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Abstract 

Electrochemical CO2 reduction reaction (CO2RR), powered by renewable electricity sources, 

is an attractive approach to mitigating CO2 emissions and to storing intermittent renewable 

energy in the form of high-value carbon-neutral fuels. Among the various CO2RR products, 

CO, as an important feedstock for Fischer-Tropsch process, is the most kinetically accessible 

product. However, the sluggish kinetics for initial CO2 activation and the inevitable 

competitive hydrogen evolution reaction (HER) in aqueous electrolytes lead to the 

insufficient selectivity and energy efficiency of CO production. Although noble metals, such 

as Au, Ag and Pt, have been recognized as the most efficient catalysts for CO production, 

their low abundances and the associated high costs hinder their large-scale applications. 

Therefore, it is highly imperative to develop inexpensive electrocatalysts capable of 

efficiently promoting CO2RR to CO with high selectivity. 

Among the possible candidate non-noble metals, Zn holds the promise as a potential 

alternative to noble metals due to its earth-abundance and intrinsic selectivity for CO 

production. Hence, hexagonal Zn nanoplates (H-Zn-NPs) enclosed by Zn(100) and Zn(002) 

facets were synthesized and studied for their feasibility to catalyze CO2RR. Compared with 

the similarly sized Zn nanoparticles (S-Zn-NPs), the H-Zn-NPs exhibited remarkably 

enhanced current density, together with an improved CO Faradaic efficiency (FE) of over 

85% in a wide potential window. Theoretical calculations revealed that the exposed Zn(100) 

facets and edge sites on H-Zn-NPs were energetically favorable for CO2RR to CO, which 

directly results in the enhanced CO2RR performance. 
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Recently, CdCO3 was found to possess high CO selectivity because of the strong binding 

affinity with CO2. However, the reported current density (< 1 mA cm‒2) is far from being 

satisfactory. Therefore, CdCO3 nanoparticles decorated carbon nanofibers (CdCO3-CNFs) 

were synthesized to boost CO2RR by a strong catalyst-support interaction. As expected, the 

obtained CdCO3-CNFs displayed a high FE of 93.4% and a good partial current density (~10 

mA cm‒2) at a potential of ‒0.83 V. Moreover, the local pH effect on CO2RR was investigated 

based on the in-situ synthesis of CdCO3 from porous CdO nanosheets, which would release 

OHˉ at the electrode/electrolyte interface. Compared with the pre-synthesized CdCO3 having 

similar morphology, the in-situ grown CdCO3 exhibited considerably increased FEs of CO 

in a wide potential range and achieved the maximum value of 99.2% at a potential of −0.86 

V. The enhancement in CO selectivity was demonstrated to benefit from the higher local pH 

at the catalyst surface which significantly promoted CO2RR while inhibiting HER. This work 

provides new insights into the design strategy for cost-effective and efficient electrocatalysts 

for CO2RR to CO. 
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Chapter 1. Introduction 

1.1 CO2 utilization 

The extensive consumption of fossil fuels has caused an increasing accumulation of 

atmospheric carbon dioxide (CO2), which in turn results in serious problems associated with 

resources, environment, and climate, known as the “global warming effect” [1-3]. To date, 

anthropogenic activities have caused about 1.0 °C of global warming above the pre-industrial 

level, and this is likely to reach 1.5 °C between 2030 and 2052 if the current emission rates 

persist [2]. In order to mitigate the global warming trend, the capture and storage of CO2 

(CCS) and the conversion and utilization of CO2 have gained widespread attentions [4, 5]. 

However, CCS is limited by its high operating costs and high safety risks [6]. The conversion 

of CO2 into value-added carbon-neutral fuels is a promising strategy for human society, to 

close the anthropogenic carbon cycle. 

Typical approaches for CO2 utilization include (bio)chemical, thermochemical, 

photochemical and electrochemical catalysis [5-7]. Among them, electrochemical CO2 

reduction reaction (CO2RR) is considered as an appealing technology since it can be 

conducted under mild conditions (near room temperature and ambient pressure) in aqueous 

solutions, in which water instead of molecular hydrogen (H2) gas is employed as a hydrogen 

source [6]. Moreover, when coupled with renewable electricity sources (e.g., hydroelectric, 

wind and solar energies), electrochemical CO2RR makes it possible to achieve a net zero 

carbon emissions footprint, as illustrated in Figure 1.1 [3, 8]. These features imply that 

electrochemical CO2RR possesses a great potential for simultaneously achieving carbon 

recycle utilization and renewable electricity storage. 
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Figure 1.1 Illustration of a net carbon-neutral cycle through the pathway of electrochemical 

CO2 conversion powered by renewable electricity sources. Reprinted with permission from 

Reference [3]. Copyright (2019) American Association for the Advancement of Science. 

1.2 Fundamentals of electrochemical CO2 reduction reaction (CO2RR) 

1.2.1 Thermodynamics of electrochemical CO2RR 

CO2RR is cathodic by nature with a general form below [9]: 

xCO2 + nH+ + ne-→ product + yH2O     (1.1) 

This reaction is usually complemented by oxygen evolution reaction (OER) in the anode [10]: 

2H2O → O2 + 4H+ + 4e-   E0 = 1.23 V vs. standard hydrogen electrode (SHE) (1.2) 

Utilizing appropriate catalysts permits the formation of various products from the 

electrochemical CO2RR, such as carbon monoxide (CO) [11, 12], formic acid (HCOOH) [13, 

14], formaldehyde (CH2O) [15], methanol (CH3OH) [8, 16], methane (CH4) [17], ethylene 

(C2H4) [18, 19] and ethanol [20]. Table 1.1 lists the standard potentials for CO2RR to these 

commonly reported products [21]. The close thermodynamic standard potentials of different 

CO2RR pathways make it difficult to control the selectivity. Moreover, the concurrent 

hydrogen evolution reaction (HER, the last equation in Table 1.1) often competes with 
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CO2RR in aqueous media, further leading to the insufficient selectivity of target products. 

Therefore, it remains challenging to selectively target one specific product at a high yield. 

Table 1.1 Selected standard potentials (E0 vs. SHE) of CO2RR and HER at 1.0 atm and 25 °C 

in aqueous solutions [21]. Reprinted with permission from Royal Society of Chemistry. 

Products Cathodic half-reactions E0 vs. SHE (V) 

CO(g) CO2(g) + 2H+ + 2e‒ → CO(g) + H2O(l) −0.11 

HCOOH(l) CO2(g) + 2H+ + 2e‒ → HCOOH(l) −0.25 

CH2O(l) CO2(g) + 4H+ + 4e‒ →CH2O(l) + H2O(l) −0.07 

CH3OH(l) CO2(g) + 6H+ + 6e‒ → CH3OH(l) + H2O(l) 0.02 

CH4(g) CO2(g) + 8H+ + 8e‒ → CH4(g) + 2H2O(l) 0.17 

C2H4(g) 2CO2(g) + 12H+ + 12e‒ → C2H4(g) + 4H2O(l) 0.06 

C2H5OH(l) 2CO2(g) + 12H+ + 12e‒ → C2H5OH(l) + 3H2O(l) 0.08 

H2(g) 2H+ + 2e‒ → H2(g)  0.00 

Encouragingly, high yield and selectivity have been achieved for CO2RR to CO and HCOOH, 

especially the high selectivity of gaseous CO can save the cost of separation from aqueous 

electrolytes during the production process. More importantly, CO has a wide range of 

application prospects, including chemical, metallurgical and pharmaceutical applications [22, 

23]. Particularly, as a component of syngas, CO can be downstream processed through 

Fischer-Tropsch chemistry for the synthesis of a series of basic organic chemical products 

and intermediates [24]. Hence, CO has been regarded as the most promising product to 

realize profitable electrochemical CO2RR. 

1.2.2 Mechanism of electrochemical CO2RR to CO 

The reaction pathway of electrochemical CO2RR to CO is generally recognized to involve 

three elementary steps in aqueous media [12, 25],  

CO2 + * + H+ + e- → *COOH      (1.3) 
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*COOH + H+ + e- → *CO + H2O     (1.4) 

*CO → CO + *       (1.5) 

where * refers to an adsorption site on catalysts. Briefly, a CO2 molecule is initially adsorbed 

onto the surface of catalysts and forms a *COOH intermediate through a proton-coupled 

electron transfer process (Equation 1.3). Subsequently, the adsorbed *COOH experiences 

another proton-coupled electron transfer to form a *CO intermediate and a H2O molecule 

(Equation 1.4). Finally, the *CO intermediate desorbs from the catalysts to produce CO 

(Equation 1.5). Such a reaction pathway has been widely applied to most theoretical 

calculations, which are based on a computational hydrogen electrode (CHE) model [26, 27]. 

However, in some experimental work, it is believed that one electron is firstly transferred to 

an adsorbed CO2 to form a *CO2
− (sometimes denoted as CO2

•−) intermediate, and then a 

*COOH intermediate is generated after receiving one proton [28-30] as follows, 

CO2 + *  + e- → *CO2
-      (1.3a) 

*CO2
-  + H+ → *COOH     (1.3b) 

The proton donors are HCO3
− ions and/or H2O (or H3O

+) molecules, depending on the nature 

of catalysts and experimental conditions [26, 31, 32]. The scheme of the reaction pathway 

for CO2RR to CO is displayed in Figure 1.2 [33]. 

 

Figure 1.2 Schematic diagram of the reaction pathway for CO2RR to CO. Reprinted with 

permission from Reference [33]. Copyright (2016) Wiley-VCH. 
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The formation of *CO2
− (Equation 1.3a) is the rate-determining step for the process of CO 

production over the majority of catalysts, since a very negative reduction potential (‒1.9 V 

vs. SHE at pH = 7) is required to change the geometry of linear CO2 molecules to the bent 

*CO2
− intermediates [34, 35]. The rate-determining step is switched to the subsequent 

proton-transfer step (Equation 1.3b) over some well-designed nanostructured catalysts, such 

as oxide-derived Au [29] and nanoporous Ag [36], which are able to effectively stabilize the 

*CO2
− intermediates. Tafel analysis is widely used to identify the rate-determining step for 

CO2RR, and a Tafel slope of 118 mV dec−1 commonly corresponds to the initial electron-

transfer step while 59 mV dec−1 corresponds to the first proton-transfer step [26]. 

The above results imply that the binding energies of the key intermediates, i.e., *COOH (or 

*CO2
−) and *CO, are closely related to the CO selectivity on CO2RR catalysts. A highly 

selective catalyst for CO production should possess catalytically active sites that can strongly 

bind *COOH to promote the second reduction step (Equation 1.4) but weakly adsorb the 

obtained *CO for product liberation (Equation 1.5). Meanwhile, the catalyst is also required 

to exhibit a low binding affinity for *H to inhibit the competitive HER. Therefore, tuning the 

binding energies of these intermediates is a crucial strategy for designing selective and 

efficient catalysts for CO2RR to CO. 

1.2.3 Merits for electrochemical CO2RR to CO 

A superior CO2RR system should be highly active, selective, stable and cost-effective. 

Several parameters are normally used to characterize the performance of a CO2RR system, 

including Faradaic efficiency, current density, overpotential, along with stability and cost. 

1. Faradaic efficiency 
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Faradaic efficiency (FE) describes the ratio of the current density involving the 

electrochemical reaction for an aimed product to the applied current density [37]. It is 

popularly used to evaluate the selectivity of aimed products. The FE of CO can be determined 

by the following equation [37, 38]: 

FE =  
𝑛𝑚F

𝐼
× 100% =

𝑛𝑣𝑝𝑓v𝐹

𝑅𝑇𝐼
× 100%    (1.6) 

where n is the number of electrons participating the reaction for CO production; F is 

Faraday’s constant (96485 C mol-1); m (mol s-1) is the number of moles of the harvested CO 

per second; I (C s-1) is the total current; v (vol%) is the volume fraction of CO in the exhaust 

gases, which is equal to the mole fraction when the gases are considered to be ideal; fv (m
3 s-

1) represents the volume flow rate of exhaust gases, which is measured by a flow meter at the 

exit of the cell at room temperature (T) and under ambient pressure (p). 

2. Current density 

Current density (j) is defined as the current flow per unit area of electrode surface, reflecting 

the reaction rate of CO2RR. It is dependent on the utilization of catalysts, applied potential, 

and the diffusion rates of relevant species [10]. To directly evaluate the generation rate for 

CO, the partial current density of CO (jCO) is introduced. It can be derived by multiplying j 

and the FE of CO. A high jCO at specific applied potential is desirable for an efficient CO2RR 

system. 

3. Overpotential 

Overpotential (η) is the potential difference between the potential where the reduction 

reaction occurs (E) and the thermodynamically determined equilibrium potential of CO2RR 

(Eeq). Owing to the sluggish kinetics of CO2RR and the insufficient activity of catalysts, it 
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generally requires a high η to obtain a considerable j and an appreciable FE of CO, which is 

energetically wasteful [21]. For the high-efficiency CO2 reduction, the high overpotential is 

the leading kinetic barrier. 

4. Energy efficiency 

Energy Efficiency (EE) describes the ratio of the energy stored in an aimed product to the 

applied electrical energy. The EE value of a product can be calculated via the equation below: 

𝐸𝐸 =  
𝐸𝑒𝑞×𝐹𝐸

𝐸𝑒𝑞+𝜂
× 100%     (1.7) 

where Eeq is the equilibrium cell potential for the product B and 𝜂 is the overpotential. Eeq + 

η is equal to the total cell voltage. 

5. Stability and cost 

Good long-term stability and low process costs are the two crucial requirements for 

technological commercialization. However, most of the reported stability tests for CO2RR 

systems are not longer than 24 h. The process costs of CO2RR mainly contain capital 

expenses and electricity costs. To reduce the process cost, it is desirable to develop a cost-

effective catalyst with robust stability. 

1.3 Literature review of catalysts for electrochemical CO2RR to CO 

As mentioned in Section 1.2.2, the catalysts for electrochemical CO2RR to CO should 

process appropriate binding strength of the key intermediates, i.e., *COOH, *CO and *H, to 

effectively promote CO production while suppressing HER. However, the binding energies 

of these intermediates are typically proportionally correlated via the so-called linear scaling 

relationships [39, 40], making them hard to be controlled individually. To date, transition 

metals, along with their compounds, and some carbon-based materials have been 
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demonstrated to exhibit proper binding affinities with the key intermediates for CO2RR to 

CO. In addition, nanostructured noble metals, including Au [12, 41, 42], Ag [30, 36, 43] and 

Pd [44, 45], are among the most selective and efficient catalysts for CO production. However, 

their scarcity and the associated high costs inevitably hinder their large-scale applications. In 

recent years, tremendous efforts have been devoted to seeking earth-abundant alternatives, 

especially non-noble metal-based materials, with the catalytic activity and CO selectivity 

comparable to the noble metals. This chapter systematically summarizes the CO2RR catalysts 

by categorizing them into three types: noble metal-based catalysts, non-noble metal-based 

catalysts and carbon-based catalysts. 

1.3.1 Noble metal-based catalysts 

Many fundamental studies have been done on noble metals because of their high intrinsic 

activity for CO production as well as the stable chemical and electrochemical properties. 

Several structural features, including particle size, exposed crystal facets, grain boundaries 

and metal-support interface, have been experimentally and computationally demonstrated to 

significantly influence the performance of CO2RR to CO over noble metal-based catalysts. 

Generally, the particle size of catalysts directly affects the proportion of the atoms at corner, 

edge, and surface sites, which possess different coordination numbers, surface energies and 

thus, the adsorption energies with key intermediates. The size-dependent CO2RR 

performance was first studied by Zhu et al., who synthesized monodisperse Au nanoparticles 

(NPs) with a size range of 4−10 nm [12]. Experimentally, 8 nm Au NPs with a crystallite 

diameter of 4 nm exhibit the highest CO selectivity (FE of 90% at a potential of −0.67 V vs. 

reversible hydrogen electrode, RHE). Computationally, density functional theory (DFT) 

study suggests that edge sites facilitate CO2RR while corner sites favor HER. As shown in 
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Figures 1.3a and b, on Au(211) facet (edge sites), the required free energy to form *COOH 

is rather low while the energy barrier of *H formation is sufficiently high. On the contrary, 

*H formation is quite facile on a 13-atom Au cluster (consisting of corner atoms). Moreover, 

the computational results suggest that the optimum size of Au NPs is around 1.5 nm, 

corresponding to the highest density of edge sites (Figure 1.3c). The size dependence of 

CO2RR was also observed on Ag [46] and Pd NPs [44], further confirming that a decrease in 

particle size leads to an increasing population of edge sites, thereby significantly enhancing 

the selectivity and catalytic activity of CO production. 

 

Figure 1.3 Free energy diagrams for (a) CO2RR to CO and (b) HER on Au(111), Au(211) 

and a 13-atom Au cluster at -0.11 V vs. RHE. (c) Density of adsorption sites on closed-shell 

cuboctahedral Au clusters versus the cluster diameter. Reprinted with permission from 

Reference [12]. Copyright (2013) American Chemical Society. 

Besides tuning particle size, the control of exposed crystal facets represents an alternative 

strategy for adjusting the binding energies of the key intermediates, so as to enhance the 

performance of CO2RR to CO over noble metal-based catalysts. Hori is the pioneer in 

investigating the influence of different crystal facets on the catalytic activity of single-
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crystalline Ag [47]. He found that the jCO of the prepared Ag catalysts decreased gradually 

with the sequence of Ag(110) > Ag(111) > Ag(100). This experimental evidence is in good 

agreement with the results of a recently reported computational study which suggests that the 

free energy barriers for the formation of *COOH on Ag(221) and Ag(110) facets are lower 

than the values on Ag(100) and Ag(111) facets [26]. Similarly, the CO2RR catalytic activity 

on Pd metals is in the sequence of Pd(110) > Pd(111) > Pd(100) [48, 49]. In addition to Ag 

and Pd, Au-based catalysts also exhibit the facet-dependent performance for CO production. 

For instance, concave rhombic dodecahedron Au NPs exhibit superior CO selectivity as 

compared to low-index NPs, due to the presence of multiple high-index facets [50]. The high-

index facets are open surface structures with high densities of coordinatively unsaturated 

atoms at the surface steps, which are active sites for various reactions [51, 52]. Tuning the 

shape of catalysts has been demonstrated to be an effective method to maximize the 

percentage of energetically favorable facets and hence, a high catalytic activity of CO 

production can be achieved on well-designed nanostructured architectures, such as ultrathin 

Au nanowires [41] and triangular Ag nanoplates [38]. 

Grain boundaries (GBs), one of the bulk defects with a strong strain effect, have proven to 

play a significant role in stabilizing the *COOH intermediate for CO2RR. Kanan’s group 

took an important step to reveal a quantitative linear correlation between the density of GBs 

and the CO2RR catalytic activity based on Au metals. They initially observed an ultrahigh 

FE (> 96%) at a low overpotential of 0.24 V on oxide-derived Au metals and proposed that 

GBs may contribute to the enhanced CO2RR performance since the oxide-derived Au metals 

contained a large density of GBs [29]. To verify this conjecture, this group further prepared 

polycrystalline Au with large grain sizes and designed a sophisticated protocol to directly 
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measure the local catalytic activity across GBs while characterizing the density of GBs at the 

same time [53]. The results explicitly relate the enhanced CO2RR catalytic activity with the 

increased coverage of GB surface terminations. Kim's group proposed a mechanism for the 

GB-dependent CO2RR activity through DFT calculations [54]. Briefly, the broken local 

spatial symmetry near a grain boundary tunes the binding energy of Au metal, thereby 

stabilizing the *COOH intermediate for CO2RR and boosting the CO formation.  

The regulation of metal-support interactions is another effective strategy for catalyst design. 

