100 μL) followed by ultrasonication for 1 hr. 50 

μL of the catalyst ink was dropped onto the prism and left to dry slowly. The electrolyte was 0.1 M 

KHCO3, which was constantly purged with CO2 during the experiment. A CHI 760E 

electrochemical workstation (CH Instruments, USA) was connected for chronoamperometric tests 

from -0.6 to -1.8 V vs. Ag/AgCl stepwise. The spectra under open circuit potential (OCP) were 

recorded for comparison.  

In situ Raman Spectroscopy 

In situ Raman was recorded on a HORIBA LabRAM HR Evolution Raman spectrometer. The 

measurement was carried out by utilizing a spectro-electrochemical flow cell through a quartz 

window to detect the cathode GDL. For each measurement, the Raman spectrum was accumulated 

by 2 acquisitions (20 s per acquisition). A syringe pump was used to pump 1 M KOH at a constant 

flow rate of 3 mL min-1 over the GDL. CO2 gas was introduced to the back of the GDL at a flow 

rate of 80 SCCM controlled by a mass flow controller (FMA-2617A-VOL, OMEGA). Working 

electrodes were formed from Airbrushed Cu-Ce-Ox deposited on a piece of GDL (2 × 2 cm-2, 

loading mass: 1.0 mg cm-2). Potentials were applied (in potential holds) with respect to an Ag/AgCl 

reference electrode and reported with respect to RHE. To be consistent with the electrolysis 

measurements, Raman spectra were obtained at 5 min after the potential was initially applied. 

Potential-dependent spectra were obtained at OCP, -0.4, -0.6, -0.8 and -1.0 V vs RHE. Nickel foam 

was used as the counter electrode. 

Computational Methods 

All DFT calculations were performed with the Vienna Ab Initio Simulation Package (VASP) code.1 

The Perdew-Burke-Ernzerhof (PBE) was employed for electron exchange-correlation.2 Projector 

Augmented Wave (PAW) potentials were used to describe the ionic cores3. The atomic relaxations 
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were carried out with the quasi-Newton minimization scheme until the maximum force on any atom 

was below 0.03 eV/Å. The geometry optimizations were performed with a plane-wave cutoff of 400 

eV. Irreducible 2×2×1 Monkhorst Pack k-point grid was used,4 with the centre shifted to the gamma 

point. The Fermi level was smeared with the Methfessel-Paxton approach with a smearing of 0.05 

eV. Dipole corrections were included in all the calculations to minimize the inaccuracies in the total 

energy due to the simulated slab interactions. The dipole moment was calculated parallel to the z-

direction.  

The implicit solvent effect was considered by using VASPsol.5 The solvent dielectric constant 

was set to be 78.4 F/m, the width of dielectric cavity was 0.6 Å, the cutoff charge density was set to 

be 2.5×10–3 C/m3 and the effective cavity surface tension was 5.25×10–4 N/m. 

The computational models were constructed based on 4×3×2 CeO2 (111) supercell. To model the 

Cu-Ce-Ox solid-solution at low Cu content, one Ce atom on the top layer was replaced by a Cu 

atom. Topmost layer and adsorbates were free to move in all directions, with bottom layers fixed. 

The vertical separation between periodically repeated images was set to be at least 15 Å in all cases, 

to ensure no interaction between images.  

The DFT-calculated electronic energies (E) are converted into free energies in the following way:  

G = E + ZPE – TS 

where ZPE is the zero-point energy correction and TS is the entropy correction at room temperature 

(300 K). All energy values were acquired in neutral environment (pH=7). 

As the standard DFT functionals tended to over-delocalize electrons, DFT+U6 was employed 

with an effective U value of 5.0 eV for both Ce 4f-orbitals and Cu 3d-orbitals.7 

Limiting potential (Ulimiting) is used to describe the lowest potential requirement to eliminate the 

free energy difference of the potential-determining step (PDS), calculated as: 

Ulimiting = –ΔGmax/e 
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Figure S17. Cyclic voltammograms of Cu-Ce-Ox after CRR at -1.6 V vs RHE for 2h. 
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Figure S18. XRD patterns of (a) Cu-Ce-Ox and (b) CuO/CeO2 before and after CRR. 
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Table S1. Atomic content of Cu-Ce-Ox and CuO/CeO2 

Sample 
Cu content 

atom % 

Ce content 

atom % 

Atom ratio of 

Cu to Ce 

Cu content 

wt % 

Cu-Ce-Ox 2.47 65.03 0.08 2.47 

CuO/CeO2 8.03 63.34 0.28 8.03 

 

 

 

 

Table S2. Cu K-edge EXAFS Fitting Parameters a 

Sample Path N 
r  

(Å) 

