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Abstracts

Electrochemical CO; reduction (CRR) that converts CO; 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 CO; 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 Cu,BDC (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



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 Cu,BDC-derived sample can
display a higher Faradaic efficiency (FE) for C, products (ethylene and ethanol). This
improvement results from the formation of Cu2O (111) and Cu (111) mixed phases,
which can promote CRR activity and C> product selectivity in a synergistic way.

Second, a method was proposed to stabilize Cu?" during catalytic operation
through fabrication of a Cu-Ce-Ox solid solution, in which Cu ions are incorporate into
CeO2 matrix. In situ formed Ce** in solid solutions from electrochemical reduction can
provide the rapid electron transport channel to suppress the accumulation of electrons
around Cu?* sites and protect them from reduction to Cu®. We also employed in situ
attenuated total reflectance infrared spectroscopy (ATR-IR) to observe that the stable
Cu?* sites can significantly improve the initial *CO adsorption and facilitate the *CO
hydrogenation to produce *OCHz, 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 C> products (i.e., C2Ha).

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 CoHa.

In the end, we engineered the solvated structure of metal cations to tune interfacial



water structure, which can fast PCET process of CO. activation and increase the
absorption ability for *CO intermediate on Cu.O 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 Cu.O 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 CO; effectively into chemicals or
fuels is rapidly gaining momentum. Indeed, these technologies not only reduce the
overall CO. emissions by recycling the already burnt fossil fuels but also incentivize
the exploration of new methods for CO. capture.! CRR is one of the particularly
promising pathways for CO> conversion since it can store renewable electricity
obtained from intermittent solar or wind energy.? 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.® In a
typical solid-gas thermal catalytic reaction, the catalytic effects are limited by
physicochemical properties and the electronic structure of the solid catalyst.*
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.®

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:

e To discover the Cu(l)-MOFs resulted from cleavage of synthesized Cu(ll)-MOFs
that can build Cu-based catalyst with the mixed-phase interface, thereby promoting

the efficacy of C-C coupling in CRR.



To identify the mechanism of stabilizing Cu?* through the formation of a solid
solution and build electronic transfer network to build a platform to investigate the
Cu?* 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
Cu20 (111) and Cu (111) mixed phases.

Chapter 4 stabilizes Cu?* during CRR operation by fabrication of a solid solution,
building a platform for CRR to study Cu?* behavior.

Chapter 5 tunes the molecular electrophilicity of Cu-MOFs to alter the PCET
process in CRR, thereby regulating its selectivity towards CH4 or CaoHa.

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

structure on catalyst surface to promote C-C coupling reaction during CRR.



e Chapter 7 summarizes the key achievement of this thesis and provides perspectives
for future work.
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Chapter 2 Literature Review

2.1 Introduction

Electrochemical CO> 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 (CHa), methanol (CH3OH), ethene (Cz2Ha), or ethanol (C2HsOH).
Cu is the only metal element to electrochemical catalyze CO; 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
CO: activation, decrease H>O 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 CO: 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 CO: electrocatalysis via three-phase interface engineering,

SmartMat. 2022, 3, 111-1209.
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Abstract

Converting CO, into high-value fuels and chemicals by renewable-electricity-
powered electrochemical CO, reduction reaction (CRR) is a viable approach
toward carbon-emissions-neutral processes. Unlike the thermocatalytic
hydrogenation of CO, at the solid-gas interface, the CRR takes place at the
three-phase gas/solid/liquid interface near the electrode surface in aqueous
solution, which leads to major challenges including the limited mass diffusion
of CO, reactant, competitive hydrogen evolution reaction, and poor product
selectivity. Here we critically examine the various methods of surface and
interface engineering of the electrocatalysts to optimize the microenvironment
for CRR, which can address the above issues. The effective modification
strategies for the gas transport, electrolyte composition, controlling interme-
diate states, and catalyst engineering are discussed. The key emphasis is made
on the diverse atomic-precision modifications to increase the local CO,
concentration, lower the energy barriers for CO, activation, decrease the H,O
coverage, and stabilize intermediates to effectively control the catalytic activity
and selectivity. The perspectives on the challenges and outlook for the future
applications of three-phase interface engineering for CRR and other gas-
involving electrocatalytic reactions conclude the article.

KEYWORDS

catalytic selectivity, electrochemical CO, reduction, intermediates, microenvironment,
three phase interface
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1 | INTRODUCTION

The development of viable technologies to effectively
convert CO, into chemicals or fuels is rapidly gaining
momentum. Indeed, these technologies not only reduce
the overall CO, emissions by recycling the already burnt
fossil fuels but also incentivize the exploration of new
methods for CO, capture.” Electrocatalytic CO, reduc-
tion reaction (CRR) is one of particularly promising
pathways for CO, conversion since it can store renewable
electricity obtained from intermittent solar or wind
energy.”* However, CO, is a stable linear molecule,
which is difficult to break due to the strong C O bonds
with the large energy barrier (Figure 1A).” Thus, in a
typical thermal catalysis process, external heat and
pressure (>180°C, 15Pa) are supplied to activate
molecular H, so that it can reduce CO, to generate C,;
products, such as methane (CH,), carbon monoxide
(CO), or methanol (CH;0H).” On the other hand, at
room temperature and atmospheric pressure, CRR
requires large overpotentials to drive CO, hydrogenation
for producing C, and even multicarbon products.”® It is
well known that the catalyst's activity depends mainly on
its structure and the prevailing reaction conditions. In a
typical solid-gas thermal catalytic reaction (Figure 1B),
the catalytic effects are limited by physicochemical
properties and the electronic stricture of the solid

catalyst. Consequently, researchers focus on the develop-
ment of various catalysts with high activity.” " Similarly,
substantial efforts have been invested in the fabrication
of different CRR catalysts, including single-atom,"
alloy,"*'* surface oxidation state,'” '’ grain boundaries,®
solid  solutions,””  morphologies,””"  chemical
composition,” and crystal facet engineering.”” Never-
theless, differently to thermal catalysis, since CRR occurs
on a gas/solid/liquid three-phase interface (Figure 1C),”
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.

These differences bring some extra challenges for
CRR. First, the low solubility (33 mmol/L) and diffusivity
of CO, in water make CRR a diffusion-limited process
(Figure 1D).” Specifically, the thickness of the mass-
transfer boundary layers near the cathode in the H-type
cell, for example, 60-160 um, limits the current density
on the order of 10mA/cm? based on the geometrical area
of the cathode, resulting in a low CRR activity.” Second,
because of the typically large amount of water on the
catalyst's surface, the competing hydrogen evolution
reaction (HER) can significantly decrease the selectivity
toward the CRR products (Figure 1E). Third, the CRR in
an aqueous electrolyte involves multielectron/proton

(A) Activation of CO, (B) Thermocatalysis (C)  Electrocatalysis
A Large energetic barrier CO, hydrogenation CO, electroreduction
S N\
% F \ CH,0H . C1+C2
2 e/ \ CO,+H, CO,+ H,0 7
-’// .Coz \ h :.’
co, N7
5 _————
Reaction pathway Solid + Gas Solid + Solution + Gas
(D)  co, diffusion limitation (E)  Competitive reaction (F) Multi-reaction pathways
A A A
=T
2 l C2+
[ . 2 4
= H,0 = /
8|\ ? E S [Hooon CHa Cafla/
3| \ £ 2l X T~——"cHoH
(DN N ‘_‘! / Cco
) S S Co,
= Co,
Electrode distance Overpotential Electron number
FIGURE 1 Schematics of (A) free energy diagrams for CO, activation; (B) thermochemical CO, hydrogenation; (C) CO,

electrochemical reduction; (D) the CO, concentration near the electrode surface; (E) the catalytic activity relationship between CRR and
HER; (F) pathways for CRR products. CRR, CO, reduction reaction; HER, hydrogen evolution reaction
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transfer processes along with several distinct possible
reaction intermediates (Figure 1F),”" in which various
hydrocarbons and oxygenates, including CO, CH,,
formate (HCOOH), ethylene (C,H,), and ethanol
(C,HsOH), can be produced.” The multireaction path-
ways of CRR make it quite difficult to improve the
selectivity of target products.

Through theoretical and experimental investigations,
one can unveil the scaling relations for the binding
energies of various intermediates on different catalytic
active sites.””** These insights guide the development of a
huge number of heterogeneous electrocatalysts with
high CRR activity. Nevertheless, it is challenging to break
the scaling relations and tune the catalytic selectivity
by nanostructure engineering because it is difficult
to optimize the binding of a specific intermediate without
affecting another. On the other hand, the micro-
environment of catalysts, including the electrode-
electrolyte interface, the electrolyte composition, and the
associated hydrodynamic boundary layers near the cata-
lyst, has played a crucial role in determining the activity
and selectivity of CRR.*>*° Since CRR is a typical three-
phase (gas [CO,]-solid [catalyst]-liquid [electrolyte])
reaction, customizing the microenvironment provides
numerous opportunities to address the above issues
without specific catalyst engineering.’” For example,
electrolyte cations affect the double electrical layer, thus
enabling the possibility to regulate the reaction rates and
selectivity of the CRR.”” To date, excellent reviews on the
design of electrocatalysts and reaction cells for CRR have

Mg! _WILEY—2

been published™ **; a comprehensive review focusing on
tuning the catalyst microenvironment to promote the CRR
is therefore timely.

In this review, we for the first time critically assess
the various strategies for modulating the local reaction
environment of catalysts to boost the activity and
selectivity in the CRR. To highlight the recent advances
in this rapidly developing field, we present them from the
perspective of three-phase interface engineering
(Figure 2A). First, we discuss in detail the methods to
control gas transport (Figure 2B) and the thickness of
diffusion layer near the catalyst surface (Figure 2C),*
which can increase the CO, concentration while
decreasing the HER reactivity, thereby accelerating the
CO, reduction reaction. Second, the refined strategies to
regulate the interfacial electric field by adjusting the
electrolyte composition are discussed (Figure 2D). They
allow to significantly stabilize the critical CRR inter-
mediates to boost the activity and selectivity of the CRR.
Third, we discuss the recent advances to functionalize
the surface of the catalysts by coating organic molecules
and polymers for effectively stabilizing or regulating the
intermediate states (Figure 2E). Fourth, we assess
different engineering examples of modulating the cata-
lyst surface structure and composition (Figure 2F), which
can also affect the local reaction environment of the
catalysts. Finally, the challenges and perspectives for
optimizing the microenvironment for CRR are presented.
We envision that this review, based on the three-phase
interface modulation engineering, can provide further
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FIGURE 2 Schematics of (A) three phase interface and corresponding strategies to tune CRR activity and selectivity; (B) adjust the
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fundamental insights for a broad range of electrocatalytic
processes challenged by the low gas solubility issues.

2 | GAS TRANSPORT AND
UTILIZATION

To improve the gas transport efficiency, physical and
chemical methods have been widely used, including
tuning the catalyst surface from hydrophilic to hydro-
phobic for increasing CO, concentration, decreasing the
thickness of diffusion layer to fast CO, mass transport,
and lowering the CO, activation energy barrier, to
accelerate the reaction rate of CRR.

2.1 | Hydrophobicity of catalyst

Wakerley et al.*’ developed a bioinspired method that
involves constructing the hydrophobic surface of catalysts to
improve local CO, concentration by providing more space
to accommodate CO, (Figure 3A). After coating with
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1-octadecanethiol, the normally wettable surface of Cu
dendrites turns hydrophobic. The electrochemical results
show that the H, evolution reaction is significantly
suppressed, thereby boosting CRR selectivity. When the
flow direction of CO, is turned from outside to inside, the
hydrophobic surface can capture CO, more quickly.
Consequently, the total Faradaic efficiency (FE) for C,
products can drastically increase from 13% to 73%. In
addition, Buckley et al."’ found that the distribution of the
products on Cu, for example, HCOOH and CO, depends on
its hydrophobicity and hydrophilicity (Figure 3B), which is
due to the different reaction mechanisms. For HCOOH
formation, CO, firstly reacts with a surface Cu—H to form H
bonded CO,. Then, HCOOH is generated after extraction of
H from a H,0, while CO is yielded after the twice
hydrogenation by reacting with water. Thus, the hydrophilic
species can facilitate the formation of HCOOH, whiles the
hydrophobic species benefit CO generation. However, on Ag
surface, the hydrophilicity for Ag is not the dominant factor
determining the selectivity of CO.” The reason is when
these modifiers have a similar hydrophobicity, the CO
selectivity mainly depends on the ordering of the quaternary

é §

? |
HCOOH |

o :

9 :

CcoO

FIGURE 3 Schematics of (A) the relationship between the hydrophilicity/hydrophobicity of the catalyst surface and the local CO,
concertation; (B) using the hydrophilicity/hydrophobicity of catalyst to tune CRR selectivity; (C) limiting proton transport to suppress HER;
(D) tuning the EDL structure of catalysts by using CTAB to inhibit HER; (E) profile of the CRR current density near a three phase interface.
Reproduced with permission: Copyright 2021, American Chemical Society.*® (F) Coating molecules to lower the energic barrier for CO,
activation. CRR, CO, reduction reaction; EDL, electronic double layer; HER, hydrogen evolution reaction
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ammonium modifiers. The expanded structure can thus
accommodate more CO, molecules at the electrode surface.
After coating the quaternary ammonium surface additive,
the current density for CO generation for Ag can
significantly increase from 0.14 to 1.21 mA/cm? By contrast,
the current density for H, generation reduces from 0.44 to
0.001 mA/cm>

In addition to enhancing the local CO, concentration,
the surface hydrophilicity of the catalyst can also limit the
proton and water transport. Liang et al”’ used poly
(vinylidene fluoride) (PVDF) to build the hydrophobic layer
to restrict the water diffusion, thus creating a higher local pH
near the Cu electrode surface. As a result, the hydrophobic
polymers can significantly enhance the activity and selectiv-
ity for C;H, on the CuO-derived sample. Organic film and
carbon coating can also work as the hydrophobic layer to
limit the water-related effects on the surface of CRR
catalysts. However, they present different mechanisms to
inhibit HER during CRR operation. Pyridinium-based
organic film can limit proton but not CO, mass transport
(Figure 3C).” It was found that the limiting effects depends
on the applied potentials: when the potentials locate between
—1.0 and —1.2'V, the hydrophobic layer on the Ag electrode
surface can selectively limit proton transport but not CO,.
Zhang et al.”' fabricated a core-shell carbon layer as the
hydrophobic interface to alter Cu CRR selectivity. Density
functional theory (DFT) and experiments proved that the
carbon layer can lower the H,O coverage, thereby promoting
the *CO hydrogenation to produce CH, instead of CO. In
addition, cetyltrimethylammonium bromide (CTAB) was
used to modulate the electronic double layer (EDL) of the
electrode, which can also significantly suppress the HER and
enhance the selectivity of CRR (Figure 3D).”* Specifically,
the hydrophobic tails of CTAB can effectively replace the
hydronium and hydrated metal cathode ions. The low
hydronium concentration at the Ag surface can reduce the
HER activity and promote the generation of HCOOH instead
of CO. Zhang et al.”” also used CTAB to modulate the
surface of Cu electrode and found that the interfacial water
molecules are replaced due to CTAB adsorption within the
EDL, thereby inhibiting the HER. Importantly, the presence
of CTAB can increase the *CO surface coverage and reduce
the *CO adsorption. Consequently, the CRR activity of Cu
electrode was significantly improved. By contrast, Lee et al.™
employed the hydrophobic polytetrafluoroethylene (PTFE)
as the binder to tune the local environment of the Au
electrode. They found that F groups in PTFE can decrease
the *H adsorption on the electrode surface, thereby creating
more sites to produce the first reaction intermediate,
*HOCO; thus, a ~97% FE of CO could be realized on
modified Au electrode.

Apart from enriching CO, near the cathode and limiting
water transport, hydrophobicity can also reduce the
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thickness of the diffusion layer (Figure 3E). Xing et al.”
used disperse hydrophobic PTFE nanoparticles to mix with
commercial copper nanoparticles. Although this electrode
design can significantly improve the CRR current density
from 5 to 20 mA/cm? the total FEs for CRR products are
~30% in a H-cell. When the PTFE was used to tune the local
environment of the gas-diffusion electrode for a flow cell, its
CRR current density and the FEs for CRR were doubled, that
is, 250 mA/cm? and ~70%, respectively. This result suggests
that decreasing the thickness of the diffusion layer by using
PTFE is also applicable in a flow cell. More importantly,
PTFE can make the electrode surface hydrophobic after CRR
operation for 2 h, which ensures the structural stability of the
gas-diffusion electrode. The electrochemical impedance
spectroscopy (EIS) was used to investigate the Nernst
diffusion process in the flow cell and identify the thickness
of the diffusion layer.” On Bi electrode, the diffusion layer
thicknesses decrease from 20.6 +2.8um to 7.0 + 1.5 um for
CRR on due to introduction of 30 wt% PTFE. Consequently,
the FE of HCOOH is significantly improved from 50% to 80%
at —0.7 V versus reversible hydrogen electrode (RHE). The
authors ascribe this improvement to the formation of a
three-phase interface due to the introduction of PTFE. The
solid-liquid-gas interface can ensure that CO, molecules,
protons, and ionic conductivity are available to drive the
CRR. Zhang et al™ utilized confocal laser scanning
microscopy to identify that the ideal three-phase structure
for CRR is the Cassie-Wenzel coexistence wetting state,
which ensures not only interfacial CO, transportation but
also close contact between active catalytic sites and the
electrolyte. Therefore, high current densities for CRR can be
realized.

2.2 | CO, activation

CO, activation relies on chemisorbed rather than physio-
sorbed CO, molecules. To accelerate the transformation
from a physiosorbed state to a chemisorbed state,
cysteamine was used to modify the Ag catalyst for
promoting CO, activation (Figure 3F).”” Theoretical
calculations confirmed that the NH, group of the
cysteamine ligand can stabilize chemisorbed CO, by the
hydrogen bond, thus reducing the CRR overpotential for
CO formation. Therefore, the catalytic activity improve-
ment of surface ligands is attributed to stabilizing
chemisorbed CO, geometrically and electron-dislocation
effects. Although this modification can effectively improve
the catalytic activity, the active sites may be blocked by
coating molecular. To address this issue, Cao et al.”” chose
a ring molecule, chelating tetradentate porphyrin ligand,
to functionalize the Au nanoparticles because this
molecule can provide the channel for CO, transport to
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the surface of the catalyst. The experiment confirmed that,
in comparison with the line molecule (e.g., oleylamine),
the Au nanoparticles coating with the ring molecule
presented a 110-fold enhancement for CO, to CO.
Theoretical calculations revealed that the molecule can
significantly lower the activation energy for CO, and
facilitate the formation of the first intermediate, COOH*.
This effect was also developed in the molecular catalysts.”
The fac-Re(I)bipyridine(CO);Cl complex was modified by
using a thiourea tether, which can serve as the second
coordination sphere of the catalytic site to bind CO, via
the hydrogen bond and directly as a local proton source,
thereby together notably improving the activity. In
addition to binding CO, by the hydrogen bond, the ligand
can also be used to tune the local electron density at the
active sites of catalysts to promote CO, activation and
form the COOH* intermediate. Wei et al® used
thiocyanate to modify Ag nanofoams, which a higher
density of localized unpaired electrons generate. It can
stabilize surface adsorbed CO,  radical, which is benefi-
cial for subsequent formation of COOH* after coupling
with a proton. Thus, the modified Ag can present a high
CO selectivity at a wide potential window from —0.5 to
—1.2'V versus RHE.

3 | ELECTROLYTE
OPTIMIZATION

It has been well known that the cation species and their
concentration play an important role in affecting the
selectivity and activity of electrocatalysis.”"** For exam-
ple, a too high near-surface cation concentration can
result in near-surface cations blocking the surface of
catalysts in alkaline solution, thereby lowering of the
HER activity.”” Therefore, tuning the presence of cation
species and their concentration in the electrolyte can also
affect the CRR kinetics.

3.1 | The effect of cations

Early CRR experiments used a copper electrode with the
addition of different alkali metal cations in the electro-
lyte.”* It was suggested that the ratio of C,H, to CH,
becomes greater with the increase of the cation size and
that a larger cation radius is beneficial to suppress the
HER. Consequently, this trend was rationalized by the
variation of the potential of Out Helmholz Plan (OHP)
determined by cation species (Figure 4A). This effort can
also be observed in Ag electrode. Thorson et al.”’
observed larger cations (e.g., Rb*, Cs™) inhibit HER,
thereby promoting the selectivity of CO, reaching close to
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100%. This phenomenon is explained as the extent of
cation specific adsorption caused by the varied hydration
ability of cations. Compared with small cation sizes,
cations with larger radius possess weak hydration, thus
being easily adsorbed on the surface of the electrode and
resulting in a change in OHP. This feature can be used to
tune the distribution of protons derived from the
electrostatic effect, thereby altering the selectivity of
CRR. In contrast, the small cations with a high hydration
number, like Li*, have little impact on the OHP.

Except for the interpretation related to the potential
change of OHP, another model based on the hydrolysis of
cations was proposed (Figure 4B).°” In the vicinity of the
catalyst, the cations underwent hydrolysis resulting from
Coulombic interactions with the negative charge; this
effect improved with the increasing cathode potential.
The hydrated cation near the cathode surface acted as a
pH buffer. Different sizes of cations and charge lead to
diverse pKa values. The pKa of cations near the catalyst
decreased with the increasing cation size, whereby the
buffering capability decreased in the following sequence
Cs*>Rb* > K* > Na* > Li*. Therefore, the pH near the
catalyst remained stable, and the CO, concentration
increased in the presence of cations with low pKa.
Consequently, this buffer effect decreased the selectivity
toward the H, and CHy, thus improving the selectivity of
CO and C, products at —1.1 V versus RHE. However, this
hydrolysis effect cannot be applied at much lower
potentials as no hydrolysis of cations will occur under
such conditions. Hussain et al.”” used CO as the probe
molecule to study the adsorption behaviors on Pt for
identifying the effects of cation size on the location of
OHP, which can determine the interfacial potential
profile (Figure 4C). These results show that the smaller
cations can enhance the polarizability of the intermediate
CO,q4, thereby accumulating more electrons on the
oxygen atom of CO,y. This finding determines the
following two aspects: (1) the CO,q adsorption energy
to tune the rates of reaction pathways, thereby affecting
the reaction selectivity; (2) the degree of hydrogen
bonding of interface water to CO,4, Which can affect
the subsequent hydrogenation reaction.

To develop in-depth understanding of the reaction
intermediates, new theories were developed to better
understand the mechanisms of the effects of cations in
the CRR. Resasco et al.”’ found that the larger cations
have a positive effect on the selectivities of HCOO™ and
CO, whereas that of H, remains unchanged (Figure 4D).
The DFT computations verified that the dipole field
created by hydrated cations in the OHP contributes to the
adsorption of reaction intermediates with dipole
moments (e.g., *CO,, *CO, *OCCO). Furthermore,
compared with small cations, the larger cations are
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FIGURE 4 Schematics of (A) the EDL structure and distinct adsorption models. Reproduced with permission: Copyright 2019, AIP
Publishing LLC.®" (B) Effect of cation hydrolysis on the CRR over Ag and the FEs for CO and H, in Li* or Cs* electrolyte. Reproduced with
permission: Copyright 2016, American Chemical Society.”” (C) Potential profile across the electrode electrolyte interface, and the effect of
the cation size on the interfacial properties and on the polarizability of the CO adlayer. Reproduced with permission: Copyright 2019,
Elsevier.”® (D) Field effects on various CRR intermediates on Cu(111). Reproduced with permission: Copyright 2017, American Chemical
Society.”” (E) The decrease of cations in OHP owing to the chelation by 15 crown 5, CO electroreduction current densities and Faradaic
efficiencies in 0.5 mol/L NaOH and in 1 mol/L NaOH chelated with 0.5mol/L 15 crown 5 at 1.53 Vsug. Reproduced with permission:
Copyright 2017, John Wiley & Sons Inc.”” (F) The structure of desolvated cations near the catalyst surface by coating with
tetradecylphosphonic acid and the current density for different samples. Reproduced with permission: Copyright 2020, Nature Publishing
Group.®® CRR, CO; reduction reaction; EDL, electronic double layer; OHP, Out Helmholz Plan

more energetically favored at the OHP, as they contribute
to strengthening the dipole electrostatic field at the OHP
and affect the product distribution. The cation effects to
stabilize the *OCCO intermediate and to promote the
C-C coupling have been revealed.”” As shown in
Figure 4E, when Na ions in electrolyte were chelated
by 15-crown-5, the FE for C,H, significantly decreased.
This finding suggests that a higher concentration of
cations facilitates the C-C coupling to boost the
formation rate of C, products. To clarify which kind of
cation effects (e.g., modification of OHP, buffering effect
and stabilizing the reaction intermediate) dominates the
CRR kinetics, the CRR was carried in acid solution.”” It
was found that in the absence of cations, no CRR was
observed; the CO species were generated with the
addition of cations. This result pointed out that
the change of OHP and the buffering effect are not the
primary roles of cations. Indeed, these two models
indicated that the cations would only affect the CRR
reaction rate. A combination of the experimental and

21

DTF results evidenced that partially desolvated metal
cations can stabilize the negatively charged reaction
intermediate, such as *CO, ", and *OCCO™ through the
short-range electrostatic interactions. In addition,
the ability of cations to stabilize intermediates is in the
following order Cs*>K">Na", indicating that the
stabilization effect increases with the cation radius.
Tuning the solvated cation structure provides another
way to alter the CRR catalytic activity. Kim et al.’”
developed a method to fabricate desolvated cations, which
can be intercalated into the surface of Ag catalyst
(Figure 4F). An anionic ligand, tetradecylphosphonic acid,
and nanoparticles work together to build the nanoparticle/
ordered-ligand interlayer (NOLI) structure through a
chemisorbed bonding. Under a negative bias (—0.68V
versus RHE), the chemisorbed molecule transferred to a
physisorbed state and formed a structural pocket on the
surface of Ag nanoparticles.”” These pockets allowed
desolvated K* to reach the surface of the Ag catalyst,
which lowered the energy barrier of transforming
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physically adsorbed CO, to a chemically adsorbed state by
an electron transfer. As the electrochemical breaking of a
nonpolar CO, is usually considered as an energetically
demanding step for CRR, this detached layer of ligands
significantly improved the catalytic turnover of Ag
nanoparticles by two orders of magnitude over the Ag
foil. When the NOLI of Ag nanoparticle surface was
removed by washing with concentrated KOH, the current
density decreases and was equal to that of the Ag foil.

3.2 | Enriching electrolyte cations

As discussed above, the presence of cations is an important
physiochemical factor to promote the CRR by stabilizing the
reaction intermediates. The CRR kinetics depends signifi-
cantly on the cation concentration on the catalyst surface.
Thus, some studies have also focused on altering the local
environment by tuning cation concentration to promote the
CRR selectivity. First, Liu et al.”’ reported that fabricating Au
needles can concentrate K* ions to accelerate the kinetics of
CRR, thereby improving CRR's activity and selectivity

(Figure 5A). The DFT calculations revealed that the presence
of adsorbed K* ions on the Au surface can lower the
thermodynamic energy barrier for CRR, especially for CO,
activation, and stabilize the COOH* and CO* intermediates
(Figure 5B). The Gouy—Chapman—Stern model was used to
map the surface adsorbed K* ion density in the Helmholtz
layer of the electrical double layer directly adjacent to the
electrode surface. The results proved that, due to an
enhanced local electrostatic field, a 20-fold increase of
surface adsorbed K ion concentration at the Au needle trip
was achieved. Therefore, the current density and FE for CO
on the Au needles have been improved significantly
compared to the Au rods and particles. In addition,
functional groups can be introduced to improve the K* ion
concentration at the catalyst surface. An ionomer bulk
heterojunction architecture was synthesized to further
improve the current density of CO in a flow cell to hundreds
of mA/cm? the current density for multicarbon products
even exceeded 1.0A/cm® (Figure 5C).”” In this study,
perfluorinated sulfonic acid (PFSA) ionomers, which include
hydrophobic and hydrophilic functional groups, were used
to change the local reaction environment of the catalysts.
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FIGURE 5 Schematics of (A) surface K* density and current density distributions on the surface of Au needles; (B) CRR
thermodynamic barriers for CO, to CO on Au(111) under conditions with and without K*. Reproduced with permission: Copyright 2016,
Nature Publishing Group.”* (C) Anion ionomer layer to modify the surface of catalyst; (D) the CRR current density of pristine and modified

Ag under different potentials. Reproduced with permission: Copyright

2021, Science Publishing Group.”” (E) Anion and cation ionomer

layer to modify the surface of catalyst. Reproduced with permission: Copyright 2021, Springer Nature.” (F) Solvent charge density and
corresponding electronic polarization in the *COOH state. Reproduced with permission: Copyright 2018, American Chemical Society”

CRR, CO, reduction reaction
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The former ionomers increased the mass transport and CO,
concentration while the latter functional groups provided
numbers of SO;~ groups to bind K* ions, which benefit the
CO, activation. When the ionomer loading of 3.3 mg/cm?,
the current density of C,, products is over 1.2A/cm?
(Figure 5D), which is currently the highest CRR current
density among the Cu-based catalysts. Although the current
density of CRR was significantly improved by increasing the
ratio of CO, to H,O, improvement of C,, product selectivity
is still a critical challenge for Cu catalysts.

