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Abstract - English

The excessive combustion of fossil fuels results in the emission of carbon dioxide
(CO2), which triggers increasing environmental problems, such as, global warming,
rising sea levels, extreme weather, and species extinction. Therefore, the technologies
for conversion of CO> into other value products plays a vital role in order to eliminate
the CO2 concentration in atmosphere. Thereinto, electrochemical conversion of CO-
powered by renewable energy to useful chemicals is considered as an elegant solution

to achieve the carbon cycle.

However, due to the innerness of CO> molecules and competitive hydrogen
evolution reaction (HER), the main challenges in the field CO, RR are the high
overpotential requirement that represents the unfavourable thermodynamics and low
Faradaic efficiency (FE) for the target products. Therefore, searching for a high-
efficient and cost-friendly electrocatalyst is sensible and necessary for practical
applications. In the past decades, metal-organic frameworks (MOFs) engrossed the
enormous considerations in the field of electrocatalysis because of their large specific
surface area, rich pore structure, and uniformly dispersed active sites. Although they
have a great potential in electrocatalysis, most MOFs materials still suffer from
insufficient activity, low conductivity, and poor stability, which would hinder their
practical applications. Especially, in the field of CO2 RR, many important parameters,
including high FE, low overpotential, large current density and robust stability among
others, should be considered. Thus, the rational design of MOFs to fulfil the above
requirements as much as possible is crucial for exploiting their future in CO, RR
applications. Therefore, in this dissertation, we made many efforts to develop MOFs-
based/derived catalysts with superior efficiency, activity, and stability for boosting the

CO:2 RR performance.
This dissertation is divided into 5 chapters:

Chapter 1 is the insights on the fundamental concepts about electrochemical CO; RR,

which includes the fundamental cell of electrochemical CO, RR, reviews the common

3



reduction products and their simple pathways. Meanwhile, the overview of important
parameters affecting CO. RR, including different catalysts over the past years,
electrolyte, and the relevant metrics evaluating the electrocatalysts as well as limitations
of electrochemical CO; reduction are also presented in this chapter. In addition, this
chapter summarizes the fundamental concepts about MOFs materials and their high-
temperature pyrolysis derived materials as the electrocatalysts. This chapter also

introduces some current characterization techniques for studies of CO2 RR.

Specific synthesis procedures and experimental results for each studied material are

presented in Chapters 2-4.

Chapter 2 deals with the fabrication of surface modified ZIF-8 as MOFs-based
electrode for electrochemical CO2 RR to generate CO. In this work, a surface modified
ZIF-8 has been prepared through introducing a very small proportion 2,5-
dihidroxyterephthalic acid (DOBDC) into ZIF-8, achieving a 2.5 times higher current
density of CO (from —4 mA cm ™2 to —10 mA m?) and a boosted Faradaic efficiency
(from 56 % to 79 %).

In Chapter 3, a facile route is used to introduce axial bonded O-containing groups into
a Fe-N-C catalyst through pyrolysis of Fe-doped Zn-based metal organic frameworks
(IRMOEF-3), forming highly dispersed Fe single atoms with HO-FeNa active sites. Due
to the local environment modulation induced by such -OH groups, the D-Fe-N-C
catalyst exhibits an enhanced CO2 RR activity, including a high selectivity with CO
Faradaic efficiency of 95 % at —0.50 V vs. RHE, and a robust stability, which is higher

than that of the reported normal FeN3 sites without -OH groups.

In Chapter 4, we proposed that introducing Fe atoms into Ni-N-C catalysts fabricates
double metal (bimetallic) single-atom catalysts (Ni/Fe-N-C) towards CO> RR to
achieve a high selectivity and activity simultaneously. The optimized double-metal
Ni/Fe-N-C catalyst showed an excellent performance, obtaining a high selectivity with
a high CO Faradaic efficiency (with a maximum FE (CO) of 98 %) at a low

overpotential (390 mV vs. RHE). The performance obtained is superior to both single



metal counterparts (Ni-N-C and Fe-N-C catalysts) and other state-of-the-art M-N-C
catalysts, proving that regulating single active sites with a second metal site potentially
breaks the single metal-based activity benchmark to obtain the high selectivity and

activity in CO2 RR, simultaneously.

Finally, Chapter 5 summarizes the general conclusions of this dissertation, along

with a brief outlook.



Resum - Catala

La combustiGexcessiva de combustibles fGssils técom a resultat 1I’emissié de dioxid de
carboni (COz), que esta desencadenant problemes ambientals creixents, com ara
I’escalfament global, I’augment del nivell del mar, el clima extrem i I’extincio
d’espécies. Per tant, les tecnologies per a la conversié de CO2 en altres productes de
valor estan jugant un paper vital per eliminar la concentraciGde CO; a I'atmosfera. En
aquest sentit, la conversiGelectroqu mica de CO2, alimentat per energia renovable, en
productes qumics ils es considera una solucioelegant per aconseguir el cicle del

carboni.

Tanmateix, a causa de la interioritat de les molésules de CO: i de la reacciGcompetitiva
d’evolucié d’hidrogen (HER), els principals reptes de CO2 RR sén 1’elevat requeriment
de sobrepotencial associat a una termodinamica desfavorable i una baixa eficiécia
faradaica (FE) per a un producte concret. Per tant, buscar un electrocatalitzador d’alta
eficiencia i econanic & raonable i necessari per a aplicacions practiques. En les
darreres decades, els marcs metal {organics (MOF) van absorbir les enormes
consideracions en el camp de I’electrocatdisi a causa de la seva gran superfTie
espec fica, una rica estructura de porus i llocs actius uniformement dispersos. Tot i que
tenen un gran potencial en electrocdisi, la majoria dels materials MOF encara pateixen
una activitat insuficient, baixa conductivitat i poca estabilitat, cosa que dificultaria les
seves aplicacions practiques. Especialment, en el camp del CO2 RR, s’han de tenir en
compte molts parametres importants, inclosa una alta eficiencia faradaica (FE),
I’excessiu baix sobrepotencial, una gran densitat de corrent i una estabilitat robusta,
entre d’altres. Per tant, el disseny racional dels MOF per complir els requisits anteriors
tant com sigui possible & crucial per explotar el seu futur en aplicacions de CO2 RR.
Per tant, en aquesta dissertaciQ vam fer molts esforgs per desenvolupar catalitzadors
basats en MOFs/derivats amb una eficiéncia, activitat i estabilitat superiors per

augmentar el rendiment del CO2 RR.

Aquesta dissertacides divideix en 5 cap fols:



El capiol 1 presenta les idees sobre els conceptes fonamentals sobre CO2 RR
electroqu mic, que inclou la cé {ula fonamental de CO; RR electroqu mica, que revisa
els productes de reducciGcomuns i les seves vies senzilles. En aquest cap ol tambées
presenta la visiG general de parametres importants que afecten el CO2 RR, inclosos
diferents catalitzadors dels darrers anys i electrdits, i les meériques rellevants que
avaluen els electrocatalitzadors, aix icom les limitacions de la reducciGelectroqu mica
de CO.. A més, aquest cap fol resumeix els conceptes fonamentals sobre els materials
MOF i els seus materials derivats de la pirdisi a alta temperatura com els
electrocatalitzadors. Aquest capiol també introdueix algunes tésniques de

caracteritzaci®actuals per a estudis de CO2 RR.

Els procediments de s mtesi espec fics i els resultats experimentals per a cada material

estudiat es presenten als cap fols 2-4.

El cap fol 2 tracta de la fabricaciGde ZIF-8 modificat a la superf Tie com a eléstrode
basat en MOFs per a un COz RR electroqu mic per generar CO. En aquest treball, hem
modificat la superf Tie del MOF ZIF-8 a partir d’introduir un petita proporcio d’acid
2,5-dihidroxyterephthalic (DOBDC), aconseguint una densitat de corrent de CO 2,5
vegades superior (de =4 mA cm 2 a —10 mA cm?) i una eficiéncia faradaica

augmentada (del 56% al 79%).

Al capiol 3, s’utilitza una ruta facil per introduir grups que contenen O enllagits
axialment en un catalitzador Fe-N-C mitjangnt pirdisi de marcs organics metd dics
basats en Zn dopats amb Fe (IRMOF-3), formant aoms individuals de Fe molt
dispersos amb llocs actius de HO-FeNs. A causa de la modulacio de I’entorn local
induda per aquests grups -OH, el catalitzador D-Fe-N-C presenta una activitat CO2 RR
millorada, que inclou una alta selectivitat amb una eficiéncia faradaica de CO del 95%
a—0,50 V vs. RHE, i una estabilitat robusta , que & superior a la dels llocs FeN4 normals

reportats sense grups -OH.

Al cap fol 4, vam proposar la introduccié d’atoms de Fe en catalitzadors de Ni-N-C per

produir catalitzadors amb &oms individualitzats (Ni/Fe-N-C) de doble metall



(bimet& dics) de cara al CO> RR per aconseguir una alta selectivitat i activitat
simultaniament. El catalitzador Ni/Fe-N-C de doble metall optimitzat va mostrar un
rendiment excel dent, obtenint una alta selectivitat amb una alta eficiencia faradaica de
CO (amb un FE (CO) m&im del 98%) a un baix sobrepotencial (390 mV vs. RHE). El
rendiment obtingut & superior als seus homdegs metddics (Ni-N-C i Fe-N-C
catalitzadors) i a altres catalitzadors M-N-C d’ultima generacio, demostrant que la
regulacio de llocs actius Cnics amb els segons llocs metd dics trenca el punt de
referéncia Unic d'activitat basat en metalls per obtenir una alta selectivitat i activitat en

CO2 RR, simultaniament.

Finalment, el capfol 5 resumeix les conclusions generals d'aquesta dissertacig

juntament amb una breu visia



Resumen - Castellano

La combusticn excesiva de combustibles f&iles da como resultado la emisicn de
dic&ido de carbono (CO>), que desencadendcrecientes problemas ambientales, como
el calentamiento global, el aumento del nivel del mar, el clima extremo y la extincicn
de especies. Por lo tanto, las tecnolog &s para la conversién de CO3 en otros productos
de valor jugaron un papel vital para eliminar la concentracicn de CO; en la atm&sfera.
En ese sentido, la conversidn electroqu mica de CO- alimentado por energ & renovable
en productos qu micos Uiles se considera una solucicn elegante para lograr el ciclo del

carbono.

Sin embargo, debido a la interioridad de las moléulas de CO: y la reaccicn competitiva
de evolucidn de hidr&yeno (HER), los principales desaf bs en el campo CO2 RR son el
alto requerimiento de sobrepotencial que representa la termodinanica desfavorable y
la baja eficiencia faradaica (FE) para los productos objetivo. Por lo tanto, la blsqueda
de un electrocatalizador econdnico y de alta eficiencia es sensato y necesario para
aplicaciones pr&ticas. En las Utimas déadas, las estructuras organometdicas (MOF)
absorbieron las enormes consideraciones en el campo de la electrocatdisis debido a su
gran &ea de superficie especfica, rica estructura de poros y sitios activos
uniformemente dispersos. Aunque con grandes potenciales en electrocatdisis, la
mayor & de los materiales MOF todav® sufren de actividad insuficiente, baja
conductividad y poca estabilidad, lo que dificultar® sus aplicaciones pr&ticas.
Especialmente, en el campo de CO: RR, se deben considerar muchos parametros
importantes, incluida la alta eficiencia faradaica (FE), bajo sobrepotencial, gran
densidad de corriente y estabilidad robusta, etc. Por lo tanto, el disefd racional de MOF
para cumplir con los requisitos anteriores tanto como sea posible es crucial para
explotar sus futuras aplicaciones de CO2 RR. Por lo tanto, en esta disertacian, hicimos
muchos esfuerzos para desarrollar catalizadores basados en MOFs / derivados de MOF
con eficiencia, actividad y estabilidad superiores para aumentar el rendimiento de CO>

RR.



Esta disertacicn se divide en 5 cap fulos:

El cap fulo 1 es la informacicn sobre los conceptos fundamentales sobre la CO2 RR
electroqu mico, que incluye la celda fundamental de la CO, RR electroqu mico, revisa
los productos de reduccién comunes y sus v Bs simples. Mientras tanto, la descripcicn
general de los paranetros importantes que afectan la CO2 RR, incluidos los diferentes
catalizadores en los dtimos afps y el electrolito, y las méricas relevantes que evalan
los electrocatalizadores, asicomo las limitaciones de la reduccidn electroqu mica de
CO,, también se presentan en este cap fulo. Ademds, este cap fulo resume los conceptos
fundamentales sobre los materiales MOF y sus materiales derivados de la pirdisis a
alta temperatura como electrocatalizadores. Este cap iulo también presenta algunas
teenicas de caracterizacicn actuales para estudios de CO2 RR.

Los procedimientos de s mtesis espec ficos y los resultados experimentales para cada
material estudiado se presentan en los Cap fulos 2-4.

El Cap fulo 2 trata de la fabricacicn de ZIF-8 modificado en superficie como electrodo
basado en MOF para CO2 RR electroqu mico para generar CO. En este trabajo, se
prepardun ZIF-8 modificado en superficie mediante la introduccié de una proporcién
muy pequefa de &ido 2,5-dihidroxitereftdico (DOBDC) en ZIF-8, logrando una
densidad de corriente de CO 2,5 veces mayor (de =4 mA cm ?a—10 mA m™ %) y una
eficiencia Faradaica mejorada (de 56% a 79%).

En el Cap fulo 3, se utiliza una ruta f&il para introducir grupos que contienen O con
enlaces axiales en un catalizador de Fe-N-C a través de la pirdisis de estructuras
organicas metdicas a base de Zn dopado con Fe (IRMOF-3), formando &omos Unicos
de Fe altamente dispersos con sitios activos HO-FeNs. Debido a la modulacién del
ambiente local inducida por tales grupos -OH, el catalizador D-Fe-N-C exhibe una
actividad CO2> RR mejorada, incluida una alta selectividad con eficiencia de CO
Faradaic del 95 % a —0,50 V frente a RHE, y una estabilidad so6lida, que es mas alto
que el de los sitios FeN4 normales reportados sin grupos -OH.

En el cap tulo 4, proponemos que la introduccicn de &omos de Fe en catalizadores de

Ni-N-C fabrica catalizadores de un solo &omo de metal doble (Ni/Fe-N-C) hacia CO>
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RR para lograr una alta selectividad y actividad simulténeamente. El catalizador de
Ni/Fe-N-C de doble metal optimizado mostr&excelentes rendimientos, obteniendo una
alta selectividad con eficiencia faradaica CO (un m&imo FE (CO) del 98 %) a un bajo
sobrepotencial (390 mV vs RHE), que es superior a las contrapartes de un solo metal
(Ni-N-C y Fe-N-C catalizadores) y otros catalizadores M-N-C de Utima generacidn, lo
que demuestra que la regulacién de sitios activos individuales con los sitios del segundo
metal rompe potencialmente el punto de referencia de actividad basada en un solo metal
para obtener una alta selectividad y actividad para CO. RR, simulténeamente.

Finalmente, el Cap fulo 5 resume las conclusiones generales de esta disertacicn, junto

con una breve perspectiva.
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Chapter 1

Introduction: Fundamental Concepts of CO: Electrochemical

Reduction and Metal-Organic Frameworks (MOFs)
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1.1 Overview: Background of CO: Electrochemical Reduction

With the growth of combustion of traditional fuels (such as coal and crude oil), the
excessive emission of greenhouse gases (e.g., carbon dioxide (COz)) amounted at ca.
30 000 Mt in 2010. As a result, the unprecedented concentration of CO; in the
atmosphere trigged increasing concerns about global warming, rising sea levels,
extreme weather, and species extinction.[1, 2] Thus, decreasing or eliminating
emissions of atmospheric CO; becomes an imperative task. However, the fossil fuels
will remain a long-term and major source in industrial developments, in view of the
target for reducing atmospheric CO; concentration to 500 ppm by 2050,[3] a large
number of technologies have been proposed in order to maintain the carbon cycle,
following two major categories: 1) capture CO; from the atmosphere and then storage
it forever; 2) convert CO; into other high-value products.[4-6] In comparison with the
second route, however, more CO; emission will likely be caused during the CO> capture
process, because of further separation, purification, compression, transportation, and
storage processes.[7] Therefore, conversion of CO> to produce useful chemicals is
widely considered as the most straightforward strategy to reduce atmospheric CO:
concentration in hope for realizing a ‘carbon cycling’ pathway.[8, 9] To date, CO-
conversion can be achieved by chemical methods, such as, photocatalytic,[10]
biological[11] and electrocatalytic reduction,[12] and a few other means. Among them,
electrochemical reduction of COz (CO2 RR) to some high-value products is especially
desirable both in terms of energy efficiency and cost for 1) controllable electrode
potentials and ambient reaction temperatures as well as pressures; 2) recycled
electrolytes, minimizing overall chemical consumption; 3) reduced new CO2-sources
generation due to electricity as the driver; and 4) easy scale-up applications.[8, 13, 14]
Therefore, many recent reports in the field of CO2 RR are overwhelming in the Web of
Science (WOS) (Figure 1.1). However, in order to widely utilize the electrochemical
reduction of CO» technologies to obtain high efficiency, the first step is to understand

the fundamentals of this process.
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Figure 1.1 Number of publications in electrochemical CO; reduction research published per year.
This Web of Science search was carried out on the 26" Nov. 2020.

1.2 Fundamental Concepts of CO: Electrochemical Reduction

1.2.1 Electrochemical Cell of CO; Electrochemical Reduction

Generally speaking, an electrochemical process involves an electrical and
chemical interconversion, therefore, as a typical reduction process, CO2 RR also have
a similar situation that required a cathodic voltage to drive the reduction of CO; to
produce other carbon-containing products. In a typical electrochemical CO» RR H-cell
a standard three-electrode system is assembled, including a working electrode (WE)
loaded with catalysts (cathode), a reference electrode to determine the applied potential,
and a counter electrode (CE) to balance the charge and ion flow of reaction (anode).
Meanwhile, the overall electrocatalytic device consists of two compartments separated
by an ion-exchange membrane to prevent the mixing of the cathodic and anodic reaction
products and further reoxidation of targeted products,[15-17] as illustrated in Figure
1.2. At the cathode, a myriad of products during CO2 RR are produced over the
electrocatalysts. And the oxygen (O2) evolution reaction (OER) (E’= 1.23 V vs. RHE)
is performed over the anode. The overall process is driven by an external applied
voltage, which is used to increase the electrochemical potential of the electrons
liberated from the reducing agent so that they are capable of reducing CO: at the
cathode, to produce different products, such as carbon monoxide (E%co()=—0.106 V vs.

RHE) and many others.[17]
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Figure 1.2 Schematic image of typical H-cell for CO, RR.

Electrochemical CO; reduction is also conducted in a gas-liquid flow cell (flow
cell) (Figure 1.3), which allows the large scale applications in the industry.[15] This
reactor is more suitable for practical applications, because the continuously circulated
gas and liquid flow in this electrolysis reactors can optimize the mass transport
limitations during the reaction process.[18] In addition, higher current densities
(generally > 100 mA cm2) can be obtained in a flow cell simultaneously.[19]
Nevertheless, future investigations will continue to focus on developing multilayer gas-

liquid flow cells or large-scale industrial applications to achieve a market size and price

of target CO2 RR products.
Potentiostat
Gas Chromatograph DSA
CO/H, RE (AolAGf?l) Nafion®117

Catalysts ¥

!

v

Products

Catholyte Anolyte

Figure 1.3 Scheme of the electrochemical flow cell. Reprinted with permission from ref[20].
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1.2.2 Products of CO: Electrochemical Reduction

Electrochemical CO; reduction is driven by applied potential through two-, four-,
six-, eight-, ten- and twelve-electron reduction pathways in different phases.[17, 21]
Depending on carbon containing, the distribution of major reduction products (C1 or
multi-carbon) for CO; RR is shown in Table 1.1. HCOOH, CO, HCHO, CH30OH and
CHj4 are the main C1 products. Other products, such as, Co;H4, CH3CH2OH, are defined
as multi-carbon products in CO2 RR.[22] However, as methanol and ethanol or other
C2 products, most of currently known electrocatalysts are unable to electrocatalytically
generate them with a high selectivity, thus, potentially disqualifying these chemicals as
viable CO2 RR products.[23] Therefore, one of the most important criterion for the
utility of the CO2 RR is the selection of a targeted product. From a commercial point of
view, formate and CO are considered as the attractive targeted products for CO:
electrolysis because they can be produced with a high Faradaic efficiency (FE) hitherto
exceeding 90 % and only require a simple two-electron/proton transfer pathway with
low energy barriers.[24, 25] On the other hand, to date, CO, together with HCOOH,
have been also considered as the most promising candidates due to their further
commercial values.[26, 27] Especially, CO is most appealing because of a significant
global demand for downstream products of syngas (CO, Hz), such as, synthetic
methanol, which could pave the way for various fuels production.[22, 28] Therefore,
many researches have widely focused on producing CO or HCOOH as well as
investigating their reaction mechanisms using advanced characterization technologies
in order to obtain a deeper understanding in this process. In addition, in those products
beyond containing a single carbon, the reaction complexity increases significantly, as
the addition of more proton/electron transfers. Thus, further advancing to our
understanding of the reaction mechanisms of C-O bond cleavage and C-C bonds
formation and designing high-efficient catalysts for generating multi-carbon products
are imperative for further investigations.[29-31] All in all, the points mentioned above
indicate that there is large a space to make the electrochemical carbon industry more

profitable.
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Table 1.1 Products of electrochemical CO, reduction and redox potential at pH=7. ref[32]

Half-reactions Electrode Potentials (vs.
RHE) at pH=7
COx(g)+e — CO, - -1.48
COx(g) +2¢” +2H" — HCOOH (1) —-0.250
COx(g) +2¢ +2H" — CO(g) + H0O(1) —0.106
COx(g) +2¢” +4H" — HCHO(]) + H,0(1) —-0.070
COx(g) + 4e” +4H' — C(s) + 2HO(1) 0.21
COx(g) + 6¢~ +6H" — CH30OH(1) + H20(1) 0.016
COx(g) + 8¢~ +8H" — CHa(g) + 2H,0(1) 0.169
2CO0x(g) + 8¢~ +8H" — CH3COOH(1) + 2H,O(1) 0.11
2CO0Ox(g) + 10e” +10H" — CH3CHO(1) + 3H>O(1) 0.06
2COx(g) + 12¢” +12H* — CyHa(g) + 4HO(1) 0.064
2COx(g) + 12¢~ +12H" — CH3CH,OH (1)+ 3H,0(1) 0.084
2H" +2¢” — H» 0

1.2.2.1 Intermediates for CO and HCOO™ Formation

The theoretical investigations shows that the intrinsic catalytic performance of
catalysts relies on their binding energy for intermediate species. Therefore, in order to
achieve a high activity and selectivity to produce CO and HCOOH in CO2 RR,
understanding the binding energy of key intermediates is critical. The key intermediates
during CO and formic acid (or formate in basic solution) production have been defined
by Nerskov group.[33] They suggested that adsorbed COOH* intermediates is for
producing CO,[34] whereas HCOOH is produced via the OCHO* intermediate.[35] In

addition, with respect to the theoretical results, Jaramillo’s group experimentally
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showed a volcano relationships between intrinsic binding energies of key intermediate
and CO2 RR activities for various metals,[36, 37] as shown in Figure 1.4. This
relationship revealed that the product selectivity strongly depends on the binding
energies of the intermediates on the catalysts’ surfaces. The moderate binding energy
to the surface of catalysts (such as, Ag and Au) towards both COOH* and CO* will
result in a high efficiency for CO production. Otherwise, the reaction will move forward
to convert to hydrocarbon or oxygenates. For example, C-C coupling and further CHO*
protonation become the key steps toward ethylene and methane, respectively. Therefore,
CO* has been identified as a critical intermediate in the formation of hydrocarbons and
alcohols. Similarly, when a metal shows the highest reactivity towards HCOOH
production as it has a moderate binding energy for OCHO*, which is a key intermediate

for HCOOH production, such as Sn.
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Figure 1.4 (A) Volcano plot using *COOH binding energy as a descriptor for CO partial current
density at —0.9 V (vs. RHE). (B) Volcano plot using *OCHO binding energy as a descriptor for
HCOO™ partial current density at —0.9 V (vs. RHE). Adapted from ref[37]

1222 Simple Reaction Pathway for CO and HCOO™ Formation

Although the reaction mechanisms are quite complex under both theoretically and
experimentally, simplified reaction steps for formation of CO and HCOO™ has been
proposed (Figure 1.5). CO; reduction to both CO and HCOOH can start with a one
proton/electron transfer to a CO2 molecule and followed by the stabilization of COOH*
and OCHO* intermediates. Subsequently, for CO generation, COOH* transfers to CO*

through a dehydration reaction, then, the CO* desorbs from the catalysts’ surfaces,
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forming the final CO product. The overall conversion process is proposed to occur in
three steps: (i) COz(g) + ¢ +H" — *COOH; (ii) *COOH + ¢ +H" — *CO +H,O0; (iii)
*CO — CO + * (* represents that the molecule is adsorbed on the surface of the
catalysts). For HCOOH generation, the OCHO* intermediates desorb from the metal
surface to form HCOOH. However, the proposed reaction mechanisms merely
represent the reaction pathway for a specific catalyst and condition, yet, theoretical
investigations generally proceed with assumptions such as the proton-coupled electron

transfer model, which differ from actual reaction conditions.

OH
0{\ / CO +H,0
C
COZ I H++ e
I > . ——
Ht+e
H H_ ,0
| N/
C C
AN | HCOO-
Cco ¢ 9 (|) e
| H+_2> H or EE——— H’
+ e

Figure 1.5 Possible reaction pathways for CO (top) and HCOO" (bottom). Adapted from ref[21,
38]

1.2.2.3  Tafel Slope for CO and HCOO™ Formation

In order to rationally design high-performing catalytic systems, understanding the
reaction pathways and mechanisms for CO2 RR is critical. In some cases, Tafel analysis
as an important parameter to reveal the reaction mechanisms during a reaction, in which
the quantitative dependence of the partial current density toward a specific product (the
electrochemical reaction rate) on the applied potential (Tafel slope) is determined.|[39,
40] Through assuming the symmetry factor and other reaction conditions, the Tafel
slopes of different reaction mechanism for CO and HCOOH are shown in Table 1.2.
By matching theoretically calculated Tafel slopes and experimentally obtained Tafel
slopes, the rate determining step of a reaction and the number of electrons involved in
the rate-determine step (RDS) can be possible proposed.[41] Two types of RDSs are

revealed for catalysts towards CO generation. For example, polycrystalline Au and Ag
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catalysts with a Tafel slope of 118 mV/dec (zeroth reaction order) demonstrate that the
formation of the CO,  anion is considered as the RDS. While the Tafel slope of 59

mV/dec with the first reaction order shows the RDS is COOH* formation.