Common support/substrate materials for catalytic metals include carbon black (CB), reduced 

graphene oxide (rGO), carbon nanotubes (CNTs), graphitic carbon nitride (C3N4) and 

inorganic metal oxides at the nanometer scale [55, 56]. A charge transfer between the 

catalytic metal and the support can occur due to their electronic difference [57]. The 

interaction between the catalyst and the support has been demonstrated to significantly affect 

the electronic properties on the surface of the catalytic metal, which is closely related to the 

stabilization of intermediates and consequentially the CO selectivity [58, 59]. For instance, 

C3N4 supported Au NPs (Au/C3N4) exhibit an improved CO2RR performance than CB 

supported Au NPs (Au/C) [56]. The structural analysis indicates that the Au surface in 

Au/C3N4 processes abundant electrons donated from N atoms of the C3N4 support, and this 

leads to a negatively charged Au surface. DFT calculations demonstrate that the negatively 

charged Au surface is favorable for the stabilization of the *COOH intermediate. Particularly, 

the metal-oxide interface has been proven to be the active site for CO2 activation and the 

reduction to CO. As shown in Figure 1.4, Au-CeOx exhibits remarkably higher CO FE and 

jCO than Au or CeOx alone [60]. In situ scanning tunneling microscopy and synchrotron-

radiation photoemission spectroscopy reveal that the Au-CeOx interface is dominant in 
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enhancing CO2 adsorption and activation. Likewise, a series of MOx/Ag (M = Cu, Cr, Sn, Bi, 

Pb and Mn) composites with the metal-oxide interfaces display both superior CO activity and 

selectivity than the pure Ag NPs at a relatively positive potential range [61]. 

 

Figure 1.4 Structure and performance of Au-CeOx catalyst. (a) High-resolution TEM image 

of Au-CeOx catalyst. (b) CO FE and (c) geometric jCO over Au, CeOx and Au-CeOx catalysts 

in CO2-saturated 0.1 M KHCO3 solution. Reprinted with permission from Reference [60]. 

Copyright (2017) American Chemical Society. 

1.3.2 Non-noble metal-based catalysts 

Efficient non-noble metal-based catalysts are highly desirable for the large-scale applications 

of electrochemical CO2RR due to their low costs. In recent years, several earth-abundant 

transition metals, metal oxides and chalcogenides have been developed for electrochemical 

CO2RR to CO. Different from noble metals, it is challenging to control the morphologies of 

those non-noble metal-based catalysts. Moreover, the catalyst design principles for non-noble 

metal-based catalysts are normally material-dependent. Therefore, in this section, the 

catalysts are categorized according to the types of non-noble metals. For each type, the main 

factors governing the CO2RR performance are discussed. 
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Cu is the only known metal capable of electrochemically converting CO2 to various 

hydrocarbons and alcohols besides CO. This is ascribed to its strong binding strength with 

the *CO intermediate, which facilitates the further protonation or C−C coupling reaction [9, 

62]. Alloying Cu with other metals has been recognized as the most effective approach to 

breaking the linear scaling relationships, thereby steering the CO2RR to the only product CO. 

The bimetallic Cu catalysts can be classified into two groups according to the dominant 

CO2RR selectivity of the guest metals. The first group is Cu-M bimetallic catalysts, where 

M represents the CO producing metals (i.e., Au, Ag and Pd) [63-67]. In this group, the atoms 

of the guest metal serve as the reactive centers with an enhanced *COOH adsorption ability 

and *CO desorption ability in the presence of Cu [63, 65]. Cu atoms contribute to the activity 

by altering the electronic structure of their neighboring M atoms and/or adjusting the atomic 

arrangement in the active sites. As a result, the CO selectivity of these Cu-M bimetallic 

catalysts rises with increasing content of the guest metal.  

The second group is Cu-N bimetallic catalysts, where N denotes the HCOOH producing 

metals (i.e., In and Sn) [68-74]. In contrast to the first group, a tiny amount of the guest metal 

is typically incorporated into Cu in the second group to achieve the maximum FE of CO. 

Further increasing the content of the guest metal will lead to an improved selectivity of 

HCOOH. Taking Cu core SnO2 shell NPs (Cu/SnO2) as an example (Figure 1.5), the thinner 

SnO2 shell (0.8 nm) results in a remarkably high FE of CO (> 90%), while the thicker (1.8 

nm) shell is more favorable for HCOOH production instead (CO FE < 1%) [70]. The authors 

ascribed the enhanced selectivity of CO over HCOOH to the coexistence of the uniaxial 

compression of the SnO2 shell and the self-doping of Cu atoms diffusing out from the core 

to the shell. However, a more acceptable mechanism is that the interfaces between In/Sn and 
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Cu are the key factors contributing to the high CO selectivity on these bimetallic catalysts 

[69, 73, 74]. These interfaces have been demonstrated to lower the barrier for *COOH 

formation while still granting the facile release of *CO, and weakly adsorb *H and *OCHO 

(the key intermediate for HCOOH production). Consequently, the regulation of these key 

intermediates leads to the improved CO production while suppressing HER and other 

reduced products. 

Zn holds the promise as a potential alternative to noble metals due to its abundance and 

moderate intrinsic selectivity for CO production [75]. However, the catalytic activity of 

polycrystalline Zn is far from being satisfactory, and highly negative potentials are required 

to obtain desirable FEs of CO. Several strategies have been developed for Zn catalysts to 

overcome these limitations. Firstly, it has been recognized that a facet ratio of Zn(101) to 

Zn(002) is closely related to the CO selectivity on Zn catalysts [76-78]. A representative 

study on the sub-microscale hexagonal Zn suggests that the increase in the facet ratio of 

Zn(101) to Zn(002) contributes to a higher FE of CO (85.4% at −0.95 V vs. RHE) as 

compared to Zn foil (25.1% at −0.95 V vs. RHE) [76]. Secondly, introducing catalytically 

more active sites (e.g., edge sites) into the Zn catalysts can significantly improve their 

selectivity and catalytic activity towards CO production [79-81]. For instance, due to a high 

density of edge sites, multilayered Zn nanosheets exhibit an increased FE of CO (86%) and 

a 14-fold higher jCO (5.2 mA cm‒2) than bulk Zn foil at −1.13 V vs. RHE [80]. Lastly, 

constructing porous structures has been demonstrated to remarkably boost the CO2RR 

catalytic activity on Zn catalysts [31, 82]. A highly porous Zn catalyst prepared by an 

electrodeposition method reaches a considerably high jCO of 27 mA cm‒2 at −0.95 V vs. RHE. 
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Figure 1.5 (a) Electron energy loss spectroscopy (EELS) elemental mapping of Cu and Sn 

of a 7/0.8 nm Cu/SnO2 NP. Potential-dependent FEs of all reduction products on (b) Cu/SnO2 

NPs with 0.8 nm shell and (c) Cu/SnO2 NPs with 1.8 nm shell in CO2-saturated 0.5 M KHCO3 

solution. Reprinted with permission from Reference [70]. Copyright (2017) American 

Chemical Society. 

 

Figure 1.6 (a-d) In-situ ATR-IRAS (IRAS with attenuated total reflection mode) analyses of 

CdS-CNTs for CO2RR. The distribution of electron deformation density for CdS(111) (e) 

without sulfur vacancy and (f) with sulfur vacancy. (g-i) DFT calculation results of relative 

energy for possible intermediates during CO2RR on CdS(111) without sulfur vacancy and 
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CdS(111) with sulfur vacancy (Sv) at different potentials. Reprinted with permission from 

Reference [85]. Copyright (2019) Elsevier. 

Recently, Cd-based catalysts have been explored as CO2RR catalysts because of their low 

activity for HER [83]. Cadmium sulfoselenide (CdSxSe1−x) alloyed nanorods were first 

examined by Zeng and co-workers as a CO2RR catalyst for syngas production [84]. The 

results indicate that among the various CdSxSe1−x nanorods, CdS nanorods exhibit the highest 

FE of 81% for CO production with a jCO of 21.9 mA cm‒2 achieved at −1.2 V vs. RHE. 

Hereafter, many experimental and computational studies have been conducted based on CdS 

to achieve selective CO production [85-89]. The high CO selectivity of CdS is associated 

with sulfur vacancies which are in-situ generated on the catalyst surface during the CO2RR, 

as demonstrated by Qin et al. [85]. They performed in-situ infrared reflection absorption 

spectroscopy (IRAS) and DFT calculations on CdS NPs decorated CNTs (CdS-CNTs) 

(Figure 1.6) and concluded that the formation of sulfur vacancies modified the electron 

density of the catalyst surface and decreased the energy barrier for the conversion of *COOH 

to *CO. The beneficial effect of the sulfur vacancies is further confirmed by the studies of 

Li’s group [86, 87]. They proposed that the catalytic activity and CO selectivity on the CdS 

catalysts could be further improved by introducing an appropriate content of surface sulfur 

vacancies. More recently, CdCO3 was reported to selectively convert CO2 to CO at less 

negative potentials (–0.25 to –0.45 V) [90]. However, the current density is still 

unsatisfactory (< 1 mA cm‒2). 

Besides the above catalysts, encouraging CO2RR performance has been achieved in the 

catalyst systems that adopt ionic liquids, instead of aqueous solutions, as the electrolytes. 1-

ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4) is the representative ionic liquid 
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utilized for the electrochemical CO2RR. It has been demonstrated that the [EMIM]+ cations 

in CO2-saturated media can form the [EMIM-CO2]
+ complexes [91]. These [EMIM-CO2]

+ 

complexes could physically adsorb on the negatively charged catalyst and subsequently 

increase the solubility of CO2 [91-93]. Moreover, the [EMIM-CO2]
+ complexes significantly 

lower the energy barrier of the initial electron-transfer process, which consequently lowers 

the overpotential required for the CO2RR to CO [92, 94], as illustrated in Figure 1.7. As an 

outstanding cocatalyst, ionic liquid has been combined with several metals (e.g., Bi [95, 96], 

In [97] and Pb [98]) and metal chalcogenides (e.g., MoS2 [91], WSe2 [93] and MoSeS [99]) 

for highly efficient CO2RR towards CO production. Unfortunately, the high price of ionic 

liquids impedes their commercial use in the CO2RR. 

 

Figure 1.7 Schematic diagram of how the free energy of the system changes during the 

CO2RR to CO in water (solid line) or EMIM-BF4 (dashed line). Reprinted with permission 

from Reference [92]. Copyright (2011) American Association for the Advancement of 

Science. 

1.3.3 Carbon-based catalysts 

Although carbon materials themselves are electrochemically inert for CO2RR, carbon-based 

materials doped with heteroatoms have recently been demonstrated as promising alternatives 
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to metal-based catalysts owing to their natural abundance, good stability and relatively large 

surface area [100]. Moreover, heteroatoms are able to modulate the electronic properties (e.g., 

the charge and spin density) of adjacent carbon atoms and hence, they can be tuned to further 

enhance the CO2RR activity of carbon-based catalysts [100, 101]. Nitrogen is the most 

commonly used atom for incorporation into a carbon network because of its similar size to 

the carbon atom and higher electronegativity. The higher electronegativity of N implies that 

the adjacent carbon atoms are more easily polarized and electrons are attracted toward the N-

doped carbon, resulting in an increased electronic conductivity [102].  

The CO2RR performance over N-doped CNTs was initially evaluated by Ajayan’s group in 

0.1 M KHCO3 solution (Figure 1.8).[103]. The N-doped CNTs exhibit remarkably higher FE 

(80%) for CO production as compared to pure CNTs (< 5%). To further pinpoint the active 

sites, this group conducted an extensive study on the effects of various nitrogen 

functionalities, i.e., graphitic, pyridinic and pyrrolic N defects, on the CO2RR performance 

[104]. The experimental results indicate that the presence of graphitic and pyridinic N defects 

significantly decreases the overpotential and increases the CO selectivity of N-doped CNTs 

in comparison to pristine CNTs. On the contrary, pyrrolic N defects seem to have little  

impact on the CO2RR activity. DFT calculation results suggest that pyridinic N defects retain 

a lone pair of electrons that are capable of binding CO2, thereby promoting the CO2RR. As 

for graphitic N defects, they can lower the energy barrier of *COOH formation in comparison 

to pristine CNTs. A subsequent study on N-doped three-dimensional (3D) graphene foam 

confirms that pyrrolic N is the most active site for the CO2RR [105]. Inspired by these results, 

numerous N-doped carbon-based materials with a high content of pyrrolic N have been 

developed as the CO2RR catalysts and have achieved high CO selectivity, such as quaternary 
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N-doped CNTs [106], N-doped graphene nanoribbon networks [107] and N, F-codoped 

holey carbon layers [108]. 

 

Figure 1.8 (a) EELS element mappings of N and C for N-doped CNTs. (b) Representative 

X-ray photoelectron spectroscopy (XPS) spectrum of N 1s for N-doped CNTs. The N 1s is 

deconvoluted into three peaks representing three different N functionalities. Reprinted with 

permission from Reference [73]. Copyright (2015) American Chemical Society. 

1.4 Current status and remaining challenges 

To date, nanostructured noble metals, including Au, Ag and Pd, are the most selective and 

efficient catalysts for the CO2RR towards CO production. The noble metal-based catalysts 

are able to strongly bind the *COOH intermediate and thus lower the energy barrier for CO2 

activation, while weakly binding the *CO to facilitate the release of CO products. As a result, 

these catalysts deliver high FEs of CO (> 90%) at less negative potentials (> −1.0 V), together 

with good catalytic activities (jCO) and stability. However, their scarcity and high costs 

inevitably limit their large-scale applications. Therefore, it is imperative to develop 

inexpensive catalysts with the CO2RR performance comparable to the noble metal-based 

catalysts. 
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In response, various non-noble metal-based materials and carbon-based materials have been 

explored as the CO2RR catalysts for selective CO production. In particular, Zn- and Cd-based 

catalysts exhibit good CO selectivity (FE > 80%) in aqueous solutions, endorsing them as 

promising alternatives to noble metals. However, some problems still remain and further 

research work needs to be conducted on the Zn- and Cd-based catalysts. For example, there 

is a controversy about whether the Zn(101) crystal facets govern the CO2RR process on Zn 

catalysts, since the Zn(101) facets are not exposed and the role of the catalysts’ shape has not 

been identified. The remaining issues regarding Zn- and Cd-based catalysts are summarized 

as follows: 

(1) Highly negative potentials (< −1.0 V) are generally required for Zn- and Cd-based 

catalysts to obtain considerable CO selectivity, thus significantly decreasing the energy 

efficiency of CO2RR; 

(2) It remains as a challenge for Zn- and Cd-based catalysts to simultaneously achieve high 

jCO and FE of CO;  

(3) The roles of the structure and morphology as well as the local environment of catalysts 

on the CO2RR performance over Zn- and Cd-based catalysts have not been fully understood. 

Based on the above remaining challenges, the research objectives of this thesis are listed 

below: 

(1) To rationally design Zn- and Cd-based architectures to simultaneously achieve high jCO 

and FE of CO at less negative potentials; 

(2) To investigate the effects of structure, morphology and local environment on the CO2RR 

performance over Zn- and Cd-based catalysts. 
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Chapter 2. Methodologies and Characterizations 

2.1 The specifications of chemicals and gases 

Zinc foil (0.25 mm of thickness, 99.95%), zinc chloride (anhydrous, 99.95%), cadmium 

acetate dihydrate (98%), cadmium carbonate (99+% powder), cadmium nitrate tetrahydrate 

(98.5%), sodium bicarbonate and sodium hydroxide (97%), polyvinylpyrrolidone (average 

Mw 58,000) and Nafion® N-117 membrane (0.18 mm of thickness) were all purchased from 

Alfa Aesar. Hydrogen peroxide solution (30 wt% in H2O), zinc acetate dihydrate (≥ 98%), 

carbon nanofibers (diameter of ~ 100 nm), potassium phosphate dibasic (≥ 98%), potassium 

perchlorate (≥ 99%), and Nafion perfluorinated ion-exchange resin solution (5 wt% in 

mixture of lower aliphatic alcohol and H2O) were purchased from Sigma-Aldrich. Potassium 

bicarbonate (> 99.99%), isopropanol, and ethanol were purchased from Fisher Scientific 

Company. Carbon papers (Toray TGP-H-060) were purchased from Toray Industries Inc. 

Deionized water was taken from a Millipore Autopure system. All chemicals are of analytical 

grade and used without further purification. Hydrogen (99.995%), argon (99.998%), 

compressed air (extra dry) and carbon dioxide (99.99%) were purchased from Prexair. 

2.2 Materials synthesis 

2.2.1 Synthesis of hexagonal Zn nanoplates 

To synthesize hexagonal Zn nanoplates (H-Zn-NPs), flower-like ZnO clusters were firstly 

prepared by a cathodic electrochemical deposition method in a three-electrode 

electrochemical cell. A Zn foil (1.0 × 1.5 cm2), a saturated calomel electrode (SCE) and a Pt 

sheet were used as the working, reference and counter electrodes, respectively. The 
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electrolyte was prepared by adding 80 μL of H2O2 solution (30 wt% in H2O) to 150 mL of a 

16 mM ZnCl2 aqueous solution at 80 °C under stirring condition. Prior to the deposition, the 

Zn foil was mechanically polished and then ultrasonically cleaned in acetone and deionized 

water. A potential of ‒1.4 V vs. SCE was applied on the cleaned Zn substrate for 30 min 

while maintaining the bath temperature at 80 °C. After the deposition, the prepared black 

ZnO clusters were immediately rinsed with deionized water and dried in air. The prepared 

flower-like ZnO clusters were then electrochemically reduced at ‒0.96 V vs. RHE for 30 min 

in CO2-bubbled 0.1 M KHCO3 solution to obtain the H-Zn-NPs. 

To clarify the shape effect on the catalytic activity of H-Zn-NPs for CO2RR, similarly sized 

Zn nanoparticles (S-Zn-NPs) were also prepared by reducing spherical-like ZnO 

nanoparticles under identical conditions. The spherical-like ZnO nanoparticles were 

synthesized by annealing ground zinc acetate dihydrate in an alumina crucible at 600 °C for 

3 h. Then, a homogeneous ink prepared by mixing the obtained white ZnO powder, ethanol 

and 5 wt% Nafion solution was subsequently loaded on a clean Zn foil and dried in air. To 

prevent oxidation, the obtained Zn samples were directly used for electrochemical 

measurements or immediately transferred and characterized. 

2.2.2 Synthesis of CdCO3 NPs decorated CNFs 

CdCO3 NPs decorated carbon nanofibers (CdCO3-CNFs) were constructed to increase the 

catalytic activity through a strong catalyst-support interaction. 0.5 g of CNFs were heated at 

70 °C for 4 h in the solution containing 12.5 mL of 70% nitric acid and 37.5 mL of 96% 

sulfuric acid. The products were repeatedly washed with deionized water by filtration until 

the washing water was neutral and then dried overnight in an oven at 60 °C. The acidic 

treatment creates oxygen functional groups on the surface of CNFs, which are necessary to 
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better anchor the particles of catalysts [1]. 0.05 g of the pretreated CNFs were dispersed in 

18 mL ethanol with ultrasonication for 20 min to obtain solution A, while 1.0 mmol cadmium 

acetate dihydrate was dissolved in 2 mL deionized water under stirring to get solution B. 

Then, solution A was added dropwise to solution B under vigorous stirring. After continually 

stirring for about 30 min, CO2 was pumped into the mixture at a flow rate of 20 mL min‒1 

for 15 min. The products were collected through filtration and washed with deionized water 

and ethanol, and then dried at 60 °C. The sample is denoted as CdCO3-CNFs.  

To investigate the influence of the amount of Cd source on the CO2RR performance, three 

additional samples were prepared by the same method except that 0.5, 1.5 and 2.0 mmol of 

cadmium acetate dihydrate were added. The sample prepared by the above method without 

adding CNFs is denoted as CdCO3 NPs. To clarify the effect of the catalyst-support 

interaction on the CO2RR performance, the sample synthesized by substituting CNFs with 

carbon black (CB, VXC-72R) is also prepared and denoted as CdCO3-CB. 

2.2.3 Synthesis of in-situ grown CdCO3 

Firstly, CdO porous nanosheets (PNSs) were prepared. 5 mL of NaOH (2 M) solution was 

added dropwise to 30 mL of 0.1 M Cd(NO3)2 solution under continuous stirring. After 30 

min of stirring, the obtained mixture (pH = ~12) was transferred to a water bath and heated 

for 12 h at 60 °C. The white precipitate was collected through filtration, washed with 

deionized water and ethanol, and then dried at 60 °C. Finally, the sample was annealed at 

400 °C in air for 2 h. The as-synthesized CdO PNSs were then loaded on carbon paper to 

fabricate the working electrode. Before electrochemical CO2RR measurements, the 

fabricated electrode was pretreated to obtain in-situ grown CdCO3 (i-CdCO3) by applying a 
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constant potential of −1.26 V vs. RHE for 90 min in CO2-bubbled 0.1 M KHCO3 electrolyte 

till the steady current was obtained. 

For comparison, similarly sized CdCO3 (s-CdCO3) was prepared as follows. 0.154 g of 

Cd(NO3)2·4H2O and 1 g of polyvinylpyrrolidone (average Mw ~58,000) were dissolved in 

30 mL of deionized water to form a clear solution [2]. Then, 20 mL of 5 mM NaHCO3 

solution was added dropwise to the obtained mixture and stirred for 1 h at room temperature. 