Kim et al.”* further used double-layer ionomers to
vary the local pH and CO, to H,O ratio simultaneously to
achieve a high C,, production on Cu by coating two-
layer ionomer (Figure 5E). The outer layer is Nafion
(a perfluorosulfonic acid, a cation-exchange ionomer),
which can hinder the HCO,;™ anion transport from the
bulk electrolyte to the catalyst surface, thereby remaining
a high pH to promote the C-C coupling for the formation
of C,, products. The inner layer is Sustainion
(a polystyrene vinylbenzyl methylimidazolium, an anion
ionomer layer), which behaves like the PFSA ionomers,
that is, enhances the local ratio of CO, to H,O due to its
high CO, solubility.

3.3 | Addition of ionic liquid

In addition to improving the concentration of surface
adsorbed K* cations, the addition of ionic liquids on the
catalyst surface is another way to adjust the local environ-
ment for boosting the CRR activity and selectivity. Lim
et al.”* used DFT to conclude that the thermodynamic
barrier for CO, activation can be lowered by 310 mV when
1-ethyl-3-methylimidazolium [EMIM][BF,] is added into
water as the electrolyte. Compared with the aqueous system,
a large number of metal Ag electrons are polarized toward
*COOH direction in the mixed electrolyte system. Thus, a
strong local field effect at the EDL of Ag electrode could be
achieved, which stabilized the *COOH intermediate via
the field—dipole interaction (Figure 5F). Ren et al.’”
utilized an ionic liquid with a high CO, solubility, that is,
600 mmol/kg in 1-butyl-3-methylimidazolium hexafluoro-
phosphate, [BMIM][PFg], which is significantly higher that
in H,O of 34 mmol/L, to improve the activity of Ni-N-C
catalyst for CRR. The ionic liquid in the nanopores of Ni-N-C
can mitigate the mass transport and conductivity issues. The
DFT results proved that, due to the present of ionic liquid,
the d-band center of Ni atoms is positively shifted to the
Fermi level. Consequently, the thermodynamic barrier for
CO, activation can be significantly lowered by 0.69eV.
Meanwhile, the ionic liquid on the surface of Cu is also
conductive to *CO dimerization and generate C,H,. Sha
et al.”® used 1-butyl-3-methylimidazolium nitrate [BMIM]

23

Mgl “WILEY—**

[NO,] to regulate local atomic coordination and electronic
property of Cus(BTC), (benzenetricarboxylate [BTC])
derived-Cu to realize negative charges of Cu. The DFT
results proved that the modified Cu benefited the *CO
dimerization toward C,H, through lowering the thermo-
dynamic barrier for C-C coupling. Moreover, the experi-
mental results confirmed the FE for C,H, rising from 31.2%
to 77.3%. We emphasize that the above discussed results
pinpoint on the two issues that need to be considered when
using ionic liquids to adjust the local environment of
catalysts. On one hand, the current research about the ionic
liquid for CRR only focuses on promoting the formation of
gaseous products without any liquid ones. On the other
hand, long-operation stability (>100 h) of catalysts with the
ionic liquid needs to be further explored.

4 | TUNING INTERMEDIATE
STATES

Organic molecules have also been reported to modify
the physicochemical properties of the catalyst sites
because they can tune the intermediate states through
weak interactions, for example, hydrogen bonding and
electrostatic fields.

4.1 | Construction of proton donor

Pyridine has been reported as a homogeneous catalyst to
drive CRR, in which pyridinium radicals (PyH") are
single-electron charge transfer mediators to generate
methanol.”” Dunwell et al.”® found that the presence of
pyridinium promotes the HCOOH pathway on Pt,
whereas the absence of pyridinium can produce CO
(Figure 6A). They used attenuated total reflectance
surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) to find that unidentate carboxyl species
(COOH) is the common intermediate for generation of
CO and HCOOH. When pyridinium was added into the
electrolyte, the proton from PyH" transferred to the C of
the COOH_, intermediate leading to the formation of
HCOOH. By contrast, the proton from H,O splitting
transferred to the hydroxyl group of the COOHp
intermediate, generating CO. Fang et al’’ used
4-pyridinylethanemercaptan to modify the Au electrodes
and improved HCOOH formation -efficiency. After
coating this organic molecule, the modified Au presented
a twofold increase in FE relative to Au foil. This
improvement is because 4-pyridylethylmercaptan with
an intermediate pKa can facilitate one proton to transfer
to the key intermediate HCOO*, thereby accelerating the
formation of HCOOH. However, this organic molecule
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can be shed from the catalyst surface during the CRR
reaction, a more stable structure to incorporate the
pyridinium needs to be developed. Accordingly, Guo
et al.”’ synthesized a new metal-organic framework
(MOF) layer that is built by the ligand with pyridine
group. The catalytic active sites, cobaltprotoporphyrin
(CoP), have been induced into this MOFs by a
postsynthesis method (e.g., carboxylate exchange with
formate capping groups). In such a system, the pyridine
group can form pyridinium species as secondary
coordination spheres to bind CO, coupled with the
metal Co sites via the hydrogen bonding, which can
lower the energy barrier for CO, adsorption and facilitate

C-0O bond cleavage, thereby enhancing the CRR activity
with the high CO FE of 92.2%.

4.2 | Weakening intermediate
adsorption

The early research showed that Ag is a candidate CRR
catalyst to yield CO, however, a strong adsorption for
*CO intermediate on Ag surface limits *CO desorption,
thereby lowering the CRR activity. The organic
3,5-diamino-1,2,4-triazole (DAT) molecule was used to
modify the surface of Ag electrode (Figure 6B).”" The in
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situ surface-enhanced Raman spectroscopy (SERS) was
utilized to rule out that the DAT promotes the transition
of *CO intermediate from bridging and threefold hollow
adsorption to atop binding, which can -effectively
accelerate the *CO desorption and promote the CO
formation. Tao et al.** also used CTAB to build the
competitive adsorption on Cu for facilitating HCOO*
desorption, resulting in a 56-fold increase in the partial
current density for CRR to HCOOH.

In addition to weakening the adsorption strength of
CRR intermediates, it has also been reported that
decreasing the H binding on the surface of catalysts
can inhibit HER to improve their CRR activity. The
organic oleylamine molecule was used to functionalize
the Ag nanoparticles, which can stabilize the *COOH
intermediate and destabilize the hydrogen binding to
eventually suppress the HER.* Consequently, the
modified Ag electrode can present a high CO FE of
94.2% at a wide potential rang from —0.5 to —1.0 V versus
RHE in the CO,-saturated 0.5 mol/L KHCO,. In addition
to stabilizing *COOH binding, the thiol group of
dodecanethiol also promotes the hydrogen binding. As
a result, both HER and CRR activities for this modifica-
tion are significantly increased compared to the pure Ag
electrode case.”” However, the HER dominated at high
negative potentials from —0.8 V versus RHE. Therefore,
the judicious choice of organic molecules is the key step
to improve the CRR activity of the catalysts. Zhao et al.*
further developed this modification method by using
different amine molecules, for example, the linear amine
and branched polyamine, to tune the catalytic activity of
ultrasmall Au nanoparticles, in which amine groups tend
to be adsorbed on the undercoordinated corner Au sites.
This adsorption molecule resulted in the surrounding
sites favor the stabilization of *COOH intermediates,
inhibiting the adsorption of *H and thus promoting the
CO formation. Meanwhile, the molecule with an
increased alkyl chain length could provide a stronger
electron transfer to Au sites from amine groups, thereby
boosting the promoted effect of the linear amine. By
contrast, the branched molecule, polyethyleneimine
(PEI), can significantly enhance the H, evolution and
inhibit CO production. This is because the strong
interaction between PEI and ultrasmall Au nanoparticles
results in severe surface poisoning effects, which blocks
the catalytic sites for CRR.

43 | Activating intermediates for C C
coupling

Compared to two-electron transfer products, for example,
CO and HCOOH, formations of hydrocarbons and
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oxygenates on Cu electrodes need a stronger adsorption
of intermediates so that they can achieve the C-C
coupling to yield C,H, and C,H;OH.* Xie et al.*” used
amino-acid molecules, for example, glycine, to modify
the surface of Cu nanowire films for improvement of
hydrocarbon formation (Figure 6C). The DFT computa-
tion found that -NH,"* ends of the adsorbed glycine can
stabilize the intermediate COOH* and CHO* via the
formation of hydrogen binding, leading to lower thermo-
dynamic energies of ~0.50 and ~0.20 eV, respectively.
Consequently, the total FE of hydrocarbons can be
significantly improved from 8.7% to 27.1%. Noted that
such modified Cu foams improved the FEs for both CH,
and C,H,. Ahn et al.” further developed this strategy to
modify the Cu foam electrodeposited through adsorbing
poly(acrylamide) on its surface. They used DFT modeling
to find that two adjacent *CO intermediates can be
activated through hydrogen binding interaction with
-NH, groups. This method could increase the *CO
coverage on the surface of Cu, thereby lowering the
activation barriers of *CO dimerization and then
promoting C,H, formation, whereas the FE for CH,
was unchanged. In addition, in situ ATR-SEIRAS was
utilized to detect an increase in *CO coverage on the
surface of Cu that was modified with polyaniline,®’
thereby facilitating the CO CO coupling. As a result, the
FE of C,, hydrocarbons increased from 15% to 60%
compared to the unmodified one.

Compared to the posttreatment methods to induce
the organic molecules on the surface of Cu electrode,
the coelectroplating method was used to prepare
Cu-polyamine catalyst for fabrication of CRR gas-
diffusion-layer electrode.” The in situ Raman measure-
ments revealed that the amine groups can produce the
higher CO content and more stabilized intermediates,
which in turn facilitates the C,, generation. Meanwhile,
due to an acid-base equilibrium between the amine
groups and HCO;™ in the electrode, the local surface
high pH was realized, which also facilitated the C-C
coupling for the formation of C,, hydrocarbons. The
polyamine modified Cu achieved a maximum C,H, FE of
72% at —0.97 V versus RHE in 1 mol/L KOH. When the
electrode was 10 mol/L KOH, the value was improved to
87% at —0.47V versus RHE, indicating that the local
environment of the Cu electrode is critical for high C,,
hydrocarbon generation.

4.4 | Increasing CO coverage
N-substituted pyridinium is another organic molecule
that can be transferred into the electrochemically

deposited film on the Cu electrode. It had been firstly
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reported to modify the polycrystalline Cu to promote
the formation of C,, hydrocarbons using a series of
N-heterocyclic chloride salts as additives.”” The pyridi-
nium compounds with N-aryl substituents modified Cu
show the highest increase in C,, selectivity of 70%-80%,
while tert-butyl substitution resulted in the increased H,
production compared with pure Cu. Using in situ
ATR-SEIRAS, it was found that the film formed by
1-(4-tolyl) (T-Pyr-) pyridinium can cause an increase in
the surface local pH by limiting the mass transport to/
from the interface.” The limited proton availability at
the interface of the Cu improved the selectivity for C,,
products. By contrast, 1-(4-pyridyl) (P-Py-) pyridinium-
derived film could selectively poison undercoordinated
Cu sites by a lone pair on the N atom, thereby impeding
the reduction of the *CO intermediate toward C,,
products. Similarly, Li et al.”' analyzed Bader change of
N atom in N-substituted pyridinium and synthesized
different N-substituted pyridiniums to build a structure-
performance relationship between the molecular struc-
ture and the selectivity for C,, products on Cu catalyst
(Figure 6D). DFT calculations predicted that *CO
dimerization at atop and bridge sites needs a lower
barrier than that of two bridge sites, whereas *CO
dimerization at two atop sites is not favorable, indicating
that the population of atop *CO is neither too large nor
too small to promote C,, selectivity. Therefore, an
N-aryl-pyridinium-derived molecule with a moderate
Bader change was used to stabilize atop *CO on Cu
and facilitate C-C coupling toward C,H,. The modified
Cu with T-Pyr-pyridinium could produce C,H, with a FE
of 72% at a partial current density of 230 mA/cm? in a
flow cell.

Besides increasing the adsorption strength for *CO,
induction of additional active sites for CO adsorption is
another method to improve local CO concentration,
thereby tuning the selectivity of C,HsOH. Li et al.”
found that a higher *CO coverage on the Cu promotes
the formation of C,H;OH rather than C,H, (Figure 6E).
Therefore, they used a molecular catalyst, 5,10,15,20-
tetraphenyl-21H,23H-porphine iron(iii) chloride, to
modify the local environment of Cu. The increased local
high-concentration CO has been observed by in situ
Raman spectroscopy, resulting in a significantly im-
proved FE ratio of C,H;OH to C,H,.

4.5 | Maintaining a high local pH

Most studies in the flow cell were carried out in a highly
concentrated KOH electrolyte, which leads to carbonate
formation from gaseous CO,, decreasing the energy

efficiency. To suppress the carbonate formation,
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Fan et al.”” used water-insoluble organosuperbases to
modify the surface of Cu (Figure 6F). The organic
molecule, that is, bis(dimethylamino)naphthalene, can
provide strong alkaline environment for the Cu elec-
trode, while the bulk electrode can maintain a neutral
pH. Therefore, coating bis(dimethylamino)naphthalene
can significantly lower the amount of dissolved CO,. The
DFT results confirmed that the protonated organosuper-
bases can stabilize the *CO intermediate by local
increased electrostatic fields, thereby improve the C-C
coupling. After the modification, the C,, product to C,
ratio of commercial Cu nanoparticles was increased by a
factor of 20 compared to its original performance.

4.6 | Tuning local CO, concentration
The kinetic rate of CRR depends on the local CO,
concentration. However, it should be noted that a high
CO, concentration at or near the catalyst surface could
cause a higher population of unreacted *CO,, thereby
reducing the surface *CO coverage, which may be
unfavorable for *CO dimerization.”* Although gas-
diffusion electrodes can significantly decrease the
distance of CO, mass transfer to ensure the industry-
relevant current density for CRR, the local CO,
concentration depends on the system parameters, for
example, thickness and porosity of gas-diffusion electro-
des, CO, feed concentration, and feed flow rate. Tan
et al.”” used Cu,O nanoparticles as the model catalysts to
tune these parameters to improve the efficiency for C-C
coupling (Figure 7A). They observed that a high
evaporation rate of the catalyst ink at a high temperature,
for example, 75°C, can promote the formation of a
thicker catalyst layer by using an airbrushing method,
which can provide a moderate level of local CO,. In
addition, decreasing the local CO, feed concentration
from 100% to 50%-70% via mixing with N, or decreasing
CO, feed flow could also realize an optimal *CO
coverage, promoting the C-C coupling. The above results
demonstrated that increasing the thickness of the catalyst
layer or the porosity of gas-diffusion electrodes can
indeed be used to optimize the surface concentration of
intermediates, for example, *CO,, *CO, and *H, for the
promotion of *CO dimerization.

5 | CATALYST SURFACE
COMPOSITION

Catalyst restructuring always occurs due to the negative
potential used to drive the CRR. For example, Lee et al.”
used different reduction potentials to prepare Cu to tune



ZHOU Er AL.

(A) Tuning local CO, concentration

(B) Pulsed electrocatalysis

Mgt “WILEY—2

(C) Introduction of carbon support

Local pH
change

Stratogles for modulation of local CO, concentration {
> ! Particle Morphclogy
{ ogalomeration reconstruction
i =100
i =2
I
— * * * 13 ol e 0D
-
" 7 & & {12
Fe P2 A Y |jE°
Cetan Cataa ye COtesd Food : )
— et oy oo A Sontate | 1o 40
i ®
{ '8 20
1§
't N ) —
9! { E, 08V
ii . 1 ;r‘..‘
{ £, 07V £, 00V
{ Potentiostatic  Pulsed

oW} K01

CH,
- cl"!w

C;H,

T E 12V
U
il
£, 07V
Pulsed

Cu,(HITP),

FIGURE 7 Schematics of (A) the relationship between the FEs for C,; products and local CO, concentration. Reproduced with
permission: Copyright 2020, Elsevier Inc.” (B) The FEs for C,.. products under potentiostatic and pulsed electrocatalysis. Reproduced with
permission: Copyright 2016, American Chemical Society.’® (C) Introduction of carbon support to suppress Cu nanoparticles growth derived
from Cus(HITP), and tuning the CRR selectivity. Reproduced with permission: Copyright 2021, Nature Publishing Group’’

its catalytic activity. Cu(OH), worked as the original
catalyst, which can transform into Cu under a reduction
potential. These results demonstrated that the sample
treated under a large negative potential, for example,
—4.0 V versus Ag/AgCl, can ensure a longer stability for
catalysis of C,H, than that under a small negative
potential, —1.15V versus Ag/AgCl. Interestingly, X-ray
photoelectron spectroscopy (XPS) and grazing incidence
X-ray diffraction results revealed that, at a large negative
potential, in addition to Cu®, there are some Cu®* species
found at the surface of the sample, which promote the
C-C coupling.

Pulsed electrocatalysis is a method for the electro-
chemical oxidation of Cu® to Cu'*/Cu?*, thereby tuning
its CRR selectivity because the surface Cu oxidation state
significantly determines the CRR reaction pathways.
Arén-Ais et al.”’ used this method to control the Cu
morphology and oxidation states for improving the
efficiency of C,HsOH production. Atomic force micros-
copy (AFM) confirmed that the Cu cubic islands with
(100) facets can be formed under the pulsed potentials,
whereas they could be converted into nanoparticles
under potentiostatic conditions (Figure 7B). In addition,
there were some Cu,O species on the surface of Cu
electrodes determined by in situ XPS measurements; an
increased anode potential led to more Cu,O. When this
potential increased to 0.6V versus RHE, the highest
selectivity for C,, products of 76% had been realized, if
the anode potential was further increased to 0.8 V versus
RHE, the selectivity of CH, has been significantly
enhanced due to emergence of CuO. The CRR was
further studied under the pulsed electrolysis conditions
in a flow cell.” When the anode potential is 0.9V versus
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RHE, the total FEs for C,HsOH and C,H, were increased
by 10%, which is due to the presence of highly defective
interfaces and grain boundaries on the catalyst surface.
By contrast, when the anode potential was increased to
1.2V versus RHE, the FEs for C,H;OH and C,H,
significantly decreased, whereas the main product was
CH, with a FE of 48%. In another example, Sun et al.”’
introduced carbon support as conductive scaffolds to
control the Cu growth, thereby promoting the C,H,
species formation (Figure 7C). The experimental results
showed that the pristine MOF (Cuy(HITP),,
HITP = 2,3,6,7,10,11-hexaiminotriphenylene) could be
transferred into Cu particles, whereas Ketjen Black can
significantly lower the size of the reconstructed Cu.
Meanwhile, it was proposed the [101] Cu rectangular
nanopyramid theoretical model with rich grain bounda-
ries can promote C-C coupling and suppress the
competitive HER reaction. Consequently, the FE for
C,H, and current density on modified MOF had been
significantly improved. Meanwhile, the modified MOF
can present a high FE for C,H, at a wide potential range,
whereas the FE for C,H, decreases and the FE for CH,
increases on the pristine MOF at a large negative
potential. This result indicates that the composition and
structure of the support material are critical for catalytic
performance because they can significantly affect the
reconstructed structure of the catalyst.

In addition, coating organic and polymeric molecules
can also regulate the surface composition and morphol-
ogy of the catalyst to steer its CRR activity and selectivity.
Wu et al.'"” used thiadiazole and triazole derivatives to
tune the Cu oxidation state of Ag-Cu electrode, thereby
improving the CRR selectivity toward C,, products. Due
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to the electron-deficient property, the molecules can
withdraw electrons from the surface Cu atoms with
formation of Cu®* (0 < & < 1) species. They can favor the
formation of atop adsorbed *CO during CRR operation,
enhancing the efficiency of C-C coupling. When the
modified Ag-Cu alloy was used in a membrane
electrode-assembly electrolyzer, the catalyst can provide
a high FE for C,, products of ~80%. Wang et al.'”’
fabricated Br-doped Cu catalysts, where the residual Br™
favors to adsorb the organic molecule, dodecanethiol
(DDT). It can build a stable hydrophobic interface to
decrease the coverage of *H, thereby suppressing the
competitive HER. In addition, the present of Br~ can
stabilize high-valence Cu species, thus improve the
selectivity toward C, products. DFT results showed that
Br-doped Cu can provide a lower the formation energy of
*HC-CHOH (precursor to ethanol) than that of *C-CH
(precursor to ethylene). As a result, CuBr-DDT promotes
ethanol formation and in turn inhibits ethylene
formation.

Under CRR reduction potentials, single-crystal Cu
(111) undergoes a surface reconstruction to generate Cu
(100), which provides a lowest barrier for CO-CO
coupling than Cu(111) and Cu(211).”*'%* It is a challenge
to stablize the Cu(100) facets. To address this
problem, Thevenon et al.'” employed N,N’-ethylene-
phenanthrolinium dibromide as molecular additive to
protect the formation of cubic Cu with exposed (100)
facets via corrosion of Cu film. They found that the
organic additive can electrochemically convert to organic
thin film, which is able to stabilize the nanostructure of
the cubic Cu, thereby favoring the C-C coupling to
generate C,, products. The experiments proved that the
modified Cu film can deliver a high FE for ethene and
ethanol of 70%. The modified electrode can exhibit high
structural stability for more than 40 h without significant
change. Furthermore, in the absence of any protections,
metal nanoparticles always transform to dendrites during
CRR progress. However, this morphological transforma-
tion not only decreases the surface area, but also results
in challenges to correlate the intrinsic activity to the
nanostructures of nanoparticles. To prevent the nano-
clustering of Au and Pd from formation of dendrites
during CRR operation, Zhang et al.'** used a copolymer
consisting of poly(vinylbenzyl N-methylbenzimidazolium
bicarbonate) and poly(vinylbenzyl N-methylbenzimi-
dazolium carboxylate to stabilize metal Au and Pd
through the covalent metal-C bonds. The polymeric
ligand not provides a hydrophobicity interface to inhibit
proton reduction but enriches surface electron density of
metal Au and Pd to improve their CRR activity. As a
result, the modified Au nanoparticles can present an
activity retention of 86% after CRR at —0.9 V versus RHE
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for 11h, which is significantly higher than that of
unmodified Au of less than 10%.

6 | OUTLOOK AND FUTURE
CHALLENGES

Modulating the local microenvironment of the catalyst
has emerged as a promising strategy for improving the
activity and selectivity of the CRR. This modification can
provide a new direction to overcome the limitations of
the catalyst design under the Sabatier volcano-like
relations. Indeed, adjusting the local environment of
the catalyst, for example, hydrophobicity, the size of
cations in the electrolyte, and organic molecule/polymer
modification, can provide additional opportunities to
significantly modulate the intrinsic and extrinsic catalytic
activities. For instance, tuning the size of cations can
increase the interfacial electric field, thereby stabilizing
the key intermediates to promote the CRR. In addition,
decreasing the thickness of the diffusion layer can
significantly increase the mass transport of CO,, thereby
improving its concentration near the surface of the
electrode. While several methods have been employed to
regulate the local environment of the catalyst, significant
practical challenges remain for CRR to various applica-
tions, namely:

(1) Flow cell reactors have been widely used in CRR
because it can decrease the thickness of the diffusion
layer and sustain the industry-relevant current
densities. However, the electrode flooding is a great
challenge for its practical applications. It usually
leads to the destruction of the gas diffusion layer
during the reaction. One promising approach to
resolve this issue is to use a hydrophobic Cu
electrode to mitigate the electrode flooding for
CRR, which can ensure the flow cell stable working
for 45h at the 300 mA/cm>.'”> More studies should
be pursued to improve the stability of the electrode in
the flow cell.

Organic molecules and polymers can offer a certain
freedom degree to adjust the local environment of
the electrodes. However, those molecules and
polymers may be shed from the surface of the
electrodes, decreasing the stability of the electrode.
In addition, the thickness of the modification
materials should be precisely controlled since a
thicker layer can limit the mass transport of CO,,
thereby decreasing the CRR current density. In
comparison, a thinner layer cannot stabilize the
intermediates. Therefore, the stable organic mole-
cules and polymers should be further explored.

()
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(3) Modulating the local environment of the catalyst is a
surface and interface issue. Although there are some
studies on the electrical double layer of the electro-
des, little attention has been paid to investigating the
relationship between the catalytic activity and
the electrical double layer of the electrodes. Electro-
chemical impedance spectroscopy (EIS) is an effec-
tive tool to carry out research on the surface and
interface of electrodes. However, most studies focus
on calculating the impedance/resistance of the
electrodes; a detailed analysis of the EIS may help
to fully understand the change of electrode interface
and modify it to optimize CRR through different
approaches.

The theoretical modeling and simulations are vital to
understand the catalytic processes. Based on the
catalyst design, one can investigate the effects of the
various modification strategies on catalytic activity
and selectivity at the molecular or atomic scales. The
theoretical calculations can provide additional
opportunities to investigate the interface science of
the CRR. Currently there are few theoretical studies
on the physical surface and interface of the catalyst.
Further research needs to be directed to reveal the
relationship between the catalyst's local micro-
environment and the catalytic performance.

Tuning the interfacial electric field has been widely
used to regulate the local environment of the
catalysts because it can provide additional means to
stabilize intermediates, thereby promoting the CRR.
Indeed, external fields, for example, electric, and
magnetic fields, have been used to improve the
catalytic activity in other energy electrochemical
catalysis, for instance, HER and oxygen
evolution reaction.'”™ Very recently, the synergistic
electric-thermal field has been used to accelerate the
CRR toward the C,, products.'”” However, there are
few studies on the effects of the external fields on the
CRR activity and selectivity from the perspective of
tuning the local microenvironment.

Currently, a high FE for C,, products usually
requires a robust alkaline solution, which can
consume a large number of CO, molecules to form
carbonates, thereby decreasing the energy efficiency
of CRR. There are some studies on CRR in strong
acid,"”™ "' which can avoid the formation of
carbonate in the bulk electrolyte. However, the
completive HER and a low FE for C,, products
seriously limit the development of CRR in acid
solutions. Surface modification through tuning the
local environment of the catalyst has been addressed
similar issues of CRR in alkaline solution, which may
shed new insights for CRR in acid.

“
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While the field of CRR mainly focuses on the
development of high-performance catalysts and new
reactors, we urge that the understanding of micro-
environment can provide more opportunities to tune
the CRR activity and selectivity. We suggest that, in
addition to fabricating new catalysts, the seamless
collaborations among operando techniques to character
the reaction intermediates and catalyst surface
structure, real-time products detection, and theoretical
computations can benefit us to optimize the micro-
environment of CRR catalysts.
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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. Cu* has

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

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

HSAB theory.

In this chapter, there are two parts to introduce the synthesis of Cu(l)-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(I)-MOFs to synthesize Cu(l)-MOFs. The obtained MOFs can show a higher

catalytic selectivity of C> 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 = 14-
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, Cu.BDC.

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 C. product-selectivity on Cu.BDC-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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Molecular Cleavage of Metal-Organic Frameworks
and Application to Energy Storage and Conversion

Xianlong Zhou, Huanyu Jin, Bao Yu Xia, Kenneth Davey, Yao Zheng,* and Shi-Zhang Qiao*

The physicochemical properties of metal-organic frameworks (MOFs) signifi-
cantly depend on composition, topology, and porosity, which can be tuned via
synthesis. In addition to a classic direct synthesis, postsynthesis modulations
of MOFs, including ion exchange, installation, and destruction, can signifi-
cantly expand the application. Because of a limitation of the qualitative hard
and soft acids and bases (HSAB) theory, posttreatment permits regulation

of MOF structure by cleaving chemical bonds at the molecular level. Here,
methods of coordination bond scission to tailor the structure are critically
appraised and the application to energy storage and conversion is assessed.
MOF structures synthesized by molecular-level coordination bond cleavage
are described and the corresponding MOFs for electrocatalysis and renewable
battery applications are evaluated. Significant emphasis is placed on various
coordination bond cleavage to tune properties, including chemical groups,
electronic structures, and morphologies. The review concludes with a critical
perspective on practical application, together with challenges and future

topology, and pore structure. This has
led to research via various chemical
approaches to control precisely chemical
moieties within the structure of MOFs.’
However, the direct (bottom-up) synthesis
of MOFs from metal ions and ligands
is not always feasible due to factors,
including limited reactant concentration,
lack of solvent, improper reaction tem-
perature, and undesired side reactions.!
Therefore,  postsynthesis  (top-down)
methods are receiving increased research
attention. This approach is seen as being
flexible to modulate the structure of as-
synthesized MOFs.’] For example, the
synthesis of defects via missing clusters
can regulate the pore volume of derived
MOFs to boost CO, capture from flue

outlook for this emerging field.

