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RESUME

Le dioxyde de carbone (CO,) est I'un des produits finaux de la combustion de carburant et le
principal composant des gaz a effet de serre. La réduction du CO; atmosphérique diminue non
seulement la pollution de I'environnement, mais produit également des produits chimiques a
valeur ajoutée, offrant une solution possible aux problémes énergétiques et environnementaux
simultanément. Un défi fatal est la faible efficacité de conversion de la réduction du CO- en raison
de linertie de la molécule de CO,. La conception des nanomatériaux catalyseurs avec une
sélectivité, une stabilité et des capacités d'activation élevées pour la conversion du CO; est

nécessaire.

Les catalyseurs a un seul atome (SAC) dérivés de la structure imidazolate zéolitique (ZIF-8) sont
largement étudiés dans de nombreuses réactions catalytiques telles que la réaction de
dégagement d'hydrogéne (HER), la réaction de réduction de I'oxygéne (ORR) et les réactions de
réduction du CO; (CO2RR). Les procédures de broyage impliquées dans la synthése des SAC
dérivés de ZIF-8 pourraient affecter les performances catalytiques mais sont moins évaluées
dans la littérature. Ce travail présente une série de SAC de cobalt dérivés de ZIF-8 (C-Co-ZIF)
avec différents processus de broyage pour étudier I'impact des degrés de broyage sur les
performances de la réaction de réduction électrochimique du CO, (ECO2RR). Le processus de
broyage modéré offre une augmentation de l'efficacité faradique du CO (FE, environ 15 %
supérieure a celle du C-Co-ZIF d'origine) et les densités de courant les plus élevées parmi tous
les échantillons. Les variations de la structure électronique des sites actifs Co dans les
catalyseurs broyés sont confirmées par la spectroscopie d'absorption des rayons X (XAS) et la
spectroscopie d'émission des rayons X (XES) pour des performances catalytigues améliorées.
L'augmentation des micro-pores dans le catalyseur modérément broyé fournit des sites actifs plus
exposés tandis que l'augmentation des méso- et macro-pores favorise le transfert de masse, ce
qui profite aux performances ECO;RR. Cela suggére que l'impact des processus de broyage sur
la synthése des SAC dérivés de ZIF-8 devrait étre pris en compte pour I'évaluation des

performances catalytiques.

Les catalyseurs dispersés atomiqguement a base de métaux de transition sont prometteurs pour
la sélectivité et I'activité élevées dans ECO2RR. Inspiré par les résultats prometteurs obtenus
avec les précédents Co-SAC, la combinaison de Co avec d'autres éléments de métaux de
transition pour fabriquer des SAC multimétalliques est proposée pour promouvoir les

performances d'ECO.RR. Une série de catalyseurs bimétalliques Co, Fe dispersés atomiquement



en carbonisant le cadre Co-zéolitique-imidazolate introduit par Fe (C-Fe-Co-ZIF) pour la
génération de gaz de synthese a partir d'ECO2RR est présentée. L'effet synergique du catalyseur
bimétallique favorise la production de CO. Comparé au C-Co-ZIF pur, le C-Fe-Co-ZIF facilite la
production de CO avec une augmentation de I'efficacité faradique (FE) du CO, avec un FEco
optimal d'environ 52 %, un FE, d'environ 42 % a -0,55 V et du CO densité de courant de 8,0 mA
cm? a-0,7 V vs électrode a hydrogéne réversible (RHE). Le rapport H2/CO est réglable de 0,8 a
4,2 dans une large fenétre de potentiel de -0,35 & -0,8 V vs RHE. Le total FEco+n2 Se maintient a
93 % sur 10 heures. La bonne quantité d'ajout de Fe pourrait augmenter le nombre de sites actifs
et créer de Iégeres distorsions pour les environnements nanoscopiques de Co et Fe, ce qui est
essentiel pour I'amélioration de la production de CO dans ECO:RR. Les impacts positifs des
catalyseurs bimétalligues Cu-Co et Ni-Co démontrent la polyvalence et I'application potentielle

de la stratégie bimétallique pour ECO2RR.

Avec les preuves montrant le potentiel de Fe dans ECO2RR, des SAC de Fe fabriqués a partir de
la pyrolyse a haute température assistée par ZIF sont fabriqués. Les Fe SACs autorisent le FEco
jusqu'a 76 %, ce qui est supérieur a ceux des Co-SACs précédents. Le dépdt de couche atomique
(ALD), capable de construire des catalyseurs avec une précision au niveau atomique de maniere
hautement contrdlable, est une technique prometteuse pour résoudre les problémes clés de la
réduction du CO,. Les Fe-SAC revétus d'ALD-Al,O3 sont préparés pour effectuer les tests
ECO2RR. La bonne quantité de revétement ALD-Al,Os; (25 cycles d'ALD) peut légérement
favoriser le FEco de FeNC jusqu'a 80 %. En plus, I'ALD-Al,O3 peut empécher de maniére
significative le vieillissement du FeNC. 25 ALD-AlL,Os; FeNC a méme maintenu son activité
ECO2RR apres le vieillissement de 10 mois. L'importance des catalyseurs ALD a structure fine
reste a explorer pour mieux comprendre les bénéfices catalytiques en termes de performances

dans le futur.

Mots-clés : Réduction du CO,, électrocatalyse, production de gaz de synthése, cobalt, fer,
catalyseurs dérivés du ZIF-8, procédé de broyage, catalyseurs bimétalliques, dépdt de couche

atomique
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ABSTRACT

Carbon dioxide (CO.) is one of the end products of fuel combustion and the major component of
greenhouse gases. The reduction of atmospheric CO2 not only decreases environmental pollution
but also produces value-added chemicals, providing a possible solution to energy and
environment issues simultaneously. One fatal challenge is the low conversion efficiency of CO;
reduction due to the inertness of the CO, molecule. The design of the catalyst nanomaterials with

high selectivity, stability, and activation capabilities for the conversion of CO; is needed.

The zeolitic imidazolate framework (ZIF-8) derived single-atom catalysts (SACs) are widely
studied in many catalytic reactions such as hydrogen evolution reaction (HER), oxygen reduction
reaction (ORR), and CO; reduction reactions (CO;RR). Grinding procedures involved in the
synthesis of ZIF-8-derived SACs could affect the catalytic performance but are less evaluated in
the literature. This work presents a series of ZIF-8-derived cobalt SACs (C-Co-ZIFs) with different
grinding processes to investigate the impact of the grinding degrees on the performance of the
electrochemical reduction reaction of CO, (ECO2RR). The moderate grinding process affords a
boost in CO Faradaic efficiency (FE, around 15 % higher than that of the original C-Co-ZIF) and
the highest current densities among all the samples. The variations in the electronic structure of
the Co active sites in the ground catalysts are confirmed by X-ray absorption spectroscopy (XAS)
and X-ray emission spectroscopy (XES) for improved catalytic performance. The increased micro-
pores in the moderately ground catalyst provide more exposed active sites while the increased
micro- and macro-pores promote the active site hosting and mass transfer, respectively,
benefiting the ECO;RR performance. It suggests that the impact of grinding processes on the
synthesis of ZIF-8-derived SACs should be considered for the evaluation of the catalytic

performance.

Transition metal-based atomically dispersed catalysts are promising for the high selectivity and
activity in ECO2RR. Inspired by the promising results obtained from the previous Co-SACs, the
combination of Co with other transition metal elements to fabricate multi-metallic SACs is
proposed to promote the ECO2RR performance. A series of atomically dispersed Co, Fe bimetallic
catalysts by carbonizing the Fe-introduced Co-zeolitic-imidazolate-framework (C-Fe-Co-ZIF) for
the syngas generation from ECO:RR are presented. The synergistic effect of the bimetallic
catalyst promotes CO production. Compared to the pure C-Co-ZIF, C-Fe-Co-ZIF facilitates CO
production with a CO FE boost, with optimal FEco of around 52%, FEn. of around 42% at -0.55
V, and CO current density of 8.0 mA cm at -0.7 V vs reversible hydrogen electrode (RHE). The
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H>/CO ratio is tunable from 0.8 to 4.2 in a wide potential window of -0.35 to -0.8 V vs. RHE. The
total FEco+n2 maintains as high as 93% over 10 hours. The proper adding amount of Fe could
increase the number of active sites and create mild distortions for the nanoscopic environments
of Co and Fe, which is essential for the enhancement of the CO production in ECO2RR. The
positive impacts of Cu-Co and Ni-Co bimetallic catalysts demonstrate the versatility and potential
application of the bimetallic strategy for ECO2RR.

With the evidence showing the potential of Fe in ECO2RR, Fe SACs made from ZIF-assisted high-
temperature pyrolysis are fabricated. The Fe SACs allow the FEco up to 76 %, which is higher
than those of the previous Co-SACs. Atomic layer deposition (ALD), capable of constructing
catalysts with atomic-level precision in a highly controllable manner, is a promising technique to
address the key problems in CO; reduction. The ALD-Al,Os-coated Fe-SACs are prepared to
conduct the ECO2RR tests. The proper amount of ALD-Al,O; coating (25 cycles of ALD) can
slightly promote the FEco of FENC up to 80%. 25 ALD-AI,O3; FeNC even maintained its ECO2RR
activity after the aging of 10 months. The significance of the ALD catalysts with fine structures
remains to be explored to obtain a better understanding of the catalytic-performance-aimed
benefits in the future.

Keywords: CO; reduction, electrocatalysis, syngas production, cobalt, iron, ZIF-8 derived

catalysts, grinding process, bimetallic catalysts, atomic layer deposition
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SOMMAIRE RECAPITULATIF

La surémission de CO; dans I'atmosphere a été I'une des principales préoccupations de la société
humaine. En attendant, le CO, peut servir de matiere premiére pour de nombreuses productions
chimiques. Si nous pouvons réduire le CO; en produits a valeur ajoutée grace a des conditions
catalytiques douces telles que ECO;RR qui utilise [I'électricité provenant d'énergies
renouvelables, il serait souhaitable de consommer le CO; surémis et de produire des carburants
chimiques supplémentaires pour la crise énergétique. Ces derniéres années, les SAC sont
extrémement populaires dans le domaine ECO2RR en raison de leurs sites actifs trés efficaces
et de leur capacité a maximiser l'utilisation des atomes métalliques. Les SAC a base de métaux
de transition sont trés prometteurs pour la production de CO et de gaz de synthése dans ECO2RR.
Par conséquent, nous avons choisi la fabrication de catalyseurs de SAC a base de métaux de
transition via la méthode du modele ZIF qui a été largement étudiée dans la littérature ainsi que
la technique avancée de dép6t de couche atomique (ALD) pour mener ce travail afin d'étudier la
relation entre la modification subtile du SAC et la catalyse. performance.

Dans le premier travail, nous avons préparé les SAC dérivés de Co-ZIF. Combinant différents
procédés de broyage tels que le broyage manuel et le broyage a billes pour créer différents
degrés de Co SAC broyés (broyage manuel et broyage a billes pour les degrés de broyage
modéré et intense, respectivement), les catalyseurs ont été testés dans ECO2RR. Le Co SAC
d'origine (C-Co-ZIF) qui est sans aucun processus de broyage présente un FEco d'environ 45 %
et un FEu2 d'environ 50 % a -0,55 V par rapport a RHE et une densité de courant CO d'environ 5
mA cm? a -0,7 V par rapport a RHE. L'échantillon modérément broyé offre le FEco le plus élevé
d'environ 60 % (environ 15 % supérieur a celui du C-Co-ZIF d'origine) a -0,55 V par rapport a
RHE et la densité de courant de CO la plus élevée d'environ 12 mA cm2 (plus de 2 fois supérieur
a celui du C-Co-ZIF d'origine) a -0,7 V par rapport a RHE. En revanche, I'échantillon intensément
broyé n'offre que des activités catalytiques comparables a celles du C-Co-ZIF d'origine. Cela
suggere que le processus de broyage modéré favorise la production de CO a la fois dans la
sélectivité et I'activité de la production. En outre, I'échantillon modérément broyé offre également
une meilleure stabilité que celle du Co SAC d'origine. La spectroscopie d'absorption des rayons
X (XAS) et la spectroscopie d'émission de rayons X (XES) confirment que le processus de
broyage crée des variations dans la structure électronique des sites actifs Co dans les
catalyseurs. Les analyses TEM et de sorption de gaz prouvent l'effet de réduction de taille et
'augmentation des structures de pores de I'échantillon modérément broyé. Les variations des

structures électroniques des sites actifs et des structures de pores (micro-pores pour exposer les



sites actifs, méso- et macro-pores pour favoriser le transfert de masse) sont les clés de la
performance ECO;RR promue, qui guide la synthese de ZIF-8 dérivé SAC pour les réactions
catalytiques. A notre connaissance, ce travail est le premier & combiner le XES basé sur le
synchrotron avec le XAS pour étudier les variations subtiles des états chimiques pour les effets
de broyage sur les SAC.

Original C-Co-ZIF Moderately ground C-Co-ZIF Intensely ground C-Co-ZIF
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Le bref résumé du premier travail

Dans le deuxiéme travail, nous rapportons un catalyseur bimétallique avec des sites Co et Fe
dispersés atomiguement pour 'ECO;RR hautement efficace pour la production de gaz de
synthése, qui est notre tentative préliminaire pour comprendre l'interaction entre Co et Fe et sa
contribution a la performance catalytique. Les catalyseurs bimétalliques sont fabriqués en utilisant
ZIF-8 comme précurseur. Le Co-ZIF est d'abord construit sur le précurseur ZIF, suivi de
I'introduction de Fe. L'introduction de Fe dans Co-ZIF (Fe-Co-ZIF) crée l'interaction entre les sites
Co et Fe dans les catalyseurs carbonisés finaux (C-Fe-Co-ZIF-x, x est la quantité d'ajout de Fe
(% en poids) dans le précurseur ZIF). La spectroscopie photoélectronique a rayons X (XPS)
montre que l'introduction de Fe avec la quantité appropriée pourrait augmenter le nombre de sites
M-N dans le catalyseur, favorisant les performances ECO2RR. Les interactions des différents TM
dans les catalyseurs bimétalliques sont indiquées par spectroscopie d'absorption des rayons X
(XAS). Cela confirme que I'environnement de coordination de Co est déformé par I'ajout de Fe

dans les catalyseurs bimétalliques. Des mesures électrochimiques sont effectuées pour étudier



les performances catalytigues des C-Fe-Co-ZIF. C-Fe-Co-ZIF-1.6 wt%-Fe qui présente de
légéres distorsions dans les sites Co-N et Fe-N présente les meilleures performances ECO2RR
vis-a-vis de la production de CO tout en maintenant le FEco + 12 total élevé d'environ 93% pendant
plus de 10 heures. Il est confirmé que les catalyseurs bimétalliques Cu-Co et Ni-Co (Cu carbonisé
et Co-ZIF modifié au Ni) sont capables de promouvoir les performances ECO.RR, démontrant la
polyvalence de la stratégie des SAC bimétalliques. Ce travail étudie systématiquement
l'interaction entre différents métaux dans des catalyseurs bimétalliques a dispersion atomique
pour ECO2RR, fournissant des informations intéressantes sur la conception du catalyseur pour

la prochaine génération.
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Le bref résumé du deuxiéme ouvrage

Dans le troisieme travail, FeNC a été préparé sous forme de Fe SAC pour effectuer ECO2RR et
a atteint un FEco élevé d'environ 76 % a -0,45 V et -0,5 V par rapport a RHE. La technique ALD
a été utilisée pour ajouter ALD-Al,O3 sur FeNC. Les 25 cycles d'ALD-Al,Os peuvent légérement
améliorer le FEco de FeNC élevé d'environ 80% a -0,45 V par rapport a RHE. En plus, 25 ALD-
Al,O3; FeNC conserve parfaitement l'activité catalytique d'ECO2RR apreés le vieillissement de 10
mois. Cela signifie que I'ALD-Al,O3 détient un grand potentiel dans la protection des catalyseurs

dans les applications industrielles.
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Des mesures caractéristiques avancées telles que des caractérisations in-situ et ex-situ doivent
étre effectuées pour comprendre le mécanisme sous-jacent de la promotion de la production de

CO par ALD-Al,Os3 et prévenir le probléme de vieillissement dans ECO.RR de FeNC a l'avenir.
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ALD-AI203 empéche la perte FEco de FeNC due au vieillissement

En outre, combiné avec les découvertes des deux travaux de recherche précédents, pour mieux
utiliser la stratégie de couche ALD, nous pouvons appliquer des matériaux actifs ECO2RR en tant
gue couches ALD sur FeNC pour améliorer encore la stabilité. Co et Ni sont de bons candidats
de métaux de transition pour mener les expériences, dont les précurseurs ALD ont déja signalé.
Pour ALD-NIO, le bis(cyclopentadiényl)nickel(ll) (Ni(cp)2) est le précurseur de Ni et O est le
précurseur d'oxydation. Pour ALD-CoO, le bis(cyclopentadiényl)cobalt(ll) (Co(cp).) est le
précurseur de Co et O, est le précurseur d'oxydation. La structure et I'épaisseur des matériaux
ALD seront contrblées par le temps d'exposition au gaz précurseur et le nombre de cycles ALD.
Dans lintervalle, un revétement ALD multimétallique (par exemple, un dépét de couche
bimétallique tel que le revétement Co-Ni ALD) peut également étre fabriqgué pour étendre le
potentiel catalytique de I'ALD dans ECO2RR.
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1 Chapter 1 Introduction

1.1 The motivation and the CO2z reduction reaction

The continuous release of CO, from anthropogenic activities, predominantly from fossil fuels
consumption, has led to the mixed ratio of CO; in the atmosphere over 410 parts per million (ppm),
which is approximately 50 % higher than that of the pre-industrial level (280 ppm). The increase
rate of anthropogenic CO2 emission rocketed in the last two decades from 1.1 % to 2.5-2.7 % per
annum. (Lewis, 2016) The rapid increase of CO, emissions and energy shortage crisis caused by
the considerable consumption of fossil fuels are great concerns for the environment. The
consequent climate change (the average temperature increase of 0.8 °C above the pre-industrial
level) causes global warming, one of the top environmental concerns.(Panzone et al., 2020) It
leads to numerous natural catastrophes that jeopardize human society. Terrestrial ecosystems
remove only around 30 % of the anthropogenic CO; each year, which is not sufficient to keep the
carbon balance.(Terrer et al., 2021) To maintain the sustainable development of society, the
Intergovernmental Panel on Climate Change (IPCC) recently recommended the warming limit to
1.5 °C rather than 2.0 °C to reduce catastrophic climate change issues, requiring the commitment
to take action to control global carbon emissions. (Zhang et al., 2020b) Under the Paris
Agreement, many countries endeavor to reduce greenhouse gas emissions gradually by 2030.
(McNutt, 2015) Therefore, the apparent incongruity between the rocketing consumption of fossil
fuels and the sustainable development of our society has stimulated considerable research
impetus to alleviate the current energy and environmental stress. (Yuan et al., 2015) The methods
of the reduction of CO,, including carbon capture and storage (CCS) and CO; conversion, have
attracted tremendous interest. CCS has been considered a feasible strategy to lower CO
emissions substantially from the consumption of fossil fuels. However, the lack of economic
incentives and the long-term-storage issues related to the leakage of CO: restrain the
development. (Chen et al., 2018) The CO. conversion reactions which could convert CO: into
other value-added carbon products could provide a well alternative to meet the requirements,
which not only contributes to the mitigation of CO, emission, but also provides useful products
that can be applied as fuels such as CO, CH4, and CH3OH.(He et al., 2015; Varghese et al., 2009;
Wei et al., 2017) Even though large thermodynamic and kinetic barriers exist for the reduction of
the stable CO, molecules into other carbon products,(Schneider et al., 2012) when suitable

techniques are applied, for instance, by the development of new catalytic approaches or the



design of the new catalyst nanomaterials, both the environmental and energy issues could be

solved simultaneously.

In the CO; reduction reactions, single electron reduction of CO; to CO,*~ is extremely unfavorable
due to a large reorganizational energy between the linear molecule CO, and the bent radical anion
CO:*. However, the steps of the proton-assisted multi-electron reduction are much more
favorable as shown in Equations 1.1-1.5, 1.7-1.13 (at pH 7 in aqueous solution vs. Normal
Hydrogen Electrode (NHE)).(Benson et al., 2009; Fujita, 1999; Schneider et al., 2012) Besides,
there are various reduction products of CO2RR, which demand complex reaction paths (Figure
1.1a). (Chen et al., 2019) Agueous media with H,O molecules become promising for providing
proton into the CO2RR system. Theoretically, any provided potential that is more negative than
the redox potentials of the CO; reduction reactions can drive the reaction. The reduction potential
of HER (Equation 1.13) is close to that of CO2RR. It makes HER a competitive reaction against
CO2RR during the reduction progress because of its relative facility compared with COzRR,

significantly decreasing the FE of the target product.

