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Abstract 

 

Noble Metal-free Cathode and Electrolyte Materials for Low-cost, 

Efficient Li-CO2 Batteries 

 

Robert Michel Pipes, Ph.D. 

The University of Texas at Austin, 2020 

 

Supervisor:  Arumugam Manthiram 

 

In this dissertation, noble metal-free cathode and electrolyte materials are 

developed to improve the energy efficiency, capacity, and cycle life of lithium – carbon 

dioxide (Li-CO2) batteries. These performance enhancements are achieved by reducing the 

overpotentials of the carbon dioxide reduction reaction (CDRR) during discharge and the 

carbon dioxide evolution reaction (CDER) during charge. In Chapter 1, an overview of 

the Li-CO2 battery system is provided, including a description of Li-CO2 electrochemistry, 

Li-CO2 battery requirements and challenges, and a summary of prior noble metal-free 

catalysts reported to date. In Chapter 2, general experimental details are outlined, 

including the cell design, general materials, and characterization instruments used. In 

Chapter 3, a nanocomposite of anatase TiO2 nanoparticles grown onto carbon nanotubes 

and mixed with carbon nanofibers (TiO2-NP@CNT/CNF) is employed as a gas diffusion 

cathode (GDC) in Li-CO2 batteries to improve CDRR kinetics and cycling stability. In 

Chapter 4, phenyl disulfide (PDS) is introduced as an Li-CO2 battery electrolyte additive 

to allow for homogeneous CO2 utilization. A reaction mechanism involving the formation 

of the intermediate S-phenyl carbonothioate (SPC-) is proposed and supported with 



 vii 

experimental evidence. In Chapter 5, a composite of MoS2 nanosheets grown onto multi-

walled carbon nanotubes and mixed with single-walled carbon nanotubes (MoS2-

NS@MWNT/SWNT) is employed as an efficient Li-CO2 GDC to reduce CDRR and 

CDER overpotentials. A mechanism is proposed in which the oxalate intermediate C2O4
2-

–Mo6+S2
4- is formed, lowering the energy barrier to Li2CO3 decomposition on charge. 

Finally, in Chapter 6, freestanding vanadium nitride nanowires (VN-NW) are employed 

as a carbon-free Li-CO2 GDC. The discharge product morphology is greatly improved 

compared to that of a control MWNT GDC, leading to reduced charge voltage and 

improved cycle life. Finally, a summary of all the work carried out in this dissertation and 

a brief perspective on future Li-CO2 research is given in Chapter 7.  
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Chapter 1: Introduction 

1.1 MOTIVATION 

As humankind continues to grow in population and technological innovation, it is 

faced with two daunting and interwoven challenges: a shortage in renewable energy and 

the rise in atmospheric carbon dioxide (CO2). Renewables are currently the fastest growing 

energy source among industrial fuels, but they still lag far behind fossil fuels in market 

share.1,2 The intermittent nature of renewables, such as wind and solar, necessitates reliable 

energy storage systems for continuous power delivery. Meanwhile, although advances 

have been made in the field of CO2 capture, conventional materials used for carbon 

sequestration (e.g., Pd, Ru, and other precious metals)3,4 are too costly to implement at 

scale. Novel materials and devices for energy storage and CO2 utilization are in dire need 

to accommodate a rapidly diversifying energy market and confront global warming.  

Global human energy consumption grew by a staggering 2.3 % in 2018 to a record 

14.3 billion tons of oil equivalent (166 petawatt hours).2 The complex and evolving nature 

of human energy usage has spurred the development of myriad energy storage solutions. 

The proliferation of electric vehicles and mobile devices over the past decade has caused a 

surge in demand for safe, long-cycle-life Li-ion batteries.5–8 Despite their proven 

reliability, Li-ion battery cathodes still suffer from limited capacity (< 300 mA h g-1) and 

require flammable, organic electrolytes and toxic, expensive cobalt.8–11 The low-cost, high-

capacity (1672 mA h g-1) Li-S battery has emerged as a potential successor to Li-ion 

batteries. However, the instability of Li metal, poor conductivity of elemental sulfur, and 

the persistent polysulfide shuttling problem have restricted the applicability of Li-S 

batteries.12–14 Meanwhile, applications requiring extremely high energy density have 

driven research into alternative, conversion battery chemistries, such as Li-O2 and Li-air 
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batteries.15,16 The theoretical specific energy of Li-air batteries (11,680 Wh kg-1) rivals that 

of gasoline (13,000 Wh kg-1), but their high charge overpotential and sensitivity to moisture 

and CO2 contamination limit Li-air batteries to short-cycle-life applications.17–19 Finally, 

the expansion of intermittent renewable energy sources, such as solar and wind, has 

resulted in widespread interest in low-cost, robust grid-scale energy storage solutions, such 

as Na-S and Zn-air batteries.20,21 

Largely as a result of humankind’s ballooning energy consumption, atmospheric 

CO2 levels have rapidly increased over the past two centuries.22,23 Despite the encouraging 

growth in the renewables sector, coal, oil, and natural gas remain the dominant energy 

sources around the world, with CO2 emissions reaching an historic high of 33.1 gigatons 

(Gt) in 2018.2 As a greenhouse gas, CO2 traps heat in earth’s atmosphere, leading to 

steadily increasing global temperatures (nearly 0.2 °C / decade).24 It is projected that 

without rapid and widespread adoption of clean energy technologies, global CO2 levels 

will rise by 0.6 % per year through 2050, leading to drastic increases in global 

temperatures.1 The predicted rise of 1.5 °C over the next 10-20 years is expected to result 

in extreme heat waves and severe weather, while the possible increase of 2 °C by 2050 will 

result in large-scale melting of the polar ice caps, a catastrophic rise in sea level, and the 

extinction of over 5 % of species on earth.25–27  

The two most effective natural resources for CO2 sequestration are oceanic 

subduction and reuptake into land through plants and precipitation.28 Recently, great 

progress has been made in CO2 sequestration technologies,29 including solid materials for 

physical adsorption (e.g., porous carbons,30 zeolites,31 and metal-organic frameworks 

(MOFs)32) and liquids for chemical absorption (e.g., amines,33 quinones,34 and ionic 

liquids35). Still, the immediate economic incentive for CO2 capture is lacking, as the 

process is energy intensive and does not usually result in useful products. A change in the 
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way we think of CO2, from that of a threatening waste to that of a usable resource, is 

required before we can effectively incentivize its capture. 

1.2 LITHIUM – CO2 ELECTROCHEMISTRY 

A particularly elegant solution to the issues of energy storage and carbon capture 

comes in the form of the lithium – carbon dioxide (Li-CO2) battery.36–39 Since its inception 

in 2013, the Li-CO2 battery has attracted widespread interest as an advanced energy storage 

and carbon sequestration device.37,39–42 The unique dual nature of this system allows for its 

strategic deployment as a niche grid storage solution in environments with high 

concentrations of CO2, such as power plant exhaust systems and congested urban areas.36,43 

Furthermore, the high solubility of CO2 in organic electrolytes and the absence of reactive 

lithium peroxide (Li2O2) in the discharge product make the Li-CO2 battery an attractive 

alternative to the lithium-oxygen (Li-O2) battery.44 In addition to terrestrial applications, 

the high theoretical energy density of the Li-CO2 battery (1,876 W h kg-1)  has the potential 

to revolutionize energy storage in environments with high concentrations of CO2, such as 

the atmosphere of Mars.45–49 Since the CO2 in the cathode of the Li-CO2 battery can be 

harvested from the Martian atmosphere, the implementation of this system in rovers and 

research stations on Mars would significantly reduce payload weight, thus drastically 

cutting the cost of launch. These niche applications offer compelling motivation for the 

investigation and development of Li-CO2 batteries. 

In the Li-CO2 battery, gaseous CO2 is utilized as the active material at the cathode, 

where it is electrochemically reduced to solid discharge products while producing electrical 

energy. Early work by Takechi and colleagues showed that a mixed-gas Li-O2/CO2 (1 : 1) 

battery delivered a capacity improvement of 289 % over that of a pure Li-O2 battery.36 First 
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reported by Archer et al. in 2013, the pure Li-CO2 battery operates according to the 

following four-electron reaction:37 

 4Li + 3CO2 → 2Li2CO3 + C (V0 = 2.8 V vs. Li/Li+) (Eq. 1.1) 

During discharge, the Li-metal anode is oxidized, generating Li+ ions that migrate into the 

electrolyte. Simultaneously, at the cathode, CO2 is electrochemically reduced, generating 

carbonate (CO3
2-) anions and amorphous carbon (C).50 Li+ ions in the electrolyte react with 

the CO3
2- anions to generate crystalline lithium carbonate (Li2CO3) on the cathode surface. 

On charge, these reactions are reversed; amorphous C is oxidized and Li2CO3 is 

decomposed to evolve gaseous CO2 at the cathode and Li is plated onto the Li-metal 

anode.39 A schematic of a conventional Li-CO2 battery is shown in Figure 1.1. 

 

 

Figure 1.1: Schematic of a conventional Li-CO2 battery. 
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Chen’s group proposed the following multistep CO2 reduction reaction in Li-CO2 

batteries during discharge, involving the generation of the oxalate intermediate C2O4
2-:48 

 2Li → 2Li+ + 2e- (Eq. 1.2) 

 2CO2 + 2e- → C2O4
2- (Eq. 1.3) 

 C2O4
2- → CO2

2- + CO2 (Eq. 1.4) 

 C2O4
2- + CO2

2- → 2CO3
2- + C (Eq. 1.5) 

 CO3
2- + 2Li+ → Li2CO3 (Eq. 1.6) 

At the anode, Li metal is oxidized to generate 2Li+ and 2e- (Eq. 1.2). Simultaneously, at 

the cathode, two CO2 molecules are each reduced via a one-electron reduction reaction to 

form C2O4
2- (Eq. 1.3). The unstable C2O4

2- then undergoes disproportionation to generate 

a CO2
2- anion and regenerate CO2 (Eq. 1.4). The CO2

2- and another C2O4
2- anion then 

react to generate 2CO3
2- and solid C (Eq. 1.5). Finally, the CO3

2- anions combine with Li+ 

ions in the electrolyte to generate Li2CO3 (Eq. 1.6). 

Possible Li2CO3 decomposition mechanisms during charge were summarized by 

Yang and colleagues as follows:51 

 Li2CO3 + 1/2C → 2Li+ + 3/2CO2 + 2e- (V0 = 2.8 V vs. Li/Li+) (Eq. 1.7) 

 Li2CO3 → CO2 + 1/2O2 + 2Li+ + 2e- (V0 = 3.82 V vs. Li/Li+) (Eq. 1.8) 

 Li2CO3 → CO2 + 2Li+ + 1/2O2
•- + 3/2e-  (Unknown V0) (Eq. 1.9) 

In the first mechanism (Eq. 1.7), the oxidation of carbon generated on discharge allows 

for facile Li2CO3 decomposition on charge. In the absence of carbon (Eq. 1.8), the high 

thermodynamic stability of Li2CO3 leads to a high charge voltage of 3.82 V. 

Alternatively, Li2CO3 decomposition can also generate O2
•- radicals (Eq. 1.9), that can be 

further oxidized to O2 or attack electrolyte solvents directly in parasitic side reactions.38,52 

Advanced cathode catalysts are required to stabilize Li-CO2 discharge reaction 

intermediates and lower the energy barrier of Li2CO3 decomposition. 
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1.3 LI-CO2 BATTERY COMPONENTS AND REQUIREMENTS 

 There are three main components in the Li-CO2 battery: a Li-metal anode, an 

organic electrolyte, and a gas diffusion cathode (GDC). The purposes and requirements of 

these components are discussed below. 

• Anode: Lithium metal is chosen as the anode material due to its high theoretical 

specific capacity (3,860 mA h g-1), low reduction potential (-3.04 V vs. standard 

hydrogen electrode),53 and the high diffusivity of Li+ ions in organic electrolytes.6 

• Electrolyte: The electrolyte in Li-CO2 batteries usually consists of a weakly 

associating Li salt (e.g., LiTFSI, LiClO4, LiNO3) dissolved in a high-dielectric, 

aprotic, organic solvent (e.g., DMSO, TEGDME).38,54 The Li salt must be weakly 

associating to allow for high solubility (up to 1 M) and fast Li+-ion transport. The 

electrolyte solvent must possess the following properties:52 

o Large electrochemical stability window (2 V – 4.5 V vs. Li/Li+) to prevent 

decomposition over the wide range of voltages experienced during cycling. 

o High dielectric constant to dissolve a high concentration of Li salt. 

o Low viscosity to allow for fast Li+-ion transport and ample wetting of the 

separator and GDC. 

o High CO2 solubility and diffusivity. 

o Low vapor pressure to prevent evaporation during cell operation. 

o Low chemical reactivity vs. Li metal to prevent consumption at the anode. 

• GDC: The cathode consists of a porous membrane intended to disperse CO2 to the 

triple-phase-boundary (i.e., the interface between the gas, electrolyte, and GDC) 

for electrochemical reduction. The requirements of the GDC for optimum 

performance are:38,52,55 

o High electronic conductivity to facilitate CDRR/CDER redox kinetics. 



 7 

o High surface area to maximize Li2CO3 nucleation sites for improved 

discharge capacity. 

o Robust mechanical integrity to accommodate the large volume changes 

encountered during CDRR/CDER. 

o Chemical stability in organic electrolyte. 

o Electrochemical stability over the wide voltage window (2.4 – 4.5 V) 

encountered during CDRR/CDER. 

o Low surface energy vs. organic electrolytes to allow for ample wetting. 

o Low material cost. 

In addition to the internal components of the Li-CO2 battery, an open cell 

configuration with the GDC exposed to CO2 gas is required for operation. The body of the 

cell consists of an insulating cell housing and conductive anode and cathode current 

collectors (usually stainless steel (SS)). The cell design is discussed in detail in Chapter 2 

– General Experimental Methods. 

1.3 LI-CO2 BATTERY CHALLENGES 

Despite its intriguing promise toward applications for grid-scale energy storage and 

CO2 utilization, several scientific and engineering challenges exist in the development of 

the Li-CO2 battery system. First, the electrochemical reduction of CO2 on discharge occurs 

at a low voltage (-1.91 V vs. saturated calomel electrode (SCE) in dimethyl sulfoxide 

(DMSO)),56 leading to preferential reduction of the electrolyte at the cathode. The primary 

cause of failure in Li2CO3 batteries is the high overpotential encountered on charge due to 

the sluggish redox kinetics of CDER. The primary discharge product, Li2CO3, is 

thermodynamically stable and strongly electronically insulating, making its 

electrochemical decomposition energetically costly. Although the equilibrium potential of 



 8 

the Li-CO2 battery is 2.8 V, in the absence of a catalyst, the charge voltage can rise above 

4.2 V.39 The high voltage encountered on charge leads to the following challenges in Li-

CO2 batteries:41,42,52 

1. Electrolyte oxidation leading to short cycle life. 

2. Low energy efficiency (< 70 %). 

3. Poor rate capability. 

4. Capacity fade during cycling. 

In addition to the primary challenge of reducing the charge overpotential, several other 

challenges persist in Li-CO2 batteries, including: 

1. Electrolyte evaporation due to exposed GDC.57 

2. Discharge overpotential, resulting in irreversible side reaction:37 

 2 Li + 2 CO2 + 2 e- → Li2CO3 + CO (V0 = 2.55 V vs. Li/Li+) (Eq. 1.10) 

3. Volume expansion due to growth of Li2CO3 and C, resulting in fracture and 

pulverization of the GDC. 

4. High solubility of CO2 in organic electrolytes, leading to crossover and passivation 

of the Li-metal anode.58 

1.4 LI-CO2 CATALYSTS REPORTED TO DATE 

There are approximately 100 papers published to date regarding Li-CO2 batteries. 

In the beginning stages of the development of Li-CO2 batteries, high-surface-area carbons 

were employed as GDCs. The first reports of mixed Li-O2/CO2 (2011) and pure Li-CO2 

(2013-2014) batteries employed Ketjenblack (KB) and Super P as the GDC carbon 

material.36,37,40 However, these batteries were either not rechargeable or had cycle lives of 

fewer than 10 cycles. In 2015, graphene59 and carbon nanotubes (CNT)50 were employed 

in Li-CO2 GDCs, improving cycle life to, respectively, 20 and 29 cycles. Still, these 
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batteries experienced charge voltages well above 4 V, leading to poor energy efficiency 

and leading to premature cell death. 

After the baseline performance of Li-CO2 batteries with carbon-based GDCs was 

established, most papers have focused on the development of catalysts to improve CDER 

kinetics to reduce Li-CO2 charge voltage. The most widely reported catalyst to reduce the 

CDER overpotential is ruthenium.57,60–63 Ru and Ru composites have been reported in a 

variety of morphologies to reduce Li-CO2 charge voltage to as low as 3.8 V.57 However, 

the high cost of Ru makes it economically impractical to implement in a low-cost system. 

A growing variety of noble metal-free catalysts have been reported to improve the 

cycle life and energy efficiency of Li-CO2 batteries. In 2017, Dai’s group implemented 

boron- and nitrogen-codoped holey graphene (BN-hG) as a GDC material for stable Li-

CO2 cycling (200 cycles) at a high current density (1 A g-1), albeit with a low energy 

efficiency of ~ 60 %.49 The abundance of macropores and mesopores in the hG structure 

allowed for high CO2 dispersion and activity, while the B- and N-doping contributed 

improved electronic conductivity. The same year, Chen’s group demonstrated a 

molybdenum carbide / CNT composite (Mo2C/CNT) as an efficient catalyst for Li-CO2 

batteries.48 The authors demonstrated an alternate, two-electron discharge process (2CO2 

+ 2e- → C2O4
2-) and the formation and stabilization of the intermediate lithium oxalate 

discharge product Li2C2O4-Mo2C. Utilizing this intermediate, Li-CO2 batteries with the 

developed Mo2C/CNT cathode demonstrated an improved energy efficiency of 77 % over 

40 cycles. Also in 2017, Wang’s group introduced an advanced nanocomposite of N-doped 

worm-like carbon with MoFeNi and MoC nanoparticles (MFCN) as a binder-free Li-CO2 

GDC.64 The absence of a polymer binder allowed for improved cycling stability (50 cycles) 

with a charge voltage below 3.8 V.  
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2018 saw the introduction of several new noble metal-free catalysts and advanced 

materials for Li-CO2 batteries. Zhou and colleagues reported Ni nanoparticles on N-doped 

graphene (Ni-NG) for long-cycle-life Li-CO2 batteries.65 The authors demonstrated 

reversible reduction and evolution of CO2 using differential electrochemical mass 

spectroscopy (DEMS) and provided first-principles computations using density functional 

theory (DFT) to demonstrate that Ni nanoparticles act as active sites for reaction between 

Li+ ions and CO2. Li-CO2 cells with the Ni-NG cathode achieved 101 cycles with an energy 

efficiency of ~ 64 %. Next, a composite of sheet-like NiO anchored onto CNT (NiO-CNT) 

was employed as a Li-CO2 cathode to achieve 42 cycles with an energy efficiency of ~ 67 

%. The same year, Cu nanoparticles dispersed on N-doped graphene (Cu-NG) were 

employed to achieve a low overpotential of 0.77 V and a cycle life of 50 cycles.66 This 

work showed that a thin film (3 – 5 nm) of CuO forms on the Cu nanoparticles during 

cycling to protect and stabilize the cathode.  