However, Tafel analysis has its significant limitations. Firstly, the Tafel analysis is
conducted in a low current region, a so-called Tafel region, so that the electrocatalytic
reaction is not limited by the mass transport of reactants. For an electrochemical
reaction of the form given in equation (1), the full Butler-Volmer equation is shown in
equation (2), then the equation (2) can be simplified as Tafel equation (3) at Tafel region

(only if the overpotential is sufficiently high so that the rate of the reverse reaction is

negligible comparing to that of the forward reaction, that is exp( ) <<e p("(ﬁ 1)F)).
O+ne <R (1)

=g exp(L)-a0 explE—20)] 2)

=PI exp(10)] 3)

Therefore, Tafel analysis is only appropriate within a specific overpotential range.
Secondly, it cannot differentiate two mechanisms with the same Tafel slope.
Furthermore, as informative as Tafel analysis is, independent experimental and
theoretical techniques are necessary to support a proposed mechanism of multielectron

electrocatalytic reactions (as it is the case for the CO; reduction).

Table 1.2 Tafel slopes and reaction orders derived under the assumption of well-known rate-
determining steps (RDSs) for CO and HCOO™ generation. In the derivation, the intermediate
surface coverage is assumed to be zero. The reaction orders are denoted with superscripts. ref[42]

Product RDS Tafel slope ( dlogj )
(mV/dec) at | 0log[HCO3-]
T=298 K
and $=0.5
Cco - 118 0
COz(aq) + e +* - CO,
- 59 1
CO,  +HCO; — COOH* + CO3*~
COOH* + e+ HCOs~ — CO* + H,0 + CO3*~ 39 02
CO* - CO+* 30 -28
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HCOO™ 118 0
COz(aq) + e +* — CO,
- 59 1
CO,  +HCO; — OCHO* + CO3*~

OCHO* + ¢ — HCOO™ 39 -12

- 39 1

CO, ~ +e +HCO; — HCOO™ + COz*

HCOO™*— HCOO + * 30 -12

1.2.24  Competition of Hydrogen Evolution Reaction (HER)

The reaction complexity of CO> RR is not only to produce different products, in
most cases, CO2 RR must also compete with the relatively facile hydrogen evolution
reaction (HER).[25, 43] As shown in Table 1.1, HER is a major side reaction that
accompanies CO» reduction, because HER occurs at more positive potential than CO»
RR, resulting in a significant decrease of the FE for CO, RR. Therefore, future
strategies should take advantage of the excellent catalyst developments to optimize the

adsorption of *H with *CO and other CO; RR intermediates for suppressing HER.

1.3 Important Factors Affecting CO: Electrochemical

Reduction

As discussed above, the desired products in CO2 RR are very complex for practical
applications because of the different reaction pathways or combinations of different
pathways. However, the kind of pathways and numbers of pathways are highly related
to the experimental conditions, such as the catalysts materials, applied potentials,

electrolyte solution, CO> concentration, as well as pressure and temperature.
1.3.1 Electrocatalysts

CO; is a linear molecule, as shown in Figure 1.6. In this molecule, carbon (C) and
oxygen (O) atoms are held together through bonds formed by sharing electrons, and
these bonds possess strong electrical affinities. Meanwhile, the bond energy of C=0 in
COz is about 750 kJmol™!, which is higher than that of O-H in H>O molecules.[44, 45]
Therefore, the high symmetry, low polarity and high bond energy of the CO2 molecule
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lead to a high stability.

During the electrochemical conversion, we need to provide an overpotential that
is relatively high to activate C=0 bonds. Using a proper catalyst, the overpotential will
be significantly reduced, thus, the research on efficient and robust electrocatalysts is

crucial to promote this kinetically slow reduction reaction.

Figure 1.6 Structure of CO, molecule with space filling model (the red balls are for O atoms and
the black one is for C).

1311 Single Metal Catalysts

CO: RR are mostly catalyzed by metal-based materials in aqueous solutions.
However, the selectivity observed on monometallic catalyst is different and
summarized in Figure 1.7.[2, 46, 47] Considering reaction products, the
electrocatalysts can be divided into different groups: 1) Ag, Au and Zn, which exhibit
excellent activity for producing CO; 2) Pd, In and Sn, which show good selectivity for
generating HCOOH; 3) Ni, Fe, Pt ef al. which produce H> as the major product. These
differences in selectivity on different single metal groups can be explained by the
principle, when the key reaction intermediates such as *CO binds bonded on metal
surfaces weakly will prohibit the reduction reaction to continue, therefore, the CO
generates. For example, Cu takes an interesting place because of its special capacity of
showing significant selectivity for hydrocarbon and alcohol evolution. The fact is that
the key reaction intermediates with the optimal bonds (neither too weak nor too strong)
on Cu surfaces could lead to further reaction to produce hydrocarbon and alcohol

products.[48]
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Figure 1.7 Selectivity differences observed on single monometallic catalyst during CO, RR.

1.3.1.2  Alloy Catalysts

While single metal catalysts showed their insufficient activity towards CO2 RR, a
second metal modification method has been proposed to influence the product
distribution and efficiency obtained over single metal catalysts.[25] On one hand, the
synergistic effects of bimetallic electrocatalysts can lead to change both the geometric
and electronic modification of the active sites, further altering the binding strengths of
intermediates and the activation barriers of the elementary steps tuning the activity and
selectivity accordingly.[24] On the other hand, synergistic effects of bimetallic
electrocatalysts could influence the adsorption and desorption process of key
intermediates. Therefore, metal-alloys with tunable activity and selectivity through a
combination of electronic and geometric effects have been widely prepared and used in
CO2 RR. For example, PdCu, PdAu, PdPt, PdSn, PdRu, PdTe, and PdIn have been
identified to show improved activity and selectivity of CO2 RR compared to the pure
Pd. Therefore, designing bimetallic-based catalysts provides a strategy to weaken the

binding affinity intermediate species on the pure metal surface.
1.3.1.3  Molecular Catalysts

A useful method to improve the catalytic activity and selectivity of metal catalysts
is tuning the catalytic properties via surface modification. Molecular electrocatalysis
thus is an excellent option because these factors can be optimized by chemical tuning
of the metal centers through appropriate ligand design.[49-51] The first report of
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homogeneous electrochemical CO; RR catalyzed by molecular catalysts appeared in
the 1970s and 1980s, which offer the advantage of synthetic control over the steric and
electronic properties in the vicinity of the active sites.[52] By application of appropriate
organic ligands, some metals, including the second and third d-block series (such as Ru,
Pd, and Re) and earth-abundant 3d transition metals (e.g. Mn, Fe, Co, and Ni), are
widely used to prepare the molecular electrocatalysts, showing a high selectivity for
target products, mainly CO and HCOOH. These molecular electrocatalysts are typically
divided into five classes due to their different ligand architectures: 1) porphyrins; 2)
cyclams; 3) bipyridyls; 4) polypyridyls and 5) phosphines.[53] Although most of
molecular catalysts possess high selectivity towards CO> RR, in contrast to many
heterogeneous catalysts, they generally show a low stability, and their poor recyclability
deserves attention as well. In addition, most of molecular catalysts are mainly beneficial
to two electron transfer processes for generation of CO and HCOOH, the efficient
generation of the four-, six-, and eight-electron reduction products can be only achieved
on a few molecular electrocatalysts. More importantly, they seldom used in the aqueous
conditions because of low CO; concentration and competing HER. Therefore, the
current methodologies should focus on immobilizing ligands or complexes within
solids or at the surface of electrodes, hybrid systems composing of a simple molecular
catalyst associated with a conductive support in order to boost the stability and

conductivity of molecular catalyst.
1.3.14  Metal-Nitrogen-Carbon Catalysts

As discussed, homogeneous catalysts usually exhibit low current density due to
their low solubility in aqueous electrolytes. As consequence, combing the advantages
of homogeneous and heterogeneous catalysts is a good way to keep the high FE and
good stability, simultaneously. The simple method to bridge homogeneous and
heterogeneous catalysts is through directly creating atomically-defined active sites
similar to those of homogeneous catalysts on the surface of heterogeneous catalysts.
Therefore, as a frontier of material science, single-atom catalysts (SACs) are recently

emerging because it mimics the role of the first coordination shell in molecular catalysis
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through immobilizing the isolated metal atoms with three- or four-fold anchoring sites
(C or N atoms), thus, showing an overwhelming performance towards CO» RR
compared to majority of the reported catalysts. Despite the major benefits of SACs
revealing high selectivity with maximal metal atom utilization, four challenges still
exist: 1) Based on the experimental and theoretical results, for SACs, the activity,
selectivity and overpotential during CO> RR strongly affected by the nature of the metal
center and the structural features of the coordinative environment. Therefore,
systematically rationalizing the configuration and local environment on the activity and
selectivity is needed. 2) The aggregation phenomenon should be avoided in the SACs
preparation because SACs tend to aggregate into clusters or NPs during synthesis
process. 3) Future design and the investigation of SACs significantly influenced by the
advanced characterization techniques, such as, electron microscopy, X-ray absorption
spectroscopy (XAS), Fourier-transform infrared (FTIR) spectroscopy or scanning
tunneling microscopy (STM). Especially, the aberration corrected TEM and high-angle
annular dark-field STEM (HAADF STEM) are common techniques for directly
determining the size and distribution as well as extract the local structural information.
4) As similar as molecular catalyst, most of SACs are mainly beneficial to CO

generation.[54, 55]
1.3.1.5  Metal-Free Catalysts

As the main carbon-based catalysts, carbon fibers, CNTs, graphene, nano-porous
carbon, and graphene dots doped with heteroatoms (e.g. N, B, S and F) have been
widely considered as promising metal-free electrocatalysts for CO> RR because of their
low cost, large surface area, high conductivity, remarkable activity, and long
durability.[56-58] Among them, most of the carbon-based catalysts are beneficial to
generate CO and formate through a two-electron transfer process. While the multi-
electron reduction products such as CH4, C2Hs and C2HeO are only obtained on a few

carbon-based catalysts with specific composition, phase or morphology.

1.3.1.6  Limitations of the Current Electrocatalysts
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Despite recent progress that has been reported in the literature, the current

electrocatalysts towards COz RR still suffer from many limitations.

» Most of current electrocatalysts are beneficial for generating CO and HCOOH

instead of multi-carbon products.

» For the Cu catalysts that can produce multi-carbon products, however, they can
produce many different reaction products during the CO; reduction, which leads to
a difficult separation of the different products and a relatively low FE for target

product.

» Inaddition, the low current density obtained on most of the current electrocatalysts

hinders the future large-scale application.

» For the SACs catalysts with an atomic distribution, the nature of the active sites
remains a puzzle, which makes rational design impossible for advanced catalysts

with a high density of active sites for the CO2 RR.

» Significant insight into the mechanisms of CO; RR still need to be established

despite many challenges.

Although a variety of electrocatalysts have been prepared to boost the efficiency
of COz RR, the performance of an electrocatalyst is determined not only by its kind of
metal sites, and the modified second metals or organic ligands. More importantly, the
properties of the catalyst surface (surface adsorbates, facets, defects, structure, and
morphology also significantly affect the thermodynamic adsorption energies of the key
intermediates and kinetic barriers of the reactions, leading to different products. All in
all, to overcome these technical boundaries, the catalyst material is one of the most
essential building blocks to selectively and efficiently convert CO; into the desired

products on a large scale.

1.3.2 Electrolyte

Chemically, an electrolyte is an ionic conductor consisting of ionic species in a
specific solvent, providing ionic conductivity and thus facilitating charge compensation
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on each electrode in the cell. Once an electrode immersed into an electrolyte, an electric
double layer is constructed at the electrode/electrolyte interface, where covalently
bonded species and reaction intermediates are present in the inner Helmholtz plane
(IHP), and hydrated ions are situated in the outer Helmholtz plane (OHP), held by
electrostatic forces (Figure 1.8).[17] Meanwhile, a series of dynamic equilibria for CO»
and H>O could potentially influence the local ion distribution and pH at the interface.
As a result, during CO; RR, the electrolyte is the other important component that can
control the COz RR activity and selectivity. When CO2 RR occurs at a specific potential,
the electrode is negatively polarized, resulting in the attraction of the hydrated cations
to the electrode because of Coulomb interactions, subsequently, the increase in the
population of cations at the OHP. The cations at the OHP could not only enhance the
local electrode potential, changing the charge transfer kinetics, but also generate a local
electric field, improving the stability of the covalently adsorbed intermediates at the
IHP. Meanwhile, the change of hydrated cations will determine the local pH, then
influencing the reaction mechanism. In addition, specifically adsorbed ions at the IHP
can alter the electronic structure of the surface catalyst atoms, block the active sites,
and interact with the intermediates via van der Waals forces. Therefore, the local
environment provided by the electrolyte, such as pH, and the presence of certain cations

or anions could influence the reaction intermediates and the reaction pathways.[59-61]
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Figure 1.8 Simplified schematic illustration of the electric double layer composed of the inner
Helmbholtz plane (IHP) and outer Helmholtz plane (OHP) with chemical equilibria involved.[17]

1.3.21  Impact of pH
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Most of the CO> RR catalyst studies have been mostly performed in H-cell
electrolyzers, where CO; gas is bubbled into the electrolyte. In the electrolyte, dissolved
COz contains equilibriums: 1) CO2 + H,0 <> HCOs™ + H*; 2) HCO;™ «» COs* + HY,
as shown in Table 1.3.[17] COxq) reacts with electrolytes to form carbonates, which
causes a change in the local pH value and decreases the COx(q) concentration, thus,
affecting the proton donation step as well as the mechanism change. For example, the
equilibria of the acid-base reactions shift toward (bi)carbonates at a high local pH,
reducing the concentration of CO> near the surface, which could decrease selectivity
toward CO2 RR and favoring the HER. The current studies have revealed a volcano-
type dependence on pH for CO; RR selectivity and proposed an optimal local pH range
of 9-10.[62] Therefore, understanding the impacts of pH is a major area for studying

the dynamic reaction environment at the electrode surface.

Table 1.3 Acid-dissociation and kinetic rate constants for the formation of bicarbonate and
carbonate anions.

Reaction pKa k(s
CO; + H,0 <> HCO3™ + H* 6.37 0.0371
HCO; < COs* +HY 10.25 59.44

1.3.2.2 Cation/Anion Effects

Bicarbonate is a general electrolyte for CO2 RR; however, the corresponding alkali
metal cations could have a significant effect on the activity and selectivity towards CO>
RR, due to the relatively high population of the cations at the OHP. Early experiments
showed that the selectivity of CO2 RR is affected by the choice of the alkaline cation in
the electrolyte solution, where larger cations tend to shift the selectivity toward multi-
carbon products on Cu catalysts.[63] In a previous work, Hori et al. revealed that the

large cations are specifically adsorbed more easily than the small ones owing to the
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relatively small hydration numbers.[63] The specifically adsorbed cations could
increase the potential at the OHP and decrease the local proton concentration, thus,
hindering the HER. In addition, electrolyte anions also influence the activity, selectivity
and the product distributions of CO> RR. For example, the Cu-based electrodes in an
electrolyte with non-buffering anions, such as SO4>", the C2/C1 ratio increased. In
addition, recent Raman spectroscopy experiments found that co-adsorbed halide ions
(CI', Br, I') also could enhance the amount of CO* adsorbed on Cu-based catalyst,

consistent with earlier theoretical predictions.[64-66]

Although the importance of the electrolyte during the electrocatalytic process, its
contribution has been less understood compared to the impact of heterogeneous
catalysts, mainly because the characterization of electrolytes at the catalyst surface is
not well-established yet. Therefore, optimal CO; RR systems require the conjunction
of a catalyst with suitable adsorption properties and an electrolyte with beneficial
effects on the catalytic activity and selectivity, which could be useful for understanding

the CO; RR mechanism.

1.3.3 Applied Potential

In addition to the local pH in electrolytes, the different pathways can also be
affected by the different ranges of the applied potentials. At the high overpotentials, the
coupling of *CO-COH is dominant, while at low overpotentials, the *CO-CO
dimerization pathway is found to be energetically favorable. As a consequence, the CO:
RR enables a myriad of carbon-based chemicals and fuels to be synthesized at different

applied potential.

1.4 Important Parameters for Evaluating Electrocatalysts

As different kinds of electrocatalysts have been widely used in CO; RR, finding
some brief parameters for comparing and designing electrocatalysts CO> RR is
important. Several key parameters are frequently used to evaluate the performance of

electrocatalysts in this process, such as:
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1.4.1 Catalysts Cost

The most effective catalysts rely on expensive metals, such as, Au, Ag, Pd, among
others, the cheaper catalysts tend to have problems, i.e. low efficiency and insufficient
stability, for commercial applications. Therefore, designing cost-friendly catalysts with

high efficiency and activity will have a strong impact for future applications.

1.4.2 Faradaic Efficiency (FE)

CO2 RR can lead to several products with competitive reactions (such as, HER).
Therefore, producing a specific product with high FE is highly needed during CO; RR.
The FE describes the amount of product produced per number of electrons transferred
to facilitate the electrochemical reaction. It is calculated from the number of electrons

consumed in the electroreduction process by using the formula:

FE = n(mol) X X
- _ 00O
F(C/mol)

X 100 %

where moles of formed product (n) multiplied by the required number of electrons (X)
for CO; conversion into a particular product divided by the charge (Q, current density)
to Faraday’s constant (F, 96485C/mol). Finally, it will be multiplied by 100 to obtain
the output in an easier form such as a percentage. Moles of formed products (n) can be

obtained from analytic techniques such as GC.

1.4.3 Overpotential

The activation barrier associated with COz RR is high, because bonds are broken
and geometries changed along the reaction pathway, which brings challenges for the
CO: RR at an electrode due to the necessity of applying a high overpotential.[28, 67]
As an evaluating parameter, the overpotential presents the additional potential applied
beyond the thermodynamically determined potential (E’) required for the
electrochemical reaction to transpire.[43] The high operating overpotential not only
leads to a high level of energy waste, but also causes the H» produce, resulting in

unsatisfactory selectivity. Therefore, the calculation of the overpotential is not trivial
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but enables the comparison of electrocatalysts under different reaction conditions. As
the result, the key element in improving the CO2 RR activity is to achieve high faradaic

efficiency at a small overpotential.

1.4.4 Current Density

The current density features the rate constant of the overall electrochemical
reaction, consequently, the current density does not necessarily represent CO; reduction.
However, some catalysts show an insufficient current density, which limits their

practical implementation in CO2 RR.[68]

1.45 Stability

Electrocatalysts with robust stability are necessary for catalysis in industrial
applications.[69] Stability can be checked via chronoamperometry measurements such
“Ivs. t” plots; if current density decreases with time, consequently, the electrode is not
stable. However, in the practical application, maintaining good stability under a long-
term CO> RR stability still remains a big issue, because the overpotentials for obtaining
CO: RR products, especially for multi-carbon products, are extremely high, which not
only easily destroy the catalyst’s structure and morphology, but also lead to large energy

loss.

To summarize, there is a trade-off between product selectivity, energy efficiency,
and current density that makes only certain products economically viable. Therefore,
although there are many new materials developed in order to solve these challenges,
one has to consider that the catalyst design should achieve an industrially large-scale

CO2 RR as the ultimate goal.

1.5 Limitations of CO: Electrochemical Reduction

Practically, there are still some challenges remaining in order to improve the CO>

RR process:

1) The slow kinetics of CO; electroreduction, even when electrocatalysts and
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high electrode reduction potential are applied;

2) The low energy efficiency of the process, due to the parasitic or decomposition

reaction of the solvent at high reduction potential;

3) The high energy consumption. Researchers have recognized that the biggest
challenge in CO; electroreduction is low performance of the electrocatalysts

(i.e., low catalytic activity and insufficient stability);
4) Investigations on reaction mechanism.

Therefore, we still need to consider some parameters in CO2 RR to realize the

large-scale industrial applications.

1.5.1 Catalysts Design

The electrocatalyst is one of the most important components of a CO» electrolyzer
because it determines both the product selectivity and energy efficiency of the CO; RR.
Low-cost and high-efficient CO> RR electrochemical catalysts should be designed to
reduce the energy barrier, promote product selectivity at a low overpotential. The search
for a new catalyst that can simultaneously increase energy efficiency and product
selectivity is complicated by various factors which can impact the catalyst activity,
including intermediate binding energy, active sites, structure and geometry of catalyst,
kinetic mechanism, desorption of products, and adsorbate-adsorbate interactions.[25,

70-72]
1.5.2 Selectivity and Activity

The reaction complexity of CO; RR is different from many other reactions. On
one hand, for the products beyond 2 electron/proton transfer, the reaction complexity
increases significantly, with many more proton-electron transfers. On the other hand,
separation of products is difficult. Therefore, obtaining a high selectivity for specific
product in the catalytic process is advantageous. Because single product generated
during this process could reduce the cost of further product separation. Thus, we still

need to focus on preparing high-efficient catalysts with a high selectivity towards single
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product. In addition, although the higher FE has been obtained for CO and HCOOH, a
method should be developed to produce the multi-carbon products with an
extraordinarily high FE. Meanwhile, the selectivity is closely related to the reduction
mechanism, thus, studying the reaction mechanism is needed for achieving the high

selectivity.
1.5.3 Mechanism Research

Mechanistic investigations are the key to understanding catalytic cycles and effects
of catalyst modifications. Density functional theory (DFT) is a powerful tool for
understanding the intermediates and active species in the reaction.[73] Although the
underpinning mechanisms of many catalysts have been studied extensively, the
underlying fundamental processes are still not well understood at the molecular level.
Meanwhile, with the increasing complexity of catalyst components, the identification
of actual catalytic active sites will become more difficult. A combination of in situ, ex
situ, and operando studies on the model catalysts with computational strategies is an
effective means to find insight into the electrochemical reaction mechanisms involved
at the molecular level.[74-76] Therefore, the highest priority should be focused on
searching proper electrocatalysts in CO2 RR to improve both reaction activity and
selectivity in combination with DFT calculations and advanced characterizations.
These new improvements are further used in predicting and preparing specific catalysts

towards CO; RR.

1.5.4 Reactor Design

Research in the CO; RR field has largely focused experimentally on the H-cell.
However, most investigations in H-cell for CO2 RR are restricted by insufficient current
density (<100 mA/cm?) because of the mass transfer limitations and low CO-
solubility.[77] One must consider that the excellent commercial CO; RR is contingent
on achieving higher current density, high CO> RR FE at a relatively low applied
potential as well as long stability. These requirements demand major advances not only

in electrocatalyst materials design, but also in membrane as well as electrolyzer stack
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engineering. Therefore, rational design of electrochemical reactors provides another
method to improve the higher activity and selectivity during CO> RR that affect the
industrial viability of CO,.[61, 77]

1.6 Overview: Backgrounds of Metal-Organic Frameworks

(MOFs)

First defined by Yaghi and co-workers in 1995, as a kind of interesting and novel
materials, metal-organic frameworks (MOFs) built by metal ions and different organic
ligands have emerged as a materials science frontier (Figure 2.1).[69, 78-80] Most of
MOFs materials, synthesized by hydro-/solvothermal methods under gentle
conditions,[81-83] possess many chemical and physical advantages, such as the high
degree of order, crystalline structures, enormous flexibility in pore size, shape and
structure, offering a plenty of opportunities for their functionalization, grafting and
encapsulation.[84-87] Because of the above merits, during the last decades, a large
number of research have been focusing on the functional MOFs materials in order to
endow a desirable property for many fields, such as, gas storage and separation,

luminescence, sensors, drug delivery, and especially in electrocatalysis.[84, 88-91]
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Figure 1.9 Schematic illustration of MOFs materials and their common applications.

1.7 MOFs as Electrocatalysts

The increasing interest in the development of electrocatalysis makes MOF
chemistry as one of the fastest growing fields. The current applications of MOF as
electrocatalysts have been established in the field of HER, oxygen evolution reaction

(OER), oxygen reduction reaction (ORR), CO; RR, nitrogen reduction reaction (NRR),
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methanol/ethanol oxidation reaction (M/EOR), and electrochemical sensing and energy
storage (Figure 2.2). In particular, MOF electrocatalysts are better-suited for CO»
reduction than other reactions mentioned before for several reasons. Firstly, MOFs can
be functionalized to allow for better CO» capture. Secondly, the various catalytic sites

in MOFs, including metal ions and organic ligands, could improve the catalytic

efficiency.[78, 92]

Generally, MOFs as the electrocatalysts can be categorized in: 1) pristine MOF as
an electrocatalyst; 2) MOFs as a support, and 3) MOFs as a precursor to produce
electrocatalysts.[93-96] Although there are already many achievements about MOFs as
electrocatalysts, for an electrocatalytic process, the active sites in MOFs-based
materials, where reactants and intermediates adsorbed on and products desorbed from,
are still intricate because of their complex compositions. Therefore, comprehensive
understanding of active sites in MOFs and MOFs-derived materials is crucial for

exploiting their future electrochemical applications.
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Figure 1.10 Different electrochemical applications of MOFs-based materials.

1.7.1 Active Sites of Pristine MOFs

MOFs materials are becoming an in-vogue issue for the electrocatalytic CO>
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reduction processes. Generally, the catalytic efficiencies towards CO2 RR of MOFs
materials are attributed to the following factors: 1) MOF materials can increase the local
CO> concentration around materials’ catalytically active sites by CO» pre-
adsorption.[78] In this context, MOF pores serve as ‘“‘microreactors”, providing
favorable environments for reactions between CO> and active sites; 2) some functional
groups in MOFs enhance their CO> uptake and activate CO, molecules and/or other

reactants, further improving MOFs’ catalytic efficiencies.
1711 Metal Centers as Active Sites

In this case, some MOFs materials can be certainly used directly as an
electrocatalyst, since they already contain the necessary active sites, i.e., metal nodes
(Fe,[97] N1,[98] Co,[99] Cu[100], etc) or clusters. One example is the HKUST-1 with
Cu-O clusters as the active sites, which showed catalytic properties towards CO> RR to
produce CHs with 45 % selectivity.[100] In addition, it is worth noting that after
introducing a new metal ion into the MOFs to form the uniform dispersed bi-/tri-metal
active sites, MOFs can be functionalized with the unexpected catalytic performances
through interactional metal nodes, providing a versatile platform for developing new

catalytic properties.[101, 102]
1.7.1.2  Organic Linker as Active Sites

Apparently, in some cases, the electrocatalytic active sites in MOFs are not always
a metal center, instead of the organic ligands. Experimental and theoretical results
showed that the active sites can be located on the ligand next to the metal centers, thus,
the diverse organic ligands in MOFs are the active sites. For example, a series of Zn-
based MOFs, such as ZIF-7, ZIF-8, ZIF-108, and SIM-1, have been examined on their
CO2 RR activity and demonstrated that imidazolate was the optimal active site.[103]
Furthermore, metal active sites in MOFs could be modified by coordinated ligands,
which modulate the electronic configuration of metal centers, effectively tuning the
catalytic activity of MOFs. For example, introducing an additional functional ligand

with electron-rich group into MOFs could induce electron delocalization of the metal
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active sites, which triggered charge transfer and change of the local environment around

the metal centers, further enhancing the CO; RR performance of MOFs.[104]

1.7.1.3 Defects

Defects in MOFs arise from the removal of either a linker, a cluster, or a
coordinated solvent (e.g., water) molecule, leading to a nonstoichiometric metal to
linker ratio. Missing the organic linkers often make it possible to act as accessible active
sites during the electrocatalysis.[105, 106] Because the coordinatively unsaturated
metal sites are more easily oxidized to high valence, which is beneficial for some
electrochemical reactions, such as CO; RR. On the other hand, active sites for
electrocatalysis can be formed by partial replacement of the bridging linkers without
the loss of crystallinity and porosity properties. Therefore, considering that the catalytic
processes usually occur on the surfaces of electrocatalysts, the higher catalytic activity
could be achieved by exposing surface atoms or active sites as much as possible in
MOFs.[69] Although many breakthrough results have been achieved on pure MOFs as
the electrocatalysts, the activity is still far from the practical requirements. Therefore,
improving the catalytic performance of pure MOFs is the in-vogue issue in order to use

them in practical applications.