CO, + e~ > COy E =—1.90V 1.1
2C0, + 2H* + 2e~ > H,C,0, E=-091V 1.2
CO, + 2H™ + 2e~ > HCO,H E=-061V 1.3
CO, + 2H* + 2e~ - CO + H,0 E =—0.53V 1.4
CO, + 4H* + 4e~ > HCHO + H,0 E = —0.48V 1.5
2H* + 2¢~ > H, E=-042V 1.6
CO, + 6H* + 6e~ — CH;0H + H,0 E =—0.38V 1.7
2C0, + 12H* + 12e~ - C,H, + 4H,0 E =—035V 1.8
2C0, + 12H* + 12e~ - C,HsOH + 3H,0 E = —0.33V 1.9
3C0, + 18H* + 18e~ - C3H,0H + 5H,0 E = —031V 1.10
20, + 14H* + 14e~ > CyHy + 4H,0  E=—027V 1.11
CO, + 8H* + 8¢~ — CH, + 2H,0 E = —0.24V 1.12
CO, + 4H* + 4e~ - C + 2H,0 E =-0.20V 1.13

To reduce CO; to the value-added products successfully as shown in Equation 1.2-1.7, the

technique of catalysis that can accelerate the rate of the chemical reactions would be promising



and economically suitable. Several methods, including the traditional thermochemical
reduction,(Bhosale et al., 2016) the photocatalytic reduction,(Fang et al., 2014; Liu et al., 2015;
Pan et al., 2017) the electrochemical reduction,(Dai et al., 2017; Hod et al., 2015; Liu et al., 2016)
and the photoelectrocatalytic (PEC) reduction,(Inoue et al., 1979; Magesh et al., 2014) methods
have been reported for the reduction of CO,. However, the high performance of the CO; reduction
reaction has not been reached. The key to the catalytic process is the highly efficient and stable
catalyst materials for CO. reduction. Considerable research has been carried out to develop
catalyst materials for the reduction of CO..(Dinh et al., 2018; Guo et al., 2017; Meng et al., 2014;
Niu et al., 2017; Stiebritz et al., 2018) For example, Meng et al. prepared Rh/Al,O3 as the catalyst
for the photo-thermal hydrogenation of CO- into CH,4. (Meng et al., 2014) Niu et al. synthesized a
spongy hickel-organic heterogeneous photocatalyst for the conversion of CO, to CO.(Niu et al.,
2017) Kang et al. introduced a Co3;04-CDots-C3N4 three-component electrocatalyst to achieve an
efficient, stable, cheap and selective route for the syngas production. (Guo et al., 2017) Dinh et
al. designed a copper-assisted electrode that had great toleration towards the base. By optimizing
the diffusion of CO; to the catalytic sites, the design of the copper catalyst was able to reduce
CO: into ethylene. (Dinh et al., 2018) Nevertheless, the challenges remain to the development of
suitable technology and the design of highly efficient catalyst materials to catalyze the CO;
reduction reactions in a mild condition with high-performance activity, selectivity, and long-term
stability.
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Figure 1.1 (a) Potential CO2RR pathways to produce HCOOH, CO, CH4, C2Hs, C2H4, and C2HsOH. (b) The
schematic of ECOzRR. (c) The schematic of the flow cell. (d) The illustration of a gas
diffusion electrode (GDE). Reprinted with permission from ref. (Chen et al., 2022)

1.2 The electroreduction of CO2

ECO2RR is more efficient because it can apply external cathodic overpotential under relatively
mild conditions. There are several advantages of the CO, reduction by the approach of
electrochemical catalysis: (1) the reduction process is controllable by electrode potentials; (2) the
overall chemical consumption could be minimized to only water because the supporting



electrolytes could be fully recycled; (3) renewable energy sources such as solar, wind,
hydroelectric, geothermal, tidal, and thermoelectric processes could provide the electricity to drive
the electrocatalytic process. In addition, these energy sources can be tailored not to produce any
extra COgy; (4) the electrochemical reaction systems are compact, modular, on-demand, and
feasible for scale-up applications. (Agarwal et al., 2011; Jhong et al., 2013; Qiao et al., 2014) In
the schematic for the electrocatalytic reduction of CO, (Figure 1.1b), an external voltage is
supplied to the cathode and the anode for the reduction of CO- and the oxidation of water (OER),
respectively. A proton exchange membrane that separates the sides of the cathode and the anode
avoids the mixture of the products from the reduction and the oxidation reactions. Two
compartments could be individually optimized and combined to reach a better overall
performance. The major side reaction of the electrochemical reduction of CO; is the HER which

competes with the reduction of CO, and produces H: as the byproduct.

To get a desirable outcome of the electrochemical reduction of CO», the preparation of efficient
electrocatalysts that can accelerate the reaction rate and improve the selectivity of the products
is required. (Wu et al., 2017) The main efforts of improving the electrocatalytic performance of the
reduction of CO; have been put on several aspects, including the increase of the current density,
the selectivity, and the long-term stability, and the lowering of the overpotentials of the reduction
products.(Han et al., 2018; Wen et al., 2018; Zhang et al., 2018a; Zhang et al., 2018b; Zhang et
al., 2018d; Zhao et al., 2018a)

1.3 CO and syngas (CO + H2) production from ECO2RR

When it comes to the commercial viability of CO;RR products, it turns out that two-electron
products of CO and HCOOH are more desirable than C,. products like ethanol, ethylene, n-
propanol, and acetate. Although C». products are intuitively more valuable than CO and HCOOH,
they have a considerably lower added value per kWh of electrical energy input, making CO and
HCOOH the most economically viable for ECO2RR (Figure 1.2a, normalized price). (Han et al.,
2019) In COzRR, formate is usually the reduction product that is mixed in the reaction solution.
The subsequent separation and purification procedures are required to produce the final product
HCOOH, which is not cost-efficient and time-consuming. On the contrary, gaseous product CO is
already separated from the aqueous reaction solution during the CO2RR process. Besides, it
could be the reagent to produce hydrocarbons by industrial approaches. (Lu et al., 2015; Park et

al., 2017; Sun et al., 2017) As aforementioned, H; is a common by-product in CO2RR. Mixed with



CO, the syngas (gas mixture of CO and H,) that is widely employed in Fischer-Tropsch
applications has attracted considerable attention in CO2RR (Chen et al., 2020c).

CO or syngas produced from ECO;RR can be applied as feedstock in established industrial
processes (e.g. Fischer-Tropsch synthesis) for the production of various important chemicals,
such as long-chain hydrocarbons, methanol, higher alcohols, and fuels (Andrei et al., 2019; Kang
et al., 2020; Zhang et al., 2020a). CO and syngas production from ECO2RR could contribute to
the conception of completing the carbon loop, which could benefit the sustainable development
of human society. The direct ECO2RR production of syngas with different H,/CO ratios could be
highly desirable for various downstream products in Fischer-Tropsch synthesis and other
thermochemical processes, compared to the traditional industrial methods (e.g. reforming of
natural gas and coal, the water gas shift reaction), which demand relatively harsh reaction
conditions at high-cost (Wang et al., 2020b; Zhou et al., 2019b). Under this circumstance, syngas
produced from ECO2RR requires mild reaction condition appeals. Besides, by tuning the applied
potential, the ratio of CO/H; can also be adjusted in ECO2RR. (He et al., 2019). The CO/H; ratio
decides the final downstream product from Fischer-Tropsch synthesis. (Ross et al., 2019) It
increases the competency of ECO2RR in the syngas production industry.

1.4 Practical apparatus of ECO2RR

1.4.1 H-cell

H-cell (Figure 1.1b) is the most commonly used electrolysis reactor for ECO2RR, consisting of
two electrode compartments. An ion exchange membrane separates the cathode and anode to
avoid the crossover of products on each side and facilitate the separation. This type of reactor
requires the dissolution of CO; gas in the electrolyte. Low solubility and slow diffusion restrain the

current density of ECO2RR at a low level (usually < 50 mA cm?).

1.4.2 Flow-cell

Inspired by the configurations of fuel cells that can successfully manage gaseous reactants, an
analogous flow cell system (Figure 1.1c) is an alternative to enhance the reaction rate and
productivity. (Dinh et al., 2018; Zhang et al., 2019b) The most significant difference between the
flow cell and H-cell is that the CO> can supply the flow cell without dissolving in the electrolyte. By
using the gas diffusion electrode (GDE, Figure 1.1d), the catalyst can directly react with the

gaseous CO, molecule. It allows the flow cell system to suffer less mass-transport issues



compared with the bath type system (H-cell), providing higher current densities to the industrial
relevant level (up to ampere level) in ECO;RR.(Ma et al., 2020; Zheng et al., 2018)

1.4.3 Products characterization by GC, IC, and NMR

CO2RR has a variety of reduction products with a competitive reduction product of H.. It is
significant to evaluate the real yield of the products during the catalysis accurately by advanced
analytical technigues. Gas chromatography (GC) can analyze gas products, while ion
chromatography (IC) and nuclear magnetic resonance (NMR) merit liquid product analysis. All
these analytic techniques provide the accurate quantification and qualification of the reduction
products that are essential for analyzing the catalytic performance of ECO2RR.

1.5 Performance merits of ECO2RR

1.5.1 Onset potential and overpotential

As illustrated in Equation 1.1-1.13, different reduction potentials are required to obtain different
reduction products for CO2RR. Experimentally, researchers tend to define the onset potential as
the potential where the products of ECO2RR can be firstly detectable. (Lou, 2019; Zu et al., 2019)
The overpotential is the difference between the actual reduction potential applied to the electrode
and the thermodynamic equilibrium electrode potential. Although the target product starts to
generate at the onset potential, the product yield might be meager. It requires a more negative
potential than the onset potential to reach a higher product yield which refers to the current density
in ECO2RR. A desirable catalyst should have an onset potential that is close to the thermodynamic

equilibrium potential and a low overpotential to produce a relatively high current density.

1.5.2 Current density

Current density reflects the number of charges that are concerning the reactions during the
electrochemical catalysis, indicating the rate of the reaction.(Kibria et al.,, 2019) Different
standards such as the geometric area, the electrochemical surface area (ECSA) of the electrode,
and the mass loading of the catalyst can normalize the current density. When performing the
electrochemical experiments, the electrochemical workstation initially provides the data of the
total current density. The total current density consists of the contribution of all the reduction
reactions. In ECO;RR, combined with FE, one can measure the partial current density

corresponding to the specific reduction product.



1.5.3 Faradaic efficiency

During CO2RR, there are many possible products, along with the competitive reaction of HER.
The proportion of the target reduction products in the final products is always the top concern. In
ECO2RR, FE is the parameter to determine the product selectivity of the catalysts. While reaching
a high current density, a high FE of the target reduction product is necessary as well. To calculate
the FE, we follow a basic equation 1.14:

FE, = Q;

= 1.14
Qtotal

Where i represents the target reduction products (such as CO, HCOOH, Hy); Q; represents the
charges used to produce specific reduction products; Q;.:4; represents the total charges that the

whole process consumed.

1.5.4 Turnover number and turnover frequency

Turnover number (TON) and turnover frequency (TOF) can evaluate the reaction rate at a specific
applied potential concerning the real catalyst and the number of active sites, respectively.

Equation 1.15 calculates TON:

X FE;
TON =M 1.15
nF xt

Where n is the number of electrons needed for the reaction pathway; F is the Faraday constant
(96485.3 C mol?); tis the reaction time; Unit is t.
TOF can be calculated based on equation 1.16: (Yang et al., 2018)

TON for the specific reduction product
TOF = - ; 1.16
Number of the active sites

TOF and TON share the same unit. However, when calculating the number of active sites for the
electrode, it is usually a fuzzy estimation. Researchers tend to estimate the number of active sites
approximately by assuming that all the surficial atoms of an active material contribute to the target
reaction, which leads to inaccuracy. Although there are difficulties in evaluating the real active
site number, TOF can still be used to reflect the actual kinetics of the reactions, providing insights

into the relationship between the active sites and the reaction rate.



1.5.5 Stability

After the high Faradaic efficiency and current density have been achieved, long-term stability is
another critical factor to evaluate the catalysts for the commercially relevant electrolysis. So far,
the catalytic stabilities for the two-electron path products (CO and HCOOH) are the highest among
all the ECO2RR products. The best stability known that produces CO with FE over 90% at current
densities of 200 mA cmis 1000 hours. (Kutz et al., 2017) For the HCOOH production, the stability
for the high activity (FE of around 97%, current densities of about 450 mA cm) is 100 hours.(Fan
et al., 2020; Xia et al., 2019) For the Cu-based catalysts producing multiple C?* products, the
stabilities for a specific product with FE of around 60% are from dozens of hours to 100 hours.
(Garcia de Arquer et al., 2020; Leow et al., 2020) Most of the catalysts have long-term stability
with high Faradaic efficiency of around dozens of hours, which is inadequate for industrial
application.(Cheng et al., 2020; Jiang et al., 2020)
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Figure 1.2 (a) Comparison of the values of different CO2RR products in terms of their market prices ($ kg—1)
and added values per kWh electrical energy input ($ kWh-1) estimated based on ideal full
cells. (b) Proposed reaction pathways of CO2 electroreduction to CO on the metal site.
Reprinted with permission from ref. (Chen et al., 2020c)



1.5.6 Tafel slope

Tafel slope is usually involved in the kinetic and mechanistic analysis for electrochemical

reactions. Equation 1.17 shows the Tafel equation: (Burstein, 2005)
E=a+blogj 1.17
Where E is the potential (overpotential), and j is the absolute value of the current density.

With the proper correction, the Tafel slope (b) can be obtained from the plot of E versuslogj. A
smaller Tafel slope indicates a similar potential change could drive a more considerable current
increase, which is one of the parameters to identify a suitable catalyst through a simple
comparison of Tafel slope values between catalysts. (Zhou et al., 2019a)

Most importantly, the Tafel slope can elaborate on the reaction pathways for the mechanistic
analysis of ECO;RR.(Wuttig et al., 2017) For example, *COOH is usually considered as the
intermediate to form CO during ECO2RR. Figure 1.2b shows the proposed reaction pathways of
CO; electroreduction to CO on the metal site. The formation of *COOH intermediate can go
through either decoupled (Equation 1.18 + Equation 1.19) or coupled (Equation 1.20) electron-

proton transfer pathway.

CO, +e” - CO5 1.18
CO; + HY - COOH 1.19
COy+e  +HY -+ COOH 1.20
* COOH +e~ +H* —H,0 - *CO 1.21

In this case, a Tafel slope value of around 118 mV dec™ indicates the rate-determining step is
either the first step of the proton-decoupled electron transfer (Equation 1.18, Figure 1.2b) or the
direct-coupled electron-proton transfer (Equation 1.20, Figure 1.2b). A Tafel slope value of
around 59 mV dec? would suggest the rate-determining step is the second step of the proton-
decoupled electron transfer (Equation 1.19) for *COOH formation. A Tafel slope value of around
40 mV dec? suggests that the rate-determining step is the formation of *CO (Equation 1.21,
Figure 1.2b) that is following the *COOH formation during ECO2RR to CO. (Gu et al., 2019)

Briefly, merits like onset potential, current density, FE, and turnover number are meant to
determine the catalytic activity of the catalyst materials. Stability is an essential parameter for

future industrial applications. Tafel slope can be used to compare the excellence within a series
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of catalysts and analyze the reaction mechanism of ECO2RR. Among them, FE, current density,
and stability are of the most interest in the ECO2RR catalyst design.

1.6 Metal catalysts for the efficient ECO2RR

To obtain a ECO2RR catalyst with desirable FE, current density, and stability, the rational design
of catalysts is required. Current ECO2RR catalysts cover various materials, and metal-based has
attracted significant attentions. Precious metals such as Ag, Au, and Pd demonstrate outstanding
ECO2RR activity for CO production.(Chen et al., 2020a; Shi et al., 2020; Sun et al., 2020) The
rare-earth metal materials such as Er, Sc, and Y also show promising catalytic performance
towards ECO2RR because of their unique electronic properties. Due to the vulnerability of the
supply markets, current strategies of CO2RR catalyst design for precious and rare-earth metal
materials mainly focus on the improvement of metal-utilization.(Cheng et al., 2015; Ji et al., 2020;
Liu et al., 2020a) While the rarity limits the application of precious and rare-earth metal materials,
the exploration of earth-abundant metal materials in ECO2RR is booming. For example, main-
group metals such as Bi, In, Sb, and Sn are efficient for ECO.RR towards formate production.
(Jiang et al., 2020) Transition metals such as Fe, Co, Ni, Cu, and Zn become the most popular
elements studied in ECO2RR for the high FE, current density, and selectivity of numerous
products. (Geng et al., 2018; Sun, 2019; Wang et al., 2019b; Yang et al., 2020a; Yang et al.,
2020b) Cu is the only monometallic element that has been confirmed to be able to produce various
C»+ products (e.g. hydrocarbons and alcohols) in CO2RR by tuning the valence of Cu, catalyst
structures, and exposed facets, etc. (De Gregorio et al., 2020; Gao et al., 2020; Ma et al., 2020;
Vasileff et al., 2018; Wang et al., 2019b) And non-Cu transition metals (e.g. Ni, Fe, Co) mostly

promote the production of CO.

1.6.1 Co-based catalysts for the CO production in ECO2RR

Among metal electrocatalysts, Co-based catalysts are strikingly efficient for the production of CO
and HCOOH in ECOzRR. Ren et al. utilized the old fashion CoPc in the new flow cell system,
achieving a reaction rate comparable to the industrial level of CO by the ECO2RR. (Ren et al.,
2019a) Xie's group synthesized the Coz04 nanosheet catalysts with the thickness at the atomic
level, which were very active for the formate production.(Gao et al., 2016a; Gao et al., 2016b)
Although rarely reported, Co-based electrocatalysts could also produce other CO2RR products.
For example, Wu et al. immobilized the CoPc on CNT to drive a distinct domino process of
ECO2RR that could produce methanol. (Wu et al., 2019) The ability to produce CO and HCOOH
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from ECO2RR makes Co-based catalysts very competitive in future industrial applications.
According to the statistic (Figure 1.3), CO is the most typical reduction product using Co-based
catalysts for ECO2RR. As aforementioned, CO is one of the most cost-effective products from
CO:2RR because it holds high commercial viability for industrial production, and it could be the
reagent to produce hydrocarbons by industrial approaches such as the Fisher-Tropsch
method.(Lu et al., 2015; Park et al., 2017; Sun et al., 2017) Zhang et al. chose MPcs (M = Mn,
Fe, Co, Ni, and Cu) as the model catalysts for systematic DFT calculations to investigate the
reaction pathways of CO2RR and found out that the moderate *CO binding energy at the Co site
promoted the overall reaction thermodynamics by compromising the critical reaction steps of the
*COOH formation and the *CO desorption. (Zhang et al., 2018¢) It demonstrates that Co-based

catalysts are great candidates for CO production from CO2RR.
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Figure 1.3 The product distribution and catalyst types of Co-based catalysts for ECO2RR. Reprinted with
permission from ref. (Chen et al., 2020c)

1.6.2 Single-atom catalysts for the highly efficient active sites in ECO2,RR

Traditional heterogeneous catalysts with a broad size distribution of metal particles suffer from a

low metal utilization efficiency and poor selectivity. Recently, catalyst materials with atomic-level
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precision (e.g. SACs and atomically-dispersed catalysts) have attracted significant attention
because of the maximized utilization of active catalytic sites and the promising performance of
catalytic reactions. (Hulva et al., 2021; Vijay et al., 2020) SACs are usually metal-supported
catalysts where isolated monometallic moieties (single-metal-atom and the neighboring atoms of
the support) are evenly dispersed on the surface, which provides well-defined active sites during
catalysis. (Jeong et al., 2020) As illustrated in Figure 1.4, the size reduction causes the increase
of the surface free energy of the metal species. In the extreme case of single-atom catalysts, the
surface free energy of metal species reaches a maximum due to the highly active valence
electrons, the quantum confinement of electrons, and the sparse quantum level of metal atoms.
(Yang et al., 2013) The flexibility in modifying the local environment of the active sites in SACs
offers the possibility to improve the catalytic performance of the ECO2RR. (Ni et al., 2021)
Atomically dispersed metal ions can be easily introduced in the metal nodes, organic ligands, or
pores of MOFs because of their unique characteristics, including organic-inorganic hybrid nature,
large surface area, well-defined porosity, tunable chemical composition, and adjustable
functionality. (Liu et al., 2017) In the meantime, the high metal utilization ratio of SACs would
attribute to the design of cost-efficient catalysts for future industrialization. (Zuo et al., 2021)
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Figure 1.4 Schematic illustration of the changes of surface free energy and specific activity (catalytic activity
corresponding to the specific reactions) per metal atom with metal particle size, and the
support effects on stabilizing single atoms. Reprinted with permission from ref. (Yang et al.,
2013)
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Metal-organic frameworks (MOFs) are polymers with highly ordered crystalline coordination that
is tunable for chemical modifications, which are desired for the construction of SACs. MOF-
supported or MOF-derived catalysts usually provide well-defined active sites and the porous
matrix. With efficient synthetic and modification strategies, MOF-supported or MOF-derived SACs
could ensure high ECO:RR performance and provide a fundamental understanding of the
underlying mechanism. Besides, the Co-based SACs synthesis through the MOF-template
approach has already been widely explored, which offers solid references for catalyst fabrication

and active site structure prediction. (Wang et al., 2018a)

1.6.3 Multi-metallic catalysts for the synergistic promotion in ECO2RR

The integration of different metal atoms in one catalyst material (multi-metallic catalyst)
sometimes renders better catalytic performance than that of the single metal element-based
materials, which has been verified in many electrochemical catalytic reactions, e.g. ORR, (Luo et
al., 2019; Ricciardulli et al., 2021; Zamora Zeledon et al., 2021; Zhang et al., 2019a) OER, (Liu et
al., 2021; Meng et al., 2019; Qiao et al., 2021; Wang et al., 2018b) HER, (Zhao et al., 2018b), etc.
(Lv et al., 2021; Ouyang et al., 2021; Wu et al., 2018; Zhu et al., 2018) Multi-metallic catalysts
have multiple active sites that could function in different directions during the ECO2RR process
promoting the specific product formations individually, thus improving the catalytic performance.
(Shen et al., 2020) The co-adsorption of the reaction intermediates (e.g. bridge-bonded *CO) on
the adjacent active sites would facilitate the certain reaction pathway of the specific product
formation. (Chang et al., 2020; Zhang et al., 2021b) For example, Wen et al. fabricated a 3D
ordered mesoporous (3DOM) Sno3Tio7O2 for ECO2RR to CO and found out that the added Ti
atoms not only tuned the orbital band center of Sn but also preferably adsorbed the oxygen atom
in the intermediate of COOH?*, favoring the selective production of CO. (Wen et al., 2020) An Ag-
Cu catalyst showed enhanced adsorption for bridge-bonded CO;, which facilitated the formation
of HCOOH from ECO2RR. (Shan et al.,, 2020) Besides, the binding energy of the reaction
intermediates on the primary metal sites could be tuned by the introduction of the secondary

metal, resulting in synergistic catalysis effects for ECO2RR. (Lin et al., 2019)

Benefiting from the advantages of SACs, atomically dispersed active sites in the multi-metallic
catalysts, such as isolated diatomic site catalysts, stand out for their enhanced electronic and

chemical properties. (Han et al., 2021; Zhang et al., 2021c; Zhou et al., 2020a)
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1.7 ALD for the CO2RR catalyst modification

Many synthetic methods can fulfill the synthesis of the materials with atomic-level precision,
including the wet impregnation (WI) method, modular synthetic approach, metal-organic
complexes derived method, high-temperature atom trapping approach, and ALD method. (Zhang
et al., 2018c) ALD is one of the emerging and promising techniques with wide applications in the
fields of energy and the environment such as catalysis, metal ion batteries, solar cells, and fuel
cells.(Chao et al., 2012; Jung et al., 2013; Kot et al., 2018; Lim et al., 2003; Prakash et al., 2018;
Prakash et al., 2014; Sun et al., 2013; Switzer, 2012; Timm et al., 2018; Zhang et al., 2013a)

Reduction

Reduction

Figure 1.5 The overview of the ALD technique applied in the reduction of CO2. Reprinted with permission
from ref. (Chen et al., 2019)

ALD offers a unique deposition technology in nanomaterials synthesis with various advantages,
including uniform and conformal deposition over the substrates and the accurate thickness control
of the deposited material with atomic-level precision.(Meng et al., 2011; Pan et al., 2018a; Ritala,
2000) These advantages facilitate ALD to design subtle and complicated catalyst nanomaterials,

such as ultrathin films, small islands, and nanoparticles, with efficient catalytic activities.(Meng et
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al., 2010; Xie et al., 2017) The ultra-thin coating layer deposited by ALD on the active catalyst
nanomaterials provides additional strength, stability, and corrosion prevention to the
nanomaterials while keeping their functionality. (Nardi et al., 2015) Moreover, the ALD coating
creates enough passivation on the surface states and allows the charge transferring through the
coating layers to react with the reactants on the surface of the catalysts without affecting the

reaction mechanism and the process of the catalysis.(Hwang et al., 2012; Li et al., 2009)

For the reduction of CO2, the ALD-based nanomaterial catalyst design is also very promising (Kim
et al., 2016). ALD can design efficient catalysts in a highly controllable manner, which could be

applicable to address the aforementioned key issues in the reduction of CO; (Figure 1.5).