σ2  

(Å2) 

ΔE0  

(eV) 

R  

(%) 

CuOb
 Cu−O 4 1.946 0.003 2.8 0.4 

Cu-Ce-Ox
c Cu−O 4 1.938 0.003 2.5 0.3 

a N: coordination number; r: distance between absorber and backscatter atoms; σ2: Debye–Waller 

factor to account for thermal and structural disorders; ΔE0: inner potential correction; R: goodness of 

fit. Error bounds (accuracies) that characterize the structural parameters obtained by EXAFS 

spectroscopy were estimated as N ± 20 %; r ± 1 %; σ2 ± 20 %; ΔE0 ± 20 %. b Fitting range: 2.6 ≤ k 

(/Å) ≤ 12.5 and 1.0 ≤ R (Å) ≤ 3.5. c Fitting range: 2.5 ≤ k (/Å) ≤ 12.4 and 1.0 ≤ R (Å) ≤ 2.2.  
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Table S3. CH4 Faradaic efficiency comparison of the recently reported Cu electrocatalysts derived 

from other precursors. 

Sample Electrolyte 
Potential (V 

vs RHE) 

Current density 

(mA cm-2) 

CH4 FE 

(%) 
Ref 

Cu-Ce-Ox 1.0 M KOH -0.82* 201.0 67.8 This work 

Cu Nanoparticles 1.0 M KOH -0.70 175.0 48.0 8 

Cu-PzIa 1.0 M KOH -1.0 287.2 52.0 9 

CuPcb 1.0 M KHCO3 -1.06 13.0 66.0 10 

CoO/Cu 1.0 M KHCO3 -1.11 225.0 60.0 11 

Cu68Ag32 0.5 M KHCO3 -1.17 -- 60.0 12 

Cu/Al2O3  1.0 M KOH -1.20 153.0 62.0 13 

Au/Cu 1.0 M KHCO3 -1.23 200 56.0 14 

Cu Nanowires 0.1 M KHCO3 -1.25 15.0 55.0 15 

Cu/La2CuO4 1.0 M KOH -1.4 207.0 56.3 16 

Cu 1.0 M KHCO3 -1.41 225.0 48.0 17 

Cu-N-C 0.1 M KHCO3 -1.60 38.3 38.6 18 

Cu2O/Cu-MOF 0.1 M KHCO3 -1.71 13.3 63.2 19 

Cu/CeO2 0.1 M KHCO3 -1.80 70.0 58.0 20 

a: Pz = pyrazole; b: Pc = phthalocyanine. --: no data. *, the potential (-0.82 V vs RHE) is calculated 

after IR correction. 
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Table S4. Free energy change of all proton-coupled electron transfer steps (PCTE) along CH4 and 

C2H4 pathways after 2*CO adsorption on active sites of Cu-Ce-Ox; the energy unit is eV. 

PCTE Reaction along CH4 pathway ΔG(U=0) 

5th 2CO(g) + * --- 2*CO -1.54 

6th 2*CO + H --- *CO + *CHO -1.06 

7th *CO + *CHO + H --- *CO + *CH2O 1.48 

8th *CO + *CH2O + H --- *CO + *CH3O 0.78 

9th *CO + *CH3O + H --- *CO + CH4 + *O 0.66 

10th *CO + CH4 + *O + H --- *CO + CH4 + *OH -1.05 

11th *CO + CH4 + *OH --- *CO + CH4 + H2O  -1.24 

PCTE Reaction along C2H4 pathway ΔG(U=0) 

5th 2CO(g) + * --- 2*CO -1.54 

6th 2*CO + H --- *CO-COH 1.25 

7th *CO-COH + H --- *COH-COH 0.52 

8th *COH-COH + H --- *C-COH + H2O -3.61 

9th *C-COH + H2O + H --- *CH-COH + H2O 2.50 

10th *CH-COH + H2O + H --- *CH-C + 2H2O -0.09 

11th *CH-C + 2H2O + H --- *C-CH2 + 2H2O 1.03 

12th *C-CH2 + 2H2O + H --- *CH-CH2 + 2H2O -1.44 

13th *CH-CH2 + 2H2O + H --- *CH2-CH2 + 2H2O 0.62 
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Chapter 5 Tuning molecular electrophilicity of Cu-MOF 

catalysts to steer CO2 electroreduction selectivity 

5.1 Introduction and Significance  

Cu is the only transition metal to achieve electrochemical CO2 reduction (CRR) with 

generation of hydrocarbons and oxygenates. Meanwhile, its binding to CRR 

intermediate *CO is neither too weakly nor too strongly, resulting in its poor selectivity. 

