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Abstract 
With the rising level of CO2 in the atmosphere, methods capable of converting 

CO2 into useful fuels are urgently needed. The electrochemical CO2 reduction has gained 

significant interest recently due to its ability to use renewable energies. However, the 

poor stability of catalysts in electrochemical CO2 reduction limit its application in 

industry. Here we have developed a light-involving method to remove the surface 

carbonaceous species which are believed to poison the catalysts. By taking advantage of 

plasmonic properties of the copper catalyst, the stability of the catalysts has apparently 

improved. 

Another problem in electrochemical CO2 reduction is the poor selectivity. One of 

the main reasons is the existence of the side reaction, hydrogen evolution reaction. Here 

we have developed a catalyst by dispersing atomic nickel on nitrogen-doped winged 

carbon nanotubes with the ability to suppress hydrogen evolution during CO2 

reduction. The Faradaic Efficiency of CO reached 90% at -1.6 V vs. AgCl/Ag reference 

electrode while the efficiency of HER had been suppressed to less than 10% in the 

optimal reaction condition. By comparing with Ni NPs, the suppression of HER can be 

directly observed in LSV curve. It is suggested that this suppression may result from the 

lack of adjacent active sites for the Tafel mechanism in HER. 

 

 



 

 
v 

Contents 
Abstract .................................................................................................................................... iv 

List of Tables .......................................................................................................................... vii 

List of Figures ....................................................................................................................... viii 

Acknowledgements ................................................................................................................. x 

1. Introduction .......................................................................................................................... 1 

1.1 Different Methods in CO2 Conversion ....................................................................... 1 

1.1.1 Thermal Reformation of CO2 .................................................................................. 1 

1.1.2 Biological Fixation of CO2 ....................................................................................... 2 

1.1.3 Photochemical Reduction of CO2 ........................................................................... 2 

1.1.4 Electrochemical Reduction of CO2 ......................................................................... 3 

1.2 Products in Heterogeneous Electrochemical CO2 Reduction ................................... 4 

1.3 Possible Pathways for Electrochemical CO2 Reduction ............................................ 6 

1.4 Mechanisms of Direct Plasmonic Catalysis .............................................................. 11 

1.5 Opportunities and Challenges .................................................................................. 13 

2. Enhanced Performance of Copper Nanowires in Photo-electrochemical Reduction of 
Carbon Dioxide under Light Illumination ........................................................................... 15 

2.1 Introduction ................................................................................................................ 15 

2.2 Experimental Section ................................................................................................. 17 

2.3 Results and Discussion .............................................................................................. 20 

2.4 Future Work ............................................................................................................... 24 

2.4.1 Understanding the Photon Capture Process in PEC CO2 reduction ................. 24 



 

 
vi 

2.4.2 Exploring How Photons are Utilized after Absorption in the PEC CO2 
Reaction. ......................................................................................................................... 26 

2.4.3 Exploring the Change of the CO2 Reduction Pathway under Illumination ...... 28 

2.4.4 Exploring Alloying Effects in PEC CO2 Reduction ............................................. 31 

3. Atomically Dispersed Nickel on Winged Carbon Nanotubes for Selective 
Electrochemical Carbon Dioxide Reduction ........................................................................ 34 

3.1 Introduction ................................................................................................................ 34 

3.2 Experimental Section ................................................................................................. 35 

3.2.1 Preparation of Catalysts ........................................................................................ 35 

3.2.2 Electrochemical CO2 Reduction ........................................................................... 36 

3.2.3 Characterizations ................................................................................................... 37 

3.3 Results and Discussion .............................................................................................. 37 

3.3.1 Characterization of Morphology and Elemental Distribution of Catalysts ...... 37 

3.3.2 Electrochemical CO2 Reduction Test.................................................................... 40 

3.3.3 HER Suppression Test .......................................................................................... 41 

3.4 Conclusions ................................................................................................................ 44 

4. Conclusions ......................................................................................................................... 45 

References ............................................................................................................................... 46 

 

 

 

 

 



 

 
vii 

List of Tables 
Table 1.1: Products of electrochemical CO2 reduction on metals under ambient 
conditions.................................................................................................................................. 5 

Table 1.2 Higher products from CO2 reduction. .................................................................... 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
viii 

List of Figures 
Figure 1.1: Reaction mechanism on a Rh nanoparticle in a plasmonic-assisted CO2 
hydrogenation. ......................................................................................................................... 1 

Figure 1.2: CO2 fixation in a bacteria-assisted photosynthetic approach. ............................ 2 

Figure 1.3: Schematic illustration of photocatalytic CO2 reduction in an aqueous solution.
 ................................................................................................................................................... 3 

Figure 1.4: Schematic of the reaction cell in electrochemical reduction of CO2. .................. 4 

Figure 1.5: Pathway in electrochemical CO2 reduction to different products. .................... 8 

Figure 1.6: CO heat of adsorption and free energy diagrams in electrochemical reduction 
of CO2. ..................................................................................................................................... 10 

Figure 1.7: Scheme of photoexcitation and subsequent relaxation processes of a 
plasmonic metal nanoparticle excited by a laser pulse. ...................................................... 12 

Figure 1.8: Electronic structure in plasmonic catalysis. ....................................................... 13 

Figure 2.1: Scheme of the cell for the PEC reduction of CO2............................................... 19 

Figure 2.2: Synthesis of copper nanowires and rhodium nanocubes. ................................ 21 

Figure 2.3: Catalytic activity of Cu NWs in PEC reduction of CO2. ................................... 23 

Figure 2.4: Flow chart of proposed mechanism study in the plasmonic PEC CO2 
reduction. ................................................................................................................................ 24 

Figure 3.1: SEM and TEM image of as-prepared atomic Ni on N-doped winged carbon 
nanotubes ................................................................................................................................ 38 

Figure 3.2: XPS survey spectra of as-prepared atomic Ni on N-doped winged carbon 
nanotubes ................................................................................................................................ 39 

Figure 3.3: XPS region scan of Ni 1s and N 1s in the Ni SAC ............................................. 40 

Figure 3.4: LSV curves in CO2 reduction and FE of CO at various applied potentials. .... 41 

Figure 3.5: LSV curves of HER catalyzed by Ni SAC and Ni NPs. .................................... 42 



 

 
ix 

Figure 3.6: FE of CO-time response of (a) Ni SAC, (b) Ni2+ treated SAC. .......................... 43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
x 

Acknowledgements 
I would first like to express my sincere gratitude to my advisor, Prof. Jie Liu at 

Duke University, for the continuous support and guidance of my research. Besides 

showing me the right direction in my research, you were always willing to discuss every 

experimental detail and even demonstrate the operation procedure in person. The door 

to your office was always open whenever I ran into a problem in my research or my life. 

Your knowledge and passion for science inspire me, and I want to thank you for all of 

the guidance and opportunities I was given to conduct my research.  

I would also like to thank all my committee members, Prof. Weitao Yang, Prof. 

Benjamin Wiley and Prof. Jeffrey Glass, for your valuable suggestions during my 

research. 

I also want to thank all members in the Liu Lab, Dr. Gyeong Hee Lee, Dr. Jinghua 

Li, Dr. Danielle E. Gorka, Dr. Xiao Zhang, Dr. Pingping Sun, Dr. Qiwei Han, Dr. 

Christine Kim, Ms. Lucy Li, Mr. Shi He, Mr. Yiwen Zhang and Mr. Peter Novello. Thank 

you for your help in my research and my daily life. 

Finally, I would like to thank my parents and my fiancée for providing me 

unfailing support and love throughout my years of study.  

 

 

 



 

 
1 

1. Introduction 
1.1 Different Methods in CO2 Conversion 

The consumption of carbon-emitting fossil fuels has increased sharply over the last two 

centuries.1 Moreover, a large quantity of CO2 has been released and has caused severe global 

issues such as global warming.2 Several methods have been developed to obtain fuels from CO2 

directly. It is an ideal way to complete the carbon circle and release the energy crisis.  

1.1.1 Thermal Reformation of CO2 

Thermal reformation of CO2 is one of the primary methods in converting CO2, in which 

CO2 is usually hydrogenated in H2 at high temperature and produce hydrocarbons or alcohols 

such as methanol and methane.3-4 This thermal reformation can also take place in a plasmonic 

assisted system where the selectivity of products can be tuned.5 As shown in Figure 1.1, the cubic 

Rhodium nanoparticle is activated by light and the resultant intense electric field can selectively 

enhance the methane generation. 