Also in 2018, Li et. al reported the first use of metal-organic frameworks (MOFs) 

in Li-CO2 batteries.67 This work tested a variety of MOFs with Mn, Co, Ni, Fe, and Cu 

metal centers. Amongst the materials investigated, Mn2(dobdc) showed the highest 

discharge capacity (18,022 mA h g-1) and Mn(HCOO)2 showed the best cycling 

performance, with a charge potential of ~ 4.0 V over 50 cycles. Quantum dots were also 

first implemented in Li-CO2 cathodes at this time.68 Li-CO2 batteries with defect-rich 

carbon quantum dots on holey graphene (CQD/hG) showed the best cycle life reported to 

date (235 cycles) and achieved an overpotential as low as 1.02 V. A low-cost Li-CO2 

cathode material was also reported, composed of a porous Mn2O3 / KB composite (P-

Mn2O3/KB).69 In early 2019, conjugated cobalt polyphthalocyanine (CoPPc) was 

demonstrated as an elastic and reprocessable catalyst for flexible Li-CO2 batteries. Cells 

with the CoPPc cathode achieved 50 discharge/charge cycles with an average energy 
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efficiency of ~ 68 % and were able to cycle even when bent up to 90 °. Other low-cost Li-

CO2 GDCs reported at this time included a composite of graphene and imine covalent 

organic framework (graphene@COF)70 and a NiFe / N-doped carbon / pomelo peel 

composite (NiFe@NC/PPC) derived from biomass.71 

Ongoing research in 2019 resulted in Li-CO2 batteries with improved cycle lives, 

with an emphasis on monodispersed catalysts. First, Li-CO2 batteries with a GDC 

composed of MnO nanoparticles monodispersed in graphene in an N-doped carbon 

framework (MnO@NC-G) showed a voltage hysteresis of only 0.88 V and achieved an 

average energy efficiency of ~ 70 % over 100 cycles.43 Also, Wei’s group developed a 

heterostructure of small-sized (~ 2.5 nm) ZnS quantum dots on N-doped reduced graphene 

oxide (ZnS QDs/N-rGO).72 The authors demonstrated with DFT and X-ray photoelectron 

spectroscopy (XPS) that electrons accumulate at the electronegative ZnS QDs to improve 

CDRR activity, while holes are collected at N-rGO to improve CDER kinetics. Li-CO2 

batteries with ZnS QDs/N-rGO cathodes achieved 190 cycles with an average energy 

efficiency of ~ 60 %.  

Next, single-atom and adjacent-atom catalysts were reported. Adjacent Co atoms 

anchored on graphene oxide (adjacent Co/GO) were employed as a Li-CO2 cathode to 

achieve 100 discharge/charge cycles with an average energy efficiency of ~ 65 %.73 DFT 

analysis revealed a higher absorption energy (-3.79 eV) of Li2CO3 on dimer Co atoms in 

the adjacent Co/GO material compared to those of single atom CO/GO (-2.99 eV) and bare 

GO (-2.82 eV). The authors posited that the increased absorption energy led to 

accumulation of Li2CO3 on the dimer Co during discharge and allowed for electrocatalyzed 

decomposition of Li2CO3 at these sites during charge. Finally, in 2020, a Li-CO2 cathode 

was reported composed of implanted single Fe atoms in a N,S-codoped holey graphene 

architecture (Fe-ISA/N,S-HG).74 Li-CO2 batteries with the developed cathode achieved 
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210 discharge/charge cycles with a round-trip overpotential of ~ 1.17 V. DFT analysis 

revealed the presence of Fe-N4 moieties as active catalyst sites. The high positive charge 

of the Fe centers of Fe-N4 moieties facilitated CO2 conversion at these sites. Meanwhile, 

the charge and spin re-distribution allowed by N,S heteroatom-doping facilitated efficient 

charge transfer between the carbon substrate and heteroatoms to catalyze CDRR/CDER.  

Most recently, in 2020, shape-controlled Cu2O mixed with MWNT was employed 

as a CDRR/CDER catalyst in Li-CO2 batteries.75 The authors compared the performance 

of rhombohedral, cubic, and octahedral Cu2O and determined that rhombohedral Cu2O 

facilitated Li2CO3 decomposition most effectively. Li-CO2 batteries with the rhombohedral 

Cu2O catalyst achieved 50 discharge/charge cycles, but showed an energy efficiency of 

only ~ 58 %. It was proposed that the large density of surface atoms and the exposure of 

{111} surfaces contributed to the catalytic activity of rhombohedral Cu2O toward 

CDRR/CDER. The authors also demonstrated, for the first time, effective photocatalysis 

of Li-CO2 batteries. With the Cu2O cathode exposed to light, the discharge/charge 

overpotential was dramatically reduced, from 2.0 to 0.4 V. A summary of Li-CO2 battery 

performance enabled by previously reported noble metal-free catalysts is provided in Table 

1.1. 
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Table 1.1: Energy efficiencies and cycle lives of previously reported Li-CO2 batteries 

with noble metal-free GDCs. 

Material 
Current 

Density 

Approx. Energy 

Efficiency (%) 

Cycle 

Life 

Year 
Ref. 

KB 0.1 mA cm-2 65 7 2014 40 

Graphene 0.02 mA cm-2 67 20 2015 59 

CNT 50 mA g-1 63 29 2015 50 

MFCN 0.05 mA cm-2 73 50 2017 64 

BN-hG 0.3 mA cm-2 60 200 2017 49 

Mo2C/CNT 0.013 mA cm-2 77 40 2017 48 

Ni-NG 0.05 mA cm-2 64 101 2018 65 

NiO-CNT  50 mA g-1 67 42 2018 47 

Cu-NG 0.089 mA cm-2 73 50 2018 66 

Mn(HCOO)2 0.089 mA cm-2 68 50 2018 67 

P-Mn2O3/KB 0.04 mA cm-2 60 50 2018 69 

CQD/hG 0.1 mA cm-2 64 235 2018 68 

CoPPc 0.05 mA cm-2 68 50 2019 76 

NiFe@NC/PPC 0.05 mA cm-2 77 109 2019 71 

MnO@NC-G 0.045 mA cm-2 70 100 2019 43 

ZnS QDs/N-rGO 0.14 mA cm-2 60 190 2019 72 

Adjacent Co/GO 0.14 mA cm-2 65 100 2019 73 

Graphene@COF 0.08 mA cm-2 62 56 2019 70 

Fe-ISA/N,S-HG 0.21 mA cm-2 63 210 2020 74 

Cu2O 0.04 mA cm-2 58 50 2020 75 
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1.5 OBJECTIVES 

The primary objectives of the work performed in this dissertation toward the 

development of practical Li-CO2 batteries are as follows: 

1. Develop a cathode catalyst to improve CO2 capture and reduction kinetics to 

improve the overpotential of CDRR. A titanium dioxide nanoparticle / carbon 

nanotube / carbon nanofiber composite (TiO2-NP@CNT/CNF) is introduced as a 

stable Li-CO2 GDC (Chapter 3).77 Li-CO2 batteries with the TiO2-NP@CNT/CNF 

achieve 20 discharge/charge cycles with an average energy efficiency of 66 %. 

2. Introduce a soluble electrolyte additive to allow for solution-mediated CO2 

utilization. Phenyl disulfide (PDS) is utilized for homogeneous CDRR/CDER in 

the electrolyte (Chapter 4).78 Li-CO2 batteries with the PDS electrolyte additive 

achieve 30 discharge/charge cycles with an average energy efficiency of 98 %. 

3. Develop a catalyst to improve CO2 evolution kinetics to reduce CDER 

overpotential and investigate its mechanism toward Li2CO3 decomposition. A 

composite of molybdenum disulfide nanosheets anchored onto a multi-walled 

carbon nanotube / single-walled carbon nanotube substrate (MoS2-

NS@MWNT/SWNT) is used as a high-efficiency Li-CO2 GDC (Chapter 5).79 Li-

CO2 batteries with the MoS2-NS@MWNT/SWNT GDC achieve 50 

discharge/charge cycles with an average energy efficiency of 86 %. 

4. Implement a carbon-free GDC to improve the energy efficiency and cycling 

stability of the Li-CO2 battery and to allow for enhanced characterization of the 

carbon-based discharge products. A freestanding vanadium nitride nanowire (VN-

NW) GDC is employed for stable Li-CO2 battery cycling (Chapter 6). Li-CO2 

batteries with the VN-NW GDC achieve 100 discharge/charge cycles with an 

average energy efficiency of 83 %.  
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Chapter 2: General Experimental Methods 

2.1 LI-CO2 BATTERY ASSEMBLY 

Swagelok-type Li-CO2 cells were assembled in an Ar-filled glovebox with O2 and 

H2O levels maintained below 0.1 ppm. The cells consisted of a 1/2” stainless steel rod as 

the anode current collector, a 1/2” stainless steel tube as the cathode current collector, and 

a Swagelok 1/2” PFA tube fitting union as the body (PFA-820-6). Li-CO2 cells were 

connected to a CO2 distribution manifold via a Swagelok 1/2” – 1/4” PFA reducing union 

(PFA-820-6-4), 1/4” diameter SS tube, and Swagelok 1/4” SS quick connect (SS-QC4-D-

400, SS-QC4-B-400). A photograph of the Li-CO2 batteries, gas connections, and CO2 

distribution manifold is shown in Figure 2.1. 

 

 

Figure 2.1: Photograph of Li-CO2 batteries, quick disconnect, and CO2 manifold. 
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The cathode current collector tube was connected to a gas manifold and exposed to 

pure CO2 gas maintained at a constant pressure of 50 – 100 kPa during discharge/charge 

cycling. All cells were rested in this environment for 2 h before operation. Li-Ar cells were 

assembled in CR2032 coin cells under the same conditions as the Li-CO2 cells and were 

rested for 2 h before operation. A schematic of the Swagelok-type Li-CO2 battery used is 

shown in Figure 2.2. 

 

Figure 2.2: Schematic of Swagelok-type Li-CO2 battery used in all projects. 

The internal components of the Li-CO2 cells consisted of a D = 3/8” nickel foam anode 

current collector, a D = 3/8” Li metal anode, a D = 1/2” glassy fiber (GF) separator (GF-

A, Whatman), 75 – 100 µL 1 M lithium bis(trifluoromethane)sulfonimide (LiTFSI) 

(CF3SO2NLiSO2CF3, Sigma-Aldrich, ≥ 99%) in dimethyl sulfoxide (DMSO) ((CH3)2SO, 

Sigma-Aldrich, ≥ 99%) electrolyte (1 M LiTFSI / DMSO), a D = 1/2” gas diffusion cathode 

(GDC), and a D = 1/2” nickel or stainless steel mesh cathode current collector. Li-Ar cells 

were assembled with the same internal components as Li-CO2 cells, with a D = 20 mm GF 

separator and 100 µL of electrolyte. Carbon materials used frequently in the GDCs reported 

herein include the following:  
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• Multi-walled carbon nanotubes (MWNT or CNT): 95+ %, OD: 10–20 nm, 

L: 30–100 μm, Nanostructure and Amorphous Materials, Inc. 

• Carbon nanofibers (CNF): PR-19-XT-HHT, Pyrograf 

• Carbon black (CB): Black Pearls 2000, Cabot 

• Single-walled carbon nanotubes (SWNT): > 75 %, Tuball 

2.2 ELECTROCHEMICAL CHARACTERIZATION 

2.2.1 Galvanostatic discharge/charge cycling, capacity measurements, and rate 

testing 

Galvanostatic discharge/charge cycling, capacity measurements, and rate testing 

were performed with an Arbin BT-2000 battery cycler. Discharge/charge cycling was 

performed at current densities of 0.05 – 0.1 mA cm-2 at fixed capacities of 250 – 500 µA h 

cm-2. Capacity measurements were performed at a current density of 0.05 mA cm-2 with a 

discharge voltage cutoff of 2.4 or 2.5 V. Rate testing was performed at current densities of 

0.05 – 0.25 mA cm-2 at a fixed capacity of 250 µA h cm-2. All current densities and 

capacities are reported with respect to the geometric surface area of the GDC.  

2.2.2 Cyclic Voltammetry (CV) 

CV was performed with a CHI-760 Electrochemical Workstation, a Voltalab 80 

potentiostat, or a Bio-Logic VMP3 potentiostat at a sweep rate of 0.1 mV s-1.  

2.2.1 Electrochemical Impedance Spectroscopy (EIS) 

EIS was performed with a Solartron 1260 frequency response analyzer with an 

amplitude of 5 – 10 mV over a frequency range of 1 MHz to 100 mHz and a logarithmic 

frequency sweep at 10 steps per decade. 



 18 

2.3 MATERIALS CHARACTERIZATION 

2.3.1 Sample Preparation 

All material characterizations of GDCs were performed on the side of the GDC 

facing the CO2 gas (i.e., facing away from the separator). Prior to characterization, the 

electrodes were washed via immersion in dioxolane (DOL) to remove any residual 

electrolyte salt and dried overnight in a 60 °C vacuum oven. 

2.3.2 Scanning Electron Microscopy (SEM) / Energy Dispersive X-ray (EDX) 

Spectroscopy 

Low-resolution SEM was performed with a Tescan VEGA3 thermionic emission 

SEM (TE-SEM). The microscope was equipped with a tungsten heated filament and the 

beam voltage was maintained at 20 – 30 kV. EDX was performed with a Bruker Quantax 

EDX detector integrated into the Tescan VEGA3 system. High-resolution SEM was 

performed with an FEI Quanta 650 field-emission SEM (FE-SEM) with a Schottky diode 

source with the beam voltage maintained at 5 – 20 kV. EDX was performed with a Bruker 

EDX detector integrated into the Quanta 650 system. 

2.3.3 X-ray Diffraction (XRD) 

XRD was performed with a Rigaku Miniflex 6000 X-ray diffractometer, equipped 

with a Cu Kα x-ray source operated with a tube voltage of 40 kV and a tube current of 15 

mA. XRD patterns were collected at a scan rate of 2° min-1 with a step size of 0.2°. 

Materials Data JADE software was used for background subtraction and search-match 

pattern identification. XRD reference pattern files were obtained from the International 

Centre for Diffraction Data (ICDD) Powder Diffraction File (PDF) database. 
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2.3.4 Fourier-Transform Infrared Spectroscopy – Attenuated Total Reflectance 

(FTIR-ATR) 

FTIR-ATR was performed with a ThermoScientific Nicolet iS5 spectrometer 

equipped with an iD5 ATR unit with a diamond ATR optic. 32 scans were collected per 

sample over a wavenumber range of 4,000 – 400 cm-1. Automatic baseline correction was 

employed over the range of 1600 – 800 cm-1. Omnic software was used for automatic 

baseline correction. 

2.3.5 X-ray Photoelectron Spectroscopy (XPS) 

XPS was performed with a Kratos AXIS Ultra DLD X-ray photoelectron 

spectrometer equipped with an Al monochromatic X-ray source. All regions were scanned 

with a step size of 0.1 eV and a dwell time of 1,000 – 2,000 ms per step. CasaXPS software 

was used for background subtraction, peak calibration, and signal deconvolution. 

2.3.6 Thermogravimetric analysis (TGA) / Differential Scanning Calorimetry (DSC) 

TGA/DSC was performed with a Mettler Toledo TGA/DSC. Electrodes were 

ground into powder, of which 1 mg of sample was placed into an alumina crucible and 

heated at a rate of 10 °C min-1 from room temperature to 1000 °C under air at a flow rate 

of 50 mL min-1. 

2.3.7 Brunauer-Emmett-Teller (BET) Analysis 

BET was performed with a Quantachrome Autosorb iQ2 gas sorption analyzer. 

Samples were off-gassed overnight at a temperature of 100 °C under vacuum to remove 

any moisture and adsorbed gas present. Analysis was performed at a temperature of -195.8 

°C with nitrogen as the adsorbate species (cross section = 16.2 Å2). 
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2.3.8 Carbon-13 Nuclear Magnetic Resonance (13C-NMR) Spectroscopy 

13C-NMR (500 MHz, DMSO-D6) was performed with a Bruker AVANCE III 500 

with a BBFO Prodigy liquid nitrogen CryoProbe. 1024 scans were collected for each 

sample, with a relaxation time of 2 s. Mnova NMR software was used for baseline 

correction, phase correction, and solvent peak calibration. ChemDraw software was used 

for NMR peak identification and for drawing chemical structures. 

2.3.9 Raman Spectroscopy 

Raman spectroscopy was performed with a Witec Alpha 300 Micro-Raman 

Spectrometer with a blue laser. Scans were performed over a wavenumber range of 0 – 

4500 cm-1 with an integration time of 5 s. 

2.3.9 Transmission Electron Microscopy (TEM) 

TEM was performed with a JEOL 2010F transmission electron microscope. The 

microscope was equipped with a Schottky field emission source operated at a voltage of 

120 – 200 kV. EDX was performed with a silicon drift EDX detector integrated into the 

JEOL 2010F system. 

  



 21 

Chapter 3:  Nanostructured Anatase Titania as a Cathode Catalyst for 

Li-CO2 Batteries* 

3.1 INTRODUCTION 

Anatase TiO2 has been reported in the literature as a CO2 capture80 and 

electrochemical reduction agent,81,82 but to date it has not been utilized in a Li-CO2 battery. 

DFT calculations in the literature show that the binding energy of CO2 on anatase TiO2 

surfaces is an order of magnitude higher than that on CNT surfaces, allowing for greatly 

improved CO2 adsorption.80,83,84 Furthermore, TiO2 has demonstrated increased stability 

compared to carbon over large voltage windows in organic electrolytes as a cathode 

material for Li-O2 batteries.85 These benefits, along with the low cost and semi-conductive 

nature of anatase titania, warrant its investigation as a CO2 reduction / evolution catalyst in 

a Li-CO2 battery.  

In this work, a freestanding titanium dioxide nanoparticle (TiO2-NP) / CNT / CNF 

nanocomposite membrane (TiO2-NP@CNT/CNF) is developed and implemented as a 

catalytically active GDC for a Li-CO2 battery.77 The anatase TiO2 nanoparticles act as a 

noble metal-free catalyst for the attachment, reduction, and evolution of CO2 during 

cycling. The CNT/CNF substrate forms a conductive framework into which the TiO2-NP 

catalyst is embedded, with the CNT serving as a high-surface-area attachment site for the 

TiO2 nanoparticles and the CNF acting as a mechanically supportive matrix. The 

freestanding nature of the composite membrane allows for the fabrication of electrodes 

without binder, substrate, or toxic solvent (e.g., N-methylpyrrolidone), and for 

homogeneous distribution of the catalyst throughout the conductive carbon framework. 

 
*Pipes, R.; Bhargav, A.; Manthiram, A. Nanostructured Anatase Titania as a Cathode Catalyst for Li–CO2 

Batteries. ACS Appl. Mater. Interfaces 2018, 10 (43), 37119–37124.  