1.7.1 The fundamentals of ALD

ALD is a cyclic process that relies on the sequential self-terminated surface reactions between
the gas-phase precursor molecules and the solid substrate surface. It provides the conformal
deposition of atomic layers with precise control of the thickness and the high aspect
ratio.(Detavernier et al., 2011; George, 2010) Generally, ALD is appropriate for the synthesis of
binary compound films because the deposition reactions of the binary compounds can be easily
divided into two half-reactions. (George et al., 1996) For the ALD synthesis of the binary
compound, the reagents of the two half-reactions are defined as precursor A and B, respectively.
A simplified schematic for the ABAB type of the surface sequential self-terminating reaction by
the ALD process is shown in Figure 1.6. While repeating the dosing and purging steps, each of
the half-reactions takes place on the surface of the substrate. Before the following reaction starts,
the residuals and the byproducts from the previous reaction are purged away by the carrier gas
flow. Because the number of reactive sites on the substrate surface is finite, the reaction could
limit itself once all the reactive sites on the surface are occupied, yielding a conformal monolayer
on the surface for every cycle at the suitable synthetic condition. (Suntola, 1989) Hence, ALD can
produce nanomaterials with atomic control of the layer growth, high aspect ratio, step coverage,

and conformal deposition.

The ALD synthesis of Al,O3 by trimethylaluminum (AlMes) and water is a typical example to clarify
the self-terminating reactions. (Puurunen, 2005) The synthesis of ALD-AlLOs; follows the

AlMes/H,0O process as shown in Equation 1.22 (Me = methyl = CHa).
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3 1
Al(CH3)3(g) + EHZO(Q) - 514”203(5‘) + 3CH,(9) 1.22

The chemistry of the AIMes/H20 process is often divided into two successive “half-reactions” as

presented in Equations 1.23 and 1.24.
||Al — OH + Al(CH3)3(g) — ||Al— 0 — Al(CH3), + CH,(9) 1.23
[|Al — 0 — Al(CH3), + H,0(g) - ||Al— 0 — Al(OH), + 2CH,(9) 1.24

The successive half reactions start with a hydroxyl group terminated substrate. While introducing
the gaseous AlMes molecules into the ALD reaction chamber in the first dosing step, AlMes reacts
with the hydrogen atoms of the OH groups on the substrate surface through the ligand exchange,
forming O—Al bonds and releasing the gaseous methane as the byproduct (Equation 1.23).
Practically, for the OH groups on the silica and the alumina substrates, the matrix temperature
should be at least between 80 and 300°C for the ligand exchange reaction.(Puurunen et al., 2001,
Puurunen et al., 2000) It is proposed that the oxygen atom of the hydroxyl group on the substrate
surface first reacts with the AIMes molecule by interacting with the empty p-orbital of the aluminum
atom, followed by a sigma-bond metathesis to release the methane molecule. This ligand
exchange reaction will automatically stop once the AlMes molecules occupy all the active hydroxyl
sites on the substrate surface. Because the groups of —CHjs on the current surface will not react
with the residual AlMe; molecules in the gas phase further, leaving a monolayer of the AlMe;
molecules which are chemically adsorbed on the substrate surface. (Wang et al., 2014) In the
following purging step, the purging gas (inert gas) will purge the byproduct (methane) and the
excessive precursor (AlMes) out of the reaction chamber. Then the dosing step of the oxidant
follows. At this time, H,O is introduced into the reaction chamber, hydrolyzing the groups of —CHj;
on the substrate surface, transforming the —CHjs; terminated surface back to the hydroxyl group
terminated surface again on the substrate (Equation 1.24). Following another purging step that
purges away the excessive H,O molecules and the byproduct, one monolayer of Al,Os remains
on the surface of the substrate, which completes one entire ALD cycle. By repeating a certain

number of times of the ALD cycles, the thickness of the Al,Os film can be controlled.
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Figure 1.6 The schematic of the self-terminating surface mechanism of ALD by AB binary reaction sequence.
Reprinted with permission from ref. (Chen et al., 2019)

The first experiment of ALD was reported in Finland in 1974 by Tuomo Suntola.(Suntola et al.,
1985) ZnS was selected as the target material for the production of electroluminescent devices,
in which the ALD process was described as atomic layer epitaxy (ALE). In the 1990s, ALD was
applied in the design of microelectronic nano-devices and successful commercial development
started.(Detavernier et al., 2011) Today ALD has emerged as a powerful tool in nanotechnology
in various applications such as high-k transistors, solid oxide fuel cells, and solar cell devices.
(Johnson et al., 2014) Research of ALD in the catalytic process with inspiring results has been
reported. Weimer et al. deposited platinum (Pt) on the TiO; surface by ALD which resulted in a
significant improvement in the photocatalytic activity for the oxidation of methylene blue (MB).
(Zhou et al., 2010) Rikkinen et al. prepared palladium (Pd) nanoparticles on porous carbon
support by ALD, which showed about 50 mV lower onset potential and 2.5 times higher mass
activity than that of the commercial catalyst Pd/C for the electrochemical oxidation of
alcohol.(Rikkinen et al., 2011) Lewis et al. deposited the ALD-TiO, layers on a Si electrode, in
conjunction with the Ni oxide electrocatalyst. (Hu et al., 2014) The Si photoanode modified with
the ALD-TiO; exhibited a catalytic stability of the oxidation of the KOH aqueous to O, for more
than 100 hours and an almost 100% Faradaic efficiency. Sun et al. isolated the single platinum
clusters and atoms by ALD which could hold the 37 times enhanced catalytic activity and a high
stability compared to the commercial Pt/C catalyst for HER.(Cheng et al., 2016) The catalytic
reactions of water split for nanomaterials designed by ALD technique could be referred to previous

reviews.(Bae et al., 2017; Wang et al., 2014) The reports of the application of the ALD technique
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in the catalytic reduction of CO: are relatively few, which indicates the possibilities for the further

exploration.

1.7.2 The ALD catalyst materials for enhanced CO:RR performance

The ALD-prepared materials can participate in the design of the catalysts in different ways such
as the main catalysts, the stabilizers, and the connections in between. To achieve the
performance improvement of the reduction of CO», the selection of the catalyst materials is pivotal.
However, the ALD technique with gas-phase chemicals as the precursors could well restrain the
range of materials. (Puurunen, 2005) Table 1.1 lists the overview comparison of the ALD-based
catalysts for the electroreduction of CO,. ALD technique brings fresh blood to the material design
and the catalytic performance boost in ECO2RR. The MOF material fabricated ALD reveals an
high selectivity for CO production above 76% and stability over 7 h with a per-site turnover number
(TON) of 1400 in the ECO2RR.(Kornienko et al., 2015) Sargent et al. achieved homogeneously
dispersed sulfur elements into the Sn metal by the ALD of SnSy followed by an in situ reduction
process to make the sulfur-modulated tin (Sn(S)) catalysts towards the electrochemical reduction
of COz into formate. (Zheng et al., 2017) The ALD-SnO; modified CuO nanowire electrode shows
high performance towards the electrochemical reduction of CO; to CO, reaching a selectivity as
high as 97% of all the reduction products. (Schreier et al., 2017) ALD-TiO, multi-layer CNT
catalyst achieves the H,/CO syngas production at =1.06 V vs NHE with TONs of 308 for CO, and
597 for H, within a 15 min electrolysis period. (Wang et al., 2017) The ALD-ZnO coated Cu
exhibits a larger current density than that of the normal Cu cathode, while ALD-ZnO thin film on
the Cu particles lowers the reaction overpotentials for the deoxygenation steps. (Zhang et al.,
2013b) The ALD-AI;O3 layers on the Ni electrode act as a dense barrier layer on the Ni anode
surface, preventing the corrosion of Ni into the electrolyte, which leads to the poison of the
cathode. It demonstrates the capability of ALD in designing the electrode with the controlled
catalyst’s composition and the current density to directly grow the highly crystalline multi-walled
carbon nanotubes (MWCNTSs) from the ambient CO.,. (Douglas et al., 2017) ALD-TiO, and Al,O3

are commonly used as the over coatings on the active catalysts.

Table 1.1 The overview comparison of ALD-based catalysts for CO2 reduction or capture.

Main
ALD-prepared Synthetic conditions for ) The ECOz2RR
) Substrate  reduction o Ref.
material ALD efficiency
product
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2 Chapter 2 Key Performance Characterization Techniques

2.1 Overview

In this work, the ECO2RR catalysts mentioned in Chapters 3-5 were synthesized in different
methods, including ball-milling, high-temperature pyrolysis, and atomic layer deposition. The
detailed experimental procedures and characterization of each synthesized material are
described within the proceeding chapters. In this chapter, some key performance measurement
techniques and characterization techniques related to the evaluation and study of the structure,
morphology, and composition of ECO2RR electrocatalysts are briefly discussed.

2.2 Physical Characterization Methods

Some key physical characterization methods employed in this thesis include X-ray Diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and X-ray absorption spectroscopy (XAS).

2.2.1 Powder X-ray diffraction (XRD)

XRD is a common characterization technique for nanoscale materials. Analysis of a sample by
powder XRD provides important information that is complementary to various microscopic and
spectroscopic methods, such as phase identification, sample purity, crystallite size, and, in some
cases, morphology. (Holder et al.,, 2019) XRD techniques are used for the identification of
crystalline phases of various materials and quantitative phase analysis.(Bunaciu et al., 2015)
Crystal atoms scatter incident X-rays, primarily through interaction with the atoms’ electrons. This
phenomenon is known as elastic scattering. In the majority of directions, these waves cancel each
other out through destructive interference, however, they add constructively in a few specific

directions, as determined by Bragg'’s law:
nA = 2dsiné 2.1

where n is an integer, A is the characteristic wavelength of the X-rays impinging on the crystalline
sample, d is the interplanar spacing between rows of atoms, and 6 is the angle of the X-ray beam
concerning these planes. Figure 2.1a depicts the principle behind the diffraction techniques of
Bragg’s law. The path difference between two incident beams 1 and 2 reflected at two adjacent
atomic planes is 2d sin 8. Constructive interference occurs when the path difference is equal to

the integer multiple of the X-ray wavelength (nA). (Shao et al., 2022) When Bragg’s law is



satisfied, X-rays scattered by the atoms in the plane of a periodic structure are in phase and
diffraction occurs in the direction defined by the angle 6. Figure 2.1b shows an XRD pattern
example of CdS. The inset illustrates the crystal structure of wurtzite CdS with the (002), (100),
and (101) planes. This diffraction pattern can be thought of as a chemical fingerprint, and chemical
identification can be performed by comparing this diffraction pattern to a database of known

patterns.
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Figure 2.1 (a) Simple diagram of an XRD. Reprinted with permission from ref. (Shao et al., 2022) (b) The
example of simulated and indexed powder XRD pattern for bulk (1 pm) wurtzite CdS.

Reprinted with permission from ref. (Holder et al., 2019)
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2.2.2 X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface-sensitive quantitative analysis method to accurately obtain the elemental
composition of solid materials. (Andrade, 1985; CHUANG et al.,, 1976; Konno, 2016) This
technique is the most extended tool for chemical characterization due to: 1) the non-destructive;
2) the broad analysis window that covers all the elements other than H and He; and 3) the high
sensitivity. Considering the low escape depth of the photoelectrons inspection (= 2-10 nm), this
technique is the most suitable for thin-film and surface applications and processes. Its working
principle is based on the photoelectric effect shown in Figure 2.2. The photon energy can be
absorbed completely by the electronic cloud of the atoms. According to the Einstein equation:
Exineic = hV - Ebindging, if the photon energy (hv) is high enough, this can cause the ejection of the
photoelectrons with kinetic energy (Exireic). The photon energy and electron binding energy
(Eninding) Of the ejected electron determine the kinetic energy of photoelectrons. It provides a total
elemental analysis (except for hydrogen and helium) as well as chemical bonding information.
(Andrade, 1985) In this work, the XPS is carried out to detect the component on the surface of

prepared catalysts.

Principle of XPS

X-ray, ejected photoelectron,
energy hv / kinetic energy E,
\ Free
Electron | work function
Conduction Band Level
Femi Wf
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Valence Band
binding energy,
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2s b

1s

' Ep = hv - By, - Wi

Figure 2.2 XPS working principle. (refer to IFW-Dresden, https://www.ifw-dresden.de/ifw-
institutes/ikm/micronano-structures/methods/xps)
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2.2.3 Scanning electron microscopy (SEM)

SEM is an electron microscope technique that forms images in the range of micro space or nano
space of a sample by scanning its surface with a focused beam of electrons. (Vernon-Parry, 2000)
As demonstrated in Figure 2.3, when the electrons interact with the sample, it will produce various
signals that contain information about the surface topography and composition of the sample.
These signals produced include secondary electrons (SE), back-scattered electrons (BSE),
characteristic X-rays and light (cathodoluminescence) (CL), etc. Both SE and BSE are used in
SEM image production. The SEs with low energy less than 50 eV only escape from the surface
(few nanometers) of a sample, which makes them useful for the examination of surface
morphology. The SE mode has the highest resolution among SEM signals. In contrast, BSE is a
high-energy electron re-emitted from the sample due to elastic scattering. BSEs are most used to
reveal chemical compositional differences (atomic number contrast). Compared with SE, BSE

originating from deeper locations within the specimen shows poor resolution of images.
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Figure 2.3 Simple diagram of a typical SEM. (refer to Microscopy Australia,
https://myscope.training/#/SEMlevel_2_3)
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2.2.4 Transmission electron microscopy (TEM)

TEM is a microscopy technique in which a beam of electrons is transmitted through a specimen
to form an image as shown in Figure 2.4. While SEM provides the resolution in micro and nano
space, TEM can offer the image resolution at the angstrom level. With the booming of
nanotechnology in the material design domain, TEM becomes indispensable in catalyst material
characterization to examine ultra-small particles. Same as SEM, it operates on the same basic
principles as the light microscope but uses electrons instead of light. The specimen is most often
an ultrathin section less than 100 nm thick or a suspension on a grid. An image is formed from
the interaction of the electrons with the sample as the beam is transmitted through the specimen.
The higher resolution of TEM than light microscopes is owing to the smaller de Broglie wavelength
of electrons, which enables TEM to capture the fine detail of materials, such as particle size,
shape, interparticle interaction, crystallinity, number of layers, and morphology. In addition,
different types of diffraction patterns obtained from TEM suggest different crystallization
structures. For instance, dotted, center-circled, and diffuse-circled diffraction patterns correspond
to mono-crystalline, polycrystalline, and amorphous structures, respectively. This type of
characterization of materials is essential on a length scale from atoms to hundreds of nanometers.
TEM instruments can be performed with many operating modes, including conventional imaging,
scanning TEM imaging (STEM), diffraction, etc. For conventional imaging, contrast may be due
to differences in the thickness or density, atomic number, crystal structure or orientation, etc.
Figure 2.4 depicts the schematics of imaging and diffraction modes in TEM. In addition, bright-
field and dark-field images of TEM are used to discover the size, morphology, and crystal lattice
of the sample. A bright-field image is a most commonly used image. In the bright-field mode, the
transmitted or unscattered electron beam is selected with the aperture, and the scattered
electrons are blocked. Therefore, areas with crystalline or high-mass materials will appear dark.
In the dark-field mode, the scattered electrons are selected, and the unscattered electron beam
is excluded. Hence, the areas with materials will appear bright, and the areas with no samples
will be black. This technique can be used to enhance contrast when the bright-field image is not
clear enough, especially when imaging crystalline features that are too small or are drowned out
of view. (Wang, 2003)
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Figure 2.4 Schematic view of imaging and diffraction modes in TEM. (By Eric Kvaalen - Own work, CC BY-SA

4.0, https://commons.wikimedia.org/w/index.php?curid=85779398)

2.2.5 Energy Dispersive X-Ray Spectroscopy (EDS)

EDS is a technique supplement to SEM and TEM to visualize the chemical composition map of

the target material. X-ray generates when the electron beam emitted from the gun penetrates and

interacts with the volume beneath the surface of the sample. The principle is defined very well in

physics. When electrons enter the coulomb field of a specimen it will decelerate and the loss of

electron energy emits as a photon, which can be detected in SEM and TEM analyses. Those

photons have energies particular to specimen elements, which provides the SEM and TEM the

capabilities of distinguishing the various element in the material. (Mohammed et al., 2018) It

allows the visualization of the chemical composition distribution on the sample.
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2.2.6 X-ray absorption spectroscopy (XAS)

XAS is a technique for determining the local geometric and/or electronic structure of the target
element. Unlike XPS detecting the kinetic energy of the emitted photoelectron, XAS probes the
adsorption of a monochromatic X-ray beam with high brilliance. In XAS, a core electron is excited
into unoccupied atomic/molecular orbitals above the Fermi level by the monochromatic X-ray. The
total intensity of the spectrum is given by the number of unoccupied states in the initial state, while
the spectral shape reflects the density of states for the core hole state. XAS could
provide element-specific information on the density states of the atom, and comprehensive
information on the unoccupied electronic states of the system. (de Groot, 2001) XAS data is
obtained by tuning the photon energy, using a crystalline monochromator, to a range where core
electrons can be excited (0.1-100 keV). The edges are, in part, named by which the core electron
is excited: the principal quantum numbers n =1, 2, and 3, correspond to the K-, L-, and M-edges,
respectively (Figure 2.5a). The operation is usually performed at synchrotron radiation facilities,
which provide intense and tunable X-ray beams. The most intense features are due to electric-
dipole-allowed transitions to unoccupied final states. For example, the most intense features of a
K-edge are due to core transitions from 1s—p-like final states, while the most intense features of
the Ls-edge are due to 2p—d-like final states (Figure 2.5b). There are four main regions found
on an x-ray absorption spectrum: 1) pre-edge (E < Ep); 2) x-ray absorption near edge structure
(XANES) (Eo - 10 < E < Eo +50 eV); and 3) extended x-ray absorption fine structure (EXAFS), (Eo
+50 < E < Ep +1000 eV). In the pre-edge region, the electron transitions from the core level to the
higher unfilled or half-filled orbitals occur. In the XANES region, transitions of core electrons to
non-bound levels with close energy happen. Because of the high probability of such a transition,
a sudden raise in absorption is observed. In the EXAFS region, due to the high kinetic energy (E-
Eo) of the photoelectrons, single scattering by the nearest neighboring atoms normally dominates.
Hard X-ray (metal K-edge) could not only provide information on the metal oxidation states but
also give insights into the local coordination environments (from EXAFS), which is essential for
SAC characterization. Soft X-ray (covering 3d metal L-edge) is based on direct electron
excitations to the valence 3d states from inner 2p states, thus is likely to provide a more sensitive
and direct probe of the metal oxidation states than that of K-edge XAS. Recently, the inclusive
Resonant Inelastic X-ray Scattering (RIXS) features of XES emerges to investigate the electronic
structure of materials. RIXS signals can monitor the energy distribution of emitted photons at each
excitation photon energy. If the incident photon energy is not equal to the scattered photon energy
that is dependent on the incident photon energy (that is to say, the energy loss or energy transfer

takes place), RIXS will be achieved. Benefiting from the fast development of the high flux-density
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synchrotron light sources, RIXS can sometimes provide extra features and information with subtle
changes in electronic structures to supplement the results from normal XANES and EXAFS.
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Figure 2.5 (a) Transitions that contribute to XAS edges. (By Atenderholt at English Wikipedia, CC BY-SA 3.0
<https://creativecommons.org/licenses/by-sa/3.0>, via Wikimedia Commons) (b) Three
regions of XAS data for the K-edge. (By Munzarin at English Wikipedia, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=38941359)

2.2.7 Gas sorption analysis

Gas adsorption analysis is a useful tool to investigate the surface area and pore structure of solid
materials. N2 gas sorption is the most commonly used method for the BET surface area analysis,
pore size distribution, and pore volume distribution. It can compare the total surface area between
different samples and provide detailed information on micro-, meso-, and macro-pore structure of
the material, which are essential to the catalytic activity of catalysts. (Cychosz et al., 2018) In this
thesis, we employed N; sorption analysis to characterize the surface area and the fine pore

structure of catalyst materials.

2.3 Electrochemical characterizations

2.3.1 The making of the catalyst electrode

Catalyst electrodes were prepared by dropping the catalyst ink onto the carbon paper (Sigracet
25 BC) with a fixed area of 1 cm?. The catalyst ink was prepared by mixing 0.5 mg of the catalyst
powder, 120 uL of DI water, 120 uL of ethanol, and 2 uL of Nafion® perfluorinated resin solution
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(5 wt%, Sigma). The mixture was treated with ultrasound for 30 min and dropped onto the carbon
paper on an 80°C hot plate. The electrode was finally dried under 70°C in an oven for further

experiments.