1.7.2 Improve the Catalytic Performance of Pure MOF's

1.7.2.1  Lowering the Dimension of MOFs

As mentioned above, the metal ions or clusters in MOFs act as catalytic active
sites, however, the catalytic processes only occur on the catalysts’ surfaces. Therefore,
the more exposed active sites in the surfaces of MOFs, the higher catalytic activity
would achieve. Therefore, fabricating the low-dimensional MOFs with more exposed
active sites could be a promising strategy to increase the number of electrocatalytic
active sites in MOFs, resulting in an enhanced electrocatalytic performance because of
the following advantages:[107-109] 1) the atomic thickness and two-dimensional
structures are beneficial for rapid mass transport and fast electron transfer, 2) highly

exposed catalytic active surfaces could enable high catalytic activity.
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1.7.2.2 Coordinatively Unsaturated Sites Engineering

In most of MOF materials, the high coordination number (CN) of the metal nodes
will limit the reaction between the metal active sites and the reactants, resulting in the
sluggish kinetics for the electrocatalytic reactions. Therefore, the MOFs that can be
directly used as electrocatalysts represent only a tiny proportion of the whole family of
MOFs.[106, 110] Thus, to enhance the catalytic activity of MOFs in electrocatalysis,
creating a plenty of coordinatively unsaturated sites (CUSs) is another rational method
to increase the number of active sites. Although the obtained number of CUSs is usually
not massive, removing the coordinated solvent molecules or portion of ligands to form
CUSs (also called open metal sites) in MOFs could make metal active sites more

accessible during the electrocatalysis.
1.7.2.3  Multi-Metal Center and Ligand Tuning

Introducing the multi-metal centers or other organic ligands is an effective strategy
to modulate the local environment of active sites in MOFs, thus, optimizing their
intrinsic activities on such modified MOFs.[69] For example, the integration of the
different metal centers in MOFs will provide a synergistic effect to achieve a higher

activity towards different electrocatalytic reactions, such as OER and COz RR.

1.7.3 The Limitation of MOFs as Electrocatalysts

1.7.3.1 Conductivity

Although many efforts have been focused on increasing the active sites to boost
the catalytic performance of pure MOFs, electron transfer is another essential process
for electrocatalytic reactions, and thus, the electrical conductivity is of great importance
for MOFs as the electrocatalysts.[110, 111] The MOFs are built by metal nodes and
organic ligands. Such combination in MOFs usually cannot provide a good conjugation
pathway for charge transport, nor any free charge carriers, leading to a poor conductive
for MOFs. Therefore, designing the MOFs electrocatalysts with good conductivity is

the main goal in the future research.
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1.7.32  Stability

As the CO; RR field moves toward the industrial application phase, the
reproducibility of the catalytic activities and a long-term stability of MOF catalysts is a
determinant issue to be evaluated more thoroughly in practical applications. However,
poor stability of most MOFs limits their further development in practical applications.
Because the coordinate bonds between metal and ligands in a large portion of MOFs
will be destroyed under high electrochemical potentials. Worse still, most of MOFs are
unstable under an acid or base electrolyte, because a phase transformation and
decomposition of the frameworks formed when these solutions attacked the metal
centers in the MOFs. It is pointed out that the bond strength between the metal cation
and the organic ligands is one of the main criteria that can influence the stability of
MOFs. Therefore, the MOFs with high stability should be prepared by the proper

fabrications.

1.7.4 MOFs Composites as Electrocatalysts

In order to overcome the intrinsic deficiencies of conventional pristine MOFs as
discussed above like their insufficient numbers of active sites and poor conductivity,
many MOFs composites have been prepared to solve these problems and meet the
requirements for practical applications.[112, 113] Recent efforts have demonstrated that
combination of MOFs with other functional materials to form MOF composites can
overcome the above deficiencies that the pristine MOFs possessed while maintaining
their original advantages. Generally, the introduced functional materials are combined
with MOFs in two ways: (1) The functional materials are encapsulated inside MOF
crystals as the active sites to overcome the insufficient active sites of pristine
MOFs.[114, 115] (2) The functional materials serve as substrates to support MOFs for

enhancing the limited conductivity of pristine MOFs.[86]
1.74.1 MOFs as the Templates

To enhance the catalytic activity of pristine MOFs in electrocatalysis, hybridizing

MOFs with other active materials is considered as one of the promising methods.
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Because the high porosity, as the obvious characteristic of MOFs, is beneficial to guest
settlement. In such case, MOFs can act as the templates for supporting functional
materials and make the active materials (i.e. nanoparticles) highly dispersive to avoid
the active materials aggregations, which can not only realize a porous structure
inherited from MOFs but also keep the high-efficient active sites. As a result,
introducing the functional materials on the surface or inside the MOFs generally
showed an improved electrically conductive performance, thus, effectively improving
the catalytic performance of such MOF compositions.[116] Taking a zirconium MOF
(NU-1000) as an example, Cu nanoparticles embedded into NU-1000 used as CO> RR
and showed a faradaic efficiency of 31 % with formate as the major CO> reduction
product.[117] Therefore, uniform distribution of the guest functional materials inside

the MOF crystals could greatly enhance the overall electrocatalytic performance.
1.74.2 MOFs as Active Sites

Apart from the roles as the supports, MOFs can also act as the catalytic sites in
MOFs composites. When MOFs supported on other functional substrates, MOFs
generally function as the main active species and the functional substrates usually assist
to disperse and stabilize the MOFs as well as enhance their conductivity to improve the
catalytic performance of the overall materials. For example, conductive carbon-based
materials (such as, graphene, N-doped carbon nanotubes and porous carbon materials)
can not only make the MOFs strongly dispersed without the aggregations, but also
improve the mechanical stability and conductivity of MOFs because of their strongly
surficial immobilization ability and high conductivity.[85] In addition, these substrate
materials generally possess the fast mass transport, desirable structural robustness, and
good recyclability compared to the MOFs composites. Thus, the designing of a MOFs
composite could ensure to obtain both the catalytic activity and the structure stability

on one material.

1.7.5 MOFs Derivates as Electrocatalysts

Although extensive efforts have been devoted to prepare various pure MOFs or
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their composites, we still face too many problems during electrochemical processes: 1)
most of MOFs are unstable in aqueous acidic and basic solutions because of their weak
coordination bonds, which are not beneficial for many catalytic reactions, such as, HER,
OER. 2) The high oxidizing potential at the strong electrochemical reaction conditions
will oxidize the non-redox active ligands and the metal nodes, leading to the structural
collapse and phase conversion of MOFs into other materials (metal
oxide/hydroxide).[85, 118, 119] Therefore, the MOFs that can be directly used as
electrocatalysts represent only a tiny proportion of the whole family of MOFs. In order
to solve these problems, generally, the most common method used is based on using
MOFs as a significant precursor to generate diverse electrocatalysts or a sacrificial
template. Because the effect of MOF during the formation of these advanced materials
is irreplaceable in controlling the composition and morphology of the obtained
materials. After a pyrolysis the confined metal or metal oxide in the resulting carbon-
based materials can provide the high conductivity needed. During the pyrolysis
processes, MOF structures are destroyed. Then, the carbon, metal/carbon, oxide/carbon,
or other composites could be derived from MOF precursors.[119] A variety of active
sites in these materials derived from MOFs show the excellent catalytic abilities. There
are two main methods to prepare MOF-derived materials, as shown in Figure 1.11: (1)
by direct pyrolysis of a MOF compound, (2) by heat-treatment of a MOFs composite
based on other active materials. These MOF-derived materials can not only inherit the
advantages of MOFs like high porosity and high surface area but also offer a new
opportunity to control and design the multi-functional compositional/structural features

by controlled fabricated process.[118]
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Figure 1.11 The synthetic routes for different MOFs-derived materials.
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1.75.1 MOPFs-Derived Materials without Metals

Due to the presence of carbon-containing organic linkers in MOFs crystals,
nanocarbon-based materials are easily prepared by carbonization of MOFs precursors
and then removal of metal species. Thus far, several Zn-based MOFs, such as ZIF-8,
MOF-5, and MOF-74 have been demonstrated to be the most promising self-sacrificial
precursors to produce metal-free nanocarbon composites due to the excellent boiling
point (907 °C) of Zn nodes. These MOF-derived materials can inherit the advantages
of their MOFs precursors, especially their high surface area and tailorable porosity.[120]
Meanwhile, these nanocarbon-based materials show the excellent conductivity
compared to their MOFs parents. In addition, many heteroatoms-doped nanocarbon
materials with the high conductivity and affinity for some adsorption of intermediates
could also be designed from MOFs precursors, because some organic ligands are also
composed of various heteroatoms (N, P, S, etc.) other than carbon.[121] For example,
through tuning the calcination temperature and time, N-doped carbon materials derived
from Zn-MOF-74 showed a superior CO2 RR activity with a high FE of 98.4% to
produce CO at —0.55 V vs. RHE.[122] Moreover, releasing the produced gas during
pyrolysis of the ligands in MOFs templates can help to form hierarchically porous
structures because the released gas could generate force to expand pores and induce the
structure evolution, which is beneficial to facilitate the kinetics of electrochemical

applications.[123]
1.75.2 MOFs-Derived Materials with Metals

MOFs are consisted of metal ions and corresponding coordinated organic ligands
to form one-, two- or three-dimensional structures. Based on such advantages, MOFs
can be used to prepare many metal-decorated carbon-based materials (e.g. metal/carbon
materials, metal compound/carbon) by pyrolysis treatment at a wide range of
temperatures.[124, 125] Generally, during the pyrolysis process, the aggregations
formation is inevitable, and thus, hindering the catalytic performance of these
nanoparticles derived from MOFs. To realize the higher catalytic behaviors and

maximize the utilization efficiency of metals, downsizing the metal nanoparticles into
42



atomically dispersed metal sites (single atom catalysts, SACs) have recently emerged
and have attracted extensive research attentions to greatly boost the electrocatalytic
performances because of a high exposure of the active sites.[126] Based on this, various
approaches have been employed to create dispersed metal sites derived from/based on
MOFs. For the first option, single metal sites could be intrinsically created at the metal
nodes within host frameworks before and during MOF syntheses. In the case of the
metal nodes, much abundant single metal sites have been discovered in pristine and
defective MOFs (also called open metal sites, OMSs). The second option is that
immobilizing single metal sites into the host frameworks could enable inactive MOFs
to exhibit into high-efficient electrocatalysts, including 1) utilization of unsaturated
metal nodes that offer coordination sites to stabilize single metal atoms; 2) utilization
of organic ligands that provide chelating sites to graft single metal atoms; 3) utilization
of pore space that settle single metal atoms.[127] [128] These great potentials of the
functionalization in metal nodes, organic linkers, and pore spaces actually make MOFs

to become an ideal support for the SACs formation.

Over the years, SACs have emerged as one of the promising electrocatalysts for
reduction of CO: to CO with superior FE. Although other composition, structure, and
morphology of the carbon matrix are the same, the selectivity and activity for CO
formation observed along the series of SACs is attributed to the nature of the transition
metal in MNx moieties.[128, 129] Regarding selectivity, Fe-N-C, Ni-N-C and Mn-N-C
had FE for CO >80 %. While for the activity, Fe-N-C and Co-N-C catalysts showed a
relatively low overpotential. Therefore, we still need to focus on the structure-
performance relationship in SACs catalysts for CO> RR from both theoretical and

experimental aspects.

An ideal MOF-based electrocatalyst should have high activity, selectivity,
conductivity, and structural stability to ensure the application in the industrial energy
conversion devices. Only if all the above parameters could be successfully integrated
into MOF-based materials, the practical application of such materials in

electrochemical devices could be realized. Thus, the design of MOFs with excellent
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electrocatalytic activity is still a great challenge in broader areas.

1.8 Brief Introduction of Various Characterization Techniques

for CO:2 RR Research

As shown in this chapter, although CO2 RR is one of the most effective methods
to solve environmental problems, many limitations caused by its inherent properties
lead to the difficulties to understand its deep mechanism. On one hand, CO2 RR is a
multi-path reaction, in which the reaction intermediates are complex and diverse as well
as at a low concentration, making it hard to identify them precisely. On the other hand,
during the CO2 RR, catalysts play an important role to reduce the kinetic energy barrier,
however, most catalysts would undergo a structural or phase reconstruction during the
reduction processes accompanied by an increase or decrease of the catalytic
performance.[74, 130] Thus, it is necessary to use some specific characterization
methodologies to capture the reaction intermediates and study the dynamic evolution
of the catalysts. Generally, conventional characterization techniques have been used
before and after the electrocatalysis process to deduce the possible active species,
however, these conventional characterization techniques cannot be used for detecting
the existence of the short-lived intermediates. Therefore, nowadays, some in situ
measurements are drawing increasing attentions in CO2 RR for precisely revealing the
active sites and capturing the intermediate states change. Through these real-time
detections, the catalysts and reaction intermediates could be clearly revealed, which is
helpful to comprehensively understand CO2 RR for further designing the elaborate CO>
catalytic system. Therefore, the main detection targets, advantages and limitations of

various in situ characterization techniques are shown in Table 1.4.
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limitations. ref[74]

Table 1.4 Representative in Situ Techniques with main detection targets, advantages and

Technique (in situ)

Advantages

Limitations

Ultraviolet-Visible

Spectroscopy

Identify the organic species or reactive radical;

Investigate catalytic processes and catalytic products

work well on homogeneous and heterogeneous

catalysis.

Perturbation errors caused by light source;

Low accuracy;

The test process usually takes more than a

few minutes

Raman

Spectroscopy

Works in aqueous solutions;

Suitable for detecting microscopic catalysts with a

relatively high spatial resolution;

identify the materials present and uncover their

intrinsic properties;

conduct to assess the valence-bond changes of the

catalysts

It’s not suitable for specific catalytic

systems, such as pure metals

Fourier Transform

Infrared

Spectroscopy

High sensitivity;

Fast characterization speed.

Highly clean atmosphere;

Small signal-to-noise ratios in aqueous-

phase experiments.

X-ray Diffraction

Analysis

Detect the crystal phase of catalysts in real time;

Analyze the stability and phase transition of the

Only catalysts with good crystallinity.

Low spatial resolution, which makes it
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catalysts.

impossible to detect the local sites or

components.

X-ray

Photoelectron

Spectroscopy

Element types can be qualitatively identified by

analyzing the XPS spectrum;

Chemical shift for a feature peak will appear due to

a change in the local chemical environment.

Only detects the elements near the surface;

The degree of vacuum needs to be strictly

limited.

X-ray Absorption

Monitor the changes in the catalysts;

It is difficult to use for component analysis

. . . . f 1 .
Spectroscopy Infer the intermediates in the catalytic process, and of complex systems
then analyze the reaction mechanism.
Transmission Can characterize the morphology changes of the Initial stages for CO; RR;
Electron catalyst during the reactions in real time; Energy of the electron excitation source in
Microscopy

Atomic scale;

Dynamic observation of chemical reactions could be

also realized by combining TEM with electron

diffraction and electron energy loss spectroscopy

(EELS).

TEM experiments is too strong for some

structure-sensitive samples;

Operating environment and the sample

preparation for in situ TEM experiments

are relatively stringent, especially for

high-resolution measurements.

Although in situ techniques play more and more important roles in the field of CO-

RR to develop new electrocatalysts, only a single in situ technique cannot reveal the all

information during the electrocatalysis. In addition, changes in phase, morphology,

oxidation/spin states, as well as electronic/geometrical structures should also be
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systematically taken into consideration during the catalytic process. Meanwhile, for the
in-situ techniques, there are still many challenges and opportunities as follows: 1)
Active sites observation at atomic scale. 2) Reaction intermediates formation
process. 3) In-depth understanding of mechanism. To solve these problems, the
advanced microscopy should be considered. For instance, recently, ultrafast four-
dimensional electron microscopy (4D EM) has been applied for imaging the
morphological dynamics of a single nanoparticle in real time and space. In situ
environmental transmission electron microscopy (ETEM) can detect the intermediate
evolutions down to the atomic level. The real-time monitoring of reaction intermediates
will help reveal the catalytic mechanism under experimental conditions. By properly
designing the in-situ reaction cells of the ETEM, it is quite possible to achieve dynamic
observation and imaging of reaction intermediates during the CO; reduction process
under more realistic conditions. Therefore, in situ studies cooperated with other
techniques will play more and more important roles in the field of CO2 RR in the future,
which is helpful to precisely understand the catalytic mechanism and design efficient

CO; catalytic systems.
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Chapter 2

Improvement of Carbon Dioxide Electroreduction by Crystal

Surface Modification of ZIF-8
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2.1 Introduction

Electrochemical reduction of carbon dioxide (CO> RR) to fuels and chemical
feedstocks has been considered as a promising option to mitigate the excessive
emissions of CO; and balance the global carbon cycle.[1-3] Among the various CO»
RR products, carbon monoxide (CO) is one of the most promising and economically
valuable candidates because it can be directly utilized as a feedstock for value-added
chemicals and complex multi-carbon products via the well-known Fischer-Tropsch
synthesis.[4-6] Recently, metal-organic frameworks (MOFs) materials have sparked a
considerable interest as new-fashioned catalysts in the field of CO2 RR to produce CO,
as both metal ions and organic ligands could influence the catalytic performance.[7-11]
More importantly, the inherent porous confinement properties of MOFs are expected to
induce a local CO; concentration enhancement, thus, facilitating CO; RR catalysis.[12,
13] Despite these advantages, the current density for CO, when using pure MOF
catalysts in the CO2 RR, is still limited (usually lower than 3.4 mA cm2), [9] hindering
the wide utilization of MOFs in electrocatalytic reactions.[11] Therefore, there is still a
grand challenge to achieve MOFs based catalysts presenting high current densities
while maintaining a high Faradaic efficiency (FE), being both properties essentially
required for practical applications.

Two key aspects should be primarily considered to achieve high CO» RR
performance for a catalyst: 1) increase the number of the exposed active sites and 2)
promote the mass transport of CO» or relevant species during the catalytic reaction.[11,
14] To achieve these two goals, surface regulation of catalysts is reported as a promising
method to simultaneously increase the number of exposed active sites and improve
reactants mass transport.[15-17] For example, amounts of active sites have been
increased by surface nitrogen-decoration strategy, leading to a high formation rate of
formate on surface decorated Sn.[18] Moreover, due to promoted mass diffusion and
transport, an enhanced FE of CO can be achieved on F-doped cage-like porous carbon
through engineering the pore size distributions at the surface of F-doped carbon

shell.[14] Therefore, a rationally chemical modification of the catalyst’s surface could
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be an effective strategy to obtain high CO> RR performance, which would not largely
change the crystal structure of the original bulk phase.[18] However, there are few
reports on enhancing CO> RR through regulating the surface of MOFs catalysts.
Specifically, experimental and computational insights into such surface modification-
performance relationship of MOFs catalysts are still rare.

Here, we demonstrate that a surface modification strategy to treat ZIF-8 crystals
with a polyphenolic acid such as 2,5-dihidroxyterephthalic acid (DOBDC) could bring
a high-efficient CO2 RR performance. As an efficient etching and doping agent for
MOFs, on one hand, this acid can etch the surface of ZIF-8 crystals to create high
surface areas and proportion of mesopores, potentially offering large amount of surface
active sites for CO2 RR and allowing the facile diffusion of CO2 RR-relevant species
to the active sites.[19-21] On the other hand, DOBDC can be adsorbed on the ZIF-8
surface, and then progressively replace partial original organic linkers in ZIF-8 due to
its ability to coordinate with metals,[22] thus, influencing local environment of active
sites to facilitate COOH* generation (the key intermediate for CO production).[10]
Both experimental and theoretical results in this work reveal that this synergistic effect
could promote the CO> RR performance on surface modified ZIF-8, realizing a dual
improvement of selectivity and activity. In detail, through precisely controlling the
DOBDC addition, when DOBDC is used in a concentration of 5 % in weight with
respect to ZIF-8 (hereafter denoted as ZIF-8-5 %), ZIF-8-5 % achieves a remarkable
increase of the FE of CO up to 79 % at —1.20 V vs. RHE, which is higher than that of
parent ZIF-8 (56 %). More importantly, it also shows a 2.5 times higher CO current
density, from —4 mA c¢cm? on the pure ZIF-8 to =10 mA cm 2 on the ZIF-8-5 %.
Moreover, the selectivity can be retained over 60 % in a range of working potentials
from —1.0 to —1.2 V vs. RHE, proving that CO is the main product on ZIF-8-5 % at
high overpotentials. The theoretical analyses further demonstrate that ZIF-8-5 % could
reduce the reaction energy for COOH* intermediates formation during the CO2 RR
process, thus enhancing the production efficiency of CO. We believe that this post-

synthetic treatment could open a new way for boosting the catalytic performances on
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MOFs catalysts with controllable surface modification.

DOBDC
Ligand Modification

-

Schematic 2.1 Schematic illustration of the formation of ZIF-8-x samples.

A schematic illustration of the synthesis route followed to obtain the ZIF-8 and the
corresponding functionalized samples is shown in Figure 2.1. ZIF-8 was initially
synthesized based on previous literature.[10] In a second step, the corresponding ZIF-
8-x (where x represents the weight percentage of DOBDC with respect to ZIF-8) were
prepared by incubating a dispersion of the parent ZIF-8 crystals and different amounts
of DOBDC in a mixture of DMF, ethanol and water for 7 days. Following this synthetic
protocol, five different samples denoted as ZIF-8-1.7 %, ZIF-8-5 %, ZIF-8-10 %, ZIF-
8-17 % and ZIF-8-33 % were prepared. The detailed synthesis information is shown in

Section 2.2.

2.2 Experimental Section

2.2.1 Materials and Methods

Materials: If not specified, all chemical reagents were purchased from Sigma-
Aldrich. Zinc nitrate hexahydrate (Zn(NO3)2:6H20), 2-methylimidazole (2-mim),
methanol, 2, 5-dihydroxyterephthalic acid (DOBDC), N,N-dimethylformamide (DMF),
ethanol and sodium bicarbonate (NaHCO3) were all of analytical grade and used as
received without further purification. Meanwhile, all solutions were prepared with
Milli-Q water (DI-H»0O, Ricca Chemical, ASTM Type I). The Nafion (N-117 membrane,
0.18 mm thick) was purchased from Alfa Aesar and kept in 0.5 M NaOH solution. The
carbon paper was also purchased from Alfa Aesar.

Characterization: X-ray diffraction patterns (XRD) were obtained through a
Bruker D4 X-ray powder diffractometer using Cu Ko radiation (1.54184 A). Field

emission scanning electron microscopy (FE-SEM) images were collected on a FEI
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Magellan 400 L scanning electron microscope. Transmission electron microscopy
(TEM) and high angle annular dark field scanning TEM (HAADF-STEM) images were
obtained in a Tecnai F20 field emission gun microscope with a 0.19 nm point-to-point
resolution at 200 kV equipped with an embedded Quantum Gatan Image Filter for
EELS analyses. Images have been analyzed by means of Gatan Digital Micrograph
software. X-ray photoelectron spectroscopy (XPS) was performed on a Phoibos 150
analyser (SPECS GmbH, Berlin, Germany) in ultra-high vacuum conditions (base
pressure 4x107% mbar) with a monochromatic aluminium Ko X-ray source. Binding
energies (BE) were determined using the C 1s peak at 284.5 eV as a charge reference.
Raman spectra were obtained using Senterra. Bruker. Brunauer-Emmett-Teller (BET)
surface areas were measured using nitrogen adsorption at 77 K (TriStar II 3020-
Micromeritics). Proton nuclear magnetic resonance (‘H-NMR) was conducted in a

Bruker Advance 111 400 MHz.

2.2.2 Synthesis Methods

2.2.2.1  Preparation of ZIF-8

The fabrication of ZIF-8 is similar to the one reported elsewhere.[10] Typically,
1.115 g Zn(NOs)2-6H20 were dissolved in 50 ml methanol under magnetic stirring at
room temperature to form a homogeneous solution. Then, 50 ml methanolic solution
containing 1.232 g 2-mim were added into the above mixture under ultrasonic until the
formation of clear solution. The obtained homogeneous solution reacted at room
temperature for 24 h without stirring. Then, the white powder was collected by
centrifugation, washed with methanol several times to remove organic residual. The
final products were then dried in vacuum at 60 °C overnight.
2.2.2.2  Preparation of Zn-MOF-74

Zn-MOF-74 sample was synthesized according to previous published protocols
with minor modification.[23, 24] First, 60 mg Zn(NO3)2-:6H>0 and 20 mg DOBDC
were dissolved in 15 ml mixed DMF/H;O/ethanol solution (v/v/v=1:1:1) under
ultrasonication to form the homogeneous solution. Then, the obtained solution was

transferred into Teflon reactor and heated at 120 °C for 24 h, in turn cooled to room
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temperature, produced brown needle-shaped crystals were obtained by centrifugation,
washed with methanol several times to remove organic residual. Finally, the final
products were dried in vacuum at 60 °C overnight.
2.2.2.3  Preparation of Modified ZIF-8-x with the Second Organic Ligand
Modification

In this procedure, 300 mg as-prepared ZIF-8 powder was dispersed in the 45 ml
mixture solution consisting in 15 ml DMF, 15ml ethanol and 15 ml water under
ultrasound for 20 min at room temperature. After forming a homogeneous solution,
DOBDC with different quantities (5 mg, 15 mg, 30 mg, 50 mg and 100 mg) was added
into the above solution under ultrasound for 5 min at room temperature. The previous
DOBDC added weights correspond to a 1.7 %, 5 %, 10 %, 17 % and 33 % vs. the ZIF-
8 weight, respectively. Next, the mixed solution was left in the oven at 60 °C for 7 days.
After reacting, the flavescent powders were collected by centrifugation, washed with
ethanol and DMF several times to remove the organic residuals and dried in vacuum at
60 °C overnight. The samples have been labelled depending on the percentage of the
added DOBDC: ZIF-8-1.7 %, ZIF-8-5 %, ZIF-8-10 %, ZIF-8-17 % and ZIF-8-33 %,
respectively.
2.2.2.4  Preparation of Physical Mixture ZIF-8-5 % (Labelled as ZIF-8-5 %-P)

For the preparation of the ZIF-8-5 %-P sample, 15 mg of DOBDC powder were

directly added into 300 mg of ZIF-8 powder. The powder was then mixed with a spoon.
2.2.3 Preparation of working electrodes

10 mg of the different synthesized samples and 50 pl 5 wt % Nafion solutions were
dissolved in ethanol (1 mL) and ultrasonicated for 1 h to form evenly suspensions for
the further electrochemical experiments. To prepare the working electrode, 500 pL of
the above as-prepared inks were dropped onto the two sides of the carbon paper
electrode with 1x1 cm? and then dried at room temperature for few minutes, giving a

catalyst total loading mass of ~5 mg/cm? (using both sides of the carbon paper).
2.2.4 Electrochemical Measurement

The electrocatalytic performance of different catalysts was measured at room
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temperature by using a gas-tight H-cell with two-compartments separated by a cation
exchange membrane (Nafion N-117 membrane) with a continuously Ar or CO> gas
injection. Each compartment contained 70 ml electrolyte (0.5 M NaHCO3 made from
deionized water). In a typical experiment, a standard three electrode setup in 0.5 M
NaHCOs3 solution was assembled: an Ag/AgCl electrode was used as reference
electrode, a Pt wire as auxiliary electrode and the carbon paper modified with the
different samples as working electrode (with a total surface area = 1 cm?). The
potentials were measured versus Ag/AgCl and converted to the reversible hydrogen
electrode (RHE) according to the following equation: Ernur= E°agaeci + Eagagc +0.059
x pH, pH=7.[25, 26] All the electrochemical results were showed without iR-
compensation by using a computer-controlled BioLogic VMP3 electrochemical
workstation. Meanwhile, the linear sweep voltammetry (LSV) measurements were
performed to reach a stable state at a scan rate of 10 mV/s from —0.5 V to 2.0 V vs.
Ag/AgCl in Ar-saturated 0.5 M NaHCO3 (pH=8.5) and CO»-saturated 0.5 M NaHCO3
(pH=7) as supporting electrolyte.

