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ABSTRACT 

Electrochemical CO2 reduction reaction (ECO2RR) powered by renewable electricity 

possesses the potential to store intermittent energy in chemical bonds while producing 

sustainable chemicals and fuels. Unfortunately, it is hard to achieve low overpotential, high 

selectivity, and activity simultaneously of ECO2RR. Developing efficient electrocatalysts 

is the most promising strategy to enhance electrocatalytic activity in CO2 reduction. Herein, 

we designed novel Bi-Cu2S heterostructures by a one-pot wet-chemistry method. The 

epitaxial growth of Cu2S on Bi results in abundant interfacial sites and these 

heterostructured nanocrystals demonstrated high electrocatalytic performance of ECO2RR 

with high current density, largely reduced overpotential, near-unity FE for formate 

production (Chapter 2). Meanwhile, we see a lot of opportunities for catalysis in a confined 

space due to their tunable microenvironment and active sites on the surface, leading to a 

broad spectrum of electrochemical conversion schemes. Herein, we reveal fundamental 

concepts of confined catalysis by summarizing recent experimental investigations. We 

mainly focus on carbon nanotubes (CNTs) encapsulated metal-based materials and 

summarize their applications in emerging electrochemical reactions, including ECO2RR 

and more (Chapter 3). Although we were able to obtain high activity and selectivity toward 

C1 products, it is more attractive to go beyond C1 chemicals to produce C2 products due to 

their high industrial value. Herein, we designed Ag-modified Cu alloy catalysts that can 



 

 

create a CO-rich local environment for enhancing C-C coupling on Cu for C2 formation. 

Moreover, Ag corporate in Cu can chemically improve the structural stability of Cu lattice. 

(Chapter 4) Nevertheless, advanced electrocatalytic platforms cannot be developed without 

a fundamental understanding of binding configurations of the surface-adsorbed 

intermediates and adsorbate-adsorbate interaction on the local environment in 

electrochemical CO2 reduction. In this case, we make discussions of recent developments 

of machine learning based models of adsorbate-adsorbate interactions, including the 

oversimplified linear analytic relationships, the cluster expansion models parameterized by 

machine learning algorithms, and the highly nonlinear deep learning models. We also 

discuss the challenges of the field, particularly overcoming the limitations of pure data 

driven models with the integration of computational theory and machine learning of lateral 

interactions for catalyst materials design. (Chapter 5). 
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GENERAL AUDIENCE ABSTRACT 

Excessive CO2 emissions into the atmosphere have had severe environmental impacts and 

pose an urgent and potentially irreversible threat to human activity. Fossil fuels, including 

coal, oil, and natural gas, have continued to play a dominant role in the global energy 

system. However, fossil fuels produce substantial greenhouse gases, which are the main 

contributor to global warming. This year, the global average CO2 level is increasing to 

413.6 parts per million, higher than at any point in the past hundred years. To address this 

global warming issue, we see lots of opportunities to use alternative energy sources to 

convert atmospheric CO2 into value-added products through the electrochemical reduction 

of CO2. Nevertheless, advanced electrocatalytic platforms cannot be developed without 

efficient electrocatalysts in the reaction system. Therefore, we have been working on the 

design of catalysts with various features that improve the electrochemical reduction of CO2. 

The interface plays an important role as the reactions are happening at the active sites which 

mostly locate at the interface of electrocatalysts. We designed a novel Bi-Cu2S hetero-

structured catalyst, which has abundant interfacial sites between Bi and Cu2S, 

demonstrating the improved catalytic performance of ECO2RR toward formate production 

(Chapter 2).  Catalysis in a confined space offers another opportunity for tuning the 

catalytic performance, where carbon nanotubes (CNTs) encapsulated metal-based 

materials have been shown to increase the reactivity of electrochemical reactions, including 

ECO2RR and more (Chapter 3). Interfaces in alloys provide multifunctional environments 



 

 

which have been shown to have reactivity toward complicated reactions. To produce more 

value-added C2 chemicals, Ag-modified Cu alloy catalysts are developed, which can create 

a CO-rich local environment for enhancing C-C coupling on Cu to enhance C2 formation 

(Chapter 4). To develop advanced electrocatalytic platforms for CO2 electroreduction, it is 

essential to have a fundamental understanding of the binding configurations of surface-

adsorbed intermediates and the adsorbate-adsorbate interaction within the local 

environment. In this regard, we discussed recent developments in machine learning-based 

models of adsorbate-adsorbate interactions for multiple electrochemical reactions (Chapter 

5). 
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CHAPTER 1 

Introduction 

1.1   Background 

The excessive emission of carbon dioxide (CO2) into the atmosphere has resulted in 

severe environmental consequences and poses an urgent and potentially irreversible threat 

to human activities.1 According to the U.S. energy administration, fossil fuels, including 

coal, oil, and natural gas, have continued to play a dominant role in the global energy 

system.2-4 However, fossil fuels produce substantial greenhouse gases, which are the main 

contributor to global warming. In 2022, the global average CO2 level was increasing to 

417.3 parts per million,5 higher than at any time in the past hundred years. To address the 

global warming issue, we see lots of opportunities to use alternative energy sources to 

convert atmospheric CO2 into value-added products. However, energy derived from 

renewable sources is limited to 30% due to their intermittent nature.1, 6 Therefore, it is more 

feasible to capture CO2 from point sources such as power plants and convert it into 

chemical feedstocks and fuels as an alternative. Electrochemical CO2 reduction reaction 

(ECO2RR) is an elegant long-term solution for converting renewable electricity into 

synthetic fuels and chemicals, reducing our dependence on fossil fuels.7-10 As 

schematically illustrated in Figure 1.1, the electrochemical electrolyzer converts excessive 

CO2 into value-added chemicals and fuels powered by renewable electricity. The resulting 

products can be used as raw materials for more complex chemical synthesis, forming a 

carbon-neutral cycle. 
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 However, ECO2RR usually suffers from significant overpotential because CO2 is a very 

stable gas. In this case, high energy is required to break the C=O bond, leading to 

significant overpotential.1, 11-12 CO2 reduction reaction can generate various products, such 

as carbon monoxide (CO), formic acid (HCOOH), methane (CH4), ethylene (C2H4), 

alcohol (CH3CH2OH) and so on. This is because CO2 reduction involves multi-proton and 

electron transfer steps that result in a number of possible reaction intermediates and 

products in aqueous media.1, 13-15 Table 1.1 summarized the half-reactions of the main 

ECO2RR products and their corresponding thermodynamic redox potentials (V vs. standard 

hydrogen electrode (SHE)) in an aqueous solution. In fact, in CO2 reduction reaction, it 

prefers to generate a mixture compound of gaseous products and liquid products rather than 

 
 

 

Figure 1.1 Schematic illustration of carbon cycling powered by sustainable energy 

sources such as solar and wind energy.  
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a single product in ECO2RR.7 This brings a number of serious technological hurdles, 

including low efficiency, low product selectivity, and high cost for liquid product 

separation. Particularly, due to the limiting selectivity and stability of existing 

electrocatalysts, current techniques are hard to reach the standard requirements for the 

industrial level. In the past decades, numerous efforts have been made to develop 

electrocatalysts and optimize reaction conditions in order to overcome the aforementioned 

obstacles. In recent years, as the global demand for clean energy has increased, CO2 

reduction research has made remarkable progress.16-20 In this regard, a comprehensive 

understanding includes various aspects, such as reaction mechanism, electrocatalyst 

development, as well as challenges and perspectives, is necessary for promoting the further 

development in the advanced electrocatalysis field. 

 

 

Table 1.1. Half electrochemical thermodynamic reactions of ECO2RR, corresponding 

with their standard redox potentials (V vs. SHE). Reproduced with permission from John 

Wiley and Sons. 
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1.2 Electrocatalyst categories 

1.2.1 Metals 

Metal catalysts for ECO2RR can be classified into three groups based on their major 

products.7 According to previous studies, Sn and Pb catalysts are excellent candidates for 

formate production since CO2
·- intermediates can be desorbed easily from the metal 

surface.21 Ag, Au, Zn, and Pd catalysts are in favor of  binding *COOH intermediates while 

having weak binding of *CO species; therefore, those metals catalysts are used for CO 

production.22-24 Cu is the only single metal that can be able to produce C2+ products.25 

Because of their particularity, Cu and Cu-based materials have received considerable 

attention in the field of electrocatalysis. In Figure 1.2,26 we classified metal catalysts for 

ECO2RR by their major products, using the periodic table with different colors.  

 

 

 

 
 

Figure 1.2 Major product categories of metal catalysts for CO2 electroreduction, 

shown in a periodic table with colors. Reproduced with permission from John Wiley 

and Sons. 
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1.2.2 Metal alloys 

Metal alloys have gradually attracted more attention since they can improve CO2 

catalytic performance by tuning the binding capability of CO2 intermediates.7 One 

promising strategy is to introduce non-precious metals into the metal catalysts to form 

alloys that can lower the overpotential and minimize the cost. Wen et al. designed novel 

materials of Sn nanosheets decorated with Bi nanoparticles. These Bi-Sn bimetallic 

electrocatalysts have abundant interfacial sites that could efficiently convert CO2 to 

formate. Besides, Bi-Sn showed excellent stability under 100 h operation.27 Xing et al. 

reported Bi@Sn core-shell catalysts with high activity and selectivity toward formate in 

CO2 reduction.28 They found that Bi@Sn could achieve 92% of FE on formate production 

at a steady-state current of -250 mA cm-2, outstanding than most of the state-of-art catalysts.  

Recently, studies have focused on Cu-based alloys to enhance electrocatalytic performance 

in C2 production. Compared to the Au and Cu metal catalysts, Shen et al. designed AuCu 

alloy nanoparticles embedded Cu submicrocone arrays (AuCu/Cu-SCA) (Figure 1.3 a,b) 

for ECO2RR by a two-step synthesis method.29 This electrocatalyst demonstrated an 

enhanced faradic efficiency toward ethanol in comparison with the C2H4. Meanwhile, 

AuCu/Cu-SCA alloy showed outstanding stability after 24 h reaction. In details, AuCu/Cu-

SCA alloy shows a high current density of -4.9 mA cm-2 at -0.8 V vs. RHE, which is higher 

than its single compartment, indicating that AuCu/Cu-SCA electrocatalyst has high activity 

toward CO2RR (Figure 1.3c). The faradic efficiency toward ethanol on AuCu/Cu-SCA can 

reach to 25% at all applied potentials. By contrast, the FE toward ethanol on Cu-SCA can 

only reach 8% (Figure 1.3d), suggesting that AuCu/Cu-SCA catalyst could efficiently 

improve the selectivity of ethanol production in ECO2RR. In conclusion, the study 
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demonstrated the feasibility of producing inexpensive and highly active alloy 

electrocatalysts for scalable CO2 electroreduction.   

  

 

 

 

 

 

 

Figure 1.3 a), b) Scanning electron microscopy (SEM) images of AuCu/Cu-SCA. 

ECO2RR performance: c) LSV curves measured in CO2-saturated 0.5 M KHCO3 

aqueous solution; d) FEs of ethanol and ethylene at various applied potentials. 

Reproduced with permission from John Wiley and Sons. 
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1.2.3 Metal oxides 

   Metal oxides have achieved attention due to their superior energy efficiency and 

improved catalytic activity in ECO2RR. Especially, researchers are more focused on non-

precious metals, such as Sn, Ni, and Co, because of their non-toxicity properties and low 

market price. Zhang et al. reported ultrathin SnOx nanosheets doped into the surface of 

commercial multiwalled carbon nanotubes (MWCNTs).30 The catalyst shows the high 

performance of ECO2RR with near-unity selectivity toward C1 products (formate and CO). 

Another work reported by Yang et al. uses Cu/Ni oxide composites (CuNiOCs) 

electrocatalysts for efficient CO2 reduction toward formate in aqueous media.31  CuNiOCs 

catalysts demonstrated low overpotential, near unity FE of formate, high energy efficiency 

as well as excellent stability. Moreover, another research group synthesized a partially 

oxidized Co 4-atom-layer with a high FE of 90.1% toward formate over 40 h. They also 

hypothesized a reaction pathway of formate on partially oxidized Co catalyst surface as 

below: 

 

Based on the proposed reaction pathway, the partially oxidized Co 4-atom-layer has great 

capability for CO2 activation that enables the stabilization of *COOH intermediates. These 

works identified that introducing oxygen states into certain metallic metals can tune 

catalyst active sites, therefore improving the CO2 reduction performance. 
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1.2.4 Metal chalcogenides 

More recently, studies showed that transition metal chalcogenides (TMC) 

electrocatalysts performed efficiently in CO2RR. The CO2 intermediates can be adsorbed 

to various active sites on the catalyst surface, breaking the limitation of linear-scale 

relations between the binding energies of reaction intermediates and specific metals.7 

Shinagawa et al. reported the sulfur-modified Cu electrocatalysts for efficient CO2 

reduction to formate.32 The faradic efficiency can reach approximately 80% on formate at 

the potential of -0.8 V vs. RHE, outperforming most of the non-precious electrocatalysts 

reported to date for formate production in ECO2RR. Another interesting work published 

by Sun group synthesized a new class of molybdenum-bismuth chalcogenide nanosheets.33 

This electrocatalyst demonstrated high performance of CO2 reduction to methanol with the 

faradic efficiency of 71.2% and current density of -12.1 mA cm-2. Therefore, we see lots 

of opportunities for metal chalcogenides to be utilized in the electrocatalysis field.  

