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Abstract 

 

CO2 Reduction Catalyzed by Mercaptopteridine 

By Dongmei Xiang 

 

     The catalytic reduction of CO2 is of great interest since it plays a significant role in 

climate change and the global energy cycle. Inspired by the role of pterin in biological 

systems as a redox mediator and C1 carrier, we studied 6,7-dimethyl-4-hydroxy-2-

mercaptopter 6,7-dimethyl-4-hydroxy-2-mercaptopteridine (PTE) to catalyze CO2 

reduction on the glassy carbon electrode. In bulk electrolysis of a saturated CO2 solution 

in the presence of the PTE catalyst, Fourier transform infrared data show the progression 

of carbarmate intermediate and reduced products, including formate, formaldehyde and 

methanol. 13C NMR spectroscopy and gas chromatography data prove the production of 

methanol with a Faradaic efficiency of 10−23%. A multiple hydride transfer mechanism 

is proposed for the progressive multi-electron reduction of CO2. PTE is proved to 

catalyze the reduction of CO2 at low overpotential and without the involvement of any 

metal. 

     Photochemical CO2 reduction was studied by using CdSe quantum dots as a 

photosensitizer. Transient absorbance spectroscopy in the ultraviolet spectral region 

proves the electron transfer from quantum dots to PTE catalyst. The photo-generated 1 e- 

reduced PTE is formed. However, the active form of catalysis should be the 2 e- reduced 

PTE, which calls for future work. 
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Chapter 1. Introduction 
 

      
1.1. The significance and challenge of CO2 reduction 

     Humanity is the one of the largest driving forces for changing the earth’s climate, and 

the dominant effect is the increase of greenhouse gases in earth’s atmospheric 

composition, which changes the energy balance on earth. Carbon dioxide is considered to 

be the one of the leading components of greenhouse gases and a common example of a 

climate forcing agent.1,2 It retains heat because it has a large infrared absorption at an 

open window in the solar spectrum where H2O has no absorption. CO2 emission mostly 

comes from the burning of fossil fuels. Since the industrial revolution, fossil fuels have 

been essential to provide energy to every part of human society.3 According to BP’s 

energy outlook (2016), fossil fuels remain the dominant form of energy to power the 

global expansion: they are predicted to provide around 60% of the additional energy and 

to account for almost 80% of total energy supplies in 2035. Through the development of 

new technology, non-standard sources of fossil fuels have become accessible and they are 

still going to play a major role in the energy profile; this is, however, non-sustainable in 

terms of carbon emission. Meanwhile, the amount of fossil fuel is not infinite and will 

decrease with consumption, especially since the world population is growing and the life 

expectancy is increasing. Therefore, if there is a way to convert the greenhouse gas 

carbon dioxide to useful fossil fuels, ideally in a carbon neutral way, we can potentially 

alleviate both energy and climate issues. 
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     Scientists have been studying the utilization of CO2 for decades. The first important 

factor is the source of CO2, which determines the quality including purity and partial 

pressure, which leads to development of separation and storage technologies.3 

Then there are multiple ways to utilize CO2. One is to incorporate CO2 into organic 

molecules, which produces carboxylates, carbamates, and carbonates. 4 These reactions, 

however, are not used to produce bulk fuels or chemicals since there is no large scale 

implementation and they require a large energy input, resulting in a negative net energy 

balance. Alternatively, CO2 can be converted to hydrocarbons as direct functionalization 

via modified methanol and Fischer-Tropsch synthesis, which can be implemented on a 

large scale. CO2 can also be converted into syngas (H2 + CO), and then used to make 

liquid fuels through the famous Fischer–Tropsch process under high temperature and 

pressure, which requires high capital, operation and maintenance costs. Meanwhile, the 

Fischer-Tropsch process requires an essential reactant H2, which needs to be cheap and 

clean to make the Fischer-Tropsch process cost-effective. The hydrogenation of CO2 via 

the Fischer–Tropsch process can be summarized as three major steps as shown in Figure 

1.1.5 For all of the processes discussed here, an alternative source of energy is required, 

because otherwise fossil fuels are still essential to drive these reactions, leading to a net 

negative energy balance. 
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Figure 1.1. Schematic of the proposed CO2-recycled synthetic fuel production process. – 
 
CH2– represents a hydrocarbon, which could also be represented as a longer chain  
 
molecule such as C8H18. HX: heat exchanger. Adapted with permission from reference 5 

 

    

     Besides direct hydrogenation, there are also electrocatalytic CO2 reduction and 

photocatalytic CO2 conversion. CO2 is an extremely stable molecule. The reduction of 

CO2 is challenging issue because of the slow kinetics and the requirement of a high 

reduction overpotential.6 Overpotential is the difference between a half-reaction’s 

thermodynamic reduction potential and the experimentally observed potential of the 

redox reaction7. In an electrolytic cell, high overpotential means it requires more energy 

than thermodynamically expected to drive a reaction, therefore, overpotential is 

undesirable. 

     One reason that CO2 reduction is slow is that the mechanism may involve high energy 

intermediates such as the one electron reduced species. As to the single-electron 

reduction process (eqn. 1) in CO2 reduction, it requires a large reorganization energy to 

go from the linear CO2 molecule to the bent radical anion with a change in hybridization 
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of the central carbon from sp2 to sp3. The large kinetic barrier to this process requires a 

catalyst to remove8. The standard potential for CO2/CO2®
- is -1.9 V vs. NHE in aqueous 

solution, which is too negative in terms of energy efficiency. Thus one strategy for 

catalytic CO2 reduction is to bypass the formation of high energy CO2® radical. The 

thermodynamic barrier can also be reduced by protonating the reduction product.6b The 

redox potentials E°(vs. normal hydrogen electrode, NHE, at pH 7 in aqueous solution, 

25 °C) are shown below9, which indicates that the proton-assisted, multiple electron 

routes (eqn.2~6) require much less energy than the single electron associated reduction 

process. The former ones produce thermodynamically more stable products. Hence, there 

might be a considerable advantage to conduct the multiple electron steps via optimal 

catalysts to reduce CO2. Eqn. 7 is the hydrogen evolution reaction, which has a more 

positive reduction potential compared with the proton-coupled multi-electron CO2 

reduction process of many common products. Thus, the hydrogen evolution reaction is 

invariably competing with CO2 reduction in aqueous media and the selectivity and the 

catalytic selectivity (CS) of CO2 reduction can be defined as eqn. (8).10 In most cases, 

Faradaic efficiency is used to characterize a CO2 reduction system as in eqn. (9), which is 

the ratio of charge passed through CO2 reduction products and total charge passed in an 

electrochemical reaction. 

 

              CO2 + e- → CO2·-                                    E°= -1.85 V (1) 

CO2 + 2H+ + 2e- → CO + H2O               E°= -0.53 V (2) 

CO2 + 2H+ + 2e-  → HCO2H                   E°= -0.61 V (3) 
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CO2 + 4H+ + 4e- → HCHO + H2O          E°= -0.48 V (4) 

CO2 + 6H+ + 6e- → CH3OH + H2O         E°= -0.38 V (5) 

CO2 + 8H+ + 8e- → CH4 + 2H2O             E°= -0.24 V (6) 

2H2O + 2e− →  H2 + 2OH−                     E°= -0.41 V (7) 

CS = [CO2 reduction products] / [H2]                         (8) 

Faradaic efficiency = Q CO2 reduction products / Q total products   (9) 

      

     The Saveant group has summarized a diagram representing most CO2 reduction 

products (not including multi carbon products starting from oxalate) and their related 

standard potential reaction to pH in aqueous solution (Figure 1.2).11 The diagram also 

indicates the involvement of not only electrons, but also protons in CO2 reduction. The 

reaction is energetically more favorable with protons involved. 
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Figure 1.2. Variation of the apparent standard potential, E0
ap, with pH (Pourbaix  

 
diagrams)  for the reductive conversion of CO2 into the following products. In the order  
 
of decreasing values of E0

ap at pH = 0: CH4, CH3OH, CH2O, CO (full line), HCO2H,  
 
HCO2

− (dashed line), C2O4H2, C2O4H−, C2O4. The slopes are RTln10/F with the  
 
exception of the horizontal lines and of the formation of C2O4H− (RTln10/2F)11. Adapted  
 
with permission from reference 11 
 
 
 
 

 

     However, most of the above multi-electron reactions still have to go through the 

single-electron process to form a radical anion intermediate8, which requires large 

reorganization energy and becomes a limiting step of CO2 reduction. The activation 
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energy can be reduced and the stability of the intermediate can be enhanced by catalysts12. 

Nevertheless, the mechanisms of these processes remain unclear and need clarification. 

 

1.2. Brief review of current CO2 reduction catalysis  

     Two strategies of catalysis are studied; the first is using a (multiple-functioned) single 

catalyst, which reduces CO2 to formic acid, formaldehyde and methanol or methane, 

successively. For example, the Bocarsly group used pyridine as a single catalyst to 

convert CO2 to methanol.13 The second strategy applies a panel of catalysts, in which 

different catalysts contribute to separate steps of reduction. The scheme of the panel 

catalysts is shown in Figure 1.3,14 in which different catalysts are specialized to catalyze 

the reduction of CO2 to formic acid or formate, formic acid to formaldehyde, and 

formaldehyde to methanol, respectively. Enzymes are often used to promote the cascade 

reaction, including formate dehydrogenase, formyl dehydrogenase and alcohol 

dehydrogenase. For example, Obert and Dave reported an enzymatically coupled 

sequential reduction of carbon dioxide to methanol by using a series of reactions 

catalyzed by these dehydrogenases. 15 
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Figure 1.3. Proposed path for the tandem catalytic reduction of CO2 to methanol. A  
 
series of three catalysts that each contributes to the overall reduction of CO2 to methanol  
 
in optimized single steps. Adapted with permission from reference 14 
 
 

1.2.1. Electrochemical CO2 reduction 

 

1.2.1.1. Electrodes  

     CO2 can be reduced directly on the surface of electrodes to various products.  