Before the electrochemical CO; reduction experiments, an average rate of 20 ml
min’' Ar was injected into the cathodic electrolyte in order to form an Ar-saturated
solution. During electrochemical CO: reduction experiments, the CO2 gas was
delivered at an average rate of 20 ml min™' at room temperature and ambient pressure,
measured downstream by a volumetric digital flowmeter. The gas phase composition
was analyzed by gas chromatography (GC) during potentiostatic measurements every
20 min using a 490 Micro GC (Agilent Technologies). The calibration of peak area vs.
gas concentration was used for the molar quantification of each gaseous effluent. The
Faradaic efficiency was calculated by determining the number of coulombs needed for
each product and then dividing by the total charge passed during the time of the GC
sampling according to the flow rate. The liquid products were analyzed afterwards by
quantitative '"H-NMR using water as the deuterated solvent. The MOF sample was
digested by HF solution overnight to completely destroy the structure. The 'H-NMR of

the sample was conducted using MeOD as solvent.
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2.2.5 Calculation Method

Details concerning the calculation are shown below.

The partial current density for a given gas product was calculated as below:[27]

niFPO

ji=x XV X x (electrode area)™*

Where x; is the volume fraction of certain product determined by online GC
referenced to calibration curves from three standard gas samples, V is the flow rate, n;
is the number of electrons involved, Py,= 101.3 kPa, F is the Faraday constant, T is
temperature and R is the gas constant. The corresponding FE at each potential is
calculated by

i

FE —7>< 100%

2.2.6 DFT Calculations

DFT calculations were performed using the Vienna Ab initio Simulation Package
(VASP) code[28] with projector augmented wave (PAW) method.[29-32] Generalized
gradient approximation (GGA) with Perdew-Burke-Ermzerhof (PBE) exchange-
correlation function was employed to set the plane wave basis.[33, 34] The energy
cutoff was 500 eV and all structures were allowed to relax. The force convergence
criteria on each configuration were below 0.05 eV/A. In order to avoid interactions
between molecules in the periodic structures, we placed the model in a 20 Ax20 Ax20
A cell. 1x1x1 k-point grids with Monkhorst-Pack scheme were used for all systems.
DFT-D3 method with Becke-Jonson damping was employed to include van der Waals
interactions between molecules.[35, 36]

Molecular orbital (MO) analyses were performed with the PBE function and
dgdzvp2 basis sets in Gaussian 09 program.[37, 38] The ZIF-8 model was generated
with four 2-mim ligands coordinating with the central Zn** to form a tetrahedral
configuration, which is following the approach reported previously.[10] The ZIF-8-5 %
structure was built with one DOBDC replacing two 2-mim of ZIF-8. The reaction free
energy of each elementary step was estimated using the computational hydrogen

electrode model,[39] and the following elementary steps were considered for
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electrochemical CO; RR to CO:

COx(g) + * + H'(aq) + ¢ <> COOH* Equation S.1
COOH* + H'(aq) + & <> CO* + H,O(1) Equation S.2
CO* - CO(g) +* Equation S.3

where *, COOH* and CO* represent the free site, adsorption state of COOH and CO,
respectively. The reaction free energies were calculated according to the following

formula:
G =E, +E,-TSHE, Equation S.4

where Eprr is the DFT calculated total energy, Ezpr represents the zero-point energy, S

is the entropy. Esol is solvation correction and the values used for CO* was —0.1 eV and

COOH* by —0.25 ¢V.[40]
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2.3 Results and Discussion

2.3.1 Characterization of Prepared Samples

RPY o<y AT . ‘3 100 nm

Figure 2.2 (A and B) FESEM images, (C) BF TEM and (D) HAADF STEM and EELS chemical
composition maps of ZIF-8. (E and F) FESEM images, (G) BF TEM and (H) HAADF STEM and
EELS chemical composition maps of ZIF-8-5 %. Individual Zn L, 3-edges at 1020 eV (red), N K-

edges at 401 eV (green), O K-edges at 532 eV (blue) and C K-edges at 285 eV (grey) as well as
composites.

The surface morphology and elementary composition of the ZIF-8 and ZIF-8-5 %
samples are revealed by field emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM). As revealed by FE-SEM (Figures 2.2A and
B), the prepared ZIF-8 shows homogeneous crystals with the characteristic rhombic
dodecahedral morphology. In addition, TEM analyses show that the ZIF-8 crystals have
a size in the range of 80 — 200 nm (Figure 2.2C). After DOBDC functionalization,
various morphologies of ZIF-8-5 % samples are shown in Figures 2.2E-G. As shown
in Figures 2.2 E and F, the as-synthesized ZIF-8-5 % sample still inherits the overall
rhombic dodecahedral morphology, which is similar to the one shown by the
unmodified ZIF-8 structures, suggesting that there is not an apparent morphology
change of these crystals after exposing them with a small proportion of DOBDC.
Moreover, the chemical composition of ZIF-8 and ZIF-8-5 % crystals are investigated
by high angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) and electron energy loss spectroscopy (EELS) elemental maps. STEM EELS
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compositional maps show the homogeneous distribution of Zn, N and C in ZIF-8 and
ZIF-8-5 % crystals (Figure 2.2D and H). It is interesting to point out the presence of O
in the ZIF-8-5 % crystal, which is not found in the native ZIF-8.

;"‘~ ) ..’ i '9:
F-8-10 %, (C) ZIF-8-17 % and (D) ZIF-8-

Figure 2.3 FE—SEMimaes of A) ZIF-8-1.7 % (B) ZI
33 %.

Likewise, the morphology of other ZIF-8-x samples was also studied by SEM. As
shown in Figure 2.3A, the as-synthesized ZIF-8-1.7 % sample also keeps the structure
of ZIF-8. However, with increased ratio of DOBDC, ZIF-8-10 % samples display an
irregular spherical shape (Figure 2.3B), while ZIF-8-17 % and ZIF-8-33 % samples are
composed by some larger bulks and small spherical particles. We attribute the formation
of this bulky structures to the large concentration of DOBDC used, which it can further
etch the ZIF-8 crystals and liberate 2-mim and Zn(Il) ions, together with DOBDC,

forming other crystalline species.
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Figure 2.4 (A) Simulated data from crystal structure and experimental XRPD patterns of ZIF-8
and (B) ZIF-8-x with different DOBDC modification ratios.

The ZIF-8-x samples were further characterized by X-ray powder diffraction
(XRD) (Figure 2.4). Indeed, XRD spectra obtained on of ZIF-8-1.7 %, ZIF-8-5 % and
ZIF-8-10 % indicate that they retain the core crystallinity of the parent ZIF-8, revealing
that the addition of a low concentration (up to 10 %) of DOBDC does not affect the
crystal structure of ZIF-8.[10] However, XRD spectra of ZIF-8-17 % and ZIF-8-33 %
show some additional diffraction peaks, indicating that a high DOBDC introduction

can change the crystal structure of ZIF-8, which are accordance with the results of SEM.

A

Lol i

Figure 2.5 (A and B) '"H-NMR spectra of ZIF-8-5 % and (C) 'H-NMR spectra of ZIF-8-
1.7 %.
Based on the above results, in order to further confirm the successful introduction

of DOBDC into ZIF-8-5% crystals surface, we digested ZIF-8-5 % samples and
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analysed the resulting solutions by 'H-NMR. As shown in Figure 2.5A, ZIF-8-5 %
sample shows a small peak at 7.41 ppm attributed to the DOBDC functional group, thus
corroborating its successful introduction to promote a surface modification in the MOF.
We then calculated the DOBDC:2-mim ratio for ZIF-8-5 % by comparison of the peak
integration at 7.41 ppm corresponding to DOBDC and the peak at 7.17 ppm
corresponding to 2-mim (Figure S3B), indicating a DOBDC:2-mim ratio of 0.02. On
the contrary, no signal attributed to DOBDC could be observed in ZIF-8-1.7 % sample,

suggesting a negligible DOBDC surface modification of this sample (Figure 2.5C).
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Figure 2.6 (A) XPS survey spectra, (B) High resolution XPS spectra of Zn 2p, and (C) N 1s of
ZIF-8 and ZIF-8-5 %. (D) High resolution XPS spectra of O 1s of ZIF-8-5 %. (E) N> adsorption-
desorption isotherms of ZIF-8 and ZIF-8-5 %. (F) The BET surface area of different samples.

Furthermore, the chemical valence state and surface composition of the ZIF-8 and
ZIF-8-5 % samples have been proved by X-ray photoelectron spectroscopy (XPS). The
full survey scan XPS spectrum shown in Figure 2.6A indicates the presence of C, N,
O and Zn in both ZIF-8 and ZIF-8-5 % samples. The high-resolution XPS spectra
obtained on the Zn 2p shows two main peaks in all the samples at around 1020 eV and
1044 eV (Figure 2.5B), corresponding to Zn 2p3.2 and Zn 2p1.2, respectively, which

indicates the presence of Zn>" in both samples.[41] The N 1s spectra for ZIF-8 and ZIF-
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8-5 % are shown in Figure 2.5C, which clearly displays that both samples mainly show
three major peaks corresponding to -NH—, Zn—N and —N= at 398.0 eV, 399.2 eV and
400.3 eV, respectively.[10] Remarkably, the O signal in ZIF-8-5 % is significantly
larger than in ZIF-8, further supporting the successful introduction of DOBDC into ZIF-
8-5 %. The O 1s XPS core level spectra for ZIF-8-5 % can be deconvoluted into three
peaks at around at 532.8, 531.7 and 530.1 eV that would be related to C—O, C=0 and
Zn—0, respectively (Figure 2.5D).[42] Moreover, the surface area and porosity at the
as-prepared samples are investigated by N> adsorption-desorption measurements. The
ZIF-8 and ZIF-8-5 % show a typical type I adsorption/desorption isotherm curve in
Figure 2.5E, indicating that both samples have numerous micropores.[43, 44] The
adsorption of ZIF-8-5 % increases obviously at the relative pressures P/Po < 0.1 and
P/Po> 0.9, which could be assigned to the micropores generation caused by DOBDC
surface functionalization.[45] As shown in Figure 2.5F, the measured surface area
(1403 m?*/g) of ZIF-8 is fully consistent with our previously reported values for ZIF-
8.[46] However, an increased specific surface area is observed on ZIF-8-5 % sample,
which should potentially offer large amount of surface active sites for CO2 RR.[47] In
addition, compared to the parent ZIF-8, ZIF-8-1.7 % sample also shows an increased
surface area. However, combine the "H-NMR results, the enhanced surface area of ZIF-
8-1.7 % could be attributed to the fact that etch process only occurred on the ZIF-8-
1.7 % surface, while there is a negligible ligand modification process because of

deficient DOBDC content.
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Figure 2.7 Raman spectra of the ZIF-8 and ZIF-8-5 %.
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In addition, as shown in Figure 2.7, red-shifts at ca. 643.5, 1147.2, 1188, 1461.5,
1503 and 1510.7 cm™’, are observed in the high-resolution Raman spectrum obtained
on the ZIF-8 after DOBDC surface modification. These shifts are attributed to the tiny
torsion and stretching of the different bonds, clearly indicating that the coordinated
environment of ZIF-8 is influenced by the introduced DOBDC ligand.[48] Meanwhile,
Fourier transform infrared spectrophotometry (FT-IR) of ZIF-8-5 %, as shown in
Figure 2.8, proves the formation of Zn-DOBDC coordination by the negligible peak
from characteristic O-H vibration peaks in ZIF-8-5 % compared to DOBDC. [22] These
results indicate that the ZIF-8-5 % have been successfully prepared with surface

functionalization.



2.3.2 Electrochemical Performance
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Figure 2.9 (A) Electrode current recorded during reduction of ZIF-8-5 % at —0.90 V vs. RHE in
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The electrocatalytic activity of ZIF-8 and ZIF-8-5 % coated on carbon paper with

the same mass loading of 5 mg cm 2 are studied in Ar or CO;-saturated 0.5 M NaHCO;

solution as electrolyte using a three-electrode H-cell separated by an anion exchange

membrane. During the CO; RR, the cathodic compartment was continuously purged
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with CO2 (20 ml min™!). The periodic quantification of the gas-phase products was
obtained by gas chromatography (GC). Online GC results showed that CO and H> were
the main products obtained for all the catalysts, while the corresponding liquid products
were detected by 'H-NMR after the electrochemical CO; reduction processes.

Before the CO; RR electrochemical tests, the prepared electrodes were pretreated
at a constant potential of —0.90 V vs. RHE for 30 min until a stable current reached
(Figure 2.9A). To roughly evaluate the electroreduction ability of ZIF-8-5 % sample,
linear sweep voltammetry (LSV) curves under Ar- and CO;-saturated atmosphere were
performed (Figure 2.9B). Under CO; purging, an enhanced current density could be
observed on ZIF-8-5 %, which was higher than that observed in an Ar-saturated solution,
delivering a higher activity toward CO2 RR. Figure 2.9C shows the total current density
plotted against the applied potential of different samples. The current density of the
ZIF-8-5 % sample increases to —13 mA cm 2 as the applied potential shifted negatively,
however, a lower current density is observed at all applied potentials in the case of ZIF-
8 sample. The high current density achieved by ZIF-8-5 % in comparison to the pristine
ZIF-8 structure could be attributed to the increased active-site density caused by
DOBDC surface modification.[47, 49] As shown in Figure 2.9D, the parent ZIF-8
exhibits lower FE(CO) values similar to previous reports.[8] However, the FE(CO) for
the ZIF-8-5 % sample at each applied potential is higher than that of the ZIF-8, with a
highest FE(CO) of 79 % at —1.20 V vs. RHE. In addition, according to Figure 2.9E,
the corresponding partial current densities of CO obtained on the ZIF-8-5 % sample at
all applied potentials are higher than those of the ZIF-8, which reveals its higher
reaction rate during CO2 RR.[6] The FE(H2) obtained on both samples are shown in
Figure 2.9F.
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The FE for CO and H; on different ZIF-8-x samples are shown in Figure 2.10 for
comparison. Apparently, the other samples show lower FE(CO) than that of ZIF-8-5 %.
Such a decreased selectivity was attributed to the introduction concentration of DOBDC.
The FE (CO and H>) values of ZIF-8-1.7 % at applied potentials were similar to that of
ZIF-8, although this sample shows an increased surface area compared to ZIF-8. In
order to reveal this phenomenon, we also digested the ZIF-8-1.7 % and analysed the
resulting solutions by 'H-NMR. There is no signal from the functional group of
DOBDC observed in ZIF-8-1.7 % sample. Therefore, its FE(CO) is limited by a
deficient DOBDC content, leading to an etching process that only occurred on the ZIF-
8-1.7 % surface, while there is a negligible Zn-DOBDC coordination formation because
of deficient DOBDC content. However, for ratios above 17 %, the significantly
decrease in their catalytic activities is due to the formed new crystalline species that
tend to cover up the active sites and even further change the active sites of catalysts, as

found in our SEM and XRD results.
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In order to understand the role of the chemical modification, we further compared
the FE(CO) of a ZIF-8-5 % sample prepared by physical mixture (ZIF-8-5 %-P) with
the ZIF-8-5 % fabricated by our chemical linker modification route. As observed in
Figure 2.11A, the ZIF-8-5 %-P shows a poorer CO selectivity, lower than 40 % FE(CO)
at all applied potentials. As we can see, the increase of catalytic activity comes from
the second organic ligand modification instead of formation of new tiny crystals of Zn-
MOF-74 crystallized from the rests of DOBDC on the surface of our ZIF-8 crystals,
pure Zn-MOF-74 sample was prepared by using DOBDC and Zn**. Then we used this
Zn-MOF-74 for CO; RR and found that it exhibits a poor performance for generating
CO (below 20 %) at each applied potential (Figures 2.11C and D). Therefore, the inert
catalytic ability of Zn-MOF-74 further proved that the increase of FE(CO) on our
champion sample ZIF-8-5 % comes from the second organic ligand modification. All

these results suggest that the incorporation of a second ligand to form surface
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functionalized ZIF-8 through the chemical synthesis route proposed here, gives an

improved catalytic performance towards CO2 RR.
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Figure 3.12. (A) Current density vs. time (I-t) curve for ZIF-8-5 % modified carbon paper at —1.2
V vs. RHE and (B) XRD pattern of ZIF-8-5 % coated on the carbon paper before and after the
stability test.

The operating stability of a catalyst is a significant parameter for its practical
applications. In this way, as displayed in Figure 2.12A, the I-t curve for ZIF-8-5 % was
obtained, showing a negligible decay of the current density (from —9.7 to =10 mA cm’
2) and the FE(CO) (from 79 to 73 %) during continuous electrolysis under a CO»-
sturated solution at —1.2 V vs. RHE for 10 h, indicating a good long-term stability of
the prepared ZIF-8-5 %. The good stability of the electrode was further confirmed by
XRD before and after the I-t test (Figure 2.12B), no appreciable difference in the crystal
structure was observed after 10 h stability test in 0.5 M NaHCOs3, proving that the main
structure of ZIF-8-5 % was retained. These results show that ZIF-8-5 % possesses a
good stability. Meanwhile, 'H-NMR analyses were used to detect the presence of any
liquid sub-products after the stability measurement, revealing there is no liquid sub-
product produced during the CO2 RR process (Figure 2.13A). Finally, a control
experiment was performed verifying that the obtained CO came from the reduction of

CO2 on ZIF-8-5 %, instead of ligand decomposition, as shown in Figure 2.13B.
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2.3.3 DFT Calculation
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vs. RHE; (G) The HOMO and LUMO energy level of ZIF-8 and ZIF-8-5 % models (Zn, C, N, O
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DFT calculations are performed to further reveal the origin of the excellent activity
upon dopant decoration. The catalyst models of ZIF-8 and ZIF-8-5 % used in the
simulations are shown in Figures 2.14A-D. The Gibbs free energy profiles of CO»
reduction to CO at 0 V and —1.0 V vs. RHE are shown in Figures 2.14E and F, CO»
activation to form COOH* is endergonic at 0 V vs. RHE on the two catalysts studied,
whilst the following steps of CO formation and desorption are exergonic. Therefore,

one can see that the first step of COOH* formation is potential-limiting in the
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electrocatalytic reduction of CO». In addition, the reaction Gibbs energy of COOH*
formation on ZIF-8 is 0.4 eV more positive than that on ZIF-8-5 % at both 0 V and —1.0
V vs. RHE, strongly suggesting that ZIF-8-5 % is much more active than ZIF-8 towards
electrocatalytic reduction of COz to CO, which is in good agreement with the
experimental results reported in the current work.

Further molecular orbital (MO) analysis were performed to elucidate the origin of
distinct behaviors of ZIF-8 and ZIF-8-5 % for the formation of COOH*. The HOMO
and LUMO energy level of ZIF-8 and ZIF-8-5 % are shown in Figure 2.14G.
Interestingly, ZIF-8 and ZIF-8-5% exhibit a similar value of HOMO energy. In contrast,
ZIF-8-5 % shows a much lower LUMO energy (—3.90 eV) than that of ZIF-8 (—0.50
eV), and thus, forming a narrower HOMO-LUMO energy gap, which is beneficial for

charge transfer, making electrocatalytic CO2 RR more efficient.[50]

2.4 Summary

In summary, we systematically explored the surface modification strategy of ZIF-
8 with the DOBDC and found that it indeed influences the activity and selectivity
towards CO production. In the case of the optimized ZIF-8-5 % sample, an increase of
selectivity towards the CO> RR is observed. The product selectivity to CO raised to
79 %, which is higher than that of the pristine ZIF-8 (56 %). In addition, ZIF-8-5 %
also exhibited an enhanced CO partial current density of =10 mA cm 2 at —1.20 V vs.
RHE, leading to a boosted CO production rate. The DFT calculations suggest that
DOBDC modification not only maintain the active sites of ZIF-8 but also promote the
formation of COOH* during CO; RR in the newly synthesized ZIF-8-5 %. The
promoted activity and performance of ZIF-8-5 % can be attributed to a decrease of the
energy gap between the HOMO and LUMO. These results offer an efficient strategy to
synthesize improved MOF-based materials towards CO; electroreduction by surface

modification.
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Chapter 3

Engineering the FeNs Sites of Fe-N-C Catalysts via Bonded

Oxygen for High-Efficient Electroreduction of Carbon Dioxide
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3.1 Introduction

Environmental problems caused by excessive emissions of carbon dioxide
(COy) triggered the development of electrochemical CO2 reduction reaction (CO>
RR), which has been considered as a potential route to reduce the CO:
concentration in atmosphere.[1, 2] Among all reduction products, carbon oxide
(CO) is one of the most appealing candidates in CO2 RR, because CO can be
used as the feedstock to prepare high-value fuels via the downstream Fischer-
Tropsch process.[3, 4] Meanwhile, producing CO is more achievable as it only
requires a simple two-electron/proton transfer pathway during CO2 RR process
(CO2 + 2H* + 2¢e° — CO + H20).[5, 6] Hence, numerous efforts have been
devoted to the study of the CO, to CO electroreduction process.[7, 8]

In the past few decades, the electrocatalysts for the CO2-to-CO conversion
have been categorized into two types: 1) metal-based catalysts with strong
COOH* binding but weak CO* binding [9] (typical examples are Au[10] and
Ag[11]); 2) molecular catalysts with a well-defined metal coordination, including
transition-metal phthalocyanines and porphyrins.[12-15] However, their high
price, inadequate stability and the scarce conductivity associated to these
catalysts hinder them from practical applications.[16] At this point, as promising
alternatives, transition metal-nitrogen-carbon (M-N-C) materials with atomically
dispersed metal cations (such as, Fe, Ni and Co) come into being due to their
low-cost, earth abundancy, stability, good conductivity, and theoretical high
activity and selectivity.[17-19] Previous works have revealed that the distinct
activity and selectivity of M-N-C materials are highly influenced by the kind of
the transition metal in the MNx moieties.[20] On one side, FeNx and CoNx are
excellent CO2 RR catalysts because they can produce CO at a low applied
potential. On the other side, FeNx and NiNx have generally shown a high
selectivity because of their Faradaic efficiency (FE) for CO >80 %.[21]
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Considering both activity and selectivity, FeNx has been regarded as the most
promising M-N-C based catalyst. Nevertheless, the activity and selectivity of
FeNx catalysts are still lagging far behind the noble-metal benchmarks. In light
of this, improvement of the FeNx catalysts is drawing increasing attention to
obtain activity and selectivity closer to the noble-metal based electrocatalysts.

It is well established that the activity of catalysts could be affected by the
oxygen-containing subgroups presented on the active sites based on previous
experimental and theoretical investigations.[20, 22-24] Such kind of materials are
initially developed to boost the catalysis of the oxygen reduction reaction
(ORR).[22] Inspired by this, oxygen containing species are used as strong
hydrogen-bonding donors in photocatalytic CO2 RR to stabilize the initial Co-
CO2 adduct. Meanwhile, the u-OH™ acts as the local proton source to facilitate
the C-O bond breaking.[23] Moreover, the oxygen-containing groups can also
improve the catalytic performance of metal-free catalysts as the main active
components towards electrochemical CO> RR.[25] Therefore, rationally
engineering the coordination environment via oxygen-containing subgroups is
considered as a promising method to prepare FeNx based catalysts for a high-
efficient electroreduction of CO».

Until now, most materials with FeNx sites have been mainly prepared via
pyrolyzing mixtures of iron salts, nitrogen-containing species and high-surface-
area carbon precursors. The regulation of oxygen-containing subgroup structure
and coordinated environment is still highly challenging via such method.[26, 27]
To tackle these challenges, in this work, we have developed a facile IRMOF-3-
assisted strategy to generate a highly dispersed Fe-N-C based structure (denoted
as D-Fe-N-C) with the introduced axial bonded -OH subgroups, obtaining high-
efficient CO2 RR to produce CO. The Zn-based IRMOF-3, assembled from Zn?*
nodes and 2-aminoterephthalic acid ligands, caters for the fabrication
requirements, not only allowing the stabilization of foreign Fe ions as a self-

sacrificial platform, but also providing nitrogen/oxygen-rich sources from
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organic ligands, replacing simple N-containing precursors. On one hand, the
oxygen-rich ligands are beneficial to form Fe-O coordinated bonds during the
thermal pyrolysis to form the HO-FeN4 active sites. On the other hand, such
oxygen-rich organic ligands could facilitate the formation of D-Fe-N-C materials
with large pore sizes, which are favorable for the CO2 RR.[28] As a result, after
a thermal pyrolysis, we successfully obtain the D-Fe-N-C catalyst with a
complete integration of the single active HO-FeN4 moieties and a modicum of
Fe nanoparticles, according to transmission electron microscopy (TEM) and X-
ray absorption spectroscopy (XAS) results. Benefiting from the above
advantages, D-Fe-N-C catalysts show a remarkable CO> RR activity in 0.5 M
NaHCOs solution, accompanied by an excellent selectivity with Faradaic
efficiency of CO (95 %) at —0.50 V vs. RHE, as well as a robust stability, which
are superior to those of the previously reported Fe-N-C-based materials derived
from MOFs. Moreover, the selectivity could be retained over 80 % in a range of
working potentials from —0.40 to —0.60 V vs. RHE. Density functional theory
(DFT) calculations revealed that the axial -OH coordination on the FeNg sites not
only facilitates product desorption during the CO2 RR process, but also limits
undesired HER, leading to a higher activity towards CO> RR. Furthermore, we
demonstrate the generalization of the synthesis process by obtaining highly
disperse Co-N-C (D-Co-N-C) and Ni-N-C (D-Ni-N-C) catalysts via the same
IRMOF-3 assisted-method. Both D-Co-N-C and D-Ni-N-C show good CO; RR
activity as well. All these results not only demonstrate that the D-Fe-N-C with
oxygen-containing subgroups is a promising electrocatalyst for CO2 RR, but also
probe a universal success of the nitrogen and oxygen-rich IRMOF-3-assistant
synthetic strategy for the rational design and development of highly disperse M-

N-C catalysts with a fundamental understanding of the higher active sites.
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Figure 3.1 Schematic illustration of the formation of different samples.