To address this issue, different methods have been used to engineer the electronic 

structure of Cu-based catalysts. Therefore, those methods can improve the selectivity 

of one product. In addition, the protonation process of water also affects the CRR 

activity and selectivity. However, it is still challenging to regulate CRR selectivity in a 

broad product distribution on Cu by tuning the PCET process in CRR. 

Here we employed a class of bipyridyl molecules (1,2-bis(4-pyridyl)ethane, 1,2-bis(4-

pyridyl)benzene, 4,4’-bipyridine and trans-1,2-bis(4-pyridyl)ethylene) as linkers with 

different electrophilicity to steer Cu-MOFs’ CRR selectivity. Density functional theory 

(DFT) calculations coupled with in-situ attenuated total reflectance infrared (ATR-IR) 

spectroscopy confirm that the electrophilicity of the linker can alter the catalyst’s proton 

availability in PCET reactions. Catalyst with a low-electrophilicity linker exhibits fast 

proton transfer to *CO, which promotes its protonation to lead a high FE of 58.2% for 

CH4. By contrast, a high-electrophilicity linker can stabilize *CO and favor its C-C 

coupling step, resulting in a high FE of 65.9% for C2H4. 

The highlights of this work include: 

1. New method. Linker’s electrophilicity is used to tune catalyst’s proton availability, 

which promotes or inhibits the critical proton-coupled electron transfer (PCET) 

process in CRR.  

2. High selectivity. The linker with a low electrophilicity (1,2-bis(4-pyridyl)ethane) 
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can facilitate proton transfer to hydrogenate the *CO intermediates to generate CH4 

with a Faradaic efficiency (FE) of 58.2%; while the linker with a high 

electrophilicity (trans-1,2-bis(4-pyridyl)ethylene) can build stronger hydrogen 

bonds to stabilize *CO for further dimerization, realizing a C2H4 FE of 65.9%.   

3. Structure-activity relationship. The combination of theoretical computation and in-

situ spectroscopic characterizations established the relationship among the linker’s 

electrophilicity, catalyst’s proton availability, and its CRR pathway of CH4 or C2H4. 

5.2 Tuning Molecular Electrophilicity of Cu-MOF Catalysts to Steer CO2 

Electroreduction Selectivity 

This chapter is included as a submitted manuscript by Xianlong Zhou, Jieqiong Shan, 

Huan Li, Bao Yu Xia, Yao Zheng, Shi-Zhang Qiao, Tuning Molecular Electrophilicity 

of Cu-MOF Catalysts to Steer CO2 Electroreduction Selectivity.  
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Materials Synthesis 

Synthesis of Cu-MOFs.  

0.25 g of CuCl powder was dispersed in 25 mL of acetonitrile with sonication for 5 min. 2.5 mmol 

of organic linker (1,2-bis(4-pyridyl)ethane, 1,2-bis(4-pyridyl)benzene, 4,4’-bipyridine and trans-

1,2-bis(4-pyridyl)ethylene) was dissolved in 5 mL of acetonitrile with 10 min sonication. Then, the 

solution with organic linker was added into the solution with CuCl. Following magnetic stirring for 

60 min, the precipitate was washed respectively with acetonitrile and deionized water three times. 

All samples were obtained following freeze-drying for 24 h. 

Materials Characterization 

The phase and structure of as-synthesized samples were analyzed by a Philips PW-1830 X-Ray 

Diffractometer (XRD) using Cu Kα radiation (λ=1.5406 Å, scan rate = 5° min-1). Transmission 

electronic microscope (TEM) images were collected on a JOEL 2100 TEM. XPS measurements 

were conducted on AXIS-ULTRA DLD-600W XPS (mono Al Kα 1486.6 eV) and recorded by the 

hemispherical analyser with a step-size of 0.05 eV. FTIR spectra were collected on a Nicolet 6700 

spectrometer. 

Electrochemistry Measurement 

Activity/selectivity measurement. The CO2 reduction reaction (CRR) catalytic activity of different 

samples was investigated by a commercial flow cell (Gaossunion) in 1 M KOH solution. The 

volume of anode and cathode chamber electrolyte was both 15 mL. To prepare the working 

electrode, 25 mg of catalyst was dispersed by sonication in 2.85 mL of isopropanol and 150 µL of 5 

wt % of Nafion for 60 min. Next, inks were airbrushed onto a gas diffusion layer (GDL, Sigracet 29 

BC) as the cathode electrode (3 × 1 cm-2, loading mass: 1.0 mg cm-2). The reference and counter 

electrodes were Ag/AgCl (3.0 M KCl) and Pt foil (3 × 1 cm; 1 mm thickness) connected to a 

potentiostat (Gamry Interface 3000), respectively. An anion exchange membrane (FAB-PK-130) 

(Fuel Cell Store) was sandwiched between the two PTFE sheets to separate the chambers. In 

addition, 1 M KOH was circulated around the cathode and anode at a flow rate of 10.0 ml min-1 

during the CRR. During this process and then testing, CO2 was continuously purged at a rate of 20 

µL min-1. The gas products were self-injected into a gas chromatograph (Shimadzu GC-2014) 

equipped with TCD and methanizer/FID detectors. The resistance of 1.9 Ω had been used to 

calculate the iR-correction. 