1. Introduction

Metal-organic frameworks (MOFs) composed of metal nodes
and organic linkers are a class of significant crystalline porous
materials. Research interest has grown over the past two dec-
ades because of the tailorable structure, uniform porosity, and
record-high surface area of MOFs.l MOFs exhibit significant
practical potential therefore for applications, including gas
separation, catalysis, chemical sensing, and energy storage.
The properties exhibited by MOFs depend on composition,
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gas.l®l Additionally, missing linkers not
only create vacancy sites in MOF-808
(Zr5O5(OH);(BTC),(HCOO)5(H,0),, BTC=
1,3,5-benzenetricarboxylate) and UiO-66
(University in Oslo, Zr;O4(OH)4(BDC);, BDC = terephthalic
acid) but introduce OH groups, which work as Brensted bases
to facilitate tertbutyl alcohol catalytic dehydration.l]

Weakening of the energy of metal-linker coordination bonds
provides an opportunity to achieve postsynthesis of MOFs.[®l
Using simple thermal pyrolysis, derivatives such as transition-
metal-based materials, single-atom catalysts, and carbon mate-
rials have been prepared for catalysis and energy-related appli-
cations.l”) However, the structure of MOFs is destroyed during
many of these treatments. As a result, MOFs serve only as pre-
cursors for the derivatives rather than the direct active mate-
rials in catalytic application.l Here, we focus on postsynthesis
methods involving selective chemical bond cleavage to tailor
composites and create new MOF structures. This method is
advantageous because the reticular chemistry structure of the
parent is not destroyed.

Posttreatment of MOFs can be conveniently categorized
as one of each of three distinct methods: 1) introduction of
foreign metal ions or ligands into a pristine structure via
exchange reactions;¥ 2) solvent-assisted incorporation of
linkers on vacant/labile sites into the structure; "l and 3) par-
tial destruction to a new structure.?l Generally, for the first
two, the insertion of linkers with desired functional groups
is not always trivial because these groups coordinate to metal
sites during synthesis, losing functionalities.'®! The destruc-
tion of MOFs by cleavage of coordination bonds between metal
and solvent molecules/linkers to precisely tune structures gen-
erates opening of metal sites, defects, hierarchical pores, or

© 2021 Wiley-VCH GmbH
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new morphologies. Because these methods involve controlled
chemical bond cleavage at the molecular level, we use the term
“molecular cleavage.” Although there are several reviews of
postsynthetic MOFs [1214] modification from the perspective of
molecular cleavage has not been treated in any detail. Addition-
ally, the electronic structure of metal sites is tuned following
molecular cleavage and improves intrinsic activity for catalytic
application. ™!

In this timely review, we for the first time critically assess
postsynthesis methods involving selective chemical bond
cleavage to tailor composites and structures without destroying
the reticular chemistry of the MOFs parent matrices. We sum-
marize and evaluate methods of molecular-level coordination
bonds between metal and solvent molecules/linkers for tai-
loring MOF structures, including: exposing Lewis acid sites by
removal of coordination solvent molecules; building missing-
linker defects by labile linker cleavage; creating hierarchical
pores by directly etching MOFs or liable linkers; synthesizing
2D nanosheets by exfoliation layered MOFs; and constructing
hollow architecture by selectively etching 3D MOFs. The mech-
anisms of coordination bond cleavage and details of MOF
structural transition originating from composition change are
presented. These engineered MOFs exhibit boosted activity and
broad application to energy conversion and storage, including
oxygen evolution reaction (OER), carbon dioxide reduction
reaction (CRR), Li-sulfur battery, Li-metal battery, and aqueous
zinc batteries. We assess examples of tailoring MOF electronic
structures to accelerate electrocatalytic processes and exploit
pores and open metal sites to regulate ion confinement and
transport for boosted performance in reversible batteries. We
conclude with a critical perspective on practical application and
challenges and a future outlook for this important and devel-
oping field.

2. Molecular Cleavage to Regulate MOFs

As-synthesized MOFs can be prepared by Dbottom-up
methods, including, conventional electric heating, electro-
chemistry, microwave heating, mechanochemistry, and ultra-
sonic method.’?! An advantage is selective control of the
composition and growth direction of MOF crystals. It is not
always practical however because of drawbacks including lim-
ited reactant concentration, lack of solvent, improper reac-
tion temperature, and undesired side reactions. In contrast to
bottom-up methods, top-down methods, including thermal,
chemical, mechanical and photolytic stimulus, can destroy
MOFs by cleaving coordination bonds between metal and
solvent molecules/linkers.[2l This results in the generation
of open metal sites, defects, and hierarchical pores or new
morphologies.

2.1. Open Metal Sites
In the synthesis of MOFs, metal atoms are weakly coordinated
with solvent molecules such as DMF (dimethylformamide) or

H,0 to decrease porosity. Given that the thermal stability of
metal-solvent coordination bonds is generally lower than that
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for metal-linker bonds, a physical or chemical stimulus can
remove solvent molecules. The resultant unsaturated Lewis
acid sites in MOFs can therefore be exploited with alternative
properties.[6] Kaskel et al. reported that uncoordinated Cu sites
in [Cus(BTC),(H,0);] (HKUST-1) are created by the removal
of coordinated H,0 molecules at 120 °C in a vacuum.W] If
particular high boiling-point solvents are used to synthesize
pristine MOFs, a more significant temperature, or a longer
treatment time is required to remove solvent molecules because
of the more stable metal-solvent coordination bonds. However,
this change of temperature or treatment time can lead to a col-
lapse of MOFs. To address this, Yaghi et al. applied a solvent-
exchange reaction to remove solvent molecules of MOF-505
([Cuy(bptc) (H,0),(DMF);3(H,0)], bptc = 3,3",5,5-biphenyletra-
carboxylic acid) at mild-condition. Low boiling-point acetone
replaced high boiling-point DMF in as-synthesized MOF-505.
An intermediate temperature (e.g., 120 °C) activation step
removes coordinated acetone, which results in the opening of
metal sites.[®]

To obviate what is a time-consuming step, Maspoch et al.
used a single-step cleavage of solvent molecules via a photo-
thermal effect. When irradiated with high-intensity ultravi-
olet and visible (UV-vis) light, HKUST-1 is rapidly heated to
a high temperature of >120 °C. This localized heat facilitates
the removal of trapped and coordinated DMF from HKUST-1
to promote the generation of open metal sites in a (record)
short time of 30 min.' These authors demonstrated this
method is suitable for additional MOFs, including ZIF-67
(Co(mim),, mim = 2-methylimidazole), MOF-74 ([Zn,(DHBDC)
(DMF),]-(H,0);), UiO-66-NH,  ([Zr04(OH)4(NH,-BDC)g],
NH,-BDC = 2-aminoterephthalic acid) and Fe-MIL-101-NH,
([Fe;0(H,0),F - (NH,-BDC),] - 14.5H,0).

Jeong et al. optimized the solvent-exchange method
without introducing external thermal energy. Methylene chlo-
ride (CH,Cl,) was applied to activate HKUST-1. They pro-
posed a mechanism for this chemical activation via Raman
spectroscopy (Figure 1a).12%! CH,Cl, replaces the chemisorbed
H,0 to coordinate Cu?* center via a Cl-bridge, which is con-
comitantly decoordinated from the frameworks when depos-
ited in a vacuum for 120 min. Trichloromethane (CHCI;) was
reported to have weaker coordination bonds than CH,Cl,.
Therefore, this lower bonding decreases activation time
to 30 min when the reduced external thermal energy of
55 °C and 2.6 meV is supplied.[?l This modified method can
therefore be applied practically to particular thermal-sensi-
tive MOF-polymer composites without destroying structural
integrity.

2.2. Defect Engineering

In contrast to removing coordinated solvent molecules without
destroying reticular chemistry structure, breaking metal-linker
coordination bonds creates missing and/or dislocated atoms/
linkers. This change in structure can increase catalytic sites
and/or introduce new functional properties into MOFs.[4b]
Through tailored cleavage of metal-linker bonds, researchers
have synthesized various types of defects, including missing
linkers and missing clusters.
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Figure 1. Schematic of a) chemical activation to yield open metal sites; b) missing-linker defects through cleavage of modulators or mixed linkers.

2.2.1. Missing-Linker Defects

De Vos et al. employed trifluoroacetic acid (TFA) to substitute
a part of BDC during the synthesis of UiO-66(Zr).l22 Because
of the lower stability of coordination bonds between Zr and
TFA, the trifluoroacetic groups are readily removed at 320 °C.
This temperature is less than that typical for a deconstruction
of UiO-66(Zr), and forms defects in postsynthetic UiO-66(Zr).
Zhou et al. identified the defect type via high-resolution neu-
tron powder diffraction.?] Refined results of linker occupan-
cies revealed that about 1 in 12 linkers was missing in the
pristine UiO-66 matrix. Acetic acid was used as a modulator
to tune the linker vacancies by varying synthesis conditions
systematically. The optimal sample showed significantly
increased pore volume and surface area because of missing
linkers.

Missing linkers and clusters in the treatment of MOFs can
occur concomitantly, leading to difficulty in ruling out any
structure-activity relationship from defects. To address this,
De Vos et al. modified this method by applying a thermolabile
linker, trans-1,4-cyclohexane-dicarboxylate (CBC), to replace
BDC (Figure 1b).24l Because of the similarity between CBC
and BDC in geometry, length, and steric bulk, CBC in UiO-
66(Zr) is readily embedded during synthesis. Because of its
distinct thermal stability (275 °C vs 450 °C in air, respectively),
UiO-66(Zr) with a greater concentration of defects of =4.3
in 12 linkers is obtained in cleaving CBC from UiO-66(Zr).
An identical specific surface area following missing linkers
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underscores that the high porosity in defected UiO-66(Zr)
arises from missing clusters rather than missing linkers.

Theoretical computation shows that the maximum number
of defects in UiO-66 is 6.0 missing linkers per cluster. A
greater concentration of defects destroys the MOF network.%°]
To achieve this number Voort et al. employed 4-sulfonatoben-
zoate (PSBA) as a hemilabile linker to replace parts of BDC in
synthesizing hemilabile UiO-66.12¢] Because the coordination
strength of sulfonates to Zrg clusters is weaker than that for
carboxyl groups, the coordination bonds between sulfonate and
Zr are more readily broken to remove PSBA from the hemi-
labile UiO-66 framework. Additionally, some sulfonates in the
remaining PSBA linkers are protonated to form free-dangling
linkers. These work as a coligand to boost the stability of the
defective framework by hydrogen bonding with optimal dis-
tance. The number of defects, therefore, reaches 6.0 missing
BDC linkers per cluster. In some cases, the missing linker
causes the collapse of MOFs. Consequently, it is essential to
control precisely the number of missing linkers.

Wang et al. applied an H,O-etching method to construct
HKUST-1with three-coordinated Cu, which can boost the struc-
tural stability of the product.?] Based on the thermodynamic
and kinetic conditions that arise during the catalytic reaction,
theoretical computations showed that three-coordinated Cu-car-
boxylic species possess greater structural robustness than that
of one-, two- and four-coordinated counterparts. There is also
a smaller gap between the highest occupied molecular orbital,
and the lowest unoccupied molecular orbital, compared with
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Figure 2. a) Schematic of etching transition of four-coordinated Cu atoms in HKUST-1 to three-, two- and one-coordinated Cu atoms with organic
ligands and corresponding morphologies. b) Real morphologies of the four MOF crystal states following cleavage. Scale bars represent 500 nm for
the octahedron, stacked nanosheets, and collapsed forms, 200 nm for random-etching MOF. Reproduced with permission.[7l Copyright 2019, Nature

Publishing Group.

others. This suggested it works as active sites to coordinate soft
bases. Through control of etching time, the carboxylic groups
of four-coordinated Cu sites are successively replaced by water
molecules (Figure 2a). The initial octahedron morphology of
HKUST-1 is gradually transferred to stacked 2D nanosheets,
random-etching MOF, and collapsed derivatives (Figure 2b).
The mechanism for this cleavage is surface energy-driven,
ordered cleaving. Because of lower surface energy, the cleavage
favors the (111) plane, thereby forming stacked 2D nanosheets.
When external stress is applied to one side of the triangle, the
other two sides act as counteracting stresses to ensure defor-
mation of the nanosheets under external stress is minimized.
This three-coordinated Cu-carboxylic species in stacked 2D
nanosheets, therefore, has greater stability than that of the octa-
hedron, random-etching MOF, and collapsed derivatives.

2.2.2. Missing-Cluster Defects

During the synthesis of UiO-66 when the applied modulator
or linker is inhomogeneously mixed, the type of defects are
transferred from the missing linker into the missing cluster.
Because the 2-amino-1,4-benzenedicarboxylate (BDC-NH,)
is readily removed under a low-temperature thermal treat-
ment, Zhou et al. used it as a thermolabile linker to replace
a part of BDC. In this way, they investigated the relationship
between distribution conditions of mixed linkers and the type
of defects through the cleavage of labile linkers.I?] In principle,
when two linkers are mixed to synthesize multivariate MOFs,
the labile one is nondominant and is considered disperse in a
matrix formed by the dominant. Based on the size of domain
linkers, four types of multivariate MOFs can be categorized.
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Inhomogeneous mixing of linkers produces large and small
domains, while a well-mixed distribution of linkers produces
random and ordered domain-free models (Figure 3). Following
cleavage of thermolabile linkers, the large and small domains
result as missing-cluster defects with mesopores, while the
random and ordered models result as missing-linker defects
without the formation of mesopores.

Goodwin et al. reported missing-cluster defects through
a synthesis of correlated nanoregions of a reo topology.!?! In
this work, formic acid as a modulator promoted the forma-
tion of a defective reo phase in which the linker connectivity
decreased to 8. This compares with 12 in pristine UiO-66. Addi-
tionally, the coherence length and volume fraction of defect
nanoregions can be tuned by controlling the relative concen-
tration of the modulator and linker components. Lillerud et al.
reported that missing-cluster defects are the primary defects in
UiO-66 based on experimental nitrogen adsorption isotherms
and simulations.[?”] These researchers systematically investi-
gated four monocarboxylic acids (trifluoroacetic, difluoroacetic,
acetic, and formic) as modulators to synthesize defects in
UiO-66. They found that the defect concentration depends on
acidity (pKa) and/or the concentration of monocarboxylic acid.
For example, when trifluoroacetic acid was applied, it had the
lowest pKa value among all monocarboxylic acids. Therefore,
there are more deprotonated trifluoroacetic molecules com-
pared to deprotonated linker molecules in a synthesis solution.
Trifluoroacetic acid dominates the competition for carboxylate
sites in Zrg(OH),04(CO,)y; clusters to yield a significantly high
concentration of missing-cluster defects in treated samples. On
the contrary, acetic acid with the greatest pKa value results in
the lowest deprotonated modulator molecule, thereby yielding
UiO-66 with the lowest concentration of defects.
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Figure 3. Schematic of four types of MOFs with different domain sizes: large, small, random, and ordered distribution and resultant MOFs with
missing-cluster as well as missing-linker defects. Missing-cluster defects in hierarchically porous MOFs origin from linker domain model in MOFs
following removal of labile linkers inside frameworks. Missing-linker defects in hierarchically porous origin from linker well-mixed model in MOFs fol-

lowing removal of labile linkers inside frameworks. Reproduced with permission.[?l Copyright 2018, American Chemical Society.

Additionally, changes in the chemical state of the metal can
generate missing clusters in MOFs. Jeong et al. reported an
HKUST-1 with Cu vacancies via partially reducing Cu?* ions
to Cu*. The coordination of hydroquinone with Cu?* ions
results in a "single" electron transfer from hydroquinone to
Cu?*. This reaction triggers a reduction of Cu?* (=30%) to Cu'*
within the framework. The proton from hydroquinone subse-
quently causes the protonation of carboxylate, which leads to
the dissociation of half Cu'* species from the framework and
the formation of metal vacancies. As a result, an oxygen-rich
negatively charged coordination environment is created, with
the remaining Cu nodes having a high coordination strength.
The defective HKUST-1, therefore, exhibits significant hydro-
lytic stability following exposure to humid air for two years.

2.2.3. Phase Transition

Compared with disordered defects, ordered ones are more
readily investigated for a relationship between structure and
activity. However, it remains practically challenging to synthe-
size MOFs with ordered defects because of difficulties in pre-
cisely controlling defects to be at specific locations. Li et al.
employed a phase transition method to address this in which
a single-crystal to the single-crystal transition of Zn,O(PyC);
(PyC = 4-pyrazolecarboxylate) promoted the generation of
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ordered defects and linker vacancies in derived MOF.?! As is
shown schematically in Figure 4a, initially a quarter of ZnZ*
and a half of PyC linker are removed from Zn-MOF by water
immersion. Zn?" ions around the missing PyC are saturated
by H,O molecules to yield Structure 1. Following the filling
of these vacancies with new metals and linkers, a new single-
crystalline structure, Structure 2, with ordered multicomponent
results. Importantly, this method is different from conventional
ion exchange for at least two reasons: 1) there is precise control
of linker and metal sites, and 2) the new, complex MOF cannot
be made using more conventional methods.

We recently reported a molecular scalpel to chemically
cleave CuBDC with controlled phase transition.l* This method
breaks the classic hard and soft acids and bases (HSAB) theory
to synthesize a new Cu,BDC MOF composed of a soft acid
(Cu') and a hard base (BDC). High-resolution transmission
electron microscopy (HRTEM) image confirmed that Cu,BDC
nanocrystals are highly crystalline (Figure 4b) in which CuO,
polyhedral sheets are bridged by BDC linkers. L-ascorbic acid
as a chemical scalpel triggers four redox steps for the regula-
tion of the chemical state and coordination number of Cu
ions (Figure 4c) namely: 1) bulk CuBDC-2H,0 is chemically
exfoliated into nanosheets via breaking of partial H-bonds;
2) Cu?* ions in CuBDC-2H,0 sheet are chemically reduced
to Cu'* (the consequent lowered coordination number yields
a transition sample of Cu,BDC-H,0 and cleavaged H,BDC);
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Figure 4. a) Schematic of one-fourth of Zn?* and a half of PyC of Zn-MOF are removed to create a MOF with ordered metal and linker vacancies
(Structure 1). Following the incorporation of new metals and linkers, a new Zn/Co-MOF results (Structure 2). Reproduced with permission.B Copyright
2014, American Chemical Society. b) Proposed structural model for Cu;BDC projected along the [010] projection and its HRTEM image. c) Reaction
processes of four-step molecular cleaving. Reproduced with permission.P2 Copyright 2021, American Chemical Society.

3) dehydrogenated LA (C¢HO4) oxidizes Cu'* into CuZ*
forming OH groups, which bridge two Cu,BDC-H,0 mole-
cules (this results in a Cu,(OH),BDC structure with compres-
sion of the metal oxide interlayer spacing); 4) with additional
LA half of the Cu?* ions in Cu,(OH),BDC are reduced to Cul*
and half of the OH bridges are removed to yield final Cu,(OH)
BDC-H,O0 as the product.

2.3. Pore Structure Engineering

Removal of metal ions or linkers can create defects by
breaking metal-linker coordination bonds in MOFs. If the
linker size or the cleaving area increases, it generates hierar-
chical pores. These benefit diffusion of large molecules and
enzyme immobilization.! There are two methods to build
hierarchical pores in MOFs without deconstructing crystal
structures, namely, 1) indiscriminative and 2) discriminative,
cleavage.[?]
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2.3.1. Indiscriminative Cleavage

Because of low chemical and thermal stability, metal-linker
coordination bonds can be readily broken by H,0O/acid etching
and thermolysis without destroying the network.

Kim et al. synthesized mesoporous yttrium MOF
([{Y4(H;0)3}(hmtt)g](OH)(NO3)¢ 70  DMF-67 H,O, hmtt =
methyl-substituted truxene tricarboxylic acid), POST-66(Y),
via H,O etching to partially replace metal ions and ligands.?4l
In this, H,0 molecules replace parts of linkers and bind with
metal ions. Because the size of an H,O molecule is smaller
than that of the linker, mesoporous POST-66(Y) MOF is gener-
ated following etching. By controlling the reaction temperature
and time, the ratio of micropores to mesopores can be finely
tuned without destroying structural integrity. Sun et al. syn-
thesized a hierarchical porous HKUST-1 using Cu redox spe-
cies as intermediates.’™ A change in chemical valence leads to
a change of coordination number of Cu ions, resulting in the
breaking of metal-linker coordination bonds. Methanol vapor
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was applied to reduce a part of Cu?* to Cul*. The Cu coordina-
tion number decreased from 6 (or 5) to 4 (2) during which part
of the linkers in HKUST-1 is cleaved and removed, thereby gen-
erating hierarchical pores.

Although chemical etchings can be used to tune the MOF
structure and morphology, pore size following destruction is
uncontrollable. A result is that it is difficult to tune the porosity
of hierarchical MOFs finely. Kim et al. applied phosphoric acid
as an etching agent to selectively break the metal-linker coor-
dination bonds of MIL-100(Fe) ([Fe;0(X)(H,0),(BTC),]-nH,0,
X = OH, F).’¥] Because the appropriate size of phosphoric
acid (0.61 nm) is less than the cage size of MIL-100(Fe) (0.49
to 0.89 nm), it means the latter acts as an acid diffusion access
in which phosphoric acid selectively passes through the cages
during treatment. The inherent crystallinity and external mor-
phology of formed MIL-100(Fe) can therefore be maintained.
Because the ratio of mesopores to micropores in these two
methods is low, 1.80 for H,0O and 1.11 for H;PO, etching, Kim
et al. applied a chemical etching induced decarboxylation to
improve the ratio of mesopores to micropores in HKUST-1.7]
Ag(111)/Ag(I) worked as a redox pair to reduce K,S,0Oq to sulfate
ion (SO4) in which the process linker is cleaved into CO, and
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a benzene ring. Resultant SO, replaces carboxylic group coor-
dinating to original Cu?* ions and consequently forms Cu-sul-
fate complex. Mesopores and macropores then result, while the
micropores in HKUST-1 are preserved. The ratio of mesopores
to micropores increases to 3.88. Significantly, this method can
be extended to other MOFs, including MIL-53(Al) [Al(OH)
(BDC)(H,0)] and MIL-100(Al).

In addition to linker oxidative decomposition, thermolysis
can induce decarboxylation for the linkers. Huang et al. utilized
a thermal method to obtain hierarchical porosity via decar-
boxylation on MIL-121 in which the surface area of targeted
MOF highly increased from 13 to 908 m? g-1.B8l As is shown
in Figure 5a, free carboxylate groups on the benzene ring
undergo condensation with the formation of anhydride groups
at 380 °C. With the temperature rising to 410 °C, all carboxylate
groups undergo decarboxylation, which leads to parts of linkers
clipping from the adjacent metal clusters. This results in five-
coordinated AlOg clusters with open metal sites. At 440 °C,
another linker is cleaved from the AlO; clusters with the forma-
tion of AlO, units. With the removal of some aluminum, the
mesopore size and volume further increase and construct hier-
archical pores. Although indiscriminate cleavage can create a
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Figure 5. Schematic of a) proposed linker decarboxylation in MIL-121. Reproduced with permission.*® Copyright 2019 American Chemical Society;
b) synthesis of hierarchically porous MOFs with adjustable porosity using UiO-66 and modulators with various lengths. Reproduced with permis-
sion.**] Copyright 2017, Wiley-VCH; c) removal of labile linkers in mixed-linker Zr-MOFs through different routes: hydrolysis; thermolysis; ozonolysis.

Reproduced with permission.*Yl Copyright 2020, Elsevier Inc.
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hierarchical pore structure, it is practically difficult to tune the
pore size precisely because of the breakage of chemical bonds
with non-selectivity.

2.3.2. Discriminative Cleavage

Cai and Jiang applied a modulator-induced defect method to
synthesize hierarchical pores in UiO-66 by controlling the size
of the modulator.*] A correct amount of BDC linker together
with the presence of suitable modulators are the two prereq-
uisites for the formation of hierarchical pores. As is shown in
Figure 5b, modulators with diverse alkyl chains are initially
used to synthesize parent UiO-66. When the modulator is an
elongated alkyl chain, it could occupy a large space and cause
steric hindrance that blocks the coordination between Zr* and
BDC around the modulator. Following activation, modulators
can be removed from the framework, in which mesopores and
macropores form. Tuning the alkyl chain length in monocar-
boxylic acids from 2 to 12 carbon atoms systematically regulates
pore size from about 3 to 8.6 nm.

One of the practical difficulties in discriminative cleavage is
to distribute modulators uniformly. This arises because of the
difference in chemical properties between the modulators and
the linkers. Linker labilization provides a means to address
this because the structure of specific linkers is similar to that
of the primary linker. There are three methods used to cleave
labile linkers, 1) hydrolysis, 2) thermolysis, and 3) ozonolysis
(Figure 5c).[*) An imine-based linker was installed into Zr-
MOFs through an exchange reaction. These imine groups in
the labile linker (4-carboxybenzylidene-4-aminobenzate) readily
dissociate into 4-formylbenzoic acid and 4-amino benzoic acid
fragments in a single hydrolysis reaction.[*!l Following cleaving
of these fragments via acetic acid treatment, defective Zr-MOF
is produced. The pore size can be tuned to within the range of
1.5 to 18 nm by controlling the ratio of the labile linker to acetic
acid. To obviate any additional procedures to eliminate linker
fragments formed during the acid treatment, Zhou et al. inves-
tigated the direct elimination of labile linker by thermolysis.!8l
BDC-NH, was employed as a labile linker during the synthesis
of UiO-66. Following heating at a temperature of 300°C, the
linker, with poor thermal stability, was cleaved whereas the
crystallinity of the MOF remained. (28]

Maspoch et al. used a solid-gas phase reaction to cleave
unstable linkers at room temperature with high selectivity.[*!
During the synthesis of pristine UiO-66(Zr), the linker with
olefin bonds was used. These were selectively broken into frag-
ments following the reaction with ozone. Because the length of
the unstable linker is about 13.3 A, cleavage results in a struc-
tural transformation from micropores to mesopores. Addition-
ally, this cleavage precisely controls the concentration of defects
by tuning the ratio of special ligands during synthesis. The
resultant mesopores work as sites for installing other metals
for synergistic catalysis. For example, Lin et al. used ozone to
cleave olefin ligands of DUT-5 (DUT = Dresden University of
Technology), which consists of AI**, 2,2-bipyridine-5,5" dicar-
boxylate, and 1,4-benzenediacrylate, to generate Al,(OH)(OH,)
sites for installing homogeneous Lewis acidic centers, e.g., tri-
methylsilyl triflate.*3] Consequently, the incorporated groups
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played a synergistic role with in situ reductions metallic Pd
produced for conversion of renewable biomass to hydrocarbon
feedstocks.

2.4. Morphological Regulation

In addition to creating hierarchical pores, the cleavage of
chemical bonds regulates morphological change, e.g., the syn-
thesis of 2D nanosheets, and hollow architecture for exposing
increased numbers of active sites for catalysis.[* The two main
molecular cleavage methods to tune the morphology of MOFs
are exfoliation and etching.

2.4.1. 2D Nanosheets

Because of the unique physical and chemical properties, 2D
MOFs are attractive for applications in gas-sieving membranes
and heterogeneous electrocatalysts. Yang et al. reported the
exfoliation of poly[Zn,(benzimidazole),] (Zn,(bim),) MOF via
a soft-physical route that yielded a 2D ultrathin sheet with a
uniform thickness of 1.12 nm.[*] These researchers utilized low
speed (60 rpm) ball milling followed by exfoliation in a volatile
solvent with ultrasonication to break van der Waals interaction
between interlayers. However, this facile method is suitable
only for MOFs with weak layered interactions.

Zhou et al. used an intercalation and chemical cleaving
method to produce 2D ultrathin MOFs. They intercalated a
labile dipyridyl ligand, 4,4’-dipyridyl disulfide (DPDS), into a 2D
layered Zn,(PdTCPP) (TCPP = 4-(phenyldithio)pyridine) MOF
(Figure 6a).[*! The disulfide bonds in the linker were selectively
broken, forming 2D ultrathin nanosheets with a uniform thick-
ness of =1 nm under a high-yield (=57%) exfoliation. In addi-
tion to breaking the van der Waals interaction or labile dipyridyl
ligand, the cleavage of strong metal-ligand bonds of 3D MOFs
synthesized 2D layered MOF nanosheets. Grey et al. used a
ligand-deficient layered UiO-67 ([Hf;O4(OH),(BDC)s, BPDC =
biphenyl-4,4"-dicarboxylate) to synthesize 2D hexagonal lattice
(hxl) nanosheets by cleaving metal-carboxylate bonds between
metal oxide layers.’] They used a high-concentration formic
acid to form a ligand-deficiency UiO-67(Hf) with a double
cluster (Hfj;05(OH)yy). They reported two routes to break the
metal-carboxylate bonds. 1) As-synthesized UiO-67(Hf) was left
under ambient conditions for one week to obtain a complete
transition to hxl UiO-67(Hf) following missing linkers along
the [110] direction. The resultant, stacked UiO-67(Hf) sheets
are delaminated into 2D nanosheets under grinding or sonica-
tion—exfoliation. 2) Parent UiO-67(Hf) was directly delaminated
into 2D nanosheets under grinding, or sonication—exfoliation,
through missing the linkers between different metal oxide
layers. The as-synthesized 2D UiO-67(Hf) nanosheets were
=11 nm thick. This corresponded to some four-unit cells of hxl
UiO-67(Hf) lattice.

In addition to these mechanical and chemical methods, an
electrochemical method can be applied to cleave linkers.[*!
For example, a 2,3-dihy-droxy-1,4-benzenedicarboxylic acid
(H,dhbdc) was used as a labile linker in the synthesis of parent
Co-MOF,  (H;0),[CosO(dhbdc),(H,dhbdc),(EtOH),}-2 EtOH.
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Figure 6. Schematic of a) a process developed to generate 2D MOF nanosheets by intercalation and chemical exfoliation; b) preparation of hollow
MOFs by oxidative linker cleaving; c) synthesis of yolk-shell MOFs by acid etching.

