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Abstract 

For the serious problem of excessive CO2 emission, using CO2 as an 

alternative carbon feedstock and transferring it to other valuable chemicals has been 

regarded as a prospective way. Among various methodologies for effectively reducing 

CO2 emissions, the electrochemical CO2 reduction reaction (CO2RR) has attracted 

intensive attention because a high rate of CO2 conversion is expected even at ambient 

temperature and pressure. Under common aqueous conditions, the hydrogen evolution 

reaction (HER) is inevitable, limiting efficiency and narrowing the applying condition 

of CO2 reduction. There are two major methods to suppress the hydrogen evolution 

via changing the CO2 transfer from liquid phase feed to gas phase or controllable 

synthesis of desirable catalysts with high densities of exposed active sites or crystal 

facet. In this thesis, we focused on the two methods carrying much effort to increase 

CO2 reduction efficiency under a broader environment. In Chapter I, we 

comprehensively introduced the fundamental background and current research 

emphasis of CO2 reduction, including catalyst modification and the application of gas 

diffusion electrode, and the meaning of our work in this field. 

We introduced the gas diffusion electrode on CO2 reduction field with a 

broader application range. Nickle-doped covalent triazine framework showed 

exceeding 60% CO faradic efficiency not only in alkaline or neutral electrolyte, but 

also in acidic condition even the pH is 2 by introduction of gas diffusion electrode 

(GDE) based electrolyzer. However, when using the plate electrode (PE) based cell, 

the FEs of CO exhibited only around 1.2% in the electrolyte with the same pH. To 

clarify the reason, we added the Zn (II) ions in the electrolyte to verify the local pH 
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change during the reduction process, which would precipitate on the electrode if the 

local pH increases to alkaline condition even the bulk pH is 2. The sediment was just 

founded on the surface of GDE, not on the PE, which confirmed our assumption, and 

the expansion of pH range is beneficial for considering secondary uses of CO2RR 

products. 

In Chapter III, we introduced the atomic Sn modification on Cu nanoparticles 

as the catalysts for CO2 reduction. Low-coordinated Cu sites are likely active for the 

competing HER during CO2 electrolysis. To hinder such low-coordinated Cu sites, we 

decorated Sn atoms with varied ratios, which is a kind of inert metal atom, in Cu 

nanoparticles via a simple wet-chemical method. Physical and theoretical 

characterization revealed that Sn atoms were preferentially located at low-coordinated 

sites when Sn is in low contents (below 1.5%). Compared with the pristine Cu 

catalyst, the Sn-modified Cu exhibited suppression of the hydrogen evolution and 

acceleration of CO evolution. After Sn atomic modification, the catalysts showed 

lower activity both for hydrogen evolution and CO2 reduction via the first principle 

calculation target the adsorption strength of reaction intermediates. As a result, the 

activity of coordinatively-saturated Cu sites, which show favorable CO2 reduction 

activity, was emphasized. The modification of trace foreign metals in metal 

nanoparticles may provide an avenue for the synthesis of selective electrocatalysts 

targeting various reactions. 

Chapter IV introduced the direct electrodeposition of metal catalysts on gas 

diffusion electrodes. Direct electrodeposition on GDE surface shows many merits 

compared with the dip-coating of as-prepared catalyst powders on GDE, such as, the 

better uniformity, the controllable fabrication of specific exposed active site or crystal 
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facet, and the possibility of porous structure with more channels for reactants 

delivery. In this chapter, we successfully deposited porous Cu and Zn layers directed 

on GDE surface via adding different surfactants in the electrolyte and applying pulse 

current. The electrodeposited samples showed a much higher current density 

compared with the dip-coating samples. We also optimized the concentration of 

added surfactant and the program of pulse current method to modulate specific crystal 

facets with favorable activity toward CO2RR compared with HER. The direct 

electrodeposition method is beneficial to regulating the structure and fabricating 

larger electrodes, which show much potential in scale-up industrial application. 

In this paper, we focused on the suppression of hydrogen evolution during 

CO2 electrolysis process and found several effective strategies, including changing the 

CO2 transfer media from liquid to gas phase by introducing gas diffusion electrode, 

controllably preparing specific catalysts with suppression of HER-active sites or 

increment of favorable CO2 reduction active sites, which expand the vision of the CO2 

reduction in practical application. 
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Chapter I General Introduction 

Excessive emissions of carbon dioxide (CO2) due to fossil fuel combustion 

and industry is becoming a serious obstacle to the sustainable development of society 

and the main reason for global warming. However, CO2 is also an essential trace gas 

in Earth’s atmosphere, which participates in the global carbon cycle with various 

plants, animals and microorganisms.[1] Based on above consideration, using CO2 as an 

alternative carbon feedstock and transferring it to other valuable chemicals, which 

could create an artificial close carbon cycle, shows great potential of current 

research.[2-4] Up to now, many approaches, such as photochemical, thermochemical, 

electrochemical, and biological methods, have been devoted to the research of CO2 

reduction reaction (CO2RR). Among above means, electroreduction of CO2, which 

could power by other sustainable energy, such as nuclear, wind, solar and hydro 

energy,[5, 6] has been regarded as the most promising one with several merits over 

other competitors, including zero-emission, potential to high current and large-scale,  

product with high-value, wide range of electrolyzer design, as well as rational control 

of reaction process.[7, 8] 

Despite current research had achieved many breakthroughs in elevated current 

density, extended catalyst range, and high-selectivity of sole product, the practical 

application of electrocatalytic CO2RR is still in its infancy stage with many 

challenges.[9] First of all, the primary supply method of CO2 in existent work is the 

soluble CO2 in aqueous condition, with inevitable side reaction of hydrogen evolution 

and limited transfer rate due to the low solubility of CO2 (~ 0.033M). In order to 

confine the rate of hydrogen evolution reaction (HER), the overwhelming majority of 
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CO2 reduction are restricted in neutral or alkaline solutions with a lower concentration 

of protons. Furthermore, the current density range of several or dozens of milliampere 

per square centimeter (mA cm-2) is urgent to increase to face the requirements for the 

scale-up production.  

Besides the electrolyzer and system design, the catalyst itself also plays a vital 

role in the performance of CO2RR process.[10] Many kinds of catalysts, including 

metals, metal compounds, carbonaceous materials and organics, have been devoted to 

the research of CO2RR. One of a present hotspot is the atomic distribution of active 

metal centers on a supporting framework as substrate, which vastly increases the 

utilization efficiency of metal species and avoids some side reaction. Along with the 

single-atom catalysts, many factors of metallic catalysts also influence the 

performance of CO2RR, such as the oxidative state, crystal orientation, morphology, 

particle size and alloying or hybrids with other metals, via modulation of the 

adsorption energy between active sites and the intermediates during reaction 

pathways.  

Beyond these considerations, in this chapter, we introduce the background of 

electrocatalytic CO2RR, including the fundamental mechanism and research method, 

major catalyst genres, and the optimized method to gain high efficiency and current 

density for CO2RR in both catalysts modification and electrolyzer system upgrading 

field. 
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1.1.  Electrocatalytic CO2 reduction 

1.1.1 Fundamental mechanism of CO2 reduction 

Electrochemical reduction of CO2 is a multiple proton-electron assisted 

transfer process,[11, 12] which often occurs on the interface between electrode and 

electrolyte, and commonly could be simply divided into four stages:[6, 12] (1) the 

chemical adsorption of CO2 molecule on the surface of electrode, (2) the activation of 

CO2 molecule to the CO2
•- radical, (3) multiple electron- or proton- associated transfer 

process to gain various products, and (4) products desorb from electrode surface and 

diffuse into electrolyte. The CO2 activation is hard to drive due to the inert property of 

CO2 molecule. As an endothermic process, CO2 activation (equation (1-1)) requires a 

very negative potential (-1.9 V versus standard hydrogen electrode (SHE)) to form the 

CO2
•- radical under equilibrium status.  

 𝐶𝑂2 +  𝑒−  →  𝐶𝑂2
∙−       𝐸0 =  −1.90 𝑉  (1-1) 

In actual condition, it desires much more negative to startup compared to the 

ideal one, so an external bias is necessary on most occasions. However, the suitable 

catalysts, which could stabilize radicals via forming chemical bonds, exhibit a 

decreased redox potential.  

Based on the number of transferred electrons involved in the reaction, the 

possible products including two-electron of carbon monoxide (CO) and formate 

(HCOO-), 4-electron of formaldehyde (HCHO), 6-electron of methanol (CH3OH), 8-

electron of methane (CH4), 12-electron of ethanol (CH3CH2OH) and ethylene (C2H4) 

and much more complex products. The half-reaction mentioned above, as well as the 

hydrogen evolution reaction, required equilibrium potentials from thermodynamic 
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aspect have been listed as below[13-15] (under the standard condition: 1 atmosphere 

pressure, 25 ℃, pH = 7, 1 M concentration, potential versus SHE): 

 𝐶𝑂2 + 2𝐻+ +  2𝑒−  →  𝐶𝑂      𝐸0 =  −0.52 𝑉  (1-2) 

 𝐶𝑂2 + 2𝐻+ +  2𝑒−  →  𝐻𝐶𝑂𝑂𝐻      𝐸0 =  −0.61 𝑉  (1-3) 

 𝐶𝑂2 + 4𝐻+ +  4𝑒−  →  𝐻𝐶𝐻𝑂      𝐸0 =  −0.51 𝑉 (1-4) 

 𝐶𝑂2 + 6𝐻+ +  6𝑒−  →  𝐶𝐻3𝑂𝐻 +  𝐻2𝑂     𝐸0 =  −0.38 𝑉  (1-5) 

 𝐶𝑂2 + 8𝐻+ +  8𝑒−  →  𝐶𝐻4 + 2𝐻2𝑂     𝐸0 =  −0.24 𝑉  (1-6) 

2𝐶𝑂2 + 12𝐻+ +  12𝑒−  →  𝐶𝐻3𝐶𝐻2𝑂𝐻 +  4𝐻2𝑂     𝐸0 =  −0.33 𝑉  (1-7) 

 2𝐶𝑂2 + 12𝐻+ +  12𝑒−  →  𝐶2𝐻4 +  4𝐻2𝑂     𝐸0 =  −0.34 𝑉   (1-8) 

 2𝐻+ +  2𝑒−  →  𝐻2     𝐸0 =  −0.42 𝑉 (1-9) 

The required potential for various products is concentrated in a narrow range, 

which makes a challenging problem for gaining target product with high selectivity. 

Moreover, in a common CO2 electrolyzer, the aqueous electrolyte also provides the 

possibility of H2 evolution, which is a strong rival for all CO2 reduction pathways due 

to the similar potential window (equation (1-9)). Accordingly, rational design of 

suitable catalysts and electrolyzer systems with high selectivity to desirable product 

while suppressing unwanted chemicals is becoming an urgent issue of current 

research. 

1.1.2 CO2 performance evaluation 

There are several parameters always been used to evaluate the performance of 

CO2 reduction, which would be affected by the electrocatalysts, the used electrolyzer, 



 

5 

 

electrolyte, and measuring condition. Here, we introduce the most common 

parameters below:[16, 17] 

(1) onset potential and overpotential (η). Considering the energy barrier that 

catalytic reaction needs to overcome, the actual applied potential need to be more 

negative than the thermodynamic potential under equilibrium condition. The potential 

that could trigger the reaction called onset potential, and the difference between onset 

potential and equilibrium potential is overpotential.  

 𝜂 = 𝐸 − 𝐸𝑒𝑞 (1-10) 

Typically, the less overpotential means the less activation energy, and it 

mainly depended on the intrinsic property of catalyst, which could be used to identify 

the activity of catalysts. 

(2) Faradaic efficiency (FE). Faradic efficiency indicates the ratio of 

consuming electrons producing target product to the sum supplying electrons by the 

external circuit. 

  𝐹𝐸 =
𝛼𝑛𝐹

𝑄
   (1-11) 

Where α is the number of transferred electrons, n is the amount moles of 

desired product, F is the Faraday constant (95485 C mol-1), and Q is the total passed 

charge. FEs of different products present the selectivity for each product and affect by 

the solution concentration, temperature, applied potential, pH, etc.  

(3) current density (j). Current density is the passed charge through the 

geometric surface area of working electrode in certain time under applied potential, 

express the reaction rate and the catalytic activity. Not only the total current density 

but the partial current density has also been presented in papers, which could indicate 
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the production rate for the specific product. Under certain potential, the partial current 

density of desired product is obtained by the multiplication of Faradaic efficiency of 

this product and the total current density, as shown below: 

 𝑗𝑝𝑎𝑟𝑡𝑖𝑎𝑙 =  𝑗𝑡𝑜𝑡𝑎𝑙  × 𝐹𝐸 (1-12) 

(4) electrochemical surface area (ECSA). Besides the geometric area, the 

electrochemical surface area also needs to measure on some occasions, especially for 

the porous or hollow structure. The ECSA for a specific catalyst is calculated by the 

below equation: 

 𝐸𝐶𝑆𝐴 = 𝑆𝑅𝐹 × 𝐴𝑔𝑒𝑜 (1-13) 

where SRF is the roughness factor gained from double-layer capacitance, Ageo is the 

geometric area of electrode. 

(5) turnover frequency (TOF). Turnover frequency is defined as the number of 

the molecule produced per active sites per unit time. The catalyst with a high TOF 

value means it owns more active sites, leading better activity. The value means the 

ratio of the active sites producing target product (Np) to the maximum possible active 

sites (Nc), as shown below: 

  𝑇𝑂𝐹 =
𝑁𝑝

 𝑁𝑐
  (1-14) 

1.1.3 Theoretical calculation 

Electrochemical CO2 reduction is a complex system, which involves many 

parameters that affect the final performance. Hence, it is almost impossible to 

investigate all aspects, from the electrode structure to the electrolyte types, just via 

experimental means. We also need to combine with the theoretical/computational 
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modelling, which could provide an efficient method to estimate the activity of 

catalysts and screen new catalysts.[18] Many researchers devoted to the studies of 

theoretical calculation in the past decades and published many papers in this field.[19, 

20] Here, we introduced some advanced theoretical techniques widely used for 

CO2RR. 

(1) CHE model. As mentioned above, the CO2RR is a multiple proton-electron 

associated transfer process, and the computational hydrogen electrode (CHE) model 

has been used to investigate the process.[19] To investigate the origin of the 

overpotential for oxygen reduction, Nørskov proposed the CHE model from a 

thermodynamic viewpoint,[21] then extend to various catalytic research, including 

hydrogen evolution,[22] oxygen evolution,[23, 24] nitrogen fixation,[25] and CO2 

reduction.[26-28] 

CHE model can be described as below: the overall reaction on hydrogen 

electrode is 

 
1

2
𝐻2 (𝑔)  ↔ 𝐻+ (𝑎𝑞) + 𝑒−  (1-15) 

During the reaction, involved the adsorb atomic H*, 

 
1

2
𝐻2 (𝑔) ↔ 𝐻∗  ↔  𝐻+(𝑎𝑞) +  𝑒− (1-16) 

According to the definition of standard hydrogen electrode, which means 

300K, 1 atmospheric pressure, and pH = 0, the free energy of this reaction is zero. In 

other words, the Gibbs energy of 
1

2
𝐻2 (𝑔) and 𝐻+(𝑎𝑞) + 𝑒− is equal, and defines 

the electrode potential U = 0. At applied potential, using the gas phase H2 as the 

reference, the chemical potential of electron 𝑒− has changed to –eU. So, we could 
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combine the Gibbs energy and applied potential of above reaction. Using equation (1-

15) as an example, the Gibbs energy is: 

 ∆G (𝑈) = −𝑒𝑈 (1-17) 

For reaction (1-18), the free energy could be calculated based on density 

function theory (DFT) or search the handbook as equation (1-19): 

 
1

2
𝐻2 (𝑔) ↔ 𝐻+ (1-18) 

 ∆𝐺0 = ∆𝐸 +  ∆𝑍𝑃𝐸 − 𝑇∆𝑆 (1-19) 

Where ∆𝐸 and ∆𝑍𝑃𝐸 is the difference of adsorption energy and zero-point 

energy of equation (1-18) via DFT calculation, ∆𝑆 is the entropy corrections. When 

the pH is not 0, the entropy of 𝐻+ should be calibrated by  

 ∆𝐺 (𝑝𝐻) = −𝑘𝑇 ln[𝐻+] (1-20) 

Equation (1-17) presented the free energy related applied potential of equation 

(1-15). Based on the definite potential of standard hydrogen electrode, a relation 

between DFT calculation and electrode potential has been established. Using this 

method, we could expand the calculation of potential-dependent free energy to 

extensive reaction systems. 

Nørskov and co-workers first applied the CHE model in the research of 

converting CO2 convert to C1 species (HCOOH, CO and CH4) and HER mechanism, 

using Cu(211) surface as catalyst,[26] and proposed the lowest reaction pathway as 

shown in Figure 1-1. Using methane as an example, the production engaging *COOH, 

*CO, *CHO and *COH intermediates. And to drive the reaction, it required an 

external potential of -0.68V arisen from the pronation of the *CO to *CHO. 
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Figure 1-1. Calculated free energy diagram for the lowest energy pathway to (a) H2, 

(b) HCOOH, (c) CO, and (d) CH4.
[26] In each diagram, the black (higher) pathway 

represents the free energy at 0 V vs. reversible hydrogen electrode (RHE), and the red 

(lower) pathway means that free energy at the indicated potential. 