     Although carbon and boron have also been reported as electrodes for CO2 reduction, 

most of those electrodes being studied are metal electrodes. There are four groups of 

simple metal electrodes which are used for CO2 reduction depending on the type of 

products, 16 as shown in Figure 1.4.16a The first group contains metallic copper (Cu) only, 

which shows great activity and selectivity in the electrochemical conversion of CO2 to 

hydrocarbons. Au, Ag and Zn belong to the second group, which reduces CO2 to CO as 

the main product. The third group consists of Pb, Hg, In, Sn, Cd and Tl, which yield 
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formate as the major product. The fourth group includes Ni, Fe, Pt, Ti and Ga, on which 

hydrogen evolution dominates and CO2 reduction barely occurs without the presence of 

other homogeneous catalysts.  Moreover, CO is reported to adsorb strongly on the metal 

surface in the fourth group, and in the process poisons the electrodes and prevents further 

CO2 reduction.  

 

 

 

 
Figure 1.4. Electrode materials and reaction products of CO2 reduction.  

 
Adapted from Ref. 16a 
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     The electrodes mentioned above are all amorphous structure electrodes.  Similar to 

hydrogen evolution, the surface morphology of electrodes has great impact on the activity 

and selectivity of electrochemical CO2 reduction. 17 Single crystal studies also show that 

different facets show different activity and selectivity towards the electrocatalytic CO2 

reduction. For example, on Cu(100) faces, C2H4 is the dominant product, while Cu(111) 

face enhances the yield of CH4.18 The Cu(110) faces display an enhanced selectivity 

towards alcohol and condensed phase C2 and C3 products.  

     Cu electrodes perform best among all the metal electrodes mentioned above in terms 

of activity and selectivity towards electrochemical CO2 reduction. However, even Cu 

suffers from high overpotential and low current density. In aqueous solution, CO2 

reduction is coupled with water oxidation, which would increase the overpotential even 

more. To circumvent this problem, scientists have been trying various strategies, such as 

modification of electrode surfaces,19 application of different electrolytes (molten, solid-

oxide20 or water-free ionic liquid21 electrolytes), photo-irradiation22 and biological 

microorganisms23.      

 

1.2.1.2. Molecular electrocatalysts 

    As mentioned earlier, direct reduction of CO2 on an electrode surface usually has large 

overpotential and thus displays low conversion efficiency. Electrocatalysts can not only 

participate in the electron transfer process but also assist the related chemical reaction 

speed. An ideal electrocatalyst also needs to show compatible redox potential with the 

related chemical reaction. A large amount of research has been conducted in this field 



11 
 

 

and the majority of electrocatalysts for CO2 reduction are molecular catalysts containing 

metal center(s) and appropriate ligands. Thus, the redox potential of the catalysts can be 

tuned via changes in metal centers and ligands. Kubiak et al. classified those metal 

electrocatalysts into three groups based on the ligand type, including metal catalysts with 

macrocyclic ligands, metal catalysts with bipyridine ligands and metal catalysts with 

phosphine ligands.14 He also concluded the best strategy for developing efficient CO2 

catalysts is the combination of proton coupled multi electron transfer and appropriate 

catalytic sites which are capable of directing nuclear configuration of reactants to 

favorable product formation. 

     The Luca group has summarized recent state-of-art molecular electrocatalysts for CO2 

reduction, shown in Table 1.1.24 

 

Table 1.1. Selected molecular catalysts for the electroctalytic reduction of CO2, adapted 

from Ref. 24 

 
Catalyst Potential Conditions Products 

 

125 [CoIIIN4H(Br)2]+a −1.88 V vs 
Fc/Fc+ 20% H2O/MeCN CO,  H2 

 

226 Mn(bpy-Bu)(CO)3Brb −2.2 V vs SCE 1.4 M 
CF3CH2OH/MeCN CO 

 

327 Re(bpy)(CO)3Brb −1.49 V vs 
SCE 9:1 DMF c/H2O CO 
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428 [Ni(cyclam)]2+d −1 V vs NHE 0.1 M KNO3 pH 4.1 CO 

 

529 [CoIL]+e −1.34 V vs 
SCE CH3CNf CO and 

H2 

 

630 [Ru(bpy)2(CO)2]2+b −1.5 V vs SCE DMF/H2O 1/1 HCOO− 
and CO 

 

731 
TPPFeCl, g FeTDHPPCl, h 
FeTDMPPCli −1.7 V vs SCE DMF 0.1 M n-

Bu4NPF6,  H2O 
CO,  
HCOO− 

 

832 CoTPPc −1.9 V Butyronitrile, n-
Pr4NClO4 

CO,  
HCOO− 

 

933 
[(η5-Me5C5)M(bpy) Cl] M = 
Ir,  Rh −1.6 V 

CH3CN, 0.1 M 
Bu4NClO4, 20% 
H2O 

HCOO−  
H2, very 
little CO 

 

1034 [Pd2(CH3CN)2(eHTP)](BF4)2
j −1.3 V DMF 0.1 M n-

Bu4NBF4,  HBF4 
CO 

 

1135 
[Pd(triphosphine) 
(CH3CN)](BF4)2 

−1.4 V DMF 0.1 M n-
Bu4NBF4,  HBF4 

CO,  H2 
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a N4H = 2,12-dimethyl-3,7,11,17-tetraazabicyclo-[11.3.1]-heptadeca-1(7),2,11,13,15-
pentaene. 
 
b Bpy: 2,2’- bipyridine. 
 
c DMF: N,N’-dimethylformamide. 
 
d Cyclam: 1,4,8,11-tetraazatetracyclodecane. 
 
e L: 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene. 
 
f pulse radiolysis experiment. 
 
g TPP: tetraphenylporphyrin. 
 
h TDHPP: 5,10,15,20-tetrakis(2’,6’-dihydroxyphenyl)-porphyrin. 
 
i TDMPP: 5,10,15,20-tetrakis(2’,6’-dimethoxyphenyl)-porphyrin. 
 
j eHTP: [(Et2PCH2CH2)2PCH2P(CH2CH2PEt2)2]. 
 
 

 

     As shown in Table 1, it remains challenging for CO2 reduction to compete with 

hydrogen evolution and H2 often comes together as undesired products in this case. In 

addition, the CO2 reduction products are HCOO- and CO, which is 2 e- process. 

     Besides metal catalysts, there are also reports on organic molecules working as 

mediator and catalysts for CO2 reduction, 36 such as tetraalkylammonium salts and ionic 

liquids as mediators, aromatic nitriles and esters as catalysts, and pyridinium derivatives. 

The last one will be the focus of discussion in the next section (1.3.).  

 

1.2.2. Photochemical CO2 reduction 
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     As aforementioned, the ideal route of utilizing CO2 as a feedstock is via renewable 

energy sources such as solar energy, thus lots of research has been done in this field. The 

commercially available catalyst is TiO2-P25 because of its reproducibility. So far, 

compared to water splitting, there is no apparent promising CO2 reduction photocatalyst, 

with low quantum yield and turnover frequency. The majority of the photocatalysts are 

TiO2 based, such as systems supported by isolated centers in zeolite matrices37 or 

semiconductors38, systems with noble metals as co-catalysts39, systems promoted by Cu40, 

etc. The molecular catalysts for photochemical reduction of CO2 are usually Re or Ru 

based. Bocarsly has a comprehensive review on photocatalysts and photoelectrodes for 

photo-driven heterogeneous CO2 reduction.41 

     However, the TiO2 based system has an obvious disadvantage of not being photo-

responsive to visible light.3 Thus a great amount of research has been focused on 

synthesizing and developing CO2 reduction photocatalysts and systems with visible light 

activity. One strategy is to utilize multi-junction cells which have matching energy level, 

stability under illumination, and the capability of capturing the majority of the solar 

spectrum, overcoming the Shockley-Queiesser limit as well. 41 Organic semiconductors 

have also attracted some attention due to their mutability, which enables the possibility of 

tuning the electronics and binding relevant components, although they are much less 

efficient than silicon.42    

       

1.3. Discussion and debate of Bocarsly work 
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 The majority of molecular catalysts for CO2 reduction contain a metal center. Despite 

this, the Bocarsly group reported pyridinium as a novel homogeneous catalyst for 

reducing CO2 to methanol at a low overpotential, achieving a methanol faradaic 

efficiency of up to 30% at a hydrogenated Pd electrode.43 They also reported using 

homogeneous pyridinium ion catalyst to selectively convert CO2 to methanol at a p-GaP 

semiconductor electrode, driving the reaction with light energy at underpotential to yield 

faradaic efficiencies near 100%.22a Later, they proposed a detailed mechanism (Figure 1.5) 

postulating that pyridinium radical works as a one-electron shuttle for multi-electron 

reduction of CO2 to methanol on a Pt disk electrode at a low overpotential (-0.58 V 

versus SCE).13  Bocarsly proposed carbamate as an intermediate and suggested that 

pyridinium radical as a single catalyst can reduce multiple species including CO2, formic 

acid and formaldehyde, resulting in a 6 e- reduction from CO2 to methanol. They 

conducted further studies on this system and concluded the electrocatalytic activation of 