This is because this linker can be oxidized into cyclopenta-
2,4-dienone under applied potential. Compared to the original
linker with electron-donating hydroxy groups, the oxidation
products own electron-withdrawing carbonyl groups and a flex-
ural bridging angle. These two features reduce the coordination
ability of the oxidized linkers, making them be readily dissoci-
ated from bulk to form 2D nanosheets.

2.4.2. Hollow Architectures

Recently, hollow architectures with high active sites and low
diffusion distances have received increased attention. Via
exploiting distinct chemical composition in exposed crystallo-
graphic planes, Maspoch et al. devised a wet-chemical method
to anisotropically etch ZIF-8 (Zn(mim),, mim = 2-methylimi-
dazole) and ZIF-67 to engineer morphologies, without losing
porosity.*)] This chemical etching relies on an acid-based reac-
tion and a metal ion sequestration to break the metal-linker
coordination bonds. Xylenol orange (XO), a weak acid, was
used as a chelating agent to generate a water-soluble metal-XO
complex and induce missing linkers. The complex prevents
resultant metal from coordinating with the linker in the solu-
tion and consequently, etches ZIF-8 and ZIF-67 Two reasons
are hypothesized for the morphological change during this
posttreatment, namely: 1) etching preferentially carves the
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external crystal surfaces with greater density of metal-linker
coordination bonds—which results in cubes forming from the
parent ZIF-8 and ZIF-67 dodecahedra, and 2) pH of the tuning
etchant solution optimizes etching rate in a single direction,
in which the starting rhombic dodecahedra are morphed into
tetrahedrons, or hollow boxes. This morphological evolution
improves surface-area-to-volume ratios of ZIF-8 and ZIF-67 to
be advantageous for application to heterogeneous catalysis.

Additionally, linkers with different chemical properties can be
used to synthesize hollow MOFs. Tsung et al. used an oxidative
linker cleaving to synthesize hollow structures (Figure 6b).1%%
They applied a two-step method to prepare a core-shell UiO-
66-(OH),@Ui0-66 with 2,5-dihydroxyterephthalic acid as a
sacrificial linker. Following etching, the core UiO-66-(OH), is
removed either from shell to core, or from core to shell. When
redox-active Pd nanoparticles are pre-embedded in the UiO-66
the oxidative linker etching is initiated and localized. The Pd
nanoparticles are confined in the single crystalline UiO-66 par-
ticle, forming a multiyolk—shell structure. This design protects
Pd from agglomeration and affords size-selective catalysis.

In comparison with this single-shelled hollow architecture,
a multishelled structure exhibits new and improved functions
and properties. The practical difficulty is to remove the interme-
diate layer in the multilayer nanoparticles. Huo et al. reported
a method to prepare multishelled hollow MIL-101 to signifi-
cantly boost catalytic activity for styrene oxidation (Figure 6c).[*!
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Inhomogeneous MIL-101 crystals provide possibilities for prac-
tical synthesis of hollow structure because its shell is more
stable than the inner core. Consequently, the inner core can
be selectively etched by acid. In this work, growth-etching
was repeated two- or three times using MIL-101 crystals as a
template. By varying the initial concentration of reactants, the
multilayer MIL-101 crystals with different sizes of 120, 200, and
300 nm can be synthesized. Following etching of these parti-
cles by acetic acid for 4 h, multishelled hollow MIL-101 with
cavity sizes of 70, 110, and 140 nm was obtained, with corre-
sponding shell thickness 25, 45, and 80 nm. Due to these
structural advantages, these multi-shelled hollow structures
provide increased active sites in each layer to boost the catalytic
performance of styrene oxidation. To address the limitation of
MOF micronized pores and narrow channels, Liu et al. syn-
thesized a hollow mesoporous MOF with a macroporous core
and mesoporous shell to accelerate the diffusion of reactants.[*
They chose solid Cr and Al-bimetallic MIL-101 as a precursor.
The less stable core and Al uniform distribution in the shell
were readily removed following selective etching. The resultant
hollow mesoporous MOF as a Pd nanoparticles carrier signifi-
cantly boosted mass diffusion within the framework to facilitate
benzyl alcohol oxidation reaction.

3. Application of Cleaved MOFs to Energy
Technologies

3.1. Electrocatalysis

Electrocatalytic refinery is an emerging method to obtain fuel
and chemical products from fossil fuels to renewable energy
sources.l A critical step in practically realizing this method is
the need to develop suitable electrocatalysts with high activity
and selectivity for targeted chemical conversions. There are
three main steps in typical heterogeneous electrocatalysis:

Straining engineering

Unsaturatedsites

www.advmat.de

1) chemical adsorption of the reactant on the electrocatalyst
surface; 2) transformation from reactant to product, through
a series of intermediates, and; 3) desorption of product from
active sites.*¥ Generally, the adsorption energy of intermedi-
ates determines the corresponding reaction activities. This is
because the adsorption interaction of intermediates on active
sites should neither be too weak nor too strong. If this adsorp-
tion interaction is too weak, the reactant is difficult to adsorb,
thereby limiting the following reactions. If the adsorption inter-
action is too strong, however, it will hinder the removal of prod-
ucts.¥ The tuning of intrinsic activities of electrocatalysts can
be achieved by adjusting the adsorption energy of intermedi-
ates on active sites.

Compared with nanomaterials, MOFs have become a plat-
form to develop advanced electrocatalysts because of unique
structural features, including the highly ordered structure and
tunable metal nodes/linkers as active sites.[*®] Additionally,
MOFs have inherently high porosity. This allows high accessi-
bility of interior active species and promotes kinetics of elec-
trocatalysis that benefit from the open channel, spatial confine-
ment, and host-guest interactions of the pores.’] Through
molecular cleavage, the size/shape of pores and metal sites
coordination environment, MOFs accelerate electrocatalysis
(Figure 7).l This includes synthesizing coordinatively unsatu-
rated sites as catalytic centers, strain engineering to change the
electronic structure of metal sites, regulation of the coordina-
tive environment, and optimizing coordination number of cata-
lysts to accelerate the generation of reaction intermediates for
OER and CRR.

3.1.1. Oxygen Evolution Reaction (OER)
OER is the anodic reaction in a water electrolysis cell to gen-

erate pure oxygen. Tang et al. reported ultrathin NiCo-BDC
nanosheets (= 3.1 nm) with an abundance of unsaturated metal
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Figure 7. Structural designs in cleaved MOFs to tune electronic structure of electrocatalysts, and ions confinement and transport in electrode and

electrolyte for reversible batteries.
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of the Ni K-edge at different potentials. d) Structural transformation of NiCo-MOF under certain potentials during OER. Reproduced with permission.

Copyright 2020, Nature Publishing Group.

sites for OER in alkaline conditions( Figure 8a).°®! Through
judiciously combining X-ray absorption near-edge structure
(XANES) characterization and density functional theory (DFT)
computation, the unsaturated metal sites on the surface of
NiCo-BDC nanosheets were confirmed as the main active sites
for OER. Additionally, the partial density of states analyses
showed that a bimetal coupling increases, or decreases, the
unoccupied ¢, filling for Ni or Co. Consequently, NiCo-BDC
with bimetal coupling has a stronger 7 donation and a weaker
e—e" repulsion than that of fully coordinated metals in single-
metal-Ni-BDC and Co-BDC, thereby boosting electrocatalytic
activity.

Subsequently, Wang et al. applied N, plasma to cleave part
of linkers in ZiF-67 to synthesize coordinately unsaturated Co
atoms as catalytic sites. They reported that the missing linker
can lead to charge redistribution of active sites, enabling Co
atoms with higher positive charges. This change strengthens
the interaction between Co atoms with reactive intermediates
and accelerates OER. Despite possessing highly active sites, the
poor electrical conductivity of MOFs hinders charge transfer
during electrocatalysis. Li et al. applied a missing-linker method
to boost the electrical conductivity of CoBDC-Fc (Fc = carboxy-
ferrocene) to improve catalytic activity.’¥ DFT results showed
that there are newly formed electronic states near the Fermi
level following missing linkers. The rate-determining step then
transfers from the oxidation of H,O to OH* with an energy
difference of 3.74 eV, to the oxidation of OH* to O* with an
energy barrier of 1.85 eV. Therefore defective CoBDC exhibits
a boosted OER greater than for the pristine state. Recently,
Li et al. developed an alternative method to increase the elec-
trical conductivity of NiBDC via the synthesis of partial charge
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transfer.] These researchers used an alkali-etch method to
obtain missing-linker defects in which extra K* was introduced
into the framework. These K* couples with Ni%*, resulting in
an increased valance of the Ni metal center. This partial charge
transfer improved the electronic conductivity of the MOF, and
consequently, the OER activity of NiBDC.

Cleavage of linkers in MOFs gives not only missing-linker
defects but additionally the compression, or expansion, of sur-
face atom geometry, i.e., strain effect to tune the electronic
structure of metal atoms within frameworks. As an example,
Liu et al. applied a photochemical method to expand the lat-
tice of NiFe-MOF along the [100] direction.[®?] Because of the
tensile lattice strain, the O 2p band is upshifted and promotes
electron exchange from the Ni 3d orbital. This leads to a
greater covalency in the Ni-O coordination bond. In this case,
the surface oxo species thermodynamically benefits binding
with neighboring Ni atoms to boost the high oxygen-involved
catalytic activity (Figure 8b). Importantly, the operando syn-
chrotron spectroscopies were employed to observe a key *OOH
intermediate on Ni* sites during OER and oxygen reduction
reaction (ORR). This intermediate is thermodynamically ben-
eficial to O-O bond breakage/formation during the four-elec-
tron catalysis. Similarly, Yan et al. used monocarboxylic acids as
the linker scission to replace part of binary carboxylic acids for
building the lattice strain in NiFe-MOF.[%3] They found that this
defect can optimize the Ni 3d e -orbital, facilitating the genera-
tion of *OOH intermediate to accelerate OER.

Chen et al. used a cation-substitution method to introduce
Co? into Zn-based zeolite imidazole frameworks (Zn-ZiF)
arrays on Ni foam in which ligand vacancies and mesopores
form.*] Relying on the hydrolysis of Co?* the hydrated
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protons produced gradually cleave the Zn-N coordination
bonds with the formation of free dimethyl imidazole. Fol-
lowing, Co?* ions coordinate with the released dimethyl imi-
dazole and enter into the Zn-ZiF. This leads to mismatched
crystal growth and forming mesopores through the missing
ligand. Experiments highlighted that the ligand vacancies gen-
erate unoccupied 3d orbitals at metal sites to lower the energy
barrier of the OER reaction. The bimetal coupling promotes a
partial charge transfer from Zn towards Co. This lowers the
energy level of Co d orbitals to improve ORR activity of Zn-ZiF.
Additionally, mesopores ensure efficient transport of the reac-
tant and product toward, and away from, catalytic sites. This
accelerates OER and ORR Kkinetics to give high-performance
rechargeable Zn-air batteries.

It is established that a high anodic overpotential cleaves
coordination bonds and drives a structural transition of MOFs
during OER. With reliance on interpreting operando XAS spec-
troscopy and high-resolution transmission electron micros-
copy (TEM), Tang et al. reported a structural transformation
of NiCo-MOF under OER.[%%] With a combined ab initio X-ray
absorption near edge structure simulations and experimental
spectra under two typical potentials (Figure 8c), they reported
that NiCo-MOF undergoes a two-step transition during OER,
namely, when the potential is 1.3 V versus RHE, the bond
length of Ni~O and Co-O in NiCo-MOF decreases and a Jahn-
Teller distorted model occurs (Figure 8d); when the potential
increases to 1.5 V, O vacancies form through cleaving one of the
Ni-O bonds of the Jahn-Teller distorted NiyCoq5(OH),, thereby
yielding in situ the Niy5C0osOOH, 55 phase. These are the
actual active sites for OER. Additionally, TEM characterization
of NiCo-MOF following OER disclosed that its crystal structure
remained. When the sample following OER was placed in air
for 15 d, it reverted to primal NiyCo,5(OH), phase. They con-
cluded, therefore, that this biphasic reconstruction occurs at the
local metal nodes inside the pores and not from the total decon-
struction of the MOF crystal structure.

3.1.2. Electrochemical CO, Reduction (CRR)

Electrochemical reduction of CO, produces high energy-
density oxygenates and hydrocarbons via renewable energy
input.[%6] It was established that sp? C atoms of the imidazolate
linker in ZiF-8 electrochemically convert CO, to CO.l¥1 Wang
et al. reported an alternative method to boost CRR for ZiF-8
via coordinating an electron-donating molecule to Zn atoms
(Figure 9a).1®] The solvent molecule on Zn centers was cleaved
by a methanol activation process to expose unsaturated metal
sites. Phenanthroline was introduced to cooperate with unsatu-
rated Zn atoms to accomplish change transfer from phenan-
throline plural to sp? C atoms in the imidazolate linker. DFT
computations revealed that, after the modification with phen-
anthroline, the rate-determining step is converting CO, to
*COOH with a smaller energy difference of 0.686 eV. This tran-
sition consequently generates *COOH to boost the CRR activity
of ZiF-8.

Additionally, tuning linkers in MOFs strengthens CO, phy-
sisorption together with regulating the intermediate binding
to improve CO selectivity.®”] Sargent et al. applied a chemical
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Figure 9. Schematic of a) Phenanthroline-doped ZIF-8; b) UiO-66(Zr)
with the various linkers to regulate intermediate structure; c) controlling
the structure of the Cu dimer in HKUST-1 to tune Cu-Cu coordination
number of derived Cu clusters to obtain greater C,H, FE.

reduction method to incorporate in situ Ag nanoparticles into
pores of Zr-MOFs in which the local CO, concentration was
significantly increased (Figure 9b). Ag nanoparticles work as
active centers to promote the electrochemical reduction of CO,
to CO. At the same time, the amine acts as functional groups
in the organic linker to continuously capture CO, for the reac-
tion. In situ Raman spectroscopy confirmed that modulating
linkers regulates the binding modes of CO intermediates from
the bridge to atop and pore size confinement. This increases
CO selectivity. In contrast to this incorporation of nanoparti-
cles into pores of MOFs, Hod et al. applied a MOF membrane
to boost Ag catalyst activity. This involved three steps: 1) the
porous membrane MOF physically lowers the mass transport
of reactants (H*) to Ag electrocatalyst. The local concentrations
of reactants in the vicinity of catalytic sites are significantly
altered compared to those in the bulk solution, thereby acceler-
ating CRR and inhibiting HER side-reaction; 2) due to missing
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clusters, there are several OH groups in the defective UiO-66.
This works as a membrane to modify the Ag active surface.
The electrocatalysis of CO from CO, is sped up via stabilizing
*COO intermediates, and 3) a positively charged ligand, (3-car-
boxypropyl) trimethylammonium (TMA), is introduced into the
MOF framework with a postsynthesis modification. This linker
serves as an electrostatic ionic gating to fine control the H* flux
towards the Ag surface and to inhibit HER. As a result, the
selectivity of CO is significantly boosted from 43% (for pure Ag)
to 89% at a potential of -0.8 V versus RHE.

As with OER, a particular potential can reduce some electro-
chemically unstable MOFs to the metallic phase, such as Cu-
MOFs. Sargent et al. found that by tuning the Cu-Cu coordina-
tion number (CN) in HKUST-1 the activity, selectivity, and effi-
ciency for CRR were optimized simultaneously (Figure 9c)."!
A thermal treatment was used to partially remove some coor-
dinating water molecules in HKUST-1 from symmetrical Cu
centers. The local atomic structure, oxidation state, and bonding
strain of Cu dimers are modulated by varying processing times.
This thereby regulates the Cu-Cu CN of Cu dimers resulting
from electroreduction. These authors reported that the Cu
clusters with reduced Cu-Cu CN significantly boosted catalytic
activity for C,H, production.

Recently we reported using molecular cleavage to tune the
Cu cooperation environment of CuBDC to synthesize Cu,BDC
with mixed Cu?* and Cul*. This is used to regulate the CRR
activity of derived samples.’? Following cleaving half of the
linkers from pristine CuBDC via reduction of Cu? to Cu'*,
the ratio of Cu to BDC increased from 1 to 2 to yield Cu,BDC.
When Cu,BDC is used as the catalyst for CRR, in situ Cu
K-edge extended X-ray absorption fine structure characteriza-
tion confirms that it has decomposed and converted to mainly
Cu, together with a little Cu,0. Ex situ powder X-ray diffraction
revealed that following an electrochemical reduction, Cu,BDC
obtains the Cu,O (111) and Cu (111) mixed phases, which is
typically different from pure Cu,O (111) derived from the pris-
tine CuBDC. The quantum mechanics calculations have con-
firmed that the Cu'* and Cu® regions facilitate C-C coupling
for CRR synergistically.’!! This boosts C, products selectivity.
The sample derived from Cu,BDC exhibited a significant
increase in catalytic activity for ethylene and ethanol over that
for CuBDC.

3.2. Renewable Batteries

A market that is expected to grow in demand for portable elec-
tronics and electric vehicles will require high-performance,
renewable batteries with high power/energy density and long-
term cycling stability./2 Current commercial Li-ion batteries
are based on the use of a transition metal oxide cathode, e.g.,
LiCoO,, LiFePOy, or LiNiy;Mny;;Co,;30, and a graphite anode,
both of which rely on reversible intercalation/insertion of Li*
ions and charge transition during cycling.”? However, the bat-
teries deliver low specific energy. There is significant research
interest therefore in the development of high-capacity cathode/
anode materials. Conversion reaction cathode materials,
including S or organic electrode and metallic Li anode, have
been proposed for next-generation electrode materials because
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of high theoretical capacity and low cost. It is essential there-
fore to develop new electrode materials, and compatible elec-
trolytes, and functional separators. In contrast to traditional
inorganic and organic materials, MOFs not only possess a sig-
nificant number of cavities and high specific surface area but
additionally inherent structural advantages, including highly
ordered pores, tunable pore sizes and topologies, and a hybrid
inorganic-organic nature.’¥ Because of these intrinsic proper-
ties, a high density of charged species can be stored in a small
geometric volume. This structure facilitates closely packed
cation hopping sites to lower the activation energy for ion trans-
port and increase ion conductivity.”*! Additionally, the anions in
the electrolyte can be docked on significant numbers of coordi-
natively unsaturated cationic sites. These result from removing
solvent molecules to build single cation ion transport in the
electrolyte for regulation of metal stripping.’®! There are pres-
ently four methods to tune the structure of MOFs for recharge-
able batteries: 1) stabilize intermediates; 2) use MOF-based
separators to block polysulfides; 3) synthesize ion channels;
and (4) tune electrolyte composite to control metal plating/

stripping (Figure 7).

3.2.1. Li/Na-S Batteries

Metal anodes such as Li or Na, coupling with S cathode, can
assemble into metal-sulfur batteries with a high theoretical
energy density. The shutter effect caused by the migration of
polysulfide intermediates lowers Coulombic efficiency, leading
to a rapid capacity decay”l MOFs materials however have
a practical advantage for use as sulfur hosts because these
immobilize polysulfides within porous structures and polar
surfaces. Xiao et al. reported a new Nig(BTB)4(BP);/S (BTB =
benzene-1,3,5-tribenzoate and BP = 4,4"-bipyridyl) cathode in
which mesopores and micropores of Nig(BTB),(BP); are used as
a matrix to confine polysulfides via molecular-level physical and
chemical interactions.”® Strong Lewis acid-base interactions
between Ni(II) center and polysulfides significantly slow migra-
tion of soluble polysulfides out of the pores to give significant
cycling performance of the Nig(BTB),(BP);/S composite cath-
odes. Unlike 3D framework structures, 2D MOF nanosheets
with abundant exposed active sites also confine polysulfides via
weak interaction. We reported a mechanical exfoliation to break
weak interaction between distinct layers and prepare a 2D
Ni-MOF with Ni nodes and 2-mer-captopyrimidine ligands./]
The dynamic electron states of Ni centers were used to tune
the interaction between polysulfides and Ni sites during dis-
charge/charge. This results in strong adsorption together with
rapid conversion kinetics of polysulfides. The electron states
of Ni centers are changed from an electron accumulation state
(Na,Ss) to an electron depletion state (Na,S). As a result, the
polysulfides are confined in 2D Ni MOF. This design, there-
fore, is a practical solution to address the shuttle effect in
metal-sulfur batteries. Thoi et al. reported a chemical method
to stabilize polysulfides (Figure 10a). Li;PS, worked as a host
to anchor polysulfides through the formation of Lis,, PS,,, via
S-S bonds. Li;PS, is soluble in the electrolyte, resulting in loss
of active material from the cathode and reduced cell capacity.
To address this, Li;PS, is incorporated into unsaturated sites
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Figure 10. Schematic of a) anchoring Li;PS4 to achieve stable and reversible cycling via the introduction of polysulfides in Li-S battery cathodes.
Reproduced with permission.% Copyright 2019, American Chemical Society; b) MOF separator to block polysulfides; ¢) Li-metal electrode under (top)

pristine electrolytes and (bottom) MOF-modified electrolyte.

of Ui0-66, resulting from cleavage of the coordination bonds
between the metal and linker. The open sites immobilize sol-
uble PS> to facilitate Li,S/Li,S, deposition in the cathode.l®
A high-rate capacity and long-cycling performance have thereby
resulted in Li-S batteries.

Li et al. reported synthesis of a MOF host for stable Li-S bat-
teries determined by pore and particle size.[!l Pore size needs
to be less than the diameter of an Sg ring (6.9 A) so that the
MOF can immobilize polysulfides. Reported experiments con-
firmed via comparison with three MOFs, MIL-53 (Al), NH,-
MIL-53 (Al), and HKUST-1, ZIF-8 stores and immobilizes
polysulfides due to pore size of 3.4 A. Downsized MOFs, from
3 um to 150 nm, have a shorter diffusion length for Li*. This
facilitates additional sulfur becoming electrochemically active
with additional Li*/e per S atom and results in greater revers-
ible capacity.

MOFs can act as functional separators to obviate the
shuttle effect. This is because the average size of 3D ordered
micropores in MOFs is typically smaller than the size of
lithium polysulfides. Zhou et al. reported a MOF-based sepa-
rator in which thermal activation was used to remove solvent
molecules from HKUST-1 (Figure 10b).®2 It sieves Li* ions and
blocks polysulfides. Graphene oxide (GO) is introduced to build
a MOF@GO membrane to overcome the intrinsic mechan-
ical brittleness of the MOF crystals. Compared with a pristine
GO membrane this ionic sieve prevents polysulfides from
migrating to the anode whilst having a negligible influence on
the transfer of Li* ions across the separator. There is no mean-
ingful capacity fading with this MOF-based separator following
an initial 100 cycles for Li-S batteries. Importantly, it retains its
structural stability under electrochemical cycling.

Although a MOF membrane can sieve Li* ions and block poly-
sulfides, conventional functional membranes are synthesized
by incorporating the MOF particles into a polymer matrix. An
incompatibility between MOF particles and the polymer matrix
leads to MOFs inhomogeneous dispersions and significant
interfacial gaps, however, that form nonselective permeation
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pathways. To obviate this, Kang et al. used a sol-gel to synthesis
a MOF-gel membrane that was free of a matrix or binders.[®!
This freestanding membrane with homogeneous micropores
gave permselective channels for targeted intermediates in
rechargeable organic batteries and obviated serious electrode
dissolution issues and the migration of organic redox inter-
mediates. A battery synthesized with MOF-gel separator and
5,5’-dimethyl-2,2"-bis-p-benzoquinone as the cathode reportedly
delivered high cycle stability with capacity retention of 82.9%
after 2000 cycles.

3.2.2. Lithium-lon and Lithium—Metal Batteries

A current drawback for the continued development of lithium-
ion (Li-ion) batteries is a low specific capacity, and therefore
low energy density. Another drawback is the formation of Li-
dendrites during cycling, that leads to catastrophic short-circuit
and significant safety hazard.[® MOFs exhibit practical promise
however to obviate this in both Li-ion and Li-metal batteries.
Dinca et al. reported that Cu-MOF undergoes a reversible phase
transition as an anode in Li-ion batteries. The Li-ions are bound
to the Cu sites, while the cations of electrolyte migrate freely
within the pores of the MOF.¢l Based on this finding, Dunn
et al. used HKUST-1 as a host material to synthesize a pseudo-
solid-state electrolyte as a superionic conductor for a Li-ion
battery.®¥l A normal thermal activation was used to cleave the
coordinating solvent molecule of HKUST-1 and obtain opened
Cu sites. These coordinate with ClO4~ anions of electrolyte and
result in the electrolyte with biomimetic ionic channels. Elec-
trochemical testing confirmed that this electrolyte exhibits high
ambient conductivity, low activation energy, and a boosted Li*
transference number. These features give Li-based batteries an
excellent rate of performance and cycling stability.

Additionally, MOFs can serve as hosts to synthesize an ionic-
liquid-impregnated MOF-based electrolyte for solid-state Li bat-
teries. The large interfacial impedance from poor Li* transport
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kinetics between the electrode materials was solved by Pan
et al.®¥ HKUST-1, following cleavage of the coordinating sol-
vent molecule, is a significant 3D-connected Li* transport net-
work. It has high ionic conductivity and nano-wetted interfaces,
which lower the interfacial impedance to improve the migration
of Li* ions. Zhou et al. applied open metal sites of HKUST-1 to
modify an organic electrolyte to regulate Li plating/stripping
(Figure 10c).® They reported that well-ordered MOF pores
limit TFSI- (trifluoromethanesulfonyl) anion migration by the
interaction of TFSI- and Cu sites. Electrostatic forces between
TFSI- and Li* can restrain TFSI- diffusion, which results in a
homogeneous Li-ion flux. This design avoids the formation of
Li-dendrites and gives a stable Li plating/stripping. Wang et al.
developed this method to conduct a single ion electrolyte for
control of Li-growth.®8 They claimed that this modified elec-
trolyte gave highly efficient Li* transport within the pores of
MOEF-74 (Cu) via a Grotthuss-type mechanism. The charge is
transported through the coordinated transition of Li* between
the ClO4 groups. This unimpeded Li-ion transport restrains
irregular deposition of metallic Li and, consequently, sup-
presses the formation of Li-dendrites. However, MOFs particles
in these electrolytes randomly distribute. To address this, Lu
et al. synthesized a MOF-based hybrid polymer electrolyte by in
situ growth of Cu(BDC) on poly(vinylidene fluoride) (PVDF).[®
This electrolyte gives a high ambient Li* conductivity of 0.24 ms
cmL. This is because of ordered 1D Li* channel via anchoring
ClO,~ anions on open metal sites of CuBDC and 3D contin-
uous Lit pathways, together with the CuBDC/PVDF interface.
When the resultant electrolyte was used in an all-solid-state
Li-Li(Nig gCop1Mng4) O, (NCM-811) full cell, it exhibited a high
reversible capacity with cycling stability.

In conventional liquid electrolytes, the state of Li* ions is
solvated through coordination with the solvent. Before Li* ions
are inserted and deposited on the cathode (for example NCM-
811), solvated Li* ions undergo desolvation on the cathode sur-
face. This produces highly reactive free solvent molecules that
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can cause solvent-related decomposition during cycling. As a
result, it can reduce electrochemical stability windows and form
unstable cathode—electrolyte interface layers on the cathode sur-
face. Zhou et al. synthesized a liquid electrolyte with desolvated
Li* ions by mechanically coating ZiF-7 on the surface of NCM-
811 and a high-energy-battery full cell.’¥ Electrolyte analysis
showed that a similar solid-state form of DME (dimethyl ether)
molecules exists in MOF channels. Li* ions in the MOF chan-
nels are in close contact with TFSI- (bistrifluoromethanesulfon-
imide) and form a similar crystal-like LiTFSI salt. This means
that this configuration makes the desolvated Li* ions occur
within MOF channels, rather than on the cathode surface. As a
result, the electrochemical stability window can be significantly
improved from 3.8 to 4.5 V for these electrolytes. Importantly,
no cathode-electrolyte interface layer is found on the surface of
the cycled NCM-811.