 

1.3   Mechanistic pathways of electrochemical CO2 reduction 

Although the mechanistic pathways of ECO2RR are not fully elucidated yet, several 

possible reaction pathways have been proposed based on the combination of theoretical 

calculations and experimental studies.34-35 The electrolysis process produces several major 

products, such as CO, formate, CH4, C2H4, and alcohols. Herein, we mainly discuss 

reaction pathways for these most significant products and reaction intermediates. 

 

1.3.1 Selectivity production of C1 products 
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1.3.1.1 Formate or formic acid 

      Formic acid is the simplest carboxylic acid, and its chemical formula is HCOOH. It is 

one of the most significant products of ECO2RR as well as an important intermediate in 

chemical synthesis. 36-37  

  One proposed reaction pathway of ECO2RR to formate initiates with the formation of 

radial anion CO2
·- via activating CO2 with one electron transfer; another proton from water 

is subsequently involved in forming either carboxyl intermediate *COOH or formate 

intermediate *OCHO on the catalyst surface. Then, the second electron involves and results 

 
 

Figure 1.4 Schematic mechanism of different metal electrocatalysts for CO2 reduction in 

aqueous solution. Reproduced with permission from John Wiley and Sons. 
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in the formate product (Figure 1.4).7, 38 Recently, theoretical calculations have proposed 

another possible reaction pathway for formate production.34, 39-40 The reaction occurs 

through proton-electron coupled transfer (PECT) on the catalyst surface. In this route, 

*COOH or *OCHO intermediates form by combining CO2 and a proton-electron pair on 

the metal surface, and another proton-electron pair then transfers to the intermediates to 

produce formate. 

1.3.1.2 Carbon monoxide 

Carbon monoxide (CO) as another important CO2 reduction product has attracted much 

attention because it is an essential feedstock for water-shift reaction and the Fisher-Tropsch 

process.41-42 Different from formate formation, CO production requires *COOH tightly 

adsorbed on the catalyst surface while simultaneously possessing a low binding affinity for 

*CO intermediate in order to release CO.34, 43-44 Transition metals including Au, Ag, and 

Pd demonstrate weak binding of *CO intermediate, thus they are excellent candidates for 

CO production.9, 45-47  

1.3.1.3 Methane 

Methane (CH4) is the main component of natural gas. It can be used as the raw material 

in many chemical synthetics process.44 There are two possible reaction pathways which 

have been proposed in previous studies. Peterson et al. reported that *CO species is formed 

first. After PECT process, *OCH3 is formed and bonded on the catalyst surface. With 

another PECT occurring on *OCH3 intermediate, methane is formed while the surface 

absorbed oxygen is quenched by protonation process.34 The second proposed pathway 

suggests that *COH intermediate could turn into *C species at very negative potential. *C 

species can be further reduced to *CH, *CH2, *CH3, and then methane.48 However, the 
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energy barrier to form *C is high, it can occur only at very negative potentials. From 

previous studies, Cu and Cu-based electrocatalysts demonstrate its excellent performance 

on hydrocarbon (CH4) production.49-51 

1.3.1.4 Methanol 

Methanol is a promising product in ECO2RR, which can be used as a solvent, pesticide, 

and alternative fuel source.44, 52 There are many proposed reaction pathways of methanol 

formation, but the detailed reaction mechanism is still unclear. One probable route suggests 

that *CO species is formed first.34 Then, *OCH3 species is formed via the competition 

between the desorption of HCHO and the PECT to HCHO bonded on the surface, followed 

by another PECT and bonded on the catalyst surface. Afterward, another PECT process 

occurring on *OCH3 intermediate results in methanol. 

 

 

1.3.2 Selectivity production of C2 and C2+ products 

C2 products (e.g., C2H4, CH3COOH, C2H5OH) are more attractive due to their high value 

and energy density compared to C1 products. However, C2 product formation usually needs 

enough negative overpotential to overcome the high energy barrier, and they always form 

simultaneously in the reduction reaction.53-57 Therefore, the reaction pathway for C2 

products is complicated and still unclear. Many possible reaction pathways have been 

proposed with the efforts of theoretical calculation and experimental studies. Ethylene may 

form through the dimerization of *CH2 species or form the ethylene oxide (*OCHCH2) 

species via the dimerization of *CO on the catalyst surface.58 Meanwhile, by inserting of 
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*CO species into *CH2 or PECT to oxygen site of *OCHCH2, ethanol can be achieved in 

ECO2RR. 

The most challenging thing for the formation of C2 and C2+ products is the scaling 

relation between the activation and binding energies of intermediates. The catalyst active 

sites need to bind those intermediates tightly enough to provide sufficient coverage for the 

C-C coupling step but not so tightly to poison the catalyst surface.44 Additionally, Cu and 

Cu-based catalysts are the most promising catalysts to generate C2 products due to their 

appropriate affinity for *CO intermediates.59-62 

 

1.4 Scope and outline 

ECO2RR powered by renewable electricity holds promise to store intermittent energy in 

chemical bonds while producing sustainable chemicals and fuels. Unfortunately, it remains 

grand challenges: 

❖ The reaction usually suffers from sluggish kinetic during the CO2 reduction, leading 

to low energy efficiency and high overpotential. 

❖ ECO2RR has broad product distribution due to multi-electron and -proton transfer 

steps. The products are usually a mixture compound of gaseous products (CO, H2) 

and liquid products (formate, ethanol); thus, product separation is another issue. 

❖ The activity degradation of catalysts during the reaction originated from the 

instability of catalysts, particularly non-precious metals.  

❖ A complete system of comprehensive theoretical and experimental research system 

has not been fully developed.  
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On the basis of these challenges, we report novel Bi-Cu2S heterostructures by a one-pot 

wet-chemistry method. The epitaxial growth of Cu2S on Bi results in abundant interfacial 

sites, and these heterostructured nanocrystals demonstrated high electrocatalytic 

performance of ECO2RR with high current density, largely reduced overpotential, near-

unity FE for formate production (Chapter 2).  Meanwhile, we see a lot of opportunities for 

catalysis in a confined space due to their tunable microenvironment and active sites on the 

surface, leading to a broad spectrum of electrochemical conversion schemes. Herein, we 

reveal fundamental concepts of confined catalysis by summarizing recent experimental 

investigations. We mainly focus on carbon nanotubes (CNTs) encapsulated metal-based 

materials and summarize their applications in emerging electrochemical reactions, 

including ECO2RR and more (Chapter 3). Although we were able to obtain high activity 

and selectivity toward C1 products, it is more attractive to go beyond C1 chemicals to 

produce C2 products due to their high industrial value. Herein, we designed Ag-modified 

Cu alloy catalysts that can create a CO-rich local environment for enhancing C-C coupling 

on Cu for C2 formation. Moreover, Ag corporate in Cu can chemically improve the 

structural stability of Cu lattice. (Chapter 4) Nevertheless, advanced electrocatalytic 

platforms cannot be developed without a fundamental understanding of binding 

configurations of the surface-adsorbed intermediates and adsorbate-adsorbate interaction 

on the local environment in CO2 electroreduction. In this case, we make discussions of 

recent developments of machine learning based models of adsorbate-adsorbate interactions, 

including the oversimplified linear analytic relationships, the cluster expansion models 

parameterized by machine learning algorithms, and the highly nonlinear deep learning 

models. We also discuss the challenges of the field, particularly to overcome the limitations 
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of pure data driven models with the integration of computational theory and machine 

learning of lateral interactions for catalyst materials design. (Chapter 5). 
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CHAPTER 2 

Bi-Cu2S heterostructures for CO2 electroreduction to formate 

2.1 Introduction 

       Electrochemical CO2 reduction reaction (ECO2RR) is considered a promising strategy 

to sustainably recycle CO2 into the anthropogenic carbon cycle, paving the road to a clean-

energy future.1-10 Despite its promise, ECO2RR usually suffers from: i) significant 

overpotential, leading to low energy efficiency; ii) broad product distribution in aqueous 

electrolytes resulting from the multi-proton/electron transfer steps, and iii) the competition 

with the hydrogen evolution reaction (HER) and, thus, limited selectivity.1, 11-12  

      Metal and metal-based catalysts have been commonly used for the ECO2RR to CO, 

formate, and C2+ products.1, 3, 7, 13-14 Among those catalysts, nanostructured p-block metals 

such as Pb, In, and Bi demonstrate high selectivity toward formate production due to their 

passivation of HER.11-12, 15-16 Bi becomes especially attractive because of its low cost and 

non-toxicity.17 However, monometallic Bi usually suffers from high overpotential (>800 

mV) as well as a low current density (<10 mA cm-2).18-19 This can be attributed to the 

relatively weak binding of ECO2RR intermediates (e.g., *OCHO, *COOH) on Bi surfaces. 

Thus, a more reductive potential is required to stabilize those intermediates to enable 

electron and proton transfer steps. Alloying Bi with other transition metals is a common 

approach to tune the stability of reaction intermediate, as shown in the Bi-Sn,11, 20-22 Bi-

Cu,23-25 and Bi-Mo26 systems. Nevertheless, a trade-off among overpotentials, Faradaic 

efficiencies (FEs), and current densities is commonly observed due to adsorption-energy 

scaling relations of alloy surfaces that impose constraints on attainable catalytic 
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performances.27-29  To achieve this goal, constructing interfacial sites that can selectively 

stabilize relevant ECO2RR intermediates on Bi surfaces could be a viable solution to 

improve electrokinetics while maintaining the high FE toward formate. To design an 

efficient interfacial site with Bi for ECO2RR, transition metal chalcogenides (TMCs), 

especially cuprasulfide (Cu2S), is promising as it demonstrates stronger binding of 

ECO2RR intermediates thus a lower overpotential and higher current density than Bi.30-31 

However, HER is inevitable in Cu2S systems. 

      Herein, we report proof-of-concept experimental and theoretical design of interfacial 

sites with a selectivity-governing and HER-suppressing domain (Bi) in concomitant with 

an electrokinetic-promoting domain (Cu2S) for efficient ECO2RR to formate. We 

developed a one-pot solution-phase synthesis method for preparing a new class of 

heterostructured Bi-Cu2S nanocrystals with a microphone-like morphology. In 0.1 M 

KHCO3, the Bi-Cu2S catalyst manifests a much higher current density, lower overpotential, 

and higher FE toward formate production than its single component (Bi, Cu2S) counterparts 

for ECO2RR. Compared with Bi nanoparticles (NPs), the ECO2RR onset potential on Bi-

Cu2S is positively shifted by 240 mV. By controlling the synthesis conditions, e.g., the 

reaction temperature, the amount of reducing agent, and degassing temperature, the optimal 

Bi-Cu2S catalyst can achieve near-unity formate selectivity at -1.2 V (vs. reversible 

hydrogen electrode, RHE) with a high current density of 18.2 mA cm-2, outperforming 

many previously reported catalysts.32-34 Density functional theory (DFT) calculations 

showed that the interfacial site preferentially stabilizes the formate-evolution intermediate 

*OCHO compared with the *COOH intermediate toward CO formation and the *H 
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intermediate toward H2 generation. The stabilization of key intermediates was attributed to 

the electron transfer from Bi to Cu2S moieties at the interface.  

2.2 Materials and methods 

2.2.1 Synthesis of heterostructured Bi-Cu2S nanocrystals  

    To fabricate Bi-Cu2S heterostructure, 1 mmol of Bi(ac)3, 1 mmol Cu(acac)2, and 9.5 ml 

OAm were added into a 50 mL four-necked flask under magnetic stirring. The mixture was 

heated to 140 °C and kept at this temperature for 2 h under nitrogen (N2) flow to remove 

dissolved moisture and oxygen. Then the mixture was heated to 220 °C at a ramping rate 

of 7 °C min-1, while 0.5 mL OAm and 0.24 mL DDT were well-mixed and injected into 

the solution to induce the formation of sulfide. The reaction solution was kept at this 

temperature for 30 min. After being cooled to room temperature, the product was collected 

and purified by excessive ethanol by centrifuging at 800 rpm for 1 min to remove the 

remaining precursor and impurities. The product was further centrifuged at 5500 rpm for 

5 min and washed twice with ethanol and redispersed in hexane for further use.  