XPS analysis of samples after CRR. We identify the Cu valence state of solid solution after CRR 

by XPS analysis. When we completed the CRR test, the electrode was washed by deionized water 

and ethanol for three times. The sample after CRR was obtained after vacuum drying for 12 h. Then, 
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it was further sealed in a high-purity Ar-filled glove box. Finally, we can identify the Cu valent 

state of the sample after CRR by XPS analysis. 

XRD analysis of samples after CRR. We identify the phase of catalysts after CRR by XPS analysis. 

When we completed the CRR test, the electrode was washed by deionized water and ethanol for 

three times. Then, the sample after CRR was obtained after vacuum drying for 12 h. Finally, we can 

identify the Cu valent state of the sample after CRR by XRD analysis. 

In situ Attenuated Total Reflectance Infrared (ATR-IR) Spectroscopy 

It was conducted by using a Thermo-Fisher Nicolet iS20 equipped with a liquid nitrogen-cooled 

HgCdTe (MCT) detector using a VeeMax III ATR accessory (Pike Technologies). A germanium 

prism (60°, PIKE Technologies) was mounted in a PIKE electrochemical three-electrode cell with a 

platinum-wire counter electrode and an Ag/AgCl reference electrode (Pine Research). All ATR-IR 

measurements were acquired by averaging 64 scans at a spectral resolution of 4 cm-1. 

Electrocatalyst ink was prepared by dispersing catalyst powder (10 mg) in a solution containing 

isopropanol (1.5 mL) and 5 wt % Nafion solution (50 μL) followed by ultrasonication for 60 min. 

50 μL of the catalyst ink was dropped onto the prism and left to dry slowly. The electrolyte was 0.1 

M KHCO3, which was constantly purged with CO2 during the experiment. A CHI 760E 

electrochemical workstation (CH Instruments, USA) was connected for chronoamperometric tests 

from -0.6 to -2.1 V vs. Ag/AgCl stepwise. Meanwhile, the spectra under open circuit potential (OCP) 

were recorded for comparison. 

Computational Section.  

All calculations in this work were carried out using density functional theory (DFT) method as 

implemented in the VASP code. The electronic exchange-correlation energy was modeled using the 

Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient approximation (GGA). 

The projector augmented wave (PAW) method was used to describe the ionic cores. For the plane-

wave expansion, a 450-eV kinetic energy cut-off was used after testing a series of different cut-off 

energies. A Monkhorst-Pack 2×4×2 k-point grid was used to sample the Brillouin zone. The 

convergence criterion for the electronic structure iteration was set to be 10-4 eV, and that for 

geometry optimizations was set to be 0.01 eV Å-1 on force. A Gaussian smearing of 0.1 eV was 

applied during the geometry optimization for the total energy computations. 
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Figure S2. The XRD patterns of (a) Cu-bpa; (b) Cu-dpb and (c) Cu-bpe. 
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Figure S3. TEM images of (a) Cu-bpa; (b) Cu-dpb; (c) Cu-bpy; and (d) Cu-bpe. The scale bars are 

500, 500, 500, and 250 nm, respectively.  
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Table S1. CH4 Faradaic efficiency and current density comparison of the recently reported Cu 

electrocatalysts derived from other precursors. 

Sample Electrolyte 
Potential 

 (V vs RHE) 

CH4 FE 

(%) 