3.2.3. Aqueous Zinc-lon Batteries

There are two problems of capacity decline in aqueous
zinc batteries: 1) growth of nonuniform Zn dendrites, and
2) side reaction of HER on Zn anode surface.’! Xia et al.
used an annealed ZiF-8 as a host material to regulate Zn
plating and stripping and suppress HER on Zn anode surface
(Figure 11a).”2l They optimized the annealing temperature
to cleave part of Zn-O coordinated bonds and obtain trace
amounts of metal Zn without disturbing the inherent porous
structure of ZiF-8. These metal Zn sites provide uniform nuclei
for Zn growth. The Zn@ZiF-8 host exhibited a high over-poten-
tial for HER and, consequently, reduced undesired decompo-
sition of H,O. Zhou et al. added ZiF-7 into the electrolyte to
synthesize a surface super-saturated electrolyte on the anode
to regulate Zn growth (Figure 11b).] In this work, open metal
sites in ZiF-7 were host to coordinate anions (SO,2) of the elec-
trolyte, in which a supersaturated electrolyte was generated

________________________________________

Super saturated
Rejecting most H,0 front surface

PP

Figure 11. Schematic of a) (top) Zn dendrite formation on ZiF-8 modified Zn-foil and (bottom) Zn@ZiF-8 modified Zn-foil; b) (top) MOF coating layer
to reject H,0O and synthesize a supersaturated front surface, (bottom) SEI formation in HKUST-1 confined organic electrolyte that is immiscible with
an aqueous electrolyte. Reproduced with permission.[*l Copyright 2020, Wiley-VCH.
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on the Zn anode surface. This electrolyte ensured a homoge-
neous Zn deposition and avoided the formation of dendrites.
The MOF channels allowed migration of highly coordinated
ion complexes of H,0-Zn?-SO," through the pore size, which
reduced the formation of solvable [Zn(H,0)¢?*. Therefore the
Zn anode exhibited an ultralong lifespan, without noticeable
voltage fluctuation over 3000 h. Both Fourier transform infrared
and Raman spectra confirmed that the supersaturated electro-
lyte restrained the formation of by-product ZnO and Zn(OH),
on the Zn anode surface and improved cycling stability. Because
the size of cations and anodes are smaller than the pore size of
those of HKUST-1 ordered micropores, they confine the organic
electrolyte and produce a phase-separation electrolyte to protect
the Zn anode (Figure 11b). Wang et al. introduced Zn(TFSI),-
tris(2,2,2-trifluoroethyl)-phosphate  organic electrolyte into
pores of MOFs following cleavage of solvent molecules from
HKUST-1. Because the organic electrolyte is immiscible with
aqueous Zn(TFSI),-H,0 bulk electrolyte, a hydrophobic layer
formed. During battery cycling with this modified electrolyte,
a ZnF,-Zn;(PO,), SEI was formed in situ to boost Zn plating/
stripping significantly and inhibit water decomposition.

4. Summary and Outlook

Molecular cleavage can be used to tune the structure and mor-
phology of MOFs. Through cleavage of metal-solvent coor-
dination bonds, MOFs with open metal sites are synthesized.
Following removal of linkers or clusters by coordination bond
breakdown, missing-linker or missing-cluster defects are
formed in MOFs. These allow tuning of electronic structure
and optimization of catalytic activity. When the missed linker
size increases, hierarchical pores in MOFs are generated to
enlarge pore size and then promote mass transfer within the
framework. The exploitation of the pores and open metal sites
of MOFs regulate ion confinement and transport for high per-
formance in reversible batteries.

While several methods have been used to cleave coordina-
tion bonds of MOFs, significant practical challenges remain for
molecular cleavage of MOFs to diversify application, namely:

1. Synthesis of high-porosity MOFs requires minimal process-
ing, which is attractive for practical application. Although the
chemical activation of MOFs to open metal sites does not
need heat energy, a significant amount of toxic solvents, such
as methylene chloride, is required. A drawback however is
that solvent-exchange pre-treatment is time-consuming. A
green method that is simple in time and energy therefore
should be investigated.

2. Because missing-linker and missing-cluster defects simul-
taneously occur, the types of defects in engineered MOFs
need to be precisely controlled. An explicit defect structure
provides a platform to investigate the structural-catalytic
property relationship. Despite labile linkers giving a practi-
cal method to build missing-linker defects by breaking spe-
cial chemical bonds, unevenly mixed linker leads to product
missing-cluster defects following removal of labile linkers.
Therefore, the main catalytic sites when defective MOFs
work as catalysts need to be identified.
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3. Synthesis of highly ordered mesoporous or macroporous
crystal materials on various length scales with different struc-
tural coherence is a critical path to increase MOF pore size.
Although a significant number of MOFs with hierarchical
pores have been synthesized by postsynthesis methods, the
design of MOFs with ordered macropores remains practical-
ly difficult because harsh synthetic conditions are needed to
maintain the ordered arrangement of hard templates.?! Se-
lective cleavage of carboxylate-based MOFs might therefore
provide new routes to MOFs with ordered macropores.

4. Advanced in situ characterization techniques can be reliably
used to aid understanding of catalysis and mechanism(s) in
catalytic reductions. However, with usual characterization
techniques, it is practically challenging to detect cleaving
detail. Development of in situ characterizations is therefore
needed to fully understand coordination bond cleavage and
for the design of new methods to cleave metal-coordination
bonds in MOFs.

5. Reconstruction of electrocatalysts is commonly observed dur-
ing catalysis, in which new catalytic centers are produced in
situ. Although a significant number of MOFs have been in-
vestigated as electrocatalysts, there are few reliable data that
aid disclosure of structural transition by cleavage of coordi-
nation bonds. To permit continued development of MOFs,
investigative research will need to be directed to revealing
structure during catalytic reaction mechanisms.

6. For reversible battery application, modified MOFs that coat
on metal anodes or regulate electrolyte composites can lower
the cation migration to control Li and Zn plating/stripping
at a relatively low current density. However, they hinder the
rapid migration of ions at a high current density. This de-
creases the rate performance of electrodes that is essential
for the power battery application. Alternate methods that not
only control the growth of metal dendrites but achieve high-
rate performance, therefore, need to be investigated for the
application of MOFs to energy storage application.
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ABSTRACT: A bottom up chemical synthesis of metal—organic O =
frameworks (MOFs) permits significant structural diversity l
because of various combinations of metal centers and different
organic linkers. However, fabrication generally complies with the

1 Square pyramid

-8 == » Tetrahedron

classic hard and soft acids and bases (HSAB) theory. This restricts l PP
direct synthesis of desired MOFs with converse Lewis type of '
metal ions and ligands. Here we present a top down strategy to m
break this limitation via the structural cleavage of MOFs to trigger W

a phase transition using a novel “molecular scalpel”. A conventional m
CuBDC MOF (BDC = 1,4 benzenedicarboxylate) prepared from a 'y

hard acid (Cu®*) metal and a hard base ligand was chemically L &
cleaved by L ascorbic acid acting as chemical scalpel to fabricate a Cu,BDC

new Cu,BDC structure composed of a soft acid (Cu'*) and a hard

base (BDC). Controlled phase transition was achieved by a series of redox steps to regulate the chemical state and coordination
number of Cu ions, resulting in a significant change in chemical composition and catalytic activity. Mechanistic insights into
structural cleavage and rearrangement are elaborated in detail. We show this novel strategy can be extended to general Cu based
MOFs and supramolecules for nanoscopic casting of unique architectures from existing ones.

B INTRODUCTION desirable to fabricate new MOFs with soft acid metals and hard
base ligands. HSAB theory, however, acts to limit categories of
functional MOFs and applications.

In contrast to direct synthesis, post treatment methods are
critical in creating new MOFs because they permit
introduction of additional chemical functions into struc
tures.'”'”> An important effect of post treatment is the
introduction of abundant vacancies into the framework (e.g,
missing metals or linkers). These are widely used to regulate
electrical structure of MOFs to boost catalytic perform
ance.””™"* There are two general postsynthetic strategies: (1)
physical or chemical etching by water or acid to create metal/
linker defects and hierarchical pores,'™"® and; (2) exfoliating
bulk crystals into ultrathin nanosheets."” ™' However, etching
treatments are random and uncontrollable at the molecular
level. This results in formation of disordered defects or pores
in a complicated structure. Significantly, morphology and
structure of derived MOFs are highly dependent on those of

Metal—organic frameworks (MOFs) made with metal ion
nodes and organic linkers are an interesting class of crystalline
materials. Porous structure and high surface area permit
widespread application in material science and nanotechnol
ogy.”” Because properties of MOFs depend strongly on
topology of the framework and pore size, synthetic strategies
have been developed to fabricate new structures.” However,
coupling between metal centers and ligands, in principle, must
align 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.”” For example, hard acidic metal
ions such as AI**, Fe**, Ti**, and Zr** are used to fabricate
stable MOFs with carboxylate based linkers that act as hard
bases, such as MIL 100, MIL 125, and UiO 66.° It is
practically difficult to obtain a class of MOFs fabricated with
soft acids and hard bases via conventional hydrothermal or
solvothermal methods. For example, Cu'* as a typical soft acid
is likely to be oxidized and undergoes disproportionation
reaction in aqueous media;” stable single phase Cu(I) MOFs Received:  March 4, 2021
are always formed with soft bases, such as nitrogen or sulfur Published: April 23, 2021
containing ligands.*” The bond energy of Cu—O is typically

greater than that for Cu—N coordination. Cu MOFs fabricated

with the carboxylate based ligands display a thermal stability

and have broad catalytic applications.'” For this reason, it is
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Figure 1. (a) SEM images of CuBDC and Cu,BDC (inset); (b) XRD pattems of CuBDC and Cu,BDC. CuBDC is iso structural to that reported
(no. 141928, space group of Pmc2,, Cambridge Crystallographic Data Centre);*® (c) FTIR spectra of CuBDC and Cu,BDC. (d) Raman spectra of

CuBDC and Cu,BDC.

initial ones. In consequence, these strategies do not permit
creation of new categories of MOF because of unachievable
phase transition control.

Phase transition has been reported for many crystalline
MOFs. This is especially the case for flexible and dynamic ones
exposed to stimuli (e.g, temperature, pressure, light, ad/
desorption of a gas or solvent and a modulator).” For
example, Farha et al. reported formic acid as a modulator
facilitates a phase transition between NU 1008 and NU 906.%
In situ characterizations were employed to demonstrate this
transition as being realized by dissolution/reprecipitation. This
type of phase transition, however, only induces change in pore
volume and bond angle. Overall chemical composition of the
MOF and connection mode between metals and linkers
remains unchanged.”* An intrinsic reason is the lack of
practical control in breaking of old chemical bonds and
concomitant reforming of new ones for the new structure. To
date only solvent assisted metal/linker exchange has been
reported to achieve full phase transition between different
compounds.zs’26 These ion exchanges, however, must conform
to HSAB theory. This therefore limits choice of metal/linker.
In contrast to conventional phase transition that results from a
rearrangement of the entire structure, the linker cleaving
method can regulate the MOF’s local bonds via chemical,
thermal, or etching treatment. This includes clipping parts of
linkers to introduce specific defects, cleavage of labile linkers to
tailor the size of pores, and net clipping to deconstruct ligand
symmetry.'>'®”7>° However, these cleaving strategies alter
only the local coordinated environment, resulting in slight
changes in the overall topology of the MOF.

6682
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Here, we report a novel, chemical molecular scalpel cleaving
as a strategy to precisely regulate the local coordination
environment of an MOF, together with derivation of a new
topological structure. It is designed to circumvent limitations
in HSAB theory to fabricate a new ordered Cu,BDC (BDC =
1,4 benzenedicarboxylate) MOF composed of a soft acid metal
and a hard base ligand. Starting with a reported CuBDC MOF,
we demonstrate L ascorbic acid (LA) acting as a molecular
scalpel to finely regulate the chemical state and coordination
number of Cu metal centers to cleave BDC linkers. A
controlled phase transition from CuBDC to Cu,BDC with
resulting different chemical composition and topological
structure was achieved. Mechanistic insights into successive
structural cleavage are elaborated based on combined high
resolution microscopy imaging and vibrational spectrum. We
discuss applications to general Cubased MOFs and supra
molecules for nanoscopic casting of unique architectures from
existing ones.

B RESULTS AND DISCUSSION

Structural Characterization. CuBDC was synthesized via
a combined solvothermal method coupled with solvent
exchange.”’ Scanning electron microscopy (SEM) images
showed that the as prepared CuBDC was a micrometer scaled
sheet shape. In contrast, following LA treatment it exhibited
ordered nanoribbon structure, together with a highly signifi
cant reduction in width from 2 to 0.2 ym (Figure la).
Thickness was highly significantly reduced from 600 to 60 nm
(Figure S1). This highly significant change in morphology
resulted from modulation of the MOF structure (discussed in

httpsy/doi.org/10.1021/jacs.1c02379
J. Am. Chem. Soc. 2021, 143, 6681-6690
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Figure 2. (a) CTF corrected HRTEM image of Cu,BDC and FFT pattern (inset) along the [010] projection; (b, c) simulated potential map of
highlighted area shown in (a) and proposed structural model for Cu,BDC projected along the [010] projection; (d, ) simulated potential map and
structural model for CuBDC along the [100] projection; (f) HRTEM image of Cu,BDC taken near the Scherzer defocus along the [001]

projection.

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 Cu,BDC. The phase transition was confirmed by
power X ray diffraction (XRD) patterns (Figure 1b), which
show a decreased (001) crystallographic plane from 1.0S
(CuBDC) to 0.97 nm (Cu,BDC), 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.’” The splitting value of asymmetric and
symmetric stretch of carboxylic vibration, A = 1,(COO™) —
v,(COO™), was used to determine the mode of binding
(Figure S3).* As is shown in Figure lc two antisymmetric
peaks appear in Cu,BDC and CuBDC. For Cu,BDC, O atoms
of carboxylate groups connect with two different Cu atoms
respectively, yielding two peaks of 1571 and 1527 cm™'.>*** 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™". The other O atom connects
to H from the coordinated H,O in the structure, and results in
formation of hydrogen bonds (Figure S4). Therefore, the
values of 175 and 131 cm™ on Cu,BDC are consistent with a
bridging character that is greater than 163 and 104 cm™' on
CuBDC for a monodentate mode.”® These two values are
lower than those of a normal monodentate mode because the
inherent hydrogen bond withdraws the electron density of the
C—0 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

6683

peak at 1512 cm™ to contrast with the sharp peak at 1527
cm™! in Cu,BDC.

In Raman spectroscopy (Figure 1d), the pair of peaks at 718
and 561 cm™! in CuBDC can be assigned to (HZO)O Cu—
O(H,0) and Cu—O(H,0) stretching, respectively.”” The
disappearance of them from Cu,BDC indicates that the
coordinated water in the framework of CuBDC had been
cleaved. Additionally, the new pair of peaks at 709 and 678
cm™ in Cu,BDC can be attributed to Cu(OH), species,”*””
indicating a mixed state of Cu'*/Cu®" ions. The initial peak at
268 cm™! in CuBDC split into two at 275 and 263 cm™". This
finding shows that the Cu sites of Cu,BDC underwent a
rearrangement and became two kinds of Cu—Cu stretches*’
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 Cu,BDC. The recent breakthroughs in low
dose HRTEM imaging techmques permit direct structural
elucidation of atomic structure.”"** As is shown in Figure SS,
the nanoribbon shaped Cu,BDC 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 Cu,BDC adopts a
layered structure similar to that of CuBDC, ie., CuO,
polyhedral sheets bridged by BDC linkers (Figure 2b—e).

However, there is a significant difference between the
layering of polyhedral sheets in Cu,BDC with that of its parent
CuBDC. Instead of two split dark dot contrast, mainly arising
from well separated neighboring H,O terminated CuO,
polyhedral columns in CuBDC along the [100] projection,

https://doi.org/10.1021/jacs.1c02379
J. Am. Chem. Soc. 2021, 143, 6681—6690
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Figure 3. (a) Fourier transformed magnitudes of experimental K edge EXAFS signals for CuBDC and Cu,BDC. The Fourier transforms are not
corrected for phase shift. (b) Comparison between experimental XANES spectra of CuBDC, Cu,BDC, and reference materials. (c) XPS spectra for
Cu 2p. The fitted peaks at 93321 and 935.20 eV are assigned to Cu'* and Cu® species, respectively.**

Cu,BDC exhibits a broadened and merged dark dot contrast
for CuO, polyhedral columns along the [010] projection
(Figure 2b—e). This is indicative of the decreased Cu—Cu
projected distance arising from dehydration and condensation
of neighboring CuO, polyhedral in CuBDC, as was observed in
the Raman spectra. Therefore, a structural model for Cu,BDC
can be proposed and optimized by density functional theory
(DFT) methods. The structural projection and simulated
potential of the optimized model agreed well with the CTF

corrected HRTEM image along the [010] projection (Figure
2a—c). The HRTEM image from an additional [001]
projection was taken (Figure 2f), which is also consistent
with the projected structure and potential of the proposed
structural model (Figure S7). Taken together low dose
HRTEM along with FTIR and Raman spectroscopy, allow
the unambiguous structural determination of the new Cu,BDC
phase that is formed via dehydration and condensation of
CuO,, polyhedral by the chemical cleavage.

Atomic Structural Analyses by Spectroscopies. The
coordination environment and chemical state of the Cu atoms
in Cu,BDC were explored by Cu K edge extended X ray
absorption fine structure (EXAFS) and X ray absorption near
edge structure (XANES). In the R space EXAFS, both samples
contained a major Cu—O peak together with two minor peaks.
These are attributed to the higher coordination shells of Cu—C
and Cu—Cu, respectively."® Compared with pristine CuBDC
the Cu,BDC spectrum has an identifiable shift of the Cu—C
and Cu—Cu peaks to the larger and lower R directions (Figure
3a). In the XANES spectra (Figure 3b), both samples exhibited
a shoulder peak at 8987 eV arises from the 1s — 4p transition
of Cu® (peak B), whereas in the spectrum of Cu,BDC, a new
and pronounced peak at 8983 eV is present attributed to the 1s
— 4p transition of Cu'* (peak A).* This difference indicates a
significant fraction of Cu'* ions in Cu,BDC in contrast to
overall Cu* jons in CuBDC, agree with Raman analysis.

This finding was confirmed by X ray photoelectron spectra
(XPS). In contrast to overall Cu® ion in CuBDC a mixed state
of Cu’*/Cu® was observed in Cu,BDC with a Cu’*/Cu? ratio
of 1 (Figure 3c).** Moreover, a slow scan XRD data set of the
as synthesized MOF was subject to Le Bail whole pattern
fitting, which confirms Cu,BDC as the major phase and traces
amount of CuBDC as the impurity phase along with their
refined unit cell parameters (Figure S8, Table S1). It is thus
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concluded, from the combination of HRTEM, XAS, and XRD
results that a new and stable Cu,BDC structure with
metastable Cu'* ions was successfully synthesized.

Structure Description of Cu,BDC. Different to CuBDC
(Figure S9, see details in the Supplementary Note), Cu,BDC
crystallizes in the triclinic system with space group P1. In the
structure, the asymmetric unit contains a Cu®* ion (Cul), a
Cu' ion (Cu2), and two BDC linkers (Figure $S9a). The
coordinated Cul is completed by two carboxylic oxygen atoms
(O1 and 02) of two BDC linkers, one y, oxygen atom (OS)
of one water molecule and two y; oxygen atoms (06, O6B) of
two OH units. Therefore, the Cul is pyramidally coordinated
by five O atoms, forming a square pyramid. In contrast the
coordinated Cu2 is completed by two carboxylic oxygen atoms
(03 and 04) of two BDC ligands, one y, oxygen atom (OSA)
of one water molecule and one y; oxygen atom (O6B) of one
OH unit. Therefore, the Cu2 is quadrilaterally coordinated by
four O atoms, forming a tetrahedron. Each square pyramid is
corner connected with each other along the [100] direction
(Figure S9b) to form parallel copper based chains. Chains are
separated by tetrahedrons via corner connecting along the
[010] direction to form metal oxide layers. They are separated
by the BDC linkers along the [001] direction. The topological
analysis of Cu,BDC shows that every [ Cu,(OH)(H,0)]** unit
is coordinated with two bridged BDC linkers to form a 4, §
connected node.

Cleavage Mechanism for CuBDC to Cu,BDC. A series
of ex situ spectra were used to investigate the mechanism of
phase transition from CuBDC to Cu,BDC. This was achieved
by controlled synthesis of transition samples during cleavage.
The reaction stoichiometry between CuBDC and LA was first
established (Figures S10 and S11, see details in the
Supplementary Note). To understand this transition, we
used complete chemical formulas of each sample. Through
reducing LA treatment to 0.06 g, the first transition sample was
obtained. The coexistence of two phases is clearly observed on
XRD patterns, Figure 4a. From the SEM image, it is observed
the microstructure is composed of nanoparticles and nano
sheets (Figure S12a). A finding is consistent with TEM (Figure
S12b, ¢). HRTEM images determine the d spacing of these
nanoparticles is 0.98 nm, Figure S12d. This is consistent with
the layer distance of Cu,BDC (but not for CuBDC at 1.05
nm). The fast Fourier transform (FFT) pattern confirms that
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the crystal system of nanoparticles is triclinic, rather than
orthorhombic in CuBDC (Figure S12e). This finding suggests
the final Cu,BDC 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-2H,0O crystal
structure is connected by these coordinated waters via H
bonding, we hypothesized that this step is the chemical
exfoliation of bulk CuBDC-2H,O into nanosheets via the
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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, Cu®" ions in the
CuBDC-2H,0 sheet were chemically reduced, resulting in a
decreased valence, and consequently, a lowered coordination
number.” The latter triggers breaking the Cu carboxylate
coordination together with cleaving of BDC ligands, yielding
the second transition samples of Cu,BDC-H,O and H,BDC in

https://doi.org/10.1021/jacs.1c02379
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Figure S. CRR performance on CuBDC and Cu,BDC derived electrocatalysts. (a) SEM images of Cu,BDC derived samples under different
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RHE. (e) Comparison of FE of C, products on different derived electrocatalysts at a constant potential of —1.30 V vs RHE.

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, ie., two oxygen atoms in the adjacent
hydroxyls can attach with two Cu atoms in the CuBDC-2H,0
framework. A slight configuration change results in a more
ready cleaving of H,BDC 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-2H,0 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 NaBH, reduced the CuBDC structure to pure Cu
(Figure S19). This finding confirmed the special phase

transition function of LA during cleaving.

When missing linkers Cu,BDC-H,0 is unstable because of
the interaction of Cu'* with H20.7 LA, however, is readily
oxidized into dehydrogenated LA (C4HOg), which further
oxidizes Cu'* into Cu** with formation of OH groups in the
interlayer (Figure 4d). Specifically, two Cu,BDC-H,0O
molecules are bridged with each other by triple y3 OH groups
(Figure S20). This results in a Cu,(OH),BDC 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 Cu,(OH),BDC and the final Cu,(OH)
BDC-H,O in XRD patterns, FTIR was employed to determine
distinctive local structures. As is shown in Figure 4b the
Cu,(OH),BDC structure was confirmed by formation of a
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new, sharp OH peak (3611 cm™') together with the
disappearance of H,O stretching peaks (3330 and 3270
em™").* A Avalue of 175 cm™ confirms a bridging mode of
Cu and BDC coordination, rather than a monodentate one in
CuBDC-2H,0 (Figure 4c). With additional LA some of the
Cu** jons in Cu,(OH),BDC were reduced to Cu'* with
removal of the OH bridge to form the final Cu,(OH)BDC:-
H,O (Figure 4d). The peak for OH species in the FTIR
spectrum is significantly weaker than that for Cu,(OH),BDC
(Figure 4b). In addition, a new, strong peak at 1527 cm™" was
observed in Cu,(OH)BDC-H,0 spectrum compared to that of
Cu,(OH),BDC. This can be assigned to Cu'* coordination
with carboxylate (Figure 4c),”* which agrees well with the
XANES and XPS results.

Following cleaving, the Cu,(OH)BDC-H,0 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 (C¢HgO,) derived
from oxidative LA. This oriented growth is attributed to the
fact that the BDC ligands and C4HgO, have the same
carboxylate functionality. The latter works as the capping
reagent in the self assembly processing.*” 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 CO, reduction reaction (CRR). For example,
both theoretical and experimental work has demonstrated that
the mixed Cu'"/Cu’ species promotes CRR activity and C,
product selectivity in a synergistic way.*® Given that there is
Cu?*/Cu'* that is two different Cu atoms in the Cu,BDC

https://doi.org/10.1021/jacs.1c02379
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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.

framework, we expect that these will be converted into target
Cu'*/Cu’ 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 Sa, Figure S21). As is shown by the in
situ Cu EXAFS characterization, under low potentials of CRR
pristine Cu,BDC is decomposed and converted into, mainly,
Cu and a small amount of Cu,O (Figure Sb).
Electrochemical testing showed that the Cu,BDC derived
sample gave greater C, products (ethylene and ethanol) and
lower CO and H, Faradaic efficiencies (FE) when compared
with derived CuBDC (Figure Sc, Figure S22) and MOF
derived Cu based CRR electrocatalysts, Table S2. The
improved C, product selectivity on Cu,BDC derived samples
is attributed to Cu,O (111) and Cu (111) mixed phases.
However, there is no such couple in derived CuBDC (Figure
5d). As a result, Cu,BDC derived samples exhibited a FE of
46.8% for ethylene and ethanol. Significantly, this is a greater
value than for the derived CuBDC (Figure Se).
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™'
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
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confirmed that the tricarboxylic 1,3,5 benzenetricarboxylate
(TA) based HKUST 1 can be cleaved into nanowires that are
narrower than those for Cu,BDC (Figure 6b). XRD patterns
and FTIR spectra showed clearly a phase transition with a
change in coordination of Cu and carboxylates (Figure Ge,
Figure S23b). Importantly, this cleavage can be extended to a
nitrogen containing soft base melamine formed Cu melamine
complex (Cu Me) (Figure 6¢, f).*”** FTIR spectra indicated
the formation of Cu'* Me complex after cleavage, evidenced by
a peak splitting from 1476 cm™' into 1480 and 1464 cm™'
(Figure S23c).”" The width of the nanosheets significantly
increased compared with that for the initial nanoparticle, and
was greater than that for Cu,BDC. This finding likely results
because of the difference of carboxylate in melamine and
because C4HgO, 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 Ni**/Ni'* redox. For FeBDC, the
initial spindle morphology was broken following treatment to
generate bulk H,BDC only (Figure S25). The reason, most
likely, is that there were no stable chemical bonds forming
between Fe®* 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

https://doi.org/10.1021/jacs.1c02379
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pair but also be capable of forming new chemical bonds with
adjacent linkers.

B CONCLUSIONS

A novel molecular scalpel strategy for controlled cleaving of
MOFs via a series of chemical bond breaking, generation, and
rearrangement is presented. It relies on a novel redox reaction
to accomplish phase transition and breaks with HSAB theory
to construct new MOFs with soft acid and hard base type
coordination bonds. We demonstrated this with chemical
cleaving of CuBDC by LA to fabricate a new Cu,BDC
structure where LA precisely cleaved the BDC linkers and
facilitated new chemical bonds formation. During this process
we achieved precise regulation of the local bond environment
together with the creation of a new topological structure. The
atomic structure of the resultant Cu,BDC was confirmed via
low dose HRTEM imaging and vibrational spectroscopies.
Cu,BDC drived material acting as a CRR catalyst exhibited
greater FE for C, products because of the formation of
additional Cu (111) compared with its parent CuBDC. This
new strategy appears generalizable to other linkers of Cu
MOFs or to supramolecules. It could therefore be used to
controllably clip off various macromolecule materials for broad
applications in nanotechnology and catalysis.

B EXPERIMENTAL SECTION

Materials Synthesis. Pristine CuBDC was synthesized according
to the literature.”’ Two millimoles of Cu(NO;),-6H,0 and 2 mmol of
H,BDC were dissolved in 45 mL of dimethylformamide (DMF). This
was placed in a closed three necked bottle in an oil bath at 110 °C for
24 h. The teal colored precipitate powder was washed with DMF
three times and then vacuum dried at 80 °C overnight. The as
synthesized powder was washed with deionized water three times and
freeze dried for 48 h to obtain a final product. For a standard
molecular cleaving treatment, 0.2 g of CuBDC was dispersed in 8 mL
of deionized water with sonication for 10 min; 0.12 g of LA was added
to the solution at room temperature. Following sonication for 1 h
(135 W, 42 KHZ) the precipitate was washed with, respectively, DMF
and deionized water three times. Cu,BDC powder was obtained after
freeze drying for 48 h. The controlled synthesis of additional
transition samples and the synthesis of additional MOFs can be
found in the Supporting Information.

Materials Characterization. The phase and structure of as
synthesized samples were analyzed by power X ray diffraction on a
Rigaku MiniFlex 600 X ray diffractometer (4 = 1.5406 A, scan rate =
5° min~'). SEM images were obtained on a FEI QUANTA 450
electron microscope. FTIR spectra were collected on a Nicolet 6700
spectrometer. TGA profiles were obtained from a TGA/SETARAM
thermogravimetric analyzer from 25 to 800 °C with a heating rate of
10 °C min™" in air flow. Raman spectra were collected on a confocal
Raman microscope (Horiba LabRAM HR Evolution) with a 532 nm
solid laser as an excitation source (100—2000 cm™'). XPS
measurements were conducted on Kratos Axis Ultra XPS (mono Al
Ka 1486.6 €V) and recorded by a hemispherical analyzer with a step
size of 0.05 eV.

HRTEM. Low dose HRTEM experiments were carried out on a Cs
corrected FEI cubed G2 Titan 60—300 electron microscope operated
at 300 kV. Specimen searching, zone axis alignment, and prefocusing
were carried out at 9800X magnification. Selected area electron
diffraction (SAED) patterns were obtained using a Gatan Ultrascan
CCD camera. HRTEM images were obtained at S5000X
magnification using a Gatan K2 direct detection camera in electron
counting mode with dose fractionation function. Each image stack
was composed of 120 frames using 0.05 s exposure for each frame.
The HRTEM images containing periodic structural information are
denoised by average background subtraction filter (ABSF).*> The
contrast inversion arising from contrast transfer function (CTF) of
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the objective lens is corrected at a defocus value of 260 nm for the
[010] zone axis HRTEM image according to previous reports.*"*>
The projected potential maps are simulated using QSTEM code with
a point spread function (PSF) width of 0.3 A.