(2) Scaling relations and volcano plots. The binding energies of intermediates 

on catalyst surface can be calculated as above mentioned, so we could know the key 

intermediates during reaction process. From the calculated result of the methane 

production on Cu(211) facet, we could summarize that a catalyst with stronger 

interaction with *CHO but the same binding strength to *CO is beneficial for high 

activity toward CH4 production. However, it is hard to modulate sole intermediate 

bonding without changing other radicals. Thus, we need a descriptor to compare the 

activity of various catalysts in a scaling relation of key reaction intermediates.[29] We 

could make a plot using the binding of a single intermediate as X-axis and the 

calculated overpotential for each step as Y-axis (Figure 1-2).[30] The lowest line 
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indicates the determining step of reaction required the highest overpotential. For 

different polycrystalline metal catalysts, the binding strength of *CO shows the trend 

of possible reaction pathway as a volcano-type plot. Thus, we could simplify the 

complicated process of finding suitable catalysts to search the catalyst with the 

binding energy of key intermediate close to the volcano apex. 

 

Figure 1-2. Limiting potential (UL) for elementary proton-transfer steps on the 

surface of seven transition metals.[30] 

1.2.  CO2 reduction catalysts 

1.2.1 Classification of catalysts 

(1) Metallic catalysts. The CO2 activation has been regarded as the rate-

determining step for CO2 reduction.[31] Thus, the binding energy of key intermediate 

and the competitive H* radical is the key parameter to decide the activity and the final 

product. For the mono-metallic electrocatalysts, they could be divided into four 

genres,[32, 33] metals of Group I (e.g., Au, Ag, Zn) have a strong bond with *COOH, 

which selectively reduce CO2 to CO. Group II metals (e.g., Sn, Hg, Pb, In) tend to 

produce formic acid due to the difficulty of binding the CO2
•- intermediate. Group III, 



 

11 

 

which means only Cu, could convert CO2 to high value-added hydrocarbons through 

*COH or *CHO intermediates. And the last one, Group IV metals (e.g., Pt, Fe, Ni, Ti) 

favor the hydrogen evolution reaction in aqueous solution because they can strongly 

bind the *CO radical, leading the poisoning of sites. 

Since Hori and co-workers investigated that copper is the only metal catalyst 

that could produce hydrocarbons and alcohols with a certain amount, it has been 

widely researched in CO2 reduction field.[34, 35] The product distribution varies 

strongly based on the applied potential (Figure 1-3): under less negative potential, the 

main product is H2, HCOOH and CO, while hydrocarbons (CH4 and C2H4) started to 

yield under more negative potential.[34] Jaramillo’s group extended the product range 

to 16 products of C1-C3 chemicals on polycrystalline Cu electrode with more 

sensitive identification and quantification characterization method, five of which are 

the first time been detected (ethylene glycol, glycolaldehyde, hydroxyacetone, 

acetone and glyoxal).[36]  

 

Figure 1-3. Product distribution as a function of the applied potential (versus RHE) in 

the electrochemical reduction of CO2 at a copper electrode in 0.1 M KHCO3.
[26] The 

original data were adapted from Hori et al.[34]  
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The various product may be derived from some hypotheses: 1) different types 

of Cu sites on surface could induce different products; 2) highly-negative potential 

endow the capability of C-C coupling of two different C1 species originated from the 

same type site. C-C coupling is the key step for the formation of C2 product on Cu 

electrode, non-electrochemical mechanism of *CH2 dimerization[37] and coupling 

between hydrogenated species (*CHO, *CH2O) in an electrochemical environment[38] 

both effect in different conditions. 

With the merit of low cost, Sn is a promising catalyst with high selectivity of 

converting CO2 to formic acid since Hori et al. found that,[39] although the problems 

of high overpotential to achieve moderate current densities and low FE due to the 

competition with HER cannot be ignored.[40] CO has also been found as the possible 

product of CO2 reduction on Sn electrode, and the lower pH of electrolyte favors the 

conversion of CO to formate.[41] Figure 1-4 shows the three possible pathways of 

forming formate and CO on the Sn electrode. 

 

Figure 1-4. Possible reaction pathway for electrocatalytic CO2RR on the Sn catalysts 

in aqueous solution.[40] 

Transition metal compounds, including oxides, chalcogenides, carbides were 

found to be potential catalysts for electrocatalytic CO2RR, but some of them validate 
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in a limited solvent range of organic solvents. Pb2O electrode shows a tendency of 

converting CO2 to HCOOH with 60% FE in KHCO3 solution.[42] Beyond the toxic 

oxide of Pb2O, Sn,[43] Ni,[44] and Ti[45] oxides, which are earth-abundant and low-

toxic, also exhibit the potential for gaining syngas or C1 product (including CO, 

methanol). As for the transition metal chalcogenides (TMCs), in which chalcogenide 

here often refers to sulfides, selenides and tellurides, different edge sites perform 

different trends toward various products. As the widely researched catalysts in water 

splitting, Nørskov et al. simulated the activity on different edge sites of MoS2, MoSe2, 

and Ni-doped MoS2 via DFT calculations.[46] Results confirm the bridging S or Se 

atoms tend to bond with *COOH and *CHO intermediates and promote subsequent 

reaction steps, while the edge sites of Mo atoms prefer the *CO intermediates, which 

is possible gaining hydrocarbons or alcohols. Inspired by this, Asadi et al. discovered 

the bulk MoS2 with Mo-terminated edges exhibited a high current density (65 mA cm-

2 at -0.764 V vs. RHE) with ~98% CO2-to-CO FE and low overpotential (54 mV) in 

EMIM-BF4 ionic liquid.[47] Kim et al. reported that the Mo2C can catalyz CO2 into 

CH4 at lower applied potential (-0.55 V vs. RHE) compared to Cu electrocatalyst (-

0.8 V vs. RHE), attributed by the OH* removal from surface.[48] 

(2) Non-metallic catalysts. Noble metals, such as Pd, Au, Ag are the popular 

catalysts in CO2 reduction field. Considering the high cost, renewable metal-free 

catalysts, especially carbon-based nanomaterials with high surface area, excellent 

conductivity and chemical stability, have been considered as attractive candidates. 

Carbon-based materials represent in different dimensions and structures, such as zero-

dimensional quantum dots, one-dimensional carbon nanotubes or fibers (CNTs and 

CNFs), two-dimensional graphene, and three-dimensional porous carbon. Normally, 
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the pristine carbonaceous materials show mere activity toward CO2 reduction, 

because the neutral carbon atoms are hard to activate CO2 molecules. Thus, the most 

common method to modulate the chemical state of carbon atoms is introduction of 

doping atoms (B, N, P and S) during or after synthesis. 

N-doped CNT[49] and graphene[50] exhibit the selectivity of CO2 reduction to 

CO compared to the pristine ones. Different functionalized N atoms lower the 

activation energy by forming stronger bonds with intermediates, leading the improved 

activity in the sequence of quaternary-N, pyridinic-N and pyrrolic-N.[51] Wu et al. 

reported a nanometer-size N-doped graphene quantum dots catalyst that is capable of 

reducing CO2 into multi-carbon hydrocarbons and oxygenates with high FEs, high 

current densities, and low overpotentials.[52] While the pristine graphene quantum dots 

and N-doped reduced graphene oxides primarily yield CO and HCOO-. The high-

density of exposed edge sites and the N dopants both grant the unprecedented activity 

and selectivity of carbon-based materials. 

 

Figure 1-5. Calculated Gibbs free energy diagrams for CO2 electrocatalytic reduction 

to CO on pristine CNT and different nitrogen sites at -0.40 V vs. RHE.[51] 
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In the last few years, Einaga’s group focused on the research using bare 

boron-doped diamond (BDD) and modified BDD electrodes as CO2 reduction 

catalysts.[53] Bare BDD electrodes in a continuous flow cell exhibit beyond 90% FE 

selectivity of formic acid and keep stable under 24-hour operation.[54] And compared 

with other electrodes, BDD electrodes show an extinct property for the production of 

formaldehyde with high FE (74%), using either methanol, aqueous NaCl, or seawater 

as electrolytes, associated with the sp3-bonded carbon in BDD.[55] The formaldehyde 

can be formed by a two-electron reduction of formic acid. 

 𝐻𝐶𝑂𝑂𝐻 + 2𝐻+ + 2𝑒− →  𝐻𝐶𝐻𝑂 + 𝐻2𝑂  (1-21) 

(3) Molecular catalyst. Molecular catalyst, a family of transition metal 

complex, is a competitive candidate to selectively reduce CO2 due to its versatile 

structure.[3, 56, 57] Compared with the solid catalysts, molecular catalyst more 

substantially and acutely tailors the chemical and electronic environment of the active 

sites.[58, 59] It is an old concept but tends to be popular recently, high diversity that 

combining transition metals with ligands such as porphyrin, polypyridine, cyclam and 

other macrocyclic structures, presents in electrochemical CO2 reduction.[18, 60, 61] The 

separated active site due to the well-defined coordination geometrics is beneficial to 

the kinetic and mechanistic research. 

In 1974, Meshitsuka et al. reported that Co and Ni phthalocyanines exhibited 

current for the passage of CO2, as the first molecular catalyst for CO2RR.[62] Then, the 

representative molecular catalysts for CO2RR is the tetra-azomacrocyclic complexes 

of Co and Ni with a high current density of CO2-to-CO converting and nearly 98% 

FE.[63] Kubiak and co-workers reported a series of molecular catalysts, including 
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Re(bpy)(CO)3Cl (bpy = 2,2’-bipyridine)[64] and Ru(bpy)(CO)2Cl2,
[65] with a different 

performance by altering the substituents at the 4 and 4’ position of the bipyridine 

ligand. One drawback of molecular catalysts is that few of them show full activity and 

selectivity in aqueous solutions, but require the nonaqueous aprotic solvent. It is an 

urgent duty to expand the applied condition of molecular catalysts. A series Cu 

complex show activity in aqueous solution, Weng et al. reported a molecular Cu-

porphyrin complex that can reduce CO2 to hydrocarbons (methane and ethylene) in 

aqueous media.[60] 

 

Figure 1-6. Catalyst structures of some representative molecular catalysts mentioned. 

(a) Ni phthalocyanines;[62] (b) Re(bpy)(CO)3Cl;[64] (c) Ru(bpy)(CO)2Cl2;
[65] (d) 

copper(II)-5,10,15,20-tetrakis-(2,6-dihydroxyphenyl)porphyrin.[60] 

1.2.2 Optimization strategies 

The products of CO2RR mainly depend on the intrinsic property of catalysts as 

we mentioned above, the four genres of metallic catalysts, but also could manipulate 

the activity and selectivity via changing the electronic and geometric structure.[16, 66] 

There are two major guidelines for optimization, increasing the exposed active sites or 

the catalytic activity of the single site. The former one is often achieved by structural 

modification, such as nanostructuring, porous hierarchical structure, and exposure of 

specific crystal facets.[67] And the latter one has a strong relation to the binding energy 
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of key intermediates, including alloying, doping and defect engineering.[68] In this 

section, we would introduce some representative methods for the rational design of 

CO2RR catalysts. 

(1) Oxide-derived metal. Recently, metallic electrodes prepared by intentional 

oxidation and post-reduction exhibit promising performance for CO2RR. The oxide-

derived (OD) metals, including Au, Sn, Pb and Cu, with tuning oxidative state, have 

been widely studied by Kanan’s group and other researchers.[69] The OD-Cu 

fabricated by annealing Cu foil in air and electrochemically reducing the result Cu2O 

catalyzes the CO2 reduction to CO and formate at exceptionally low overpotential and 

to C2 hydrocarbons with almost complete CH4 suppression at high overpotential.[70] 

The sites on grain boundary of OD-Cu are suitable for the readsorption of CO, which 

supply abundant *CO for dimerization, leading an increasing FE of C2H4.
[71]  

 

Figure 1-7. Faradaic efficiency for CO, HCOOH, CH4, C2H4, C2H6 versus potential 

of polycrystalline Cu and annealed Cu (a, b);[70] Tafel plot of the HER on Pb foil and 
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OD-Pb in 0.25M Na2CO3 solution (c) and the total current plot of CO2 reduction in N2 

saturated NaHCO3 solution with low concentrated CO2 (d).[72] 

Chen et al. prepared a thin-film catalyst by simultaneous electrodeposition of 

Sn0 and SnOx on a Ti electrode, which exhibited significant enhancement of current 

density and FE (8 times and 4 times higher, respectively) for CO2 reduction.[73] 

Suppression of the inevitable HER process is another aspect for increasing the overall 

FE for CO2 reduction, and OD-Pb films prepared by reducing PbO2 precursors have 

higher FE for CO2 reduction to formate with almost no competitive H+ reduction 

activity even in the solution with an extremely low concentration of CO2. The 

nanocrystalline and defect-rich surface of a metastable Pb oxide passivate the H+ 

reduction but activate CO2 reduction.[72] 

(2) Alloying. Pure metals have been widely researched for CO2RR, and the 

metal alloys possess the potential as a cost-effective solution to tune the activity and 

selectivity. Here, we focus on the bimetallic alloys. As the most promising metal 

catalyst due to the capability of hydrocarbons production, Cu based bimetallic alloys 

with secondary metal atoms to alter inherent adsorption energetics show an improved 

selectivity. Yang and co-workers conducted a series survey based on the composition 

of an ordered monolayer on Au-Cu bimetallic nanoparticles, and found CO partial 

current density presented the same trend with the increasing amount of Au until the 

ratio of Au to Cu reached 3:1 with the exclusion of hydrocarbons.[74] The elemental 

arrangement of different metal atoms also shows the impact on the CO2RR 

performance. Ordered, disordered, and phase-separated (atomic ratio is 1:1, 1:3 or 

3:1) Cu-Pd catalysts with different atomic arrangements were prepared by Ma et al. 
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Ordered CuPd exhibited the highest selectivity for C1 product (＞80%), while 

phased-separated CuPd is beneficial to gain C2 chemicals (＞60%).[75] Moreover, the 

alloying method also could combine with the oxide-derived strategies, Ren et al. 

reported that the oxide-derived CuxZn catalysts tuned the selectivity of CO2RR based 

on the amount of Zn dopant, and maximum FE of ethanol reached 29.1% with a 

current density of -8.2 mA cm-2 under -1.05 V vs. RHE potential.[76] 

 

Figure 1-8. (a) CO mass activity of Au-Cu bimetallic nanoparticles at -0.73 V vs. 

RHE;[74] (b) product distribution from CO2RR of Cu-Pd alloy with different atomic 

arrangement;[75] (c) FE of ethanol and the ratio of C2H5OH/C2H4 using CuxZn 

catalysts with different Zn amount for CO2RR.[76] 

(3) Single-atom catalysts. Recently, single-atom catalysts (SACs), with 

isolated metal atoms anchored on a solid substrate, emerged as a new frontier in 

catalysis science, including the CO2RR region. SACs with full metal atom utilization, 

adjustable coordination number, and tunable electronic structure endow the high 

activity and the selectivity.[77] Advanced characterization tools, including the 

synchrotron-radiated X-ray absorption fine structure (XAFS) and sub-angstrom-

resolution aberration-corrected scanning transmission electron microscopy (AC-

STEM), have been devoted to gain the information of local atomic and electronic 
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structure. DFT calculation is effective in screening the metal atoms on the substrates. 

Back et al. calculated 12 metal elements of single atom anchored on defective 

graphene with single or double vacancies as CO2RR catalyst, and found Ni and Pt 

SACs favored the formation of CH3OH, while Os and Rh SACs tend to produce 

CH4.
[78, 79] Transition metal-based SACs are more widely studied in the experimental 

aspect. Jiang et al. proposed a CO2RR catalyst of Ni single atoms into nitrogen-doped 

graphene nanosheets (Ni-NG) with a high CO selectivity of 95% under an 

overpotential of 550 mV.[80] Then they expand the carbonaceous substrate to a 

commercial carbon black via a simple and scalable method, and applied in CO2 

electrolysis for large-scale production of CO.[81] 

 

Figure 1-9. (a) aberration-corrected high angle annular dark-field (HAADF) STEM 

image of Ni-NG nanosheets. XAS spectra of in situ electrochemical analysis (b) and 

in comparison to other Ni-based samples (c).[80] 

(4) Structural modification. Nanostructured catalysts show good performance 

in CO2 reduction with a high density of active sites, and the morphological and/or 

structural regulation, which could further optimize the activity and selectivity. As a 

representative CO2RR catalyst, nanostructured Cu has been widely researched in 

different dimensional formation, from 0D nanoparticle (NP),[82-84] 1D nanowires 
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(NWs)[85, 86] to 3D hierarchical structure.[14] Strasser’s group prepared Cu NP catalysts 

in the 2-15 nm range, exhibiting suppression of hydrocarbons (CH4 and C2H4) on 

nanoscale Cu surface, and increased selectivity for H2 and CO with decreased Cu 

particle size (＜ 5 nm), which related to the more undercoordinated sites.[82] A 

variety of 3D nanostructure of Cu electrode has been fabricated, including the Cu 

mesopore electrode,[87] fine needle-like structures,[88] nanoporous Cu film,[89] which 

show a trend of CO2 toward ethylene with high current density. Crystal orientation 

also affects the final product distribution on different metals.[13, 90] Take Cu as an 

example, Cu(111) facet usually favors the CH4 production, while the Cu(100) 

facilitates the *CO dimerization to gain C2H4.
[91, 92] Nanostructured catalysts modulate 

the performance not only by the number of active sites, but also by the local condition 

for CO2RR. Sargent’s group reported an electrodeposited sharp Au nanostructure with 

local high electric fields that concentrate electrolyte cations to activate CO2 reduction 

on catalyst surface. The Au nanoneedles reached 22 mA cm-2 of CO2-to-CO partial 

current density with 0.24 V overpotential, which is ~10 times to the best Au 

nanorods.[93, 94]  

 

Figure 1-10. Current density and surface K+ (cations from electrolyte) distribution on 

the surface (a) of Au needle (tip radius is 5 nm) and corresponding SEM image (b). 
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Potential-dependent FE of CO using Au needles (red triangle), Au nanorods (blue 

cycle) and Au nanoparticles (black hollow cycle).[17, 93] 

1.3.  Electrolysis system 

To gain a practical CO2RR electrolysis system with high current density, 

superior Faradaic efficiency and long-term stability, besides the catalyst, the 

electrolyzer type, electrode structure and electrolyte is also an indispensable part. 