 

R. Pipes carried out most of the experimental work. A. Bhargav assisted with some synthesis and 

characterization. A. Manthiram supervised the project. All participated in the preparation of the manuscript. 
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3.2 EXPERIMENTAL METHODS 

3.2.1 Materials Synthesis 

The TiO2-NP@CNT/CNF composite GDCs were prepared as follows.86 100 mg 

each of CNT and CNF were dispersed via ultrasonication in 300 mL of ethanol/methanol 

(1:1 by volume) for 2 h. Meanwhile, 355 mg of titanium (IV) propoxide (TP) (Ti(OC3H7)4, 

Sigma-Aldrich, 98 %) was dispersed via intermittent stirring and ultrasonication in 80 mL 

of isopropanol (IPA). This amount of TP was chosen to yield a TiO2 : CNT : CNF mass 

ratio of 1 : 1 : 1. Next, the TP/IPA dispersion was added dropwise to 150 mL of ethanol, 

methanol, and deionized water (DIW) (45:45:10 by volume) to initiate the hydrolysis 

reaction. The mixture was then stirred for 30 minutes until it turned slightly cloudy white 

due to the formation of TiO2 nanoparticles. Then, the CNT/CNF suspension was added to 

the TiO2 nanoparticle suspension, and the resultant TiO2-NP@CNT/CNF mixed 

suspension was stirred for 30 minutes and sonicated for 2 h. Next, the TiO2-

NP@CNT/CNF mixed suspension was vacuum filtered onto a filter paper. After drying 

overnight in a 50 °C vacuum oven, the freestanding TiO2-NP@CNT/CNF membrane was 

removed from the filter paper and cut into electrodes. The electrodes were then placed into 

a ceramic crucible and heated in a tube furnace under Ar flow (ramp rate = 2 °C min-1) to 

475 °C for 10 h to produce single-phase anatase TiO2 nanoparticles on the CNT/CNF 

substrate. The average mass of the obtained electrodes was ~ 4.5 mg cm-2.  

The bare CNT/CNF electrodes were prepared as follows. 150 mg each of CNTs 

and CNFs were added to 300 mL ethanol/methanol (1 : 1 /vol). The suspension was then 

vacuum filtered onto a filter paper, dried overnight in a 50 °C vacuum oven, separated from 

the filter paper, and cut into electrodes. The average mass of the obtained electrodes was ~ 

4.5 mg cm-2. 
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3.2.2 Cell assembly 

 Li-CO2 and Li-Ar batteries were assembled as described in Chapter 2 with 

additional specifications as follows. Li-CO2 cells were assembled with 80 µL of electrolyte. 

The cathode consisted of bare CNT/CNF or TiO2-NP@CNT/CNF GDC, with a nickel 

mesh cathode current collector. The CO2 gas was maintained at a constant pressure of 60 

kPa during discharge/charge cycling. 

3.2.3 Electrochemical Characterization 

All electrochemical characterizations were performed as described in Chapter 2 

with additional specifications as follows. All discharge/charge cycling was performed at a 

current density of 0.05 mA cm-2 and a fixed capacity of 250 µA h cm-2. Capacity 

measurements were performed with a discharge voltage cutoff of 2.5 V. Cyclic 

voltammetry (CV) was performed with a CHI-760 Electrochemical Workstation. All CVs 

were collected between 2.0 and 4.4 V vs. Li/Li+. EIS was performed at an amplitude of 5 

mV. 

3.2.4 Materials Characterization 

All material characterizations were performed as described in Chapter 2 with 

additional specifications as follows. All discharge/charge cycling tests for characterizations 

of the discharged and charged electrodes were performed at a current density of 0.075 mA 

cm-2 to a fixed capacity of 0.75 mA h cm-2. SEM was performed with an FEI Quanta 650 

FE-SEM operated at a voltage of 10 kV, a working distance of 12 mm, and a spot size of 

3 nm. XRD patterns were collected over a range of 20° ≤ 2θ ≤ 65°. XPS was performed 

with a dwell time of 1,500 or 2,000 ms per step. All peak positions were corrected with the 

graphitic C-C peak at 284.5 eV as a reference. 
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3.3 RESULTS AND DISCUSSION 

As shown in the SEM images in Figure 3.1a, the obtained spherical TiO2 

nanoparticles were ~ 200 – 500 nm in diameter and were distributed uniformly throughout 

the CNT/CNF conductive framework. Higher magnification SEM imaging (Figure 3.1a 

inset) shows that the secondary anatase particles were composed of smaller (~ 20 nm) 

primary nanoparticles, which were also seen individually attached to the CNT/CNF 

substrate. It is reasoned that the primary nanoparticles formed in solution quickly attached 

to available surfaces on the CNT/CNF, and any excess primary nanoparticles agglomerated 

to form the larger secondary nanoparticles.87 

The XRD pattern (Figure 3.1b) of the obtained TiO2-NP@CNT/CNF electrode 

shows that the TiO2 nanoparticles were composed of single-phase anatase titania (PDF 00-

021-1272), while the single, high-intensity peak at 2θ = 26.2 ° corresponds to the graphitic 

peak of the CNT/CNF substrate (PDF 01-073-5918). TGA (Figure 3.2) shows that the 

resultant weight percentage of TiO2 in the cathode is ~ 38 %. The fraction of TiO2 obtained 

indicates that the hydrolysis reaction to convert TP to TiO2 proceeded nearly to completion. 

The lower relative amount of CNF was the result of losses to the container and filter paper 

during, respectively, sonication and filtration. 



 25 

 

Figure 3.1: (a) SEM image and (b) and XRD pattern of pristine TiO2-NP@CNT/CNF 

electrode.  
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Figure 3.2: TGA of the TiO2-NP@CNT/CNF electrode showing the thermal 

decomposition of CNT and CNF and the remaining weight of TiO2. 

As demonstrated via an array of electrochemical methods, the Li-CO2 cells utilizing 

the prepared TiO2-NP@CNT/CNF GDC show decreased overpotential and improved 

capacity, cycling stability, and energy efficiency compared to the cells assembled with the 

bare CNT/CNF GDC. The electrochemical improvements to the Li-CO2 battery offered by 

the integration of TiO2 nanoparticles into the GDC are shown in Figure 3.3. The CV data 

in Figure 3.3a show that the overpotentials of CDRR and CDER of the Li-CO2 cell with 

the TiO2-NP@CNT/CNF cathode are lower than those of the cell with the bare CNT/CNF 

cathode. The onset voltages of the CDRR and CDER in the cell with TiO2-NP@CNT/CNF 

are, respectively, 3.2 and 3.7 V vs. Li/Li+. For a comparison, the onset voltages of CDRR 

and CDER in the cell with bare CNT/CNF are, respectively, 3.0 V and 3.9 V vs Li/Li+. 

Furthermore, the cell with TiO2-NP@CNT/CNF achieves peak current densities of 0.217 

and 0.195 mA cm-2 during, respectively, CDRR and CDER, compared to 0.140 and 0.154 

mA cm-2 for the cell with bare CNT/CNF. To demonstrate that the cathodic and anodic 
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currents observed correspond, respectively, to CDRR and CDER, Figure 3.3a also shows 

the CV of a cell with the TiO2-NP@CNT/CNF cathode cycled under pure Ar. The cell 

delivers negligible cathodic current down to 2.5 V vs. Li/Li+ and a small anodic current at 

4.4 V vs. Li/Li+, due to the oxidation of DMSO in the electrolyte. 

 

 

Figure 3.3: (a) CVs at 0.1 mV s-1 scan rate and (b) discharge curves at 0.05 mA cm-2 of 

Li-Ar and Li-CO2 cells with bare CNT/CNF and TiO2-NP@CNT/CNF 

electrodes. Galvanostatic cycling at 0.05 mA cm-2 of Li-CO2 cells with (c) 

TiO2-NP@CNT/CNF and (d) CNT/CNF electrodes. Current density was 

calculated based on the geometric area of the cathode. 

The inclusion of TiO2 nanoparticles in the GDC also significantly increases the 

capacity of the Li-CO2 cell. As shown in Figure 3.3b, the cell with the bare CNT/CNF 

cathode delivers an areal capacity of only 565 µA h cm-2, while the cell with the TiO2-

NP@CNT/CNF cathode achieves a capacity of 1,950 µA h cm-2, an improvement of over 
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345 %. The inset in Figure 3.3b shows the discharge curve of a TiO2-NP@CNT/CNF cell 

discharged under Ar, which delivers a negligible capacity of less than 10 µA h cm-2. This 

result indicates that virtually all the capacity delivered by the Li-CO2 cells on discharge is 

due to the electrochemical reduction of CO2, rather than Li+ insertion into, or 

electrochemical conversion of, any of the solid components of the cathode. Indeed, Li+ 

insertion into anatase TiO2 occurs at ~ 1.7 V vs. Li/Li+,88–90 which is well below the 

operating voltage of Li-CO2 cells. All cells were discharged to a cutoff voltage of 2.5 V vs. 

Li/Li+. 

Figures 3.3c and 3.3d show, respectively, the cycling performance of the Li-CO2 

batteries with the TiO2-NP@CNT/CNF and bare CNT/CNF cathodes at a fixed capacity of 

250 µA h cm-2 with respect to the geometric surface area of the GDC. The TiO2-

NP@CNT/CNF cell shows a substantial improvement in discharge voltage (2.8 V) versus 

the bare CNT/CNF cell (2.5 V). The TiO2-NP@CNT/CNF cell also achieves a vastly 

improved cycling stability, showing no decrease in discharge voltage and only a marginal 

increase in charge voltage over 20 discharge/charge cycles. Meanwhile, the cell with the 

bare CNT/CNF cathode fails before reaching 10 cycles; the erratic charge curve observed 

beyond the corresponding discharge capacity on the tenth cycle is a result of the oxidation 

of the DMSO electrolyte solvent to DMSO2 at the cathode.39  

As shown in the corresponding energy efficiency plot in Figure 3.4, the TiO2-

NP@CNT/CNF cell maintains a steady energy efficiency averaging ~ 66 % over 20 cycles. 

Conversely, the CNT/CNF cell shows an initial energy efficiency of 59 %, which rapidly 

falls to 45 % by the 10th cycle prior to cell failure. The energy efficiency of Li-CO2 batteries 

with the TiO2-NP@CNT/CNF GDC is compared with those of previously reported noble 

metal-free GDCs in Table 7.1 in Chapter 7.  
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Figure 3.4: Comparison of the energy efficiency (discharge energy/charge energy) 

between Li-CO2 cells with and without the TiO2-NP catalyst. 

In addition, the EIS data in Figure 3.5 show that the interfacial impedance of the 

Li-CO2 cell with the TiO2-NP@CNT/CNF cathode is significantly lower than that of the 

cell with the bare CNT/CNF cathode both before and after a discharge/charge cycle. The 

catalytic activity of the TiO2 nanoparticles allow for a more facile reduction of CO2 on 

discharge and a more complete decomposition of Li2CO3 on charge, thereby reducing the 

charge-transfer resistance and facilitating CDRR/CDER kinetics. 
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Figure 3.5: EIS data of the Li-CO2 cells with bare CNT/CNF and TiO2-NP@CNT/CNF 

cathodes before and after a discharge/charge cycle. 

To determine the contribution of GDC surface area to the improvements in capacity 

and overpotential, the BET specific surface area (SBET) was calculated for the obtained 

electrodes. As shown in Figure 3.6, the SBET values of the CNT/CNF and TiO2-

NP@CNT/CNF electrodes are, respectively, 127 m2 g-1 and 118 m2 g-1. This small 

difference in SBET indicates that the improved performance demonstrated here is primarily 

due to the significant enhancement in CO2 binding and catalytic activity offered by the 

TiO2 surfaces versus those of bare CNT/CNF. 
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Figure 3.6: BET plot of CNT/CNF and TiO2-NP@CNT/CNF electrodes. The calculated 

surface areas of CNT/CNF and TiO2-NP@CNT/CNF electrodes are, 

respectively, 127 m2 g-1 and 118 m2 g-1. 

Complementary characterization techniques were employed to confirm the 

reversibility of CDRR/CDER. All characterizations were performed on the side of the 

electrode facing the CO2 gas (i.e., facing away from the separator). First, XRD was 

performed to confirm the formation of crystalline Li2CO3 during discharge. As shown in 

Figure 3.7a, discharging the Li-CO2 cell with the TiO2-NP@CNT/CNF cathode leads to 

the formation of monoclinic Li2CO3 (PDF 01-083-1454). Upon charge, the Li2CO3 

discharge product is eliminated, as indicated by the disappearance of the Li2CO3 peaks in 

the charged state. The FTIR-ATR data in Figure 3.7b corroborate the results of the XRD 

analysis, showing the emergence of four characteristic peaks of the CO3
2- group of Li2CO3 

on discharge. The double bands at ~ 1482 and ~ 1408 cm-1 correspond to the asymmetric 

ν3 vibrational mode of CO3
2-, while the sharp peaks at ~ 1085 and ~ 860 cm-1 are attributed, 

respectively, to the symmetric ν1 vibration mode and ν2 bending mode.91–93 All four 
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characteristic peaks subsequently disappear on charge, indicating successful 

decomposition of Li2CO3. 

 

 

Figure 3.7: (a) XRD pattern, (b) FTIR-ATR, and (c) C 1s, and (d) Li 1s XPS plots of 

pristine, discharged, and charged TiO2-NP@CNT/CNF electrodes from Li-

CO2 cells. 

Figures 3.7c and 3.7d show, respectively, the C 1s and Li 1s XPS signals of 

pristine, discharged, and charged TiO2@CNT/CNF electrodes. In the pristine state, the C 

1s spectrum shows only one peak at 284.5 eV corresponding to the graphitic C-C bond in 

the CNT/CNF substrate.47 After discharge, a separate carbon peak appears at 290.3 eV, 

attributed to the C=O bond in Li2CO3.
94 A shoulder to the graphitic carbon peak can also 

be seen at 285.5 eV, corresponding to the amorphous sp3 carbon formed on discharge.95 

Both the Li2CO3 peak and amorphous carbon shoulder are shown to disappear on charge, 
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indicating near-complete conversion of the discharge products into evolved CO2 gas. 

Figure 3.7d shows the corresponding Li 1s peak of Li2CO3 at 55.7 eV, which similarly 

appears on discharge and disappears on charge.65 

Finally, the formation and decomposition of large Li2CO3 crystals are demonstrated 

visually in the SEM images in Figure 3.8. The pristine TiO2-NP@CNT/CNF electrode 

(Figure 3.8a) shows uniformly distributed TiO2 nanoparticles attached to the CNT/CNF 

matrix. Upon discharge (Figure 3.8b), large (> 2 µm) Li2CO3 particles are observed to 

grow throughout the electrode surface. After charge (Figure 3.8c), these particles 

disappear entirely, indicating near-complete reversibility. This result is remarkable, as it 

indicates that the enhanced CDER reaction kinetics offered by the TiO2-NP@CNT/CNF 

cathode are sufficient to overcome the strong electrically insulating nature of the large Li-

2CO3 particles. 

The synergistic mechanism of the TiO2-NPs and CNT/CNF framework toward the 

growth and elimination of the discharge products in the Li-CO2 battery is illustrated in 

Figure 3.8d. First, CO2 molecules attach to the TiO2 nanoparticle surfaces where they are 

electrochemically reduced to elemental carbon by electrons from the CNT/CNF conductive 

matrix. The remaining O2- anions from the reduction reaction then chemically react with 

dissolved CO2 and Li+ ions to form Li2CO3 crystals. On charge, the TiO2-NPs act as 

catalytic sites to allow for the evolution and release of gaseous CO2. The robust 

reversibility of this capture-react-release mechanism allows for stable cycling of the Li-

CO2 battery. 
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Figure 3.8: SEM images of (a) pristine, (b) discharged, and (c) charged TiO2-

NP@CNT/CNF electrodes from Li-CO2 cells. (d) Schematic of the TiO2-

NP@CNT/CNF nanocomposite catalyst mechanism. 

3.4 CONCLUSIONS 

In summary, we have developed and utilized a TiO2-NP@CNT/CNF composite 

cathode for a Li-CO2 battery. In the designed electrode, the TiO2 nanoparticles act as 

attachment and catalytic sites for the capture and activation of CO2, while the CNT/CNF 

substrate acts as a flexible, conductive, and high-surface area matrix. The absence of 

precious metals and the simple hydrolysis method for nanostructuring this material allow 

for fast, scalable, and low-cost synthesis. The flexible, freestanding membrane obtained 

via dispersion and vacuum filtration can be used directly as a GDC, eliminating the need 

for the addition of binder and casting onto a porous substrate. The Li-CO2 cells prepared 

with TiO2-NP@CNT/CNF show vastly improved capacity, cyclability, and efficiency 
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compared to the cells with bare CNT/CNF cathodes. These performance enhancements 

offer a promising pathway toward the realization of a room-temperature, noble-metal-free 

Li-CO2 battery. 
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Chapter 4: Phenyl Disulfide Additive for Solution-mediated Carbon 

Dioxide Utilization in Li-CO2 Batteries* 

4.1 INTRODUCTION 

While solid, heterogeneous catalysts can dramatically improve the performance of 

Li-CO2 batteries, their localized activity can yield an unfavorable discharge product 

morphology, while their high metal content and the difficulty of synthesizing nanocatalysts 

can lead to increased production cost. As an alternative to solid catalysts, electrolyte 

additives can help reduce the overpotentials of an electrochemical system by introducing a 

solution-based catalysis mechanism. Zhou’s group demonstrated lithium bromide (LiBr) 

as an effective redox mediator for Li-CO2 batteries.45 In other reports, quinones96 and 

amines97 have been reported as CO2 capture and reduction agents to enhance the discharge 

reaction mechanism in Li-CO2 batteries. Recently, Buttry’s group demonstrated a disulfide 

– thiocarbonate redox cycle for electrochemical capture and release of CO2.
98,99 In this 

work, phenyl disulfide (PDS) is investigated as an electrolyte additive in a Li-CO2 battery 

to allow for homogeneous capture and utilization of CO2.
78 As demonstrated with a variety 

of electrochemical and materials characterization methods, the PDS additive offers a novel 

solution-mediated reaction pathway for high-efficiency, long-life Li-CO2 batteries. 

4.2 EXPERIMENTAL METHODS 

4.2.1 Cell Assembly 

Li-CO2 and Li-Ar batteries were assembled as described in Chapter 2 with 

additional specifications as follows. The CO2 gas was maintained at a constant pressure of 

 
*Pipes, R.; Bhargav, A.; Manthiram, A. Phenyl Disulfide Additive for Solution-Mediated Carbon Dioxide 

Utilization in Li–CO2 Batteries. Adv. Energy Mater. 2019, 9 (21), 1900453.  

 

R. Pipes carried out most of the experimental work. A. Bhargav assisted with some synthesis and 

characterization. A. Manthiram supervised the project. All participated in the preparation of the manuscript. 
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50 kPa. The lithium-metal anode was polished and passivated via immersion in 0.2 M 

lithium nitrate (LiNO3, Sigma-Aldrich, 99.99 %) in a mixture of dioxolane (DOL) 

(C3H6O2, Sigma-Aldrich, 99 %) and dimethoxyethane (DME) (CH3OCH2CH2OCH3, 

Sigma-Aldrich, 99.5 %) (DOL/DME, 1 : 1 by volume) for 2 h to inhibit reaction with the 

DMSO electrolyte, PDS, and CO2. Li-CO2 cells were assembled with 100 µL of electrolyte. 

The electrolyte consisted of 1 M LiTFSI + x M phenyl disulfide (PDS) (C12H10S2, Sigma-

Aldrich, 99 %) (x = 0, 0.1, 0.25, 0.5) in DMSO. The GDC was composed of CNF and CB 

(2 : 1 by mass). The GDC was formed by dispersing 192 mg CNF and 96 mg CB in 

isopropanol (IPA) via ultrasonication and vacuum filtering the suspension onto a 9 cm 

diameter (64 cm-2 area) filter paper. The membrane was then dried in a 60 °C vacuum oven 

overnight and cut into electrodes. SS mesh was used as the cathode current collector. The 

resultant masses of the electrodes were 4.5 mg cm-2.  