CO2 is the rate-determining step.22b In addition, they suggested the formation of 

carbamate again and two factors that may accelerate the reaction kinetics including the 

Lewis basicity of the pyridyl nitrogen and the ability of the electrode surface to stabilize 

carbon-based free radicals. 
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Figure 1.5. Overall Proposed Mechanism for the Pyridinium-Catalyzed Reduction of  
 
CO2 to the Various Products of Formic Acid, Formaldehyde, and Methanol. Adapted with  
 
permission from reference 13 
 
 
 
 
     Much experimental and theoretical research has stemmed from Bocarsly’s work and 

various ideas have been aroused. Pyridium as CO2 reduction catalyst was also reported at 

iron pyrite44 and Pt/C-TiO2
45

 interfaces. Costentin et al. claimed no formation of 

methanol and suggested that CO2 functions similarly with pyridinium and other 

moderately weak acids to enhance proton reduction on platinum electrode, showing its 

prior conversion to carbonic acid instead of being catalytically reduced.46 Ertem et al. 

found that CO2 is reduced by H atoms bound to the platinum surface that are transferred 

as hydrides to CO2 via proton-coupled hydride transfer (PCHT) mechanism activated by 

pyridinium, which plays the role of Brønsted acid and proton source.47 The Bocarsly 

group has agreed with the surface hydride part of the mechanism in later experiments.48 
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Keith et al. conducted first-principles quantum chemistry computations and suggested 

that on GaP surfaces, pyridinium or proton reduction is energetically unfavorable, and 

instead, the 2 e- reduction of the surface-bound pyridine to transient species such as 

dihydropyridine (DHP) should be feasible thermodynamically.49 Their result also has 

some biomimetic implication because DHP shares a similar moiety with some biological 

redox catalysts. The Musgrave group suggested PyCOOH0 as an intermediate for the 

homogeneous CO2 reduction in the pyridine/p-GaP system, which displays aromatic 

stabilization and lowers the activation barrier.50 Later, they proposed a proton transfer 

(PT)-electron transfer (ET)-PT-ET mechanism, converting Py to PyH2, which is a great 

renewable organo-hydride donor due to its proclivity to regain aromaticity, mimicking 

the role of NADPH in the formation of C-H bond in the photosynthetic CO2 reduction 

process. CO2 reduction is then carried by a successive hydride transfer (HT) and PT from 

PyH2.51 

     In addition, Boston et al. reported the photochemical CO2 reduction to formate and 

methanol in a homogeneous system containing pyridine, Re or Ru photosensitizer, and 

ascorbic acid, without the presence of a metal electrode.52  

     To summarize, even though the mechanism of the pyrdinium/CO2 system remains 

unclear, hydride transfer and aromatization are highly suggested factors. 
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1.4. The role of pterin in biologic catalysis as C1 carrier 
 

     Despite the rising amount of research on CO2 reduction, the catalysts at present are all 

moderate. Scientists have also investigated the way nature does it, which is 

photosynthesis, and other biological regimes for new ideas. 

     Pterins are natural cofactor of various enzymes, functioning as redox mediator and C1 

carrier between several oxidation states of a carbon-containing organic fragment. In 

biological systems, the pyrazine ring is fully reduced (H4PTE) and the N5 of pyrazine is 

the site which carries C1 substituents. Generally, pterin, as a 2 e- reductant, transfers 

electrons as hydrides.53  A good example is the methanopterin (MPT), which is a cofactor 

of methanogenesis in archaea. Figure 1.6 shows the structure and partial structures of 

MPT’s biologically active form H4MPT. 54 The C1 substituent is first loaded at N5 of 

reduced MPT as a formyl group (5-HCO-H4MPT), and then converted to a cyclic 

methylene intermediate (CH2-H4MPT) and finally reduced to a methyl group (5-CH3-

H4MPT) in sequence. MPT has been proven as the only C1 carrier in critical steps of this 

pathway, without other enzymes present, except for the initial steps. 54-55 Methanol or 

methane is formed as the final product in H4MPT sequence reaction, of which the net 

pathway shown in eqn. (10), and it gives some insights to the design of CO2 reduction 

catalysts. 

CO2 + 4H2 → CH4 + 2H2O             (10) 
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Figure 1.6. Structures of H4MPT and partial structures of H4MPT derivatives: (i) 5- 
 
HCO-H4MPT; (ii) CH+-H4MPT;(iii) CH2-H4MPT; (iv) 5-CH3-H4MPT, Adapted from  
 
Ref. 54 
 
 
 
 
 
     Besides, the electrochemistry of pterin has long been studied. The active form of 

pterin is its reduced form as aforementioned, which can be produced electrochemically. 

Dryhurst et al. has shown a comprehensive route, shown in figure 1.7.56 In the diagram, 

pterin displays two-electron redox chemistry.  
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Figure 1.7. Redox chemistry of pterin, 7,8-DHP, and THP in aqueous solution. Adapted  
 
with permission from reference 56 
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         All those characteristics of pterin mentioned above makes it a promising candidate 

towards CO2 reduction catalysis. We picked 6,7-dimethyl-4-hydroxy-2-mercaptopter 6,7-

dimethyl-4-hydroxy-2-mercaptopteridine (PTE) for study for multiple reasons. First it is 

commercially available. Second, it is chemically simple and easier to handle than 

biological pterins such as MPT. Third, the SH function is a convenient group for 

attaching the catalyst to an electrode or quantum dot surface. 

 

 

 
Figure 1.8. Structure of 6,7-dimethyl-4-hydroxy-2-mercaptopter 6,7-dimethyl-4- 

 
hydroxy-2-mercaptopteridine (PTE) 
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Chapter 2. CO2 Reduction Catalyzed by 
Mercaptopyridine and its Derivatives Attached on 

Gold Film 

 
2.1. Introduction 

     Carbon emission has accelerated due to anthropogenic activities, and CO2, a potent 

greenhouse gas, has become a contributor to climate forcing.1 Thus, there is a need to 

develop a carbon neutral energy cycle. In addition, the amount of fossil fuel, which is the 

essential part of the global energy requirement, is not infinite and will decrease as 

consumption increases, especially since the world population is growing and the life 

expectancy is increasing. Therefore, converting the nontoxic and abundant CO2 to useful 

fuels, ideally through renewable energy, has long been a popular research topic because 

of the possibility to alleviate those two issues. The Bocarsly group reported that 

pyridinium can catalyze 6 e- reduction of CO2 to methanol.2 Motivated by analogy to 

biological enzyme cofactors, we also tested pteridine as a possible CO2 reduction 

catalyst.3 

     Thiol-gold chemistry has been widely applied in the fields of materials science and 

engineering. 4 Systems involving thiol-gold chemistry have gained interest due to their 

versatile applications, such as the fabrication of molecular scale devices and 

nanopatterning, and the formation of biosurfaces. 5 Here we studied mercaptopyridine 

and mercaptopteridine, which have a thiol functional group through which they can be 

attached on gold films. Thus, we can obtain a monolayer of catalyst on the gold film 
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surface, which has a potential to be utilized in future catalytic device development. The 

catalyst attached on gold film showed reduction of CO2 to formate, folmaldehyde and 

methanol. 

 

2.2. Experiment section 

2.2.1. Chemicals and materials 

     20 mM (or 10 mM) Pyridine, 4-mercaptopyridine (Spy) and 6,7-dimethyl-4-hydroxy-

2-mercaptopteridine (PTE) are prepared (the catalyst was obtained from Sigma-Aldrich 

and used without further purification), in addition to 500 mM potassium chloride (KCl, 

EMD) works as supporting electrolyte. The solution is degassed by Argon for 20 min and 

pH is maintained the same for both solutions saturated by Ar and CO2.  

 
 
 

Figure 2.1. Structures of Py, Spy and PTE 
 

 

2.2.2. Electrochemistry set-up 
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     All electrochemical measurements are performed on a Reference 3000 Potentiostat/ 

Galvanostat/ZRA (Gamry Instruments). A three-neck flask is used as electrochemical cell 

and a platinum wire (MW-4130, BASi) and Ag/AgCl (3 M NaCl) electrode (MF-2052, 

BASi) are counter electrode and reference electrode, respectively. Glassy carbon (MF-

2012, BASi), gold (MF-2014, BASi) and platinum (MF-2013, BASi) are all used as 

working electrode. Every electrode was polished with 1 µm alumina before use. The 

efficient surface area of gold electrode (0.1035 cm2) and platinum electrode (0.1035 cm2) 

were obtained from the oxygen desorption and hydrogen desorption peak, respectively, in 

0.5 M H2SO4 solution. The geometric surface area (0.07069 cm2) was used as the real 

surface area for glassy carbon electrode. The scan rate is 100 mV/s if not specified. 