 

Figure 2.1. The low magnification TEM image and size distribution with average size 

and standard deviation (SD) of Bi-Cu2S nanocrystals. 
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2.2.2 Synthesis of Bi NPs  

The synthesis procedure of Bi NPs was similar to a previously reported method.35 

Typically, 1 mmol bismuth neodecanoate was mixed with 10 mL Tetralin and heated to 

110 °C and incubated for 30 min under the N2 flow. The solution then cooled down to 

80 °C, while 0.24 mL DDT was injected into the solution. After the DDT injection, 1 mL 

TOP was injected into the solution and the system was further cooled down to 70 °C and 

kept at this temperature for 30 min. The final products were collected and centrifuged, 

followed by washing with ethanol for 3 times.  

 

 

Figure 2.2. TEM images and size distribution with average size and standard deviation 

(SD) of Bi NPs. 

 

2.2.3 Synthesis of Cu2S NRs  

    The synthesis procedure of Cu2S NRs was similar to a previously reported method.36 0.5 

mmol Cu(acac)2, 2.5 mmol TOPO were mixed with 10 mL ODE and heated up to 80 °C 
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and kept there for 30 min under the N2 flow. Then, the mixture was heated up to 180 °C in 

5 min while 2.5 mL t-DDT was injected at 120 °C. The reaction solution was kept at 180 °C 

for 15 min. The final products were collected and centrifuged, followed by washing with 

ethanol for 3 times. 

 

Figure 2.3. TEM images and size distribution with average size and standard deviation 

(SD) of Cu2S nanorods. 

 

2.2.4 The physical mixture of Bi NPs and Cu2S NRs  

    7.5 mg Bi NPs and 2.5 mg Cu2S NRs were weighed and mixed in the hexane. The 

mixture was sonicated for 2 h and then stirred overnight to achieve a homogeneous solution. 

The product was then centrifuged and redispersed in hexane for further use. 
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Figure 2.4. The TEM image of the physical mixture of Bi NPs and Cu2S NRs. 

 

2.2.5 Characterization  

The morphology and sizes of the Bi-Cu2S heterostructures, Bi NPs, and Cu2S NRs were 

characterized by the transmission electron microscopy (TEM) on Philips EM420 operated 

at 120 kV. High-resolution TEM (HRTEM), high-angle annular dark-field scanning TEM 

(STEM-HAADF), X-ray energy dispersive spectroscopy (X-EDS) and EDS mapping were 

conducted on a JEOL ARM 200CF equipped with an Oxford Instrument X-ray Energy 

Dispersive Spectrometer. X-ray diffraction (XRD) patterns were collected by a Philips 

X’Pert Pro Super with Cu K (=1.5406 Å). The X-ray photoelectron spectroscopy (XPS) 

was collected on a PHI Versa probe III microscopy with Al K monochromatic energy 

source at 1486.6 eV. Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

was performed for the quantitative analysis of the elemental contents on a SPECTRO 

GENESIS ICP spectrometer.  
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2.2.6 Catalyst preparation and surfactant removal  

     To load Bi-Cu2S on carbon (Bi-Cu2S/C), 10 mg as-synthesized Bi-Cu2S heterostructures 

were sonicated with 40 mg activated carbon (Vulcan XC-72R) in hexane for 2 h. The 

products were then collected by centrifugation at 8500 rpm for 5 min. The removal of 

organic ligands was achieved by immersing the catalysts in a mixture of 1.5 mL hydrazine 

and 18.5 mL ethanol overnight and washing with excessive ethanol twice. The final 

products were dried for 4 h in the vacuum oven at 50 C. The Bi/C, Cu2S/C, and Bi+Cu2S/C 

were also prepared following the same procedure. 

 

Figure 2.5. The TEM image of Bi-Cu2S loaded on carbon black. 

 

2.2.7 Electrochemical measurements and product analysis  

     Electrochemical measurements were all carried out in 0.1 M KHCO3. To prepare the 

working electrode, 10 mg of Bi-Cu2S/C catalyst powder was mixed with 2 mL isopropanol 

and 40 µL of Nafion solution (5 wt%, Sigma-Aldrich) by sonicating for 30 min to achieve 

a homogeneous catalyst ink. This catalyst ink was then airbrushed onto a carbon paper with 

an area of 1x1 cm2 and was naturally dried before use. The loading amount was calculated 
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by weighing the carbon paper before and after the airbrushing, achieving the Bi-Cu2S/C 

loading of 1 mg cm-2. All the potentials were controlled via a Biologic electrochemical 

workstation. The H-type gas-tight cell was separated by a Nafion (117) membrane, and 

each compartment contained a 40 mL electrolyte. The cathodic compartment was housed 

the working electrode and the reference electrode (Ag/AgCl, 3.5 M KCl), while the anodic 

compartment contained a platinum foil as the counter electrode. Cyclic voltammograms 

(CVs) were recorded in Ar-saturated 0.1 M KHCO3 between -1.8 V and -0.6 V vs. Ag/AgCl 

after 10 cycles with a scan rate of 20 mV s-1 at room temperature and then recorded in CO2-

saturated electrolyte under the same condition. Linear sweep voltammograms (LSVs) were 

measured from -0.6 V to -1.8 V vs. Ag/AgCl with a scan rate of 20 mV s-1 in CO2-saturated 

0.1 M KHCO3. Chronoamperometry (CA) measurements were performed at each potential 

from -1.4 V to -1.8 V vs. Ag/AgCl for 1 h in the H-type cell system. All the potentials were 

then converted to the reversible hydrogen electrode (RHE) reference scale by the following 

equation: 

𝐸(𝑣𝑠. 𝑅𝐻𝐸) = 𝐸(𝑣𝑠. 𝐴𝑔/𝐴𝑔𝐶𝑙) + 0.21 𝑉 + 0.0591 × 𝑝𝐻 

Before the test, the catholyte was purged with CO2 for 30 min to remove residual air. Then, 

a consistent CO2 flow was introduced to the cathodic compartment at a flow rate of 10 

sccm during the electrolysis. The gaseous products were analyzed via online gas 

chromatography (GC, Agilent 7890 B). After the electrochemical reactions, the cathodic 

electrolyte was collected to analyze the liquid products by nuclear magnetic resonance 

spectroscopy (NMR, Bruker Avance II 500Hz).  

2.2.8 The calculation of Faradic efficiency 

The Faradic efficiency (FE) of gas products were calculated by:  
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𝐽𝐶𝑂 =
𝐴

𝛼
× 𝑉𝐶𝑂2

×
2𝐹𝑝0

𝑅𝑇
× (𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑎𝑟𝑒𝑎)−1 

𝐽𝐻2
=

𝐵

𝛽
× 𝑉𝐶𝑂2

×
2𝐹𝑝0

𝑅𝑇
× (𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑎𝑟𝑒𝑎)−1 

where 𝛼  and 𝛽  are the conversion factors based on the calibration of the GC with the 

standard samples of CO and H2, respectively. 𝑉𝐶𝑂2
is the flow rate of CO2 (10 sccm); F is 

the Faradic constant (96485 C mol-1); p0 is the pressure (1 atm); T is the temperature (273 

K); R is the gas constant (82.1 mL atm K-1 mol-1); A and B are the peak areas of CO and 

H2 obtained from GC. FE for the various gas products was obtained by dividing the partial 

current density by the total current density. 37-38 

     The liquid product was analyzed by NMR. To prepare the NMR sample, 0.5 mL 

electrolyte containing the liquid product (HCOO-) was mixed with 0.1 mL D2O and 0.1 mL 

0.1 M 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (internal standard). The FE 

of liquid-phase product was calculated by: 

𝐹𝐸𝐻𝐶𝑂𝑂−(%) =
2𝑛𝐹

𝐼𝑡
× 100 

where n is the moles of formate, calculating from the calibration curve of the NMR. F is 

the Faradic constant (96485 C mol-1). I is the applied current (A) and t is the electrolysis 

time (s). The error bars in the figures are based on the average value of three repeated 

experiments. The production rate of formate over Bi-Cu2S and Bi was calculated after 1 h 

electrolysis at each given potential. 
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2.3 Results and discussion 

2.3.1 Heterostructured Bi-Cu2S nanocrystals 

Heterostructured Bi-Cu2S nanocrystals were synthesized via a one-pot wet chemical 

approach. The TEM images of the as-synthesized Bi-Cu2S (Figure 2.1, and Figure 2.6a, 

6b) show that the Bi ‘head’ with a size of 76 nm and the 103 nm Cu2S ‘body’ is well-

connected, forming a heterostructure interface. A clear interfacial boundary was observed 

in a bright-field (BF) STEM image (Figure 2.6d), suggesting the epitaxial growth between 

Cu2S and Bi. From the STEM image, we can observe an interplanar distance of 3.3 Å in 

the Bi domain, corresponding to the (012) crystalline plane of rhombohedral Bi. The lattice 

spacing of Cu2S is 3.4 Å, which can be attributed to the (002) plane of hexagonal Cu2S. 

High-angle annular dark-field STEM (HAADF-STEM) (Figure 2.6c) x-ray energy 

dispersive spectrometry (X-EDS) mapping (Figure 2.6e) suggests the enrichment of Bi at 

the head while the signal of Cu and S distributes across the entire structure and enriches in 

the rod, confirming the formation of abundant Bi-Cu2S interfacial sites. 
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   Figure 2.7a shows a schematic illustration of the nucleation and growth of 

heterostructured Bi-Cu2S nanocrystals. The transmission electron microscopy (TEM) 

images of Bi-Cu2S along the time sequence after the injection of sulfur-containing 

surfactants suggest that the Bi nucleates first and serves as seeds for the deposition, 

nucleation, and growth of Cu2S domains (Figure 2.7b). For comparison, Bi NPs and Cu2S 

nanorods (NRs) were also synthesized according to reported methods.12, 36 A typical 

rhombohedral crystal structure of Bi-Cu2S and Bi and a hexagonal structure of Cu2S in the 

x-ray diffraction (XRD) patterns were observed (Figure 2.6f), consistent with the lattice 

spacing obtained in Figure 2.6d. No obvious Cu2S peak presents in the Bi-Cu2S due to the 

overlapping of diffraction peaks between Bi and Cu2S. 

 
Figure 2.6. Structural characterizations of heterostructured Bi-Cu2S nanocrystals. (a)-

(b) TEM images; (c) STEM-HAADF image and (d) BF-STEM image of Bi-Cu2S. (e) 

The STEM-HAADF image and the corresponding X-EDS mappings of Bi-Cu2S. (f) 

XRD patterns of Bi NPs, Cu2S NRs and Bi-Cu2S. (g) Bi 4f XPS spectrum and (h) Cu 

2p XPS spectrum of Bi-Cu2S. 



31 

 

 

  

   The x-ray photoelectron spectroscopy (XPS) of Bi 4f spectrum for Bi-Cu2S (Figure 2.6g) 

shows the peaks at 156.93 and 158.91 eV, which are attributed to Bi0 and Bi3+, respectively. 

Compared to the XPS result of pure Bi NPs (Figure 2.10b), Bi-Cu2S has no peak shifted, 

suggesting the chemical composition and valence state of Bi-Cu2S in the bulk keep 

unchanged. The Cu 2p XPS spectrum of Bi-Cu2S (Figure 2.6h) shows a single Cu 2p3/2 

feature at 932.3 eV, which can be assigned to Cu1+ or Cu0. The deconvolution of the Cu 

LMM spectra (Figure 2.9) further distinguishes the existence of Cu1+ from Cu0 in Bi-Cu2S. 

 

 

Figure 2.7. (a) Schematic illustration of the nucleation and growth of the heterostructured 

Bi-Cu2S nanocrystals. (b) TEM images of Bi-Cu2S at different time intervals after 

introducing 1-dodecanethiol at 220 °C. 
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Figure 2.8. Bi 4f XPS spectra of Bi-Cu2S after (a) and before (b) the ECO2RR; Cu 2p 

XPS spectra of Bi-Cu2S after (c) and before (d) the ECO2RR. 

 
Figure 2.9. XPS Cu LMM Auger spectrum of Bi-Cu2S.
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2.3.2 Electrocatalytic activity of Bi-Cu2S in ECO2RR 

The as-synthesized Bi-Cu2S and control samples of Bi NPs and Cu2S NRs (Figure 2.2, 2.3) 

were deposited on activated carbon and surface-activated through a ligand-stripping 

method (Figure 2.5). The catalyst ink was prepared and airbrushed onto a carbon paper. 

The ECO2RR testing was conducted in CO2-saturated 0.1 M KHCO3 in a gas-tight H-cell. 

Before the measurement, all the samples were further activated via potential cycling 

between -1.2 V and 0 V vs. RHE in Ar-saturated solution for 10 cycles at a scan rate of 20 

mV s-1. Cyclic voltammograms (CVs) were then recorded first in Ar and then in CO2-

saturated solutions (Figure 2.11, 2.12, 2.13).    