X-ray Absorption Spectroscopy (XAS) Analysis. Cu K edge X
ray absorption spectra were obtained under ambient condition in
fluorescence mode at beamline 1W2B in the Beijing Synchrotron
Radiation Facility (BSRF), China, using a Si (111) double crystal
monochromator. The energy was calibrated using Cu foil, both the
incident and fluorescence X ray intensities were monitored using
respectively standard ion chambers and Ar filled Lytle type detector.
The XAS raw data were background subtracted, normalized and
Fourier transformed using standard procedures with ATHENA.>®> A
customized reaction H cell was adopted to conduct in situ absorption
spectroscopy measurements of the Cu Kedge in total fluorescence
mode. The measurements were carried out using a typical three
electrode setup with the same conditions as the electrochemical
measurement but performed in a specially designed Teflon container
with a window sealed by Kapton tape.

Electrochemistry Measurement. The CRR catalytic activity of
different samples was investigated by a standard Hcell in CO,
saturated 0.1 M KI electrolyte. The volume of both anode and
cathode chamber electrolyte was 50 mL. To prepare the working
electrode S mg of catalyst was dispersed by sonication in 600 uL of
methanol, 350 uL of deionized water, and 50 uL of S wt % of Nafion
for 30 min. 50 uL of ink was dipped onto a carbon fiber paper
(loading mass 0.5 mg cm™2). Prior to CRR a constant potential of
—1.3 V vs reversed hydrogen electrode (RHE) was applied for 60
min. This was to electrochemically reduce the working electrodes and
to form active catalysts. The reference and counter electrodes were,
respectively, Ag/AgCl (3.0 M KCl) and RuO, coated Timesh
electrode connected to a 760E potentiostat (CH Instruments). CO,
was continuously purged at 10 pL min™'. The gas product was
detected by a gas chromatograph (GC, 7890B, Agilent, USA)
equipped with TCD and methanizer/FID detectors. H' nuclear
magnetic resonance spectroscopy (NMR, AS00a DD2 500 MHz,
Agilent, USA) was used to analyze liquid products. Phenol and
DMSO as known internal standards were utilized to obtain a
calibration curve to quantifying the liquid products.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021 /jacs.1c02379.

Synthesis of other samples, characterization, DFT
calculations, etc. (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Yao Zheng — School of Chemical Engineering and Advanced
Materials, The University of Adelaide, Adelaide, South
Australia 5005, Australia; © orcid.org/0000 0002 2411
8041; Email: yao.zheng01@adelaide.edu.au

Shi Zhang Qiao — School of Chemical Engineering and
Advanced Materials, The University of Adelaide, Adelaide,
South Australia S00S, Australia; © orcid.org/0000 0002
4568 8422; Email: s.qiao@adelaide.edu.au

Authors

Xianlong Zhou — School of Chemical Engineering and
Advanced Materials, The University of Adelaide, Adelaide,
South Australia 5005, Australia

Juncai Dong — Beijing Synchrotron Radiation Facility,
Institute of High Energy Physics, Chinese Academy of
Sciences, Beijing 100049, China; © orcid.org/0000 0001
8860 093X

httpsy//doi.org/10.1021/jacs.1c02379
J. Am. Chem. Soc. 2021, 143, 6681-6690



Journal of the American Chemical Society

pubs.acs.org/JACS

Yihan Zhu — Center for Electron Microscopy, State Key
Laboratory Breeding Base of Green Chemistry Synthesis
Technology and College of Chemical Engineering, Zhejiang
University of Technology, Hangzhou 310014, China;

orcid.org/0000 0003 0183 8350

Lingmei Liu — Physical Sciences and Engineering Division,
Advanced Membranes and Porous Materials Centre, King
Abdullah University of Science and Technology, Thuwal
23955 6900, Saudi Arabia; © orcid.org/0000 0002 3273
9884

Yan Jiao — School of Chemical Engineering and Advanced
Materials, The University of Adelaide, Adelaide, South
Australia 5005, Australia; © orcid.org/0000 0003 1329
4290

Huan Li — School of Chemical Engineering and Advanced
Materials, The University of Adelaide, Adelaide, South
Australia 5005, Australia

Yu Han — Physical Sciences and Engineering Division,
Advanced Membranes and Porous Materials Centre, King
Abdullah University of Science and Technology, Thuwal
23955 6900, Saudi Arabia; © orcid.org/0000 0003 1462
1118

Kenneth Davey — School of Chemical Engineering and
Advanced Materials, The University of Adelaide, Adelaide,
South Australia 5005, Australia

Qiang Xu — AIST Kyoto University Chemical Energy
Materials Open Innovation Laboratory (ChEM OIL),
National Institute of Advanced Industrial Science and
Technology (AIST), Kyoto 606 8501, Japan; ® orcid.org/
0000 0001 5385 9650

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c02379

Author Contributions
Xz, J.D.,, Y.Z., and L.L. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by the Australian Research
Council through Discovery Project programs (FL170100154
and DP190103472). ].D. acknowledges financial support from
Youth Innovation Promotion Association CAS. Y.Z. acknowl
edges financial support from the National Natural Science
Foundation of China (Grant 21771161, 22075250).

B REFERENCES

(1) Wang, Q; Astruc, D. State of the art and prospects in metal
organic framework (MOF) based and MOF derived nanocatalysis.
Chem. Rev. 2020, 120, 1438—1511.

(2) Diercks, C. S; Liu, Y,; Cordova, K. E.; Yaghi, O. M. The role of
reticular chemistry in the design of CO, reduction catalysts. Nat.
Mater. 2018, 17, 301—307.

(3) Xiao, X; Zou, L; Pang H., Xu, Q. Synthesis of micro/
nanoscaled metal organic frameworks and their direct electrochemical
applications. Chem. Soc. Rev. 2020, 49, 301-331.

(4) Chattaraj, P. K.; Lee, H; Parr, R. G. HSAB principle. J. Am.
Chem. Soc. 1991, 113, 1855—1856.

(S) Yuan, S.; Feng, L.; Wang, K,; Pang, J.; Bosch, M.; Lollar, C; Sun,
Y, Qin, J.; Yang, X,; Zhang, P.; Wang, Q;; Zou, L.; Zhang, Y.; Zhang,
L; Fang, Y,; Li, J; Zhou, H. C. Stable metal organic frameworks:
design, synthesis, and applications. Adv. Mater. 2018, 30, 1704303.

6689

68

(6) Howarth, A. J,; Liu, Y.; Li, P; Li, Z; Wang, T. C; Hupp, J. T,;
Farha, O. K. Chemical, thermal and mechanical stabilities of metal
organic frameworks. Nat. Rev. Mater. 2016, 1, 15018.

(7) Blumberger, J. Cu(aq)*/Cu(aq)** redox reaction exhibits strong
nonlinear solvent response due to change in coordination number. J.
Am. Chem. Soc. 2008, 130, 16065—16068.

(8) Coskun, A.; Hmadeh, M; Barin, G.; Gandara, F.; Li, Q.; Choi,
E; Strutt, N. L.; Cordes, D. B.; Slawin, A. M,; Stoddart, J. F.; Sauvage,
J. P; Yaghi, O. M. Metal organic frameworks incorporating copper
complexed rotaxanes. Angew. Chem.,, Int. Ed. 2012, 51, 2160—2163.

(9) Troyano, J.; Castillo, O.; Martinez, J. 1; Ferndndez Moreira, V.;
Ballesteros, Y.; Maspoch, D.; Zamora, F.; Delgado, S. Reversible
thermochromic polymeric thin films made of ultrathin 2D crystals of
coordination polymers based on copper(I) thiophenolates. Adv. Funct.
Mater. 2018, 28, 1704040.

(10) Yaghi, O. M; O’Keeffe, M.; Ockwig, N. W.; Chae, H. K,;
Eddaoudi, M,; Kim, J. Reticular synthesis and the design of new
materials. Nature 2003, 423, 705—714.

(11) Cohen, S. M. The postsynthetic renaissance in porous solids. J.
Am. Chem. Soc. 2017, 139, 2855—2863.

(12) Wang, Z.; Cohen, S. M. Postsynthetic modification of metal
organic frameworks. Chem. Soc. Rev. 2009, 38, 1315—1329.

(13) Cheng, W,; Zhao, X.; Su, H.; Tang, F.; Che, W.; Zhang, H.; Liu,
Q. Lattice strained metal organic framework arrays for bifunctional
oxygen electrocatalysis. Nat. Energy 2019, 4, 115—122.

(14) Xue, Z.; Liu, K; Liu, Q; Li, Y.; Li, M.; Su, C. Y,; Ogiwara, N.;
Kobayashi, H.; Kitagawa, H.; Liu, M,; Li, G. Missing linker metal
organic frameworks for oxygen evolution reaction. Nat. Commun.
2019, 10, 5048.

(15) Fu, Q; Xie, K; Tan, S; Ren, J. M,; Zhao, Q.; Webley, P. A,;
Qiao, G. G. The use of reduced copper metal organic frameworks to
facilitate CuAAC click chemistry. Chem. Commun. 2016, 52, 12226—
12229.

(16) Huang, C; Dong, J.; Sun, W.; Xue, Z; Ma, J.; Zheng, L; Liu,
C; Li, X;; Zhou, K; Qiao, X.; Song, Q; Ma, W.; Zhang, L.; Lin, Z,;
Wang, T. Coordination mode engineering in stacked nanosheet
metal organic frameworks to enhance catalytic reactivity and
structural robustness. Nat. Commun. 2019, 10, 2779.

(17) Wang, K. Y; Feng, L.; Yan, T. H; Wu, S.; Joseph, E. A.; Zhou,
H. C. Rapid generation of hierarchically porous metal organic
frameworks through laser photolysis. Angew. Chem., Int. Ed. 2020,
59, 1-7.

(18) Luo, L.; Lo, W. S,; Si, X.; Li, H.; Wy, Y.; An, Y.; Zhu, Q.; Chou,
L. Y; Li T, Tsung, C. K. Directional engraving within single
crystalline metal organic framework particles via oxidative linker
cleaving. J. Am. Chem. Soc. 2019, 141, 20365—20370.

(19) Cliffe, M. J.; Castillo Martinez, E.; Wy, Y.; Lee, J.; Forse, A. C.;
Firth, F. C. N,; Moghadam, P. Z.; Fairen Jimenez, D.; Gaultois, M.
W.; Hill, J. A; Magdysyuk, O. V; Slater, B.; Goodwin, A. L.; Grey, C.
P. Metal organic nanosheets formed via defect mediated trans
formation of a hafnium metal organic framework. J. Am. Chem. Soc.
2017, 139, 5397—-5404.

(20) Huang, J; Li, Y.; Huang, R. K; He, C. T.; Gong, L.; Hu, Q;
Wang, L,; Xu, Y. T.; Tian, X. Y,; Liy, S. Y.; Ye, Z. M.; Wang, F,; Zhou,
D. D.; Zhang, W. X; Zhang, ]J. P. Electrochemical exfoliation of
pillared layer metal organic framework to boost the oxygen evolution
reaction. Angew. Chem., Int. Ed. 2018, 57, 4632—4636.

(21) Ding, Y.; Chen, Y. P.; Zhang, X; Chen, L.; Dong, Z; Jiang, H.
L; Xu, H; Zhou, H. C. Controlled intercalation and chemical
exfoliation of layered metal organic frameworks using a chemically
labile intercalating agent. J. Am. Chem. Soc. 2017, 139, 9136—9139.

(22) Morris, R. E.; Brammer, L. Coordination change, lability and
hemilability in metal organic frameworks. Chem. Soc. Rev. 2017, 46,
5444—5462.

(23) Lyy, J; Gong, X.; Lee, S. J; Gnanasekaran, K; Zhang, X;
Wasson, M. C.; Wang, X; Bai, P.; Guo, X.; Gianneschi, N. C.; Farha,
O. K. Phase transitions in metal organic frameworks directly
monitored through in situ variable temperature liquid cell trans

httpsy//doi.org/10.1021/jacs.1c02379
J. Am. Chem. Soc. 2021, 143, 6681-6690



Journal of the American Chemical Society

pubs.acs.org/JACS

mission electron microscopy and in situ X ray diffraction. J. Am.
Chem. Soc. 2020, 142, 4609—4615.

(24) Lo, S. H,; Feng, L.; Tan, K.; Huang, Z.; Yuan, S.; Wang, K. Y;
Li, B. H; Liu, W. L;; Day, G. S.; Tao, S.; et al. Rapid desolvation
triggered domino lattice rearrangement in a metal organic framework.
Nat. Chem. 2020, 12, 90—97.

(25) Yu, D.; Shao, Q; Song, Q.; Cui, J.; Zhang, Y.; Wu, B;; Ge, L;
Wang, Y.; Zhang, Y.; Qin, Y.; Vajtai, R.; Ajayan, P. M.; Wang, H.; Xu,
T.; Wy, Y. A solvent assisted ligand exchange approach enables metal
organic frameworks with diverse and complex architectures. Nat.
Commun. 2020, 11, 927.

(26) Lalonde, M. B.,; Mondloch, J. E.; Deria, P.; Sarjeant, A. A,; Al
Juaid, S. S.; Osman, O. L; Farha, O. K.; Hupp, J. T. Selective solvent
assisted linker exchange (SALE) in a series of zeolitic imidazolate
frameworks. Inorg. Chem. 2015, 54, 7142—7144.

(27) Song, Y.; Feng, X.; Chen, J. S.; Brzezinski, C.; Xu, Z.; Lin, W.
Multistep engineering of synergistic catalysts in a metal organic
framework for tandem C O bond cleavage. J. Am. Chem. Soc. 2020,
142, 4872—4882.

(28) Chen, S.; Mukherjee, S.; Lucier, B. E. G.; Guo, Y.; Wong, Y. T.
A,; Terskikh, V. V,; Zaworotko, M. J.; Huang, Y. Cleaving carboxyls:
understanding thermally triggered hierarchical pores in the metal
organic framework MIL 121. J. Am. Chem. Soc. 2019, 141, 14257—
14271.

(29) Guillerm, V,; Xu, H.; Albalad, J; Imaz, I; Maspoch, D.
Postsynthetic selective ligand cleavage by solid gas phase ozonolysis
fuses micropores into mesopores in metal organic frameworks. J. Am.
Chem. Soc. 2018, 140, 15022—15030.

(30) Ortin Rubio, B.; Ghasempour, H.; Guillerm, V.; Morsali, A;
Juanhuix, J; Imaz, I; Maspoch, D. Net clipping: an approach to
deduce the topology of metal organic frameworks built with zigzag
ligands. J. Am. Chem. Soc. 2020, 142, 9135—9140.

(31) Carson, C. G.; Hardcastle, K.; Schwartz, J.; Liu, X.; Hoffmann,
C.,; Gerhardt, R. A; Tannenbaum, R. Synthesis and structure
characterization of copper terephthalate metal organic frameworks.
Eur. J. Inorg. Chem. 2009, 2009, 2338—2343.

(32) Zelenak, V.; Vargova, Z.; Gyoryova, K. Correlation of infrared
spectra of zinc(II) carboxylates with their structures. Spectrochim.
Acta, Part A 2007, 66, 262—272.

(33) Verpoort, F.; Haemers, T.; Roose, P.; Maes, J. P. Character
ization of a surface coating formed from carboxylic acid based
coolants. Appl. Spectrosc. 1999, 53, 1528—1534.

(34) Young, D. M; Geiser, U; Schultz, A. J; Wang, H. H.
Hydrothermal synthesis of a dense metal organic layered framework
that contains Cu(I) olefinic bonds, Cu,(O,CCH=CHCO,). J. Am.
Chem. Soc. 1998, 120, 1331—1332.

(35) An, B,; Li, Z; Song, Y.; Zhang, J.; Zeng, L.; Wang, C.; Lin, W.
Cooperative copper centres in a metal—organic framework for
selective conversion of CO, to ethanol. Nat. Catal. 2019, 2, 709—717.

(36) Deakin, L.; Arif, A. M.; Miller, J. S. Observation of
ferromagnetic and antiferromagnetic coupling in 1 D and 2D
extended structures of copper(1I) terephthalates. Inorg. Chem. 1999,
38, 5072—-5077.

(37) Prestipino, C.; Regli, L.; Vitillo, J. G.; Bonino, F.; Damin, A.;
Lamberti, C.; Zecchina, A.; Solari, P. L.; Kongshaug, K. O.; Bordiga, S.
Local structure of framework Cu(II) in HKUST 1 metallorganic
framework: spectroscopic characterization upon activation and
interaction with adsorbates. Chem. Mater. 2006, 18, 1337—1346.

(38) Chan, H. Y. H; Takoudis, C. G.; Weaver, M. J. Oxide film
formation and oxygen adsorption on copper in aqueous media as
probed by surface enhanced raman spectroscopy. J. Phys. Chem. B
1999, 103, 357—365.

(39) Zhao, Y.; Chang, X.; Malkani, A.; Yang, X.; Thompson, L.; Jiao,
F.; Xu, B. Speciation of Cu surfaces during the electrochemical CO
reduction reaction. J. Am. Chem. Soc. 2020, 142, 9735—9743.

(40) Woertink, J. S.; Smeets, P. J.; Groothaert, M. H.; Vance, M. A;
Sels, B. F.; Schoonheydt, R. A; Solomon, E. I. A [Cu,0]*" core in Cu
ZSM 5, the active site in the oxidation of methane to methanol. Proc.
Natl. Acad. Sci. U. S. A. 2009, 106, 18908—18913.

6690

69

(41) Zhu, Y,; Ciston, J.; Zheng, B.; Miao, X.; Czarnik, C.; Pan, Y,;
Sougrat, R.; Lai, Z.; Hsiung, C. E.; Yao, K;; Pinnau, L; Pan, M.; Han,
Y. Unravelling surface and interfacial structures of a metal organic
framework by transmission electron microscopy. Nat. Mater. 2017,
16, 532—536.

(42) Zhang, D.; Zhuy, Y,; Liu, L.; Ying, X.; Hsiung, C. E.; Sougrat, R;
Li, K;; Han, Y. Atomic resolution transmission electron microscopy of
electron beam sensitive crystalline materials. Science 2018, 359, 675—
679.

(43) Kau, L. S.; Spira Solomon, D. J.; Penner Hahn, J. E.; Hodgson,
K. O, Solomon, E. I. X ray absorption edge determination of the
oxidation state and coordination number of copper. Application to the
type 3 site in Rhus vernicifera laccase and its reaction with oxygen. J.
Am. Chem. Soc. 1987, 109, 6433—6442.

(44) Duke, A. S.; Dolgopolova, E. A.; Galhenage, R. P.; Ammal, S.
C.; Heyden, A.; Smith, M. D.; Chen, D. A,; Shustova, N. B. Active
sites in copper based metal organic frameworks: understanding
substrate dynamics, redox processes, and valence band structure. J.
Phys. Chem. C 2015, 119, 27457—27466.

(45) Song, D.; Bae, J.; Ji, H; Kim, M. B;; Bae, Y. S;; Park, K. S;
Moon, D,; Jeong, N. C. Coordinative reduction of metal nodes
enhances the hydrolytic stability of a paddlewheel metal organic
framework. J. Am. Chem. Soc. 2019, 141, 7853—7864.

(46) Huang, Z. L.; Drillon, M.; Masciocchi, N.; Sironi, A.; Zhao, J.
T.; Rabuy, P.; Panissod, P. Ab initio XRPD crystal structure and giant
hysteretic effect (H, = 5.9 T) of a new hybrid terephthalate based
cobalt(II) magnet. Chem. Mater. 2000, 12, 2805—2812.

(47) Tsuruoka, T.; Furukawa, S.; Takashima, Y.; Yoshida, K.; Isoda,
S.; Kitagawa, S. Nanoporous nanorods fabricated by coordination
modulation and oriented attachment growth. Angew. Chem., Int. Ed.
2009, 48, 4739—4743.

(48) Zheng, Y.; Vasileff, A.; Zhou, X; Jiao, Y.; Jaroniec, M.; Qiao, S.
Z. Understanding the roadmap for electrochemical reduction of CO,
to multi carbon oxygenates and hydrocarbons on copper based
catalysts. J. Am. Chem. Soc. 2019, 141, 7646—7659.

(49) Gao, J; Wang, J.; Qian, X,; Dong, Y.; Xu, H.; Song, R.; Yan, C,;
Zhu, H,; Zhong, Q.; Qian, G.; Yao, J. One pot synthesis of copper
doped graphitic carbon nitride nanosheet by heating Cu melamine
supramolecular network and its enhanced visible light driven photo
catalysis. J. Solid State Chem. 2015, 228, 60—64.

(50) Chen, C.; Yeh, C. W.; Chen, J. D. Syntheses, structures and
thermal properties of two new copper(II) melamine complexes.
Polyhedron 2006, 25, 1307—1312.

(51) Wiles, A. B.; Bozzuto, D.; Cahill, C. L.; Pike, R. D. Copper (1)
and (II) complexes of melamine. Polyhedron 2006, 25, 776—782.

(52) Kilaas, R. Optimal and near optimal filters in high resolution
electron microscopy. J. Microsc. 1998, 190, 45—S1.

(53) Ravel, B.; Newville, M. ATHENA, ARTEMIS, HEPHAESTUS:
data analysis for X ray absorption spectroscopy using IFEFFIT. ].
Synchrotron Radiat. 2008, 12, 537—541.

https://doi.org/10.1021/jacs.1c02379
J. Am. Chem. Soc. 2021, 143, 6681-6690



A Molecular Scalpel to Chemically Cleave Metal-Organic Frameworks for

Induced Phase Transition

Xianlong Zhou,* Juncai Dong,?* Yihan Zhu,* Lingmei Liu,** Yan Jiao,* Huan Li,! Yu Han,*

Kenneth Davey,! Qiang Xu,®> Yao Zheng,'” Shi-Zhang Qiao'”

! School of Chemical Engineering and Advanced Materials, The University of Adelaide, Adelaide,
SA 5005, Australia.

2 Beijing Synchrotron Radiation Facility, Institute of High Energy Physics, Chinese Academy of
Sciences, Beijing 100049, China.

3 Center for Electron Microscopy, State Key Laboratory Breeding Base of Green Chemistry Synthesis
Technology and College of Chemical Engineering, Zhejiang University of Technology, Hangzhou
310014, China.

4 Physical Sciences and Engineering Division, Advanced Membranes and Porous Materials Centre,
King Abdullah University of Science and Technology, Thuwal 23955-6900, Saudi Arabia.

> AIST-Kyoto University Chemical Energy Materials Open Innovation Laboratory (ChEM-OIL),
National Institute of Advanced Industrial Science and Technology (AIST), Sakyo-ku, Kyoto 606-
8501, Japan.

# These authors contributed equally.

* Email: yao.zheng0l@adelaide.edu.au; s.giao@adelaide.edu.au

70



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 °C. 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 °C. Different solvents mean that 0.12 g HQ was used to cleave CuBDC at 40 °C,
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 NaBHa. 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)2-6H20 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 < 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(NOz3). 6H20 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. 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 6H20 was replaced with Ni(NO3z)2 6H20 (2 mmol).

Synthesis of FeBDC. Synthesis of FeBDC followed that reported in the literature.? 0.5 mmol of
Fe(NO3)3 9H.0 and 2 mmol of H.BDC 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.® 5
mmol of CuCl, 2H20, 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.*® 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 eV, and that for geometry optimization was set at 0.01 eV/A. 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.” The unit cell of CuBDC was optimized to be, respectively,
10.88 A, 7.49 A, 5.81 A on a, b, ¢ directions.

To compute the exfoliation energy with different numbers of coordinated water, the unit cells
were cut perpendicular to b direction. A 15 A vacuum space was put between two cleaved CuBDC
layers, making the new b lattice constant 22.49 A. The exfoliation energy is defined as

Eexfotiation = Ecleaved = Ebulk
where Ecleaved = energy of a Ecieavea model and Epui = 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
Ax22.49 A x5.81 A 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 2H0 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 Cu?* in
CuBDC was reduced to Cu'*, 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 H,O groups in the framework on
CuzBDC. XPS results prove that the ratio of Cu* to Cu?* in CuBDC is 1 (Figure 3c), suggesting the
ratio of BDC? to OH" is 1. Therefore, we propose its chemical formula of final products is

Cu2(OH)BDC H-0, 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 Pmc2:. In the structure, the
asymmetric unit contains a unique Cu?* ion and two BDC linker. The coordinated Cu is completed
by two carboxylic oxygen atoms (O1, O2) of two BDC linkers, two u2-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(H20)2(CO0)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(H20)]?* 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(ll)2(OH).BDC, H,BDC and oxidized
LA (CsHgO).

CuBDC 2H20 + 1/2CsHgO¢ + H20 — Cu(11)2(OH)2BDC + H2BDC + 1/2C¢HgO7
While the second step is that half of Cu?* ion in Cu(11)2(OH).BDC reduced into Cu®* via an one-
electron reduction, yielding Cuz(OH)BDC H,0 (Cu?*/Cu®* = 1), which was labelled as CuBDC in
the manuscript.

Cu(I1)2(OH)2BDC + CsHgOs — Cuz(OH)BDC H20 + CsH7O¢

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) Cu.BDC. Corresponding height profile of (c) CuBDC
and (d) Cu2BDC. Scale bar is 0.5 pm in panels (a) and (b).

Figure S2. TGA curves for CuBDC and Cu,BDC under air atmosphere. For the range: < 300 °C the
mass difference of two samples results from removal of coordinated water in Cu.BDC; > 300 °C the
mass difference results from removal of H.BDC in Cu,BDC.

76



a Chelating Bridging Monodentate
M—0O -
A% . N\ L
M G—R GC=R ==
\O Vi y //C "
M—O o
50 <A <150 130 <A <200 200 <A
b
Cu,BDC
v(C-H) v(Cu-0)
v(C=C)  §(CCH) 1103 7(CH)ooe 626
9 ! 887 |
] 1305 1153
& =0 weH QN 825
= t p(CH,)
2
g f 927
= 1571 v(CH=CH)
= v(COO7) 1527
1,,(COO") 1398 "
5(CO0"
1800 1600 1400 1200 1000 800 600

Wave numbers (cm™)

Figure S3. (a) Three coordination modes and correponding A values for carboxylate ion and metal
(M). (b) FTIR spectrum of Cu,BDC 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 Cu.BDC.

Figure S6. (a) TEM and (b, c) HRTEM images of CuBDC.
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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. (¢, d) HRTEM images; panel d is enlarged

image of dashed circles part in panel c. (¢) 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 Cu,BDC washed with different solvent, and commercial H.BDC. The
labelled peaks (stars) are assigned to H.BDC cleaved from CuBDC because H2BDC is insoluble in
water but soluble in DMF.
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Figure S15. Molecular model of (a) LA and (b) HQ. The structural model of (¢) LA and (d) HQ

coordinated with CuBDC.
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Figure S16. The XRD patterns of CuBDC after HQ cleaving under different conditions. Cu.BDC
and CuBDC work as reference samples. (a) different amount of HQ; (b) different temperatures; ()

different solutions.

Figure S17. (a) XRD patterns and (b) FTIR spectra of CuBDC treated by HCOOH (CuBDC-HCOOH)
and Cu,BDC (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.
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Figure S19. Proposed mechanism for Cu,BDC-H>O bridging with OH" to form Cu2(OH).BDC.

Namely, oxidization of Cul* ion enables its coordination number to increase. This results in one Cu;

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 H.O

provides the proton to facilitate CeHsOs reduction to CeHgOs and to yield active OH groups. These

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

constant potential of -1.30 V vs. RHE.
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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.
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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 H.BDC. SEM images for (b) FeBDC before and (c) FeBDC after LA treatment.
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Table S1. Structure refinement parameters for Cu,BDC.

Empirical formula
Formula weight

Crystal system

Space group

Unit cell dimensions (A)

V (A%

Absorption coefficient (cm™)
Crystal density (g/cm?3)

Cell Mass

Theta range (9

Rexp

Rwp

Goodness of fit

Cu2C8H706
327

Triclinic

P1
a=17.0112603
b =4.4221462
€ =9.9285706
o =98.66481
B =92.40965
vy =98.74176
300.11987
89.963

3.577
646.418
5-80

1.50%

2.73%

1.82
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Table S2. CH4 and C products Faradaic efficiency comparison of the recently reported Cu
electrocatalysts derived from other precursors.
Potential (V vs C> FE CH4 FE

Sample Electrolyte After CRR Ref
RHE) (%0)* (%)
This
Cu.BDC 0.1 M KCI -1.30 47.0 0.9 Cu20/Cu
work
Cu -1.60 (V vs
_ 0.5 M KClI 25.0 4.0 Cu 8
phthalocyanine Ag/AgCl)
0.1M
Cu(ll) complex® -1.00 8.4 -- Phen-Cu(l) o
KHCOs3
05M -2.00 (V vs
HKUST-1 12.0 -- Cu 10
NaHCO3 SCE)
Copper- 05M
PP _ -0.98 17.0 27.0 Cu 1
porphyrin® KHCO3
0.1M
Cu20/CuHHTP® KCI/0.1 M -1.40 -- 73.0 Cu 12
KHCOs3
0.1M
Cu-ade MOF¢ -1.60 23.0 50.0 Cu 13
KHCO3

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 CoHsand CoHsOH. --, no data.
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Chapter 4 Stabilizing Cu?* 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
CuP. Therefore, there is a lack of a platform to investigate the catalytic behavior of Cu?*
in CRR.
In this chapter, a solid-solution strategy is proposed to stabilize Cu?" ions by
incorporating them into CeO> matrix, which works as a self-sacrificing ingredient to
protect Cu?* active species. In situ spectroscopic characterization and density functional
theory (DFT) calculations reveal that, compared with the conventional derived Cu
catalysts with Cu® or Cu'* active sites, the Cu?* species in solid-solution (Cu-Ce-Ox)
can significantly strengthen adsorption of *CO intermediate, facilitating its further
hydrogenation to produce CHs instead of dimerization to C, 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 CoHa.