CH4 current 

density (mA cm-2) 
Ref 

Cu-bpa 1.0 M KOH -0.83 58.2 232.8 This work 

Cu particles 1.0 M KOH -0.70 48.0 84.0 1 

Cu-PzIa 1.0 M KOH -1.00 52.0 149.3 2 

Cu/Al2O3 1.0 M KOH -1.20 62.0 94.86 3 

Cu/La2CuO4 1.0 M KOH -1.40 56.3 116.5 4 

Cu-DBCb 1.0 M KOH -0.90 80.0 162.4 5 

Cu-Ce-Ox 1.0 M KOH -0.82 67.8 136.2 6 

CoO/Cu 1.0 M KHCO3 -1.11 60.0 135.0 7 

Au/Cu 1.0 M KHCO3 -1.23 56.0 112.0 8 

Cu Nanowires 0.1 M KHCO3 -1.25 55.0 8.2 9 

CuPcc 1.0 M KHCO3 -1.06 66.0 8.5 10 

Cu 1.0 M KHCO3 -1.41 48.0 108.0 11 

Cu-N-C 0.1 M KHCO3 -1.60 38.6 14.8 12 

Cu2O/Cu-MOF 0.1 M KHCO3 -1.71 63.2 8.4 13 

Cu/CeO2 0.1 M KHCO3 -1.80 58.0 40.6 14 

a: Pz = pyrazole; b: DBC = dibenzo-[g,p]chrysene-2,3,6,7,10,11,14,15octaol; c: Pc = phthalocyanine.  
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Table S2. C2H4 Faradaic efficiency and current density comparison of the recently reported Cu 

electrocatalysts. 

Sample Electrolyte 
Potential 

 (V vs RHE) 

C2H4 FE 

(%) 

C2H4 current 

density (mA cm-2) 
Ref 

Cu-bpe 1.0 M KOH -0.85 65.9 263.6 This work 

NCDs/Cu/CuOa 0.5 M KHCO3 -1.40 56.6 25.5 15 

Ag@Cu 1.0 M KOH -1.60 43.9 131.7 16 

Cu-HITPb 0.1 M KHCO3 -1.20 51.0 3.1 17 

AgI/CuO 1.0 M KOH -1.05 45.0 61.5 18 

Cu2Oc 1.0 M KHCO3 -0.90 40.0 120.0 19 

CuO 0.5 M KCl -1.01 71.2 178.0 20 

Cu2O 0.1 M KHCO3 -1.05 52.3 20.9 21 

Cutrzc 1.0 M KHCO3 -0.80 50.0 150.0 22 

Cu 0.1 M KHCO3 -0.95 58.6 100.0 23 

Cu3(HITP)2 0.1 M KHCO3 -1.25 63.0 16.5 24 

Cu nanowires 1.0 M KHCO3 -1.10 57.7 23.1 25 

Cu4(OH)6FCl 0.1 M KHCO3 -1.00 36.3 10.1 26 

Cu/Al2O3 5.0 M KOH -1.10 60.4 181.2 27 

Cu2O 1.0 M KOH -0.61 38.0 134.9 28 

OBCd 0.1 M KHCO3 -1.00 45.0 44.7 29 

a: NDC = –NH2-modified carbon dots; b: HITP = 2,3,6,7,10,11-hexaiminotriphenylene; c: trc = 1,2,4-

triazole; d: OBC = Oxygen-bearing copper.  
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Chapter 6 Regulating interface water structure by solvation 

effects to promote electrochemical C-C coupling reactions 

6.1 Introduction and Significance 

During CRR process, water serves not only as a proton source but also as a solvent 

environment, whose structure can determine catalyst activity and selectivity. Cu is a 

unique electrocatalyst that can achieve CRR with the generation of hydrocarbons and 

oxygenates. It should be noted that CRR is a proton-coupled electron transfer (PCET) 

process, and its activity and selectivity are dependent not only on the conventional 

electronic structure of the catalyst but also on the availability of protons. However, it is 

still a challenge to regulate the interfacial water structure of Cu catalyst to steer its CRR 

selectivity. 

Here we employed dimethyl sulfoxide (DMSO) as an electrolyte additive to tune the 

solvation structure of K ions to promote *CO dimerization to generate C2H4. The 1H 

chemical shirt confirms that replacing part of H2O in KOH solution with DMSO can 

strengthen hydrogen bonds in the electrolyte. In-situ Raman spectroscopy suggests that 

the stronger hydrogen bonds form more 4-coordinated hydrogen-bonded water on the 

catalyst surface during CRR operation. In addition, in-situ attenuated total reflectance 

infrared (ATR-IR) spectroscopy confirms that, due to the addition of DMSO, the 

adsorption ability of *CO is significantly increased, favoring C-C coupling step, 

resulting in a three-fold higher ratio of FEC2H4 to FECO.

The particular novelty of this work is: 

1. New method. We engineer the solvation structure of K+ ions through the 

introduction of DMSO to replace part of H2O in the electrolyte to tune interfacial 

water structure on the catalyst surface to steer CRR selectivity. 

2. Tuning interfacial water. In situ spectroscopic characterizations reveal that solvated 
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K ions in the mixed solvent can form a higher percentage of 4-coordinated 

hydrogen-bonded water on the surface of Cu catalyst, consequently building 

stronger hydrogen bonds to stabilize *CO and fast its dimerization. 

3. High selectivity. Due to the addition of DMSO, the adsorption ability of *CO is 

significantly increased, favoring C-C coupling step to C2H4, resulting in a three-

fold higher ratio of FEC2H4 to FECO. 