 

Figure 1.1: Reaction mechanism on a Rh nanoparticle in a plasmonic-assisted CO2 
hydrogenation. The figure is adapted from Ref 5 with permission. 
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1.1.2 Biological Fixation of CO2 

CO2 can also be fixed in a biological process where sunlight is captured for CO2 

hydrogenation.6-7 The system which mimics natural photosynthesis system is often assisted with 

proper bacteria as well as sunlight harvest electrodes. As shown in Figure 1.2, solar energy is 

harvested at the photoanode and oxygen evolution reaction happens. The electrons go through 

the external circuit and CO2 is reduced at the photoanode by bacteria.8 

 

Figure 1.2: CO2 fixation in a bacteria-assisted photosynthetic approach. (1) Solar energy 
harvest by photoelectrodes. (2) generation of reducing equivalents, (3) CO2 reduction to 

biosynthetic intermediates, and (4) production of high-value hydrocarbons. The figure is 
adapted from Ref 8 with permission. 

1.1.3 Photochemical Reduction of CO2 

The photocatalytic CO2 reduction is also believed to have application potential in 

converting CO2 to useful fuels.8-10 Compared with previous two methods, the photocatalytic CO2 

reduction does not require high temperature or external circuit. As shown in Figure 1.3, the 

photocatalyst absorbs the photons with higher energy than the bandgap and electron-hole pairs 
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are generated.11 The photogenerated electrons migrate to the photocathode for CO2 reduction. 

This photoreduction can happen in a CO2-saturated aqueous solution. 

 

Figure 1.3: Schematic illustration of photocatalytic CO2 reduction in an aqueous 
solution. The figure is adapted from Ref 11 with permission. 

1.1.4 Electrochemical Reduction of CO2 

Compared with other CO2 reduction methods, the electrochemical method works in 

room temperature and can combine with other renewable energy.12-18 In a typical experiment 

(Figure 1.4), the catholyte is saturated with CO2 and two chambers are separated with a Nafion 

membrane to avoid oxidation of CO2 reduction products.19 Compared with previously mentioned 

techniques, electrochemical CO2 reduction is a more ‘flexible’ method which can be implemented 

in entirely different working conditions. For example, the electrolyte can be aqueous solutions, 

ionic liquid, and organic solvents. Electrochemical CO2 reduction can also work at high 

temperature or at high pressure where special-customized reactors are required. Therefore, it is 

possible for electrochemical reduction of CO2 to be applied in industry.   



 

 
4 

 

Figure 1.4: Schematic of the reaction cell in electrochemical reduction of CO2. The 
figure is adapted from Ref 19 with permission. 

1.2 Products in Heterogeneous Electrochemical CO2 Reduction 

In electrochemical reduction of CO2, there are different kinds of reduction products 

including carbon monoxide (CO), formic acid (HCOOH), formaldehyde (HCHO), methanol 

(CH3OH), methane (CH4), and C2 compounds.20 

CO# + H#O+ 2e( → HCOO( + OH(	(−0.43	V	vs	SHE	at	pH	7.0) 

CO# + H#O+ 2e( → CO+ 2OH(	(−0.52	V	vs	SHE	at	pH	7.0) 

CO# + 5H#O+ 6e( → CH=OH+ 6OH(	(0.02	V	vs	SHE	at	pH	7.0) 

CO# + 6H#O + 8e( → CH? + 8OH(	(−0.25	V	vs	SHE	at	pH	7.0) 

2CO# + 8H#O + 12e( → C#H? + 12OH(	(−0.34V	vs	SHE	at	pH	7.0) 

2CO# + 9H#O + 12e( → CH=CH#OH+ 12OH(	(−0.33V	vs	SHE	at	pH	7.0) 

These reduction products can be achieved using some specific catalysts in a proper 

reaction condition. Hori and his co-workers have investigated multiple metal electrodes in 
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electrochemical CO2 reduction.20 As shown in Table 1.1, formate is the primary reaction product 

in the CO2 reduction for metals in group 12-14 and period 5-6 including Pb, Hg, Tl, In, Sn, and 

Cd. CO is the main CO2 reduction product for Au, Ag, Zn. Ni, Fe, Pt, and Ti are the next group 

that they are better at hydrogen evolution reaction than CO2 reduction.  The portion of CO2 

reduction products for these metals is negligible. Cu is a unique metal in the CO2 reduction 

because of the diversity of products including CH4, C2H4, CO, HCOOH and H2.12, 21-26 It has also 

been reported that bulk Cu can reduce CO2 to more than fifteen products.26 Besides previously 

mentioned products, other compounds such as acetaldehyde, acetone, ethylene glycol have also 

been detected. The mechanism will be discussed in the later chapter.  

Table 1.1: Products of electrochemical CO2 reduction on metals under ambient 
conditions.20 
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Besides copper electrode, many other catalysts can also reduce CO2 to higher products. 

Table 1.2 reveals that semiconductors have the potential to reduce CO2 into higher products such 

as methanol at very low current densities.27  

Table 1.2 Higher products from CO2 reduction.27 

 

1.3 Possible Pathways for Electrochemical CO2 Reduction  

The diversity of the reduction products enables more applications of electrochemical CO2 

reduction. It is also the reason for the poor selectivity in CO2 reduction. For example, five major 

and eleven minor products can be produced at the same time in the CO2 reduction on Cu 

electrode.26 Moreover, hydrogen evolution is a competing reaction which may happen before CO2 

reduction. To fully take advantage of electrochemical CO2 reduction and to suppress hydrogen 

evolution, pathways to each CO2 reduction product should be figured out to make proper control 

of reaction selectivity and activity. 

Formate was the first identified product of electrochemical CO2 reduction on a mercury 

electrode in 1954.28 Later on, it was also observed on other metal electrodes including Pb, Tl, In, 
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Sn and Cd.20 The widely accepted mechanism to formate in CO2 reduction is shown in Figure 

1.5(a). In this mechanism, CO2 is firstly adsorbed and reduced on the surface.29 This process 

involves the CO2 adsorption and electron transportation. It is widely believed that the formation 

of CO2- is the first step in electrochemical CO2 reduction on most metal catalysts.30-31 Then it 

combines with a H+ to form *COOH and it is further reduced in a mildly acidic solution to 

HCOOH. The *COOH intermediate can also be reduced to *CO. Then *CO can desorb from 

catalyst’s surface to form CO gas if the binding energy is low that the metal-carbon bond can be 

dissociated at the ambient working condition.32-33 Otherwise, *CO will be further reduced to 

*CHO and form formaldehyde.25 Some intermediates such as *COOH and *CO have been directly 

observed in surface enhanced infrared absorption spectroscopy.34 There are a few proposed 

pathways to methanol and methane, but the mechanism is still unclear and more evidence is still 

needed. 
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Figure 1.5: Pathway in electrochemical CO2 reduction to different products. (a) C1 
products (b) C2 products. The figure is adapted from Ref 29 with permission. 

Most bulk metals or their alloys which have good catalytic performances in 

electrochemical CO2 reduction can reduce CO2 to CO or HCOOH. Berlinguette and his co-

workers have found that the CO heat of adsorption (DHCO) to the metal surface plays vital role in 

determining the products in electrochemical CO2 reduction.33 Figure 1.6(a) shows the relationship 

of the reduction products formed with CO heat of adsorption DHCO. Low adsorption energy to 
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the surface encourages the formation of HCOOH or CO. When the adsorption energy increases, 

*CO on the surface is difficult to escape and it will be further reduced to hydrocarbons. However, 

high adsorption energy will lead to the strong binding between *CO and metal surface atoms, 

thus poisoning the active catalytic sites and blocking CO2 reduction. In this condition, hydrogen 

evolution is the primary reaction on Fe, Ni, Co, and Pt electrodes.  