The synthesis steps for N-C, D-Fe-N-C and Fe/Fe-N-C are schematically
displayed in Figure 3.1, the detailed synthesis procedures are included in the supporting
information. By precisely controlling the fabrication process, such as the content of Fe,
different obtained samples are labelled as IRMOF-3, 20-Fe-IRMOF-3 and 10000-Fe-
IRMOF-3, respectively. These three representative samples have been subjected to
pyrolysis treatments; the obtained samples after pyrolysis are labelled as N-C, D-Fe-N-
C and Fe/Fe-N-C, respectively. The detailed synthesis procedures are included in the

following Section.

3.2 Experimental Section

3.2.1 Materials and Characterizations

3.21.1 Materials

If not specified, all chemical reagents were purchased from Sigma-Aldrich. Zinc
nitrate hexahydrate (Zn(NOs). 6H20), 2-Aminoterphthalic acid, iron chloride
hexahydrate (FeClz 6H.0), 2-methylimidazole (2-mim), sodium thiocyanate (NaSCN),
cobaltous nitrate hexahydrate (Co(NOs)26H20), nickel chloride hexahydrate
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(NiCl2 6H20), N,N-dimethylformamide (DMF), ethanol and sodium bicarbonate
(NaHCO3) were all of analytical grade and used as received without further purification.
Meanwhile, all solutions were prepared with Milli-Q water (DI-H20, Ricca Chemical,
ASTM Type I). The Nafion (N-117 membrane, 0.18 mm thick) was purchased from
Alfa Aesar and kept in 0.5 M NaOH solution. The carbon paper was also purchased
from Alfa Aesar.
3.2.1.2  Characterizations

The X-ray diffraction patterns (XRD) were obtained through a Bruker D4 X-ray
powder diffractometer using Cu Ka radiation (1.54184 A). Field emission scanning
electron microscopy (FESEM) images were collected on a FEI Magellan 400 L
scanning electron microscope. The transmission electron microscopy (TEM) and high
angle annular dark field scanning TEM (HAADF-STEM) images were obtained in a
Tecnai F20 field emission gun microscope with a 0.19 nm point-to-point resolution at
200 kV equipped with an embedded Quantum Gatan Image Filter for EELS analyses.
Images have been analyzed by means of Gatan Digital Micrograph software. Parts of
HAADF-STEM images and elemental mapping were obtained in a spherical aberration-
corrected transmission electron microscope FEI Titan G2 80-200 Chemi-STEM with
four EDX detectors and operated at 200 kV. X-ray photoelectron spectroscopy (XPS)
was performed on a Phoibos 150 analyser (SPECS GmbH, Berlin, Germany) in ultra-
high vacuum conditions (base pressure 4>101% mbar) with a monochromatic aluminum
Ka X-ray source (1486.74 eV). Binding energies (BE) were determined using the C 1s
peak at 284.5 eV as a charge reference. Inductively coupled plasma-mass spectrometry
(ICP-MS) measurements were carried out to determine the concentration of Fe.
Brunauer-Emmett-Teller (BET) surface areas were measured using nitrogen adsorption
at 77 K. For BET measurement, samples were outgassed at 473 K during 12 h. Raman
spectra were obtained using Senterra. Fourier transformed infrared (FTIR)
spectroscopy data were recorded on an Alpha Bruker spectrometer. Thermogravimetric
Analysis were measured by Pyris 1 TGA, Perkin Elmer.

3.2.1.3 XAFS Measurements
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The X-ray absorption find structure spectra (Fe K-edge) were collected at 1W1B
station in Beijing Synchrotron Radiation Facility (BSRF). The storage rings of BSRF
were operated at 2.5 GeV with an average current of 250 mA. Using Si (111) double-
crystal monochromator, the data  collection was carried out in
transmission/fluorescence mode using ionization chamber. All spectra were collected
in ambient conditions.
3.2.1.4  XAFS Analysis and Results

The acquired EXAFS data were processed according to the standard procedures
using the ATHENA module implemented in the IFEFFIT software packages. The k-
weighted EXAFS spectra were obtained by subtracting the post-edge background from
the overall absorption and then normalizing with respect to the edge-jump step.
Subsequently, k3-weighted (k) data of Fe K-edge were Fourier transformed to real (R)
space using a hanning windows (dk=1.0 A1) to separate the EXAFS contributions from
different coordination shells. To obtain the quantitative structural parameters around
central atoms, least-squares curve parameter fitting was performed using the

ARTEMIS module of IFEFFIT software packages.[29-31]

3.2.2 Synthesis Methods

3.2.2.1  Preparation of IRMOF-3

The fabrication process of IRMOF-3 is according to previous report with minor
modification.[32] Typically, 932 mg Zn(NOs3)2 6H20 was dissolved in 100 ml DMF
under magnetic stirring at room temperature to form a homogeneous solution. Then,
181 mg 2-aminoterphthalic acid were added into the above mixture under ultrasonic
until the formation of clear solution. The obtained homogeneous solution was
transferred into the Teflon-lined stainless-steel autoclave and reacted at 100 <€ for 24
h. After cooling to room temperature, the powder was collected by centrifugation,
washed with ethanol and DMF several times to remove organic residual. The final
products were then dried in vacuum at 65 <€ for 4 h.

3.2.2.2 Preparation of ZIF-8
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The fabrication of ZIF-8 is similar to the published report in [33]. Typically, 1.115
g Zn(NOz3). 6H20 was dissolved in 50 ml methanol under magnetic stirring at room
temperature to form a homogeneous solution. Then, 50 ml methanolic solution
containing 1.232 g 2-mim were added into the above mixture under ultrasonic until the
formation of clear solution. The obtained homogeneous solution reacted at room
temperature for 24 h without stirring. Then, the white powder was collected by
centrifugation, washed with methanol several times to remove organic residual. The
final products were then dried in vacuum at 60 <€ for overnight.
3.2.2.3 Preparation of 20-Fe-IRMOF-3, 10000-Fe-IRMOF-3, 20-Co-IRMOF-3,

20-Ni-IRMOF-3 and 20-Fe-ZIF-8

In this procedure, 100 mg IRMOF-3 powder was dispersed in 10 ml DMF under
ultrasound for 10 min at room temperature. After forming a homogeneous solution,
FeClz 6H20 aqueous solution (10 mg/ml, 20 L) was dropwise injected into the above
solution under ultrasound for 5 min at room temperature. Next, the mixed solution was
under magnetic stirring at room temperature for 3 h. After reacting, the powder was
collected by centrifugation, washed with ethanol and DMF several times to remove
organic residual and dried in vacuum at 65 °C for 6 h. Then, we obtained the 20-Fe-
IRMOF-3. Similarly, the 10000-Fe-IRMOF-3 with higher Fe content were harvested
by adding 10 ml FeClz 6H20 aqueous solution (10 mg/ml). For 20-Co-IRMOF-3 and
20-Ni-IRMOF-3, similar procedures with adding 20 il Co(NO3). 6H20 (10 mg/ml) or
NiCl2 6H20 (10 mg/ml) were employed. 20-Fe-ZIF-8 was prepared by replacing
IRMOF-3 with ZIF-8.
3.2.2.4  Preparation of Disperse Fe-N-C (denoted as D-Fe-N-C and Z-Fe-N-C)

As-prepared 20-Fe-IRMOF-3 (or IRMOF-3, 20-Co-IRMOF-3 or 20-Ni-IRMOF-
3 or 10000-Fe-IRMOF-3) powders were put at the porcelain boat. Subsequently, the
samples were placed in a tube furnace and heated at 950 <C for 2 h with heating rate of
5 <T/min under an Ar atmosphere to yield disperse D-Fe-N-C (N-C, D-Co-N-C, D-Ni-
N-C and Fe/Fe-N-C). Meanwhile, the D-Fe-N-C-850 and D-Fe-N-C-1050 were
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obtained by changing the temperature to 850 <C or 1050 <TC, respectively. For Z-Fe-N-
C, a similar procedure was used by replacing 20-Fe-IRMOF-3 with 20-Fe-ZIF-8.

3.2.3 Ink Preparation

2 mg synthesized different samples and 50 ul 5 wt% Nafion solutions were
dissolved in ethanol (1 ml) and ultrasonicated for 30 min to form evenly suspension for
the further electrochemical experiments. To prepare the working electrode, 500 i
above as-prepared inks were dropped onto the two sides of the carbon paper electrode
with 11 cm? and then dried at room temperature for a few minutes, giving a catalyst

loading mass of ~1 mg/cm?,
3.2.4 Electrochemical Measurement

The electrocatalytic performance of different catalysts was measured at room
temperature by using a gas-tight H-cell with two-compartments separated by a cation
exchange membrane (Nafion N-117 membrane) with a continuously Ar or CO2 gas
injection. Each compartment contained 70 ml electrolyte (0.5 M NaHCO3 made from
de-ionized water). In a typical experiment, a standard three electrode setup in 0.5 M
NaHCO3 solution was assembled: an Ag/AgCI electrode as reference electrode, a Pt
wire as auxiliary electrode and a carbon paper coated with the different samples as
working electrode (surface area = 1 cm?). The potentials were measured versus
Ag/AgCl and converted to the reversible hydrogen electrode (RHE) according to the
following equation: Erne = Elagiagci + Eagiagel + 0.059 x pH, pH=7.[34] All
electrochemical results were showed without iR-compensation by using a computer-
controlled BioLogic VMP3 electrochemical workstation. Meanwhile, the linear sweep
voltammetry (LSV) was performed to reach a stable state at a scan rate of 20 mV/s from
0 Vto—1.0 Vvs. RHE in Ar-saturated 0.5 M NaHCO3 (pH=8.5) and CO-saturated 0.5
M NaHCO3z (pH=7) as supporting electrolyte. The cyclic voltammetry (CV) curves
were performed at a scan rate of 20 mV/s. Moreover, electrochemical impedance
spectroscopy (EIS) of different samples was carried out in a frequency range from 100
kHz to 100 mHz.
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Before the electrochemical CO> reduction experiments, an average rate of 20
ml/min Ar was injected into the cathodic electrolyte in order to form an Ar-saturated
solution. During electrochemical CO. reduction experiments, the CO, gas was
delivered at an average rate of 20 ml/min at room temperature and ambient pressure,
measured downstream by a volumetric digital flowmeter. The gas phase composition
was analyzed by gas chromatography (GC) during potentiostatic measurements every
20 min. The calibration of peak area vs. gas concentration was used for the molar
quantification of each gaseous effluent. The Faradaic efficiency was calculated by
determining the number of coulombs needed for each product and then dividing by the
total charge passed during the time of the GC sampling according to the flow rate.
Liquid products were analyzed afterwards by quantitative *H-NMR using water as the

deuterated solvent.

3.2.5 Calculation Method

Details concerning the calculation of mass activity, Faradaic Efficiency (FE) is
shown below.[34-36]
The mass activity (A/g) is calculated from the mass loading density (m) of catalyst
(1.0 mg cm2) and the measured partial current density j (mA/cm?) at —0.50 V vs. RHE.
mass activity =jco/m

The partial current density for a given gas product was calculated as below:

Tll'FPO

Ji=x; XV X X (electrode area)™!

Where X; is the volume fraction of certain product determined by online GC referenced
to calibration curves from three standard gas samples, v is the flow rate, niis the number
of electrons involved, Po=101.3 kPa, F is the Faraday constant, and R is the gas constant.
The corresponding FE at each potential is calculated by

FE=J]—,i>< 100 %

3.2.6 DFT Calculations
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The spin-polarized DFT calculations with projector augmented wave (PAW)
method [37-40] were performed using the Vienna Ab initio Simulation Package (VASP)
code.[41] The Bayesian error estimation functional with van der Waals correlation
(BEEF-vdW) was employed to set the plane wave basis.[42] The convergence criteria
was 0.05 eV/ A in force and 1x10™* eV in energy and the plane wave cutoff was 500
eV. The Monkhorst—Pack mesh k-point grids was 2>2x1 for all models. All the vacuum
thicknesses were higher than 15 A. With the BEEF-vdW function, the energy of the gas
phase molecules gave a systematic correction by +0.41 and +0.09 eV for gaseous CO>
and Ha, respectively.[43-45] For the electroreduction of CO, to CO, the following

elementary steps were considered:

COz(g) + * + H'(aq) + & «» COOH* (Equation 3.1)
COOH* + H*(aq) + & «> CO* + H20(l) (Equation 3.2)
CO* < CO(g) +* ((Equation 3.3)

where (g), (aq) represent the gaseous phase and aqueous phase, respectively. The *,
COOH* and CO* represent free site, adsorption state of COOH and CO, respectively.

The reaction free energies of each steps were calculated by following formula:

G = Eper + Egpe + [ C,dT —TS+E,, (Equation 3.4)

Where Eppr is the DFT calculated energy, Ezpp is the zero-point energy, C; is the
constant pressure heat capacity, T is temperture, S is the entropy and Esor is solvation
correction and for CO* was stabilized by 0.1 eV and COOH* by 0.25 eV.[46] The

temperature of the reaction is 298.15 K. The free energy corrections for each species

are shown in Table 3.1.[47]
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Table 3.1 Parameters used for the free energy corrections. T = 298.15 K.

Species ZPE (eV) [ C,dT (eV) -TS (eV)
H> 0.28 0.09 -0.40
CO, 0.31 0.11 -0.66
CcO 0.13 0.09 -0.61
H0 0.58 0.10 -0.67
H* 0.19 0.01 -0.01
CO* 0.22 0.08 -0.16
COOH* 0.62 0.10 -0.19

3.3 Results and Discussion

3.3.1 Characterization of Prepared x-Fe-IRMOF-3
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Figure 3.2 (A) XRD patterns, (B) FTIR spectrum of IRMOF-3 and 20-Fe-IRMOF-3 and (C)
XRD patterns of 10000-Fe-IRMOF-3.

88



The high crystallinity of the as-prepared IRMOF-3 and the corresponding Fe-
doped IRMOF-3 are confirmed by powder X-ray diffraction (XRD) measurements. As
shown in Figure 3.2A, the presence of a modicum Fe amount in the IRMOF-3 does not
affect the crystal structure of the parent IRMOF-3. Both IRMOF-3 and 20-Fe-IRMOF-
3 samples exhibit similar crystal patterns, as expected for the standard IRMOF-3
structure.[48] The FTIR spectra obtained on the IRMOF-3 and 20-Fe-IRMOF-3
samples are shown in Figure 3.2B. Different characteristic bands ascribed to chemical
groups are found in 20-Fe-IRMOF-3, which are similar to those of IRMOF-3, further
suggesting that slightly Fe doping into the IRMOF-3 does not induce any structural
change. However, after the incorporation of high Fe content into the IRMOF-3, a new
diffraction peak at around 9.1<appears in the XRD pattern (e.g., in sample 10000-Fe-
IRMOEF-3), indicating that further addition of Fe content changes the crystal structure
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Figure 3.3 SEM images of (A) IRMOF-3, (B, C) 20-Fe-IRMOF-3 and (D) 10000-Fe-

IRMOF-3.
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To examine the surface morphology of the as-prepared samples, field emission
scanning electron microscopy (FE-SEM) was performed (Figure 3.3). FE-SEM images
show that 20-Fe-IRMOF-3 sample is composed of spheroidal 3D nanostructures with
an irregular size, which are similar to the structures observed for the IRMOF-3 sample,
indicating that a small amount of Fe doping does not change the morphology of
IRMOF-3 (Figure 3.3A-C). However, the addition of higher amount of Fe salts, in the
case of 10000-Fe-IRMOF-3 sample, induces the formation of inhomogeneous

nanostructures and agglomerates (Figure 3.3D).

FelIRMOF-3 as well as representative EELS chemical composition maps obtained from the red
squared area of the STEM micrograph. Individual Fe L, 3-edges at 708 eV (red), Zn L, 3-edges at
1020 eV (green), N K-edges at 401 eV (orange), O K-edges at 532 eV (blue) and C K-edges at
285 eV (grey) as well as composites of their compositions.
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High-angle annular dark-field scanning TEM (HAADF-STEM) further confirms
the above SEM results that the introduction of a modicum Fe amount does not change
the sample morphology (Figures 3.4). Elemental composition maps are obtained by
means of electron energy loss spectroscopy (EELS) in STEM mode, showing a
homogeneous distribution of Zn, N, O and C in IRMOF-3, 20-IRMOF-3 and 10000-
IRMOF-3 samples. Fe is only maintained at the trace scale in 20-IRMOF-3 sample,
whereas, it is abundant in 10000-IRMOF-3 sample, further indicating the successful

introduction of Fe into the IRMOF-3 with different concentrations.
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Figure 3.5 (A) N2 adsorption and desorption isotherm for IRMOF-3, 20-Fe-IRMOF-3,
10000-Fe-IRMOF-3. (B) Pore size distribution from BJH calculation based on the desorption
branch of the corresponding isotherm. (C) The BET surface area of IRMOF-3, 20-Fe-
IRMOF-3, 10000-Fe-IRMOF-3 samples. (D) TGA patterns of IRMOF-3.

In addition, as verified by Brunauer-Emmett-Teller (BET) measurements (Figure

3.5A-C), the sample 20-Fe-IRMOF-3 inherits the high surface area and abundant

porosity of IRMOF-3. By contrast, sample 10000-Fe-IRMOF-3 possesses a sharp
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decrease of surface areas and pore diameters (ca. 23 nm), showing that the abundant
presence of Fe covered the cavities of IRMOF-3 and formed new structures, leading to
a lower surface area and porosity. The pyrolysis process carried out on the IRMOF-3
sample is carefully tracked by thermogravimetric analysis (TGA) (Figure 3.5D). The
weight loss observed before 800 <C could be attributed to the carbonization and
decomposition of the organic linker in IRMOF-3 at a continuous high temperature,
which gives N, O and C sources for the growth of the targeted samples. When the
temperature continued increasing to over 900 <C, the weight loss mainly results from
the release of Zn species because of the low boiling point of Zn nodes (907 <C).[49]
After pyrolysis, the inductively coupled plasma atomic emission spectroscopy (ICP-
AES) is performed to determine the Fe molar ratio in samples N-C, D-Fe-N-C and

Fe/Fe-N-C (Table 3.2).

Table 3.2 Fe Ratio of different samples.

Samples Feeding (Fe) Final product ICP

ratio (Fe)
N-C 0 0%
D-Fe-N-C 20 |1 0.74 %
Fe/Fe-N-C 10 ml 43.7%
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3.3.2 Characterization of Samples after Pyrolysis
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Figure 3.6 (A) XRD patterns and (B) Raman spectra of the N-C and D-Fe-N-C samples. (C)
XRD pattern and (D) Raman spectra of Fe/Fe-N-C.

After pyrolysis, as observed in the XRD patterns shown in Figure 3.6A, the sharp
peaks observed in IRMOF-3 and 20-Fe-IRMOF-3 samples are replaced by two broad
peaks. These peaks at around 25<and 43< belong to the (002) and (100) planes of
graphitic carbon, indicating the successful conversion of MOFs into carbon-based
materials without the metal, metal oxide or metal carbide impurity structures.[28, 50]
As a counterpart, in the case of the as-prepared Fe/Fe-N-C sample, clear peaks of
typical mixed crystals corresponding to iron, iron carbide, iron oxides and iron nitride
crystal structures are present in its XRD pattern, as shown in Figure 3.6B. The Raman
spectra of N-C and D-Fe-N-C samples exhibits two distinct features at around 1365 and
1590 cm!, which are attributed to the D (defective) band and G (graphite) band,
respectively (Figure 3.6C).[51, 52] By comparing the value of Ip/lg, the presence of
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defects in the above samples are investigated. The value of Ip/lg (1.24 in both samples)
suggests that N-C and D-Fe-N-C samples have the same degree of defects.[52] In
addition, as shown in Figure 3.6D, Fe/Fe-N-C sample shows three main peaks in the
Raman spectrum at around 1100, 1365 and 1590 cm™. The additional peak observed at
ca. 1100 cm™* could be attributed to iron hybrids.[53] These outcomes further highlight
the importance of Fe amount introduced into IRMOF-3 because a large amount of Fe

promotes its aggregation and the further formation of iron hybrids.

Figure 3.7 (A-B) HAADF-STEM images of the D-Fe-N-C sample. Iron clusters are circled in
yellow and single iron atoms are circled in red. (C) HAADF-STEM image of D-Fe-N-C and
representative EELS chemical composition maps obtained from the red squared area of the
STEM micrograph. Individual Fe L, 3s-edges at 708 eV (red), N K-edges at 401 eV (orange),
O K-edges at 532 eV (blue) and C K-edges at 285 eV (grey) as well as composites of Fe-N

and Fe-O.
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The D-Fe-N-C sample is further characterized by TEM, as shown in Figure 3.7.
It is worth noting that D-Fe-N-C does not retain the spherical morphology of the MOFs
precursor. Instead, all the spheres are broken during the pyrolysis process, which is
ascribed to the destruction of the MOFs frameworks (Figure 3.7A). Multiple areas of
the D-Fe-N-C sample are examined and only few Fe nanoparticles (precipitates) could
be observed, as shown in Figure 3.7A, which is consistent with the XRD results (lack
of Fe diffraction peaks). Furthermore, aberration-corrected high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) is employed for
directly detecting Fe single atoms thanks to the different Z contrast among Fe, N, O and
C elements. The representative HAADF-STEM images in Figure 3.7B show isolated
starry spots densely planted in the oxygen/nitrogen-doped carbon matrix, that can be
assigned to the Fe single atom sites. Thus, it is confirmed that Fe is atomically dispersed
in the D-Fe-N-C sample, which plays a dominant impact on the activation of CO..
EELS elemental maps analyses reveal that Fe, N, O and C elements are homogeneously
dispersed on the D-Fe-N-C sample (Figure 3.7C). Moreover, the absence of Zn in all
the samples demonstrates the successful vaporization of Zn at 950 <C upon heat
treatment, which simultaneously creates multiple micropores at the atomic size. STEM,
EDX and EELS analyses indicate that the metals are mainly atomically dispersed in the

oxygen/nitrogen-doped carbon matrix in the case of D-Fe-N-C sample.

[010] Fe,®; IA3-

Figure 3.8 Different (A) HAADF-STEM, (B) BF TEM and (C-E) HRTEM micrographs and
detail of the orange squared region and its corresponding power spectrum of Fe/Fe-N-C
sample.
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Compared to D-Fe-N-C, bulk Fe particles are observed in the Fe/Fe-N-C sample
(Figure 3.8), indicating that the introduction of larger amounts of Fe leads to the
formation of Fe aggregation (Figure 3.8A and Figure 3.8B). It is worth mentioning
that some Fe nanoparticles in Fe/Fe-N-C are also covered by a few layers of graphitic-
like carbon, as shown in Figure 3.8C and Figure 3.8D. Moreover, Figure 3.8E shows
a HRTEM micrograph of a nanoparticle. Detail of the orange squared region and its
corresponding power spectrum which reveals that this nanoparticle has a crystal phase
that is in agreement with the Fe>Os cubic phase (space group =lIA3-) with a=b=c=
9.3930 A. From the crystalline domain in Figure 3.8E, the Fe2Os lattice fringe distances
were measured to be 0.335 nm, 0.475 nm, 0.338 nm and 0.517 nm, at 41.19986.31°
and 135.179which could be interpreted as the cubic Fe>O3 phase, visualized along its
[010] zone axis. It is worth noting that only a few area could obtain the HRTEM of

FesOs.

Table 3.3 Comparison between the experimental and the theoretical bulk plane spacing
distances and angles between planes.

Spot Experimental (nm) Fe,0s3 (1A3-) [010]
1 0.335 0.332 (20-2)
2 0.475 (41.19%s Spot 1) 0.470 (45.009(200)
3 0.338 (86.31<%s Spot 1) 0.332 (90.009(202)
4 0.517 (135.17<Vs Spot 1) 0.470 (135.00 (002)
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Figure 3.9 (A) Fe K-edge XANES spectra, (B) the first derivative spectra, (C) Fourier
transformation of the EXAFS spectra at R space of D-Fe-N-C and Fe/Fe-N-C. (D) WT-EXAFS
of D-Fe-N-C. Corresponding EXAFS fitting curves for (E) D-Fe-N-C and (F) Fe/Fe-N-C (Fe,
O, N, atoms are represented in red, blue and orange, respectively).