2.3.2 The electrochemical performance evaluation of ECO2RR

Cyclic voltammetry (CV, performed at the scan rate of 20 mV s%?), linear sweeping voltammetry
(LSV, performed at the scan rate of 5 mV s?), the chronoamperometry test, double-layer
capacitance, and the electrochemical impedance spectroscopy (EIS, performed at open circuit
potential with a high frequency of 200000 and low frequency of 0.01) were carried out in a custom-
made two-chamber H-type cell on a CHI 760D electrochemical workstation with the catalyst
electrode as the working electrode. Working and reference electrodes were fixed in one chamber
and the counter electrode was fixed in the other chamber. A proton exchange membrane
(Nafion™ N115) separated the two chambers of the H-cell. The reference electrode was an
Ag/AgCI electrode with a saturated KCI filling solution. The counter electrode was a Pt wire.
Potential versus RHE was calculated as E vs. RHE = E vs. Ag/AgCl + 0.197 V + 0.0592 V x pH.
The pH values of CO; and Nz-saturated 0.5 M KHCO3 electrolytes used in this work are 7.23 and
8.36, respectively. Unless notified elsewhere, the automatic iR compensation (80%) was applied

to all the measurements.

2.3.3 The ECO2RR set up

During the electrochemical tests, each chamber of the H-cell was filled with 40 ml 0.5 M KHCO3
electrolyte. CO, (Praxair, 99.99%) (or N» (Praxair, 99.999%) for the blank experiments) was
bubbled through the electrolyte in the working electrode chamber with a flow rate of 20 standard
cubic centimeters per minute (SCCM) for at least 30 minutes before the tests. The gas outlet was

introduced into a gas-sampling loop of the GC (979011, Fuli) for the quantification of CO and H,.

The GC was equipped with a packed HaySep A column, a packed MolSieve 5 A column, and a
packed Porapak N column with argon (Praxair, 99.999%) as the carrier gas. A thermal
conductivity detector (TCD) was used to qualify and quantify H.. A flame ionization detector
coupled with a Ni reformer was used to qualify and quantify CO. For the FE tests, the product gas

was tested in GC after 15 minutes of the reaction at each set potential.

The product gas was introduced into GC to test the FE of CO and H,. Figure 2.6 illustrates the
ECO2RR set up employed in this thesis.
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Figure 2.6 The ECO2RR set up.

2.3.4 The calculations of FE, TOF, and Tafel slope
The calculation of FE follows Equation 2.2:

_ nFCivP
~ JRT

2.2

where n is the number of electrons involved; F as the Faradaic constant (96485.33289 C mol?);
C; as the volume fraction of a certain product determined by online GC; v = 20 sccm (3.3*107 m?®
s1); P =101300 Pa; j = Total current (A); R as the gas constant of 8.314 J mol* K*; T =293 K.

The current densities of CO (j,) and Hz (jy,) were calculated based on Equation 2.3:
jco(HZ) = Jtotal X FEco(HZ) 2.3

The TOF for CO and H; was calculated by assuming all the active sites were M-N, sites and

based on Equation 2.4:
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jCO(HZ) X Aelectrode/2 X 1.6 * 10~1°
M;ampieNoyMNoyNy /4 X My

TOF = 2.4

where jo2) is the current density of CO (je,) OF Hz (ju2), Aetectroae= 1 €M™ is the electrode
geometric area, Mggmpie= 5 * 10™*g is the mass of the catalyst on the electrode, Ny, is the mass
ratio of Nitrogen in the catalyst obtained from XPS, MNy, is the metal-N content ratio obtained
from the XPS deconvolution results of N 1s, N, = 6.02 = 1023 is Avogadro constant, My is the

atomic mass of Nitrogen.
The Tafel slope was calculated based on the Tafel equation (Equation 2.5):
n=a+blogjco 2.5

where n is the overpotential, b is the Tafel slope, and j., is the current density for CO formation.
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3 Chapter 3 The deep understanding of the promoted carbon dioxide
electroreduction of ZIF-8 derived Cobalt single-atom catalysts by
the simple grinding process

Motivation

The over-emitted CO- in the atmosphere has been one of the top concerns of human society.
(Anonyme, 2021) In the meantime, CO, can serve as the feedstock for many chemical
productions. (Pan et al., 2021) If we can reduce CO: into value-added products through mild
catalytic conditions such as ECO2RR that utilizes the electricity from renewable energies, it would
be desirable to consume the over-emitted CO; and produce extra fuel chemicals for the energy
crisis. (Chen et al., 2019) In recent years, SACs are extremely popular in the ECO2RR field
because of their highly efficient active sites and the ability to maximize the utilization of metal
atoms.(Jing et al., 2022; Ma et al., 2021; Yang et al., 2020c) MOFs based catalysts are commonly
applied in the field.(Yao et al., 2021) Among them, ZIF-8 is widely studied as the template for the
SAC synthesis for the easy fabrication and tunability of metal nodes in the structure for the
enhanced catalytic performance in many reactions such as HER,(Mu et al., 2022; Pu et al., 2020)
ORR,(Zhang et al., 2016; Zhang et al., 2019b; Zhang et al., 2017) and CO-RR.(Chen et al., 2020c;
Lin et al., 2021; Liu et al., 2020a)

As presented in Chapter 1, Co-based catalysts show great promise toward CO and syngas
production in ECO2RR. The construction of a Co-based SAC is a practical strategy to promote
the ECO2RR performance. Hence, we chose the catalyst fabrication routine for Co-SAC through
the ZIF-template method that has been widely studied in literature to conduct this work to
investigate the relation between subtle SAC modification and catalytic performance.

3.1 Introduction

Studies focus on the chemical modifications of the ZIF-8-derived SACs. For example, adjusting
the metal-N structure in the SACs such as Fe-N,(Gu et al., 2019; Mohd Adli et al., 2021; Wang et
al., 2020a; Ye et al., 2017) Ni-N,(Li et al., 2020; Lu et al., 2019; Yan et al., 2018; Zhang et al.,
2021d; Zhao et al.,, 2017) Cu-N(Yang et al.,, 2019), and Co-N.(Wang et al., 2018a) The
combination of two different transition metals forms bimetallic SACs such as Fe-Ni-N-C.(Jiao et
al., 2021; Ren et al., 2019b) Modifying the SACs with heteroatom dopants such as P,(Sun et al.,
2021) and F.(Ni et al., 2021) These chemical variations in the catalysts prove to significantly
improve the FE of the CO2RR products in ECO2RR.(Chen et al., 2022; Zhou et al., 2022) Besides



the modification in the chemical state of the ZIF-8-derived SACs, the physical properties can also
be altered through chemical modifications. (Zhou et al., 2021) Hu et al. used SiO- as a protective
coating on the ZIF-8-derived Fe-N SACs, which resulted in the high porosity of the catalyst,
significantly improving the current density for CO production in ECO2RR. (Hu et al., 2019) A high
current density of the target product during ECO2RR represents a big yield, which is essential for
industrial applications. Therefore, the modification in the porosity aspect is promising. The
chemical approach (e.g. adding a SiO; coating) requires multi-steps during the synthesis of the
catalyst, (Yang et al., 2020d) which is time-consuming and not cost-efficient. The physical and
mechanical approaches are also proved efficient in the modification of the catalyst materials. For
example, the fast pyrolysis method facilitates the formation of atomically dispersed Ni and the
porous structures of the Ni SAC. (Guo et al., 2022) The synthetic procedure of SACs usually
involves a grinding-assisted procedure that is easy to handle. (Zhou et al., 2020b) The grinding
procedure has been proved efficient to improve the catalytic performance of the nhanomaterial
catalysts. (Peng et al., 2013) Most of the works claimed that the grinding process during the
synthesis decreased the particle size and increased the specific surface area of the catalyst,
which largely contributes to the enhancement of the catalytic performance. (Ratso et al., 2019)
However, the deep investigation of the electronic structure evolution of metal active sites and
variations of the material structure in the grinding procedure affecting the catalytic performance
is rarely reported, especially for ZIF-8-derived SACs in ECO2RR. Hence, we choose ZIF-8-derived
Co SACs to conduct the investigation of the impact of the grinding process in the synthesis of
ZIF-8 derived SACs for ECO2RR.

In this work, we prepared the Co-ZIF-derived SACs. Combining different grinding processes such
as hand-milling and ball-milling to create different degrees of the ground Co SACs (hand-milling
and ball-milling for the moderate and intense grinding degrees, respectively), the catalysts were
tested in ECO2RR. The original Co SAC (C-Co-ZIF) that is without any grinding process exhibits
a FEco of around 45% and a FEw, of around 50% at -0.55 V vs. RHE and a CO current density
of around 5 mA cm at -0.7 V vs. RHE. The moderately ground sample affords the highest FEco
of around 60% (about 15 % higher than that of the original C-Co-ZIF) at -0.55 V vs. RHE and the
highest CO current density of around 12 mA cm? (more than 2 times higher than that of the
original C-Co-ZIF) at -0.7 V vs. RHE. In contrast, the intensely ground sample only affords
comparable catalytic activities to those of the original C-Co-ZIF. It suggests that the moderate
grinding process promotes CO production in both production selectivity and activity. Besides, the
moderately ground sample also affords better stability than that of the original Co SAC. XAS and

XES confirm that the grinding process creates variations in the electronic structure of the Co
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active sites in the catalysts. TEM and gas sorption analyses prove the down-sizing effect and the
increased pore structures of the moderately ground sample. The variations in electronic structures
of the active sites and pore structures (micro-pores for exposing active sites, meso- and macro-
pores for promoting mass transfer) are the keys to the promoted ECO2RR performance, which
guides the synthesis of ZIF-8 derived SACs for catalytic reactions. To the best of our knowledge,
this work is the first to combine synchrotron-based XES with XAS to investigate the subtle

variations of chemical states for the grinding effects on the SACs.

3.2 Experimental section

3.2.1 Synthesis of Co-ZIF:

Typically, Zn(NO3)2-6H.0 (1.116 g) and Co(NOs3)2-6H0O (0.546 g) were dissolved in 40 mL of
methanol. Then, 2-methylimidazole methanol solution (1.116 g in 40 mL) was slowly poured into
the mixture solution under vigorous stirring, followed by subsequent stirring for 24 hours at room
temperature. The as-synthesized powders were collected by centrifugation, washed three times

with methanol, at 7000 rpm for 5 minutes, and finally dried in the oven at 80°C overnight.

3.2.2 Synthesis of Co-ZIF with different grinding processes:

For the hand-milled sample (HM 15 mins), the powder of as-prepared Co-ZIF was placed in an
agate mortar and manually ground for 15 minutes. For the ball-milled (BM) samples, the powder
of as-prepared Co-ZIF was placed in ball mill tanks with PTFE balls. The ball/powder mass ratio
is around 20. Then, the filled ball mill tanks were installed in a grinder (Planetary Micro Mill
Pulverisette 7, FRITSCH, Germany). The ball-milling program was set at 400 rpm for 30 minutes
and 60 minutes for C-Co-ZIF BM 30 mins and C-Co-ZIF BM 60 mins, respectively.

3.2.3 Synthesis of C-Co-ZIF with different milling procedures:

The powder of as-prepared Co-ZIFs with different grinding processes was placed in the tube
furnace, maintained at three temperature plateaus (800 °C, 900 °C, and 1000 °C, 1 hour for each)
with a heating rate of 25 °C min™ under flowing argon gas, and then naturally cooled to room

temperature. All the as-prepared samples were directly used without any post-treatment.
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3.2.4 Material characterizations:

Characterization instruments: XRD patterns were collected on an X-ray diffractometer (Bruker D8
Advance) with a CuKa X-ray source (A = 1.542 A) and a scintillator detector. The as-synthesized
samples in powder form were directly used for XRD analysis. TEM and high-resolution TEM
(HRTEM) were performed on a JEOL-2100F microscope (JEOL, Tokyo, Japan) operated at 200
kV. XPS experiments were undertaken on a VG Escalab 220i XL using monochromatic 1486.6
eV Al Ka radiation. The peak energies were calibrated by placing the graphite C1s peak at 284.8
eV. The spectra were fitted with mixed Gaussian-Lorentzian component profiles after a Shirley
background subtraction by CasaXPS software. XANES and EXAFS at Co K-edge were collected
in total-fluorescence-yield mode using a 32-element Ge detector at ambient condition on the 061D-
1 Hard X-ray MicroAnalysis (HXMA) beamline at the Canadian Light Source (CLS). During the
data collection, the CLS storage ring (2.9 GeV) was operated under 250 mA mode and the HXMA
superconducting wiggler was run at 1.9 T. The scan range was kept in an energy range of 7510-
8350 eV for Co K-edge. Data collection configuration was using metal Co foils as energy
calibrations by in-step calibration for every data set. The baseline of the pre-edge was subtracted
and the post-edge was normalized in the spectra. EXAFS analysis was conducted using Fourier
transform on k3-weighted EXAFS oscillations to evaluate the contribution of each bond pair to the
Fourier transform peak. The in-situ Co K-edge XANES experiments were carried out in
fluorescence mode with a commercialized electrochemical operando cell (EC-FXAS-H,
fluorescence mode window size: 15 mm; 45-degree angle with X-ray incident light). The working
electrode, counter electrode, and reference electrode are the catalyst electrode (same as the one
described in the section on electrochemical measurements below), Pt wire, and saturated
Ag/AgCI electrode, respectively. The electrolyte is 0.5 M KHCOs. The gases of Ar or CO, were
pre-bubbled into the operando cell for 30 minutes before the in-situ XAS experiments. The in-situ
XAS was collected under chronoamperometry with a constant potential applied on the working
electrode by a CHI 760D electrochemical workstation. On the other hand, the XANES of N K-
edge and Co L-edge were measured in total X-ray electron yield mode at room temperature on
the 111D-1 High-Resolution Spherical Grating Monochromator (SGM) beamline at the CLS. The
XES of Co L-edge was measured in partial fluorescence yield (PFY) mode on the 10ID-2
Resonant Elastic and Inelastic X-ray Scattering (REIXS) Beamline at the CLS. In the REIXS
beamline, the X-rays are generated with elliptically polarized undulators (EPUs) made of
permanent magnets with 1.6 m long and 75 mm of periodicity, and a spherical grating
monochromator is used to select the X-ray energy. The REIXS beamline uses two separate gold-

coated sagittal cylindrical mirrors to collect and collimate the X-rays from the EPUs. It uses three
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different interchangeable gratings corresponding to low, medium, and high to cover an energy
range of 95-2000 eV. On the low energy grating at 100 eV with 25 pm exit slits, the beamline
delivers 10*? photons/s of flux. Depending on the desired energy range, four selectable mirror
coatings on the plane mirrors (Ni, Si, C, and Au) are used to suppress the high-order harmonics.
REIXS has a large spherical grating spectrometer, using a Rowland circle geometry to measure
high-resolution XES spectra. The samples were subjected to an ultrahigh vacuum chamber. Pure
metals and chemicals such as Co and CoO were used as the reference to calibrate the energy
for every data set. N, adsorption and desorption analysis were performed on a gas sorption
system (autosorb iQ, Quantachrome Instruments, Anton Paar) at 77K. “N2 at 77K on carbon
(slit/cylindr. pores, QSDFT adsorption branch model)” was used as the calculation model for the

analysis of pore size distribution for the samples in the ASIQWin software.

3.2.5 Electrochemical measurements:

Catalyst electrodes were prepared by dropping the catalyst ink onto the carbon paper (Sigracet
25 BC) with a fixed area of 1 cm2. The catalyst ink was prepared by mixing 0.5 mg of the catalyst
powder, 120 uL of DI water, 120 uL of ethanol, and 2 uL of Nafion® perfluorinated resin solution
(5 wt%, Sigma). The mixture was then treated with ultrasound for 30 min and was dropped onto
the carbon paper on an 80°C hot plate. The electrode was finally dried under 70 °C in an oven for
further experiments. CV was performed at the scan rate of 20 mV s?), LSV was performed at the
scan rate of 5 mV s%), the chronoamperometry test, double-layer capacitance, and EIS (
performed at open circuit potential with a high frequency of 100000 and low frequency of 0.01)
were carried out in a customized two-chamber H-type cell on a CHI 760D electrochemical
workstation with the catalyst electrode as the working electrode. Working and reference
electrodes were fixed in one chamber and the counter electrode was fixed in the other chamber.
A proton exchange membrane (Nafion™ N115) separated the two chambers of the H-cell. The
reference electrode was an Ag/AgCIl electrode with a saturated KCI filling solution. The counter
electrode was a Pt wire. Potential versus RHE was calculated as E vs. RHE = E vs. Ag/AgCl +
0.197 V + 0.0592 V x pH. The pH values of CO, and N-saturated 0.5 M KHCOs electrolytes used
in this work are 7.23 and 8.36, respectively. Unless notified elsewhere, the automatic iR
compensation (80%) was applied to all the measurements. During the electrochemical tests, each
chamber of the H-cell was filled with 40 ml 0.5 M KHCOs electrolyte. CO- (Praxair, 99.99%) (or
N2 (Praxair, 99.999%) for the blank experiments) was bubbled through the electrolyte in the

working electrode chamber with a flow rate of 20 SCCM for at least 30 minutes before the tests.

37



The gas outlet was introduced into a gas-sampling loop of the GC (9790 I, Fuli) for the

guantification of CO and H.. The GC was equipped with a packed HaySep A column, a packed
MolSieve 5 A column, and a packed Porapak N column with argon (Praxair, 99.999%) as the
carrier gas. A TCD was used to qualify and quantify H,. A flame ionization detector coupled with
a Ni reformer was used to qualify and quantify CO. For the FE tests, the product gas was tested
in GC after 15 minutes of the reaction at each set voltage.

3.3 Results and discussion

3.3.1 Preparation and characterization of catalysts:
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Figure 3.1 (a) The schematic of the synthetic procedure of C-Co-ZIF samples with the grinding process. (b, ¢)
TEM images, and (d) SAED of C-Co-ZIF. (e, f) TEM images, and (g) SAED of C-Co-ZIF HM
15mins. (h, i) TEM images and (j) SAED of C-Co-ZIF BM 60mins. (k) XRD patterns of Co-ZIF,
Co-ZIF HM 15mins, and Co-ZIF BM 60mins and (I) C-Co-ZIF and standard Co crystal PDF
card.
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A one-pot synthesis was employed to fabricate the Co-ZIF. Followed by different grinding
processes (hand-milled 15 mins (HM 15 mins), ball-milled 30 mins (BM 30 mins), and ball-milled
60mins (BM 60 mins)) and pyrolysis, the final C-Co-ZIF samples were prepared (Figure 3.1a).
TEM images demonstrate that the original C-Co-ZIF has a particle size of around 300 nm
(Figures 3.1b and c). The grinding process breaks the C-Co-ZIF structure into small particles.
The longer grinding time results in a larger number of small particles in the final sample. The
sample with the moderate grinding process (C-Co-ZIF HM 15 mins) possesses a few small
particles while most of the particles retain the original morphology (Figures 3.1e and f). On the
contrary, most of the particles in C-Co-ZIF BM 60 mins are broken into smaller ones due to the
intense grinding process (Figures 3.1h and i). Selected-area electron-diffraction (SAED) images
display the ring shape pattern, indicating the poor crystallinity of the C-Co-ZIF samples (Figures
3.1d, g, and j), which accords with the results of XRD measurements. This demonstrates that the
different grinding processes did not change the crystal phase of Co-ZIF, though C-Co-ZIF BM 60
mins exhibits relatively lower peak intensities than those of the original Co-ZIF (Figure 3.1k),
which implies the worse crystallinity in the sample. Such a conclusion is also confirmed by the
TEM results aforementioned that the particles are damaged in the C-Co-ZIF 60 mins sample,
explaining its worse crystallinity than that of the original Co-ZIF. There is no obvious characteristic
peak assigned to Co crystals observed for grinding-processed Co-ZIF and C-Co-ZIF samples
(Figures 3.1k and I), which is due to the low content of Co and coincides with the properties of
SACs.

3.3.2 Electrochemical performance of the C-Co-ZIFs for ECO2;RR:

39



a 0 b 90 Cc 1o
—a— C-Co-ZIF —a— C-Co-ZIF
T 81 —o— C-Co-ZIF HM 15mins i —a—C-Co-ZIF HM 15mins
5 ™ 2] —*— C-Co-ZIF BM 30mins 80 —a— C-Co-ZIF BM 30mins
°El —a— C-Co-ZIF BM 60mins —a— C-Co-ZIF BM 60mins
> 204 2 %01 P
‘E u.|8 50 UJ; 8
9 30 —— C-Co-ZIF v \ -
15 . 4
g —— C-Co-ZIF HM 15mins ° . 3
3 w0 C-Co-ZIF BM 30mins 301 '\:
—— C-Co-ZIF BM 60mins 201 *
E . . . " : : r , 20 - T r r T
504] 8 0.6 04 -0.2 0.0 0.8 0.7 0.6 0.5 -0.4 03 -0.8 0.7 -0.6 -0.5 -0.4 0.3
Potential (V vs. RHE) Potential (V vs. RHE) Potential (V vs. RHE)
d P H, —%—H,/COratio G.CoZIF HM 15mins . € o f o
100 co T i
ﬂ!n””’f : .
44
1 / 20 & g~ 10
= | I E 1 E
S 604 A N <
w o 8 < 15
w 150 E E
a0 * g0 3 —o—C-Co-ZIF )
- ——C-Co-ZIF = 204 —o—C-Co-ZIF HM 15mins
_ * 410 124 —a— C-Co-ZIF HM 15mins —a— C-Co-ZIF BM 30mins
204 * : 8 14 —a— C-Co-ZIF BM 30mins -254 —a— C-Co-ZIF BM 60mins
ke x K ~@— C-Co-ZIF BM 60mins
0 — 0.5 16 ; . T . . 30 T - : " .
035 -04 045 05 -055 06 07 08 038 0.7 -0.6 0.5 04 0.3 0.8 0.7 0.6 £0.5 0.4 03
Potential (V vs. RHE) Potential (V vs. RHE) Potential (V vs. RHE)

Figure 3.2 (a) The LSV curves in CO2 atmosphere, (b) The FEco, and (c) The FEw2 of C-Co-ZIF, C-Co-ZIF HM 15
mins, C-Co-ZIF BM 30 mins, and C-Co-ZIF BM 60 mins. (d) The FEco++2and H2/CO ratio of C-
Co-ZIF HM 15 mins. (e) The CO current density, and (f) The Hz current density of C-Co-ZIF, C-

Co-ZIF HM 15 mins, C-Co-ZIF BM 30 mins, and C-Co-ZIF BM 60 mins in 0.5 M KHCOs.