Besides the binding energy between the intermediates and surface atoms, the reduction 

conditions also play a significant role in determining the CO2 reduction products. Nørskov has 

investigated free energy diagram of pathways to several products under different potentials.35 

The free energies at 0 V are shown in black. At -0.03 V, CO2 does not participate in reaction and 

only H2 is produced. It is a potential limiting process. At -0.41 V, CO2 molecules are reduced by 

two electron-proton pairs to HCOOH or CO. At -0.74 V, the key intermediate *CHO forms to be 

further reduced hydrocarbons. 
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Figure 1.6: (a) Relationship between the reduction products and CO heat of adsorption 
(DHCO) (b) Free energy diagrams for the lowest energy pathways to H2, HCOOH, CO, and CH4 
on copper surface in electrochemical reduction of CO2. The figure is adapted from Ref 33 and 

Ref 35 with permission. 
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1.4 Mechanisms of Direct Plasmonic Catalysis 

The better understand on the light effects of catalysts will help to utilize solar energy 

more efficiently. Although metal-only catalysts are not thoroughly studied in the PEC CO2 

reduction, many reports on direct plasmonic catalysis can be referenced. Plasmonic metal NPs 

can absorb light strongly as well as being active catalysts.36 As shown in Figure 1.7a,37 when 

irradiated by light, metals NPs can absorb photons and this light absorption can be enhanced by 

the localized surface plasmon resonances (LSPRs) so that light absorption can be from an area 

larger than their physical size.38-39 Plasmon resonance in metal NPs will damp in two ways: (1) 

radiative emission of a photon which has the same energy with the illuminated photon, (2) 

irradiative Landau damping, resulting in hot electron-hole pairs (Figure 1.7b). Landau damping 

is an athermal process, so the distribution of hot carriers does not follow the Fermi-Dirac 

pattern.40 Because electrons and holes are not intrinsically correlated, the lifetime of these 

electron-hole pairs is longer than that in semiconductors.40 Applications of these hot carriers have 

been reported, such as surface-enhanced fluorescence spectroscopy, optoelectronics, and recent 

photocatalysis.41-43 The distribution of hot carriers will turn into a thermal Fermi-Dirac 

distribution through electron-electron scattering processes (Figure 1.7c). In the last step (Figure 

1.7d), the energy of hot carriers converts to heat through interaction with the lattice. The heat 

transfer towards the lattice depends on the material, the particles size and thermal properties of 

the environment.37 
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Figure 1.7: Scheme of photoexcitation and subsequent relaxation processes of a 
plasmonic metal nanoparticle excited by a laser pulse. (a) Local surface plasmon redirects light 

towards metal NPs. (b) The athermal distribution of electron-hole pairs decays through 
radiative re-emission of photons or through irradiative Landau damping. (c) Hot carriers relax 

to a thermal Fermi-Dirac distribution through electron-electron interactions. (d) Finally, the 
energy of hot carriers is transferred to the surroundings by heat. This figure is adapted from 

Ref 37 with permission. 

After excited by light illumination, metal NPs can catalyze chemical transformation on 

their surfaces through two ways, (i) indirect, and (ii) direct photoexcitation.36 After electron-

electron interaction (Figure 1.7c), the portion of electrons with high energy in the Fermi-Dirac 

distribution can migrate to the lowest unoccupied molecular orbital (LUMO) of the reactant 

molecules. The prerequisite of this mechanism is that the hot electrons possess enough energy to 

migrate. In this mechanism, the quantum efficiency is relatively low due to the rapid electron 

relaxation. When the reactants adsorb on the surface of metal NPs through strong chemisorption, 

bonding and antibonding states will be formed through hybridization of metal electron states 
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and adsorbates molecular orbitals. Then direct photoexcitation occurs via electron transfer from 

hybridized bonding state to the antibonding state (Figure 1.8).44 

 

Figure 1.8: Electronic structure in plasmonic catalysis. (a) Indirect photoexcitation of 
metal NPs under illumination. (b) Direct photoexcitation of the bonds formed between the 

metal and strongly chemisorbed adsorbates. This figure is adapted from Ref 36 with 
permission.  

1.5 Opportunities and Challenges 

Recently, many novel heterogeneous catalysts for electrochemical CO2 reduction have 

been developed to convert gaseous CO2 into useful fuels efficiently.13-14, 16, 45-49 However, 

challenges still exist in this research area. One big problem in electrochemical CO2 reduction is 

the low reactivity. Bulk catalysts usually have relatively small surface areas than nanosized 

catalysts, so they have low reactivity and are not cost-effective. For the catalysts in the nanometer 

size, their high reactivity accompanies with poor stability. It has been revealed that the size of the 

catalyst will keep increasing during electrochemical CO2 reduction, leading to a small specific 

surface area and thus a decreasing catalytic performance.  

Another big problem in electrochemical CO2 reduction is the poor stability of the catalyst. 

One reason is the transformation of catalysts at an extremely negative working potential in 
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electrochemical CO2 reduction. The other reason is the poisoning process in which carbon-

containing intermediates strongly bind to the surface metal atoms and block the catalytic 

circulation. There have been some methods to remove the metal-carbon bonding and they will be 

discussed in detail in the next chapter.  

The third challenge is the difficulty in producing high-value hydrocarbons. As 

mentioned above, CO and HCOOH are the two most primary products in electrochemical CO2 

reduction.47 However, only Cu and some semiconductors can produce hydrocarbons during the 

reaction and their Faradaic efficiencies are not high enough for industrial production. That may 

result from the scarcity of research on pathways to hydrocarbons and insufficient study on the 

relationship between the catalyst’s structure and performance. With the development of new 

detection techniques such as the attenuated total reflectance-surface enhanced infrared 

absorption spectroscopy, new findings on reaction mechanisms will guide the design of new 

catalysts.  
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2. Enhanced Performance of Copper Nanowires in 
Photo-electrochemical Reduction of Carbon Dioxide 
under Light Illumination 
2.1 Introduction 

Since the first industrial revolution, the consumption of carbon-emitting fossil fuels has 

increased sharply for over two centuries. The large quantity of released CO2 has caused severe 

global issues. Since the last century, scientists have put much strength on electrochemical 

reduction of CO2 and they have systematically studied electrochemical CO2 reduction catalyzed 

by bulk metals.20 However, electrochemical reduction of CO2 still suffers from low Faradaic 

Efficiency (FE) and poor selectivity due to many reasons. Thermodynamically, CO2 molecules are 

extremely stable with high activation energy during the chemical reaction. Moreover, in an 

aqueous system, the equilibrium reaction potentials of the CO2 reduction are quite close to that of 

hydrogen evolution reaction (HER). Therefore, these two reactions usually happen 

simultaneously. Kinetically, reduction of CO2 is a multiple proton-electron transfer reaction and 

each barrier should be overcome to make the whole reaction happen.  

Recently, development of methods for highly efficient conversion of CO2 has re-captured 

much attention with the development of nano-science and nano-technologies.9, 27 Among many 

kinds of metallic catalysts, copper is the most promising candidate owing to its capability to 

reduce CO2 into various useful fuels especially multi-carbon molecules and liquid products.26 

However, the electrochemical reduction of CO2 on copper still suffers from low Faradaic 

Efficiency (FE) and poor product selectivity. In addition, metallic copper catalysts also suffer 

from the fast deactivation under reaction conditions.25, 50 Hori and his coworkers suggested that 

metal ion impurities caused deactivation of catalysts by cathodic deposition and they can be 
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removed by pre-electrolysis.51 However, other studies found the pre-treatment method had a 

limited effect in improving catalyst lifetime and suggested that the carbonaceous species formed 

as byproducts poison the copper catalyst.25, 52 Current techniques to avoid carbon accumulation 

including altering local pH and applying oxidative pulses.53-54 Another method reported recently 

changed the catalyst from copper to copper-palladium by surface decoration to increase the 

lifetime.55 So far there are no simple and practical techniques to increase the lifetime of the copper 

catalyst. One of the goals of this work is to develop such method. 

Photo-electrochemical reduction of CO2 is also a promising way to convert CO2 to useful 

fuels. Compared with the electrochemical reduction method, the PEC CO2 reduction would 

reduce the electricity consumption and increase the reaction efficiency due to the introduction of 

solar energy.56 While several reports of the electrochemical or photo-reduction of CO2 has been 

described in the literature, few attempts on the PEC reduction of CO2 have been reported. Barton 

and co-workers constructed a PEC system using p-GaP as the cathode in the presence of 

pyridinium.57 The FE of nearly 90% for methanol was achieved at extremely low current density. 