The particular novelty of this work is:

1. New structure. We first report the solid-solution strategy to stabilize Cu?* ions
during CRR operation. Cu?* ions are incorporated into CeO2 matrix, which serves
as a self-sacrificing ingredient to protect Cu?* active sites.

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

IR) and DFT calculations confirmed that the stable Cu?* active sites could
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significantly enhance the initial *CO adsorption and promote the *CO
hydrogenation to form *OCHjs, 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 C2Ha. The ratio of FEcha to FEc2ns for Cu-Ce-Ox is 31 times
higher than that of the CuO supported on the surface of CeO, (CuO/CeO3) and 22

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

4.2 Stabilizing Cu?* ions by Solid Solutions to Promote CO2 Electroreduction to
Methane

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

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

Stabilizing Cu?* ions by Solid Solutions to Promote CO2 Electroreduction to Methane,

Journal of the American Chemical Society, 2022, 144, 2079—-2084.
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ABSTRACT: Copper is the only metal catalyst that can perform the electrocatalytic CO, reduction reaction (CRR) to produce
hydrocarbons and oxygenates. Its surface oxidation state determines the reaction pathway to various products. However, under the
cathodic potential of CRR conditions, the chemical composition of most Cu based catalysts inevitably undergoes electroreduction
from Cu® to Cu’ or Cu'* species, which is generally coupled with phase reconstruction and the formation of new active sites. Since
the initial Cu®* active sites are hard to retain, there have been few studies about Cu®* catalysts for CRR. Herein we propose a solid
solution strategy to stabilize Cu’* ions by incorporating them into a CeO, matrix, which works as a self sacrificing ingredient to
protect Cu®* active species. In situ spectroscopic characterization and density functional theory calculations reveal that compared
with the conventionally derived Cu catalysts with Cu® or Cu'* active sites, the Cu® species in the solid solution (Cu Ce O,) can
significantly strengthen adsorption of the *CO intermediate, facilitating its further hydrogenation to produce CH, instead of
dimerization to give C, products. As a result, different from most of the other Cu based catalysts, Cu Ce O, delivered a high

[sul Metrics & More | @ Supporting Information

Faradaic efficiency of 67.8% for CH, and a low value of 3.6% for C,H,

C opper based catalysts have attracted wide attention as the
only metal candidates to perform the electrocatalytic
CO, reduction reaction (CRR) with generation of hydro
carbons and oxygenates.”” To date, most studies of Cu based
catalysts have focused on producing various C, products,
including ethylene, ethanol, and n propanol, while C, products
(e.g., methane) are hard to obtain directly.” The reason for this
is that under the cathodic potential of CRR, Cu®* species in
catalysts can be inevitably electroreduced to Cu® or Cu'* sites,
forming the so called oxide derived Cu (OD Cu) catalysts.”
The mixture of Cu® and Cu'* sites can significantly boost the
thermodynamics of *CO dimerization, resulting in improved
selectivity for C, products.’™'® Additionally, Peterson and
Norskov predicted that robust CH, generation would require
relatively strong adsorption of *CO intermediates on the
catalyst surface,’’ whereas weak adsorption facilitates the
competing *CO dimerization.

Besides Cu’ or Cu'* species in OD Cu, Cu®* has been
extensively applied in other heterogeneous catalyses because it
can easily bind CO and H,0 molecules.'”"* Given that the
*CO adsorption energy in Cu based catalysts increases
monotonically with the oxidation state,'* we hypothesized
that a higher oxidation state of Cu®* can facilitate *CO
hydrogenation because of a stronger electrostatic interaction
with it compared with the Cu® or Cu'* counterparts. However,
it remains a grand challenge to stabilize Cu* in catalysts under
CRR operating conditions. The only report of Cu?*
stabilization was realized by the use of a metal—organic
framework (MOF) with a specially designed ligand,'>"® while
most inorganic copper oxides, nitrides, and sulfides and other
MOF catalysts were electrochemically reduced to Cu® or Cu'*
species during CRR.""*°

© 2022 American Chemical Society

N4 ACS Publications

To address this, we incorporated Cu* ions into a CeO,
matrix to form a Cu Ce O, solid solution to stabilize Cu®*
during CRR operation. The rapid electron transport channel
provided by Ce** in these solid solutions suppresses the
accumulation of electrons around Cu?* sites, thereby
protecting them from electrochemical reduction. This strategy
can ensure valence stability of Cu®* during catalytic operation,
which is different from previous studies that focused on
reoxidizing lower valence state metal species back to the initial
higher valence state.”"”” In situ attenuated total reflectance
infrared (ATR IR) spectroscopy demonstrated that the stable
Cu® active sites can significantly enhance the initial *CO
adsorption and promote *CO hydrogenation to form *OCH,,
a crucial intermediate for CH, generation. As a result, Cu Ce
O, delivered a high Faradaic efficiency (FE) for CH, with
significant suppression of the competing C, products (i.e.,
C,H,). This study of stabilization of Cu®* benefits the
understanding of its CRR mechanism and provides a valuable
inspiration for the design of other high valence state metal ions
to explore their catalytic activity.

Cu Ce O, was synthesized via an electrospinning—calcina
tion method coupled with chemical etching to remove the
possible CuO nanoparticles that were phase separated from
CeO, (Figure $1).>* Powder X ray diffraction (XRD) patterns
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showed that the main phase in Cu Ce O, is a typical face
centered cubic CeO, (Figure 1a), demonstrating the formation
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Figure 1. Structural characterizations of CuO/CeO,, Cu Ce O,, 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.

of a solid solution phase. By contrast, two weak diffraction
peaks of CuO can be observed with the control sample, CuO/
CeO,, which was prepared by an electrospinning—calcination
method without an etching process. The Cu Ce O, solid
solution phase was also confirmed by Raman spectroscopy
(Figure 1b). In addition, the bands at 500 to 600 cm™ are
assigned to a defect induced mode (D) resulting from the
incorporation of CuO, species into CeO, (Figures S2 and
$3).* A lower intensity of them in Cu Ce O, than in CuQO/
CeO, suggests that Cu species exist as Cu ions in the former
but as CuO in the latter.””° The Cu content of Cu Ce O, 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 O, and CuO/CeO, consist of small
nanocrystals with slightly different grain sizes (Figure S4).
High resolution TEM (HRTEM) images confirm the presence
of CuO clusters for CuO/CeQO,, whereas no CuO is observed
in CuCe O, (Figure lcd). The energy dispersive X ray
(EDX) element mappings further validate that Cu and Ce
are uniformly distributed in the Cu Ce O, framework (Figure
SS). By contrast, the uneven distribution of Cu species in
CuO/CeO, 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 O, exhibit an

oxidation state close to that of the CuO reference (Figure le).
In the R space extended Xray absorption fine structure
(EXAFS) spectra (Figure 1f), no Cu—Cu bond is observed
in Cu Ce O,, indicating that Cu’** ions are monodispersed in
the CeO, 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/CeO,, the absence of the
corresponding signal for the Cu—Cu bond in Cu Ce O, (CuO:
2.5 A7) strongly supports the atomic dispersion of Cu species
in the CeO, 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 Cu?* ions are doped into the CeO, lattice,”” in good
agreement with the finding of the Raman spectra.

The CRR catalytic performances of CuO/CeO, and Cu Ce
O, 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 O, is CH, with
a maximum FEy;, of 67.8% achieved at —0.82 V vs RHE (with

iR correction) with a total current density of 200 mA cm™>. At
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Figure 2. CRR performances of various samples. (a, b) FEs for CRR
products at different potentials. CuO/CeO, 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) FEcy, of Cu

Ce O, in comparison with other reported Cu based catalysts after iR
correction (Table $3). (d) Ratios of FEcy, to FE¢ y, for CuO/CeO,

and Cu Ce O,. (e) FEs for CRR products and ratios of FEcy, to
FEc y, on different Cu Ce O, samples at —1.4 V vs RHE. (f) Cyclic
voltammograms of Cu Ce O, and CuO/CeO, after CRR.
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the same time, strong C,H, suppression (FEC2H4 < 3.6%) can

be observed. The long term stability of Cu Ce O, under a
constant potential of —1.4 V vs RHE was evaluated in the flow
reactor for more than 6 h with an average FE(y;, of around 65%

(Figure S10). By contrast, CuO/CeQ, and CuO produce a
mixture of CH, and C,H, (Figures 2b and S11), which is
similar to the widely reported OD Cu catalyst.”**’ Compared
with the other reported Cu based materials, Cu Ce O, exhibits
a remarkable CH, catalytic activity at a lower potential (Figure
2¢). The maximum ratio of FEyy, to FE¢ yy is 36.8 (at =1.6 V

vs RHE), which is about 58 times higher than that of CuO/
CeO,, unambiguously indicating higher CH, selectivity
compared with C, products on Cu Ce O, (Figure 2d).
Because the two samples have similar physical characteristics,
such as particle size and surface area (Figure S12), the
difference in CH, selectivity can be attributed to the intrinsic
chemical characteristics (i.e., the existence of Cu®" ions in Cu
Ce O,).

Therefore, we regulated the atomic ratio of Cu to Ce in a
series of Cu Ce O, samples (Figure S13) to investigate the
relationship between the concentration of Cu®" and the CH,
selectivity. At —1.4 V vs RHE, all of them (with Cu/Ce =
0.05—0.11) can exhibit FEy;, overwhelming FEc y, (Figures

2e and S14). When Cu/Ce rises from 0.05 to 0.08, the ratio of
FEcy, to FEcy, increases 17 fold, indicating that a high

concentration of Cu** in Cu Ce O, can significantly promote
the CH, selectivity. However, a further increase of Cu/Ce to
over 0.11 leads to a decrease in CH, selectivity. This change is
possibly due to partial reduction of the Cu** to form OD Cu,
in which the Cu’/Cu'* mixed interface can promote *CO
dimerization to yield C,H,.”**

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 Cu’/
Cu?* redox peaks in CuO/CeQ, after CRR, similar to that of
CuO (Figure S15), suggesting that CuO in CuO/CeO, has
been electrochemically reduced to OD Cu. By contrast, there
is no redox peak in the CV of Cu Ce O, as deep as —1.6 V vs
RHE (Figures S16 and S17), confirming that its Cu* species
remained unchanged during the process. Similar results apply
for the other solid solution samples except for Cu Ce O, 0.11,
which shows a weak Cu’/Cu** 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 O, before and after the CRR process
(Figure 3a,b). By contrast, the XRD pattern of after CRR
CuO/CeO, exhibits the disappearance of peaks corresponding
to CuO and the emergence of a Cu’ signal (Figure S18),
suggesting the reduction of CuO. This result is also supported
by the HRTEM image and SAED images (Figures S19 and
$20). X ray photoelectron spectroscopy (XPS) analysis also
demonstrates that Cu®* in Cu Ce O, remains unchanged in the
CRR process, whereas Cu’ was found in the sample of CuO/
CeO,, suggesting the reduction of CuO (Figure 3c,d). In EDX,
compared with the uneven Cu distribution in CuO/CeO,
(Figure S21), uniform Cu species can be found in Cu Ce O,
(Figure S22), further implying that no Cu nanoparticles were
generated.
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Figure 3. Stability investigation of Cu Ce O, and CuO/CeO, before
and after CRR. (a, b) SAED patterns of Cu Ce O,. (¢, d) Cu 2p XPS
spectra. The fitted peaks at 932.50 and 933.40 eV are assigned to Cu’
and Cu?* species, respectively.> (e) In situ Raman spectra on Cu Ce
O, collected at different potentials. (f) Scheme of the self sacrifice
mechanism to protect Cu**.

We then conducted in situ Raman spectroscopy to study the
mechanism of Cu®* stability in Cu Ce O, during the CRR
process. Figure 3e shows the appearance of a new peak at
~560 cm™" that appeared during the negative scan, which can
be ascribed to the D1 bond of defective CeO,. This peak
originates from the electrochemical reduction of Ce*" to Ce®"
with generation of an O*  vacancy (Figure $23).°" The
increase in Ce>* concentration in Cu Ce O, 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 CeO, self sacrifice mechanism is proposed to
account for the stability of Cu®" in Cu Ce O, (Figure 3f). First,
during the CRR operation, the electron preferentially reduces
Ce* in Cu Ce O, to Ce*. Meanwhile, the newly generated
Ce*"/Ce*" couple works as a conductive network to improve
the conductivity of the overall solid solution,®* which
suppresses electron accumulation at the Cu®" sites and
prevents them from self reduction.

To elucidate the distinct CH, selectivity between Ce—Cu—
O, and CuO/CeO,, we employed in situ ATR IR spectroscopy
to identify their reactive species over the CRR process. First,
compared with CuO/CeO,, a much stronger peak at 1955

https://doi.org/10.1021/jacs.1c12212
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cm™ corresponding to the atop adsorbed CO (CO,;) can be
obtamed on the Cu Ce O, during the negative scan (Figure
4a,b).° This suggests that “Cu® sites in Cu Ce O, exhibit a
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Figure 4. (a, b) In situ ATRIR spectra on (a) Cu Ce O, and (b)
CuO/CeO, at different potentials in CO, saturated 0.1 M KHCO,
electrolyte. (c) C,H, and CH, reaction pathways starting with 2*CO
identified on active sites of a Cu atom doped CeO, model.

greater ability to adsorb the *CO intermediate than Cu’ in
CuO/CeO,. Second, the strong *CO adsorption facilitates its
hydrogenation on Cu Ce O, to the *CHO intermediate (at
1490 cm™") and further to the *OCH; intermediate (at 1392
cm™') via a series of proton coupled electron transfer
reactions. The latter is the key intermediate in the generation
of CH, On the other hand, CuO/CeO, exhibits almost
unchanged *CHO and *OCH; peaks along with the
appearance of a peak for *OCCOH (at 1190 cm™), which
originates from *CO dimerization with generation of
C,H,

We further performed density functional theory (DFT)
simulations to understand the active centers and high CH,
selectivity on the Cu Ce O, surface. The full reaction routes
are constructed according to the pathways to CH, and C,H, as
proposed by Cheng et al.*® Each reaction step with the free
energy change (AG) is listed in Figure 4c and Table S4.
Atomic structures of intermediates along the CH, pathway
(Figure S26) illustrate that the catalytic center of Cu Ce O, is
the Cu atom. Figure 4c shows that the potential determining
step for direct hydrogenation of *CO to CH, is *CO + *CHO
+ H — *CO + *CH,O with AG = 1.48 eV, whereas that for
the C, pathway to C,H, is *C—COH + H,0 + H —» *CH-
COH + H,0 with AG = 2.50 eV. These results clearly imply
that the CRR on the Cu Ce O, surface prefers to proceed via
the pathway toward CH, rather than that toward C,H,, which
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supports our results from electrochemical and in situ ATR IR
measurements.

In summary, we have developed a new strategy to stabilize
Cu® against electrochemical reduction during CRR. The
combination of in situ spectroscopy and electrochemical
measurement results suggest that Cu?* in CuCe O, can
enhance the adsorption stability of the *CO intermediate,
which in turn promotes its further hydrogenation and
suppresses the dimerization, thereby significantly improving
the selectivity for CH,. Our findings suggest the possibility of
retaining high valence state metal catalytic active sites through
material structure design, providing a feasible strategy to
develop high performance electrocatalyst materials for various
harsh reduction reactions.
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Materials Synthesis

Synthesis of CuO/CeO. Electrospinning was used to synthesize the precursors of solid solutions.
0.4 millimoles of Cu(NOz)2 3H20, 0.6 mmol of Ce(NOs)s 6H20, 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™,
then the precursors of solid solutions were obtained. CuO/CeO, powder was obtained after
calcinating the precursors in air at 400 <C for 2 h at a heating rate of 2.0 T min™,

Synthesis of Cu-Ce-Ox. A leaching strategy with concentrated NH3z 6H.0 (25-28%) was applied to
synthesize Cu-Ce-Ox powder. In detail, the CuO/CeO, powers (0.2 g) was dispersed in 20 mL of
concentrated NHz 6H20. 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(NOs)2 3H20 and Ce(NOs)s 6H20 kept as 1.0
mmol, we changed the mol mass of Cu(NOsz)2. 3H.O from 0.05, 0.1, 0.2, 0.6 mmol to obtain
different solid solution precursors. After the same chemical etching with concentrated NHz 6H20,
the Cu-Ce-Ox samples were obtained.

Synthesis of CuO and CeO,. Preparation of CuO and CeO2 was similar to that for CuO/CeQy, in
which 1 mmol of Ce(NOz3)3 6H20 or Cu(NOz3)2 3H20 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 Ka radiation (A=1.5406 A, scan rate = 5° min™). 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™). XPS measurements were conducted
on AXIS-ULTRA DLD-600W XPS (mono Al Ka 1486.6 ¢V) 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 CO; 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 piL 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?, loading mass: 1.0 mg cm). The reference and counter
electrodes were Ag/AgCl (3.0 M KCI) 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’
during the CRR. During this process and then testing, CO2 was continuously purged at a rate of 20
L mint. The resistance of 2.9 Q 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/CeO>
and Cu-Ce-Oy after CRR. Before CV measurements, we performed a chronograph voltage testing
under -1.4 V vs RHE for 2 h to obtain samples. Then, CO> was turned off, and N> was continuously
purged at a rate of 20 L min™ 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,

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 Il 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™.
Electrocatalyst ink was prepared by dispersing catalyst powder (20 mg) in a solution containing
isopropanol (2.9 mL) and 5 wt % Nafion solution (100 pL) followed by ultrasonication for 1 hr. 50
uL of the catalyst ink was dropped onto the prism and left to dry slowly. The electrolyte was 0.1 M
KHCOs, which was constantly purged with CO: 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/AgCI 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™ over the GDL. CO; 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 x 2 cm?,
loading mass: 1.0 mg cm2). 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.!
The Perdew-Burke-Ernzerhof (PBE) was employed for electron exchange-correlation.? Projector
Augmented Wave (PAW) potentials were used to describe the ionic cores®. 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/A. The geometry optimizations were performed with a plane-wave cutoff of 400
eV. Irreducible 2>2x1 Monkhorst Pack k-point grid was used,* 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.> The solvent dielectric constant
was set to be 78.4 F/m, the width of dielectric cavity was 0.6 A, the cutoff charge density was set to
be 2.5x102 C/m? and the effective cavity surface tension was 5.25>x10~4 N/m.

The computational models were constructed based on 4>3>2 CeO> (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 A 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+U® was employed
with an effective U value of 5.0 eV for both Ce 4f-orbitals and Cu 3d-orbitals.”

Limiting potential (Uiimiting) iS used to describe the lowest potential requirement to eliminate the
free energy difference of the potential-determining step (PDS), calculated as:

Ulimiting = —AGmax/€
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Figure S1. Synthetic route of solid solutions.
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Figure S2. (a) The Ce(IV)Og model and (b, c¢) defective complexes Ce(III)Og models corresponding
to D1 and D2 bands.
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Figure S3. Raman spectra of Cu-Ce-Ox and CeO,.

Figure S4. TEM images of (a) CuO/CeO> and (b) Cu-Ce-Ox.
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Figure S5. EDX elemental mapping images of Cu-Ce-Ox.

Figure S6. EDX elemental mapping images of CuO/CeOs.
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Figure S7. Cu K-edge WT-EXAFS of (a) CuO; (b) CuO/CeO;; and (¢) Cu-Ce-Ox.
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Figure S8. Fourier transformed magnitudes of experimental and fitting K-edge EXAFS spectra for (a)
CuO and (b) Cu-Ce-Ox.
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Figure S15. Cyclic voltammogram of CuO after CRR.
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Figure S16. Cyclic voltammograms of different solid solutions after CRR.
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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/CeOQ: before and after CRR.
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Figure S19. HRTEM images of (a) Cu-Ce-Ox and (b) CuO/CeO; after CRR.
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Figure S20. (a, b) SAED patterns of CuO/CeO; before and after CRR.
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Figure S22. EDX elemental mapping images of Cu-Ce-Ox sample after CRR.
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Figure S23. Scheme of the reduction of Ce*" to Ce** with the formation of O* vacancy.
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Figure S25. Nyquist plots of Cu-Ce-Ox-before and after CRR (at -1.2 V vs RHE for 60 min).

1.48 0.78
— A
—1.24 -1.05
*CO+CH,+*OH *CO+CH,+*O
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number is the free energy change of each step (unit, eV).
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Table S1. Atomic content of Cu-Ce-Ox and CuO/CeO»

s | Cu content Ce content Atom ratio of Cu content
ample
P atom % atom % Cuto Ce 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 2
r o? AEo R
Sample Path N A A2) (eV) (%)
CuQP Cu—O 4 1.946 0.003 2.8 0.4
Cu-Ce-Oy° Cu—O 4 1.938 0.003 2.5 0.3

aN: coordination number; r: distance between absorber and backscatter atoms; % Debye—Waller
factor to account for thermal and structural disorders; 4FEo: 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 %; ¢°> +20 %; AEo =20 %. ° Fitting range: 2.6 < k
(/A)<12.5and 1.0 <R (A) < 3.5. °Fitting range: 2.5 <k (/A)<12.4and 1.0<R (A) <2.2.
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Table S3. CH4 Faradaic efficiency comparison of the recently reported Cu electrocatalysts derived

from other precursors.

Potential (V  Current density CH4 FE

Sample Electrolyte Ref
vs RHE) (mA cm?) (%)
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-PzI? 1.0 M KOH -1.0 287.2 52.0 o
CuPc® 1.0 M KHCOs3 -1.06 13.0 66.0 10
CoO/Cu 1.0 M KHCOs3 -1.11 225.0 60.0 1
CuesAgs2 0.5 M KHCO;3 -1.17 -- 60.0 12
Cu/Al,03 1.0 M KOH -1.20 153.0 62.0 13
Au/Cu 1.0 M KHCOs3 -1.23 200 56.0 14

Cu Nanowires 0.1 M KHCO;3 -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
Cu20/Cu-MOF 0.1 M KHCO3 -1.71 13.3 63.2 19
Cu/CeO> 0.1 M KHCOs3 -1.80 70.0 58.0 20

& Pz = pyrazole; °: 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

C2Ha4 pathways after 2*CO adsorption on active sites of Cu-Ce-Oy; the energy unit is eV.

PCTE  Reaction along CH4 pathway AG(U=0)
5t 2CO(g) + * --- 2*CO -1.54
6"  2*CO+H ---*CO + *CHO -1.06
7" *CO+*CHO + H --- *CO + *CH,0 1.48
8" *CO+*CH0 + H --- *CO + *CH30 0.78
9" *CO+*CH30 + H --- *CO + CHq + *O 0.66
10" *CO+ CH4+*O + H --- *CO + CH4 + *OH -1.05
11" *CO + CHg + *OH --- *CO + CH4 + H,0 -1.24

PCTE  Reaction along CoH4 pathway AG(U=0)
5t 2CO(g) + * --- 2*CO -1.54
6"  2*CO +H --- *CO-COH 1.25
7" *CO-COH + H --- *COH-COH 0.52
8"  *COH-COH + H --- *C-COH + H20 -3.61
ot *C-COH + Hy0 + H --- *CH-COH + H,0 2.50
10" *CH-COH + Hy0 + H --- *CH-C + 2H,0 -0.09
11" *CH-C + 2H,0 + H --- *C-CH; + 2H.0 1.03
12" *C-CHa + 2H20 + H --- *CH-CH2 + 2H,0 -1.44
13" *CH-CH2 + 2H20 + H --- *CH»-CH; + 2H20 0.62
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Chapter 5 Tuning molecular electrophilicity of Cu-MOF

catalysts to steer CO: electroreduction selectivity

5.1 Introduction and Significance
Cu is the only transition metal to achieve electrochemical CO; 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
CHa. 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 CoHa.
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 CHa
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 C2Hs 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 C2Ha.

5.2 Tuning Molecular Electrophilicity of Cu-MOF Catalysts to Steer CO:2
Electroreduction Selectivity

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

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

of Cu-MOF Catalysts to Steer CO> Electroreduction Selectivity.
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Tuning Molecular Electrophilicity of Cu-MOF Catalysts to Steer CO;
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ABSTRACT: Cu is the only transition metal to achieve electrochemical CO; reduction (CRR) with generation of hydrocarbons and oxygen-

ates. However, it is still a challenge to regulate CRR selectivity in a broad product distribution on Cu. Here we steered a series of Cu-based
MOFs with different linker’s electrophilicity to achieve a high CRR selectivity towards either CH: or C;Hs. Molecular orbital analysis shows
that linker’s electrophilicity determines catalyst’s proton availability, which promotes or inhibits the critical proton-coupled electron transfer
(PCET) process in CRR. Consequently, the linker with a low electrophilicity (e.g., 1,2-bis(4-pyridyl)ethane) can facilitate proton transfer to
hydrogenate the *CO intermediates to generate CH. with a Faradaic efficiency (FE) of $8.2%; while the linker with a high electrophilicity (e.g.,
trans-1,2-bis(4-pyridyl)ethylene) can build stronger hydrogen bonds to stabilize *CO for further dimerization, realizing a C;H, FE of 65.9%.
The combination of theoretical computation and in-situ spectroscopic characterizations established the relationship among the linker’s elec-

trophilicity, catalyst’s proton availability, and its CRR pathway of either *CO hydrogenation or *CO-*COH dimerization. This work may pro-

vide new understanding of CRR selectivity by tuning PCET process but not materials engineering.

Electrochemical CO; reduction (CRR) in aqueous solutions can
not only store renewable electricity obtained from intermittent solar
or wind energy but also convert CO: into value-added chemicals or
fuels." Because Cu binds to CRR intermediates *CO neither too
weakly nor too strongly, it is the only transition metal to deeply con-
vert CO; to CHs, C;H: and C;HsOH.** Unfortunately, this unique
physicochemical property of Cu also results in a poor product selec-
tivity. Various strategies, including alloy,’ oxide derived, and surface
modification,® have been developed to engineer Cu to obtain desired
products. In general, these Cu-based catalysts exhibit a high selectiv-
ity for one product, such as CO, CH, or C;H. For example, Ma et al.
reported Cu(OH)X (X=F, Cl, Br, I) derived Cu with the highest
Faradaic efficiency (FE) of 65.0% for C:H..° However, these cata-
lysts displayed a low selectivity for CH.. Likewise, although Cu-Au
alloy can achieve a high CH, FE of 56.0%, a high selectivity for C:Hs
cannot be obtained on this catalyst family.” Therefore, it remains to
be a great challenge to tune CRR in a broad product distribution
with a high selectivity for one specific product.

It is widely accepted that *CO-*COH coupling is the rate-deter-
mining step of C;H, generation, while that of CH, generation is the
hydrogenation of *CO to *CHO.* For example, Li et al. utilized a li-
brary of molecules to stabilize atop-bound *CO intermediate,
thereby realizing a high FE for C;H..” Chen et al. promoted water
splitting to supply high concentration of active protons and achieved
a high CO,-to-CHj selectivity.'® Based on findings, we hypothesis
that stabilizing *CO intermediate without fast proton transfer on Cu
surface can promote *CO dimerization to C>H, while a facile proton
transfer can directly hydrogenate *CO to CHa. These two proton-
coupled electron transfers (PCET) processes are critical steps to
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steer the reaction pathway towards desired products. The PCET
process has been widely studied in homogeneous catalysis but not
yet in heterogeneous CRR. Metal-organic frameworks (MOFs),
composed of metal nodes and organic linkers, provide a great plat-
form for tuning the coordination environment of metal active cen-
ters to optimize the adsorption of *CO. ' More importantly, linker’s
electrophilicity affects the electrocatalyst’s proton availability, which
promotes or inhibits the PCET process of either hydrogenation or
dimerization. Therefore, different from electronic structure engi-
neering in conventional catalysts, it provides an alternative and in-
sightful way to steer CRR selectivity in Cu-based MOFs.™ "2

As a proof-of-concept, here we employed a class of bipyridyl mol-
ecules (1,2-bis(4-pyridyl)ethane (bpa), 1,2-bis(4-pyridyl)benzene
(dpb), 4,4"-bipyridine (bpy) and trans-1,2-bis(4-pyridyl)ethylene
(bpe)) as linkers with different electrophilicity to steer Cu-MOEFs’
CRR selectivity. Density functional theory (DFT) calculations cou-
pled with in-situ attenuated total reflectance infrared (ATR-IR)
spectroscopy confirm that the electrophilicity of 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 $8.2% for CH,. By con-
trast, a high-electrophilicity linker can stabilize *CO and favor its C-
C coupling step, resulting in a high FE of 65.9% for C;H..

