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ABSTRACT 

 

Batteries play extremely important roles in electricity storage systems. Managing the temporal 

nature of ever increasing renewable power generation requires next generation batteries with larger 

power and energy density, safer operation, and lower costs. Lithium sulfide (Li2S) nanocrystals 

(NCs) are critical materials used to make solid-state electrolytes and cathodes for emerging battery 

technologies. Li2S is typically produced by high temperature carbothermal reduction that creates 

powders, which then require extensive ball milling to produce the nano-sized materials desirable 

for battery applications.  We have recently developed a solution-based synthesis of Li2S by 

contacting metalorganic solutions with hydrogen sulfide at ambient temperature. This green 

chemistry proceeds with an atom economy approaching unity with additional benefits that include 

complete abatement of H2S and recovery of the valuable H2 stored within. Previous work in the 

group employed an approach where the NCs were directly precipitated out of solution. However, 

several challenges remain. The resulting NCs were relatively large (>100 nm), limiting their 

electrochemical activity, and Li2S recovery was only ~85%.   

In this thesis I developed a modified approach in which Li2S remains fully dissolved in solution, 

with NCs being recovered in a subsequent evaporation step. Although this introduced an extra 

processing step, benefits include the ability to increase the concentration and thus the amount of 

material produced per batch, as well as nominally 100% recovery of the valuable Li reagent. 

Moreover, control of nanocrystal size and uniformity is demonstrated through choice of solvent 

and manipulation of processing conditions such as precursor concentration and solvent evaporation 

rate.  X-ray diffraction (XRD), small angle X-ray scattering (SAXS), and scanning electron 

microscopy (SEM) were used to quantify crystallinity, particle size distribution (PSD), and 

morphology, respectively. These complementary techniques confirmed the production of 

anhydrous, phase-pure Li2S nanocrystals with tunable size (5-40 nm) and narrow PSDs. Mild 

annealing conditions were identified that provide the purity required for battery applications, while 

retaining the original PSD. Cathodes fabricated using these Li2S NCs obtained 98.5% of theoretical 

capacity as well as promising cyclability and rate capability, which is the among the best 

performance reported to date for Li2S cathodes fabricated by simply mixing sulfide with common 

binder and carbon additives. The process-structure-property-performance relationship in these 
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systems has been successfully established, where promising cathode performance stems from 

ultra-small NCs (< 10 nm) after going through mild annealing at 250°C. 

The solvo-evaporation process was first demonstrated in a small Parr reactor, where typical 

yields were ~90 mg/batch. While sufficient for cathode fabrication gram quantities are required 

for meaningful development of solid state electrolytes (SSE). In this thesis I contributed to scale-

up of these processes, including transferring the solvation synthesis step to a scalable bubble 

column and building a fluidized bed to execute the annealing process. These advances increases 

our capacity to >1.3 g/batch, enabling the study of solid state electrolyte synthesis.  Li2S-P2S5 

based glassy electrolytes formed by a combination of ball milling and cold pressing were used to 

illustrate the benefits of our Li2S NCs.  It was shown that Li2S NCs reduced the mechanical ball 

mixing time required to make Li2S-P2S5 based glasses by at least 60% relative to commercial Li2S 

micro-powders.  70Li2S-30P2S5 glassy electrolytes were fabricated by cold pressing and 

characterized by impedance spectroscopy and chronoamperometry.  The pellet density increases 

with hydraulic pressure as expected. Optimum performance was achieved at 300 MPa, which 

reflected a balance between densification and crack formation. SSEs formed at this condition 

exhibited high ionic conductivity (~10-5 S cm-1), low electronic conductivity (~10-10 S cm-1), and 

reduced activation barrier (~ 30 kJ/mol). These properties were comparable to leading reports in 

the literature,  validating the use of our material for solid state electrolyte fabrication.
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CHAPTER 1  

 

WHY BEYOND LITHIUM ION BATTERY 

 

1.1 Introduction and Motivation  

The past two decades have witnessed tremendous growth and deployment of renewable energy 

technologies in an effort to address increasingly severe energy and environment challenges. 