Significant improvements have been developed to design and fabricate a novel CO2 

electrolysis system with better performance, and we will discuss it below. 

1.3.1 Electrolyzer 

 (1) H-type cell. Traditionally, researchers carried out CO2RR experiments in 

CO2 saturated aqueous solution by a homemade liquid-phase reactor, which is 

typically called H-type cell, as illustrated in Figure 1-11a.[15, 95] H-type cell equipped 

with two independent chambers for cathode and anode, separated by an ion-exchange 

membrane to prevent the reduced products from second oxidation. Working electrode 

and reference electrode are fixed by the caps on the cathode chamber, counter 

electrode fixed on the anode side. The working electrode could be the bulk catalysts 

(e.g., metal foil or mesh) or powder catalysts deposited on glassy carbon or carbon 

paper as substrate. CO2 gas is purged into the electrolyte then reacted with catalysts in 

cathode chamber, gas phase products are collected from the headspace, or an online 

characterization device has been applied. Liquid phase products analysis are extracted 

from the electrolytes directly. Various advanced analytic techniques have been 

devoted to the characterization of products, including the gas chromatography (GC), 

liquid chromatography (LC), and nuclear magnetic resonance spectrometer (NMR). 
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However, liquid products, which generally mix with many kinds of chemicals and 

show low concentration in electrolytes, are hard to detect, leading a longer 

electrolysis time and smaller volume for electrode chamber. As we mentioned above, 

Jaramillo successfully distinguished 16 different products at the first time using Cu 

catalyst for CO2RR assisted by a modified H-type cell with a larger working electrode 

and less electrolyte, as Figure 1-11b shown.[36] 

The merits of H-type cell are obvious in lab-scale tests of facile assembly, 

easy operation and low cost.[13] However, limited electrode surface, large resistance 

induced by the long distance between working electrode, and counter electrode and 

the insufficient CO2 supply due to the low solubility of CO2 in water (~ 0.033 M),[96] 

leading the result of small current density (typically < 100 mA cm-2). Kaneco et al. 

fabricated a stainless steel high-pressure vessel with an H-type glass cell (Figure 1-

11c) to provide high-pressure CO2 with 10 atm, and conducted the experiments of 

CO2RR using Cu foil catalyst at low temperature.[97] It is still challenging to achieve 

the requirement for industrial application (> 300 mA cm-2) in an ambient condition, 

we have to develop an alternative electrolyzer for extensive employments.  

 

Figure 1-11. Illustrations of traditional H-type cell (a),[95] modified H-type cell by 

Jaramillo et al. (b),[36] and the stainless steel high-pressure vessel with an H-type cell 

(c).[97] 
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(2) Gas-phase electrolyzer. Continuous CO2 flow directly supplies by the gas-

phase using a flow reactor is a solution to the problem of limited mass diffusion, 

leading a significant increase of current density.[98] Furthermore, the common 

electrolyte using for liquid-phase electrolyzer is the neutral electrolyte, although the 

alkaline electrolyte would be more suitable for CO2RR due to the low concentration 

of protons. The CO2 stream would like to react with the OH- ions to form bicarbonate 

(HCO3
-) solution, mediate the pH to the neutral condition. The working electrode 

using in liquid-phase electrolyzer is normally based on a gas diffusion electrode 

(GDE). The flowing gas would diffuse through GDE and consume at the triple-phase 

boundary (CO2-catalyst-electrolyte) instantly. 

 

Figure 1-12. Typical schemes of two flow reactors. (a) membrane electrode assembly 

(MEA); (b) microfluidic cell (MFC).[99] 

In general, the flow reactor is categorized into membrane electrode assembly 

(MEA) and microfluidic cell (MFC) based on the architecture, as presented in Figure 

1-12.[99] Since Cook et al. firstly conducted CO2RR experiment in an MEA 

device,[100] it has been widely researched in many aspects. There is no aqueous 

electrolyte between electrodes, replaced by an ion-conducting polymer, which 

decreases the overall ohmic overpotential of cell.[101] There are many options for the 
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ion exchange membrane, and the anion-exchange membrane (AEM) is beneficial for 

CO2RR experiment compared with cation exchange membrane (CEM) due to the 

facilitation of (bi)carbonate ions transfer and the low proton concentration, which is 

the key factor to hinder HER.[102, 103] The first MFC application in CO2RR field is 

Kenis and co-worker’s experiment of CO2 reducing to formic acid using different 

catalysts with wide flexibility in operation conditions.[104] In this setup, a very thin 

channel separating the anode and cathode replaces the membrane with flowing 

electrolytes. Without the membrane, the separation of product from reduction and 

oxidation process is attributed by the product diffusion. 

1.3.2 Gas diffusion electrode 

Gas diffusion electrode, as the main component of flow reactors, is comprised 

of a gas diffusion layer (GDL, cross-linked carbon fibers), a microporous layer (MPL, 

mixture of carbon black nanoparticles and polytetrafluoroethylene (PTFE)), and a 

catalyst layer.[14] Compared with the traditional H-type cell, the flow cell equipped 

with GDE possesses a much thinner diffusion layer close to the triple-phase boundary 

of ~ 50 nm (50 μm of H-type cell), which is beneficial to the high concentration of 

reacted CO2.
[105]  

The morphology, porosity, thickness and hydrophobicity of GDE have an 

obvious impact on the CO2RR performance due to the complicated gas and liquid 

flow. Especially, flooding is the major problem to the long-term stability test when 

applied high current density, which requires superior hydrophobicity. To solve this 

problem, increasing the amount of PTFE in the MPL layer or coating another PTFE 

on GDE have both been developed. Kim et al. investigated a wide range of PTFE% in 
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MPL, and found the optimum level is around 20 wt% PTFE, which showed 280 mA 

cm-2 partial current density of CO2-to-CO at a cathode potential of -2.2V with no 

decay during 4-hour continuous operation.[106] Sargent’s group created a sandwich-

like GDE, which means the Cu catalyst layer is in the middle of the separated PTFE 

and carbon nanoparticles layer with an extra graphite layer. The pure PTFE is more 

stable to avoid the flooding problem, leading a constant high efficiency of C2H4 

(beyond 70%) over 150 h operation in 7 M KOH, as shown in Figure 1-13.[107] 

 

Figure 1-13. Stability test of a new sandwich-like electrode.[107] 

The catalyst layers are commonly deposited via drop-casting, airbrush and 

electrodeposition, which show various morphology, chemical composition and overall 

structure.[101] Ru et al. compared three deposition methods via visualization 

techniques: hand-painting, air-brushing, and screen printing, confirmed that more 

homogeneous catalyst distribution and less particle agglomeration promote the 

catalytic performance.[108] Puring et al. control the catalyst loading with the same 

content of PTFE, leading the change of surface area, pore size distribution and 
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wettability. And with the increased loading of catalyst, the electrode faced the risk of 

blocked pore channel of carbon black.[109] 

Three-dimensional (3D) nanostructured catalysts are usually grown via direct 

electrodeposition on GDE surface.[110] The various morphologies, including a layer of 

wires, needles, dendrites or 3D porous structures, providing a large number of active 

sites for catalytic reaction. Electrodeposited Ag,[111] Cu,[88] Zn[112] dendrites have been 

prepared by different optimized methods and show better performance in current 

density and selectivity compared with the bulk metals. To reduce the metal ions in 

electrolyte, the negative potential is required, which also drive the H2 bubbles via 

hydrogen evolution to gain a porous structure, as the Ag foam.[113] Besides the single 

metal, benefit from the simple modulated ratio of electrolyte composition, co-

deposition is also a facile method to prepare alloy catalysts. Lai et al. reported a series 

of electrodeposited In/Sn alloys on GDEs with different chemical composition, and 

confirmed that the In0.90Sn0.10 alloy electrode exhibited the better CO2RR selectivity 

toward formate formation (~92%) and kept stable during 15 h operation.[114] 

 

Figure 1-14. Dendrite structures prepared by electrodeposition method on GDE of Ag 

(a),[111] Cu (b)[88] and Zn (c).[112] 
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1.4 Thesis overview 

The purpose of this study is a better understanding of the overall 

electrocatalytic CO2 reduction process in experimental or theoretical view, to develop 

various methods to hinder the most serious side reaction of hydrogen evolution in 

aqueous system, which is beneficial to the large-scale application and exploration of 

secondary use based on CO2 reduction. And in this thesis, we developed optimization 

methods from the modified electrolyzer to the rational design of electrocatalysts via 

state-of-art techniques. 

At first, we fabricated a gas diffusion electrode-based three-compartment cell 

as the platform for subsequent research of CO2RR. Compared with the plate electrode 

(PE)-based traditional two-compartment cell, the GDE-based cell largely suppressed 

the hydrogen evolution even in a pH=2 acidic electrolyte using Ni-doped covalent 

triazine framework catalyst. The thinner diffusion layer near the triple-phase 

boundary of GDE facilitates the increase of local pH due to the fast consumption of 

protons in the thin layer, and the elevated pH has been proven via experiments. 

We also studied another factor that influenced the CO2RR performance, 

catalyst modification. As the most intensively researched catalyst, copper still faces 

the problem of competitive HER induced by the unsaturated-coordinated sites. We 

replaced the unsaturated sites with the inert metal in low contents, which means Sn in 

there, to suppress the activity both for CO2RR and HER, leading the emphasized 

behavior of saturated Cu sites, which prefer CO2RR. Theoretical calculation 

confirmed the preferred site of Sn atoms replacement in low contents, and the Sn 
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modified Cu catalysts showed suppression of HER and an acceleration of CO 

production in CO2RR measurements. 

Electrodeposition on the GDE shows impressive advantages of gaining a 

homogenous catalyst layer, manipulating catalyst morphology and chemical 

composition compared with the coating method via the regulation of electrolytes and 

the deposition mode. We changed several electrolytes targeted different catalyst 

preparation with porous structures or specific crystal orientation, and investigated the 

morphological change via SEM and structural information via XRD. The CO2RR 

result showed an increase of current densities compared with the dip-coating samples, 

and the products selectivity presented a strong relationship to the structure of as-

prepared samples. 

Finally, we conclude our results and present purpose for future works. 
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Chapter II CO2 reduction in a wide range by 

introducing gas diffusion electrode 

2.1 Introduction 

Covalent triazine frameworks (CTFs), which are synthesized by trimerization 

reaction of carbonitriles and adopted triazine ring (C3N3H3) as a building unit,[115, 116] 

is a special and emerging class of covalent triazine frameworks (COFs). In a recent 

work, we have successfully synthesized CTFs hybridized with conductive carbon 

nanoparticles by introducing carbon particles during the polymerization to improve 

the pristine poor electrical conductivity.[117] To obtain various catalytic activity, 

introducing the metal species as active site for catalytic reaction via impregnation 

process is a common method.[118] Due to the large amount of N sites, various metals 

can be atomically-dispersed on CTFs, then applied in many kinds of catalytic 

reactions, including CO2RR field.[119-124] Furthermore, it was also shown that cascade 

reactions could also be activated by loading CTFs carrying several different metal 

species.[125]  

Nickel-doped covalent triazine framework (Ni-CTF, as well as Cobalt-doped 

CTF, Co-CTF) can serve as an effective electrocatalyst for converting carbon dioxide 

(CO2) to carbon monoxide (CO), a component of syngas, at an electrolyte pH of 6.8, 

refer previous work of our group.[126] In the examined potential range (-0.6 to -1.1 V 

vs. RHE) the maximum FE for electrochemical CO2/CO conversion reached 90%. 

The FE of Ni-CTF was significantly higher than that of the Ni-doped fourfold-

coordinated porphyrin, which was attributed to the larger adsorption energy of the key 
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intermediate on the unsaturated Ni in CTF.[126] Although we have thus revealed that 

Ni-CTF could serve as an efficient electrocatalyst for CO2 reduction reaction 

(CO2RR), not only higher FE but the larger current density is important for 

electrochemical CO2RR. Use of a gas-diffusion electrode (GDE) as mentioned in 

Chapter I, which can overcome the problem of mass transport limitation due to the 

low solubility of CO2, is an effective way to accelerate the CO2RR.[127-133] A typical 

GDE has three-dimensional microstructures, by which the electrochemically active 

surface area at the triple-phase boundary, where the catalyst material, electrolyte, and 

gas pores intersect, is maximized. Although studies for electrochemical CO2RR have 

been generally conducted in neutral or alkaline solutions, it is worth investigating the 

CO2RR in wide pH range, because some of the CO2RR products are expected to be 

further converted to higher-value compounds in various downstream processes. In the 

present work, considering that Ni-CTF is stable enough in a wide pH range, we 

investigated electrochemical CO2RR on GDE loading Ni-CTF (hereafter called Ni-

CTF/GDE) 

2.2 Experimental Section 

2.2.1 Synthesis of electrocatalysts 

Ni-CTF and Co-CTF were prepared as CO2RR electrocatalysts, using a 

previously reported method.[123, 124, 126] Briefly, a glass vacuum tube containing 2,6-

pyridinedicarbonitrile (129 mg, Sigma-Aldrich), Ketjen Black (129 mg; EC600JD, 

Lion Corp.) and anhydrous ZnCl2 (1.37 g, Wako) was heated to 400°C oven the 

period of an hour and then held for 40 h. The as-prepared powder was washed with 

deionized water, 1 M HCl solution (Wako), tetrahydrofuran (THF; Wako) and 
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acetonitrile (Wako). Then the CTF powder was dispersed in a 10 mM aqueous 

solution of NiCl2 or CoCl2 and stirred at 80°C in an oil bath for 3 h. The product was 

thoroughly washed with deionized water to remove residual metal salt, and then 

collected by vacuum filtration and transferred to a vacuum oven for drying at 60°C 

overnight. 

2.2.2 Electrochemical measurements 

GDEs loaded with the CTF catalysts (Ni-CTF/GDE and Co-CTF/GDE) were 

prepared as follows. Typically, 21 mg of the as-prepared CTF-based catalyst mixed 

with 2.1 mL of ethanol and 199.5 µL of 5% Nafion 117 solution (Sigma-Aldrich) was 

sonicated for 30 min to obtain a homogenous catalyst ink. The catalyst ink was spin-

coated (800 rpm, 8 s) on a polytetrafluoroethylene (PTFE)-treated carbon paper with a 

gas diffusion layer (Sigracet, 38BC) repeatedly to achieve a mass loading of ca. 0.4 

mg cm-2, and was then dried prior to use. Glassy-carbon plate electrodes loaded with 

the same amount of CTF catalysts (Ni-CTF/PE and Co-CTF/PE) were also prepared 

for comparison by the same preparation method using the glassy-carbon plate instead 

of carbon paper. 

Electrochemical measurements were performed using an electrochemical 

station (HZ-5000, Hokuto Denko) and a two or three-compartment electrochemical 

cell in conjunction with three electrodes. A Ag/AgCl electrode (with saturated KCl as 

the internal solution) was used as the reference electrode (RE), and platinum wire as 

the counter electrode (CE). RE and CE compartments were separated by a Nafion 

membrane (Sigma-Aldrich, Nafion 117). The geometrical working electrode area was 

ca. 2 cm2. The CO2 flow rate was set at 3 sccm (standard cubic centimeter per minute) 
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for the GDE. Electrolyte solutions were prepared from 0.1 M NaClO4 (Wako) and 

specific volume of HClO4 (Wako) based on the pH of the electrolyte. For pH = 14 

condition, the electrolyte is 1 M KOH solution (Wako). To analyze the FE of product, 

the discharge gas would be collected by a PTEE bag for further characterization of 

possible products after an hour test. 0.1 M ZnCl2 (Wako) was added to the electrolyte 

as a Zn2+ ions source for the verification of the local pH near the electrode. All 

potentials measured against the Ag/AgCl electrode were converted to the RHE scale 

without ohmic drop compensation. 

2.2.3 Characterization 

X-ray photoelectron spectroscopy (XPS; Axis Ultra, Kratos Analytical Co.) 

was performed with monochromated AlKα X-rays. Cross-sectional analysis of GDE 

was obtained with a Hitachi S-5000 scanning electron microscope (SEM). The 

surface of GDE tested in electrolyte with Zn ions analyzed by XPS spectra, scanning 

electron microscope equipped with energy dispersive spectroscope (SEM-EDS, 

Miniscope TM3000 and Swift ED3000), X-ray diffraction (XRD, Rigaku miniflex 

with CuKα radiation) and Raman spectra (JASCO, NRS-3100 with a laser excitation 

wavelength of 785 nm). 

2.2.4 Analyses of CO2RR products 

The gas products were analyzed using gas chromatography-mass spectrometry 

(GC-MS; GCMS-QP 2010 Plus, Shimadzu, Japan), calibrated using CO and H2 

samples diluted with CO2 to various concentrations. A 0.5 mL sample of electrolyte 

after electrolysis was mixed with 0.1 mL D2O containing 10 ppm (part per million) 

dimethyl sulfoxide (DMSO; Wako) as an internal standard for characterization of the 
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products in the liquid phase using nuclear magnetic resonance spectroscopy (NMR; 

Varian 500 MHz, Agilent). 1D 1H NMR spectra were measured with solvent 

suppression using a pre-saturation method. 