4.2.2 Electrochemical Characterization 

All electrochemical characterizations were performed as described in Chapter 2 

with additional specifications as follows. Capacity measurements were performed to a 

discharge voltage cutoff of 2.4 V. Rate testing was performed at current densities ranging 

from 0.05 mA cm-2 to 0.2 mA cm-2. Galvanostatic discharge/charge cycling was performed 

at a constant current density of 0.1 mA cm-2 and at a fixed capacity of 0.25 mA h cm-2. CV 

was performed with a CHI-760 Electrochemical Workstation over a voltage range of 2.0 – 

3.5 V vs. Li/Li+. The lithium-metal anode acted as the reference and counter electrodes and 

the GDC under Ar/CO2 atmosphere acted as the working electrode. EIS was performed at 

an amplitude of 5 mV. 
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4.2.3 Materials Characterization 

All material characterizations were performed as described in Chapter 2 with 

additional specifications as follows. For material characterizations of electrolytes (13C-

NMR and FTIR-ATR) from pristine and discharged Li-CO2 cells, the following protocol 

was used. All cells were kept at rest under a 100 % CO2 environment at a pressure of 50 

kPa for 2 h. For discharged samples, the cells were discharged at a current density of 0.05 

mA cm-2 to a capacity of 0.25 mA h cm-2. For samples analyzed after five discharge/charge 

cycles, cells were cycled at a current density of 0.1 mA cm-2 to a capacity of 0.25 mA h 

cm-2 (i.e., the conditions used for long-term cycling). The cells were then disassembled, 

and the electrolyte-impregnated separator and GDC were immersed into 1 mL of 

deuterated dimethyl sulfoxide (DMSO-D6) for 24 h. The resulting solution was then used 

for characterization of the electrolyte.  

For materials characterization of GDCs (XRD, FTIR-ATR, XPS, and SEM) from 

pristine, discharged, and charged Li-CO2 cells, the following protocol was used. Pristine 

GDCs were analyzed as prepared without further processing. For discharged/charged 

samples, Li-CO2 cells were rested under a 100 % CO2 environment at 50 kPa for 2 h and 

then discharged/charged at a current density of 0.05 mA cm-2 to a capacity of 0.5 mA h cm-

2, with a discharge voltage limit of 2.4 V and a charge voltage limit of 4.2 V. For samples 

analyzed after five discharge/charge cycles, cells were cycled at a current density of 0.1 

mA cm-2 to a capacity of 0.25 mA h cm-2 (i.e., the conditions used for long-term cycling). 

XRD scans were collected over a range of 20 ° ≤ 2θ ≤ 45 °. XPS was performed 

with a dwell time of 1,500 – 2,000 ms per step. The sp2 graphitic carbon peak at 284.3 eV 

was used as a reference for peak calibration. SEM was performed with an FEI Quanta 650 

FE-SEM operated at a voltage of 15 kV, a working distance of 8 mm, and a spot size of 

2.5 nm. SEM samples were sputter coated with gold to a thickness of ~ 35 Å. 
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4.3 RESULTS AND DISCUSSION 

In 2017, Buttry’s group reported benzylthiolate as an electrochemical capture agent 

for CO2.
98,99 Their work proposed and experimentally validated a CO2 capture and release 

cycle in which benzylthiolate is reversibly generated via electrochemical reduction of 

benzyl disulfide (BDS). In this study, PDS was chosen over BDS due to its enhanced 

compatibility with the lithium anode and its demonstrated reversibility in lithium-metal 

batteries.100 The goal of this investigation was to utilize the thiolate – thiocarbonate CO2 

capture mechanism to enhance the performance of Li-CO2 batteries.  

4.3.1 Solution-Mediated Discharge Mechanism 

Figure 4.1 shows the proposed discharge mechanism of Li-CO2 cells incorporating 

PDS. In a Li-half-cell, the PDS dissolved in the electrolyte can spontaneously react with 

the lithium-metal anode, breaking the weak S-S bond to form thiophenolate anions (TP-), 

which then exist as electrolyte-soluble lithium thiophenolate.100,101 The spontaneity of this 

reaction is demonstrated by the reaction of PDS with lithium metal in Figure 4.2 and the 

open-circuit voltage decay during rest in Figure 4.3. Furthermore, during discharge, PDS 

is further electrochemically reduced, resulting in the formation of more TP-. Next, CO2 

molecules dissolved in the electrolyte attach to the TP- anions in solution, forming the 

soluble intermediate S-phenyl carbonothioate (SPC-). The C=O and C-O bonds in SPC- are 

sequentially reduced via a series of single-electron reduction reactions, generating O2- 

anions in the electrolyte, amorphous C at the cathode, and regenerating the TP- anions. The 

O2- anions then chemically react with other CO2 molecules in the electrolyte to form 

carbonate anions (CO3
2-). Finally, Li+ ions in the electrolyte combine with the CO3

2- anions 

to form Li2CO3 on the cathode surface. During charge, we hypothesize that the TP- ions 

may assist in the decomposition of the discharge products by essentially operating in a 
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cycle that is the reverse of Figure 4.1. TP- can aid in the oxidation of amorphous carbon 

by forming an intermediate compound. This compound can then react with Li2CO3 to yield 

SPC-, which in turn releases gaseous CO2. Although represented sequentially in Figure 4.1 

for simplicity, it is reasonable to expect that in an actual battery, these processes might 

occur simultaneously under dynamic equilibrium conditions. 

 

 

Figure 4.1: Mechanism of SPC--mediated electrochemical CO2 reduction. 
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Figure 4.2: Photograph of lithium metal in 0.25 M PDS/DMSO before and after 24 h, 

showing the consumption of lithium and solubility of lithium thiophenolate. 

The reaction is shown in the schematic beneath the photographs. 

 

Figure 4.3: Open-circuit voltage decay of a Li-CO2 cell with 0.25 M PDS additive 

during a 2-hour rest step under CO2, demonstrating minor self-discharge. 
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To elucidate the proposed SPC--mediated CO2 utilization mechanism, and to 

determine its effects on cell performance, Li-CO2 batteries were assembled with and 

without the PDS electrolyte additive. To confirm that the solution-mediated discharge 

mechanism is proceeding as proposed, the complementary techniques of 13C-NMR and 

FTIR-ATR were performed on electrolytes with the PDS additive from Li-CO2 cells. As 

shown in the 13C-NMR spectra of the electrolyte in Figure 4.4a, in the pristine state, four 

characteristic peaks are present, corresponding to the four unique carbons in the phenyl 

group of PDS. After discharge, a new carbon peak is shown to appear at 162.5 ppm, 

corresponding to the carbonothioate group in the SPC- adduct.98 This result was 

corroborated by performing FTIR-ATR on the electrolyte. As shown in Figure 4.4b, after 

discharge, a strong feature appears at 1650 cm-1, corresponding to the asymmetric 

stretching vibration of the CO2
- group in SPC-.98 These results confirm that the initial steps 

of the proposed reaction mechanism occur as proposed, generating SPC- as an intermediate 

discharge product. 
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Figure 4.4: (a) 13C-NMR and (b) FTIR-ATR signals of 1 M LiTFSI + 0.25 M 

PDS/DMSO electrolyte before and after partial discharge. (c) XRD and (d) 

FTIR-ATR signals of pristine, discharged, and charged CNF/CB electrodes 

from Li-CO2 cells with 0.25 M PDS. 

Further evidence of the electrochemical activity of PDS toward promoting CDRR 

and CDER is demonstrated in the CVs of Li-CO2 and Li-Ar cells in Figure 4.5. In the 

cathodic sweep of a Li-CO2 cell with 0.25 M PDS, a broad reduction peak is evident at 2.5 

V vs. Li/Li+, corresponding to SPC--mediated CO2 capture and reduction at the cathode 

with a peak cathodic current of 1 mA cm-2. A corresponding peak is evident at 2.65 V vs. 

Li/Li+ in the anodic sweep, attributed to the oxidation of SPC- and the resulting evolution 
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of CO2. For a comparison, in the absence of PDS, CDRR occurs at 2.67 V and no 

complimentary oxidation peak can be observed in the scan range. This confirms the 

significant overpotentials known to be present for CDRR and CDER in the absence of a 

catalyst. Additionally, CV was performed on a cell containing PDS under an Ar 

atmosphere. This CV shows that the onset of PDS reduction to TP- occurs at 2.69 V, with 

the peak current of 0.47 mA cm-2 occurring at 2.45 V. This result confirms that the 

increased current density observed in a Li-CO2 cell comes from CDRR. During oxidation, 

TP- converts to PDS at 2.66 V. This straddling of PDS redox potentials with CDRR/CDER 

potentials confirms the solution-mediated CO2 capture and utilization mechanism of the 

PDS additive and its successful reversibility in a rechargeable Li-CO2 battery. 

 

 

Figure 4.5: CVs of Li-CO2 cells with and without 0.25 M PDS additive and Li-Ar cell 

with 0.25 M PDS additive, conducted over a voltage range of 2 – 3.5 V at a 

scan rate of 0.1 mV s-1. 
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4.3.2 Completion and Reversibility of CDRR/CDER 

To demonstrate that the CDRR proceeds to form Li2CO3 as the primary discharge 

product, XRD and FTIR-ATR were performed on pristine, discharged, and charged Li-

CO2 GDCs. In the pristine state, the cathode shows a single graphitic carbon peak at 2θ = 

26.3 ° corresponding to the CNF/CB content of the GDC. As shown in the XRD data in 

Figure 4.4c, characteristic diffraction peaks appear after discharge in the range of 20 ° ≤ 

2θ ≤ 45 °, corresponding to monoclinic Li2CO3 (ICDD PDF #01-083-1454). In addition, 

the graphitic carbon peak is shown to shift slightly to 2θ = 25.8 °, indicating the formation 

of amorphous carbon during discharge.102 After charge, the Li2CO3 peaks are shown to 

nearly completely disappear, and the graphitic carbon peak shifts back to its original value, 

indicating good reversibility of CDRR/CDER. This result is confirmed via FTIR-ATR 

(Figure 4.4d), with four characteristic peaks appearing after discharge attributed, 

respectively, to the ν3 asymmetric vibration (1479 and 1416 cm-1), ν1 symmetric vibration 

(1087 cm-1), and ν2 bending (860 cm-1) modes of CO3
2-.91–93 In agreement with the XRD 

results, the characteristic FTIR peaks are largely suppressed in the charged state. The weak 

Li2CO3 signal observed in the pristine and charged samples is likely due to the self-

discharge (as explained in Section 4.3.1) occurring during rest under CO2 before 

characterization. 

Further evidence of the successful reversibility of CDRR/CDER is shown in the 

XPS data in Figure 4.6. As shown in Figure 4.6a, in the pristine state, the CNF/CB 

electrodes show a typical C 1s region, with sp2 (284.3 eV) and sp3 (284.5 eV) components 

from the graphitic carbon, and C-O (285.8 eV) and C=O (287.0 eV) components from 

adventitious carbon.47,103 After discharge, a strong peak corresponding to Li2CO3 appears 

at 289.9 eV.94 The formation of Li2CO3 during discharge is also demonstrated by the 

emergence of clear Li2CO3 peaks at 55.4 eV in the Li 1s signal (Figure 4.6b) and 531.6 
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eV in the O 1s (Figure 4.6c) signal. After charge, the Li2CO3 peaks in the C 1s, Li 1s, and 

O 1s signals are shown to nearly completely disappear, verifying the reversibility of 

CDRR/CDER. 

 

 

Figure 4.6: (a) C 1s, (b) O 1s, and (c) Li 1s XPS signals of pristine, discharged, and 

charged CNF/CB electrodes from Li-CO2 cells with 0.25 M PDS. 

Furthermore, the ratio of sp3 to sp2 carbon signals in the XPS data varies during 

cycling, providing a qualitative confirmation of the reversible cycling of the amorphous 

sp3 carbon discharge product. In the pristine state, the sp3/sp2 area ratio is 1.13. After 

discharge, the sp3/sp2 signal ratio grows to 1.63 due to the growth of amorphous carbon.95 

After charge, the sp3/sp2 ratio reverts to 1.19, indicating the oxidation of the amorphous 

carbon to gaseous CO2. This result demonstrates the reversible generation and oxidation of 

amorphous sp3 carbon during, respectively, CDRR and CDER.  

Next, the SEM images in Figure 4.7 show the growth and decomposition of Li2CO3 

crystals on the CNF/CB GDC surface during discharge/charge cycling of Li-CO2 cells with 
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and without PDS. In the pristine state (Figure 4.7a), long CNFs and CB particles are shown 

to be evenly distributed throughout the GDC. During discharge, the SPC--mediated CO2 

reduction pathway in the cell with 0.25 M PDS produces flake-like Li2CO3 deposits, 

uniformly grown throughout the GDC surface (Figure 4.7b). The high surface area of the 

flaky Li2CO3 and its intimate contact with the CNF/CB GDC allow for facile 

decomposition during charge. For a comparison, the GDC from the cell without PDS 

(Figure 4.7c) shows large, clumpy deposits of Li2CO3, which almost completely cover the 

electrode surface. The strongly insulating nature of the large Li2CO3 deposits in the cell 

with the bare electrolyte contributes to greater overpotential on charge. As evidenced in 

the SEM images of the charged electrodes, the GDC of the cell with PDS (Figure 4.7d) 

shows almost no residual Li2CO3 deposits, while the GDC of the cell without PDS (Figure 

4.7e) shows some residual Li2CO3 on the CNF/CB surfaces due to incomplete Li2CO3 

decomposition on charge. This result indicates that the flake-like morphology of the 

Li2CO3 facilitated by the PDS additive and the discharge product’s improved contact with 

the GDC allow for more complete decomposition on charge. The combination of XRD, 

FTIR-ATR, XPS, and SEM data confirms the successful reversibility of CDRR/CDER in 

Li-CO2 batteries enabled by the SPC--mediated CO2 utilization mechanism. 
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Figure 4.7: SEM images of CNF/CB electrodes (a) before cycling, after discharge (b) 

with and (c) without 0.25 M PDS, and after charge (d) with and (e) without 

0.25 M PDS. 

4.3.3 PDS Concentration Optimization 

The optimum concentration of PDS in the electrolyte was determined by 

performing EIS on Li-CO2 cells with varying concentrations (0 M, 0.1 M, 0.25 M, and 0.5 

M) of the PDS additive. As shown in Figure 4.8, the charge transfer impedance decreases 

with increasing concentrations of PDS, up to 0.25 M. Where the concentration of PDS is 

increased to 0.5 M, both the charge transfer impedance and the bulk resistance (indicated 

by the high-frequency Z’ intercept) are shown to increase, indicating slower reaction 

kinetics and increased electrolyte resistance with excess concentration of PDS. Thus, 0.25 

M was determined to be the optimum concentration of PDS for Li-CO2 batteries. 
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Figure 4.8: Nyquist plots of Li-CO2 cells with varying concentrations of PDS additive. 

4.3.4 Electrochemical Performance 

Electrochemical performance data of Li-CO2 batteries with and without the PDS 

additive are presented in Figure 4.9. As shown in Figure 4.9a, the inclusion of PDS allows 

for vastly improved discharge capacity. Li-CO2 cells with and without the PDS additive 

were discharged to a cutoff voltage of 2.4 V to ensure that the entire capacity measured 

was due to SPC--mediated CO2 reduction, and not due to reduction of excess PDS. The Li-

CO2 cell incorporating 0.25 M PDS achieves an areal capacity of 2152 µA h cm-2, while 

the cell without PDS delivers a capacity of only 186 µA h cm-2 before hitting the 2.4 V 

cutoff voltage. To demonstrate that the delivered capacity is due to electrochemical 

reduction of CO2 (i.e., not due to reduction of the PDS additive itself), Figure 4.9a also 

shows the discharge curve of a Li-Ar cell using the same electrolyte as the Li-CO2 cell. 

This cell shows a discharge capacity of only 605 µA h cm-2 before hitting the 2.4 V 
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discharge cutoff, confirming that the over threefold capacity increase observed in the Li-

CO2 cell is due to the SPC--mediated reduction of CO2. 

 

 

Figure 4.9: (a) Discharge capacity comparison of Li-CO2 cells with and without 0.25 M 

PDS and a Li-Ar cell with PDS at a current density of 0.05 mA cm-2. (b) 

Discharge rate testing of Li-CO2 cells with 0.25 M PDS. (c) Impedance 

evolution comparison of Li-CO2 cells with and without 0.25 M PDS. (d) 

Galvanostatic cycling performance of Li-CO2 cells with 0.25 M PDS, cycled 

at a current density of 0.1 mA cm-2 to a fixed capacity of 250 µA h cm-2. 

Next, rate testing was performed to determine the performance metrics of Li-CO2 

batteries with PDS. As shown in Figure 4.9b, Li-CO2 cells incorporating 0.25 M PDS 

deliver a capacity of 250 µA h cm-2 at current densities of up to 0.15 mA cm-2 before hitting 

the 2.4 V cutoff voltage at 0.2 mA cm-2. Cells discharged at current densities of 0.05, 0.1, 
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0.15, and 0.2 mA cm-2 maintain average discharge voltages of, respectively, 2.65 V, 2.58 

V, 2.56 V, and 2.53 V, a decrease of only 120 mV over the range of current densities tested. 

The improvement of reaction kinetics offered by the PDS additive is evident in the EIS 

data in Figure 4.9c. The Li-CO2 cell with 1 M LiTFSI + 0.25 M PDS/DMSO as the 

electrolyte shows significantly lower charge-transfer resistance (indicated by the diameter 

of the semicircle in the Nyquist plot) compared to the cell with the bare 1 M LiTFSI/DMSO 

electrolyte, both before and after 5 discharge/charge cycles. 

For a comparison, rate tests of Li-Ar cells with 0.25 M PDS in the electrolyte show 

lower discharge voltages and diminished capacities (Figure 4.10) compared to those of Li-

CO2
 cells. Li-Ar cells discharged at 0.05, 0.1, 0.15, and 0.2 mA cm-2 deliver average 

discharge voltages of, respectively, 2.56, 2.53, 2.51, and 2.50 V. Thus, the differences in 

the discharge voltages between Li-CO2 cells and Li-Ar cells with 0.25 M PDS additive 

(i.e., VD, Li-CO2 – VD, Li-Ar) at current densities of 0.05, 0.1, 0.15, and 0.2 mA cm-2 are, 

respectively, 90, 50, 50, and 30 mV. The 90 mV difference observed at 0.05 mA cm-2 is in 

agreement with the voltage differences observed in the capacity plot in Figure 4.9a and in 

the CV in Figure 4.5.  
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Figure 4.10: Galvanostatic discharge/charge rate testing of Li-Ar cells with 0.25 M PDS 

additive over the current range of 0.05 to 0.2 mA cm-2. 