The detailed local structure and electronic states of the Fe atoms in the catalysts
have been further disclosed via XAS analyses. As shown in Figure 3.9A, Fe K-edge
X-ray absorption near edge structure (XANES) spectra of D-Fe-N-C sample shift
towards higher binding energy compared to that of a standard Fe foil, suggesting a
positive charge state of Fe atoms in the D-Fe-N-C catalyst.[54, 55] On the contrary, the
Fe K-edge XANES spectra of the as-prepared Fe/Fe-N-C exhibit the same energy
absorption threshold of a standard Fe foil, proving the main presence of Fe® in Fe/Fe-
N-C. To more clearly compare the differences of the XANES features, the first
derivative XANES of the three samples are exhibited in Figure 3.9B to compare the
average oxidation state of iron between the different samples. A shift to higher energy
is observed in D-Fe-N-C at the Fe K-edge, which indicates a larger number of a higher
valence state in the Fe ions present in the D-Fe-N-C sample in comparison to those of
the Fe/Fe-N-C and the standard Fe foil.[56] Furthermore, the intrinsic structure of the
reactive sites is further corroborated with the Fourier transformed (FT) k3-weighted

x(k)-function of the Fe K-edge EXAFS in R space (Figure 3.9C). A dominant peak
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centered around 1.5 A for D-Fe-N-C sample is shown in Figure 3.9C, attributed to the
light backscattering induced by light atoms (N, O or C) situated in the first coordination
shell of the absorbing metal. The slight presence of a peak at ~2.27 A, which
corresponds to the Fe-Fe bond, further confirms that there is a co-existence of the
atomically isolated Fe dispersion with a modicum presence of Fe nanoparticles, in
accordance with HAADF-STEM results.[21, 51] By contrast, the Fe/Fe-N-C sample
presents a high peak at ca. 2.2 A (attributed to the Fe-Fe scattering path),[22] which
reveals a high signature of Fe-Fe bonds due to the presence of a high content of Fe
nanoparticles (as previously observed in XRD patterns). To more clearly indicate the
presence of Fe atomic dispersion throughout the samples, a wavelet transform (WT) of
the Fe K-edge EXAFS oscillations was carried out thanks to its powerful resolutions in
both k and r spaces. WT contour plots were obtained on the D-Fe-N-C sample (Figure
3.9D). The intensity maxima at 5 A observed at the WT contour plots was associated
with the Fe-N (O, C) contributions, respectively.[57] Therefore, according to FT- and
WT-EXAFS analyses, it could be concluded that most of the Fe atoms are atomically
dispersed in sample D-Fe-N-C. The Fe K-edge EXAFS spectra were then fitted with
the model structures depicted in the insets of Figure 3.9E. The structural parameters
obtained from the fittings are shown in Table 3.4, including the coordination number
(CN) and different bond distances. The optimized fit results for D-Fe-N-C show a CN-
value of 5 and a mean bond length of 2.02 A. However, EXAFS alone cannot
distinguish between N, O, and C atoms. Experimentally and theoretically, metal-
nitrogen bonds are more likely than metal-carbon or metal-oxygen ones to form in-
plane FeNjy sites in the first coordination sphere. While under further hypotheses, the
higher average CN-value of 5 for Fe-N-C strongly suggests that one axial O atom is
adsorbed on top of the FeN4 moieties, resulting in coordinatively saturated iron cations,
in line with the high oxophilicity of Fe.[20, 22, 57] In summary, the spectra obtained
on the D-Fe-N-C sample are fitted assuming the presence of four in-plane nitrogen and

one oxygen atom as an axial ligand, as FeNx moieties are in an oxygen-rich atmosphere.
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Table 3.4 EXAFS fitting parameters at the Fe K-edge for various samples

R fact
Sample Shell  N*  R(A)®  o*(A%10%)°  AE0(eV) (Zl/C )or
o
Fe-N 51 202 9.8 02
D-Fe-N-C 05
Fe-Fe 04 2.54 4.9 0.6
Fe-Fe 5.1 2.47 6.1
Fe/Fe-N-C 2.1 0.6
Fe-Fe 36  2.83 8.3

4 N: coordination numbers; ° R: bond distance; ¢ ¢* Debye-Waller factors; ¢ AEo: the inner
potential correction. R factor: goodness of fit. SO2 were set as 0.85/0.90 for Fe-N/Fe-Fe, which
were obtained from the experimental EXAFS fit of reference FePc/Fefoil by fixing CN as the
known crystallographic value and was fixed to all the samples.
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Figure 3.10 XPS spectra for the (A) survey scan. (B) High-resolution XPS Fe 2p spectrum of

Fe/Fe-N-C. High-resolution XPS N 1s spectrum of (C) D-Fe-N-C, (D) N-C and (E) Fe/Fe-N-

C. (F) high-resolution XPS O 1s spectrum of D-Fe-N-C. High-resolution XPS C 1s spectrum
of (G) D-Fe-N-C, (H) N-C and (I) Fe/Fe-N-C.
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In addition, the surface composition and bonding configuration of the different
catalysts are characterized by X-ray photoelectron spectroscopy (XPS). The full survey
scan XPS spectra shown in Figure 3.10A exhibit the presence of C, N and O in all the
samples. A higher proportion of Fe is only detected in the Fe/Fe-N-C sample (Figure
3.10B). The high-resolution N 1s spectra obtained on the D-Fe-N-C sample shown in
Fig. 3c demonstrates the presence of pyridinic (398.6 eV), pyrrolic (401 eV), graphitic
(402 eV), and Fe-NX (399.4 eV) species.[50] Notably, other than the bare N-C material,
the D-Fe-N-C and Fe/Fe-N-C samples show porphyrin-like moieties at 399.4 eV which
correspond to the iron-nitrogen (Fe-N) coordination, indicating that the Fe is
substantially coordinated with N (Figures 3.10C-E). The core-level XPS of O 1s
spectra obtained in D-Fe-N-C sample are shown in Figure 3.10F and deconvoluted into
three types at around 530.0, 532.6 and 533.8 eV, being assigned to the oxygen
configuration in Fe-O, -OH group and O=C-O, respectively.[22] The results provided
here imply the retains of Fe-O chelation after calcination. The analyses of the high-
resolution C 1s XPS spectrum of D-Fe-N-C show the presence of C-C (284.5 eV), C-
N (285.9 eV), C-O (286.8 eV) and O-C=0 (289.0 eV) bonds (Figure 3.10G). Similarly,
the N-C and Fe/Fe-N-C samples also exhibit the C-C (284.5 eV), C-N (285.9 eV), C-O
(286.8 eV) and O-C=0 (289.0 eV) bonds in C 1s XPS spectrum (Figure 3.10H and
Figure 3.10l), indicating that these samples are derived from the same MOFs

precursor.[25]
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3.3.3 Electrochemical Performance
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Figure 3.11 (A) FE of CO at various potentials, (B) Current density for CO production, (C)
FE of H; at various potentials and (D) Current density for H, production on IRMOF-3, 20-Fe-
IRMOF-3 and 10000-Fe-IRMOF-3.

The electrocatalytic activity of the different samples towards CO, RR were

investigated in a CO»-saturated 0.5 M NaHCOs solution as electrolyte using a three-

electrode H-cell separated by an anion exchange membrane to prevent the further

oxidation of as-generated products. The cathodic compartment was continuously

purged with CO2 (20 ml min™t). The periodic quantification of the gas-phase products

were detected by gas chromatography (GC). Online GC results show that CO and H»

were the main gas products obtained for all the catalysts, and no liquid product was

detected by 'H nuclear magnetic resonance (*H-NMR) spectroscopy after the

electrochemical CO2 reduction processes.
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The samples were previously coated on carbon paper (1 cm>L cm) with a mass
loading of ~1.0 mg cm™2. Firstly, the Faradaic efficiency and partial current density of
the prepared MOFs precursors were obtained, as shown in Figure 3.11. It is interesting
to point out that all the precursors showed an excellent HER ability while they present

a scarcely catalytic performance toward CO2 RR.
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Figure 3.12 Cyclic voltammograms curves vs. RHE of (A) N-C, (B) D-Fe/Fe-N-C and (C)
Fe-N-C obtained in Ar or CO»-saturated 0.5 M NaHCOs solution. (D) is the LSV comparison
for D-Fe-N-C in Ar-and COz-saturated 0.5 M NaHCOs solution.

After pyrolysis, cyclic voltammetry (CV) curves were carried out to evaluate the
electrocatalytic CO2 RR performance, roughly. As shown in Figure 3.12, the D-Fe-N-
C sample presented a current reduction under Ar atmosphere, typically attributed to the

HER. Upon saturating the solution with CO», the current reduction increased. The same
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phenomenon was observed on N-C and Fe/Fe-N-C samples, although the current

increase in the case of Fe/Fe-N-C was less significant.
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Figure 3.13 (A) Total current density (B) FE of CO at various potentials. (C) Current density
for CO production. (D) FE of H; at various potentials. (E) Current density for H, production
on N-C, D-Fe-N-C and Fe/Fe-N-C. (F) Stability test of D-Fe-N-C at —0.50 V vs. RHE.

Then, the catalytic activities for CO> RR were further investigated by the
chronoamperometry method. The total current densities of the N-C, D-Fe-N-C and
Fe/Fe-N-C samples were plotted against potential, as presented in Figure 3.13A.
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Compared to N-C, after introducing Fe, the total current densities of D-Fe-N-C and
Fe/Fe-N-C increased significantly at different applied potential, indicating the faster
rate of reaction obtained on D-Fe-N-C and Fe/Fe-N-C samples.[58] Figure 3.13B
shows the Faradaic efficiencies (FE) of CO formed during CO2 RR at a cathode
potential from —0.40 to —0.70 V vs. RHE. The FE (CO) obtained on the N-C and D-Fe-
N-C samples changes with the applied potentials. For D-Fe-N-C, reduction of CO> to
CO could start at a potential as low as —0.40 V vs. RHE with a FE (CO) of 80 %,
reaching the maximum FE (CO) of 95 % at —0.50 V vs. RHE, that percentage is above
those obtained on N-C and Fe/Fe-N-C samples. In Figure 3.13C, we show the
potential-dependent CO partial current densities calculated based on the total current
densities and the corresponding FE (CO), demonstrating that the D-Fe-N-C exhibits a
higher current density of CO than the other electrodes in the whole applied potentials,
with a partial current density of —4.4 mA cm 2 at —0.50 V vs. RHE. The decreasing
trend of FE (CO) for N-C and D-Fe-N-C observed as the potential shifted to more
negative values mainly stems from the dominance of the H evolution over the CO2 RR,
which can be evidenced directly according to the FE (H2) shown in Figure 3.13D. The
potential-dependent Hz current densities for the different catalysts are shown in Figure
3.13E. In order to evaluate the long-term stability of the D-Fe-N-C electrocatalyst, we
performed a 30 hr durability test at a constant —0.50 V vs. RHE cathode potential. The
outlet gases were analyzed every 30 min by GC, while calculating the corresponding
FE of CO. The current density of D-Fe-N-C maintain a steady value of approximately
—4.5 mA cm 2 with no significant decay (Figure 3.13F) during the 30h test, while the
corresponding Faradaic efficiency of CO only decreases slightly to 88 % after the 30h
stability test.
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Figure 3.14 (A) Tafel Slope of N-C and D-Fe-N-C. Cyclic voltammograms curves between
—0.05 and 0.40 V vs. RHE for (B) N-C and (C) D-Fe-N-C. (D) Plots of the current density vs.
scan rate for N-C and D-Fe-N-C electrodes. (E) Electrochemical impedance spectroscopy
(EIS) of IRMOF-3, 20-Fe-IRMOF-3, 10000-Fe-IRMOF-3 (F) N-C, D-Fe-N-C and Fe/Fe-N-C
after the activated process.

The intrinsic activity of the catalysts was further disclosed by the mass activities
of N-C and D-Fe-N-C at —0.50 V vs. RHE. Mass activity of D-Fe-N-C was found to be
4.4 Alg in 0.5 M NaHCOs, which is much higher than that of N-C (0.68 A/g), showing
that the D-Fe-N-C possesses an excellent catalytic performance toward CO2 RR. As

revealed in Figure 3.14A, the Tafel slope of D-Fe-N-C is 58 mV dec ™, much smaller
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than that of N-C (193 mV dec™?), indicating more favorable kinetics for the formation
of CO.[59, 60] Moreover, it is well known that an increase of the electrochemical active
surface area (ECSA) often leads to the enhancement of the catalytic activity.[34] In
order to further explain the high efficiency of the D-Fe-N-C compared to the N-C
sample, the ECSA was calculated by electrochemical double-layer capacitance (Ca) of
the active materials. As shown in Figure 3.14B-D, the Cq of the N-C and D-Fe-N-C
samples was obtained by CV (Figure S33B and Figure S33C). By plotting the AJ= Ja-
Jc at 0.20 V vs. RHE against the scan rate, the slope which is twice of Cq could be
obtained. As shown in Figure S33D, the Cq of N-C and D-Fe-N-C samples is 28 mF
cm2and 61 mF cm 2, respectively, confirming that the higher intrinsic catalytic activity
of the D-Fe-N-C is due to an increase of the electroactive sites during the CO, RR.[61]
In addition, the surface roughness factor (Rf) was calculated by taking the estimated
ECSA and dividing by the geometric area of the electrode (1 cm?). Generally, a constant
capacitance was used in the same solution, therefore, R¢is linear with Cqi. The higher
Rt obtained on the D-Fe-N-C sample could significantly reduce the adhesion force
between the electrode surface and gas bubbles, which favors the CO2 RR.[52] Nyquist
plots reveals that D-Fe-N-C have a lower interfacial charge-transfer resistance (Rcr)
than N-C sample, hence ensuring faster electron transfer during CO2 RR process, which

is favorable for the formation of intermediate (Figure 3.14F).[50, 52, 62]
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Figure 3.15 CV curves of (A) D-Fe-N-C and (B) Fe/Fe-N-C in 0.5 M Ar-saturated NaHCO3
electrolyte. (C) HRTEM micrographs of D-Fe-N-C sample as well as atomic supercell model
illustration of the Fe nanoparticle with carbon shell (Fe and C are represented in red and grey,
respectively) (D) HAADF-STEM image of D-Fe-N-C and representative EELS chemical
composition maps obtained from the red squared area of the STEM micrograph.

In order to prove that the excellent CO2 RR performance of the D-Fe-N-C catalyst
is attributed to the highly dispersed single active sites rather than Fe nanoparticles or
agglomerates, CV curves measurements were employed, as shown in Figure 3.15A and
Figure 3.15B. Based on the CV curves, we observed that Fe reduction/oxidation redox
peaks disappeared for the D-Fe-N-C sample. According to the HAADF STEM, EELS
and HRTEM results, it could be corroborated that the Fe clusters are rigorously
encapsulated by a few layers of carbon, which would encumber the interaction between
the Fe nanoparticles and the electrolyte, resulting in an inactive performance of these

Fe nanoparticles (Figure 3.15C and Figure 3.15D).
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Figure 3.16 Linear sweep voltammetry curves of (A) D-Fe-N-C and (B) Fe/Fe-N-C with and
without 0.05 M NaSCN. (C) Current density and FE of D-Fe-N-C at different NaHCO3
concentration at a constant potential (—0.5 V vs. RHE). (D) Partial CO current density of D-
Fe-N-C vs. NaHCO3 concentration at —0.50 V vs. RHE.

Meanwhile, it has been documented that the SCN™ ion has a high affinity to Fe
ions and thus can poison the isolated Fe single-atom sites.[52] As shown in Figure
3.16A and Figure 3.16B, a significant depression of the catalytic activity for D-Fe-N-
C and Fe/Fe-N-C is observed, which could be attributed to the blocking effect of SCN™
on single Fe sites. Hence, it is reasonable to attribute the dominant impact on the high
activity and selectivity to the exposed isolated Fe sites. To further probe the role of
HCO3z™ within the reaction, different HCOs™ concentrations were studied at a constant
applied potential of —0.50 V vs. RHE. As revealed in Figure 3.16C and Figure 3.16D,
a plot of log (jco) versus log ([HCOz]) show a slope of 0.66, demonstrating that the
concentration effect of HCO3™ plays a considerable role, influencing the efficiency of
the conversion reaction of CO2 to CO.[52, 59] In addition, since the pKa value of
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HCO3z™ (10.33) is smaller than that of H.O (15.7), the HCO3™ could also act as a proton
donor in the reaction.[63] Therefore, the HCO3™ not only simply acts as a pH buffer and
proton donor in this reaction, but also increase the concentration of CO2 near the

electrode surface.[52, 59, 63]
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Figure 3.17 (A) FE of CO at various potentials, (B) Current density for CO production, (C)
FE of H; at various potentials, (D) Current density for H, production on D-Fe-N-C-850, D-
Fe-N-C-950 and D-Fe-N-C-1050.

The FE for CO and H> on different samples obtained at different pyrolysis
temperatures are shown in Figure 3.17 for comparison. Apparently, D-Fe-N-C-850
sample shows lower FE(CO) than that of D-Fe-N-C-950 and D-Fe-N-C-1050. Such a
decreased selectivity can be attributed to the resident Zn at low pyrolysis temperature.
While the FE (CO and H>) values of D-Fe-N-C-1050 at applied potentials are similar
to those of D-Fe-N-C-950. Therefore, we can conclude that the CO2 RR activity could
be influenced by the pyrolysis because at the low temperature could not remove the Zn

completely from the MOFs precures, hence, hindering the CO2 RR activity.
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In order to understand the role of the pyrolysis temperature, we further investigated
the Raman spectra of different samples. As observed in Figure 3.18, an increased ratio
of D band (at 1365 cm™) to G band (at 1590 cm™) from 1.22 to 1.27 with the increasing
pyrolytic temperature was observed in the Raman spectra, showing that the
graphitization degree of carbon materials increased with the increasing temperature,
and more structural defects were generated on the surface carbon matrix. Meanwhile,
compared to D-Fe-N-C-850, the FE (CO) of D-Fe-N-C promotes accompanied with the
enhanced value of Ip/lg, suggesting that the graphitic degree of carbon had an effect on
the catalytic efficiency. However, the graphitic degree of carbon is not the sole limiting
factor, this is further evidenced by the increasing value of Ip/lg for D-Fe-N-C-1050

without leading to enhanced FE (CO) of D-Fe-N-C-1050 sample (Figure 3.18).
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In addition, we used the ZIF-8 with a non-oxygen ligand as the precursor to

prepare the Fe single atom catalyst, we found a slight decrease of FE of CO, further

providing the advantages of rich-oxygen organic ligand we used.
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Figure 3.20 XRD patterns of D-Co-N-C and D-Ni-N-C.
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Figure 3.21 (A and C) Current density and partial current density on D-Co-N-C and D-Ni-N-
C. (B and D) FE of CO and FE of H; at various potentials on D-Co-N-C and D-Ni-N-C

Meanwhile, we prepared highly disperse Co-N-C (D-Co-N-C) and Ni-N-C (D-Ni-

N-C) catalysts through the same synthesis process using the IRMOF-3 assisted-method.

The D-Ni-N-C showed an excellent FE(CO) towards CO2 RR, demonstrating that the

nitrogen and oxygen-rich IRMOF-3-assistant strategy is rational for design and

development of highly disperse M-N-C.
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3.3.4 DFT Calculations
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Figure 3.22 (A and B) The top view and side view of optimized adsorption configuration on
simulated FeN4 and D-Fe-N-C (Fe, O, N and C atoms are represented in purple, red, blue and
grey, respectively). Free energy profiles for the CO2 RR to CO at (C) 0 V (vs. RHE) (D) —0.48 V

(vs. RHE) on simulated FeN4 and D-Fe-N-C.

To further understand the intrinsic activity of the D-Fe-N-C catalyst in CO2 RR,
DFT calculations were performed to calculate the free energies of possible
intermediates in the reaction pathways from CO2 to CO by using the computational
hydrogen electrode model and parameters reported in literature.[64-66] As the
counterpart, we created a simulation model with a tetra-nitrogen atom coordinated Fe
atom by replacing six C atoms in a graphene surface to represent the reported normal
FeNs catalysts.[67] For the D-Fe-N-C catalyst, an axial -OH ligand was added to
coordinate with the Fe single atom in the simulated FeN4 catalyst model. The optimized

structures and the optimal adsorption configurations of reaction intermediates were
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shown in Figure 3.22A and Figure 3.22B. There are three elementary steps and two
important intermediates (COOH* and CO*) in the CO2 RR process. The free energy
profiles at a potential of 0 V vs. RHE are shown in Figure 3.22C. From Figure 3.22C,
we can find that the AG for the formation of COOH* over D-Fe-N-C and normal FeN4
is 0.48 eV and 0.15 eV, respectively. The AG for the dissociation of COOH* assisted
by proton-electron transfer to produce CO* and H2O is downhill on both catalyst
models. As for the final step of CO desorption, the AG over D-Fe-N-C and normal FeN4
are 0.47 eV and 0.89 eV, respectively. It is obvious that the potential determining step
(PDS) is COOH* formation (AG = 0.48 eV) on D-Fe-N-C, while for normal FeNs, the
CO desorption step is more difficult (AG = 0.89 eV). The free energy profiles at —0.48
V (vs. RHE) are shown in Figure 3.22D. As the potential becomes more negative, the
AG for the formation of COOH* would decrease, whilst the AG for the non-
electrochemical step of CO desorption would remain unchanged. Consequently, CO
desorption becomes the most difficult step on both catalysts’ surfaces at —0.48 V vs.
RHE, while this step is much easier over the D-Fe-N-C catalyst than the normal FeNa,

thus, the performance of CO2 RR on D-Fe-N-C catalyst is better.
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Figure 3.23 (A) Free energy profile for the HER at 0 V (vs. RHE) on D-Fe-N-C and FeNa.
(B) Projected d-density of states (PDOS) of D-Fe-N-C and FeN4 surfaces.
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In addition, HER as an important side reaction was also considered. The free
energy profiles are shown in Figure 3.23A. It can be concluded that the HER is less
active on D-Fe-N-C than on normal FeNs. The projected density of states (PDOS) of
D-Fe-N-C and normal FeNs surfaces were calculated to investigate the origin of the
difference between adsorption of the reaction intermediates over these two catalysts
(results are shown in Figure 3.23B). We found that the d-band center of Fe over D-Fe-
N-C downshifts to a more negative value than over normal FeNa, leading to weaker CO

adsorption over the former catalyst, thus improving the performance of the catalyst.[68]

3.4 Summary

In conclusion, we propose that the introduction of oxygen-containing subgroups
into FeNy active sites can highly influence the electrochemical reduction of CO.. In this
way, via using a simple self-sacrificing oxygen and nitrogen-rich IRMOF-3, a robust
Fe-based electrocatalyst consisting of atomically dispersed Fe-N sites with an axial -
OH group and a little trace of Fe nanoparticles towards a high-efficient electrochemical
CO2 RR has been prepared. The detailed structures of prepared samples were
systematically characterized and investigated via XRD, Raman, TGA, SEM, XPS, XAS
and TEM etc. The proposed D-Fe-N-C catalyst with an axial -OH group was
experimentally and theoretically proved to be more active than the previously reported
normal FeNs based catalysts, showing an excellent catalytic behavior for CO
conversion (FE (CO) of 95 %) at a low applied potential of —0.50 V vs. RHE.
Meanwhile, DFT simulations suggested that the -OH subgroup could weaken the
bonding energy of CO2 RR intermediates, thus, shifting the CO2 RR activity. Overall,
we have been able to engineer the coordination environment of the active sites via axial
-OH group to achieve high-efficient CO, RR and demonstrated that a universal
synthesis approach involving a self-sacrificial MOFs with nitrogen and oxygen-rich
ligands. The strategy presented here is a promising route to facilitate the rational design

of efficient M-N-C catalysts with highly active dispersed MNx moieties.
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Chapter 4

Quasi-Double-Star Nickel and Iron Active Sites for High-

Efficient Carbon Dioxide Electroreduction
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4.1 Introduction

Severe environmental problems have triggered the development of the
electrochemical CO:> reduction reaction (CO2 RR) in order to mitigate the high
atmospheric CO> concentration at ambient conditions and allow the production
of useful and added value chemicals (e.g. CO, HCOOH, CH4, CH3CH20H).[1,
2] However, the efficiency of CO2 RR is far from satisfactory due to the inherent
inertness of CO2 molecules and the parallel presence of the competitive hydrogen
evolution reaction (HER) during the electrocatalytic processes.[3-5] Therefore,
many research works have been devoted to design cost-friendly electrocatalysts

for achieving a high CO. conversion efficiency.

As a frontier in materials science, single-atom catalysts (SACs) with a higher
density of exposed catalytic sites at an atomic level, have recently emerged, showing a
great potential in the field of CO2 RR, due to their high selectivity and suppression of
the competing HER.[6-10] Typically, Ni-based SACs have been the focus of interest
for the CO generation because of their high Faradaic efficiencies (FEs).[11-15] For
example, Wen et al. reported that Ni-N-C catalysts exhibited an excellent CO2 RR
performance with a FE for CO over 99 % at —0.80 V vs. RHE.[16] A Ni single-atom
catalyst loaded in a hollow mesoporous carbon sphere was fabricated by Xiong et al.,
delivering a high CO2 RR selectivity (FE(CO) of 95 %) at —0.90 vs. RHE.[17] It is then
well established that most of the Ni-N-C catalysts possess a high selectivity. However,
as a counterpart, they usually show a high overpotential (generally > 600 mV vs. RHE),
which is derived from their sluggish kinetics on Ni-N sites during the first proton-
coupled electron transfer (CO. + H* + e — COOH*).[18, 19] These high
overpotentials necessitate more energy to drive the CO, RR than that
thermodynamically needed.[20, 21] In light of this, researchers spared no effort in
optimizing the Ni-N-C catalysts to achieve a high FE(CO) at a low overpotential, thus,

meeting the requirements of practical applications.[22-24]
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In order to improve the catalytic activity on Ni-N-C catalysts, one direct method
IS to optimize the first reaction step to obtain a high performance in the overall CO>-to-
CO conversion process. In this way, ‘tandem catalysis’ is considered as one of the most
inspiring strategies to break the linear scaling relations of the adsorption and desorption
of reaction intermediates on the different active sites, thus, leading to an unprecedented
catalytic ability.[10, 25-27] Moreover, the electronic interactions and configuration
environment between two active sites would be regulated and hence influence their
synergistic catalytic performance.[28-31] For instance, in comparison to metal single-
atom sites, the formed double-metal active sites with their configuration structures can
not only facilitate the O2 adsorption, but also weak the O=0 bonds, thus, boosting the
efficiency of the oxygen reduction reaction (ORR).[30, 32, 33] With this in mind, we
propose that a bimetallic catalyst should hold the potential for high efficiency CO. RR,
although such double metal-atom catalysts are still in their infancy towards CO, RR.[10]
In the present work, we have combined the advantages of both Ni-N-C and Fe-N based
catalysts. Herein, we have prepared a Ni/Fe based catalyst with a quasi-double-star
local structure (see Figure 4.1), aiming to achieve a high selectivity at a low
overpotential during CO2 RR. On one hand, Ni-N-C catalysts possess a rapid desorption
of *CO (CO* — CO + *) due to weak bonding of CO, whereas Fe-N active sites
generally show a low overpotential for CO2 RR because of the fast first proton-coupled
electron transfer.[19] The cooperation of closely positioned Fe and Ni active sites in a
catalyst might act as a nano-reactor, and significantly, affect different reaction steps on
the two separated active sites, enhancing the CO2 RR activity and selectivity. In
addition, the presence of Fe adjacent to the Ni sites in a specific environment could
influence the electron density and configuration environment between both active sites,
and thus facilitate the adsorption and desorption of intermediates in the CO> reduction
process.[33] Specifically, via a one-pot solvothermal synthesis, instead of a slower and
less efficient multi-step doping process, we have prepared ternary metal-organic
frameworks (MOFs) by rationally controlling Ni and Fe additive amounts in Zn-based

IRMOF-3. hen, the adjacent Ni and Fe double active sites were formed via a simple
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pyrolysis. As a result, the optimized Niz/Fes-N-C sample shows an excellent selectivity
to CO evolution (FEco is 98 %) at a low overpotential (390 mV vs. RHE), which are
superior to both single metal counterparts (Ni-N-C and Fe-N-C catalysts) and other
state-of-the-art single/double atom catalysts. Meanwhile, DFT results reveal that
compared to Ni-N-C catalysts, this bimetallic catalyst with neighboring Ni and Fe sites
could facilitate the formation of COOH*. Moreover, the Ni/Fe-N-C catalyst not only
could boost the desorption of CO*, but also limit the undesired HER in comparison to
Fe-N-C, thus, leading to a win-win activity towards CO. RR. Consequently, the
excellent catalytic activity is attributed to the synergistic effect between the adjacent Ni
and Fe active sites, which plays an important role in regulating the binding energy of
different intermediates during the adsorption and desorption processes, influencing
different reaction steps towards CO. RR. This work not only demonstrates that the
catalysts with adjacent double-metal single atoms are promising electrocatalysts for
CO:2 RR, but also proves that such double metal sites can perfectly work as a nano-

reactor, influencing different reaction steps on different active sites.
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Figure 4.1 Schematic illustration of the preparation process of (A) Ni-N-C, (B) Fe-N-C and

(C) Niz/Fes-N-C samples together with the schematics of the quasi double-star structure.
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The Ni/Fe-N-C sample was synthesized using a two-step procedure, as shown in
Figure 4.1C. First, a Ni and Fe co-doped Zn-IRMOF-3 was prepared by a simple one-
pot solvothermal method. For comparison, single metal (Fe or Ni) doped-Zn-IRMOF-
3 was also synthesized through the same method only containing Fe or Ni salt solutions
(Figure 4.1A and Figure 4.1B). Afterwards, the Ni-N-C, Fe-N-C and Ni/Fe-N-C
catalysts were obtained by a simple pyrolysis under Ar atmosphere. The detailed

synthesis procedures are included in 4.2 experimental section.