Among various renewable energy technologies, wind and solar (including photovoltaics, 

concentrated solar power) are the two intermittent technologies that directly convert sustainable 

energy from nature to dispatchable clean electricity. Electricity is the product of both technologies, 

however due to the temporal variation, storage and transport are identified as the bottleneck for 

continued expansion of these resources.  

Energy storage options may be classified as mechanical (pumped  hydropower, flywheels), 

thermal (latent heat), chemical (aka H2 via electrolysis), or electrochemical (batteries). A paper 

published by A. Evans et al. has made an assessment of the merits and challenges involved with 

each  option.1 Among them, pumped hydropower has the largest capacity and most mature large 

stationary energy storage technology. However it is mainly constrained by geographical and water 

resources. According to the working mechanism, water is pumped from one reservoir to another 

at a higher elevation to storage excess electricity off the peak hours. Water is then released from 

reservoir at high elevation through hydroelectric turbines to the reservoir at low elevation to 

generate electricity at the peak hours. Flywheels are another mechanical storage that provides 

quick charge and discharge response with high power density. In this case energy is stored and 

released in angular momentum of spinning mass. The device is charged with a spin and motor and 

discharged through the same motor which also functions as an electricity generator. Both 

hydropower and flywheels are only suitable for large scale energy storage, and they share common 

drawbacks such as low energy density and long transmission distances. Latent heat thermal storage 

takes advantage of latent heat from phase change of materials such as inorganic salts and metals 

at high temperature. When electricity is needed, water is vaporized by those heat to drive a turbo 

generator. It exhibits a very high round trip efficiency because solar thermal power is directly 

stored as heat without conversion to electricity. However, the low thermal conductivity of the most 

high temperature phase change materials results in slow charge and discharge rate. Chemical 
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energy storage is realized through conversion of electricity energy to chemical energy of H2, 

ammonia or methane. This technology is a newly brought up and targets long term storage and 

distribution. 

Batteries are the most efficient and convenient approach for short/medium term electricity 

storage. They have been widely used in portable consumer electronics and space robotics. On 

facility scale, batteries serve multiple key roles in electricity grid system such as power quality 

management, load shifting, and medium term standby reserve.1 Continued development requires 

more advanced batteries with larger energy density. In addition, electric vehicles (EVs) have 

emerged as a real alternative to traditional combustion vehicles powered by fossil fuels. In fact, 

the trend of transportation electrification looks unstoppable, evidenced by increasing number of 

EVs companies have been started up and major auto manufacturers have been adding EVs sectors 

and establishing production lines. Some states like Colorado have committed to boost the number 

of EVs to help reduce climate-changing emission.2 As we know, EVs are usually powered by 

battery system with high energy and power density, long cycle stability and good operation safety. 

Li-ion batteries are the leading rechargeable battery technology due to its high energy density, 

low self-discharge, and almost zero memory effect.1 Current state of the art Li-ion battery is also 

called “rocking chair” battery where Li ions are intercalated through layer structured electrodes 

during cycling.3 Figure 1.1 displays a schematic diagram of currently commercial intercalation or 

“rocking chair” type Li-ion battery. Components include the anode, cathode, and electrolyte. At 

present graphite is used as the anode and layered metal oxides such as LiCoO2 (LCO), LiFePO4 

(LFP), LiMn2O4 (LMO) serve as the cathode material.4 These materials form channels in which 

Li ions may be readily inserted/extracted without disrupting their structure in a process called 

intercalation, and this attribute is responsible for safe operation and long cycle lives.  Non-aqueous 

solutions with high Li-ion conductivity are used as the electrolyte. Typically they are lithium salts 

of strong acids (i.e. LiPF6, LiBF4, LiClO4) dissolved in alkyl-carbonates based solvents (ethylene 

carbonate, dimethyl carbonate, etc.). 6 

This technology is highly developed and Li-ion batteries are commonly deployed in consumer 

electronics ranging from cell phones to laptops to Teslas. However, commercial Li-ion batteries 

are approaching practical performance limits. One drawback is that current electrode materials can 

store a relatively limited amount of charge (120-180 mAh/g for metal oxide cathode, 372 mAh/g 
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for graphite anode), because these electrodes contain heavy transition metals in the formula and 

follow single-electron conversion electrochemistry. In reality, only a fraction of theoretical 

capacity is achievable due to the stability issues of cathode materials with low lithium contents.7 