The catalyst electrodes were applied in a customized H-cell to evaluate the catalytic performance
of ECO2RR (details in the experimental section). Several pre-run segments of CV were performed
to stabilize the catalyst electrodes before the test. The LSV (Figure 3.2a) curves in the CO;
atmosphere show that C-Co-ZIF HM 15 mins and C-Co-ZIF BM 30 mins have better current
responses while C-Co-ZIF BM 60 mins has a worse current response than that of the original C-
Co-ZIF, especially in the mass transfer region (the very negative potential range, < -0.7 V vs.
RHE).

All the C-Co-ZIF samples exhibit high product selectivity towards syngas, with FEco++2 over 90%
(Figures 3.2b and c). Among them, C-Co-ZIF HM 15 mins affords a CO production boost of
around 15%, compared with the original C-Co-ZIF. The H2/CO ratio in the final products of C-Co-
ZIF HM 15 mins can be tuned from 0.7 to 2.4 in the potential range from -0.35 to -0.8 V vs. RHE
(Figure 3.2d).

C-Co-ZIF HM 15 mins also affords the highest CO current density of 11.5 mA cm™ at -0.7 V vs.
RHE among all the samples, which is over two times higher than that of the original C-Co-ZIF
(Figure 3.2e). Besides, in the on-set potential region (the relatively positive potential range, > -
0.45 V vs. RHE), C-Co-ZIF HM 15 mins and BM 30 mins also demonstrate higher current densities

than that of the original C-Co-ZIF. In the meantime, the H, current densities of the catalyst
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electrodes are close in the on-set potential range, demonstrating that the grinding process can
promote the selective production of CO for the catalysts. C-Co-ZIF HM 15 mins stands out in the
more negative potential range that is controlled by mass transfer (Figure 3.2f) in H2 production,
the same as in CO production. It indicates that the moderate grinding process also promotes the
mass transfer in ECO2RR of C-Co-ZIF. To understand the underlying impact of the grinding
process on the catalytic performance, we investigate the properties of the samples through
different characterization measurements.

3.3.3 Mechanism investigation:
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Figure 3.3 (a) Enlarged XPS survey spectra of N 1s region. N 1s XPS of (b) C-Co-ZIF. (c) C-Co-ZIF HM 15 mins.
(d) C-Co-ZIF BM 30 mins. (e) C-Co-ZIF BM 60 mins. (f) Co 2p 3/2 XPS of the C-Co-ZIFs with
different grinding processes.

XPS is a surface-sensitive technique that could identify and quantify specific species of material.
We employed XPS to analyze the surface composition of our samples (Figure 8.1). The absolute
N content can be obtained from the survey of XPS (Figure 3.3a and Table 8.1). The N 1s XPS
results illustrate that C-Co-ZIF contains different types of N species, such as pyridinic N, metal-
N, pyrrolic N, and graphitic N (Figure 3.3b). Samples with different grinding processes exhibit the
same N components (Figures 3.3c-e). Among these N species, the metal-N binding represents
the Co-N content in the catalyst, which is essential for SACs.(Lin et al., 2019; Zhang et al., 2019a)

The contents of metal-N binding for all the C-Co-ZIF samples with different grinding processes
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are close (around 9%). Combined with the absolute N content obtained from the XPS surveys,
the absolute M-N content can be calculated as well (Table 8.2). Co, as the metal center of the
active site of Co-N, needs to be thoroughly investigated. The signals of Co 2p XPS are too noisy
to make an accurate deconvolution analysis (Figure 3.3f). Hence, we further characterized the
samples with synchrotron-based XAS that is sensitive and could provide chemical information for
low-content elements in the materials. In-situ Co K-edge XANES of C-Co-ZIF are displayed in
Figure 3.4a. Compared with that in Ar-saturated 0.5 M KHCOj3 solution, shown in the figure inset,
a spectral shift towards higher energy occurs in the COz-saturated condition under open circuit
potential (OCP), implying a higher Co oxidation state. This is due to the delocalization of the
unpaired electrons in the 3d orbital transferring from Co to the C 2p orbital of CO,,(Yang et al.,
2018) which suggests the adsorption of CO, on Co atoms in C-Co-ZIF. Under the ECO2RR
condition, the Co K-edge XANES shifts back towards the lower energy (Figure 3.4a, inset). It
reflects the response of Co atoms to the applied potential, confirming that Co atoms act as the

active center during ECOzRR.
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Figure 3.4 (a) Normalized in-situ Co K-edge XANES spectra for C-Co-ZIF at various potentials in 0.5 M KHCOs
agueous solution at room temperature at ambient pressure of Ar or CO2 atmospheres. The
inset is the enlarged Co K-edge XANES spectra. (b) Co L-edge XAS in partial fluorescence
yield (PFY) mode of C-Co-ZIF samples with different grinding processes. (c) Enlarged Co L-

edge XAS in the Lz region. (d) XES spectra of C-Co-ZIF samples with different grinding
processes, excited at 813.0 eV. (e) XES spectra of C-Co-ZIF and C-Co-ZIF HM 15 mins,
excited at 781.0 eV. (f) Enlarged XES spectra of C-Co-ZIF and C-Co-ZIF HM 15 mins, excited
at 781.0 eV.
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Further investigation into the variation of the chemical states of Co in the samples is necessary.
Soft X-ray (covering 3d metal L-edge) is based on direct electron excitations to the valence 3d
states from inner 2p states, thus is likely to provide a more sensitive and direct probe of the metal
oxidation states. Therefore, the soft X-ray spectra of the 3d metal L-edge were measured. The
Co L-edge XAS (Figure 3.4b) spectra show that all the C-Co-ZIF samples with different grinding
processes exhibit a similar pattern with two main peaks in the region of 780.0 eV (marked in pink
dot lines). It indicates that C-Co-ZIF retains a similar 3d electronic structure despite the grinding
processes. After spectral normalization, it reveals that there is an intensity decrease in the
shoulder at ca. 779.5 eV and an intensity increase in the shoulder at ca. 781.5 eV (Figure 3.4c).
These two shoulders refer to the Co?* and Co®* features, respectively. (Hibberd et al., 2015) It
implies that the ground samples are slightly oxidized to a higher oxidation state. XES can be
performed at the excitation energy that is higher than the resonant energy of the orbital electrons,
which offers filled electron states information in the region. We applied XES to further investigate
the details of the chemical states of Co in the samples. The XES spectra of C-Co-ZIF and C-Co-
ZIF HM 15 mins under the excitation energy of 813.0 eV are displayed in Figure 3.4d, offering
the normal emission of Ly and Lg of Co. The emission peaks at ca. 779 eV of our samples are
closer to that of CoPc rather than that of CoO. It indicates that the chemical state of Co in our
samples is similar to the Co-N4 in CoPc. The XES at the excitation energy of 781.0 eV (resonant
region) depicts two features at ca. 781.0 eV and ca. 779.5 eV for the original C-Co-ZIF and C-Co-
ZIF HM 15 mins (Figure 3.4e). The peaks at 781.0 eV are the elastic scattering peaks in which
the photon is emitted at the same energy as the incoming energy. The peak at 779.5 eV also
appears for the XES spectra at the excitation energy of 813.0 eV (non-resonant region, Figure
8.2), suggesting it is the fluorescent feature of La whose position is independent of the excitation
energy, which corresponds to the de-excitations from 3d orbitals. A slight difference can be
witnessed between these two samples after normalized to the peak intensity of the 781.0 eV peak
(Figure 3.4f). For C-Co-ZIF, the intensity of the 779.5 eV peak is relatively lower than that of the
781.0 eV peak. On the contrary, for C-Co-ZIF HM 15 mins, the intensity of the 779.5 eV peak is
relatively higher than that of the 781.0 eV peak, along with a shoulder peak at ca. 778.6 eV (inset
in Figure 3.4f). A relatively stronger intensity of the left 779.5 eV and 778.6 eV peaks corresponds
to the de-excitations from the filled 3d orbitals to the core holes located in 2p states. (Niwa et al.,
2017) This is due to the more oxidized Co in the sample. Besides, the tail region at ca. 775 eV
could be contributed by charge transfer between metal-ligand or ligand-metal (such as Co-
N).(Shelke et al., 2022) The higher intensity of C-Co-ZIF HM 15 mins in this tail region than that
of the original C-Co-ZIF supports the XAS results (the high ratio of the intensity at Co®"/ Co?* of
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C-Co-ZIF HM 15 mins). The XAS and XES spectra of Co L-edge demonstrate that the grinding
process indeed affects the 3d electronic structure of C-Co-ZIF slightly. The metal K-edge of hard
X-ray can provide information on the local coordination environments. The EXAFS of Co K-edge
shows a peak located at ca. 1.5 A that can be ascribed to Co-N/C/O bonds appearing for all the
C-Co-ZIF samples with different grinding processes (Figure 3.5a). Combined with the obtained
results from XPS and XAS, and the reports of the literature, we believe this peak belongs to Co-
N in this work, which represents the Co single-atom active sites. (Wang et al., 2018a) As the
degree of the grinding process becomes more intense, the intensity of the Co-N peak decreases.
It indicates the distortion of the Co-N coordination environment for the ground C-Co-ZIF samples.
All these XAS results confirm that the grinding process affects the local chemical environments
of the Co atoms of C-Co-ZIF samples, which can contribute to the enhancement of the ECO2RR

performance. (Chen et al., 2021a)
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Figure 3.5 (a) Co K-edge EXAFS R space spectra. (b) Tafel slopes of j.,. (c) EIS results of C- Co-ZIF catalyst
electrodes with different grinding processes. Double-layer capacitance tests for evaluating
the electrochemically active surface area of the catalysts (d) C-Co-ZIF. (e) C-Co-ZIF HM 15

mins. (f) C-Co-ZIF BM 60 mins.

If Co-N4 is assumed to be the active site in the catalysts, the number of the total active sites can
be calculated to evaluate the TOF of the catalysts. The TOF results of CO production calculated
at -0.7 V vs. RHE demonstrate that C-Co-ZIF HM 15 mins affords the highest TOF values of 1.91
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site! 5%, which is almost two times that of the original C-Co-ZIF (1.08 site s). C-Co-ZIF BM 30
mins and C-Co-ZIF BM 60 mins reveal close TOF values of around 1.4 site s'1 (Table 8.2). They
show a similar trend to that of the catalytic performance, illustrating that Co-ZIF HM 15 mins has
the most effective active sites among the samples. We also evaluated the Tafel slope values of
the C-Co-ZIF samples with the different grinding processes to investigate their reaction
mechanism and kinetics for CO production in ECO2RR (Figure 3.5b).

C-Co-ZIF possesses a Tafel slope value of 139 mV dec?, which is close to a theoretical value of
118 m dec?, suggesting the first electron transfer step is the rate-determining step (RDS).(Gu et
al., 2019) A Tafel slope value of 59 mV dec? will suggest another RDS for CO production. The
variations in the electronic structure of the transition metal active sites usually influence the
reaction pathway of COzRR.(Yan et al., 2018) Moreover, a higher value will also indicate more
sluggish reaction kinetics. C-Co-ZIF HM 15 mins has a close value to the original C-Co-ZIF, while
the BM 30 mins and BM 60 mins samples have higher values, which means the grinding process
does not change the RDS but the reaction kinetics. The Tafel slope values indicate that the
variations in the electronic structures of the ground samples indeed affect CO production.
Although the Tafel slope values are similar for the original C-Co-ZIF and C-Co-ZIF HM 15 mins,
the moderate grinding process affords the sample (C-Co-ZIF HM 15 mins) a right shift to that of
the original C-CoZIF. It demonstrates that C-Co-ZIF HM 15 mins produces more CO molecules
than C-Co-ZIF at the same applied potential. On the opposite, the intense grinding process makes
the sample (C-Co-ZIF BM 60 mins) more sluggish and less productive in the formation of CO.
The promotion in the kinetics aspect could come from the variation in the physical properties of
the samples. Therefore, EIS was conducted to evaluate the charge transfer and mass transfer
abilities of the catalyst electrodes (Figure 3.5c, inset: the equivalent circuit model for the fitting).
It turns out that all the ground C-Co-ZIF samples exhibit close charge transfer resistance values
(Table 8.3), implying there is no apparent difference in the charge transfer of the catalyst
electrode. Notably, the linear parts in the low-frequency region of EIS are controlled by mass
transfer.(Xie et al., 2018) The slopes of the straight lines gradually change from the original C-
Co-ZIF to C-Co-ZIF BM 60 mins in the mass transfer control region, which represents the mass
transfer resistances (Warburg resistance, Rw) in the samples. The Rus are 2.81 Q, 4.88 Q, and
29.08 Q for C-Co-ZIF HM 15 mins, BM 30 mins, and BM 60 mins, respectively (Table 8.3). The
mass transfer resistance increases as the grinding process becomes more intense. For C-Co-ZIF
BM 60 mins, it elevates to ten times that of C-Co-ZIF HM 15 mins, explaining the low current
densities in the mass transfer range in Figures 3.2a, e, and f for the sample. It indicates that the

intense grinding process affects the mass transfer of the samples, which can contribute to the
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ECO2RR performance as well. We further tested the double-layer capacitance of different catalyst
electrodes to estimate their ECSA (Figure 3.5d-f). C-Co-ZIF and C-Co-ZIF HM 15 mins have
close ECSA values. However, C-Co-ZIF BM 60 mins has a dramatic decrease in ECSA value. It
indicates the less exposed active area of C-Co-ZIF BM 60 mins during ECO2RR than that of the
other samples, which explains its worst catalytic performance. Both EIS and ECSA results
suggest variations in the physical structures of the ground samples. To discover more about this
aspect, we conducted gas sorption analysis on the C-Co-ZIF samples with different grinding
processes. The original C-Co-ZIF has a typical type | isotherm, meaning it has a primary micro-
pore structure.(Yang et al., 2020d) The isotherm pattern for all the ground samples is a
combination of type | and type Il isotherms (Figure 3.6a). It illustrates that all the ground samples
contain a similar pore structure of micro-pores and macro-pores, which implies the grinding
process creates some macro-pores in the material.(Cychosz et al., 2018) The cumulative surface
area analyses confirm that the total surface areas are mainly attributed to the micro-and meso-
pores structures in the samples (Figure 3.6b). Table 3.1 lists the BET (Brunauer, Emmett, and
Teller theory) surface area, cumulative surface areas, and pore volumes of different pore
structures for the samples. The BET surface area varies for different samples. The moderate
grinding process increases the BET surface area while the intense grinding process decreases
the BET surface area. The hysteresis loop for the HM 15 mins sample is the most obvious among
all the samples, which means the increase of the micro-and meso-pores in the C-Co-ZIF HM 15
mins (Figure 3.6a). (Cychosz et al., 2018) The analysis of pore size distribution shows that the
pore structure of C-Co-ZIF samples is dominated by the micro-and meso-pores (Figure 3.6c).
The original C-Co-ZIF has primarily micro-pores of the size of 0.5 nm, accompanied by a few
micro-pores of the size of 0.75-1 nm and meso-pores of the size of 2-5 nm (Figure 8.3). The
moderate grinding process (HM 15 mins) does not damage the 0.5 nm micro-pore structure much
but increases the micro-pores of the size of 0.75-1 nm (Figure 3.6e-h), affording a higher BET
surface area than that of the original C-Co-ZIF. The intense grinding processes greatly damage
the structure of the meso-pores in the material, leading to a decreased BET surface area (Figure
8.4). As shown in the TEM results above, the down-sized particles are significantly agglomerated
together for C-Co-ZIF BM 60 mins, which might block the pores in the bulk structure. It accords
with the results of the pore distribution analysis for C-Co-ZIF BM 60 mins. The micro-pores with
the size of 0.7-1 nm are essential to the catalytic reactions as the micro-pores host the active sites
for the reaction while this range of pore size allows the entering of the reagent molecules for the
catalytic reaction to take place. It agrees with the catalytic performance and Tafel slope results

that C-Co-ZIF HM 15 mins that has the most micro-pores and exhibits the best current densities
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for CO production. In addition, the meso-pores and big volume pores (macro-pores) in the catalyst
material could promote the mass transport of the reagent molecules.(Chenitz et al., 2018) The
comparison of the meso-pore distribution (Figure 8.5) of the samples shows that the grinding
process would decrease the meso-pore structures in C-Co-ZIFs while the moderate grinding
process maintains the comparable meso-pore structures to those of the original C-Co-ZIF. From
the isotherm (Figure 3.6a, referring to the isotherm type | and type Il discussion above), we can
find out that the ground samples also have macro-pores. The existence of macro-pores in the
ground samples is also confirmed by the visible stacked pores in the TEM results aforementioned.
The moderate grinding process affords C-Co-ZIF HM 15 mins and BM 30 mins comparable meso-
pores (Table 3.1) and increased macro-pores to those of the original C-Co-ZIF, which promotes
the mass transfer. It is the reason why C-Co-ZIF HM 15 mins and BM 30 mins exhibit high current
densities in the mass transfer region along with the relatively low Ry values in EIS. With fewer
meso-pore structures in the catalysts, it is believed that the mass transfer of the reagent molecules
in the catalyst electrodes is weakened during the ECO2RR process, which explains the worst
results in the mass transfer region of EIS and electrochemical performance tests for C-Co-ZIF
BM 60 mins. Considering all the results from the characterizations and electrochemical
measurements, we propose that the grinding process modifies the electronic structure of the Co-
N active sites in C-Co-ZIFs to promote CO production while the increased micro-pore structures
of C-Co-ZIF HM 15 mins are key to hosting the active sites in ECO2RR. The grinding process
down-sized the particle and creates more macro-pores in the material. C-Co-ZIF HM 15 mins
maintains the meso-pore structures for mass transfer, accompanying the increased macro-pore
structures, and benefiting the ECO;RR process. However, the intense grinding process
agglomerates the downsized patrticles. It significantly damages the pore structures in the
catalysts, leading to the decreased active surface area and bad mass transfer, which explains the
higher Tafel slope and Ry values for C-Co-ZIF BM 60 mins. Compared to the downsizing effect,

the increased pore structures promote more ECOzRR performance (Figure 3.7).
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Figure 3.6 (a) The Nz adsorption/desorption isotherm plots. (b) The cumulative surface area. (c) The pore size
distribution analysis. (d) The cumulative pore volume. (e-f)The pore size distribution (0-8

nm) analysis of C-Co-ZIF samples with different grinding processes.

Table 3.1 The BET surface areas, cumulative surface areas, and pore volumes of different pore structures of
the C-Co-ZIF samples with different grinding processes.

Surface area Pore volume
BET Meso-pore Meso-pore
Micro-pore _ 3
surface surface area Micro-pore volume (cm
surface area (m? — 1
area (m? (m?g) volume (cm?3 g?) g
, g7
g?)
C-Co-ZIF 1001.10 801.47 199.55 0.24 0.27
C-Co-ZIF HM
_ 1288.03 1133.61 154.17 0.35 0.28
15 mins
C-Co-ZIF BM
_ 672.1 536.97 134.91 0.17 0.25
30 mins
C-Co-ZIF BM
_ 489.67 426.18 63.22 0.14 0.16
60 mins
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Figure 3.7 The illustration of the impacts of big and small particles on the ECO2RR performance.

The duration tests were also performed to compare the stability of the original C-Co-ZIF and
ground HM 15 mins samples (Figure 3.8a-c). For the current density, the original C-Co-ZIF shows
an apparent decay while C-Co-ZIF HM 15 mins demonstrates a much-alleviated decay within 10
hours. For the product selectivity, the FEco drops by 10 percent with the accordingly increased
FEw2, showing the quick loss of CO production ability of the original C-Co-ZIF in 10 hours. The
FEco loss also appears for C-Co-ZIF HM 15 mins but only for 5 percent in 10 hours, which is half
of that of the original C-Co-ZIF. The duration tests show that the moderate grinding process can
promote the stability of C-Co-ZIF as well. The moderate grinding process provides mild distortion
in the Co-N coordination environment for the more effective active sites for CO production. It also
promotes the micro-pores to host the active sites and meso- and macro-pores for the mass
transfer during ECO2RR. The synergy of these benefits enhances CO production in both
electrochemical activities and stability.
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Figure 3.8 The chronoamperometry test of (a) Total current density of C-Co-ZIF and C-Co-ZIF HM 15 mins. (b)
FEco and FEn2 of C- Co-ZIF. (c) FEco and FEw2 of C- Co-ZIF HM 15 mins.

3.4 Conclusion

ZIF-8-derived Co SACs with different grinding processes are synthesized through hand-milling
and ball-milling methods. The moderate grinding process of HM 15 mins affords the catalyst the
highest FEco (around 15 % higher than that of the original C-Co-ZIF) and current densities of CO
and H, among all the other samples. XAS and XES results confirm the slight variations in the
electronic structure of the Co active sites in the ground samples, which are caused by the grinding
process. The electrochemical tests suggest that the variations in the electronic structure promote
CO production in the ECO2RR performance. From TEM and gas sorption analyses, it is believed
that, instead of the down-sizing effect, the moderate grinding process increases the exposed
active surface area through the augmented micro-pores while maintaining the meso-pore
structure, increasing the macro-pore structures of the catalyst material, which benefits the mass
transfer. The intense grinding process results in seriously damaged pore structures in the catalyst
material, which leads to the decreased exposed surface area and the prohibited mass transfer of
ECO2RR. Besides, the catalyst with the moderate grinding process also affords better stability
than that of the original one. The present work illustrates that the simple grinding procedure can
affect the ZIF-8-derived SACs in both electronic structures and physical pore structures, which
would result in the promoted catalytic performance of ECO2RR. It might also apply to other
catalytic reactions and should be considered during the synthesis and evaluation of this kind of

catalyst material.
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4 Chapter 4 Atomically dispersed Fe-Co bimetallic catalysts for the
augmented electroreduction of carbon dioxide

Motivation

Based on the promising results from Chapter 3, we discover that physical modification like ball-
milling can modify the porosity of SACs and even subtly modify the local environment of the Co
active site in Co-SAC. The optimized porosity can contribute to the promoted mass transfer. The
modified local environment of active sites has an impact on the CO2RR product selectivity, which
is of significant interest in ECO2RR.

