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Abstract 

With the rapid development of the global economy, energy crisis and environment 

issues have become increasingly prominent. Carbon dioxide (CO2) is a primary 

greenhouse gas (CHG), while it could also be a valuable carbon source. In recent years, 

electrochemical CO2 reduction reaction (ECR) has received considerable attention 

among various CO2 conversion technologies. Nevertheless, physicochemical properties 

of the CO2 molecule make electrochemical conversion of CO2 challenging. Despite that 

great progress has been made to exploit electrocatalysts for ECR, the process is still 

impeded by the sluggish kinetics, poor product selectivity, catalyst deactivation, and 

high overpotential. Therefore, it is highly desirable to develop electrocatalysts with high 

activity and selectivity for ECR. 

Loading metal nanoparticles (NPs) on two-dimensional (2D) materials as 

electrocatalysts for ECR has been reported extensively in literature. Herein, we studied  

silver loaded boron-doped g-C3N4 nanocomposite (Ag-B-g-C3N4) for efficient ECR to 

CO by combined experimental work and first-principles study. Theoretical simulation 

demonstrated that introduction of Ag NPs and the B atom could greatly decrease the 

adsorption free energy for the *COOH intermediate generation. B-g-C3N4 could not 

exhibit the obvious enhancement of ECR performance, while the Ag-B-g-C3N4 catalyst 

exhibited a total current density of 2.08 mA cm–2 and a CO Faradaic efficiency of 93.2% 

under the potential of −0.8 V vs the reversible hydrogen electrode (RHE).                                          

It has been well established that the catalytic activity can be further improved by 

reducing the size of catalysts. Specifically, single atoms catalysts (SACs) with single 

atom as active center have aroused huge interest due to maximum atom utilization and 

excellent performance in various catalytic reactions. Therefore, we investigated the 

single transition metal atoms (V, Cr, Mn, Fe, Co, Ni) embedded O group terminated 

Nb2N monolayer (Nb2NO2) as ECR catalysts by first-principles calculation. It is found 

that TM@Nb2NO2 show excellent CO2 adsorption capacity, which benefits CO2 

activation. V, Cr and Ni@ Nb2NO2 are identified as efficient electrocatalysts for ECR 



 

V 

 

to CH4. 

Subsequently, 2D metal material antimonene from VA group have been studied as 

support for single transition metal atoms (TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, 

Mo, Ru, Rh, Pd, Ag, Cd, Ir, Pt and Au) atoms in ECR by first-principles calculation. 

Interestingly, non-precious TM atoms supported on Sb monolayer show higher ECR 

selectivity than hydrogen evolution reaction (HER). Moreover, the primary ECR 

product of these non-precious metal-based SACs is CH4, except for Zn which produces 

HCOOH. The interaction between TM atom and Sb monolayer greatly affects the 

intrinsic activity of SACs.  

The intrinsic activity of SACs for ECR could be further enhanced by coordination 

environment. Therefore, we prepared N, S-codoped carbon black incorporating Ni 

single atoms as SAC for ECR. The Ni-NS-C catalyst exhibited a very high conversion 

efficiency of 99.7 % to CO with a high total current density of 20.5 mA cm−2 under −0.8 

V (vs. RHE), outperforming S-free Ni−N−C electrocatalyst. It also displayed excellent 

stability without activity decay after electrocatalysis for 19 h. A combination of 

experimental investigations and first-principles calculation demonstrates that the high 

activity and selectivity of ECR to CO is due to a synergistic effect of the S and Ni−NX 

moieties.  

Furthermore, it is worth noting that most studies could only reveal inadequate structural 

details of metal centers and NM ligands in M−N−C due to the limitations of 

experimental techniques. Meanwhile, structures with subtle differences are treated 

similarly, resulting in ambiguous reaction mechanisms on active centers. Therefore, a 

series of NM heteroatom dopants modified TM@N4 configurations embedded on 

graphene sheet are proposed. We performed a computational screening of the ECR to 

CO activity and stability of the NM decorated TM@N4. We found that NM atoms could 

effectively improve the ECR activity to CO on Ni and Cu@N4 but deteriorate the ECR 

activity on Co@N4. However, NM dopants could not break linear relationship between 

key intermediates for the catalysts.  
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Except for NM atom modifying SACs properties, constructing heteronuclear dimer 

sites to form dual-atom catalysts (DACs) is another efficient way to tune the 

coordination environment and the electronic properties of the SAC active centers. 

Therefore, Mn and Ni SACs, Mn and Ni homonuclear DACs, and Mn−Ni heteronuclear 

DAC were synthesized. Mn−Ni DAC displayed the highest CO Faradaic efficiency of 

98.7% at −0.7 V versus reversible hydrogen electrode (vs. RHE) with CO partial current 

density of 16.8 mA cm-2 and excellent stability. First-principles calculation disclosed 

that high valence state of Mn atom and low valence state of Ni atom could deteriorate 

*CO desorption and enhance *COOH binding strength. Moreover, the active sites of 

Mn−Ni−NC could facilitate CO2 protonation by enhanced *COOH adsorption because 

C and O atom of *COOH prefer to bind Ni and Mn atoms, respectively. During the 

*CO desorption process, only Ni atom bonds with C atom of *CO, promoting *CO 

desorption. Therefore, the scaling relationship between binding strength of 

intermediates was broken, resulting in superior performance for the Mn−Ni−NC 

catalyst in ECR to CO.  
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1. Introduction  

1.1. CO2 conversion 

CO2 is the main component of greenhouse gases which leads to environment concerns, and its 

concentration increased from approximately 280 ppm in early 1800s to 410 ppm today [1-3]. 

Without proper strategies to combat this problem, the steadily growing CO2 emission will 

arouse the increase of the global-average temperature, loss of glaciers, rise of sea level and 

other climate issues [4]. To reverse these negative courses, technologies such as carbon capture 

and storage (CCS) have been pursued [5-7]. Despite tremendous efforts on CCS, including 

separating CO2 from air or flue gas, storing the captured CO2 is still a daunting challenge due 

to the risk of leakage, massive energy consumption, high cost and social acceptance [8-12]. An 

alternative approach is to utilize CO2 as a raw material and convert them into value-added 

products, which has received extensive attention in the past decades [13-15]. Therefore, the 

conversion of CO2 has been regarded as a promising route for closing the carbon cycle and 

producing value-added chemicals and fuels.  

The conversion of CO2 can be realized by a variety of technologies such as thermochemical, 

electrochemical, photochemical, radiochemical and biochemical reactions [16-24]. Among 

which, the reduction of CO2 by electrochemical strategy is attractive and exhibits many 

advantages [25, 26]. For instance, the energy required for electrochemical reduction reactions 

can be provided by renewable energy such as solar, geothermal or wind energy. Besides, the 

reaction can be performed under ambient pressure and temperature. Moreover, the external 

voltages as well as electrolytes solutions can be adjusted to produce specific products. However, 

the physicochemical properties of CO2 molecule make the electrochemical conversion 

processes challenging. To convert CO2 into other products, the dissociation of C=O bond is 

essential and must overcome high energy barriers of about 750 kJ/mol. Besides, electrolyte 

solutions are generally water-based, which makes the reaction inefficient due to the poor CO2 

dissolution in water. In the past decades, both theoretical and experimental work have disclosed 

that the electrocatalysts play a vital role in catalytic processes [27-32]. For example, it had been 

proven that traditional metal electrocatalysts such as copper, platinum and gold can activate 

CO2 and reduce it into valuable chemical products [33-35]. However, these catalysts suffer 

drawbacks such as high overpotential, poor stability, low selectivity, complex separation and 

low efficiency for specific products. In addition, the prices of the precious metals hamper the 

large-scale application of Pt catalysts. Therefore, developing efficient, cost-effective and 

durable alternatives to the traditional metal catalysts for electrocatalytic CO2 reduction (ECR) 
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reaction is urgent.  

1.2. Fundamentals of electrochemical CO2 reduction 

1.2.1. CO2 properties and the reduction products 

CO2 is one of the most stable molecules with a strong O=C=O double bond, and its bond energy 

is higher than that of C−H and C−C bonds. During electrocatalytic processes, the breaking of 

the O=C=O bond requires a high activation energy. In addition, since ECR consists of multiple 

elementary steps, these electrocatalytic processes are more demanding than for example water 

splitting reaction. As ECR reaction is normally carried out in aqueous solution, another critical 

issue is the low solubility of CO2 in water which impedes the diffusion-controlled reactions. 

There are certain ways to improve CO2 dissolution, including using nonaqueous electrolytes 

and increasing CO2 partial pressure. For instance, some metal catalysts with low activity for 

ECR under atmospheric pressure, however, can reduce CO2 to CO and HCOOH efficiently at 

high pressures [36].  

Electrocatalysts can effectively reduce the activation energy, accelerate reactions or increase 

desired product selectivity in ECR. It should also dissociate water in solution to promote proton-

electron transfer, because the proton assisted multiple-electron transfer can be beneficial for 

CO2 activation. Depending on the different pathways and the number of protons and electrons 

transferred, a range of products can be formed, including C1 products such as carbon monoxide 

(CO), methanol (CH3OH), formic acid (HCOOH), methane (CH4), or C2 products such as 

ethylene (C2H4), ethanol (C2H5OH) and others [37]. C2 products with higher energy density are 

more valuable, but the synthesis of C2 products is more difficult than C1 products because of 

larger number of required protons during conversion. Meanwhile, high formation energy of the 

C−C bonds can decrease the efficiency of the reaction. To achieve specific product selectivity, 

the design and synthesis of high performance ECR electrocatalysts is essential. 

1.2.2. Single electron vs. proton-coupled electron reaction 

The research on ECR has been conducted ever since the early 19th century. ECR contains two 

half reactions occurring in anode and cathode, where different number of protons-coupled 

electrons transfer occurs. The standard electrode potentials of different reactions with reference 

to standard hydrogen electron (SHE) for different products in aqueous solution are summarized 

in Table1.1 For a typical single electron ECR, CO2 is reduced to the CO2 anion radical (CO2
-
) 

at the cathode, and water is oxidized to oxygen at the anode. Since the kinetics of the reactions 

are quite sluggish, the first step for converting CO2 into reduced carbon species is difficult. The 
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thermodynamic potential for driving one electron CO2 reduction to CO2
-  is about −1.90 V vs. 

SHE at a PH of 7, indicating that this reaction is highly energetic and unfavorable [38-40]. 

Besides, this first step is also the rate-limiting step, and the generation of the CO2
-
 intermediate 

plays a significant role in forming 2e- reduction products. Interestingly, a more favorable route 

that bypasses the formation of CO2
-
 by protons-coupled electrons transfer processes has been 

identified. The transfer of protons-coupled electrons benefits ECR within the potential range of 

−0.20 to −0.60 V vs. SHE, and the final products are determined by the choice of 

electrocatalysts and electrolyte as well as the number of electrons and proton transferred [41, 

42]. For instance, two protons-coupled electrons transfer in CO2 hydrogenation reaction mainly 

produces HCOOH and CO.  

Table 1.1. Standard electrochemical potentials for reducing CO2 into different products. 

CO2 reduction reactions Standard electrode potentials vs. SHE (V) 

CO2 + e− → CO2
-  −1.900 

CO2 + 2H+ + 2e− → HCOOH −0.610 

CO2 + 2H+ + 2e− → CO + H2O −0.530 

2CO2 + 2H+ + 2e− → H2C2O4 −0.913 

CO2 + 4H+ + 4e− → HCHO + H2O −0.480 

CO2 + 6H+ + 6e− → CH3OH + H2O −0.380 

CO2 + 8H+ + 8e− → CH4 + 2H2O −0.240 

2CO2 + 12H+ + 12e− → C2H4 + 4H2O −0.349 

2CO2 + 12H+ + 12e− → C2H5OH + 3H2O −0.329 

2CO2 + 14H+ + 14e− → C2H6 + 4H2O −0.270 

3CO2 + 18H+ + 18e− → C3H7OH + 5H2O −0.310 

 

 

Figure 1.1. Potential electrochemical CO2 reduction pathways to form the C1 products of CO, HCOOH, CH4, and 

the C2 products of C2H4 and C2H5OH. Reprinted from [43], Copyright (2019), with permission from Wiley. 

As shown in Figure 1.1, ECR starts by transferring first proton-electron pair to form carboxyl 

(*COOH) or formate (*OCHO) intermediate species [43]. These two intermediates can be 

further reduced by accepting different number of proton-electron pairs. Note that there is much 
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competition between intermediate species. For example, the OHCO* species can be converted 

to HCOOH, and the biformate (H2COO*) can also be reduced to HCOOH. Meanwhile, the 

different products also show similar reduction potentials. Thus, further reactions of these 

intermediate species are important for the reaction rate and formation of the final products. 

Moreover, as the equilibrium potential of hydrogen evolution reaction (HER) (0 V vs. reversible 

hydrogen electrode (RHE)) is more positive than that of CO2 reduction to HCOOH (−0.17 V 

vs. RHE), H2 will be the by-product, which seriously limits the ECR efficiency [44].  

1.2.3. Factors determining product selectivity 

Factors such as the type of electrocatalysts (morphology, composition, chemical state, and 

crystallographic structure), electrolytes (composition, concentration, and pH), temperature, 

pressure, and applied potential all influence ECR. For instance, solid and aqueous electrolytes 

have been used in ECR, exhibiting remarkable difference in efficiency [45, 46]. To date, 

NaHCO3 and KHCO3 solutions are frequently chosen as electrolytes because they can maintain 

the pH at the electrode surface. Meanwhile, the pH of the solution can affect the generation of 

by-products such as H2.  

ECR with a more positive potential vs. SHE is thermodynamically more favourable. In this 

regard, the conversion of CO2 to alcohol or hydrocarbon products should be thermodynamically 

more favorable than other products including CO, HCOOH and HCHO (Table 1.1). 

Nevertheless, ECR not only needs to overcome the thermodynamic barrier, but also the kinetic 

challenge determined by the concentration of available protons in reaction. Namely, the 

electrocatalysts prefer to transfer electrons from their catalytic sites to adjacent sites which can 

provide protons. Thus, the formation of hydrogenated C1 intermediates such as HCOOH can be 

kinetically more favorable than the formation of C−C bonds, which hinders the selectivity to 

C2 and higher hydrocarbon products. To date, only the Faraday efficiency (FE) of C1 products 

CO and HCOOH can reach 100%, while the maximum FE of C2 product C2H4 is 80% and the 

maximum FE of C3 products C3H7OH is 30% [47, 48]. 

Many theoretical studies proposed that for multi-electron transfer reduction of CO2, the 

adsorption energies of intermediates follow linear scaling relationship, and breaking such linear 

scaling relationship can improve catalytic performance. Some strategies have been proposed, 

including reducing coordination numbers, doping with p-block elements, engineering oxyphilic 

sites, and coating the catalyst surface with active ligands. Up to now, the majority of the ECR 

electrocatalysts are metal and carbon-based materials. It has been demonstrated that some 
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heterogeneous electrocatalysts follow the two-electron-transfer mechanisms in CO2 reduction 

to HCOOH or CO. For example, Hori et al. investigated a series of metals for ECR reaction, 

and indicated that metallic electrocatalysts such as Cd, Sn, Hg and Pb prefer HCOOH formation 

[49]. However, noble metals including Pt, Ag and Au can convert CO2 into CO. Especially, 

copper-based electrocatalysts is the only electrocatalysts that has been reported for converting 

CO2 into alcohols and hydrocarbons with good activity and selectivity. However, as mentioned 

above, the interaction between intermediates and electrocatalysts plays a crucial role in forming 

final products, demonstrating the importance of electrocatalysts. 

1.2.4. ECR efficiency evaluation 

In experimental ECR study, there are several key parameters for evaluating the electrocatalysts 

performance, including overpotential, current density, Tafel slope, FE, turnover frequency (TOF) 

and stability of electrocatalysts. The overpotential can be regarded as the energy needed to drive 

the reaction. In other words, the higher the overpotential, the higher the energy required for the 

reaction, and the more difficult the reaction to be realized. Current density reflects the rate of 

electrochemical reaction, and the larger the current density, the faster the electrocatalytic 

reaction. The Tafel slope can be obtained by fitting the linear region of the Tafel curve. With 

the increase of overpotential, if the current density increases dramatically, the slope will be 

small. FE is regarded as the fraction between charges transferred to specific product and the 

total charges in the electrocatalytic process, accounting for the selectivity and efficiency of the 

reaction. Larger FE suggests less energy loss, and smaller FE indicates more energy loss. TOF 

is the catalytic activity of each site under a certain overpotential, indicting the intrinsic activity 

of catalysts. The stability of electrocatalysts can be evaluated by long-term use under a specific 

voltage. 

In summary, the electrocatalytic reaction is a complicated multistep reaction occurred at the 

multiphase interface. Small overpotential and high current density can boost ECR, but it is 

difficult to satisfy them simultaneously. Developing excellent electrocatalyst to overcome these 

problems is the key. 

1.3. Efficient ECR electrocatalysts 

1.3.1. Metallic materials   

Bulk metal catalysts in ECR have been investigated for decades [50-52]. Metal electrocatalysts 

can be divided into two groups: noble metal (Au, Ag, Pt, etc.) and other earth-abundant 

transition metals (Co, Ni, Cu, etc.). Theoretical work has well disclosed that noble metals are 
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better electrocatalysts compared with earth-abundant metals. Nevertheless, some intermediates 

such as CO could poison the active sites, which affects their stability. Large-scale application 

of precious metals is also not possible due to their high price and scarcity.  

It has been revealed that precious metals with 2D nanosheet structures can enhance their 

electrocatalytic performance effectively and improve the utilization of noble metals [53]. Huang 

et al. prepared hexagonal Pd structure with 2.5 times higher electrocatalytic activity for the 

oxidation of formic acid compared to commercial Pd black [54]. The high performance could 

be attributed to nanosheet structure with more active sites, better electronic structure and larger 

surface area as well as high atom utilization. Zhu et al. synthesized ultrathin Pd nanosheet for 

ECR which exhibited a FE of 94% for CO production at a potential of −0.50 V vs. RHE [55]. 

Meanwhile, experimental and theoretical work revealed that ultrathin Pd nanosheets with high 

edge exposure ratio is beneficial for CO2 adsorption and CO desorption as well as suppressing 

HER. Nanostructured Au also showed great activity in ECR. Mistry et al. studied the 

electrocatalytic activity of Au nanoparticles (NPs) in the range of 1-8 nm for CO2 reduction to 

CO [56]. The results suggested that the current density increased with the decrease of particle 

sizes.  

Moreover, multi-metal composite nanosheets also exhibit excellent performance in 

electrocatalytic reaction because of the synergistic effect of different metals compared to single 

metal electrocatalysts [57-59]. Wang et al. showed that 2D Pd-Au bimetallic catalyst had lower 

activation energy than monometallic Au in ECR via density functional theory (DFT) calculation 

[60]. Very recently, Au-Cu bimetallic thin films with various ratio were synthesized for ECR 

[61]. The activity of Au-Cu alloy was found to be correlated with the variation of electronic 

structures determined by alloy composition. As shown in Figure 1.2a, the surface valence bands 

of the Au-Cu catalysts present different patterns with different alloy composition. The d-band 

center gradually moves away from the Fermi level with the increase of Au concentration (Figure 

1.2b), which could influence the occupancy of antibonding states. Meanwhile, the interaction 

strength between substrate and intermediates decreased. The d-band center did not shift after 

ECR, implying great stability. Therefore, the catalytic performance for CO formation was 

enhanced as Au concentration increased, with the highest current density and FE at −0.80 V vs. 

RHE (Figure 1.2c and d).     
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Figure 1.2. (a) Surface valence band x-ray photoemission spectra of the as-prepared Au, Cu, and Au-Cu alloys. (b) 

d-band center of different samples before and after ECR at −0.7 V vs. RHE for 1 h. The gravity center of the 

valance band center is shown by the dotted lines compared to 0 eV. The binding energy is the value of |E − EFermi|. 

(c) Faradaic efficiency of and (d) Partial current densities of CO. Reprinted from [61], Copyright (2018), with 

permission from American Chemical Society. 

Non-precious metals include Fe, Co, Ni, etc. have also attracted much attention in 

electrocatalysis due to the low prices, abundant resources and promising electrochemical 

properties as well as tunable electronic structures [62, 63]. Studies have shown that Fe, Ni and 

Ti produce H2 as the major product in ECR due to their low HER overpotential and strong CO 

adsorption capability. Sn, Pb and In have poor binding energy with CO2
-
 intermediates and the 

final products are usually formate or formic acid. Moreover, Cu is the only metal catalyst that 

can produce C3 hydrocarbons by C-C coupling mechanism [64]. Generally, modulating the 

electronic and surface structures of these metals could effectively enhance their electrocatalytic 

activity. Kuang et al. synthesized ultrathin Ni nanosheet arrays by in-situ topology reduction 

technique. The electrocatalyst showed excellent HER activity compared with Pt/C, because 

ultrathin nanosheet structure could expose more active sites which boost electrocatalytic 

reaction [65]. Besides, 2D structured bismuth (Bi) exhibited more active sites and promising 

selectivity to formate compared to bulk Bi. Zhang et al. prepared ultrathin Bi by liquid phase 

stripping technique, which displayed excellent electrocatalytic performance for formate 

generation with an FE of 86% and a current density of 16.5 mA/cm2 at −1.1 V vs. RHE, which 

is obviously higher than bulk Bi and acetylene black decorated carbon paper (AB/CP) (Figure 
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1.3a and b). As presented in Figure 1.3c and d, CO2 conversion to HCOOH underwent lower 

Gibbs free energy change on edge (003) and (012) [66]. Special surface structure could also 

improve the catalytic efficiency and selectivity. It has been reported that ultrathin porous Cu 

nanosheets synthesized by a simple replacement method could achieve a FE of 74.1% and 

current density of 23.0 mA/cm2 at −1.0 V vs. RHE for CO2 conversion to CO, remarkably better 

than traditional bulk Cu [67]. DFT calculations clarified that the porous Cu nanosheet structure 

could accelerate the formation of CO intermediate, thus promoting ECR efficiency. Similarly, 

Wang et al. synthesized Cu nano-cubes which demonstrated better electrocatalytic activity and 

selectivity in comparison with Cu nanospheres with same size. The nano-cubes could reach a 

FE of 60% and a partial current density of 144 mA/cm2 towards C2H4 production [68]. Zhang 

et al. prepared the pipet-like bismuth (Bi) nanorods semifilled in nitrogen-doped carbon 

nanotubes (BiNRs@NCNTs) for ECR [69]. The catalyst acts as nanoscale conveyors which can 

facilitate mass transport and reactant adsorption on active sites. As a result, The FE for formate 

generation reached 90.9% at a moderate applied potential of −0.9 V (vs. RHE). 

 

Figure 1.3. (a) Current densities of Bi nanosheets, bulk Bi and acetylene black decorated carbon paper (AB/CP) 

within a potential window of −0.5 to −1.2 V vs. RHE in CO2-saturated 0.1 M KHCO3 aqueous solution. (b) 

Faradaic efficiencies (left Y axes) and partial current densities of formate product (right Y axes) of Bi nanosheets. 

DFT calculated ΔG in the reaction pathways of CO2 conversion to formate from the facet sites and edge sites of 

(003) plane (c) and of (012) plane (d) on Bi. Reprinted from [66], Copyright (2018), with permission from Elsevier. 

Therefore, metal catalysts are effective for electrocatalysis due to their intrinsic activity and 

good conductivity. When the metal catalysts are synthesized with 2D nanosheets or other 
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special nanostructures, the atom utilization, activity and selectivity could be improved, thus 

increasing the electrocatalytic efficiency. Precious metal such as Pd or Au or multi-metals with 

different ratios show excellent selectivity for CO generation. Non-precious metals such as Fe, 

Co and Ni show poor ECR performance, while Sn, Pb and In could have good activity for the 

production of formate or formic acid. Particularly, Cu-based catalysts with different 

morphologies could exbibits different activity and selectivity for different products. 

Accordingly, the choice of metal, small nanosheet size and different morphology will have 

positive effect on the ECR activity and selectivity. 

1.3.2. Graphene and graphene-based materials 

Generally, graphene is a single layer of graphite with zero-band gap. It is a promising 

electrocatalysts for CO2 reduction due to its high electron mobility, conductivity, unique 

electronic structure and large surface area. Besides, the high thermal conductivity can improve 

heat diffusion during the exothermic process, benefiting electrocatalysis. However, pristine 

graphene exhibits some drawbacks in ECR. For instance, the delocalized π bonding network of 

graphene negatively affects the adsorption of intermediates such as *COOH or *OCHO, 

therefore graphene cannot effectively activate CO2 molecule and presents high energy barriers 

for intermediates formation, leading to low ECR activity [70]. Some studies have clarified that 

the undoped zigzag edge of graphene shows a metastable adsorbed CO2 state, and the energy 

barrier is quite high at about 1.3 eV [71]. As the modification of electronic structures can 

efficiently tackle these problems, many researchers have focused on tailing its electronic 

structures. For example, incorporating heteroatoms such as B, N can effectively modify 

graphene structures and decrease CO2 adsorption barrier. Studies have disclosed that N doped 

graphene can exhibit a low overpotential of around 0.19 V for converting CO2 into CO [72]. 

Duan et al. reported that doping boron can stabilize the negatively polarized O atoms of CO2 

and improve CO2 chemisorption on carbon surface [73]. Similarly, Sreekanth et al. reported B 

doped graphene as metal-free electrocatalyst for CO2 reduction in 0.1 M KHCO3 solutions. 

They concluded that the presence of boron dopants could introduce spin density distribution, 

and these atoms can be active sites for intermediates adsorption [74]. Some doped systems have 

been investigated in more detail by DFT calculations. Wu and co-workers systematically 

studied the effect of N doped graphene for ECR. Three different N atom sites, including 

graphitic N, pyrrolic N and pyridinic N, were investigated as active sites for ECR. They 

suggested that the three different N sites can significantly decrease the free energy barrier for 

intermediate adsorption. The triple-pyridinic N can most effectively reduce the barrier for 
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COOH adsorption, indicating that pyridinic N is highly active sites for converting CO2 to CO 

[72]. However, there are different views on the mechanism of N doped graphene for ECR. Chai 

et al. reported that the graphitic N-doped edges of graphene sites have low CO2 activation 

barrier and are the most active sites for ECR among graphene-based materials [71]. Liu et al. 

demonstrated that pyrrolic N site performs the best for CO2 reduction to HCOOH with a low 

overpotential [75]. It has also been reported that N doped graphene quantum dots with 

predominant pyridinic N at edges can electrochemically convert CO2 to C2 compounds with 

low overpotentials [37].  

Compared with nonmetal dopants, introducing single or multiple metal dopants to construct 

special graphene nanostructures could also exploit materials with excellent catalytic 

performance. Au nanoparticles embedded in graphene nanoribbon exhibited low overpotential, 

high FE for CO generation and excellent stability compared to amorphous carbon supported Au 

nanoparticles, attributed to the change of electronic properties and the increase of active sites 

[76]. Liu et al. synthesized Pd and Cu mono- and bi-metallic nanoparticles embedded graphene 

and suggested that 1 wt.% Pd-2 wt.% Cu/graphene had the highest ECR efficiency [77]. Su et 

al. prepared nickel-nitrogen co-modified graphene (Ni−N−Gr) with more active centers by 

short-duration heat treatment and found that the Ni−N site was the active center for 

CO2 reduction [78]. As shown Figure 1.4a and c, the Ni−N−Gr and Ni foil exhibit obvious 

enhancement of current density in the presence of CO2. However, there is a remarkable 

difference in FE of CO. The Ni−N−Gr showed a FE of 90% at −0.7 to −0.9 V vs. RHE for CO 

production, where Ni foil produced mostly H2 (Figure 1.4b and d), demonstrating that the 

synergistic effect of Ni and N is critical to improve CO selectivity.  

Graphene-based composite materials also possess excellent conductivity and larger surface 

areas compared to pristine graphene. Huang et al. synthesized N-doped graphene monolayer 

coated Sn foil, showing excellent flexibility with a high FE of 92% for formate at −1.0 V vs. 

RHE [79]. Lei et al. prepared Sn quantum sheets confined in graphene, offering more active 

sites for CO2 adsorption [80]. Li et al. successfully prepared SnS2 nanosheets supported 

on reduced graphene oxide for CO2 conversion to formate, displaying a low overpotential of 

0.23 V and a maximum faradaic efficiency of 84.5%. The spectroscopic and electrochemical 

characterizations suggested that the improvement of electrocatalytic performance can be 

attributed to the residual SnS2 [81].  

https://www.sciencedirect.com/topics/engineering/reduced-graphene-oxide
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Figure 1.4. (a) Cyclic voltammograms of nickel-nitrogen co-modified graphene (Ni−N−Gr) catalyst and (c) Ni foil 

in CO2-saturated 0.1 M KHCO3 and Ar-saturated 0.1 M KH2PO4/K2HPO4 (pH = 6.8) at 10 mV/s. FEs for the 

reduction products by Ni−N−Gr catalyst (b) and Ni foil (d). Reprinted from [78], Copyright (2016), with 

permission from Wiley. 

For graphene-like materials, graphitic carbon nitride (g-C3N4) typically exhibits good chemical 

and thermal stability under ambient conditions. However, poor conductivity and less active sites 

limit its potential application in ECR. Strategies including doping metal and constructing 

composite have been developed to increase the activity of g-C3N4. Metal atoms could 

effectively modulate the electronic structure of g-C3N4 thus improve the catalytic activity. The 

g-C3N4 nanosheet and multiwalled carbon nanotubes composite have been show to exhibit 

excellent stability and good electrocatalytic performance for CO2 reduction to CO [82]. The 

electrocatalytic activity of the composite arises from the C−N bonds, and the high conductivity 

allows numerous electrons to transfer rapidly to the C−N sites. Guo et al. synthesized Co3O4-

CDots-g-C3N4 tri-component electrocatalysts for syngas production [83]. They suggested that 

different catalytic components have different functionality. For instance, g-C3N4 and Co3O4 

provide active sites for ECR and HER respectively, whereas CDots are the sites for proton 

generation.  

It can be concluded that the electronic structure of graphene-based materials could be tuned to 

effectively improve ECR selectivity. Doping non-metal or metal atoms is efficient way for the 

design and synthesis of high performance ECR catalysts. To date, nitrogen and metal atoms co-
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doping has been widely reported and shown excellent activity for CO production. Constructing 

highly active interfaces in graphene-based nanocomposite is also a good strategy in ECR 

catalyst design.   

1.3.3. Single-atom catalysts   

Single-atom catalysts (SACs) have enormous advantages in electrocatalysis in terms of 100% 

atom utilization and intriguing electronic structures [84, 85]. The traditionally supported 

nanoparticles or clusters exhibit structural irregularities on the nanoparticle surface. The surface 

reactivity has close relationship with surface free energy, and the ratio between fully 

coordinated surface atoms and the number of vacancies distinguishes the reactivity of atoms 

with identical chemical composition but different positions [86-88]. Therefore, the conventional 

clusters with different surface reactivity can result in poor product selectivity. Single atom is 

different from clusters because the surface free energy is homogeneous and the number of 

vacancies in the nearest neighbors is the same. Thus, single atom could show good stability and 

special intrinsic activity [89]. Single atom exhibits uniform active sites as ideal catalysts, 

however, one major challenge for SACs is the synthesis because SACs are unstable and can 

agglomerate quickly due to the high surface energy. Furthermore, the supported structures in 

the neighboring environment increase the heterogeneity of SACs active sites, and thus uniform 

activity could not be easily achieved. However, 2D materials could be utilized as support to 

improve the uniformity and performance of SACs in electrocatalytic reactions [90, 91]. Studies 

have evidenced that 2D materials such as MoS2, graphene, and MXene could stabilize the single 

atoms and maintain their single-atom state [92-98]. For instance, Back et al. investigated single 

transition metal atom anchored on graphene with single or double vacancies as ECR catalyst 

by DFT calculations [99]. They suggested that many SACs exhibited high selectivity for ECR 

over the competitive HER because of favorable adsorption of *COOH or *OCHO over *H on 

the catalysts (Figure 1.5). SACs such as Ni and Pt for CH3OH production showed limiting 

potential of −0.41 V and −0.27 V, while Os and Ru systems have the same limiting potential 

(−0.52 V) for CH4 production. The activity improvement of SACs can be partially attributed to 

the unique electronic structure of the SACs and orbital interaction.  
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Figure 1.5. Free energy change of the first protonation step in the ECR and HER on different SACs. Catalysts 

below the dotted parity line are ECR selective. Reprinted from [99], Copyright (2017), with permission from Royal 

Society of Chemistry. 