The convergence of discharge voltages between the Li-Ar and Li-CO2 cells at 

higher rates signifies that the SPC--mediated discharge mechanism plays a greater role in 

CO2 reduction at elevated current densities. It is likely that as the current density is 

increased, the reduction of PDS and the resulting SPC--mediated reduction of CO2 (as 

illustrated in Figure 4.1) occurs more as a concerted, simultaneous process rather than 

stepwise. This result makes sense as the CDRR is sluggish in the absence of a catalyst and 

fails rapidly at fast discharge rates. Furthermore, while the Li-Ar cell discharged at 0.05 

mA cm-2 delivers the full capacity of 250 µA h cm-2, Li-Ar cells discharged at 0.1, 0.15, 

and 0.2 mA cm-2 show diminished capacities of, respectively, 190, 161, and 137 µA h cm-

2. This result shows that the capacity delivered by Li-CO2 cells with 0.25 M PDS additive 

is due to the SPC--mediated reduction of CO2 rather than the reduction of PDS itself. 
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Remarkably, the charge rate testing data in Figure 4.11 shows that the average 

charge voltage of Li-CO2 cells with 0.25 M PDS additive also decreases slightly from 2.63 

V at 0.05 mA cm-2 to 2.60 V at 0.2 mA cm-2. The favorable flake-like morphology of the 

Li2CO3 discharge product allows for enhanced interaction with TP- to generate SPC-. This 

SPC--mediated CO2 evolution results in facile CDER kinetics throughout the range of 

current densities tested. To demonstrate that the charge step does not correspond to any 

alternative electrochemical reactions, charge-only testing was performed on Li-Ar and Li-

CO2 cells with 0.25 M PDS additive. 

 

 

Figure 4.11: Galvanostatic charge rate testing of Li-CO2 cells with 0.25 M PDS additive 

over the current range of 0.05 mA cm-2 to 0.2 mA cm-2. 

As shown in Figure 4.12a, both Li-Ar and Li-CO2 cells with 0.25 M PDS additive 

deliver negligible capacity with charge as the first step. To confirm this result, CV was 

conducted with the anodic sweep first to determine whether any reaction can occur on 
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charge before the initial discharge. The CV in Figure 4.12b shows negligible current 

density delivered on the initial anodic sweep, indicating that the current delivered on charge 

must be due to the oxidation of the discharge products. 

 

 

Figure 4.12: (a) Galvanostatic charge profile at 0.1 mA cm-2 and (b) anodic-sweep-first 

CV of a Li-CO2 cell and Li-Ar cell with 0.25 M PDS additive at a scan rate 

of 0.1 mV s-1. 

Full discharge/charge curves (to a discharge cutoff voltage of 2.4 V) of Li-CO2 cells 

with and without 0.25 M PDS, as well as a Li-Ar cell with 0.25 M PDS, at an elevated 

current density of 0.1 mA cm-2 are provided in Figure 4.13. At the elevated current density, 

the Li-CO2 cell with 0.25 M PDS additive delivers a capacity of 588 µA h cm-2, nearly a 

threefold increase over that of the Li-Ar cell with 0.25 M PDS (202 µA h cm-2). Meanwhile, 

the Li-CO2 cell without PDS delivers a negligible capacity of 98 µA h cm-2. In addition, 

the discharge voltage of the Li-CO2 cell with 0.25 M PDS is approximately 150 mV higher 

than that of the Li-Ar cell. On charge, the Li-CO2 cell with 0.25 M PDS delivers nearly its 

full capacity at a charge voltage of ~ 2.62 V. There is a sharp increase in the charge voltage 

profile as the capacity approaches the discharge capacity, indicating near-complete 

reversibility of CDRR/CDER. 



 55 

 

Figure 4.13: Full discharge/charge curves of Li-CO2 cells with and without 0.25 M PDS 

additive and Li-Ar cell with 0.25 M PDS additive at a current density of 0.1 

mA cm-2. 

Finally, galvanostatic cycling was performed to test the cycle life and overpotential 

evolution of Li-CO2 batteries with the PDS electrolyte additive. As shown in Figure 4.9d, 

the Li-CO2 cell with 0.25 M PDS in the electrolyte achieves 30 discharge/charge cycles at 

a fixed current density of 0.1 mA cm-2 and a fixed capacity of 250 µA h cm-2. The first 

cycle shows an ending discharge voltage of 2.59 V and an ending charge voltage of 2.69 

V, demonstrating a remarkably low round-trip overpotential of only 100 mV. This result is 

a vast improvement over the 1.33 V overpotential of the control cell without the PDS 

additive (Figure 4.14a). Subsequent cycles show a small drop in average discharge voltage 

from 2.59 V to 2.54 V, while the charge voltage also drops slightly from 2.69 V to 2.65 V 

over 30 discharge/charge cycles. During the first cycle, it is likely that some irreversible 

processes occur in the Li-CO2 cell, such as chemical reaction of the Li-anode with DMSO 

and also with PDS and CO2 dissolved in the electrolyte. Some mechanical collapse of the 
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GDC may also occur due to the volume change caused by the formation of the solid Li2CO3 

discharge product. These processes may contribute to the lower discharge voltage in 

subsequent cycles. 

 

 

Figure 4.14: (a) Discharge/charge curves and (b) capacity retention plot of Li-CO2 cells 

with and without 0.25 M PDS additive and Li-Ar cell with 0.25 M PDS 

additive, cycled at a current density of 0.1 mA cm2 to a fixed capacity of 

250 µA h cm-2. 

The small round-trip overpotential of the Li-CO2 cell with 0.25 M PDS additive 

leads to an impressive average energy efficiency of 98 % over 30 cycles. This energy 

efficiency is much higher than those previously reported for noble metal-free Li-CO2 

catalysts (Table 7.1 in Chapter 7). The efficiency is also significantly higher than that of 

the control Li-CO2 cell (without PDS), which delivers an initial energy efficiency of 89.4 

% at an initial capacity of only 152 µA h cm-2 (Figure 4.14a). The capacity retention of 

the control cell falls below 50 % (76 µA h cm-2) by the 5th cycle and the cell fails entirely 

by the 10th cycle (Figure 4.14b). For a comparison, the Li-Ar cell with 0.25 M PDS 

additive delivers an initial energy efficiency of 94 %, but only delivers an initial capacity 

of 202 µA h cm-2. The capacity then rapidly decays to 38 µA h cm-2 (19 % capacity 
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retention) by the 10th cycle.  The energy efficiency of the Li-CO2 cell with the PDS additive 

is also greatly improved over other long-term cycling efficiencies of 70-80 % reported in 

the literature.48,57,104 The reduced charge energy and extended cycle life can be attributed 

to the favorable flake-like morphology of the Li2CO3 discharge product and the alternative 

reaction pathway offered by the SPC--mediated CO2 reduction/oxidation mechanism.  

To confirm that CDRR/CDER occurs reversibly during cycling, XRD and SEM 

were performed on GDCs from Li-CO2 cells with 0.25 M PDS in the electrolyte after the 

fifth discharge and fifth charge. As shown in the XRD data in Figure 4.15, Li2CO3 is 

present on the GDC after the fifth discharge and is decomposed after the fifth charge. 

 

 

Figure 4.15: XRD patterns of GDCs from a Li-CO2 battery with 0.25 M PDS additive 

after fifth discharge and fifth charge, cycled at a current density of 0.1 mA 

cm2 to a fixed capacity of 250 µA h cm-2. 
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The XRD result is confirmed in the SEM images in Figure 4.16. As shown in 

Figure 4.16a, after the fifth discharge, the GDC surface is entirely covered with Li2CO3. 

The morphology of the Li2CO3 is somewhat different from that shown after the first cycle. 

As shown in Figure 4.16b, the Li2CO3 still shows a flake-like morphology, but the flakes 

have agglomerated into ball-like structures. As shown in Figure 4.16c-d, the Li2CO3 is still 

completely decomposed after the fifth charge. 

 

 

Figure 4.16: SEM images of GDCs from a Li-CO2 battery with 0.25 M PDS additive 

after (a,b) fifth discharge and (c,d) fifth charge, cycled at a current density 

of 0.1 mA cm2 to a fixed capacity of 250 µA h cm-2. 

In addition, the 13C-NMR data in Figure 4.17 shows that PDS remains in the 

electrolyte following five discharge/charge cycles. Furthermore, the characteristic peak of 
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SPC- is strongly visible after the fifth discharge, and disappears after the fifth charge, 

confirming the prolonged, reversible capture and release of CO2 by TP- during cycling. 

 

 

Figure 4.17: 13C-NMR spectra of 1 M LiTFSI + 0.25 M PDS/DMSO electrolyte from Li-

CO2 battery after fifth discharge and fifth charge, cycled at a current density 

of 0.1 mA cm2 to a fixed capacity of 250 µA h cm-2. The four peaks between 

140 and 125 ppm correspond to the four distinct carbons in PDS. 

Finally, the primary failure mode of Li-CO2 cells with PDS was examined. The 

high solubility of PDS in DMSO solvent allows for its shuttle between the electrodes (as 

evidenced by the CV in Figure 4.12b), leading to fast capacity decay during cycling in a 

Li-Ar cell (Figure 4.14b). The reactivity of PDS with Li-metal (as shown in Figure 4.18) 

results in its permanent loss at the anode, leading to failure in the ability to sustain cycling 

at high energy efficiencies. Robust Li-anode passivation strategies may lead to improved 
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long-term cycling performance and prove the viability of solution-mediated Li-CO2 

batteries for practical energy storage. 

 

 

Figure 4.18: Photograph of lithium metal before and after 24 h of exposure to a solution 

of 0.25 M PDS in DMSO. A brown colored surface-passivation film can be 

seen on the exposed lithium. 

4.4 CONCLUSIONS 

In this work, PDS as an electrolyte additive was demonstrated to improve the 

capture, utilization, and release of CO2 in Li-CO2 batteries. A reaction mechanism was 

proposed in which the electrochemical reduction of PDS allows for the homogeneous 

capture of CO2 and the formation of the soluble intermediate SPC-. This alternative reaction 

pathway greatly reduces the energy barrier toward electrochemically reducing and 

evolving CO2. The successful progression and reversibility of this reaction was 

demonstrated via an array of materials and electrochemical characterization techniques. 

The elucidated solution-mediated reaction pathway offers significant improvements to Li-

CO2 battery impedance, capacity, rate capability, and cycle life. The remarkable 
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performance enhancements offered by the addition of PDS in Li-CO2 battery electrolytes 

may lead to the development of long-life, high-efficiency Li-CO2 batteries. 
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Chapter 5: Efficient Li-CO2 Batteries with Molybdenum Disulfide 

Nanosheets on Carbon Nanotubes as a Catalyst*  

5.1 INTRODUCTION 

This chapter reports on a molybdenum disulfide nanosheet (MoS2-NS) catalyst 

developed for low-cost, high-efficiency, long-cycle-life Li-CO2 batteries.79 The catalytic 

electrode is fabricated by growing MoS2-NS onto MWNT and interweaving the composite 

with SWNT to yield a freestanding MoS2-NS@MWNT/SWNT GDC. MoS2 has been well-

established to be an efficient catalyst for enhancing the redox kinetics in various battery 

chemistries.105–107 Recently, Salehi-Khojin’s group employed MoS2 in Li-CO2 batteries.108 

However, a relatively high overpotential (> 4 V) on charge was observed, and the catalytic 

mechanism proposed was supported primarily with computational studies. Here, we 

demonstrate a stable Li-CO2 battery cycling with reduced charge voltage (< 3.75 V) 

enabled by a rationally designed MoS2-NS@MWNT/SWNT GDC and propose and  

experimentally investigate the catalytic mechanism for efficient Li2CO3 formation and 

decomposition on MoS2-NS surfaces. 

5.2 EXPERIMENTAL METHODS 

5.2.1 Materials Synthesis 

The MoS2-NS@MWNT/SWNT composite membrane was synthesized by a 

method similar to that published in prior work.109 First, 600 mg of MWNT was acid treated 

by stirring for 2 h and sonicating for 30 min in 50 mL of 1 M nitric acid (HNO3). MWNT 

was chosen due to its high conductivity and surface area. The acid-treated MWNT was 

 
*Pipes, R.; He, J.; Bhargav, A.; Manthiram, A. Efficient Li-CO2 Batteries with Molybdenum Disulfide 

Nanosheets on Carbon Nanotubes as a Catalyst. ACS Appl. Energy Mater. 2019, 2 (12), 8685–8694.  

 

R. Pipes carried out most of the experimental work. J. He and A. Bhargav assisted with some synthesis and 

characterization. A. Manthiram supervised the project. All participated in the preparation of the manuscript. 
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then washed three times with water via centrifugation for 10 min each. Next, 300 mg of 

sodium molybdate (Na2MoO4, Sigma-Aldrich), 225 mg of thiourea (CH4N2S, Sigma-

Aldrich), and 75 mg of sodium dodecyl sulfate (SDS) (NaC12H25SO4, Sigma-Aldrich) were 

dissolved in 60 mL of DIW under stirring for 30 min. The acid-treated MWNT was added 

to the solution and the mixture was stirred for 30 min before sonicating it for another 30 

min. The resulting suspension was poured into an 80 mL Teflon-lined autoclave and heated 

to 220 °C for 24 h. 

The product of the hydrothermal synthesis, MoS2-NS@MWNT, was washed three 

times with water and one time with ethanol via centrifugation for 10 min each. The material 

was then dried overnight in a 60 °C vacuum oven. Next, 256 mg of the dried MoS2-

NS@MWNT and 32 mg of SWNT were mixed via stirring for 30 min and sonication for 2 

h in 400 mL isopropanol. The suspension was then filtered onto a filter paper (D = 9 cm 

(A ≈ 64 cm2), Whatman), dried in a 60 °C vacuum oven overnight, and fabricated into 

electrodes. Finally, the electrodes were heated in a tube furnace to 800 °C (ramp rate = 3 

°C min-1) for 2 h under a 100 % Ar atmosphere. The mass loading of the MoS2-

NS@MWNT/SWNT electrodes was 4.5 mg cm-2. Based on the TGA determination that 

the mass fraction of MoS2 in the electrode was ~ 29.5 %, the loading of the MoS2-NS 

catalyst in the electrodes was 1.33 mg cm-2. 

Control MWNT/SWNT electrodes were prepared in a similar manner as above. 256 

mg of MWNT and 32 mg of SWNT were processed into electrodes following the same 

mixing, sonicating, filtration, and heat-treatment method as the experimental MoS2-

NS@MWNT/SWNT electrodes. The mass loading of the bare MWNT/SWNT electrodes 

was 4.5 mg cm-2. 
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5.2.2 Cell Assembly 

Li-CO2 and Li-Ar batteries were assembled as described in Chapter 2 with 

additional specifications as follows. The CO2 pressure was maintained at 100 kPa for all 

cells. Li-CO2 cells were assembled with 75 µL of electrolyte. For XPS scans in the absence 

of LiTFSI, 1 M LiTFA/DMSO was used as the electrolyte. The cathode was a piece of 

MoS2-NS@MWNT/SWNT or bare MWNT/SWNT. SS mesh was used as the cathode 

current collector. 

5.2.3 Electrochemical Characterization 

All electrochemical characterizations were performed as described in Chapter 2 

with additional specifications as follows. Long-term and capacity cycling were performed 

with discharge and charge cutoff voltages of, respectively, 2.5 and 4.2 V. Long-term 

cycling was performed at a current density of 0.05 mA cm-2 to a fixed capacity of 0.25 mA 

h cm-2. CV was performed with a VoltaLab 80 potentiostat, over a voltage range of 2.5 – 

4.2 V. EIS was performed with an amplitude of 10 mV. 

5.2.4 Materials Characterization 

All material characterizations were performed as described in Chapter 2 with 

additional specifications as follows. Li-CO2 cells with the MoS2-NS@MWNT/SWNT or 

MWNT/SWNT electrodes were discharged/charged at a fixed current density of 0.05 mA 

cm-2 to a fixed capacity of 0.5 mA cm-2. Pristine samples were analyzed as prepared without 

further processing. Low-resolution SEM and EDX were performed with a Tescan VEGA3 

TE-SEM. Spot sizes for SEM and EDX varied between 15 and 50 nm in diameter to 

achieve optimum signal and resolution. High-resolution SEM was performed with an FEI 

Quanta 650 FE-SEM. The beam voltage was maintained at 15 kV and the spot size was set 

to 2.5 nm. Samples were sputter-coated with gold to a thickness of ~ 35 Å prior to 
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observation. XRD scans were collected over a range of 20° ≤ 2θ ≤ 80°. XPS scans were 

collected with dwell times of 1,000 to 2,000 ms per step. A charge neutralizer was 

employed due to the nonconductive nature of Li2CO3. Ar sputtering was performed for 4 

m on some discharged samples to remove the surface carbon layer. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Synthesis and characterization of MoS2-NS@MWNT/SWNT GDC 

The rationale for the composition and design of the MoS2-NS@MWNT/SWNT 

nanocomposite GDC is as follows. MoS2 was chosen as a candidate CDRR/CDER catalyst 

due to its low cost, nontoxicity, and reported catalytic properties toward CO2 reduction and 

similar electrochemical reactions.108,110–112 MoS2 was grown with a nanosheet morphology 

to increase its surface area and the number of exposed edge sites for facile CO2 

adsorption/desorption. MWNT was chosen as the substrate due to its high surface area and 

abundant electron conduction pathway into MoS2-NS. The MWNT was acid treated to 

increase its hydrophilicity and to aid the growth of MoS2-NS on the MWNT surfaces. 

SWNT was added to improve the mechanical strength of the membrane. The 

nanocomposite was filtered from a suspension into a membrane to achieve homogeneous 

distribution of the components and to eliminate the need for binders and slurry casting. The 

resulting membrane was flexible, freestanding, and mechanically robust. 

As shown in the TEM images in Figure 5.1a-b, the MoS2 takes on a nanosheet 

morphology with a size of roughly 50 - 200 nm and a thickness of about 10 - 20 nm. The 

EDX data in Figure 5.1c show that the approximate atomic percentages of molybdenum 

and sulfur in the sample are, respectively, 11.3 % and 21.0 %, giving a Mo : S atomic ratio 

of 1 : 1.86. The higher than stoichiometric quantity of Mo indicates the generation of Mo-

terminated edge sites, the function of which will be discussed later. Finally, the XRD 
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pattern of the MoS2-NS@MWNT/SWNT composite (Figure 5.1d) shows clear peaks 

corresponding to 2H-MoS2 (ICDD 00-006-0097) over the range of 10 ° ≤ 2θ ≤ 65 °, and a 

strong graphitic carbon peak at 2θ = 26 ° due to the presence of carbon nanotubes (ICDD 

00-058-1638). The combination of TEM and XRD characterization confirms that the 

intended phase and morphology of MoS2 were obtained in the composite electrode. 

 

 

Figure 5.1: (a) Low- and (b) high-magnification TEM images of MoS2-NS@MWNT 

composite. (c) EDX spectrum of MoS2-NS@MWNT composite. (d) XRD 

signal of MoS2-NS@MWNT/SWNT freestanding GDC. 
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Next, TGA and BET analysis were performed to determine, respectively, the MoS2 

weight content and surface area of the obtained electrodes. The TGA data in Figure 5.2a 

show that MoS2 contributes ~ 29.5 % of the electrode mass. BET analysis of the electrodes 

(Figure 5.2b) shows that the MoS2-NS@MWNT/SWNT and bare MWNT/SWNT 

electrodes have surface areas of, respectively, 165 and 199 m2 g-1. The fact that the MoS2-

NS@MWNT/SWNT electrode has a slightly lower surface area than the control 

MWNT/SWNT electrode indicates that the difference in performance between the two 

electrodes is not a result of a difference in surface area. 

 

 

Figure 5.2: (a) TGA (black) and DSC (red) curves of MoS2@MWNT/SWNT. (b) BET 

isotherms of MoS2-NS@MWNT/SWNT and MWNT/SWNT. 