The product was washed and collected by filtration and then dried at 60 °C overnight. 

2.3 Materials characterizations 

X-ray diffraction (XRD): The crystalline structures of catalysts were identified by XRD using 

a Rigaku Rotaflex Cu Kα radiation at 40 kV, 44 mA) and the diffraction patterns are analyzed 

using Jade 6.0 software. 

Scanning electron microscopy (SEM): The microstructures and morphologies were observed 

using a high-resolution Zeiss Sigma field emission scanning electron microscopy (FE-SEM) 

equipped with an energy-dispersive spectroscopy (EDS) detector. 

Transmission electron microscopy (TEM): The TEM characterization was performed using 

a JEOL JEM-ARM200CF electron microscopy equipped with an EDS detector. TEM with a 

cold field emission gun was operated at an accelerating voltage of 200 kV. Images were 

achieved using a Gatan digital imaging system through Digital Micrograph software. 

X-ray photoelectron spectroscopy (XPS): XPS was employed to investigate the surface 

chemical states of catalysts using Kratos AXIS Ultra with monochromatic Al Kα source (hν 
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= 1486.6 eV). The binding energies of XPS spectra were calibrated by referencing to the 

adventitious C 1s peak at 284.8 eV. 

Ultraviolet photoelectron spectroscopy (UPS): The work functions of catalysts were 

measured by UPS using the Kratos AXIS Ultra with He I source (hv =21.2 eV) at ‒10 V. 

CO2/N2 adsorption/desorption: The CO2 adsorption isotherms were measured using an 

Autosorb iQ apparatus. The pore size of CdO PNSs was measured by N2 

adsorption/desorption method using the same apparatus. 

Thermalgravimetric analysis (TGA): The weight losses of CdCO3 NPs and CdCO3-CNFs 

were determined by TGA on a TA SDT Q600 instrument at a heating rate of 5 °C min‒1 from 

room temperature to 900 °C in air. 

2.4 Electrochemical measurements and product analysis 

Electrochemical measurements, including linear sweep voltammetry (LSV), potentiostaic 

tests and cyclic voltammetry (CV), were conducted in an H-cell separated by Nafion 117 

membrane. A Solartron 1255 frequency response analyzer and a Solartron 1286 

electrochemical interface instrument were used in the work about H-Zn-NPs, while an 

Autolab electrochemical workstation was employed in the studies on CdCO3-CNFs and i-

CdCO3.  

The schematic diagram of the H-cell is shown in Figure 2.1. A platinum plate and a SCE 

were used as the reference and the counter electrodes, respectively. The catalysts coated Zn 

foils were used as the working electrodes in the study on H-Zn-NPs. The typical preparation 

procedure of working electrodes in the study on CdCO3-CNFs is described below. 5 mg of 
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as-prepared catalysts were dispersed in 1 mL of a mixed solvent containing 700 μL 

isopropanol, 250 μL deionized water and 50 μL of 5 wt% Nafion solution, followed by 

ultrasonic treatment for 2 hours to form a homogeneous suspension. Next, 50 μL of the 

mixture was spread on a carbon paper (0.5×1 cm2) and then dried at room temperature before 

testing. The working electrodes in the study on i-CdCO3 were prepared by a similar procedure 

except that 1 mg of catalysts and 4 mg CB were dispersed in 1 mL of the mixed solvent, and 

50 μL of the mixture was spread on a carbon paper (0.5×1 cm2). 

0.1 M KHCO3 (pH = 6.8) was utilized as the electrolyte in the studies on H-Zn-NPs and i-

CdCO3, while 0.5 M KHCO3 (pH = 7.2) was employed in the work on CdCO3-CNFs. To 

remove the oxygen in the electrolyte, the bicarbonate solution was bubbled with CO2 at a 

flow rate of 20 mL min‒1 for 30 min until saturated before the tests. During the CO2RR, CO2 

was continuously bubbled through the electrolyte to maintain the CO2-saturated state. All the 

applied potentials are referred to the reversible hydrogen electrode (RHE) using the equation: 

Potential (vs. RHE)=Potential (vs. SCE)+0.241 V+0.0592×pH V   (2.1) 

 

Figure 2.1 Schematic diagram of the H-cell. 

The gaseous products from the cathode compartment were analyzed using a gas 

chromatography (GC, Agilent 6890N) connected directly to the electrochemical cell. The GC 
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was equipped with a packed bed column (HaySep D) operated at 80 °C with Ar as carrier 

gas. The gaseous products, H2, CH4 and CO, were separated in a molecular sieve column 

(Alltech, part no. 57732) and detected by a thermal conductivity detector, while CO2 and 

hydrocarbons flowed through a HaySep column (Alltech, part no. 14487) and detected by a 

flame ionization detector. The formic acid was analyzed using ion chromatography (IC, 850 

Professional IC-AnCat-MCS) equipped with a Metrosep Organic Acids-250/7.8 column. The 

eluent was 0.5 mmol L‒1 sulfuric acid mixed with 10% acetone with the standard flow rate 

of 0.5 mL min‒1. 

2.5 Electrochemically active surface area measurement 

The electrochemically active surface area (ECSA) of catalysts were calculated by the 

following equation: 

ECSA = Rf×S       (2.2) 

where S stands for the real surface area of the smooth metal electrode, which is generally 

equal to the geometric area of the substrate (Zn foil or carbon paper). The roughness factor 

Rf was estimated from the ratio of double-layer capacitance (Cdl) for the working electrode 

and the corresponding smooth catalyst. The Cdl was determined by measuring the capacitive 

current associated with double-layer charging from the scan-rate dependence of cyclic 

voltammetry (CV). In Chapter 3, CV was performed on the Zn catalysts at various scan rates 

of 20, 40, 60, 80, 100 and 120 mV s–1 in an Ar-bubbled 0.5 M Na2SO4 electrolyte. The CV 

potential range was selected from –1.13 to –1.23 V vs. SCE. In Chapter 4 and 5, CV was 

performed on the electrodes at various scan rates of 10, 20, 40, 60, 80, and 100 mV s–1 in a 

CO2-bubbled KHCO3 solution. The CV potential range was selected from –0.2 to –0.3 V vs. 

SCE. The Cdl was estimated by plotting the ∆j = (ja – jc) at –1.18 V (Chapter 3) or –0.25 V 
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(Chapter 4 and 5) vs. SCE (where ja and jc are the anodic and cathodic current densities, 

respectively) as a function of the scan rate. The linear slope is twice of the Cdl. 
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Chapter 3. Hexagonal Zn Nanoplates Enclosed by Zn(100) and 

Zn(002) Facets for Highly Selective CO2 Electroreduction to CO 

Abstract: Electrochemical reduction of CO2 (CO2RR) to carbon-neutral fuels is a promising 

strategy for renewable energy conversion and storage. However, developing earth-abundant 

and cost-effective electrocatalysts with high catalytic activity and desirable selectivity for 

target fuel is still challenging and imperative. Herein, hexagonal Zn nanoplates (H-Zn-NPs) 

enclosed by Zn(100) and Zn(002) facets were successfully synthesized and studied for their 

feasibility toward CO2RR. Compared with the similarly sized Zn nanoparticles (S-Zn-NPs), 

the H-Zn-NPs exhibit remarkably enhanced current density, together with an improved CO 

Faradaic efficiency (FE) of over 85% in a wide potential window, where a maximum FE of 

94.2% is achieved. The enhancement in CO2RR performance benefits from the substantial 

catalytically active sites introduced by the special architecture of H-Zn-NPs. Density 

functional theory calculations reveal that the exposed Zn(100) facets and edge sites on H-Zn-

NPs are energetically favorable for CO2RR to CO, which directly results in the enhanced 

CO2RR performance. This study undoubtedly provides a straightforward approach to 

controlling the catalytic activity and selectivity of CO2RR through tuning the shape of Zn-

based catalysts, so as to maximize the percentage of exposed Zn(100) facets. 

3.1 Introduction 

The global warming and adverse climate changes caused by the greenhouse gas effect have 

triggered worldwide efforts to reduce atmospheric CO2 concentration in a sustainable manner 

[1, 2]. Electrochemical CO2 reduction reaction (CO2RR) has been recognized as an attractive 

strategy to mitigate CO2 emissions and enable the conversion of CO2 to valuable fuels (e.g., 
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CO, HCOOH, and CH4), especially when integrated with the utilization of intermittent 

energy sources (e.g., solar, wind and tidal energy) [3, 4]. However, a high overpotential is 

generally required to initiate CO2RR due to the thermodynamic stability of CO2 molecules 

[5]. Concurrently, the kinetically preferable hydrogen evolution reaction (HER) invariably 

competes with CO2RR in aqueous electrolytes, which further decreases the CO2RR activity 

and the selectivity of target products [4]. Therefore, it is imperative to search for highly active 

and selective catalysts to enable the electrochemical CO2RR with low overpotentials. 

Nanostructured noble metals, such as Au [6-8], Ag [9-11] and Pd [12, 13], have been reported 

as the benchmarking electrocatalysts to selectively convert CO2 to CO. However, the scarcity 

and the associated high cost of noble metals inevitably limit their large-scale applications. 

Among the possible candidate non-noble metals in replacement of the noble metals 

mentioned above, Zn holds the promise as a potential alternative to noble metals due to its 

earth-abundance and intrinsic selectivity for CO production [14]. Nevertheless, the CO2RR 

performance over Zn catalysts is still unsatisfactory, especially in bicarbonate electrolytes 

[15-20]. Currently, the shape effects of various nanostructures (Au- [6, 7], Ag- [9] and Cu-

based [21] catalysts), which can significantly influence the CO2RR activity and selectivity, 

have been identified. However, the effect of shape on CO2RR over Zn catalysts remains 

unclear. To this end, several Zn architectures (e.g., dendritic Zn [15], hexagonal Zn [16], and 

porous Zn [17] structures) have been investigated, and demonstrated to show enhanced 

catalytic activity and CO selectivity as compared to their bulk counterparts. Particularly, a 

representative study about sub-microscale hexagonal Zn claims that the increase in crystal 

facet ratio of Zn(101) to Zn(002) contributes to a higher CO Faradaic efficiency (FE) as 

compared to Zn foil [16]. However, the morphological evidence provided for this claim may 
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not be sufficient, and meanwhile, the specific role of the hexagonal shape in the selectivity 

improvement still needs to be explored. Moreover, as of this writing, there are few reports 

about CO2RR activity based on nanoscale Zn catalysts, and the structural and morphological 

features of Zn nanostructures that govern the CO2RR process have not been fully understood. 

Therefore, experimental and computational work is still needed to clarify the effect of 

morphology on CO2RR activity and selectivity over structurally well-defined Zn 

nanostructures, so as to provide a feasible strategy for designing highly active and selective 

non-noble metal-based catalysts for CO2RR. 

In this study, flower-like ZnO clusters were synthesized by an electrodeposition method and 

then electrochemically reduced to metallic hexagonal Zn nanoplates (H-Zn-NPs) for CO2RR. 

The H-Zn-NPs are found to efficiently promote CO2RR toward CO production with 

improved catalytic activity, good stability and remarkably high CO selectivity of over 85% 

in a broad potential range. DFT calculations reveal that the exclusive hexagonal Zn 

nanostructure offers an increased number of Zn(100) and edge atoms that are active for 

CO2RR to CO. 

3.2 Results and discussion 

Figure 3.1a illustrates the schematic diagram of the evolution process of the H-Zn-NPs 

formation accompanied by the morphologies of ZnO clusters and H-Zn-NPs. Briefly, the 

flower-like ZnO clusters on a Zn foil with sharp petals were first achieved through 

electrodepositing a solution containing ZnCl2 and H2O2, followed by the electrochemical 

reduction of ZnO clusters to the final H-Zn-NPs (Figures S3.1 and S3.2, see Section 3.5 for 

the supporting figures and tables). SEM, XRD and XPS were employed to demonstrate the 
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morphology and structure evolution of ZnO clusters to H-Zn-NPs. Apparently, the final H-

Zn-NPs are composed of randomly oriented nanoplates with an average diagonal length of 

about 155 nm (Figure S3.3). The H-Zn-NPs show a highly porous structure, which ensures a 

substantial number of active sites, while the XRD patterns (Figure S3.4) demonstrate the 

reduction of wurtzite ZnO (JCPDS 80-0074) to pure hexagonal close-packed Zn (JCPDS 87-

0713). This is further validated by XPS results, since Zn 2p peaks shift towards lower binding 

energies after the reduction process (Figure S3.5). 

 

Figure 3.1 (a) Schematic diagram of the synthesis process for H-Zn-NPs; (b) low- and (c) 

high-resolution TEM images of H-Zn-NPs, the inset in b shows a schematic diagram of a 

typical hexagonal nanoplate; (d) the corresponding FFT pattern; (e) scanning TEM image 

and (f-h) the corresponding EDS mappings showing the elemental distribution of Zn and O 

(scale bar: 30 nm). 
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To acquire the structural property of H-Zn-NPs, TEM equipped with an EDS detector was 

performed and the image is shown in Figure 3.1b. Clearly, the TEM image of a typical 

hexagonal nanoplate shows a characteristic angle of 120°, well confirming the hexagonal 

nanostructure. A closer inspection of the high-resolution TEM image (Figure 3.1c) finds that 

the interplanar d-spacing value is 0.231 nm, which accords with the value for the (100) plane 

of hexagonal Zn crystal [18]. Besides, the well-ordered fast Fourier transformation (FFT) 

pattern (Figure 3.1d) further implies the pure crystalline structure of the as-prepared H-Zn-

NPs, and the [002] zone axis indicates that the exposed hexagonal facet is Zn(002). Based on 

the hexagonal symmetry, it can be concluded that the prepared H-Zn-NPs are bounded by 

(100) and (002) facets. The EDS mappings (Figure 3.1e‒h) further verify that no oxygen-

containing species were formed on the nanoplate since the nanoplate and carbon substrate 

show almost the equivalent oxygen signals without distinguishable contrast. Likewise, XPS 

analysis indicates the identical surface chemical states of H-Zn-NPs and Zn foil since no 

obvious shifts of Zn 2p peaks are observed (Figure S3.5). The evidence collectively 

demonstrates the successful preparation of H-Zn-NPs without any impurity. 

Using Zn foil as the reference, the electrocatalytic activity of H-Zn-NPs was evaluated in 

CO2- or Ar-saturated 0.1 M KHCO3 electrolyte within a custom-built cell separated by a 

Nafion 117 membrane. The cathodic polarization curves of all catalysts were recorded by 

linear sweep voltammetry (LSV) at a scan rate of 20 mV s‒1; all the applied potentials 

hereafter are with reference to the reversible hydrogen electrode (RHE). The current densities 

were calculated based on geometric area of the catalysts. To convincingly clarify the shape 

effect on the catalytic activity of H-Zn-NPs for CO2RR, identical measurements were also 

conducted on similarly sized Zn nanoparticles (S-Zn-NPs; Figure S3.3). Remarkably, all 
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catalysts show comparably higher current densities in CO2-saturated media than in Ar-

saturated media (Figure S3.6), indicating their activities for CO2RR. Moreover, H-Zn-NPs 

exhibit a current density of 14.3 mA cm‒2 at ‒1.26 V, which is roughly 2-fold higher than 

that of Zn foil and 4.5 mA cm‒2 higher than that of S-Zn-NPs in the CO2-saturated electrolyte 

(Figure 3.2a), suggesting that the enhanced catalytic activity over H-Zn-NPs may originate 

from the shape-controlled hexagonal nanostructures. 

However, the current densities acquired from the LSV curves are not entirely derived from 

CO2RR due to the simultaneous occurrence of HER during electrolysis. To distinguish 

CO2RR and HER on H-Zn-NPs, potentiostatic CO2 electrolyses were performed at potentials 

ranging from −0.66 to −1.26 V, and each potential was applied for 25 min (Figure S3.7). The 

gaseous products were quantitatively analyzed using an online gas chromatograph (GC) for 

3 times (every 8 min) at each potential to obtain the average values. The results show that 

CO and H2 are the only two products with a total FE of 98.8±1.5% over the entire potential 

range (Figure S3.8). Figure 4.2b exhibits the CO FEs as a function of potential. Apparently, 

H-Zn-NPs manifest the highest CO FE throughout the measured potential range and reach a 

remarkably higher maximum CO FE of 94.2% at –0.96 V as compared to S-Zn-NPs (71.5% 

at –0.96 V) and Zn foil (43.1% at –1.06 V). Additionally, H-Zn-NPs have a CO FE of 58.7% 

at the potential of −0.66 V, only 0.55 V higher than the theoretical equilibrium potential of 

−0.11 V [4], whereas the CO FEs of S-Zn-NPs and Zn foil are about half and one-quarter of 

the value, respectively. This indicates that the selectivity of CO2RR is significantly enhanced 

by the well-designed H-Zn-NPs. More importantly, H-Zn-NPs exhibit considerably high 

selectivity with FEs over 85% for CO formation in a wide potential window ranging from –

0.76 to –1.26 V. This evidence makes H-Zn-NPs stand out among the state-of-the-art Zn-
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based catalysts, since such a high selectivity has not been either achieved or observed 

previously in a broad potential window on these catalysts in bicarbonate electrolytes (Figure 

3.2c and Table S3.1) [15-20, 22-24]. 

 

Figure 3.2 (a) LSV results in Ar- or CO2-saturated 0.1 M KHCO3 electrolyte; (b) CO FEs of 

Zn foil, S-Zn-NPs and H-Zn-NPs at various potentials; (c) comparison of overpotential-

dependent CO FEs measured in bicarbonate electrolytes over H-Zn-NPs and other state-of-

the-art Zn-based catalysts, including Zn dendrites [15], hexagonal Zn [16], porous Zn [17], 

multilayered Zn nanosheets [18], nanoscale Zn [19], reduced Zn [20], Zn nanoflakes [22], 

Zn94Cu6 foam [23], and 6.8 nm Zn nanoparticles [24]; (d) stability test for H-Zn-NPs at a 

potential of ‒0.96 V. The current densities shown in this figure were all calculated based on 

geometric area. 
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As another crucial criterion, the stability of H-Zn-NPs was examined by conducting 

electrolysis at a fixed potential of –0.96 V over an extended period of 12 h (Figure 3.2d). The 

recorded current density is slightly increased during the stability test. This variation may be 

attributed to the dissolution and redeposition of H-Zn-NPs during the prolonged operation, 

since dissolved Zn2+ has been identified to promote the reduction of CO2 to CO [15, 25]. The 

crystal structure and the chemical state of H-Zn-NPs remain unchanged after the stability test, 

while a decrease in angular sharpness and the formation of small particles were observed 

(Figure S3.9). These evidences further confirm the dissolution and redeposition of Zn [25, 

26]. In contrast, the product selectivity exhibits negligible degradation with CO FE remaining 

over 90%. This may be a compromise between morphological degradation and the formation 

of new active sites due to the redeposition of Zn [25, 26]. Additionally, the stability of H-Zn-

NPs has been improved as compared to that of Zn foil (Figure S3.10). Therefore, H-Zn-NPs 

possess great potential as a promising CO2RR electrocatalyst with superior CO selectivity 

and good stability. 

To clearly reveal the shape effect on the CO2RR catalytic activity, the CO partial current 

densities (jCO) of various Zn catalysts were calculated (Figure 3.3a) based on steady-state 

current densities and CO FEs at various potentials. At the potential of ‒1.26 V, a jCO of 12.9 

mA cm-2 is obtained on H-Zn-NPs, which is about 2.7- and 5.1-fold higher than those on S-

Zn-NPs and Zn foil, respectively. Moreover, the overpotential required for H-Zn-NPs to 

achieve a jCO of ~2 mA cm-2 shifts positively by 0.15 V and 0.35 V as compared to those for 

S-Zn-NPs and Zn foil, respectively (Figure S3.11). The differences in jCO and overpotential 

suggest that the catalytic activity for CO2RR is significantly promoted by the distinctive 

hexagonal nanostructures. Remarkably, the jCO values of H-Zn-NPs are larger than those of 
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most reported Zn-based catalysts measured under similar conditions (Table S3.1) [17, 22, 

24]. To exclude the influence of the surface area on the catalytic activity, the 

electrochemically active surface areas (ECSAs) of all catalysts were determined by 

measuring double-layer capacitance (Cdl, see Section 2.5 for details). The measured Cdl 

values of Zn foil, S-Zn-NPs and H-Zn-NPs are 0.335, 0.750 and 1.105 mF cm-2, respectively 

(Figure S3.12). Therefore, the ECSA for H-Zn-NPs is estimated to be roughly 1.5 and 3.3 

times higher than those for S-Zn-NPs and Zn foil. Therefore, the specific catalytic activity of 

H-Zn-NPs is calculated to be approximately 1.8-fold higher than that of S-Zn-NPs, implying 

the presence of intrinsically more active sites introduced by the special shape of H-Zn-NPs. 