 
Figure 2.10. Bi 4f XPS spectra of Bi NPs (a) after the ECO2RR measurement and (b) 

before the ECO2RR measurement; Cu 2p XPS spectra of Cu2S NRs (c) after the 

ECO2RR measurement and (d) before the ECO2RR measurement.
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Figure 2.11. The ECO2RR performance on Bi-Cu2S catalyst: a) CV curves in Ar-

saturated (black line) and CO2-saturated (red line) 0.1 M KHCO3 normalized to 

geometric area. b) Current density over 1 h of electrolysis at each given potential (-0.8 

to -1.2 V vs. RHE). c) FE for ECO2RR at various applied potentials. d) Durability test 

at -1.0 V for 10 h.     



35 

 

 

 
Figure 2.12. The ECO2RR performance on Bi NPs: a) CV curves in Ar-saturated (black 

line) and CO2-saturated (red line) 0.1 M KHCO3 normalized to geometric area. b) 

Current density over 1 h of electrolysis at each given potential (-0.8 to -1.2 V vs. RHE). 

c) FE for ECO2RR at various applied potentials. d) Durability test at -1.0 V for 10 h.     

 



36 

 

 

 

To further evaluate the catalytic performance of Bi-Cu2S, linear sweep voltammetry 

(LSV) curves were performed. In Figure 2.15a, Bi-Cu2S not only shows a higher current 

density than the two control samples (Bi NPs and Cu2S NRs) in a wide range of potential 

from -0.8 V to -1.2 V vs. RHE, but also demonstrates ~240 mV more positive onset 

potential than Bi. At -1.0 V vs. RHE, Bi-Cu2S demonstrates a 4.9-fold increase of total 

current density compared with Bi. To probe the product distribution, the electrolysis 

measurements in a wide range of applied potentials (-0.8 to -1.2 V) were carried out. Gas 

 
Figure 2.13. The ECO2RR performance on Cu2S NRs: a) CV curves in Ar-saturated 

(black line) and CO2-saturated (red line) 0.1 M KHCO3 normalized to geometric area. 

b) Current density over 1 h of electrolysis at each given potential (-0.8 to -1.2 V vs. 

RHE). c) FE for ECO2RR at various applied potentials. d) Durability test at -1.0 V for 

10 h.     
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chromatography (GC) was used to detect gas products, while 1H nuclear magnetic 

resonance (NMR) spectrometer was employed to analyze liquid-phase products. The Bi-

Cu2S demonstrated the highest partial current density for formate production (JHCOO-) at all 

applied potentials compared with Bi NPs and Cu2S NRs (Figure 2.15b). Meanwhile, the 

JHCOO- of Bi-Cu2S rapidly increased from -0.9 V, exhibiting a striking difference from the 

control samples. The FE of formate production (FEHCOO-) on Bi-Cu2S is shown in Figure 

2.11c. Over 90% of FEHCOO- was achieved at the applied potential of -1.0 V. Especially, 

near-unity HCOO- selectivity was obtained at the potential of -1.2 V, exceeding most of 

the state-of-art catalysts for formate production.7, 19 Figure 2.15e shows the FEs over Bi-

Cu2S, Bi, and Cu2S. The FEHCOO- of the designed Bi-Cu2S was higher than the two control 

samples at all applied potentials. Especially, the FEHCOO- of Bi-Cu2S was 92.4% at -1.0 V, 

which is ~1.4 times higher than the Cu2S NRs (65% FEHCOO-). The production rate of 

formate on Bi-Cu2S reached 131 µmol cm-2 h-1 at -1.0 V, which is 3.5 times higher than 

the Bi NPs (Figure 2.14). Furthermore, Bi-Cu2S showed a much lower FE of H2 (FEH2), 

indicating that Bi-Cu2S preserved the HER-inhabiting property. 
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Figure 2.14. The production rate of formate from ECO2RR on Bi-Cu2S and Bi at 

various potentials. 
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Figure 2.15. ECO2RR on Bi-Cu2S, Cu2S NRs, and Bi NPs in the CO2-saturated 0.1 M 

KHCO3 electrolyte: (a) LSV curves; (b) Partial current density of formate at different 

potentials. (c) ECSAs of Bi-Cu2S, Cu2S NRs and Bi NPs. (d) ECSA-corrected current 

densities for formate. (e) Comparison of FEs for ECO2RR on Bi-Cu2S, Bi and Cu2S 

electrodes at various applied potentials. 
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Figure 2.16. The ECO2RR performance on the mixture of Bi NPs and Cu2S NRs (Bi 

NPs+Cu2S NRs): (a) CV curves in Ar-saturated (black line) and CO2-saturated (red line) 

0.1 M KHCO3 normalized to geometric area. (b) Total FE for ECO2RR at various 

applied potentials. c) LSV of Bi-Cu2S, and Bi NPs+Cu2S NRs mixed sample. d) Partial 

current density of formate obtained on Bi-Cu2S and Bi NPs+Cu2S NRs mixed sample 

at different potentials. 
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2.3.3 The role of interficial sites on Bi-Cu2S 

To verify that the interfacial sites of Bi-Cu2S play a key role in the ECO2RR, Bi NPs 

and Cu2S NRs were physically mixed (Bi NPs+Cu2S NRs) as a control sample. Compared 

with the physical mixture of Bi NPs and Cu2S NRs (Figure 2.16), Bi-Cu2S showed a larger 

current density and higher FEHCOO-, indicating the importance of a well-connected interface 

on Bi-Cu2S in optimizing the ECO2RR kinetics. 

Moreover, we tested the activity of Bi-Cu2S heterostructures with 5-, 15-, 30-, and 120-

minutes reaction time after injecting the sulfur-containing surfactant, denoted as Bi-Cu2S/5, 

Bi-Cu2S/15, Bi-Cu2S/30 (which is the Bi-Cu2S catalyst we mentioned in this work), and 

Bi-Cu2S/120. The TEM images show that there are many impurities and unreacted 

precursors in the Bi-Cu2S/5 and Bi-Cu2S/15. The reaction is complete and there are no 

more impurities in the sample when the reaction time is more than 30 min. In Figure 2.17, 

Bi-Cu2S under complete reaction conditions (Bi-Cu2S/30 and Bi-Cu2S/120) demonstrate 

more positive onset potentials than the incomplete ones (Bi-Cu2S/5 and Bi-Cu2S/15). Bi-

Cu2S/30 shows the highest partial current density (JHCOO-) and Faradic efficiency of 

formate (FEHCOO-) production at the potential from -0.9 to -1.2 V vs. RHE. Especially, Bi-

Cu2S/30 demonstrates a much higher JHCOO- and FEHCOO- than the Bi-Cu2S/5 and Bi-

Cu2S/15, indicating the negative impact of the incomplete reactants in the CO2 reduction 

reaction. Furthermore, both JHCOO- and FEHCOO- on B-Cu2S/120 catalysts slightly decrease 

compared to Bi-Cu2S/30. This can be attributed to the larger size and fewer active sites of 

Bi-Cu2S/120. This result provides evidence that the interfacial synergy in Bi-Cu2S plays 

an important role in promoting electrocatalysis. Taking cumulatively, Bi-Cu2S/30 

demonstrates an extremely high HCOO- selectivity, improved current density, and a much 
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lower overpotential due to the synergistic effect at the interfacial sites of Bi-Cu2S. The 

durability test of Bi-Cu2S (Figure 2.11d) showed that the current density and FE stay stable 

after 10 h electrolysis. 
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Figure 2.17. TEM images of Bi-Cu2S heterostructures with different reaction time: a) 

5 min; b) 15 min; c) 30 min; d) 120 min. Corresponding electrocatalytic activities of 

CO2 reduction with different reaction time in the CO2-saturated 0.1 M KHCO3 

electrolyte: (e) CV curves; (f) Partial current density and FE on formate production at 

different potentials. 
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2.3.4 Intrinsic activity of Bi-Cu2S 

      To gain insight into the origin of the ECO2RR enhancement on Bi-Cu2S, 

electrochemical surface area (ECSA) was measured by calculating double-layer 

capacitance (Cdl) to evaluate their ECSA-corrected current density (Figure 2.18, 2.19). The 

calculated values of Cdl (Figure 2.15c) for Bi-Cu2S, Bi, and Cu2S are 3.1, 2.675, and 2.11 

mF cm-2, respectively, indicating Bi-Cu2S has more active sites than the controls. 

Meanwhile, the normalized ECSA current of formate (Figure 2.15d) shows that Bi-Cu2S 

has higher intrinsic activity than Bi NPs and Cu2S NRs at all applied potentials. The XPS 

was performed before and after the ECO2RR to gain a deeper insight into the valence state 

and surface composition of the Bi-Cu2S catalyst. In the Bi 4f XPS spectra of pure Bi NPs 

(Figure 2.10), only Bi3+ peak is observed, indicating Bi is surface-oxidized when re-

exposure into the air after the CO2 reduction. On the contrary, the XPS results of Bi-Cu2S 

(Figure 2.8) reveal that Bi partially keeps the metallic state and the Bi0/Bi3+ ratio increases 

from 1:26 to 1:3 before and after the ECO2RR. This observation suggests that the existence 

of Cu2S stabilizes metallic Bi and suppresses its surface oxidation upon air exposure to 

promote ECO2RR.12
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Figure 2.18. ECSA-corrected total current densities on Bi-Cu2S, Cu2S NRs, and Bi 

NPs. 
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Figure 2.19. Electrochemical surface area (ECSA) measured by CV cycling in Ar-

saturated 0.1 M KHCO3, and their linear fitting for a) b) Bi-Cu2S; c) d) Cu2S NRs; e) 

f) Bi NPs; g) h) The mixture of Bi NPs and Cu2S NRs (Bi NPs + Cu2S NRs).  
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2.3.5 Theoretical calculation  

2.3.5.1 DFT calculation  

    All density functional theory (DFT) calculations were performed using Vienna Ab initio 

Simulation Package (VASP), interfaced with the Atomic Simulation Environment. The ion-

electron interactions were described by the projector-augmented plane-wave approach. The 

Perdew-Burke-Ernzerhof generalized gradient approximation was selected as the 

description of the exchange and correlation interactions. In this work, two model systems 

including Bi (001) and Bi (001) with a Cu2S nanorod were constructed. For both systems, 

Bi (001) was represented by 3 layers of a 3×3 supercell with a lattice parameter of a = b = 

4.586 Å. For Bi-Cu2S interfacial system, 3 layers of a 2×2 supercell of Cu2S (100) slab 

with lattice parameters of a = 3.890 Å and c/a = 1.768 Å were used as a nanorod on top of 

the same Bi (001) substrate (Figure 2.20). All lattice parameters agree with experimental 

results and literature values within 1% error39-40. The adsorbates and top two layers 

including the Cu2S clusters were fully relaxed until the energy and interatomic forces were 

minimized down to 1 × 10-5 eV and 0.03 eV/Å, respectively. The bottom four layers were 

fixed in their bulk positions. The slab was separated with 15 Å of vacuum space to avoid 

interactions in the periodic calculations in the z direction. The cutoff energy was 420 eV 

for plane-wave basis sets with Fermi-level smearing of 0.05 eV for slabs and 0.01 eV for 

gas species. Free formation energies were calculated as:  

𝐺 = 𝐸𝐷𝐹𝑇 + 𝐸𝑍𝑃𝐸 − 𝑇𝑆 

where 𝐸𝐷𝐹𝑇 , 𝐸𝑍𝑃𝐸 , 𝑇𝑆  were electronic energy, zero-point energy, entropy contribution, 

respectively. For adsorbates, 𝐸𝑍𝑃𝐸  and S were determined by vibrational frequency 
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calculations, with all 3N degrees of freedom treated as harmonic vibrational motions (<50 

cm-1 ones are replaced by 50 cm-1). For molecules, all thermodynamic values were taken 

from the tabulated NIST database. DFT electronic energies for some molecules were 

corrected by combining with the experimental values since the inaccuracy of the PBE 

functional in describing these molecules41-42. HCOO-(aq) energy is calculated directly from 

the experimental reduction potential of CO2 to HCOO-(aq), i.e., -0.43 V vs. SHE at pH=7. 

The solvation effect on adsorbates was considered as an ad hoc effect and taken from 

literature values43-44. All contributions to the Gibbs free energy were provided in Table 

2.1.  

 

 

Figure 2.20. Front view of (a) Bi (001) surface and (b) Bi-Cu2S interfacial model surface. 

 

 

 

 

 

(a) (b) 
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Table 2.1. Thermodynamics of free molecules and surface speciesa 

Molecules ZPE -TS 

Gas phase   

correction 

Solvation 

H2(g) 0.27 -0.41 - - 

H2O(g) 0.56 -0.67 - - 

CO2 (g) 0.31 -0.66 0.17 - 

 

H2S (g) 0.40 -0.64 - - 

CO (g) 0.13 -0.61 -0.24 - 

*H 0.14 -0.03  0.01 

*COOH 0.59 -0.29  -0.29 

*OCHO 0.59 -0.33  -0.23 

aAll values are in electronvolt (eV). Temperature was set to 298.15K. 