2.2.3. FTIR set-up 

     In-situ FTIR measurements were performed on a Smiths Detection DurasamplIR II 

ATR installed on a Varian 660-IR.  Using a Gamry Reference 600 potentiostat the 

potential was scanned collecting an infrared spectrum at each potential.  The sample set 

up involved a homemade sample compartment that consists of a well surrounding the 

ATR crystal allowing the platinum working electrode to be within 5 mm from the ATR 

crystal.  The electrochemistry consists of the 1.6 mm diameter platinum disk a platinum 

wire anode and a silver/silver chloride reference.  Labview was used to synchronize the 

FTIR to the potentiostat providing the ability to change the potential and collecting the 

128 scans at 2 cm-1 resolution.  
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Figure 2.2. Schematic representation of Spy-Au system 

2.2.4. Sample preparation and experimental process 

     Gold film (Ted Pella, Inc.) is cleaned in piranha solution (sulfuric acid and hydrogen 

peroxide in 3:1 ratio in volume) for 10 minutes and then immersed in 40 mM 4-

mercaptopyridine (Spy) or 10mM 6,7-dimethyl-4-hydroxy-2-mercaptopteridine (PTE) 

solution (ethanol: distilled water = 3:1), which shows bright yellow color in basic 

environment, to attach a monolayer of Spy or PTE on it. The film is rinsed by distilled 

water after 4 hours immersion to wash off adsorbed acid and salts and then dried 

naturally in air.  The gold film is connected with copper wire by superglue and Leitsilber 

200 silver paste (Ted Pella, Inc.) to be the working electrode. All experiments are 

conducted in Deuterium oxide (D2O, 99.9 atom% D, CIL). The starting reactant is 50 

mM potassium carbonate (K2CO3, A.C.S reagent), in addition to 0.5 M potassium 

chloride (KCl, EMD) works as supporting electrolyte. The pH is adjusted to achieve pH 

5.2 using Deuterium chloride solution (35 wt. % in D2O, 99 atom % D, Aldrich). Figure 

2.2 shows the schematic representation of the electrocatalyst-electrode system, where the 

electrocatalyst, Spy, is immobilized on gold surface because of the Au-S bond. 
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     The solution is degassed by Argon for 20 min and then the Spy or PTE immobilized 

gold film is conditioned at -0.65 V (depends on the reduction potential) for 2h. The FTIR 

spectra are collected using Varian 660 IR Spectrometer. The sample solution in the 

electrochemical cell is flowed to the transmission cell by using Rabbit-HP solvent 

delivery system (Rainin Instrument Co. Inc.). The path length is 100 µM for 

measurement, which is created by Teflon spacer between two polished circular CaF2 

windows (25 mm, Koch Crystal Finishing, Inc.). All the data acquisition is achieved 

using LabVIEW (National Instruments) to synchronize electrochemical conditioning and 

FTIR data collecting automatically every 5 min. 

2.2.5. Gas chromatography 

     At end, the product solution is analyzed by gas chromatography (GC) to verify the 

final products. Agilent 7890A GC is equipped with a FID detector and HP-5 column 

(Agilent Technologies). The inlet temperature was held at 250 °C and pressure was at 3 

psi; the detector temperature was at 300 °C. The oven temperature was set to gradient 

heating, in which the initial temperature was 40 °C, holding for 1 min, and then increased 

at a rate of 10 °C/min till 120 °C.  

 

2.3. Results and discussion 

     We first investigated the redox chemistry of pyridine and its derivatives on multiple 

electrodes in bulk solution, to obtain some information about the redox properties of 

these compounds. After attaching Spy and PTE directly to gold surface we used CV, 

FTIR and GC to monitor the reaction process of carbonate under catalyst-attached gold 
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electrode, and to detect the possible products. What’s important is that we combine CV 

and FTIR together and follow the in-situ reaction. 

2.3.1. Comparison of redox chemistry on different electrodes 

     We studied the cyclic voltammetry (CV) of all the 3 chemicals on platinum, gold and 

glassy carbon electrodes to characterize their redox reactions in bulk solution before the 

film study. Pyridine shows redox reactions on a platinum electrode (Figure 3.3a)), while 

it does not show an oxidation wave on a gold electrode and does not show redox on the 

glassy carbon electrode (Figure 3.3b)). The difference in hydrogen overpotential of the 3 

electrodes might be the reason, for platinum, which has low hydrogen overpotential and 

thus has ample hydrogen atoms adsorbed on surface to react with surface species. 
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     The lack of an oxidation wave on gold electrode means that once the pyridine is 

reduced it reacts with something so that the reduction is irreversible. One possible 

electron pathway is to water, or the reduced pyridinium radicals react with each other and 

therefore no oxidation of the radical occurred. A similar situation occurred with the 

mercaptopyridine electrochemistry on all of the three electrodes, without an observed 

oxidation wave on any of them. If the electron can transfer to CO2 more efficiently than 

any of the unproductive pathways, it can still work as a catalyst for CO2 reduction. In the 

  

  
 

Figure 2.3. Cyclic voltammograms of a) 200 mM pyridine on Pt electrode; b) 20 mM 

pyridine; c) 20 mM mercaptopyridine; d) 20 mM mercaptopteridine on Pt, Au and 

glassy carbon electrode (0.5 M KCl as supporting electrolyte, scan rate 100 mV/s) 

 

a) b) 

c) d) 
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case of mercaptopteridine, it shows redox chemistry on all of the three electrodes, which 

indicates that it has the potential to be a good catalyst since it is readily reduced on all 3 

electrodes and since it is reversible. 

 

 

2.3.2. Studies of mercaptopyridine as a catalyst attached on gold films 

     To make a more efficient electron transfer between the electrocatalyst and electrode, 

we decided to attach the electrocatalyst, (Spy) directly to the gold electrode. By 

attachment to the electrode, the overpotential is expected to be reduced compared with 

bulk catalysis, resulting from the covalent bond formed between the electrode and 

catalyst. In the case of platinum, the hydrogen surface adsorption reduces the effective 

overpotential. The overall CO2 reduction process should be more efficient, because 

multiple reduction steps are possible without requiring diffusion of the catalyst to the 

electrode surface. Another advantage to films is the possibility to build up multiple-

component systems, for example, the introduction of quantum dots as a layer between the 

electrode and the catalyst. 
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Figure 2.4. a) Cyclic voltammograms of Spy-gold and bare gold in phosphate buffer 
 
solution at pH 5.38; b) FTIR during conditioning the Spy-gold at different time 
 
 
 
    

     It is still necessary to investigate the catalyst-attached electrode system before 

introducing new components. Figure 2.4a) shows cyclic voltammograms (CVs) for bare 

gold and Spy attached gold in phosphate buffer solutions, which indicates the main 

reduction peak of attached Spy is at -0.6V at pH 5.45. CVs and FTIR spectra were 

collected to better compare the catalysis through pyridine bulk solution and Spy-attached 

gold. The Spy attached gold film is conditioned at -0.65V, which is the correct reduction 

potential of mercaptopyridine at pH 5.28 according the previously taken CV, where it is 

easier to form the proposed pyridinium radical-CO2 intermediate through the reduced 

form of Spy. Figure 2.4b) shows the change of FTIR with time during conditioning. The 

main peaks are growing with time in the first 35 min, which further proves these peaks 

are due the forming of products. At the same time, the peaks of 1550 and 1250 cm-1 are 

assigned to carbonate (slightly different with the FTIR of carbonate shown in dash line 
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because of different pH) which show a negative pattern and represent the consumption/ 

disappearance of the starting reactant (carbonate). 

 

 

Figure 2.5. FTIR of a) pyridine bulk solution system at gold electrode and b) Spy- 
 
attached gold film during   conditioning  compared with formate spectrum (D2O as  
 
solvent) 
 
 

     The bulk pyridine reaction was compared with the Spy-Au film under the same 

conditions (conditioning at -0.65 V, which is the correct the reduction potential of 

mercaptopyridine at pH 5.28 according the previously taken CV, where it is easier to 

form the proposed pyridinium radical-CO2 intermediate through the reduced form of Spy). 
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In the in situ FTIR in Figure 2.5, several peaks, mainly at 1350, 1385, 1440, 1450, 1550, 

1600 and 1750 cm-1, are observed. Compared with the FTIR spectrum of formate in D2O, 

the peaks of 1350, 1385 and 1600 cm-1 can be ascribed to the formation of formate. The 

peak around 1750 cm-1 suggests the formation of formic acid. Further work needs to be 

done to assign other peaks. However, the conclusion can be made that multiple products 

in addition to formate were formed during the conditioning.                      

 

2.3.3. Studies of mercaptopteridine as a catalyst attached on gold films 

The pyridinium catalysis process is a nucleophilic addition-elimination reaction with the 

amine as the active site. In comparison, 6,7-dimethyl-4-hydroxy-2-mercaptopteridine 

(PTE) has the pterin ring structure, which is closer to the structure of biological cofactors 

and displays hydricity and aromaticity. In addition, it is easier to make the 2 e- reduced 

species that can do hydride transfer. Thus, PTE should exhibit more efficient CO2 

reduction. The double-ring structure also makes it possible to work as a two-electron 

shuttle in aqueous solution assisted by proton transfer. In addition, PTE shows redox 

reactions on all of the three different electrodes tested as observed in figure 3d). Figure 

2.6 shows the CVs and FTIR data of the PTE attached film in 50 mM carbonate solution. 

PTE-attached Au film shows similar redox chemistry but different FTIR spectra with 

Spy-attached one, which indicates we might get different products in this case. Possible 

explanation for this is that, as discussed in chapter 1, the pyridine system probably 

involves surface hydride transfer, while the PTE works by direct hydride transfer, which 

may lead to different chemistry. 
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Figure 2.6. a) Cyclic voltammograms of PTE-Au film before and after conditioning; b)  
 
FTIRs of PTE-Au film at different time during conditioning (50 mM carbonate solution  
 
in D2O) 
 
 
 
 
     Figure 2.7 below shows the gas chromatogram of products after 15 min conditioning 

and 60 min conditioning of PTE-attached gold electrode in 100 mM carbonate solution at 

pH 5. After 15 min reaction, the products are closer to 2e- reduced product formic acid 

a) 

b) 
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and 4e- reduced product formaldehyde. However, after 60 min reaction, the products are 

closer to formaldehyde and methanol. Thus, it proves that PTE is indeed a catalyst which 

can drive the full 6e- reduction from carbonate to methanol. More work needs to be done 

to test the catalytic efficiency. 
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Figure 2.7. GC of methanol, formaldehyde, formic acid, and products after 15 min- 
 
conditioning and 60 min-conditioning of PTE-attached Au in 100 mM carbonate solution 

 
under pH 5 
 
 

 
 

2.4. Conclusion 

     We tested the redox chemistry of the three pyridine and its derivatives in bulk solution 

and studied the redox reactions of mercaptopteridine and it also shows a catalytic CO2 

reduction behavior. Some preliminary investigation (FTIR, GC) of electrocatalyst 
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attached gold films showed evidence of the formation of formate (formic acid), 

formaldehyde and methanol. 
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Chapter 3. CO2 Reduction Catalyzed by 
Mercaptopteridine on Glassy Carbon 

 

Parts of this chapter are reproduced with permission from “Dongmei Xiang, Donny 

Magana, and R. Brian Dyer, J. Am. Chem. Soc., 2014, 136 (40), pp 14007–14010.” 