To further investigate the enhancement that the active site modification can offer to ECO;RR, we
continued our research with the modification of the active sites of Co-SAC in the following work.
Contrary to the physical method applied in Chapter 3, this work concentrates on the chemical

modification method to alter the local environment of Co active sites in Co-SAC.

4.1 Introduction

To fulfill the industrialization of ECO2RR, it requires noble-metal-free-based catalysts to cut the
cost while maintaining high catalytic efficiency. The state-of-art ECO2RR catalyst design focuses
on metal-based catalysts. For example, Cu-based catalysts are exclusively effective for the
production of alcohols/hydrocarbons; Ag, Au, and Zn, or most recently the atomically dispersed
M-N-C catalysts are efficient for CO production (Zhang et al., 2021a; Zhu et al., 2021). SACs are
known for their efficient active sites, maximized utilization of metal atoms, and low cost. Typical
SACs, such as Co-Nx (Wang et al., 2018a; Zhang et al., 2018e), atomically Ni or Fe-dispersed
nitrogen-doped graphene (Yang et al., 2018; Zhang et al., 2018b), and Fe-N-C (Gu et al., 2019),
have revealed highly efficient CO production in ECO2RR attributed to the unigue coordination
environment of single-atom sites. SACs, such as atomically dispersed Ni catalysts (Long et al.,
2019), and nickel@nitrogen-doped carbon nanotubes (Shen et al., 2020), also demonstrate good
catalytic performance on syngas production. In recent years, bimetallic catalyst materials in many
mainstream reactions have been developed. The hybrid alloy structures of NiCo and FeNi benefit
ORR and OER, while the synergistic effects between Pd and CoOy promote CO oxidation (Wu et
al., 2018; Wu et al., 2020a; Wu et al., 2020b). The interaction of different metal-sites with the
modification of the foreign metal could improve the intrinsic catalytic activity of ECO2RR in
bimetallic catalysts (Kou et al., 2021). Pd/NbN promotes the formation of PdH during the ECO2RR

process, leading to the enhancement of syngas production (Liu et al., 2020b). The combinations



of TMs Co, Ni, and Fe with noble-metal Ag create the synergism that increases the tenability of
the syngas ratio in syngas production from ECO2RR (Ross et al., 2019).

The strategy of utilizing noble-metal-free catalyst materials has the advantages of the synergistic
effects of different metal sites in bimetallic TM-catalysts, the augmented production rate of
syngas, and tunable ratios of CO/H>. Chen et al. fabricated bimetallic Co, Ni SACs for syngas
production from ECO2RR (He et al., 2019). Benefiting from the individual selectivity towards H-
and CO for Co and Ni, the final CoNi bimetallic catalyst exhibited the tunable H./CO ratios of 0.8-
1.3 in the reduction product (He et al., 2019). It is worthwhile for the extensive exploration,
especially in the earth-abundant TM elements such as Fe, Co, Ni, and Cu for syngas production
with tunable H2/CO ratios in ECO2RR. The classic bimetallic catalysts are alloy catalysts where
two different metals are well intermixed and in close proximity/coordination to each other, thus
promoting catalytic performance. The situation is very different in atomically dispersed M-N-C
catalysts with different types of metals present. Further researches are ongoing to investigate
whether the different M-N-C sites in the bimetallic atomically dispersed catalysts work separately
or whether there is an interaction between them like the alloy catalysts (Yin et al., 2020). The
objectives of the present study are to design bimetallic atomically dispersed catalysts and
investigate the interaction between different metal sites and their contribution to the performance
of ECOzRR.

Here, we report a bimetallic catalyst with atomically dispersed Co and Fe sites for the highly
efficient ECO2RR for syngas production, which is our preliminary attempt to understand the
interaction between Co and Fe and its contribution to the catalytic performance. The bimetallic
catalysts are fabricated by using ZIF-8 as the precursor, which is a MOF that is tunable in metal
nodes (Wang et al., 2018a). The Co-ZIF is first constructed on the ZIF precursor, followed by the
introduction of Fe. The introduction of Fe into Co-ZIF (Fe-Co-ZIF) creates the interaction between
Co and Fe sites in the final carbonized catalysts (C-Fe-Co-ZIF-x, x is the adding amount of Fe
(wt%) in the ZIF precursor). XPS illustrates that the introduction of Fe with the proper amount
could increase the number of M-N sites in the catalyst, promoting the ECO2RR performance. The
interactions of different TMs in the bimetallic catalysts are indicated by XAS. It confirms that the
coordination environment of Co is distorted by the addition of Fe in the bimetallic catalysts.
Electrochemical measurements are carried out to investigate the catalytic performance of C-Fe-
Co-ZIFs. C-Fe-Co-ZIF-1.6 wt%-Fe that has mild distortions in Co-N and Fe-N sites exhibits the
best ECO2RR performance towards CO production while maintaining the high total FEco+H2 of

around 93% for more than 10 hours. Cu-Co and Ni-Co bimetallic catalysts (carbonized Cu and
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Ni-modified Co-ZIF) are confirmed to be able to promote ECO;RR performance, demonstrating
the versatility of the bimetallic SACs strategy. This work systematically investigates the interaction
between different metals in bimetallic atomically dispersed catalysts for ECO2:RR, providing
interesting insights into the design of the catalyst for the next generation.

4.2 Experimental section

4.2.1 Synthesis of Co-ZIF:

Typically, Co(NO3).-6H.0 (0.546 g) and Zn(NOs).-6H0 (1.116 g) were dissolved in 40 mL of
methanol. Then, 2-methylimidazole methanol solution (1.116 g in 40 mL) was slowly poured into
the above solution under vigorous stirring, followed by subsequent stirring for 24 hours at room
temperature. The as-obtained powders were collected by centrifugation at 7000 rpm for 5

minutes, washed three times with methanol, and finally dried in the oven at 90°C overnight.

4.2.1 Synthesis of Fe-Co-ZIF with different Fe loadings:

The powder of as-prepared Co-ZIF (100 mg) was dispersed in methanol (10 ml) under ultrasound
for 5 min at room temperature. After forming a homogeneous solution, Fe(NO3).-9H,O methanol
solution (115 mg ml%, 50 pL for 0.8 wt% Fe, 100 uL for 1.6 wt% Fe, 200 uL for 3.2 wt% Fe, and
300 uL for 4.8 wt% Fe) Fe(NOg3).-9H,0) was injected into the mixed solution slowly under
ultrasound for 2 min at room temperature. Next, the mix solution was under vigorous stirring for 5
h at room temperature to make the salt solution be absorbed completely. Then the samples were
centrifuged and dried in the oven at 90°C overnight.

4.2.2 Synthesis of C-Co-ZIF and C-Fe-Co-ZIFs:

The powder of as-prepared Co-ZIF and Fe-Co-ZIFs were placed in the tube furnace, maintained
at three temperature plateaus (800 °C, 900 °C, and 1000 °C, 1 hour for each) with a heating rate
of 25 °C min~* under flowing argon gas, and then naturally cooled to room temperature. All the as-

prepared samples were directly used without any post-treatment.

4.2.3 Synthesis of C-Cu-Co-ZIF and C-Ni-Co-ZIFs:

The synthesis of C-Cu-Co-ZIF and C-Ni-Co-ZIFs follows the same procedure of C-Fe-Co-ZIF
while replacing the Fe(NOs), methanol solution into the corresponding Cu(NOs), and Ni(NO3)

methanol solution, respectively, during the ZIF preparation process.
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4.2.4 Material characterizations

XRD patterns were collected on an X-ray diffractometer (Bruker D8 Advance) with a CuKa X-ray
source (A = 1.542 A) and a scintillator detector. SEM images were obtained using a Focused lon
Beam And Scanning Electron Microscope (Tescan LYRA 3 XMH) at 20 kV. TEM was performed
on a JEOL ARM200F operated at 200 kV. For atomic resolution imaging, the measurements were
performed under HAADF-STEM mode. Samples for TEM were prepared by drop-drying the
samples from their diluted ethanol suspensions onto carbon-coated copper grids. Inductively
coupled plasma-optical emission spectrometry (ICP-OES) results were obtained by an Agilent
5100 ICP-OES. XPS experiments were undertaken on a VG Escalab 220i XL using
monochromatic 1486.6 eV Al Ka radiation. The peak energies were calibrated by placing the
graphite Cls peak at 284.8 eV. The spectra were fitted with mixed Gaussian-Lorentzian
component profiles after a Shirley background subtraction by CasaXPS software. X-ray
absorption spectroscopy including XANES and EXAFS at Co-K-edge and Fe-K-edge were
collected in total-fluorescence-yield mode using a 32-element Ge detector at ambient condition
on the HXMA beamline at the CLS. The XANES of N K-edge, Co L-edge, and Fe L-edge were

measured in total X-ray electron yield mode at room temperature on the SGM beamline at CLS.

4.2.5 Electrochemical measurements

Catalyst electrodes were prepared by dropping the catalyst ink onto the carbon paper (Sigracet
25 BC) with a fixed area of 1 cm2. The catalyst ink was prepared by mixing 0.5 mg of the catalyst
powder, 120 uL of DI water, 120 uL of ethanol, and 2 uL of Nafion® perfluorinated resin solution
(5 wt%, Sigma). The mixture was treated with ultrasound for 30 min and dropped onto the carbon
paper on an 80°C hot plate. The electrode was finally dried under 70°C in an oven for further

experiments.

CV was performed at the scan rate of 20 mV s, LSV was performed at the scan rate of 5 mV s
1, the chronoamperometry test, double-layer capacitance, and the EIS (performed at open circuit
potential with a high frequency of 200000 and low frequency of 0.01) were carried out in a custom-
made two-chamber H-type cell on a CHI 760D electrochemical workstation with the catalyst
electrode as the working electrode. Working and reference electrodes were fixed in one chamber
and the counter electrode was fixed in the other chamber. A proton exchange membrane
(Nafion™ N115) separated the two chambers of the H-cell. The reference electrode was an
Ag/AgCI electrode with a saturated KCI filling solution. The counter electrode was a Pt wire.
Potential versus RHE was calculated as E vs. RHE = E vs. Ag/AgCI + 0.197 V + 0.0592 V x pH.
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The pH values of CO; and N2-saturated 0.5 M KHCO3 electrolytes used in this work are 7.23 and
8.36, respectively. Unless notified elsewhere, the automatic iR compensation (80%) was applied
to all the measurements.

4.3 Results and discussion

4.3.1 Preparation and characterization of catalysts:
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Figure 4.1 Structural characterization of C-Fe-Co-ZIF catalysts. (a) Fabrication schematic of the C-Fe-Co-ZIF
catalysts; SEM images of (b) Co-ZIF. (c) Fe-Co-ZIF-1.6 wt%-Fe. (d) C-Fe-Co-ZIF-1.6 wt%-Fe at
a scale bar of 1 pm. (e) XRD patterns of Fe-Co-ZIF series catalysts with different Fe adding
amounts and the carbonized Fe-Co-ZIF-1.6 wt%-Fe (C-Fe-Co-ZIF).

The one-pot synthesis strategy of mixing all the ingredients led to a relatively small product yield
(which could not be collected). The two-step synthesis method is employed to fabricate the
atomically dispersed bimetallic catalysts. The synthetic procedure for the bimetallic Co-Fe
catalysts is illustrated in Figure 4.1a. The Fe-Co-ZIF precursors are prepared with the
impregnation method to modify ZIF-8 into Co-ZIF (Wang et al., 2018a) and absorb the Fe source.
Through this two-step synthesis method, the introduction of Fe does not interfere with the
crystallization of Co-ZIF particles, resulting in the success of the yield of the bimetallic Fe-Co-ZIF
precursors. Combined with the pyrolysis process to carbonize the ZIF particles and vaporization
of Zn, atomically dispersed Co, Fe bimetallic catalysts are finally fabricated. SEM images reveal
that the series of Fe-Co-ZIFs retain the morphology of the original Co-ZIFs with the various
amount of Fe added in the synthesis (Figures 4.1b, ¢, and Figure 9.1). After the pyrolysis
process, the carbonized Fe-Co-ZIF (C-Fe-Co-ZIF) catalysts retain the morphology of Fe-Co-ZIFs
(Figures 4.1c and d). C-Fe-Co-ZIF also has better conductivity than ZIF precursors, providing
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improved image quality in Figure 4.1d than in Figures 4.1b, c. XRD measurements show that
Fe-Co-ZIFs keep the same crystalline structure as that of Co-ZIF, without any characteristic peak
assigned to Co and Fe crystals. The absence of Co and Fe in XRD patterns can be due to the
extremely low content of the metal element in the final catalysts (ICP indicates: 2.2 wt% of Co
and 1.0 wt% of Fe in C-Fe-Co-ZIF-4.8 wt%-Fe). The XRD pattern of C-Fe-Co-ZIF (Figure 4.1e)

demonstrates that the final bimetallic catalysts appear as amorphous carbon material.

Figure 4.2 (a) and (b) TEM images. (c) HAADF-STEM images. (d) Elemental mapping images. (e) Magnified
TEM images. (f) Atomic-resolution HAADF-STEM images of C-Fe-Co-ZIF-1.6 wt%-Fe
powders.

TEM images show that the C-Fe-Co-ZIF particles are around 300 nm (Figures 4.2a, b, and c),
which agrees with the SEM results. The EDX spectroscopy elemental mappings depict the
distributions of Co, Fe, C, and N, indicating that Co and Fe atoms are evenly distributed in C-Fe-
Co-ZIF (Figure 4.2d). Aberration-corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) with the sub-angstrom resolution is employed to directly
observe the atomic dispersion of the metal atoms, benefiting from higher Z-contrast of Co and Fe

than N and C (Figures 4.2e and f). In Figure 4.2f, the single atom of Co and Fe (tiny bright spots)
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are well dispersed in C-Fe-Co-ZIF 1.6 wt% Fe. To further demonstrate so, we have also
conducted the X-ray absorption spectroscopy analysis, and indeed, we found the existence of the
peaks for single-atom bindings in EXAFS (please see the corresponding discussion later on in
this work). In short, the HAADF-TEM and EXAFS results are auxiliary to support the conception
of single atoms in the catalysts. Other than atomically dispersed metal atoms, small metal clusters
also are found in the bimetallic catalysts (Figure 9.2). It illustrates the co-existence of the single-

metal-atoms and metal clusters in the C-Fe-Co-ZIF.
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Figure 4.3 (a) Co L-edge XAS. (b) Fe L-edge XAS. (c) N K-edge XAS. (d) Enlarged Fe L-edge XAS of C-Fe-Co-
ZIF samples.

Soft X-ray (metal L-edge) is attributed to the excitement of the 3d valence states. And the total
electron yield mode (TEY) of metal L-edge is a surface-sensitive technique, which could be a
more sensitive and direct probe for the metal oxidation states on the surface of the catalyst. The

Co L-edge XAS is shown in Figure 4.3a. In the region at ca. 795 V, the peaks for C-Fe-Co-ZIF
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are located between Co wire and Co(NOg).. It suggests that the valences of Co atoms in C-Fe-
Co-ZIF catalysts are between 0 to +2. There are two main peaks in the region from 778V to 782V.
Co wire (Co°) is dominated by the peak located before 780 V, while Co(NO3). (Co?*) is dominated
by the peak located after 780 V. All C-Fe-Co-ZIFs have relatively close intensity for these two
peaks while the intensity of the peak after 780 V is slightly higher than that of the peak before 780
V, indicating the valences for the C-Fe-Co-ZIF samples are close to +2. Fe L-edge XAS in Figure
4.3b demonstrates that all the C-Fe-Co-ZIFs samples share the same peak pattern. The peak at
ca. 707 eV and 709 eV can be ascribed to tog and eq states, respectively (Sarveena et al., 2016).
The enlarged region in Figure 4.3d indicates that the valences of Fe atoms in C-Fe-Co-ZIF
catalysts are between 0 to +3. The results agree well with previous literature that TMs in SACs
are usually in an oxidation state (Pan et al., 2018b; Zhang et al., 2019b). Furthermore, N sites in
the catalysts are investigated from N K-edge XAS (Figure 4.3c). Two absorption edges at around
400 eV and 407 eV are corresponding to 1s—1* and 1s—0* transitions, respectively (Schiros et
al., 2012). The wide peaks at ca. 407 eV show no obvious changes in all samples. In the 1s—1*
edge, the peaks at ca. 401.5 eV (N4) appear for all the samples, which can be assigned to
graphitic N. Almost all the samples reveal a plateau in the range from 398.5 eV to 400.5 eV, where
peaks at ca. 398.8 eV (N1), 399.2 eV (N2), and 400.5 eV (N3) can be assigned to pyridinic N,
metal-N bindings, and pyrrolic N, respectively (Gu et al., 2019; Jin et al., 2018). The graphitic N,
pyridinic N, and pyrrolic N sometimes could facilitate the ECO2RR process but are regarded as
less effective than the metal-centered sites (Roy et al., 2018; Zhang et al., 2018b). The contents
of metal-N binding directly reflect the property of M-Nx active sites in SACs, which are vital to
catalytic reactions such as ECO2RR (Chen et al., 2021b; Lin et al., 2019; Ren et al., 2019b). C-
Fe-Co-ZIF-1.6 wt%-Fe possesses the sharpest peak in the N2 region, which represents the
optimal metal-N bindings. It implies the higher metal-N content of C-Fe-Co-ZIF-1.6 wt%-Fe than

other samples.
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Figure 4.4 N 1s XPS of (a) C-Co-ZIF. (b) C-Fe-Co-ZIF-0.8 wt%-Fe. (c) C-Fe-Co-ZIF-1.6 wt%-Fe. (d) C-Fe-Co-ZIF-
3.2 wt%-Fe. (e) C-Fe-Co-ZIF-4.8 wt%-Fe. (f) The percentage of metal-N content among N
species of C-Fe-Co-ZIF samples.

XPS could characterize the specific species on the surface of the material. Although it is
challenging to make accurate quantification, the combination of the two auxiliary techniques (e.g.,
XPS or XAS) can strongly support one opinion. Thus, we further verified the N K-edge results
from XAS, by XPS. The XPS of N 1s in Figures 4.4a-e confirms the ascription of pyridinic N,
metal-N, pyrrolic N, and graphitic N. Notably, The percentage comparison of metal-N content
among all the N species for C-Fe-Co-ZIF in Figure 4.4f shows that the metal-N content increases
significantly for C-Fe-Co-ZIF-1.6 wt%-Fe, which is consistent with the XAS results. It suggests
that C-Fe-Co-ZIF-1.6 wt%-Fe could contain the maximum active sites for ECO2RR. As the Fe
content continuously increases in the catalyst precursor, however, the metal-N content decreases
in the C-Fe-Co-ZIF. It is possibly due to the generation of the metal clusters when too much Fe
is added, that the aggregation hinders the formation of metal-N bindings.
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Figure 4.5 (a) Co K-edge XANES, inset: enlarged region of the white line. (b) Co EXAFS. (c) Fe K-edge
XANES. (d) Fe EXAFS of C-Fe-Co-ZIF samples.

Hard X-ray (metal K-edge) that is bulk sensitive could not only provide information (XANES) on
the metal oxidation states but also give insights into the local coordination environments (from
EXAFS), which is essential for the SAC characterization. XANES of Co in Figure 4.5a further
reveals that gradually increasing the introduction of Fe reduces the valence of Co in the catalysts
(shift to the low energy side). The valences of Co atoms in C-Fe-Co-ZIF-0.8 wt%-Fe and 1.6 wt%-
Fe are the closest to that of C-Co-ZIF. In addition, the pre-edge structure at ca. 7711 eV increases
with the increase of Fe in the samples. This pre-edge peak belongs to the quadrupole electron
transition of Co 1s to Co 3d, which reflects the density of empty Co 3d orbitals via hybridization
(Mesilov et al., 2017). For C-Fe-Co-ZIF-4.8 wt%-Fe, the pre-edge peak shifts towards that of the
Co foil. During the synthesis, only a small amount of Fe is added to Co-ZIF. It is not likely that Co

particles are formed because of the increasing metal content of Fe in the final catalyst. Thus, the
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increased intensity of the pre-edge peak indicates that the adding of Fe affects the electronic
structure of Co. The XANES pattern tends to be close to that of Co foil when the Fe content is
increased. It implies that Co elements are gradually turning into metallic states with the addition
of Fe.

EXAFS is conducted to investigate the coordination environment of Co sites. As shown in Figure
4.5b, C-Co-ZIF exhibits a prominent peak at ca. 1.6 A, which can be ascribed to the Co-N, Co-O,
and Co-C coordination, indicating the single-atom state of Co atoms. Several previous studies
confirm that metal-N bonds dominate similarly to the peak in ZIF-8-derived SACs (Ren et al.,
2019b; Wang et al., 2018a; Yang et al., 2021). Combined with the XPS results, this peak could
be plausibly assigned to Co-N bindings. The peak at ca. 2.1 A is close to the main peak of Co foil
(Figure 9.3), which can be ascribed to metal-metal bindings, i.e., the Co-Co coordination. It
indicates that C-Co-ZIF consists of atomically dispersed Co atoms as well as Co clusters, which
agrees with the TEM. With a relatively small amount of Fe, the EXAFS R space of C-Fe-Co-ZIF-
0.8 wt%-Fe shows a dramatic decrease in peak intensities, implying either the significant
decrease of coordination number or the intense distortion of the coordination environment of Co
atoms. The main peaks of C-Fe-Co-ZIF-0.8 wt%-Fe are located at ca. 1.5 A and ca. 2.3 A, which
is not identical to that of C-Co-ZIF. It suggests that the Fe atoms greatly affect the coordination
environment of Co sites in C-Fe-Co-ZIF-0.8 wt%-Fe. With the increase of Fe content, the R space
peaks of C-Fe-Co-ZIF-1.6 wt%-Fe tend to be similar to those of C-Co-ZIF with different intensities
of the main peaks. It indicates that in the C-Fe-Co-ZIF-1.6 wt%-Fe the coordination environment
of Co sites is less affected by the introduction of Fe. With large content of Fe, C-Fe-Co-ZIF-4.8
wt%-Fe exhibits a prominent peak at ca. 2.1 A that belongs to metal-metal bindings, ascribed to
Co-Fe or Fe-Fe coordination. The large amount of Fe could greatly affect the coordination
environment of Co sites (C-Fe-Co-ZIF-4.8 wt%-Fe).