6.2  Regulating interfacial water structure by solvent effects to facilitate 

electrochemical C-C coupling reactions 

This chapter is included as a submitted manuscript by Xianlong Zhou, Jieqiong Shan, 

Yilong Zhu, Min Zheng, Bao Yu Xia, Yan Jiao, Yao Zheng, Shi-Zhang Qiao, Solvent 

effects regulating interfacial water structure of Cu catalysts to facilitate electrochemical 

C-C coupling reactions. 
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Materials Synthesis 

Synthesis of Cu2O.  

The synthesis of the Cu2O sample was carried out according to the previous method. In detail, 4.0 g 

of polyvinylpyrrolidone (PVP, Mr = 30000) was dissolved in 45 mL of deionized water (DIW), 

followed by stirring until the mixture was completely dissolved. CuCl2·2H2O (0.1 mol L−1; 5 mL) 

was added dropwise to the above aqueous solution. The resulting solution was heated in a water 

bath at 55 °C. Then, NaOH aqueous solution (2 mol L−1;5 mL) was added. After stirring for 0.5 h, 

ascorbic acid solution (0.6 mol L−1; 6 mL) was added dropwise. The reaction solution was stirred at 

55 °C for additional 180 min. The resulting precipitate was collected by centrifugation and rinsed at 

least three times with plenty of DIW and ethanol. Finally, the brick red power was obtained 

following freeze-drying for 24 h. 

 Materials Characterization 

The phase and structure of as-synthesized samples were analysed by a Philips PW-1830 X-Ray 

Diffractometer (XRD) using Cu Kα radiation (λ=1.5406 Å, scan rate = 5° min-1). Scanning electron 

microscope (SEM) images were collected on a Hitachi New Generation SU8010 field emission 

SEM. Transmission electronic microscope (TEM) images were collected on a JOEL 2100 TEM. 

Raman spectra were a HORIBA Scientific Raman spectroscopy instrument. FTIR spectra were 

collected on a Nicolet 6700 spectrometer.  

Electrochemistry Measurement 

Activity/selectivity measurement. The CO2 reduction reaction (CRR) catalytic activity of different 

samples was investigated by a commercial flow cell (Gaossunion) in 1 M KOH solution. The 

volume of anode and cathode chamber electrolyte was both 15 mL. To prepare the working 

electrode, 25 mg of catalyst was dispersed by sonication in 2.85 mL of isopropanol and 150 µL of 5 

wt % of Nafion for 60 min. Next, inks were airbrushed onto a gas diffusion layer (GDL, Sigracet 29 

BC) as the cathode electrode (3 × 1 cm-2, loading mass: 1.0 mg cm-2). The reference and counter 

electrodes were Ag/AgCl (3.0 M KCl) and Pt foil (3 × 1 cm; 1 mm thickness) connected to a 

potentiostat (Gamry Interface 3000), respectively. An anion exchange membrane (FAB-PK-130) 

(Fuel Cell Store) was sandwiched between the two PTFE sheets to separate the chambers. In 

addition, 1 M KOH was circulated around the cathode and anode at a flow rate of 10.0 ml min-1 

during the CRR. During this process and then testing, CO2 was continuously purged at a rate of 20 

µL min-1. The gas products were self-injected into a gas chromatograph (Shimadzu GC-2014) 

equipped with TCD and methanizer/FID detectors.  
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XRD analysis of samples after CRR. We identify the phase and structure of catalysts in the flow 

cell after CRR by XPD analysis. When we completed the CRR test, the electrode was washed by 

deionized water and ethanol for three times. Then, the sample after CRR was obtained after vacuum 

drying for 12 h. Finally, we can identify the phase of the sample after CRR by XRD analysis. In 

addition, the sample was also investigated by other methods, including SEM and FTIR. 

TEM analysis of samples after CRR. We investigate the structure of catalysts in the H-type cell 

after CRR by TEM analysis. When we completed the CRR test, the electrode was washed by 

deionized water and ethanol for three times. Then, the sample after CRR was obtained after vacuum 

drying for 12 h. Finally, we can identify structure of the sample after CRR by TEM analysis. 

In situ Attenuated Total Reflectance Infrared (ATR-IR) Spectroscopy 

It was conducted by using a Thermo-Fisher Nicolet iS20 equipped with a liquid nitrogen-cooled 

HgCdTe (MCT) detector using a VeeMax III ATR accessory (Pike Technologies). A germanium 

prism (60°, PIKE Technologies) was mounted in a PIKE electrochemical three-electrode cell with a 

platinum-wire counter electrode and an Ag/AgCl reference electrode (Pine Research). All ATR-IR 

measurements were acquired by averaging 64 scans at a spectral resolution of 4 cm-1. 