Copyright © 2014 American Chemical Society. 

http://pubs.acs.org/doi/abs/10.1021/ja5081103 

 

3.1. Introduction 

     The increased carbon emission due to human activity has called attention to the need 

for a carbon neutral energy cycle. At the same time, the majority of energy consumed by 

human society is from fossil fuels, which are a limited resource. If we can covert the huge 

feedstock of carbon dioxide to useful fuels, we can alleviate both the climate change and 

energy sustainability issues. 

     However, CO2 is an extremely stable linear molecule and requires large reorganization 

energy to bend it, with a change of hybridization from sp2 to sp3.  The electrochemical 

reduction of CO2 usually requires large overpotential. Lots of research has been done 

focusing on the electrochemical and photochemical catalysts of CO2 reduction, and the 

majority of the catalysts are metal-based, as discussed in Chapter 1. 
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      The Bocarsly group reported pyridinium as a one-electron shutter which conducted 6-

electron reduction of CO2 to methanol on platinum electrode with low overpotential.1 His 

work has spurred many theoretical and experiment studies on relative systems. 

     In addition, pterins, as natural cofactors in a wide range of enzymes, function as the 

redox mediators and C1 carriers. Methanogenesis in archaeal anaerobes depends on 

pterin cofactors such as methanopterin (MPT).2 In the process of converting CO2 to 

methane, CO2 is loaded at N5 of the reduced MPT, which can act as the only cofactor 

involved in the critical steps.3 Moreover, the active form of pterin can be produced 

electrochemically.4 

     Therefore, we investigated the potential for 6,7-dimethyl-4-hydroxy-2-

mercaptopteridine to act as an electrocatalyst for CO2 reduction. 

 

3.2. Experiment section 

3.2.1. Chemical and material 

5 mM 6,7-dimethyl-4-hydroxy-2-mercaptopteridine (PTE) (Sigma Aldrich), in 

addition to 100 mM potassium chloride (KCl, EMD) works as supporting electrolyte. The 

solution was degassed by Argon for 30 min and maintained at pH observed under Ar or 

CO2. 

Other chemicals used are 2,4-Diamino-6-(hydroxymethyl)pteridine (Pte(II)) (Sigma 

Aldrich) and folic acid (Sigma Aldrich). 

3.2.2. Electrochemistry set-up 
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     Cyclic voltammetry and bulk electrolysis measurements were performed on a 

Reference 3000 Potentiostat/ Galvanostat/ZRA (Gamry Instruments).  

     For the cyclic voltammetry experiment, a three-neck flask was used as 

electrochemical cell and a platinum wire (MW-4130, BASi) and Ag/AgCl (3 M NaCl) 

electrode (MF-2052, BASi) were counter electrode and reference electrode, respectively. 

Glassy carbon (MF-2012, BASi), gold (MF-2014, BASi) and platinum (MF-2013, BASi) 

were all used as working electrode. Every electrode was polished with 1µm alumina 

before use. The efficient surface area of gold electrode (0.1035 cm2) and platinum 

electrode (0.1035 cm2) were obtained from the oxygen desorption and hydrogen 

desorption peak, respectively, in 0.5 M H2SO4 solution. The geometric surface area 

(0.07069 cm2) was used as the real surface area for glassy carbon electrode. The scan rate 

is 100 mV/s if not specified. 

     Bulk electrolysis was conducted in the BASi bulk electrolysis cell, using the 

reticulated vitreous carbon electrode (RVC, MF-2077, BASi) as working electrode, 

Coiled Platinum (MW-1033) as Auxiliary Electrode, and Ag/AgCl (3 M NaCl) electrode 

(MF-2052, BASi) as reference electrode. 

     The rotating disk electrode (RDE) experiment was conducted on Pine AFMSRCE 

rotator. The working electrode was glassy carbon HotSpot RDE tip (5 mm disk OD) 

(AFE3T050GCPK). 

3.2.3. FTIR set-up 

     Labview was used to synchronize the FTIR to the potentiostat providing the ability to 

change the potential and collecting the 128 scans at 2 cm-1 resolution. The FTIR spectra 
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are collected using Varian 3100 FTIR spectrometer equipped with liquid nitrogen cooled 

mercury cadmium telluride (MCT) detector. The sample solution in the electrochemical 

cell was flowed to the transmission cell by using Rabbit-HP solvent delivery system 

(Rainin Instrument Co. Inc.). The path length is 50 µm. The scheme of this set-up is 

shown in Figure 3.1. 

3.2.4. NMR 

The 13C NMR data were obtained using an Innova 600 MHz instrument with 10 hrs 

signal averaging with a relaxation time set at 2.5 s at room temperature, with 13CO2 as 

reference. 10% D2O was used to lock the NMR instrument.  

3.2.5. Gas chromatography 

The GC data were obtained with an Agilent Model 7890A GC equipped with VICI 

pulsed discharge detector, an Agilent HP-PLOT/U column, inlet pressure 10 psi, split 

ratio 100:1, oven temperature 120 °C and manual injection of 0.2 µL of reaction solution. 

The solution was initially passed through a preequilibrated Amberlite IRN-150 ion 

exchange column to remove ionic species (electrolyte, formate) before injection onto the 

GC column to protect the column from damage. 
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Figure 3.1. Scheme of the electrochemistry-FTIR set-up 

 

 

3.3. Results and discussion 

3.3.1. Cyclic Voltammetry of PTE 

3.3.1.1. Redox of PTE 

     The resonance structure of PTE is shown in Figure 3.2a, displaying an equilibrium 

between the hydroxyl form and a ketone form. Another possible tautomer is the thiouracil 

form according to personal discussion with Charles B. Musgrave (University of Colorado 

Boulder). PTE shows two electron redox chemistry on all of Au, Pt and glassy carbon 

electrodes, as shown in Figure 3.2, in agreement with previous work.4 It also makes sense 

chemically because the 1 e- reduced species (radical) will be unstable and highly reactive, 

leading to disproportionation and other possible pathways. The overpotential decreases 

from Pt to glassy carbon to Au electrode, as well as the reversibility of the redox pair. 

However, it shows largest current density on glassy carbon electrode. 
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3.3.1.2. PTE electrocatalysis 

     CO2 reduction catalyzed by PTE is observed at a low overpotential on glassy carbon 

electrode, without the involvement of any metals. The electrochemistry of PTE on glassy 

carbon under Ar atmosphere (also pre-saturated with Ar gas) is quasi-reversible with a 

two-electron redox couple centered at −0.68 V vs Ag/AgCl (3M), as shown in Figure 

3.3a (blue curve). In contrast, when the solution is saturated with CO2, a catalytic wave is 

observed (red curve), characterized by significantly greater current flow and irreversible 

reduction (Figure 3.3a), which indicates the reduction of CO2. In addition, CO2 reduction 

does not occur in the absence of PTE (black curve). A catalytic reduction wave is also 

observed starting with formic acid in the presence of PTE, as shown in Figure 3.3b, while 

no reduction of formic acid is observed without the PTE catalyst (Figure 3.3b, black 

curve). These results suggest that PTE has the potential to act as a single, multifunctional 

catalyst for successive two-electron reduction steps of CO2, i.e., from CO2 to formic acid 

and then to formaldehyde or further reduced products. 
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Figure 3.2. (a) Equilibrium structures of PTE; (b) Cyclic voltammetry of 20 mM PTE on 

different electrodes: Au, Pt and glassy carbon (GC) electrode (0.1M KCl as supporting 

electrolyte, scan rate 100 mV/s, pH 6.88) 

 
      

a) 

b) 
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Figure 3.3. PTE electrocatalysis. (a) Cyclic voltammograms of saturated CO2 solutions 

with (red) and without (black) PTE catalyst on a glassy carbon electrode. PTE alone 

under Ar is shown for comparison (blue). Conditions: 10 mM PTE, 100 mM KCl (pH 

6.3), scan rate of 1 mV/s. (b) Cyclic voltammograms of 33 mM formic acid with (red) 

and without (black) PTE on a glassy carbon electrode in 100 mM KCl solution at pH 4.6 

and 4.2, respectively.5 
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     The scan rate of Figure 3.3 is 1 mV/s and other conditions are the same, and the only 

difference is the pre-saturated gas atmosphere, either Ar or CO2. Direct comparison under 

the same conditions controls for the possibility of convection because it should be the 

same in both cases (convection of dissolved CO2 related species will not make such a big 

change in current density). To further prove this, we conducted cyclic voltammetry at 

faster scan rates, as shown in Figure 3.4. At scan rates of 5 mV/s and 50 mV/s, the 

catalytic CO2 reduction curve (red traces) are still observed, which show significant 

 

 

 

 

Figure 3.4. Cyclic voltammograms of saturated CO2 solutions (red) or under Ar (black) 

of 5 mM PTE, pH 6.0, 0.1 M KCl, at the indicated scan rates. 
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enhancement compared with the PTE redox chemistry under Ar atmosphere (black 

traces). Furthermore, unlike the case of experiments on a Pt electrode, this enhanced 

current is not due to proton reduction since this process has a high overpotential on glassy 

carbon. There are no bubbles (H2) forming on the electrode surface during this process, 

which means the proton reduction is not contributing to the observed excess current flow. 