The above methodology is applied for the analysis of Fe atoms. XANES of Fe in Figure 4.5¢c
reveals that the gradually increased amount of Fe reduces the valence of Fe in the catalysts,
while the valences of Fe in C-Fe-Co-ZIF-0.8 wt%-Fe and C-Co-ZIF-1.6 wt%-Fe are similar. The
near edge structure at ca. 7115 eV is assigned to 1s to 3d transitions (Chen et al., 2020b). With
the increasing adding amount of Fe, the XANES tends to become similar to that of Fe foil, implying
the agglomeration of Fe atoms. The coordination environment of Fe sites is investigated by
EXAFS (Figure 4.5d). The prominent peak at ca. 1.5 A of C-Fe-Co-ZIF-0.8 wt%-Fe is ascribed
to Fe-N bindings (similar interpretation as Co-N), indicating the dominant single-metal-atom state

of Fe atoms. With the increasing amount of Fe, the dominant Fe-N peak for C-Fe-Co-ZIF-1.6 wt%-
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Fe shifts a little to ca. 1.6 A with a decreased intensity, indicating the distortion to the coordination
environment of Fe-N in the catalyst. The peaks at ca. 2.1 A are observed for C-Fe-Co-ZIF-1.6
wt%-Fe and C-Fe-Co-ZIF-4.8 wt%-Fe. This peak location is not identical to the Fe-Fe binding of
Fe foil (2.2 A) but the same as the one in the previous Co R space analysis (Figure 4.5b),
supporting the assumption of the Co-Fe coordination in the Fe-Co bimetallic catalyst samples.

4.3.2 Catalytic performance of the C-Fe-Co-ZIFs for ECO2RR:
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Figure 4.6 The evaluation of the electrocatalytic performance of the samples. (a) LSV curves of C-Co-ZIF and
C-Fe-Co-ZIF-1.6 wt%-Fe in N2 or COz-saturated 0.5 M KHCOs solution at a scan rate of 5 mV
s, (b) CO Faradaic efficiency of the catalysts at various applied potentials. (c) Hz Faradaic
efficiency of the catalysts at various applied potentials. (d) Bars: FEco and FEnz; Stars:
H2/CO ratio of C-Fe-Co-ZIF-1.6 wt%-Fe at various applied potentials. (e) CO current density
of the catalysts. (f) Hz current density of the catalysts.

The ECO2RR evaluations are performed in a custom-made H-cell. Several cycles of CV are pre-
run before the electrochemical measurements to stabilize the catalyst electrode. Both CV curves
in N2> and CO, atmospheres for different C-Fe-Co-ZIF catalysts are measured (Figure 9.4). LSV
curves of C-Fe-Co-ZIF-1.6 wt%-Fe are better than those of the pure C-Co-ZIF, in both N> and
CO; atmospheres (Figure 4.6a and Figure 9.4). Compared to the LSV curve in N, C-Fe-Co-ZIF-
1.6 wt%-Fe shows an enhanced current response in the CO, atmosphere in the range of around
-0.35 V to -0.65 V vs. RHE. The crossing of CV curves in N> and CO; indicates the production
rates of CO and H; are dependent, implying the tunable ratio of CO/H» by adjusting the potential.
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FE results in Figure 4.6b and c reveal that FEco and FEn2 are in the opposite trend for all the
catalysts. C-Fe-Co-ZIF-0.8 wt%-Fe, C-Fe-Co-ZIF-1.6 wt%-Fe, and C-Fe-Co-ZIF-3.2 wt%-Fe
exhibit higher FEco and lower FE,, compared to those of C-Co-ZIF, indicating the promoted CO
production in the Co, Fe bimetallic catalyst during the ECO2RR process. C-Fe-Co-ZIF-1.6 wt%-
Fe and C-Fe-Co-ZIF-3.2 wt%-Fe have similar FEco and FEw,, with FEco of around 52% (about
10% higher than that of pure C-Co-ZIF) and FEn, around 42% at -0.55 V vs. RHE. The ratio of
H>/CO can be tuned from 0.8 to 4.2 at different potentials while maintaining the total FEco+2
above 90% (Figure 4.6d). Most of the C-Fe-Co-ZIFs exhibit a higher CO current than that of C-
Co-ZIF. C-Fe-Co-ZIF-1.6 wt%-Fe has the highest CO current density of 8.0 mA cm?2 at -0.7 V vs.
RHE (Figure 4.6e). Negligible CO is detected under the controlled electrochemical experiments
(in the N> atmosphere), confirming the direct CO production from the gaseous CO: during
ECO2RR. The H; current densities of C-Fe-Co-ZIF-0.8 wt%-Fe and C-Fe-Co-ZIF-1.6 wt%-Fe are
very close to that of C-Co-ZIF while C-Fe-Co-ZIF-3.2 wt%-Fe and C-Fe-Co-ZIF-4.8 wt%-Fe
exhibit decreased H current densities (Figure 4.6f). Notably, C-Fe-Co-ZIF-4.8 wt%-Fe shows
decreases in the production activity in both CO and H; with a total FEco+n2 Of around only 70%
(Figure 9.5), implying the more added amount of Fe possibly leads to other product formations
instead of CO and Ho.

The chronoamperometry of C-Fe-Co-ZIF-1.6 wt%-Fe in Figure 4.7a shows that, during the 10
hours of reaction, the total current density drops quickly (10% drop) in the first hour. Then, the
decay of the current density is relatively stable, with the maintenance of over 85% of the initial
current density for 9 hours. The explosion of the gas bubbles generated on the catalyst electrode
during the reaction could cause the cliffs in the current curve. In Figure 4.7b that the FE of CO
remains stable for more than 10 hours at 52-53% as well as the FE of H, at around 40%, which
is better than several hours presented in many published reports (Dong et al., 2019; He et al.,
2019; Wang et al., 2019a; Woyessa et al., 2021).
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Figure 4.7 The chronoamperometry test of (a) Total current density and total FEco++2. And (b) FEco and FEH2
of C-Fe-Co-ZIF-1.6 wt%-Fe at -0.55 V vs. RHE under CO2 atmosphere for the stability
evaluation. (c) Tafel slopes of C-Fe-Co-ZIF catalyst electrodes with different Fe adding
amounts. (d) EIS results of C-Co-ZIF and C-Fe-Co-ZIF-1.6 wt%-Fe.

4.3.3 Mechanism investigation:

C-Fe-Co-ZIF-1.6 wt%-Fe has the best CO production activity of ECO-RR. We compare the Tafel
slope values to gain insights into the CO formation during ECO2RR. The schematic of bimetallic
Fe-Co catalysts for ECO2RR s illustrated in Figure 4.8. Tafel slopes of C-Fe-Co-ZIF catalysts
are similar in Figure 4.7c, of around 120 mV dec, which is close to the theoretical value of 118
mV dec™ for the first electron-transfer step, suggesting the first electron-transfer step (CO, + e~ —
CO;~ or CO,+ e~ + H* - "COOH) could be the rate-decided step (Gu et al., 2019). Compared to
the original C-Co-ZIF has a value of 139 mV dec? (much higher than that of C-Fe-Co-ZIF
catalysts, Figure 9.6), the improvement of the CO production in ECO2RR is caused by the adding
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of Fe for C-Fe-Co-ZIF catalysts. The more positive initial point of the Tafel slope represents the
higher current density. With the increased added amount of Fe in the catalyst (C-Fe-Co-ZIF-4.8
wt%-Fe), the initial point of the Tafel slope shifts significantly towards a negative value, indicating
decreased production rate of CO. The double-layer capacitance is employed to estimate the
ECSA of different catalyst electrodes (Figure 9.7). Except for C-Fe-Co-ZIF-4.8 wt%-Fe which has
a decreased ECSA, all the other C-Fe-Co-ZIF possess similar ECSA as C-Co-ZIF, implying the
enhancement of the CO production for C-Fe-Co-ZIF catalysts comes from the intrinsic properties
of the bimetallic catalysts. The TOF of the catalysts is calculated based on Equation 1.16, as
shown in Table 4.1. At -0.7 V vs. RHE, C-Fe-Co-ZIF catalysts show higher TOF, values than
that of C-Co-ZIF, which agrees with the Tafel slope results. In the meantime, C-Fe-Co-ZIF-0.8
wt%-Fe has the highest TOF., and TOF, values among all the catalysts, indicating the strong
interaction between Fe and Co atoms (see the previous discussion of XAS) in the catalysts that

can promote the CO and H; productions during ECO2RR.

Table 4.1 TOF of the catalysts at -0.7 V vs. RHE

C-Fe-Co-ZIF-0.8 C-Fe-Co-ZIF-1.6 C-Fe-Co-ZIF-3.2

C-Co-ZIF
wt%-Fe wit%-Fe wt%-Fe
TOFo (site™1s™1) 0.91 1.3 1.2 1.1
TOFy, (site™'s™1) 2.0 2.3 1.8 1.8

Consistently to all characterizations, C-Fe-Co-ZIF-1.6 wt%-Fe exhibits both increased M-N sites
and mild distortions in coordination environments of Co-N and Fe-N, leading to the optimum
ECO2RR performance. The EIS (Figure 4.7d and Figure 9.8) reveals that C-Fe-Co-ZIF-1.6 wt%-
Fe exhibits an almost 2 times lower charge-transfer resistance than that of C-Co-ZIF (2.085 Q
and 3.691 Q for C-Fe-Co-ZIF-1.6 wt%-Fe and C-Co-ZIF, respectively, Figure 9.8 and Table 9.1).
The facilitated CO; activation, increased number of M-N sites, and high charge transfer rate

attribute to the improved ECO2RR performance for Fe-Co-ZIF catalysts (Figure 4.8).
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Figure 4.8 The schematic reaction mechanism of bimetallic catalysts for ECOzRR.

4.3.4 Applications of C-Cu-Co-ZIFs and C-Ni-Co-ZIFs for ECOzRR:

A series of Cu-Co and Ni-Co bimetallic catalysts based on the same strategy of C-Fe-Co-ZIFs
are synthesized to verify the versatility of the atomically dispersed bimetallic method of TM
elements in ECO;RR. The Cu-Co-ZlIFs/carbonized Cu-Co-ZIF (C-Cu-Co-ZIF) and Ni-Co-
ZIFs/carbonized Ni-Co-ZIF (C-Ni-Co-ZIF) have the same morphology and crystalline structure as
that of Fe-Co-ZIF/C-Fe-Co-ZIF (Figures 9.9 and S10). The interactions between Cu and Co or
Ni and Co are confirmed by XANES and EXAFS (Figure 9.11). Similar to C-Fe-Co-ZIF samples,
C-Cu-Co-ZIF samples also exhibit a positive enhancement in CO production (Figure 9.12). C-
Cu-Co-ZIF-3.2 wt%-Cu exhibits the FEco of around 51% and FEn. of around 37% at -0.55 V vs.
RHE. The CO current density reaches 8.3 mA cm-2 at -0.7 V vs. RHE. In contrast, C-Ni-Co-ZIF
reveals a negative impact on CO production (Figure 9.13). C-Ni-Co-ZIF-3.2 wt%-Ni exhibits the
FEco of around 35% and FEw, of around 29% at -0.55 V vs. RHE. The CO current density reaches
4.7 mA cm-2 at -0.7 V vs. RHE. It is noted that the total FEco+n2 0f C-Ni-Co-ZIF does not reach
over 70%, indicating a possibly large amount of product formations other than CO and H; (Figure
9.13d). It implies that C-Ni-Co-ZIF samples could be more suitable for other CO;RR product

generations than for syngas production.
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4.4 Conclusion

Atomically dispersed Fe-Co bimetallic catalysts are fabricated by introducing Fe into Co-ZIF along
with the pyrolysis. The Fe-Co bimetallic catalysts show good catalytic activity towards syngas
production from ECO:RR, with tunable CO/H; ratios. C-Fe-Co-ZIF-1.6 wt%-Fe exhibits the
highest FEco of 51.9% and FEw, of 42.4% at -0.55 V vs RHE, where the FEco is significantly
increased (around 10% higher than that of pure C-Co-ZIF). The H./CO ratio is tunable in a wide
range from 0.8 to 4.2 while maintaining the total FEco++2 as high as 93% for more than 10 hours.
XAS technique greatly benefits the characterization of the bimetallic atomically dispersed Fe-Co
catalysts. N K-edge and metal L-edge provide insights into N species and metal oxidation states
in the catalysts. Metal K-edge offers detailed information on the coordination environments of the
metal atoms. It confirms that the addition of Fe would interfere with the local coordination
environment of Co in bimetallic catalysts and C-Fe-Co-ZIF-1.6 wt%-Fe has mild distortions in Co
and Fe coordination environments. The proper amount of Fe in C-Fe-Co-ZIF-1.6 wt%-Fe
increases the number of M-N sites and creates mild distortions in the local coordination
environment of the metal sites, which is the key reason for the best CO production performance
in ECO2RR among all the C-Fe-Co-ZIF samples. The excessive adding of Fe results in other
product generation than CO and H.. Applied with the same strategy, atomically dispersed Cu-Co
bimetallic catalysts also exhibit positive results on CO production for the syngas generation, while
atomically dispersed Ni-Co bimetallic catalysts facilitate other product generations than syngas.
The present results demonstrate the synergistic effects concerning the metal combination and the
interactions between different metal atoms should be considered for the design of atomically

dispersed TM bimetallic catalysts in ECO2RR.
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5 Chapter 5 The iron single-atom catalysts with the atomic layer
deposition modification for the enhanced carbon dioxide
electroreduction

Motivation

From Chapter 4, we learned that the introduction of Fe into Co-SAC to form Fe-Co SACs can
significantly improve the ECO2RR performance. It inspires the exploration of pure Fe-SACs for
ECO2RR. Pure Fe SAC such as FeNC catalyst is well known for its promising catalytic
performance in the fuel cell industry. (Chenitz et al., 2018; Zhang et al., 2019b) The ZIF-template
method also happens to be the commonly used approach to fabricate FeNC. (Yang et al., 2020d;
Yang et al., 2020e) Combined with the porosity strategy developed in Chapter 3, we intend to

fabricate a FeNC catalyst to test its ECO2RR performance.

ALD is capable of the synthesis of the ultrathin coating layer of the different functional materials
with atomic-level precision. By ALD, the various structures such as the nanoparticles and the
nanoislands with tunable structural properties for functional applications can be prepared. As
discussed in Chapter 1, the ALD-prepared materials can participate in the design of the catalysts
in different ways such as the main catalysts, the stabilizers, and the connections in between. The
active nanocatalysts fabricated by ALD can form in the particle size ranges from several
angstroms to several nanometers, which increases active sites more than the bulk nanoparticles
with the same effective mass. The super small active layers and particles deposited by ALD
usually demonstrate a strong interaction with the substrate catalyst to strengthen the effect of the
homo- or heterojunctions, resulting in the enhancement of the catalytic performance. For CO2RR,
TiO2 and Al,O3z are commonly used as the over coatings on the active catalysts, which can be
helpful to the duration issue of ECO2RR. (Chen et al., 2019) In this case, we also propose to apply
ALD coating layers on FeNC for improving the catalytic stability.

5.1 Introduction

Numerous pieces of research confirm that the M-Ny structure plays a vital role as the active site
for ECO2RR. (Cho et al., 2022; Song et al., 2023; Wang et al., 2023) Our previous research
confirms that the introduction of Fe single-atom active sites can promote the ECO:RR
performance toward CO production in a bimetallic Co-Fe SAC. Recent reports also demonstrate
that FeNC catalysts with Fe single-atom active sites exhibit high CO production activity in
ECO2RR.(Li et al., 2022; Pan et al., 2020; Vijay et al., 2020) Our group happens to have rich
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experience in FeNC fabrication.(Wei et al., 2018; Yang et al., 2020d; Yang et al., 2020e; Zhang
et al., 2019b) Aiming to construct the catalyst with better FEco, we further investigate the ECO2RR
performance of the FeNC catalyst. As aforementioned in chapter 1, the ALD technique emerges
as a powder tool to fabricate catalysts with atomic precision and is a desirable approach to deposit
ultra-thin films on the catalyst, which could contribute a lot to the catalytic activity and stability

enhancement.

Various techniques can fulfill the fabrication of thin films such as chemical vapor deposition (CVD),
layer deposition, spin coating, sol-gel synthesis, and ALD.(Chrisey et al., 2003; Knapp et al., 2016;
Xiao et al., 2016) However, when it comes to ultra-thin film fabrication with great conformality and
uniformity, ALD stands out among these techniques. As aforementioned, ALD provides the
uniform and conformal deposition of the material, and the thickness of the ALD layer can be
precisely controlled at the atomic level by adjusting the number of reaction cycles, which offers
exquisite construction of the material composition and structure. For complex material structures
with deep holes, trenches, and pores, ALD is capable of producing uniform coatings all over the
surface of the material with layer thickness from sub nanometers to several nanometers. (Lim et
al., 2003) Besides, to fabricate a complex fine structure, some catalysts are prepared by multiple
steps. A relatively high operating temperature in the subsequent steps might deactivate the active
junctions formed in the pre-synthesized catalyst. In this case, the mild synthetic condition of ALD
(low temperature) ascertains the performance conversation of the substrate catalyst. For
example, the ALD-TiO, protective layer has been proved to improve the corrosion-resistant
property of the Si photocathode. In the meantime, the ALD deposition temperature of 150°C barely
affected the CO- reduction performance of the Si photocathodes. (Li et al., 2019) One major
drawback of ALD is the limited deposition rate. Normally, the deposition rate of ALD is less than
half a monolayer (< 0.2 nm) per cycle.(Leskela et al., 2002) But with the proper selection of the
synthetic parameters such as precursors and temperature, it is possible to accelerate the
deposition rate. Gordon et al. reported that, with the suitable tuning of the dose size and the
operating temperature, alternating surface reactions of trimethylaluminum and tris(tert-
butoxy)silanol vapors could fabricate the silica nanolaminates of > 32 atomic layers per ALD
cycle.(Hausmann et al., 2002) Moreover, the ALD process is highly depend on the precursors. A
successful deposition by ALD requires specific vaporous precursors corresponding to the target
compound, which are mostly organic chemicals.(Prakash et al., 2019) With the continuous
development of ALD technique nanomaterials and advanced nanotechnology, more and more
precursors are found to be applicable in the ALD process. To our advantage, the coating layers

on the SACs are intended to be ultra-thin so that they would not block the active sites of the
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catalyst during CO2RR. It only requires a few cycles numbers (~>100) during ALD process to
produce ultra-thin layers, which means the expeditious synthetic routine for ALD layer coatings
on the catalyst.

In this work, we fabricated the FeNC catalyst with the re-fined synthetic method. The prepared
FeNC exhibited the maximum FEco of around 76%, which is much higher than those of the C-
Co-ZIF HM 15 min and C-Fe-Co-ZIF presented in Chapter 3 and Chapter 4, respectively.
Combined with the ALD technigue, we modified the FeNC catalyst with different ALD-AI,O3
cycles. It turned out that the small cycle number of ALD-AI,O3 could slightly promote the FEco of
FeNC in ECO2RR and perfectly prevent FeNC from the aging issue. It demonstrates the positive
potential of ALD modification on the SAC for ECO2RR. With the profound investigation in the
future (e.qg. different ALD material modifications such as TiO2, CoO, and NiO), the catalytic activity
and stability of SAC on ECOzRR could be further enhanced.

5.2 Experimental section

5.2.1 Synthesis of Fe(phen)s?* loaded ZIF-8:

1,10-phen solution (100 mg in 50 mL of ethanol/DI water mixture) was mixed with the FeAc
solution (32 mg in 25 ml DI water) under vigorous stirring. Then, ZIF-8 solution ( 800 mg in 50 mL
of ethanol) was added, followed by subsequent stirring for 2 hours at room temperature. The as-

obtained solution was dried in the oven at 90 °C overnight.

5.2.2 Synthesis of FeNC:

The obtained [Fe(phen)s)** loaded ZIF-8 was ground by the ball-milling method at 400 rpm for 3
h. The ground powder was then transferred into a quartz tube to perform pyrolysis under Ar
protection at 1050 °C for 1h.

5.2.3 Synthesis of ALD-Al,O3-FeNC:

The prepared FeNC was put in a homemade container with a mesh top to allow the interaction of
ALD precursor gases with the sample. ALD process was conducted in a GEMStar XT™
(Arradiance Inc.). The precursors to deposit Al,Os are trimethylaluminum (Al(CHs)s, TMA) and
H,O. TMA precursor was pre-heated at 70 °C. The ALD chamber temperature was 250 °C during
the ALD process. The ALD-AI;O3 deposition routine is as followed: exposure time for TMA was
60 mS; Exposure time for H,O: 60 mS. Purge flow: Ar 40 SCCM. The number of cycles: 5, 10,
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25, 100. The prepared samples are named X ALD-Al,O3z FeNC (X is the ALD cycle number used
during the ALD process).

5.2.1 Material characterizations

TEM was performed on a JEOL ARM200F operated at 200 kV. For atomic resolution imaging,
the measurements were performed under HAADF-STEM mode. Samples for TEM were prepared
by drop-drying the samples from their diluted ethanol suspensions onto carbon-coated copper
grids. X-ray absorption spectroscopy including XANES and EXAFS at Fe K-edge were collected
in total-fluorescence-yield mode using a 32-element Ge detector at ambient condition on the
HXMA beamline at the CLS.