 

The computational hydrogen electrode (CHE) model was employed to determine the free 

energy change of electrochemical elementary steps. All proton and electron transfers were 

assumed to be coupled. At 0 V vs RHE and 298.15 K, protons and electrons are at 

equilibrium with 1 bar of H2 at arbitrary pH:  

𝐻+ +  𝑒− → 1/2𝐻2 

At any given potential 𝑈, the energy of 𝑒− will be shifted by −𝑒𝑈.45-46 For example, the 

free energy of the reaction: 

𝐶𝑂2 + 𝐻+ +  𝑒− →∗ 𝑂𝐶𝐻𝑂 

would be calculated by: 
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∆𝐺 = 𝐺∗𝑂𝐶𝐻𝑂 − 𝐺𝐶𝑂2 − [
1

2
𝐺𝐻2 − 𝑒𝑈] 

 

2.3.5.2 Cu2S hypothetical structure 

Cu2S forms multiple phases depending on the reaction conditions. The synthesis 

temperature in this work is between 103℃ and 450℃, a hexagonal crystal structure also 

named as high chalcocite is generated. However, this high chalcocite structure is found to 

have a high mobility of Cu atoms and only sulfur atoms stay at lattice points of the 

hexagonal lattice. For simplicity of the modeling, a hypothetical structure used in previous 

studies47 has been employed to model the nanorod on top of the Bi surface. The property 

of the hypothetical structure was confirmed to be consistent with the real structure48. The 

coordinates of elements in the Cu2S unit cell and the crystal information are listed in Table 

2.2, while the crystal structure is shown in Figure 2.21.  

 

 

Figure 2.21. Cu2S unit cell 
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Table 2.2. Cu2S atomic coordinates 

Elements 

Coordinate (relative to unit cell) 

x y z 

S 1/3   2/3 1/4 

Cu (1) 0 0 1/4 

Cu (2) 1/3 2/3 0.578 

 

 

2.3.5.3 Sulfur vacancy free formation energy 

Sulfur vacancy free formation energy is calculated using a 2×2 supercell of Cu2S (001) 

surface and is given by, 

𝐸𝑣
𝑆 = 𝐸(𝐷𝑒𝑓𝑒𝑐𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒) − 𝐸(𝑃𝑟𝑖𝑠𝑡𝑖𝑛𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒) + 𝐸(𝐻2𝑆) − 𝐸(𝐻2) 

Where 𝐸(𝐷𝑒𝑓𝑒𝑐𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒), 𝐸(𝑃𝑟𝑖𝑠𝑡𝑖𝑛𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒), 𝐸(𝐻2𝑆), 𝐸(𝐻2) are the DFT total 

energies of the defect cell, pristine cell, H2S molecule and H2 molecule, respectively. The 

operating potential U vs. pH was plotted in Figure 2.23b. The red line is the potential U 

at which the vacancy starts to form. When the potential is more negative than the red line, 

the vacancy formation energy is negative which indicates the feasibility of losing sulfur 

atoms on the surface. The reaction operating conditions is plotted by the black line, 

starting from -1.21 V to -1.61 V vs. SHE at pH=7, and at this condition vacancies are 

formed on the surface. 
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Figure 2.22. Adsorption geometries of (a) *OCHO, (b) *COOH, and (c) *H on Bi (001) 

surface, and adsorption geometries of (d) *OCHO, (e) *COOH, and (f) *H on Bi-Cu2S 

interfacial system. 

 

2.3.5.4 Charge density difference calculation  

    The charge density differences were generated by the differences for the charge density, 

𝜌 , of various systems with adsorbates (*OCHO, *COOH and *H) and two reference 

systems: a bare surface system and radicals of adsorbates (OCHO, COOH and H) 

∆𝜌 = 𝜌𝐴𝑙𝑙 − 𝜌 𝑠𝑙𝑎𝑏 − 𝜌𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 

 

2.3.5.5 Investigation of interfacial synergy 

       To understand the interfacial synergy, DFT calculations were performed to investigate 

the energetics of key surface intermediates governing the kinetics of the ECO2RR and the 

(a) (b) (c) 

(d) (e) (f) 
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competing HER. Motivated by the X-EDS mapping of the synthesized Bi-Cu2S showing 

the dispersed Cu2S moieties on the Bi domain (Figure 2.6e), we built an interface model 

using a rhombohedral Bi (001) surface decorated with hexagonal Cu2S NRs. Cu2S NRs 

were constructed with the sulfur-terminated (001) orientation on all sides (Figure 2.20), 

which allows a stable interface to be formed between the two low-index surfaces. Under 

relevant ECO2RR conditions, Cu2S is partially reduced according to previous reports.49-51  

The sulfur vacancy free formation energy of the stoichiometric Cu2S (001) surface to 

generate H2S(g) is -1.23 eV at potential -1.0 V vs. RHE (Figure 2.21 and Figure 2.23b) 

In Figure 2.23b, the sulfur vacancy free formation energy was plotted as a function of the 

operating potential U and pH. The red line is the potential U at which the vacancy starts 

forming. The vacancy free formation energy is negative below the red line indicating the 

feasibility of losing sulfur atoms on the surface. The reaction operating conditions were 

plotted as the black line, starting from -1.21 V to -1.61 V vs. SHE at pH=7, and at this 

condition, vacancies were formed on the surface. The generation of a second sulfur vacancy 

is energetically unfavorable, resulting in surface reconstruction. Thus, the interface model 

of Bi-Cu2S contains one S vacancy in our model systems. This is consistent with our EDS 

spectra that the ratio of S/Cu decreases after the electrolysis. Since ECO2RR on Bi surfaces 

mainly produces formate and CO with two-electron transfers, we consider the first proton-

coupled electron transfer with the protonation of the C atom to form the *OCHO 

intermediate or O atom to form the *COOH intermediate.52 The *OCHO and *COOH 

intermediates can be further reduced to HCOO- and CO, respectively (Figure 2.23a). The 

HER via the *H intermediate is also considered at the interfacial sites. The reaction 

pathway and the optimized geometries for each intermediate are shown in Figure 2.23c-e, 
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for both Bi and Bi-Cu2S systems (Figure 2.22). The formation of the *COOH intermediate 

is significantly uphill in free energy than the *OCHO intermediate on both surfaces, 

leading to a favorable production of HCOO-, consistent with the experimental results of a 

much higher FEHCOO- than FECO. The Vomer step of the HER is highly unfavorable since 

the *H intermediate binds very weakly on Bi sites, resulting in a suppressed HER under 

CO2 reduction conditions on Bi.18, 53  
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Figure 2.23. (a) Proposed CO2 reduction mechanism on the Bi-Cu2S interfacial system. 

(b) The sulfur vacancy formation pourbaix diagram. (c) Free energy diagrams of the 

ECO2RR and HER on Bi (001) and Bi-Cu2S model systems. Optimized geometry 

structures of key intermediates (*OCHO, *COOH, *H) on Bi (001) and Bi-Cu2S 

systems are shown in (d) and (e), respectively. (Dark grey, brown, yellow, black, red, 

and white spheres denote Bi, Cu, S, C, O, and H atoms, respectively.) (f) and (g) are the 

top and front views of the charge density difference for Bi-Cu2S interfacial surface, 

respectively. Cyan corresponds to an isosurface of −0.001 e Bohr−3 and yellow to +0.001 

e Bohr−3.  
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     While the ECO2RR is facilitated in both Bi and Bi-Cu2S systems, the extent of 

stabilization of the CO- and HCOO--evolution intermediates varies. Attributed to the 

interactions between Bi and Cu2S, *OCHO and *COOH are stabilized by 0.25 eV and 0.20 

eV on the Bi-Cu2S interfacial site, respectively, leading to a reduced overpotential and 

improved selectivity toward formate production compared with that on pure Bi. The *H 

intermediate is merely stabilized by 0.10 eV due to its adsorption on the Cu site of Bi-Cu2S. 

Therefore, the HER is still inhibited in Bi-Cu2S, consistent with our experiment results in 

Figure 2.15e. We further analyzed the local electronic structure of the interface and the 

adsorbates to gain insights into the improved performance. Figure 2.24-2.25 shows the 

isosurfaces of the Cu2S-induced charge density difference, and Figure 2.26 shows the 

Bader charge analysis54, both of which show that Bi is electron-deficit, which is consistent 

with the fact that a Schottky interface between Bi and Cu2S could lead to the electron flow 

from Cu2S to Bi55-56. For a bare Bi-Cu2S surface (Figure 2.23f-g), the Bi substrate is 

electron-deficit, especially for Bi atoms forming bonds with S atoms, which plays an 

important role in electrostatically stabilizing the *OCHO and *COOH intermediates since 

both are negatively charged as shown in Figure 2.25 of adsorbate-induced charge density 

difference on Bi (001).  
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Figure 2.24. Isosurfaces of adsorbate-induced charge density difference for adsorbates 

on Bi (001). (a), (b), and (c) are top views of *OCHO, *COOH, and *H adsorbates, 

respectively. (d), (e), and (f) are front views of *OCHO, *COOH, and *H adsorbates, 

respectively. Cyan corresponds to an isosurface of −0.001 e Bohr−3 and yellow to +0.001 

e Bohr−3. 

 

(a) (b) (c) 

(d) (e) (f)
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Figure 2.25. Isosurfaces of adsorbate-induced charge density difference for adsorbates 

on the Bi-Cu2S interfacial surface. (a), (b), and (c) are top views of *OCHO, *COOH, 

and *H adsorbates, respectively. (d), (e), and (f) are front views of *OCHO, *COOH, 

and *H adsorbates, respectively. (g), (h), and (i) are side views of *OCHO, *COOH, 

and *H adsorbates, respectively. Cyan corresponds to an isosurface of −0.001 e Bohr−3 

and yellow to +0.001 e Bohr−3. 

 

(d) (e) (f)

(a) (b) (c)

(g) (h) (i)
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Figure 2.26. Bader charge analysis of the Bi-Cu2S interfacial structure. Magenta values 

correspond to positive charges of atoms, and blue values correspond to negative charges of 

atoms.57 

 

 

2.4 Conclusion 

    In summary, we have reported a one-pot synthesis of heterostructured Bi-Cu2S 

nanocrystals for the ECO2RR toward formate production. Detailed structural 

characterizations proved the successful construction of a well-connected, epitaxial 

interface between Bi and Cu2S. Systematic electrochemical investigations demonstrated 

much enhanced ECO2RR activity without the sacrifice of high selectivity at the interface 

between Bi and Cu2S. Compared with Bi NPs, Cu2S NRs, Bi+Cu2S physical mixture, Bi-

Cu2S presented the highest FE at all applied potentials toward formate production, with 

partial current densities increased by 5.2-fold, 2.4-fold, 5.3-fold at -1.0 V vs. RHE, 

respectively. The onset potential of Bi-Cu2S is ~240 mV more positive than that of Bi NPs. 
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These results provide clear evidence that the interfacial synergy in Bi-Cu2S plays a pivotal 

role in promoting electrocatalysis. DFT calculations suggest that the electron transfer from 

Bi to Cu2S at the interface stabilized the ECO2RR intermediates, particularly for *OCHO 

toward HCOO- evolution compared with *COOH to CO and *H to H2. This work 

highlights a unique design strategy of p-block metal and TMC heterostructures to fine tailor 

active sites for advanced electrocatalysis. 
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CHAPTER 3 

Electrocatalysis in confined spaces: interplay between well-defined materials and 

the microenvironment 

3.1 Introduction 

      Tailoring active sites to stabilize or destabilize reaction intermediates plays a pivotal 

role in catalysis and thus has been commonly exploited as a powerful strategy to steer 

catalytic pathways for desired outcomes.1-2 Nevertheless, energy scaling relations place 

constraints on optimizing catalytic performances. Consequently, there usually exists a 

volcano-shaped activity or selectivity trend on various catalyst surfaces.3-5 For example, in 

the electrochemical oxygen reduction reaction (ORR), Pt alloys with different 

compositions demonstrate a ‘volcano’ relationship between the measured activities and the 

adsorption energies of key intermediates, e.g., the oxygen-binding energy, along the 

reaction path.3, 6-7 Similarly, in the electrochemical CO2 reduction reaction (CO2RR), the 

activity is limited by scaling relations between the binding energy of *CO and its 

hydrogenated species such as *CHO and *COH.8-9 The holistic kinetic and transport 

control to boost catalytic performance has been widely used in the industry. However, this 

exhaustive sorting of optimum operating conditions remains challenging. Inspired by 

nature where enzymes can create a protein environment and incorporate multifunctionality 

to modulate catalytic reactions, the microenvironment, i.e., the confined space in close 

proximity to the catalytic active site, is now being recognized as equally important as the 

active site in regulating catalytic results and thus has been attracting extensive attention in 

recent years.10  
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      The confinement effect, especially at nanoscale, denoted as nanoconfinement, has been 

investigated thoroughly in conventional heterogeneous catalysis. For example, carbon 

nanotubes (CNTs) are a common class of materials that can establish nanoconfinement 

effects on active sites.11-13 Nanoconfinement has also been observed in nanocatalysts under 

two-dimensional (2D) materials, e.g., graphene and hexagonal boron nitride (h-BN), 

denoted as “catalysis under cover”.14-15 Recently, confined catalysis in emerging porous 

materials, such as metal-organic frameworks (MOFs), covalent organic frameworks 

(COFs), and polymer layers has been considered as an effective strategy in modulating the 

diffusion and transport of reactants to promote catalysis.10, 16-17 The comprehensive 

discussion of confinement effects in conventional thermal catalysis can be found 

elsewhere15-16, 18, and is beyond the scope of this article.  