In another case, Chang and co-workers reported an indirect PEC CO2 reduction system consisting 

of a Cu2O dark cathode and a TiO2 photoanode.3 Gu and co-worker carefully modified the band 

gap of the CuFeO2 cathode by Mg doping and realized 10% of FE for formic acid.4 In all these 

three works, light is utilized to create electrons and holes in semiconductors. The resultant holes 

are transported to the counter electrode and the electrons are transferred to CO2 molecules, thus 

reducing CO2 into other molecules. However, metal catalysts are usually used in combining with 

semiconductors in a typical PEC CO2 reduction and metal-only catalysts have not been reported 

yet. For instance, Jang and co-workers used Au coupled ZnTe/ZnO, a mixed catalyst of metal and 
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semiconductor.58 They observed nearly 65% of FE for CO in Au-doped ZnTe/ZnO while it is only 

9% in undoped ZnTe/ZnO. They attributed this significant improvement to the lower work 

function of Au than ZnTe, thus helping the photoelectrons transport from ZnTe to gold 

nanoparticles (NPs).  

In the current work on the PEC reduction of CO2, semiconductors are usually used as the 

light absorber, while the light response of metals has rarely been studied in the PEC CO2 

reduction catalyzed by metals. As a good catalyst in electrochemical CO2 reduction, copper is also 

a plasmonic metal that has a light response in the visible light range.59 Combining its catalytic 

and plasmonic properties, copper is a promising candidate for the conversion of CO2 utilizing 

solar energy in the PEC CO2 reduction.  

In this work, the PEC activity of Cu NWs for CO2 reduction was investigated. The light 

was illuminated onto the metallic catalyst. The production of CO showed a significant light 

response and it got the highest enhancement at −1.0 V vs. reversible hydrogen electrode (RHE). 

Compared with CO, the light enhancement of methane was limited. The durability of Cu NWs 

catalyst was also tested and the application of light significantly increase the catalyst’s lifetime. 

Subsequently, an addition of rhodium nanocubes (Rh NCs) was used to explore the role of light 

in the PEC CO2 reduction. Further work is also discussed to explore the mechanisms of light 

effects in this system. 

2.2 Experimental Section 

Synthesis of Cu NWs. The copper nanowires were synthesized using a previous 

reported approach.10 In a typical synthesis, 8.4 g of sodium hydroxide (NaOH) was dissolved in 

30 ml of deionized (DI) water. The this 7 mol/L NaOH solution was mixed with 1.0 ml of 100 
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mM/L copper nitrate (Cu(NO3)2, 98.0%, Alfa Aesar) aqueous solution in a 50-ml glass bottle. Then 

0.5 ml of ethylenediamine (H2NCH2CH2NH2, sigma-aldrich) and 25 µl of hydrazine (N2H4, 35wt% 

in water) were added sequentially. The reactor was kept at 60ºC for 1 h. The color turned from 

violet to light blue and then brown copper nanowires would float on the solution. The copper 

nanowires were collected through centrifugation at a speed of 10,000 rpm and further washed 

with DI water and ethanol three times to remove unreacted reagents. The resultant nanowires 

were kept in ethanol (1.5 mg/ml) in a well-sealed vial. 

Synthesis of Rh NCs. The rhodium nanocubes were synthesized using a seed-mediated 

method.11 29.5mg/ml RhCl3 in EG (sigma-aldrich), 62.5 mg/ml PVP (55,000, sigma-aldrich) in EG 

and 67.5 mg/ml KBr (sigma-aldrich) in EG were prepared as stock solutions. 1.2 ml EG and 0.8 ml 

KBr/EG are added to a 20-ml glass vial (rinsed with water and dried in vacuum oven) and stirred 

in an oil bath at 160°C for 1 h (800 rpm, loosely capped). 2 ml of solution made of 0.92 ml 

RhCl3/EG and 3.68 ml EG and 2 mL of solution made of 0.92 ml PVP/EG and 3.68 ml EG are 

injected into the reaction mixture at 1 ml/h. The injection is paused for 15 min after adding the 

second drop (~20 µl) of the Rh precursor. The resultant solution contains Rh nanoparticle as the 

seeds for the growth of Rh NCs. It is heated in an oil bath at 160°C for 30 min (800 rpm, no cap). 

1.5 ml of solution made of 3.36 mL EG and 0.84 ml RhCl3/EG and 1.5 mL of solution made of 1.68 

mL EG, 1.68 ml KBr/EG and 0.84 ml PVP are injected into the reaction mixture at 1 ml/h. The dark 

brown to black mixture was collected after another 10 min and was washed with water and 

acetone twice. The Rh NCs were dispersed in ethanol (0.457 mg/ml).  
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Characterization of Cu NWs and Rh NCs. To prepare sample for SEM, directly drop Cu 

NWs and Rh NCs ethanol solution on to silicon wafer or carbon tape. To prepare sample for XRD 

test, Cu NWs were centrifugated at a speed of 13,000 rpm and dried in vacuum oven overnight.   

Electrocatalytic testing for CO2 reduction activity. The Cu NWs stock solution (1 ml) 

was mixed with 1 ml of DI water and 10 µl of Nafion solution (5 wt% in water, Ion Power) and 

was sonicated for 20 min to get a well-dispersed solution. Then 40 µl of this solution was spread 

onto a 0.7 cm2 carbon paper and dried in a vacuum oven. Electrocatalytic tests of Cu NWs were 

conducted with a potentiostat (BioLogic) in a three-electrode system (Figure 2.1). 100 mM 

potassium carbonate (KHCO3, 99.7%, Sigma Aldrich) aqueous solution was used as both 

catholyte and anolyte. Two chambers were separated by Nafion 115 membrane. The Cu catalyst 

was dropped onto a carbon paper and the LED light was illuminated onto the catalyst through a 

quartz window. The CO2 gas with a high purity was flowed into both chambers at a flow rate of 

10 ml/min. The gas after reaction in the working chamber flowed into the IR chamber for 

products characterization. 

 

Figure 2.1: Scheme of the cell for the PEC reduction of CO2 
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2.3 Results and Discussion 

Figure 2.2(a) shows a scanning electron microscope (SEM) micrograph of the as-

synthesized Cu NWs and the high-resolution SEM figure is illustrated in the inset. It shows that 

Cu NWs sprout from copper nanoparticles and this observation has been reported by Li.60 Sharp 

peaks of Cu(111), Cu(200) and Cu(220) facets was shown in the X-ray diffraction (XRD) pattern 

(Figure 2.2(c)). The as-prepared Rh NCs are shown in Figure 2.2(b) which has an average edge 

length of ~37 nm. The normalized ultraviolet-visible (UV-vis) extinction spectra of Cu NWs, Rh 

NCs and the CuNW/RhNC sample are shown in Figure 2.2(d). According to the previous report 

on the relation between edge length of Rh NCs and their local surface plasmon resonances 

(LSPRs) peaks,61 the as-prepared Rh NCs with an edge length of ~37 nm should have a ~330 nm 

LSPR peak, which corresponds well with what is shown in Figure 2.2(d) (black curve). The Cu 

NWs shows a response at ~587 nm. In the CuNW/RhNC sample which contains 20 wt% of Rh, 

the weak excitation peak of Cu NWs has been overlapped with the peak of Rh NCs.  
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Figure 2.2: Synthesis of copper nanowires and rhodium nanocubes. (a) SEM image of 
Cu NWs. Scale bar: 20 µm.  Inset: Cu NWs, scale bar: 10 µm. (b) SEM image of Rh NCs. Scale 
bar: 200 nm. (c) XRD pattern of copper NWs. (d) UV-vis excitation spectra of Rh NCs (black), 
Cu NWs (red) and CuNW/RhNC (blue, 20 wt% Rh). The excitation peaks of Rh NCs and Cu 
NWs are at 330 nm and 587 nm respectively. The intensity distribution of the light source. 

Thereafter, the Cu NWs catalyst was tested over a range of potentials for its catalytic 

activity in the PEC CO2 reduction. Figure 2.3 shows the catalytic performance of Cu NWs under 

both dark and illumination conditions. The overall reduction current increased with the 

overpotential under the dark or light condition (Figure 2.3(a)). The illumination of light has 

enhanced the overall reduction rate and the largest enhancement was observed at -1.0 V. In 

Figure 2.3(b), this light enhancement was directly observed in an on-and-off illumination test. It 

took nearly 5 seconds for the current to change from 2.1 mA to 3.8 mA after turning on the light. 