Constructing 3d transition Metal−Nitrogen atom (M−Nx) system based 2D materials for ECR 

is prevailing. Huan et al. investigated activity and selectivity of N doped Fe-N4 and Fe 

nanoparticles moieties. They reported that samples with Fe-N4 active sites performed a FE of 

80% for CO generation, but Fe nanoparticles could mostly only produce H2 [100]. Zhang et al. 

synthesized Fe single atoms anchored on N-doped graphene and revealed that Fe-N4 with Fe2+ 

oxidation state was the active sites for ECR [101]. They also recognized that N dopants on the 

graphene substrate can be beneficial for ECR. However, there are some debates on the active 

sites and the corresponding ECR mechanisms on Fe SACs. For instance, Zhang et al. 

synthesized single Fe atom anchored on N-doped graphene by prolonged thermal pyrolysis 

[102]. The SAC exhibited high FE of about 97.0% for CO production under a low overpotential 

of 0.35 V. The excellent performance resulted from the presence of highly efficient dispersed 

Fe-N5 active sites. Theoretical calculations disclosed that a fifth N atom coordinates to Fe3+ to 

form Fe-N5 moieties, where the additional axial pyrrolic N ligand further depletes the electron 

density of Fe 3d orbitals and reduces the π back-donation of Fe-CO bonding, which resulted in 

rapid CO desorption and high selectivity for CO formation.   

Zhang et al. reported single Fe atom confined in carbon foams forming Fe-N4 active sites [103]. 

However, they also detected Fe3+ state in their samples because Fe2+ can be oxidized to Fe3+ 

when the samples are exposed to air, but the difference was not distinguishable in ECR. Gu et 
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al. investigated single Fe atom loaded on N doped carbon with an overpotential as low as 0.08 

V for CO production [104]. They confirmed the persistent presence of Fe3+ in the whole ECR 

process by in situ X-ray absorption near edge structure (XANES) measurements. Further 

studies indicated that Fe3+−N−C showed excellent performance for CO formation than that of 

Fe2+−N−C because of weaker CO absorption on the Fe3+ sites. Yang et al. prepared N-anchored 

Zn single atom catalyst on carbon [105]. From HAADF‐STEM characterization, it can be 

clearly seen that individual single Zn atom was supported on carbon (Figure 1.6a), and extended 

X‐ray absorption fine‐structure (EXAFS) spectra demonstrated the existence of Zn−N4 moiety 

(Figure 1.6b). The catalyst could reduce CO2 to CO with high selectivity and a high FE of about 

95% under the potential of −0.43 V (Figure 1.6c). It also exhibited remarkable durability over 

75 h without any FECO decay (Figure 1.6d). Further experimental work and DFT calculations 

suggested that the remarkable activity can be attributed to the existence of Zn−N4, which was 

the main active sites for ECR and had low free energy barrier for the rate-limiting step of 

*COOH formation. Zhao et al. synthesized single Ni atom loaded on graphene oxide. The 

catalyst showed a FE for CO production of 96.5% at a potential of −0.63V, with a TOF of 325.9 

h−1 [106].  

 

Figure 1.6. (a) Typical high-angle annular dark-field scanning transmission electron microscope (HAADF‐STEM) 

image of the optimal ZnNx/C catalyst. The circles indicate the individual Zn atoms. (b) A typical fitting curve of 

the EXAFS signal in R‐space for the adsorbed ZnNx/C catalyst. (c) FEs of CO and H2 at various applied potentials 

on ZnNx/C catalyst. (d) Long‐term stability of ZnNx/C at a potential load of −0.43 V and the corresponding FEs 

of CO and H2. Reprinted from [105] Copyright (2018), with permission from Wiley. 
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Figure 1.7. (a) Transmission electron microscope (TEM) and (b) HAADF‐STEM images of NiSA−N2−C. (c) EDS 

mapping of Ni, N and C elements in NiSA−N2−C. (d) LSV curves in CO2‐saturated 0.5 M KHCO3 electrolyte. (e) 

FEs of CO at different applied potentials. (f) The corresponding TOFs of CO production over NiSA−Nx−C. (g) 

Stability of NiSA−N2−C at −0.8 V during 10 h. (h) Proposed reaction paths for ECR with NiSA−N2−C as an 

example. (i) Free‐energy diagram of CO2 reduction to CO over NiSA−Nx−C catalysts. Reprinted from [109], 

Copyright (2020), with permission from Wiley. 

Yang et al. prepared single Ni atom supported on N-doped graphene. The TOF reached 14800 

h−1, and the FE of CO was 97% at a potential of −0.61 V [107]. The catalyst also displayed 

great stability with very stable electrocatalytic activity for 100 h. Liu et al. constructed a model 

SAC with precise structure using two-steps by linking Ni−TAPc to CNTs and by C−C coupling 

[108]. This model Ni SAC exhibited excellent activity, selectivity and durability in CO2 

conversion to CO. Experimental study suggested that Ni+ in Ni−TAPc is highly active for CO2 

activation and is the catalytically active site. Besides, *CO2
-
 + H+ → *COOH was the rate-

determining step. Gong et al. prepared a series of single-atom Ni catalysts (Ni−SA−Nx−C) with 

different N coordination numbers by controlling the pyrolysis temperature [109]. Figure 1.7a 

and b clearly indicated the existence of isolated Ni atoms from TEM characterizations. The 

homogeneous distribution of Ni, N and C was demonstrated by energy dispersive spectroscopy 

(EDS) mapping (Figure 1.7c). It was found that sample with Ni-N2 moiety showed a higher 

current density than Ni−N3−C and Ni−N4 in CO2‐saturated 0.5 M KHCO3, indicating the best 

activity of NiSA−N2−C among all three SACs (Figure 1.7d). In addition, it exhibited a 

maximum FECO of 98 % at −0.8 V, which is also the highest (Figure 1.7e). The TOF for CO 

production on NiSA−N2−C reached 3467 h−1 at the potential of −1.0 V, which are much higher 

than those of NiSA−N4−C and NiSA−N3−C (Figure 1.7f), elucidating that the coordination 

environment plays a crucial role in ECR performance. The current density and FE for CO 
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generation were almost unchanged on NiSA−N2−C catalyst after electrolyzation for 10 h at the 

potential of −0.8 V vs. RHE (Figure 1.7g), demonstrating excellent stability. DFT calculations 

suggested that the reaction path is proton-coupled electron transfer (Figure 1.7h). The low N 

coordinated single-atom Ni sites in NiSA−N2−C is beneficial for the formation of *COOH 

intermediate, thereby enhancing the ECR activity (Figure 1.7i).  

Han et al. designed a free-standing ultrathin 2D SAC by self-assembly of Co-porphyrin 

complex, which showed a CO production FE of 96% under an overpotential of 0.5 V [110]. 

They indicated that the improvement of activity was attributed to nitrogen coordination from 

the bottom layer, which increased the dz energy level of the Co atoms. Jiang et al. investigated 

a series of SACs supported on graphene nanosheets with different defect structures [111]. Ni 

SAC exhibited a CO formation FE of 95% under an overpotential of 0.55 V and excellent 

stability. Experimental study and theoretical calculations suggested that Ni sites with slightly 

larger vacancies benefit CO2 conversion to CO by decreasing CO desorption barrier. Recently, 

Zheng et al. investigated ECR performance of Cu SACs on N doped graphene matrix with 

highly exposed and coordinatively unsaturated Cu−N2 center, as shown in Figure 1.8a [112]. 

Experimental work showed an onset potential of −0.33 V and FE for CO production of about 

81% under a low potential of −0.50 V vs. RHE, obviously higher than the sample with Cu−N4 

moiety (Figure1.8b). DFT calculations manifested that Cu−N2 centers can facilitate CO2 

activation and accelerate electron transfer from Cu−N2 sites to *CO2, which can greatly 

improve *COOH generation and the overall ECR activity. Jiao et al. investigated single Cu 

atom anchored on g-C3N4 as electrocatalysts for CO2 conversion to various hydrocarbons [113]. 

A slightly negative shift of photon energy demonstrated that N accepts extra charges from Cu 

atom (Figure 1.8c). They reckoned that the d-orbital of Cu can be efficiently elevated by 

coordination with the g-C3N4 framework, enhancing the adsorption of carbonaceous 

intermediates. Therefore, Cu−g-C3N4 had better ECR activity with lower onset potential and 

exhibited higher C2 products rate than conventional Cu supported on nitrogen-doped graphene 

(Figure 1.8d).  

Single metal atom loaded 2D materials are a class of very promising catalysts for ECR due to 

their high atom utilization and catalytic activity. Their activity is determined by the type of 

metal atom and the electronic structures of the metal atom. Furthermore, the coordination 

number of metal atoms could be tuned by the 2D materials support, which could further 

optimize the activity and selectivity of the SACs. 
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Figure 1.8. (a) Fourier transformed (FT)-EXAFS fitting results of Cu−N2/GN. (b) CO FE of Cu−N4/GN-700, 

Cu−N4/GN-800 and Cu−N2/GN. Reprinted from [112], Copyright 2020, with permission from Wiley. (c) Nitrogen 

K-edge NEXAFS of Cu−C3N4 and pure g-C3N4. Arrows show the weak shoulders in the N K-edge assigned to the 

Cu−N interaction. Dotted lines show the channels of photon energy in the two samples. (d) Measured Faradaic 

efficiencies of various products on Cu−C3N4. Reprinted from [113], Copyright (2017), with permission from 

American Chemical Society. 

1.4. Objectives and scope of the study   

This thesis aims at rational design and synthesis of catalysts from NPs to SACs for efficient 

ECR based on DFT calculations and experimental studies.   

A brief review of ECR development, mechanisms and catalysts has been presented in the 

chapter 1 that is from part of Paper I. Downsizing the metal to single atom can improve the 

activity and selectivity of ECR remarkably. Thus, SACs applied ECR could show obvious 

advantages in comparison with traditional homogeneous and heterogeneous catalysts. 

We start the experimental study from the preparation of Ag NPs supported on 2D B doped g-

C3N4 (Paper II). Nobel metal such as Ag and Au has demonstrated good activity for ECR to 

CO, but finding appropriate support is still challenging. g-C3N4 possesses many merits such as 

high surface area, low cost, and easy preparation, which enables it to be an ideal molecular 
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scaffold for engineering metal NPs for excellent performance in multiple electrocatalytic 

applications. More importantly, doping NM atoms into support can change its electron 

structures, while the modified framework could serve as a better support for metal NP 

deposition and to activate metal NPs. DFT calculations was employed to reveal the effect of B 

dopant on g-C3N4 support. The ECR to CO reaction mechanism was also studied. ECR activity 

and stability were tested in H type cell.  

Although noble metal NPs show high ECR selectivity for CO generation, the current density is 

quite low. Thus, decreasing the size of NPs to single atom is necessary. Therefore, in Paper III 

and IV we predicted some SACs which were supported on 2D materials based on DFT 

calculations. 2D MXene (Nb2NO2) and metal (antimonene) were employed as support for 

transition metal atoms. The stability of SACs, ECR selectivity against HER and ECR pathways 

for different products were compared. The origin of activity was also investigated. Some 

descriptors for ECR activity were discussed.  

Numerous theoretical and experimental studies have demonstrated that 3d transition metal-

based SACs embedded into N doped carbon (TM−N−C) shows good selectivity and density 

current for ECR to CO. However, it is necessary to further improve activity and selectivity of 

TM−N−C catalysts. NM can tune the coordination environment of TM−N−C, resulting in the 

change of electron structure of TM−N−C. Therefore, we prepared Ni−N−C and S modified 

Ni−N−C supported on N doped carbon for ECR application (Paper V). The ECR performance 

of S decorated Ni SAC was evaluated. The combination of experimental investigations and 

DFT calculations demonstrates that the high activity and selectivity of ECR to CO is due to a 

synergistic effect of the S and Ni−NX moiety. 

Based on above study, we believe that there are more possible coordination environments for 

NM modified TM−N−C. However, most studies could only reveal inadequate structural details 

of metal centers and NM ligands, due to the limitations of experimental techniques. Therefore, 

we proposed design principles for advanced NM doped TM−NX−C SACs for CO generation 

and investigated their ECR performance and mechanism for different TM atoms in various 

coordination environments (Paper VI).  

Another strategy to tune the structure of SACs is constructing dual-atom catalysts (DACs) by 

introducing second transition metal atom. The single active center of SACs makes it difficult 

to break the constraint of scaling relationship between the adsorption energies of intermediates 

due to the complicated multiple proton-coupled electron transfer in ECR. Therefore, in Paper 
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VII, Ni SAC (Ni−NC), Mn SAC (Mn−NC), Mn−Ni DAC (Mn−Ni−NC), Ni−Ni DAC 

(Ni−Ni−NC) and Mn−Mn DAC (Mn−Mn−NC) were synthesized. The coordination 

environments of SACs and DACs were studied by X-ray absorption spectroscopy (XAS). The 

performances for ECR to CO on these catalysts were compared. DFT calculations were 

employed to reveal the origin of the difference of activity.     
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2. Methodology 

2.1. Materials and Chemicals 

Table 2.1. Information of chemicals and materials      

Chemical Formula Supplier and Purity 

silver nitrate AgNO3 Sigma-Aldrich, ≥99.0% 

nickel hexahydrate nitrate Ni(NO3)2·6H2O Sigma-Aldrich, 98% 

boric acid H3BO3 Sigma-Aldrich, ≥99.5% 

sodium borohydride NaBH4 Sigma-Aldrich, ≥98% 

nickel(II) chloride hexahydrate NiCl2·6H2O Sigma-Aldrich, 98 % 

manganese(II) chloride tetrahydrate MnCl2·4H2O Sigma-Aldrich, 98 % 

dicyandiamide C2H4N4 Sigma-Aldrich, 99% 

ammonium hydroxide solution NH3·H2O Sigma-Aldrich, 28% NH3 in H2O 

manganese(II) phthalocyanine C32H16MnN8 Sigma-Aldrich 

nickel(II) phthalocyanine C32H16NiN8 Sigma-Aldrich 

Trisodium citrate C6H5Na3O7 Alfa Aesar 

potassium bicarbonate KHCO3 Alfa Aesar, 98 % 

nafion D-521 dispersion - Alfa Aesar, 5 % w/w in water and 

1-propanol 

nafion-117 ionic exchange membrane - Alfa Aesar 

urea CO(NH2)2 VWR, 99 % 

hydrogen peroxide H2O2 VWR 

sulfuric acid H2SO4 VWR, 25% 

nitric acid HNO3 VWR, 65 wt% 

Thiourea CH₄N₂S VWR, 99 % 

ketjenblack EC-600 JD - AkzoNobel 

Carbon dioxide CO2 Nippon, > 99.999% 

Argon Ar Nippon, > 99.999% 

Carbon paper - Toray 

absolute ethanol C2H5OH Arcus, ≥99.0% 

   

2.3. Computational methods 

All spin-polarized calculations based on DFT were carried out via the Vienna ab initio 

Simulation Package (VASP) code [1, 2]. The projector augmented wave (PAW) method was 

adopted to describe the interactions between ions and electrons, the generalized gradient 

approximation (GGA) in the form of Perdew-Burke-Ernzerh (PBE) function was chosen to 

describe the electron exchange-correlation interaction [3-5]. In order to accurately explain the 

long-range van der Waals (vdW) interactions, the empirical correction (DFT-D3) was included 

[6]. The kinetic energy cutoff was set as 500 eV for the plane-wave basis set. The convergence 

criterion of energy and force was set to 1.0×10-5 eV and 1.0×10-2 eV/Å, respectively. Moreover, 

to explore defective structure stability, the ab initio molecular dynamics (AIMD) simulation 

was performed in NVT ensemble [7, 8]. The TM atom diffusion barrier was calculated by the 

climbing image nudged elastic band method (CINEB) [9]. The Bader charge analysis was 

employed to calculate the charge transfer [10]. The free energy diagrams of ECR were 

calculated by the computational hydrogen electrode (CHE) method [11]. 

The Gibbs free energy of each step can be expressed as Equation 1:  

https://www.sigmaaldrich.com/NO/en/product/sigald/b0394
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                         ΔG = ΔE + ΔEZPE − TΔS                             (1)                                      

where ΔE, ΔEZPE and ΔS are the total energy changes obtained from DFT calculations, zero-

point energy, and entropy between the reactants and the products, respectively. T is the 

temperature which is set to 298.15 K in our calculations. The limiting potential (UL) can be 

calculated by UL= −ΔGmax/ne, where ΔGmax is the free energy change of the rate-determining 

step in ECR reactions. Then the overpotential can be calculated by the equation η= Uequ − UL, 

where Uequ is the equilibrium potentials. 

2.3. Catalysts preparation 

2.3.1. Ag-B-g-C3N4 (Paper II) 

For the synthesis of g-C3N4, 20 g CO(NH2)2 was put into a covered crucible and heated to 

600 °C with a ramp rate of 5 °C min−1 and kept for 2 h in muffle furnace. After cooling to room 

temperature, the g-C3N4 sample was obtained. The sample was further sonicated under 

deionized water for 2 h to obtain thin g-C3N4 nanosheet. 

For the synthesis of B doped g-C3N4, the mixture of 20 g CO(NH2)2 and 0.3 g H3BO3 was 

grinded evenly and placed in a covered crucible. The crucible was heated to 600 °C with a ramp 

rate of 5 °C min−1 and hold at 600 oC for 2 h in a muffle furnace. After cooling down, sample 

was washed with hot water in order to remove B2O3, then vacuum dried for 24 h at 60 °C. The 

as-prepared B-g-C3N4 sample was sonicated for 2 h to obtain thin nanosheet. 

The loading of Ag NPs on B-g-C3N4 was performed according to a procedure from a previous 

study [12]. Typically, 1.176 g Na3C6H5O7 and 0.085 g AgNO3 were dissolved in 300 mL 

deionized water under dark environment. Then, the mixture of 0.081 g B-g-C3N4 and above 

solution was sonicated for 1 h. Subsequently, 50 mL of 0.05 M NaBH4 solution was added 

dropwise under vigorous stirring for 8 h. The sample was collected by centrifugation and 

washed with deionized water, finally vacuum dried at 60 °C overnight. The Ag loading was 

13.9 wt.% based on inductively coupled plasma optical emission spectroscopy (ICP-OES). 

2.3.2. Ni−NS−C catalyst (Paper V) 

The CB was firstly activated by concentrated HNO3 solution to increase surface defects and 

oxygen-containing groups. Typically, 4 g CB was dispersed in 100 ml of HNO3 solution 

followed by refluxing at 100 °C for 8 h with vigorously stirring. Subsequently, the suspension 

was washed with DI water several times until neutral pH and separated by vacuum filtration. 

Activated CB was obtained after drying at 120 °C in a vacuum oven for 24 h. 

In a typical synthesis of Ni2+ adsorbed on CB (Ni2+-CB), 1 g activated CB was dispersed in 400 
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mL DI water under sonication for 2 h. The Ni2+ solution (3 mg/mL) was prepared by dissolving 

240 mg Ni (NO3)2•6H2O in 80 mL DI water. Thereafter, 40 mL Ni2+ solution was added 

dropwise into the CB solution and kept under vigorous stirring for 12 h. The products were 

collected by vacuum filtration. After drying at 120 °C in a vacuum oven for 24 h, Ni-CB was 

obtained. 

The Ni-NS-C catalyst was synthesized according to a modified method by Zheng et al. [13] 

Typically, 0.5 g Ni-CB and with 6.0 g thiourea was mixed and grinded to obtain fine powders. 

The powder was then transferred into a covered crucible and heated to 800 °C at a heating rate 

of 3 °C/min under 10 mL/min Ar flow and kept at 800 °C for 1 h. For comparison, the Ni−N−C 

catalyst was synthesized by replacing thiourea with urea. Metal free N−C and NS−C catalysts 

were also prepared by replacing Ni−CB with CB. 

2.3.3. Mn−Ni−NC catalysts (Paper VII) 

The preparation method of Mn-Ni-NC catalyst was based on Hao et al. [14] 9.89 mg 

MnCl2·4H2O, 11.88 mg NiCl2·6H2O and 64.4 mg C6H8O7·H2O were dissolved in 2 ml ethanol 

and the solution was sonicated for 30 minutes. Meanwhile, 100 mg activated carbon black was 

dissolved in 3 ml ethanol and the solution was sonicated for 30 minutes. The two solutions were 

then mixed and stirred continuously under room temperature for 12 hours. The obtained 

suspension became black solid after drying at 75 ℃ for 12 h. The black solid was mixed with 

1 g dicyandiamide and grinded for 10 minutes. Finally, the black mixture was transfer to a 

covered crucible and calcinated under Argon atmosphere (100 sccm) at 800 °C for 2 hours. The 

collected samples were washed by 3 M HCl several times, then were marked it as Mn−Ni−NC 

catalyst.  

The preparation of Mn−Mn−NC and Ni−Ni−NC catalysts follows same procedure, except for 

adding single metal resource and 32.2 mg C6H8O7·H2O. 

The preparation of Mn−NC and Ni−NC catalysts use similar procedure, except that 50 μL 

NH3·H2O solution was added in the first step. 

2.4. Characterizations 

2.4.1. X-ray diffraction (XRD) 

X-ray diffraction (XRD) diffractograms were collected on Bruker-AXS Micro-diffractometer 

D8 ADVANCE equipped with a CuKα radiation source (λ=1.54 Å) with a scan rate of 3° min−1 

in the range of 10-80°.  
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2.4.2. Raman spectroscopy 

The crystallinity was further examined by Raman spectroscopy (Renishaw, with a 532 nm 

excitation laser). The samples were focused with a × 50LWD objective lens and exposed to 

emission line for 10 s. 

2.4.3. Transition Electron Microscopy (TEM) 

Transmission electron microscopy (TEM), high-resolution TEM (HR-TEM) and energy-

dispersive X-ray spectroscopy (EDS) mapping were conducted on JEM-2100 Plus (JEOL) 

electron microscope at 200 kV. 

2.4.4. Aberration-corrected high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) 

The aberration-corrected high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) was conducted on JEOL NEOARM 200 F with 200 kV of 

accelerating voltage.  

2.4.5. X-ray absorption fine structure (XAFS) spectra 

X-ray absorption fine structure (XAFS) spectra at the Mn and Ni K-edge was collected at 

Station Bending Magnet 31 (BM31) in European Synchrotron Radiation Facility (ESRF), 

Grenoble, France. The Mn and Ni K-edge X-ray absorption near edge structure (XANES) data 

were recorded in a fluorescence mode. Mn foil, Ni-Pc, Mn foil, and Mn-Pc were used as 

references. 

2.4.6. X-ray photoelectron spectroscopy (XPS) 

The surface compositions and element states of the catalysts were tested by X-ray photoelectron 

spectroscopy (XPS, ESCALAB Xi+) using Al Kα excitation at 1486.6 eV. 

2.4.7. N2 physisorption 

Nitrogen adsorption-desorption isotherms were measured on Micromeritics Tristar II 3020 

instrument at −196 °C. The specific surface area was estimated by the Brunauer-Emmett-Teller 

(BET) method, and the pore size distribution was obtained from the Barrett-Joyner-Halenda 

(BJH) desorption isotherm. The temperature-programmed CO2 desorption (CO2-TPD) profile 

was measured on Micromeritics Autochem II ASAP 2920. 

2.5. Electrochemical measurements 

The electrocatalytic CO2 reduction was carried out in three-electrode sealed H-type cell 

consisting of a working electrode (carbon paper, CP), a reference electrode (saturated Ag/AgCl 
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(3 M KCl)), and a counter electrode (Pt (1 cm2)). All potentials were controlled by AUTOLAB 

PGSTAT302N workstation and converted to RHE by E (vs. RHE) = E (vs. Ag/AgCl) + 0.197 

V + 0.059 × pH. The electrocatalyst ink was dropped uniformly on a piece of CP as the working 

electrode, followed by drying under an infrared lamp for 30 minutes. Nafion-117 membrane 

was used to separate the anode and cathode chamber. The pH value of 0.5 M KHCO3 electrolyte 

is 7.2. High purity CO2 was bubbled into the cathode chamber at a flow rate of 20 mL min−1 for 

1 h before and during the test. Meanwhile, the electrolyte in the cathode was stirred at 1200 

rmp. The linear sweep voltammetry (LSV) was collected in 0.5 M KHCO3 at a scan rate of 10 

mV s−1. Electrochemical impedance spectroscopy (EIS) was measured in 0.5 M KHCO3 at −0.8 

V (vs.RHE) with an amplitude of 5 mV from 10−2 to 10−5 Hz. 

Gaseous products CO and H2 were quantified by an online gas chromatograph (GC, Agilent 

7890B) with two TCD detectors equipped with a HayeSep Q column and a 5A molecular sieve 

column. Liquid products were determined by nuclear magnetic resonance (NMR) spectroscopy 

with a 400 MHz Bruker NMR spectrometer. The FE of gaseous products under different 

potentials were calculated by the equation 2 below: 

                         FE = (Z × P × F × V × ν)/(R × T × I)                               (2) 

where Z is the number of transferred electrons for one CO2 molecule reduction to gaseous 

product, which is 2 for CO and H2; P is atmospheric pressure of 1.01×105 Pa; F is Faraday 

constant 96485 C mol−1; V is gas flow rate; ν is the volume concentration of gas product; T is 

temperature of 298.15 K; R is the idea gas constant 8.314 J mol−1 K−1; and I is the steady-state 

current at each applied potential. 
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3. Result and Discussion 

3.1. Efficient electrochemical reduction of CO2 to CO by Ag-decorated B-doped g-C3N4: 

A combined theoretical and experimental study (Paper II) 

In this paper, we prepared g-C3N4, B-g-C3N4 and Ag NPs loaded B-g-C3N4 catalysts, and their 

ECR performances were investigated by DFT calculations and experimental work.  

3.1.1 DFT simulations 

There are three different N atoms (N1, N2 and N3 sites), and two different C atoms (C1 and C2 

sites) in g-C3N4, as shown in Appendix B, Figure S1. Previous studies have demonstrated that 

N2 atom with low coordination number is preferable to be substituted by nonmetal atoms [1, 

2]. Therefore, B doped monolayer g-C3N4 was built with one B atom substituting one N2 atom. 

After geometric optimization, B atom bonds with the nearest N2 atom and C1 atom, forming 

pentagonal and hexagonal ring. The Esub of B doped g-C3N4 is −1.38 eV, indicating the easiness 

to introduce B atom into g-C3N4 skeleton. The Eads of Ag cluster on B-g-C3N4 is −1.98 eV, 

demonstrating that Ag4 cluster are loaded stably on the B-g-C3N4 support and the resulting 

composite catalyst could possess good stability. 

 

Figure 3.1. Calculated free energy profiles for ECR to CO on (a) g-C3N4, (b) B-g-C3N4 and (c) Ag-B-g-C3N4; The 

adsorption structures of key intermediates *COOH and *CO were depicted below. 

The calculated Gibbs free energy change (ΔG) of the intermediates on g-C3N4, B-g-C3N4 and 

Ag-B-g-C3N4 were displayed in Figure 3.1a-c. The formation of intermediate *COOH is the 

potential determining step on the three electrocatalysts. The free energy barrier for CO 

production on pristine g-C3N4 is quite large at 1.01 eV, while the free energy barrier decreases 

by only 0.12 eV after introducing B atoms, indicating B atom alone cannot effectively improve 

the ECR performance. However, the combination of B and Ag atoms shows a large drop in free 

energy barrier of 0.53 eV, which suggested that B dopant and Ag NPs could be promising to 

enhance the ECR performance of g-C3N4. We further considered the possible active sites after 
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the doping of B and Ag, including S1(B atom), S2(N atom), S3 (C atom), S4(N atom), S5(N 

atom) and S6 (C atom) around the Ag cluster (Appendix B, Figure S2a). It turns outs that the 

intermediates could not be adsorbed on S1, S2, S3, S4 and S6. Only S5 can be a stable 

adsorption site for intermediates but with a free energy barrier of 1.16 eV (Appendix B, Figure 

S2b), larger than that of the Ag site. Thus, B, C and N atoms will not be the active sites for CO2 

activation, and Ag cluster is the only active center. The adsorption configurations of *COOH 

and *CO intermediates on the three electrocatalysts suggest that *COOH could bond with N, B 

and Ag atoms with different strength, leading to uphill in Gibbs free energy. In contrast, *CO 

could not bond well with the N and B atoms, exhibiting exothermic nature for CO desorption 

from pristine and B doped g-C3N4. However, it could interact strongly with Ag atoms, resulting 

in an endothermic reaction for CO desorption.  

We further investigated the electronic structures of Ag-B-g-C3N4 by calculating total density of 

states, Bader charge and charge density difference. It is worth noting that there are more electron 

states between conduct band and valence band, and even near the Fermi level in B and Ag 

modified g-C3N4 (Figure 3.2a). In other words, the introduction of B atoms and Ag cluster could 

induce more impurity levels, which could improve the electrical conductivity and increase the 

ECR activity. Besides, the detailed charge transfer between B, Ag and g-C3N4 was shown in 

Figure 3.2b. B atom transferred 1.71e to C and N atoms, while the total charge transfer from 

Ag cluster to B-g-C3N4 scaffold is 0.74e, contributing to an electron-rich region at the interface 

of Ag and B-g-C3N4. It can be proposed that B dopant could improve electrical conductivity of 

the g-C3N4 support, while Ag NPs could sever as the ECR active center. Therefore, we 

synthesized the three catalysts (g-C3N4, B-g-C3N4 and Ag-B-g-C3N4) to verify the role of B and 

Ag NPs as proposed by DFT simulations.  

 

Figure 3.2. (a) Total density of states (TDOS) of g-C3N, B- g-C3N4, and Ag-B-g-C3N4, where Fermi energy locates 

at 0 eV; (b) Charge density difference between Ag NPs and B-g-C3N4 for Ag-B-g-C3N4, where yellow and cyan 

denote electron accumulation and depletion, respectively; The isosurface value is set to be 0.001 e/Bohr3. 
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3.1.2. Electrocatalysts characterization 

To evidence the formation of nanocomposites, crystal structures were investigated by XRD 

characterization (Figure 3.3). Two characteristic peaks locating at 13.0° (100) and 27.6° (002) 

are assigned to the in-plane structure of tri-s-triazine motifs and the periodic stacking of layers 

of conjugated aromatic rings [3, 4]. The slight shift of the (002) peak towards high angle for B-

g-C3N4 and Ag-B-g-C3N4 was probably related to structural variations such as the decreased 

interlayer distance after introducing B atoms [5]. The gradual decrease of the characteristic peak 

of g-C3N4 could be explained by the less ordered structure and reduced crystallinity after the 

doping of B and Ag. The XRD result could be supported by the structure deformation after 

introducing B and Ag NPs from DFT simulation study (Appendix B, Figure S1). Diffraction 

peaks located at 2θ = 38.1°, 44.3°, 64.4°, and 77.4° are the characteristic peaks of (111), (200), 

(220), and (311) crystal planes of Ag (Joint Committee for Powder Diffraction Standards 

(JCPDS) No. 65-2871). Meanwhile, the main characteristic peak of the B-g-C3N4 support was 

maintained. In addition, diffraction peaks of B2O3 or Ag2O were not observed. Therefore, 

metallic Ag NPs loaded B-doped g-C3N4 (Ag-B-g-C3N4) was successfully prepared.  

 

Figure 3.3. XRD patterns of g-C3N4, B-g-C3N4 and Ag-B-g-C3N4. 

TEM was employed to study the morphology and size of Ag-B-g-C3N4. As exhibited in Figure 

3.4a and b, spherical Ag NPs were evenly deposited on the B-g-C3N4. The average diameter of 

NPs is 4.95 nm, as further exemplified by TEM images in Appendix B, Figure S3, where the 

particle size distribution was also shown. It can be clearly seen that an interplanar spacing of 

0.235 nm was obtained from the lattice fringes for Ag NPs (Figure 3.4c), attributing to the (111) 

plane of metallic Ag and close to the theoretical value of 0.236 nm. The selected area electron 

diffraction patten (SAED) of Ag-B-g-C3N4 was shown in Figure 3.4d. The diffraction circles 

corresponding to the (111), (200), (220) and (311) planes of Ag are apparent, consistent with 

the XRD results. 



Result and Discussion  

58 

 

 

Figure 3.4. (a) and (b) TEM images of Ag-B-g-C3N4 with different magnifications; (c) HRTEM image of Ag-B-g-

C3N4, which shows an interlayer distance of 0.235 nm for Ag; (d) SAED pattern of Ag NPs. 