2.3 Results and Discussion 

2.3.1 Electrochemical CO2RR on Ni-CTF/GDE 

Figure 2-1a shows a schematic diagram of the electrochemical reactor, which 

is composed of three compartments: (1) electrolyte compartment with CE, (2) 

electrolyte compartment with RE, and (3) gas compartment. The working electrode 

(i.e., GDE or PE) was placed at the boundary between compartment (2) and (3). The 

gas (CO2 or Ar) was flowed in compartment (3) when the GDE was used, whereas it 

was bubbled into the electrolyte in compartment (2) when the PE was used. A proton 

exchange membrane was set at the boundary of compartments (1) and (2). The 

representative cross-sectional scanning electron microscopy (SEM) image of the Ni-

CTF/GDE in Figure 2-1b shows a ca. 4 µm thick catalyst layer was formed on the 

microporous layer of the GDE. Characterization results for the Ni-CTF/GDE could 

see our previous paper.[126] 

 

Figure 2-1. (a) Schematic diagram of two- or three-compartment cells; (b) cross-

sectional SEM image and diagram of the metal-modified CTF/GDE architecture; (c) 

schematic illustration of metal-doped CTF 
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Figure 2-2a shows cyclic voltammograms (CVs) obtained for Ni-CTF/GDE in 

electrolytes with initial pH = 14 electrolyte under Ar (black) and CO2 (red) supply 

conditions. The absolute value of the current density ( jabs) exceeding 200 mA cm-2 

was obtained, indicating that the use of GDE overcome the problem of the low 

solubility of CO2, as expected. CO was obtained as the main product of the 

electrochemical CO2RR in agreement with our previous study on Ni-CTF/PE;[126] the 

FE reached 74% at 300 mA cm-2 (Figure 2-2b). The above fact indicates that the Ni-

CTF/GDE we have prepared have an ideal structure that provides the same level of 

performance as the general GDE. The Ni-CTF/GDE thus prepared was used for the 

experiments conducted in acidic electrolytes as shown below. 

 

Figure 2-2. CV results (a) and FEs for CO and H2 generation under different current 

density (b) using Ni-CTF/GDE in initial pH = 14 electrolyte. Scan rate: 10 mV s-1. 

2.3.2 CO2RR activity in acidic solutions 

Next, we examined the CO2RR activity on GDE and PE in acidic solutions. 

For both Ni-CTF/GDE and Ni-CTF/PE, CO2 supply had little impact on the current 

density-potential curves at pH = 1 (Figure 2-3a and b). For both cases, the jabs started 

to increase at around -0.5 V, and the curves in both the absence and presence of CO2 

were almost overlapped. The active site for hydrogen evolution reaction is expected 
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lower density on GDE than on PE, because the half side of the GDE is exposed to gas 

phase where no proton exists. In fact, jabs on GDE was confirmed to be smaller than 

on PE. In contrast to the case at pH = 1, the Ni-CTF/GDE and Ni-CTF/PE exhibited 

contrasting behavior at pH = 2 and 3. On Ni-CTF/GDE, a larger jabs was obtained 

under CO2-supply conditions than under Ar-supply conditions, in the potential region 

more negative than ca. -1.0 V (Figure 2-3c and e). Conversely, a larger jabs was 

observed on Ni-CTF/PE under Ar-supply conditions than under CO2-supply 

conditions (Figure 2-3 d and f). 

 

Figure 2-3. CV results of Ni-CTF using a GDE and PE with different pH electrolytes 

under Ar (black) and CO2 (red) supply; (a, b) pH = 1, (c, d) pH = 2, and (e, f) pH = 3. 

Scan rate: 10 mV s-1. 

CO2RR products taken from the liquid and gas compartments (i.e., 

compartments (2) and (3) in Figure 2-1a) after application of -1.0 V for 1 h were 

quantitatively analyzed by 1H NMR and GC-MS, respectively. In the present 

experiments, the applied potential was set to be much higher (and therefore jabs was 
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lower) than typical experimental conditions for the CO2RR on a GDE where a large 

current flows.[81, 107, 129, 134] As is the case with our previous research conducted in an 

electrolyte with pH = 6.8, it was confirmed that CO was the only detectable product 

from the CO2RR on both the Ni-CTF/GDE and Ni-CTF/PE in this pH range (pH = 1–

3). Partial current densities for H2 and CO generation from the Ni-CTF/GDE and Ni-

CTF/PE at -1.0 V are plotted against pH in Figure 2-4a and b. The absolute value of 

the partial current densities of hydrogen evolution reaction (HER) for the Ni-

CTF/GDE (solid line) was smaller than that for the Ni-CTF/PE (dashed line) at all 

pHs examined, and the difference was the largest at pH = 1 (Figure. 2-4a). In contrast, 

the absolute value of the partial current densities for CO generation from the Ni-

CTF/GDE (solid line) was equal to or larger than that from the Ni-CTF/PE (dashed 

line), as shown in Figure 2-4b. 

 

Figure 2-4. Partial current densities of (a) H2 and (b) CO generation and (c) 

corresponding FEs from Ni-CTF/GDE and Ni-CTF/PE in electrolyte with pH from 1 

to 3. 

The FEs at pH = 1, 2, and 3 with an applied potential of -1.0 V are 

summarized in Figure 2-4c. The HER was the dominant reaction at pH = 1 for both 

Ni-CTF/GDE and Ni-CTF/PE, as expected. However, the Ni-CTF/GDE and Ni-
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CTF/PE exhibited contrasting behavior at pH = 2 and 3. Although the HER was still 

dominant for the Ni-CTF/PE at pH = 2, the FE for the CO2RR increased and reached 

60% for the Ni-CTF/GDE. The FE for the CO2RR increased for the Ni-CTF/PE at pH 

= 3, but it was still lower than that for the Ni-CTF/GDE. From the results given in 

Figure 2-4, it can be concluded that significant suppression of the HER led to 

improvement of the FE for the CO2RR on the GDE at pH = 2 and 3. These results 

suggest that the local pH around the catalysts is largely different between Ni-

CTF/GDE and Ni-CTF/PE, which will be discussed later in detail. 

 

Figure 2-5. CV results of Co-CTF/GDE (left) and Co-CTF/PE (right) with different 

pH electrolytes in different atmosphere; electrolyte pH = 1 (a, b) and 2 (c, d). Scan 

rate: 10 mV s-1. 

Qualitatively the same results shown in Figure 2-3 and 2-4 were also 

confirmed for the gas diffusion and plate electrode loading cobalt (Co-CTF/GDE and 

Co-CTF/PE) as shown in Figure 2-5 and 2-6, which indicate that the GDE structure 
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rather than the catalyst is the origin of the unusual increase in the FE for the CO2RR 

at pH = 2 and 3. 

 

Figure 2-6. Partial current densities of (a) H2 and (b) CO generation and (c) 

corresponding FEs from Co-CTF/GDE and Co-CTF/PE in electrolyte with pH from 1 

to 3. 

2.3.3 Potential dependence 

 

Figure 2-7. (a) Total current density, and H2, CO partial current densities; (b) 

corresponding FEs for H2 and CO generation with Ni-CTF/GDE under different 

applied potentials and an electrolyte of pH = 2. 

In addition to the electrolyte pH, the electrode potential is another key factor 

that determines the FE for the CO2RR. Figure 2-7a shows the partial current density 

for the HER (red) and the CO2RR (green) for the Ni-CTF/GDE over a wide potential 
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range from -1.8 V to -0.8 V vs. RHE. These experiments were conducted in pH = 2 

electrolyte, in which clear difference was obtained between the GDE and PE. CO was 

obtained as the sole detectable product in this potential region. Corresponding FE 

values calculated from Fig. 2-7a are shown against the applied potential in Fig. 2-7b. 

Both H2 and CO were detected as the reaction products at -0.8 and -1.0 V, whereas 

CO was detected as the sole product at potentials more negative than -1.0 V vs. RHE. 

The Co-CTF/GDE also exhibited similar potential dependence as the Ni-CTF/GDE, 

as shown in Figure 2-8. 

 

Figure 2-8. (a) Total current density, and H2, CO partial current densities; (b) 

corresponding FEs for H2 and CO generation with Co-CTF/GDE under different 

applied potentials and an electrolyte of pH = 2. 

2.3.4 Verification of local pH increase 

In acidic electrolytes, the HER is dominant;[41, 129, 133, 135-137] therefore, the FE 

of the CO2RR inevitably becomes small. However, as shown in Figure 2-4, the 

CO2RR produced CO with FEs as high as 60% using the GDE, even at pH = 2. This 

result suggests that the local pH around the catalyst increases during cathodic 

reactions that consume protons (equation (2-1) and (2-2)).  
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 2𝐻+ + 2𝑒−  →  𝐻2  (2-1) 

 𝐶𝑂2 + 2𝐻+ + 2𝑒−  → 𝐶𝑂 + 𝐻2𝑂   (2-2) 

Notably, the increase of the local pH is more significant when microstructured 

electrodes, such as those with porous, roughened, nanowires, or inverse opal 

structures, are used, because protons can be more easily depleted inside the confined 

microstructures.[87, 99, 138-141] The increased local pH commonly leads to improvement 

of the FE for the CO2RR via suppression of the competitive HER.[107, 129, 133, 135-137] 

Based on these previous studies, it is expected that the local pH in the vicinity of a 

GDE would also be significantly increased due to the 3D microstructured interface, 

even if there is no difference in the current density between the Ni-CTF/GDE and Ni-

CTF/PE. 

 

Figure 2-9. SEM images and photographs (insets) of GDE surface after an hour of the 

CO2RR in electrolytes with added Zn2+ ions at (a) pH = 1 and (b) pH = 2; 

corresponding Zn 2p spectra of above GDE after test via from XPS spectra. 

Therefore, we next attempted to experimentally verify the increase in the local 

pH at the GDE surface by observing the formation of zinc hydroxides analogues from 

zinc ions (Zn(II)) that can only proceed in an alkaline solution. Zn(II) becomes solid-

state zinc hydroxides analogues on a cathode, even in acidic electrolytes, when the 
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local pH is increased by cathodic reactions, such as reduction reactions of protons, 

oxygen, nitrate, and hydrogen peroxide.[142-145] Therefore, if the present hypothesis is 

true, zinc hydroxide analogues should be formed only on the GDE in electrolytes with 

pH = 2 and 3. 

pH Zn O C Na Cl 

1 0.45 18.20 71.13 2.03 5.13 

2 22.3 50.97 19.99 5.01 1.69 

Table 2-1. Surface composition (atom %) by XPS elemental analyses of GDE 

surfaces after the CO2RR test in different pH electrolytes with added Zn2+. 

 

Figure 2-10. (a) SEM image and (c-d) elemental maps of the GDE tested in a pH=2 

electrolytes added Zn2+ ions. 
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Figures 2-9a and b show SEM images and photographs of the Ni-CTF/GDE 

surface removed from the electrolyte after electrolysis for 1 h in the presence of 

Zn(II) at pH = 1 and 2, respectively. At pH = 1 (Figure 2-9a), there was no deposit 

other than precipitated salts that could not be completely washed out. In contrast, it 

was confirmed that the GDE electrode surface was covered with numerous deposits at 

pH = 2. XPS analyses of the crystals revealed two peaks assignable to Zn-2p3/2 and 

Zn-2p1/2 both for the samples obtained at pH = 1 and 2 (Figure 2-9c). The atomic ratio 

of zinc on the electrode obtained at pH = 2 reached 22.3%, which was significantly 

larger than that on the sample obtained at pH = 1 (Table 2-1).  

 pH Zn O C Na Cl 

GDE 1 < 1 15 70 3 7 

GDE 2 25 59 15 0 1 

PE 2 0 9 81 0 1 

Table 2-2. Composition (atom%) determined from SEM-EDX measurements of GDE 

and PE surfaces after the CO2RR test in different pH electrolytes with added Zn2+. 

Figure 2-10 shows and SEM image and energy dispersive X-ray spectroscopy 

(EDX) elemental maps of the GDE surface, in which zinc and oxygen were confirmed 

to be homogeneously distributed and the atomic ratio of Zn reached 20% (Table 2-2). 

However, Zn was not detected by EDX when the PE was used. X-ray diffraction 

(XRD) and Raman spectroscopic analyses revealed that the deposits on the GDE at 

pH = 2 were composed of Zn5(OH)6(CO3)2, which cannot be formed in acidic 

electrolytes (Figure 2-11).[146-148] The experimental results thus indicated that the local 

pH in the vicinity of the GDE became alkaline, even when the bulk pH was set to 2. 
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Figure 2-10. (a) XRD patterns and (b) Raman spectra for the GDE with deposited 

formation during CO2RR test in the presence of Zn (II) ions. 

Finally, let us consider the possible influence of the local CO2 concentration 

on the difference in the FE between GDE and PE. As shown in Figure 2-4 and 2-9, 

despite that there is no difference in the CO2 supply, in contrast to the case at pH = 2, 

both the CO and zinc hydroxide analogues were not formed at pH = 1 using same 

GDE. Furthermore, although CO and zinc hydroxide analogues were formed on GDE 

at pH = 2, they were not observed on PE in the electrolyte with the same pH. Thus, 

the formation of CO and zinc hydroxide analogues were always synchronized. The 

above results clearly show that the difference in the FE between on GDE and PE is 

not due to the difference in the local CO2 concentration but in the local pH. Although 

the local pH can be generally larger when cathodic reactions proceed, the current 

density on the PE was at the same level as that on the GDE. Besides, it is known that 

protons can be more easily depleted inside the confined microstructures. Taken all 

together, this indicates that the increase of the local pH for the GDE is not based on 

the large current but on the structural features of the GDE, as schematically shown in 

Figure 2-11. 
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Figure 2-11. Schematic illustration of the local pH increase in the vicinity of the GDE 

surface. 

2.4 Conclusion 

In conclusion, we have revealed (1) that high CO2RR rate exceeding 300 mA 

cm-2 with 74.1% FE of CO could be achieved on Ni-CTF/GDE in an alkaline solution 

and (2) that the FE reached 60% even in a pH = 2 solution by using GDE. CO was 

generated as a main product in a wide potential region. The improved FE was 

attributed to an increase of the local pH, which is specifically induced at the GDE 

because of the extremely thin electrolyte layer at the triple phase boundary. Although 

many factors of GDE, including the porosity, hydrophobicity/hydrophilicity, amount 

of catalyst loading, and the thickness of the microparticle layer, can affect local pH, 



 

46 

 

the general trend on pH dependence revealed in this study should be hold regardless 

of the detailed structure of the GDE used. 

The increase of the FE of the CO2RR via the suppression of the HER achieved 

with a GDE is advantageous to lower the voltage required for the CO2RR. Various 

hydrocarbons can be obtained with electrochemical CO2RR by the selection of 

appropriate catalysts, which can then be further converted to higher-value compounds 

in the downstream processes. For example, alcohols and acids can be used as 

substrates of oxygen fuel cells that are typically operated in acidic electrolytes. 

Furthermore, aldehyde compounds can be further converted to complex organics via 

acid-base reactions, such as Aldol condensation catalyzed by protons. Thus, 

expansion of the pH range to acidic conditions by the use of a GDE could be 

beneficial when considering secondary uses of the CO2RR products.   
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Chapter III Atomic Sn modification on Cu 

nanoparticles for CO2RR 

3.1 Introduction 

As we mentioned in Chapter I, electrochemical reduction of CO2 has attracted 

intensive attention because the expected high rate of CO2 conversion even at ambient 

temperature and pressure.[6, 12, 31, 67] Metallic copper (Cu) has been regarded as a 

promising CO2RR electrocatalyst since the 1980s because only Cu-based 

electrocatalysts catalyze CO2 conversion to organic substrates with relatively high 

efficiency.[34] Consequently, numerous studies on the development of highly active 

and selective Cu-based CO2RR catalyts have been reported and introduced in Chapter 

I.[70, 82, 85, 149-153] However, the existing Cu-based catalysts still suffer from the 

hydrogen evolution reaction (HER),[34] which competes to some extent with the 

CO2RR under a wide range of operating potentials. Therefore, the development of 

Cu-based catalysts for hydrocarbon production with high selectivity over the HER is 

important. 

Strasser et al. investigated the particle size effects of Cu nanoparticles (2−15 

nm) as CO2RR catalysts in detail.[82] They observed a drastic increase in the HER 

with decreasing Cu particle size, which was attributed to an increase in the population 

of low-coordinated surface sites and a decrease in the abundance of coordinatively 

saturated Cu atoms in terrace sites with high selectivity for hydrocarbons. On the 

basis of this previous report, we hypothesized that an increase in the CO2RR 

selectivity over the HER can be achieved through selective deactivation of the low-
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coordinated Cu sites. Although there are several possible approaches to deactivating 

the low-coordinated Cu sites, including the use of organic compounds or inorganic 

ligands,[154-156] we herein chose to selectively modify Cu nanoparticles with HER-

inactive metal atoms at their low-coordinated surface sites because we can avoid 

adding reactive molecules to electrolytes or electrocatalysts. 