Finally, SEM and EDX were performed to determine the distribution of MoS2-NS 

throughout the composite membrane. As shown in the SEM images in Figure 5.3a-d, it is 

difficult to resolve the MoS2-NS in the electrode except at high magnification (200 kX). 

This is probably because the nanosheets are very small (< 500 nm) and thin (10 – 20 nm), 

and thus largely transparent to the electron beam. Still, the EDX maps of the SEM image 

in Figure 5.3e show strong signals corresponding to carbon (Figure 5.3f), molybdenum 
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(Figure 5.3g), and sulfur (Figure 5.3h), indicating a uniform distribution of MoS2-NS 

throughout the electrode. 

 

 

Figure 5.3: SEM images of MoS2-NS@MWNT/SWNT GDC at (a) 10 kX, (b) 50 kX, 

(c) 100 kX, and (d) 200 kX magnification. (e) SEM image of MoS2-

NS@MWNT/SWNT GDC with accompanying elemental maps of (f) C, (g) 

Mo, and (h) S. 

5.3.2 Li-CO2 cells with MoS2-NS@MWNT/SWNT GDC 

After confirming that an adequate distribution and loading of MoS2-NS was 

obtained in the GDC, the electrode was utilized in Li-CO2 batteries to determine its 

functionality as a CDRR/CDER catalyst. To prove that CDRR and CDER occur as 

proposed during cycling, a series of material characterization techniques were performed 

on the MoS2-NS@MWNT/SWNT electrodes from pristine, discharged, and charged Li-

CO2 cells. As shown in the XRD data in Figure 5.4a, in the pristine state, the electrode 

shows clear signals corresponding to 2H-MoS2 and CNT. After discharge, characteristic 

peaks corresponding to monoclinic Li2CO3 (ICDD 01-072-1216) appear over the range of 

10 ° ≤ 2θ ≤ 50 °. After charge, the Li2CO3 peaks disappear entirely, indicating complete 
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decomposition of the Li2CO3 and C discharge products. This result is confirmed in the 

FTIR-ATR data in Figure 5.4b. Characteristic Li2CO3 peaks are shown to appear over a 

wavenumber range of 1600 – 800 cm-1, corresponding to the ν3 asymmetric stretching 

(1478 and 1409 cm-1), ν1 symmetric stretching (1086 cm-1), and ν2 bending (858 cm-1) 

modes of Li2CO3.
91–93 Finally, the Raman spectra in Figure 5.4c show the formation and 

decomposition of Li2CO3, identified by the peak at 1085 cm-1.39 Furthermore, the Raman 

data also show an increase in the ID/IG ratio from 0.25 in the pristine state to 0.46 in the 

discharged state, which indicates the formation of amorphous carbon. The ID/IG ratio 

reverts to 0.31 after charge, indicating nearly complete oxidation of the amorphous carbon 

discharge product. The combination of XRD, FTIR-ATR, and Raman analysis of pristine, 

discharged, and charged MoS2-NS@MWNT/SWNT electrodes confirms the successful 

reversibility of CDRR/CDER in the Li-CO2 cell. 
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Figure 5.4: (a) XRD, (b) FTIR-ATR, and (c) Raman spectra of MoS2-

NS@MWNT/SWNT GDCs from pristine, discharged, and charged Li-CO2 

cells, showing the growth and decomposition of Li2CO3. Cells were cycled 

at a current density of 0.05 mA cm-2 and a capacity of 0.5 mA h cm-2. 
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The XPS data in Figure 5.5 provide further evidence of the occurrence of 

CDRR/CDER in the Li-CO2 cell. As shown in Figure 5.5a, in the pristine state, the MoS2-

NS@MWNT/SWNT GDC shows a C 1s spectrum characteristic of CNT. The spectrum 

contains sp2 (284.3 eV) and sp3 (284.5 eV) carbon components from the MWNT/SWNT 

substrate, as well as C-O (285.6 eV) and C=O (286.7 eV) components due to the acid 

treatment and the presence of adventitious carbon.47,103 After discharge, a strong Li2CO3 

(290.2 eV) signal appears due to CDRR at the cathode.94 A shoulder to the Li2CO3 peak 

appears at 289.0 eV corresponding to the intermediate discharge product C2O4
2- 

(oxalate).113 This observation will be discussed in detail in Section 5.3.3. The sp3/sp2 ratio 

also appears to increase from 1.20 to 1.95 after discharge. The increase in the amount of 

sp3 carbon provides qualitative evidence for the formation of amorphous carbon due to 

CDRR.95 A small peak corresponding to LiTFSI (293.2 eV) is also visible due to residual 

salt from the electrolyte.114 After charge, the Li2CO3 peak is shown to completely 

disappear, and the sp3/sp2 ratio reverts to 1.04, indicating completion of CDER on charge. 

The small difference in the sp3/sp2 ratio between the pristine and charged samples is likely 

due to small variance in composition between the samples. These results are corroborated 

in the Li 1s and O 1s spectra. In the Li 1s data in Figure 5.5b, strong Li2CO3 (55.9 eV) and 

Li2C2O4 (lithium oxalate) (55.4 eV) signals appear after discharge, which disappear after 

charge.66 Similarly, in the O 1s spectrum in Figure 5.5c, strong C=O (531.5 eV) and C-O 

(532.0 eV) signals are shown after discharge, attributed to both Li2CO3 and C2O4
2-, and are 

eliminated after charge.113,115 The combination of C 1s, Li 1s, and O 1s XPS data shows 

the successful formation and decomposition of Li2CO3 and amorphous carbon on the 

MoS2-NS@MWNT/SWNT GDC during CDRR/CDER. 
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Figure 5.5: (a) C 1s, (b) Li 1s, (c) and O 1s XPS signals of MoS2-NS@MWNT/SWNT 

GDCs from pristine, discharged, and charged Li-CO2 cells, showing the 

growth and decomposition of Li2CO3 and the intermediate C2O4
2-. The cells 

were cycled at a current density of 0.05 mA cm-2 and a capacity of 0.5 mA h 

cm-2. 

The formation and decomposition of Li2CO3 during, respectively, CDRR and 

CDER are also evidenced by the SEM images in Figure 5.6. In the pristine state (Figure 

5.6a), the MWNT/SWNT substrate is shown, with some flakelike MoS2 visible on the 

surface. As in Figure 5.3, the thin MoS2 nanosheets are somewhat difficult to resolve due 

to their relative transparency to the electron beam. After discharge (Figure 5.6b), 

ellipsoidal Li2CO3 crystals appear on the cathode surface, with particle sizes < 500 nm in 

length and < 150 nm in width. After charge, the Li2CO3 crystals disappear entirely, 

indicating complete decomposition. The confined size of the Li2CO3 deposits, and their 

intimate contact with the MoS2-NS@MWNT/SWNT GDC allow for their facile 

decomposition on charge. 
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Figure 5.6: SEM images of MoS2-NS@MWNT/SWNT electrodes from (a) pristine, (b) 

discharged, and (c) charged Li-CO2 batteries. The cells were cycled at a 

current density of 0.05 mA cm-2 and a capacity of 0.5 mA h cm-2. 

5.3.3 Catalytic mechanism of MoS2-NS toward CDRR/CDER 

A graphical depiction of the proposed catalytic mechanism of MoS2 is given in 

Figure 5.7a. We posit that at the triple-phase (electrolyte – electrode – gas) boundary, CO2 

preferentially attaches to the Mo-terminated edge sites of the MoS2 nanosheets, where it is 

then electrochemically reduced, as evidenced in prior work.48,108,110,111 Similar catalytic 

activity of MoS2 edge sites has been reported for Li-O2 and Li-S batteries.116,117 The 

proposed CDRR/CDER reaction occurs as a surface phenomenon at the Mo-terminated 

edge sites rather than in the bulk MoS2. During discharge, CO2 is first reduced to oxalate 

anions (C2O4
2-). Oxalate is an excellent ligand and coordinates favorably with Mo metal 

centers.48,118 The terminal Mo atoms simultaneously undergo a change in oxidation state 

from 4+ to 6+ and attach to the oxalate ligands to form the intermediate compound C2O4
2-–

Mo6+S2
4- (Eq. 5.1). This compound then dissociates in the reaction 2[C2O4

2-–Mo6+S2
4-] → 

CO2
2-–Mo6+S2

4- + C2O4
2-–Mo6+S2

4- + CO2 (Eq. 5.2). Further dissociation of these 

intermediates yields the carbonate adduct CO3
2-–Mo6+S2

4- and amorphous C (Eq. 5.3). 

Finally, Li+ ions in the electrolyte combine with the carbonate ligand to yield Li2CO3 (Eq. 

5.4). A small amount of amorphous Li2C2O4 is also likely generated as a discharge product, 
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as evidenced in the XPS data in Figure 5.5. The total discharge reaction pathway is as 

follows: 

 4CO2 + 4e- + 2MoS2 → 2[C2O4
2-–Mo6+S2

4-] (Eq. 5.1) 

 2[C2O4
2-–Mo6+S2

4-] → CO2
2-–Mo6+S2

4- + C2O4
2-–Mo6+S2

4- + CO2 (Eq. 5.2) 

 CO2
2-–Mo6+S2

4- + C2O4
2-–Mo6+S2

4- → 2[CO3
2-–Mo6+S2

4-] + C (Eq. 5.3) 

 4Li+ + 2[CO3
2-–Mo6+S2

4-] → 2Li2CO3 + 2MoS2 (Eq. 5.4) 

 

 

Figure 5.7: (a) Graphical depiction of the catalytic mechanism of Mo-terminated edge 

sites of MoS2-NS toward CDRR/CDER. (b) XPS scans of the Mo 3d region 

of MoS2-NS@MWNT/SWNT electrodes from pristine, discharged, and 

charged Li-CO2 batteries. The cells were cycled at a current density of 0.05 

mA cm-2 and a capacity of 0.5 mA h cm-2. 

During charge, the reverse of the proposed discharge mechanism occurs. Li+ is 

removed from Li2CO3, regenerating the adduct CO3
2-–Mo6+S2

4-. The amorphous C reacts 

with the carbonate ligand, regenerating the intermediates CO2
2-–Mo6+S2

4- + C2O4
2-–

Mo6+S2
4-. After recombination to 2[C2O4

2-–Mo6+S2
4-], the C2O4

2- ligands are oxidized to 

evolve CO2 gas. The reversible formation of the oxalate intermediate product and the 
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intimate contact between Li2CO3, amorphous C, and MoS2-NS facilitate low-energy 

Li2CO3 decomposition at the Mo-terminated edge sites of MoS2. 

To elucidate the catalytic mechanism of MoS2 toward CDRR/CDER, XPS scans of 

the Mo 3d and S 2p regions were collected on GDCs from pristine, discharged, and charged 

Li-CO2 batteries. As shown in the Mo 3d regional scan in Figure 5.7b, in the pristine state, 

the MoS2-NS@MWNT/SWNT GDC shows characteristic peaks corresponding to the Mo 

3d5/2 (229.3 eV), Mo 3d3/2 (232.4 eV), and S 2s (226.5 eV) components of MoS2.
109,119 

After discharge, a new doublet peak corresponding to Mo6+ appears at 233.0 eV (5/2) and 

236.2 eV (3/2),120,121 possibly due to the formation of the proposed intermediate C2O4
2-–

Mo6+S2
4-. Another doublet appears at 232.1 eV (5/2) and 235.2 eV (3/2) corresponding to 

the species Mo5+, which is generated as Mo is oxidized from Mo4+ to Mo6+.120,121 Two new 

S 2s peaks also appear in the Mo region at 233.8 and 231.0 eV, corresponding, respectively, 

to LiTFSI and LixSOy. The insoluble product LixSOy is generated due to some 

decomposition of the LiTFSI salt during discharge.122–125 Corresponding peaks of MoS2, 

LiTFSI, and LixSOy appear in the S 2p spectrum in Figure 5.8.109,119,122,123 On charge, the 

Mo5+ and Mo6+ doublets are shown to disappear, indicating successful decomposition of 

the discharge product and reversible reduction of Mo6+ to Mo4+ (Figure 5.7b). A small 

amount of insoluble LixSOy remains after charge, as confirmed in the S 2p XPS data shown 

in Figure 5.8. 
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Figure 5.8: S 2s XPS signal of MoS2-NS@MWNT/SWNT GDC from pristine, 

discharged, and charged Li-CO2 cells. Cells were cycled at a current density 

of 0.05 mA cm-2 and a capacity of 0.5 mA h cm-2. 

In a separate experiment, XPS was conducted on MoS2-NS@MWNT/SWNT 

GDCs from Li-CO2 cells discharged with 1 M lithium trifluoroacetate (LiTFA) / DMSO 

as the electrolyte to prevent interference from the S 2s signals of the electrolyte salt in the 

Mo 3d region. As shown in Figure 5.9a, the Mo5+ and Mo6+ peaks appear after discharge 

and grow strongly in intensity after Ar sputtering. This result confirms the oxidation of 

Mo4+ to Mo6+ during discharge. As shown in the C 1s spectrum in Figure 5.9b, Ar 

sputtering results in the removal of the surface carbon layer, revealing the Mo-terminated 

edge sites. The formation of the intermediate C2O4
2-–Mo6+S2

4- and the facile 
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adsorption/desorption of CO2 on the Mo-terminated edge sites of MoS2-NS allow for 

highly efficient CDRR/CDER with a low overpotential, as evidenced in the 

electrochemical performance data in Section 5.3.4. 

 

 

Figure 5.9: (a) Mo 3d and (b) C 1s XPS regions of MoS2-NS@MWNT/SWNT GDCs 

in the pristine and discharged state, and after 4 m Ar sputtering to remove 

amorphous C and expose Mo5+ and Mo6+ peaks. Discharged electrode was 

from an Li-CO2 cell with 1 M LiTFA / DMSO electrolyte discharged to 0.5 

mA h cm-2 at a current density of 0.05 mA cm-2. 
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5.3.4 Electrochemical performance of Li-CO2 cells with MoS2-NS@MWNT/SWNT 

GDC 

Electrochemical performance data of the Li-CO2 cells with and without the MoS2-

NS catalyst are presented in Figure 5.10. 

 

 

Figure 5.10: (a) Galvanostatic cycling performance of the Li-CO2 cell with MoS2-

NS@MWNT/SWNT GDC, cycled at a current density of 0.05 mA cm-2 and 

a capacity of 0.25 mA h cm-2. (b) Capacity comparison between Li-CO2 

cells with bare MWNT/SWNT GDC and MoS2-NS@MWNT/SWNT GDC, 

cycled at a current density of 0.05 mA cm-2. (c) Impedance comparison 

between the Li-CO2 cells with bare MWNT/SWNT GDC and MoS2-

NS@MWNT/SWNT GDC before and after five discharge/charge cycles. (d) 

CVs of Li-CO2 cells with bare MWNT/SWNT GDC and MoS2-

NS@MWNT/SWNT GDC (sweep rate = 0.1 mV s-1). 



 79 

As shown in the galvanostatic cycling data in Figure 5.10a, the Li-CO2 cell with 

the MoS2-NS@MWNT/SWNT GDC achieves 50 discharge/charge cycles at a constant 

current density of 0.05 mA cm-2 and a fixed capacity of 0.25 mA h cm-2. The terminal 

discharge voltage remains stable at ~ 2.85 V, while the terminal charge voltage increases 

slightly from 3.51 to 3.87 V over 50 cycles. The performance of the cell with MoS2-

NS@MWNT/SWNT GDC is vastly improved over that of the control cell with bare 

MWNT/SWNT GDC. As shown in Figure 5.11, the control cell delivers less than 100 µA 

h cm-2 during the first cycle, and less than 60 µA h cm-2 by the 10th cycle, with the terminal 

discharge and charge voltages hitting the voltage cutoffs of, respectively, 2.5 and 4.2 V. 

 

 

Figure 5.11: Galvanostatic cycling of Li-CO2 cell with bare MWNT/SWNT GDC, cycled 

at 0.05 mA cm-2, between the voltage limits of 2.5 and 4.2 V. 

The energy efficiency of the Li-CO2 cell with the MoS2-NS@MWNT/SWNT GDC 

is presented in Figure 5.12. The cell delivers an impressive energy efficiency of 90.1 % on 
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the first cycle, which gradually declines to 82.6 % by the 50th cycle. This energy efficiency 

is superior to those of most other noble metal-free GDCs reported previously (Table 7.1 in 

Chapter 7). 

 

 

Figure 5.12: Energy efficiency of a Li-CO2 cell with MoS2-NS@MWNT/SWNT GDC 

(0.05 mA cm-2, 0.25 mA h cm-2). 

Figure 5.10b shows the capacity improvement offered by the MoS2-NS catalyst. 

The Li-CO2 cell with the bare MWNT/SWNT GDC delivers a discharge capacity of 565 

µA h cm-2, and subsequently only delivers a charge capacity of 220 µA h cm-2 before hitting 

the 4.2 V voltage cutoff. The cell with the MoS2-NS@MWNT/SWNT GDC delivers a 

discharge capacity of 846 µA h cm-2, a 50 % improvement over the control cell. 

Remarkably, the cell with MoS2-NS@MWNT/SWNT is also able to fully charge below 

3.85 V after the full discharge due to the improved CDER reaction kinetics offered by the 

MoS2-NS catalyst. To demonstrate that the observed capacity is due to CDRR and not due 
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to Li+ insertion into MoS2, a control cell was cycled under an Ar atmosphere. As shown in 

Figure 5.10b, the control cell delivers a negligible capacity of only 19 µA h cm-2
 before 

hitting the 2.5 V cutoff, indicating that nearly all the capacity delivered by the Li-CO2 cell 

with MoS2-NS@MWNT/SWNT GDC is due to CDRR. 

Impedance data for the Li-CO2 cells with and without the MoS2-NS catalyst are 

shown in Figure 5.10c. As indicated by the low-frequency (high Z’) intercept in the 

Nyquist plot, the charge-transfer impedance (CTI) of the control cell is higher than that of 

the cell with MoS2-NS before cycling. After five discharge/charge cycles, the CTI of the 

control cell grows to nearly twice that of the cell with the MoS2-NS catalyst due to 

incomplete Li2CO3 decomposition and some electrolyte degradation due to the high charge 

voltage. The bulk impedance of the control cell, given by the high-frequency (low Z’) 

intercept, also increases after cycling due to electrolyte decomposition, while the bulk 

impedance of the cell with the MoS2-NS@MWNT/SWNT GDC remains stable. 

Finally, the CV data in Figure 5.10d show the improvement in overpotential 

offered by the MoS2-NS@MWNT/SWNT GDC. The control cell with bare 

MWNT/SWNT only increases in current density as the voltage sweep approaches the 

voltage limits of 2.5 and 4.2 V, corresponding to, respectively, CDRR and CDER. For a 

comparison, the cell with MoS2-NS@MWNT/SWNT GDC shows a clear CDRR peak 

centered on 2.70 V and a clear CDER peak centered on 4.06 V. Furthermore, the onset 

potentials of CDRR and CDER in the control cell are, respectively, 2.81 and 4.07 V, while 

the onset potentials in the cell with MoS2-NS@MWNT/SWNT are, respectively, 3.06 and 

3.66 V. Finally, while the peak CDRR current density delivered by the cell with MoS2-

NS@MWNT/SWNT (0.10 mA cm-2 at 2.70 V) is slightly lower than of the control cell 

(0.14 mA cm-2 at 2.50 V), the peak CDER current density of the cell with MoS2-

NS@MWNT/SWNT (0.31 mA cm-2 at 4.06 V) is much higher than that of the control cell 
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(0.11 mA cm-2 at 4.20 V). The improvements in CDRR/CDER overpotential and CDER 

current density evidenced in the CVs are due to the improved CO2 adsorption/desorption 

and the CDRR/CDER kinetics of the MoS2-NS catalyst. The impressive performance 

enhancements to Li-CO2 cycle life, capacity, and energy efficiency offered by the MoS2-

NS@MWNT/SWNT GDC offer a clear step forward in the pursuit of realistic Li-CO2 

batteries. 