The high-resolution XPS spectra of C 1s, N 1s, B 1s and Ag 3d levels for Ag-B-g-C3N4 are 

shown in Figure 3.5. As the samples have been calcinated in air, O atoms would be inevitably 

introduced into the skeletons. Therefore, C−O and N−O spectra were detected. For C1s spectra 

(Figure 3.5a), three typical peaks at 288.3, 286.3 and 284.7 eV can be assigned to sp2-bonded 

C−N−C of skeleton, C−O group and C−C of carbon contamination, respectively [6]. The N 1s 

spectrum could be deconvoluted into four peaks with binding energies at 404.3, 401.2, 399.4 

and 398.7 eV (Figure 3.5b), which were attributed to the N−O, C−H−N, N− (C)3 and C−N=C 

groups, respectively. A broad peak at 192.0 eV could be found in B 1s level (Figure 3.5c), which 

is ascribed to the C−NB group. This also evidences the successful doping of B atoms in g-C3N4. 

The spectra of Ag 3d exhibits two peaks with binding energies of 374.5 and 368.5 eV (Figure 

3.5d), which are the standardized Ag 3d3/2 and Ag 3d5/2 levels of metallic Ag [7], demonstrating 

that Ag NPs was successfully loaded on B doped g-C3N4. The XPS spectra of g-C3N4 and B-g-

C3N4 are shown in Appendix B, Figure S4 for comparison. The similar C 1s, N 1s and B ls 

spectra for the three catalysts indicate that the structure of the g-C3N4 support remains intact 

after doping with B and Ag (Appendix B, Figure S4).  
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Figure 3.5. XPS spectra of Ag-B-g-C3N4 (a) C 1s, (b) N 1s, (c) B ls and (d) Ag 3d. 

3.1.3. ECR activity test 

The ECR catalytic performances were firstly evaluated by LSV, as exhibited in Figure 3.6a. In 

the presence of CO2 feed gas, Ag-B-g-C3N4 catalyst showed apparently higher reduction current 

density in comparison with the other two samples, achieving a current density of −2.08 mA 

cm−2 at −0.8 V (vs. RHE). The bare carbon paper, and carbon black coated carbon paper were 

also tested as working electrodes but only exhibited a negligible weak current density 

(Appendix B, Figure S5). In N2-saturated KHCO3, the Faradic currents can be attributed to 

HER, whereas it displayed much higher current in CO2-saturated KHCO3 at the same potential 

(Figure 3.6b), indicting the catalytic activity of Ag-B-g-C3N4 for ECR. These results also 

suggested that Ag is the active center of the Ag-B-g-C3N4 electrocatalyst. 

Constant potential electrolysis was performed by choosing the potential ranging from −0.5 V 

to −1.0 V (vs. RHE) to study the ECR selectivity over the Ag-B-g-C3N4 catalyst. The resultant 

gaseous products were analyzed by online GC, while liquid products were analyzed by 1H 

NMR spectroscopy. CO and H2 were the only gaseous products with a total FE over 98% 

(Figure 3.6c). There is no liquid product found, as evidenced by 1H NMR (Appendix B, Figure 

S6). The FECO of Ag-B-g-C3N4 increased firstly and then dropped with the increase of the 

applied potentials, achieving the maximum FECO of 93.2% at −0.8 V (vs. RHE). It was worth 

mentioning that both pristine g-C3N4 and B-g-C3N4 did not produce CO but only H2 under 

potentials between −0.5 V to −1.0 V (vs. RHE). The bare carbon paper and carbon black coated 
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carbon paper also only generate H2. These results are consistent with DFT calculations that Ag-

B-g-C3N4 catalyst show the lowest Gibbs free energy for the *COOH generation, while B 

doping along could not obviously decrease its Gibbs free energy. Therefore, it can be concluded 

that Ag NPs is the only active center for ECR to CO.  

 

Figure 3.6. (a) LSV curves of g-C3N4, B-g-C3N4 and Ag-B-g-C3N4 catalysts in CO2-saturated 0.5M KHCO3 

solution at a scan rate of 10 mV s−1; (b) LSV curves of the Ag-B-g-C3N4 catalyst in N2- and CO2-saturated 0.5M 

KHCO3 solution at a scan rate of 10 mV s−1; (c) The Faradic efficiencies of CO generation and H2 generation on 

the Ag-B-g-C3N4 catalyst; (d) EIS Nyquist plots for g-C3N4, B-g-C3N4 and Ag-B-g-C3N4 catalysts in 0.5 M KHCO3 

under potential of −0.8 V (vs. RHE); (e) Stability test of the Ag-B-g-C3N4 catalyst in 0.5 M KHCO3 under −0.8 V 

(vs. RHE) for 12 h. 
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EIS was carried out at −0.8 V (vs. RHE) to disclose the origin of the excellent reactivity of the 

Ag-B-g-C3N4 nanocomposite. The Nyquist plots of g-C3N4, B-g-C3N4 and Ag-B-g-C3N4 were 

displayed in Figure 3.6d. Notably, B atoms could effectively improve g-C3N4 electron transport 

due to the generation of the impurity levels. After loading Ag NPs, a much lower charge transfer 

resistance (RCT) was achieved on Ag-B-g-C3N4, validating that the decoration of Ag NPs could 

enhance electron transportation between the catalyst and CO2 molecules thus the ECR 

capability. These results are in line with the DFT calculations that the electron accumulations 

at Ag/B-g-C3N4 interface could improve electrical conductivity and promote electron transport.  

The long-term stability of Ag-B-g-C3N4 catalyst was examined by at −0.8 V (vs. RHE) (Figure 

3.6e). Remarkably, the reduction current densities increased during the first hour and then 

remained stable at −2.08 mA cm−2 for 12 h. The corresponding FECO exhibited no obvious 

decay during the electrolysis process, indicting excellent stability of the catalyst for selective 

ECR to CO. 
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3.2. Theoretical study of single transition metal atom catalysts supported on two-

dimensional Nb2NO2 for efficient electrochemical CO2 reduction to CH4 (Paper III) 

In this work, we investigated the single transition metal atoms (V, Cr, Mn, Fe, Co, Ni) embedded 

O group terminated Nb2N monolayer (Nb2NO2) as ECR catalysts by first-principles calculation. 

3.2.1. Structure and stability of pristine Nb2NO2 

 

Figure 3.7. The two possible adsorption sites for TM atoms (a)N site and (b) Nb site, where the whitesmoke, red, 

turquoise and purple ball denote the N, O, Nb and TM atoms; (c) The phonon curves of Nb2NO2; (d) The total 

density of state of Nb2NO2, where the green dash line is Fermi energy level; (e) The binding energies of TM atoms 

on N site and Nb site. 

After geometry optimization, the obtained lattice parameter a of clean Nb2N monolayer is 3.11 

Å, consistent with previous study [8]. Nb2N monolayer shows a hexagonal symmetry with 

P63/mmc space group. O was then added on the centre of three Nb atoms, similar to the O 

functionalized Ti2C MXene (Figure 3.7a and b) [9]. The binding energy (Eb) of O on Nb2N 

monolayer was calculated by the equation: Eb = (E(Nb2NO2) − E(O2) − E(Nb2N))/2, where 

E(Nb2NO2), E(O2), E(Nb2N) are the total energy of Nb2NO2, O2 and Nb2N [10]. A negative 

value of Eb = −5.34 eV demonstrates that Nb2N monolayer can be easily covered by O atoms. 

It is possible for O group transforming to OH during ECR process. Therefore, we calculated 

the Gibbs free energy for H adsorption on O atoms, with ΔG*H of −0.16 eV. A moderate ΔG*H 

indicates that the proton can easily adsorb on and desorb from the surficial O atom, which may 
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promote protonation of the ECR intermediates. The phonon curves and AIMD simulation were 

performed to check its stability, as shown in Figure 3.7c and Appendix C, Figure S1. There are 

no imaginary bands in phonon spectra. The fluctuation of the total energy of Nb2NO2 is quite 

small and around the equilibrium. Meanwhile, the structure does not show any obvious changes, 

confirming that Nb2NO2 monolayer possesses excellent stability. On the other hand, the 

calculated density of state of Nb2NO2 exhibits metallic behavior, indicting good capability for 

electron transfer (Figure 3.7d). This endows Nb2NO2 monolayer excellent electrical 

conductivity, a prerequisite for an ideal substrate for SACs used in ECR.     

3.2.2. Structure and stability of TM@Nb2NO2 

As presented in Figure 3.7 a and b, there are two possible anchoring sites for single TM atoms: 

(1) the center site between three neighboring N atoms and the top of Nb atom (Nb site), (2) the 

center site between three neighboring Nb atoms and the top of N atom (N site). The 

thermodynamic stabilities of TM@Nb2N were investigated by calculating Eb (Figure 3.7e and 

Appendix C, Table S1). Notably, a more negative value of Eb on N site indicates that TM atoms 

prefer to bind on N site. Moreover, the transition energy barriers (ET) of single TM atoms from 

N to Nb site were calculated to evaluate its kinetic stability. The ET were calculated by ET = ETS 

− EIS, in which ETS is the total energy of transition state (TS) from N to Nb site, while EIS is the 

total energy of TM embedded in N site. As shown in Appendix C, Table S1, the ET of TM atoms 

are quite large in the range of 0.87 to 2.58 eV, implying that it is difficult for TM atoms to 

diffuse and aggregate into clusters. These results suggest that single TM atom can be firmly 

anchored on N site.  

3.2.3. CO2 adsorption and activation on TM@Nb2NO2 

The optimized CO2 adsorption configurations on TM@Nb2NO2 were shown in Figure 3.8. 

Obviously, the carbon or oxygen atom of CO2 molecule is absorbed on TM atoms. Meanwhile, 

it can be observed that CO2 molecule is not absorbed on TM@Nb2NO2 in linear state, but with 

a certain degree of bending. The corresponding adsorption energies, bond lengths of C−TM and 

O−TM, bond angels of CO2 molecule, and charge transfer between TM and CO2 molecule are 

summarized in Table 3.1. The bond angle of CO2 molecule on TM@Nb2NO2 increases with the 

atomic number, ranging from 138.39° to 154.34°. Specially, V@Nb2NO2 greatly deviated from 

the linear state, which indicates higher CO2 adsorption capacity. The bond lengths of C−TM 

and O−TM are quite close to 2.00 Å, demonstrating strong adsorption between substrate and 

CO2 molecule, consistent with previous studies [11, 12]. The negative adsorption energies 

indicate that CO2 adsorption on the SACs is thermodynamically favorable. Bader charge 
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analysis confirm that there is a significant net charge transfer from V, Cr and Ni atoms to CO2, 

with a value of −0.60e, −0.53e, −0.31e, respectively. Thus, CO2 molecules can be effectively 

activated by V, Cr and Ni@Nb2NO2.   

 

Figure 3.8. The most stable CO2 adsorption configurations on (a) V@Nb2NO2, (b) Cr@Nb2NO2, (c) Mn@Nb2NO2, 

(d) Fe Ni@Nb2NO2, (e) Co@Nb2NO2 and (f) Ni@Nb2NO2. 

 
Table 3.1. CO2 adsorption on TM@Nb2NO2: adsorption energy (Eads) with unit eV, the angel of O−C−O with unit °, 

the bond length of TM−O and TM−C with unit Å, net charge accepted by CO2 molecule with unit e.    

 

 
Figure 3.9. The Gibbs free energy changes (ΔG (eV)) for the first protonation step in ECR and HER on 

TM@Nb2NO2.   

Catalysts Eads (CO2) O−C−O angle dTM-C dTM-O Q 

V@Nb2NO2 −0.77 138.39 2.00 1.93 −0.60 

Cr@Nb2NO2 −0.51 142.59 2.00 1.97 −0.53 

Mn@Nb2NO2 −0.34 141.62 2.00 1.93 −0.58 

Fe@Nb2NO2 −0.46 150.77 2.04 2.00 −0.25 

Co@Nb2NO2 −0.30 154.34 2.05 1.99 −0.26 

Ni@Nb2NO2 −0.54 151.74 1.96 1.92 −0.31 
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3.2.4. Competition between HER and ECR during first protonation 

The ECR process starts with the hydrogenation of CO2 molecule to form *COOH (* + CO2 + 

(H+ + e−) → *COOH) or *OCHO (* + CO2 + (H+ + e−) → *OCHO) on active centers by H 

atom binding O or C atom. However, the side-reaction HER (* + H+ + e− → *H) may occur due 

to the direct interaction between proton and TM atoms, resulting in low ECR selectivity. It has 

been widely accepted that the Gibbs free energy change (ΔG) for *COOH/*OCHO and *H 

formation can be used to evaluate the ECR selectivity versus HER selectivity [13]. Therefore, 

ΔG*COOH/*OCHO were calculated and compared with ΔG*H. As plotted in Figure 3.9, all 

TM@Nb2NO2 electrocatalysts prefer ECR (below the diagonal) to HER (above the diagonal). 

Notably, V, Cr and Fe@Nb2NO2 are ECR selective with two favorable initial protonation 

processes (*COOH and *OCHO), while Ni, Co and Mn@Nb2NO2 exhibit ECR selectivity only 

with one favorable initial protonation step (*COOH or *OCHO). Meanwhile, ΔG*OCHO is 

smaller than ΔG*COOH for V, Cr and Fe@Nb2NO2, demonstrating that the formation of *OCHO 

is more energetically favorable. Therefore, the *COOH reduction path and the corresponding 

CO product will not be considered on these three SACs in the further protonation process.      

3.2.5. ECR to C1 products on TM@Nb2NO2 

The ECR products could involve C1, C2 and C3 due to complex protonation and C−C coupling. 

However, the formation of high carbon products (C2+) is impossible because C−C coupling will 

not occur on SACs. Therefore, only C1 products by accepting 2e to 8e electrons, including CO, 

HCOOH, HCHO, CH3OH, CH4, were investigated in this work. These different products are 

formed by different number of protons binding C or O atoms. A possible pathway was plotted 

in Figure 3.10 by taking the optimized configuration of intermediates on Fe@Nb2NO2 as an 

example. It is obvious that only TM atom binds with the C or O atoms during the whole ECR 

process, demonstrating TM atom as active site.  

After *COOH or *OCHO formation via accepting first proton-electron pair, further 

hydrogenation by obtaining a second proton-electron pair will produce *OCHOH or *CO 

intermediates. Therefore, the binding strength between these two intermediates and active 

center will decide HCOOH or CO generation. We calculated the Eads of HCOOH and CO on 

TM@Nb2NO2 (Table 3.2). For HCOOH formation from *OCHO, V, Cr, Mn and Fe@Nb2NO2 

show a large Eads with −1.07, −1.25, −0.87 and −1.51 eV, respectively. For CO formation from 

*COOH, the Eads of CO on Co and Ni@Nb2NO2 are −1.95 and −1.73 eV, respectively. It means 

that both HCOOH and CO could be further protonated on these SACs instead of desorbing from 

the SACs as final products. In addition, the generation of *OCHOH or *CO on Fe, Co, Cr, Ni 
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and V@Nb2NO2 are overall exothermic. The generation of *OCHOH is only slightly 

endothermic on Mn@Nb2NO2, benefiting the further reduction of intermediates.  

 

Figure 3.10. The optimized configuration of intermediates adsorbed on Fe@Nb2NO2 during the whole ECR 

process from one-electron to eight-electron products. 

For further hydrogenation of *OCHOH or *CO, three possible intermediate including *CHO, 

*COH and *OCH could be generated. Notably, *COH from *CO (*CO + (H+ + e−) →*COH) 

on Co and Ni@Nb2NO2 underwent a larger energy uphill in comparison with the formation of 

*CHO (*CO + (H+ + e−) →*CHO). Similarly, For V, Cr, Mn and Fe@Nb2NO2, the formation 
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of *OCH from*OCHOH (*OCHOH + (H+ + e−) →*OCH + H2O) are more energy consuming 

than the production of *CHO. Thus, it can be concluded that *CHO will be the key 

intermediates for the third hydrogenation process.  

Table 3.2. The adsorption energy of different products CO, HCOOH, HCHO, CH3OH and CH4 with unit eV, and 

the limiting potential for generating final product CH4 with unit eV. 

 

 

Figure 3.11. The Gibbs free energy diagram for ECR on TM@Nb2NO2 to produce the final product CH4 under U 

= 0 V; the red pathway denotes the optimal pathway. 

Catalysts Eads (CO) Eads (HCOOH) Eads (HCHO) Eads (CH3OH) Eads (CH4) UL(CH4) 

V@Nb2NO2 − −1.07 −1.59 −1.15 −0.35 -0.45 

Cr@Nb2NO2 − −1.25 −1.48 −1.17 −0.47 -0.47 

Mn@Nb2NO2 − −1.20 −0.96 −0.88 −0.23 -0.62 

Fe@Nb2NO2 − −1.51 −1.06 −0.75 −0.41 -0.89 

Co@Nb2NO2 −1.95 − −1.08 −1.07 −0.38 -0.57 

Ni@Nb2NO2 −1.73 − −1.20 −1.03 −0.36 -0.28 
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*OCH2 and *CHOH intermediates can be produced after *CHO accepting the fourth proton-

electron pair. It is evident from Figure 3.11 that the ΔG of *CHOH on these six SACs show 

energy uphill, while the ΔG for the formation of *OCH2 on these SACs show energy downhill. 

Therefore, these TM atoms exhibit strong oxophilicity to form TM−O bonds. The four-electron 

product HCHO will be desorbed from the electrocatalyst if the interaction between *OCH2 and 

TM atom is too weak. The calculated Eads of HCHO on these SACs are in the range of −1.59 to 

−0.96 eV, suggesting that it is difficult for HCHO to desorb and thus can be further reduced. 

*CHOH then accepted the fifth proton-electron pair to produce *CH and *CH2OH 

intermediates, while the hydrogenation products of *OCH2 are *OCH3 and *OHCH2. However, 

ΔG of *CH and *OHCH2 are energetically unfavorable and will not form. In contrast, *CH2OH 

and *OCH3 will be the key intermediates and participate in later hydrogenation. CH3OH is the 

six-electron product via *OCH3 + (H+ + e−) →*OHCH3 → * + CH3OH. Nevertheless, the 

formation of *OHCH3 only show energy downhill on Fe and Mn@Nb2NO2. The Eads on V, Cr, 

Mn, Fe, Co, Ni@ Nb2NO2 is −1.15, −1.17, −0.88, −0.75, −1.07 and −1.03 eV, respectively. Thus, 

CH3OH can still be stably bonded with SACs and further reduced. The eight-electron product 

CH4 can be generated from diverse paths such as *CH3 + (H+ + e−) → * + CH4, *OCH3 + (H+ 

+ e−) → CH4 + *O and *OHCH3 + (H+ + e−) → CH4 + *OH. Remarkably, the Eads of CH4 on 

TM@Nb2NO2 are significantly smaller than the other C1 products, ranging from −0.47 to −0.23 

eV, indicating that CH4 can easily desorb from the SACs and become the final product. 

According to principle of minimum free energy increase at each step, the optimized paths for 

ECR to CH4 on TM@Nb2NO2 were concluded as below (Figure 3.11):  

(I) V, Cr and Fe@Nb2NO2: * + CO2 → *OCHO → *OCHOH → *CHO → *CHOH → *CH2OH 

→ *CH2 → *CH3 → * + CH4   

(II) Mn@Nb2NO2: * + CO2 → *OCHO → *OCHOH → *CHO → *OCH2 → *OCH3 → 

*OHCH3 → *OH + CH4 → * + H2O  

(III) Co and Ni @Nb2NO2: * + CO2 → *COOH → *CO → *CHO → *OCH2 → *OCH3 → 

*OHCH3 → *OH + CH4 → * + H2O  

Thus, TM@Nb2NO2 can be promising candidates in electrochemically converting CO2 to CH4. 

To evaluate the ECR performance of TM@Nb2NO2, the PDSs and the corresponding UL were 

summarized in Table 3.2. Generally, the lower the value of UL, the higher the activity of SACs. 

In path I and II, *OCHOH → *CHO was identified as PDS for V, Cr, Mn and Fe@Nb2NO2. 

The UL for CH4 generation on these four SACs are −0.45, −0.47, −0.62 and −0.89 V. The PDS 

of Co and Ni@Nb2NO2 in path III is *CO → *CHO, and the corresponding UL are −0.57 and 
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−0.28 V. Intriguingly, UL for the ECR to CH4 on V, Cr, Co and Ni@Nb2NO2 are lower than that 

the state-of-the-art catalyst Cu (211) (−0.74 V) [14], demonstrating potentially excellent 

performance of TM@Nb2NO2 for ECR to CH4. Particularly, the UL of Ni@Nb2NO2 is among 

the best reported in literature. Finally, we investigated the stability of Ni@Nb2NO2 by AIMD 

simulations with a time step of 3 fs at the temperature of 300 K for 18 ps (Appendix 3C, Figure 

S2). It can be found that Ni atom can still stay at the vacancy, which evidenced that diffusion 

will not occur. 

3.2.6. Activity origin of ECR to CH4 on TM@Nb2NO2 

We further investigated the activity origin on TM@Nb2NO2 by using descriptors. The PDSs of 

TM@Nb2NO2 can be assigned to *OCHOH and *CO, therefore we distinguish them by two 

different areas (palegreen and slateblue in Figure 3.12). Since the d-band centre of TM atoms 

has often been used to correlate the catalytic properties, the locations of d band centres (ε) were 

calculated and plotted against UL, as shown in Appendix, C Figure S3 and Figure 3.12a. With 

the increase of the TM-d electron number, ε shifts to a more negative energy level, resulting in 

the increase of UL. When the key intermediate is *OCHOH, there is a good linear relationship 

between ε and UL (UL = 0.35ε – 0.40, R2 = 0.97). For *CO as key intermediate, only Co and 

Ni@Nb2NO2 are distinguished. Generally, the more negative the value of ε, the weaker the 

adsorption between intermediates and catalysts. For example, it can be found that Mn@Nb2NO2 

shows a lower ε, while the Eads for *OCHOH is smaller, indicating weak adsorption and a large 

UL. However, ε is not associated with Eads for a specific TM atom in a small range because of 

the neglect of the d-band shape and the effect of the TM-s and p orbitals. Thus, the linear 

relationship is not apparent (Figure 3.12b). For *CO intermediate, the higher ε of Co atoms 

contributed a strong Eads of *CO and high UL.  

The crystal orbital Hamilton populations (COHP) were employed to analyse the bonding and 

antibonding states of the TM and key intermediates *OCHOH and *CO. Meanwhile, the 

integrated COHP (ICOHP) was calculated to give a more quantitative explanation (Appendix 

C, Figure S4). For O atom bonding with V, Cr, Mn and Fe@Nb2NO2, it shows obvious 

antibonding states below Fermi level, demonstrating weak adsorption. The corresponding 

ICOHP values are −1.32, −1.44/−1.57, −1.47/−1.75, −1.28/−1.61 eV, respectively. V and 

Cr@Nb2NO2 have similar antibonding states in spin up state, resulting in similar UL. For C 

atom bonding with Co and Ni@Nb2NO2, there is no antibonding state below Fermi level with 

value of −2.56/−2.66 and −2.40 eV, respectively, indicating strong adsorption. The more 

negative the ICOHP, the more stable of bonding, thus Fe@Nb2NO2 shows a large UL. A good 
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linear relationship between ICOHP and UL was obtained for V, Cr, Mn and Fe@Nb2NO2 (UL = 

1.58Φ + 1.70, R2 = 0.86), disclosing the role of different metal centers in the 

bonding/antibonding orbital populations.  

 

 

Figure 3.12. The limiting potential for the generation of CH4 on TM@Nb2NO2 as a function of (a) d band centre 

(ε), (b) adsorption energy (Eads), (c) ICOHP (Φ), and (d) the change of TM atom valence state (Δδ). 

Recently, charge transfers of active atoms have been reported as descriptor to explain the 

performance of catalysts [15]. Herein, we calculated the valence state (δ) of TM atoms after 

adsorbing intermediates. The δ of different atoms for different binding atoms vary in a range 

from +0.55 to +1.32, indicating an increase of charge transfer from TM atoms after 

intermediates adsorption and different interaction strength between them. Fe atom had the 

largest Δδ increase of 0.37 after intermediates adsorption, implying a possible strong interaction 

between Fe and *OCHOH and a large UL. Meanwhile, an approximate linear relationship (UL 

= −3.02Δδ −0.31, R2 = 0.86) was obtained, demonstrating that binding strength between 

catalysts and intermediates can be represented by Δδ. Therefore, ε, Φ and Δδ can be used as 

descriptors to describe the activity origin well. Meanwhile, the Eads can be a nominal descriptor 

for the ECR activity to CH4 due to the close connection between energy and electronic structure, 

while ε, Φ and Δδ can quantitively describe the intrinsic activity of ECR to CH4 on TM@ 

Nb2NO2. Overall, the results show that Ni@Nb2NO2 is the best ECR catalyst for CH4 generation, 

while Fe@Nb2NO2 is not an ideal catalyst.  
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3.3. Electrochemical Reduction of CO2 to CH4 over Transition Metal Atom Embedded 

Antimonene: First-Principles Study (Paper IV) 

In this work, we built SACs by embedding TM atoms (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, 

Mo, Ru, Rh, Pd, Ag, Cd, Ir, Pt and Au) into antimonene monolayer (TM@Sb) and investigated 

their ECR performance by first-principles study.  

3.3.1. Structure and stability   

After structure optimization, the lattice parameter a (4.11 Å) of pristine Sb monolayer and bond 

length dSb−Sb (2.89 Å) agree well with previous reports [16, 17]. The average dSb−TM (TM 

bonding three Sb atoms) ranges from 2.45 (Co) to 2.88 Å (Sc), resulting from the different 

atomic radius of TM and the relative positions of host and TM atoms. These results are similar 

to arsenene based SACs [18].  

The vacancy formation energy Ef of Sb single vacancy was estimated to be 1.77 eV, which is 

smaller than previous studies on defective formation energies of other 2D materials [19-22]. 

Meanwhile, the total energy and structure exhibit slight change through AIMD simulation under 

400 K. These results verify excellent stability of defective Sb monolayer (Figure 3.13a).  

 

Figure 3.13. (a) The total energy variations of defective Sb monolayer under a target temperature of 400 K for 

AIMD simulation for 12 ps with a time step of 3 fs; (b) The binding energy Eb of TM embedded into Sb monolayers, 

the cohesive energy Ec of bulk metal. 

To evaluate the stability of the SACs, the binding energies (Eb) of TM atoms in the Sb 

monolayer were calculated (Figure 3.13b). All TM@Sb monolayers show a negative Eb, 

demonstrating that Sb monolayer can stably anchor single TM atom. The cohesive energies of 

bulk metal (Ec) were also investigated. All Ec are larger than their corresponding Eb of TM@Sb 

monolayer. To better explore the ECR activity of different TM atoms, only TM atoms will be 

considered as the active site in this work.  
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3.3.2. Competition between ECR and HER for the first hydrogeneration step 

 
Figure 3.14. The Gibbs free energy changes for the first protonation steps in ECR and HER on TM @Sb 

monolayers. 

In the first protonation process, eight SACs (Sc@, V@, Cr@, Mn@, Fe@, Co@, Zn@ and 

Mo@Sb monolayer) are demonstrated to be more ECR selective than HER, which are located 

below the dashed line (Figure 3.14). It is worth noting that Cr@, Co@, Zn@ and Mo@Sb 

monolayers can only catalyse the formation of O*CHO, because ΔGC*OOH is larger than ΔG*H. 

Therefore, for these four SACs, only O*CHO intermediate will be considered in the first 

hydrogenation step. Meanwhile, it can be highlighted that these SACs are nonprecious TM 

atoms exhibiting great ECR selectivity, which is obviously more valuable than noble TM based 

ECR catalysts reported previously.   

TMs could bind C or O atom in the initial step of protonation, resulting in O*CHO and C*OOH 

for Sc@, V@, Mn@ and Fe@Sb monolayers, while only O*CHO for the other monolayers. 

The hydrogenation of O*CHO and C*OOH will produce O*CHOH and (C*O + H2O), 

respectively. If the Eads of CO or HCOOH is large enough, CO or HCOOH will participate in 

further ECR reactions as intermediates. In contrast, if their Eads are too small, CO or HCOOH 

will detach from the active site and be released as the final products. As summarized in Table 

3.3, only Zn@Sb monolayer shows physisorption property for HCOOH with Eads of −0.32 eV, 

resulting in HCOOH desorption from the surface of catalysts. We also assumed that HCOOH 

could be reduced further, but a big uphill of ΔG for O*CH and C*HO will not favor its 

hydrogenation (Figure 3.15g). The optimal pathway for HCOOH generation is * + CO2 → 

O*CHO → O*CHOH → * + HCOOH. 
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Figure 3.15. The Gibbs free energy diagram for ECR to the final C1 product on TM@Sb monolayer under U = 0 

V. 

Table 3.3. Adsorption energy (Eads) of different reduction products CO, HCOOH, HCHO, CH3OH and CH4 (unit 

eV); The potential determining steps (PDS) for CH4 or HCOOH formation on TM@Sb monolayer; The limiting 

potential UL, the equilibrium potential Ueq under pH= 0 of different products, and the overpotential η (all units in 

V). 

System ECO EHCOOH EHCHO ECH3OH ECH4 PDS UL Ueq η 

Sc −0.99 −1.12 −1.33 −1.30 −0.42 C*HO→C*HOH 0.69 0.17(CH4) 0.86 

V −1.64 −1.39 −1.82 −1.55 −0.48 C*HO→C*HOH 0.71 0.17(CH4) 0.88 

Cr - −0.81 −1.08 −1.04 −0.23 O*CHOH→C*HO 0.45 0.17(CH4) 0.62 

Mn −0.99 −0.72 −0.86 −0.98 −0.25 O*H→* + H2O 0.53 0.17(CH4) 0.70 

Fe −1.77 −1.80 −1.17 −1.01 −0.26 O*H→* +H2O 0.56 0.17(CH4) 0.73 

Co - −0.62 −1.04 −0.90 −0.23 C*HO→O*CH2 0.33 0.17(CH4) 0.50 

Zn - −0.32 - - - *+CO2→O*CHO 0.70 −0.25(HCOOH) 0.45 

Mo - −0.80 −1.39 −0.95 -0.19 O*CHO→O*CHOH 0.64 0.17(CH4) 0.81 
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The Eads of CO and HCOOH of the remaining seven SACs range from −0.99 to −1.77 eV and 

−0.62 to −1.80 eV, suggesting strong chemisorption of both on the SACs. This suggests that 

CO and HCOOH will be further reduced on these seven SACs. Among which, V@ and Fe@Sb 

monolayers exhibit stronger adsorption of CO and HCOOH, implying that these two catalysts 

possess the best capability in further ECR. Three different intermediates C*HO, C*OH and 

O*CH will be generated from CO and HCOOH hydrogenation. As shown in Figure 3.15, 

ΔGC*HO is lower than ΔGC*OH and ΔGO*CH, demonstrating that C*HO is the crucial intermediate 

in the third hydrogenation process. These two processes can be expressed by C*O + (H++e-) 

→C*HO and O*CHOH + (H++e-) →C*HO + H2O. C*HO could further accept the fourth 

proton-electron pair to produce O*CH2 and C*HOH. It is evident from Fig. 3.15 that the 

formation of C*HOH on these seven SACs underwent an uphill in energy. On the contrary, the 

formation of O*CH2 on Sc@, V@, Cr@ and Mn@Sb monolayer is energetically favorable, 

suggesting these TM atoms have strong oxophilicity to form TM−O configurations. This also 

indicates that the protonation of C*HO (C*HO + (H++e-) →C*HOH or O*CH2) is most likely 

the PDS for further ECR products. The Eads of 4e reduction product HCHO was estimated and 

summarized in Table 3.3. The Eads of HCHO for these seven SACs is still quite negative from 

−0.86 to −1.39 eV, meaning that HCHO is difficult to desorb from the surface. Two 

intermediates O*CH3 and O*HCH2 could be generated in the next protonation step. However, 

ΔGO*HCH2 for all the seven SACs is big uphill. Then O*CH3 will be the only intermediate for 

later reactions. When C*HOH intermediate accepting one proton-electron pair, the formation 

of *CH2OH is thermodynamically favorable with a large energy downhill.  

With the addition of one more proton-electron pair, 6e reduction product CH3OH appears. The 

step can be expressed as: O*CH3 + (H++e-) →O*HCH3→ * + CH3OH. Nevertheless, ΔGO*HCH3 

also shows a large uphill, meaning that the step is thermodynamically unfavorable. Meanwhile, 

the Eads of CH3OH on these seven TM@Sb monolayers is large between −0.90 and −1.55 eV, 

showing strong adsorption capability. As a result, CH3OH will continue in ECR reactions as an 

intermediate. Interestingly, the Eads of 8e reduction product CH4 are quite small, ranging from 

−0.19 to −0.48 eV. Thus, CH4 can easily desorb from the surface of these SACs and become 

the final product in ECR. In Figure 3.15, the optimized pathways for CH4 production from ECR 

are proposed for different TM@Sb electrocatalysts based on minimum free energy increase in 

each protonation step. Sc@, V@, Cr@ and Mo@Sb monolayer possibly follow path (I) for CH4 

formation: 

           C*HO → C*HOH → C*H2OH→C*H2 + H2O→ C*H3 → * + CH4          (I)                         
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While Mn@, Fe@ and Co@Sb monolayers may follow pathway (II): 

           C*HO → O*CH2 → O*CH3→O* + CH4 → O*H → * + H2O             (II)                              

As a result, we can conclude that antimonene based SACs can electrocatalytically convert CO2 

into CH4. 