This evidently confirms the shape-driven enhanced activity of H-Zn-NPs for CO2RR. 

As a critical parameter to evaluate conversion efficiency from electrical energy to target 

product at various overpotentials, the energy efficiencies (EEs) of all catalysts were 

calculated to further demonstrate the superiority of the shape-controlled H-Zn-NPs. The 

higher FE of H-Zn-NPs towards CO production, together with the comparatively lower 

overpotential, leads to remarkably higher EEs than S-Zn-NPs and Zn foil over the entire 

potential range (Figure 3.3b). Moreover, a maximum EE of 59.0% is achieved on H-Zn-NPs 

at a considerably low overpotential of 0.75 V, which outperforms most of the non-noble 

metal-based systems towards CO formation [3, 27, 28], and is even comparable with noble 

metal catalysts such as Pd nanoparticles [12] and triangular Ag nanoplates [9] (Table S3.2). 

To gain deep insights into the reaction kinetics on the Zn catalysts, ECSA-corrected Tafel 

plots were explored, and the results are presented in Figure 3.3c. In contrast to the Tafel 

slopes of 148 mV dec‒1 on S-Zn-NPs and 156 mV dec‒1 on Zn foil, a lower Tafel slope of 

132 mV dec‒1 is found on H-Zn-NPs, more closer to the theoretical value of 118 mV dec‒1 
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for the initial one-electron transfer process [8]. This implies that the rate-determining step for 

CO2RR over the Zn catalysts is the reduction of the adsorbed CO2 to the key CO2
•− 

intermediate, which normally requires high energy to change the polar of CO2 molecules [29, 

30]. Hence, the lowered Tafel slope of H-Zn-NPs is indicative of a promoted kinetics for the 

generation of CO2
•− intermediate, as further confirmed by the results of electrochemical 

impedance spectroscopy (EIS) measurements in Figure 3.3d. As seen, the high-frequency 

intersections with the x-axis of all Nyquist plots are quite close, which means that the ohmic 

resistances (Rs, mainly from electrolyte and contact resistances) are reproducible in this study. 

The radius of Nyquist plots for H-Zn-NPs is apparently smaller than those for S-Zn-NPs and 

Zn foil, suggesting their lower charge-transfer resistance (Rct, see Table S3.3 for fitted 

parameters) and thus a faster electron transfer process. Based on the above evidence, it is 

clear that the H-Zn-NPs could greatly promote the shape-dependent reaction kinetics for 

CO2RR, leading to the highly active and selective CO2RR. 

The origins credited for the enhanced CO2RR performance of H-Zn-NPs were further 

explored to better understand the reaction mechanism. The special architecture of H-Zn-NPs 

introduces more catalytically active sites relative to S-Zn-NPs and Zn foil, as inferred by the 

increased ECSA (Figure S3.12) [17]. This subsequently endows H-Zn-NPs with increased 

CO2 adsorption capacity, as evidenced by the CO2 adsorption isotherms in Figure 3.4a. 

Specifically, the amount of adsorbed CO2 over H-Zn-NPs at 1 atm (1.97 cm3 g‒1) is 

approximately 1.5 and 3 times higher than that over S-Zn-NPs (1.35 cm3 g‒1) and that over 

Zn foil (0.66 cm3 g‒1), respectively. Given the fact that CO2 adsorption is the prerequisite for 

CO2RR in aqueous media [31], the significantly increased CO2 adsorption capacity of H-Zn-

NPs ensures enough reactants for CO2RR without serious concentration polarization. 
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Additionally, the work functions of H-Zn-NPs, S-Zn-NPs and Zn foil were determined by 

ultraviolet photoelectron spectroscopy (UPS; Figure S3.13). The results in Figure 3.4b 

indicate an obviously lower work function of H-Zn-NPs (3.66 eV) as compared to those of 

S-Zn-NPs (3.77 eV) and Zn foil (3.78 eV). The superior electronic properties of H-Zn-NPs 

contribute to a faster electron transfer [32], which is in good agreement with the EIS results. 

The adsorbed CO2 is thus quickly reduced to CO2
•− intermediate, which consequently results 

in the enhanced CO2RR activity. 

 

Figure 3.3 (a) Partial current densities (calculated based on geometric area) of CO at various 

potentials; (b) EE of Zn foil, S-Zn-NPs and H-Zn-NPs at various overpotentials; (c) Tafel 

plots of Zn foil, S-Zn-NPs and H-Zn-NPs and (d) Nyquist plots obtained at -0.96 V. 

To further uncover the origins for the enhanced catalytic activity and high CO selectivity of 

H-Zn-NPs, DFT calculations were performed (see Section 3.5.1 for calculation details). It is 
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well accepted that the reduction of CO2 to CO mainly involves the following three elementary 

steps in aqueous media [6, 17]: 

CO2(g) + * + H+(aq) + e- → *COOH    (3.1) 

*COOH + H+(aq) + e- → *CO + H2O(l)    (3.2) 

*CO → CO(g) + *      (3.3) 

where * denotes a catalytically active site. A highly selective catalyst for CO2RR to CO 

should possess the catalytically active sites that can strongly bind *COOH to promote the 

second reduction step, but weakly adsorb the obtained *CO for product liberation. 

Meanwhile, the catalyst is also required to exhibit low binding affinity with *H to inhibit the 

competitive HER. From this perspective, the binding energies of the key intermediates, i.e., 

*COOH, *CO and *H, on the exposed Zn(100) and Zn(002) facets along with the edge and 

corner sites were calculated at ‒0.66 V (Figure S3.14 and Table S3.4). The Gibbs free energy 

(∆G) diagrams for CO2RR and HER were then constructed based on the computational 

hydrogen electrode model [33]. As shown in Figure 3.4c, the formation of *COOH (step 1) 

encounters large uphill energy barriers on Zn (100) and Zn(002) facets and hence, it is the 

rate-determining step for CO2RR on the Zn facets. In contrast, *COOH is very stable on edge 

and corner sites with their respective energy releases of -0.31 and -0.01 eV due to the high 

binding affinities of low-coordinated atoms for the key intermediate (Table S3.5). It is 

inferred that bulk Zn requires a higher overpotential to initiate the CO2 activation as 

compared to Zn nanostructures with a high density of edge and corner sites. However, the 

corner sites tend to overbind *CO and consequently decrease the product liberation rate. 

Moreover, they are more favorable for HER considering the much lower ∆G of *H (Figure 

S3.15) relative to that of *COOH (Figure 3.4c). On the other hand, the edge sites are 
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preferable for CO2RR to CO due to the lower ∆G of *CO relative to the ∆G of *H. Therefore, 

the well-recognized design principle for noble metals, i.e., increasing edge-to-corner ratio to 

enhance the CO2RR activity and selectivity [6, 9, 34], is also applicable to Zn catalysts. 

 

Figure 3.4 (a) CO2 adsorption isotherms and (b) work functions of Zn foil, S-Zn-NPs and H-

Zn-NPs; (c) Free energy diagrams for CO2RR to CO on Zn(002), Zn(100), edge and corner 

sites at ‒0.66 V and (d) calculated PDOS of the surface Zn atoms of Zn(002) and Zn(100) 

facets. 

Attention should also be paid to the Zn(100) and Zn(002) facets, which are predominant on 

the surface of H-Zn-NPs. The increase in ∆G for the formation of *COOH on Zn(100) facet 

is much lower than that on Zn(002) facet, indicating a higher catalytic activity of Zn(100) for 

CO2RR. Furthermore, the partial densities of states (PDOS) of the surface atoms of Zn(100) 

and Zn(002) facets were calculated to determine the d-band center, as shown in Figure 3.4d. 
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It has been proven that the higher the d-band center relative to Fermi energy (EF) level, the 

higher in energy the antibonding states are, and then the stronger the adsorption bond [35]. 

It is apparent that the d-band center of the surface Zn atom of Zn(100) is considerably higher 

than that of Zn(002). This demonstrates that Zn(100) has a stronger binding ability to the key 

intermediates, which thus results in lower free energy changes for CO evolution than that of 

Zn(002). Notably, H-Zn-NPs possess a higher percentage of exposed Zn(100) atoms as 

compared to S-Zn-NPs surrounded by all facets. The unique hexagonal shape of H-Zn-NPs 

points to the increased catalytic activity and CO selectivity, which is in good agreement with 

the experimental results. 

Therefore, the superior CO2RR performance of H-Zn-NPs collectively benefits from the 

enlarged ECSA, the lowered work function and the increased number of catalytically active 

sites that facilitate the CO2RR to CO. According to the DFT results, the catalytic activity and 

the CO selectivity on Zn catalysts can be tuned by the percentages of catalytically active sites 

that are correlated to the shape of catalysts. To better our understanding on the shape-

dependent catalytic activity of Zn catalysts, the percentages of various surface sites of 

hexagonal Zn structures as a function of diagonal length or thickness (α) were analyzed. The 

results (Figures S3.16 and S3.17) imply that the CO2RR catalytic activity on Zn catalysts can 

be further enhanced by engineering a hexagonal structure with a small value of α, thus 

maximizing the percentages of energetically favorable Zn(100) facets and edge sites. This 

deduction can be evidenced by the decreased EE of CO evolution with a larger value of α as 

observed on H-Zn-NPs, sub-microscale hexagonal Zn [16] and Zn nanosheets [18] (Figure 

S3.18). The results in this study provide a scientific basis for structure-versus-performance 
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optimization of Zn-based catalysts in the application of electrochemical CO2RR to produce 

CO. 

3.3 Conclusions 

In summary, we successfully synthesized H-Zn-NPs enclosed by Zn(002) and Zn(100) facets, 

and explored their shape-driven CO2RR. Compared with Zn foil and S-Zn-NPs, H-Zn-NPs 

exhibit remarkably enhanced catalytic activity and CO selectivity. More importantly, H-Zn-

NPs show high selectivity with CO FEs of over 85% in a wide potential window ranging 

from –0.76 to –1.26 V, and reach a maximum value of 94.2% at –0.96 V, which outperforms 

previously reported Zn-based catalysts. The significantly enhanced CO2RR performance 

largely depends on the enlarged ECSA, the lowered work function, and the increased 

numbers of Zn(100) and edge atoms. These findings can serve as an important stepping stone 

in advancing our knowledge on CO2RR mechanism over Zn catalysts and providing new 

insights into the design strategy for low-cost and efficient electrocatalysts for CO2RR. 
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3.5 Supporting information 

3.5.1 DFT calculations 

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

Simulation Package [S1-3]. Electron-ion interactions and exchange-interaction effect were 

treated with projector-augmented plane-wave method [S4]. Perdew-Burke-Ernzerhof 

generalized gradient approximation function was employed to model the exchange-

correlation interactions [S5]. A plane-wave cutoff energy of 450 eV was set and spin 

polarization was selected for all the computations.  

Optimization of Zn unit cell was carried out using a k point sampling of Monkhorst-Pack 

(18×18×18) [S6]. Zn (002) and Zn (100) surfaces modeled with 4×4×4 and 4×2×4 atom slabs, 

respectively, were constructed based on the optimized unit cell and at least 15 Angstrom of 

vacuum layers were added in order to avoid the interaction between neighboring slabs. 

Additionally, a hexagonal Zn cluster with 50 atoms located in the center of a 25×25×25 box 

was built to simulate the edge and corner sites. 

For surface structure optimization calculations, k points sampling was switched to (5×5×1) 

for both Zn (002) and Zn (100) surfaces. During optimization, only the adsorbate and two 

top atomic layers were relaxed while the remaining layers were fixed. Relaxation of degree 

of ions was not terminated until a maximum force component of 0.05 eV/Angstrom achieved. 

Different adsorption sites and geometries were considered and the one with the lowest 

adsorption energy was selected for subsequent calculations. 

For cluster structure optimization calculations, after fully relaxing a complete clean cluster 

without any adsorbate, a truncated half model was utilized for subsequent geometry 



58 

 

optimization of cluster with adsorbates in order to achieve a balance between accuracy and 

efficiency. Atoms at the bottom of truncated half model were fixed while adsorbate and 

remaining Zn atoms were fully relaxed. The k point sampling was set at (1×1×1) and only 

Gamma point was included for Zn cluster. Fermi-level smearing of 0.1 eV was set for unit 

cell, surface and cluster structure optimization calculations while for gas-phase species it was 

adjusted to 0.01 eV. Different adsorption sites and geometries were considered and the one 

with the lowest adsorption energy was selected for subsequent calculations. 

To build Gibbs free energy diagram, computational hydrogen electrode (CHE) model was 

used where each electrochemical reaction step is treated as a simultaneous transfer of the 

proton-electron pair as a function of the applied potential [S7]. Gibbs free energies at 298.15 

K for relevant species were calculated with the expression [S8]: 

G=EDFT+EZPE+ ∫CpdT -TS      (S3.1) 

where EDFT is the DFT calculated electronic energy in VASP, EZPE is the zero-point 

vibrational energies, T is temperature (298.15K), ∫CpdT is the enthalpic correction and TS is 

the entropy contribution. PV contributions was neglected. 3N freedom degrees were treated 

as frustrated harmonic vibrations to EZPE and enthalpy correction, entropy contribution was 

calculated by proposed standard method and transferred to thermodynamic data at room 

temperature [S9]. EZPE, ∫CpdT and TS are all functions of vibration frequencies of ions. The 

reaction mechanisms of the reduction of CO2 to CO are shown as below, 

CO2(g) + * + 2H
+(aq) + 2e

- ↔ *COOH + H+(aq) + e-   (S3.2) 

*COOH + H+(aq) + e- ↔ *CO + H2O(l)     (S3.3) 

*CO + H2O(l) ↔ CO(g) + * + H2O(l)    (S3.4) 
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where * means the corresponding surface where molecules or transition state species 

adsorbed on. Taking the initial state as the reference, the Gibbs free energy change of each 

step can be expressed by the following equations, 

∆G[*COOH] = G[*COOH] - (G[*] + G[CO2] + G[H+ + e-])  (S3.5) 

∆G[*CO] = G[*CO] + G[H2O] - (G[*] + G[CO2] + 2×G[H++e-])  (S3.6) 

∆G[CO] = G[CO] + G[H2O] - (G[CO2]+2×G[H++e-])  (S3.7) 

Combing hydrogen evolution reaction (HER) mechanism with CHE model, taking the initial 

state as reference, the Gibbs free energy change of each step for HER are represented below, 

∆G[*H] = G[H*] - (G[*] + G[H++e-])    (S3.8) 

eU = 0.5 × G[H2] - G[H++e-]     (S3.9) 

where U represents the external applied voltage as the driven force for electroreduction. In 

this work, the minimum applied potential of ‒0.66 V was selected as the value of U. All the 

relevant thermodynamic data used to build Gibbs free energy diagrams is listed in Table S3.4. 

To further explore the facet effect on the CO2RR catalytic activity over Zn, partial density of 

states (PDOS) of d orbital for the optimized Zn (002) and Zn (100) surfaces was extracted 

and plotted. The k point sampling for the surfaces is (15×15×1). Dipole correction along z-

direction was applied. Relevant structure models listed in this paper were built and visualized 

with package of Visualization for Electronics and Structural Analysis (VESTA) Ver. 3.4.0. 
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3.5.2 Supporting figures 

 

Figure S3.1 (a) Records of current density with time during the reduction of H-Zn-NPs at ‒

0.96 V vs. RHE in CO2-saturated 0.1 M KHCO3 electrolyte; SEM images of H-Zn-NPs after 

electrochemically reduced for (b) 0 s, (c) 60 s, (d) 400 s, (e) 1100 s and (f) 1800 s. 

 

Four forming stages can be identified based on the variation of current density recorded 

during the reduction of ZnO clusters, as shown in Figure S3.1a. The SEM images of original 

ZnO clusters and the samples reduced for different times (at various forming stages) are 

shown in Figure S3.1b-f. At the first stage (0-150 s), the absolute current density dramatically 

increases due to the rapid reduction of surface ZnO clusters (Figure S3.1b) to small hexagonal 

nanoplates (Figure S3.1c). After all the exposed ZnO clusters are reduced, the current density 

becomes steady (stage II, 150-600 s), and meanwhile, the reduced hexagonal structures 

gradually grow (Figure S3.1d). With continued consumption of ZnO, the current density 

drops slowly (stage III, 600-1500 s). At this stage, the particle size of the hexagonal structures 
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continues to increase (Figure S3.1e). When the ZnO has been depleted, the current density 

becomes steady again (stage IV, after 1500 s), and hexagonal Zn nanoplates with certain 

particle sizes are formed (Fgiure S3.1f). During the following potentiostatic measurements 

(Figure S3.7), no cathodic peaks can be observed, indicating that all the ZnO has been 

reduced. 

 

 

Figure S3.2 SEM images of (a) Zn foil, (b) flower-like ZnO clusters prepared by 

electrodeposition, (c) H-Zn-NPs. and (d) a magnified SEM image of H-Zn-NPs showing the 

interfacial angles between {100} and {002} facets. 
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Figure S3.3 (a) SEM image of H-Zn-NPs and (b) the corresponding diagonal length 

distribution; (c) SEM image of S-Zn-NPs and (d) the corresponding particle size distribution. 

 

Figure S3.4 XRD patterns of Zn foil, ZnO clusters, S-Zn-NPs and H-Zn-NPs. 
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Figure S3.5 XPS spectra of Zn 2p for ZnO clusters, Zn foil, S-Zn-NPs and H-Zn-NPs. 

 

Figure S3.6 LSV results of (a) Zn foil, (b) S-Zn-NPs, and (c) H-Zn-NPs in Ar- or CO2-

saturated 0.1 M KHCO3 electrolyte. 
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Figure S3.7 Plots of current densities as a function of time for (a) Zn foil, (b) S-Zn-NPs and 

(c) H-Zn-NPs at −0.66 V to −1.26 V vs. RHE in CO2-saturated 0.1 M KHCO3 electrolyte. 

 

Figure S3.8 FEs of gaseous products over (a) Zn foil, (b) S-Zn-NPs and (c) H-Zn-NPs at 

different potentials. 
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Figure S3.9 (a) SEM image, (b) XRD pattern and (c) XPS spectra of Zn 2p for H-Zn-NPs 

after the stability test of 12 h. 

 

Figure S3.5 Stability tests for (a) Zn foil and (b) H-Zn-NPs at a potential of ‒0.96 V, and 

comparisons of (c) current densities and (d) CO FEs of Zn foil, S-Zn-NPs and H-Zn-NPs 

during the stability tests. 
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Figure S3.6 Overpotentials at jCO of ~2 mA cm-2 and at the maximum EE over Zn foil, S-

Zn-NPs and H-Zn-NPs. 

 

Figure S3.7 CVs of (a) Zn foil, (b) S-Zn-NPs and (c) H-Zn-NPs with a potential range from 

–1.13 to –1.23 V vs. SCE in an Ar-saturated 0.5 M Na2SO4 electrolyte; (d) charging current 

density difference plotted against scan rates and (e) calculated double layer capacitance (Cdl) 

and roughness factors (Rf). 
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Figure S3.8 UPS plots of Zn foil, S-Zn-NPs and H-Zn-NPs. 

The work function of the sample (Φs) can be calculated by Φs = hv – EF, where hv is the 

exciting photo energy (i.e., 21.2 eV), EF is the Fermi edge derived by extrapolating the cut-

off energies to Vbias = 0. 

 

Figure S3.9 Atomistic structures optimized for COOH*, CO* and H* adsorbed on various 

surface sites of Zn. 
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Figure S3.10 Free energy diagram for HER on Zn(002), Zn(100), edge and corner sites at ‒

0.66 V. 

 

Figure S3.16 Percentages of surface sites on hexagonal Zn plates with a α value of 5 as a 

function of diagonal length. 