3.3.1.3. pH dependence 

     All of the pH dependence experiments of PTE redox were conducted under Ar 

atmosphere. When pH decreases from 8.66 to 1.99, the two- electron redox peaks (Pc1) 

of PTE centered between -0.7 V and -0.8 V decreases as well and another peak (Pc2) 

centered between -0.4 V and -0.5 V appears gradually (Figure 3.5a). The Bocarsly group 

observed a similar pattern for pyridine species on platinum electrode, and he assigned the 

reduction peak at lower pH to H3O+ reduction.6 However, hydrogen evolution has a high 

overpotential on glassy carbon electrode. Figure 3.5b shows the comparison of the cyclic 

voltammetry of KCl electrolyte solution with and without PTE on glassy carbon electrode 

under acidic pH. In the absence of PTE, there are no redox peaks at all, indicating Pc2 

must relate with PTE as well. In addition, no H2 was detected in the product 

characterization of bulk electrolysis conducted at this pH. Therefore, Pc2 should not be 

H3O+ reduction in this case. According to Dryhurst, this new peak can be assigned to the 

2 H+-2 e- reduction from the quinonoid form to tetrahydropteridine as shown in Fig. 1.7.4 
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Figure 3.5. Cyclic voltammetry of (a) PTE at different pH. (b) PTE/KCl vs. KCl at 

different pH. (10 mM PTE, 0.1 M KCl) 

 

a) 

b) 
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3.3.1.4. Salt concentration dependence 

     At pH 7, the redox pair of PTE shows larger current in 100 mM KCl solution 

compared with 200 mM KCl, which can be explained by the influence of local pH at the 

electrode surface. When at high supporting electrolyte concentration, there are more K+ 

ions competing with H+ near the electrode surface, resulting in less H+ availability, thus 

the reduction current of the 2H+-2e- process is decreased. This is quite important because 

protons are needed to both reduce the catalyst and CO2. In the limit where electron  

 

Figure 3.6. Cyclic voltammetry of PTE on glassy carbon electrode in solution with  
 
different KCl concentration 
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transfer from the electrode is rapid, the proton transfer step might become the rate 

limiting step, especially as protons near the interface become depleted. 

 

3.3.2. FTIR spectroelectrochemistry 

     Bulk electrolysis was conducted using a reticulated vitreous carbon (RVC) electrode 

as the working electrode. The sample solution from the electrochemical cell is flowed 

into an infrared transmission cell during bulk electrolysis to follow the progress of the 

electrocatalytic reaction, in order to identify products formed in the electrochemical 

reaction and if possible, to identify any intermediate species. Figure 3.7 shows the FTIR 

difference spectra (spectra at indicated potentials minus the spectrum at no applied 

potential) of PTE under (a) Ar or (b) CO2 atmosphere and (c) the simulated spectrum 

using reference spectra of the products. The spectrum of unreduced PTE is also shown in 

Figure 3.7(a) for comparison. Under Ar atmosphere, the reduction of PTE leads to a 

progressive bleach of the ground-state bands as the potential is scanned more negative, as 

well as a concomitant buildup of positive features. As characteristic of pterin reduction, 

all absorbance are shifted to lower frequency. 7 The ketone absorbance at 1690 cm-1 is 

only slightly shifted to 1679 cm-1 upon reduction. However, the pyrazine C=N mode, 

which is at 1512 cm-1, disappears, which indicates the reduction of the pyrazine ring, 

consistent with two-electron electrochemical reduction.4 The same experiment is repeated 

with solution which is pre-saturated with CO2. When the potential scans toward more 

negative, similar bleach features due to reduction of PTE are present. Meanwhile, a 

progression of new peaks is observed, resulting from the reduction of CO2. At the  
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Figure 3.7. FTIR analysis of bulk electrolysis reactions (scan rate of 1 mV/s, RVC 

working electrode). (a, b) Difference FTIR spectra (spectra at indicated potentials minus 

the spectrum at no applied potential) of PTE under (a) Ar and (b) saturated CO2 solutions 

scanned at 1 mV/s. (c) Simulated spectrum from reference spectra in D2O5 

 

potential of -0.4 V, the bleach of ketone appears, while the corresponding positive feature 

is missing, which suggests the fast reaction of reduced PTE with CO2 that is not detected 
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on the 1-2 min time scale of the FTIR experiment. The simulation of IR difference 

spectra (Figure 3.7c) is obtained using a linear combination of the reference spectra of 

potential products in D2O, and subtracting the ground state PTE spectrum (appendix 1, 

figure A3.1). The FTIR spectrum at -0.75 V in CO2 pre-saturated solution (green trace in 

figure 3.7b) fits the simulation best with a combination of 

formate:formaldehyde:methanol product at a ratio of 2:1.5:1. The major absorbances of 

methanol (1466 cm-1), formaldehyde (1442 cm-1) and formate (1350 and 1370 cm-1) are 

all well-fit in this simulation. However, the most prominent discrepancy between the 

simulation and real spectrum is that the broad peak of 1625 cm-1 which is present in the 

experimental spectrum. As a hypothesis, we assign this peak to a Pteridine-CO2 

carbamate intermediate formed by the addition of CO2 to one of the nitrogens on the 

reduced pyrazine ring, by analogy to the IR spectra of known carbamates. 8 In figure 3.7b, 

buildup of the reduced PTE is also observed at the lowest potential (−0.9 V) in CO2 pre-

saturated solution experiment, as evidenced by the appearance of the positive peak at 

1679 cm−1 (the ketone absorbance of two-electron-reduced PTE), which may be related 

to the accumulation of the reduced PTE at this potential, resulting from faster catalysis 

and depletion of CO2 in the solution. 

3.3.3. Product analysis: GC and NMR 

     Bulk electrolysis of a saturated CO2 solution containing the PTE catalyst in 100 mM 

KCl at pH 6.3 (100 mM phosphate buffer) was conducted for ∼2 h at −0.65 V (vs 

Ag/AgCl (3M)), the products were detected by gas chromatography and 13C NMR 

spectroscopy, both of which proved the formation of methanol, as shown in figure 3.85. 

In contrast, no methanol was detected when the solution was under Ar atmosphere or 
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without the presence of PTE. Figure 3.8c is the 13C NMR spectrum for the bulk 

electrolysis of a 13CO2 saturated solution, which was conducted under a slight positive 

pressure of 13CO2 and the solution was re-circulated using a peristaltic pump to maintain 

gas saturation. 13C NMR shows peaks at 48 and 171 ppm due to 13C-enriched methanol 

and formate, respectively, demonstrating that the origin of these products is from CO2 

reduction. The most intense peaks are due to unreacted 13C labeled CO2 and bicarbonate.  

 

 

a) 

b) 
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Figure 3.8. Bulk electrolysis product analysis. Gas chromotography under (a) Ar (b) CO2 

atmosphere. (c) C13 NMR (Top) of product solution of 13CO2 saturated solution 

containing the PTE catalyst (5 mM).  

 

PTE peaks are also observed even though the catalyst is not 13C labeled, because it is 

present at 5 mM and therefore gives significant intensity compared to the ~100 µM 13C 

labeled methanol produced in the electrocatalysis. However, the intensity of the 13C NMR 

peaks depends on the relaxation times and other parameters and is therefore not simply 

related to the concentration. Spectra for reference solutions of methanol in D2O are 

shown below for comparison. 

     The concentration of product methanol is obtained via gas chromatography through 

standard concentration calibration (Appendix 1 figure 3A.2), which indicated that the 
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Faradaic efficiency of methanol formation is between 10−23%. The Faradaic efficiency is 

given by: ([MeOH]*6e-)/i•t, where i•t is the integrated bulk electrolysis current. 

3.3.4. Proposed mechanism 

     Based on the discussion above, PTE can act as a single catalyst for multiple electron 

reduction of CO2. The FTIR data indicates carbamate as a possible intermediate. 

Combining the discussion in section 1.3 and 1.4, we postulate the mechanism as below in 

figure 3.9. PTE first gets reduced to its active form H2PTE, and then CO2 loads at N5 

position of H2PTE, forming H2PTE-CO2 carbamate as an intermediate, followed by HT-

PT process to generate formic acid. It works the same way to produce formaldehyde and 

methanol. In this proposed mechanism, hydride transfer is the centerpiece, by analogy to 

the mechanism of pterin cofactors functioning in biological systems. Here, the hydride 

transfer is probably intramolecular transfer from C4 to the carbamate.  

 

3.3.5. Kinetic isotope effect (KIE) 

     One way to verify the hydride transfer mechanism is to measure the kinetic isotope 

effect, i.e., the H/D KIE on the hydride transfer step. However, to measure this directly 

we would have to follow the hydride transfer itself, which will be difficult. But if hydride 

transfer is the rate limiting step, the steady state kinetics should show a substantial H/D 

KIE. In addition, if there are PCET reactions at any step (and there almost certainly are), 

the reactions should show a KIE. Therefore, it is quite challenging to sort out whether the 
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Figure 3.9. Proposed mechanism of CO2 reduction catalyzed by PTE 

 

observed KIE is due to hydride transfer or PCET. Figure 3.10 shows the cyclic 

voltammetry of PTE in H2O sand D2O solution, pre-saturated with Ar and CO2. In H2O 

solution (red traces), as aforementioned, it shows enhanced catalytic current under CO2. 