 

 
22 

The CO2 reduction products were characterized and their Faradaic Efficiencies (FE) were shown 

in Figure 2.3(c). CO and CH4 are the major gaseous products in the CO2 reduction. At each 

potential, the FE of CO was higher under light than that under dark condition. Meanwhile, the 

largest enhancement was also observed at -1.0 V which is the same as the conclusion from Figure 

2.3(a). On the other hand, the FE of CH4 decreased when the light illumination was introduced. 

At the potential of -1.0 V, the FE of CH4 was much larger under dark condition than that under 

illumination. It is also interesting to observe different current tendencies with and without light 

(Figure 2.3(d)). The reduction current slowly increased with time under light while it decreased 

gradually without light. The introduction of light dramatically increases the lifetime of the copper 

catalyst. Rh was introduced with the intention to increase the light absorption efficiency. It was 

expected to see a more remarkable light enhancement, but it turned out that hydrogen evolution 

reaction dominated after the addition of Rh. Future work on two-component-catalyst will be 

discussed in detail in the following text. 
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Figure 2.3: Catalytic activity of Cu NWs in PEC reduction of CO2. (a) The reduction 
current at different potentials. (b) Direct observation of light enhancement (c) FE of CO and 

CH4 catalyzed by Cu NWs under dark and light illumination. (Note: Due to the lack of 
standard gas samples, calibration curve for CO or CH4 hasn’t been finished. Therefore, 

equivalent FE is temporarily used. It is calculated from dividing peak area of each gas by the 
corresponding current. The equivalent FE is proportional to the real FE.) (d) Different CO2RR 

current tendency with and without illumination. 

In sum, the light effects observed in the preliminary study extend our knowledge of 

plasmonic PEC CO2 reduction. Under light illumination, the FE of CO increased remarkably 

while the FE of CH4 did not. Interestingly, the lifetime of the catalyst is also observed to be a 

function of light. The reduction current decreased by 20% in one hour under dark condition, but 

it increased by 10% under light illumination. These results indicate the existence of significant 

effects of light in this PEC system and have shown the potential for light to interfere the pathway 

of CO2 reduction.  
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2.4 Future Work 

To understand the effects of light in this PEC system, the hypothesis-driven study will be 

carried out and detailed research plans are summarized in the following flow chart (Figure 2.4). 

 

Figure 2.4: Flow chart of proposed mechanism study in the plasmonic PEC CO2 
reduction. 

2.4.1 Understanding the Photon Capture Process in PEC CO2 
reduction 

Based on the above observations, the light effects in the PEC CO2 reduction catalyzed by 

Cu NWs are significant. However, there remain some problems to solve. The first question is how 

photons were captured in the PEC CO2 reduction system. 
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For the photon capture process in this system, it is different from that in a semiconductor 

catalyst system. In that system, electrons in semiconductors are activated by photons and it leads 

to the electron-hole separation when the energy of photons is greater than the bandgap. In this 

system, the only semiconductor that may exist is copper oxide. However, copper oxide will be 

reduced to copper at +0.337 V in the standard condition. In the CO2-saturated KHCO3 aqueous 

solution which has a pH of 6.8, this value turns into +0.044 V while the reduction potential of CO2 

is still more than one volt negative than copper oxide reduction potential. Moreover, before each 

test, forty sweeps in CV mode were applied to reduce copper oxide. The reduction peak observed 

was observed at first a few cycles and disappeared before CV sweeps end. Then Cu NWs will not 

be oxidized again in the CO2-filled system. Therefore, the interaction between light and metal 

could be the key factor. Here is the first hypothesis: 

Hypothesis 1: Cu NWs absorbed most of the photons enhanced by their plasmonic 

properties and the photo-excited catalyst altered the CO2 reduction reaction pathway. 

This hypothesis is the fundamental step to understand whether the plasmonic properties 

of Cu NWs play any significant roles in the whole reaction. The answer to this question will 

determine the whole research direction of the project. To identify the light absorber, photon 

wavelength dependence measurements will be used to relate photon absorption and catalytic 

properties (Figure 2.4, step A1). The electrochemical CO2 reduction will be performed under 

illumination by light sources with different wavelengths. This technique has been widely used to 

identify the function of the plasmonic properties of the catalysts in direct plasmonic 

photocatalysis.62-64 For example, in the case of H-D formation by the reaction of H2 and D2 on gold 

NPs, wavelength dependence was measured as a function of wavelength on reaction rates.63 The 
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wavelength dependence curve fits well with the diffuse reflectance curve of gold NPs. It 

evidenced that the gold catalyst was the light absorber. Similar experiments will be carried out in 

our experiments to verify that the Cu NWs are the main light absorber and that the observed 

reactions rates should be a function of the light wavelength matching the light absorption curve 

of the Cu NWs. 

In addition, wavelength dependence measurements in two different reactions with the 

same catalyst, such as in CO2 reduction and CO reduction catalyzed by copper which will discuss 

in detail in the following text, can provide more information in the light absorption process. If 

different reactions have a similar wavelength dependence trend, this suggests that the catalyst is 

the light absorber.65 If different reactions have different wavelength dependence curves, that 

means the adsorbate-specific bond activation rather than the light absorption by the catalyst has 

the major response of light.66 Depending on the outcome of the study the direction of the research 

can go two different directions. If the hypothesis is confirmed, we will move along the path on 

the left branch of the flow chart, it the answer is negative, we will follow the branch on the right 

side (Figure 2.4). 

2.4.2 Exploring How Photons are Utilized after Absorption in the PEC 
CO2 Reaction. 

If the above results confirm the importance of plasmonic effect in the Cu NWs catalyst, 

we will move the second phase of the research. According to previous reports, plasmonic metals 

have three dephasing mechanisms after photoexcitation.40 The first way is an elastic radiative re-

emission of photons. This kind of dephase process is not only observed in plasmonic metals. The 

adsorbates on the metal’s surface can absorb the re-emitted photons and gain energy from 
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photons directly. This is commonly observed when the intra-molecular transition energy has the 

same magnitude as that of radiative photons. This intra-molecular electron transition follows the 

Franck-Condon principle.67 In this case, the metal NPs act to modify the energy gap between 

HOMO and LUMO. In our system, the possible adsorbates such as CO and CH3+ on the copper 

surface have a bond energy of 51 kJ/mol and 118 kJ/mol which is possible to be cleaved by 

photons through electron transition.68-69 If negative results are observed in step A1, further work 

on Cu foil will help to confirm that the adsorbates play an important role in the light absorption 

(Figure 2.4, B2). However, it may not be the main decay path in our system due to the limited 

portion of this dephasing path under visible light illumination.67 The second and third dephasing 

paths both involve hot carriers and subsequent carrier relaxation from recombination of light-

induced photocarriers.  

Hypothesis 2: The reduction of CO2 was driven by hot electrons in a single-electron or 

multi-electron process. 

To determine the mechanism of the effect of hot carriers, the effect of illumination 

intensity on reaction rate should be measured to provide more microscopic mechanistic 

information (Figure 2.4, step B1).67 To be specific, the electrochemical CO2 reduction will be 

performed under the same light source under different illumination intensities. Detailed intensity 

dependent studies of photocatalysis on metals and semiconductors have revealed four different 

relations between reaction rate (R) and intensity (I): sublinear (R ∝ In, n < 1), linear (R ∝ In, n = 1), 

superlinear (R ∝ In, n > 1), and exponential (R ∝ ef(I)). The sublinear dependence is usually 

observed in semiconductors when electron-hole pair recombination is prevalent.44 The 

exponential dependence between reaction rates and the corresponding illumination intensities 
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evidence that the light enhancement is a thermal process.70 Surface heating of metal NPs by 

plasmon excitation has a linear relationship with illumination intensity and the reaction rate is 

exponential to the surface temperature according to the Arrhenius equation.71 Linear and 

superlinear dependence both show that the photoreaction is driven through a hot electron 

transition process.62-63, 72-73 The transition from the linear relationship between reaction rate and 

illumination intensities to superlinear behavior has also been observed.62, 74 In the linear regime, 

molecules desorb in a single-electron scattering process. If the energy of a photon is insufficient to 

overcome the reaction barrier, the molecules return to the equilibrium vibrational distribution 

followed by another scattering process, thus a superlinear behavior being observed. Therefore, 

the intensity dependence measurements will give us more information about the photon 

dephasing process. Our hypothesis is that hot carriers are the main media because heat effect 

may not be the dominant effect in the aqueous reaction system. However, the results from the 

research will be the last judge. 