4.2 Experimental Section

4.2.1 Materials and Characterizations

4211 Materials

If not specified, all chemical reagents were purchased from Sigma-Aldrich. Zinc
nitrate hexahydrate (Zn(NOs)2 6H20), 2-Aminoterphthalic acid, iron chloride
hexahydrate (FeClz 6H20), cobaltous nitrate hexahydrate (Co(NOz3)2 6H20), nickel
chloride hexahydrate (NiCl2 6H20), N,N-dimethylformamide (DMF), sodium
thiocyanate (NaSCN), ethanol and sodium bicarbonate (NaHCO3) were all of analytical
grade and used as received without further purification. Meanwhile, all solutions were
prepared with Milli-Q water (DI-H20, Ricca Chemical, ASTM Type I). The carbon
paper was purchased from Alfa Aesar. The Nafion (N-117 membrane, 0.18 mm thick)

was also purchased from Alfa Aesar and kept in 0.5 M NaOH solution.
4.2.1.2  Characterization

The X-ray diffraction patterns (XRD) were obtained through a Bruker D4 X-ray
powder diffractometer using Cu Ko radiation (1.54184 A). Field emission scanning
electron microscopy (FESEM) images were collected on a FEI Magellan 400 L
scanning electron microscope. The transmission electron microscopy (TEM) and high
angle annular dark field scanning TEM (HAADF STEM) images were obtained in a
Tecnai F20 field emission gun microscope with a 0.19 nm point-to-point resolution at
200 kV equipped with an embedded Quantum Gatan Image Filter for EELS analyses.
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Images have been analyzed by means of Gatan Digital Micrograph software. Parts of
HAADF-STEM images and elemental mapping (EDX) were obtained in a spherical
aberration-corrected (AC) transmission electron microscope FEI Themis Z and
operated at 200 kV. X-ray photoelectron spectroscopy (XPS) was performed on a
Phoibos 150 analyser (SPECS GmbH, Berlin, Germany) in ultra-high vacuum
conditions (base pressure 4x1071° mbar) with a monochromatic aluminum Ko X-ray
source (1486.74 eV). Binding energies (BE) were determined using the C 1s peak at
284.5 eV as a charge reference. Inductively coupled plasma-mass spectrometry (ICP-
MS) measurements were carried out to determine the concentration of Fe. Brunauer-
Emmett-Teller (BET) surface areas were measured using nitrogen adsorption at 77 K.
Raman spectra were obtained using Senterra. Fourier transformed infrared (FTIR)
spectroscopy data were recorded on an Alpha Bruker spectrometer. Thermogravimetric

Analysis was measured by Pyris 1 TGA, Perkin Elmer.
4213  XAFS Measurements

The X-ray absorption fine structure spectra (Fe K-edge) were collected at 1W1B
station in Beijing Synchrotron Radiation Facility (BSRF). The storage rings of BSRF
were operated at 2.5 GeV with an average current of 250 mA. Using Si(111) double-
crystal monochromator, the  data  collection were carried out in
transmission/fluorescence mode using ionization chamber. All spectra were collected

in ambient conditions.
4.2.1.4  XAFS Analysis and Results

The acquired EXAFS data were processed according to the standard procedures
using the ATHENA module implemented in the IFEFFIT software packages. The k-
weighted EXAFS spectra were obtained by subtracting the post-edge background from
the overall absorption and then normalizing with respect to the edge-jump step.
Subsequently, k3-weighted (k) data of Fe K-edge were Fourier transformed to real (R)
space using a hanning windows (dk=1.0 A™) to separate the EXAFS contributions from

different coordination shells. To obtain the quantitative structural parameters around
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central atoms, least-squares curve parameter fitting was performed using the

ARTEMIS module of IFEFFIT software packages.[34-36]

4.2.2 Synthesis Methods

4.2.2.1  Preparation of Ni-IRMOF-3, Fe-IRMOF-3, Nix/Fey-IRMOF-3

In this procedure, the fabrication process of M-IRMOF-3 is similar to the reported
in literature with minor modification.[37] In detail, 932 mg Zn(NOs3), 6H>O were
dissolved in 100 ml DMF under magnetic stirring at room temperature to form a
homogeneous solution. 181 mg 2-aminoterphthalic acid was added into the above
mixture under ultrasonic for 5 min at room temperature. Then, 70 i Ni(NO3)2 6H20
or FeCls 6H20 solution (10 mg mlIt, DMF) were dropwise injected into the above
solution under ultrasonic stirring until the formation of a clear solution. The obtained
homogeneous solution was transferred into the Teflon-lined stainless-steel autoclave
and reacted at 100 <C for 24 h. After cooling to room temperature, the powder was
collected by centrifugation, washed with ethanol and DMF several times to remove
organic residual. The final products denoted as Ni-IRMOF-3 or Fe-IRMOF-3 were then
dried in vacuum at 65 <C overnight. Similarly, the Nix/Fey-IRMOF-3 were harvested
by adding Ni(NOs)2 6H20 (63 |, 56 U, 49 W, 42 M, 35 W) and FeClz 6H20 (7 M, 14
J, 21, 28 U, 35 i) solution with different quantities. We denoted the resulting
sample as Nix/Fey-IRMOF-3.

4.2.2.2  Preparation of 2-Ni7/Fe3-IRMOF-3

The 100 mg IRMOF-3 powder was dispersed in 10 ml DMF under ultrasound for
10 min at room temperature. After forming a homogeneous solution, FeCls 6H20 (10
mg ml~%, 9 i) and Ni(NOs)2 6H20 (10 mg mI™%, 21 ) solution were dropwise injected
into the above solution under ultrasonic stirring for 5 min at room temperature. Next,
the mixed solution was left under magnetic stirring at room temperature for 3 h. After

reacting, the powder was collected by centrifugation, washed with ethanol and DMF
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several times to remove organic residual and dried in vacuum at 65 T overnight.

Then, we obtained the 2-Ni7/Fes-IRMOF-3 sample.
4.2.2.3  Preparation of Ni-N-C, Fe-N-C, Nix/Fey-N-C and 2-Ni7/Fes-N-C

As-prepared Ni-IRMOF-3 (or Fe-IRMOF-3, Nix/Fey-N-C and 2-Ni7/Fes-N-C)
powders were put in a porcelain boat. Subsequently, the samples were placed in a tube
furnace and heated at 950 <C for 2 h with a heating rate of 5 T min~! under an Ar

atmosphere to yield disperse Ni-N-C, Fe-N-C, Nix/Fey-N-C and 2-Ni/Fes-N-C.

4.2.2.4  Preparation of Physical Mixture Niz/Fes-N-C (Labelled as Niz/Fes-N-C-
P)

For the preparation of the Niz/Fes-N-C-P sample, 3.5 mg of Ni-N-C powder were

directly added into 1.5 mg of Fe-N-C powder. The powder was then mixed with a spoon.
4.2.3 Ink Preparation

2 mg synthesized different samples and 50 ul 5 wt% Nafion solutions were
dissolved in ethanol (1 ml) and ultrasonicated for 1 h to form evenly suspension for the
further electrochemical experiments. To prepare the working electrode, 500 i above
as-prepared inks were dropped onto the two sides of the carbon paper electrode with
1x1 cm? and then dried at room temperature for a few minutes, giving a catalyst loading

mass of ~1 mg cm™2.
4.2.4 Electrochemical Measurement

The electrocatalytic performance of different catalysts was measured at room
temperature by using a gas-tight H-cell with two-compartments separated by a cation
exchange membrane (Nafion N-117 membrane) with a continuously Ar or CO2 gas
injection. Each compartment contained 70 ml electrolyte (0.5 M NaHCO3 made from
de-ionized water). In a typical experiment, a standard three electrode setup in 0.5 M
NaHCO3 solution was assembled: an Ag/AgCI electrode as a reference electrode, a Pt
plate as a counter electrode and a carbon paper coated with the different samples as a
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working electrode (surface area = 1 cm?). The potentials were measured versus
Ag/AgCI and converted to the reversible hydrogen electrode (RHE) according to the
following equation: Eree = Elagagci + Eagagar + 0.059 x pH, pH=7.[38] All
electrochemical results were showed without iR-compensation by using a computer-
controlled BioLogic VMP3 electrochemical workstation. Meanwhile, the linear sweep
voltammetry (LSV) was performed at a scan rate of 20 mV s from 0 V to 1.5 V vs.
Ag/AgCl in Ar-saturated 0.5 M NaHCO3 (pH=8.5) and CO»-saturated 0.5 M NaHCO3
(pH=7) as supporting electrolyte. The cyclic voltammetry (CV) was performed at a scan
rate of 20 mV st Moreover, electrochemical impedance spectroscopy (EIS) of

different samples was carried out in a frequency range from 100 kHz to 100 mHz.

Before the electrochemical CO; reduction experiments, an average rate of 20 ml
min~t Ar was injected into cathodic electrolyte in order to form an Ar-saturated solution.
During electrochemical CO> reduction experiments, the CO. gas was delivered at an
average rate of 20 ml min! at room temperature and ambient pressure, measured
downstream by a volumetric digital flowmeter. The gas phase composition was
analyzed by gas chromatography (GC) during potentiostatic measurements every 20
min. The calibration of peak area vs. gas concentration was used for the molar
quantification of each gaseous effluent. The Faradaic efficiency was calculated by
determining the number of coulombs needed for each product and then dividing by the
total charge passed during the time of the GC sampling according to the flow rate.
Liquid products were analyzed afterwards by quantitative *H-NMR using water as the

deuterated solvent.

4.2.5 Calculation Method

Details concerning the Faradaic Efficiency (FE) calculations are shown below.[11,

13, 38]

The partial current density for a given gas product was calculated as below:

niFPo

Ji=x XV x X (electrode area)™!
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Where xi is the volume fraction of a certain product determined by online GC
referenced to calibration curves from three standard gas samples, V is the flow rate, n;
is the number of electrons involved, Po= 101.3 kPa, F is the Faraday constant, and R is

the gas constant. The corresponding FE at each potential is calculated by

FE =]]—_i>< 100%

4.2.6 DFT Calculations:

The spin-polarized DFT calculations with projector augmented wave (PAW)
method[39-42] were performed using the Vienna ab initio Simulation Package (VASP)
code.[43] The Bayesian error estimation functional with van der Waals correlation
(BEEF-vdW) was employed to set the plane wave basis.[44] The convergence criteria
were 0.05 eV/ A in force and 1<10* eV in energy and the plane wave cutoff was 500
eV. The Monkhorst—Pack mesh k-point grids were 2>2x1 for all models. All the
vacuum thicknesses were higher than 15 A. With the BEEF-vdW function, the energy
of the gas phase molecules gave a systematic correction by +0.41 and +0.09 eV for
gaseous CO- and Hy, respectively.[45-47] For the electroreduction of CO; to CO, the

following elementary steps were considered:

COz(g) + * + H'(aq) + & «» COOH* (Equation S.1)
COOH* + H'(aq) + e «+» CO* + H20(1) (Equation S.2)
CO* « CO(g) +* (Equation S.3)

where (g), (aq) represent the gaseous phase and aqueous phase, respectively. The *,
COOH* and CO* represent free site, adsorption state of COOH and CO, respectively.

The reaction free energies of each step was calculated by the following formula:
G = Epgr + Epee + [ C,dT —TS+E, (Equation S.4)

the Eppr is the DFT calculated energy, E,pg is the zero-point energy, Cp is the

constant pressure heat capacity, T is temperture, S is the entropy. The Esq is solvation
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correction, which is -0.1 eV for CO* and -0.25 eV COOH*.[48] The temperature for

the reaction is considered as 298.15 K here.

4.3 Results and Discussion

4.3.1 Characterization of Prepared MOFs Precursors
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Figure 4.2 (A) XRD patterns and (B) FTIR spectra of Ni-IRMOF-3, Fe-IRMOF-3 and Ni7/Fes-
IRMOF-3. SEM images of (C and D) IRMOF-3, (E and F) Ni-IRMOF-3, (G and H) Fe-IRMOF-3,
(I and J) Niz/Fes-IRMOF-3.

X-ray diffraction (XRD) analysis indicates that the Ni and/or Fe-doped MOF
precursors and IRMOF-3 possessed a similar crystal structure, according to their XRD
patterns (Figure 4.2A).[49] Meanwhile, as shown in the Fourier transform infrared
(FTIR) spectra (Figure 4.2B), compared to the pure IRMOF-3, the absence of obvious
differences on the characteristic peaks proved that introducing Ni and/or Fe did not
change the functional groups of IRMOF-3. Furthermore, the structures, morphologies

and element distributions of the different precursors were studied by field emission
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scanning electron microscopy (FE-SEM). As revealed by FE-SEM (Figure 4.2C-J),
the as-prepared Ni/Fe-IRMOF-3 and the corresponding single M-IRMOF-3 exhibited

a similar morphology, maintaining the initial spherical shapes of IRMOF-3.

Figure 4.3 HAADF STEM image of (A) Ni-IRMOF-3, (B) Fe-IRMOF-3 and representative EELS
chemical composition maps. (C) BF TEM, (D and E) HAADF STEM of Niz/Fe3-IRMOF-3 as well
as representative EELS chemical composition maps obtained from the red squared area.

In addition, transmission electron microscopy (TEM) was performed to observe
the morphologies and element distributions for the different precursors, as shown in
Figure 4.3. The representative high angle annular dark-field scanning transmission
electron microscopy (HAADF STEM) images showed that the Fe-IRMOF-3, Ni-
IRMOF-3 and Niz/Fes-IRMOF-3 catalysts exhibited spheroidal particle-shape
structures. The elemental distribution of these materials was investigated by electron
energy loss spectroscopy (EELS), demonstrating the uniform dispersions of C, N, O
and Zn elements throughout all the samples. In addition, we also found a uniform
distribution of Ni or/and Fe, when present, in the Ni-IRMOF-3, Fe-IRMOF-3 and
Niz/Fes-IRMOF-3 samples.
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Figure 4.4 (A) N2 adsorption and desorption isotherm and (B) BET surface areas for IRMOF-3,

Ni-IRMOF-3, Fe-IRMOF-3 and Ni7/Fes-IRMOF-3.
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Figure 4.4A shows the typical nitrogen isothermal adsorption/desorption curves
for the different samples. Significantly, the prepared precursors exhibited the typical
type IV N2 adsorption isotherm. In addition, the surface area values calculated by
Brunauer-Emmett-Teller (BET) analyses suggest that the porosity of the initial
IRMOF-3 remained almost intact after the introduction of the Ni and/or Fe species,
suggesting that the pores were not filled by metallic precipitates or clusters, during the

one-pot synthesis process (Figure 4.4B).

4.3.2 Characterization of Samples after Pyrolysis
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Figure 4.5 (A) XRD patterns (B-D) Raman spectra of Ni-N-C, Fe-N-C and Niz/Fes-N-C.

After pyrolysis, the crystal structure of Ni-N-C, Fe-N-C and Niz/Fe3-N-C catalysts
was also analysed by XRD in Figure 4.5A. Clearly, these three samples show similar
diffraction patterns with two broad peaks at about 24 ©and 44 < representing the (002)
and (100) diffraction planes for graphite carbon, which indicates the existence of a

carbon matrix in these samples after pyrolysis.[50, 51] Moreover, the characteristic
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peaks of metal hybrids are absent in the XRD patterns of the pyrolyzed products. The
Raman spectra of Ni-N-C, Fe-N-C and Niz/Fes-N-C samples are shown in Figure 4.5B-
D, presenting two main peaks at around 1365 and 1590 cm™ corresponding to the
typical D and G bands of graphitic carbon. Compared to the Raman spectra of the pure
Ni-N-C sample, the ld/lg band intensity ratio of Fe-N-C and Ni7/Fes-N-C samples was
slightly lower, suggesting a smaller number of defects and a higher extent of

graphitization in these two samples.[52, 53]
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Figure 4.6 (A) Low magnification, and (B and C) High magnification aberration-corrected
HAADF-STEM image, (D) HAADF-STEM and representative EDS chemical composition of
Niz/Fes-N-C sample.

Aberration corrected (AC) HAADF STEM analyses was used to determine the
morphology, structure and element distribution in the Niz/Fes-N-C sample, as displayed
in Figure 4.6. Figure 4.6A shows that the as-prepared Ni7/Fes3-N-C is still composed

of irregular shape nanoparticles, indicating that the pyrolysis process did not completely
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destroyed the pristine structure of the MOF precursors. More importantly, we could not
observe the presence of small bright clusters in low magnification HAADF STEM
images, revealing that there are no metal nanoparticles or cluster formed during the
Niz/Fes-N-C catalyst formation process, which is consistent with the XRD results
(Figure 4.5A). AC HAADF STEM images (Figure 4.6B-C), validate the presence of
homogeneously distributed high density of metal single-atoms, directly proving that the
Ni and Fe have successfully been introduced as atomically dispersed sites in the
Niz/Fes-N-C sample. In addition, the elemental distribution was elucidated by energy
dispersive X-ray spectroscopy (EDS), which not only revealed the homogeneous
distribution of Ni, Fe, O and N dispersed in the whole carbon matrix (Figure 4.6D), but
also clearly identified the existence of many neighboring dual-dots marked by the
yellow circles, suggesting the formation of adjacent Ni and Fe sites. These results
indicate that neighboring Ni and Fe sites could be successfully prepared, although few

Ni or Fe individual sites also exist.
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Figure 4.7 (A-D) HAADF STEM image of Ni-N-C and representative EELS chemical
composition maps obtained from the red squared area of the STEM micrograph. Individual Ni
L. s-edges at 855 eV (green), N K-edges at 401 eV (orange), O K-edges at 532 eV (pink) and C K-
edges at 285 eV (grey) as well as composites of Ni-N and Ni-O. (E-I) HAADF STEM, BF TEM
and HRTEM image of Fe-N-C as well as representative EELS chemical composition maps
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obtained from the red squared area of the STEM micrograph. CV curves of (J) Ni-N-C, (K) Fe-N-
C and (L) Ni7/Fes-N-C in 0.5 M NaHCOgs electrolyte.

In addition, the HAADF STEM images of Ni-N-C and Fe-N-C are shown in
Figure 4.7A-1. Multiple areas of the Ni-N-C sample were examined and no presence
of Ni nanoparticles (precipitates) could be observed, proving that Ni atoms were also
atomically dispersed, in agreement with the XRD results. However, it is worth noting
that some Fe nanoparticles could be observed in Figure 4.7E-G, indicating that a small
partial Fe aggregation occurred in the Fe-N-C sample. Interestingly, the cyclic
voltammetry (CV) curves in Figure 4.7K, did not show the typical Fe
reduction/oxidation redox peaks in the Fe-N-C sample, which was similar to the result
obtained for the Ni7/Fes-N-C catalyst, suggesting that the Fe clusters could not directly
contact the solution to react. This result is rationalized by the presence of a carbon shell
over the Fe clusters as observed by HRTEM (Figure 4.7G), which could cut off the

reaction between Fe particles and the solution.[54]

134



>
w

—Ni-N-C C

O

—Ni/Fe,N-C
c

—_Fe-N-C c

/ ”mW"-"WM
ol

R wn,,»wwk'.*

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

Intensity (a.u.)

- 3

N To oy
1200 1000 800 800 400 200 1200 1000 800 600 400 200 1200 1000 800 600 400 200
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
D N 1s Pyrrollc N E N 1s Pyrrolic N F N 1s Pyrrolic N

i\

i

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

L L L = - 1 1 1 1 L L i .
406 404 402 400 398 396 406 404 402 400 308 306 406 404 402 400 398 396
Binding Energy (eV) Binding Energy (eV)

D)
2
T

2

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

s3 s s s s s 598 6% 694 82 %0 6z 98 530 SM s 50 o
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 4.8 XPS spectra for the survey scan of (A) Niz/Fes-N-C, (inset) Ni 2p and Fe 2p, (B) Ni-N-
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C, (E) Ni-N-C, (F) Fe-N-C, and O 1s spectrum of (G) Niz/Fes-N-C, (H) Ni-N-C, (1) Fe-N-C.

X-ray photoelectron spectroscopy (XPS) was used to characterize the catalysts’
surfaces and compositions. The full survey scan XPS spectrum of Niz/Fes3-N-C shown
in Figure 4.8A indicates that only the elemental signals for C, N and O could be
observed. Meanwhile, a similar phenomenon is observed in the full XPS spectrum
survey scan for Ni-N-C and Fe-N-C catalysts, as shown in Figure 4.8B-C. The high-
resolution N 1s spectrum (Figure 4.8D-F) of all samples can be de-convoluted into four
components corresponding to pyridinic N (centred at 398.7 eV), pyrrolic N (401.0 eV),
graphitic N (402.1 eV), and a porphyrin-like moiety at 399.5 eV corresponding to the
metal-nitrogen (M-N) coordination.[19, 55] Notably, the high resolution O 1s
spectroscopy deconvolution revealed the presence of the metal-O bond at 530 eV in Fe-
N-C and Ni7/Fe3-N-C samples, potentially implying the retainment of M-O chelation
after calcination because of the oxygen-rich IRMOF-3 precursors (Figure 4.8G-1).[56]
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Figure 4.9 XANES spectra of the Ni-N-C, Fe-N-C and Niz/Fes-N-C at (A) Ni K-edge and (B) Fe
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edge EXAFS fitting parameters for (F) Niz/Fes-N-C samples (Ni, Fe, O, N, C atoms are
represented in red, green, pink, orange and grey, respectively).

To further uncover information on the local structure of the different samples, X-
ray absorption spectroscopy (XAS) was performed at both Ni K-edge and Fe K-edge
for Niz/Fes-N-C and the corresponding single M-N-C catalysts. The XANES K-edge
characterization was used to explore the structure and valence of the metal in the active
sites.[33] As shown in the Ni K-edge X-ray absorption near-edge structure (XANES)
of a reference Ni foil, Ni-N-C and Niz/Fes-N-C (Figure 4.9A), the Ni K-edge spectra
of both Ni-N-C and Niz/Fes-N-C shift towards higher binding energy compared to that
of the Ni foil, suggesting a positive charge state of Ni atoms in the as-prepared catalysts
(Ni-N-C and Ni7/Fe3-N-C).[11] The insets of Fig. 3d and Fig. S19a highlight the pre-
edge features at approximately 8334 eV, corresponding to the signals of 3d and 4p
orbital hybridization of the Ni central atoms.[18] Meanwhile, the increased peak
intensity in Ni7/Fes3-N-C, compared to the Ni-N-C, is ascribed to the distorted Dan
symmetry.[18, 57] These results certify that Ni species in Ni-N-C and Niz/Fes-N-C
exhibit a similar coordination path between metal centres and pyridinic/pyrrolic N, but

the Dsn Ssymmetry in Niz/Fes-N-C is distorted by another coordination path such as the
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presence of a neighbouring Fe coordination, in good agreement with the dual bright
dots observed in AC HAADF STEM and EDS images (Figure 4.6D).[19] Similarly,
Figure 4.9B present the Fe K-edge spectra for the Ni7/Fes-N-C catalyst along with the
Fe foil reference and the Fe-N-C sample for comparison. Here, XANES clearly reveals
that the Fe K-edge energy absorption threshold of Ni7/Fez-N-C and Fe-N-C are different
from the Fe foil reference, which indicates that the valence of Fe in Niz/Fes-N-C and
Fe-N-C catalysts is higher than Fe®.[58] Moreover, as shown in Figure 4.9B inset, the
presence of the pre-edge peak at around 7117 eV, which is the fingerprint of Dan
symmetry, can be attributed to the Fe-N square planar configuration and the existence
of Fe-N (O, C) coordination in Niz/Fes-N-C and Fe-N-C catalysts.[59] Additional
information is obtained from the Fourier transform (FT) k?-weighted y(k) function of
the Ni K-edge EXAFS of Ni-N-C and Niz/Fes-N-C catalysts, as shown in Figure 4.9C.
The Ni-N-C and Niz/Fes-N-C spectra show a main peak at 1.35 A corresponding to the
Ni-N scattering path, which is quite different from that observed at the standard Ni foil
at 2.2 A assigned to the metal-metal path.[16, 19] From the Fourier transform (FT) k-
weighted (k) function spectra of the Fe K-edge EXAFS of Fe-N-C and Niz/Fes-N-C
catalysts (Figure 4.9D), the main peaks at 1.5 A stand for Fe-N(O, C) bonds,
respectively.[21, 58] Meanwhile, there is no obvious metal-metal path for Niz/Fes-N-
C, corroborating the absence of Ni-Fe, Ni-Ni or Fe-Fe coordination. Wavelet-transform
(WT) plots (Figure 4.9E) were conducted to further verify the coordination information
of the Niz/Fes-N-C catalyst. One intensity maximum is present at about 4.0 A in the
Ni WT contour plots of the Ni-N-C and Ni-/Fe3-N-C catalysts, which can be assigned
to the Ni-N pair.[3] The analysis results of the Fe WT contour plots for all the samples
are similar to the Ni plots. Therefore, both the FT- and WT-EXAFS analyses
demonstrate that Ni and Fe atoms are mainly present in the Ni7/Fe3-N-C sample as
atomic dispersions. To verify the detailed atomic structure of Niz/Fes-N-C, we obtained
their corresponding EXAFS spectra, as shown in Figure 4.9F. According to the fitting
results and the corresponding fitting parameters, the Ni-N coordination number for

Niz/Fe3-N-C and Ni-N-C catalysts are 4.5 and 3.9, with a corresponding bond length of
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1.84 Aand 1.87 A, respectively. These latest results suggest that most of the single Ni
atoms are coordinated with four nitrogen atoms on the Niz/Fes-N-C and Ni-N-C
samples. In addition, the optimized Fe K-edge EXAFS spectra fitting results for the
Ni7/Fes-N-C catalyst showed a CN-value of 4.8 and a mean bond length of 1.98 A,
suggesting that the Fe single atoms should coordinate with four N atoms and one O
atom. Both experimentally and theoretically previous results show that metal-nitrogen
bonds are more likely than the metal-carbon or metal-oxygen ones, suggesting to form
in-plane FeNys sites in the first coordination sphere.[56, 60] However, the higher average
CN-value in the Fe-N-C-based material strongly suggests that one axial O atom is
adsorbed on top of the FeN4 moieties, resulting in coordinatively saturated iron cations,
in line with the high oxophilicity of Fe.[56, 60, 61] Meanwhile, the formed HO-FeN4
active sites could induce a rapid CO* desorption and suppress the competitive HER,
resulting in an improved catalytic performance in comparison to that of the FeN sites
without axial O ligand.[62] Therefore, in an atmosphere with the oxygen-rich ligand,
the spectra obtained on the Ni7/Fe3-N-C sample are fitted as presenting adjacent NiN4

and HO-FeNzy sites.
4.3.3 Electrochemical Performance

The electrochemical COz reduction activity of the as-prepared catalysts was
assessed using a typical three-electrode H-cell separated by an anion exchange
membrane in 0.5 M NaHCO:s electrolyte. The gas products were regularly examined by
online gas chromatography (GC), showing that CO and H were the main gas products
obtained for all the samples. In parallel, the liquid-phase products were analysed by
using nuclear magnetic resonance (*H-NMR) spectroscopy after the electrochemical

CO2 reduction processes, demonstrating there no liquid products were produced.
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In Figure 4.10, we firstly obtained CV curves to roughly assess the double/single
M-N-C samples towards CO> RR. These samples exhibited an increase of current
density in CO.-saturated solution, compared to those obtained in the Ar-saturated
electrolyte, which confirmed the efficient catalytic performance of Ni-N-C, Fe-N-C and

Niz/Fes-N-C samples.[14]
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Figure 4.11 (A) Current density, (B) FE of CO at various potentials, (C) Current density for CO
production, (D) FE of H; at various potentials, (E) Current density for H, production on Ni-N-C,
Fe-N-C and Ni7/Fes-N-C and (F) stability test of Niz/Fes-N-C at —0.50 V vs. RHE.