According to the SEM results (Figures S3.2 and S3.3), the average diagonal length (D) of the 

synthesized H-Zn-NPs is about 150 nm, and the thickness is around 30 nm. Therefore, the 

ratio of diagonal length to thickness, denoted as α, is 5 for H-Zn-NPs. To investigate the 

diagonal length (size)-dependent catalytic activity, the percentages of surface sites on 

hexagonal Zn plates with an α value of 5 were calculated at different diagonal lengths. 
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Likewise, the percentages of surface sites on hexagonal Zn structures with different α values 

were calculated to study the thickness-dependent catalytic activity. 

 

Figure S3.17 Percentages of surface sites on hexagonal Zn structures with a diagonal length 

(D) of 150 nm as a function of the ratio of diagonal length to thickness (α). 

 

Figure S3.18 Comparisons of the calculated EE for CO evolution and the ratio of diagonal 

length to thickness (α) over H-Zn-NPs, sub-microscale hexagonal Zn [S10], and hexagonal 

Zn nanosheets [S11]. 

Figure S34.16 suggests that decreasing the diagonal length of hexagonal Zn plates contributes 

to an increase in the percentage of edge sites which are considerably active for CO2RR 
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according to the DFT results. Therefore, the catalytic activity of H-Zn-NPs can be further 

enhanced by decreasing the diagonal length. When the diagonal length of hexagonal Zn 

structures is fixed at 150 nm, as shown in Figure S3.17, the percentages of edge and corner 

sites (less than 1%) vary little with the thickness. However, increasing the thickness (i.e., 

decreasing the value of α) can obviously increase the percentage of Zn(100) facets, whereas 

the percentage of Zn(002) facets decreases accordingly. Namely, a smaller α of hexagonal 

Zn structures leads to a higher facet ratio of Zn(100)/Zn(002), which consequently promotes 

the activation of CO2 to *COOH based on the results in Figure 3.4c and eventually results in 

enhanced catalytic activity for CO2RR. This can be evidenced by comparing the EEs for CO 

evolution and the value of α over H-Zn-NPs, sub-microscale hexagonal Zn [S10], and 

hexagonal Zn nanosheets [S11] (Figure S3.18). Apparently, the EE over these hexagonal Zn 

structures tends to decrease with a larger α value, and such a tendency accords well with 

curve of the percentages of surface Zn(100) atoms. Hence, it can be deduced that hexagonal 

Zn structures with a small α value (e.g., Zn wires) should have substantial numbers of 

catalytically active sites for CO2RR, which would favor the efficient conversion of CO2 to 

CO. 

 

Figure S3.19 Models for each elementary step during (a) CO2RR and (b) HER over 

hexagonal Zn nanoplates. 
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3.5.3 Supporting tables 

Table S3.1 Comparison of CO2RR performance over H-Zn-NPs and other state-of-the-art 

Zn-based catalysts in bicarbonate electrolytes. 

Catalysts Electrolyte E (V vs. RHE) jco (mA cm-2) FE of CO  Ref. 

H-Zn-NPs 0.1 M KHCO3 

–1.26 –12.9  91.0%  

This 

work 

–1.16 –10.3  92.6%  

–1.06 –7.6  93.5%  

–0.96 –5.3  94.2%  

–0.86 –3.0 92.1% 

–0.76 –1.4 85.3% 

Hexagonal Zn 0.5 M KHCO3 –0.95 –12.7  85.4%  [S10] 

Zn nanosheets 0.5 M NaHCO3 –1.13 –5.2  86%  [S11] 

6.8 nm Zn NPs 0.1 M KHCO3 –1.10 –2.9  ~70% [S12] 

Zn nanoflake 0.1 M KHCO3 –0.90 –4.9  ~43%  [S13] 

Porous Zn 0.1 M KHCO3 –0.95 –12.7  ~95%  [S14] 

Zn94Cu6 foam 0.5 M KHCO3 –0.95 –7.9  90%  [S15] 

Nanoscale Zn 0.5 M NaHCO3 –0.93 –6.0  57%  [S16] 

Zn dendrites 0.5 M NaHCO3 –1.10 –13.0  79%  [S17] 

Reduced Zn 0.5 M KHCO3 –0.90 –5.1  77.8% [S18] 
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Table S3.2 Comparison of FEs and EEs for the CO2RR to CO over various catalysts in 

bicarbonate electrolytes. 

Catalysts E (V vs. RHE) η (V) FE of CO EE of CO Ref. 

H-Zn-NPs -0.86 0.75 92.1 59.0 This work 

Zn dendrites -1.1 0.99 79 45.4 [S17] 

Hexagonal Zn -0.95 0.84 85.4 52.5 [S10] 

6.8 nm Zn NPs -1.1 0.99 70 40.3 [S12] 

Porous Zn -0.95 0.84 95 58.4 [S14] 

VO-riched ZnO -1.1 0.99 83 47.7 [S19] 

Zn94Cu6 foam -0.95 0.84 90 55.3 [S15] 

CuIn -0.6 0.49 85 62.2 [S20] 

Cu2O-derived Cu rods -0.35 0.24 45 38.2 [S21] 

Ni-N-C -0.78 0.67 85 56.7 [S22] 

Mesoporous PdCu -0.89 0.78 86 54.4 [S23] 

3.7 nm Pd NPs -0.89 0.78 91.2 57.6 [S24] 

8 nm Au NPs -0.67 0.56 90 63.5 [S25] 

Au-CeOX/C -0.89 0.78 89.1 56.3 [26] 

Ultrathin Ag nanowires -0.956 0.846 99.3 61.3 [S27] 

Triangular Ag nanoplates -0.856 0.746 96.8 61.7 [S28] 

 

Table S3.3 Ohmic resistance (Rs) and charge-transfer resistance (Rct) fitted from the EIS data 

using the equivalent circuit shown in Figure 4.3d. 

Electrodes Rs (Ω cm-2) Rct (Ω cm-2) 

Zn foil 28.4 51.6 

S-Zn-NPs 27.8 34.5 

H-Zn-NPs 30.2 27.0 

 

  



73 

 

Table S3.4 Electronic energies and thermodynamic data at ‒0.66 V calculated by DFT. 

Species_adsorbate EDFT (eV) EZPE (eV) ‒TS (eV) ∫CpdT (eV) G (eV) ∆G (eV) 

H2O -14.220 0.585 -0.673 0.104 -14.204 
 

CO -14.779 0.136 -0.596 0.090 -15.149 
 

CO2 -22.960 0.309 -0.663 0.098 -23.216 
 

H2 -6.767 0.290 -0.403 0.090 -6.790 
 

H++e- -2.723 0.145 -0.202 0.045 -2.735 
 

002_ -67.180 0.000 0.000 0.000 -67.180 
 

002_COOH -92.844 0.589 -0.362 0.147 -92.470 0.662 

002_CO -82.048 0.165 -0.264 0.120 -82.027 -0.364 

002_H -69.983 0.146 -0.034 0.033 -69.839 0.076 

100_ -26.881 0.000 0.000 0.000 -26.881 
 

100_COOH -52.913 0.608 -0.246 0.132 -52.419 0.412 

100_CO -41.789 0.168 -0.250 0.117 -41.754 -0.392 

100_H -30.008 0.146 -0.046 0.039 -29.869 -0.254 

Edge_ -13.495 0.000 0.000 0.000 -13.495 
 

Edge_COOH -40.254 0.612 -0.247 0.131 -39.758 -0.312 

Edge_CO -28.211 0.168 -0.245 0.116 -28.172 -0.195 

Edge_H -16.543 0.146 -0.063 0.049 -16.411 -0.181 

Corner_ -13.495 0.000 0.000 0.000 -13.495 
 

Corner_COOH -39.858 0.595 -0.337 0.145 -39.455 -0.009 

Corner_CO -28.888 0.168 -0.271 0.117 -28.874 -0.897 

Corner_H -16.879 0.146 -0.064 0.049 -16.748 -0.518 

 

Table S3.5 Binding energies of *COOH, *CO and *H intermediates on the surface sites of 

Zn(002), Zn(100), edge and corner. 

Surface sites ∆ECOOH (eV) ∆ECO (eV) ∆EH (eV) 

Zn(002) 1.322 0.303 0.736 

Zn(100) 1.072 0.276 0.406 

Edge 0.348 0.472 0.479 

Corner 0.651 -0.230 0.142 
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Chapter 4. Rational Design of CdCO3 Nanoparticles Decorated 

Carbon Nanofibers for Boosting Electrochemical CO2 Reduction 

Abstract: Efficient, robust and inexpensive catalysts are highly desirable to drive the 

electrochemical CO2 reduction reaction (CO2RR) to value-added fuels. Herein, low-cost 

CdCO3 nanoparticles (NPs) decorated carbon nanofibers (CdCO3-CNFs) were synthesized 

by a facile one-pot method to boost the performance of CO2RR to CO. The obtained CdCO3-

CNFs show a high Faradaic efficiency (93.4%) and a good partial current density (~10 mA 

cm‒2) at a potential of ‒0.83 V. Moreover, CdCO3-CNFs achieve high CO production rates 

at moderately negative potentials and a good stability of 24 h with negligible degradation. 

The superior performance is attributed to the increased number of catalytically active sites, 

and the strong interaction between CdCO3 NPs and CNFs which promotes electron transfer 

and secures active sites. This study provides a promising strategy for the efficient and durable 

CO2RR by designing a carbonate/carbon system with a strong catalyst-support interaction. 

4.1 Introduction 

 The extensive consumption of fossil fuels has caused an increasing accumulation of 

atmospheric CO2, resulting in the adverse climate changes [1-3]. To mitigate these issues, 

the capture and storage of CO2 (CCS) and the conversion and utilization of CO2 have gained 

widespread attentions [4,5]. However, CCS process is limited by its high costs and safety 

risks [6]. The conversion of CO2 into value-added carbon-neutral fuels is a promising strategy 

towards the sustainable carbon cycle. Typical approaches for CO2 conversion include 

(bio)chemical, thermochemical, photochemical and electrochemical catalysis [4, 6, 7]. 

Among them, electrochemical CO2 reduction reaction (CO2RR) is considered as an appealing 
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technology when integrated with renewable electricity [8-10]. Additionally, it can be 

conducted under mild conditions in aqueous solution, in which water instead of H2 gas is 

employed as a hydrogen source [6]. However, the sluggish kinetics for initial CO2 activation 

and the inevitable competitive hydrogen evolution reaction (HER) in aqueous electrolytes 

are the big challenges that hinder the practical applications of CO2RR [9,11]. To date, 

nanostructured noble metals, such as Au [12-14], Ag [15,16] and Pd [17,18], are the most 

active catalysts for CO2RR, but their scarcity and high costs remarkably limit their large-

scale applications. Thus, designing inexpensive electrocatalysts with high catalytic activity 

and high selectivity for target products is imperative to advance the development of CO2RR 

technology. 

To that end, various transition metals (e.g., Cu [19-21], Sn [22, 23], and Zn [24-26]), along 

with some compounds (e.g., Cu2O [27], CdS [28], and MoP [29]), have been demonstrated 

to be electrochemically active towards CO2RR. However, the present catalytic performances 

on these catalysts are still unsatisfactory due to their high overpotentials, low current 

densities (j), and insufficient Faradaic efficiencies (FE). Moreover, metal oxides, such as 

SnO2 [30], CuO [31] and In2O3 [32], generally undergo self-reduction under electrochemical 

CO2RR conditions, leading to the dominance of HER and thereby, decreasing the selectivity 

of desired products. Recently, basic lead carbonate has been proven to be a highly stable and 

selective catalyst for CO2RR while suppressing self-reduction [33]. This opens a new avenue 

for achieving efficient CO2RR, i.e., carbonates or basic carbonates can be developed as the 

catalysts that would not be self-reduced under electrochemical CO2RR conditions. Although 

the carbonates and basic carbonates (e.g., CdCO3 and Co2(OH)2CO3) have shown excellent 
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activity in oxygen reduction reaction and photocatalysis [34-37], they have rarely been 

studied for the electrochemical CO2RR. 

In addition to highly efficient catalysts, appropriate supporting carbon materials are also of 

crucial importance for CO2RR. Strong interaction between catalysts and carbon supports is 

effective in improving the catalytic properties by regulating the electronic structure, 

accelerating electron transfer, stabilizing active sites, and adjusting adsorption properties 

with various reaction intermediates [38,39]. For instance, compared with carbon black (CB) 

support, carbon nitride supported Au nanoparticles exhibit enhanced electron donation, 

which favors the CO2RR to CO process through stabilizing the key intermediate *COOH 

[40]. Through the rational design of the catalyst/support structure, the number of active sites 

and also the intrinsic activity of each site are expected to substantially increase, thus 

simultaneously achieving considerable partial current density and FE of target products on 

inexpensive catalysts. 

Recently, CdCO3 was first explored as a catalyst for CO2RR by Jiang et al. [41]. The results 

indicate that CdCO3 is highly selective (FE of 90%) for CO production at less negative 

potentials. However, the reported current density (j) is only around ~1 mA cm-2 at ‒0.75 V, 

which is far from being satisfactory. A strong catalyst-support interaction may provide 

opportunities to significantly increase the j on CdCO3 while maintaining the high selectivity. 

Therefore, CdCO3 nanoparticles (NPs) decorated carbon nanofibers (CdCO3-CNFs) were 

prepared by a facile one-pot method and examined as an electrocatalyst for CO2RR. The 

CdCO3-CNFs display high FE (maximum value of 93.4%) and partial current density (jCO), 

as well as outstanding stability towards CO production. The enhanced CO2RR performance 
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benefits from the increased surface area and the promoted electron transfer induced by the 

strong interaction between CdCO3 NPs and CNFs. 

4.2 Results and discussion 

4.2.1 Theoretical considerations of CdCO3 as a CO2RR catalyst 

The feasibility of CdCO3 as a catalyst for CO2RR to CO was firstly examined by DFT 

calculations, considering the relatively simple two-electron transfer pathway of CO 

production [9]. To be electrochemically reduced to CO, CO2 is initially adsorbed onto the 

surface of catalysts and forms *COOH intermediate through a proton-coupled electron 

transfer process [13, 42]. The adsorbed *COOH will be further reduced to *CO by one 

electron, and finally desorbed from the catalysts. Therefore, the adsorption strength of 

catalysts and the key intermediates, i.e., *COOH and *CO, directly affects the selectivity for 

CO formation. Hence, based on the XRD pattern of CdCO3 [43], the binding energies of 

*COOH and *CO (∆ECOOH and ∆ECO) on the main facets CdCO3(012) and CdCO3(104) were 

determined (Table S4.1 and S4.2, see Section 4.5 for the supporting tables and figures) by 

DFT calculations [44-46]. Figure 4.1a and 4.1b illustrate the atomistic structures optimized 

for *COOH and *CO adsorbed on these two facets. Clearly, both *COOH and *CO 

intermediates are adsorbed on CdCO3(012) and CdCO3(104) facets through the binding of C 

and Cd atoms. The results of the calculated binding energies are shown in Figure 4.1c. For 

comparison, the binding energy data for (211) step facets on transition metals were also 

included in Figure 4.1c [47]. As the benchmark catalysts to selectively convert CO2 to CO, 

Au and Ag have comparably strong bindings with *COOH but have weak adsorption with 

*CO, which facilitates both the CO2 activation (*COOH formation) and the *CO desorption 

steps. In this study, the calculated ∆ECOOH and ∆ECO on CdCO3(012) and CdCO3(104) are 
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relatively close to those on Au and Ag. Especially, CdCO3(012) exhibits the lower ∆ECOOH 

(0.309 eV) and the higher ∆ECO (–0.025 eV) than those of Au and Ag, suggesting the superior 

adsorption property of CdCO3 for CO production. 

 

Figure 4.1 Atomistic structures optimized for *COOH and *CO adsorbed on (a) CdCO3(012) 

and (b) CdCO3(104) facets. (c) Correlation of binding energies for *COOH and *CO on 

various catalysts. The data (black squares) for (211) step facets on transition metals are 

retrieved from reference [47]. Copyright (2013) American Chemical Society. (d) Free energy 

diagram for HER on CdCO3(012) and CdCO3(104). 

Meanwhile, hydrogen binding was also taken into consideration to evaluate the potential of 

CdCO3 for CO2RR, given that HER is a prominent competitive reaction that usually accounts 

for a considerable part of FE in CO2RR [48]. The Gibbs free energy (∆G) diagram for HER 

on CdCO3(012) and CdCO3(104) was constructed and displayed in Figure 4.1d. Interestingly, 

although CdCO3(104) exhibits a higher ∆ECOOH than CdCO3(012), which makes it relatively 

difficult for CO2 activation, CdCO3(104) tends to overbind *H with a large uphill energy 
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barrier (1.158 eV) encountered in the desorption step. Therefore, CdCO3(104) can facilitate 

CO2RR in view of the significantly suppressed HER. Moreover, the structural stability of 

CdCO3 under electrochemical CO2RR conditions was explored by relevant thermodynamic 

data and Pourbaix diagram (see Figure S4.1 and Section 4.6.2 for details) [49,50]. The results 

indicate that CdCO3 will not be reduced and remain stable under the CO2RR conditions. 

Overall, the theoretical results suggest that CdCO3 holds the promise as a potential alternative 

to noble metals for selective CO2RR to CO. 

4.2.2 Characterizations of CdCO3-CNFs 

Guided by the above theoretical calculations, we constructed a CdCO3-CNFs architecture to 

further enlarge the surface area and modulate the electronic structures of CdCO3 by a strong 

catalyst-support interaction, so as to achieve the highly efficient CO2RR. The CdCO3-CNFs 

were synthesized by a facile one-pot method at room temperature. According to the SEM 

results (Figure S4.2), the CdCO3 NPs are well dispersed on the CNFs with a diameter of ~100 

nm, whereas an agglomeration is observed on the sample without introducing CNFs (Figure 

S4.3). The improved dispersion benefits CO2RR with an increased exposure and accessibility 

of the active sites. The XRD pattern (Figure S4.4) of CdCO3-CNFs, except for a small 

characteristic peak of CNFs at 25.8°, matches well with the standard pattern of otavite CdCO3 

(JCPDS No.42-1342) with trigonal structure, indicating the successful synthesis of CdCO3-

CNFs. By comparing the final weights of CdCO3 NPs and CdCO3-CNFs after they were at 

900 °C in air in Figure S4.5, the content of CNFs in the composite can be calculated to be 

25.8 wt%. This is the optimal content that balances the increased active sites and unfavorable 

agglomeration of CdCO3 nanoparticles (Figure S4.6 and Table S4.3). 
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The structural properties of CdCO3-CNFs were further investigated by TEM analysis. The 

TEM image shown in Figure 4.2a demonstrates the uniform size (average of 11.7 nm, Figure 

S4.7) of the attached CdCO3 NPs, while the corresponding high-resolution TEM image 

(Figure 4.2b) displays an interplanar distance of 0.296 nm, which is consistent with the (104) 

plane of trigonal CdCO3 crystals. This evidence suggests that CdCO3-CNFs are favorable for 

CO2RR, since CdCO3(104) facet is proved to suppress HER according to the 

abovementioned DFT calculations. Moreover, the diffraction rings in the selected-area 

electron-diffraction (SAED) pattern (Figure 4.2c) reveal the polycrystalline nature of CdCO3 

NPs. The EDS elemental line scan (Figure 4.2d) and mapping profiles (Figure 4.2e-i) 

collectively demonstrate that the CdCO3 NPs are heavily coated on the outer surface of the 

hollow CNFs. 

 

Figure 4.2 (a) Low- and (b) high-resolution TEM images of CdCO3-CNFs. (c) SAED pattern, 

(d) scanning TEM image with corresponding EDS elemental line scan and (e-i) mapping 

profiles of CdCO3-CNFs. 
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4.2.3 Electrocatalytic activity of CdCO3-CNFs for CO2RR 

The electrocatalytic activity of CdCO3-CNFs was then evaluated using pure CNFs, CdCO3 

NPs, and bulk CdCO3 powder (Figure S4.3a) as the reference catalysts. 0.5 M KHCO3 

(instead of 0.1 M KHCO3) solution was employed as the electrolyte to promote the reaction 

kinetics over the catalysts (Figure S4.8) [51]. To persuasively clarify the effect of the 

catalyst-support interaction on the CO2RR performance, CdCO3-CB (Figure S4.9) was 

prepared by a similar method and also evaluated for CO2RR. The linear sweep voltammetry 

(LSV) curves of all the catalysts were recorded at a scan rate of 10 mV s‒1. As shown in 

Figure 4.3a, CdCO3-CNFs exhibit the highest j among the five samples, and achieve a 

remarkably high j of ‒57.8 mA cm‒2 (normalized by geometric area) at the potential of ‒1.23 

V, suggesting the enhanced catalytic activity of CdCO3-CNFs. Remarkably, the j reaches 

~13.6 mA cm‒2 on CdCO3-CNFs at ‒1.0 V, which is roughly 3.2 times of the value on the 

recently reported CdCO3 [41], confirming that a strong catalyst-support interaction is 

effective in boosting the catalytic activity of CdCO3. 