Cu-based MOFs were synthesized with CuCl and bipyridyl mol-
ecules in acetonitrile. Cu(bpy)Cl was firstly investigated as its struc-
ture has been identified by Yaghi."* As illustrated in Figure 1a, two
Cu atoms are bridged with two chlorine ligands, and each atom is
coordinated to two bpy linkers to form a slightly distorted tetrahe-
dron. The power X-ray diffraction (XRD) pattern of Cu(bpy)Cl



matches well with the simulated one (Figure 1b). To investigate the
effect of linker’s electrophilicity on Cu-MOFs, we chose four linkers
(bpa, dpb, bpy and bpe) with two identical pyridyl groups but dis-
tinct carbon-carbon linking structures. Since molecule’s electro-
philicity is relative to its lowest unoccupied molecular orbital
(LUMO) position,'* we first used density functional theory (DFT)
to calculate the projected density of states of N 2p orbitals (N;) in
different linkers (Figure S1). It is revealed that the electrophilicity
of four linkers increases in sequence from bpa to bpe (Figure 1c).
As a result, pyridine (Py) in the linker could be initially protonated
to form pyridinium ions (PyH*) intermediate during the electro-
chemical reaction,* in which H* can participate in the PCET pro-
cess.'" Therefore, the proton availability of these Cu-MOFs is a crit-
ical factor in determining the PCET process. Based on the classical
Bronsted-Lowry acid-base theory, the proton availability of PyH*
depends on the molecule’s electrophilicity (Figure 1d). If the elec-
trophilicity is low, the proton can be easily transferred to the *CO
intermediate, favoring its hydrogenation (top). On the contrary, the
molecule with high electrophilicity cannot implement this transfer,
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Figure 1. (a) Structural model of Cu-bpy; (b) XRD patterns of synthe-
sized and simulated Cu-bpy; (¢) The energy levels of N 2p in each mol-
ecule. (d) Schematic illustration of two PCET processes: hydrogenera-
tion (top) and dimerization (bottom). (e) Cu 2p XPS spectra for vari-
ous Cu-MOFs. (f) The XRD patterns of various Cu-MOFs after CRR.

Based on this theoretical analysis, we then synthesized the other
three Cu-Y MOFs (Figure $2, Y= dpb, bpy and bpe) with the same
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morphology (Figure $3). X-ray photoelectron spectroscopy (XPS)
analysis demonstrates that there are two Cu species of Cu'* and Cu™
in Cu-Y (Figure le).'” It is worth noting that a decreased percentage
of Cu'* in Cu-Y can be observed with the increase of electrophilicity
of linker. This is because the linker with the high electrophilicity fa-
cilitates electronic transfer from metal to pyridine-N and results in
the formation of Cu™." Fourier-transform infrared spectroscopy
(FTIR) further indicates that the character peak of C=N bond in bi-
pyridyl molecules decreases from 1614 to 1603 cm™ with the de-
creased linker electrophilicity due to electron transfer from metal at-
oms to organic molecules (Figure $4). As shown in Figure 1f and
Figure 85, Cu-Y samples have been reduced to Cu metals after
CRR. It should be noted that FTIR results display the character peak
of C=N bond in Cu-bpy, confirming the formation of a bpy-modi-
fied Cu catalyst after CRR (Figure S6).
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Figure 2. CRR performances of various samples at different current
densities. (a-c) FEs for CRR products on various samples; (d) FEcaus
and FEcus for Cu-bpa and Cu-bpe; (f) FEcus of Cu-bpa and FEczu: of
Cu-bpe in comparison with other reported Cu-based catalysts after iR
correction (Table S1, S2); and (e) Their highest FE of distinct CRR
products at 50, 400, 400, 500, and 300 mA cm?, respectively.

The CRR catalytic performances of the traditional CuCl and Cu-
based MOFs were investigated in 1 M KOH solution by using a flow
cell (Figure S7). As shown in Figure 2a, there is no dominant CRR
product for CuCl, which is similar with widely reported oxide de-
rived Cu. When the linker with lower electrophilicity (e.g., bpa) was
introduced, Cu exhibited a strikingly different CRR performance
with that of CuCl (Figure 2b). At large current densities (> 200 mA
cm?), the FEs for CH. are significantly higher than those of C;H,,
and a maximum FEcy; of §8.2% can be achieved at 400 mA cm™
With the catalyst containing high-electrophilicity linkers (e.g., Cu-
bpe), high FEs for C;H. up to 65.9% can be achieved at 300 mA cm’
? (Figure 2c¢). For Cu-dpb, which electrophilicity locates between
Cu-bpa and Cu-bpy, the hydrocarbon product is a mixture of CHs



and C:H, (Figure S8, $9). Therefore, we can conclude that the
linker with low electrophilicity favors the CH4 formation, whereas
the linker with high electrophilicity benefits the C:H4 generation
(Figure 2d). It is worth mentioning that the performance of Cu-bpa
and Cu-bpe are among the highest current densities ever reported
for CH. and C;H,, respectively, at alow potential zone (Figure 2e).
Therefore, in our Cu-MOF catalysts, the CRR products can be
tuned in a wide distribution, whilst a high FE for one specific product

(CH, or C2Hs) can be achieved simultaneously (Figure 2f).
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Figure 3. In situ ATR-IR spectra on (a) Cu-bpa and (b) Cu-bpy at dif-
ferent potentials of CRR. Schematic illustration for (¢, d) dehydrogena-
tion of PyH" in bpa and bpy.

To elucidate the distinct selectivity of four samples, we employed
in-situ ATR-IR spectroscopy to analyze the surface structure of cat-
alysts over the CRR process. First, compared with Cu-bpy, a nega-
tive peak at 1613 cm™ and a positive peak at 1431 cm™ are observed
in Cu-bpa (Figure 3a), which belongs to Py in the bpa linker. The
peak at 1560 cm™ is assigned to PyH™."® By contrast, in addition to
the peaks of PyH* and Py, an interface water peak can also be ob-
served at 1654 cm™ (Figure 3b), similar to those of CuCl, Cu-dpb
and Cu-bpe (Figure $10). This difference suggests that the proton
resulted from PyH* participates in the PCET process of CRR on Cu-
bpa to hydrogenate *CO, but not on Cu-bpy (Figure 3¢, 3d). In ad-
dition, the interface water peak of Cu-bpy indicates the formation of
astrong hydrogen bonding." The previous report has demonstrated
that the hydrogen bonding can stabilize “*CO intermediates and in-
crease its coverage, thereby enhancing the dimerization for C,H for-
mation,”’

We then investigated the critical intermediates in CRR to under-
stand the influence of catalysts’ proton availability on the PCET pro-
cesses. A CHO* intermediate at 1505 cm™ can be clearly observed
on Cu-bpa with potential being applied (Figure 4a). This interme-
diate can be further hydrogenation via a series of PCET reactions to
form *OCH;, which is the final intermediate in the generation of
CH..”! By contrast, Cu-bpy exhibited two strong peaks at 1595 and
1190 cm’ (Figure 4b), which are corresponding to OCCOH* for
the formation of C.H.. This was derived from the dimerization of
two *CO and then further hydrogenation.” The linear relationships
between the integral area of these two intermediates and potentials
show that the slope of *OCH3 is nearly twice that of OCCOH* on
Cu-bpa, whereas the slope of *OCH3 is one-sixth that of OCCOH*
on Cu-bpy (Figure 4c, d, Figure S11). The higher slope of
OCCOH?* was also observed on Cu-dpb and Cu-bpe. (Figure $12).

which agrees well with our electrochemical observations.
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Figure 4. In situ ATR-IR spectra on (a) Cu-bpa and (b) Cu-bpy at dif-
ferent potentials of CRR. (¢, d) The integrated peak area of "OCH3 and
OCCOH?" on Cu-bpa and Cu-bpy under different potentials. (e) The
relationship between the ratio of catalyst’s slopeoccon to slopeocs in
ATR-IR spectra and linker’s electrophilicity (quantified by its LOMO of
Nz,). (f) The relationship between the ratio of catalyst’s FEcass to FEcus
and linker electrophilicity.

We compared the slope ratio of OCCOH* to *OCHj for Cu-bpa,
Cu-dpb, Cu-bpy, and Cu-bpe, which increases from 0.5 to 5.7, 6.2
and 12.2, respectively, with the increase of linker electrophilicity
(Figure 4¢). This suggests that the linker with a higher electrophilic-
ity favors the formation of OCCOH* while inhibit that of *OCHa.
The trend explains the intrinsic reason that Cu-bpa generates CH,
as the dominant product while Cu-bpe produces C;Ha. Therefore,
the relationship between the ratio of FEcous to FEcus on four cata-
lysts and their electrophilicity (quantified by the LOMO of N3;) can
be built (Figure 4f). The observed relationship confirms that the se-
lectivity of CH: and C:Hj can be readily regulated by linker electro-
philicity in Cu-MOFs, i.e., the linker with a low electrophilicity (e.g.,
bpa) favors CHs, while the linker with a high electrophilicity (bpe)
can facilitate C;H, formation.

In summary, we developed a molecular engineering strategy to
widely regulate CRR selectivity of CH: and C;H: on MOF-derived-
Cu. Based on the DFT computation, electrochemical results and in-
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situ ATR-IR spectroscopy analysis, we explicitly revealed the regula-
tion mechanism by tuning the linker’s electrophilicity and proton
availability to alter the critical PCET processes in CRR. We found
the linker with low electrophilicity can promote proton transfer from
PyH* to *CO intermediates to facilitate formation of CH.. By con-
trast, the linker with high electrophilicity can build strong hydrogen
bond, and stabilize the *CO dimer, thereby favoring the C,H. for-
mation. This finding provides new insights into steering CRR selec-
tivity on Cu-based catalysts by tuning the PCET process, which
could also guide the catalyst design for other proton-involving elec-
trochemical reactions.
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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 Ka radiation (A=1.5406 A, scan rate = 5°mint). Transmission
electronic microscope (TEM) images were collected on a JOEL 2100 TEM. XPS measurements
were conducted on AXIS-ULTRA DLD-600W XPS (mono Al Ka 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 CO; 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 piL 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?, loading mass: 1.0 mg cm). The reference and counter
electrodes were Ag/AgCl (3.0 M KCI) 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™
during the CRR. During this process and then testing, CO2 was continuously purged at a rate of 20
pL mint. 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 Q 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 Il 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/AgCI reference electrode (Pine Research). All ATR-IR
measurements were acquired by averaging 64 scans at a spectral resolution of 4 cm™.
Electrocatalyst ink was prepared by dispersing catalyst powder (10 mg) in a solution containing
isopropanol (1.5 mL) and 5 wt % Nafion solution (50 uL) followed by ultrasonication for 60 min.
50 uL of the catalyst ink was dropped onto the prism and left to dry slowly. The electrolyte was 0.1
M KHCOgz, which was constantly purged with CO> 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/AgCI 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* eV, and that for
geometry optimizations was set to be 0.01 eV A 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 S1. Projected density of states (PDOS) of N 2p in (a) bpa, (b) dpb, (c) bpy and (d) bpe.
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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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Figure S4. FTIR spectra of various Cu-MOFs.
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Figure S5. Cu 2p XPS spectra of (a) Cu-bpa and (c) Cu-bpy after CRR.
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with a scan rate of 50 mVs™.
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Figure S8. Faradaic efficiencies (FE) of CRR products on (a) Cu-dpb and (b) Cu-bpy over a range of

applied current densities.
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Figure S9. Faradaic efficiencies (FE) of CO on CuCl and Cu-MOFs over a range of applied current
densities.
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Table S1. CH4 Faradaic efficiency and current density comparison of the recently reported Cu

electrocatalysts derived from other precursors.

Potential

CH: FE

CHg current

Sample Electrolyte . Ref
(V vs RHE) (%) density (mA cm?)

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 !
Cu-Pzl2 1.0 M KOH -1.00 52.0 149.3 2
Cu/Al,O3 1.0 M KOH -1.20 62.0 94.86 8
Cu/La,CuQg4 1.0 M KOH -1.40 56.3 116.5 4
Cu-DBCP 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 KHCO;3 -1.11 60.0 135.0 !
Au/Cu 1.0 M KHCO3 -1.23 56.0 112.0 8
Cu Nanowires 0.1 M KHCOs3 -1.25 55.0 8.2 9
CuPct 1.0 M KHCO3 -1.06 66.0 8.5 10
Cu 1.0 M KHCO3 -1.41 48.0 108.0 1
Cu-N-C 0.1 M KHCO3 -1.60 38.6 14.8 12
Cu0/Cu-MOF 0.1 M KHCOs3 -1.71 63.2 8.4 13
Cu/CeO; 0.1 M KHCO3 -1.80 58.0 40.6 14

a: Pz = pyrazole; ®: DBC = dibenzo-[g,p]chrysene-2,3,6,7,10,11,14,150ctaol; ¢: Pc = phthalocyanine.
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Table S2. CoH, Faradaic efficiency and current density comparison of the recently reported Cu

electrocatalysts.

Potential C:H4 FE C2H4 current
Sample Electrolyte ) Ref
(V vs RHE) (%) density (mA cm?)

Cu-bpe 1.0 M KOH -0.85 65.9 263.6 This work
NCDs/Cu/Cu0?® 0.5 M KHCO3 -1.40 56.6 255 15
Ag@Cu 1.0 M KOH -1.60 43.9 131.7 16
Cu-HITPP 0.1 M KHCO3 -1.20 51.0 3.1 e
Agl/CuO 1.0 M KOH -1.05 45.0 61.5 18
Cu0° 1.0 M KHCO;3 -0.90 40.0 120.0 19
CuO 0.5 M KCI -1.01 71.2 178.0 20
Cu20 0.1 M KHCO3 -1.05 52.3 20.9 2
Cutrz® 1.0 M KHCO3 -0.80 50.0 150.0 22
Cu 0.1 M KHCO3 -0.95 58.6 100.0 2z
Cus(HITP), 0.1 M KHCO3 -1.25 63.0 16.5 24
Cu nanowires 1.0 M KHCOs -1.10 57.7 23.1 %
Cus(OH)sFCI 0.1 M KHCO3 -1.00 36.3 10.1 %
Cu/Al,03 5.0 M KOH -1.10 60.4 181.2 2
Cu0 1.0 M KOH -0.61 38.0 134.9 28
oBcCd 0.1 M KHCOs3 -1.00 45.0 44.7 2

& NDC = —-NHz-modified carbon dots; ®: HITP = 2,3,6,7,10,11-hexaiminotriphenylene; ¢ 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 CoHa. The 'H
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 FEcoHa 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 H20 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 C2Hg, 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, Jiegiong 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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Regulating Interfacial Water Structure by Solvent Effects to Promote
Electrochemical C-C Coupling Reactions
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Keywords: Solvation structure; interfacial water; CO; electroreduction; C-C coupling; proton-coupled electron transfer

ABSTRACT: During the aqueous electrochemical CO; reduction (CRR) process, water molecules serve not only as a proton source but also
asolvent environment, whose structure at the interfacial electrolyte/electrode can determine catalyst’s activity and selectivity. Here we engineer

the solvation structure of metal cations by organic solvent additive to tune the interfacial water structure, which can facilitate the proton-coupled

electron transfer (PCET) process of CO: activation and increase the absorption ability for *CO intermediate, thereby promoting the C-C
coupling reaction during CRR. Dimethyl sulfoxide (DMSO) serves as an electrolyte additive to tune the solvation structure of K ions in KOH
electrolyte because it can preferentially solvate with K ions over the water molecules. In situ spectroscopic characterizations reveal that solvated

DMSO with the electrostatic effect of K ions can form a higher percentage of 4-coordinated hydrogen-bonded water on the surface of conven-

tional Cu catalyst. This water can build stronger hydrogen bonds to stabilize *CO and fast its dimerization to form C,Hs. This work may provide

amore general understanding of CRR selectivity by tuning interfacial water structure to steer PCET process rather than materials engineering.

Electrochemical CO; reduction powered by reversible electricity
provides an attractive technique for achieving carbon-emissions-
neutral processes.’ It can transform CO; into various value-added
chemicals or fuels, including methane (CH,), carbon monoxide
(CO), methanol (CH;OH), ethene (C2Hs), or ethanol (C;H;OH).?
Cu is the only metal element to electrochemical catalyze CO; into
hydrocarbons and oxygenates due to its binding to CRR intermedi-
ate *CO neither too weakly nor too strongly. Unfortunately, this
unique physicochemical property of Cu also results in poor selectiv-
ity, heavily impeding their practical applications for CRR. Currently,
tuning the electronic structure of Cu can significantly improve its ab-
sorption ability of intermediates and then promote electrosynthesis
of the desired reduction products.* For example, Zhou et al. synthe-
sized boron-doped Cu to stabilize its oxidation state, thereby in-
creasing *CO adsorption energy and facilitating its dimerization to
multi-carbon hydrocarbons.® It should be noted that CRR contains
a series of proton-coupled electron transfer (PCET) process; there-
fore its activity and selectivity are dependent not only on the con-
ventional electronic structure of the catalyst but also on the availa-
bility of protons.® Currently, there are two typical ways to alter the
availability of protons to tune CRR selectivity of the Cu catalyst, i.e.,
pH of electrolyte, and source of the proton. Specifically, at pH = 1,
the C1 pathway undergoes through the *COH intermediate to form
CHy, while the C; pathways are kinetically suppressed. By contrast,
at pH = 12, the C1 pathway is blocked, while the *CO-*CO dimeri-
zation pathway is both thermodynamically and kinetically favora-
ble.” On the other hand, our recent research suggests that tuning of
linker’s electrophilicity can alter Cu-MOF catalyst’s proton availa-
bility and consequently, favoring CRR pathway of either *CO hydro-
genation to CH, or *CO-*COH dimerization to C;H..

152

Recent studies confirm that water plays critical roles in electroca-
talysis and aqueous battery on solid/liquid interfaces, such as
providing proton resources and solvation environments.* ** Wang
et al. added a thin layer of protic ionic liquids to the surface of metal-
lic catalysts (Au/C and Pt/C) and tuned interfacial hydrogen bonds
in aqueous solution to result in favorable PCET kinetics, thereby
boosting the intrinsic oxygen-reduction reaction (ORR) activity.” In
aqueous Zn batteries, a solid preferential hydrogen bonding effect
between the organic solvent and H;O can be formed to reduce the
H:O activity and hinder deprotonation of the electrolyte. As a result,
this mixed solvent can suppress side reactions and boost the zinc dis-
solution/deposition.'™ ' Likewise, the deprotonation of water can
also have effects on the activity and selectivity of Cu-based catalysts
in CRR by regulation of the PCET process.'' Therefore, we hypoth-
esize that tuning of the solvation structure of metal cations builds
strong hydrogen bonds to stabilize *CO intermediate, promoting
“CO dimerization to generate C;H.. However, there are few studies
on manipulating the solvent structure of metal cations to tune the
interaction between hydrogen bonds and CRR intermediates.

As a proof-of-concept, here we employed dimethyl sulfoxide
(DMSO) as an electrolyte additive to tune the solvation structure of
K ions to promote *CO dimerization to generate C;Hs. The H'
chemical shirt confirms that replacing part of H:O 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. Furthermore, in-situ attenuated total
reflectance infrared (ATR-IR) spectroscopy confirms that, due to
the addition of DMSO, the adsorption ability of *CO is significantly
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typically increases (Figure 1b), suggesting that the stronger hydro-
gen bonds result from the solvent effects of metal cations. It should
be noted that the H'chemical shirt gradually enlarges with the addi-
tion of DMSO, indicating that we can adjust the strength of hydro-
gen bonds by altering the volume ratio of DMSO to H:0." In addi-
tion, we also tuned cations and anions to alter hydrogen bond net-
work of electrolyte(Figure $2), and found that their increases of
H'chemical shirt are smaller than that of DMSO, suggesting its
higher efficiency to alter hydrogen bond network. The FTIR spec-
troscopy further identified water structure change in the mixed solu-
tion due to the introduction of DMSO (Figure 1¢)."*'* The results
show that the area ratio of 4-coordinated hydrogen-bonded water
(4-HB-H:0) to 2-HB-H.O in the DMSO/H.O mixed solution
slightly increases from 2.95 to 3.16, suggesting generation of
stronger hydrogen bond, which is also supported by molecular dy-
namics simulation (Figure 1d).
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Then, the most common Cu:O as the model catalyst was synthe-
sized using a previous method.'® Its phase and morphology were an-
alyzed by power X-ray diffraction (XRD) patterns (Figure $3) and
scanning electron microscopy (SEM) images (Figure $4), respec-
tively. Transmission electron microscopy image further confirmed
the synthesized Cu,O with polyhedral structure (Figure S§),
matching well with the previous one.'” The CRR catalytic perfor-
mances of Cu;O were investigated in different electrolytes by a flow
cell (Figure $6). As shown in Figure 2a, at low current densities
(below 200 mA cm™), the main product with Cu,O in 1 M KOH is
CO with a maximum FEco of 50.6% achieved at S0 mA cm”. When
the current density further increases, the main product is converted
to C;H,, and the maximum FEcaus of 39.7% is performed at 300 mA
cm”. When DMSO replaced H,O in the electrolyte, we find that the
product distribution is unchanged (Figure 2b). It should be noted
that FEcous surpasses FEco at a lower current density than pure wa-
ter, indicating a higher C-C coupling efficiency in the mixed electro-
lyte. Consequently, at 300 mA cm™, the maximum FEcaus of 47.5%
can be achieved.

We further compare their FEco and FEcau, respectively, and find
that FEco is significantly decreased after the introduction of DMSO
at all current densities, while FEcaus is the opposite (Figure 2¢, 2d).
To highlight the selectivity change of Cu;O in two electrolytes, we
calculated the ratio of FEcaus to FEco (Figure 2e). The results show
that the C-C coupling efficiency in the DMSO/H,O mixed electro-
lyte is significantly higher than that of H,O with a maximum
FEcaus/FEco of 3.0 achieved at 300 mA ¢m™. In addition, we tune
the volume ratio of DMSO to H;O to investigate CRR catalytic be-
haviors of Cu;O in different electrolytes (Figure $7). The results
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is dominant in the v
the previous report.'* By contrast, 4-HB-H,O is foremost in the bulk
electrolyte. This change in water structure results from the potential
to build an electrochemical double layer on the surface of the elec-
trode. With the potential decreasing, the percentage of 4-HB-H:O is
slightly down, suggesting forming a stable interface H;O layer on the
catalyst surface. When part of H>O in the electrolyte was replaced by
DMSO (Figure 3b), the percentage of 4-HB.-H,O typically in-
creases at open circuit potential (OCP), indicating that DMSO can
promote to form stronger hydrogen bonds than water during CRR.
We further analyzed the percentage ratio of 4-HB.-H.O to 2-
HB-H:O, and found that the percentage of 4-HB-H:O in the mixed
electrolyte is always higher than that of pure water over the CRR pro-
cess (Figure 3¢). Therefore, we can propose a scheme to present the
interface water structure change on the catalyst surface after the in-
troduction of DMSO. During CRR operation, the interface water
structure at the outer Helmholtz plane (OHP) is 2-HB-H-O due to
the weak interaction between water with water (Figure 3d). When
one of water molecules is replaced by DMSO, due to the interaction
between water with DMSO increasing (Figure 3e),"" the percent-
age of 4-HB-H.O is enlarged with the formation of a stronger hydro-
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To elucidate the different catalytic activity of Cu,O in the pure
water and mixed electrolytes, in situ ATR-IR spectroscopy was em-
ployed to identify their reactive species over the CRR process. First,
a strong peak at 1568 cm™ in pure water is assigned to the COO™
intermediate (Figure 4a), resulting in the first electron transfer to
the CO, molecule. On the other hand, the peak at 1640 cm™ belongs
to the COOH* intermediate in the mixed electrolyte (Figure 4b). It
means that DMSO can alter the PCET pathway for CO: activation.
Specifically, simultaneous electron and proton transfer proceed in
the mixed electrolyte, whereas they are done step-by-step in pure wa-
ter (Figure 4c, 4d)." Second, compared with pure water, a slightly
stronger peak at 1890 cm™ corresponding to the bridge-adsorbed
CO (COuge) can be obtained on Cu,O in the mixed electrolyte dur-
ing the negative scan. It suggests that the stronger hydrogen bond
network caused by the addition of DMSO on Cu,O surface can ex-
hibit a greater ability to stabilize the *CO intermediate than pure wa-
ter, which is confirmed by the previous report.”” In the end, a weak
peak at 1218 cm™ in pure water is assigned to OCCOH?, a critical
intermediate for C;H.. By contrast, the peak is stronger in the
DMSO/H:0 mixed electrolyte, indicating a higher C-C efficiency
on Cu;O catalyst. This result is consistent with its catalytic perfor-
mance in two different electrolytes.

To rule out the structural changes of Cu;O resulted from DMSO
during CRR operation, we used various characterizations to investi-
gate the phase and morphology of catalyst in different electrolytes
after CRR operation. Firstly, there is no phase transition for Cu;O in
two electrolytes as shown in Figure S8, which is similar to the previ-
ous report.'” Then, we used SEM coupled with TEM to detect the



catalyst morphology and found that the polyhedral structure of
Cu;O can remain well (Figure §9, $10). We further employed FTIR
to detect possible organic composition derived from the decompo-
sition of DMSO. The results show no additional peak is observed on
the Cu;O surface after CRR in the mixed electrolyte (Figure S11).
In addition, we also consider the pH change, which is detected by in
situ Raman, on the surface of the catalyst resulting from DMSO.*
The results confirm that the introduction of DMSO can not alter the
local pH of the Cu,O surface (Figure $12). Therefore, we can con-
clude that improving CRR activity and selectivity belongs to DMSO
tuning interfacial water structure of Cu;O rather than other factors.
In summary, we have developed a new strategy to tune PCET pro-
cess of the catalyst during CRR to improve its activity and selectivity
by utilizing the solvent effect of metal cations in the electrolyte.
Based on the results of NMR and in situ spectroscopy, we explicitly
revealed that high-donor-number organic molecules can form a
stronger hydrogen bonding network in the mixed electrolyte, which
can alter the PCET process of CO: activation and enhance the ad-
sorption ability of *CO intermediate, thereby significantly improv-
ing the efficacy of C-C coupling to C;Ha. Our findings suggest the
possibility of tuning interfacial water structure to steer electrocata-
lyst’s activity and selectivity, which could also guide the study of
other catalysis for other water-involving electrochemical reactions.
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Materials Synthesis
Synthesis of Cu20.

The synthesis of the Cu,O 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. CuCl, 2H,0 (0.1 mol L™; 5 mL)
was added dropwise to the above aqueous solution. The resulting solution was heated in a water
bath at 55 <. Then, NaOH aqueous solution (2 mol L™;5 mL) was added. After stirring for 0.5 h,
ascorbic acid solution (0.6 mol L™; 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 Ko radiation (A=1.5406 A, scan rate = 5°min). 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 CO; 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 piL 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?, loading mass: 1.0 mg cm2). The reference and counter
electrodes were Ag/AgCI (3.0 M KCI) 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?
during the CRR. During this process and then testing, CO2 was continuously purged at a rate of 20
L mint. 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 Il 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/AgCI reference electrode (Pine Research). All ATR-IR
measurements were acquired by averaging 64 scans at a spectral resolution of 4 cm™.
Electrocatalyst ink was prepared by dispersing catalyst powder (10 mg) in a solution containing
isopropanol (1.5 mL) and 5 wt % Nafion solution (50 uL) followed by ultrasonication for 60 min.
50 uL 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 CO. 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,-0.8and -1.0 V vs RHE.
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Figure S1. H-bond patterns between (a) water and water molecules, (b) water and DMSO molecules.
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Figure S2. The 'H chemical shifts of different electrolytes.
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Figure S3. XRD patterns of CuyO.

Figure S4. SEM image of Cu,0.
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Figure S5. TEM image of CuyO.
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Figure S6. Linear sweep voltammetry (LSV) curves of CO» atmosphere with a scan rate of 50 mVs!

in 1 M KOH using different solutions.
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Figure S7. Faradaic efficiencies (FE) of CRR products on Cu;O over a range of applied current

densities in different electrolyte by tuning DMSO percentage in the mixed solution. (a) 5% and (b)
15%.
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Figure S8. XRD pattern of Cup0O after CRR in different electrolytes. (a) 90% H>0+10% DMSO and
(b) H20.
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Figure S9. SEM images of Cu,0O after CRR in different electrolytes. (a) H>O and (b) 90% H>O+10%
DMSO.

o

Figure S10. TEM images of CuO after CRR in different electrolytes. (a) H2O and (b) 90% H>O+10%
DMSO.
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Figure S11. FTIR spectra on Cu20 after CRR in different electrolytes, i.e., 90% H>0+10% DMSO
and pure H20.
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Figure S12. In situ Raman spectra on Cu20 collected at different potentials in different electrolytes.
(@) H20 and (b) 90% H>0+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 Cu'* and Cu?* atoms in the framework of Cu,BDC.
During CRR operation, they are reduced into target Cu'*/Cu® species, which present
a higher FE of C2 products (ethylene and ethanol) than that of CuBDC-derived
sample.

. The solid-solution strategy is able to stabilize Cu?* against electrochemical
reduction during CRR. The Cu?" 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 CHa.
The linker with low electrophilicity can promote proton transfer from PyH* to *CO
intermediates to facilitate formation of CHa4. By contrast, the linker with high
electrophilicity can build strong hydrogen bond, and stabilize the *CO dimer,
thereby favoring the CoH4 formation.

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 CO> activation and enhance the adsorption ability of *CO

intermediate, thereby significantly improving the efficacy of C-C coupling to C2Ha.

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

Cu,0/CuO structure, stabilize Cu?* 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
Cz product selectivity of Cu-based catalysts. It can lead to the consumption of a
large amount of CO, with the formation of K2COs, reducing CO. 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 CO- 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.
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