To evaluate the performance of these SACs for CO2 conversion to CH4, it is essential to 

calculate the overpotential. In our work, we calculated the free energy change ΔG of each step, 

and the maximum change in free energy will be the potential determining steps (PDS) that 

determine UL. η was then estimated according to the equation η= Uequ − UL. The PDS, UL and 

η for these SACs are summarized in Table 3.3. The PDS of these electrocatalysts are different, 

e.g., the PDS of V@Sb monolayer for CH4 formation is C*HO → C*HOH, whereas the PDS 

of Cr@Sb monolayer is O*CHOH → C*HO. This demonstrates that different TM atoms exhibit 

different interactions with the intermediates. According to the Sabatier principle, too strong or 

too weak interaction between catalysts and the intermediates is not beneficial for catalytic 

activity [23]. For Sc@, V@, Cr@ and Mo@Sb monolayers, ΔG for the formation of H2O show 

big uphill, indicating strong interaction between O*H and TM, which is not an optimal pathway 

and leads to high overpotential. Thus, path (I) is more favourable. In contrast, the proper 

interaction between Mn, Fe and Co atom and O*H brings about a small overpotential, making 

path (II) ideal for CO2 converting into CH4. Zn@Sb monolayer exbibit an overpotential of 0.45 

V for the HCOOH product. For CH4, the remaining seven SACs have overpotentials less than 

0.90 V. Especially, Co@Sb monolayer shows an overpotential of only 0.50 V, which is 

comparable to or even smaller than the state-of-the-art catalysts Cu (211).  

3.3.3. Electronic properties 

Electrical conductivity is a crucial parameter to evaluate the electron transfer efficiency. The 

band structure of pristine and defective Sb monolayer was calculated and displayed in Appendix 

D, Figure S2a and b. The electron state of spin up and down are completely symmetric, 

demonstrating its nonmagnetic property. The pristine Sb monolayer shows an indirect bandgap 

of 1.28 eV, which is well consistent with previous studies [24, 25]. New energy levels crossing 

the Fermi level are beneficial for electron transfer. In the projected density of states (PDOS) of 

the TM@Sb monolayer (Appendix D, Figure S3), for instance, Sc@, Co@ and Zn@Sb 

monolayaer present nonmagnetic property, while others such as V@, Cr@, Mn@, Fe@ and 

Mo@Sb exhibit magnetic nature. Almost all samples exhibit the electron states crossing the 

Fermi level, and the main contribution is from TM atoms. Thus, the conductivity of these SACs 

is improved. 
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Figure 3. 16. The PDOS of C*HO adsorbed on (a) Sc, (b) V and (f) Co@Sb monolayer, O*CHOH adsorbed on (c) 

Cr@Sb monolayer, O*H adsorbed on (d) Mn and (e) Fe@Sb monolayer, and O*CHO adsorbed on (g) Zn and (h) 

Mo@Sb monolayer. The dashed line represents the Fermi level. 

The interaction between TM atoms and Sb monolayer will greatly affect the ECR performance. 

It can be seen from Appendix D, Figure S3 that the p orbitals of the Sb atom have a different 

degree of overlap with d orbitals of TM atoms among the conduct band and valence band for 

these eight SACs. Particularly, the d orbitals of Co overlap better with p orbitals of the Sb atom 

from −4.0 to 4.0 eV, indicating that the interaction between Co atom and Sb monolayer is 

stronger than others. Table 3.3 shows that Co@Sb monolayer has the smallest overpotential for 

CH4 generation. In contrast, Zn@Sb monolayer is preferred for HCOOH production with a 

smaller overpotential, but the value is still larger than those reported in other studies [26-29]. 

This is manifested by the PDOS of Zn@Sb monolayer exhibiting weak interaction, which 

suggests a low intrinsic activity for ECR. Therefore, the stronger the interaction between TM 

atoms and Sb monolayer, the higher the catalytic activity for CH4 formation. The PDOS of 

intermediates in the PDS of TM@Sb monolayer for ECR is displayed in Figure 3.16. The Sc@, 

V@, Fe@ and Mo@Sb monolayer show stronger interaction between TM and C or O atoms 

both in the conduct band and valence band compared with the other samples, suggesting that 

these monolayers could interact strongly with the intermediates of PDS. Thus, these four SACs 

exhibit a relatively high overpotential for the final products in ECR. Meanwhile, the Bader 

charge analysis (QTM-1) in Table 3.4 shows that Sc and V atoms act as an electron donor on 

clean TM@Sb monolayer, while others are electron acceptor. Mn and Fe exhibit only 0.14e 
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transfer, demonstrating a weak interaction and poor intrinsic ECR activity. After the key 

intermediates adsorbed on the TM@Sb monolayer, the roles of TM atom were changed. The 

negative value of QTM-2 indicate that all TM atoms act as electron donor except Co atom. The 

total charge transfer of C, H and O atom in respective intermediates suggests that OH in Mn@ 

and Fe@Sb monolayers is electron-accepting group, while CHO, OCHO, OCHOH in other 

TM@Sb monolayers work as electron-donating groups. Thus, Co as electron acceptor and CHO 

as electron-donating group will contribute to an appropriate interaction between them, resulting 

in a small overpotential. This is also verified by the optimal dCo-C (1.88 Å), which is well 

consistent with the sum of atomic covalent radii of Co and C (1.86 Å) [30]. We also compared 

the charge transfer between TM atoms and intermediates before and after adsorption. The total 

charge transfer from C*HO to Co@Sb is 1.21e (Table 3.4) on C*HO adsorbed Co@Sb. 

Meanwhile, Co only accepts 0.14e, implying 1.07e is shared by three Sb atoms bonded with 

Co. Thus, it manifests a strong interaction between Co and Sb atom, which is consistent with 

the PDOS analysis.     

Table 3.4. The charge transfer of TM (QTM-1) on clean TM@Sb monlayer, the charge transfer of TM (QTM-2) after 

adsorption of intermediates of PDS, and the charge transfer of C (QC), H (QC) and O(QO) after adsorption of 

intermediates of PDS on TM@Sb monlayer (all units in e); the positive or negative value denotes electron-acceptor 

and electron-donor, respectively; The bond length dTM-C/O between TM atoms and intermediates of PDS (unit Å). 

 

 

 

Figure 3.17. Relationship between overpotential and amount of charge transfer on bonding C or O atom from 

C*HO, O*H, O*CHO and O*CHOH. 

System QTM-1 QTM-2 QC QH QO dTM-C/O 

Sc −0.50 −0.86 −2.49 0.23 0.99 2.12 

V −0.26 −0.27 −2.83 0.27 0.96 1.92 

Cr 0.04 −0.42 −3.27 −0.59, 0.22 1.02, 0.81 1.99 

Mn 0.04 −0.16 - −0.35 0.98 1.80 

Fe 0.35 −0.14 - −0.33 0.95 1.76 

Co 0.49 0.14 −2.43 0.42 0.80 1.88 

Zn 0.16 −0.13 −3.05 0.26 0.87, 0.82 1.93 

Mo 0.33 −0.52 −3.11 0.17 0.93, 0.70 1.92 
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Interestingly, we identified a strong relationship between the overpotential for CH4 generation 

and the amount of charge transfer of TM bonding C or O atom of intermediates of PDS. As 

shown in Figure 3.17, for O*H, O*CHO and O*CHOH, the more charge the bonding O atom 

accept, the smaller the overpotential for CH4 formation. Whereas the more charge the bonding 

C atom lose, the larger overpotential for CH4 formation from C*HO.  

 

Figure 3.18. (a) The total energy variations of Co@Sb monolayer under a target temperature 400 of K for AIMD 

simulation for 12 ps with a time step of 3 fs; (b) The minimum energy pathway of adsorbed Co atom to diffuse 

from the vacancy site to neighboring site. 

As Co@Sb monolayer shows excellent performance in ECR to CH4, we further assess its 

stability by AIMD under a target temperature of 400 K (Figure 3.18a). The final structure of 

Co@Sb monolayer remains almost the same as the initial structure, while the total energy 

exbibits slight oscillation, demonstrating excellent stability of the Co@Sb monolayer. Besides, 

the diffusion barrier of Co atom is calculated, as displayed in Figure 3.18b. There is a large 

energy barrier of 3.02 eV to overcome for Co atom to diffuse from the anchored defective site 

to the neighboring hollow site, verifying that the embedded Co atom can hardly diffuse to form 

cluster. Thus, Co@Sb monolayer could be a highly efficient and stable SACs for CH4 

production from ECR. 
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3.4. Sulfur decorated Ni−N−C catalyst for electrocatalytic CO2 reduction with near 

100% CO selectivity (Paper V) 

In this paper, we successfully synthesized N and S co-doped carbon black incorporating Ni 

atoms by facile ion-adsorption and subsequent pyrolysis treatment. The function of S atom was 

studied by theoretical and experimental work.  

3.4.1. Electrocatalysts characterization 

As shown in Figure 3.19a, the catalysts exhibit similar XRD patterns with two broad diffraction 

peaks at around 25.1° and 43.2°, corresponding to the (002) and (100) planes of carbon. It is 

worth noting that both peaks of NS−C and Ni−NS−C catalysts show low crystallinity and slight 

right-shift compared with the N−C and Ni−N−C catalysts, which can be explained by lattice 

contraction and the formation of C vacancy after the introduction of S atoms with larger radius 

[31, 32]. Furthermore, no peaks assignable to metallic Ni or its compounds were observable.  

Raman spectra of the four catalysts exhibit two vibrational bands located around 1343 cm−1 (D 

band) and 1594 cm−1 (G band) (Figure 3.19b), which are ascribed to the defect and graphitic 

sp2 carbon [33]. The intensity ratios of D and G band (ID/IG) of N−C, NS−C, Ni−N−C and 

Ni−NS−C catalysts were also calculated as marked in Figure 3.19b. It can be observed that the 

introduction of S atom into the N−C catalysts induces more defects, consistent with XRD study. 

However, incorporating Ni atoms decreases the ID/IG value, indicating that Ni atoms are 

embedded into C vacancies. Compared with the Ni−N−C catalyst, it can be found that the 

position of G band of Ni−NS−C catalysts shows a slight upshift due to the doping of non-metal 

S atom on carbon-based materials [34-36].  

 

Figure 3.19. (a) XRD patterns and (b) Raman spectra of N−C, NS−C, Ni−N−C and Ni−NS−C catalysts 
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Figure 3. 20. (a) TEM, (b) HRTEM, (c) C, N, S and Ni EDX mapping images of Ni−NS−C catalyst; (d) and (e) 

HAADF-STEM images for Ni−N−C and Ni−NS−C catalysts, where the single Ni atoms are highlighted in red 

circles. 

TEM was used to investigate the microscopic morphology of the Ni−NS−C catalyst. Carbon 

nanospheres with a diameter of 50 nm were observed (Figure 3.20a). The HRTEM images 

displays distorted short-range graphic stripes with winkle and interlaces (Figure 3.20b), 

indicating defective carbon structure. No distinct nanoparticles or clusters were observed, 

implying that the Ni atoms are likely to present in the form of single atoms. Besides, EDX 

elemental mapping images clearly demonstrate that Ni, N, S and C species distribute uniformly 

over the Ni−NS−C catalyst (Figure 3.20c). Furthermore, HAADF-STEM image shows the 

well-dispersed single Ni atoms in bright spots for the Ni−N−C and Ni−NS−C catalysts, while 

were highlighted by red circles (Figure 3.20d and e).  
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The surface area and pore structure of the catalysts were determined by N2 adsorption-

desorption measurements. As depicted in Figure 3.21a, the isotherms of the four electrocatalysts 

displayed sharp adsorption under relative pressures greater than 0.40 accompanied by an 

obvious hysteresis loop, which is indicative of dominant mesopores and is further corroborated 

by the pore size distributions (Figure 3.21b). The specific surface area and pore volume are 

summarized in Appendix E, Table S1. It can be found that the total pore volume increased from 

1.26 to 1.39 m3/g after doping S to the N−C structure, and increased further after introducing 

Ni atoms. The catalysts show quite close but very high surface areas in the range of 1073 to 

1275 m2/g, which also increase with the doping of S and Ni atoms. The high surface area and 

pore volume are beneficial for the dispersion of Ni atoms and the access of reactants to the 

active centers. As expected, the pore size distribution curve also shows more larger pores with 

the introduction of S and Ni atoms  

 

Figure 3. 21. (a) N2 adsorption/desorption isotherms and (b) Pore size distributions of N−C, NS−C, Ni−N−C and 

Ni−NS−C catalysts. 

X-ray photoelectron spectroscopy (XPS) was employed to characterize the chemical state and 

surface concentration of the elements. The high-resolution N 1s spectra of the Ni−NS−C 

catalyst can be fitted into four peaks cantered at 397.9, 399.7, 400.5 and 403.1 eV (Figure 3.22a), 

which can be assigned to pyridinic N (Pyri-N), pyrrolic (Pyrr-N), graphitic N (Grap-N) and 

oxidized N (Oxid-N), respectively [37-40]. The existence of these types of N could promote the 

electrocatalytic activity [41]. In addition, N atom concentrations are 4.43, 4.19, 4.11 and 4.18 

at.% for N−C, NS−C, Ni−N−C and Ni−NS−C (Appendix E, Table S1). High-resolution S 2p 

spectra of Ni−NS−C catalyst (Figure 3.22b) at lower binding energy can be ascribed as C−S−C 

(2p3/2 at 164.1 and 2p1/2 at 165.3 eV) and C−SOx−C (167.6 and 168.8 eV) [31, 42]. The S content 

was estimated to be 0.37 and 0.42 at.% for the NS−C and Ni−NS−C catalyst, respectively. It 

was also observed that the percentages of N in these two catalysts remain almost unchanged, 
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implying that introducing S atoms had little effects on the bonding patterns of N atoms. In the 

high-resolution Ni 2p spectrum (Figure 3.22c), the Ni 2p3/2 binding energies for Ni−NS−C and 

Ni−N−C catalyst are 855.90 and 855.66 eV, higher than that of Ni0 (852.5−853.0 eV) but lower 

than that of Ni2+ (856 eV) [43, 44], indicating that Ni species are likely to keep as ionic Niδ+ (0

＜δ＜2). Therefore, these results further demonstrated the existence of single Ni atoms on the 

surface of Ni−NS−C and Ni−N−C catalysts [45]. Besides, it can be found that the peak of Ni 

2p3/2 shifted slightly towards higher binging energy after incorporating S atoms, indicating that 

S could influence the electronic structure of Ni. The Ni contents in Ni−N−C and Ni−NS−C 

catalysts are 0.50 and 0.48 at.%, demonstrating that S atom doping has little effect on surface 

Ni atom distribution. 

 

Figure 3.22. (a) High-resolution XPS spectra of N1s for N−C, NS−C, Ni−N−C and Ni−NS−C catalysts; (b) S 2p 

for NS−C and Ni−NS−C catalysts; (c) Ni 2p for Ni−N−C and Ni−NS−C catalysts. 

3.4.2. Electrocatalysis activity test 

The ECR performances of catalysts were evaluated in a membrane-separated two chambers H-

type cell with a standard three-electrode system immersed in 0.5 M KHCO3 electrolyte. Under 

CO2-saturated electrolyte, the Linear sweep voltammetry (LSV) of N−C and NS−C catalysts 

show small current density (Figure 3.23a), exhibiting low electrocatalytic activity. Conversely, 

the Ni−NS−C and Ni−N−C catalyst display large current density thus high electrocatalytic 

activity. In addition, the doping of S atoms could boost the current density for both N−C and 

Ni−N−C, confirming the role of S atom in the activity enhancement. In the presence of CO2, 

the current density of Ni−NS−C increases faster in comparison with the reaction under N2 

atmosphere (Figure 3.23b), suggesting the enhanced current density from ECR. The results 
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demonstrated that introducing Ni−NX moiety into carbon-based materials could indeed improve 

its electrocatalytic performance. Meanwhile, the highest current density observed for the 

Ni−NS−C catalyst could be fairly attributed to the synergistic effect of Ni−NX moiety and S 

doping.     

To quantify the product selectivity, the ECR test was conducted in constant potentiostatic 

electrocatalysis under different potentials. H2 and CO were detected as the only reduction 

products under the potential window of −0.20 V to −1.20 V (vs. RHE). No other gaseous 

products were detected by GC. Besides, no liquid products were produced, as evidenced by 1H 

NMR analysis (Appendix E, Figure S1). As shown in Figure 3.23c, the FE(CO) over the four 

catalysts showed first increase then decrease with the decrease of applied potential. However, 

the FE(CO) of Ni−N−C and Ni−NS−C catalysts are always higher than the N−C and NS−C 

catalysts under the same applied potential, indicating that Ni−NX are the true active centers. 

Meanwhile, the Ni−NS−C catalyst exhibits larger FE(CO) than Ni−N−C over the entire 

potential range, demonstrating that S atom could effectively enhance the ECR performance of 

the Ni−NX moiety. The competing HER performance for the four catalysts were also compared, 

as displayed in Figure 3.23d. The FE(H2) of Ni−NS−C catalyst is always lower than that of 

Ni−N−C catalyst, indicating that the HER performance of the Ni−N−C catalyst was suppressed 

after the doping of S atoms. In contrast, the FE(H2) of N−C is lower than that of NS−C, 

suggesting that S atom could promote HER ability of N−C in the absence of Ni. Therefore, it 

can be deduced that more protons are involved in ECR compared to HER after the introduction 

of Ni and S atoms, and there is a synergistic effect between Ni and S. As a result, the Ni−NS−C 

catalyst exhibits high FE(CO) over 90% in a broad potential range of −0.60 to −1.10 V (vs. 

RHE), and the maximum FE(CO) is as high as 99.7% at a potential of −0.80 V (vs. RHE) with 

a total current density of 20.5 mA/cm2. 
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Figure 3.23. (a) LSV curves of N−C, NS−C, Ni−N−C and Ni-NS-C catalysts under CO2-saturated 0.5M KHCO3 

solution at a scan rate of 10 mV/s; (b) LSV curves of Ni−NS−C catalyst under N2- and CO2-saturated 0.5M KHCO3 

solution at a scan rate of 10 mV/s; (c) The Faradic efficiencies of CO generation and (d) Faradic efficiencies of H2 

generation on N−C, NS−C, Ni−N−C and Ni−NS−C catalysts; (e) Charging current density differences against scan 

rates over N−C, NS−C, Ni−N−C and Ni−NS−C catalysts; (f) Relationship between double layer capacity and BET 

surface area of the N−C, NS−C, Ni−N−C and Ni−NS−C catalysts. 

The increase of electrochemical active surface areas (ECSA) also contributes to the excellent 

activity towards ECR. ECSA can be directly estimated by measuring double layer (D−L) 

capacitance (Figure 3.23e and Appendix E, Figure S2). The Ni−NS−C and Ni−N−C catalysts 

exhibit 25.0 mF/cm2 and 21.6 mF/cm2, which are larger than that of the NS−C (15.1 mF/cm2) 

and N−C catalysts (10.0 mF/cm2). Consequently, the corresponding ECSA for Ni−NS−C, 

Ni−N−C, NS−C and N−C catalysts were 625, 540, 377 and 250 cm2
ECSA, demonstrating that 

Ni and S atoms could effectively increase the ESCA (Appendix E, Table S1). It can also be 

found that there is a positive correlation between ECSA and BET surface area (Figure 3.23f), 

validating that larger surface area could expose more active sites.  
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CO2 adsorption on catalyst surface plays an important role in ECR. Therefore, we conducted 

CO2-TPD to investigate the effect of S dopant on their CO2 adsorption ability. It turns out that 

Ni−NS−C shows slightly stronger CO2 adsorption than that of Ni−N−C, which could boost the 

ECR performance (Appendix E, Figure S3). To further elucidate the effect of S atom on the 

reaction kinetics, the Tafel slope and electrochemical impedance spectroscopy (EIS) were 

conducted. As shown in Figure 3.24a, the Ni−NS−C catalyst exhibits a lower Tafel slope of 

182 mV/dec than Ni−N−C of 193 mV/dec, suggesting that the introduction of S atom could 

improve the reaction kinetics. The Tafel slopes of these two samples are close to the theoretical 

value, revealing that CO2-to-CO on these two catalysts proceed via the same mechanism that 

CO2 accepting proton-electron pairs to form *COOH intermediate is the potential determining 

step (PDS) [46]. The EIS test was further conducted at −0.80 V (vs. RHE) and the corresponding 

complex-plane plot of Ni−N−C and Ni−NS−C catalysts were displayed in Figure 3.24b. The 

Ni−NS−C catalyst exhibited a smaller charge transfer resistance (Rct), demonstrating that 

incorporating S atom could accelerate electron exchange between the catalysts and reactants. 

In addition, the electrochemical stability of Ni−NS−C was evaluated by chronoamperometric 

electrolysis under the potential of −0.80 V (vs. RHE) with the largest FE(CO). As shown in 

Figure 3.24c, there is a fast drop in current density during the initial 20 minutes, which can be 

attributed to unbalanced CO2 adsorption on the catalyst. After that, the current density and FE 

(CO) is highly stable with negligible decay. The current density is still around 20.5 mA/cm2 

and the FE (CO) is about 98% after electrocatalysis reaction for >19 h. We also studied the 

structure and element information of the spent Ni−NS−C catalyst by TEM, EDX mapping and 

XPS, as shown in Appendix E, Figure S4, S5 and summarized in Appendix E, Table S1. It can 

be found that there is no obvious change in morphology and element content after ECR reaction, 

demonstrating excellent stability of the Ni−NS−C catalyst. The very recent studies on nonmetal 

decorated M−N−C catalysts from prominent literatures have been summarized in Appendix E, 

Table S2. Remarkably, the Ni−NS−C catalyst in this study outperformed most of the catalysts 

in terms of applied potential, FE(CO) and stability. 
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Figure 3.24. (a) Tafel plots for CO generation on Ni−N−C and Ni−NS−C catalysts; (b) EIS complex-

plane plot for Ni−NS−C and Ni−N−C catalysts in 0.5 M KHCO3 at potential of −0.8 V (vs. RHE); (c) 

Long-term electrocatalysis on Ni−NS−C catalyst in 0.5 M KHCO3 at −0.8 V (vs. RHE). 

3.4.3. DFT simulations 

DFT calculations were performed to gain insight into the electrocatalytic reaction 

mechanisms of ECR and HER on Ni−N−C and Ni−NS−C catalysts based on the CHE 

model. As Ni atoms are more likely to form stable Ni−N4 moiety in carbon-based 

materials, the Ni−N4 structure was created in carbon matrix as active center in Ni−N4−C 

catalyst [47-50]. It is worth noting that similar method for synthesizing Fe−N4−C 

catalyst has been reported recently [51]. Meanwhile, previous study has shown that the 

good ECR ability of Ni decorated nitrogen doped carbon catalysts should be attributed 

to the single Ni atoms instead of Ni nanoparticles [45]. XRD indicated that the 

introduction of S atoms possibly induced the formation of C atom vacancies because 

the radius of S atom is larger than that of C atom. To exclude the possibility of S directly 

substituting C atom without breaking TM−N4, we also built a configuration as shown 

in Appendix E, Figure S6, where S directly substituted C atom but TM−N4 was 

maintained. Compared to the pristine S free structure, the CO desorption ability will be 
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quite weak in this structure because of high free energy change of 1.46 eV, while the 

HER ability was strengthened due to low free energy of −0.53 eV. These results are not 

consistent with the experimental data. Therefore, S atom embedded into C vacancy 

close to Ni site (Ni−NS−C) as model was proposed to investigate the effect of S atoms 

on the ECR performance of the Ni−N4−C catalyst (Figure 3.25a). The adsorption 

energy of CO2 on the Ni−N−C and Ni−NS−C catalysts were calculated to be −0.28 and 

−0.39 eV, further demonstrating that S dopant could promote CO2 adsorption, 

consistent with the CO2-TPD results. The adsorbed *COOH, *CO and *H intermediates 

were considered in ECR and HER. As shown in Figure 3.25b, the Gibbs free energy 

change (ΔG) diagram of CO2-to-CO over these two catalysts suggests that the first 

proton-electron pair to generate *COOH is the PDS, consistent with the experimental 

results. The Ni−N−C catalyst shows ΔG*COOH of 1.86 eV, which is higher than that of 

the Ni−NS−C catalyst at 1.66 eV, confirming that S atom could effectively decrease the 

CO2 activation barrier. This is also consistent with the experimental result that 

introducing S atoms could enhance FE(CO) under all applied potentials. The calculated 

adsorption energy of CO over the Ni−N−C catalyst was reduced by 0.06 eV after the 

incorporation of S atom, demonstrating the increase of CO desorption ability. The HER 

activities over the two catalysts were compared by calculating the Gibbs free energy of 

*H (ΔG*H) (Figure 3.25c). Notably, the ΔG*H of Ni−NS−C catalyst increases from 1.53 

to 1.82 eV, showing that S atom could effectively suppress HER when Ni is present, 

which again agrees with the experimental observation that FE(H2) of the Ni−N−C 

catalyst decreased after doping S (Figure 3.25d).  

It has been well established that the difference between the limiting potentials of ECR 

and HER (UL (CO2) − UL (H2)) could be a reasonable descriptor for ECR selectivity. A 

more positive UL (CO2) − UL (H2) indicates a higher selectivity towards ECR. As 

displayed in Figure 3.25d, the Ni−NS−C catalyst shows a positive value of UL (CO2) − 

UL (H2), which is negative for the Ni−N−C catalyst, demonstrating increased ECR 

selectivity after incorporating S atoms. Furthermore, the electronic structure of Ni-NS-

C and Ni−N−C catalysts were compared. The d band center of Ni−N−C catalyst moved 
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towards the Fermi level after introducing the S atom, and the Ni-3d state of Ni−NS−C 

catalyst crossed the Fermi level (Figure 3.25e), thereby improving the intrinsic activity 

of 3d electrons. When the *COOH intermediate was adsorbed on the catalysts, Ni atom 

(Ni−NS−C) lost smaller charge (0.89e) (Figure 3.25f), accounting for moderate 

interaction. The results demonstrated that the synergistic effect of the Ni and S atom 

boosts the ECR performance where the Ni atoms sever as the active center and S atom 

plays a role in the modification of electronic properties. 

 

Figure 3.25. (a) The atomic structure of proposed Ni−N−C and Ni−NS−C catalysts; (b) Free energy 

diagrams for ECR to CO; (c) Free energy diagrams for HER; (d) The difference between the limiting 

potentials for ECR and HER; (e) The location of d band center; (f) The charge density difference after 

*COOH adsorption on Ni−N−C and Ni−NS−C catalysts, the isosurface value is set to be 0.003 e/Bohr3. 
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3.5. Regulating the coordination environment of single-atom catalysts for 

electrocatalytic CO2 reduction (Paper VI) 

In this work, a series of NM (B, O, F, Si, P, S, Cl, As, Se and Br) heteroatom dopants 

modified TM (Fe, CO, Ni, Cu and Zn)@N4 configurations embedded on graphene sheet 

are proposed. We performed a computational screening of the ECR to CO activity and 

stability of the NM decorated TM@N4.  

3.5.1. Structures and stabilities of nonmetal modified TM−N 

Ten SACs configurations were built, as shown in Figure 3.26. After structure relaxation, 

the host N and TM atoms of the TM@N4 configuration are on the same plane with all 

carbon atoms. To introduce axial ligands on TM sites, TM atoms of TM@N4−NM1(I) 

are above the graphene plane. Besides, the bond length of the newly formed bond such 

as F−Co, O−Fe and Cl−Fe are close to the sum of the respective atomic covalent radius, 

implying strong interaction between TM atom and axial ligand. For doping heteroatoms 

into the second and high shells, all atoms still stay in the graphene plane after structure 

relaxation. However, the compositions of resulting five- and six-membered rings are 

various, which can be attributed to the different atomic radius and electronegativity of 

the introduced heteroatoms. After first shell doping, almost no structures of 

TM@N3−NM1 had obvious changes. Nonetheless, with the increase of the number of 

dopant heteroatoms, e.g., Fe@N2−Se2(II), Co@N1−F3, Co@F4, Co@N1−As3, Co@As4, 

Co@Se4, Co@N2−Se2(II), Ni@As4, Ni@Se4, Ni@N2−Se2(II), Cu@As4, and 

Zn@N2−Se2(II) systems exhibited surface reconstruction, because the large difference 

in atomic radius in comparison with the host N or C atoms caused local strain and 

disruption of graphene plane. Therefore, these configurations are unstable and will be 

difficult to synthesize them experimentally. In Appendix F, Figure S1, a negative value 

of Ef indicates that heteroatoms doped TM@N4 structure is thermodynamically stable. 

One heteroatom substituting N or C atom or binding axially on TM site exhibits great 

stability with negative Ef, such as Fe@N3−B1, Fe@N3−P1, Fe@N4−Cl(I), which have 

been validated experimentally [52, 53]. Besides, it can be found that the value of Ef 
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becomes increasingly larger with the increase of coordination number, implying that 

introducing more heteroatoms could destabilize the host structure.  

 

Figure 3.26. NM atoms doping sites on TM@N4-graphene monolayer configurations. Gray, red, blue and 

orange balls represent C, NM dopants, N and TM atoms.   

 
Figure 3.27. The binding energy (Eb) of TM atoms on NM doped (a)Fe@N4, (b) Co@N4, (c) Ni@N4, (d) 

Cu@N4 and (e) Zn@N4 configurations, of which F and Cl atom are adsorbed on TM site with adsorption 

energy Ea. The green circle indicates surface reconstruction. 

To further investigate the stability of anchored single TM atoms with different 

coordination environment based on formation energy, the binding energies (Eb) of TM 

atoms were calculated (Figure 3.27). In the pristine TM@N4 systems, the Eb of single 

Fe, Co, Ni, Cu and Zn atoms are −2.47, −2.94, −2.81, −1.58, and −2.46 eV, respectively. 

The negative values of Eb indicate that the TM@N4 configurations are very stable on 

graphene, in good agreement with experimentally synthesized TM@N4 on carbon 
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skeletons. For NM heteroatoms decorated Fe@N4 systems (Figure 3.27a), O, F, S, Cl 

and Se as axial ligands exhibit negative adsorption energy, indicating that these NM 

atoms could be anchored stably on Fe sites. When incorporated into carbon framework, 

Fe@N4−NM(II) and Fe@N4−NM(III) configurations are energetically favorable, 

whereas only Fe@N3−B1, Fe@N3−O1 and Fe@N3−P1 present negative Eb when one 

heteroatom substitutes one host N atom. When the dopant heteroatoms increase from 

two to four, the structures become unstable as confirmed by positive binding energies. 

For heteroatom doped Co@N4, Ni@N4, Cu@N4 and Zn@N4, the structures with more 

than more heteroatoms are more stable with negative Eb values, such as Co@N2−P2(I), 

Co@N3−S1, Ni@N2−P2(I), Ni@N3−As1 and Zn@N2−O2(I). Overall, for systems with 

single heteroatom, it can be concluded that halogen elements can be ideal axial ligand 

for TM@N4 moiety. B, O and Si atoms prefer to form TM@N4−NM1(III) (second shell), 

while P, S, As and Se are more likely to form TM@N4−NM1(II) (high shell). For dopant 

heteroatoms substituting one or more host N atoms, B and P could be potential 

candidates. Therefore, heteroatom decorated TM@N4 configurations with both 

negative values of Ef and Eb will be identified as stable structure. Consequently, there 

are 126 stable structures which are subsequently investigated for their ECR to CO 

performance. 

3.5.2. ECR to CO performance 

Fe, Co, Ni, Cu and Zn of TM−NX−C SACs exhibit good potential in ECR to CO. 

Meanwhile, it has been demonstrated both theoretically and experimentally that 

introducing NM dopants can further improve their ECR activity. However, earlier 

studies of some configurations are oversimplified, which might have ignored other 

possible structures that affect the catalytic performance for CO generation. Therefore, 

we calculated Gibbs free energy changes during ECR to CO for NM decorated SACs. 