In addition, the cost and availability of cobalt is another significant limitation.1 The highly 

flammable liquid electrolyte contributes significant weight and presents a safety concern, with 

many notable examples. Exploration and development of new materials for next generation 

rechargeable batteries (beyond Li ion batteries) is therefore motivated and imperative.   

 

1.2 Beyond Lithium Ion Batteries 

In order to address remaining challenges for current “rocking chair” Li-ion batteries, beyond 

lithium ion batteries research has been extended to a variety of areas related to battery design and 

materials processing. On the anode side, silicon, tin, and lithium metal has been widely studied as 

a potential replacement of graphite to significantly increase charge and energy capacity.8  On the 

cathode side, given the high cost of transition metals and low energy density of lithium oxides, 

new materials and new chemistries have been brought up such as sulfur, lithium sulfide, oxygen,9-

10 which could be ideally coupled with lithium metal anode to maximize energy density of full 

batteries. Additionally, given the limited lithium resources, many non-lithium ion chemistry and 

configuration have been explored and developed such as Na ion batteries7, 11 for large stationary 

storage, and  multivalent ion (Ni+2, Mg+2, Zn+2, Ca+2, Ba+2, Al+3) batteries.12 There is also a lot of 

Figure 1.1 Schematic diagram of “rocking-chair” type of Li-ion battery. 5 
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attention focused on electrolyte improvements. For example, in ordered to improve the coulombic 

efficiency, a nonflammable electrolyte have been developed by S. Chen et al.,13 which the localized 

high concentration of electrolyte changes LUMO energy of the salt to alleviate solvent 

decomposition. Wang’s group14 have recently developed a “water in salt” electrolyte, the super-

concentrated bromide or chloride electrolyte that enables aqueous Zn ion batteries with improved 

safety. For Li-S batteries, the polysulfide shuttle which is majorly responsible for cycling 

degradation is largely mitigated through the use of additives such as LiNO3,15-21 LiI22-23 or 

polysulfides (Li2S6 or Li2S8) 15-16, 24-25 in the electrolyte solution.  

The key strategy to increase capacity and safety is replacement of the liquid electrolyte with a 

thin solid state electrolyte (SSE). The liquid electrolyte also accounts for a significant fraction of 

both the cost and weight of Li-ion batteries.26 In addition, it is highly flammable and is a major 

safety concern with a number of prominent incidents. A good SSE should possess high ionic 

conductivity (10-2-10-3 S cm-1), negligible electron conductivity, large electrochemical stability 

window, and good chemical compatibility with electrode materials.27-28 Solid state electrolytes can 

be primarily divided into two categories, polymer electrolyte and inorganic electrolyte. Polymer 

electrolytes are ion-conducting membranes with ~10-4 S cm-1 ionic conductivity at room 

temperature. Typically, they are fabricated by complexing or dispersing lithium salt, liquid 

plasticizer/gel or a small fraction of micro/nano sized organic/inorganic fillers into the conductive 

polymer host matrix such as poly(ethylene oxide) (PEO).29 Polymers enable low cost and flexible 

light-weighted rechargeable batteries. However, further deployment of this technology is hindered 

by remaining challenges such as short durability and narrow operational temperatures. Ionic 

Materials, a polymer materials company has recently developed a new conductive polymer host 

material called “PFM” with large electrochemical operating window which achieved 1.3mS cm-1 

ionic conductivity at room temperature.30 Ions are conducted via charge carriers in this new 

polymer material as opposed to chain mobility mechanism of traditional conductive polymer.  