To further pinpoint the reduction products of CdCO3-CNFs, stepped potentiostatic CO2 

electrolyzes were performed at potentials ranging from −0.23 to −1.23 V to periodically 

quantify the gaseous and liquid products by GC and IC, respectively. The results show that 

CO and H2 are the major products over the entire potential range, and a small amount of 

HCOOH was detected at highly negative potentials (Figure 4.3b). The net total FE of all 

reduction products is 99.8 ± 1.6%. Clearly, CdCO3-CNFs are highly selective towards CO 

production with FE over 90% in a broad potential range from −0.73 to −0.93 V, where a 

maximum FE of 93.4% was obtained at −0.83 V, which is remarkably higher than the values 

(Figure 4.3c) from CdCO3-CB (84.2% at −0.83 V) and CdCO3 NPs (73.8% at −0.73 V). 
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Moreover, CdCO3-CNFs started to generate CO (FE of 7.5%) at an onset potential of −0.23 

V, which is considerably less negative than the values from most of the other reported non-

noble metal-based catalysts [25, 28, 45, 52], whereas CO was not detectable under this 

potential for CdCO3-CB, CdCO3 NPs and bulk CdCO3. It is noteworthy that the bulk CdCO3 

also shows moderate CO selectivity and achieves a maximum FE of 56.8% at −0.83 V, which 

further validates the abovementioned theoretical results that CdCO3 is a potential candidate 

for CO production. Figure 4.3d shows the jCOs of all the catalysts calculated based on steady-

state j and CO FEs at various potentials. It clearly demonstrates the exclusively high catalytic 

activity of CdCO3-CNFs towards CO production with a jCO of ‒37.8 mA cm‒2 on CdCO3-

CNFs at −1.23 V, which is 1.8- and 3.2-fold higher than those on CdCO3-CB and CdCO3 

NPs, respectively. This confirms the advantages of the well-designed CdCO3-CNFs 

architecture. 

To further reveal the superior CO2RR performance over CdCO3-CNFs, the jCO and FE of CO 

for CdCO3-CNFs were compared with other state-of-the-art catalysts [14, 15, 17, 24, 25, 28, 

53-58] (Figure 4.4a and Table S4.4). As can be seen, high FEs and one of the highest jCO 

values are simultaneously achieved on CdCO3-CNFs at moderately negative potentials. This 

evidence contributes to the remarkably high CO production rate (PR) on CdCO3-CNFs, as 

shown in Figure 4.4b. Moreover, a CO PR of 705 μmol h‒1 cm‒2 was obtained on CdCO3-

CNFs at −1.23 V, outperforming most of the benchmark systems towards CO formation [45]. 

Additionally, the potential to achieve a CO PR of ~100 μmol h‒1 cm‒2 shifts positively by 

0.10 and 0.23 V over CdCO3-CNFs as compared to CdCO3-CB and CdCO3 NPs, respectively. 

Likewise, CdCO3-CNFs exhibit the lowest potential (−0.56 V) to obtain a jCO of 1.0 mA cm-
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2 among the three catalysts (Figure 4.4c), indicating the promoted kinetics for CO2RR over 

CdCO3-CNFs. 

 

Figure 4.3 (a) LSV curves in CO2-saturated 0.5 M KHCO3 electrolyte. (b) FEs of all 

reduction products over CdCO3-CNFs. (c) FEs of CO and (d) jCOs of CdCO3-CNFs, CdCO3-

CB, CdCO3 NPs, bulk CdCO3, and CNFs. 

Furthermore, the stability of CdCO3-CNFs is another crucial criterion to evaluate a catalyst 

for CO2RR and was examined by performing electrolysis at a fixed potential of –0.83 V over 

an extended period of 24 h. As shown in Figure 4.4d, the recorded j of CdCO3-CNFs exhibits 

negligible degradation and stabilizes at –9.6 mA cm-2 together with FE of CO remaining over 

90%, whereas the j of CdCO3-CB experiences visible variation during the stability test 

(Figure S4.10). This evidence suggests that the CdCO3 NPs are well stabilized by the CNFs, 

which is further confirmed by SEM, TEM and the corresponding EDS elemental mapping 
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results. As shown in Figure S4.11, the morphology and distribution of CdCO3 NPs were well-

preserved after the stability test. Moreover, XRD and XPS analyses reveal that only 

negligible changes can be observed on the crystal structure and the surface chemical state of 

CdCO3 NPs after the test (Figure S4.12). This evidence indicates that the structure of CdCO3 

is stable under such electrochemical CO2RR conditions, which is consistent with the results 

reported by Jiang et al. who conducted CO2 electrolysis on CdCO3 at –0.75 V for 8 h [41]. 

Therefore, the CdCO3-CNFs are a promising CO2RR catalyst with excellent catalytic activity, 

CO selectivity and good long-term stability. 

 

Figure 4.4 (a) Comparison of potential-dependent jCOs and FEs of CO measured in aqueous 

electrolytes over CdCO3-CNFs (solid circles) and other state-of-the-art catalysts for CO 

formation, including Au nanowires [14], Ag nanoplates [15], 3.7 nm Pd NPs [17], Zn 

dendrites [24], S-Zn-S nanosheets [25], CdS nanorods [28], CdS-CNTs [53], Cu-In [54], Cu-

Sn [55], N-CNTs [56], Fe-N-C [57], and Au-CeO2/C [58]. (b) CO PRs of CdCO3-CNFs, 
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CdCO3-CB, and CdCO3 NPs at various potentials. (c) Potentials at jCO of 1.0 mA cm-2 and 

potentials at CO PR of ~100 μmol h‒1 cm‒2 over various catalysts. (d) Stability test for 

CdCO3-CNFs. 

4.3.4 Origins of the superior CO2RR performance over CdCO3-CNFs 

The significantly enhanced catalytic activity of CdCO3-CNFs may partially originate from 

the increase in electrochemically active surface area (ECSA) since larger ECSA could 

provide more catalytically active sites [29]. Therefore, the ECSAs for CdCO3-CNFs, CdCO3-

CB, and CdCO3 NPs were determined by measuring double-layer capacitance (Cdl, see 

Section 2.5 and Figure S4.13 for details), and the results are shown in Figure 4.5a. As 

expected, the CdCO3-CNFs achieve the largest ECSA among these catalysts, with the Cdl 

value being roughly 1.4 and 2.6 times higher than those of CdCO3-CB and CdCO3 NPs, 

respectively. It can be inferred that the introduction of CNFs is effective in increasing the 

number of catalytically active sites, which subsequently contributes to the increased CO2 

adsorption capacity, as verified by the CO2 adsorption isotherms in Figure 4.5b. Specifically, 

the amount of adsorbed CO2 over CdCO3-CNFs at 1 atm is 20.3 cm3 g‒1, about 2-fold and 

3.8 cm3 g‒1 higher than the values over CdCO3 NPs and CdCO3-CB, respectively, which 

ensures enough reactants for the CO2RR. However, the increased ECSA is only one of 

contributors to the enhanced conversion performance, given that CdCO3-CNFs exhibit a 

higher specific jCO than the other two counterparts at each potential (Figure S4.14), which 

implies the presence of intrinsically more active sites on CdCO3-CNFs. 

The improved intrinsic activity of CdCO3-CNFs is further confirmed by the decreased Tafel 

slope as presented in Figure 4.5c. In details, a relatively lower Tafel slope of 122 mV dec‒1 

is obtained on CdCO3-CNFs as compared to those of CdCO3-CB (126 mV dec‒1) and CdCO3 
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NPs (132 mV dec‒1). Moreover, this value is close to the theoretical value of 118 mV dec‒1 

[12], implying that the initial one-electron transfer process is the rate-determining step over 

CdCO3-CNFs. This is in accordance with the DFT calculation results which suggest that the 

values of ∆ECOOH on CdCO3(012) and CdCO3(104) facets are considerably higher than those 

of ∆ECO (Table S4.2). The lower Tafel slope of CdCO3-CNFs also indicates a promoted 

kinetics for the first electron transfer step, which is further demonstrated by the results of 

electrochemical impedance spectroscopy (EIS) measurements. Based on the radius of the 

Nyquist plots (Figure 4.5d), the charge transfer resistance (Rct) of CdCO3-CNFs is apparently 

smaller than those of CdCO3-CB and CdCO3 NPs, suggesting a faster electron transfer. 

Additionally, according to the fitting parameters of constant phase element (CPE) for the 

catalysts (Table S4.5), CdCO3-CNFs exhibit a higher capacitance (C) as compared to the 

other two counterparts, indicating an increased number of charge carriers on the surface and 

thus a higher catalytic activity [59]. The results of Tafel analysis and EIS measurements 

imply that the reaction kinetics of CO2RR is dependent on the catalyst-support interaction. 

To further uncover the origin of the high intrinsic catalytic activity of CdCO3-CNFs, XPS 

was performed to probe the surface electronic structures of CdCO3-CNFs and CdCO3-CB. 

Figure 4.6a shows the high-resolution Cd 3d XPS spectra, the binding energies for CdCO3-

CB located at 405.5 and 412.2 eV can be attributed to the 3d5/2 and 3d3/2 of Cd2+, respectively 

[60]. In contrast, an appreciable binding energy shift (~0.6 eV) to lower energy is observed 

for both Cd 3d5/2 and 3d3/2 in CdCO3-CNFs. The significant decrease in binding energy is 

indicative of the electron shifts from the carbon support to CdCO3 NPs [40], thus suggesting 

the strong interaction between CdCO3 NPs and CNFs. UPS plots were further explored to 

investigate such interaction by evaluating the work functions of the catalysts (Figure S4.15). 
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The results in Figure 4.6b indicate an obviously lower work function of CdCO3-CNFs (3.49 

eV) than that of CdCO3-CB (4.15 eV) and therefore, the easier escape of electrons on the 

surface of CdCO3-CNFs, verifying the strong catalyst-support interaction. Moreover, the low 

work function gives rise to a fast electron transfer [61], which is consistent with the EIS 

results and consequently results in an enhanced CO2RR catalytic activity. 

 

Figure 4.5 (a) Charging current density difference (∆j) plotted against scan rates. (b) CO2 

adsorption isotherms and (c) Tafel plots of CdCO3-CNFs, CdCO3-CB, and CdCO3 NPs. (d) 

Nyquist plots obtained at −0.83 V. The inset shows the corresponding equivalent circuit. 

Collectively, the superior CO2RR performance over the CdCO3-CNFs primarily originates 

from the high surface area and the strong interaction between CdCO3 NPs and CNFs. The 

presence of the strong catalyst-support interaction induces a negatively charged surface of 

CdCO3, thereby promoting the electron transfer on the catalyst, which is favorable for the 
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enhanced catalytic activity. Moreover, it has been demonstrated that the negatively charged 

metal components benefit the stabilization of the key *COOH intermediate [38, 40, 62]. From 

this point of view, the specific electronic structure of CdCO3-CNFs also contributes to their 

outstanding selectivity for CO2RR to CO. Furthermore, the strong catalyst-support 

interaction helps to immobilize the active CdCO3 NPs during CO2RR, thus improving the 

catalytic stability of CdCO3-CNFs. The above results indicate that developing a 

carbonate/carbon system with a strong catalyst-support interaction is an effective strategy for 

enhancing the activity, selectivity and stability of the electrochemical CO2RR. 

 

Figure 4.6 (a) Cd 3d XPS spectra and (b) work functions for CdCO3-CNFs and CdCO3-CB 

4.3 Conclusions 

In summary, as a proof-of-concept experiment, the well-designed CdCO3-CNFs were 

successfully synthesized for efficient and stable CO2RR. DFT calculations demonstrate that 

CdCO3 is selective towards CO production by holding the appropriate binding energies of 

the key intermediates. CdCO3 NPs were then decorated on hollow CNFs to further boost 

CO2RR through the increased surface area and the strong interaction between CdCO3 NPs 

and CNFs. The presence of such interaction, which is evidenced by XPS and UPS results, 

enables the fast electron transfer and the stabilization of active sites on CdCO3-CNFs during 
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CO2RR. As a result, CdCO3-CNFs are able to achieve high partial current density and 

selectivity of CO simultaneously at moderately negative potential. The achieved outstanding 

CO production rate outperforms most of the state-of-the-art catalysts. The superior catalytic 

activity, along with good stability of over 24 h, endows the CdCO3-CNFs as a promising 

CO2RR electrocatalyst to replace noble metals towards CO production. This study 

exemplifies a rational design for fabricating highly efficient, robust and inexpensive catalysts 

for the electrochemical CO2RR via developing a strong catalyst-support interaction. 
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4.5 Supporting information 

4.5.1 Calculations of free energies and binding energies 

The Gibbs free energies for relevant species were calculated with the expression [S1]: 

G=EDFT+EZPE+ ∫CpdT -TS        (S4.1) 

where EDFT is the DFT calculated electronic energy in VASP, EZPE is the zero-point 

vibrational energies, T is the temperature (298.15K), ∫CpdT is the enthalpic correction and TS 

is the entropy contribution. PV contributions were neglected. 3N freedom degrees were 

treated as frustrated harmonic vibrations to EZPE and enthalpy correction, entropy 

contribution was calculated by proposed standard method and transferred to thermodynamic 

data at room temperature [S2]. EZPE, ∫CpdT, and TS are all functions of vibration frequencies 

of ions. All the relevant thermodynamic data are listed in Table S4.1. 

The binding energy of an adsorbate (∆Ead) was defined by the following equation [S3]: 

∆Ead = E[ad on CdCO3]-(E[CdCO3 without ad]+Eref[ad])   (S4.2) 

where ad is the abbreviation of adsorbate and it could be *COOH, *CO, or *H in this study. 

E[ad on CdCO3] is the electronic energy with an adsorbate on CdCO3(012) or CdCO3(104) 

facets. All possible initial adsorption sites in each case were tried and the lowest electronic 

energy configuration was chosen and recorded as E[ad on CdCO3]. E[CdCO3 without ad] is 

the electronic energy without any adsorbate on CdCO3 facets. Eref[ad] is the reference 

electronic energy of the adsorbate. In details, 

Eref[COOH] = E[CO2]+
1

2
E[H2]     (S4.3) 

Eref[CO] = E[CO]     (S4.4) 

Eref[H] = 
1

2
E[H2]      (S4.5) 
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where E[COOH], E[CO] and E[H2] are the electronic energies of corresponding molecules 

(see Table S4.1). The calculated binding energies of *COOH, *CO and *H intermediates on 

CdCO3(012) or CdCO3(104) facets are listed in Table S4.2. 

4.5.2 Structural stability of CdCO3 under CO2RR conditions 

Firstly, the standard electrode potential (Eo) for the reduction of CdCO3 was calculated. The 

reduction of CdCO3 can be expressed by the following equation: 

CdCO3(s)+2e- → Cd(s)+ CO3
2-

(aq)     (S4.6) 

Based on the thermodynamic data [S4, S5], the standard Gibbs free energy for this reaction 

is 147.6 kJ mol‒1. Hence, the Eo was determined to be –0.76 V vs. standard hydrogen 

electrode (SHE), or –0.76 V vs. reversible hydrogen electrode (RHE). 

Secondly, the equilibrium electrode potential (Eeq) for the reduction of CdCO3 was 

determined through Pourbaix diagram. Since the experimental condition in this work is quite 

different from the standard conditions of reaction S4.6, we used an HSC Chemistry 9 

software to construct a Pourbaix diagram according to the experimental conditions, so as to 

determine the Eeq. The molality concentration of Cd species was set to 4.85×10-5 mol/kgH2O, 

because ~0.25 mg CdCO3 was used to catalyze CO2RR in 30 mL of 0.5 M KHCO3 solution. 

Given that the solubility of CO2 is 0.033 M in water [S4], the molality concentration of the 

total dissolved carbon species was fixed at 0.133 mol/kgH2O. The obtained Pourbaix diagram 

of a Cd-C-H-O system is shown in Figure S4.1. It is worth to note that the local pH (~10 in 

0.5 M KHCO3) near the electrode is higher than the value of the bulk electrolyte under 

electrochemical CO2RR conditions [S6-8]. Therefore, the Eeq for the reduction of CdCO3 was 

estimated to be –0.70 V vs. SHE (pH = 10). 



100 

 

 

Figure S4.1 Pourbaix diagram for a Cd-C-H-O system. The molality concentration of Cd 

and carbon species are 4.85×10-5 and 0.133 mol/kgH2O, respectively, at 25 ℃ and 1 atm of 

pressure. 

Finally, iR drop and activation overpotential (ηact) were considered. The stability test for 

CdCO3-CNFs was performed at –0.83 V and a current density (j) of –9.6 mA cm-2 was 

achieved (Figure 4.4d). However, the true potential on the catalyst was more positive than 

the applied potentials due to the iR drop [S9, S10]. The ohmic resistance (Rs) is 6.61 Ω cm2 

at –0.83 V, determined by EIS measurements (Figure 4.5d and Table S4.5). Therefore, the 

iR-corrected potential is calculated to be –0.77 V.  

In order to achieve a comparable j (~10 mA cm-2) for CO2RR, the minimum potential change 

(Min. ∆ηact) can be calculated by the equation below [S11]: 

Min. ∆η
act

= 
5RT

αnF
ln10      (S4.7) 
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where n (2) is the number of electrons participating in reaction S4.6; α is the transfer 

coefficient and assumed to 0.5 in this case; F (96485 C mol-1) is Faraday’s constant. The Min. 

∆ηact was calculated to be 0.30 V. Therefore, ηact ≫ 0.30 V and hence, the potential required 

to produce a j of ~10 mA cm-2 for reaction S4.6 should be ≪ –1.00 V (E– ηact). This value is 

remarkably more negative than the iR-corrected potential (–0.77 V) on the catalyst, 

suggesting that CdCO3 would not be reduced during the stability test. 
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4.5.3 Supporting figures and tables 

Table S4.1 Electronic energies and relevant thermodynamic data calculated by DFT. 

Species_adsorbate EDFT (eV) EZPE (eV) ‒TS (eV) ∫CpdT (eV) G (eV) 

H2O –14.220 0.585 –0.673 0.104 –14.204 

CO –14.779 0.136 –0.596 0.090 –15.149 

CO2 –22.960 0.309 –0.663 0.098 –23.216 

H2 –6.767 0.290 –0.403 0.090 –6.790 

CdCO3(012)_ –547.752 0.000 0.000 0.000 –547.752 

CdCO3(012)_COOH –574.562 0.615 –0.238 0.131 –574.055 

CdCO3(012)_CO –563.039 0.186 –0.174 0.099 –562.927 

CdCO3(012)_H –551.276 0.145 –0.063 0.049 –551.145 

CdCO3(104)_ –905.260 0.000 0.000 0.000 –905.260 

CdCO3(104)_COOH –931.399 0.605 –0.262 0.135 –930.921 

CdCO3(104)_CO –920.179 0.160 –0.289 0.129 –920.179 

CdCO3(104)_H –910.116 0.304 –0.029 0.028 –909.812 

 

Table S4.2 Binding energies of *COOH, *CO and *H intermediates on CdCO3(012) and 

CdCO3(104) facets. 

Active sites ∆ECOOH (eV) ∆ECO (eV) ∆EH (eV) 

CdCO3(012) 0.309 –0.025 0.002 

CdCO3(104) 0.950 0.230 –1.158 
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Figure S4.2 SEM images of (a) pretreated CNFs and (b) CdCO3-CNFs 

 

 

Figure S4.3 SEM images of (a) bulk CdCO3 and (b) CdCO3 NPs. 

 

 

Figure S4.4 XRD patterns of bulk CdCO3, CNFs, CdCO3 NPs and CdCO3-CNFs. 
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Figure S4.5 Weight loss of CdCO3-CNFs measured by TGA in air. 

 

 

Figure S4.6 SEM images of (a) 0.5-CdCO3/CNFs, (b) 1.5-CdCO3/CNFs and (c) 2.0-

CdCO3/CNFs. (d) Weight loss of various CdCO3/CNFs samples measured by TGA in air. (e) 

FEs of CO and jCOs of various CdCO3-CNFs measured at ‒0.83 V. 