5.4 CONCLUSIONS 

In summary, MoS2 nanosheets were investigated as a low-cost CDRR/CDER 

catalyst for high-efficiency, long-cycle-life Li-CO2 batteries. The freestanding composite 

MoS2-NS@MWNT/SWNT GDC was fabricated through a facile hydrothermal reaction, 

followed by filtration and heat treatment. Successful CDRR/CDER reversibility with the 

novel electrode was evidenced with a variety of materials characterization techniques. A 

catalysis mechanism of CDRR/CDER on the Mo-terminated edge sites of the MoS2-NS 

surfaces was proposed and supported with XPS. Li-CO2 batteries with the MoS2-

NS@MWNT/SWNT composite GDC showed excellent electrochemical performance, 

including improved cycle life, capacity, and CDRR/CDER overpotential. The development 

and characterization of MoS2-NS as an efficient, bifunctional catalyst for CDRR/CDER 

clearly demonstrate the utility of layered metal chalcogenides as precious-metal-free 

catalysts for practical Li-CO2 batteries. 
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Chapter 6: Freestanding Vanadium Nitride Nanowire Membrane as an 

Efficient, Carbon-Free GDC for Li-CO2 Batteries* 

6.1 INTRODUCTION 

At present, high-surface-area carbons (e.g., carbon nanotubes, graphene, and KB) 

are employed as the conductive catalyst substrate in almost all Li-CO2 GDCs.43,47,55,66,69,126–

128 However, carbon has been known to have serious stability problems in Li-O2 and Li-air 

GDCs. First, carbon oxidizes above 4 V vs. Li/Li+ leading to rapid degradation of the 

cathode.129,130 Also, the reaction of the carbon cathode with dissolved species such as Li2O2 

and LiO2 can yield an insulating layer of Li2CO3, contributing to increased charge 

potential.131 Reaction between carbon and electrolytes, such as DMSO can also yield 

Li2CO3 and Li carboxylates, resulting in capacity fade.132 In turn, the high operating 

voltage encountered on charge can exceed the electrochemical stability of electrolytes such 

as DMSO.39,133,134 Finally, significant chemical, structural, and morphological changes can 

occur in carbon-based GDCs during cycling, contributing to irreversible cycling.135 

In this work, a carbon-free, freestanding vanadium nitride nanowire (VN-NW) 

membrane is employed as a high-efficiency GDC for Li-CO2 batteries. Li-CO2 batteries 

with the novel VN-NW GDC show an ultralow terminal charge voltage of < 3.75 V, an 

impressive cycle life of 100 cycles, a high capacity of 5915 µA h cm-2, and a rate capability 

of up to 0.2 mA cm-2. The hierarchical nanowires-of-nanoparticles morphology delivers 

optimized surface features, electronic conductivity, and mechanical integrity for stable 

CDRR/CDER performance. The unique carbon-free nature of the VN-NW GDC allows for 

improved discharge product morphology and easy characterization of the primary 

 
*Pipes, R.; He, J.; Bhargav, A.; Manthiram, A. Freestanding Vanadium Nitride Nanowire Membrane as an 

Efficient, Carbon-Free Gas Diffusion Cathode for Li-CO2 Batteries. Submitted, 2020. 

 

R. Pipes carried out most of the experimental work. J. He and A. Bhargav assisted with some synthesis and 

characterization. A. Manthiram supervised the project. All participated in the preparation of the manuscript. 
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discharge product, Li2CO3. The success of the VN-NW GDC encourages continued study 

and development of noble metal-free and carbon-free materials for Li-CO2 cathodes. 

6.2 EXPERIMENTAL METHODS 

6.2.1 Materials Synthesis 

The VN-NW GDC was synthesized with a method described previously.136,137 First, 

650 mg of vanadium oxide (V2O5) powder (99.9 %, Sigma-Aldrich) was dispersed in 50 

mL of DIW for 30 minutes under magnetic stirring. Next, 9 mL of hydrogen peroxide 

(H2O2) solution (30 %, Fischer-Scientific) was added dropwise to the mixture. The mixture 

was stirred for 30 minutes until a dark orange-brown solution was obtained. The solution 

was poured into two 45 mL Teflon-lined autoclaves and heated to 230 °C for 24 h. The 

resulting V2O5-NW hydrogels were added to 150 mL of DIW and stirred vigorously for 24 

h. The V2O5-NW suspension was vacuum filtered onto a D = 7 cm (A = 38.5 cm2) filter 

paper to form a uniform membrane. The V2O5-NW membrane was washed several times 

with water and then several times with ethanol and dried in a 60 °C vacuum oven overnight.  

The dry V2O5-NW membrane was carefully removed from the filter paper and 

punched into electrodes, which were then gently flattened between two glass plates. The 

electrodes were heat-treated in a tube furnace at 750 °C for 3 h (5 °C min-1 ramp) under 

100 % ammonia (NH3) flow (100 mL min-1). The obtained VN-NW GDCs were used 

directly as freestanding Li-CO2 battery cathodes. The VN-NW GDCs had an average mass 

of 7.79 mg each (6.15 mg cm-1). 

Control electrodes were made from MWNT. 385 mg of MWNT was suspended in 

300 mL of ethanol under 30 m of magnetic stirring, followed by 1 h of ultrasonication. The 

suspension was then vacuum filtered onto a D = 7 cm (A = 38.5 cm2) filter paper, washed 
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several times with ethanol, and dried in a 60 °C vacuum oven overnight. The obtained 

MWNT electrodes had an average mass of 7.73 mg each (6.10 mg cm-1). 

6.2.2 Cell assembly 

Li-CO2 and Li-Ar batteries were assembled as described in Chapter 2 with 

additional specifications as follows. The CO2 pressure was maintained at 100 kPa for all 

cells. Li-CO2 cells were assembled with 80 µL of electrolyte. The cathode was a piece of 

VN-NW or bare MWNT. SS mesh was used as the cathode current collector. 

6.2.3 Electrochemical Characterization 

All electrochemical characterizations were performed as described in Chapter 2 

with additional specifications as follows. Discharge/charge cycling was performed at a 

fixed current density of 0.05 mA cm-2 at fixed capacities of 250 and 500 µA h cm-2. Rate 

testing was performed over a current density range of 0.05 – 0.2 mA cm-2. The discharge 

voltage limit was set at 2.4 V and the charge voltage limit was set at 4.2 V (for full-capacity 

discharge/charge tests) or 4.5 V (for cycling and rate testing). CV was performed with a 

VoltaLab 80 potentiostat over a voltage range of 2.4 – 4 V. EIS was performed at an 

amplitude of 10 mV. 

6.2.4 Materials Characterization 

All material characterizations were performed as described in Chapter 2 with 

additional specifications as follows. Li-CO2 cells with the VN-NW GDC and control 

MWNT GDC were discharged and charged at a fixed current density of 0.05 mA cm-2 to 

fixed capacities of 0.5 and 1 mA h cm-2 for material characterizations of the cathode. XRD 

was performed over an angular (2θ) range of 15 ° - 70 °. For NMR analysis, samples were 

immersed in 1 mL of deuterated water (D2O). XPS was performed with a filament voltage 
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of 10 kV and a filament current of 12 mA. Scans were collected with dwell times of 1,000 

– 2,000 ms per step. Low-resolution SEM was performed with a beam voltage of 20 kV. 

High-resolution SEM was performed with a beam voltage of 10 kV. TEM was performed 

with a beam voltage of 200 kV. 

6.3 RESULTS & DISCUSSION 

6.3.1 Synthesis and characterization of freestanding VN-NW GDC 

The rationale for investigating VN-NW as a GDC for the Li-CO2 battery is as 

follows. First, the carbon-free GDCs in Li-CO2 and Li-O2 batteries can enhance electrode 

stability, prevent electrolyte decomposition, and improve Li2CO3 decomposition during 

cycling, thereby improving cycle life.60,138–141 The lack of carbon also allows for easy 

characterization of the carbon-based discharge products (Li2CO3 and C) of the Li-CO2 

battery. The high conductivity of VN is favorable for electrochemical reaction kinetics, 

while the abundant nitrogen edge sites present may help to improve CO2 adsorption and 

utilization.49,137,142 Finally, the absence of precious metals in this material allows for low 

manufacturing costs. 

Photographs of V2O5-NW and VN-NW GDCs and a brief summary of the synthesis 

are provided in Figure 6.1a. As shown in the XRD data in Figure 6.1b, the obtained 

material is phase-pure VN (ICDD #01-077-3010), with no V2O5 precursor remaining after 

synthesis. BET analysis (Figure 6.1c) shows that the specific surface area of VN-NW is 

23 m2 g-1, which is lower than that of MWNT (161.7 m2 g-1). This result indicates that the 

Li-CO2 battery performance improvements demonstrated in Section 6.3.2 are not due to a 

difference in surface area, but rather due to the catalytic activity of VN-NW toward 

CDRR/CDER. The low-magnification (10 kX) SEM images in Figure 6.1d show that the 
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obtained GDC is composed of nonwoven VN-NW, with lengths of tens of microns, 

distributed evenly in area and orientation.  

 

 

Figure 6.1: (a) Photographs of V2O5-NW membrane, V2O5-NW electrodes, and VN-

NW GDC. (b) XRD pattern of VN-NW. (c) Gas sorption isotherms 

comparing BET surface areas of VN-NW and MWNT. SEM images of VN-

NW at (d) 10 kX and (e) 50 kX magnification. TEM images of VN-NW at 

(f) 50 kX and (g) 100 kX magnification. 

The high-magnification (50 kX) SEM images in Figure 6.1e show that the 

individual nanowires have typical diameters of 50 – 200 nm and are composed of smaller 
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primary VN nanoparticles. Although the specific surface of the VN-NW membrane is not 

high, the hierarchical nanowires-of-nanoparticles morphology contributes an ample 

number of conductive, active sites for Li2CO3 nucleation during cycling. The SEM image 

and corresponding EDX maps in Figure 6.2a-d show uniform distributions of V and N 

throughout the VN-NW GDC. Individual nanowires are imaged in the TEM images in 

Figure 6.1f, g to highlight their high aspect ratio and nanoparticulate composition. The 

corresponding selected area electron diffraction (SAED) pattern in Figure 6.2e shows that 

the individual wires are composed of pure vanadium nitride, with all major diffraction 

peaks visible in the pattern.143 

 

 

Figure 6.2: (a) SEM image (5 kX) and EDX maps of (b) carbon, (c) vanadium, and (d) 

nitrogen signals of VN-NW. (c) TEM SAED pattern of VN-NW. 
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6.3.2 Electrochemical performance of Li-CO2 batteries with VN-NW GDC 

After confirming that the correct phase and morphology of VN was obtained in the 

VN-NW GDC, the cathode was utilized in Li-CO2 batteries and compared against the 

performance of a control MWNT GDC. MWNT was chosen as the control electrode 

material due to its similarity in morphology to VN-NW and its previous use in Li-CO2 

batteries.50 As shown in Figure 6.3a, the Li-CO2 battery with the VN-NW GDC achieves 

100 discharge/charge cycles with a terminal discharge voltage > 2.75 V and a terminal 

charge voltage < 3.75 V. For a comparison, the Li-CO2 cell with the control MWNT GDC 

shows a high terminal charge voltage of 4.24 V and fails within the first 10 cycles (Figure 

6.4). Next, Figure 6.3b shows cycling data of a Li-CO2 battery with the VN-NW GDC at 

elevated capacity (500 µA h cm-2). At this capacity, the cell is still able to achieve 35 

discharge/charge cycles before cell failure. The VN-NW GDC also allows for improved 

rate capability. The Li-CO2 battery with the VN-NW GDC discharges and charges to a 

fixed capacity of 250 µA h cm-2 at rates of up to 0.2 mA cm-2 (Figure 6.3c). The terminal 

discharge voltage decreases slightly from 2.72 V at 0.05 mA cm-2 to 2.53 V at 0.2 mA cm-

2 while the terminal discharge voltage increases slightly from 3.69 V at 0.05 mA cm-2 to 

3.82 V at 0.2 mA cm-2.  
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Figure 6.3: (a) Long-term cycling of Li-CO2 battery with VN-NW GDC (0.05 mA cm-2, 

250 µA h cm-2). (b) Elevated-capacity cycling of Li-CO2 battery with VN-NW GDC 

(0.05 mA cm-2, 500 µA h cm-2). (c) Full-capacity discharge/charge tests of Li-CO2 

batteries with VN-NW and control MWNT GDCs. (d) Rate testing of Li-CO2 battery 

with VN-NW GDC at current densities of 0.05 – 0.2 mA cm-2. (e) Nyquist plots of 

Li-CO2 batteries with VN-NW and control MWNT GDCs before and after 5 cycles. 

(f) Energy efficiencies of Li-CO2 batteries with VN-NW and control MWNT GDCs. 
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Figure 6.4: Discharge/charge cycling of Li-CO2 battery with control MWNT GDC (0.05 

mA cm-2, 250 µA h cm-2). 

The Li-CO2 battery with the VN-NW GDC also achieves an impressive discharge 

capacity of 5915 µA h cm-2 and fully charges after a full discharge without exceeding the 

4.2 V charge cutoff (Figure 6.3d). The gradually sloping profile of the discharge curve 

indicates continuous CDRR at the cathode as the discharge product occupies the abundant 

void spaces of the VN-NW GDC. The charge plateau is level at ~ 3.7 V before a sharp 

increase to a terminal voltage of 4.06 V at the end of charge. This result shows that the 

VN-NW GDC is still active toward CDER even with a thick discharge product layer 

present on its surface. Furthermore, the increase exhibited as the charge capacity 

approaches the full discharge capacity shows that the charge capacity is attributed to CDER 

and not to parasitic side reactions such as electrolyte decomposition. For a comparison, the 

Li-CO2 cell with the control MWNT electrode delivers a capacity of only 562 µA h cm-2 

and the discharge voltage drops precipitously before hitting the 2.4 V cutoff. This “sudden 
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death” indicates complete passivation of the MWNT GDC with Li2CO3, blocking the 

cathode from further reducing CO2.
48,68,144 During charge, the control cell quickly hits the 

4.2 V charge voltage cutoff before fully recharging, indicating that Li2CO3 cannot be fully 

decomposed within the voltage stability window of the DMSO-based electrolyte with the 

control MWNT GDC.134 

The improvement of redox kinetics offered by the VN-NW GDC is demonstrated 

in the EIS data in Figure 6.3e. In the pristine state, the charge transfer impedance (CTI), 

given by the diameter of the semicircle shown in the Nyquist plot, of the Li-CO2 cell with 

the VN-NW GDC (16.5 Ω) is significantly lower than that of the cell with the control 

MWNT GDC (54.3 Ω). After 5 discharge/charge cycles, the CTI of the cell with the VN-

NW GDC grows to 79.9 Ω while that of the control cell grows to 196.1 Ω. The significant 

growth of the CTI of the control cell during cycling is likely due to remaining Li2CO3 after 

each charge and electrolyte decomposition as a result of the high voltage experienced on 

charge. In agreement with the EIS results, the CV data in Figure 6.5 show that the 

CDRR/CDER overpotentials of the Li-CO2 battery are improved with the VN-NW GDC 

compared to those of the control MWNT GDC. In the reverse sweep, a reduction peak is 

evident at 2.87 V vs. Li/Li+, corresponding to CDRR. In the forward sweep, an oxidation 

peak attributed to CDER appears at 3.96 V vs. Li/Li+. The peak-to-peak overpotential is 

thus 1.09 V. For a comparison, the CV of the Li-CO2 cell with the control MWNT GDC 

shows a CDRR peak centered at 2.60 V in the reverse sweep and no resolved CDER peak 

in the forward sweep up to 4 V vs. Li/Li+. This indicates that the Li-CO2 cell with the 

control MWNT is unable to perform CDER below 4 V. The EIS and CV results 

demonstrate the dramatic improvement to both CDRR and CDER kinetics offered by the 

VN-NW GDC. 
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Figure 6.5: CVs of Li-CO2 batteries with VN-NW and MWNT GDCs (sweep rate = 0.1 

mV s-1, voltage range = 2.4 – 4 V). 

Finally, the energy efficiencies of Li-CO2 cells with the VN-NW GDC and control 

MWNT GDC (cycled at 0.05 mA cm-2 and 250 µA h cm-2) are compared in Figure 6.3f. 

The cell with the VN-NW GDC delivers an energy efficiency of 79.7 % on the first cycle, 

which increases to 83.7 % on the second cycle. The slightly lower energy efficiency on the 

first cycle is likely due to the formation of the solid-electrolyte interphase (SEI), as 

evidenced by the lower initial discharge voltages in Figure 6.3a, b. The cell delivers energy 

efficiencies of 85.8 % on the 25th cycle, 84.1 % on the 50th cycle, and 78.1 % on the 100th 

cycle, with an average energy efficiency of 83.0 % over 100 cycles. For a comparison, the 

cell with the control MWNT GDC shows an initial energy efficiency of 70.4 % which falls 

to 66.0 % by the 6th cycle, after which the cell fails to deliver the set capacity (250 µA h 

cm-2). The energy efficiency of Li-CO2 cells with the VN-NW GDC is greatly improved 

over those of other noble metal-free GDCs reported in the literature (Table 7.1 in Chapter 
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7). The demonstrated improvements to cycling stability, capacity, rate capability, and 

energy efficiency confirm the efficacy of VN-NW as a practical Li-CO2 GDC. 

6.3.3 Role of carbon-free composition and hierarchical morphology 

The Li-CO2 battery performance improvements offered by the VN-NW GDC are 

likely due to several favorable properties in the designed cathode. First, the lack of carbon 

helps to prevent decomposition of the electrode and electrolyte during cycling, leading to 

improved cycle life.132 A significant difference in discharge product morphology and 

subsequent decomposition can be seen in the SEM images of cycled VN-NW (Figure 6.6a-

c) and control MWNT GDCs (Figure 6.6d-f). In the VN-NW GDC, the discharge product 

appears to grow along the VN-NW in small spheroidal particles < 1 µm in diameter (Figure 

6.6b). Two different discharge product morphologies are observed in the SEM images of 

the discharged VN-NW GDC in Figure 6.7. In Figure 6.7a, the Li2CO3 particles appear 

mostly to be spheroidal crystallites, while in the enlarged image in Figure 6.7b, the 

discharge product is shown growing radially along the nanowire. It is likely that the 

discharge product initially grows radially along the nanowire and then nucleates into 

spheroidal particles. It is postulated that this radial growth allows for facile CO2 reduction 

and Li2CO3 decomposition due to the intimate contact between the conductive VN-NW 

and the discharge product. For a comparison, the SEM images of the discharged control 

MWNT GDC (Figure 6.6e) show a thick, monolithic coating of discharge product which 

entirely coats the GDC. As discussed in prior work on Li-O2 batteries, this monolithic 

Li2CO3 morphology is energy intensive to decompose due to the inability of electrons to 

tunnel through the wide-bandgap insulator Li2CO3.
131 In turn, the control cell encounters 

high voltage (> 4 V) on charge leading to electrolyte decomposition, and short cycle life. 
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Figure 6.6: SEM images at 10 kX and 50 kX (inset) of VN-NW GDCs from (a) pristine, 

(b) discharged, and (c) charged Li-CO2 cells and control MWNT GDCs 

from (c) pristine, (d) discharged, and (e) charged Li-CO2 cells (0.05 mA cm-

2, 0.5 mA h cm-2). 