Because of the faster scan of 100 mV/s, the enhancement is not as big as data shown in 

section 3.2.1.2 and 3.2.1.3. Similar enhancement pattern also is observed in D2O solution. 

The comparison of the cyclic voltammetry under Ar in H2O and D2O solution (solid lines) 

shows the latter one has 50 mV more overpotential. When under CO2 (dashed lines) the 

overpotential difference is as large as 180 mV. Cyclic voltammetry is a transient 

technique and is sensitive to the kinetics. So the difference in observed midpoint 
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potentials may be due to the kinetics (although the thermodynamics might also contribute, 

since the solvent is involved in both the ET and PT reactions). A key observation is that 

the apparent reduction potential of PTE under Ar shifts more negative in D2O. This 

probably means the reduction involves PCET, such that the ET and PT are coupled. The 

apparent overpotential in D2O suggests the reduction slows down in D2O because PT has 

a lower barrier than DT (the proton has a higher zero point energy than the deuteron, so it 

has a lower barrier).  

 

 

 
Figure 3.10. Cyclic voltammetry of PTE in H2O and D2O solution, pre-saturated with Ar 

and CO2 (0.1 M KCl, scan rate 100 mV/s) 
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Figure 3.11. Koutecky-Levich rotating disk electrochemistry (RDE). Voltammogram of 

4 mM PTE presaturated and under the atmosphere of (a) N2 and (b) CO2. Koutecky-

Levich plot under (c) N2 and (d) CO2. (0.1 M KCl, glassy carbon electrode, scan rate of 

50 mV/s) 

a) b) 

c) d) 
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     To quantify the KIE, initial Koutecky-Levich rotating disk electrochemistry (RDE) 

was conducted in order to get the heterogeneous rate constant of the electrochemical 

reaction. Figure 3.11a and 3.11b show the voltammograms of PTE in both H2O and D2O 

under Ar and CO2 respectively. The two reduction processes were observed, which is 

consistent with the electrochemistry study of pterin.4 The reduction wave centered around 

-0.8 V is the one with interest. Koutecky-Levich plots of this reduction wave are shown 

in Figure 3.11c and 3.11d.  

    According to the Koutecky-Levich equation below, the rate constant k0 can be 

calculated under each condition. 

1/ilim = 1/ik + 1/(0.2 n F A D2/3 ω1/2 υ-1/6 C) 

 ik = n F A ko C 

     Under N2, kH/kD=1.15, while under CO2, kH/kD=1.44. KIE of the CO2 system is larger 

than that of the N2 system, which indicates a possible hydride transfer in the CO2 system. 

However, this is just preliminary results which still have some issues to address. First, the 

electrochemical cell is open to air, and when the working electrode rotates vigorously, 

there is a high possibility to lose some dissolved CO2 in the solution. If a CO2 atmosphere 

is placed above the electrochemical cell, another issue arises, which is how to maintain 

the pH. Second, the scan rate of this data is 50 mV/s. As discussed earlier, the 

enhancement of reduction current at this relatively fast scan rate is not as obvious as the 

slower scans. The data above are consistent with the reduction of PTE; however, to be 

able to resolve the subsequent chemistry (very slow), slower scan rates should be applied. 

It should be noted still that hydride transfer is just one possibility. As aforementioned, 
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any PCET process should also show an H/D KIE. However, the most likely origin of the 

H/D KIE is hydride transfer since in this system there is low possibility of single ET 

processes, because they would produce high energy radical intermediates. 

     

 

3.3.6. Pte(II) and folic acid 

     Besides PTE, we also tested other pterin containing compounds, including 2,4-

Diamino-6-(hydroxymethyl)pteridine (Pte(II)) and folic acid. Figure 3.12 shows the 

electrocatalytic results. They both show similar catalytic curve under CO2, which 

indicates the potential of other pterin molecules to work as a CO2 reduction catalyst. 

What needs to be noted is that the cyclic voltammogram of folic acid shows two 

reduction peaks at -0.62 V and -0.78 V. Under CO2, the catalytic current shows at -0.62 

V, indicating this is the reduction potential of the active form of folic acid for CO2 

reduction.  

 

3.4. Conclusion 

     In summary, PTE acts as a molecular electrocatalyst for CO2 reduction on a glassy 

carbon electrode. FTIR, NMR and gas chromatography together prove the formation of 

methanol as a reduction product. We proposed a mechanism including 1) carbamate as an 

intermediate; followed by 2) multiple hydride transfer processes. As aforementioned, the 
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active form of PTE for CO2 reduction is the 2 e- reduced species. The proposed 

mechanism avoids one electron  

 

 

 

 

 

Figure 3.12. Structure (a) and electrocatalysis (b) of Pte(II). Structure (c) and  

electrocatalysis (d) of folic acid. (0.1 M KCl, scan rate of 1 mV/s, glassy carbon as 

working electrode) 
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intermediates, since hydride transfer is effectively a 2 e- reduction of the C center.  Based 

on a theoretical study, the Musgrave group proposed a concerted 2H+/2e- transfer to PTE 

transforms it predominantly into the dihydropteridine tautomer, which reduces CO2 to 

CH3OH via three successive hydride and proton transfers (HTPT). They found that the 

catalytic ability of dihydropteridine tautomer originates from the de-aromatization of PTE 

upon its reduction, and the recovery of aromatization as the dihydropteridine tautomer 

transfers a hydride. Thus, the catalysis is actually driven by a dearomitization-

aromatization process. All of the Musgrave’s PTE calculation work is obtained via 

personal communication. 
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Appendix 1 
                                         

 
 
 
Figure 3A.1. Reference FTIR spectra of formate, formaldehyde, methanol and PTE in  
 
D2O. FTIR spectra were recorded on a Varian 3100 FTIR spectrometer equipped with  
 
liquid nitrogen cooled mercury cadmium telluride (MCT) detector, using a transmission  
 
IR cell (50 µm pathlength), 2 cm-1 spectral resolution and an average of 128 scans. These  
 
reference spectra were used to simulate the spectroelectrochemistry difference spectra by  
 
fitting to the equation: 

𝑆 = 𝑎 ∗ 𝑓𝑎 + 𝑏 ∗ 𝑓𝑙 + 𝑐 ∗𝑚𝑒 − 𝑑 ∗ 𝑃𝑇𝐸 
 
where fa, fl, me, PTE represent the FTIR absorbance spectra of formate, aqueous  
 
formaldehyde, methanol and PTE, respectively. The coefficients are adjusted to give the  
 
best fit to the FTIR difference spectra.5 
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Figure 4. GC calibration of methanol concentration in water, as a plot of the integrated 

methanol peak at 5 min retention time versus initial methanol concentration. Since the 

split ratio is 100:1, the detected concentration is 1% of the starting concentration, 

yielding a detection limit of about 100 nM. The data were collected on an Agilent Model 

7890A GC equipped with VICI pulsed discharge detector, HP-PLOT/U column, inlet 

pressure of 10 psi, split ratio 100:1, oven temperature 120 °C. The calibration curve is 

used to measure the methanol concentration produced by bulk electrolysis. The Faradaic 

efficiency is given by: ([MeOH]*6e-)/i•t, where i•t is the integrated bulk electrolysis 

current.5 
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Chapter 4. Light-Driven CO2 Reduction 
 

4.1. Introduction 

     To alleviate earth atmosphere change and energy crisis, scientists have been studying 

CO2 reduction for decades. The reduction is thermodynamically uphill, meaning it 

requires energy input. Obviously this energy can’t come from fossil fuels, because that 

would produce more CO2 than it would reduce. Therefore the ideal strategy is to use a 

non-fossil fuel source, preferably a renewable source, such as solar energy, wind, 

biomass, etc., to reduce CO2, achieving a carbon-neutral energy cycle.  

     An artificial photosynthesis system usually consists of a light-capturing component to 

generate the electron-hole separation (such as quantum dots) or other photosensitizer 

(such as metalloporphyrins, ruthenium or rhenium complexes with bipyridine), catalysts 

or electron mediators, and sacrificial electron donors (e.g. ascorbic acid). While the 

majority of the artificial photosynthesis study has been focused on water splitting, CO2 

reduction has started to attract more attention recently.1 

     The ideal light-capturing component should be capable of absorbing the visible light 

as well as the UV light. The match of energy level is important as well. Take 

semiconductor materials for example: the conduction band of the semiconductor should 

be as close to the reduction potential of CO2/related reduced products pair as possible. 

These two principles also apply for the choice of the photoelectrode in 

photoelectrochemical CO2 reduction. 
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     The Armstrong group observed fast CO2 reduction driven by visible light using the 

assemblies of CdS nanocrystals with carbon monoxide dehydrogenase molecules.2 In 

order to achieve photochemical CO2 reduction using the PTE catalyst discussed in 

Chapter 3, we introduced CdSe quantum dots to the system. Besides quantum dots, we 

also tried other photosensitizers such as NADH and Ru(bpy)3
2+. The scheme of the 

system is shown in Figure 4.1. 

 

 

 
Figure 4.1. Scheme of photochemical CO2 reduction system 

 

 

4.2. Experiment 

4.2.1. CdSe quantum dots synthesis 

     The synthesis of CdSe quantum dots followed the previous procedure.3 TOPO (3.0g), 

ODPA (0.280g) and CdO (0.060g) are mixed in a flask, heated to 150°C and exposed to 

vacuum for 1 hour. The solution is then heated to above 300°C under nitrogen to dissolve 
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the CdO. When the solution turns optically clear and colorless, 1.5g of TOP is injected 

and the temperature is allowed to recover to the value required for the injection of the 

Se:TOP solution (0.058g Se + 0.360g TOP).   