To study the influence of the dose of Cd source on the CO2RR performance over 

CdCO3/CNFs system, three additional samples were prepared by a same method except for 

the different amounts of Cd source, and examined their CO2RR performance. The results are 

shown in Figure S4.6 and Table S4.3. For simplicity, the samples prepared by adding 0.5, 
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1.0, 1.5 and 2.0 mmol of cadmium acetate dihydrate are denoted as 0.5-CdCO3/CNFs, 1.0-

CdCO3/CNFs, 1.5-CdCO3/CNFs and 2.0-CdCO3/CNFs, respectively. Among them, 1.0-

CdCO3/CNFs corresponds to CdCO3-CNFs discussed in the text. When decreasing the 

amount of Cd source to 0.5 mmol, comparable FE of CO is obtained (Figure S4.6e) due to 

the relatively uniform distribution of CdCO3 nanoparticles as shown in Figure S4.6a. 

However, the partial current density of CO (jCO) is dramatically declined as compared to 1.0-

CdCO3/CNFs, due to the significantly increased content of CNFs (Figure S4.6d) and the 

corresponding decreased number of catalytically active sites on CdCO3. In contrast, an 

obvious drop was observed on FE of CO when increasing the amount of Cd source to 1.5 and 

2.0 mmol. The deterioration in selectivity is attributed to the agglomeration of CdCO3 

nanoparticles as shown in Figure S4.6b and S4.6c, which is unfavorable for CO2RR. 

Therefore, it can be concluded that 1.0-CdCO3/CNFs, i.e., CdCO3-CNFs, possess the optimal 

content of CNFs to achieve efficient and selective CO2RR by balancing the increased active 

sites and unfavorable agglomeration of CdCO3 nanoparticles. 

Table S4.3 FEs of CO and jCOs of CdCO3/CNFs samples with different contents of CNFs 

measured at ‒0.83 V. 

Dose of Cd source 
Content of CNFs FE of CO (%) jCO (mA cm‒2) 

n (mmol) m (g) 

0.5 0.133 40.5% 91.45 5.38 

1.0 0.187 25.8% 93.4 9.42 

1.5 0.266 19.3% 86.3 7.67 

2.0 0.533 14.7% 84.2 4.29 
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Figure S4.7 (a) TEM image of CdCO3-CNFs and (b) the corresponding particle size 

distribution 

 

 

Figure S4.8 (a) FEs of CO and (b) jCOs of CdCO3-CNFs in 0.1 and 0.5 M KHCO3 electrolytes. 

The electrochemical CO2RR performance over CdCO3-CNFs was evaluated in 0.1 M and 0.5 

M KHCO3, respectively. As shown in Figure S4.8, a higher FE of CO is achieved in 0.1 M 

KHCO3 than in 0.5 M KHCO3, especially at highly negative potentials. This can be attributed 

to the increased local pH at the electrode/electrolyte interface caused by the lower buffer 

ability of 0.1 M KHCO3 to neutralize the generated OHˉ [S6]. The high local pH has been 

demonstrated to inhibit the competitive hydrogen evolution reaction (HER), thereby 

increasing the selectivity of CO [S2]. On the contrary, CdCO3-CNFs deliver remarkably 
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lower partial current densities of CO (jCOs) in 0.1 M KHCO3 than the values in 0.5 M KHCO3. 

It has been proven that an increase in the concentration of electrolytes leads to an improved 

ionic conductivity [S13] and an increased concentration of dissolved CO2 near the electrode 

[S14], thereby significantly promoting the reaction kinetics for CO2RR. Briefly, an increase 

in the concentration of bicarbonate boosts the current density at the compromise of CO FE. 

Since high values of jCO are more desirable for practical applications, the electrochemical 

CO2RR performance over the catalysts was mainly evaluated in 0.5 M KHCO3 in this work. 

 

 

Figure S4.9 SEM image of CdCO3-CB. 
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Table S4.4 Comparison of CO2RR performance for CO production over CdCO3-CNFs and 

other state-of-the-art catalysts in aqueous electrolytes. 

Catalysts Electrolyte E (V) jco (mA cm-2) FE of CO  

CdCO3-CNFs 

(This work) 
0.5 M KHCO3 

–1.13 –32.6 79.3% 

–1.03 –25.9 88.6% 

–0.93 –17.3 91.7% 

–0.83 –9.4 93.4% 

–0.73 –3.8 90.8% 

–0.63 –1.0 79.1% 

CdCO3[S15] 0.1 M KHCO3 -0.35 ~ –4.5×10-5* 90% 

CdS nanorods[S16] 0.1 M KHCO3 –1.2 –21.9 81% 

CdS-CNTs[S17] 0.1 M KHCO3 –1.2 –10.5 92%  

Zn dendrites[S18] 0.5 M NaHCO3 –1.1 –13.0  79%  

S-Zn-S nanosheets[S19]  0.1 M KHCO3 –0.8 –4.3  94.2%  

Cu-In[S20] 0.1 M KHCO3 –0.5 –1.5  90%  

Cu-Sn[S21] 0.1 M KHCO3 –0.6 –1.0  ~90% 

N-CNTs[S22] 0.1 M KHCO3 –0.78 –0.8  80%  

Fe-N-C[S23] 0.5 M NaHCO3 –0.6 –5.4 90% 

3.7 nm Pd NPs[S24] 0.1 M KHCO3 –0.89 –11.0 91.2% 

Ag nanoplates[S25] 0.1 M KHCO3 –0.86 –1.3 96.8% 

Au nanowires[S26] 0.5 M KHCO3 –0.35 –8.2 94% 

Au-CeO2/C[S27] 0.1 M KHCO3 –0.89 –12.9 89.1% 

*: The jCO of CdCO3 from reference S15 is estimated based on the reported Tafel plots. 
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Figure S4.7 Stability tests of CdCO3-CNFs and CdCO3-CB at the potential of –0.83 V. The 

Avg. FECO denotes average FE of CO. 

 

 

Figure S4.8 (a) SEM image, (b) low- and (c) high-resolution TEM images of CdCO3-CNFs 

after the stability test. (d) Scanning TEM image and (e-i) corresponding EDS elemental 

mapping profiles of CdCO3-CNFs after stability test. 
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Figure S4.9 (a) XRD patterns of CdCO3-CNFs before and after the stability test, as well as 

carbon paper. (b) XPS spectra of Cd 3d for CdCO3-CNFs before and after the stability test. 

 

 

Figure S4.10 CVs of (a) CdCO3-CNFs, (b) CdCO3-CB, (c) CdCO3 NPs and (b) bulk CdCO3 

with a potential range from –0.2 to –0.3 V vs. SCE in an CO2-bubbled 0.5 M KHCO3 solution. 
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Figure S4.14 (a) Charging current density difference plotted against scan rates and (b) 

ECSA-corrected jCO of CdCO3-CNFs, CdCO3-CB, CdCO3 NPs and bulk CdCO3. 

 

Table S4.5 Fitting parameters of EIS results for the CdCO3-based catalysts. 

Catalysts Rs (Ω cm2) 
CPE 

C (F cm-2) Rct (Ω cm2) 
Q (Ω–1 cm–2 sn) n 

CdCO3-CNFs 6.61 9.81×10–4 0.93 7.32×10–4 20.83 

CdCO3-CB 6.58 9.23×10–4 0.88 5.68×10–4 30.72 

CdCO3 NPs 6.67 7.85×10–4 0.91 5.81×10–4 59.76 

 

 

Figure S4.15 UPS plots of CdCO3-CNFs and CdCO3-CB 
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Chapter 5. In-situ Generated Hydroxides Realize Near-unity 

CO Selectivity for Electrochemical CO2 Reduction 

Abstract: Electrochemical reduction of CO2 to CO is an attractive approach for the 

sustainable carbon cycle. However, the activity and selectivity of the CO2 reduction reaction 

(CO2RR) are often limited by the competitive hydrogen evolution reaction (HER) in aqueous 

media. In this work, in-situ generated hydroxides were introduced by the synthesis of 

rhombohedral CdCO3 crystals (i-CdCO3) under electrochemical CO2RR conditions. The 

generated hydroxides contribute to an increased local pH at the electrode/electrolyte interface, 

thereby effectively inhibiting HER. As a result, the obtained i-CdCO3 exhibits remarkably 

higher CO Faradaic efficiency (over 90%) in a broad potential range, where a near 100% 

selectivity is achieved, as compared to a pre-synthesized CdCO3 with similar morphology. 

Moreover, i-CdCO3 delivers a large current density of −24.8 mA mg‒1 at −1.26 V, together 

with a good stability of 36 h with negligible degradation, further demonstrating its superiority 

for efficient CO2RR. This study proposes a promising design strategy to boost the selectivity 

of CO2RR systems through in-situ producing hydroxides near the electrode to suppress the 

unfavorable HER. 

5.1 Introduction 

Electrochemical CO2 reduction reaction (CO2RR), powered by renewable electricity sources, 

is an attractive approach to closing the anthropogenic CO2 cycle through the formation of 

value-added fuels [1-3]. Among the various CO2RR products, CO is an important feedstock 

for many industrial processes such as the Fischer-Tropsch synthesis [4], it is also the most 

kinetically accessible product [5,6]. However, the concurrent hydrogen evolution reaction 
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(HER) often competes with CO2RR in aqueous electrolytes, leading to the insufficient 

selectivity and energy efficiency of CO production [5]. Thus, it is of great importance to 

develop advanced catalysts with the capacity of efficiently promoting CO2RR to CO while 

simultaneously suppressing the competitive HER. 

Various materials, including metals [7-9], transition metal chalcogenides [10-11], carbon 

materials [12,13] and molecular catalysts [14,15], have been identified to be catalytically 

active for the CO2RR to CO. Particularly, the well-designed nanostructured noble metals, 

such as ultrathin Au nanowires [16] and triangular Ag nanoplates [17], are among the most 

selective catalysts for CO production with the Faradaic efficiency (FE) of over 90%. 

However, their scarcity and the associated high costs inevitably hinder large-scale 

applications. Therefore, tremendous efforts have been devoted to seeking earth-abundant 

alternatives with the catalytic activity and CO selectivity comparable to the noble metals. To 

this end, several structural and morphological characteristics, including particle size [18,19], 

grain boundaries [20-22], exposed crystal facets [23,24] and surface defects [25,26], have 

been experimentally and computationally demonstrated to significantly influence the CO 

selectivity through tuning the binding energies of key reaction intermediates (*COOH, *CO 

and *H) for CO2RR and HER. Besides the structure and morphology of catalysts, the CO2RR 

selectivity also depends on the nature of electrolytes [27-29]. An important parameter for 

electrolytes is the local pH at the electrode/electrolyte interface, which is closely related to 

the formation of intermediates in certain reaction pathways. However, the effect of local pH 

on the CO2RR selectivity has only been reported by limited studies. 

The local pH effect was first reported by Hori et al., they found that the high pH near Cu 

electrode could facilitate the CO2RR to C2H4 [30]. Likewise, a promoted C2H4 production 
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was observed on dense Cu nanowire arrays which contribute to an increased local pH through 

impeding the neutralization of OHˉ [31]. Apart from Cu-based catalysts, the local pH also 

has a crucial influence on the product distribution of Ag- and Au-based catalysts [32-34]. For 

instance, by substituting K2HPO4 (higher buffer capacity) for KHCO3, the FE of CO on 

polycrystalline Ag is remarkably decreased with enhanced FE of H2, as a result of the 

relatively low local pH that favors HER [32]. Although the specific role of local pH in the 

CO2RR process has not been thoroughly explored to date, taking advantage of such local pH 

effect for enhancing CO selectivity is an attractive strategy for designing highly efficient and 

cost-effective CO2RR systems. 

This study is the first exploration for generating hydroxides (OHˉ) near the electrode via the 

in-situ synthesis of CdCO3 (i-CdCO3) from CdO porous nanosheets (PNSs) under 

electrochemical CO2RR conditions, thereby increasing the local pH. Compared with 

similarly sized CdCO3 (s-CdCO3) which has been pre-synthesized, the obtained i-CdCO3 

displays considerably increased FEs of CO in the entire measured potential range and reaches 

a maximum CO FE of 99.2% at a potential of −0.86 V. The enhancement in CO selectivity 

is demonstrated to benefit from the higher local pH near the catalyst surface which 

significantly promotes CO2RR while inhibiting HER.  

5.2 Results and discussion 

The CdO PNSs were synthesized through annealing the precursors of Cd(OH)2 nanosheets 

(NSs) obtained via a facile wet-chemical method. SEM and TEM were first employed to 

demonstrate the morphology evolution of Cd(OH)2 NSs to CdO PNSs. As shown in Figure 

5.1a-c, randomly oriented Cd(OH)2 NSs were transformed to CdO PNSs with massive 
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mesopores. The high-resolution TEM image (Figure 5.1d) displays an interplanar distance of 

0.271 nm, which matches well with the (111) plane of the cubic CdO crystal phase [35], 

indicating the successful synthesis of CdO PNSs. The porous feature of CdO PNSs was 

further confirmed by N2 adsorption–desorption isotherm (Figure 5.1e), which implies the 

presence of numerous pores with a size of 2-5 nm. 

 

Figure 5.1 SEM images of (a) Cd(OH)2 NSs and (b) CdO PNSs; (c) TEM image of CdO 

PNSs and (d) the corresponding high-resolution TEM image; (e) N2 adsorption-desorption 

isotherm of CdO PNSs, where the inset shows the pore size distribution. 

The as-synthesized CdO PNSs were then loaded on carbon paper to fabricate the working 

electrode. Before electrochemical CO2RR measurements, the fabricated electrode was 

pretreated to obtain i-CdCO3 by applying a constant potential of −1.26 V for 90 min in CO2-

bubbled 0.1 M KHCO3 electrolyte till the steady current was obtained (Figure S5.1, see 

Section 5.5 for the supporting figures and tables). The structure and morphology evolution 

of CdO PNSs to i-CdCO3 was determined by SEM, XRD and XPS analysis. Apparently, the 
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sheet-like nanostructure of CdO PNSs (Figure 5.2a) collapsed under such in-situ CO2RR 

conditions, and rhombohedral CdCO3 crystals appeared and accumulated on the electrode 

surface (Figure 5.2b). These CdCO3 crystals gradually grew to 200-300 nm (Figures 5.2c and 

S5.2) under the negative potential and meanwhile, a stable current was reached. EDS 

elemental mappings (Figure 5.2d-g) show the homogeneous distributions of Cd, C and O in 

the CdCO3 crystal, which verifies the successful preparation of i-CdCO3. Moreover, the XRD 

patterns (Figure 5.2h) demonstrate the transformation of cubic CdO (JCPDS 05-0640) to 

rhombohedral CdCO3 (JCPDS 42-1342). This is further confirmed by XPS results, as the Cd 

3d peaks of i-CdCO3 moved to the identical position as pristine commercial CdCO3 (p-

CdCO3, Figure S5.3) after the pre-treatment process (Figure 5.2i), and carbonate species was 

detected according to XPS spectra of C 1s (Figure S5.4). Notably, the rhombohedral shape 

of i-CdCO3 is characteristic of calcite-group minerals (e.g., Ca, Mg, Fe, Cd and Zn carbonates) 

[36,37]. It implies that the synthesized i-CdCO3 is composed of isotropic rhombohedral 

crystals delimited by a set of equivalent oblique {101
__

4} facets, and the cadmium and CO
2− 

3  

are closely packed along the {101
__

4} facets for the maximum thermodynamic stability [38]. 

The growth of i-CdCO3 can be well understood based on the chemical reaction below: 

CdO + HCO3
-
 → CdCO3 + OH

-
    (5.1) 

Briefly, the CdO reacted with HCO
− 

3  in the electrolyte to form CdCO3 while releasing OHˉ. 

A similar phenomenon was also observed on the electrode in Ar-bubbled bicarbonate 

solution (Figure S5.5), further verifying the occurrence of the reaction. The released OHˉ 

leads to a high local pH near the electrode, which is unfavorable for HER. Therefore, it is 

expected to achieve enhanced CO2RR on the as-prepared i-CdCO3. 
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Figure 5.2 SEM images of i-CdCO3 under different conditions: (a) prior to testing, and 

applied a potential of –1.26 V for (b) 1 min and (c) 90 min in CO2-saturated 0.1 M KHCO3; 

(d) SEM image of an i-CdCO3 particle and (e-g) the corresponding EDS elemental mappings; 

(h) XRD patterns of Cd(OH)2 NSs, CdO PNSs, p-CdCO3 and i-CdCO3 (The scale bar is 50 

nm); (i) Cd 3d XPS spectra of CdO PNSs, p-CdCO3 and i-CdCO3. 

To validate this assumption, the electrocatalytic activity of i-CdCO3 was evaluated in a CO2-

saturated 0.1 M KHCO3 electrolyte using p-CdCO3 as the reference catalyst. To persuasively 

clarify the local pH effect on the CO2RR performance, s-CdCO3 (Figure S5.6) with similar 

morphology was prepared and also examined for CO2RR. The cathodic polarization curves 

of all catalysts were recorded by linear sweep voltammetry (LSV) at a scan rate of 10 mV 
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s−1. Clearly, i-CdCO3 displays considerably higher current density (j, normalized by 

geometric area) than s-CdCO3 and p-CdCO3 over the measured potential range (Figure 5.3a), 

suggesting its enhanced catalytic activity. To get a better understanding of the CO2RR 

activity as well as the product distribution, stepped potentiostatic CO2 electrolysis was 

performed at potentials ranging from −0.26 to −1.26 V to periodically quantify the gaseous 

and liquid products by gas chromatography and ion chromatography, respectively. The 

results indicate that CO is the main CO2RR product on i-CdCO3, accompanied by a small 

amount of HCOOH detected at highly negative potentials (Figure S5.7). As a byproduct from 

HER, H2 was also detected throughout the entire potential window. Figure 5.3b shows the 

potential-dependent FEs of CO on these CdCO3 catalysts. As expected, i-CdCO3 exhibits the 

highest FE of CO at all potentials as compared to s-CdCO3 and p-CdCO3. Specifically, i-

CdCO3 delivers a FE of over 90% for CO production in a broad potential range from −0.66 

to −1.16 V, and reaches a maximum FE of 99.2% at −0.86 V, which is comparably higher 

than the FEs of many other state-of-the-art catalysts for CO formation (Table S5.1) [11, 16-

18, 39-41], and also a recent work on CdCO3 [42]. In contrast, s-CdCO3 and p-CdCO3 display 

lower CO selectivity, with the maximum FE of CO being 87.0% (at −0.86 V) and 75.9% (at 

−0.96 V), respectively. The difference in CO selectivity mainly corresponds to lower FEs for 

H2 on i-CdCO3 (Figure S5.8), which could be the result of inhibited HER caused by the local 

pH effect. 

Figure 5.3c shows the potential-dependent CO partial current densities (jCOs) of all the 

catalysts calculated based on steady-state j and corresponding FEs of CO. It clearly 

demonstrates the high catalytic activity of i-CdCO3 towards CO formation with a jCO of ‒

24.8 mA cm‒2 obtained at −1.26 V, which is nearly 2.1- and 3.3- fold higher than the values 
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on s-CdCO3 and p-CdCO3, respectively. Currently, the reported mass activities on 

benchmarking materials for CO formation are typically less than 50 mA mg‒1 at the potentials 

corresponding to the maximum FE (Table S5.1) [43-45], which severely hinders the 

widespread application of these materials. Surprisingly, i-CdCO3 exhibits remarkably high 

mass activities (>50 mA mg‒1) in a wide potential window ranging from −0.86 to −1.26 V 

and achieves an ultrahigh value of 165.1 mA mg‒1 at −1.26 V, exceeding s-CdCO3 and p-

CdCO3 (Figure 5.3d). The superior mass activity is highly desirable for Cd-based catalysts 

considering their toxicity. The increase in mass activity on i-CdCO3 can be attributed to the 

dense CdCO3 crystals on the electrode surface, which ensures sufficient surface area in 

contact with the electrolyte, thereby boosting the number of effective active sites for CO2RR. 

Therefore, i-CdCO3 has sufficient potential as a promising catalyst for electrochemical 

CO2RR with ultrahigh CO selectivity and mass activity, as well as good catalytic activity. 