Tin (Sn) effectively catalyzes the CO2RR to produce HCOOH as the main 

product, with a FE greater than 90% and inhibition of the HER.[157-159] There are 

several reports of Cu−Sn alloys developed as effective catalysts for the production of 

HCOOH or CO.[160-167] For example, Wang et al. prepared an intermetallic CuSn 

electrocatalysts (Cu3Sn/Cu6Sn5) via an electrodeposition-calcination process, 

exhibiting FE of 82% for HCOOH at -1.0V vs. RHE over 42 h operation.[167] 

Haruyama et al. electrodeposited Cu−Sn alloys with different crystal structures and 

found that Cu87Sn13 exhibited high selectivity toward CO (60% FE at −0.99 V vs 

RHE), whereas Cu55Sn45 exhibited 60% FE for HCOOH.[162] Most of the studies on 

Cu−Sn catalysts focused on bimetallic alloys with different composition ratios (i.e., 

Cu3Sn, CuSn, and CuSn3),
[162, 167] or control of the morphology by hybridizing Cu 

catalysts with Sn atoms.[161, 163, 164] In these reports, the Sn content was greater than 

10%; thus, the Cu terrace sites, which are active toward hydrocarbon production, were 

somewhat hindered by Sn atoms. As a result, hydrocarbon production was nearly 

suppressed. Because the atomic radius of Sn is substantially larger than that of Cu, the 

low-coordinated sites would be preferentially occupied by the Sn atoms in Cu−Sn 

catalysts. Therefore, Cu atoms with unsaturated coordination are expected to be 

selectively replaced when Sn is present at trace levels. On the basis of the 

aforementioned hypothesis, in the present work, we modified Cu nanoparticles with a 
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trace amount of Sn atoms and used them as selective CO2RR catalysts working on 

GDEs (Figure 3-1). We investigated the preferred site of the Sn atoms and the CO2RR 

mechanism using first-principles calculations. 

 

Figure 3-1. Schematic illustration of (a) the synthesis method used for the preparation 

for Cu/Sn catalysts and (b) the setup for CO2RR using GDEs. 

3.2 Experimental section 

3.2.1 Chemical and materials for experiments 

Copper(II) acetate monohydrate [Cu(CH3COO)2·H2O, 99%], tin(II) chloride 

dehydrate (SnCl2·2H2O), hydrochloric acid (HCl, 99%), methanol (CH3OH, 99.8%), 

potassium bicarbonate (KHCO3, 99.8%), and potassium chloride (KCl, 99.8%) were 

purchased from Wako Pure Chemical. Sodium borohydride (NaBH4, 99%) and 

Nafion solution (5 wt%) were obtained from Sigma-Aldrich. All chemicals were used 

without further purification. Carbon paper with a gas-diffusion layer (Sigracet 38BC) 

and Nafion membranes (Nafion 117) were purchased from SGL Carbon and Sigma-

Aldrich, respectively. Ultrapure water obtained from a Milli-Q system (18.2 MΩ cm) 

was used for all catalyst preparations and electrochemical tests. 
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3.2.2 Catalyst preparation 

Sn-decorated Cu nanoparticles (Cu/Sn) were fabricated via a previously 

reported wet-chemical reduction method in which NaBH4 was used as the 

reductant.[168] Typically, Cu(CH3COO)2·H2O and SnCl2·2H2O were added to a 

conical flask with the desired elemental ratio and then dissolved in 250 mL of 

deionized water; the resultant solution was stirred for 30 min under a continuous flow 

of argon to remove residual O2. The total amount of metal ions was controlled to 3 

mM. NaBH4 (1.14 g) dissolved into 20 mL of ultrapure water was then added to the 

Cu/Sn solution. The obtained black precipitate was washed with ultrapure water and 

C2H5OH via vacuum filtration. Finally, the prepared samples were dried at 60 °C in a 

vacuum oven overnight. Pure Cu or Sn samples were synthesized in a similar manner 

using only the Cu or Sn precursor as the starting material. The physically mixed 

samples were prepared by hand-mixing in a mortar the pure Cu and Sn powders that 

were synthesized by the above-mentioned method in the desired ratio. 

3.2.3 Characterization 

The XPS spectra and XRD patterns are recorded as the same condition using 

same devices as we mentioned in Chapter II. The elemental analyses were conducted 

by inductively coupled plasma optical emission spectrometry (ICPOES). 

Transmission electron microscopy (TEM; Hitachi H-9000NAR) was used for the 

morphological analysis. A JEOL JEM-2100F microscope equipped with a high-

angular annular dark-field scanning transmission electron microscopy (HAADF-

STEM) detector was used for TEM, high-resolution TEM (HRTEM), and selected-

area electron diffraction (SAED). Sn K-edge X-ray absorption spectroscopy (XAS) 
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for as-prepared samples was performed on the BL01B01 beamline at the SPring-8 

facility (Japan). The radiation was monochromatized by a Si(311) double-crystal 

monochromator. The spectra were recorded in transmission or fluorescence mode 

using 19 elements of germanium solid-state detectors. The Sn K-edge and Cu K-edge 

spectra of catalysts on the electrode after electrolysis were recorded in fluorescence 

mode. All XAS data were processed and analyzed using the Demeter package.[169] 

3.2.4 CO2 electrochemical reduction measurements 

GDEs modified with the synthesized catalysts were prepared as follows. 

Typically, 5 mg of an as-prepared catalyst was mixed with a solution of 500 μL of 

CH3OH and 10 μL of Nafion, and the resultant mixture was ultrasonicated for 30 min 

in a tip-sonication machine to obtain a homogeneous catalyst ink. The catalyst ink 

was dip-coated (60 μL) onto a circular GDE to achieve a mass loading of ∼0.6 mg 

cm-2 and was then dried at 60 °C under vacuum prior to use. 

Electrochemical measurements were performed using an electrochemical 

workstation (HZ-5000, Hokuto Denko) and a custom-made three-compartment 

electrochemical cell presented as Figure 2-1a in conjunction with three electrodes, as 

reported previously.[170] A Ag/AgCl (KCl-saturated) electrode and a platinum wire 

were used as the reference and counter electrodes, respectively. The geometric area of 

the working electrode was ∼1 cm2. Electrode potentials were transferred to the RHE 

reference scale with IR compensation. The electrolytes on the cathode and anode 

sides were 0.5 M KCl and 0.5 M KHCO3, respectively. The anodic and cathodic 

compartments were separated by a proton-exchange membrane (Nafion 117, Sigma-

Aldrich). The gas chamber of the three-compartment cell was bubbled with CO2 for 
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more than 30 min before measurement. During the tests, CO2 gas was flowed at 9 

sccm, as controlled by a mass flow controller. The CO2 gas with gaseous products 

generated throughout the experiments was collected in a gas bag and subsequently 

injected into a gas chromatograph using a gastight syringe. The CO2RR products were 

sampled after 30 min or 1 h of electrolysis. The roughness factor of the GDEs with 

Cu/Sn catalysts are estimated by conducting CVs with different scan rates (10, 20, 40, 

60, 80, 100 mV s-1) to gain the double-layer currents. Turnover frequencies (TOF) 

values of CO2RR product for main products were calculated via following equation: 

 𝑇𝑂𝐹 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 =
𝐹𝐸 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 × 𝐼

𝑛 × 𝐹 × 𝑁
  (3-1) 

where I is current, n is the electron transfer number (i.e., 2 for CO generation), 

N is the number of active sites on electrode calculated based on the mass amount, and 

F is the Faraday constant (96484 C mol-1). 

Gas and liquid product were analyzed like the Chapter II described in 

major.[171] Considering the relatively high concentration of possible liquid product 

induced by large current densities in the section, we increased the internal standard to 

100 or 250 ppm of DMSO. 

3.2.5 Density Functional Theory 

The DFT calculations performed to determine the stabilization energies 

(𝐸𝑠𝑡𝑎𝑏) of Sn atoms on the Cu surface and adsorption energies (∆𝐸𝑎𝑑𝑠) for reaction 

intermediates were calculated using the PHASE/0 code.[172] The generalized gradient 

approximation of the Perdew−Burke−Ernzerhof model and projector-augmented-

wave (PAW) method were used. In the calculations, a slab model with three layers of 

Cu atoms was used. Throughout the calculations, only the bottom layer of Cu was 



 

53 

 

fixed; other atoms, including adsorbates, were free to move in all directions. The 

atomic relaxations were conducted until the maximum force on any atom was less 

than 0.01 eV Å−1. The cutoff energy for the planewave function was set to 25 Ry. A 

k-point sampling of a 3 × 3 × 1 Monkhorst−Pack mesh was used. The vacuum space 

was greater than 15 Å. The 𝐸𝑠𝑡𝑎𝑏 for Sn atoms was calculated as follows using a 

Cu(553) surface: 

  𝐸𝑠𝑡𝑎𝑏 =  𝐸𝑆𝑛−𝐶𝑢 +  𝐸1𝐶𝑢 − (𝐸𝐶𝑢 + 𝐸1𝑆𝑛)  (3-2) 

where 𝐸𝑆𝑛−𝐶𝑢 and 𝐸𝐶𝑢 represent the total electronic energies of a Sn-doped 

Cu surface with a (533) surface with three successive slab structures and a Cu surface 

without Sn modification. 𝐸1𝐶𝑢  and 𝐸1𝑆𝑛  represent the total electronic energies for 

1 Cu atom and 1 Sn atom, respectively (for detailed structures, see the 3.3 Result and 

Discussion section) The formation free energies (∆𝐺) of the reaction intermediates for 

HER and CO2RR are calculated by adsorbing H atom, COOH, and CO molecule. 

G(adsorbate*) was calculated as follows: 

 G =  𝐸𝐷𝐹𝑇 + 𝑍𝑃𝐸 − 𝑇𝑆  (3-3) 

Where 𝐸𝐷𝐹𝑇  represents the total energies for each reaction step. ZPE is the 

zero-point energy, and TS is the entropic corrections. Those value are obtained from 

previous reports.[126, 173, 174] In the present study, the reaction free energies were 

calculated using the CHE model as reported previously[21, 46] and introduced in 

Chapter I. 
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3.3 Result and Discussion 

3.3.1 Physical and morphological characterization of Cu/Sn catalysts 

We fabricated Cu/Sn catalysts with various Sn contents (0.5, 1.5, 2.5, 5, and 

10 atom %), as well as bare Cu and Sn nanoparticles, by tuning the ratio of the 

precursors (Figure 3-1a). The bulk composition of the catalysts was quantified by 

ICP-OES (Table 3-1); the results show that their atomic composition was similar to 

that of the added precursors. The obtained catalysts are denoted as Cu/Sn-x, where x 

indicates the atomic ratio (%) of Sn precursors. 

Sn % of precursors 0.5 1.5 2.5 5.0 10.0 

ICP-OES 0.43 1.58 2.20 4.79 9.16 

Table 3-1. Atomic Sn elemental concentration of As-prepared Cu/Sn-x samples, as 

determined by ICP-OES. 

The crystalline structure of the as-prepared catalysts was analyzed by XRD 

(Figure 3-2). We observed peaks at 30.0°, 36.7°, 42.7°, 43.3°, 50.6°, and 61.6°, which 

are attributed to the Cu2O(110), Cu2O(111), Cu2O(200), Cu(111), Cu(200), and 

Cu2O(220) planes, respectively.[66] In addition, some samples showed small peaks 

assignable to CuO, which might be derived from the oxidation by air. These results 

indicate that the dominant crystal phases of these samples were a mixture of Cu and 

Cu2O. The XRD results show no Sn-related peaks with increasing Sn content, even at 

a Sn content of 10%, indicating that crystalline Sn agglomerates, such as Sn metal 

nanoparticles or oxides, did not form on the Cu/Cu2O nanoparticles during the 

synthesis.[162] Furthermore, the intensity ratio, which are related to different crystal 
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facets, are almost same with the increasing Sn contents, which means that Sn 

modification on Cu nanoparticles has no impact on the preferred crystal orientation. 

 

Figure 3-2. XRD patterns of as-prepared Cu and Cu/Sn nanoparticles with various Sn 

contents. The green, black, and reddish-brown bars indicate the standard peaks of 

CuO, Cu2O and Cu, respectively. 

We next investigated the morphologies of the Sn-modified Cu samples by 

TEM imaging (Figure 3-3). Detailed (S)TEM investigations and energy-dispersive X-

ray spectroscopy (EDX) mappings were conducted for further structural 

characterization and observation of the distribution of elements, respectively.  
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Figure 3-3. TEM images of as-prepared Cu (a), Cu/Sn-0.5 (b), Cu/Sn-1.5 (c), and 

Cu/Sn-10 (d) nanoparticles. 

Representative (S)TEM images and the corresponding EDX mapping images 

for samples Cu/Sn- 0.5, -1.5, and -10 are shown in Figures 3-4. The HRTEM images 

(Figure 3-4b) indicate good crystallinity of the Cu/Sn-1.5 catalyst, with a Cu2O(111) 

d spacing of 0.240 nm, consistent with the XRD results.[85, 175] The SAED patterns can 

also confirm a distinct structure of the Cu2O/Cu mixed phase (inset image of Figure 

3-4e). The atomic-scale-resolution STEM−EDX mapping images (Figure 3-4j, k) 

show a homogeneous distribution of Sn atoms and few Sn aggregates (>1 nm) on the 

Cu/Sn-0.5 and -1.5 samples. With increasing Sn content, the EDX mapping images of 

the Cu/Sn-10 sample show phase separation between the Cu and Sn parts, indicating 
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that Sn agglomerates formed on the Cu agglomerates (Figures 3-4l). The direct 

observation of atomically dispersed Sn atoms in Cu/Sn catalysts using STEM is in 

progress in our laboratory. 

 

Figure 3-4. HRTEM and corresponding SAED and EDX images of Cu/Sn-0.5 (a, d, 

g, j), Cu/Sn-1.5 (b, e, h, k) and Cu/Sn-10 (c, f, i, l). 

We next investigated the electronic states of the Cu and Sn species in Cu/Sn 

catalysts using various X-ray techniques. Figure 3-5a, b show XPS narrow-region 

scans for Cu 2p and Sn 3d, respectively. In Figure 3-5a, the peaks at 932.4 and 952.4 

eV, which are assignable to Cu 2p3/2 and Cu 2p1/2, are clearly observed, suggesting 

that the Cu(0) and/or Cu(I) valence state(s) was (were) dominant, although a small 

portion of Cu(II) was observed in deconvoluted curves (Figure 3-5c).[176] These 
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results basically correspond to the XRD results. The peaks at 486.0 and 494.5 eV in 

the spectrum of the Cu/Sn-0.5 sample are assigned to Sn 3d5/2 and Sn 3d3/2, 

respectively (Figure 3b). The Sn 3d peaks of the Sn-decorated Cu nanoparticles shift 

to higher binding energies by ∼0.65 eV when the Sn content is increased from 0.5% 

to 10%. The peak top positions for Sn d3/2 and d5/2
 finally reach 486.6 and 495.1 eV, 

respectively, which are positions similar to those of Sn nanoparticles synthesized 

without Cu. These XPS results reveal that the electronic states of Sn atoms decorated 

on Cu/Cu2O nanoparticles are slightly reductive compared with the electronic states 

of Sn atoms in SnO2.
[177] 

 

Figure 3-5. High resolution Cu 2p (a) and Sn 3d (b) spectra of Cu or Sn and Cu/Sn 

catalysts with various Sn contents (0.5, 1.5, 2.5, 5, 10%). And the corresponding 

deconvoluted peaks (c) of Cu 2p spectra. 
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X-ray absorption near edge structure (XANES) spectra corresponding to the 

Sn K-edge (Figure 3-6a) were recorded to obtain further insight into the electronic 

state of Sn atoms in Cu/Sn catalysts. The onset of the normalized XANES curves for 

Cu/Sn catalysts (20207.0 eV) corresponded with that for SnO2, indicating that the 

Sn(IV) oxidative state is dominant for all Sn species in Sn-decorated Cu/Cu2O 

nanoparticles.[178] In contrast, the valence state of Sn atoms in the physically mixed 

Cu/Sn catalysts is zero, as confirmed by the XANES spectra (Figure 3-6b). Figure 3-

6c shows Sn K-edge extended X-ray absorption fine structure (EXAFS) spectra for 

Cu/Sn catalysts, and the fitting results of EXAFS are summarized in Table 3-2. The 

coordination number of the first coordination sphere containing O atoms (the peak at 

1.7 Å) for Cu/Sn catalysts is smaller than that for SnO. In addition, the peak at 3.5–

4.0 Å assignable to the second coordination sphere observed in SnO2 is rarely 

observed.  
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Figure 3-6. Normalized Sn K-edge XANES (a, b) and k3-weighted Fourier transform 

EXAFS (FT-EXAFS) spectra. (a, c) Cu/Sn catalysts and (b, d) physically-mixed 

Cu/Sn powders with different Sn contents. 

These results are basically consistent with the reported EXAFS for Sn 

nanoclusters containing O and OH as anions.[179, 180] Taken together, the TEM and 

EXAFS results show that oxidized Sn nanoclusters were formed on Cu/Sn catalysts 

with a high Sn concentration. We speculate that a relatively higher Debye–Waller 

factor for a Cu/Sn catalyst with higher Sn loading is due to the low crystallinity of Sn 

nanoclusters on Cu nanoparticles. To confirm the Sn species in physically mixed 

Cu/Sn catalysts, we analyzed the Fourier-transformed EXAFS of those samples 

(Figure 3-6d). The peak assignable to Sn–Sn (2.9 nm) is clearly observed for 

physically mixed Cu/Sn catalysts. This result indicates that Sn species in physically 

mixed Cu/Sn catalysts dominantly exist as Sn(0), although the top surface might be 

partially oxidized by air. 

 

 Bond type CN R 

σ2 (×10-3, 

Å) 
𝑺𝟎

𝟐 

SnO2 Sn-O 5.0 2.06±0.004 3.4±0.6 1.31 

Cu/Sn-0.5 Sn-O 4.1 2.06±0.01 2.7±1.5 1.31 

Cu/Sn-1.5 Sn-O 4.8 2.05±0.03 5.0±3.8 1.31 

Cu/Sn-2.5 Sn-O 4.7 2.06±0.01 5.2±1.2 1.31 

Cu/Sn-5 Sn-O 4.5 2.06±0.004 5.1±0.6 1.31 

Cu/Sn-10 Sn-O 4.7 2.06±0.01 5.5±0.7 1.31 
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Table 3-2. Peak fitting of EXAFS spectra of SnO2 as references and Cu/Sn catalysts. 