After charge, the discharge product crystallites on the VN-NW GDC are shown to 

disappear entirely, indicating complete decomposition (Figure 6.6c). In contrast, the 

charged control MWNT GDC shows a layer of remaining discharge product throughout 

the electrode (Figure 6.6f). This result signifies that the MWNT GDC is unable to 

decompose a large amount of Li2CO3 during charge and that some of the capacity delivered 

on charge is due to electrolyte decomposition. The accumulation of Li2CO3 on the control 

MWNT GDC and the decomposition of the electrolyte lead to the short cycle life observed 

in Figure 6.4. The improvements to discharge product morphology and electrochemical 

stability offered by the carbon-free VN-NW GDC result in enhanced Li-CO2 battery 

performance. 
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Figure 6.7: SEM images of VN-NW at (a) 25 kX and (b) 100 kX, showing two different 

morphologies of discharge product. 

In addition to the benefits offered by the absence of carbon, the designed 

morphology and abundant nitride sites in the VN-NW GDC enhance its electrochemical 

performance. The hierarchical nanowires-of-nanoparticles architecture of the VN-NW 

delivers an excellent balance of surface exposure and mechanical integrity. The jagged 

morphology of the VN-NW GDC contributes ample surface sites for Li2CO3 nucleation 

and the numerous void spaces between the VN nanoparticles accommodate the growth of 

the discharge product generated during CDRR. The nanowire secondary morphology 

provides high electronic conductivity and robust mechanical integrity to tolerate the large 

volume changes encountered during CDRR/CDER. Furthermore, the abundant nitrogen 

edge sites offer a reduced surface energy for CO2 adsorption/desorption compared to 

carbon.142 This affinity for CO2 attachment and release lowers the energy barriers of, 

respectively, CDRR and CDER. The combination of its carbon-free composition, 

optimized morphology, high electronic conductivity, and beneficial surface chemistry 

makes VN-NW a stable, high-performance cathode for Li-CO2 batteries. 
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6.3.4 Confirmation of CDRR/CDER on VN-NW GDC 

The VN-NW GDCs of discharged and charged Li-CO2 batteries were analyzed to 

determine the composition of the discharge product and to demonstrate its decomposition 

on charge. The cells were discharged and charged at a constant current of 0.05 mA cm-2 to 

fixed capacities of 0.5 and 1 mA h cm-2. As shown in the XRD data in Figure 6.8a, strong 

peaks corresponding to monoclinic Li2CO3 (ICDD #01-072-1216) appear after discharge 

to 0.5 mA h cm-2. After charge, these peaks are shown to disappear entirely, indicating 

complete decomposition of Li2CO3. This result is reflected in the FTIR-ATR data in Figure 

6.8b. After discharge, characteristic Li2CO3 peaks appear at 1472 and 1401 (ν3 asymmetric 

stretching doublet), 1085 (ν1 symmetric stretching), and 857 cm-1 (ν2 bending) which 

subsequently disappear after charge.91,92 The Li2CO3 peaks observed with XRD and FTIR-

ATR become stronger in intensity after discharge to 1 mA h cm-2 and are still fully 

eliminated after charge at this elevated capacity (Figure 6.8a, b). The formation and 

decomposition of Li2CO3 is also reflected in the 13C-NMR spectroscopy data in Figure 

6.9. Over the range of 172-164 ppm, the pristine VN-NW sample shows no 13C-NMR 

peaks. After discharge, a strong Li2CO3 peak appears at 168 ppm, as confirmed by the 

spectrum of commercial Li2CO3 powder. After charge, the peak disappears entirely. The 

combination of XRD, FTIR-ATR, and NMR analyses confirms the reversibility of 

CDRR/CDRR on the VN-NW GDC. 
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Figure 6.8: (a) XRD and (b) FTIR-ATR signals of VN-NW GDCs from pristine, 

discharged, and charged Li-CO2 cells at two different capacities (0.05 mA 

cm-2, 0.5 and 1 mA h cm-2). 

 

 

Figure 6.9: 13C-NMR signals of VN-NW GDCs from pristine, discharged, and charged 

Li-CO2 cells (0.05 mA cm-2, 1 mA h cm-2). 

The growth and decomposition of Li2CO3 on individual nanowires is also visible 

in the TEM images in Figure 6.10a-f. In the pristine state (Figure 6.10a, b), the bare, 
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hierarchical nanowires-of-nanoparticles structure of VN-NW is presented. After discharge, 

globular deposits of Li2CO3 are shown in the low-magnification image of a cluster of VN-

NW (Figure 6.10c) and the high-magnification image of individual nanowires (Figure 

6.10d). In the charged state (Figure 6.10e, f), the discharge product is eliminated. In the 

accompanying EDX maps of the individual nanowires in the pristine (Figure 6.10g), 

discharged (Figure 6.10h), and charged (Figure 6.10i) states, the growth and removal of 

the discharge product can be observed. In the pristine state, an isolated VN-NW is shown, 

with strong V and N signals and a C signal from adventitious carbon. After discharge, a 

sheath of Li2CO3 can be identified from the C signal enveloping the VN-NW. This coating 

disappears on charge and the bare VN-NW remains. 
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Figure 6.10: Low- (25 kX) and high-magnification (50 kX) TEM images of VN-NW 

GDCs from (a, b) pristine, (c, d) discharged, and (e, f) charged Li-CO2 

batteries (0.05 mA cm-2, 0.5 mA h cm-2). Accompanying EDX maps of (g) 

pristine, (h) discharged, and (i) charged VN-NW GDCs. 

The corresponding EDX spectra and elemental compositions in Figure 6.11 

confirm the formation and decomposition of the discharge product on the VN-NW 

surfaces. In the pristine state, the EDX spectrum shows strong peaks corresponding to V 
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and N from VN-NW. The compositions of C and O (from adventitious carbon) in the 

pristine state are, respectively, 5.46 and 0.55 at. %. After discharge, a new peak appears at 

0.27 keV corresponding to C and a strong peak corresponding to O appears at 0.52 keV, 

overlapping with the V peak. The C and O signals increase to, respectively, 12.36 and 

23.11 %. This roughly 1 : 2 ratio of C : O is in agreement with the reaction 4Li + 3CO2 + 

→ 2Li2CO3 + C. After charge, the C and O peaks disappear, indicating the successful 

decomposition of Li2CO3 and oxidation of amorphous C during CO2 evolution. The C and 

O compositions return to, respectively, 4.61 and 2.11 % after charge. 

 

 

Figure 6.11: TEM EDX spectra and composition of VN-NW GDCs from pristine, 

discharged, and charged Li-CO2 batteries (0.05 mA cm-2, 0.5 mA h cm-2), 

showing reversibility of CDRR/CDER through change in C and O signal 

strength. 

The reversible formation and decomposition of Li2CO3 and C on the VN-NW GDC 

during cycling is also reflected in the XPS data in Figure 6.12. In the C 1s data in Figure 

6.12a, in the pristine state, the VN-NW GDC shows three distinct carbon peaks, 

corresponding to the C-C (284.2 eV), C-O (285.7 eV), and C=O (288.1 eV) components 

of the native adventitious carbon layer on the VN-NW surfaces.103,145 After discharge, a 

strong peak corresponding to Li2CO3 appears at 290.0 eV.94 The C-C peak also appears to 
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shift slightly toward higher binding energy (285.0 eV), indicating the formation of 

amorphous sp3 carbon as the secondary discharge product in the reaction 4Li + 3CO2 → 

2Li2CO3 + C.50,95 A small peak corresponding to LiTFSI salt appears at 292.4 eV.114 After 

charge, the Li2CO3 peak disappears completely, the C-C peak reverts to its original 

position, and the LiTFSI peak remains. 

 

 

Figure 6.12: (a) C 1s, (b) O 1s/V 2p, and (c) Li 1s XPS signals of VN-NW GDCs from 

pristine, discharged, and charged Li-CO2 batteries (0.05 mA cm-2, 0.5 mA h 

cm-2). 

This result is corroborated by the O 1s region in Figure 6.12b. In the pristine state, 

the VN-NW GDC shows peaks at 529.5, 530.3, and 531.9 eV corresponding to, 

respectively, metal oxide (V-N-O and V-O), C=O, and C-O bonds on the VN-NW 

surface.143,146 The metal oxide groups correspond to slight oxidation of VN during 

synthesis and exposure to the ambient atmosphere and the C=O and C-O groups are from 

adventitious carbon. On charge, a strong peak appears in the O 1s region at 531.8 eV 
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corresponding to Li2CO3, which subsequently disappears on charge.115 In the V 2p region, 

characteristic peaks of VN are present at 513.3, 514.4, and 516.5 eV, corresponding to, 

respectively, V-N, V-N-O, and V-O species.137 No appreciable shift in the position of peaks 

in the V 2p region is evident during cycling, indicating that vanadium does not undergo a 

change in oxidation state during cycling and thus acts as an inert catalyst. The suppression 

of signal intensity in the V 2p peaks after discharge is due to the thick layer of discharge 

product formed on the GDC surface. Finally, the Li 1s region (Figure 6.12c) shows the 

clear formation and decomposition of Li2CO3 (55.3 eV) after, respectively, discharge and 

charge.66 A small LiTFSI peak is also visible in the Li 1s signal at 56.8 eV.114 

6.4 CONCLUSIONS 

In summary, a freestanding vanadium nitride nanowire membrane was employed 

as a noble metal-free and carbon-free GDC to improve the energy efficiency, cycle life, 

capacity, and rate capability of Li-CO2 batteries. Li-CO2 cells with the developed VN-NW 

GDC achieved 100 discharge/charge cycles with an average energy efficiency of 83 %. 

The cells showed a round-trip overpotential of < 1 V with an ultra-low terminal charge 

voltage of < 3.75 V. The VN-NW GDC also allowed for a high capacity of 5915 µA h cm-

2 and a rate capability of up to 0.2 mA cm-2. The hierarchical nanowires-of-nanoparticles 

morphology and the absence of carbon in the GDC facilitated controlled, sub-micron 

discharge product growth, allowing for efficient decomposition on charge. Ex-situ analyses 

with a variety of techniques including XRD, FTIR-ATR, TEM, and XPS confirmed the 

reversible formation and decomposition of the intended discharge products, Li2CO3 and 

amorphous C. The results of this study confirm the efficacy of VN-NW as a highly efficient 

low-cost cathode for Li-CO2 batteries and encourage future investigation into carbon-free 

GDC materials.  
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Chapter 7: Summary  

The work performed in this dissertation resulted in the development of novel, noble 

metal-free materials to improve cathode and electrolyte performance in Li-CO2 batteries. 

In general, materials were synthesized with facile laboratory methods, such as 

condensation reactions, high-temperature annealing, hydrothermal and solvothermal 

synthesis, and ammonia nitridation. Mechanistic explanations of Li-CO2 battery 

improvements enabled by the designed materials were elucidated and evidenced with a 

variety of electrochemical and materials characterization techniques. Summaries of the 

advancements and discoveries made in each work contained herein are as follows: 

• In Chapter 3, A TiO2-NP@CNT/CNF nanocomposite was developed as a 

freestanding GDC for Li-CO2 batteries. Nanostructured anatase TiO2 was 

demonstrated as a low-cost, easy-to-synthesize catalyst for CO2 capture and 

utilization. With the developed electrode, the successful reversibility of the carbon 

dioxide reduction reaction (CDRR) and evolution reaction (CDER) were 

confirmed, and improved Li-CO2 cell performance was demonstrated, through a 

variety of materials and electrochemical characterization techniques. With the 

TiO2-NP@CNT/CNF GDC, Li-CO2 batteries showed a higher discharge voltage 

(2.8 V) compared to those with a bare CNT/CNF GDC (2.5 V) and achieved 20 

discharge/charge cycles with an average energy efficiency of 66 %. 

• In Chapter 4, PDS was employed as an electrolyte additive in Li-CO2 batteries to 

allow for a solution-mediated carbon dioxide reduction pathway. Thiophenolate 

anions, generated via electrochemical reduction of PDS, acted as CO2 capture 

agents by forming the adduct SPC- in solution. A mechanism of SPC--mediated 

CO2 capture and utilization was proposed and supported with 13C-NMR and FTIR-
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ATR spectroscopy. Reversible formation and decomposition of lithium carbonate 

and amorphous carbon during cycling, facilitated by the solution-mediated 

pathway, was demonstrated with an array of characterization techniques. Li-CO2 

batteries employing the PDS additive showed vastly improved capacity, energy 

efficiency, and cycle life. Li-CO2 batteries with the PDS additive achieved 30 

cycles with an impressive average energy efficiency of 98 %. The enhanced Li-CO2 

battery performance offered by the solution-mediated reaction pathway offered a 

compelling step forward in the pursuit of reversible CO2 utilization. 

• In Chapter 5, MoS2-NS was employed as a bifunctional CO2 reduction and Li2CO3 

decomposition catalyst in Li-CO2 batteries. Li-CO2 cells built with the prepared 

freestanding MoS2-NS@MWNT/SWNT composite membrane as the GDC 

achieved 50 cycles with a discharge voltage > 2.75 V and a charge voltage < 3.75 

V, achieving an average energy efficiency of 86 %. In addition to improving cycling 

stability and efficiency, the MoS2-NS catalyst also improved discharge capacity by 

~ 50 % and achieved full charge after full discharge. Successful CDRR/CDER 

reversibility was demonstrated via an array of characterization techniques, 

including XRD, FTIR-ATR, Raman spectroscopy, and XPS. The catalytic 

mechanism of MoS2 toward CDRR/CDER was elucidated via XPS. 

• In Chapter 6, a freestanding VN-NW membrane was employed as a carbon-free 

GDC for high-performance Li-CO2 batteries. Li-CO2 cells built with the VN-NW 

GDC exhibited excellent electrochemical performance, achieving 100 

discharge/charge cycles with an ultralow round-trip overpotential of < 1 V and an 
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average energy efficiency of 83 %. The VN-NW GDC also delivered vastly 

improved capacity and rate capability compared to a conventional MWNT GDC. 

The morphology of the discharge products (Li2CO3 + C) was greatly improved with 

the VN-NW GDC compared to the carbon-based cathode, allowing for facile 

decomposition on charge. Furthermore, the absence of carbon in the VN-NW GDC 

allowed for easy characterization of the discharge products with a variety of 

techniques, including TEM, XRD, and XPS. The impressive performance of the 

hierarchically structured VN-NW GDC in Li-CO2 batteries justified further 

investigation into carbon-free materials for GDCs. 

A summary of the energy efficiencies and cycle lives of Li-CO2 batteries with the 

materials developed in this dissertation compared to those of previously reported noble 

metal-free GDCs is shown in Table 7.1. The performance improvements and mechanistic 

insights presented herein offer a compelling case for the continuing development of noble 

metal-free cathode and electrolyte materials for Li-CO2 batteries. 

Despite the encouraging progress made over the last seven years, significant work 

remains to bring practical Li-CO2 batteries to fruition. To date, there is only one published 

report on the effects on the Li-metal anode during Li-CO2 battery cycling.58 A 

comprehensive study of the SEI, Li2CO3 passivation, and electrolyte consumption at the 

anode in various electrolyte chemistries is lacking. Future studies should also focus on 

physical and chemical protection of the Li-metal anode to prevent reaction with the 

electrolyte and passivation with Li2CO3. In addition, many novel electrolyte systems 

remain to be explored for the Li-CO2 system, such as lithium nitrate / dimethylacetamide 
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(LiNO3/DMA) and other deep eutectic solvents.147 The use of a hybrid organic-aqueous 

electrolyte system in Li-CO2 batteries (such as that reported for Li-air batteries)148 may 

greatly improve the CDRR/CDER redox kinetics at the cathode while simultaneously 

protecting the Li-metal anode. An investigation of Li-CO2 battery performance at low 

temperatures and pressures is required for practical Li-CO2 applications on Mars, and a 

similar study at elevated temperatures and pressures is required for applications on Venus. 

Finally, the success of the VN-NW GDC reported here warrants the survey of a large class 

of carbon-free GDC materials, such as TiN,149 TiC,129 and LaNiO3.
150 The development 

and understanding of the Li-CO2 battery is still in its infancy, and a wealth of knowledge 

awaits further investigations. 
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Table 7.1: Performance comparison of developed Li-CO2 GDCs with previously 

reported noble metal-free GDCs. 

Material 
Current 

Density 

Approx. Energy 

Efficiency (%) 

Cycle 

Life 
Ref. 

MFCN 0.05 mA cm-2 73 50 64 

BN-hG 0.3 mA cm-2 60 200 49 

Mo2C/CNT 0.013 mA cm-2 77 40 48 

Ni-NG 0.05 mA cm-2 64 101 65 

NiO-CNT  50 mA g-1 67 42 47 

Cu-NG 0.089 mA cm-2 73 50 66 

Mn(HCOO)2 0.089 mA cm-2 68 50 67 

P-Mn2O3/KB 0.04 mA cm-2 60 50 69 

CQD/hG 0.1 mA cm-2 64 235 68 

TiO2-NP@CNT/CNF 0.05 mA cm-2 66 20 Ch. 3 

CoPPc 0.05 mA cm-2 68 50 76 

NiFe@NC/PPC 0.05 mA cm-2 77 109 71 

MnO@NC-G 0.045 mA cm-2 70 100 43 

PDS 0.1 mA cm-2 98 30 Ch. 4 

ZnS QDs/N-rGO 0.14 mA cm-2 60 190 72 

Adjacent Co/GO 0.14 mA cm-2 65 100 73 

MoS2-NS@MWNT/SWNT 0.05 mA cm-2 86 50 Ch. 5 

Graphene@COF 0.08 mA cm-2 62 56 70 

Fe-ISA/N,S-HG 0.21 mA cm-2 63 210 74 

Cu2O 0.04 mA cm-2 58 50 75 

VN-NW 0.05 mA cm-2 83 100 Ch. 6 
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Appendix: List of Publications 

1. Pipes, R.; Bhargav, A.; Manthiram, A. Nanostructured Anatase Titania as a 

Cathode Catalyst for Li–CO2 Batteries. ACS Appl. Mater. Interfaces 2018, 10 (43), 

37119–37124. 

2. Pipes, R.; Bhargav, A.; Manthiram, A. Phenyl Disulfide Additive for Solution-

Mediated Carbon Dioxide Utilization in Li–CO2 Batteries. Adv. Energy Mater. 

2019, 9 (21), 1900453. 

3. Pipes, R.; He, J.; Bhargav, A.; Manthiram, A. Efficient Li-CO2 Batteries with 

Molybdenum Disulfide Nanosheets on Carbon Nanotubes as a Catalyst. ACS Appl. 

Energy Mater. 2019, 2 (12), 8685–8694. 

4. Pipes, R.; He, J.; Bhargav, A.; Manthiram, Freestanding Vanadium Nitride 

Nanowire Membrane as an Efficient, Carbon-Free Gas Diffusion Cathode for Li-

CO2 Batteries. Submitted, 2020. 
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