It is well-accepted that the improvement in the catalytic activity of catalysts may originate 

from the increased number of active sites and/or the enhanced intrinsic activity [8,46]. To 

differentiate these two factors, the electrochemically active surface areas (ECSAs) for all 

CdCO3 catalysts were estimated by measuring double-layer capacitance (Cdl), and the results 

are shown in Figure 5.4a. Apparently, the i-CdCO3 possesses the largest ECSA among these 

catalysts, with the Cdl value (5.7 mF cm‒2) being roughly 1.6 and 2.2 times higher than those 

of s-CdCO3 and p-CdCO3, respectively. The increased ECSA for i-CdCO3 suggests a 

significant increase in the number of catalytically active sites, which endows i-CdCO3 with 

increased CO2 adsorption capacity, as demonstrated by the corresponding CO2 adsorption 

isotherms in Figure 5.4b. A consensus has been reached that CO2 adsorption is the 

prerequisite for CO2RR in aqueous media [47] and hence, the increased CO2 adsorption 
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capacity of i-CdCO3 ensures the continuous supply of reactants for subsequent CO2RR. By 

comparing the ECSA-corrected jCOs of the CdCO3 catalysts (Figure S5.9), it is found that i-

CdCO3 exhibits higher intrinsic activity than the other two components. Therefore, the 

increased ECSA and the catalytically more active sites collectively contribute to the 

enhanced catalytic activity on i-CdCO3. 

 

Figure 5.3 (a) LSV curves in CO2-saturated 0.1 M KHCO3 electrolyte; (b) potential-

dependent FEs of CO, (d) jsCO and (e) mass activities of p-CdCO3, s-CdCO3 and i-CdCO3. 

To gain deep insights into the electrokinetic mechanism of CO2RR on the CdCO3 catalysts, 

Tafel analysis was performed and the results are shown in Figure 5.4c. It is commonly 

accepted that the process of CO2RR to CO involves the transfer of two electrons and two 

protons [48]. Initially, one electron is transferred to an adsorbed CO2 molecule to form *CO2
− 

intermediate, and then a *COOH intermediate is generated after receiving one proton [32,49]. 
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Subsequently, the adsorbed *COOH experiences a proton-coupled electron transfer to form 

a *CO intermediate and a H2O molecule. Finally, the *CO intermediate desorbs from the 

catalysts to produce CO. The rate-determining step can be uncovered by calculating the Tafel 

slope, an inherent property of catalysts. Compared with s-CdCO3 (139 mV dec‒1) and p-

CdCO3 (150 mV dec‒1), i-CdCO3 shows a relatively lower Tafel slope of 119 mV dec‒1, much 

close to the theoretical value of 118 mV dec‒1 [20], indicating that the first one-electron 

transfer is the rate-determining step over i-CdCO3. Indeed, the initial CO2 activation 

generally requires a much more negative potential than the subsequent steps [20,50]. The 

lowed Tafel slope of i-CdCO3 indicates a promoted kinetics for the formation of the *CO2
− 

intermediate. It can be inferred that the intrinsically more active sites on i-CdCO3 offer 

improved stabilization for the *CO2
− intermediate, thereby lowering the energy barrier for 

CO2 activation and eventually increasing the catalytic activity. 

In addition to product selectivity and catalytic activity, stability is another crucial criterion to 

evaluate an advanced catalyst for CO2RR. Hence, continuous CO2RR was performed at a 

fixed potential of –0.86 V for 36 h to examine the stability of i-CdCO3 (Figure 5.4d). The 

total j on i-CdCO3 stabilizes at about 8.2 mA cm-2 with negligible variation, and the 

corresponding FE of CO remains at over 95%. Moreover, the morphology and composition 

of i-CdCO3 are preserved after the stability test (Figure S5.10). In contrast, noticeable 

degradation of both j and FE of CO was observed on s-CdCO3 after 36 h operation, which 

could be ascribed to the agglomeration of CdCO3 crystals and thus the loss of active sites 

(Figure S5.11). The enhanced stability of i-CdCO3 should be attributed to the stronger 

interaction between i-CdCO3 and carbon support due to in-situ growth, which has been 
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demonstrated to restrain the agglomeration of active sites effectively [51]. The good stability 

of i-CdCO3 further confirms its superiority as a promising CO2RR catalyst. 

 

Figure 5.4 (a) Charging current density difference (∆j) plotted against scan rates; (b) CO2 

adsorption isotherms and (c) Tafel plots of p- CdCO3, s-CdCO3 and i-CdCO3; (d) stability 

test for i-CdCO3 at a potential of –0.86 V. 

Regarding the remarkably enhanced CO selectivity of i-CdCO3 over s-CdCO3 with similar 

morphology, the local pH effect is proposed to explain this phenomenon, as illustrated in 

Figure 5.5a. On one hand, the pH rises locally at the electrode/electrolyte interface as a 

consequence of releasing OHˉ in the following cathode reactions [3,33]: 

CO2 + H2O + 2e- → CO + 2OH
-
    (5.2) 

2H2O + 2e- → H2 + 2OH
-
     (5.3) 
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On the other hand, the in-situ growth process of i-CdCO3 also generates OHˉ near the 

electrode surface according to the abovementioned Equation 5.1. Therefore, a higher local 

pH is developed near i-CdCO3 than that near s-CdCO3. It has been proven that an increase in 

pH will significantly lower the kinetics of HER [52] and hence, the higher local pH near i-

CdCO3 leads to the effective suppression of HER and subsequently the enhanced selectivity 

of CO2RR to CO. Particularly, geometric j also affects the local pH by controlling the 

generation rate of OHˉ [39,53]. To exclude the influence of j on the local pH, the FEs of CO 

for i-CdCO3 and s-CdCO3 were plotted against j instead of the applied potentials (Figure 

5.5b). Clearly, i-CdCO3 exhibits higher FEs of CO than s-CdCO3 in the whole j range, 

suggesting that the variation in j is not sufficient to account for the different local pH 

environments and CO selectivities. This evidence indicates that the OHˉ produced by the in-

situ synthesis process plays an important role in the CO2RR selectivity for CdCO3 catalysts. 

To better understand the local pH effect, the product selectivities of i-CdCO3 and s-CdCO3 

were evaluated in CO2-saturated 0.05 M K2HPO4, 0.1 M KHCO3 and 0.1 M KClO4 solutions, 

respectively. Figure 5.5c shows the FEs of CO on i-CdCO3 in various electrolytes. As can be 

seen, the FEs of CO are dramatically decreased in 0.05 M K2HPO4 than the values in 0.1 M 

KHCO3, which is consistent with the work on oxide-derived Ag [32]. This result is attributed 

to the better buffer ability of K2HPO4 (pKa = 7.2) than KHCO3 (pKa = 10.3) [54], which 

makes it easier to neutralize generated OHˉ near the electrode and keep a relatively low value 

of local pH. The lower local pH promotes HER (Figure S5.12), leading to the decreased CO 

selectivity. Similar results are obtained on s-CdCO3 in 0.05 M K2HPO4 electrolyte (Figure 

S5.13). A relatively high local pH can be achieved in KClO4 electrolyte, which does not have 

buffer ability. [54] As expected, the CO selectivity is improved on s-CdCO3 by replacing 0.1 
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M KHCO3 with 0.1 M KClO4, where a maximum FE of 96.8% is obtained at –0.96 V (Figure 

S5.13). This evidence clearly reveals that the local pH effect has a significant impact on the 

CO2RR selectivity. 

 

Figure 5.5 (a) Schematic illustration of local pH effect on i-CdCO3; (b) FEs of CO as a 

function of j observed over s-CdCO3 and i-CdCO3; (c) potential-dependent FEs of CO on i-

CdCO3 in CO2-saturated 0.05 M K2HPO4, 0.1 M KHCO3 and 0.1 M KClO4 electrolytes; (d) 

FEs of CO on i-CdCO3 measured in various concentrations of KHCO3. 

To further examine the pH effect on the CO2RR, CO2 electrolysis was performed on i-CdCO3 

in various concentrations of KHCO3 electrolytes at a potential of –0.96 V. The local pH drops 

with the increasing concentration of bicarbonate electrolytes owing to the enhanced buffer 

strength [53,54]. Therefore, the FE of CO on i-CdCO3 declines monotonically with the 

increase of KHCO3 concentration in the range of 0.1 M to 1 M (Figure 5.5d). This result 



128 

 

further validates the fact that high local pH favors CO2RR rather than HER to some extent. 

However, rising the local pH by conducting CO2RR in more dilute (e.g., 0.05 M) bicarbonate 

electrolyte cannot further improve the CO selectivity on i-CdCO3. Such a disparity may be 

related to the lowered CO2 concentration, which can be explained by the equations below 

[29,53]: 

CO2 + OH
-
 ↔ HCO3

-
      (5.4) 

HCO3
-
 + OH

-
 ↔ CO3

2-
 + H2O     (5.5) 

An extraordinarily high local pH will shift the equilibria of above acid-base reactions towards 

(bi)carbonates, which can reduce the CO2 concentration near the electrode surface and 

decrease the reaction kinetics for CO2RR. This also explains the comparable FES of CO on 

i-CdCO3 in 0.1 M KHCO3 and 0.1 M KClO4 electrolytes (Figure 5.5c). Based on these results, 

it seems likely that there is an optimum local pH that balances the benefits of increased pH 

and the unfavorable decline in CO2 concentration. However, the measurement of local pH 

under the CO2RR conditions remains as a big challenge, and it is unclear how local pH itself 

affects the adsorption energies of reaction intermediates. Considering the huge impact of 

local pH on the product selectivity, more experimental and theoretical work is highly 

encouraged to clarify the CO2RR mechanisms related to local pH, so as to provide a scientific 

basis for optimizing the electrochemical CO2RR performance through tuning the local pH. 

5.3 Conclusions 

In summary, we successfully introduced hydroxides by the revolution of porous CdO 

nanosheets to dense rhombohedral CdCO3 crystals under in-situ electrochemical CO2RR 

conditions. The obtained catalyst, denoted as i-CdCO3, shows significantly higher current 

density and mass activity for CO formation, as compared to pre-synthesized CdCO3 catalyst 
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with similar morphology. Moreover, i-CdCO3 displays remarkably increased CO FEs of over 

90% in a wide potential window ranging from −0.66 to −1.16 V and achieves a maximum 

value of 99.2% at −0.86 V, outperforming most benchmarking catalysts for CO formation. 

The improved selectivity of CO is primarily attributed to an appropriate increase in local pH 

near the electrode surface, which effectively inhibits the competitive HER. These findings 

can significantly advance the current understanding on the local pH effect and provide new 

insights for designing inexpensive and selective catalyst systems for electrochemical CO2RR. 
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5.5 Supporting information 

5.5.1 Supporting figures and tables 

 

Figure S5.1 (a) Records of current density (j) with time during the preparation of i-CdCO3 

at ‒1.26 V in CO2-bubbled 0.1 M KHCO3 electrolyte. SEM images of i-CdCO3 under 

different conditions: (b) prior to testing, and applied potential for (c) 1 min, (d) 10 min, (e) 

30 min, and (f) 90 min. 

The j-t curves of the as-prepared i-CdCO3 can be divided into three stages (Figure S5.1a), 

i.e., stage I (0-10 min) with j sharply increasing, stage II (10-50 min) with j mildly growing, 

and stage III (>50 min) with almost constant j. The morphology evolution in each stage was 

investigated by SEM. As shown in Figure S5.1, rhombohedral CdCO3 crystals with a size of 

about 100 nm formed and accumulated at the electrode surface at stage I (Figs. S5.1c and 

S5.1d), and then gradually grown at stage II (Figure S5.1e), finally reached a certain size of 

200-300 nm at stage III (Figure S5.1f). 
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Figure S5.2 TEM images of i-CdCO3. 

 

 

Figure S5.3 SEM image of p-CdCO3. 

 

 

Figure S5.4 XPS spectra of C 1s for (a) CdO PNSs and (b) i-CdCO3. 



136 

 

 

Figure S5.5 SEM image of CdCO3 particles prepared by applying a potential of ‒1.26 V on 

CdO PNSs for 90 min in Ar-bubbled 0.1 M KHCO3 electrolyte. 

 

 

Figure S5.6 SEM image of s-CdCO3. 

 

 

Figure S5.7 Potential-dependent FEs of all reduction products over i-CdCO3. 
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Table S5.1 Comparison of CO2RR performance for CO production over i-CdCO3 and other 

state-of-the-art catalysts in bicarbonate electrolytes. 

Catalysts Electrolyte E (V) jco (mA cm-2) FE of CO  
Mass activitya 

(mA mg-1) 

i-CdCO3 

(This work) 
0.1 M KHCO3 

–1.26 –24.8 86.6% 165.1 

–1.16 –21.5 92.5% 143.3 

–1.06 –17.0 95.3% 113.4 

–0.96 –12.7 97.5% 84.4 

–0.86 –7.6 99.2% 50.9 

–0.76 –3.5 97.2% 23.0 

–0.66 –1.1 96.5% 7.2 

Au nanowires [S1] 0.5 M KHCO3 –0.35 –8.2 94% 1.8 

Ag nanoplates [S2] 0.1 M KHCO3 –0.86 –1.3 96.8% 2.0 

Ag NPs [S3] 0.5 M KHCO3 –0.75 –3.5 84.4% ~40 

Pd NPs [S4] 0.1 M KHCO3 –0.89 –8.9 91.2% 23.9 

PdCu NPs [S5] 0.1 M KHCO3 –0.89 –6.9 86% 24.5 

Ag2S NWs [S6] 0.1 M KHCO3 −0.756 –0.8 41.7% ~1.3 

Porous Zn [S7] 0.1 M KHCO3 –0.95 –27.0  94.4%  4.2 

Zn nanosheets [S8]  0.1 M KHCO3 –1.0 ~–7.2 90%  ~3.6 

CdS nanorods [S9] 0.1 M KHCO3 –1.2 –21.9  81% 67.8 

Cu-In [S10] 0.1 M KHCO3 –0.6 ~–0.6  85%  N.R.b 

Cu-Sn [S11] 0.1 M KHCO3 –0.6 –1.0  ~90% N.R. 

N-CNTs [S12] 0.1 M KHCO3 –0.78 –0.8  80%  1.6 

Ni-N-C [S13] 0.1 M NaHCO3 –0.75 –4.8 ~85% ~9 

CoPc/CNT [S14] 0.1 M NaHCO3 –0.63 –15.0 98% 37.5 

aMass activities were calculated based on the reported jsCO and catalyst loadings. 

bN.R.: not reported. 
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Figure S5.8 Potential-dependent FEs of H2 on i-CdCO3, s-CdCO3 and p-CdCO3. 

 

 

Figure S5.9 CVs of (a) i-CdCO3, (b) s-CdCO3, and (c) p-CdCO3 with a potential range from 

–0.2 to –0.3 V vs. SCE in an CO2-saturated 0.1 M KHCO3 solution; (d) ECSA-corrected jsCO 

of i-CdCO3, s-CdCO3-CB and p-CdCO3. 
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Figure S5.6 (a) SEM image of i-CdCO3 after stability test and (b) XRD patterns of i-CdCO3 

before and after stability test. The C peaks are originated from carbon paper. 

 

Figure S5.7 (a) Stability test for s-CdCO3 and (b) SEM image for s-CdCO3 after stability test. 

 

Figure S5.8 Potential-dependent FEs of H2 on i-CdCO3 in CO2-saturated 0.05 M K2HPO4, 

0.1 M KHCO3 and 0.1 M KClO4 electrolytes. 
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Figure S5.9 (a) Potential-dependent FEs of CO and (b) FEs of H2 on s-CdCO3 in CO2-

saturated 0.05 M K2HPO4, 0.1 M KHCO3 and 0.1 M KClO4 electrolytes. 
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Chapter 6. Summary and Future Prospects 

6.1 Summary 

This dissertation focused on designing highly selective and efficient Zn- and Cd-based 

catalysts for the CO2RR towards CO production, and investigating the factors governing their 

CO2RR performance. Firstly, hexagonal Zn nanoplates (H-Zn-NPs) enclosed by Zn(100) and 

Zn(002) facets were successfully synthesized and explored their shape-dependent CO2RR 

performance. Compared with spherical-like Zn nanoparticles and Zn foil, H-Zn-NPs exhibit 

enhanced catalytic activity and CO selectivity in a wide potential window. Particularly, H-

Zn-NPs achieve a maximum FE of 94.2% is at −0.96 V, outperforming most of the reported 

Zn-based catalysts. DFT calculation results indicate that the enhanced CO2RR performance 

is ascribed to an increased number of Zn(100) and edge atoms, which lower the energy barrier 

of the initial electron-transfer process and thereby facilitating the CO2RR to CO. This study 

identifies the active sites on Zn catalysts for CO2RR, and provides a straightforward approach 

to improve the CO2RR performance over Zn catalysts through tuning the catalysts’ shape and 

subsequently maximizing the percentage of these active sites. 

Secondly, CdCO3 nanoparticles decorated carbon nanofibers (CdCO3-CNFs) were 

synthesized and investigated the effect of catalyst-support interactions on the CO2RR 

performance. CdCO3 has shown good CO selectivity at less negative potentials. Moreover, 

according to the theoretical results in this study, CdCO3 processes appropriate binding 

energies of the key intermediates for CO production, together with a good electrochemical 

stability under the CO2RR conditions. However, the current density of CdCO3 is still 

unsatisfactory. Therefore, the well-designed CdCO3-CNFs were constructed to boost the 
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catalytic activity via a strong interaction between the CdCO3 catalyst and the carbon support. 

The presence of such interaction, which is evidenced by XPS and UPS results, enables the 

fast electron transfer and the stabilization of active sites on CdCO3-CNFs during the CO2RR. 

As a result, CdCO3-CNFs are able to achieve high partial current density (~10 mA cm‒2) and 

selectivity of CO (93.4%)) simultaneously at a moderately negative potential (‒0.83 V). The 

superior catalytic activity, along with good stability of over 24 h, endows the CdCO3-CNFs 

as a promising CO2RR electrocatalyst to replace noble metals towards CO production. This 

study exemplifies a rational design for fabricating highly efficient and robust Cd-based 

catalysts for the electrochemical CO2RR via developing a strong catalyst-support interaction. 

Finally, to further improve the CO selectivity, in-situ generated hydroxides were introduced 

by the synthesis of rhombohedral CdCO3 crystals (i-CdCO3) under electrochemical CO2RR 

conditions. The generated hydroxides contribute to an increased local pH at the 

electrode/electrolyte interface, thereby effectively inhibiting HER. As a result, the obtained 

i-CdCO3 exhibits remarkably high FE of CO (over 90%) in a broad potential range, where a 

near 100% selectivity is achieved, exceeding a pre-synthesized CdCO3 and most 

benchmarking catalysts for CO formation. Additionally, the local pH effect on the product 

selectivity of i-CdCO3 was investigated by employing various aqueous electrolytes with 

different buffer abilities. The results suggest that there is an optimum local pH that balances 

the benefits of increased pH and the unfavorable decline in CO2 concentration. These 

findings can significantly advance the current understanding on the local pH effect and 

provide new insights for designing inexpensive and selective catalyst systems for 

electrochemical CO2RR. 
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6.2 Future prospects 

The suggestions of future work are briefly listed below, and hopefully, they can serve as 

guidelines and inspirations for researchers who are dedicated to developing Zn- and Cd-based 

catalysts for efficient, robust and inexpensive CO2RR. 

(1) Further enhancement in the catalytic activity and stability of Zn- and Cd-based 

catalysts 

Although appreciable CO selectivity has been achieved on Zn- and Cd-based catalysts in this 

work, the current density and the overpotential still fall short of the practical requirement for 

electrochemical CO2RR. To this end, new strategies are essential for developing Zn- and Cd-

based catalysts with higher current density and lower overpotential while maintaining high 

CO selectivity. Moreover, the stability of catalysts should be improved to suppress 

degradation and poisoning, so as to make the CO2RR economically feasible for long-term (> 

1000 h) operation. 

(2) Deeper understanding of the factors governing the CO2RR performance 

The mechanistic understanding associated with the factors governing the CO2RR 

performance is still lacking. In situ characterization technologies are highly desirable to 

record the CO2RR process systematically and precisely under various experimental 

conditions. More importantly, the integrated information from these in situ characterization 

techniques together with theoretical calculations may bring deeper insights into the 

relationship of catalysts’ structure, local environment and the CO2RR performance. 

(3) Development of efficient full cell reactor 
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Traditional H-type electrolyzers can only work for tens of hours and exhibit a limited current 

density of less than 100 mA cm−2, which does not meet the requirements for industrial 

production. Thus, liquid electrolyte flow cell, membrane electrode assembly (MEA) cell 

[containing gas diffusion electrode (GDE) and ion-exchange membrane], are highly 

recommended to solve these problems.  
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