     Electrocatalysis enables the conversion of small molecules, such as CO2, N2, and H2O 

into high-value chemicals or fuels, paving the road to a sustainable energy future with 

minimal carbon footprint.1, 19-21 The rational design of electrocatalysts is therefore of 

crucial importance in achieving this sustainable future. Compared with the abundant 

literature of confinement effects in thermal catalysis, electrocatalysis in confined spaces is 

relatively less discussed. Similar to the case of heterogeneous catalysis, a confinement 

environment in electrocatalysis embraces mechanical, electronic, and geometric effects22-

23 (Figure.3.1), stabilizing important charge-transfer intermediates and promoting reaction 

kinetics. It may also enable a desired diffusion and transport rate of reactants through the 

formation of porous nanoreactors.12, 15 Specifically, mechanical effects induced by the 

geometric constraint can come into play. For example, a fine-tailored nano-space between 

CNTs and embedded metals could weaken the interaction between the confined reactants 
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and metal sites due to the mechanical forces.22 Electronic effects can also affect the 

reactivity of electrocatalysis in the confined environment, similar to the case of confined 

catalysis where electron interactions, charge-transfer, and shifting of d-band of metal 

centers can occur.22 Furthermore, geometric effects resulting from the coverage of active 

sites by CNTs also play a crucial role in affecting the catalytic behavior in confined 

catalysis. For example, the experimental investigations and atomistic simulations of single- 

and multi-wall CNTs demonstrated that the number of walls and radius of CNTs could 

determine their stability, thus potentially affecting their durability and activity during 

electrochemical reactions.24 

     Here, we summarize the most recent progress in electrocatalysis, especially CO2RR, in 

confined spaces with a focus on nanomaterials encapsulated by carbon-based materials. 

More specifically, we provide a comprehensive perspective of metal-encapsulated CNTs 

(M@CNTs) employed in electrocatalysis. Various types of M@CNTs mainly focusing on 

non-precious metal-based materials are presented and discussed. Furthermore, applications 

of M@CNTs in CO2RR is summarized and discussed in detail. 
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Figure 3.1. Schematic illustration of three important confinement effects using 

materials confined in CNTs as an example. 
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3.2 Fundamentals of CNTs in confined catalysis 

3.2.1 Background of CNTs and their applications in electrocatalysis 

      Since the discovery of CNTs by Iijima in 1991, this unique one-dimensional (1D) 

material with a finite carbon structure and a needle-like tube morphology has attracted 

increasing research attention in the catalysis community.25 CNTs can be categorized into 

two groups. One is the single-walled nanotube (SWNT), which is a single graphite sheet 

rolled into a cylindrical morphology. The other is multi-walled nanotubes (MWNTs) 

consisting of multiple rolled graphene layers with a mutual center. CNTs are wrapped into 

cylinder tubes by graphene layers through sp2 bonds that hold the carbon atoms into an 

aromatic ring structure.26 Such a well-defined structure with the strong π-electron 

interaction results in outstanding electrical capacitance and intriguing quantum effects of 

CNTs.27 Recent research demonstrates that using CNTs as the carbon support in 

electrocatalysis provides synergistic interactions with metal catalysts and thus improves 

catalytic activity and selectivity.28-29 To date, many M@CNTs have been engineered into 

high-efficiency electrocatalysts in a range of electrocatalytic reactions such as ORR, water-

splitting reactions, CO2RR, and NRR. 

3.2.2 Fundamental of confined catalysis 

      Understanding the fundamentals of the confinement effect has become an essential 

topic in catalysis fields. The confined environment is usually established at the space 

between metal surfaces and 2D materials, 1D nanotubes, and zero-dimensional (0D) porous 

materials, providing an ideal platform to incorporate site and environment cooperativity 

for enhancing catalytic performance. For example, compared with the metal nanoparticles 

(NPs) deposited on the exterior wall of CNTs, confined space of metal NPs encapsulated 
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in CNTs exhibit tailored catalytic activities due to the electronic effects.11 Further 

experimental studies showed that the interplay between spatial confinement and electronic 

structure leads to significant strains and deformations in CNT channels, resulting in the 

downshift of d-band states and thus weakening the adsorption of molecules such as O2 and 

CO.2, 11, 22 Theoretical efforts in identifying the origin of the quantum confinement effect 

reveal that the spatially confined environment increases the molecular orbital energy, thus 

changing the adsorption and activation of confined reactants.14 To unify the descriptor of 

the confinement effect and enable the prediction of its role on catalytic activities, the 

confinement energy (Econ) is defined as the adsorption energy difference with and without 

confinement environment. Specifically, by analyzing the electronic structure, it was found 

that the strong interaction between the encapsulated metal sites and the interior surface of 

CNT leads to the downshift of metal d-band states.11 Such a shift weakens the binding 

energy of oxygen (Eb(O)). Consequently, the confined metals are more difficult to be 

oxidized than those on the exterior walls of CNTs. As Eb(O) differs from the interior walls 

to exterior walls on CNTs, this difference has been defined as the Econ, showing as, 

Econ = Eb(in) - Eb(out)                                                                                              (Eqn. 1) 

 

where Eb(in) and Eb(out) are the binding energies of adsorbates over the confined metal 

and the same metal deposited on the CNT exterior walls, respectively.11 A positive Econ 

suggests weakened adsorption of reactants/intermediates, which can be confirmed by 

surface science experiments.11, 14 Previous investigations demonstrate that Econ can 

effectively explain the confinement effect inside CNTs where the adsorption energy of 

intermediates/molecules is reduced compared with that of those metals on the exterior 



72 

 

walls.11 This concept has a significant impact on tuning the molecule-metal interaction in 

a confined system and the corresponding confinement effect can be clearly explained by 

Econ.
22   

 

3.3 Electrocatalysis in confined spaces 

      The carbon-based materials provide a confined space around the active sites, ultimately 

affecting the catalytic behavior in various electrocatalytic reactions. In the following 

session, we highlight the most recent advances in space-confined electrocatalysis with 

emphasis on the microenvironment created by CNTs. Confinements imposed by other 

carbon-based materials such as well-defined 2D graphene and oxides are also discussed as 

an extension of the scope. We present the synthesis, characterization, electrochemical 

evaluation, and mechanistic investigation of the aforementioned systems and emphasize 

the importance of understanding the interplay between well-defined materials and the 

microenvironment in the rational design of efficient electrocatalysts. Moreover, 

electrocatalysis in confined spaces is discussed in detail of CO2RR.  

3.3.1 CO2RR in confined spaces 

      Mastery of the conversion of the excess CO2 to high value-added carbon-based 

chemicals is paramount to address the energy crisis. CO2RR driven by renewable electricity 

and using water as the proton source provides a possible route to enable a carbon-neutral 

cycle.30-32 Currently, noble metals including Au, Pd, and Ag predominately convert CO2 

into CO under electric bias; while the base metals such as Bi, Sn and In, generate formic 

acid as the major product.33-38 N-CNTs also demonstrate activity for CO2RR with a much 
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lower cost compared with the aforementioned metal systems.39 Wu et al. found different 

types of nitrogen in N-CNTs exhibited different selectivity towards CO. The pyridinic 

nitrogen possessed the higher adsorption energy in the rate-determining step of the first 

electron-proton transfer to form the intermediate *COOH, thus weakening the binding of 

*CO.40 In general, the confinement effect in CNTs can help to reduce the adsorption energy 

of the intermediates at the active sites, facilitating the dissociation of target products and 

promoting the reaction kinetics.11 As a result, recent work has been focused on the non-

precious metal NPs encapsulated in N-CNTs to exploit the confinement effect on the 

adsorption energy to steer the pathway of CO2RR. 

     Ni NPs encapsulated in N-CNTs (Ni@N-CNTs) have been synthesized using a one-step 

pyrolysis method by annealing the mixed dicyandiamide and NiCl2 under the protection of 

N2.
41 TEM shows that Ni NPs with a diameter of 50-100 nm were wrapped by layers of N-

CNTs (Figure. 3.2a). The X-ray absorption fine structure analysis confirmed the metallic 

state of Ni in Ni@N-CNTs. To shed light on the confinement effect in CO2RR by confining 

Ni NPs inside the N-CNTs, Ni NPs deposited on the exterior surface of N-CNTs (Ni-N-

CNTs) were prepared as a comparison. Ni@N-CNTs demonstrated the highest Faradic 

efficiency (FE) of 99.1% towards CO at −0.8 V (vs. RHE), while the maximum FE of Ni-

N- CNTs, N-CNTs, and Ni NPs only could reach up to 34.9%, 35.9%, and 0.3%, 

respectively. The largely enhanced selectivity towards CO in Ni@N-CNTs was attributed 

to the benefit of confined metallic Ni, which significantly decreased the charge-transfer 

resistance and boosted the formation of intermediates *CO. Moreover, the FE for CO 

production was maintained at 96% after a 20 h long-term test. In addition, the calculation 

results on the different sites inside or outside CNTs and N-CNTs of Ni clusters (Figure. 
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3.2b, c) further verified the Ni clusters confined in CNTs indeed weakened the adsorption 

*CO on Ni surface, facilitating the dissociation of CO molecules. It is noteworthy that Ni 

was the active site for CO2RR in Ni@N-CNTs and the content of Ni was determined up to 

26 wt%. Decreasing the size of metal NPs to the single-atom level emerges as an efficient 

strategy to maximize the atom efficiency. Hou et al. reported a self-sacrifice template 

method by pyrolysis of core-shell ZnO@ZIF-NiZn nanorods at 800 °C for 5 h to obtain Ni 

single atoms anchored N-CNTs (Ni SAs@N-CNTs) catalyst, enabling highly exposed 

active centers to adsorb and activate CO2 molecules.42 Nearly 100% FE of CO was obtained 

at −0.8 V vs. RHE in Ni SAs@N-CNTs system with Ni content confirmed to be 1.68 wt%.  

     In addition to embedding metal particles in N-CNTs, the construction of M-N-C 

structure via anchoring metal-based hybrid materials inside the CNTs is effective in 

advancing the electrocatalytic activity.43 For example, Jia et al. prepared the Fe/Fe3C NPs 

wrapped by N-CNTs, denoted as Fe/Fe3C@N-CNTs via annealing the mixed 

dicyandiamide and carbon-coated Fe3O4 NPs at 650, 750 and 850 °C, respectively.44 TEM 

and HRTEM images in Figure. 3.2d, 3.2e show the successful encapsulation of Fe/Fe3C 

NPs inside the CNTs. Compared to the samples calcined at 650 and 850 °C, Fe/Fe3C@N-

CNTs calcined at 750 °C showed the lowest onset potential and maximum FE of CO at -

0.74 V vs. RHE. Meanwhile, the syngas of H2/CO ratio could be flexibly regulated in the 

range from 1:1 to 3:1 (Figure. 3.2f). The high selectivity for CO production in 

Fe/Fe3C@N-CNTs-750 could be attributed to the abundant pyridinic and pyrrolic nitrogen 

that facilitates the dissociation of *CO. To sum up, intimate contact between CO2 

molecules and metal NPs can be established thanks to the space confinement in N-CNTs. 

Moreover, the binding and protonation of intermediates can be tuned by controlling the d-
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band states of metal centers.  Nevertheless, there are only a few examples of CO2RR in this 

research area. We envision that the rational design and synthesis of metallic NPs confined 

in N-CNTs merits further investigations on generating high value-added products, 

especially C2+ products in CO2RR. 
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Figure 3.2.  (a) TEM image of Ni@N-CNTs; free energy diagram (at 0 V) of CO2 

electroreduction over the confined Ni catalysts (b) inside or outside CNTs and (c) 

inside or outside N-CNTs. (This figure has been adapted/reproduced from ref 86 with 

permission from Elsevier, copyright 2019) (d) TEM and (e) HRTEM images of 

Fe/Fe3C@N-CNTs-750 sample; (f) The ratio of the FE of H2 and CO of Fe/Fe3C@N-

CNTs samples at different potentials. 
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3.4 Conclusion 

      A critical element in the pursuit of design strategies for advanced electrocatalysts is the 

simultaneous control of active sites and their surrounding microenvironment. 