The ECR to CO process contains three elementary steps, of which ΔG1 (the formation 

of *COOH), ΔG2 (the formation of *CO) and ΔG3 (the desorption of *CO) are 

important descriptors for ECR to CO activity. It can be found that the formation of 

*COOH on Fe, Co, Ni, Cu and Zn@N4 structures are endothermic with large free 
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energy barriers, especially for Ni, Cu and Zn@N4. The values of ΔG2 are −1.04, −0.08, 

−0.78, −0.80 and −0.17 eV for Fe, Co, Ni, Cu and Zn@N4, suggesting that it is easy to 

form *CO. CO selectivity is strongly dependent on the interaction strength between CO 

and TM sites, i.e., the more negative the value of ΔG3, the easier the CO desorption 

from TM sites. CO desorption on Fe and Co@N4 moieties show energy uphill thus 

difficult desorption, while CO desorption on Ni, Cu and Zn@N4 structures are 

spontaneous. The PDS of ECR to CO on Fe and Co are *CO desorption, while the 

formation of *COOH is the PDS for Ni, Cu and Zn@N4 catalysts, consistent with 

experimental studies. Consequently, the corresponding overpotentials for ECR to CO 

are 1.00, 0.26, 1.62, 1.64 and 0.98 V for Fe, Co, Ni, Cu and Zn@N4. 

 

Figure 3.28. The Gibbs free energy change for ECR to CO on NM decorated (a)Fe@N4, (b) Ni@N4, (c) 

Cu@N4 and (d) Zn@N4 catalysts. 

After incorporating heteroatoms into TM@N4, the ΔG1, ΔG2 and ΔG3 are varying 

(Appendix F, Table S1-S5), thus the PDS is changed. Interestingly, F and Cl could 

effectively adjust the PDS for ECR to CO on TM@N4. Particularly, axial F and Cl 

atoms could enhance the ECR activity on Fe and Ni@N4, but inhibit ECR to CO on Co, 

Cu and Zn@N4. This is also consistent with previous report that Cl as axial ligands 

could effectively improve ECR to CO performance on Fe@N4 catalyst [53]. In addition, 
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the formation of *CO on most NM doped TM@N4 are energy downhill, revealing that 

NM dopants cannot affect *CO formation. Furthermore, it can be found that 

heteroatoms could effectively improve the ECR activity on Ni and Cu@N4 but decrease 

the activity on Co@N4. As shown in Figure 3.28, the PDS of Fe@N4−F1(I), Ni@N3−B1, 

Cu@N4−O1(III) and Zn@N4−Cl1(II) exhibit the lowest free energy barrier of 0.86, 0.60, 

0.54 and 0.26 eV on NM decorated Fe, Ni, Cu and Zn@N4, respectively.  

It is also noteworthy that the decrease of free energy barrier for the formation of 

*COOH will increase the free energy barrier of *CO desorption and vice versa on these 

four catalysts with the lowest overpotentials. For example, for the Ni@N3−B1 catalyst, 

the free energy barrier for *COOH formation is greatly reduced, however, the 

desorption of *CO becomes PDS and changes from exothermic to endothermic reaction. 

These results indicate a negative relationship between ΔG1 and ΔG3. ΔG1 and ΔG3 were 

chosen as descriptors to identify their relationship. As illustrated in Figure 3.29, there 

is a linear relationship between ΔG1 and ΔG3, which are ΔG3 = −0.93ΔG1+1.45 (R2 = 

0.79), ΔG3 = −0.94ΔG1+1.02 (R2 = 0.91), ΔG3 = −1.01ΔG1+1.15 (R2 = 0.96), ΔG3 = 

−0.86ΔG1+1.15 (R2 = 0.79), ΔG3 = −0.80ΔG1+0.74 (R2 = 0.74) for NM doped Fe, Co, 

Ni, Cu and Zn@N4 catalysts, respectively. Therefore, NM atoms doped TM@N4 

catalysts are still limited by linear relationship between key intermediates.  

 
Figure 3.29. Scaling relationship between ΔG1 and ΔG3 on NM decorated (a)Fe@N4, (b) Co@N4, (c) 

Ni@N4, (d) Cu@N4 and (e) Zn@N4 structures. 
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The overpotentials of heteroatoms doped TM@N4 catalysts were further illustrated by 

two-dimensional contour maps (Figure 3.30). The ECR performance increases when it 

migrates from the blue to red area in this visualized cloud plot. Therefore, the lower 

overpotential can be found in the red area. Only NM dopants that have positive effect 

on overpotentials are marked by blue arrows. It can be found that the lowest 

overpotentials of ECR to CO on NM doped TM@N4 are 0.75, 0.49, 0.43 and 0.15 V 

for Fe@N4−F1(I), Ni@N3−B1, Cu@N4−O1(III) and Zn@N4−Cl1(II), respectively, 

indicting remarkable decrease from their pristine TM@N4 counterpart (Appendix F, 

Table S6). Remarkably, the overpotentials of Fe@N4−F1(I), Ni@N3−B1 and 

Cu@N4−O1(III) are lower than that of experimentally synthesized NM doped TM@N4 

catalysts such as axial Cl coordinated Fe with N4 (0.93 V)[53], Ni@N4 modified by S 

atom in C vacancy (1.55 V) [54], and Cu coordinated with three N and one O atoms 

(1.22 V) [55]. Furthermore, the stability of Fe@N4−F1(I), Ni@N3−B1, Cu@N4−O1(III) 

and Zn@N4−Cl1(II) is evaluated by the ab initio molecular dynamics (AIMD) 

simulation under T=300K. As shown in Appendix F, Figure S3a-d, the structures are 

maintained well, suggesting excellent thermodynamic stability. 

 

Figure 3.30. The contour maps of overpotential (η) for ECR to CO as a function of ΔG1 and ΔG3 on NM 

decorated (a)Fe@N4, (b) Co@N4, (c) Ni@N4, (d) Cu@N4 and (e) Zn@N4 catalysts, in which blue arrows 

indicate that the overpotential is lower than pristine TM@N4. 
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3.5.3. Activity origin   

The optimized configurations of *COOH and CO* adsorption on Fe@N4−F1(I), 

Ni@N3−B1, Cu@N4−O1(III) and Zn@N4−Cl1(II) catalysts are shown in Appendix F, 

Figure S4a-d. CO2 adsorption energy on Fe@N4−F1(I), Ni@N3−B1 and Zn@N4−Cl1(II) 

exhibits slight decrease in comparison with that of pristine Fe, Ni and Zn@N4, indicting 

little reinforcement for CO2 activation. Meanwhile, the substrates are also maintained 

well without bond breaking. For CO2 adsorption on Cu@N4−O1(III), the adsorption 

energy is more negative with accompanying bond breakage. However, this 

configuration did not change after the adsorption of *COOH and CO. In contrast, 

Co@N4−Cl1(II) also exhibits lower adsorption energy for CO2, but the coordination Cl 

ligand is altered after the adsorption of different intermediates (Appendix F, Figure S4e), 

which apparently changes the configuration of Co@N4 center. Consequently, the 

performance of ECR to CO on Co@N4−Cl1(II) was reduced. Therefore, it can be 

deduced that after reactants adsorption on NM doped TM@N4 SACs, the induced 

structural changes can promote the ECR to CO performance, which is related to the 

interaction between the active TM atom and substrate. d band center (εd) is an effective 

descriptor to reveal the binding strength between intermediates and active sites [56]. 

The εd of Fe, Ni, Cu and Zn@N4 are −1.20, −2.24, −3.41 and −6.23 eV, respectively. 

As shown in Appendix F, Table S6, incorporating NM dopants could effectively tune 

εd. For Fe@N4−F1(I), a negative shift of εd contributed to weaker CO binding strength 

on Fe site, which changed the PDS from *CO desorption to *COOH formation. B 

dopants induced a positive shift of εd, enhancing the interaction strength between *CO 

and Ni site. As a result, the PDS changed from *COOH formation to *CO desorption. 

The εd of Cu@N4−O1(III) and Zn@N4−Cl1(II) shifted towards lower energy, which 

effectively promoted *COOH formation and accelerated the ECR process. 
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Figure 3.31. Charge density difference of *COOH and *CO adsorption on (a)-(b) Fe@N4−F1(I), (c)-(d) 

Ni@N3−B1, (e)-(f) Cu@N4−O1(III) and (g)-(h) Zn@N4−Cl1(II), where the isosurface value is set to be 

0.001 e/Bohr3. 

As the changes of structure may influence electronic structures, the charge density 

difference and charge transfer between the intermediates and TM atoms were calculated 

and illustrated in Figure 3.31 and Appendix F, Figure S5. For *COOH−TM@N4 moiety, 

Bader charge analysis reveals that the Fe, Ni, Cu and Zn atom donated 1.09e, 0.91e, 

0.88e and 1.08e, respectively. For *CO−TM@N4 system, the Fe, Ni, Cu and Zn atom 

lost 0.97e, 0.86e, 0.95e and 1.16e. After introducing NM atoms, for example, Fe atom 

in *COOH/*CO−Fe@N4−F1(I) donated more electrons (1.20e) because of larger 

electronegativity of F. However, this transfer did not affect the adsorbate, indicating 

that higher oxidized stated of Fe is not beneficial for *COOH activation as evidenced 

by the higher free energy for *COOH formation on Fe site. In addition, the yellow area 

between Fe atom and C atom of *CO was reduced, which weakened the binding 

strength between Fe and C and promoted CO desorption, in accordance with previous 

report that Fe with high valence could promote CO desorption [57]. For 

*COOH/*CO−Ni@N4−B1, one N atom was substituted by B atom with lower 

electronegativity, leading to lower oxidized state of Ni compared with Ni in Ni@N4. 

Meanwhile, C atom of *CO lost less electrons (0.94e) than C atom of pristine 

*CO−Ni@N4 (1.03e). However, a large yellow area between C and Ni atoms 

demonstrated a covalent bonding, indicating strong CO adsorption. As a result, CO 

desorption from Ni site is energy uphill. The valence states of Cu and Zn did not exhibit 
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much change with slight accumulation of electrons between metal and C atom, 

implying some enhancement of *COOH adsorption. For *CO adsorption on metal site, 

there is little electron transfer between them, indicating weak interaction of *CO with 

metal atom. These results are consistent with free energy change for *COOH formation 

and *CO desorption.  

 

Figure 3.32. The COHP between C atom of *COOH and TM atom of catalysts (green), C atom of *CO 

and TM atom of catalysts (cyan). (a)-(d) Fe@N4 and Fe@N4−F1(I), (e)-(h) Ni@N4 and Ni@N3−B1, (i)-

(l) Cu@N4 and Cu@N4−O1(III), and (m)-(p) Zn@N4 and Zn@N4−Cl1(II). The dashed line denotes Fermi 

level.   

To reveal the relationship between binding strength and activity, projected crystal 

COHP was employed to analysis the interaction between C and metal atom. As shown 

in Figure 3.32, there are no antibonding states below fermi energy level for 

COOH−Fe@N4, however, it appeared at around −3.5 eV after introducing F ligand. 

Therefore, the binding strength was weakened as evidenced by higher free energy 

barrier for *COOH formation. Meanwhile, there are antibonding orbital populations 

appearing between −2 and −4 eV on CO−Fe@N4−F1(I), indicating unstable adsorption 

of CO. Thus, the CO deposition energy barrier decreased.  

To give a quantitative comparison of the interaction strength, the ICOHP was calculated 

(Appendix F, Table S6). The ICOHP for COOH−Fe@N4−F1(I) is −0.76 eV, which is 
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less negative than that of COOH−Fe@N4 (−0.95 eV), demonstrating that F dopant 

could weaken *COOH binding strength. The ICOHP of CO−Fe@N4 after introducing 

F atom increases from −3.32 to −3.00 eV, suggesting that CO binding strength 

decreases. B decorated Ni@N4 also exhibits remarkable difference in bonding and 

antibonding states. As shown in Figure 6.8e-h, the antibonding orbital populations of 

*COOH adsorption on Ni@N4 disappear after incorporating B atom, which contributes 

to the enhanced *COOH interaction with Ni. Meanwhile, there are antibonding states 

emerging between 0 and −1 eV for CO−Ni@N3−B1, indicating reduced CO adsorption 

strength on Ni. The calculated ICOHP for COOH−Ni@N4 and COOH−Ni@N3−B1 are 

−1.14 and −0.19 eV or −3.52 eV (B site), while the ICOHP for *CO adsorption on 

Ni@N4 and COOH−Ni@N3−B1 are −0.21 and −1.97 eV, respectively. Heteroatom 

doped Cu and Zn@N4 did not show much difference in the distribution of antibonding 

and bonding states, however, the binding strength can be distinguished by ICOHP. 

Appendix F, Table S6 shows that O doped Cu@N4 exhibits a decrease of ICOHP from 

−0.66 to −0.84 eV and a slight increase from −0.01 to −0.04 eV for *COOH and *CO 

adsorption, respectively. For Cl decorated Zn@N4, the ICOHP for both *COOH and 

*CO absorption shows a decrease from −0.21 to −0.32 eV and −0.03 to −0.08 eV, 

respectively. Consequently, O and Cl dopants could improve the binding strengths of 

*COOH and *CO with TM atom.  

3.5.4. Selectivity of ECR to CO vs. HER 

 

Figure 3.33. (a) The Gibbs free energy change for HER, and (b) The difference between the limiting 

potentials for ECR to CO and HER on pristine TM@N4 and NM doped TM@N4. 
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The hydrogen evolution reaction (HER) is a major competing reaction in ECR, which 

greatly decrease Faradic efficiency of CO product. Especially, under high potentials 

and low pH, the competitive HER is dominant. As exhibited in Figure 3.33a, free energy 

barriers for HER on Fe@N4−F1(I) and Cu@N4−O1(III) are 0.51 and 2.00 eV, which are 

larger than that of pristine Fe@N4 and Cu@N4. Therefore, HER is suppressed on 

Fe@N4−F1(I) and Cu@N4−O1(III) catalysts. It is worth mentioning that H atom prefers 

to adsorb on N site not Cu site after geometric relaxation, which caused a large free 

energy barrier for HER and promoted ECR intermediate adsorption on Cu site. 

However, the free energy barriers of Ni@N3−B1 and Zn@N4−Cl1(II) for HER decrease 

to 0.40 and 0.21 eV, implying increased HER activity. It has been widely accepted that 

the difference between limiting potentials of ECR and HER (UL(CO)−UL(H2)) can be 

used to describe ECR selectivity [58]. As shown in Figure 3.33b, a more positive value 

of UL(CO)−UL(H2) indicates a higher selectivity towards CO. Remarkably, four 

catalysts exhibit increased CO selectivity compared with the pristine TM@N4. Despite 

that heteroatom could deteriorate the ECR performance on Co@N4, Co@N4−Si1(III) 

shows similar overpotential (0.27 V) as pristine Co@N4 (0.26 V). Interestingly, The 

HER free energy barrier on Co@N4−Si1(III) is 0.18 eV, higher than that of Co@N4 

(0.09 eV). Thus, a larger value of (UL(CO)−UL(H2)) for Co@N4−Si1(III) indicates that 

Si dopant could increase CO selectivity. It is worth noting that the free energy change 

for HER is not the single descriptor for HER activity, other parameters such as pH of 

electrolyte can effectively suppress the HER process. For example, the free energy 

barrier of HER can be tuned according to the relationship ΔGpH = kBT×ln10×pH [59, 

60]. Consequently, it will increase 0.42 eV when the pH increased from 0 to 7. 

Therefore, the Faradic efficiency of ECR to CO on these catalysts can be improved by 

changing reaction conditions. 
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3.6. Breaking scaling relations for highly efficient electroreduction of CO2 to CO 

on atomically dispersed heteronuclear dual-atom catalyst (Paper VII) 

In this work, Ni SAC, Mn SAC, Ni−Ni DAC and Mn−Mn DAC and Mn−Ni DAC were 

synthesized. The ECR activity mechanism on these catalysts was study by DFT 

calculations and experiment.  

3.6.1. Electrocatalysts characterization 

The crystal structures of the five catalysts were verified by powder XRD and Raman 

spectroscopy analyses. As shown in Appendix G, Figure S1a, the five catalysts all 

present the same diffraction patterns. Two characteristic peaks located around 24.9° 

and 43.3° can be assigned to the (002) and (001) planes of graphite with low 

crystallinity. Besides, no peaks attributable to metal or metallic compounds are 

identifiable, indicating that the metal atoms are possibly dispersed atomically in the 

carbon matrix.  

Appendix G, Figure S1b presents the Raman spectroscopy of the five electrocatalysts, 

which exhibits two vibrational bands of graphite at around 1343 cm−1 (D band) and 

1594 cm−1 (G band), corresponding to the defect and graphitic sp2-hybridized carbon 

[54, 55]. The ratios between D and G bands of the catalysts range from 1.03 to 1.09, 

suggesting similar graphitization degree and the presence of defects such as vacancies, 

edge and non-hexagonal rings [61, 62].  

The textural properties of the electrocatalysts were investigated by N2 physisorption 

analyses. As illustrated in Appendix G, Figure S2, the isotherms of the five catalysts 

exhibited sharp adsorption under relative pressures higher than 0.40 accompanied with 

obvious hysteresis loop, which can be attributed to the dominant mesopores and is 

further confirmed by the pore size distributions. The Brunauer-Emmett-Teller (BET) 

surface area of Mn−NC, Ni−NC, Mn−Mn−NC, Ni−Ni−NC, and Mn−Ni−NC catalysts 

are 890, 987, 854, 964, and 935 m2 g−1, respectively (Appendix G, Table S1). The 

average pore diameters are also very close at around 4.9 nm, while the pore volumes 

vary very narrowly from 1.02 to 1.11 cm3g−1. Therefore, all catalysts exhibit large BET 

surface area and abundant mesopores, which are beneficial for mass transfer and 
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accessible active sites. It is worth emphasizing that the differences on structure 

properties of the five catalysts are insignificant, implying that the performance of ECR 

to CO over the five electrocatalysts can be exclusively ascribed to the intrinsic activities 

of the catalysts. 

 

Figure 3.34. (a) TEM, (b) HRTEM, and (c) ADF-STEM of Mn−Ni−NC, where Mn-Ni atom pair are 

highlighted in red rectangles, and the histogram shows the proportion of different distances; (d) The 

intensity profile of distance between Mn and Ni atoms; (e)-(i) C, N, Mn, and Ni EDX mapping images 

of Mn−Ni−NC catalyst. 

TEM characterization shows that the catalysts in general exhibit carbon pellets with a 

diameter of approximately 50 nm (Figure 3.34a). The high-resolution TEM reveals 

distorted short-range graphitic stripes with wrinkles and interlaces, suggesting the 

presence of structural defects in the carbon material (Figure 3.34b and Appendix G, 

S3a-S6a). Besides, no aggregates of metallic nanoparticles could be observed. We 

further employed ADF-STEM to verify the atomically dispersed metal atoms. As 

exhibited in Figure 3.34c and Appendix G, S3a, S4b-7b, evenly distributed bright spots 

could be observed on the carbon framework in the dark field for the Mn−Ni−NC 

catalyst. These dense bright dots with different brightness could be assigned to metallic 

Mn and Ni atoms because of the atomic number dependent contrast difference in the 

dark field [63]. Besides, the binding energy of Mn-Ni, Mn-Mn and Ni-Ni are -11.89, -

9.21 and -11.40 eV, respectively. The formation energy of Mn-Ni, Mn-Mn and Ni-Ni 
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are -10.28, -9.38 and -10.02 eV, respectively. These results demonstrate that the 

formation of Mn-Ni pair is preferable. Moreover, numerous neighboring spots marked 

with red rectangle were observed, indicating that Mn and Ni atoms present in the form 

of atom-pairs. Statistical analysis was performed for the Mn−Mn−NC, Ni−Ni−NC and 

Mn−Ni−NC DAC catalysts. In each sample, 100 dots were fixed and the distance from 

its the closest bright dots were measured. For the Mn−Ni−NC catalyst, 58% dual-atom 

Mn−Ni pairs were counted, while 42% Mn and Ni atoms were counted as isolated atoms. 

The distances of the adjacent spots are estimated to be around 0.24±0.01nm (Figure 

3.34d). Similarly, 39% Mn−Mn atom pairs were found in Mn−Mn−NC, and 46% Ni−Ni 

atom pairs were observed for the Ni−Ni−NC catalyst. The distances between the 

adjacent Mn−Mn and Ni−Ni atoms are both centered at around 0.23±0.01 nm 

(Appendix G, Figure S6c-S7c). Considering the great challenge to identify each atom 

by ADF-STEM, this statistic analysis can effectively figure out the distance of 

neighboring atoms [63]. In contrast, for the Mn−NC and Ni−NC SAC catalysts, isolated 

Mn and Ni atom can be easily observed, even though some Mn−Mn and Ni−Ni atom 

pairs are also present. Furthermore, EDX spectroscopy shows that in the Mn−Ni−NC 

catalyst, C, N, Mn and Ni elements are homogeneously distributed (Figure 3.34e-i), 

which is also apparent for all other electrocatalysts (Appendix G, Figure S4c-f, S5c-f, 

S6d-g and S7d-g). Therefore, it is fair to conclude that Mn−NC and Ni−NC are SACs, 

while Mn−Mn−NC, Ni−Ni−NC and Mn−Ni−NC are DACs.  

 
Figure 3.35. (a) High-resolution N 1s XPS spectra of Mn−NC, Ni−NC, Mn−Mn−NC, Ni−Ni−NC and 

Mn−Ni−NC catalysts; (b) High-resolution Mn 2p XPS spectra of Mn−Nc, Mn−Mn−NC and Mn−Ni−NC 

catalysts; (c) High-resolution Ni 2p XPS spectra of Ni−NC, Ni−Ni−NC and Mn−Ni−NC catalysts. 
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XPS was carried out to investigate the chemical species and element states of Mn, Ni, 

N and C in the electrocatalysts. As displayed in Figure 3.35a, the high-resolution N 1s 

spectra can be deconvoluted into five species: pyridinic (Pyri-N), metallic (Metal-N), 

pyrrolic (Pyrr-N), graphitic (Grap-N) and oxidized (Oxid-N), with corresponding 

binding energy of 398.3, 400.3, 401.4 and 404.5 eV, respectively [64-67]. Notably, the 

peak at 399.1 eV can be assigned to porphyrin-like metal-N coordination structure, 

which demonstrates that metal atoms are coordinated with N atoms in the carbon 

framework [68, 69]. In particular, the existence of Pyri-N in carbon substrates plays a 

significant role in anchoring and stabilizing single metal atoms as well as promoting 

the electrocatalytic activity [70]. The Pyri-N concentration is the lowest for the 

Mn−Ni−NC catalyst, while its metal-N concentration is the highest among the five 

electrocatalysts. On the other hand, the concentrations of Pyrr-N, Grap-N and Oxid-N 

did not show obvious differences (Appendix G, Table S2). The results indicate that 

most Mn and Ni atoms prefer to bond with Pyri-N. Moreover, the binding energy of 

Pyri-N in DACs shows slight downshift in comparison with that in SACs, while the 

binding energies of metal-N of DACs are similar. Therefore, the electronic structures 

of SACs and DACs are different. High resolution Mn-2p spectra in Figure 3.35b shows 

that the Mn-2p3/2 peaks of Mn-NC (640.6 eV), Mn−Mn−NC (640.3 eV) and 

Mn−Ni−NC (640.5 eV) are located between Mn0 (638.7 eV) and Mn2+ (641.4 eV) [71]. 

The Ni-2p3/2 peaks of Ni-NC (855.7 eV), Ni−Ni−NC (855.6 eV) and Mn−Ni−NC (855.5 

eV) are located between Ni0 (852.5 eV) and Ni2+ (856.0 eV) (Figure 3.35c) [72, 73]. 

Therefore, Mn and Ni species probably both have an oxidation state between 0 and +2. 

It is worth noting that the binding energies of Mn-2p3/2 in Mn−Mn−NC and Mn−Ni−NC 

exhibit negative shift in comparison to the Mn−NC catalyst. Similarly, the binding 

energies of Ni-2p3/2 in Ni−Ni−NC and Mn−Ni−NC also show a negative shift compared 

with Ni−NC. Consequently, the oxidation states of Mn and Ni atoms decreased when 

atom pairs are formed in DACs. Obviously, when the concentration of Metal-N 

decreases, less electron is donated from metal to coordinated N atoms. In particular, the 

binding energies of Mn-2p3/2 and Ni-2p3/2 in Mn−Ni−NC catalyst are more positive and 
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negative than that of Mn-2p3/2 in Mn−Mn−NC, and Ni-2p3/2 in Ni−Ni−NC, respectively. 

Consequently, there are apparent electron transfers between Mn and Ni in Mn−Ni−NC, 

in which Ni atom with higher electronegativity attracted electrons from the paired Mn 

atom. Therefore, XPS characterization evidenced that when atom pairs are formed, 

there are valence changes in the homonuclear DACs and electron transfer in the 

heteronuclear DAC.  

 
Figure 3.36. (a) Mn K-edge and (b) Ni K-edge XANES spectra of the catalysts; (c) Mn K-edge and (d) 

Ni K-edge Fourier transform (FT) k3-weighted EXAFS (FT-EXAFS) spectra of the samples at R space; 

(e) Ni K-edge Wavelet transformed k2-weighted EXAFS plots of Ni foil, Ni-Pc, Ni−NC, Ni−Ni−NC and 

Mn−Ni−NC; (f) Ni−N, (g) Ni−N, (h) Ni−N and (i) Mn−N fittings of the FT-EXAFS spectra for Ni−NC, 

Ni−Ni−NC, Mn−Ni−NC and Mn−Ni−NC catalysts. The gray, blue, red and green balls refer to C, N, Ni 

and Mn atoms, respectively. 
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XAS was conducted to reveal the detailed electronic structure and coordination 

environment of the metal active centers. Figure 3.36a and b depicted XANES of Mn 

and Ni atoms of different catalysts, reference Mn and Ni metal foils, and metal 

phthalocyanine (Mn-Pc and Ni-Pc). In the Mn K-edge XANES spectra, the near-edge 

absorption energies of Mn−NC, Mn−Mn−NC and Mn−Ni−NC are located between 

those of Mn foil and Mn-Pc, confirming that the oxidation states of Mn are between 0 

and +2. Besides, the near-edge absorption energies of Mn atom in Mn−Ni−NC catalyst 

shows slightly positive shift compared with that of Mn−Mn−NC, indicating that the 

valence state of Mn atom increased. Similarly, Ni K-edge XANES spectra of Ni−NC, 

Ni−Ni−NC and Mn−Ni−NC are located between those of Ni foil and Ni-Pc, confirming 

that the valence states of Ni are also between 0 and +2. In comparison with Ni−Ni−NC, 

the near-edge absorption energies of Ni in Mn−Ni−NC catalyst show slight negative 

shift, demonstrating the decrease of the valence state of Ni. Consequently, Mn donated 

electrons to Ni in the heteronuclear Mn−Ni−NC DAC, in agreement with XPS analysis. 

Figure 3.36c and d display the Fourier transform (FT) of k3-weighted EXAFS of Mn 

and Ni K-edge in the R-space. The Mn K-edge spectra shows a major peak at around 

1.5 Å, assigned to the Mn-N coordination in the Mn−NC, Mn−Mn−NC and 

Mn−Ni−NC catalysts. A dominant peak at around 1.3 Å for the Ni K-edge spectra of 

Ni−NC, Ni−Ni−NC and Mn−Ni−NC catalysts is associated with the Ni−N bonding. 

The Mn−Mn (2.3 Å) and Ni−Ni (2.1 Å) bonds are characteristic of Mn and Ni foils. 

However, the metal-metal bonds are absent in the Mn−NC and Ni−NC catalysts, which 

confirms atomically dispersed Ni and Mn atoms. Remarkably, peaks at 2.3 and 2.5 Å 

in the Mn K-edge spectra can be identified for the Mn−Mn−NC and Mn−Ni−NC 

catalysts, which can be assigned to Mn−Mn and Mn−Ni coordination, respectively. 

Similarly, peaks at 2.2 Å and 2.5 Å in the Ni K-edge spectra of Ni−Ni−NC and 

Mn−Ni−NC catalysts are attributed to Ni−Ni and Mn−Ni coordination. Therefore, the 

FT-EXAFS analysis demonstrated the formation of atom pairs for all three DACs.  

Wavelet transform (WT) EXAFS (WT-EXAFS) oscillations was also conducted to 

discriminate the backscattering atoms and obtain high resolutions in both K and R 
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spaces. As displayed in Appendix G, Figure S8, the WT-EXAFS contour plot of Mn 

foil shows a strong signal with maximum intensity at around 5.1 Å-1 of the Mn−Mn 

contributions. However, this signal is absent for the Mn−NC and Mn−Ni−NC catalysts 

but is slightly visible at around 7.5 Å-1 for the Mn−Mn−NC catalyst. Similarly, WT-

EXAFS of Ni foil shows a prominent feature centered around 7.0 Å-1, which is not 

found for the Ni−NC and Mn−Ni−NC catalysts but visible at 6.8 Å-1 for the Ni−Ni−NC 

catalyst. Similar to the WT-EXAFS contour plots of Mn-Pc, the spectra of Mn−NC, 

Mn−Mn−NC, Mn−Ni−NC also show strong features at 4.8 Å-1, which can be attributed 

to the Mn−N coordination. Meanwhile, a weak signal at 6.0 Å-1 can be observed for the 

Mn−Ni−NC catalyst, indicating the Mn−Ni coordination. For the Ni WT-EXAFS 

contour plots of Ni−NC, Ni−Ni−NC and Mn−Ni−NC electrocatalysts, a maximum 

intensity at 4.0 Å-1 due to the Ni−N contribution can be observed (Figure 3.36e). A 

weak feature at 6.1 Å-1 is also attributed to the Mn−Ni bonding. It is worth noting that 

the different models of atomic vibration could cause the difference of signal intensity 

[74]. The WT-EXAFS analysis demonstrated that Mn and Ni atoms dispersed 

atomically on the N doped carbon substrate, and the existence of Mn−Mn, Ni−Ni and 

Mn−Ni bonding for the DACs. 

To elaborate the structures of the catalysts, theoretically optimized metal-N 

configurations based on DFT calculations and fitted-EXAFS curves were constructed. 

As show in Figure 3.36f-i and S8ab, the fitted results in R-space and K-space match 

well with the experimental spectra. The detailed fitting parameters, e.g., metal-N 

coordination numbers, metal-N path length are summarized in Appendix G, Table S3. 

The average metal-N coordination numbers are 4, 4, 3.5, 3.5 and 3.5 for Mn−NC, 

Ni−NC, Mn−Mn−NC and Ni−Ni−NC and Mn−Ni−NC catalysts, suggesting that Mn 

and Ni SACs have the usual metal-N4 center, while the DACs exhibit metal-N3 

configurations. The fitting parameters for Ni−Ni, Mn−Mn and Mn−Ni interaction paths 

indicate that the average coordination number of metal-metal is one in the DAC 

catalysts (Appendix G, Figure S9c-e). More importantly, the average bond lengths of 

Mn−Mn, Ni−Ni and Mn−Ni are 2.40, 2.35 and 2.40 Å, consistent with HAADF-STEM 
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results. Therefore, non-bridged (Mn−Mn)N6, (Ni−Ni)N6 and (Mn−Ni)N6 embedded 

carbon framework were successfully synthesized for DACs, as evidenced by the 

combination of EXAFS spectra, fitted curves and DFT calculations.  

3.6.2. Electrocatalytic activity test 

 

Figure 3.37. ECR to CO activity of different catalysts. (a) LSV curves of the catalysts obtained in CO2-

saturated 0.5 M KHCO3 electrolyte at the scan rate of 10 mV s−1; (b) LSV curves of the Mn−Ni−NC 

catalyst in Ar- and CO2-saturated electrolyte; (c) Faradaic efficiency for CO; (d) Faradaic efficiency for 

H2; (e) Partial current densities of CO and (f) TOF for different catalysts at different applied potentials; 

(g) Charge current density difference against scan rates of Mn−NC, Ni−NC, Mn−Mn−NC, Ni−Ni−NC 

and Mn−Ni−NC catalysts; (h) Tafel plots for the CO partial current density; (i) Comparison of Faradaic 

efficiency and current density on reported SACs and DACs in H-cell; (j) Stability test for Mn−Ni−NC at 

−0.7 V (vs. RHE) with 24 hours continuous electrocatalytic reaction. 
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As illustrated in Figure 3.37a, the Mn−Ni−NC electrocatalyst exhibits the largest 

current density at all applied potentials. It also exhibits an enhanced current response 

and a lower onset potential under CO2 atmosphere than under Ar (Figure 3.37b), 

indicating the occurrence of ECR. The potentiostatic electrolysis was conducted under 

different potentials from −0.3 to −1.0 V versus reversible hydrogen electrode (vs. RHE). 

As displayed in Figure 3.37c, ECR to CO on Mn−Ni−NC, Ni−Ni−NC, Ni−NC catalysts 

occurred under −0.4 V (vs. RHE), showing the lower onset potential for ECR to CO. 