Then, the catalytic activities for CO> RR were further investigated by the
chronoamperometry method in CO»-saturated 0.5 M NaHCO3 solution. Figure 4.11A
summarizes the measured total current density for Ni-N-C, Fe-N-C and Ni7/Fes-N-C
samples. With the same mass loading of catalysts (ca. 1 mg cm™2), the Ni-N-C delivers
the smallest current density on each applied potential, which is lower than those
obtained by the Fe-N-C and Niz/Fes-N-C samples. The result in Figure 4.11A reveals
that Ni-N-C exhibits a relatively poor activity for generating a current density (j). The
corresponding FE for CO production is measured in a potential range from —0.40 to
—0.70 V (vs. RHE) for all the catalysts synthesized, as shown in Figure 4.11B. CO was
the dominant gas product for these single/double M-N-C catalysts. Moreover, the FEs
of the products varied with the electrode applied potentials. Specifically, the FE(CO)
for the Fe-N-C and Niz/Fes-N-C catalysts typically exhibited an increase from ca. —0.40
to —0.50 V vs. RHE, reaching a maximum FE(CO) (90 % and 98 %, respectively) at
—0.50 V vs. RHE. As the potential changed to more negative values (—0.6 to —0.7 V vs.
RHE), the FES(CO) for Fe-N-C and Ni7/Fes-N-C gradually decreased since the
competitive HER became the dominant reaction, as evidenced in the FE (Hz) shown in

Figure 4.11D. However, the FE(CO) of Ni-N-C increased dramatically as the potentials
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were getting more negative, until reaching the maximum FE (CO) (nearly 100 %) at
—0.70 V vs. RHE. Accordingly, the obtained FEs of CO can be ranked in the following
order: Niz/Fes-N-C > Fe-N-C > Ni-N-C in the potential range from —0.40 V to —0.50 V
vs. RHE. Instead, when the potential is more negative than —0.60 V vs. RHE, the
selectivity for CO follows the order: Ni-N-C > Ni7/Fes-N-C > Fe-N-C. As discussed,
the overpotential at the maximum FE for CO formation is crucial for catalysts in
electrocatalysis, as it represents the energy that is required to drive the reaction beyond
the one that is thermodynamically needed.[24] Among these catalysts, Niz/Fes-N-C
exhibited the highest selectivity for CO production at —0.50 V (vs. RHE),
corresponding to an overpotential of just 390 mV vs. RHE, which is lower than that of
Ni-N-C as well as the majority of other reported Ni-N-C catalysts. Furthermore,
Niz/Fes-N-C shows a partial current density for CO production of —5 mA cm2 at —0.50
V (Figure 4.11C). Meanwhile, the partial current density for CO production obtained
by Niz/Fes-N-C is also significantly higher compared to the one obtained by Fe-N-C
and Ni-N-C catalysts at most of the applied potentials. The potential-dependent H;
current densities for the different catalysts are shown in Figure 4.11E. To further
investigate the stability of the Ni7/Fes-N-C during the CO2 RR, a 30-h durability
measurement was conducted, as shown in Figure 4.11F. A CO2 RR current density of
around —5.6 mA cm and a FE(CO) of over 90 % was maintained during the 30 h.
Based on these results, it is shown that the bimetallic Niz/Fes-N-C produces a high-
efficient CO2> RR with a high selectivity and enhanced current densities at a low

overpotential, results that are much better than those presented by the Ni-N-C sample.
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Figure 4.12 Cyclic voltammograms curves for (A) Ni-IRMOF-3, (B) Fe-IRMOF-3, (C) Ni7/Fes-
IRMOF-3, (E) Ni-N-C, (F) Fe-N-C and (G) Niz/Fes-N-C. (D) Plots of the current density vs. scan
rate for Ni-IRMOF-3, Fe-IRMOF-3 and Ni7/Fe3-IRMOF-3 electrodes. (H) Plots of the current
density vs. scan rate for Ni-Ni-N-C, Fe-N-C and Ni7/Fesz-N-C electrodes. Linear sweep
voltammetry curves of (1) Ni-N-C, (J) Fe-N-C and (K) Niz/Fes-N-C with and without 0.05 M
NaSCN.

In order to further probe the high efficiency of Niz/Fes-N-Csample, we estimated
the electrochemical active surface areas (ECSA) of all samples and corresponding MOF
precursors from the double-layer capacitance (Ca) (Figure 4.12A-H). It is well
established that higher ECSA often leads to higher catalytic activity.[38, 63] Compared
to the MOF precursors, the samples after pyrolysis exhibited the smallest Cqi. This
phenomenon suggests that the intrinsic catalytic activity of these M-N-C samples is not
correlated to a higher ECSA. Instead, the improved CO- RR catalytic properties of these
catalysts must be due to the presence of exposed isolated double or single metal active
sites. The latest was further supported by the results obtained in a designed poisoning
experiment with NaSCN solution. As shown in Figure 4.121-K, the significant decrease
of catalytic activity for Ni-N-C, Fe-N-C and Ni7/Fes-N-C samples observed in NaHCO3
solution containing NaSCN, could be attributed to the high affinity of SCN™ to metal

ions poisoning the single/double active sites. Meanwhile, Ni-N-C, Fe-N-C and Niz/Fes-
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N-C samples showed a similar Cqi (~16 mF cm™2). The small difference in their ECSAs
further proves that the adjacent Ni and Fe active sites in Niz/Fes-N-C significantly

dominated the CO2 RR process compared to the two single metal counterparts.[19]
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Figure 4.13 Electrochemical impedance spectroscopy (EIS) of (A) Ni-IRMOF-3, Fe-IRMOF-
3 and Ni+/Fes-IRMOF-3, as well as (B) Ni-N-C, Fe-N-C and Niz/Fes-N-C. (C) Current density
and FE of Niz/Fes-N-C at different NaHCOs3 concentration at a constant potential (—0.5 V vs.
RHE). (B) Partial CO current density of Niz/Fes-N-C vs. NaHCOj3; concentration at —0.50 V
vs. RHE.

In addition, Nyquist plots revealed that the double/single M-N-C had a lower
interfacial charge-transfer resistance (Rct) compared to the MOF precursors, revealing
faster electron transfer during CO2 RR process, which is favourable for the formation
of intermediates (Figure 4.13A-B).[16, 19, 54] Furthermore, the concentration effect
of NaHCO:s in the CO2 RR on the Ni+/Fes-N-C catalyst was also investigated (Figure
4.13C-D). The plot of log (jco) versus log ([HCO3]) at the constant potential of —0.50
V vs. RHE showed a slope of 0.71, indicating that the concentration effect of HCO3~

played a considerable role in promoting the conversion reaction of CO2 to CO.[54, 64]
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Therefore, the HCO3™ not only acts as a pH buffer and proton donor in this reaction,

but also increases the concentration of CO> near the electrode surface.[54, 64, 65]
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Figure 4.14 (A) FE of CO and (B) FE of H; at various potentials on Nix/Fey-N-C. (C) FE of CO
and (D) FE of H; at various potentials on Ni-/Fes-N-C and Ni7/Cos-N-C. (E) FE of CO at various
potentials and (F) Current density for CO production on Ni-/Fes-N-C and Ni-/Fes-N-C-P.

In addition, by systematically controlling the ratio of Ni and Fe dopants, a series
of Nix/Fey-N-C catalysts engaging both Ni and Fe sites were synthesized. We studied

the electrochemical FEs on different Nix/Fey-N-C samples, as shown in Figure 4.14A-
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B. Specifically, Nix/Fey-N-C with a higher Ni dose still kept the high selectivity, but at
a larger overpotential; however, Nix/Fey-N-C with a higher Fe dose showed a similar
selectivity at the same applied potential compared with the single Fe-N-C catalyst.
These results demonstrate that the presence of a certain amount of Fe single atoms
indeed influences the generation of CO at different applied potentials. Similarly, a
Niz/Cos-N-C sample was fabricated by following the same methodology. However, it
exhibited higher catalytic performance towards Hx generation, as shown in Figure
4.14C-D. This result further reveals the dependence of the electrocatalytic performance
on the introduction of different metals that are adjacent to the Ni sites. Because the
secondary metal introduction determines the adsorption properties and surface
reactivity of the bimetallic catalysts through the tuning of the electron environment,
thus, influencing the activity and selectivity. To further confirm the synergy effect
between adjacent Ni and Fe active sites in the Ni7/Fes-N-C bimetallic catalysts toward
CO:2 RR, a Ni7/Fes-N-C-P sample was prepared by physical mixture of Ni-N-C and Fe-
N-C with the same Ni/Fe ratio. In comparison to the Niz/Fes-N-C, the Ni7/Fe3-N-C-P
sample showed a decreased FE(CO) at all applied potentials, demonstrating the
important impact of neighbouring Ni and Fe active sites prepared by the chemical

process towards CO2 RR. (Figure 4.14E-F)

4.3.4 DFT Studies

Density Functional Theory (DFT) calculations were employed to further
explore the origin of the improved CO2 RR performance on the Ni7/Fes3-N-C
sample. Based on the XAS results, a simulation model with neighbouring Ni and
Fe sites embedded in N-doped graphene surface was created to represent the
Niz/Fes-N-C catalyst. It is worth noting that there is an axial -OH ligand
coordinated with the Fe atom. For comparison, the two single metal counterpart
models for Ni-N-C and HO-Fe-N-C were also considered. We denote Ni sites in
Ni-N-C catalyst as Ni-N-C-Ni, Fe sites in HO-Fe-N-C catalyst as HO-Fe-N-C-
Fe, and Ni sites or Fe sites in Niz/Fe3-N-C as Ni/Fe-N-C-Ni or Ni/Fe-N-C-Fe,
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respectively. The optimized structures and the optimal adsorption configurations

of the reaction intermediates are shown in Figure 4.15.
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Figure 4.16. DFT Studies of CO2 RR. (A) Supposed pathway of CO; reduction to CO in
DFT calculations. Free energy profiles for the (B) CO2 RR to CO at —0.5 V (vs. RHE) and
(C) HER at 0 V (vs. RHE) on simulated models.

It is well established that there are three elementary steps during CO2 RR,
namely the formation of COOH*, conversion of COOH* to CO*, and the
desorption of CO* from the active site, as shown in Figure 4.16A.[19, 66] The
free energy profiles of CO2 reduction to CO on different models at —0.5 V (vs.
RHE) are illustrated in Figure 4.16B. We can see that the free energy of COOH*
formation on the Ni-N-C-Ni model is 0.83 eV, which is much higher than that of
HO-Fe-N-C-Fe (—0.02 eV), which reflects the sluggish formation of COOH* on
Ni sites. Regarding the CO* desorption process, it is exergonic on Ni-N-C-Ni
due to the weak binding of CO* at the Ni active site. In contrast, it requires to
overcome 0.47 eV of desorption free energy on HO-Fe-N-C-Fe due to the strong
binding of CO* at the Fe site. These results reveal that the catalytic performances
of single metal atom catalysts for CO2> RR are limited by either the difficult
formation of *COOH (on Ni sites) or the slow desorption of CO* (on Fe sites).
When Ni and Fe were embedded adjacently in one catalyst model, a decrease of

COOH* adsorption free energy could be seen over Ni/Fe-N-C-Ni (0.78 eV)
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compared to that over Ni-N-C-Ni (0.83 eV), while Ni/Fe-N-C-Fe (0.28 eV)
exhibited a weaker COOH* adsorption free energy compared to HO-Fe-N-C-Fe
(—0.02 eV). However, the presence of Ni sites could promote CO* desorption on
Ni/Fe-N-C-Fe, and the desorption free energy is only 0.11 eV, which was much
lower than that over HO-Fe-N-C-Fe (0.47 eV). Meanwhile, the desorption of
*CO over Ni/Fe-N-C-Ni was still spontaneous, which was similar to that for Ni-
N-C-Ni. When comparing the reaction free energy of the most difficult step in
CO2 RR on HO-Fe-N-C-Fe (CO* desorption, 0.47 eV) and Ni/Fe-N-C-Fe
(COOH* formation, 0.28 eV), we could find that the presence of Ni would
promote the activity of CO> RR at Fe sites. Therefore, we found that this
bimetallic catalyst showed priority on CO2 RR to CO due to its synergistic effect
for *COOH formation and *CO desorption, leading to an excellent performance
in CO2 RR in comparison to the single metal counterparts. Taking into account
all the above results, we suggest that Ni and Fe sites in this nano-reactor (Ni-/Fes-
N-C catalyst) could simultaneously adsorb COOH* and desorb CO*, but mainly

influence different reaction steps, leading to an excellent performance in CO2 RR.

Additionally, HER as a competing side reaction was also studied (see the
free energy profiles obtained in Figure 4.16C). It can be found that Ni-N-C-Ni
and Ni/Fe-N-C-Ni require relatively high free energies towards *H formation. In
contrast, the adsorption free energies on HO-Fe-N-C-Fe and Ni/Fe-N-C-Fe are
relatively lower (0.77 eV and 0.99 eV). These results suggest that HER occurs
more easily on Fe sites than Ni sites, and that the existence of neighbouring Ni
atoms can further hinder the HER on Fe atoms. Taking CO2 RR and HER
together into consideration, it can be concluded that the quasi-double-star
Niz/Fes3-N-C catalyst with adjacent Ni and Fe sites is superior for CO2 RR, not
only facilitating the formation of COOH* compared to the single Ni-N-C catalyst,
and boosting the CO* desorption, but also limiting the undesired HER in

comparison to the single Fe-N-C catalyst. These results are in good agreement
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with the experimental observations that Ni7/Fes-N-C exhibits enhanced activity

and selectivity for CO2 RR over individual Ni-N-C and Fe-N-C catalysts.

4.4 Summary

In summary, we have demonstrated that a quasi-double-star catalyst composed of
adjacent Ni and Fe active sites can enhance the activity towards CO2 RR, in comparison
to the single atom moieties. In this way, an atomically dispersed bimetallic Ni/Fe-N-C
sample has been successfully prepared through rationally controlling the Fe and Ni
additive amounts into Zn-IRMOF-3, showing an excellent selectivity for generating CO
(98 %) at a low overpotential (390 mV vs. RHE). These results are superior to those
obtained in the single atom catalyst counterparts. Furthermore, the adjacent Ni and Fe
active sites act as a nano-reactor, affecting different reaction steps in comparison to two
separate active sites during CO2 RR, thus, enhancing the overall activity. DFT
simulations suggest that the adjacent Ni and Fe sites weaken the bonding energy of CO>
RR intermediates as well as limit the competitive HER, and, thus, boost the CO2 RR
activity. Overall, this work provides a possibility for manipulating two active sites in a
catalyst for improving both, selectivity and activity in CO2 RR, simultaneously. The
strategy employed here might be also adaptable for other electrocatalytic processes,

such as, nitrogen reduction reaction (NRR), ORR and oxygen evolution reaction (OER).
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Chapter 5

General Conclusions and Outlook
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In this dissertation, we have designed and comprehensively investigated a series
of Zn-based MOFs or derived materials for electrochemical CO; reduction applications
in order to improve the conversion efficiency from selectivity, current density and
overpotential aspects. Various Zn-based MOFs have been prepared through a simple
solvothermal method and employed as self-sacrificed templates to design surface
modified MOFs or (double) single atom(s) catalysts. The structural characterization of
as-prepared samples was achieved by the utilization of XRD, XPS, XAS, Raman
spectroscopy; SEM, EDS and specially (S)TEM advanced techniques, mainly
aberration-corrected HAADF and EDS. More importantly, the DFT analyses combining
different characterization and electrochemical methods allowed a better understanding
of different structure-activity relationships in our materials. We could carefully
engineer several types of Zn-based/derived materials, namely surface modified ZIF-8§,
Fe single atom catalysts with axial bonded O-containing groups and finally, Ni and Fe
double atom catalysts, all of them for CO2 RR. We started our study focusing on the
design of surface modified ZIF-8 in order to boost the selectivity of pure ZIF-8.
According to this first work, we found that the improvement of the efficiency of pure
MOFs is still limited by their low exposure of the active atoms and insufficient stability.
Then, we moved to prepare MOFs derived (double) single atom(s) catalysts to solve
the above problems. In the following part, we present the main general conclusions

achieved in this dissertation.

5.1 General Conclusions

Low selectivity and current density are the critical bottlenecks for metal organic
coordination materials in the field of CO> RR. In Chapter 2, we have described a
strategy to enhance the CO> RR activity on a ZIF-8 by introducing a very small
proportion (5 % in weight) of DOBDC (ZIF-8-5 %), achieving a higher current density
of CO and a boosted Faradaic efficiency. DFT calculations demonstrated that the
excellent CO2 RR performance of the ZIF-8-5 % sample could be attributed to the
improved formation of *COOH intermediates stemming from the successful DOBDC

surface modification. Therefore, we could draw the following conclusions:
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* Successful Modification: Through the use of DOBDC as both etching and
doping agent, a surface modified ZIF-8-5 % has been successfully synthesized and used
in CO2 RR. The optimized proportion of DOBDC could promote the formation of

surface modification ZIF-8-0.5 without any morphology damage.

* Enhanced Faradaic efficiency and current density: ZIF-8-5 % exhibits an
enhanced efficiency towards COz RR in comparison to the parent ZIF-8, showing a 2.5
times higher partial current density (from —4 mA cm 2 to —10 mA cm 2) and a boosted

Faradaic efficiency, from 56 % to 79 %.

* DFT calculations supports: The DFT calculations proved that the enhanced
activity is attributed to the favored formation of the *COOH intermediate on ZIF-8-
5 %, which is induced by the narrowed HOMO-LUMO gap upon surface modification
with DOBDC.

The results gained from Chapter 2 showed that the catalytic performance of
MOFs can be improved via their surface modification by using DOBDC. Despite the
observed improvement, the FE(CO) obtained still cannot reach an industrial
requirement, therefore, in the following chapter the main goal, we will be boosting the

FE(CO).

Utilization of Fe-N-C based catalysts towards CO2 RR is promising but hindered
by their limited activity. In Chapter 3, we regulated neighboring groups of FeN active
sites to effectively enhance the catalytic performance of the obtained catalysts.
Therefore, we report a facile route to introduce axial bonded O-containing groups to a
Fe-N-C catalyst (denoted as D-Fe-N-C) through pyrolysis of Fe-doped Zn-based metal
organic frameworks (IRMOF-3). This process is forming highly dispersed Fe single
atoms with HO-FeNy active sites. Due to the local environment modulation induced by
such -OH groups, the D-Fe-N-C catalyst exhibits an enhanced CO> RR activity. DFT
calculations also reveal that the axial -OH ligand on the FeNjy site acts as the main active

site through not only reducing the binding energies of CO and facilitating product
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desorption during the CO> RR process, but also preventing the undesired hydrogen
evolution reaction (HER). Thanks to the detailed experimental and characterization

techniques presented in this chapter, we could draw the following conclusions:

* Successful preparation: A facile strategy could be presented to regulate the
active sites of Fe-N-C catalysts with an axial oxygen subgroup by using an oxygen and
nitrogen-rich MOF, instead of simple N-containing precursors. The Zn-based IRMOF-
3, assembled from Zn?>" nodes and 2-aminoterephthalic acid ligands, caters for the
fabrication requirements, not only allowing the stabilization of foreign Fe ions as a self-
sacrificial platform, but also providing nitrogen/oxygen-rich sources from organic
ligands, replacing simple N-containing precursors. Therefore, the oxygen-rich ligands
have been shown to be beneficial to form Fe-O coordinated bonds during the thermal

pyrolysis and create the HO-FeNy active sites.

* Detailed characterization: The prepared D-Fe-N-C catalysts show a complete
integration of the single active FeN4-OH moieties and a modicum of Fe nanoparticles,
as successfully proved by combining transmission electron microscopy (TEM) and X-

ray absorption spectroscopy (XAS).

* Enhanced FE of CO: Benefiting from the above advantages, D-Fe-N-C
catalysts show a remarkable CO> RR activity in 0.5 M NaHCOs3 solution, accompanied
by an excellent selectivity with Faradaic efficiency of CO (95 %) at —0.50 V vs. RHE,
as well as a robust stability, which are superior to those of the previously reported Fe-
N-C-based materials derived from MOFs. Moreover, the selectivity could be retained

over 80 % in a range of working potentials from —0.40 to —0.60 V vs. RHE.

* DFT calculation supports: The theoretical results further proved that rationally
engineering the coordination environment of FeN4 via oxygen-containing subgroups
could effectively boost the CO2 RR activity through reducing the binding energies of

CO desorption and disfavoring the hydrogen evolution reaction (HER).

 Universal synthesis strategy. The facile synthesis strategy presented here can

also be employed for synthesising other atomically dispersed Co-N-C and Ni-C-N
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catalysts with good CO; reduction catalytic performances, indicating its universal

nature.

According to the results obtained on Chapter 3, it is found that the general
selectivity order for CO»-to-CO conversion is found to be Ni > Fe > Co, while the
activity follows Ni, Fe > Co. It is found that obtaining at the same time a high
selectivity and activity on the single M-N-C is still a challenge. Thus, in Chapter 4, we
combined the different merits of Ni-N-C and Fe-N-C catalysts to create a double metal
atom catalyst to achieve both, a high selectivity and activity, simultaneously. In detail,
we prepared atomically dispersed catalysts based on double metal atoms (Ni/Fe-N-C)
through a simple pyrolysis of Ni and Fe co-doped Zn-based MOFs to achieve a high
selectivity at a low overpotential towards CO2 RR. The optimized dual-metal Ni/Fe-N-
C catalyst showed an exclusive selectivity at a low overpotential. Our results prove that
regulating the catalytic CO2 RR performance via adjacent Ni and Fe active sites could
potentially break the activity benchmark of single metal counterparts. In this way, we

could draw the following conclusions:

* Successful fabrication: Through rationally controlling Ni and Fe additive
amount in Zn-based IRMOF-3 through one-pot synthesis, instead of the tedious multi-
step doping process, after the pyrolysis, a double-metal (Ni/Fe) active sites could be

prepared.

* Enhanced FE(CO) at a low overpotential: The optimized Ni7/Fe3-N-C sample
shows an almost exclusive selectivity to CO evolution (FEco is 98 %) at a low
overpotential (390 mV vs. RHE), which are superior to both single metal counterparts

(Ni-N-C and Fe-N-C) and other state-of-the-art M-N-C catalysts.

* Computational insights unveiling the detailed reaction mechanism. Via DFT
calculations, we proved that regulating the catalytic CO2 RR performance via adjacent
Ni and Fe active sites in bimetallic Ni/Fe-N-C catalyst could potentially break the
activity benchmark of single metal counterparts because the neighboring Ni and Fe

active sites not only function in synergy to decrease the reaction barrier for the
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formation of COOH* and desorption of CO* in comparison to their single metal

counterparts, but also preventing the undesired hydrogen evolution reaction (HER).

The results gained from Chapter 4 pave the way for the rational design of catalysts

with bimetallic active sites for other reactions.

5.2 Outlook

During the past decades, many efforts have been done in order to achieve a high
selectivity, large current density, low overpotential and robust stability in CO2 RR.
However, as a multi-path reaction, the reaction intermediates are complex during CO»
RR. In this way, it is highly desirable to conduct studies for identifying the dynamic
evolution of the catalysts and detecting intermediate states of the reaction processes.
Therefore, in situ studies will play a more and more important role in the field of CO»
reduction in the future. Through the real-time detection of the active sites and reaction
intermediates, the dynamic process of the CO2 RR will be able to be clearly revealed,
which will be helpful to precisely understand the catalytic mechanisms and design
efficient CO; catalytic systems. Moreover, the majority of the catalyst studies are
performed in H-cells that suffer from massive CO2 mass transport losses at the electrode
interface. These mass transfer limitations are a barrier for the projection to large-scale
COz electrolyzer performance. Therefore, the subtle flow cell reactors should be
exploited to diminish the mass transport limitations and achieve the industrial
requirements. Moreover, the further combination of theoretical calculations should
offer the most effective way to give deeper insights into both the stepwise elementary
reaction mechanism and the local environment of catalysts. The insights obtained will
thus contribute as the stepping-stone toward the clear identification of the nature of the
catalytic sites and benefit for the further design of highly active catalysts for practical

applications.

For MOF-based electrocatalysts, the low electrical conductivity and poor stability
for most of them are still the bottleneck shadowing their applications. Therefore, in the

future, an ideal MOF-based electrocatalysts should be design with high activity,
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selectivity, conductivity, and structural stability. Meanwhile, in-depth mechanism
studies on MOFs also should be focused to evaluate the possible change of active sites
during the catalytic process, which will give more information on the structure-activity
relationship and provide guidance to better design of suitable MOFs for their
applications. Thus, there is still a long way for MOFs exploitation in the practical

applications of renewable electrochemical energy-conversion devices.

For the single atom catalysts, over the past decade, although many encouraging
results indicate that SACs hold a great promise, more efforts are still needed to push
SACs-based commercial COz electrolysis. This is due to the fact that most of the SACs
produce CO as the major product, while a few of them can also convert CO> to formate,
hydrocarbons, and oxygenates with considerable Faradaic efficiencies. On the other
hand, CO> RR is a structure-sensitive reaction, its activity and selectivity are closely
related to atomic structures and the local environments of the active sites. Similarly,
fundamental understanding of the structure-performance correlations of the single atom
catalyst will be important to guide the rational design of more active, selective, and

stable CO2 RR catalysts.
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