2.4.3 Exploring the Change of the CO2 Reduction Pathway under 
Illumination 

Based on preliminary results, CO production enhancement was observed while the 

productivity of CH4 was suppressed. The light-induced hot electrons (or perhaps the heat) 

‘disturbed’ the CO2 reduction pathway, thus changing the selectivity of products. There are 

several possible pathways for electrochemical CO2 reduction on the copper surface proposed in 

the literature due to the difficulty in in-situ detection of intermediates.9, 35, 75-76 However, people 

have reached a consensus at least at the early stage of CO2 reduction. The CO2 molecules near the 

copper surface would be reduced into CO2•- at first and then continue to form CO on the copper 
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surface. Other products such as methane will form in the following electron transfer process. 

Ideally, the resultant CO molecules on the copper surface will either dissociate and form CO gas 

or be further reduced to other hydrocarbons. However, due to the strong binding energy between 

CO and copper, some Cu-CO bonds remain and occupy the active reaction sites, decreasing the 

overall reaction rate. That is commonly called the CO (or carbon species) poisoning in the 

electrochemical CO2 reduction. 

Based on our preliminary results, light have the potential to break the C-Cu bonds and 

then reactivate the active sites. That is why in our experiment the reactivity decrease was not 

observed under light illumination. Moreover, increasing the release of CO caused by illumination 

results in fewer intermediates for the following reduction to form CH4. This can also explain that 

at -1.0 V where the maximum enhancement of CO has been observed, the FE of CH4 under light 

was much lower than that under dark. The hypothesis below is based on these preliminary 

results. 

Hypothesis 3: CO poisoning on copper surface is the reason for reactivity decrease under 

dark conditions. Light-generated hot electrons help to break the Cu-CO bonds, thus eliminate the 

poisoning.  

To examine this hypothesis directly, surface enhanced infrared absorption spectroscopy 

is needed to detect CO concentrations on Cu surface with and without light illuminations (Figure 

2.4, step C1). If CO accumulates on the catalyst surface and the reduction current decreases in 

dark condition at the same time, it evidences that the catalyst poisoning in the CO2 reduction 

reaction could result from the generated CO intermediate. Then we will do the same 
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measurement under light illumination. It is expected to observe a decreased concentration of CO 

on the copper surface after turning on the light while the catalyst poisoning disappears.  

To provide more evidence to CO poisoning, we will also perform CO reduction test at 

the similar condition (Figure 2.4, D1). If the wavelength dependence curve also resembles 

absorption curve of Cu NWs, it will strengthen the hypothesis that Cu is the light absorber. If an 

obvious decreased amount of generated CH4 was observed under illumination compared with 

that in the dark condition, in addition to the above in-situ FTIR characterization, it can be 

confirmed that the introduction of light weakens the Cu-CO bonds, thus increasing the reactivity. 

If this is confirmed, we can solve one of the long-standing problems in the CO2 reduction and 

make the use of Cu based catalysts more practical for commercial applications. 

Hypothesis 4: Even the concentration of CO on Cu surface increases under light, the 

efficiency of CH4 could still decrease due to increased production of liquid products. 

In another case, if a decreased CO concentration on Cu surface is not observed under 

illumination in FTIR test in step C1, then the possible explanations could be that: (1) Since the 

formation of CO (including both CO(ad) and CO(g)) had increased under illumination, the 

concentration of CO on Cu surface (CO(ad)) increased. Then the decrease of CH4 results from the 

increased number of other products (e.g. formic acid and methanol) prior to the CH4 formation. 

The concentrations of other intermediates on the surface and other possible products in solution 

should be carefully studied to (Figure 2.4, D2 and E2). Furthermore, CO2 reduction using silver 

NPs is a good control experiment (Figure 2.4, F1) because CO is dominant in the reduction 

products.77-78 The light effects and CO poisoning test will verify the conclusions from the copper 

catalyst. As a good catalyst in electrochemical CO2 reduction, the weak plasmonic property of Cu 
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limits its catalytic efficiency in the PEC CO2 reduction. The next work is to improve its plasmonic 

properties by alloying copper with silver. 

2.4.4 Exploring Alloying Effects in PEC CO2 Reduction 

Light illumination manipulation and intermediates characterization provide more 

information about the light effects so that we can have a better understanding of light 

enhancement in the PEC CO2 reduction. To improve CO2 conversion performance, manipulation 

of catalysts is the most efficient method. Copper nanowires have an LSPR peak at 587 nm (Figure 

2.2d) and modification of its absorption property can help to take a better advantage of sunlight. 

Morphology and alloying effects are two methods in improving catalytic performance.79-80 In the 

future work, alloying effects will be carefully explored due to the following reasons. (1) 

Manipulation of the morphology of nanoparticles including their shapes and sizes can change the 

catalysts’ light response properties.61, 81 However, morphology of copper nanoparticles is difficult 

to modify and only limited shapes of copper including nanowires, nanocubes and nanoplates 

have been reported.82-84 That is because copper is relatively more reactive than other plasmonic 

noble metals. When alloyed with other noble plasmonic metals, copper can be more stable 

compared with pure copper nanoparticles. (2) As described in the Sabatier principle, adsorption 

of reactants on catalyst surface plays an important role in determining reactivity and selectivity 

in heterogeneous catalysis. Introducing a second metal will result three unique effects: (i) 

ensemble effect when dissimilar surface atoms take on distinct mechanistic functionalities, (ii) 

ligand effect which is caused by a charge transfer between two dissimilar surface atoms, altering 

their electronic structure, and (iii) geometric effect where the spatial arrangement of surface 

atoms are affected by geometry and strain.85 Therefore, carefully alloying copper with another 
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metal is an effective way in improving its performance in CO2 reduction. (3) LSPR plays a pivotal 

role in light absorption in photocatalysis. LSPR can be easily manipulated in an alloy by changing 

its composition. An early report showed that the plasmon absorption peaks of gold-silver 

nanoparticles had a linear relation with their components.86We will modify the alloy to cover 

more light energy from the sunlight. Furthermore, copper is a relatively weak plasmonic metal 

compared with noble metals. By alloying Cu with noble metals, the light absorption efficiency 

will increase, thus achieving a higher quantum efficiency.  

Therefore, based on the understanding from light mechanism studies and current 

progress in electrochemical CO2 reduction, combining light enhancement with alloying effects 

has the potential to remarkably improve reactivity and selectivity of the copper catalyst. Silver 

chooses to be the metal alloyed with copper due to its good activity in electrochemical CO2 

reduction and its strong LSPR.81  

Hypothesis 5: By tuning the composition of Cu-Ag bimetallic NPs, the catalytic activities 

and selectivity can be tuned.  

Co-reduction is the most straightforward method for synthesizing alloyed bimetallic 

nanoparticles. To be specific, copper- and silver-containing precursors will be reduced 

simultaneously in a one-pot process. A subsequent annealing step in an inert atmosphere is 

needed to obtain a homogeneous alloy. The fraction of each component can be tuned by changing 

the concentration of each precursor. The plasmon absorption properties will be characterized by 

UV-vis spectroscopy. The PEC CO2 reduction performance of each alloy will be tested in a similar 

way as the test of Cu NWs. Meanwhile, to achieve a high quantum efficiency under white light, a 

proper mix of as-prepared Ag-Cu alloys will be loaded onto carbon paper for the reduction of 
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CO2. It is expected to obtain a mixed alloyed Cu-Ag catalyst with a broad LSPR at the visible light 

region, thus capable of absorbing more solar light. 
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3. Atomically Dispersed Nickel on Winged Carbon 
Nanotubes for Selective Electrochemical Carbon 
Dioxide Reduction 
3.1 Introduction 

Electrochemical reduction of carbon dioxide is one of the most promising ways to 

convert CO2 to chemical fuels. This reverse reaction of combustion where CO2 is used as the 

feedstock for fuels can not only help to control the concentration of CO2 in the atmosphere, but 

also provide a possible solution to release the energy crisis. However, traditional catalysts such as 

metallic catalysts suffer from a low turnover frequency (TOF) and high reaction overpotential (h) 

due to the extremely stable C=O double bonds (806 kJ/mol), so the energy efficiency in CO2 

conversion is low.87 Another problem in the present electrochemical CO2 reduction research is 

that its catalytic selectivity is poor. That is because of two main reasons. Firstly, a few possible 

reduction products such as carbon monoxide (CO), formic acid (HCOOH) and methane (CH4) 

can be produced in chemical reduction of CO2. Another important reason is that the reduction 

potential is usually negative than -0.5 V (vs. reversible hydrogen electrode) where hydrogen 

evolution reaction (HER) may be an unavoidable competing reaction. Therefore, efficient 

catalysts with high selectivity in electrochemical reduction of CO2 is still needed and suppressing 

HER has been the subject of many electrochemical CO2 reduction studies.  