4.2.2. Transient absorbance spectroscopy 

     It is a pump probe experiment, in which a pump pulse is used to excite the sample and 

then a white light probe pulse is used to measure the transient absorbance. The time delay 

between the pump and probe pulses is varied to measure the time dependence of the 

absorbance spectrum. 

4.2.2.1. Transient absorbance spectroscopy-Visible region 

     The transient absorbance spectroscpy in visible region was obtained on the set-up in 

Prof. Tianquan Lian lab. The set-up detail was described earlier.4  

4.2.2.2. Transient absorbance spectroscopy-UV region 

     The scheme of the femtosecond transient absorbance spectroscpy in UV region set-up 

is shown in Figure 4.2. A BBO is used to generate 400 nm to be used as the seed for 

continuum generation.  Calcium fluoride is used as the nonlinear crystal which generated 

the 270- 380 nm continuum which is then filtered with a short pass filter to get rid of the 

400 nm pump.  The OPA is used to generate the pump that is going to be used for 

excitation and passed through the delay line to be delayed.  A chopper is used to chop the 

pump generating a pump on and off to obtain the delta absorbance.  The continuum is 

focused at the sample and then collimated and refocused at the fiber for detection with 

the ocean optics spectrometer. 
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Figure 4.2. Femtosecond transient absorbance spectroscopy set-up 
 

4.2.3. Spectroelectrochemistry 

     The spectroelectrochemistry was conducted in the SEC-C - 0.5 mm thin layer Quartz 

glass cell kit (PT) (BASi EF-1362). CV-50W potentialstat and Agilent 8453 UV-Vis 

spectrometer were used to get the electrochemistry and UV-Vis data at the same time. All 

of those instruments were from Prof. Craig L. Hill lab. 

4.3. Results and dicusssion 

4.3.1. UV-Vis spectroelectrochemistry 

     To better understand the spectroscopy features of PTE and its reduced form, we 

conducted UV-Vis spectroelectrochemistry. As shown in Figure 4.3b, in aqueous solution, 

when -600 mV is applied, the UV-Vis spectrum, which shows two major absorption 

peaks at 297 nm and 352 nm, has almost no change, indicating that PTE is not reduced 

yet. However, when -800 mV is applied, the peaks of 297 and 352 nm decreases 

gradually and there are positive features formed at 270 nm, 320 nm and 345 nm, which 
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are the absorption bands of 2 electron reduced PTE. Figure 4.3a is the difference 

spectrum (reduced PTE minus oxidized PTE), showing the bleaches at 297 nm and 352 

nm and positive features at 270 nm and 320 nm. Changing to wet THF (H2O as proton 

source) solvent (Figure 4.3c and 4.3d), the transition is similar but shows several obvious 

isosbestic points. The reduced PTE peaks red shift from the oxidized PTE peaks.  
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Figure 4.3. UV-Vis spectroelectrochemistry. Difference UV-Vis spectrum of reduced 

PTE and PTE in (a) H2O. (c) Tetrahydrofuran (THF). The progression of UV-Vis 

spectrum under negative reducing potentials in (b) H2O. (d) THF 
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4.3.2. PTE-quantum dots 

     A photoluminescence quenching experiment is shown in Figure 4.4. As the amount of 

PTE added into the CdSe quantum dots solution increases, the fluorescence intensity 

decreases gradually. When the ratio of PTE/QD is 13, there is 43% quenching. The Stern-

Volmer plot in Figure 4.3c shows a linear fitting, indicating one process dominates 

(intermolecular quenching from the PTE interaction) the quenching. However, there are 

various processes which can result in quenching, such as excited state reactions, PTE-QD 

or other complex formation, collision, and energy transfer, so this experiment alone does 

not establish electron transfer from the QD to the PTE. 
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Figure 4.4. Photoluminescence quenching experiment. (a) Change of quantum dot 

photoluminescence with gradient addition of PTE. (b) Photoluminescence quenching 

based on the PTE/QD ratio. (c) Stern-Volmer plot. 

 

     The transient visible absorption spectroscopy data is shown in Figure 4.5 (analysis of 

523-530 nm, QD 1S bleach). These spectra were taken under the same conditions with 

low excitation energy to ensure negligible populations in multiple exciton states. The 1S 

exciton bleach of QD decays relatively slowly, indicating long-lived electrons in the 1S 

level and negligible multiple excitons under this low excitation energy. When PTE is 

added, the 1S exciton bleach recovers to half its initial value within 100 ps, suggesting 

short-lived 1S electrons. There are various pathways for the electron, including electron 

trapping and electron transfer. 
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Figure 4.5. Transient visible absorption spectroscopy. Comparison of the recovery 

kinetics of QD 1S exciton bleach in CdSe and CdSe-PTE systems. (a) nanosecond 

timescale. (b) picosecond timescale 
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included. Therefore, neither of those two experiments provides direct evidence for 

electron transfer from QD to PTE. To better understand the process, we conducted 

transient UV absorption spectroscopy, as shown in Figure 4.6. This is a separate 

experimental setup that uses 400 nm light to generate the continuum, in order to produce 

enough UV probe light for the experiment. Wet THF is used in order to provide proton. 

Figure 4.6a shows negligible change in UV region when there is only QD present. When 

PTE is added (Figure 4.6b), there is a bleach at 320 nm, indicating the decrease of the 

ground state PTE.  

     However, comparing this transient UV absorption spectra data (Figure 4.6) with the 

UV-Vis electrochemistry data (Figure 4.3), we found that the bleach is at different 

positions, which can be explained by the difference of 1 e- (TA) and 2 e- 

(electrochemistry) reduction. As aforementioned (Chapter 1&3), the active form of PTE 

as a catalyst is the 2 e- reduced species. Thus, to achieve photochemical CO2 reduction in 

this QD-PTE system, the PTE should be 2 e- reduced by electrons transferred from QD, 

which is still quite challenging at present. One possibility is that some 2 e- will be 

generated over time because of the disproportion of the 1 e- reduced species. This will be 

diffusion limited, so it will happen on longer timescales which is why we did not see it in 

the ultrafast experiment. 
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Figure 4.6. Transient UV absorption spectroscopy of (a) CdSe QD. (b) CdSe QD-PTE 
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4.3.3. Other photosensitizer (NADH, Ru(bpy)3
2+) 

 

 

 
Figure 4.7. UV-Vis spectra of PTE under 351 nm illumination  

 

 

     Thus, we tried other photosensitizers to replace QD’s including NADH and Ru(bpy)3-

2+. Figure 4.7 shows the UV-Vis spectra of PTE under 351 nm illuminations (where 

NADH has strong absorption). The absorption of PTE decreases rapidly, suggesting a 

decomposition of PTE under this 351 nm illumination, which is reasonable because PTE 

also has strong absorbance in UV region. 
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in this system. Ethylenediaminetetraacetic acid (EDTA) is used as sacrificial donor. In 

Figure 4.8b, for the solution pre-saturated by CO2, FTIR shows the bleach of PTE(II) and 

possible product formation. However, the positive features in the control experiment of 

Ar are still puzzling. This experiment is conducted in a sealed FTIR copper cell in N2 

purged box, and water vapor is an important factor to influence quality of the spectrum. 

Even though the results are not clean, it still suggests the difference between the system 

of Ar and CO2. Further study should be conducted. 
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Figure 4.8. In situ FTIR. FTIR spectra at different illumination time of PTE (II) (a) Ar 

pre-saturated solution. (b) CO2 pre-saturated solution. (c) FTIR spectrum of PTE(II). 

Ru(bpy)3
2+ as photosensitizer, EDTA as sacrificial donor, 527 nm illumination 
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     Multiple system have been tried to capture light to achieve the photochemical 

reduction of CO2 including CdSe quantum dots, NADH, and Ru(bpy)3
2+. However, it 

is still challenging to get the 2 e- reduced form of PTE photochemically, which is the 

active form to catalyze CO2 reduction. 
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Chapter 5.  Summary 
 

       We studied pyridine, pteridine and their derivatives as catalysts for CO2 reduction. 

PTE can reduce CO2 catalytically on glassy carbon electrode with low overpotential, 

without any involvement of metals. Formate, formaldehyde and methanol are detected as 

products by FTIR, gas chromatography and NMR. The yield of methanol is modest. One 

of the reason is that PTE catalyst lacks the extended substituent at position 6 of the 

pyrazine ring normally present in methanogenic cofactors such as MPT.1 Therefore PTE 

cannot stabilize a cyclic methylene intermediate, which may limit the efficiency of 

further reduction steps beyond the first two-electron reduction to formate. 

     PTE-CO2 is proposed as an intermediate based on the FTIR data, and followed by 

hydride transfer-proton transfer process based on the analogy of biological system2 and 

theoretical studies.3 Reduction in 2 e- steps by hydride transfer avoids high energy 

intermediates. The hydride transfer is likely facilitated by rearomatization of the pyrazine 

ring. Future work to explore the mechanism should focus on direct verification of the 

hydride transfer mechanism. 

      Photochemical CO2 reduction using PTE is still challenging. The active form of PTE 

for catalysis is the two-electron reduced PTE. However, PTE can be only one-electron 

reduced by electron transfer from CdSe quantum dots. Future work can focus on how to 

produce two-electron reduced PTE photochemically. 
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