5.2.2 Electrochemical measurements

Catalyst electrodes were prepared by dropping the catalyst ink onto the carbon paper (Sigracet
25 BC) with a fixed area of 1 cm?. The catalyst ink was prepared by mixing 0.5 mg of the catalyst
powder, 120 yL of DI water, 120 uL of ethanol, and 2 uL of Nafion® perfluorinated resin solution
(5 wt%, Sigma). The mixture was treated with ultrasound for 30 min and dropped onto the carbon
paper on an 80 °C hot plate. The electrode was finally dried under 70 °C in an oven for further

experiments.

CV was performed at the scan rate of 20 mV s1), LSV was performed at the scan rate of 5mV s
1), and the chronoamperometry test was carried out in a custom-made two-chamber H-type cell
on a CHI 760D electrochemical workstation with the catalyst electrode as the working electrode.
Working and reference electrodes were fixed in one chamber and the counter electrode was fixed
in the other chamber. A proton exchange membrane (Nafion™ N115) separated the two
chambers of the H-cell. The reference electrode was an Ag/AgCI electrode with a saturated KCI
filling solution. The counter electrode was a Pt wire. Potential versus RHE was calculated as E
vs. RHE = E vs. Ag/AgCl + 0.197 V + 0.0592 V x pH. The pH values of CO and Nz-saturated 0.5
M KHCOs; electrolytes used in this work are 7.23 and 8.36, respectively. Unless notified

elsewhere, the automatic iR compensation (80 %) was applied to all the measurements.
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5.1 Results and discussion

5.1.1 Preparation and characterization of catalysts:

1, 10-phen

-
FeAc ‘ '

— Ball-milling @ ©  Pyrolysis
S ® @f@ :
@, @ 1050°Cfor1h
ZIF-8 [Fe(phen),]?* Ground FeNC
loaded ZIF-8 [Fe(phen);]**-loaded samples
ZIF-8

Figure 5.1 Fabrication schematic of the FeNC catalyst.

Based on the experience of FeNC fabrication with our group, Figure 5.1 illustrates the synthetic
procedure of FeNC. [Fe(phen)s]?* is used as the Fe source loaded on ZIF-8 for a better distribution
of Fe in the substrate. Combined with ball-milling and pyrolysis, the final FeNC catalyst is
prepared. TEM results in Figures 5.2a and b demonstrate that there are no visible metal particles
formed in FeNC. The XANES and EXAFS spectra from XAS in Figures 5.2c and d also confirm
the SAC properties of FeNC (positive charged), with a typical Fe-N bonding presented in EXAFS.
These results validate our synthetic method for FeNC SAC fabrication.
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Figure 5.2 (a) and (b) TEM images of FeNC. (c) Fe K-edge XANES and (d) Fe K-edge EXAFS of FeNC.

5.1.2 Catalytic performance of the FeNC for ECO2RR:
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Figure 5.3 (a) CO and Hz current densities of FeNC. (b) CO and Hz FEs of FeNC

The FeNC catalyst electrode was applied in a customized H-cell to evaluate the catalytic
performance of ECO2RR (details in the experimental section). Several pre-run segments of CV
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were performed to stabilize the catalyst electrodes before the test. FeNC exhibits catalytic activity
toward CO and H production (Figure 5.3a), with a total syngas FE of around 83%. Besides,
FeNC affords FEco up to around 76% at -0.45 V and -0.5 V vs. RHE (Figure 5.3b), which is much
higher than those of Co SACs and Co-Fe SACs presented in Chapters 3 and 4 above. It
demonstrates that FeNC is a great catalyst for CO production in ECO,RR. With rational

modification, the CO productivity of FeNC can be further improved.

5.1.3 Al K-edge XAS characterization of ALD-Al,Os-FeNC:
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Figure 5.4 Al K-edge XAS of (a) Al foil, (b) Al203, and (c) 100 ALD-Al203 FeNC.

We then applied ALD-AlOs; on FeNC to modify the catalyst, expecting the improvement of
catalytic activity and stability in ECO>RR. Because the cycle numbers of ALD-AI,O3 are small (10-
100), the loading amount of ALD-Al>Qs is too low to be detected by conventional characterization

measurements (Figure 10.1). In this case, soft X-ray XAS was employed to analyze the Al
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element in the ALD-AI,O3; FeNC catalysts. Figure 5.4a is the Al K-edge of standard Al reference.
It appears that pure Al metal has a broad feature starting from before 1565 eV with a sharp peak
at ca. 1570 eV. Figure 5.4b is the Al K-edge of the standard Al.Os reference. Pure Al.Os has a
broad feature starting from 1570 eV with 3 peaks on a plateau from 1570-1580 eV. Comparing
the two reference samples, it is obvious that AI** has a big energy shift toward higher energy than
that of Al°. 100 ALD-Al,O3 FeNC is the only sample that reveals distinguishable features among
all the ALD-Al,O3; FeNC samples in Al K-edge XAS, as shown in Figure 5.4c with a broad feature
starting from 1570 eV and a plateau from 1570-1580 eV. It shows that 100 ALD-Al,O; FeNC
exhibits a similar feature shape to that of the standard Al.Os reference. It confirms the successful
deposition of ALD-AI,O3; on FeNC.

5.1.4 Catalytic performance of the ALD-Al,Os-FeNC for ECOzRR:

The ALD-AI,O; FeNC catalyst electrodes were also tested for ECO;RR. The deposition of ALD-
Al,O3 on FeNC has a slight promotion in FEco. Figure 5.5a shows the FEco comparison between
the ALD-AI,O3; FeNC catalysts and the original FeNC. 10 ALD-AI,O3; FeNC and 100 ALD-AI,O3
FeNC exhibit close FEco to that of the original FeNC while 25 ALD-AlLO3; FeNC affords some
FEco promotions at the low potential range (-0.35 to -0.45 V vs. RHE). It demonstrates that an
optimized small amount of ALD-AlLOs; can promote the CO product selectivity for FeNC on
ECO2RR. The underlying mechanism is waiting to be investigated with profound characterizations
in the future to understand the contribution of ALD-Al.Os; on the FEco promotion of FeNC. After
knowing the positive impact of ALD-Al,Os; on FEco for FeNC. We further carried out the catalytic
stability test to see if ALD-AI>O3 coatings also have an impact on the ECO2RR stability for FeNC.
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Figure 5.5 The evaluation of the electrocatalytic performance. CO Faradaic efficiency of the ALD-Al203 FeNC
catalysts at various applied potentials.

The aging issue is a big problem for catalyst materials. In experience, fresh samples usually allow
the best catalytic activity. After several months or even days, the aged samples show a decay in
catalytic activity due to the valence variation of the active sites and the degradation of the catalyst
structure.(Okatenko et al., 2023; Zhang et al., 2016) The ALD technigue happens to be powerful
in the fabrication of ultra-thin overcoating layers on the substate materials. Given these, we
continued to explore the effect of ALD-Al,O; against the aging problem for FeNC. As shown in
Figure 5.6a, FeNC suffers from a dramatic FEco loss (around 18 % loss in the range from -0.4 V
to -0.6 V vs. RHE, the highest FEco potential region for FeNC) after the aging of 10 months.
Notably, 25 ALD-AI>O3; FeNC retains FEco in the range from -0.4 V to -0.6 V vs. RHE (Figure
5.6b). With the FEco promotion provided by 25 ALD-AI,Os (Figure 5.5), after the aging of 10
months, 25 ALD-AlLO3; FeNC affords a 22 % FEco boost compared to the FeNC. It proves that
except for the enhancement for FEco, ALD-Al,O3 can also significantly prevent the catalytic decay
from aging of FeNC for ECO2RR.
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Figure 5.6 The FE of the original FeNC and the aged FeNC, the original ALD-Al203 FeNC, and aged ALD-AIl2.O3
FeNC at different potentials. FEco of (a) the original FeNC and aged FeNC (b) the 25 ALD-
Al203 and the aged 25 ALD-Al203 FeNC. (c) FEco comparison of the aged FeNC and aged
ALD-Al203 FeNC.

5.2 Conclusion and perspectives

FeNC was prepared as Fe SAC to perform ECO2RR and reached a high FEco of around 76% at
-0.45 V and -0.5 V vs. RHE. ALD technique was employed to add ALD-AI,Os; on FeNC. The 25
cycles of ALD-AIOs3 can slightly improve the FEco of FeNC up to around 80 %. Besides, 25 ALD-
Al,O3 FeNC retains perfectly the ECO2RR catalytic activity after the aging of 10 months. It means
that ALD-AI;Os holds great potential as the protection layer for catalyst aging issue in industrial

applications.

Advanced characteristic measurements such as in-situ and ex-situ characterizations need to be
conducted to understand the underlying mechanism of ALD-AI>Os’s promoting CO production and

preventing the aging issue in ECO2RR of FeNC in the future.
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Moreover, combined with the discoveries from the previous two research works, to better employ
the ALD layer strategy, we can apply ECO2RR active materials as ALD layers on FeNC to further
improve the ECO2RR performance. 1. To improve FEco, Co and Ni are promising transition metal
candidates to conduct the experiments for CO production enhancement, whose ALD precursors
have already reported. For ALD-NIO, bis(cyclopentadienyl)nickel(ll) (Ni(cp)2) is the Ni precursor
and O is the oxidation precursor. For ALD-Co0O, bis(cyclopentadienyl)cobalt(ll) (Co(cp)-) is the
Co precursor and O is the oxidation precursor. The structure and thickness of ALD-prepared
materials will be controlled by the precursor gas exposure time and the number of ALD cycles. 2.
To further enhance the ECO2RR performance, multi-metallic ALD-coating (e.g. bimetallic layer
deposition such as Co-Ni ALD-coating) can also be fabricated to extend the catalytic potential of
ALD in ECO2RR. 3. For other possible ALD protection layers, TiO; is also a candidate as an over-
coating material on catalyst materials for the stability issue, which exhibits CO2RR catalytic activity
in PCO2RR. For ALD-TiO, titanium(IV) isopropoxide is the Ti precursor and HO is the oxidation
precursor. With all these promising ALD materials, the ALD technigue offers tremendous

possibilities on improving the ECO2RR performance of SACs.
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6 CONCLUSION

To achieve highly efficient ECO2RR performance, the rational design of fine catalysts requires to
be profoundly explored. In this thesis, we focus on the modification methods (porosity adjustment,
active site modification, bimetallic strategy, ALD technique) on state-of-art SACs for improved
ECO:2RR performance, along with the logical analyses to investigate the relation between rational

catalyst design and catalytic performance.

6.1 Simple grinding approach to modify the pore structure and active sites of
SAC.

In Chapter 3, the profound investigation into the effect of ball-milling on ECO2RR is introduced.

1. ZIF-8 derived Co SACs are synthesized with different grinding processes. The moderate
grinding process of HM 15 mins affords the best ECO2RR performance among all the other
samples.

2. XAS and XES results confirm that the grinding process can cause slight variations in the
electronic structure of the Co active sites, which can contribute to the promoted CO
production in ECOzRR.

3. The grinding method can modify the pore structure of Co SAC. A moderate grinding process
promotes micro-pore and macro-pore structures of the catalyst material that benefits the
active site hosting and mass transfer in ECO2RR, respectively. The intense grinding process
results in seriously damaged pore structures in the catalyst material, decreasing the
exposed surface area and the prohibited mass transfer of ECO2RR. Besides, the catalyst

with the moderate grinding process also affords better stability than that of the original one.

This work illustrates that the simple grinding procedure can affect the ZIF-8-derived SACs in
both electronic structures and physical pore structures, promoting ECO2RR. It might also apply
to other catalytic reactions and should be considered during the synthesis and evaluation of

this kind of catalyst material.

6.2 Bimetallic strategy to modify active sites in SAC.

In Chapter 4, Fe is introduced in Co SAC to form bimetallic Fe-Co SAC for ECO2RR.



1. Fe-Co bimetallic SACs are fabricated by introducing Fe into Co-SAC. The Fe-Co bimetallic
SACs exhibit high activity towards syngas production in ECO2RR, with an extremely stable
FEco-++2 as high as 93 % for more than 10 hours.

2. Metal K-edge XAS confirms that the addition of Fe would interfere with the local coordination
environment of Co in bimetallic catalysts. The proper amount of Fe in C-Fe-Co-ZIF-1.6 wt%-
Fe increases the number of M-N sites and creates mild distortions in the local coordination
environment of the metal sites, showing the best CO production performance in ECO2RR
among all the C-Fe-Co-ZIF samples.

3. Using the same bimetallic strategy, Cu-Co bimetallic SACs also exhibit positive results on
CO production for the syngas generation, while Ni-Co bimetallic SACs facilitate other

product generations than syngas.

This work demonstrates the synergistic effects concerning the metal combination and the
interactions between different metal atoms should be considered for the design of atomically

dispersed TM bimetallic catalysts in ECO2RR.

6.3 FeNC as Fe SAC and ALD modification for ECO2RR.
In Chapter 5, Fe SAC FeNC is tested in ECO2RR, along with the ALD-AI,O3; modification.

1. FeNC was prepared as Fe SAC to perform ECO2RR and reached a high FEco of around
76 % at -0.45 V and -0.5 V vs. RHE. ALD technigue was employed to add ALD-Al,O3; on
FeNC. The 25 cycles of ALD-AI,O3 can slightly improve the FEco of FeNC up to 80 %.

2. 25 cycles of ALD-AI,O3; prevent FeNC from aging. 25 ALD-AIO; FeNC retains perfectly the
ECO2RR catalytic activity after the aging of 10 months.

3. Future work can concentrate on the ALD-coating fabrication of ECO2RR active materials
such as CoO and NiO whose ALD precursors are accessible. Moreover, ALD bimetallic

materials can also be considered for more opportunities to promote ECO2RR by ALD.

This work reveals the great potential of ALD-Al;O3 in catalytic performance promotion and
catalyst protection. The later has big potential in future industry applications. Profound
characterizations need to be analyzed to understand the promotion and protection that ALD-
AlL,O3 offers to FeNC in ECO2RR in the future. And other promising ALD materials can be
employed to promote the ECO2RR of SACs.
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8 ANNEXE I: The supplements to Chapter 3
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Figure 8.1 The XPS surveys of the C-Co-ZIF samples with different grinding processes.



Table 8.1 The absolute contents of different elements in the C-Co-ZIF samples with different grinding

processes.
C at% N at% O at% Co at% Zn at%
C-Co-ZIF 78.97 3.08 17.56 0.18 0.20
C-Co-ZIF HM 15 mins  79.07 3.55 16.94 0.22 0.21
C-Co-ZIF BM 30 mins  77.06 3.66 18.87 0.20 0.20
C-Co-ZIF BM 60 mins  78.87 3.11 17.67 0.17 0.18
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Table 8.2 The absolute contents of the N element and metal-N contents in the C-Co-ZIF samples with different
grinding processes and TOF results of CO production at -0.7 V vs. RHE.

Absolute N wt% from
the XPS survey

Relative M-N content Absolute M- TOF (site-1 s-

% from N1s analysis

N wt% in the 1)

samples
C-Co-ZIF 3.33 8.75 0.29 1.08
C-Co-ZIF 3.83 9.17 0.35 1.91
HM 15 mins
C-Co-ZIF 3.93 8.67 0.34 1.36
BM 30 mins
C-Co-ZIF 3.36 9.00 0.30 1.43
BM 60 mins
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= C-C0-ZIF HM 15 mins XES at 781.0 eV
= C-Co-ZIF XES at 781.0 eV
= C-Co0-ZIF HM 15 mins XES at 813.0 eV
== C-Co0-ZIF XES at 813.0 eV

A

M
AN -

Counts (a.u.)

I
760 765 770 775 780 785 790 795 800 805 810
Emission energy (eV)

Figure 8.2 XES spectra comparison of C-Co-ZIF and C-Co-ZIF HM 15 mins, excited at 781.0 eV and 813.0 eV.
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Table 8.3 The EIS charge transfer and mass transfer resistance results of the C-Co-ZIF samples with different

grinding processes.

Charge transfer resistance (Q)

Mass transfer resistance (Q)

C-Co-ZIF

C-Co-ZIF HM 15 mins

C-Co-ZIF BM 30 mins

C-Co-ZIF BM 60 mins

3.35

3.73

3.96

4.08

2.01

2.81

4.88

29.08
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Figure 8.3 The pore size distribution analysis in the 0-5 nm region.
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9 ANNEXE Il The supplements to Chapter 4

Figure 9.1 SEM images of (a) Co-ZIF powders. (b) Fe-Co-ZIF-0.8 wt%-Fe powders. (c) Fe-Co-ZIF-1.6 wt%-Fe
powders. (d) Fe-Co-ZIF-3.2 wt%-Fe powders.
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Figure 9.2 TEM and EDX images of the clusters in the sample of C-Fe-Co-ZIF-3.2 wt%-Fe.
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Figure 9.3 EXAFS of Co foil, C-Co-ZIF, and C-Fe-Co-ZIF catalysts.
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Figure 9.4 Cyclic voltammograms of (a) C-Co-ZIF. (b) C-Fe-Co-ZIF-0.8 wt%-Fe. (¢) C-Fe-Co-ZIF-1.6 wt%-Fe. (d)
C-Fe-Co-ZIF-3.2 wt%-Fe. (e) C-Fe-Co-ZIF-4.8 wt%-Fe in CO2-saturated 0.5 M KHCOs solution
at a scan rate of 20 mV s (no iR-compensation was made during CV tests). (f) LSV curves

of the samples in CO2-saturated 0.5 M KHCOs solution at a scan rate of 5 mV s (80% iR-
compensation).
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Figure 9.6 Tafel slopes of C-Co-ZIF and C-Fe-Co-ZIF-1.6 wt%-Fe.
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1. The cathodic (dark line) and anodic (red line) currents were measured at 0.10 V vs. RHE as
a function of the scan rate of (b) C-Co-ZIF. (c) C-Fe-Co-ZIF-0.8 wt%-Fe. (d) C-Fe-Co-ZIF-1.6
wt%-Fe. (e) C-Fe-Co-ZIF-3.2 wt%-Fe. (f) C-Fe-Co-ZIF-4.8 wt%-Fe. The average value of the

cathodic and anodic slopes is taken as the double-layer capacitance of the catalyst

electrode.
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Figure 9.8 EIS results of C-Co-ZIF and C-Fe-Co-ZIF catalysts.
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Table 9.1 Resistance of the catalysts at open circuit potential

Resistance (Q)

C-Co-ZIF 3.691
C-Fe-Co-ZIF-0.8 wt%-Fe 2.028
C-Fe-Co-ZIF-1.6 wt%-Fe 2.085
C-Fe-Co-ZIF-3.2 wt%-Fe 4.149
C-Fe-Co-ZIF-4.8 wt%-Fe 4.296
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Figure 9.9 SEM images of a Cu-Co-ZIF-1.6 wt%-Cu. b C-Cu-Co-ZIF-1.6 wt%-Cu. ¢ Ni-Co-ZIF-1.6 wt%-Ni. d C-Ni-
Co-ZIF-1.6 Wt%-Ni.

All the original and carbonized Cu-Co-ZIFs and Ni-Co-ZIFs have the same morphology with a

particle size of around 300 nm. It illustrates that the series of Cu and Ni modified Co-ZIF samples

retain the morphology of the original Co-ZIFs independent of the metal sources during the

synthesis and pyrolysis processes.
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Figure 9.10 XRD patterns of (a) M-Co-ZIF samples with M adding the amount of 1.6 wt% (M=Ni, Cu, Co). (b) C-
M-Co-ZIF samples with M adding the amount of 1.6 wt% (M=Ni, Cu, Fe).

Cu-Co-ZIF and Ni-Co-ZIF share the same crystalline structure as that of Fe-Co-ZIF, without any
characteristic peak assigned to Cu and Ni crystals. It indicates that Cu-Co-ZIF and Ni-Co-ZIF
keep the same crystalline structure as that of Co-ZIF as well. After the pyrolysis, carbonized Cu-

Co-ZIF (C-Cu-Co-ZIF) and carbonized Ni-Co-ZIF (C-Ni-Co-ZIF) also appear to be the amorphous
carbon material, same as C-Fe-Co-ZIF.
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Figure 9.11 (a) XANES (insert: enlarged white line region). (b) EXAFS of C-Co-ZIF and C-M-Co-ZIF samples
with M adding amount of 1.6 wt% (M=Ni, Cu, Fe).

In Fig. S11a, the valances of Co atoms in C-Fe-Co-ZIF and C-Cu-Co-ZIF are close to that of C-

Co-ZIF while the introduction of Ni reduces the valance of Co atoms in the catalyst, which is

relatively greater than Fe and Cu.

The atomically dispersed state of the TM atoms and the interactions between Co and the

introduced foreign TM atoms (Cu and Ni) are also confirmed by the analysis of EXAFS (Fig. S11b)

where peaks at M-N and M-M regions appear for both C-Cu-Co-ZIF and C-Ni-Co-ZIF. Compared
to C-Fe-Co-ZIF, the Co R space patterns in C-Cu-Co-ZIF and C-Ni-Co-ZIF are closer to that of

C-Co-ZIF.
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Figure 9.12 The evaluation of the electrocatalytic performance of C-Cu-Co-ZIF with different Cu adding
amounts. (a) LSV curves in COz-saturated 0.5 M KHCOz solution at a scan rate of 5mV s,
(b) CO Faradaic efficiency of the catalysts at various applied potentials. (c) Hz Faradaic
efficiency of the catalysts at various applied potentials. (d) Total Faradaic efficiency of CO
and Hz of C-Cu-Co-ZIF-3.2 wt%-Cu at various applied potentials. (e) CO current density of

the catalysts. (f) Hz current density of the catalysts.
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Figure 9.13 The evaluation of the electrocatalytic performance of C-Ni-Co-ZIF with different Ni adding
amounts. (a) LSV curves in COz-saturated 0.5 M KHCOz solution at a scan rate of 5mV s1.

(b) CO Faradaic efficiency of the catalysts at various applied potentials. (c) Hz Faradaic

-0.3

efficiency of the catalysts at various applied potentials. (d) Total Faradaic efficiency of CO
and Hz of C-Ni-Co-ZIF-3.2wt%-Ni at various applied potentials. (e) CO current density of the
catalysts. (f) Hz current density of the catalysts.
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10 ANNEXE Il The supplements to Chapter 5
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Figure 10.1 Al K-edge XAS of 10 ALD-Al203 FeNC.

Small ALD-AILO3 cycles such as 10 cannot even present a distinguishable feature in Al K-edge
XAS.
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