Promising inorganic electrolytes include oxide, lithium phosphorous oxynitride (LiPON) and 

sulfide-based glasses. Oxides SSEs includes perovskites, NASICON (Na superionic conductor) 

type Li-ion conductors, and garnet type. However, processing typically requires high temperature 

annealing (usually over 1000K ), which could cause complex reactions between oxides and other 

battery components (especially sulfur), so that it is more often used with polymer or organic liquids 

in hybrid electrolytes.27 Among various garnet-related structured materials, the cubic Li7La3Zr2O12 
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(LLZO) has been reported to achieve the highest ionic conductivity of ~10-4 Scm-1.31 Additionally, 

LLZO exhibits good chemical compatibility toward lithium metal and it is stable to be processed 

in the open air environment. The fabrication of thin film with thickness < 20µm is the major 

challenge for LLZO material achieving ideal ionic conductivity. Recently, a lithium stable LLZO 

thin film with 3D architecture of vertical aligned pore channels and with thickness down to 100-

30 µm has been developed by M. Doeff group32 through a scalable freeze tape casting method. 

LiPON electrolyte is typically a deposited glassy thin film by various sputtering technologies such 

as magnetron sputtering, ALD, MLD, for use in all solid state micro-batteries.33 It is often made 

from reactive sputtering of  a Li3PO4 target in an N2 atmosphere.34 LiPON electrolyte usually 

exhibits 10-6 S cm-1 ionic conductivity and another obvious drawback is the high cost of processing 

because of small throughput and use of expensive target and plasma processing.  Sulfides SE can 

be broken down into two categories: glass ceramics Li2S-P2S5 (including anion-doped Li2S-P2S5), 

and crystalline thio-LISICON. It is evident that Li2S is the key component for both categories and 

size is important for enlarging interfacial contact and reducing interfacial impedance.35 Because 

sulfides SE are soft and easy to be shaped, impedance of grain boundaries and interface contact 

between components are more easily optimized by simple cold pressing.  

 

1.3 Objective of thesis  

Sulfide materials exhibit a promising future for the battery applications. As a comparison of 

various battery technologies in terms of energy and power density shown in Ragone plot (Figure 

1.2), Li-S battery ranks second in terms of energy density only after Li-air batteries that is farther 

away from technology maturity. Usually, power density has an inverse relationship with energy 

density for conventional liquid electrolyte batteries. However, all solid state batteries can enable 

both high energy and power density. Particularly, a good example is sulfide based materials (LPS, 

LGPS) in blue square dots on Ragone plot. Additionally, sulfur resource is plenty as it is the fourth 

most abundant element on earth.   

Therefore, sulfide materials are the focus of this thesis. The objective of this thesis is to address 

challenges in sulfide based materials synthesis and processing, and validate electrochemical 

performance of those materials in battery architecture. With that said, the following chapters will  
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demonstrate a green scalable synthesis and manufacturing of Li2S nanocrystals a key material in 

Li-S batteries and sulfide based electrolytes. The emphasize of materials engineering is control of 

the nanocrystal size, morphology and uniformity. We will also demonstrate integration of this 

material in synthesis of Li2S-P2S5 glassy electrolyte and Li7P3S11 superionic conductor, and 

validate electrochemical performance of those materials in Li2S cathode battery and  Li2S-P2S5 

glassy electrolyte pellet.  
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CHAPTER 2  

 

LITERATURE REVIEW OF  SULFIDE BASED BATTERIES & MATERIALS 

 

2.1 Solid State Electrolytes 

As discussed in Chapter 1, a promising strategy to increase energy density and safety is through 

the replacement of the liquid electrolyte with a thin solid-state electrolyte (SSE). In this thesis, we 

mainly focus on sulfide base materials such as Li2S-P2S5 glassy electrolyte, superionic conductors 

(Li7P3S11, Li3PS4), and argyrodites (Li6PS5X, X=Cl, Br, I). Below is a discussion of each material 

with review of some recent work from leading literatures. 