Electrocatalysis in confined spaces is well-suited for this mission and opens enormous 

opportunities for future catalyst design. One of the crucial concepts here is confinement 

energy that describes the difference of binding energy with/without the confined space. 

With this concept, it enables the prediction of confinement effects on electrocatalytic 

behavior in different reaction systems. The interplay between active sites and their 

microenvironment provides synergetic electronic, mechanical, and/or geometric effects in 

directing electrocatalytic outcomes of confined systems. For example, in the nitrogen-

doped CNTs system, the interaction between the N dopants and embedded metal catalysts 

can generate more efficient active centers to further improve their catalytic activity. As 

discussed in 4.3, the interplay between active centers and CNTs usually leads to the 

protective environment against electrochemical cycling, shifting of metal centers, charge-

transfer, as well as adjusted work functions of CNTs to regulate the adsorption and 

activation of reactants and intermediates. Furthermore, non-precious metal NPs confined 

in carbon-based materials demonstrate comparable performance CO2RR with those 

precious metal-based state-of-the-art catalysts. 

 

3.5 Challenges and opportunities  

      Compared with the fundamental investigation of conventional heterogeneous catalysis, 

the origin of the confinement effect in electrocatalysis has not been fully revealed. Surface 

science, especially by coupling of electrochemical evaluations with on-line spectroscopy, 
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such as surface-enhanced IR, Raman, differential electrochemical mass spectroscopy, and 

X-ray absorption spectroscopy, will play a pivotal role in pinning down the nature of 

confinement in electrocatalysis.15, 45-46  

      Parallel to the suggested surface chemistry efforts, we also emphasize the importance 

of a highly integrated framework of theory and experimentation. Although this minireview 

is mainly focused on the experimental progress, close integration of theoretical and 

experimental investigation is appealing to pinpoint the mechanistic pathways in confined 

electrocatalysis. For this reason, we anticipate that the well-defined systems such as 

monodisperse NPs or single-atom catalysts will lead to in-depth understanding and further 

development to establish a feedback loop for adaptive modelling and prediction.  

      Regarding the materials system, metals confined in other materials systems beyond 

CNTs will open new opportunities in precisely tailoring the interplay between active sites 

and their microenvironment. For example, CNTs usually demonstrate weak interactions 

with metal centers, while metal oxides may establish strong-metal support interactions at 

the interface between oxides and metals,47 enabling efficient electron transfer. We 

anticipate that by reducing the size of the microenvironment imposed by the cover, the 

confinement effect may be amplified. Furthermore, the geometric effect, e.g., the porosity, 

and the size of coating, and the electronic effect, e.g., the charge transfer direction and 

degree48 can be precisely controlled and harnessed for catalysis in these well-defined 

systems.  

      In summary, electrocatalysis in confined spaces has far-reaching implications in 

chemistry, materials science, and sustainable energy applications. We believe that 

advanced and practical electrocatalysts for next-generation chemical and energy devices 
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can be developed based on the concept of confinement, calling for the understanding of 

fundamental aspects and precision chemical synthesis.  
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CHAPTER 4 

Ag-modified Cu nanocubes for CO2 electroreduction 

4.1 Introduction 

      In Chapter 2, we emphasized our work on electrochemical CO2 reduction reaction to 

C1 products. We synthesized heterostructured Bi-Cu2S nanocrystals for enhancing 

electrocatalytic performance toward formate. However, we are always keeping a question 

in mind: how to go beyond the C1 products. The most attractive goal of electrochemical 

CO2 reduction is to generate C2 and C2+ products, such as ethylene, ethanol, n-propanol, 

etc. Among these CO2 reduction products, alcohols are highly desirable because of their 

high industrial value and ease of transportation and storage.       

     Previous studies showed that Cu had shown promising catalytic performance toward 

CO2 reduction to C2 products. However, it is shown that CO2 reduction on Cu has poor 

selectivity and stability, leading to an open question for catalyst design that can improve 

performance. In recent years, a rising topic called “tandem catalysis” has attracted 

researchers’ attention. Tandem catalysis is a type of alloy that combines multiple metal 

species in the catalyst, which utilizes the promising property of these metals. This idea can 

also be applied to the reaction of CO2 reduction. Chen et al. designed Cu-Ag tandem 

catalysts that can enhance C2 production rate by first reducing CO2 to CO on Ag and then 

forming the C-C bonds on Cu.1 Another recent work showed that Au/Cu is in favor of 

ethanol production.2 This catalyst exhibits higher synergistic activity and selectivity on C2 

production than either Au or Cu compartment, indicating that tandem catalysis plays a key 

role in Au/Cu system.   



85 

 

      Moreover, it has been widely accepted that *CO (* denotes surface adsorbate) and *CO 

related intermediates are crucial for CO2RR toward multicarbons. Cu is known to have 

moderate adsorption of *CO based intermediates, which is good for keeping *CO on the 

surface and enabling further reduction. However, the reduction of CO2 to CO on Cu is 

weak due to the poor ability of activation of CO2, leading to a less *CO reservoir for C-C 

coupling to produce C2 products. In contrast, Ag and Au, which are coinage metals, show 

a strong ability to reduce CO2 to CO, typically with very high activity and selectivity, due 

to the strong ability to activate CO2 under electrochemical reaction conditions. Thus, Cu-

based bimetallic tandem platforms have been invoked for CO2RR, which utilizes Ag or Au 

as one of the metal species to activate CO2 and reduce it to *CO, and couple with Cu for 

the strong ability of C-C coupling to further produce C2 products.  

 

4.2 Catalyst design 

      The catalyst was developed a controllable way to dope the Ag into Cu lattice by using 

a wet-chemical method. By controlling the Ag ratio and reaction temperature, we are able 

to obtain different structures of CuAg bimetallic catalysts. First, we add the solvent, 

reducing agent, and Cu precursors into a reactor, then increase to a certain temperature to 

get Cu nanocubes. After that, the Ag precursor is injected into the reactor. With a low Ag 

ratio, we can get Cu/CuAg core-shell structure which means Ag doped into Cu lattice. As 

the Ag doping ratio increases, it can form the ordered intermetallic Cu/CuAg SSA. By 

using this wet-chemistry synthetic method, we are able to achieve two different structures 

of CuAg nanocubes (Figure 4.1). We are still waiting for the characterization results of 

Cu/CuAg ordered SAA. In this case, I’ll mainly focus on Cu/CuAg core-shell nanocubes. 
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Figure 4.1 Synthesizing method of single atom Ag doped into Cu lattice. 
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     The TEM images of the as-synthesized Cu/CuAg core-shell nanocubes (Figure 4.2, and 

Figure 4.3a) show that Cu/CuAg core-shells are cubic morphology with the size of 35-40 

nm. To get further insight into the distribution of Ag and Cu in the as-synthesized Cu/CuAg 

nanocubes, elemental analysis was carried out with scanning transmission electron 

microscopy (STEM). Figure 4.3b shows a high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) image and the elemental mapping of 

a representative Cu/CuAg nanocube. We observed that Cu mainly enriches in the core 

while Ag distributes on the surface of Cu, forming a CuAg shell. A clear interfacial 

boundary was observed in a bright-field (BF) STEM image (Figure 4.3c), suggesting the 

CuAg layers cover the Cu nanocube core. The X-ray diffraction (XRD) pattern (Figure 

4.4) of the Cu/CuAg core-shell nanocubes demonstrates diffraction peaks that match well 

with the Cu fcc phase.  

 

 

Figure 4.2 TEM images of a) Cu nanocubes. b) Cu/CuAg core-shell structure. 
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Figure 4.3 (a) Structural characterizations of Cu/CuAg core-shell nanocrystals. (a) TEM 

images; (b) The STEM-HAADF image and the corresponding X-EDS mappings of 

Cu/CuAg core-shell. (c) Schematic illustration of the CuAg shell covered on Cu core. 
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Figure 4.4 XRD patterns of Cu nanocubes and synthesized Cu/CuAg core-shell nanocubes. 
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4.3 Electrocatalytic performance of Cu/CuAg core-shell catalysts 

       Electrochemical CO2 reduction reaction was conducted in 0.1 M KHCO3 in a H-type 

cell. In this report, we tested Cu/CuAg core-shell catalysts compared to the Cu nanocubes 

(NCs) reference. Cu/CuAg core-shell catalysts demonstrated higher ethylene and ethanol 

selectivity at lower overpotential. In Figure 4.5a, compared to Cu NCs, Cu/CuAg core-

shell catalysts generate more CO at the same potential, indicating Ag could facilitate to 

create a CO-rich environment in the electrolysis system. And the Cu/CuAg core-shell 

catalysts begin to generate C2H4 at the potential of -1.1 V vs. RHE, while there is no C2 

formation on Cu NCs at the same potential. By increasing the applied potential to -1.2 V, 

C2H4 is detected in Cu NCs system. Meanwhile, Cu/CuAg core-shell could enhance the 

electrocatalytic activity on ethanol production. It can achieve 7.9% of FE of ethanol at -1.4 

V, which is about a three-fold ethanol yield on Cu NCs. In Figure 4.5b, the higher FE of 

C2 products on Cu/CuAg core-shell at a wide range of potential windows indicates that Ag 

doped into Cu lattice shows the tandem effects for promoting C2 formation in 

electrochemical CO2 reduction.  
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Figure 4.5 ECO2RR performance on Cu nanocubes catalyst and CuAg core-shell catalyst: 

a) FE for ECO2RR. b) FE of C2 formation at various applied potentials. 
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4.4 Investigation of Ag stabilized Cu lattice 

     To investigate the structural evolution of Cu/CuAg core-shell catalyst during the CO2 

reduction process, in situ XAFS was performed. Figure 4.6a shows the Cu K-edge X-ray 

absorption near-edge structure (XANES) spectra of Cu/CuAg core-shell nanocubes and the 

reference (Cu foil). When the potential from -0.6 to -0.9 V was applied, XANES shifted 

toward lower energy and the intensity of white lines decreased, indicating the oxidized Cu 

is reduced to metallic Cu. Ag L3-edge spectra Figure 4.6b show no oxidation state change 

as Ag is very stable and always maintains the metallic Ag. Furthermore, the extended-

XAFS spectra (Figure 4.7) that show the same changes that the Cu-O bond disappeared 

with an intensifying metallic Cu-Cu bond. Besides, The EXAFS fitting shows the presence 

of metallic Cu at -0.8 V and -0.9 V, indicating that the metallic Cu serves as catalytic active 

sites for CO2RR.  

      To further elucidate whether the incorporation of Ag into Cu could chemically improve 

the structural stability of Cu lattice, we tested 5 hours of stability at -1.2 V (Figure 4.8). 

The results showed that Cu NCs need 150 min activation time to reach stable FE toward 

C2H4. But there is no activation step needed for Cu/CuAg core-shell in the electroreduction 

of CO2 to C2H4. It can reach a maximum C2H4 yield at the beginning and no degradation 

during the reaction. When increasing the potential to -1.4 V, Cu NCs need less time to 

activate the catalyst surface, and it reaches a stable C2H4 production after 1.5 h. Combining 

the XAFS results that metallic Cu is the active site of CO2RR, Cu nanocubes need more 

activation time to reduce to metallic Cu to generate ethylene. These results indicate that Ag 

doped into Cu could stabilize the Cu lattice and prevent the oxidation of Cu.  
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Figure 4.6 Structural characterizations of the Cu/CuAg core-shell nanocubes. a) Cu K-

edge in situ XANES spectra of Cu/CuAg nanocubes and Cu foil reference, with a zoomed 

view of the Cu K-edge as inset. b) Ag L3-edge in situ XANES spectra of Cu/CuAg 

nanocubes and Ag foil reference. 
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Figure 4.7 EXAFS Fourier transformed k3-weighted χ(k) function spectra of Cu/CuAg 

nanocubes and Cu foil reference.. 
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Figure 4.8 Faradic efficiency toward C2H4 on Cu/CuAg core-shell catalyst and Cu NCs 

at a) -1.2 V (b) -1.4 V. 
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CHAPTER 5 

Machine learning of lateral adsorbate interactions in surface reaction kinetics 

5.1 Introduction 

      Lateral adsorbate inte ractions on solid surfaces play a crucial role in heterogeneous 

catalysis, self-assembly, nucleation and growth, and many interfacial phenomena governed 

by molecular processes 1. For instance, the outcome of a surface-catalyzed reaction can be 

greatly influenced by introducing chemical additives as coadsorbed modifiers which 

promote or inhibit the transformation of kinetically significant intermediates. As being 

increasingly recognized, intrinsic reaction intermediates at noticeable coverages often 

synergistically regulate the catalytic cycle with active sites in a self-adjusting manner 2,3. 