In recent years, there has been an increasing amount of research in single atom catalysts 

(SACs). SACs have been revealed to be a bridge to connect homogeneous and heterogeneous 

catalysts.88-91 Heterogeneous catalysis suffers from low atom efficiency and products separation 

from the catalyst is the main problem in homogeneous catalysis. However, for SACs, atomic 

metals anchored onto proper supports (usually carbonaceous supports) form heterogeneous 
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catalysts with high reactivities comparable to homogeneous catalysts. In electrochemical 

reduction of CO2 in aqueous solution, SACs have been reported to be highly active and selective. 

For example, iron atoms anchored in nitrogen-doped graphene oxide in the form of Fe-N-C have 

a low overpotential with a high Faradaic efficiency of 80% to CO.45 Cobalt SACs on hollow N-

doped porous carbon spheres have also been proved to have 100% CO Faradaic efficiency.92 

However, the mechanism of SACs in electrochemical CO2 reduction is still unclear. Specifically, it 

needs to answer why SACs have different reactivities compared with their nanoparticle form and 

why HER is remarkably suppressed in CO2 reduction in the aqueous solution. In this work, we 

have developed a single-atom catalyst by anchoring atomic Ni onto nitrogen-doped winged 

carbon nanotubes. The electrochemical CO2 reduction tests have revealed high reactivity and 

selectivity of this SAC. The suppression of HER has also been studied. 

3.2 Experimental Section 

3.2.1 Preparation of Catalysts 

Synthesis of winged carbon nanotubes (WCNT).93 Typically, 200 mg of stacked-cup 

carbon nanotubes (CNT, also known as herringbone carbon nanofibers) with an average diameter 

of 100 nm and 1.0 g of sodium nitrate (NaNO3) were mixed in 40 ml concentrated sulfuric acid 

(H2SO4) in an ice bath. Then 6 g potassium permanganate (KMnO4) was slowly added to the 

solution. The mixture was stirred at 0 °C for 1.5 h and then kept at room temperature for 1 h. 

After that the mixture was poured slowly into 250 ml ice-cooled water. Then 10 ml of H2O2 

aqueous solution (30 wt%) wa added dropwise. The color of the mixture changed from dark 

purple to black after stirring for 10 min. The oxidized CNT (Ox-CNT) was collected by vacuum 

filtration, followed by washing with water until pH-neutral. Then the Ox-CNT was re-dispersed 
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in DI water (20 mg/ml). This mixture was tip sonicated for 30 min to form winged CNT with 

defects (WCNT). 

Synthesis of single atomic Ni on nitrogen doped winged carbon nanofiber (NiSA/N-

WCNF): 2.4 mg nickel nitrate (Ni(NO3)2) was dissolved in 8 ml DI water, followed by adding 2.5 

ml Ox-CNT solution. Then 0.66 g cyanamide was added as a nitrogen source. The solution was 

well mixed in a centrifuge tube and stayed in liquid nitrogen for 15 min. The iced mixture was 

freezing drying for two days. In the following pyrolysis process, the resultant powder was heated 

to 550 °C in 30 min and kept at this temperature for 2 h. Then the temperature was raised to 750 

°C in 30 min and kept for 1 h. The product was ground into fine powder for further 

electrochemical catalysis.  

Synthesis of Ni NPs: Nickel chloride (NiCl2) was used as the Ni precursor. NiCl2 was 

added to ethylene glycol to form a uniform solution (45 mM, 15 ml), followed by the addition of 

hydrazinium hydroxide (N2H5OH, 0.9 M, 0.654 ml). Then sodium hydroxide solution in ethylene 

glycol was added (0.1 M, 1.080ml). The solution was kept at 60 °C for 1 h. The resultant Ni NPs 

was collected by centrifuge (10,000 rpm, 3 times) and washed by 1:1 water/ethanol.  

3.2.2 Electrochemical CO2 Reduction 

Preparation of catalyst dropped carbon paper for electrochemical test: Typically, 5 mg of 

catalyst was added to 2 ml of DI water, followed by the addition of 100 µl Nafion solution (5 wt% 

in water). Then the mixture was sonicated for 30 min to form a uniform ink. Carbon paper was 

cut into 0.8 cm ´ 2 cm and 10 µl of the prepared catalyst ink was drop onto the carbon paper as 

the working electrode (WE). The working electrode was vacuum dried for 30 min before use.  
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Electrocatalytic tests of Cu NWs were conducted with a potentiostat (BioLogic) in a 

three-electrode system. 100 mM potassium carbonate (KHCO3) aqueous solution was used as 

both the catholyte and the anolyte. Two chambers were separated by Nafion 115 membrane. Pure 

CO2 gas was flowed into both chambers at a flow rate of 10 ml/min. The gas in working chamber 

was flowed into the IR chamber for characterization of reduction products. 

3.2.3 Characterizations  

Morphologies of the prepared catalysts were imaged with a scanning electron 

microscope (SEM, FEI XL30) and a transmission electron microscope (TEM, FEI Tecnai G² Twin). 

The crystal structure and elemental analysis were studied with X-Ray diffractometer (XRD, 

Panalytical X’Pert PRO MRD HR XRD System) and X-Ray photoelectron spectrometer (XPS, 

Kratos Analytical Axis Ultra). The electrochemical performance was measured in a Bio-Logic SP-

300 potentiostat and the gaseous product was analyzed in a Nicolet 380 FT-IR. 

3.3 Results and Discussion 

3.3.1 Characterization of Morphology and Elemental Distribution of 
Catalysts 

The morphology of as-prepared atomically dispersed Ni on N-doped winged carbon 

nanotubes was imaged in SEM (Figure 3.1(a)). The diameter of the nanotubes is around 100 nm. 

The tubular core can be observed in the TEM image (Figure 3.1(b)). The tissue-like graphene was 

observed to firmly attach to the outer-wall as its wings. It was achieved through selective partial 

outer-wall oxidization and exfoliation of nanotubes.93  
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Figure 3.1: (a) SEM and (b) TEM image of as-prepared atomic Ni on N-doped winged 
carbon nanotubes. 