With the increase of the applied potential, the Mn−Ni−NC catalyst reaches the 

maximum FECO of 98.7% at the potential of −0.7 V (vs. RHE). Besides, FECO is higher 

than 90% between −0.5 and −0.9 V (vs. RHE), exhibiting wide potential windows. The 

Ni−Ni−NC and Ni−NC catalysts present the highest FECO of 91.6% and 87.8% at the 

potential of −0.8 V (vs. RHE).  

The Ni−Ni−NC shows slower decay of FECO than the Ni−NC catalyst with the increase 

of potential, also implying a wide potential window for highly efficient ECR to CO. It 

has been reported that the formation of *COOH on Ni site is difficult due to a large 

energy barrier [75, 76]. Therefore, the enhanced ECR performance on Ni−Ni−NC could 

be attributed to the decrease of energy barrier for the formation of *COOH on Ni−Ni 

dual sites. The Mn−Mn−NC and Mn−NC catalysts exhibit low FECO at all applied 

potentials. Even though forming Mn−Mn atom pairs also improved the ECR 

performance of Mn−NC, the FECO of Mn−Mn−NC is still less than 40%. This can be 

explained by the strong adsorption of *CO on Mn site. The improvement of ECR 

performance on Mn−Mn−NC demonstrates that Mn−Mn site may moderate *CO 

adsorption to some certain extent. Nevertheless, the competing hydrogen evolution 

reaction on Mn and Mn−Mn−NC catalyst is dominating, as shown in Figure 3.37d. 

Remarkably, the ECR performance to CO on Mn−Ni DAC is greatly improved 

compared to the Mn and Ni SACs, implying that forming heteronuclear atom pairs 

could facilitate either *COOH formation or *CO desorption. This could be further 

ascribed to the moderate binding energies for intermediates due to the electron 

interaction between the heteronuclear atoms. For the Mn−Ni−NC catalysts, only CO 
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and H2 products were identified as the products at all applied potentials, with a total 

FECO of around 100%. No liquid products were detected, as evidenced by 1H NMR 

(Appendix G, Figure S10).  

The CO partial current densities on the five catalysts were also calculated (Figure 

3.37e). For the Mn−Ni−NC catalyst, it increased with the applied potential, reaching 

16.8 mA cm-2 at −0.7 V (vs. RHE), which is 1.31, 1.62, 21.3 and 42.2 times higher than 

that of Ni−Ni−NC, Ni−NC, Mn−Mn−NC and Mn−NC catalysts. The turnover 

frequency (TOF) of the five catalysts was calculated to uncover the intrinsic activity of 

the active site [77]. As illustrated in Figure 3.37f, the TOF on the Mn−Ni−NC catalyst 

is the highest at 2859 h-1 at −0.7 V (vs. RHE), indicating its high intrinsic activity.  

Electrochemical active surface areas (ECSA) play a significant role in ECR activity, 

which is calculated by measuring double layer (D-L) capacitance (Figure 3.37g and 

Appendix G, Figure S11). The Mn−Ni−NC catalyst has a capacitance of 53.3 mF cm−2, 

slightly higher than the other catalysts. As a result, the ECSA for Mn−Ni−NC, 

Ni−Ni−NC, Ni−NC, Mn−Mn−NC and Mn−NC catalysts were 1332, 1195, 1120 and 

980, 927 cm2
ECSA, demonstrating that the Mn-Ni atoms pair could increase the ESCA. 

Furthermore, the Tafel slopes on the five samples were compared to disclose the 

kinetics for CO generation (Figure 3.37h). An improved Tafel slope of 168 mV dec-1 

for CO generation on the Mn−Ni−NC catalyst is obtained, attributed to the synergistic 

effect of Mn−Ni pair. Additionally, the small Tafel slope also indicates that the rate-

limiting step of ECR to CO on the Mn−Ni−NC catalyst is the first protonation of CO2 

[78, 79]. Overall, the DAC catalysts show lower Tafel slope than their SAC 

counterparts. Dual atom pairs especially with heteronuclear atoms, could effectively 

reduce the Tafel slope, which contributes to a more kinetically favorable ECR to CO. 

Electrochemical impedance spectroscopy (EIS) indicated that Mn−Ni−NC catalyst has 

the smallest charge-transfer resistance among the five catalysts (Appendix G, Figure 

S12), implying fastest charge transfer. Therefore, the heteroatomic pairs could act 

synergistically, which outperforms homoatomic pairs and SACs in ECR to CO. The 

Mn−Ni−NC catalyst in this study outperformed most of the recently reported SACs and 
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DACs applied for ECR to CO (Figure 3.37i and Appendix G, Table S4). Finally, 

continuous potentionstatic activity test for 24 h demonstrated that the Mn−Ni−NC 

catalyst exhibited stable current density and FECO with negligible decay under the 

potential of −0.7 V (vs. RHE) (Figure 3.37j). 

3.6.3. DFT simulation 

To uncover the activity origin, DFT calculations were employed based on the EXAFS 

fitting results. The distribution of electron density on N and coordinated metal atoms of 

catalysts are correlated with intrinsic activity and ECR selectivity [80]. After forming 

Mn−Mn, Ni−Ni and Mn−Ni atom pairs, the electron density around the N, Mn and Ni 

atom exhibit apparent changes (Appendix G, Figure S13). For instance, more electrons 

accumulated around the metal atoms of homonuclear atom pair. Charge transfer 

between Mn and Ni atoms can also be observed, indicating electron interactions after 

forming atom pairs. Moreover, Bader charge analysis demonstrated that the Mn and Ni 

atoms always act as electron-donor in the single atom center, homonuclear atom pair 

and heteronuclear atom pair. The amount of the lost electrons for Mn atom decreased 

first and then increased, while it always decreased for Ni atom (Figure 3.38a). This 

opposite trend for Mn and Ni atom in the change from homonuclear to heteronuclear 

pair discloses electron transfer from Mn to Ni atom, which vividly show the electron 

interaction between Mn and Ni atom. Therefore, the valence state of Mn and Ni atoms 

show increase and decrease, consistent with XPS and XANES analysis. Consequently, 

building dual-atom pair can regulate electron density of the active sites in different ways, 

which directly affects the binding strength of intermediates with active sites.     

ECR to CO consists of three steps, i.e., the formation of *COOH, *CO generation, 

and the desorption of CO. The Gibbs free energy diagrams of each step at U = 0 V (vs. 

RHE) were calculated in Figure 3.38b. As expected, Mn and Ni SACs exhibits high 

energy barrier for *COOH production (1.83 eV) or *CO desorption (0.75 eV), resulting 

from the binding strength between intermediate and metal site. After forming 

homonuclear atom pair, the energy barrier for *COOH generation on the Ni−Ni−NC 

catalyst decreased greatly to 0.70 eV. For the Mn−Mn−NC DAC, although the free 
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energy barrier for the formation of *COOH decreased, the desorption of *CO 

deteriorated remarkably with an energy barrier of 1.88 eV. These changes can be 

explained by the coordination effect of the dual metal atoms. For the SACs, only one 

C−metal bond will form for *COOH generation. However, when the dual atom pairs 

are formed, the C atom of intermediates could bond with two metal atoms with two 

C−metal bonds. Consequently, the binding strength of intermediates to active sites 

increased. Notably, as the *COOH formation on Mn−Mn site is energy favorable, the 

rate-limiting step will become *CO desorption from Mn−Mn site, which is controlled 

by the thermodynamic process. Thus, Mn−Mn sites are potentially passivated by 

strongly adsorbed *CO, in agreement with other studies [77, 81]. An additional active 

site could be possible for CO2 activation on CO-adsorbed Mn-Mn site 

(CO*Mn−Mn−NC). The free energy barrier of CO desorption on the site decreased 

remarkably (0.54 eV), which promotes *CO desorption from the Mn site. The results 

proved that the ECR performance is improved after incorporating the second 

homonuclear atom into SACs, in line with experimental observations. For the 

Mn−Ni−NC catalyst, the energy barrier for *COOH formation on Ni and Mn sites are 

0.40 and 0.51 eV, lower than of Mn, Ni, CO*Mn−Mn, and Ni−Ni catalysts. However, 

the free energy barrier for *CO desorption from Ni site is only 0.39 eV, much lower 

than that of Mn site (0.85 eV). Although DACs may offer potential active sites for C-C 

coupling, it is not considered in this study because of difficult kinetics.   

As depicted in Figure 3.38c, the free energy change for *COOH formation and *CO 

desorption was built to reveal the scaling relationship of intermediates. Unexpectedly, 

the scaling relationship of binding strength of intermediates on Mn−Ni DAC was 

broken. This can be explained by that C atom of *CO prefer to bond with Ni atom on 

Ni site, while the C atom of *CO will bond with both Mn and Ni atom on Mn site. In 

other word, during ECR to CO, the Mn atom can bind the intermediates selectively. For 

the CO2 protonation, Mn and Ni atoms act together to accelerate the *COOH formation, 

which is not possible in Mn and Ni SACs. For the *CO desorption, Mn atom will not 

bond with *CO, which promotes the CO generation (Figure 3.38d). However, this 
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cannot be observed in Mn and Ni homonuclear DACs (Appendix G, Figure S14). 

Therefore, Mn−Ni−NC catalysts with the lowest energy barriers for both *COOH 

formation and *CO desorption, due to the synergistic effect of Mn and Ni atoms, which 

can selectively interact with intermediates. As a result, the restriction of scaling 

relationship on binding strength of intermediates was broken on the Mn−Ni−NC 

catalyst, resulting in the superior performance of ECR to CO.  

 

Figure 3.38. (a) Electron transfer between Mn and Ni atoms on different catalysts; (b) Gibbs free energy 

change diagram for ECR to CO on different catalysts; (c) Scaling relationship between *COOH and *CO; 

(d) The activity mechanism of ECR to CO on Mn−Ni−NC; The COHP distribution of (e) CO*Mn−NC, 

(f) the second CO adsorbed on CO passivated Mn−Mn−N, (g) COOH*Ni−NC, (h) COOH*Ni−Ni−NC, 

(i) COOH*Mn−Ni−NC (O bonded Mn); (j) COOH*Mn−Ni−NC (C bonded Ni), where Fermi level is set 

to zero. 
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As HER is the main competing reaction, the free energy changes of HER on the five 

catalysts were also calculated. As illustrated in Appendix G, Figure S15a, Ni−NC 

shows the largest energy barrier of 1.40 eV for *H generation, while both Ni−Ni−NC 

and Mn−Ni−NC shows an energy barrier of around 0.12 eV. Therefore, an excellent 

*H generation performance possibly boosts proton transfer, accelerating the ECR to CO 

process. The selectivity of ECR to CO against HER is evaluated by calculating the 

difference of limiting potentials between ECR and HER (UL(CO2) − UL(H2)), where a 

more positive value of UL(CO2) − UL(H2) indicates higher ECR selectivity to CO. As 

depicted in Appendix G, Figure S15b, Mn−Mn−NC and Ni−Ni−NC show more 

positive values of UL(CO2) − UL(H2) than their SACs counterparts, confirming that 

DACs have higher ECR selectivity. Heteronuclear Mn−Ni−NC presents the most 

positive UL(CO2) − UL(H2) of −0.29 eV, demonstrating its superior ECR selectivity to 

CO by suppressing HER reaction. 

To disclose the effects of electron structure on adsorption performance of intermediates, 

the crystal orbital Hamilton population (COHP) and integrated COHP (ICOHP) were 

employed to further study the interaction strength between active site and intermediates, 

in which a positive −COHP indicates bonding state, while a negative −COHP represents 

the anti-bonding state below Fermi energy. As shown in Figure 3.38e and f, more 

noticeable anti-bonding state appears in CO passivated Mn−Mn−NC catalyst 

(CO*Mn−Mn−NC) in comparison with Mn−NC, demonstrating weak CO adsorption 

on the CO*Mn−Mn−NC catalyst. This is also confirmed by the larger ICOHP (-0.48 

eV) of CO passivated Mn-Mn-NC catalyst. *COOH cannot adsorb stably on single Ni 

sites due to the existence of anti-bonding states (Figure 3.38g). After introducing the 

second Ni atom, the anti-bonding states almost disappear, implying an improvement of 

binding strength between Ni and *COOH (Figure 3.38h). Despite that the ICOHP of C-

Ni over Ni-NC is larger that of C-Ni over Ni-Ni-NC, C will bond with two Ni atoms, 

which increase the binding strength compared with single Ni atom. Finally, we 

compared the adsorption strength of C and O atoms of *COOH to Ni and Mn atom of 

the Mn−Ni−NC catalyst (Figure 3.38i and j). Remarkedly, both C and O atoms could 
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bind with Ni and Mn atom strongly, as demonstrated by the absence of anti-bonding 

states. Therefore, *COOH generation was enhanced greatly, which endows 

Mn−Ni−NC with excellent ECR activity. Overall, it can be concluded that Mn atom 

donated more electron in Mn−Ni than the Mn−Mn atom pairs, causing higher valence 

state of Mn and stronger *CO binding strength. However, the valence state of Ni atom 

decreased in Mn-Ni compared with the Ni−Ni center, resulting in superior *COOH 

binding strength. Consequently, electron interaction between Mn and Ni atom in 

Mn−Ni−NC catalyst result in moderate and low valence state for Mn and Ni atom 

respectively, which directly influenced the binding strength of intermediate. Meanwhile, 

the selective adsorption of intermediates on active center contribute to breaking the 

scaling relationship, which greatly improve the performance of ECR to CO.     
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4. Concluding remarks  

This study focused on the rational design and preparation of high-performance catalysts 

for ECR based on theoretical calculations and experimental work. Catalysts including 

metal NPs, metal single-atom, dual-atom catalysts were synthesized and investigated 

the performance for CO2 reduction. 

Ag NPs loaded on B-decorated g-C3N4 was chosen as the nanocomposite 

electrocatalyst system for ECR study. DFT calculations showed that the Ag-B-g-

C3N4 catalyst could remarkably decrease the adsorption free energy for *COOH 

generation. Besides, electron accumulation at the Ag-B-g-C3N4 interface could improve 

electrical conductivity and promote electron transport. The simulation results suggested 

that the introduction of B atoms and Ag NPs could improve the ECR performance of g-

C3N4 effectively. Experimentally, the Ag-B-g-C3N4 catalyst with an average diameter 

of 4.95 nm exhibited CO Faradaic efficiency of 93.2% at the potential of −0.8 V (vs 

RHE) with a total current density of −2.08 mA cm–2. Moreover, the FECO and current 

density were maintained without obvious decay for an electrocatalysis of 12 h, 

demonstrating excellent stability.  

Single atoms catalysts (SACs) have attracted huge attention due to maximum atom 

utilization and excellent performance in various catalytic reactions. Especially, 2D 

MXenes have also been demonstrated to be promising substrates for anchoring single 

transition metal atoms in catalytic reactions. We investigated the single transition metal 

atoms (V, Cr, Mn, Fe, Co, Ni) embedded O group terminated Nb2N monolayer (Nb2NO2) 

as ECR catalysts by first-principles calculation. It is found that Nb2NO2 can be an ideal 

support for anchoring sing TM atoms because of excellent stability and conductivity. 

TM@Nb2NO2 show excellent CO2 adsorption capacity, which benefits CO2 activation. 

V, Cr and Ni@ Nb2NO2 are identified as efficient electrocatalysts for ECR to CH4. 

2D antimonene from VA group have been studied as support for single transition metal 

atoms (TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ru, Rh, Pd, Ag, Cd, Ir, Pt and 

Au) atoms in ECR by first-principles calculation. It is found that non-precious TM 
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atoms (Sc, V, Cr, Mn, Fe, Co, Zn) supported on Sb monolayer show higher ECR 

selectivity than HER. Moreover, the primary ECR product of these non-precious metal-

based SACs is CH4, except for Zn which produces HCOOH. The interaction between 

TM atom and Sb monolayer greatly affects the intrinsic activity of SACs. Meanwhile, 

the interaction between TM atoms and intermediates of the potential determining steps 

(PDS) will determine the overpotential and final products of ECR.  

We developed a facile method for the synthesis of nonmetal atoms modified SAC. The 

prepared S doped Ni−N−C catalyst can selectively reduce CO2 to CO with high a 

FE(CO) of over 90 % in a broad potential range of −0.60 to −1.10 V (vs. RHE). The 

maximum FE(CO) reaches 99.7 % at −0.80 V (vs. RHE) with a total current density of 

20.5 mA cm−2. ECR activity test demonstrated that Ni atoms served as active sites for 

ECR to CO, whereas S atoms could increase its activity further. Moreover, theoretical 

calculations disclosed that doping S atoms could decrease and increase the free energy 

barrier for the formation of *COOH and *H, respectively. Therefore, the excellent ECR 

performance of the Ni−NS−C catalyst can be attributed to the synergistic effect of the 

Ni−NX moiety and S dopant. 

Tuning the coordination environment has been considered as a powerful strategy to 

improve the ECR performance for M−N−C based SACs. However, most studies could 

only reveal inadequate structural details of metal centers and NM ligands. Therefore, a 

series of NM (B, O, F, Si, P, S, Cl, As, Se and Br) heteroatom dopants modified TM (Fe, 

CO, Ni, Cu and Zn)@N4 configurations embedded on graphene sheet are proposed. We 

performed a computational screening of the ECR to CO activity and stability of the NM 

decorated TM@N4. We found that NM atoms could effectively improve the ECR 

activity to CO on Ni and Cu@N4 but deteriorate the ECR activity on Co@N4. However, 

NM dopants could not break linear relationship between key intermediates for the 

catalysts.  

Constructing heteronuclear dimer sites to form dual-atom catalysts is another efficient 

way to modify the coordination environment and the electronic properties of the SAC 
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active centers. Therefore, we synthesized Mn and Ni SACs, Mn and Ni homonuclear 

DACs, and Mn−Ni heteronuclear DAC via a facile adsorption and pyrolysis treatment. 

XPS and XANES revealed that Mn donated electrons to Ni atom in Mn−Ni DAC. As a 

result, Mn−Ni DAC displayed the highest CO Faradaic efficiency of 98.7% at −0.7 V 

versus reversible hydrogen electrode (vs. RHE) with CO partial current density of 16.8 

mA cm-2 and excellent stability. First-principles calculation disclosed that high valence 

state of Mn atom and low valence state of Ni atom could deteriorate *CO desorption 

and enhance *COOH binding strength. Moreover, the active sites of Mn−Ni−NC could 

facilitate CO2 protonation by enhanced *COOH adsorption because C and O atom of 

*COOH prefer to bind Ni and Mn atoms, respectively. During the *CO desorption 

process, only Ni atom bonds with C atom of *CO, promoting *CO desorption. 

Therefore, the scaling relationship between binding strength of intermediates was 

broken, resulting in superior performance for the Mn−Ni−NC catalyst in ECR to CO.  
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Figure S1. The optimized structures of (a) g-C3N4, (b) B-g-C3N4 and (c) Ag-B-g-C3N4. 

 

 

 

 

 

 

Figure S2. (a) The possible active sites S1(B atom), S2(N atom), S3 (C atom), S4(N 

atom), S5(N atom) and S6 (C atom) for ECR to CO after Ag cluster loading on B-g-

C3N4; (b) Calculated free energy profiles for ECR to CO on S5. 
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Figure S3. (a) TEM images of Ag NPs on B-g-C3N4 substrate; (b) Particle size 

distribution of Ag NPs with an average size of 4.95 nm.   

 

 

 

 

 

 

 

Figure S4. XPS spectra of (a) C1s and N1s of g-C3N4 and (b) B ls, C1s and N1s of B-

g-C3N4.  
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Figure S5. The LSV curves of bare carbon paper and carbon paper coated with carbon 

black catalysts in the CO2-saturated 0.5M KHCO3 solution at a scan rate of 10 mV s−1.    

 

 
 

Figure S6. 1H NMR of the possible liquid products after electrolysis for 1 h over the 

Ag-B-g-C3N4 catalyst at –0.80 V (vs. RHE) in CO2-saturated 0.5 M KHCO3. 
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Table S1. The binding energy (Eb) of TM atom on N site and Nb site with unit eV, the 

translation energy barrier (ET) from N site to Nb site with unit eV, the lattice parameter 

of TM@Nb2NO2 with unit Å, the lost charge of TM atom before (Q1) and after (Q2) 

adsorbing key intermediates with unit e.  

 

 

 

 

 

Fig. S1 The total energy variations of Nb2NO2 monolayer at 400 K under AIMD 

simulation for 18 ps with a time step of 3 fs. 

 
 

 

 

 

 

 

 

 

 

 

Catalysts Eb (N site) Eb (Nb site) ET a Q1 Q2 

V@Nb2NO2 -5.19 -4.43 1.89 3.11 −1.08 −1.32 

Cr@Nb2NO2 -2.62 -2.09 2.12 3.09 −1.02 −1.28 

Mn@Nb2NO2 -3.78 -3.10 2.58 3.08 −1.00 −1.34 

Fe@Nb2NO2 -2.97 -2.45 1.43 3.08 −0.61 −0.98 

Co@Nb2NO2 -3.54 -3.09 1.04 3.07 −0.51 −0.59 

Ni@Nb2NO2 -3.54 -3.04 0.87 3.07 −0.50 −0.55 
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Fig. S2 The total energy variations of Ni@Nb2NO2 monolayer at 300 K under AIMD 

simulation for 18 ps with a time step of 3 fs. 

 

 

 

Fig. S3 The d band centre of TM atoms.  
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Fig. S4 The calculated crystal orbital Hamilton populations (COHPs) between 

*OCHOH and (a) V, (b) Cr, (c) Mn and (d) Fe atom; between *CO and (e) Co, (f) Ni 

atom. The horizontal dashed line is the Fermi energy level. The corresponding 

integrated COHP (ICOHP) are shown with black and red for spin up and spin down 

state, whereas V and Co only have spin up state.  

 

 

 

 
 

 



Appendices 

187 

 

Appendix D – Paper IV 

 

Electrochemical reduction of CO2 to CH4 over transition metal atom embedded 

antimonene: First-principles study 

 

S. Lu, H. L. Huynh, F. Lou, M. Guo and Z. Yu 

 

Journal of CO2 Utilization, 2021, 51, 101645 

DOI: 10.1016/j.jcou.2021.101645 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendices 

188 

 

 

 

 

 

 

 

 

 

 



Appendices 

189 

 

 

 

 

 

 

 

 

 

 



Appendices 

190 

 

 

 

 

 

 

 

 

 

 



Appendices 

191 

 

 

 

 

 

 

 

 

 

 



Appendices 

192 

 

 

 

 

 

 

 

 

 

 



Appendices 

193 

 

 

 

 

 

 

 

 

 

 



Appendices 

194 

 

 

 

 

 

 

 

 

 

 



Appendices 

195 

 

 

 

 

 

 

 

 

 

 



Appendices 

196 

 

Supporting Information 

Electrochemical Reduction of CO2 to CH4 over Transition 

Metal Atom Embedded Antimonene: First-Principles Study 

Song Lua, Huong Lan Huynha, Fengliu Loub, Min Guoc*, Zhixin Yua* 

aDepartment of Energy and Petroleum Engineering, University of Stavanger, 4036 

Stavanger, Norway 

bBeyonder AS, Kanalsletta 2, 4033 Stavanger, Norway 

cInstitute of New Energy, School of Chemical Engineering, Chemistry and Shaoxing 

University, Shaoxing 312000, China 

 

 

Computational methods 

The formation energy (Ef) of vacancy was estimated by formula S11: 

Ef = EV−Sb − n×ESb                                 (S1) 

where EV−Sb, n and ESb are the total energy of defective Sb monolayer, the number of 

Sb atoms and energy of each Sb atom in a pristine Sb monolayer, respectively. 

The binding energy (Eb) of TM atoms embedded in the defected Sb monolayer was 

calculated based on equation S2:   

                      Eb = ETM−Sb − ESb − ETM                                    (S2) 

where ETM−Sb, ESb and ETM denote the total energies of TM embedded Sb monolayer, 

defective Sb monolayer and TM atoms, respectively. With such a definition, a more 

negative value of Eb indicates better thermodynamic stability. 

The cohesive energies of bulk metal materials (Ec) can be obtained by equation S3: 

Ec = (Ebulk − n×ETM)/n                      (S3) 

Where the Ebulk is the energies of bulk metal, ETM is the energies of single metal atoms, 

and n is the number of metal atom in its bulk structure. 
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Table S1. The calculated free energies change of ΔG*H, ΔG*COOH and ΔG*OCHO (eV).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TM@Sb ΔG*H ΔG*COOH ΔG*OCHO 

Sc 0.63 0.32 -0.69 

Ti -0.28 1.06 0.26 

V 0.23 -0.37 -1.04 

Cr 0.41 0.43 -0.29 

Mn 0.39 0.39 -0.27 

Fe 0.29 0.23 -0.31 

Co 0.25 0.29 -0.01 

Ni 0.06 0.50 0.23 

Cu 0.20 1.12 0.79 

Zn 0.89 1.33 0.81 

Mo -0.19 -0.13 -0.77 

Ru -0.37 -0.36 -0.14 

Rh 0.40 0.62 0.86 

Pd 0.22 0.86 0.77 

Ag 0.39 1.46 0.98 

Cd 0.98 1.54 1.01 

Ir -0.01 0.27 0.65 

Pt -0.01 0.58 0.54 

Au 0.49 1.45 1.17 
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Fig. S1. Top view (a) and side view (b) of schematic structure of 4×4 monolayer Sb 

with one TM atom embedded into Sb vacancy, where medium-orchid ball and red ball 

represent the Sb and TM atoms respectively. 

 

 

 

Fig. S2. The band structure of pristine Sb monolayer (a), and defective Sb monolayer 

(b); Fermi level was set to zero (horizontal dashed line).   
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Fig. S3. The projected density of states of TM@Sb monolayers; Fermi level was set to 

zero (dashed line). 
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Appendix E – Paper V 

Sulfur-Decorated Ni−N−C Catalyst for Electrocatalytic CO2 Reduction with Near 

100 % CO Selectivity 

 

S. Lu, Y. Zhang, M. F. Mady, O. E. Eleri, W. M. Tucho, M. Mazur, A. Li, F. Lou, M. 

Gu and Z. Yu 

 

ChemSusChem, 2022, 15, e202200870 

DOI: 10.1002/cssc.202200870 
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Figure S1. 1H NMR of the possible liquid products after electrolysis for 1 h over 

Ni−NS−C catalyst at −0.80 V (vs. RHE) in CO2-saturated 0.5 M KHCO3. 

 

Figure S2. Cyclic voltammetry of (a) Ni−NS−C, (b) Ni−N−C, (c) NS−C, (d) N−C 

catalysts in CO2-saturated 0.5 M KHCO3 at various scan rates of 10, 20, 40, 60 

and 80 mV/s; Cycle voltammetry was carried out between 0 and −0.2 V vs. 

Ag/AgCl.  
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Figure S3. CO2-TPD profiles of (a) Ni−NS−C and (b) Ni−N−C catalysts. 

 
 

Figure S4. (a)-(c) TEM images and (d)-(g) EDX mapping of the spent Ni−NS−C 

catalyst. 

 

 
 

 

Figure S5. High-resolution XPS spectra (a) Ni 2p and (b) S 2p of the spent 

Ni−NS−C catalyst. 
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Figure S6. (a) A hypothetical structure, of which S substituted C atom without 

breaking TM−N4; (b) free energy change of ECR to CO, and (c) free energy 

change of HER on the proposed structure. 

 

 

 

Table S1. Surface area and pore volume from N2 adsorption-desorption study; 

Surface element contents from XPS measurement; ECSA from measuring 

double layer (D−L) capacitance. 

 

   

Parameters  N−C NS−C Ni−N−C Ni−NS−C Ni−NS−C(spent) 

Surface area 

(m2 /g) 

1073 1120 1200 1275 − 

Pore volume 

(m3 /g) 

1.26 1.39 1.58 1.64 − 

S (at. %) − 0.37 − 0.42 0.40 

N (at. %) 4.43 4.19 4.11 4.18 4.20 

Ni (at. %) − − 0.50 0.48 0.45 

ECSA (cm2) 250 377 540 625 − 
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Table S2. Comparison of ECR performance for CO production on our Ni-NS-C 

catalyst and catalysts reported in literature. 

 

Catalysts  FE (CO) Potential vs. RHE Stability Reference  

Ni−NS−C 99.7% −0.80 19 h This work 

Ni/Fe−N−C 98% −0.70 30 h Angew. Chem. Int.  Ed. 2019, 58, 6972 

NiSA−N−C 71.9% −0.90 60 h J. Am. Chem. Soc. 2017, 139, 24, 8078 

NiSA/GO 95% −0.80 20 h Energy Environ. Sci. 2018, 11, 893 

Ni2+@NG 92% −0.68 20 h Adv. Mater. 30 (2018) 1706617 

C−Zn1Ni4 98% −0.83 12 h Energy Environ. Sci. 2018, 11, 1204 

Ni−NCB 99% −0.68 20 h Joule 2019, 3, 265-278 

Ni−N−C 94.8% −0.86 29 h Chem. Eng. J 2021, 131965 

NiPc/NC 98% −0.50 7 h ACS Sustainable Chem. Eng. 2020, 8, 28, 10536 

Ni−N4 93% −0.90 10 h Small 2020, 16, 2003943 

S−N−Ni/ACP 91% −0.77 14 h J. Mater. Chem. A, 2021,9, 1583 

SA−Ni@NC 86.2% −0.60 10 h  Electrochem. commun 2020, 116, 106758 

Ni−SAs@FNC 95% −0.77 10 h Appl. Catal. B: Environ 2021, 283, 119591 

Fe−NS−C 98% −0.58 30 h Nano Energy 2020, 68, 104384 

FeSA−S/N−C 96.3 −0.49 24 h J CO2 UTIL 2020, 42 101316 

(Cl, N)−Mn/G 97% −0.60 12 h Nat Commun 2019, 10, 2980 
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Table S1. Gibbs free energy change ΔG1, ΔG2 and ΔG3 on NM doped Fe@N4 with unit 

eV.  

 

 

 

 

 

 

 

 

Table S2. Gibbs free energy change ΔG1, ΔG2 and ΔG3 on NM doped Co@N4 with unit 

eV. 

 

 

 

 

 

 

Fe TM@N4-NM1(I) TM@N4-NM1(II) TM@N4-NM1(III) TM@N3-NM1 TM@N2-NM2(I) 

ΔG ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 

B - -    - 0.58 -1.00 1.00 0.63 -1.02 0.97 0.07 -1.05 1.56 0.03 -0.80 1.35 

O 1.49 -0.54 -0.37 0.13 -0.62 1.07 0.01 -0.73 1.30 0.08 -0.50 1.00 - - - 

F 0.86 -1.07 0.79 -1.50 -0.82 2.90 -1.06 1.17 0.47 - - - - - - 

Si - - - -0.33 -0.59 1.50 0.52 -1.05 1.11 - - - - - - 

P - - - -0.50 -0.71 1.79 -0.17 -0.89 1.64 0.01 -1.22 1.79 - - - 

S 1.52 -0.57 -0.37 0.12 -0.82 1.28 0.42 -1.00 1.16 - - - - - - 

Cl 0.93 -1.07 0.72 0.35 -1.90 2.13 -1.82 -0.82 3.22 - - - - - - 

As - - - -1.65 -0.78 3.01 -1.47 -0.95 3.00 - - - - - - 

Se 1.44 -0.58 -0.28 -2.23 -0.86 3.67 0.36 -0.95 1.17 - - - - - - 

Fe@N4:   ΔG1= 0.51, ΔG2= -1.04, ΔG3= 1.11 

Co TM@N4-NM1(I) TM@N4-NM1(II) TM@N4-NM1(III) TM@N3-NM1 TM@N2-NM2(I) 

ΔG ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 

B - - - 0.36 -0.60 0.82 0.32 -0.56 0.82 -0.17 -0.86 1.61 -0.01 -1.13 1.72 

O - - - 0.71 -0.34 0.21 0.06 -0.35 0.87 0.60 -0.15 0.13 - - - 

F 0.50 -0.22 0.30 -1.29 -0.58 2.45 -1.03 -0.44 2.05 - - - - - - 

Si - - - -0.11 -0.28 0.97 0.30 -0.10 0.38 - - - - - - 

P - - - -0.19 -0.45 1.22 -0.07 -0.38 1.03 -0.10 -0.50 1.18 -0.11 -0.62 1.31 

S - - - -0.80 -0.35 1.73 -1.38 -0.03 1.99 0.09 -0.32 0.81 - - - 

Cl 0.67 -0.03 -0.06 -2.02 0.35 2.23 -1.89 -0.51 2.98 - - - - - - 

As - - - -1.43 -0.48 2.49 -1.46 -0.46 2.50 - - - - - - 

Se - - - -2.00 -0.34 2.92 -2.54 -0.05 3.17 - - - - - - 

Co@N4:   ΔG1= 0.29, ΔG2= -0.08, ΔG3= 0.37 
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Table S3. Gibbs free energy change ΔG1, ΔG2 and ΔG3 on NM doped Ni@N4 with unit 

eV. 