At the most fundamental level, an ensemble of adsorbate-adsorbate configurations 

collectively renders the local environment of reacting species by substrate-mediated 

electronic couplings and through-space electrostatic interactions 4,5, or direct orbital 

overlaps in some cases 6. Experimentally, it is possible but remains challenging to measure 

interaction energies of adsorbates on single-crystal surfaces under ultrahigh vacuum 

conditions. However, the so-called pressure and materials gaps prevent the generalization 

of attained knowledge to industrial operating conditions 7. In this regard, computational 

chemistry with a vast array of sophisticated tools is invaluable in describing the structure 

and energetics of complex systems 8. Particularly, density functional theory (DFT) has 

proved to be reasonably accurate for capturing kinetic parameters of elementary steps 

occurring at active sites while considering lateral adsorbate interactions in an ad hoc 

fashion. The practicability and maturity of this approach have reached such a level that 
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rudimentary energy analyses of reaction pathways can often tell us whether a material 

candidate can selectively catalyze desired chemical transformations.  

      To provide truly actionable insights for guiding the design of high-performance 

catalytic systems, rigorous kinetic analysis is required. With recent advances in computing 

infrastructures and numerical algorithms, kinetic modeling of surface reactions has gained 

popularity because it directly links atomistic processes with macroscopic observables 

under relevant conditions 9. Among various practiced techniques, microkinetic modeling 

(MKM) with the Brønsted-Evans-Polanyi (BEP) and linear adsorption-energy scaling 

relationships is widely used in heterogeneous catalysis by mapping the catalytic outcome 

of surface reactions onto reactivity descriptors, e.g., adsorption energies of key 

intermediates or their derivatives 10. It has been shown that when applying the adsorbate 

interactions to kinetic studies, catalytic reaction pathways and microkinetic predictions like 

turnover frequency, selectivity and apparent activation energies are different, highlighting 

the generic consequences of lateral interactions 11. Although lateral adsorbate interactions 

can be included in energetics, the spatial distribution of adsorbates on a catalytic surface is 

not explicitly considered because of the inherent mean-field approximation 12,13. To go 

beyond the mean-field treatment 14,15, one of the common approaches is solving a stochastic 

Markov process within a lattice-based kinetic Monte Carlo (kMC) framework. However, 

it is not feasible to directly compute energetics of every MC step from quantum mechanics 

across experimentally relevant time and length scales 16. To address this dilemma, 

developing surrogate models by learning from ab initio data has become an emerging 

research frontier of fundamental catalysis 17,18. Herein, we survey the machine learning 

(ML) algorithms for predicting lateral adsorbate interactions on solid surfaces, e.g., 
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transition metals, ranging from analytic linear relationships, to ML-parameterized cluster 

expansions, and to highly nonlinear deep learning models (Figure 1). We will also discuss 

prospects and foreseeable challenges in implementing generalizable ML techniques in 

operando computational modeling of surface reaction kinetics.  

 

 

Figure 5.1. Lateral adsorbate interactions can be considered as the change of the binding 

energy for a given adsorbate in response to a perturbation of its local environment by co-

adsorbates. Analytic relationships between the average (or differential) adsorption energies 

and the coverage have been employed to determine lateral adsorbate interactions in simple 

scenarios. Another way that has been widely used is ML-parameterized (cross validation, 

regularization, pattern recognition, etc.) cluster expansions (CEs). An emerging approach 

is using highly nonlinear deep learning models, e.g., graph convolutional neural networks 

(GCNNs), to predict adsorption energies after seeing a large amount of surface 

configurations by the algorithms.  
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5.2 Analytic relationships 

      To include adsorbate coverage effects in microkinetic modeling, analytic relationships 

have been developed to describe adsorption energies and reaction barriers as a function of 

coverages 19–23. The analytic relationships do not contain any machine learning aspects but 

serve as the initial idea of ways to consider the adsorbate interactions. Grabow et al. 20 

found that the differential binding energy changes linearly with the coverage after a certain 

threshold and applied the piecewise linear model to the kinetic studies of CO oxidation 

(Figure 2a and b). The activity volcano plot as a function of O and CO binding energies at 

the low coverage limit is shown in Figure 2c. It was concluded that adsorbate-adsorbate 

interactions significantly increase the activity of strong binding metals (the bottom left 

corner of the volcano), but the interactions do not change the relative activity of different 

metals and have a very small influence on top right corner of the volcano, that is, on which 

one is the best elemental metal catalyst. Liu et al. 23 studied the coverage effect of *CO for 

CO2 electroreduction on Pd surfaces. The differential CO adsorption energy has a linear 

relationship with the CO coverage (Figure 2d). With the consideration of the adsorbate-

adsorbate interactions, the experimentally measured activity trend of four surface 

terminations, i.e., Pd(111), Pd(100), Pd(110), and Pd(211), can be well captured by 

theoretical onset potentials (Figure 2e and f). Formulations of coverage and binding energy 

beyond linear relationships have also been previously employed in microkinetic models 

24,25, emphasizing the importance of considering the linear or beyond linear coverage 

effects in surface reaction kinetics.  
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Figure 5.2. Coverage-dependent binding energies for O and CO on fcc(111) of seven 

transition metals are shown in (a) and (b), respectively 20. (c) It shows the contour plot of 

the CO oxidation activity (defined as 𝑘𝐵𝑇 ⋅ 𝑙𝑛(𝑟/𝜈), 𝜈 = 𝑘𝐵𝑇/ℎ) under high-temperature 

conditions (T = 600 K, 𝑃𝑂2
= 0.33 bar, 𝑃𝐶𝑂= 0.67 bar, 𝑃𝐶𝑂2

= 1 bar) as a function of the O 

and CO adsorption energies at the low coverage limit 23. The differential adsorption 

energies of CO on Pd(111), Pt(100), Pt(110) and Pt(211)  surfaces as a function of the 

coverage of CO 23. The reaction pathways of CO2 electroreduction to CO at the applied 

potential (-0.6 V vs. RHE) with and without the consideration of adsorbate-adsorbate 

interactions are shown in (e) and (f), respectively 23. 
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5.3 ML-parameterized cluster expansions 

      Lateral adsorbate interactions can be considered in kMC simulations by employing 

cluster expansions (CEs), one common type of lattice-gas models with parameterized 

Hamiltonians. The CE based models are physical models and not ML methods but 

determining Hamiltonians in CE based models employs ML methods for fast and 

accurate parameterization. Wu et al. 26 first applied CEs in kinetic models to estimate the 

catalytic rates, and CEs gained popularity with different frameworks (ATAT, UNCLE, 

ICET, Zacros, kmos, etc.) 27–30 developed and applied to surface catalytic reactions, e.g., 

NO oxidation reaction, CO oxidation, and Fischer-Tropsch synthesis 12,26,31–34. CEs have 

advantages over simplified linear models since they can predict energetics of elementary 

steps with the consideration of the spatial environment of surface species on lattice sites 

35. The origin of cluster expansions can be traced back to the early 1950s, when Kikuchi 

36 developed an Ising model-based cluster variation method to study order-disorder 

phenomena. In 1984, Sanchez et al. 37 developed a general formalism for the description 

of configurational cluster expansions in terms of a complete basis set expansion. In 

simple terms, CE decomposes the energy of a configuration into one-body, two-body, 

and higher-order interaction terms (‘clusters’), and each term has a corresponding weight 

called effective cluster interaction (ECI) analogous to the interaction strength 38. The 

energy can be exactly reproduced only if all clusters are included in the CE. However, the 

ECIs for clusters that contain a large number of sites or a large distance between sites are 

usually negligible. Therefore, the CEs can be truncated to a sum over finite numbers of 

cluster functions with little loss of accuracy.  
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      The construction of CEs includes data generation by DFT calculations, structure 

selection and cluster selection. When referring to surface reactions, the training becomes 

more challenging due to the loss of translational symmetry at the interface and the increase 

of the complexity of adsorbate interactions and the number of surface species. While DFT 

calculations typically require a large number of computational resources, it has become 

more or less standardized in catalysis research. In contrast, the algorithms driving structure 

selection and cluster selection are arguably more critical to the overall accuracy of the CEs. 

Therefore, significant efforts have been put into developing approaches to generate 

effective clusters for a given training set. The goal of the selection algorithm is to find the 

clusters that have physical contributions to lateral interactions. Early CEs relied on 

heuristic methods to manually select clusters, while recent approaches incorporate 

automated ML approaches to systematically optimize the selection process. Multiple 

automated selection algorithms have been developed for CEs including MIT Ab-initio 

Phase Stability (MAPS) 27, genetic algorithm (GA) 39,40, and steepest descent (SD) 41, 

which incorporate various well-established ML approaches such as cross validation 27,42, 

feature selection, pattern recognition 43, and regularization 44–46. Pattern recognition has 

been employed by Vignola et al. 43 to develop a set of ML tools to produce unbiased cluster 

expansions. They developed an approach which is based on the pattern recognition 

algorithm to automatically determine model Hamiltonians for a given system. Bayesian 

optimization, as one of the regularization approaches, has been widely applied to CE 

models 44–46.  
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5.4 Deep learning models 

When aiming for kinetic studies of more complex surface reactions such as CO 

methanation, partial methane oxidation, or the Fischer-Tropsch reaction with diverse 

surface species and adsorption modes, the cluster expansion approach is fundamentally 

limited by the number of required calculations, since the number of surface configurations 

grows exponentially with the number of adsorbate species. Even a simple case with *NO 

and *O adsorbates on Pt(111) have enormous configurations 33. For low symmetry surfaces 

with various types of active sites, such as kinks and steps 12,13,47,48, and multi-elemental 

alloys 49, the loss of translational symmetry causes a drastic increase of configurations and 

clusters needed to determine model Hamiltonians. The problem is exacerbated when 

multidentate species adsorb on surfaces, since current CEs applications are only limited to 

simple adsorbates that can be directly mapped to individual active sites. Thus, researchers 

introduced surrogate models by using machine learning methods, which rely on flexible 

and often non-linear models that are trained from reference material data to predict desired 

material properties. Many machine learning models employing neural networks and 

various algorithms have been developed to estimate adsorbate interactions 50–52. As a subset 

of machine learning models, graph-based convolutional neural network frameworks can 

directly learn material properties from crystal structures. The reference structures are 

converted into crystal graph features, and then connected with convolution, pooling layers, 

and the fully-connected network to predict the target properties. Graph-based deep learning 

methods have huge advantages when dealing with low symmetry surfaces and multidentate 

adsorbates compared to CEs, since the featurization automatically learns the structural 

information, and the nature of non-linearity improves the accuracy.  
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5.5 Prospects and future challenges 

      Although ML of lateral adsorbate interactions has proved to be useful in modeling 

surface reaction kinetics, there are important challenges toward the development of highly 

accurate, data-driven models that can be flexibly generalized across the chemistry and 

materials space. For surface reactions involving simple adsorbates, e.g., monatomic or 

diatomic species, CEs are highly promising for parameterizing interaction energies of 

effective clusters with limited training data. However, the use of deep learning as a generic 

framework in modeling complex surface interactions is clear for moving the catalysis field 

forward. The challenge of data generation can be partially alleviated by strategic sampling 

algorithms, e.g., active learning 53. In this aspect, uncertainty quantification of model 

predictions 54 is particularly important for not only refining model predictions but also 

providing meaningful statistics in kinetic modeling. While the purely data-driven models 

have advantages when tackling diverse surface configurations, they lose interpretability of 

adsorbate-adsorbate interactions which are valuable for rationally designing catalysts with 

promoters or surface modifiers. In this aspect, physical models have some merits by 

considering the electronic structure of adsorbates and adsorption sites to obtain an analytic 

expression, which can reduce the number of data samples needed for parameterization 55. 

Physical understanding of adsorbate-adsorbate interactions often starts from the change of 

surface d-band characteristics upon the perturbation from adsorbate frontier orbitals 56. Xin 

and Linic 5 interpreted complex interactions on metal surfaces in terms of tractable energy 

contributions, i.e., one-electron interaction, electrostatic interaction, and polarization, all 

of which can be evaluated independently to identify the dominating mode of interactions 

that governs surface reactivity trends. Hoffmann et al. 55 developed a general framework 
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that predicts the magnitude of adsorbate-adsorbate interactions based on the precalculated 

electronic structure properties, such as the d-band center and the Bader charge. The 

framework is able to predict differential adsorption energies of an adsorbate at different 

coverages without explicitly sampling a large amount of surface configurations, which 

makes the kinetic studies feasible even with multiple adsorbate species. Although these 

studies provide valuable insights toward understanding lateral interactions, physical 

models have limited accuracy and typically need electronic structure information that adds 

to the computational overhead. Improving the interpretability of purely data-driven models 

by the consideration of physically meaningful interactions 57 could be a potential solution 

to accurately predict lateral adsorbate interactions in surface reaction kinetics. Leveraging 

physics-based models and knowledge in deep learning might prove to be fruitful but 

appears difficult at this stage because of the complexity of adsorbate-adsorbate interactions 

across the chemistry and materials space. Its realization will likely need new developments 

of the high-level featurization of surface configurations 58, integrated architecture design 

of deep neural networks 57, and theoretical advances of chemical interactions at solid 

surfaces 59.  
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