 
The chemical composition of the single atom catalyst was investigated by XPS. As shown 

in Figure 3.2, the survey spectrum reveals that carbon is the primary element with an atomic ratio 

of as high as 89.24%. The nitrogen doping level is 7.05%. Compared with other reported single 

atom catalysts which usually have atomic metal ratios less than 1%, the percent of Ni in this work 

is 0.29%. Along with the freezing drying synthesis method, the extreme low percent of metal 

suggests that Ni is distributed on N-doped winged carbon nanotube in an atomic level.13-14 

Further characterization technique such as X-ray absorption spectroscopy is required to ensure 

the single atom nature of this catalyst. For example, the Fourier transform of the phase-

uncorrected extended X-ray absorption fine structure (EXAFS) spectrum can reveal the distance 

between Ni atoms and thus confirm isolation of Ni atoms. The 3.42% of oxygen exists due to 

unreacted functional groups such as carboxylic acids or hydroxy groups. It can also result from 

adsorbed O2 and CO2 in the air.  
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Figure 3.2: XPS survey spectra of as-prepared atomic Ni on N-doped winged carbon 
nanotubes 

Figure 3.3(a) and (b) show the high-resolution Ni 2p spectra of the Ni SAC and pseudo-

NiNPs catalyst. The pseudo-NiNPs catalyst was prepared by using ten times amount of Ni 

precursor. As shown in Figure 3.3(a), the binding energies of Ni 2p3/2 in the Ni SAC was 855.0 eV 

which is the same as the reported value in atomic Ni on nitrogen-doped graphene oxide.14 When 

using more Ni precursor in the synthesis, Ni 2p3/2 at 855.0 eV was still observed and was assigned 

to Ni in the atomic form. Meanwhile, the binding energy of Ni 2p3/2 has a new peak at 855.7 eV 

which is ascribed to Ni2+.14 Its satellite peak has also been observed. In sum, the binding energies 

of Ni 2p suggest only one chemical surrounding in Ni SAC and adding more Ni precursor in the 

sample preparation process leads to the remaining of Ni2+. The high-resolution N 1s spectrum 

shows pyridinic (398.3 eV), pyrrolic (400.5 eV) and oxidized (403.1 eV) N species.  
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Figure 3.3: XPS region scan of (a) Ni 1s in the Ni SAC (b) Ni 1s in the pseudo-NiNPs 
catalyst (c) N 1s in the Ni SAC. 

3.3.2 Electrochemical CO2 Reduction Test 

The electrochemical CO2 reduction performances of as-prepared NiSA/N-WCNT were 

then evaluated in a three-electrode system. As shown in Figure 3.4(a), linear sweep voltammetry 

(LSV) tests were conducted to evaluate electrochemical activity of Ni SAC in CO2-saturated 

KHCO3 aqueous solution and Ar-saturated NaClO4 aqueous solution respectively. The pH value 

of CO2-saturated 0.1 M KHCO3 is around 6.8 while Ar-saturated KHCO3 solution is basic. To 

avoid the pH effect in this test, Ar-saturated 0.1 M NaClO4 with a pH of 7 was used as the blank 

experiment. The reaction current in Ar-saturated NaClO4 originated from hydrogen evolution 

reaction while the current in CO2-saturated KHCO3 originated from both HER and CO2 

reduction. The onset potential of the reduction reactions in CO2-saturated KHCO3 solution was 

around 0.2 V less negative than that of the reaction in Ar-saturated NaClO4. Moreover, the Ni 

SAC exhibits approximately four times higher current at -1.8V (vs. Ag reference electrode) in 

CO2/KHCO3 than that in Ar/NaClO4. This indicates that the Ni single atom catalyst has the 

potential to suppress HER during electrochemical CO2 reduction. CO2 gas was purged into 

cathode reaction chamber at a rate of 10 ml/min and the outlet gas was directed to Infrared 

spectroscopy for CO characterization and quantification. Figure 3.4(b) shows the curve of 
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Faradaic efficiencies of CO in CO2 reduction at various applied potentials. The Ni SAC exhibited 

a maximum CO FE of 90% at -1.6 V (vs. Ag reference electrode) and HER was suppressed at this 

condition. On the contrary, HER was the dominating reduction reaction when the applied 

potential was more negative than -1.7 V. Thus, a Ni-based single atom catalyst with a high 

selectivity was achieved under a mild overpotential.  

 

Figure 3.4: (a) LSV curves in CO2-saturated 0.1 M KHCO3 and Ar-saturated 0.1 M 
NaClO4 with a scan rate of 20 mV/s. (b) FE of CO at various applied potentials. 

 

3.3.3 HER Suppression Test 

For Ni nanoparticles, HER is the dominating reaction in CO2-saturated KHCO3 since no 

gaseous products were detected in IR spectroscopy and no liquidus products were detected in 

NMR. However, HER was largely suppressed using atomic Ni as the electrocatalyst. Multiple 

experiments were carried out to explore the mechanism of HER suppression in this system. 

Figure 3.5 shows the LSV curves of Ni NPs and Ni SAC in NaClO4 solution where HER is the 

only reduction reaction. The onset potential for Ni NPs was -0.75 V vs. AgCl/Ag reference 

electrode which was equal to -0.15 V vs. reversible hydrogen electrode. However, the onset 
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potential was around -1.40 V vs. AgCl/Ag reference electrode which has around 0.65 V more 

overpotential than Ni NPs in HER. This result suggests that HER is remarkably suppressed 

during CO2 reduction catalyzed by the Ni SAC. 

 

Figure 3.5: LSV curves of HER catalyzed by Ni SAC and Ni NPs. Scan rate: 20 mV/s 

To clarify the different effects of Ni SAC and Ni NPs in HER, the in-line IR test was 

conducted to Ni2+ treated Ni SAC. As shown in Figure 3.6(a), the FE of CO was approximately 

72% under -1.7 V in CO2-saturated KHCO3 solution. After one hour of electrochemical CO2 

reduction, the working electrode was merged into Ni(NO3)2 solution and Ni NPs were electro-

deposit on it under -1.7 V for 10 min. The Ni2+ treated working electrode was test in CO2 

reduction in the same experimental condition. Its FE of CO decreased rapidly to around 18% and 

kept dropping 14% in two hours (Figure 3.6(b)). The current data indicate that Ni NPs tend to 

catalyze hydrogen evolution rather than CO2 reduction in the current reaction conditions while 

Ni SAC is prone to reduce CO2 to CO rather than water to H2. 
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Figure 3.6: FE of CO-time response of (a) Ni SAC, (b) Ni2+ treated SAC. All 
measurements were conducted under the same condition: 1 atm CO2, 0.1 M KHCO3, -1.7 V (vs 

vs AgCl/Ag reference electrode) and room temperature. 

To explain the different reduction performances of these two Ni-based catalysts, it is 

important to explore pathways of hydrogen evolution on metal catalysts. In Volumer reaction, 

the first step in HER, hydrogen ions are reduced and deposited onto the surface of the catalyst 

(Reaction 1). To further bind to another hydrogen, two pathways are possible. In Heyrovsky 

reaction (Reaction 2), an adsorbed Hads reacts with a free H+ to form H2. In Tafel reaction 

(Reaction 3), adjacent Hads atoms form a H-H bond and escape as a H2.94-95 

HC +	𝑒( 	⇌ 	HFGH																				(1) 

HC +	HFGH +	𝑒( 	⟶	H#							(2) 

HFGH +	HFGH 	⟶	H#																(3) 

It is required that two adsorbed Hads atoms are nearby to form a new H-H bond in Tafel 

reaction. However, adjacent Ni active sites are less likely to exist in the Ni single atom catalyst. 

Therefore, we propose that Tafel reaction rather than Heyrovsky reaction is the rate determining 

step in HER catalyzed by the Ni-based catalyst and lack of adjacent active sites is the key to HER 

suppression. 
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3.4 Conclusions 

Atomic dispersed Ni on N-doped winged carbon nanotubes has been synthesized and 

shows a good performance in electrochemical CO2 reduction.  The FE of CO is as high as 90% 

percent under -1.6 V vs. AgCl/Ag reference electrode. By comparing with Ni NPs, the Ni SAC 

shows outstanding performance in suppressing hydrogen evolution. It may result from the lack 

of adjacent active sites for the Tafel mechanism in HER. 
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4. Conclusions 
In sum, we have studied the electrochemical reduction of CO2 in an aqueous solution 

based on copper and nickel catalysts. It has been confirmed that copper nanowires are capable of 

reducing CO2 to carbon monoxide and methane. By using light illumination to take advantage of 

plasmonic properties of copper nanowires, the Faradaic Efficiency to methane has increased. 

Moreover, the stability of the catalyst has been obviously improved. It is believed that the 

improved stability by applying light illumination is due to the removal of carbonaceous species 

on the catalyst’s surface.  

In addition to improving stability in electrochemical CO2 reduction, techniques in 

suppressing hydrogen evolution have also been studied to increase the efficiency of CO2 

reduction. The atomic nickel supported on nitrogen-doped winged carbon nanotubes shows the 

ability to suppress hydrogen evolution during CO2 reduction. The Faradaic Efficiency of CO 

reached 90% at -1.6 V vs. AgCl/Ag reference electrode. By comparing with Ni NPs, the 

suppression of HER can be directly observed and comes from atomic Ni. This suppression may 

result from the lack of adjacent active sites for the Tafel mechanism in HER. 
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