 

 

 

 

 

 

 

 

Table S4. Gibbs free energy change ΔG1, ΔG2 and ΔG3 on NM doped Cu@N4 with unit 

eV. 

 

 

 

 

 

Cu TM@N4-NM1(I) TM@N4-NM1(II) TM@N4-NM1(III) TM@N3-NM1 TM@N2-NM2(I) 

ΔG ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 

B - - - 1.60 -0.65 -0.37 1.70 -0.75 -0.37 0.21 0.73 -0.36 0.67 -0.28 0.19 

O - - - 0.81 -0.86 0.63, 0.54 0.16 -0.12 - - - - - - 

F 2.10 -1.14 -0.38 0.50 -1.04 1.12 -1.21 0.69 1.10 - - - - - - 

Si - - - 1.29 -0.38 -0.33 1.51 -0.62 -0.31 - - - - - - 

P - - - 0.73 -1.15 1.00 1.04 -0.67 0.21 0.80 -0.44 0.22 0.70 -0.39 0.27 

S - - - -0.26 -0.78 1.62 -0.23 -0.79 1.60 - - - - - - 

Cl 2.24 -1.28 -0.38 0.01 -0.37 0.94 -0.73 -0.89 2.20 - - - - - - 

As - - - -0.43 -1.15 2.16 -0.41 -0.61 1.60 - - - - - - 

Se - - - -1.39 -0.72 2.69 -1.24 -0.85 2.67 - - - - - - 

Cu@N4:   ΔG1= 1.75, ΔG2= -0.80, ΔG3= -0.37 

Ni TM@N4-NM1(I) TM@N4-NM1(II) TM@N4-NM1(III) TM@N3-NM1 TM@N2-NM2(I) 

ΔG ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 

B - - - 1.40 -0.47 -0.35 1.37 -0.45 -0.34 0.43 -0.45 0.60 0.01 -0.43 1.00 

O - - - 1.26 -0.73 0.05 0.68 -0.96 0.86 1.25 -0.69 0.02 - - - 

F 1.21 -0.26 -0.37 -0.41 -0.90 1.89 -0.11 -0.28 0.97 -0.02 -0.75 1.35 - - - 

Si - - - 1.11 -0.72 0.19 1.55 -0.61 -0.36 - - - - - - 

P - - - 0.63 -0.49 0.44 0.71 -0.48 0.35 0.80 -0.44 0.22 0.70 -0.39 0.27 

S - - - -0.27 -0.60 1.45 -0.43 -0.7 1.71 - - - - - - 

Cl 1.44 -0.49 -0.37 -0.02 -0.36 0.96 1.31 -0.39 -0.34 - - - - - - 

As - - - -0.72 -0.83 2.13 -0.84 -0.39 1.81 -0.35 -0.37 1.30 - - - 

Se - - - -1.52 -0.59 2.69 -1.50 -0.81 2.89 - - - - - - 

Ni@N4:   ΔG1= 1.73, ΔG2= -0.78, ΔG3= -0.37 
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Table S5. Gibbs free energy change ΔG1, ΔG2 and ΔG3 on NM doped Zn@N4 with unit 

eV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zn TM@N4-NM1(I) TM@N4-NM1(II) TM@N4-NM1(III) TM@N3-NM1 TM@N2-NM2(I) 

ΔG ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 ΔG1 ΔG2 ΔG3 

B - - - 1.01 -0.11 -0.32 1.26 -0.34 -0.34 -0.57 1.16 -0.01 1.24 -0.44 -0.23 

O - - - 0.27 0.52 -0.21 -0.11 -1.12 1.81 0.49 0.32 -0.23 1.95 0.64 -2.01 

F 2.62 -1.67 -0.37 -0.50 -0.46 1.54 -1.44 -0.17 2.19 - - - - - - 

Si - - - 1.07 -0.60 0.11 1.14 -0.27 -0.29 - - - - - - 

P - - - -0.02 0.18 0.42 0.53 -0.20 0.25 -0.11 0.09 0.60 - - - 

S - - - -0.73 0.22 1.09 -0.75 -0.27 1.60 - - - - - - 

Cl 2.48 -1.53 -0.37 0.26 0.24 0.08 -0.96 -0.65 2.19 - - - - - - 

As - - - -1.17 0.18 1.57 -0.81 -0.27 1.66 - - - - - - 

Se - - - -1.86 0.27 2.17 -1.80 -0.29 2.67 - - - - - - 

Zn@N4:   ΔG1= 1.09, ΔG2= -0.17, ΔG3= -0.34 
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Table S6. The overpotentials for ECR to CO on perfect TM@N4 and NM doped 

TM@N4; the change transfer after *COOH and *CO adsorption on perfect TM@N4 

and NM doped TM@N4; The ICOHP of *COOH and *CO adsorption on perfect 

TM@N4 and NM doped TM@N4.  

 

 

 

 

  

Catalyst Overpotential (V) εd (eV) Charge transfer (e) ICOHP (eV) 

 

          Fe@N4 

 

1.00 

 

-1.20 

*COOH *CO *COOH *CO 

Fe C Fe C −0.95 -3.32 

-1.09 -1.28 -0.97 -0.86 

 

        Fe@N4−F1(I) 

 

0.75 

 

-1.48 

*COOH *CO *COOH *CO 

Fe C Fe C -0.76 -3.00 

-1.20 -1.30 -1.09 -0.87 

 

Ni@N4 

 

1.62 

 

-2.24 

*COOH *CO *COOH *CO 

Ni C Ni C -1.14 -0.21 

-0.91 -1.37 -0.86 -1.03 

 

Ni@N3−B1 

 

0.49 

 

-0.86 

*COOH *CO *COOH *CO 

Ni C Ni C -0.19/-3.52 -1.97 

-0.66 -0.94 -0.54 -0.94 

 

Cu@N4 

 

1.64 

 

-3.14 

*COOH *CO *COOH *CO 

Cu C Cu C -0.66 -0.01 

-0.88 -1.28 -0.95 -1.07 

 

Cu@N4−O1(III) 

 

0.43 

 

-3.88 

*COOH *CO *COOH *CO 

Cu C Cu C -0.84 -0.04 

-0.90 -1.44 -0.91 -1.08 

 

Zn@N4 

 

0.98 

 

-6.23 

*COOH *CO *COOH *CO 

Zn C Zn C -0.21 -0.03 

-1.08 -1.20 -1.16 -1.06 

 

Zn@N4−Cl1(II) 

 

0.15 

 

-6.94 

*COOH *CO *COOH *CO 

Zn C Zn C -0.32 -0.08 

-1.06 -1.18 -1.13 -1.08 
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Figure S1. The formation energy (Ef) of NM atom doped (a)Fe@N4, (b) Co@N4, (c) 

Ni@N4, (d) Cu@N4 and (e) Zn@N4 configurations. The green circle indicates surface 

reconstruction.  

 

 

 
 

 

 

Figure S2. The configurations of CO2 adsorption on NM docorated TM@N4. 
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Figure S3. The total energy and structure variations of (a) Fe@N4−F1(I), (b)Ni@N3−B1, 

(c) Cu@N4−O1(III) and (d) Zn@N4−Cl1(II) K at 300K under AIMD simulation. 
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Figure S4. The configurations of intermediates adsorption on NM docorated TM@N4. 
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Figure S5. Charge density difference of *COOH and *CO adsorption on pristine 

TM@N4, where the isosurface value is set to be 0.001 e/Bohr3. 
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Appendix G – Paper VII 

 

Breaking scaling relations for highly efficient electroreduction of CO2 to CO on 

atomically dispersed heteronuclear dual-atom catalyst 

 

S. Lu, M. Mazur, K. Guo, D. C. Stoian, M. Gu, W. M. Wakshum and Z. Yu 

(submitted) 
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Abstract: Conversion of CO2 into value-added products by electrocatalysis provides a 

promising way to mitigate energy and environment problems. However, it is greatly 

limited by the scaling relationship between the adsorption strength of intermediates. 

Herein, Mn and Ni single-atom catalysts (SACs), homonuclear dual-atom catalysts 

(DACs), and heteronuclear DAC were synthesized. Aberration-corrected annular dark-

field scanning transmission electron microscopy (ADF-STEM) and X-ray absorption 

spectroscopy (XAS) characterization uncovered the existence of Mn-Ni pair in Mn-Ni 

DAC. X-ray photoelectron spectroscopy (XPS) and X-ray absorption near-edge 

spectroscopy (XANES) revealed that Mn donated electrons to Ni atom in Mn-Ni DAC. 

Consequently, Mn-Ni DAC displayed the highest CO Faradaic efficiency of 98.7% at -

0.7 V versus reversible hydrogen electrode (vs. RHE) with CO partial current density 

of 16.8 mA cm-2. Density functional theory (DFT) calculations disclosed that the 

scaling relationship between binding strength of intermediates was broken, resulting in 

superior performance for ECR to CO over Mn-Ni-NC catalyst. 

 

 

Keywords: Electrocatalytic CO2 reduction, dual-atom catalysts, DFT calculations, 

electron interaction, breaking scaling relationship  
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1. Introduction 

Electrochemical CO2 reduction reaction (ECR) driven by green electricity is one of 

the most promising ways to achieve carbon neutrality and sustainable development. [1-

3] Among possible reaction pathways, ECR to CO through two proton-electron pairs 

transfer is one of the most practical targets due to high selectivity and mild reaction 

condition. [4,5] Moreover, CO is a key feedstock for a number of industrial processes 

to produce various fuels and chemicals. [6,7] Despite substantial efforts, this process is 

still limited by high energy barrier for CO2 activation, sluggish reaction kinetics and 

inevitable competitive hydrogen evolution reaction (HER). [8-10]  

In the past decade, there has been widespread research on single-atom catalysts 

(SACs) for electrocatalysis, owing to their high atom-utilization efficiency, unique 

electronic properties, and well-defined active sites. [11-16] Especially, atomically 

dispersed transition metal embedded on nitrogen doped carbon (TM-N-C) have 

demonstrated good activity for ECR to CO. [17-19] However, the single active center 

makes it difficult to break the constraint of scaling relationship between the adsorption 

energies of intermediates due to the complicated multiple proton-coupled electron 

transfer. The overall reaction process for CO generation includes (I) CO2 + (H+ + e-) → 

*COOH, (II) *COOH + (H+ + e-) → *CO + H2O and (III) CO* → CO + *. [20,21] It 

has been reported that Ni and Cu SACs generally exhibit excellent CO desorption 

property and suppress HER, but suffer from the slow *COOH formation step. [22,23] 

In contrast, Fe and Co SACs to have low energy barrier for the first proton coupled 

electron transfer step, but *CO desorption can be difficult due to the strong affinity of 
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CO to Fe and Co. [24,25] Therefore, the performance of ECR to CO on these SACs is 

restricted by the binding of *COOH and *CO that are either too weak or too strong. It 

is well known that the geometric and electronic structures of the active sites are closely 

correlated with the catalytic performance. [26-29] Thus, regulating structural and 

electronic properties of SAC active center is a potential strategy to tune the binding 

strength between the reaction intermediates and metal active center to achieve high 

ECR to CO activity.  

Constructing heteronuclear dimer sites to form dual-atom catalysts (DACs) is an 

efficient way to modify the coordination environment and the electronic properties of 

the SAC active centers. For instance, heteronuclear DACs such as Fe-Ni, Ni-Cu, Zn-Ni 

and Co-Cu DACs anchored on nitrogenated carbon exhibited superior activity for ECR 

to CO due to the lower energy barrier for the formation of *COOH and desorption of 

*CO. [30-33] In another study, Mn-Ni dual-atoms have been reported to modify the 

electronic structure of Ni active center, which could tune the binding strength of 

intermediates and facilitate oxygen evolution reaction (OER). [34] Very recently, ECR 

to CO were attempted on homonuclear DACs, including Ni-Ni and Mn-Mn, Pd-Pd and 

Zn-Zn, among which Ni-Ni exhibited Faradaic efficiency for CO generation (FECO) of 

99%. [35] In situ characterization combined with theoretical calculation revealed that 

Ni dual-atom sites could promote *OH adsorption, which trigged electron accumulation 

at the active centers. As a result, the kinetic barriers of *COOH and *CO desorption 

were reduced.  
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Among 3d transition metal-based SACs, Mn SACs displayed weak *CO desorption 

capability, resulting in low activity for ECR to CO. [36] Meanwhile, the Mn-Ni DAC 

has been demonstrated great performance in OER because of Mn tuning the electron 

structure of Ni atom. [34] Therefore, it is intriguing to explore the structural 

transformation from SAC to DAC during ECR, and the function of the dual atom pairs. 

This could be achieved by performing a systematic study on SACs, homonuclear DACs 

and heteronuclear DACs for a specific catalysts system, and the transition of the active 

sites.  

In this work, Ni SAC (Ni-NC), Mn SAC (Mn-NC), Ni-Ni DAC (Ni-Ni-NC), Mn-Mn 

DAC (Mn-Mn-NC) and Mn-Ni DAC (Mn-Ni-NC) were synthesized by a facile method. 

The catalyst with Mn-Ni atom pair exhibiting outstanding catalytic activity and 

selectivity, achieving a maximum FECO of 98.7% at the potential of -0.7 V (vs. RHE) 

with a CO partial current density of 16.8 mA cm-2, outperforming the homonuclear Ni-

Ni DACs and Ni SACs. It also shows excellent stability in the long-time durability test. 

Aberration-corrected annular dark-field scanning transmission electron microscopy 

(ADF-STEM) demonstrated the presence of dual-atom pairs in the DACs. Extended X-

ray absorption fine structure (EXAFS) characterization uncovered that non-bridged 

(metal-metal)N6 is the most possible coordination in DACs. X-ray photoelectron 

spectroscopy (XPS) and X-ray absorption near-edge spectroscopy (XANES) confirmed 

electron transfer from Mn to Ni atom in Mn-Ni DAC. Density functional theory (DFT) 

calculations uncovered the structural evolution of active sites for different intermediates, 

in which Mn atom could selectively bond with intermediates during the ECR to CO. 
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Mn and Ni atoms work synergistically for *COOH formation, which is not possible for 

the SACs. Then Ni atom works as sole adsorption site for *CO adsorption, which is not 

observed for the Mn-Mn and Ni-Ni homonuclear DACs. Therefore, for the first time, 

we disclosed that the highly efficient ECR to CO on heteronuclear DACs is attributed 

to the electron interaction of Mn-Ni atom pair, which could break the scaling 

relationship of adsorption energies of intermediates. 

2. Results and discussion  

2.1 Electrocatalysts characterization 

Mn-NC, Ni-NC, Mn-Mn-NC, Ni-Ni-NC, and Mn-Ni-NC catalysts were prepared by 

facile ion-adsorption and pyrolysis treatment. Homonuclear DACs were synthesized 

through co-pyrolysis of metal salts and chelating agent complexes adsorbed on carbon 

carrier mixed with N sources under 800 °C. Mn2+ and Ni2+ were selected as metal 

precursors. Carbon black was employed as carbon substrate due to the low cost and 

excellent conductivity. Citric acid and dicyandiamide acted as chelating agent and N 

source. Heteronuclear DACs and SACs were fabricated through a similar procedure but 

with addition of ammonia solution in the first step. The formation mechanism of 

homonuclear DACs has been reported recently, in which Ni atoms were captured by 

the double vacancies of the carbon framework during pyrolysis. [35]  

The crystal structures of the five catalysts were verified by powder X-ray diffraction 

(XRD) and Raman spectroscopy analyses. As shown in Figure S1a in the Supporting 

Information (SI), the five catalysts all present the same diffraction patterns. Two 

characteristic peaks located around 24.9° and 43.3° can be assigned to the (002) and 
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(001) planes of graphite with low crystallinity. Besides, no peaks attributable to metal 

or metallic compounds are identifiable, indicating that the metal atoms are possibly 

dispersed atomically in the carbon matrix.  

Figure S1b presents the Raman spectroscopy of the five electrocatalysts, which 

exhibits two vibrational bands of graphite at around 1343 cm−1 (D band) and 1594 cm−1 

(G band), corresponding to the defect and graphitic sp2-hybridized carbon. [37,38] The 

ratios between D and G bands of the catalysts range from 1.03 to 1.09, suggesting 

similar graphitization degree and the presence of defects such as vacancies, edge and 

non-hexagonal rings. [39,40]  

The textural properties of the electrocatalysts were investigated by N2 physisorption 

analyses. As illustrated in Figure S2, the isotherms of the five catalysts exhibited sharp 

adsorption under relative pressures higher than 0.40 accompanied with obvious 

hysteresis loop, which can be attributed to the dominant mesopores and is further 

confirmed by the pore size distributions. The Brunauer-Emmett-Teller (BET) surface 

area of Mn-NC, Ni-NC, Mn-Mn-NC, Ni-Ni-NC, and Mn-Ni-NC catalysts are 890, 987, 

854, 964, and 935 m2 g−1, respectively (Table S1). The average pore diameters are also 

very close at around 4.9 nm, while the pore volumes vary very narrowly from 1.02 to 

1.11 cm3g−1. Therefore, all catalysts exhibit large BET surface area and abundant 

mesopores, which are beneficial for mass transfer and accessible active sites. It is worth 

emphasizing that the differences on structure properties of the five catalysts are 

insignificant, implying that the performance of ECR to CO over the five electrocatalysts 

can be exclusively ascribed to the intrinsic activities of the catalysts. 
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TEM characterization shows that the catalysts in general exhibit carbon pellets with 

a diameter of approximately 50 nm (Figure 1a). The high-resolution TEM reveals 

distorted short-range graphitic stripes with wrinkles and interlaces, suggesting the 

presence of structural defects in the carbon material (Figure 1b and S4a-S7a). Besides, 

no aggregates of metallic nanoparticles could be observed. We further employed ADF-

STEM to verify the atomically dispersed metal atoms. As exhibited in Figure 1c, Figure 

S3a and S4b-7b, evenly distributed bright spots could be observed on the carbon 

framework in the dark field for the Mn-Ni-NC catalyst. These dense bright dots with 

different brightness could be assigned to metallic Mn and Ni atoms because of the 

atomic number dependent contrast difference in the dark field. [41] Besides, the binding 

energy of Mn-Ni, Mn-Mn and Ni-Ni are -11.89, -9.21 and -11.40 eV, respectively. The 

formation energy of Mn-Ni, Mn-Mn and Ni-Ni are -10.28, -9.38 and -10.02 eV, 

respectively. These results demonstrate that the formation of Mn-Ni pair is preferable. 

Moreover, numerous neighboring spots marked with red rectangle were observed, 

indicating that Mn and Ni atoms present in the form of atom-pairs. Statistical analysis 

was performed for the Mn-Mn-NC, Ni-Ni-NC and Mn-Ni-NC DAC catalysts. In each 

sample, 100 dots were fixed and the distance from its the closest bright dots were 

measured. For the Mn-Ni-NC catalyst, 58% dual-atom Mn-Ni pairs were counted, 

while 42% Mn and Ni atoms were counted as isolated atoms. The distances of the 

adjacent spots are estimated to be around 0.24±0.01nm (Figure 1d). Similarly, 39% Mn-

Mn atom pairs were found in Mn-Mn-NC, and 46% Ni-Ni atom pairs were observed 

for the Ni-Ni-NC catalyst. The distances between the adjacent Mn-Mn and Ni-Ni atoms 
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are both centered at around 0.23±0.01 nm (Figure S6c-S7c). Considering the great 

challenge to identify each atom by ADF-STEM, this statistic analysis can effectively 

figure out the distance of neighboring atoms. [41] In contrast, for the Mn-NC and Ni-

NC SAC catalysts, isolated Mn and Ni atom can be easily observed, even though some 

Mn-Mn and Ni-Ni atom pairs are also present. Furthermore, energy-dispersive X-ray 

spectroscopy (EDS) shows that the in the Mn-Ni-NC catalyst, C, N, Mn and Ni 

elements are homogeneously distributed (Figure 1e-i), which is also apparent for all 

other electrocatalysts (Figure S4c-f, S5c-f, S6d-g and S7d-g). Therefore, it is fair to 

conclude that Mn-NC and Ni-NC are SACs, while Mn-Mn-NC, Ni-Ni-NC and Mn-Ni-

NC are DACs.  

X-ray photoelectron spectroscopy (XPS) was carried out to investigate the chemical 

species and element states of Mn, Ni, N and C in the electrocatalysts. As displayed in 

Figure 2a, the high-resolution N 1s spectra can be deconvoluted into five species: 

pyridinic (Pyri-N), metallic (Metal-N), pyrrolic (Pyrr-N), graphitic (Grap-N) and 

oxidized (Oxid-N), with corresponding binding energy of 398.3, 400.3, 401.4 and 404.5 

eV, respectively. [42-45] Notably, the peak at 399.1 eV can be assigned to porphyrin-

like metal-N coordination structure, which demonstrates that metal atoms are 

coordinated with N atoms in the carbon framework. [46,47] In particular, the existence 

of Pyri-N in carbon substrates plays a significant role in anchoring and stabilizing single 

metal atoms as well as promoting the electrocatalytic activity. [48] The Pyri-N 

concentration is the lowest for the Mn-Ni-NC catalyst, while its metal-N concentration 

is the highest among the five electrocatalysts. On the other hand, the concentrations of 
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Pyrr-N, Grap-N and Oxid-N did not show obvious differences (Table S2). The results 

indicate that most Mn and Ni atoms prefer to bond with Pyri-N. Moreover, the binding 

energy of Pyri-N in DACs shows slight downshift in comparison with that in SACs, 

while the binding energies of metal-N of DACs are similar. Therefore, the electronic 

structures of SACs and DACs are different. High resolution Mn-2p spectra in Figure 

2b shows that the Mn-2p3/2 peaks of Mn-NC (640.6 eV), Mn-Mn-NC (640.3 eV) and 

Mn-Ni-NC (640.5 eV) are located between Mn0 (638.7 eV) and Mn2+ (641.4 eV). [49] 

The Ni-2p3/2 peaks of Ni-NC (855.7 eV), Ni-Ni-NC (855.6 eV) and Mn-Ni-NC (855.5 

eV) are located between Ni0 (852.5 eV) and Ni2+ (856.0 eV) (Figure 2c). [50,51] 

Therefore, Mn and Ni species probably both have an oxidation state between 0 and +2. 

It is worth noting that the binding energies of Mn-2p3/2 in Mn-Mn-NC and Mn-Ni-NC 

exhibit negative shift in comparison to the Mn-NC catalyst. Similarly, the binding 

energies of Ni-2p3/2 in Ni-Ni-NC and Mn-Ni-NC also show a negative shift compared 

with Ni-NC. Consequently, the oxidation states of Mn and Ni atoms decreased when 

atom pairs are formed in DACs. Obviously, when the concentration of Metal-N 

decreases, less electron is donated from metal to coordinated N atoms. In particular, the 

binding energies of Mn-2p3/2 and Ni-2p3/2 in Mn-Ni-NC catalyst are more positive and 

negative than that of Mn-2p3/2 in Mn-Mn-NC, and Ni-2p3/2 in Ni-Ni-NC, respectively. 

Consequently, there are apparent electron transfers between Mn and Ni in Mn-Ni-NC, 

in which Ni atom with higher electronegativity attracted electrons from the paired Mn 

atom. Therefore, XPS characterization evidenced that when atom pairs are formed, 
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there are valence changes in the homonuclear DACs and electron transfer in the 

heteronuclear DAC.  

X-ray adsorption spectroscopy (XAS) was conducted to reveal the detailed electronic 

structure and coordination environment of the metal active centers. Figure 3a and b 

depicted XANES of Mn and Ni atoms of different catalysts, reference Mn and Ni metal 

foils, and metal phthalocyanine (Mn-Pc and Ni-Pc). In the Mn K-edge XANES spectra, 

the near-edge absorption  

energies of Mn-NC, Mn-Mn-NC and Mn-Ni-NC are located between those of Mn foil 

and Mn-Pc, confirming that the oxidation states of Mn are between 0 and +2. Besides, 

the near-edge absorption energies of Mn atom in Mn-Ni-NC catalyst shows slightly 

positive shift compared with that of Mn-Mn-NC, indicating that the valence state of Mn 

atom increased. Similarly, Ni K-edge XANES spectra of Ni-NC, Ni-Ni-NC and Mn-

Ni-NC are located between those of Ni foil and Ni-Pc, confirming that the valence states 

of Ni are also between 0 and +2. In comparison with Ni-Ni-NC, the near-edge 

absorption energies of Ni in Mn-Ni-NC catalyst show slight negative shift, 

demonstrating the decrease of the valence state of Ni. Consequently, Mn donated 

electrons to Ni in the heteronuclear Mn-Ni-NC DAC, in agreement with XPS analysis. 

Figure 3c and d display the Fourier transform (FT) of k3-weighted EXAFS of Mn and 

Ni K-edge in the R-space. The Mn K-edge spectra shows a major peak at around 1.5 Å, 

assigned to the Mn-N coordination in the Mn-NC, Mn-Mn-NC and Mn-Ni-NC 

catalysts. A dominant peak at around 1.3 Å for the Ni K-edge spectra of Ni-NC, Ni-Ni-

NC and Mn-Ni-NC catalysts is associated with the Ni-N bonding. The Mn-Mn (2.3 Å) 
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and Ni-Ni (2.1 Å) bonds are characteristic of Mn and Ni foils. However, the metal-

metal bonds are absent in the Mn-NC and Ni-NC catalysts, which confirms atomically 

dispersed Ni and Mn atoms. Remarkably, peaks at 2.3 and 2.5 Å in the Mn K-edge 

spectra can be identified for the Mn-Mn-NC and Mn-Ni-NC catalysts, which can be 

assigned to Mn-Mn and Mn-Ni coordination, respectively. Similarly, peaks at 2.2 Å 

and 2.5 Å in the Ni K-edge spectra of Ni-Ni-NC and Mn-Ni-NC catalysts are attributed 

to Ni-Ni and Mn-Ni coordination. Therefore, the FT-EXAFS analysis demonstrated the 

formation of atom pairs for all three DACs.  

Wavelet transform (WT) EXAFS (WT-EXAFS) oscillations was also conducted to 

discriminate the backscattering atoms and obtain high resolutions in both K and R 

spaces. As displayed in Figure S8, the WT-EXAFS contour plot of Mn foil shows a 

strong signal with maximum intensity at around 5.1 Å-1 of the Mn-Mn contributions. 

However, this signal is absent for the Mn-NC and Mn-Ni-NC catalysts but is slightly 

visible at around 7.5 Å-1 for the Mn-Mn-NC catalyst. Similarly, WT-EXAFS of Ni foil 

shows a prominent feature centered around 7.0 Å-1, which is not found for the Ni-NC 

and Mn-Ni-NC catalysts but visible at 6.8 Å-1 for the Ni-Ni-NC catalyst. Similar to the 

WT-EXAFS contour plots of Mn-Pc, the spectra of Mn-NC, Mn-Mn-NC, Mn-Ni-NC 

also show strong features at 4.8 Å-1, which can be attributed to the Mn-N coordination. 

Meanwhile, a weak signal at 6.0 Å-1 can be observed for the Mn-Ni-NC catalyst, 

indicating the Mn-Ni coordination. For the Ni WT-EXAFS contour plots of Ni-NC, Ni-

Ni-NC and Mn-Ni-NC electrocatalysts, a maximum intensity at 4.0 Å-1 due to the Ni-

N contribution can be observed (Figure 3e). A weak feature at 6.1 Å-1 is also attributed 
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to the Mn-Ni bonding. It is worth noting that the different models of atomic vibration 

could cause the difference of signal intensity. [32] The WT-EXAFS analysis 

demonstrated that Mn and Ni atoms dispersed atomically on the N doped carbon 

substrate, and the existence of Mn-Mn, Ni-Ni and Mn-Ni bonding for the DACs. 

To elaborate the structures of the catalysts, theoretically optimized metal-N 

configurations based on DFT calculations and fitted-EXAFS curves were constructed. 

As show in Figure 3f-i and S9ab, the fitted results in R-space and K-space match well 

with the experimental spectra. The detailed fitting parameters, e.g., metal-N 

coordination numbers, metal-N path length are summarized in Table S3. The average 

metal-N coordination numbers are 4, 4, 3.5, 3.5 and 3.5 for Mn-NC, Ni-NC, Mn-Mn-

NC and Ni-Ni-NC and Mn-Ni-NC catalysts, suggesting that Mn and Ni SACs have the 

usual metal-N4 center, while the DACs exhibit metal-N3 configurations. The fitting 

parameters for Ni-Ni, Mn-Mn and Mn-Ni interaction paths indicate that the average 

coordination number of metal-metal is one in the DACs (Figure S9c-e). More 

importantly, the average bond lengths of Mn-Mn, Ni-Ni and Mn-Ni are 2.40, 2.35 and 

2.40 Å, consistent with ADF-STEM results. Therefore, non-bridged (Mn-Mn)N6, (Ni-

Ni)N6 and (Mn-Ni)N6 embedded carbon framework were successfully synthesized for 

DACs, as evidenced by the combination of  EXAFS spectra, fitted curves and DFT 

calculations.  

2.2 Electrocatalytic activity test 

The ECR performance of the samples was evaluated in a custom-made H-cell with 

three electrodes system and CO2-saturated 0.5 M KHCO3 electrolyte by linear sweep 
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voltammetry (LSV) method. As illustrated in Figure 4a, the Mn-Ni-NC electrocatalyst 

exhibits the largest current density at all applied potentials. It also exhibits an enhanced 

current response and a lower onset potential under CO2 atmosphere than under Ar 

(Figure 4b), indicating the occurrence of ECR. The potentiostatic electrolysis was 

conducted under different potentials from -0.3 to -1.0 V versus reversible hydrogen 

electrode (vs. RHE). The gaseous and liquid products were detected by online gas 

chromatography (GC) and 1H nuclear magnetic resonance (NMR). As displayed in 

Figure 4c, ECR to CO on Mn-Ni-NC, Ni-Ni-NC, Ni-NC catalysts occurred under -0.4 

V (vs. RHE), showing the lower onset potential for ECR to CO. With the increase of 

the applied potential, the Mn-Ni-NC catalyst reaches the maximum FECO of 98.7% at 

the potential of -0.7 V (vs. RHE). Besides, FECO is higher than 90% between -0.5 and -

0.9 V (vs. RHE), exhibiting wide potential windows. The Ni-Ni-NC and Ni-NC 

catalysts present the highest FECO of 91.6% and 87.8% at the potential of -0.8 V (vs. 

RHE).  

The Ni-Ni-NC shows slower decay of FECO than the Ni-NC catalyst with the increase 

of potential, also implying a wide potential window for highly efficient ECR to CO. It 

has been reported that the formation of *COOH on Ni site is difficult due to a large 

energy barrier. [52,53] Therefore, the enhanced ECR performance on Ni-Ni-NC could 

be attributed to the decrease of energy barrier for the formation of *COOH on Ni-Ni 

dual sites. The Mn-Mn-NC and Mn-NC catalysts exhibit low FECO at all applied 

potentials. Even though forming Mn-Mn atom pairs also improved the ECR 

performance of Mn-NC, the FECO of Mn-Mn-NC is still less than 40%. This can be 
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explained by the strong adsorption of *CO on Mn site. The improvement of ECR 

performance on Mn-Mn-NC demonstrates that Mn-Mn site may moderate *CO 

adsorption to some certain extent. Nevertheless, the competing hydrogen evolution 

reaction on Mn and Mn-Mn-NC catalyst is dominating, as shown in Figure 4d. 

Remarkably, the ECR performance to CO on Mn-Ni DAC is greatly improved 

compared to the Mn and Ni SACs, implying that forming heteronuclear atom pairs 

could facilitate either *COOH formation or *CO desorption. This could be further 

ascribed to the moderate binding energies for intermediates due to the electron 

interaction between the heteronuclear atoms. For the Mn-Ni-NC catalysts, only CO and 

H2 products were identified as the products at all applied potentials, with a total FECO 

of around 100%. No liquid products were detected, as evidenced by 1H NMR (Figure 

S10).  

The CO partial current densities on the five catalysts were also calculated (Figure. 

4e). For the Mn-Ni-NC catalyst, it increased with the applied potential, reaching 16.8 

mA cm-2 at -0.7 V (vs. RHE), which is 1.31, 1.62, 21.3 and 42.2 times higher than that 

of Ni-Ni-NC, Ni-NC, Mn-Mn-NC and Mn-NC catalysts. The turnover frequency (TOF) 

of the five catalysts was calculated to uncover the intrinsic activity of the active site 

[33]. As illustrated in Figure 4f, the TOF on the Mn-Ni-NC catalyst is the highest at 

2859 h-1 at -0.7 V (vs. RHE), indicating its high intrinsic activity.  