(Note: R: atomic distance (Å), CN: coordination number, σ2: Debye–Waller factor.  

Amplitude Reduction Factor for all samples is set to 1.31, which are calculated by 

reference SnO2. The curve fitting is conducted using R-space (range: 1−2.2 Å). Curve 

fitting for the EXAFS spectra was conducted by using ARTEMIS software.[169]) 

On the basis of the aforementioned XRD, STEM–EDX, and XPS results, we 

explain the electronic states and morphology of the Sn atoms on Cu/Cu2O 

nanoparticles as follows. At low Sn contents (less than 1.5%), most of the Sn atoms 

are atomically dispersed, with a valence state of IV. As for the as-prepared samples, 

atomically dispersed oxidized Sn atoms would be grafted onto CuxO layers with O or 

OH ligands.[181, 182] As the Sn ratio increases (greater than 1.5%), oxidized Sn 

nanoclusters might be formed on the Cu/Cu2O nanoparticles, and the Sn 3d peaks 

shift toward the positive energy region. Finally, when the Sn ratio reaches 10%, most 

of the Sn is aggregated as oxidized Sn nanoclusters. 

3.3.2 CO2 electrolysis performance of Cu/Sn catalysts 

The CO2 reduction behavior was investigated using a homemade three-

compartment cell with the GDEs carrying the Cu/Sn catalysts (Figure 2-1a and 3-1b). 

Cyclic voltammetry (CV) curves of the Cu/Sn electrode are compared with those of 

bare Cu catalysts (without Sn modification) in a 0.5 M KCl electrolyte solution under 

continuous CO2 supply conditions (Figure 3-7a). Although the onset potential of the 

cathodic currents was approximately −0.38 V versus RHE, little difference was 

observed in the onset potentials among the Sn-decorated Cu samples with molar ratios 

between 1.5% and 5% and the bare Cu sample. The Cu/Sn-0.5 and -10 samples 
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exhibited slightly more positive (−0.25 V vs RHE) and slightly more negative (−0.47 

V vs RHE) onset potentials, respectively, than the other Cu/Sn-x samples. 

 

Figure 3-7. (a) CV scan curves of Cu and Cu/Sn catalysts (contents of Sn = 0.5, 1.5, 

2.5, 5, 10%) modified GDE under CO2 atmosphere (scan rate = 100 mV s-1); (b) FEs 

of gaseous product and formate after 1 h of CO2RR testing with different Sn contents 

(result based on ICP-OES analysis) under a constant current density of 200 mA cm-2. 

We next analyzed the products of the CO2RR carried out under galvanostatic 

conditions (j = 200 mA cm-2). The FEs of the reduction products are shown in Figure 

3-7b. The FEs of H2 as the product of proton reduction reactions decreased to less 

than 15% upon the addition of just 1.5% Sn atoms, whereas the FE of bare Cu 

nanoparticles was ∼25%. Focusing on gaseous CO2RR products, we found that the 

amount of CO, which has been reported elsewhere to be the main product obtained 

with most Cu/Sn alloy catalysts,[160] clearly increased when Cu was modified with a 

trace amount of Sn (<5%). Notably, the sum of the FEs for hydrocarbons (CH4 and 

C2H4) showed almost no decay for the Cu/Sn-0.5 and -1.5 samples when compared 

with the sum of the FEs for bare Cu nanoparticles. In particular, the FE of CH4 
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formation increased for the Cu/Sn-0.5 and -1.5 samples. When the Sn content was 

greater than 5%, the main product was HCOOH. The FE for HCOOH formation for 

the Cu/Sn-10 catalyst reached 40%.  

 

 Capacity / μF Surface roughness factor 

Cu 0.037 1.00 

Cu/Sn-0.5 0.046 1.24 

Cu/Sn-1.5 0.052 1.42 

Cu/Sn-2.5 0.032 0.87 

Cu/Sn-5 0.036 0.97 

Cu/Sn-10 0.036 0.97 

Table 3-3. The double-layer capacities and surface roughness factors measured using 

CVs. 

We also discuss the roughness factor of the electrodes and turnover frequency 

(TOF) in Table 3-3 and Figure 3-8. We must note here that the reaction surface using 

GDEs is the triple-phase interface, and thus, it is quite difficult to accurately evaluate 

the electrochemical surface area. As just a reference, the roughness factor of the 

GDEs with Cu/Sn catalysts are estimated by CVs with different scan rates. The 

capacitance values differ between samples (i.e., 0.032 mF for Cu/Sn-2.5 and 0.052 for 

Cu/Sn-1.5). The TOF result shows that Cu/Sn catalysts with a doping level of 1.5 or 

2.5 show the highest TOFCO of ~140 h−1. However, we again note that it is difficult to 

estimate the active Cu sites, and thus, these values are definitely underestimated 

because we assume that all Cu is active for CO2RR in this calculation. 
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Figure 3-8. TOF of main products (H2, CO, CH4 and C2H4) for sysnthesized Cu/Sn 

catalysts in this study. 

The CO2RR potential dependence for the bare Cu and Cu/Sn catalysts is 

shown in Figure 3-9. Parts a, c, and e of Figure 3-9 indicate that Sn modification 

suppressed H2 evolution over the full range of examined potentials. With respect to 

the partial current density of various products (Figure 3-9b, d, f), the H2 partial current 

density decreased to approximately -12.4 mA cm-2 from -41.7 mA cm-2 under a 

potential of -1.25 V versus RHE upon modification of the Cu nanoparticles with 1.5% 

Sn. The current density of CH4 reached -27.5 mA cm-2 at a potential of -1.25 V versus 

RHE for Cu/Sn-1.5. Notably, it has been reported that CuxO can be reduced at −0.3 V 

versus RHE. Therefore, the Cu surfaces are reduced to Cu(0) during CO2RR 

electrolysis.[183, 184] In addition to Cu, the oxidative Sn atoms are also known to be 

easily reduced to Sn(0) at about −0.3 V versus RHE.[185, 186] Therefore, both oxidized 
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Cu and Sn atoms in the as-prepared samples are instantaneously reduced to metallic 

states with zero valences during CO2RR electrolysis. 

 

Figure 3-9. FEs and partial current densities of the CO2RR products after 30 min of 

testing on Cu (a, d), Cu/Sn-0.5 (b, e), and Cu/Sn-1.5 (c, f) loading GDE-based cells 

under different potentials. 

Next, we conducted stability tests of Cu/Sn-0.5 and -1.5 catalysts at a constant 

current of 200 mA cm-2. The FEs for H2 and CO generation were almost constant, and 

thus the doping effect of a trace amount of Sn to Cu particles was maintained for 6 h 

(Figure 3-10). These results suggest that our Sn-decorated Cu catalysts were stable 

enough to discuss the effect of Sn doping within this time scale. Figure 3-11 shows 

the XAS analyses for Cu/Sn catalysts after electrolysis. Although no obvious change 

in the spectra was observed for Sn atoms by electrolysis, we could not exclude the 

effect of air oxidation after electrolysis. Thus, analysis of the electronic states of Cu 

and Sn by operando XAFS measurement is an essential future work. 
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Figure 3-10. Stability test (6 hours) of Cu/Sn-0.5 (a) and Cu/Sn-1.5 (b) catalysts 

modified GDE under a constant current density of 200 mA cm-2. The products were 

sampled for each hour. 

To be specific, The Sn K-edge XANES spectra revealed that the valence state 

of Sn is similar to SnO2 or SnO after electrolysis. No obvious peaks assignable Sn(0) 

or Sn-oxides particles are observed in Sn K-edge FT-EXAFS spectra  (Figure 3-

11b). This result implies that no critical change of Sn species occurs during 

electrolysis for Cu/Sn-0.5 and Cu/Sn-1.5. The Figure 3-11c revealed that the valence 

states of Cu of those samples on electrodes after electrolysis are the mixture of Cu1+ 

and Cu0. Many previous reports revealed that Cu particles are reduced from Cu2+ or 
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Cu1+ to Cu0 during electrolysis at the cathodic potential in our study. Thus, we assume 

that our electrodes were partially re-oxidized by air after electrolysis. 

 

Figure 3-11. Representative Sn K-edge XANES (a) and FT-EXAFS spectra (b) after 

electrolysis of Cu/Sn-0.5, 1.5 and 10. (c) corresponding Cu K-edge XANES spectra 

after electrolysis. 

We also tested the CO2RR performance using physically mixed Cu/Sn 

samples as reference samples with the same molar ratios (Sn % = 0.5, 1.5, 2.5, 5, and 

10; Figure 3-12). As expected, the physically mixed Cu/Sn samples exhibited almost 

no change in the product composition when the Sn content was low. Thus, 

modification with Sn atoms played a critical role in suppressing H2 formation and 

enhancing CO generation. 

 



 

68 

 

 

Figure 3-12. FEs of gaseous product after 1h CO2RR testing using Sn and physically-

mixed Cu/Sn catalysts with different Sn content (0.5, 1.5, 2.5, 5, 10%) under constant 

200 mA cm-2 current density. 

3.3.3 DFT analyses of the position of Sn atoms and the catalytic mechanism 

As shown in Figures 3-7b and 3-9, at low Sn contents (less than 1.5%), the FE 

of the HER was suppressed to approximately half of that with bare Cu nanoparticles, 

resulting in an increase of the FE of the CO2RR to CO. Here, we consider the 

mechanism underlying these unique catalytic activities. To verify the details of the 

catalytic mechanism, the structure and location of Sn atoms should first be identified. 

The STEM results show that the Sn atoms were atomically dispersed in the as-

prepared catalysts with trace Sn contents. However, as mentioned above, CuxO and 

the oxidized Sn atoms were reduced to the metallic state under CO2RR experiments. 
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Figure 3-13. Structure of three layer of Cu(533) employed for the calculation of 

𝐸𝑠𝑡𝑎𝑏: (a) side view; (b) top view. The letters a-h represent the substitution of Sn 

atoms. The stabilized structure are shown in Figure 3-14. 

Thus, we next attempted to investigate where the Sn atoms are located in the 

Cu/Sn catalysts during electrolysis using stabilization energy (𝐸𝑠𝑡𝑎𝑏) analyses via 

DFT calculations.[160, 187] In the present work, the Cu(553) facet was adopted as the 

model structure because the structure possesses both coordinatively saturated and 

unsaturated sites. We calculated 𝐸𝑠𝑡𝑎𝑏 for eight different positions of Sn atoms in 

Cu(553), as shown in Figure 3-13.  

Figure 3-14 shows the structures after relaxation for four Sn-substituted 

Cu(533). In Table 3-4, we list 𝐸𝑠𝑡𝑎𝑏 values for the Sn atoms in Sn-substituted 

Cu(553) using the value for the Sn atom substituted into a low-coordinated site (site 

a) as a standard (for details of the calculations, see the 3.2.5 section). The 𝐸𝑠𝑡𝑎𝑏 
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value of a Sn atom substituted into the low-coordinated site (site a in Figure 3-13) of 

the Cu was 0.25-0.37 eV smaller (more stable) than that of a Sn atom substituted into 

the first layer of saturated Cu sites on the surface (sites b–d in Figure 3-13). Thus, Sn 

atoms exist more stably on unsaturated sites of Cu nanoparticles than on saturated 

sites. In addition, the Sn atoms in the second layer of Cu(553) (sites e–h) are much 

more unstable than those in the first layer. These DFT calculation results reveal that 

Sn atoms tend to preferentially locate at low-coordinated surface sites of the Cu 

nanoparticles. 

 

 

Figure 3-14. The structures of Sn-substituted Cu(533) after relaxation. Red dashed 

lines represented the unit cell. Blue: Cu and silver: Sn. Top figures for top view and 

bottom figures for side view of the stabilized structure. (a) - (h) figure represent the 

corresponding site with the same label as described in the text. 
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structure (first layer) 𝑬𝒔𝒕𝒂𝒃/eV structure (second layer) 𝑬𝒔𝒕𝒂𝒃/eV 

site a (unsaturated) 0 site e 0.87 

site b (saturated) 0.35 site f 1.52 

site c (saturated) 0.25 site g 1.47 

site d (saturated) 0.27 site h 1.12 

Table 3-4. Stabilization energy (𝐸𝑠𝑡𝑎𝑏) of different Sn-atom-decorated locations on 

Cu(533) crystal facet, as modeled via DFT calculation. 

Next, DFT analyses were performed for CO2 reduction to CO, which is the 

intermediate of CH4 and C2H4, and for the HER. For calculation of the adsorption 

energies, Cu(100) and Cu(211) were adopted as the model structures of clean flat 

surface and low-coordinated Cu sites, respectively (Figure 3-15). We calculated the 

adsorption energies of the intermediates on the Cu atoms of bare Cu(100) and 

Cu(211) and on the Cu and Sn atoms of Sn-doped Cu(211), which are denoted as 

Cu@Cu/Sn and Sn@Cu/Sn, respectively. First, we investigated the HER activities for 

the four adsorption sites by obtaining the corresponding Gibbs free energy diagram 

(Figure 3-16a). The bare Cu(100) and Cu(211) facets show H* formation energies of 

0.50 and 0.004 eV, respectively. These results indicate that the HER at the low-

coordinated Cu sites [Cu(211)] is more favorable than that at the saturated sites 

[Cu(100)]. Interestingly, the Sn atom on Cu(211) (Sn@Cu/Sn) shows a H* formation 

energy of 0.71 eV. This result indicates that H* adsorption onto Sn atoms is 

endergonic and that atomically dispersed Sn sites cannot function as active centers for 

the HER because of weak interaction with H*, consistent with previous reports. In 

addition, a low-coordinated Cu site in Cu/Sn (Cu@Cu/Sn) exhibited a H* formation 



 

72 

 

energy of −0.1 eV. This result indicates that the rate-determining step for the HER at 

Cu@Cu/Sn became the desorption of H2 molecules and that modification of Sn 

decreased the HER activity on the neighboring Cu sites. 

 

Figure 3-15. The structure of (a) Cu(100), (b) Cu(211) and (c) Sn doped Cu(211). 

Top column for top view and bottom column for side view. 

We next investigated the CO2RR for CO generation at the low-coordinated 

sites. The formation energies of the CO2RR intermediates for CO generation at −0.8 

V versus CHE are shown in Figure 3-16b. The reaction free energies are summarized 

in Table 3-5. The CO desorption barriers (ΔGCO) for Cu(211), Cu@Cu/Sn, and 

Sn@Cu/Sn (less than ∼0.2 eV) are certainly lower than those for the reported 

materials suffering from CO poisoning.[188, 189] Besides, the generation of CO 

molecules from the adsorbed COOH* is thermodynamically favorable by more than 1 
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eV. In this case, CO poisoning effects are known not to be serious.[189] Thus, the rate-

determining step would not be CO desorption but the formation of COOH*. The 

formation energy of COOH* (ΔGCOOH) is almost 0 eV on the low-coordinated sites of 

bare Cu(211); this formation energy is the lowest value among the four investigated 

adsorption sites. The ΔGCOOH values on Cu@Cu/Sn and Sn@Cu/Sn are 0.08 and 0.64 

eV, respectively. Therefore, not only the CO generation activity on Sn sites but also 

that on neighboring Cu sites is suppressed by the modification of low-coordinated Cu 

sites with Sn atoms, which is similar to our findings related to the HER. 

 

Figure 3-16. Binding-energy diagram of key intermediates on different facets of Cu 

crystals and stable decorated Cu-based catalysts of the HER (a) and CO2RR to CO (b) 

reaction pathways. (c) Limiting potential for CO2RR (UL, CO2RR) – HER (UL, HER) 

plotted against UL, CO2RR. Larger values of UL, CO2RR (x axis) represent greater CO2RR 

activity, and larger values of UL, CO2RR – UL, HER (y axis) represent greater CO2RR 

selectivity over the HER. 

To understand the selectivity between the HER and CO2RR, we plotted the 

limiting potential of CO2RR for CO generation (UL, CO2RR, which corresponds to the 

limiting potential of COOH* formation in the present study) and the HER (UL, HER) in 

Figure 3-16c. The authors of the previous reports[46, 190] used UL, CO2RR – UL, HER as a 
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descriptor of the selectivity of CO2RR over HER; thus, a more positive value for UL, 

CO2RR – UL, HER indicates greater selectivity for the CO2RR. The values of UL, CO2RR – 

UL, HER for the Cu(100) and Cu(211) surfaces are −0.47 and −0.79 V, respectively, 

indicating that the CO2RR selectivity on the coordinatively saturated Cu sites on the 

Cu(100) facet is greater than that on the low-coordinated sites on the Cu(211) facet. 

This consideration is consistent with the previous experimental results related to Cu 

nanoparticles. The UL, CO2RR – UL, HER values for Cu@Cu/Sn and Sn@Cu/Sn are −0.78 

and −0.74 V, respectively, indicating that the selectivity between the CO2RR and 

HER on Sn-modified Cu sites is approximately the same as that on bare Cu(211) 

(−0.79 V). 