Electrocatalyst ink was prepared by dispersing catalyst powder (10 mg) in a solution containing 

isopropanol (1.5 mL) and 5 wt % Nafion solution (50 μL) followed by ultrasonication for 60 min. 

50 μL of the catalyst ink was dropped onto the prism and left to dry slowly. The electrolyte was 0.1 

M KHCO3, which was constantly purged with CO2 during the experiment. A CHI 760E 

electrochemical workstation (CH Instruments, USA) was connected for chronoamperometric tests 

from -0.6 to -2.1 V vs. Ag/AgCl stepwise. Meanwhile, the spectra under open circuit potential (OCP) 

were recorded for comparison. 

In situ Raman Spectroscopy 

In situ Raman was recorded on a HORIBA Scientific Raman spectroscopy instrument (laser 

excitation at 532 nm) using a screen-printed chip electrode from Pine Research Instrumentation. 

Ten microliters of the ink gel were added to the printed electrode before dried at room temperature. 

For each measurement, the Raman spectrum was accumulated by 2 acquisitions (20 s per 

acquisition). To be consistent with the electrolysis measurements, Raman spectra were obtained at 5 

min after the potential was initially applied. Potential-dependent spectra were obtained at OCP, 0, -

0.2, -0.4, -0.6, -0.8 and -1.0 V vs RHE.  
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Figure S11. FTIR spectra on Cu2O after CRR in different electrolytes, i.e., 90% H2O+10% DMSO 

and pure H2O. 
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Figure S12. In situ Raman spectra on Cu2O collected at different potentials in different electrolytes. 

(a) H2O and (b) 90% H2O+10% DMSO. 
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Chapter 7 Conclusion and perspectives 

7.1 Conclusion 

This thesis intends to fabricate high-performance Cu-based catalysts for CRR and 

understand regulation of their CRR activity by steering PCET process and the role of 

interfacial water structure. The following conclusions can be drawn from the work in 

this thesis:  

1. Molecular cleavage of CuBDC can complete the phase transition and fabricate a 

new MOF that consists of Cu1+ and Cu2+ atoms in the framework of Cu2BDC. 

During CRR operation, they are reduced into target Cu1+/Cu0 species, which present 

a higher FE of C2 products (ethylene and ethanol) than that of CuBDC-derived 

sample. 

2. The solid-solution strategy is able to stabilize Cu2+ against electrochemical 

reduction during CRR. The Cu2+ in Cu-Ce-Ox can enhance the absorption stability 

of *CO intermediate, which in turn promotes its further hydrogenation and 

suppresses the dimerization, thereby significantly improving the selectivity of CH4. 

3.  The linker with low electrophilicity can promote proton transfer from PyH* to *CO 

intermediates to facilitate formation of CH4. By contrast, the linker with high 

electrophilicity can build strong hydrogen bond, and stabilize the *CO dimer, 

thereby favoring the C2H4 formation. 

4.  The high-donor-number organic molecules can form a stronger hydrogen bonding 

network in the mixed electrolyte through tuning interfacial water structure, altering 

the PCET process of CO2 activation and enhance the adsorption ability of *CO 

intermediate, thereby significantly improving the efficacy of C-C coupling to C2H4.  

7.2 Perspectives 

It is a great improvement of Cu-based catalyst activity and selectivity through catalyst 
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design and electrolyte engineering. Due to different strategies, we can build the 

Cu2O/CuO structure, stabilize Cu2+ as the active sites, tune the PCET process and the 

solvent structure of metal cations to improve the adsorption ability of intermediates, 

thereby steering CRR selectivity. However, a number of issues remain as follows:

1. Flow cell has been widely used to investigate the CRR activity in this thesis because 

this cell can decrease the thickness of diffusion layer and provide an industrial 

current density. However, electrode flooding is a great challenge for its industrial 

application. It usually leads to the destruction of the gas diffusion layer during CRR 

operation, resulting in the instability of the electrode. There is still a big gap to 

overcome for industrial application. Therefore, more studies should be investigated 

to improve the stability of the electrode in the flow cell. 

2. The previous reference has confirmed that at pH = 12, the *CO-*CO dimerization 

pathway is both thermodynamically and kinetically favorable, while the C1 pathway 

is blocked. Therefore, a strong base solution (1M KOH) is widely to improve the 

C2 product selectivity of Cu-based catalysts. It can lead to the consumption of a 

large amount of CO2 with the formation of K2CO3, reducing CO2 utilization 

efficiency. Therefore, an acid electrolyte is favorable. However, the efficiency of 

C-C coupling is significantly lower than that of the base solution. Therefore, a high-

performance Cu-based catalyst in the acid electrolyte needs to be developed. 