Electrochemical active surface areas (ECSA) play a significant role in ECR activity, 

which is calculated by measuring double layer (D-L) capacitance (Figure 4g and Figure 

S11). The Mn-Ni-NC catalyst has a capacitance of 53.3 mF cm−2, slightly higher than 
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the other catalysts. As a result, the ECSA for Mn-Ni-NC, Ni-Ni-NC, Ni-NC, Mn-Mn-

NC and Mn-NC catalysts were 1332, 1195, 1120 and 980, 927 cm2
ECSA, demonstrating 

that the Mn-Ni atoms pair could increase the ESCA. Furthermore, the Tafel slopes on 

the five samples were compared to disclose the kinetics for CO generation (Figure 4h). 

An improved Tafel slope of 168 mV dec-1 for CO generation on the Mn-Ni-NC catalyst 

is obtained, attributed to the synergistic effect of Mn-Ni pair. Additionally, the small 

Tafel slope also indicates that the rate-limiting step of ECR to CO on the Mn-Ni-NC 

catalyst is the first protonation of CO2. [54, 55] Overall, the DAC catalysts show lower 

Tafel slope than their SAC counterparts. Dual atom pairs especially with heteronuclear 

atoms, could effectively reduce the Tafel slope, which contributes to a more kinetically 

favorable ECR to CO. Electrochemical impedance spectroscopy (EIS) indicated that 

Mn-Ni-NC catalyst has the smallest charge-transfer resistance among the five catalysts 

(Figure S12), implying fastest charge transfer. Therefore, the heteroatomic pairs could 

act synergistically, which outperforms homoatomic pairs and SACs in ECR to CO. The 

Mn-Ni-NC catalyst in this study outperformed most of the recently reported SACs and 

DACs applied for ECR to CO (Figure 4i and Table S4). Finally, continuous 

potentionstatic activity test for 24 h demonstrated that the Mn-Ni-NC catalyst exhibited 

stable current density and FECO with negligible decay under the potential of -0.7 V (vs. 

RHE) (Figure 4j). 

2.3 DFT simulation 

To uncover the activity origin, DFT calculations were employed based on the EXAFS 

fitting results. The distribution of electron density on N and coordinated metal atoms of 
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catalysts are correlated with intrinsic activity and ECR selectivity. [30]  After forming 

Mn-Mn, Ni-Ni and Mn-Ni atom pairs, the electron density around the N, Mn and Ni 

atom exhibit apparent changes (Figure S13). For instance, more electrons accumulated 

around the metal atoms of homonuclear atom pair.  Charge transfer between Mn and 

Ni atoms can also be observed, indicating electron interactions after forming atom pairs. 

Moreover, Bader charge analysis demonstrated that the Mn and Ni atoms always act as 

electron-donor in the single atom center, homonuclear atom pair and heteronuclear 

atom pair. The amount of the lost electrons for Mn atom decreased first and then 

increased, while it always decreased for Ni atom (Figure 5a). This opposite trend for 

Mn and Ni atom in the change from homonuclear to heteronuclear pair discloses 

electron transfer from Mn to Ni atom, which vividly show the electron interaction 

between Mn and Ni atom. Therefore, the valence state of Mn and Ni atoms show 

increase and decrease, consistent with XPS and XANES analysis. Consequently, 

building dual-atom pair can regulate electron density of the active sites in different 

ways, which directly affects the binding strength of intermediates with active sites.     

ECR to CO consists of three steps, i.e., the formation of *COOH, *CO generation, 

and the desorption of CO. The Gibbs free energy diagrams of each step at U = 0 V (vs. 

RHE) were calculated in Figure 5b. As expected, Mn and Ni SACs exhibits high energy 

barrier for *COOH production (1.83 eV) or *CO desorption (0.75 eV), resulting from 

the binding strength between intermediate and metal site. After forming homonuclear 

atom pair, the energy barrier for *COOH generation on the Ni-Ni-NC catalyst 

decreased greatly to 0.70 eV. For the Mn-Mn-NC DAC, although the free energy barrier 
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for the formation of *COOH decreased, the desorption of *CO deteriorated remarkably 

with an energy barrier of 1.88 eV. These changes can be explained by the coordination 

effect of the dual metal atoms. For the SACs, only one C-metal bond will form for 

*COOH generation. However, when the dual atom pairs are formed, the C atom of 

intermediates could bond with two metal atoms with two C-metal bonds. Consequently, 

the binding strength of intermediates to active sites increased. Notably, as the *COOH 

formation on Mn-Mn site is energy favorable, the rate-limiting step will become *CO 

desorption from Mn-Mn site, which is controlled by the thermodynamic process. Thus, 

Mn-Mn sites are potentially passivated by strongly adsorbed *CO, in agreement with 

other studies. [21,33] An additional active site could be possible for CO2 activation on 

CO-adsorbed Mn-Mn site (CO*Mn-Mn-NC). The free energy barrier of CO desorption 

on the site decreased remarkably (0.54 eV), which promotes *CO desorption from the 

Mn site. The results proved that the ECR performance is improved after incorporating 

the second homonuclear atom into SACs, in line with experimental observations. For 

the Mn-Ni-NC catalyst, the energy barrier for *COOH formation on Ni and Mn sites 

are 0.40 and 0.51 eV, lower than of Mn, Ni, CO*Mn-Mn, and Ni-Ni catalysts. However, 

the free energy barrier for *CO desorption from Ni site is only 0.39 eV, much lower 

than that of Mn site (0.85 eV). Although DACs may offer potential active sites for C-C 

coupling, it is not considered in this study because of difficult kinetics.   

As depicted in Figure 5c, the free energy change for *COOH formation and *CO 

desorption was built to reveal the scaling relationship of intermediates. Unexpectedly, 

the scaling relationship of binding strength of intermediates on Mn-Ni DAC was broken. 
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This can be explained by that C atom of *CO prefer to bond with Ni atom on Ni site, 

while the C atom of *CO will bond with both Mn and Ni atom on Mn site. In other 

word, during ECR to CO, the Mn atom can bind the intermediates selectively. For the 

CO2 protonation, Mn and Ni atoms act together to accelerate the *COOH formation, 

which is not possible in Mn and Ni SACs. For the *CO desorption, Mn atom will not 

bond with *CO, which promotes the CO generation (Figure 5d). However, this cannot 

be observed in Mn and Ni homonuclear DACs (Figure S14). Therefore, Mn-Ni-NC 

catalysts with the lowest energy barriers for both *COOH formation and *CO 

desorption, due to the synergistic effect of Mn and Ni atoms, which can selectively 

interact with intermediates. As a result, the restriction of scaling relationship on binding 

strength of intermediates was broken on the Mn-Ni-NC catalyst, resulting in the 

superior performance of ECR to CO.  

As HER is the main competing reaction, the free energy changes of HER on the five 

catalysts were also calculated. As illustrated in Figure S15a, Ni-NC shows the largest 

energy barrier of 1.40 eV for *H generation, while both Ni-Ni-NC and Mn-Ni-NC 

shows an energy barrier of around 0.12 eV. Therefore, an excellent *H generation 

performance possibly boosts proton transfer, accelerating the ECR to CO process. The 

selectivity of ECR to CO against HER is evaluated by calculating the difference of 

limiting potentials between ECR and HER (UL(CO2)-UL(H2)), where a more positive 

value of UL(CO2)-UL(H2) indicates higher ECR selectivity to CO. As depicted in Figure 

S15b, Mn-Mn-NC and Ni-Ni-NC show more positive values of UL(CO2)-UL(H2) than 

their SACs counterparts, confirming that DACs have higher ECR selectivity. 
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Heteronuclear Mn-Ni-NC presents the most positive UL(CO2)-UL(H2) of -0.29 eV, 

demonstrating its superior ECR selectivity to CO by suppressing HER reaction. 

To disclose the effects of electron structure on adsorption performance of 

intermediates, the crystal orbital Hamilton population (COHP) and integrated COHP 

(ICOHP) are employed to further study the interaction strength between active site and 

intermediates, in which a positive -COHP indicates bonding state, while a negative -

COHP represents the anti-bonding state below Fermi energy. As shown in Figure 5e 

and f, more noticeable anti-bonding state appears in CO passivated Mn-Mn-NC catalyst 

(CO*Mn-Mn-NC) in comparison with Mn-NC, demonstrating weak CO adsorption on 

the CO*Mn-Mn-NC catalyst. This is also confirmed by the larger ICOHP (-0.48 eV) of 

CO passivated Mn-Mn-NC catalyst. *COOH cannot adsorb stably on single Ni sites 

due to the existence of anti-bonding states (Figure 5g). After introducing the second Ni 

atom, the anti-bonding states almost disappear, implying an improvement of binding 

strength between Ni and *COOH (Figure 5h). Despite that the ICOHP of C-Ni over Ni-

NC is larger that of C-Ni over Ni-Ni-NC, C will bond with two Ni atoms, which 

increase the binding strength compared with single Ni atom. Finally, we compared the 

adsorption strength of C and O atoms of *COOH to Ni and Mn atom of the Mn-Ni-NC 

catalyst (Figure 5i and j). Remarkedly, both C and O atoms could bind with Ni and Mn 

atom strongly, as demonstrated by the absence of anti-bonding states. Therefore, 

*COOH generation was enhanced greatly, which endows Mn-Ni-NC with excellent 

ECR activity. Overall, it can be concluded that Mn atom donated more electron in Mn-

Ni than the Mn-Mn atom pairs, causing higher valence state of Mn and stronger *CO 
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binding strength. However, the valence state of Ni atom decreased in Mn-Ni compared 

with the Ni-Ni center, resulting in superior *COOH binding strength. Consequently, 

electron interaction between Mn and Ni atom in Mn-Ni-NC catalyst result in moderate 

and low valence state for Mn and Ni atom respectively, which directly influenced the 

binding strength of intermediate. Meanwhile, the selective adsorption of intermediates 

on active center contribute to breaking the scaling relationship, which greatly improve 

the performance of ECR to CO.     

3. Conclusion 

A series of SACs and DACs including Mn-NC, Mn-Mn-NC, Ni-NC, Ni-Ni-NC and 

Mn-Ni-NC electrocatalysts were systematically studied for ECR to CO to reveal the 

evolution of the activity. ADF-STEM and EXAFS characterizations demonstrated the 

presence of atom pairs in DACs, displaying non-bridged (metal-metal)N6 coordination. 

Electron transfer from Mn to Ni  atom as evidenced for the heteronuclear Mn-Ni-NC 

catalyst through XPS and XANES. The Mn-Ni-NC catalyst displayed the highest FECO 

of 98.7% at the potential of -0.7 V (vs. RHE) with CO partial current density of 16.8 

mA cm-2, achieving a TOF of 2859 h-1. DFT calculations disclosed that Mn atoms with 

high oxidation state resulted in strong CO binding strength, while the low valence state 

of Ni atom contributed to superior *COOH binding strength, which promotes ECR to 

CO. More importantly, the *COOH or *CO intermediates could change their binding 

sites during ECR to CO. The C and O atom of *COOH prefer to bind with Ni and Mn 

atoms, respectively, promoting CO2 protonation. Only Ni atom will bind with C atom 

of *CO, thus accelerating CO generation. However, the change in binding sites is only 
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observed for heteronuclear DAC, because the heteronuclear metal atom pair could 

break the scaling relationship of adsorption strength of intermediates.   
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Figure Captions: 

Figure 1. (a) TEM, (b) HRTEM, and (c) ADF-STEM of Mn-Ni-NC, where Mn-Ni atom pair are 

highlighted in red rectangles, and the histogram shows the proportion of different distances; (d) The 

intensity profile of distance between Mn and Ni atoms; (e)-(i) C, N, Mn, and Ni EDX mapping 

images of Mn-Ni-NC catalyst. 

Figure 2. (a) High-resolution N 1s XPS spectra of Mn-NC, Ni-NC, Mn-Mn-NC, Ni-Ni-NC and Mn-

Ni-NC catalysts; (b) High-resolution Mn 2p XPS spectra of Mn-Nc, Mn-Mn-NC and Mn-Ni-NC 

catalysts; (c) High-resolution Ni 2p XPS spectra of Ni-NC, Ni-Ni-NC and Mn-Ni-NC catalysts. 

Figure 3. (a) Mn K-edge and (b) Ni K-edge XANES spectra of the catalysts; (c) Mn K-edge and (d) 

Ni K-edge Fourier transform (FT) k3-weighted EXAFS (FT-EXAFS) spectra of the samples at R 

space; (e) Ni K-edge Wavelet transformed k2-weighted EXAFS plots of Ni foil, Ni-Pc, Ni-NC, Ni-

Ni-NC and Mn-Ni-NC; (f) Ni–N, (g) Ni-N, (h) Ni-N and (i) Mn-N fittings of the FT-EXAFS spectra 

for Ni-NC, Ni-Ni-NC, Mn-Ni-NC and Mn-Ni-NC catalysts. The gray, blue, red and green balls refer 

to C, N, Ni and Mn atoms, respectively.  

Figure 4. ECR to CO activity of different catalysts. (a) LSV curves of the catalysts obtained in CO2-

saturated 0.5 M KHCO3 electrolyte at the scan rate of 10 mV s-1; (b) LSV curves of the Mn-Ni-NC 

catalyst in Ar- and CO2-saturated electrolyte; (c) Faradaic efficiency for CO; (d) Faradaic efficiency 

for H2; (e) Partial current densities of CO and (f) TOF for different catalysts at different applied 

potentials; (g) Charge current density difference against scan rates of Mn-NC, Ni-NC, Mn-Mn-NC, 

Ni-Ni-NC and Mn-Ni-NC catalysts; (h) Tafel plots for the CO partial current density; (i) 

Comparison of Faradaic efficiency and current density on reported SACs and DACs in H-cell; (j) 

Stability test for Mn-Ni-NC at -0.7 V (vs. RHE) with 24 hours continuous electrocatalytic reaction. 

Figure 5. (a) Electron transfer between Mn and Ni atoms on different catalysts; (b) Gibbs free energy 

change diagram for ECR to CO on different catalysts; (c) Scaling relationship between *COOH and 

*CO; (d) The activity mechanism of ECR to CO on Mn-Ni-NC; The COHP distribution of (e) 

CO*Mn-NC, (f) the second CO adsorbed on CO passivated Mn-Mn-N, (g) COOH*Ni-NC, (h) 

COOH*Ni-Ni-NC, (i) COOH*Mn-Ni-NC (O bonded Mn); (j) COOH*Mn-Ni-NC (C bonded Ni), 

where Fermi level is set to zero. 
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1. Chemicals and materials 

All chemicals were analytical grade and were used as purchased without further 

purification. Nickel(II) chloride hexahydrate (NiCl2·6H2O, 98%), manganese(II) 

chloride tetrahydrate (MnCl2·4H2O, 98%), citric acid monohydrate (C6H8O7·H2O, 

99%), ammonium hydroxide solution (NH3·H2O, 28% NH3 in H2O), dicyandiamide 

(C2H4N4, 99%), manganese(II) phthalocyanine (C32H16MnN8, MnPc), Nickel(II) 

phthalocyanine (C32H16NiN8, NiPc) were purchased from Sigma-Aldrich. Potassium 

bicarbonate (KHCO3, 98 %), Nafion D-521 dispersion (5 % w/w in water and 1-

propanol), Nafion-117 ionic exchange membrane and carbon paper were purchased 

from Alfa Aesar. Carbon dioxide (CO2, > 99.999%) and Argon (Ar, >99.999%) were 

purchased form Nippon gases. Ultrapure water with 18.2 MΩ cm is produced by Milli-

Q from VWR. Absolute ethanol was purchased from Arcus. 

 

2. Electrocatalyst preparation 

2.1. Preparation of carbon substrate  

Ketjen black EC-600 JD (carbon black, AkzoNobel) was pre-treated before use. 

Typically, 2g carbon black was dispersed in 50 ml of HNO3 solution (65 wt%) and 

refluxed at 100 °C for 8 h with vigorously stirring. After cooling down, the suspension 

was washed by ultrapure water until neutral pH and separated by vacuum filtration. 

After that, the activated carbon black was dried at 120 °C in a vacuum oven for 24 h. 

2.2. Preparation of electrocatalysts 

For the preparation of Mn-Ni-NC catalyst, 9.89 mg MnCl2·4H2O, 11.88 mg 

NiCl2·6H2O and 64.4 mg C6H8O7·H2O were dissolved in 2 ml ethanol and the solution 

was sonicated for 30 minutes. Meanwhile, 100 mg activated carbon black was dissolved 

in 3 ml ethanol and the solution was sonicated for 30 minutes. The two solutions were 

then mixed and stirred continuously under room temperature for 12 hours. The obtained 

suspension became black solid after drying at 75 ℃ for 12 h. The black solid was mixed 

with 1 g dicyandiamide and grinded for 10 minutes. Finally, the black mixture was 

transfer to a covered crucible and calcinated under Argon atmosphere (100 sccm) at 800 

°C for 2 hours. The collected samples were washed by 3 M HCl several times, then 
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were marked it as Mn-Ni-NC catalyst.  

2.3. Preparation of Mn-Mn-NC and Ni-Ni-NC catalysts 

The preparation of Mn-Mn-NC and Ni-Ni-NC catalysts follows same procedure, except 

for adding single metal resource and 32.2 mg C6H8O7·H2O. 

2.4 Preparation of Mn-NC and Ni-NC catalysts  

The preparation of Mn-NC and Ni-NC catalysts use similar procedure, except that 50 

μL NH3·H2O solution was added in the first step. 

3. Characterization 

X-ray diffraction (XRD) diffractograms were collected on Bruker-AXS Micro-

diffractometer D8 ADVANCE equipped with a CuKα radiation source (λ=1.54 Å) with 

a scan rate of 3° min−1 in the range of 10-80°.  

Raman spectroscopy was recorded by Renishaw inVia instrument with a 532 nm 

excitation laser, and the sample was focused with a ×50LWD objective lens and exposed 

to the emission line for 10 s.  

Transmission electron microscopy (TEM), high-resolution TEM (HR-TEM) and 

energy-dispersive X-ray spectroscopy (EDS) mapping were conducted on JEM-2100 

Plus (JEOL) electron microscope at 200 kV. Aberration-corrected annular dark-filed 

scanning transmission electron microscopy (ADF-STEM) was performed on JEOL 

NEOARM 200 F with an accelerating voltage of 200 KV. 

Physisorption measurements were performed using Tristar II 3020 instrument at liquid 

nitrogen temperature of −196 °C. 

X-ray photoelectron spectrometer was conducted on ESCALAB Xi using AlKα source.  

X-ray absorption fine structure (XAFS) spectra at the Mn and Ni K-edge was collected 

at Station Bending Magnet 31 (BM31) in European Synchrotron Radiation Facility 

(ESRF), Grenoble, France. The Mn and Ni K-edge X-ray absorption near edge structure 

(XANES)data were recorded in a fluorescence mode. Mn foil, Ni-Pc, Mn foil, and Mn-

Pc were used as references. 
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4. Electrocatalysts characterization 

The electrochemical performance was tested in a gas-tight H-cell with two-

compartments separated by a cation exchange membrane, where each chamber contains 

40 ml electrolyte (0.5 M KHCO3). All measurements were controlled by AUTOLAB 

PGSTAT302N workstation. Platinum plate, carbon paper coated with catalysts and 

Ag/AgCl (saturated KCl solution) worked as counter electrode, working electrode and 

reference electrode, respectively. The working electrode was prepared by coating 

catalyst ink on carbon paper. The ink was a mixture of 4 mg catalyst, 50 μL water, 300 

μL ethanol and 50 μL nafion solution, ultrasonically dispersed for 1 hour. A 100 μl of 

the catalyst ink was dropped onto a carbon paper (1 cm × 2 cm) and dried under an 

infrared heat lamp, giving a catalyst loading of 1.0 mg cm-2. Prior to the electrochemical 

measurements, the electrolyte solution was purged with CO2 at a flow of 20 mL min-1 

for 1 hours to obtain CO2-saturated solution. Meanwhile, CO2 flow was kept at 20 mL 

min-1 during the activity test. The pH is 7.2 for CO2-saturated 0.5 M KHCO3 electrolyte. 

The potentials were converted to reversible hydrogen electrode (RHE) by using the 

formula E (vs. RHE) = E (vs. Ag/AgCl) + 0.196 V +0.059 × pH at 25 ℃. Linear sweep 

voltammetry (LSV) curves were conducted at a scan rate of 10 mV/s. The 

electrochemical double-layer capacitance (Cdl) was estimated by the cyclic 

voltammetry (CV) method. To avoid the faradaic process, the CV scans were performed 

under 0.5 M KHCO3 electrolyte between 0−0.20 V (vs. Ag/AgCl) with scan rates of 10, 

20, 40, 60 and 80 mV s−1. The Cdl of was calculated by plotting the anodic and cathodic 

current difference against the scan rate. The electrochemical surface areas (ECSA) of 

the catalysts were determined by the formula ECSA = Cdl/Cs, where Cs was chosen to 

be 40 μF cm−2 per cm2
ECSA [1]. Electrochemical impedance spectroscopy (EIS) was 

performed in a frequency range from 105 Hz to 0.01 Hz. The gaseous products were 

quantified by an on-line gas chromatography (Agilent GC-7890B) equipped with two 

separated TCD detectors for H2 and CO detection. The liquid products were detected 

by a 400 MHz Bruker nuclear magnetic resonance (NMR) spectrometer. In a typical 

test, 0.5 ml electrolyte was uniformly mixed with 0.1 ml deuterated water (D2O) as well 
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as 0.05 μl dimethyl sulfoxide (DMSO) as the internal standard.  

The FE of gaseous products (H2 and CO) under different potentials were calculated by 

Equation 1 [2]: 

                  FE = (N × P × F × v × νi)/(R × T × I)                  (1)                                        

where N is the number of electrons transferred per mole CO2 to gas product, which is 

2 for CO and H2 products. P is atmospheric pressure and F is Faraday’s constant. ν is 

the gas flow rate. νi is the volume concentration of gas product determined by online 

GC. T is the reaction temperature, and R is the idea gas constant. I is the steady-state 

cell current at each potential.  

The partial current densities of CO and H2 are calculated by Equation 2:  

                     JCO(H2) = Jtotal × FECO(H2)                         (2)                                   

The turnover frequency (TOF, h-1) was calculated through the Equation 3 [3]: 

               TOF = (3600 × Iproduct × M)/(N × F × ω × mcat)             (3)                          

where Iproduct is partial current for CO or H2 products. M is atomic mass of the metal. ω 

is the mass percentage of metal loading determined by XPS. mcat is the mass of the 

catalyst coated on the carbon paper. 

5. Density functional theory (DFT) calculations 

Spin-polarized DFT calculations were performed by employing the Vienna ab initio 

simulation package (VASP) code with projector augmented wave (PAW) [4]. The 

generalized gradient approximation (GGA) implemented Perdew-Burke-Ernzerhof 

(PBE) was chosen to calculate exchange-correlation energy [5,6]. The van der Waals 

(vdW) interactions was corrected by using the empirical correction (DFT-D3) [7]. A 

cubic graphene monolayer (12.30 × 12.78 Å) with 60 carbon atoms was used as carbon 

substrate. A vacuum region of 15 Å was applied in z direction to avoid the spurious 

interactions. The energy cutoff is set to 600 eV. A Gamma centre k-point sampling of 2 

× 2 × 1 and 4 × 4 × 1 were chosen for structure relaxation and electronic structure 

calculations, respectively. The convergence criterion for energy and force was 

1.0 × 10−5 eV and 1.0 × 10−2 eV/Å, respectively. 

The binding energy (Eb) of TM atom on substrate can be calculated by Equation 4: 
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         Eb = E(support with TM atom) – E(support) – E(TM)             (4)                                

Where E(support with TM atom), E(support) and Tm indicate the total energy of TM 

anchored N doped carbon framework, N doped carbon framework and TM atom.  

The formation energy (Ef) of DACs can be calculated by Equation 5: 

           Ef = E(support with TM atom) – 50μ(C) – 6μ(N) – nμ(TM)        (5)                   

Where μ(C), (N), (TM) indicate the chemical potential of C, N, TM, which are obtained 

from their stable phase.  

The adsorption energies (Eads) of intermediate is estimated by Equation 6: 

                      Eads = E*sub – Esub – EInter                        (6)                                                         

where E*sub, Esub, EInter are the total energies of intermediates adsorbed substrate, bare 

substrate and intermediates, respectively.  

The formation path of gaseous products (CO and H2) are described by Equations 7-10: 

                   * + CO2 + H+ + e- → *COOH                       (7)                                                          

                 *COOH + H+ + e- → *CO + H2O                      (8)                                            

                         *CO → CO + *                            (9)  

                         H+ + e- → 1/2H2                            (10)                                                                                           

where * indicates an adsorption site. 

The Gibbs free energy change (ΔG) of each step is calculated by the computational 

hydrogen electrode (CHE) model [8]: 

                     ΔG = ΔE + ΔZPE – TΔS                         (11)                                

where ΔE, ΔZPE and ΔS are the differences in total energy from DFT calculations, 

zero-point energy, and entropy between reactants and products, respectively. T is 

temperature (298.15 K). 
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Figure S1. (a) XRD diffractograms and (b) Raman spectra of Mn-NC, Ni-NC, Mn-Mn-

NC, Ni-Ni-NC and Mn-Ni-NC catalysts. 
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Figure S2. N2 adsorption–desorption isotherms of Mn-NC, Ni-NC, Mn-Mn-NC, Ni-Ni-

NC and Mn-Ni-NC catalysts 
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Figure S3. The zoomed-in view of Mn-Ni atom pair over Mn-Ni-NC sample. 
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Figure S4 (a) HRTEM, (b) ADF-STEM of Ni-N-NC, where Ni single atoms are 

highlighted in red circles; (c)-(f) C, N, and Ni EDX mapping images of Ni-NC catalyst. 
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Figure S5. (a) HRTEM, (b) ADF-STEM of Mn-N-NC, where Mn single atoms are 

highlighted in red circles; (c)-(f) C, N, and Mn EDX mapping images of Mn -NC 

catalyst. 
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Figure S6. (a) HRTEM, (b) ADF-STEM of Mn-Mn-NC, where Mn-Mn atom pairs are 

highlighted in red rectangles, and the histogram shows the proportion of different 

distances; (c) The intensity profile of distance between Mn and Mn atom; (d)-(g) C, N, 

and Mn EDX mapping images of Mn-Mn-NC catalyst. 
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Figure S7. (a) HRTEM, and (b) ADF-STEM of Ni-Ni-NC catalyst, where Ni-Ni atom 

pairs are highlighted in red rectangles, and the histogram shows the proportion of 

different distances; (c) The intensity profile of distance between Ni and Ni atom; (d)-

(g) C, N, and Ni EDX mapping images of Ni-Ni-NC catalyst. 
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Figure S8. Mn K-edge Wavelet transformed k2-weighted EXAFS (WT-EXAFS) plots 

of Mn foil, Mn-Pc, Mn-NC, Mn-Mn-NC and Mn-Ni-NC catalysts. 
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Figure S9. The first shells: (a) Mn–N, (b) Mn-N fittings of the FT–EXAFS spectra of 

Mn-NC and Mn-Mn-NC catalysts; (c) Mn-Mn, (d) Ni-Ni and (e) Mn-Ni fittings of the 

FT–EXAFS spectra of Mn-Mn-NC, Ni-Ni-NC and Mn-Ni-NC catalysts.  
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Figure S10. The 1H NMR test for liquid product of Mn-Ni-NC catalyst at -0.7 V (vs. 

RHE). 
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Figure S11. Cyclic voltammetry of (a) Mn-NC, (b) Ni−NC, (c)Mn-Mn-NC, (d) Ni-Ni-

NC and (e) Mn-Ni-NC catalysts in CO2-saturated 0.5 M KHCO3 at various scan rates 

of 10, 20, 40, 60 and 80 mV/s; Cycle voltammetry was carried out between 0 and −0.2 

V vs. Ag/AgCl. 
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Figure S12. Nyquist plots of Mn-NC, Ni-NC, Mn-Mn-NC, Ni-Ni-NC and Mn-Ni-NC 

catalysts. 
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Figure S13. Charge density difference of Mn-NC, Ni-NC, Mn-Mn-NC, Ni-Ni-NC and 

Mn-Ni-NC catalysts, where the yellow and cyan area indicate the charge accumulation 

and depletion, respectively. The isosurface value is 0.0024 e/Bohr3. 
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S14. Adsorption configuration of CO2, COOH and CO on the Mn-Mn-NC and Ni-Ni-

NC catalysts. 
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Figure S15. (a) HER free energy diagram and (b) difference in limiting potentials for 

ECR to CO  on different catalysts.  
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Table S1. Textural properties of different catalysts.   

Electrocatalysts BET surface area 

(m2 g-1) 

Average pore 

diameter 

(nm) 

Pore volume 

(cm3 g-1) 

Mn-NC 890 4.92 1.02 

Ni-NC 987 4.89 1.05 

Mn-Mn-NC 854 4.96 1.11 

Ni-Ni-NC 964 4.93 1.08 

Mn-Ni-NC 935 4.88 1.02 

 

 

Table S2. Concentration of Mn, Ni and N in different catalysts from XPS analysis, and 

the proportion of different type of N in total N concentration.  

Electrocatalysts Mn 

(at%) 

Ni 

(at%) 

N 

(at%) 

Pyri-

N 

(%) 

Metal-

N 

(%) 

Pyrr-

N 

(%) 

Grap-

N 

(%) 

Oxid-

N 

(%) 

Mn-NC 0.31 0 6.06 25 19 23 23 10 

Ni-NC  0.58 6.40 27 17 16 22 18 

Mn-Mn-NC 0.32 0 6.23 27 21 19 14 19 

Ni-Ni-NC 0 0.60 6.29 21 20 23 25 11 

Mn-Ni-NC 0.25 0.38 6.85 19 30 25 13 13 

 

 

Table S3. EXAFS fitting results of Mn K-edge and Ni K-edge for Mn-NC, Ni-NC, Mn-

Mn-NC, Ni-Ni-NC and Mn-Ni-NC catalysts. 
 

 
a Average coordination number for the metal atoms. 
b Distance of N and metal atoms. 
c Edge energy shift. 
d Debye-Waller factor. 

 

 

Samples Shell CNa R (Å)b △E0 (eV)c σ2 (10-3 Å2)d R-factor K range R range 

Ni-NC Ni-N 4±0.76 1.87±0.01 -8.65±1.47 8.82±2.92 0.019 1.7-10 Å-1 1-3 Å 

Mn-NC Mn-N 4±0.64 1.90±0.07 -11.71±3.01 7.31±2.75 0.026 1.5-10.4 Å-1 1-2 Å 

Mn-Mn-NC Mn-N 3.5±0.75 1.96±0.06 -13.29±6.01 4.75±3.33 0.024 1.7-10 Å-1 1-2 Å 

Ni-Ni-NC Ni-N 3.5±0.85 1.85±0.01 -12.55±7.39 12.61±7.1 0.031 3-10 Å-1 1-3 Å 

Mn-Ni-NC Mn-N 3.5±0.92 1.95±0.08 -16.56±9.56 3.24±8.51 0.021 1.6-10 Å-1 1-2 Å 

Mn-Ni-NC Ni-N 3.5±0.74 1.93±0.04 -8.00±2.73 8.85±3.69 0.010 1.8-10 Å-1 1-3 Å 

Ni-Ni-NC Ni-Ni 1±0.95 2.35±0.07 -6.34±5.33 19.22±9.55 0.105 1.7-9 Å-1 1-2 Å 

Mn-Mn-NC Mn-Mn 1±0.97 2.40±0.25 -19.88±15.43 15.91±6.39 0.131 2.3-9 Å-1 1-3 Å 

Mn-Ni-NC Mn-Ni 1±0.65 2.40±0.02 -1.99±8.56 17.73±8.80 0.016 1.7-9 Å-1 1-2 Å 
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Table S4. Comparison of ECR performance for CO production on the Mn-Ni-NC 

catalyst in this work and catalysts reported in literature. 

 

Catalysts FECO jCO (mA cm-2) Reference 

Mn-Ni-NC 98.7 -16.8 This work 

Co1-N4 82 -15.8 [9] 

Ag2-G 93.4 -11.9 [2] 

Fe-NS-C 98.3 -12.1 [10] 

FeN4Cl/NC 90.5 -10.8 [11] 

ZIF-NC-Fe-Ni 97.8 -7.5 [3] 

Pd2 DAC 98.2 -6.76 [12] 

NiSA-NGA 90.2 -6.5 [13] 

C-Fe-Co-ZIF -8 52 [14] 

Fe1–Ni1–N–C -2.4 96.2 [15] 

FeN5 -1.8 97 [16] 

Fe–N/P–C -2 98 [17] 
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