 

Table 3-5. Difference of free energies (ΔG) between each reaction steps in Figure 3-

16. The potential is -0.8 V vs. CHE. 

 Reaction free energy (eV) 

Reaction step Cu(100) Cu(211) Cu@Cu/Sn Sn@Cu/Sn 

1. CO2 + * + e− + H+ 

→ COOH* 

0.17 −0.01 0.08 0.64 

2. COOH* + e− + H+ 

→CO* + H2O 

−1.19 −1.10 −1.28 −0.78 

3. CO* → CO + * 0.04 0.13 0.22 −0.84 
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3.4 Summary of the dependence of the HER and CO2RR 

activity on Sn amounts 

On the basis of the aforementioned DFT calculations, the mechanism 

responsible for the change in the FEs of the HER and CO2RR upon Sn modification is 

summarized as follows (Figure 3-17). Both the HER and CO2RR are more active at 

Cu atoms in unsaturated (i.e., lower-coordination-number) sites, such as kinks, steps, 

and edge sites, than those in saturated (i.e., higher-coordination-number) sites, such as 

terrace sites, on pure Cu nanoparticles, as shown in Figure 3-16. In the case of Cu/Sn 

catalysts with a lower Sn content (less than 1.5%), some of the Cu atoms in low-

coordinated sites are preferentially replaced by Sn atoms. Considering that Sn atoms 

served as the active centers for CO or HCOOH production in the previous papers,[191] 

the Sn sites would exhibit higher selectivity for the CO2RR against HER. However, 

the DFT results indicated that the HER and CO2RR activities at the low-coordinated 

sites modified with Sn atoms are lower than those at the site without modification. As 

a result, the activity of saturated Cu sites, where CO2RR is more favorable than HER, 

is relatively emphasized with such lower contents (less than 1.5%). Importantly, the 

saturated Cu sites still remain and function as active centers for the further reduction 

reaction, leading to CO; thus, the FEs of CH4 and C2H4 for Cu catalysts with trace 

amounts of Sn were approximately comparable to those for Cu nanoparticles. 

Considering the DFT results and CO partial current density, an important 

question arose: although the DFT results suggested that both the HER and CO2RR 

activity decreased by the substitution of Cu atoms by Sn atoms, why did the CO 

partial current density increase (Figure 3-9)? Not only CO2RR but also HER produced 



 

76 

 

OH-, and then OH- reacted with the CO2 substrate to electrochemically inert 

(bi)carbonates. Therefore, the HER at low-coordinated sites would decrease the CO2 

concentration at the catalytic surface, resulting in pure Cu showing a lower CO2RR 

current density than Cu/Sn catalysts. Indeed, it has been reported that CO2 absorption 

as carbonates by the local pH effect cannot be neglected under these high current 

conditions in neutral solutions using GDEs[192] (70% of the consumed CO2 was 

absorbed as carbonates in the previous paper). 

 

Figure 3-17. Illustration summarizing the selective modification of Sn on Cu 

nanoparticles and CO2RR for (a) bare Cu and Cu/Sn catalysts with (b) low and (c) 

high Sn contents (blue, Cu; white, Sn). 

When we further increased the Sn content (greater than 1.5%), Sn atoms were 

modified onto not only the unsaturated sites of Cu nanoparticles but also the saturated 

terrace sites or even formed oxidized Sn nanoclusters, as suggested in the TEM–EDX 

results in Figures 3-4l. The saturated Cu sites decorated with foreign metal atoms 

would not be active toward C2H4 and CH4 production. Thus, increasing the Sn content 

to greater than 1.5% would decrease the FEs of hydrocarbon species such as CH4 and 

C2H4. Oxidized Sn nanoclusters are known to generate HCOOH; thus, the Cu/Sn 
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catalysts with higher Sn loadings can more effectively produce HCOOH than pure Cu 

or Cu/Sn catalysts with a lower Sn content. As for the reported Sn-doped Cu catalysts, 

the Sn concentration is relatively high (>10%) compared with that of our catalysts. 

Therefore, even the coordinatively saturated Cu sites were likely substituted by Sn 

atoms, resulting in the production of only CO or HCOOH. 

3.5 Conclusion 

In this chapter, we prepared Cu catalysts with various molar ratios of Sn and 

confirmed the formation of different Sn moieties when the Sn content was varied. The 

Cu/Sn catalysts with a low Sn content (less than 1.5%) exhibited better CO2RR 

selectivity, which led to higher FEs of CO production and almost the same FEs of 

hydrocarbon production. In particular, the Cu/Sn-1.5 sample showed a CH4 partial 

current density of -27.5 mA cm-2 at -1.25 V versus RHE. DFT calculations confirmed 

that the Sn atoms preferentially decorated the low-coordinated sites of the Cu 

particles. The H2 evolution biased unsaturated sites decorated with Sn atoms suppress 

the FEs of H2 production, which is beneficial for the CO2RR-active saturated Cu sites. 

We expect these results to provide guidance in the search for other effective CO2RR 

catalysts by modifying Cu crystals with various elements at extremely low contents. 

In addition, this methodology could be applied generally to other metal nanoparticles 

with unique electrocatalytic properties. 
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Chapter IV Structural modulation of catalysts via 

direct electrodeposition on GDE 

4.1 Introduction 

As we mentioned in Chapter I, the rational morphological or structural design 

of catalysts for CO2RR, especially for metallic catalysts, is also a common method to 

optimize the activity and selectivity. Up to date, many efforts have devoted to the 

various aspect of structural modulation, such as the particle size of nanoparticles,[82, 

174, 193] exposed crystal facet,[150, 152, 194] pore size distribution[195] and so on, not only 

in single metal, but also the alloy[196, 197] or heterostructure.[161, 198] Among various 

effects, the crystal facet of various metallic catalysts, which possess different 

adsorption energy to the key intermediate, has been proven to be a vital role in the 

competition between CO2RR and HER, and different reaction pathways of CO2RR.[13, 

90] For example, Qin et al. confirmed that Zn(101) facet favors the conversion of CO2-

to-CO, while Zn(002) prefers the HER. Thus, they successfully modulated the ratio of 

H2 to CO in syngas via the regulated ratio of Zn(002) to Zn(101) through an 

electrodeposition method on Cu foam.[194] Based on the pioneering research of DFT 

calculation for the selectivity of C1 or C2 product from CO2RR on different crystal 

facets of Cu electrode,[91, 92] Gregorio and co-workers demonstrated the facet-

dependent selectivity via preparation of Cu spheres, Cu cubes and Cu octahedra, The 

Cu cubes with exposed facets of (100) exhibited high C2H4 selectivity of ~57% at 300 
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mA cm-2 current density, while the Cu octahedra with exposed facets of (100) showed 

the CH4 selectivity of ~40% at the same condition.[152] 

Direct electrodeposition on a conductive substrate, which involves the 

reduction of metallic ions in electrolytes and subsequent growth on a cathode surface, 

is an effective method to modulate the morphology of catalyst, especially for the 

porous structure.[199-202] Furthermore, unlike the traditional dip casting method, 

electrodeposition without the addictive ionomer, possesses better electronic and ionic 

contact within GDE.[203] The uniform catalyst layer exhibits the advantage in scale-up 

industrial application. Luo et al. electrodeposited the porous Zn layer on Cu mesh, 

and exhibited excellent selectivity of CO2-to-CO conversion (FE = 95%) compared to 

the Zn foil.[204] To gain the porous structure, simultaneous H2 bubbles production 

induced by hydrogen evolution with the metal ions reduction also succeed in the 

preparation of Ag foam preparation.[113] Besides the modulation of structure, the 

electrodeposition method offers a facile method to gain the alloy electrodes, although 

the different onset potential for different metal species could be a potential problem 

for the precise control of chemical composition. Lamaison et al. reported a high active 

Ag-alloyed Zn dendritic electrode via electrodeposition method on Zn plates. With 

optimized Ag content, porosity, thickness, and surface area, the CO2-to-CO selectivity 

reached 91% and sustained above an average of 90% over 40 h in an H-type cell. 

Moreover, to overcome the mass transport limitation due to the low solubility of CO2 

in aqueous solution, they applied high-pressure CO2 (up to 9.5 bar) allowed the CO 

production of up to -286 mA cm-2.[205] And suppose we could direct electrodeposition 

of catalyst layer on carbon paper and applied in a GDE-based cell. In that case, we 

could combine the advantages of facile modulation of morphology and chemical 
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composition from electrodeposition method and sufficient CO2 supply from a gas-

phase feed in GDE-based cell, expecting a better performance via a simple way. 

Based on above discussion, electrodeposition metallic catalyst direct on the 

surface of GDE boosts the various morphology with porous structure or exposed 

crystal facet of single metal or alloy. Here, we prepared different CO2RR catalysts 

based on the GDE via electrodeposition method with varied morphology and 

chemical composition, and presented different activity of CO2 electrolysis test. 

4.2 Experimental section 

4.2.1 Chemicals 

Zinc(II) sulfate, anhydrous (ZnSO4, 95%), silver (I) nitrate (AgNO3, 99.8%), 

hexadecyl trimethyl ammonium bromide (CTAB, 98%), sulfuric acid (H2SO4, 95%), 

potassium bicarbonate (KHCO3, 99%) and potassium chloride (KCl, 98%) were 

purchased from Wako Pure Chemical. All chemicals were directly used for 

experiments without any further purification. Carbon paper with a gas diffusion layer 

(Sigracet 38BC and 34BC) and Nafion membranes were obtained from SGL carbon 

and Sigma-Aldrich, respectively. Ultrapure water from a Mill-Q system (18.2 MΩ 

cm) was used for all preparation and electrochemical tests. 

4.2.2 Electrodeposition method and characterization 

The electrodeposition process was conducted using an electrochemical 

workstation (HZ-5000, Hokuto Denko) in a conventional three-electrode cell 

configuration. The carbon paper is covered by Kapton tape on one side and the 

exposed area for deposition on the other side is 0.5×0.5 cm2. Dilute 2 M H2SO4 used 

as the supporting electrolyte,[113, 205] ZnSO4 and AgNO3 used as Zn and Ag precursors, 
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respectively. Depending on the condition, modulating the concentration of H2SO4 (1, 

2, 3 M) and the molar ratio of metal ions with the constant total amount to 0.2 M. To 

control the morphology, adding the CTAB (1, 2, 3 mM) as the surfactants in 

electrolytes.[194] For another method, electrolytes containing 95g/L Cu2P2O7, 420 g/L 

K4P2O7 with 3 mL/L NH3•H2O to modulate the pH to 8.8. The electrodeposition was 

conducted under galvanostatic mode with a continuous or pulsed direct current at 

room temperature and ambient pressure. Specific parameters were introduced in 4.3 

section. 

XRD, XPS, SEM and SEM-EDX were characterized as Chapter II and III, 

please refer to the 2.2.3 and 3.2.3 sections. 

4.2.3 CO2 electrolysis and product analysis 

The as-prepared GDEs via electrodeposition were directly used in the CO2RR 

electrochemical test without further process or annealing in a vacuum oven at 180 ℃ 

to remove the residual surfactants. Electrochemical measurements were performed 

using the same device (electrochemical station, mass flow controller) and cell as 

Chapter III. The electrolyte using in the section is 0.5M KHCO3 with better buffer 

capability or 0.5M KCl, which is more beneficial for CO2RR, and would be described 

in the Result section. The CO2RR products were sampled after 30 mins or an hour of 

electrolysis in different tests. 

The gas and liquid products were also analyzed as the previous description, 

except for an additional GC-MS (Nexis GC-2030, Shimadzu, Japan). 



 

82 

 

4.3 Results and Discussion 

4.3.1 porous Zn and Ag/Zn electrodeposition on GDE 

We researched the relation between catalyst morphology and variable 

parameters of electrodeposition process, including applied current, deposited time and 

the concentration of protons, etc. Under same deposited time (10 s), with increasing 

applied current density, the deposited Zn layer using the electrolyte of 0.2M ZnSO4, 

and 1.5M H2SO4, changed from irregular nano- or microstructure to a cube-like 

structure about 1-2 μm in size (Figure 4-1). And with higher applied current density (-

4 A cm-2), the thin sheets grown on the surface of cubic structure also became more 

evident (Figure 4-1i). 

 

Figure 4-1. SEM images of GDEs with electrodeposited Zn layer of same time (10 s) 

and varied current density at different magnifications, (a-c) j = -2 A cm-2, (d-f) j = -3 

A cm-2, (g-i) j = -4 A cm-2. 
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Based on the result, we selected the j = -4 A cm-2 as the applied current 

density, SEM images of deposited Zn layer under the current density with different 

time (10, 15 and 30 s) are displayed in Figure 4-2. With longer deposition time, the 

thickness of the cubic structure became thicker, and transferred to a multilayer 

stacking morphology, and the small sheets on the surface also disappeared. When the 

deposition time increased to 30 s, the porous structure started to present.  

 

Figure 4-2. SEM images of GDEs with deposited Zn layer with same applied current 

density (-4 A cm-2) but different time: (a-c) 10s, (e-f) 15s and (g-i) 30s. 

The porous structure induced by the H2 bubbles from hydrogen evolution 

simultaneously occurs on the cathode, and the rate and amount of H2 bubbles 

production have a solid connection to the proton concentration. Thus, we increased 

the concentration of H2SO4 in electrolytes to expect the distinct porous structure of 

the deposited layer. As Figure 4-3 shown, the applied current density and time kept 

the same as the Figure 4-2a-c, when the concentration of H2SO4 was 2 M (Figure 4-
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3a-c), the randomly stacking cubic structure became more uniform, while the exposed 

sheets on the surface as Figure 4-2a-c shown have disappeared. When the 

concentration of H2SO4 further risen to 3 M, the cubic structure had been destroyed 

and shifted to the nanosheets stacking nanosphere, the size was around 1 μm. 

 

Figure 4-3. SEM images of GDE with deposited Zn layer under j = -4 A cm-2 and 10s 

deposition time in the electrolyte with 0.2 M ZnSO4 and different concentration of 

H2SO4: (a-c) 2 M; (d-f) 3 M. 

 

Figure 4-4. SEM images of GDEs with deposited Zn layer applied different pulse 

deposition mode using the electrolyte of 0.2 M ZnSO4, 3 M H2SO4, and controlled the 
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sum of on-time to 30 s, Ic = -4 A cm-2. (a, b) ton = 0.25 s, toff = 0.25s; (c, d) ton = 0.25 

s, toff = 0.5s; (e, f) ton = 0.5 s, toff = 1s. 

Compared with the continuous current, the pulse deposition significantly 

balances the concentration between the depleted region, such as edges and corners, 

and the bulk electrolyte, leading an elevated limiting current density.[203, 206] A typical 

current mode for pulse deposition, consisting of a cathodic current (on-time) and a 

relaxation period (off-time). The cathodic current (Ic), on-time (ton), off-time (toff), 

cycle numbers are used to precisely control the electrodeposition process. Figure 4-4 

shows the SEM images of GDEs with the same j and the amount of ton under different 

modes of pulse deposition. With the same ton and toff as well as the high frequency of 

shift (Figure 4-4a, b), the deposited Zn layer exhibited longer extended nanosheets on 

the surface, may be attributed by the high frequency of relaxation period, which 

provided the growth time in a single orientation. 

To further clarify the structural difference of GDEs prepared by different 

deposition modes, we handled the XRD pattern tests to investigate the crystal phase 

and orientation of different samples. We also prepared Zn nanoparticles (denoted as 

Zn NPs below) via the wet-chemical reduction method as chapter III for comparison, 

then dip-coated on the GDE. Figure 4-5a indicated the main phase in Zn NPs is ZnO, 

while Figure 4-5b presented the main phase in four electrodeposited Zn samples is all 

metallic Zn. The ZnO phase of Zn NPs would reduce to metallic Zn under the 

negative potential,[207, 208] thus, the main phase effective in CO2RR is the same of wet-

chemical method or electrodeposition prepared samples. We introduced the texture 

coefficient (Tc) here to quantitatively compare the crystal facet ratio calculated via 

the following equation: 
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𝑇𝑒𝑥𝑡𝑢𝑟𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡(ℎ𝑘𝑙)  =  

𝐼(ℎ𝑘𝑙)
𝐼0(ℎ𝑘𝑙)

⁄

∑
𝐼(ℎ𝑘𝑙)𝑛

𝐼0(ℎ𝑘𝑙)𝑛
⁄𝑛

𝑖=1

 × 100%        (4-1)[194] 

where 𝐼(ℎ𝑘𝑙) is the intensity of (hkl) facet from the XRD analysis result of 

different samples, the 𝐼0(ℎ𝑘𝑙) is the standard intensity of (hkl) facet from Zn #PDF 

04-083, and the n is the numbers of diffraction peaks calculated here (n = 6), which 

has labeled in Figure 4-5b, and the calculated result represented in Figure 4-5c. 

Zn(002) crystal facet favors the HER, while (101) prefers the CO2RR as in previous 

studies. The pulse deposited samples of ton = 0.5s, toff = 1s showed a higher ratio of 

(002) facet and a lower percentage of (100) facet compared with the continuous 

deposition samples. The results indicated that the GDEs with Zn layer under 

continuous current process would be more beneficial for the CO2 electrolysis. 

 

Figure 4-5. XRD patterns of Zn NPs (a) and the electrodeposited Zn (b). Calculated 

texture coefficient of electrodeposited Zn (c). Yellow and red bars indicate the 

standard peaks of ZnO and Zn, respectively. 

To confirm our assumption of the CO2RR performance using Zn NPs coated 

and different deposited GDEs as catalysts, we conducted the CO2RR test using a 

three-compartment cell in the conjunction with three electrodes as the description in 

chapter II and III. Figure 4-6 showed the FEs of H2, CO and formate and the total 
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current densities, as well as the partial current densities of each product using the Zn 

NPs coated GDE and electrodeposited Zn-based GDEs applied continuous current 

with different time as the working electrodes. In all Zn electrodes, with higher applied 

potential, the activity toward H2 increased and suppressed the activity toward the 

conversion of CO2-to-CO. The FE of CO using electrodeposited Zn electrodes was 

higher in less negative potential (-2.5 V vs. Ag/AgCl), then tended to almost same at 

more negative potential. Although they showed no significant difference in FEs, the 

current densities increased to 3-4 times compared with the Zn NPs electrode. For the 

continuous deposited sample of 30 s (Figure 4-6c), the CO partial current density at -

2.5 V vs. Ag/AgCl reached 107.7 mA cm-2 with nearly 80% FE under ambient 

pressure. 