3. The DFT calculations provide promising methods for understanding the catalytic 

process. Based on the catalyst design, we can investigate the effects of various 

strategies on catalytic activity and selectivity at the atomic or molecular scale. 

Because of the complexity of the catalyst interface during CRR, the DFT 

calculations can provide more opportunities to investigate the interface science of 

CRR than experiments. However, there are few theoretical researches on the surface 
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and interface change of the catalysts by simulation of their local environments. 

Therefore, investigative research will need to be directed to revealing the 

relationship between the real local environment and catalytic behaviors.            

4.  Water serves not only as a proton source but also as a solvent environment, whose 

structure can determine catalyst activity and selectivity. Therefore, investigating 

water structure is a crucial issue for developing high-performance CRR 

electrocatalysts. Indeed, it is tough to detect the interfacial water structure because 

the information resulting from its change is relatively weak. In addition, the 

intermediates during CRR operation can also affect various in situ characterizations 

processes. Therefore, an advanced technology sensitive to the water interfacial 

structure should be provided to address this issue, such as in situ sum frequency 

generation (SFG) vibrational spectrometer. 

5. Currently, the ion exchange membranes in the flow cell can not work more than 

100 h. To achieve industrial-level CO2 reduction, it needs to develop ion exchange 

membranes with a long-term stability. In addition, products separation and 

purification with a low cost also need to be addressed in the further research.  

In all, with the rapid development of artificial intelligence and more advanced in situ 

characterization techniques, more challenges will be solved in the future, ultimately 

achieving a thorough understanding and full control of Cu-based catalyst CRR. 

 

  

168



Appendix I: Publications during PhD Candidature 

1. Xianlong Zhou, Jieqiong Shan, Yilong Zhu, Min Zheng, Bao Yu Xia, Yan Jiao, Yao 

Zheng, Shi-Zhang Qiao, Regulating interfacial water structure by solvent effects to 

promote electrochemical C-C coupling reactions. (In prepartion) 

2. Xianlong Zhou, Jieqiong Shan, Huan Li, Bao Yu Xia, Yao Zheng, Shi-Zhang Qiao, 

Tuning Molecular Electrophilicity of Cu-MOF Catalysts to Steer CO2 

Electroreduction Selectivity. J. Am. Chem. Soc. (Under revision) 

3. Xianlong Zhou, Jieqiong Shan, Ling Chen, Bao Yu Xia, Tao Ling, Jingjing Duan, 

Yan Jiao, Yao Zheng, Shi-Zhang Qiao, Stabilizing Cu2+ ions by Solid Solutions to 

Promote CO2 Electroreduction to Methane. J. Am. Chem. Soc. 2022, 144, 2079-

2084. 

4. Xianlong Zhou, Juncai Dong, Yihan Zhu, Lingmei Liu, Yan Jiao, Huan Li, Yu Han, 

Kenneth Davey, Qiang Xu, Yao Zheng, Shi-Zhang Qiao, Molecular Scalpel to 

Chemically Cleave Metal-Organic Frameworks for Induced Phase Transition. J. 

Am. Chem. Soc. 2021, 143, 6681-6690.  

5. Xianlong Zhou, Huanyu Jin, Bao Yu Xia, Kenneth Davey, Yao Zheng, Shi-Zhang 

Qiao, Molecular Cleavage of Metal-Organic Frameworks and Application to 

Energy Storage and Conversion. Adv. Mater. 2021, 33, 2104341. 

6. Xianlong Zhou, Hao Liu, Bao Yu Xia, Kostya (Ken) Ostrikov, Yao Zheng, Shi-

Zhang Qiao, Customizing the Microenivronment of CO2 Electrocatalysis via Three-

phase Interface Engineering. SmartMat. 2022, 3, 111. (Invited review) 

7. Yao Zheng, Anthony Vasileff, Xianlong Zhou, Yan Jiao, Mietek Jaroniec, and Shi-

Zhang Qiao, Understanding the Roadmap for Electrochemical Reduction of CO2 to 

Multi-Carbon Oxygenates and Hydrocarbons on Copper-based Catalysts. J. Am. 

Chem. Soc. 2019, 141, 7646-7659. 

8. Laiquan Li, Cheng Tang, Yao Zheng, Bingquan Xia, Xianlong Zhou, Haolan Xu, 

and Shi-Zhang Qiao, Tailoring Selectivity of Electrochemical Hydrogen Peroxide 

Generation by Tunable Pyrrolic‐Nitrogen‐Carbon. Adv. Energy Mater. 2020, 10, 

2000789. 

 

 

 

169