 

Figure 4-6. FE (stacking bars) and current density (line + scatters) of Zn NPs (a), 

continuous deposited Zn of 15 s (b) and 30 s (c) after 1 h CO2 electrolysis in 0.5 M 

KCl electrolytes. 

As for the Zn-based GDE prepared via the pulse deposition mode, the FE and 

current density as represented in Figure 4-7. We noted here, considering the poor 

buffer capability of 0.5 M KCl electrolytes, the pH increased a lot after 1 h 

electrolysis test, leading the electrodeposited layer to seriously peeled off. Thus, we 

changed the electrolytes to 0.5 M KHCO3 as a buffer solution and narrowed the 
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potential range with higher CO2RR activity. Although the current density of pulse 

deposited Zn electrodes kept the same range as the continuously deposited samples, 

the FE of H2 increased a lot, which accorded with the analysis of texture coefficient, 

leading a direction to optimize the structure of catalysts. 

 

Figure 4-7. FEs and current densities of Zn deposited GDEs via different pulse mode 

with same amount of deposition time (30s) after 1 h CO2 electrolysis in 0.5 M 

KHCO3 electrolytes. (a) ton = 0.25 s, toff = 0.25s; (b) ton = 0.5 s, toff = 1s. 

We added the H2SO4 in the electrolytes as the supplier of protons to produce 

H2 bubbles, generating the porous structure. However, the porous structure is absent 

in most deposited GDEs. To create a porous structure and improve the CO2RR 

performance, we added the 5% atomic ratio of AgNO3 as Ag precursors to gain 

Ag/Zn bimetallic layer deposited GDE. The morphology of deposited Ag/Zn modified 

GDE observed by SEM as shown in Figure 4-8, exhibiting apparent irregular porous 

structure, whether inside the pore or on the surface, the sheet extended to various 

direction, and exhibited a flower-like structure. 
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Figure 4-8. SEM images of electrodeposited Ag/Zn modified GDE at different 

magnifications (atomic ratio of Ag is 5%). 

About the CO2RR performance of Ag/Zn alloy, the CV curves (Figure 4-9a) 

under Ar or CO2 atmosphere showed the preferred CO2RR tendency in wide range 

potential. And for the quantitative analysis of CO2RR, the CO partial current density 

arrived at -286.6 mA cm-2 with 81 % FE at -3.0 V vs. Ag/AgCl at ambient pressure. 

By introducing the GDE, the CO partial current density is comparable to the cited 

paper in a more convenient method, without a high pressure of CO2 (9.5 bar).[205]  

 

Figure 4-9. CV curves under Ar and CO2 atmosphere (a), FEs and current densities 

(b) using Ag/Zn deposited GDE in 0.5M KCl electrolytes. Scan rate: 20 mV s-1. 

4.3.2 Zn electrodeposition with oriented modulation 

From the results of above section, it is hard to fabricate porous structure via 

reduction of single Zn ions with the simultaneous H2 bubbles production, one of the 
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possible reasons is the fast elimination of bubbles. Thus, we considered adding 

CTAB, a common surfactant, in the electrolytes to stabilize the as-prepared bubbles, 

leading a porous structure. Besides, the formation of Zn layer on GDE could be 

divided into two stages, the nucleation and growth phase. The more negative potential 

induced the more nucleated sites on the surface of GDE, and the moderate potential is 

more suitable for the crystal growth in a single orientation. For the pulse deposition 

mode, the different elapsed time of two potential stages would affect the morphology 

and crystal orientation of the as-prepared catalyst layer. We set two modes for pulse 

deposition of two potential U1 and U2 (V vs. Ag/Ag) and the duration time of two 

potential t1 and t2 with the same amount of deposition time. Figure 4-10 showed the 

morphology of the deposited Zn layer on GDE using two different pulse modes with 

an additional 1 mM CTAB in the electrolytes. Two samples exhibited porous 

structures, with the more negative potential of U2, the pore size distribution tended to 

a higher ratio of smaller size, and the Zn sheet tended to be more random, unlike the 

cross-linked sheet structure of less negative potential (Figure 4-10c). 

 



 

91 

 

Figure 4-10. SEM images of deposited Zn layer on GDEs using two pulse modes at 

different magnifications. (a-c) U1 = 3.0 V, t1 = 2 s, U2 = 3.5 V, t2 = 2 s; (d-f) U1 = 3.0 

V, t1 = 2 s, U2 = 4.5 V, t2 = 2 s. 

And the structural analysis of these two samples via XRD is shown in Figure 

4-11, as well as the calculated texture coefficient as the above description compared 

with the sample without CTAB addition. With the CTAB adding in electrolytes, the 

only detectable phase was still metallic Zn. For the texture coefficient, the crystal 

ratio of (002), (102) and (103) decreased a lot compared with the sample without 

CTAB, while the percentage of (100), (110) increased, which represented different 

preferred orientation with and without CTAB. Regarding the active facet for 

conversion of CO2-to-CO, Tc of (101) facet fluctuate in a narrow range, suggesting 

the close performance of CO2RR test. 

 

Figure 4-11. (a) XRD patterns of two electrodeposited GDE in different pulse modes 

using the electrolyte with 1 mM as surfactant and (b) the corresponding texture 

coefficient compared with the sample without CTAB. Red bars indicate the standard 

peaks of Zn. 
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Figure 4-12. Faradaic efficiencies of H2 and CO and the current densities of two 

electrodeposited Zn modified GDE after 30 min CO2 electrolysis. (a) U1 = 3.0 V, t1 = 

2 s, U2 = 3.5 V, t2 = 2 s; (b) U1 = 3.0 V, t1 = 2 s, U2 = 4.5 V, t2 = 2 s. 

The FEs and current densities of two samples of CO2 measurements are 

represented in Figure 4-12. The FEs of H2 slightly increased compared with the 

sample without CTAB, and the current densities also declined. The worse 

performance of CTAB-assisted deposited samples may be attributed to the impact 

from other crystal facets, which needs to be further researched. 

 

Figure 4-13. SEM images of #1-#4 samples prepared by electrodeposition Zn in same 

electrolytes at different magnifications. (a, b): #1; (c, d): #2; (e, f): #3; (g, h): #4. 
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To further investigate the relationship between the morphology and the pulse 

deposition mode, we fabricated the CTAB-assisted electrodeposited Zn with 

controlled potential of negative potential for nucleation, and slowly decreased the 

second potential and extended the duration time (labeled as #1-#4, U1 = 4.5 V, t1 = 2 s 

in previous three samples, and #1: U2 = 3.0 V, t2 = 4 s; #2: U2 = 2.5 V, t2 = 6 s; #3: U2 

= 2.0 V, t2 = 8 s; #4: U1 = 4.5 V, t1 = 1 s, U2 = 2.0 V, t1 = 9 s). The morphologies of 

different samples were characterized by SEM, the #4 sample prepared via longer 

duration time for crystal growth exhibited a cross-linked structure composed by 

denser parallel sheets (Figure 4-13g). 

We also measured the XRD patterns and calculated the corresponding Tc of 

#1-#4 samples presented in Figure 4-14. They showed similar orientation based on the 

results of Tc, and #1 exhibited a slightly higher ratio of (110) facet, while the #4 

sample presented a higher percentage of (101) facet. And the CO2RR performances of 

#1 and #4 sample, which prepared via two extreme pulse modes, are shown in Figure 

4-15, and the potential has transferred to RHE scale based on the pH of electrolytes 

and iR compensation. Two samples showed similar FE of H2 production, while 

different trends for CO2 reduction: #1 preferred the conversion of CO2-to-CO, while 

#4 favored the reduction of CO2 to formate with a maximum FE of 36.8%. Thus the 

modulation of crystal orientation not only tunes the ratio of gas product based on the 

competition between HER and CO2RR, but also affects the CO2RR pathway, leading 

different distribution of CO2RR product. 
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Figure 4-14. XRD patterns (a) and corresponding calculated Tc (b) of #1-#4 samples. 

 

Figure 4-15. FEs and current densities of #1 (a) and #4 (b) samples under different 

potential after 30 min CO2 electrolysis. 

4.3.3 porous Cu on GDE 

Unlike metal foils as substrates with good compatibility to the deposited 

metallic layer, one of the disadvantages of carbon paper substrate is the poor affinity. 

During the electrolysis test, due to the change of local condition and the stream 

transportation between gas and liquid side, the electrodeposited layer tends to peel 

off, leading the decay of catalytic performance. When we tried to prepare the porous 

Cu structure on GDE using H2 bubbles production assisted method as above 

description, facing the problem of catalyst layer’s peel off. To solve the problem, we 
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considered changing the electrolyte to pyrophosphate (P2O7
4-) based electrolyte, a 

common method for electrodeposition of Pb, Zn, Sn, Cu and their alloys in industrial 

application. Compared to the traditional cyanide electrolytes, the pyrophosphate-

based electrolyte possesses several advantages, including non-toxic, economic 

properties, and no formation of oxide/hydroxide.[209, 210] In the other hand, the 

disadvantages of pyrophosphate method include the complex coordination structure 

between metal ions and P2O7
4- ions, narrow window of the pH and P value (P2O7/Cu). 

We controlled the P value to 7.87 and pH to 8.8, prepared the Cu deposited GDE 

under different current densities and time. 

Figure 4-16a represented the representative XRD patterns of GDEs with 

deposited Cu. The strong peaks at 26.7 and 54.8 º attributed by the graphite from the 

carbon paper, and the weak peaks at 42.9 and 50.9 º correspond to the (111) and (200) 

crystal facet of Cu, respectively. Compared to EDX analysis of the same sample 

(Figure 4-16b and Table 4-1), which indicates the atomic ratio of Cu exceeds 93%, 

the gap between intensity of XRD patterns and EDX analysis perhaps related to the 

amorphous phase of deposited Cu. The detected fluorine (F) element via EDX 

ascribed to the PTFE coating on GDE. 

Figure 4-16. XRD patterns (a) and EDX analysis (b) of a representative GDE with 
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electrodeposited Cu using a pyrophosphate-based electrolyte. Black and red bars 

indicate the standard peaks of graphite and Cu, respectively. 

Element Weight% Atomic% 

F 1.984 6.342 

Cu 98.016 93.658 

Table 4-1. EDX analysis of the above sample. 

Figure 4-17 represented the SEM images of Cu electrodeposited GDE after 5 

min deposition with different applied current densities. When the current density was 

lower (-25 mA cm-2), the deposited Cu exhibited a cotton-shaped structure, which is 

different with the cauliflower-like structure prepared via a larger current density (-40 

mA cm-2). The porous structure started to be observed when the current density 

further increased to -50 mA cm-2, which also represented a smoother surface.  

 

Figure 4-17. SEM images of Cu modified GDE after 5 min electrodeposition under 

different current densities. (a, b) -25 mA cm-2; (c, d) -40 mA cm-2; (e, f) -50 mA cm-2. 
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Figure 4-18. FEs and j of H2 and products from CO2RR after 30 mins test in 0.5 M 

KCl electrolytes using electrodeposited Cu GDE. (a) -40 mA cm-2; (b) -50 mA cm-2. 

We also conducted the CO2 electrolysis test to investigate the better 

morphology of the deposited Cu layer for CO2RR. Figure 4-18 shows the FEs and 

current densities of gaseous and liquid product after 30 min test using 5 min 

electrodeposited Cu with -40 and -50 mA cm-2 current densities in 0.5 M KCl 

electrolytes. With larger current densities inducing porous structure, current density 

increased a lot compared with cauliflower-like structure, as well as the decreased FE 

of H2, especially in the much negative potential range. For Cu-deposited electrode 

prepared using -50 mA cm-2 current density, the main products from CO2RR changed 

from CO at the smaller potential to hydrocarbons (CH4 and C2H4) at a more negative 

potential, especially for the CH4, the FE and partial current density exceeded 38.3% 

and -229 mA cm-2, respectively at -1.54 V vs. RHE. And the sum FE of hydrocarbons 

(CH4 and C2H4) is also beyond 58.9%. Compared to the Cu deposited GDE prepared 

via the former method, the electrodeposited Cu layers electrodeposited using the 

pyrophosphate-based electrolytes show the better adhesive property to the GDE 

substrate. 
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4.4 Conclusion 

In summary, we investigated the different parameters and the additives of 

catalysts’ electrodeposition on gas diffusion electrode, and the impact for the final 

structures. H2 bubbles induced by the H2 evolution due to the acidic condition of 

electrolytes lead a porous structure of Zn and Ag/Zn alloy. And to further stable the 

bubbles to gain a more complicated porous structure, adding the CTAB as surfactant 

is also effective. As-prepared Zn deposited layers also showed a specific nanoflower-

like structure with different preferred crystal orientations compared with Zn NPs, and 

affected by the parameters of the pulse-current program. By modulating the crystal 

facet ratio, not only the competition between CO2RR and HER, the pathway of 

CO2RR also regulated. For the low-affinity to GDE metal, Cu, the pyrophosphate-

based electrolyte is capable of the porous structure on the GDE, and leading an 

increase of hydrocarbons production from CO2RR. The facile method of direct 

electrodeposition is beneficial for the optimized structure and chemical composition 

of catalyst, and provides a possibility of large-scale production. 
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Chapter V General Conclusion and Prospect 

In summary, we investigate various modified methods to suppress the 

competitive hydrogen evolution, which is inevitable during electrochemical CO2 

reduction in aqueous solution, including the electrolyzer and the optimized catalysts. 

At first, we introduced the fundamental knowledge of CO2 reduction, 

including the reaction pathway, evaluation system and the theoretical simulation 

method. We also summarized the classification of common catalysts and the 

corresponding optimized strategies as well as the design of electrolyzers. 

In chapter II, we introduced the gas diffusion electrode in CO2 reduction with 

a broader pH range of electrolytes compared with traditional plate electrodes. Using 

the same catalyst of Ni-doped CTF, coated GDE shows a preferred CO2 activity in pH 

= 2 electrolytes, compared with a H2 production dominated trend using a PE. The 

thinner diffusion layer close to the triple-phase interface of GDE induced the 

immediate consumption of protons in GDE with elevated local pH, and was 

confirmed by the Zn-related hydroxides sediments with additional Zn2+ ions in 

electrolytes on the surface of GDEs. These results provide more expansive space for 

the CO2 reduction and the possible secondary reaction based on the products or 

intermediates from CO2RR. 

In chapter III, we change the spotlight to the optimization of catalysts based 

on the most common metallic catalyst, Cu. To hider the HER-active low-coordinated 

Cu sites, we decorated the Sn atoms with varied ratios, which is inactive for HER, on 

the Cu nanoparticles via a simple wet-chemical method. Physical and theoretical 

methods confirmed that the preferred site of Sn atoms is the unsaturated site when the 
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ratio is less than 1.5%. And the atomic-scale modification Sn presented suppression 

of hydrogen evolution and an increase of CO production compared with the pristine 

Cu nanoparticles. After Sn atomic modification, the catalysts showed lower activity 

both for the hydrogen evolution and CO2 reduction via the first principle calculation 

of the adsorption strength of reaction intermediates. As a result, the activity of 

coordinatively-saturated Cu site, which shows favorable CO2 reduction activity, was 

emphasized. The modification of trace foreign metal species in metal nanoparticles 

may provide an avenue for the synthesis of selective electrocatalysts for various target 

reactions. 

And we combined the modification of catalyst and the direct electrodeposition 

on gas diffusion electrode. Direct electrodeposition on GDE surface shows many 

merits compared to the dip-coating of as-prepared catalyst powders on GDE, such as 

the better uniformity, the controllable fabrication of specific exposed active site or 

crystal facet and the possibility of porous structure with more channels for reactants 

delivery. We successfully deposited porous Cu and Zn layers directly on GDE surface 

via adding different surfactants in the electrolyte and applying pulsed current, and 

showed a much higher current density compared with the dip-coating samples. We 

also optimized the concentration of added surfactant and the program of pulsed 

current method to modulate specific crystal facets with favorable activity toward 

CO2RR compared with HER. The direct electrodeposition method is beneficial to 

regulate and gain larger electrodes, which is a potential preparation method in scale-

up industrial application. 

However, the research of CO2 reduction using electrochemical method still 

faces many problems and needs to advance further. About the application of gas 
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diffusion, although compared with the traditional H-type cell, it solved the problem of 

low current densities region and the small area of electrode. For the industrial 

application, the long-term stability at high current density cannot be ignored. 

Although, the PTFE layer increases the hydrophobicity of GDE, present GDE is still 

easy to face the problem of flooding during the CO2 electrolysis tests. Up to now, 

there are many methods, including adding an additional layer of PTFE, modulating 

the ratio of PTFE and catalysts, optimizing the uniformity of deposited catalyst layer, 

but still need many efforts. And about our study in Chapter II, we explored the pH 

range to the acidic condition as low as 2, and the lower pH condition also needs to be 

investigated, as well as the possible candidate reaction, which could occur in this kind 

of acidic electrolytes. 

As for the catalysts, considering the many possibilities of products and the 

close trigger potential, the ideal catalyst should show much more selectivity for a 

single product to simplify the purification procedure of products. It is hard to achieve 

the goal using a single catalyst, modulated alloy or heterostructure catalyst, which 

could keep the structural stability and catalytic activity in dozens, even hundreds of 

hours is urgently needed. 

About the products, although there are papers about the multi-carbon products 

more than C3 products, the FE is still too low to discuss the meaning. Besides the 

single CO2RR, using possible intermediates producing during CO2RR pathway as 

precursors, combining with other organic reaction to bond longer C-C bond, even the 

C-N and C-S bond, to gain more complex product is also a promising field. 
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