 

2.1.1 Li2S-P2S5 glassy electrolyte 

Li2S-P2S5 glassy electrolytes have been widely studied for a decade due to many advantages 

possessed by this simple system. It is a very good room temperature sintering materials because 

of low glass transition temperature (Tg ~ 200 ºC). Additionally, its low Young’s modulus (18-25 

GPa) enables small volume change during processing, thus fragmentation of particles is largely 

mitigated. Typically, ionic conductivity of this type material could reach 10-5 S cm-1 - 10-4 S cm-1 

ionic conductivity which is relevant to Li2S and P2S5 ratio of the mixture and the crystalline phase 

precipitated after sintering. 1-2 Challenges still remain in the application of this type of materials. 

First of all, ionic conductivity needs to be further improved due to low crystallinity. H. Tsukasaki 

et al.2 has systematically studied the relationship between ionic conductivity with crystallization 

process in Li2S-P2S5 glass electrolyte, which the highest ionic conductivity 7.5 × 10-4 S cm-1 has 

been achieved for 75Li2S-25P2S5 glass at a sintering temperature between 120º C and 180º C. They 

have pointed out that presence of nano-crystallites yielding a crystallinity degree (<5%) is crucial 

for this glass to achieve high ionic conductivity. F. Mizuno et al. 1 have synthesized highly ion-

conductive 70Li2S-30P2S5 glass-ceramic with ionic conductivity of 3.2 × 10-3 S cm-1  at room 

temperature after 360º C heat treatment. Their results suggest the outstanding property is attributed 

to both improved crystallinity and precipitation of highly conductive metastable phase. Second, 

though all solid state batteries using lithium metal anode has been considered as the most 

promising way to increase energy density, challenges with interface compatibility of lithium metal 

and lithium dendrite growth and penetration during cycling are still remaining. Recently, a paper 
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published by Han et al.3 presents a Li2S-P2S5-LiI glassy electrolyte exhibiting improved critical 

current density (CCD) for lithium dendrite formation. This electrolyte enables an electronically 

non-conductive but highly lithium ion conductive solid electrolyte interphase (SEI) formation by 

incorporating 30% LiI. However, the high porosity (10-15%) of the glassy-ceramic electrolyte 

would still leave a chance for lithium dendrite penetration from deposition through inter-particle 

pores. Therefore, Yersak et al.4 at General Motor have come up with a hot pressed 70Li2S-30P2S5 

glassy-ceramic with reinforcement of aramid fiber (10%) to improve materials densification and 

strength. In addition, the size-structure-performance relationship of this glassy-ceramic fabrication 

might be worth looking at as well to further improve properties.  Sakuda et al.5 have investigated 

the effect of particle size on electrode morphology which eventually might have an impact on ionic 

conductivity. It is indicated that small particles facilitate fabrication of more dense materials and 

more homogenous electrode layer with larger contacting areas. 

 

2.1.2 Superionic Conductor Li7P3S11 

Li7P3S11, a metastable phase LPS superionic conductor has been reported to reach ionic 

conductivity of 10-2 S cm-1 which even exceeds the conventional liquid electrolyte. 6 It is usually 

formed by annealing an amorphous Li2S-P2S5 mixture at moderate temperature (250-300 ºC). The 

temperature used for this phase transformation is determined by the glass transformation 

temperature (Tg) and crystallization temperature (Tc) of  the material which are usually quantified 

through differential scanning calorimetry (DSC) or differential thermal analysis (DTA) 

measurement.7  

Energy and time intensive ball mixing in conventional synthesis has been an obstacle to large 

scale production. Thus, materials or process that reduce this obstacle are desired.   Recent research 

has shifted to the development of liquid phase synthetic methods. These processes typically 

involve mixing or dispersing  Li2S-P2S5 mixtures in solvents via sonication, shaking, wet ball-

mixing or mechanical stirring.8-11 Solvents that have been used include ethers (tetrahydrofuran, 

DME), imides (DMF), nitriles (acetonitrile), and carbonyls (ethyl acetate, dimethyl carbonate).9 

Interestingly, it is reported that the resulting mixture after solvent evaporation exhibits lower Tc 

and crystallization of the desired phase. To date liquid-based SSEs have exhibited slightly lower 

ionic conductivity than that obtained from conventional methods.8 However, with continuous 

development, liquid methods might be a game changer in the future especially for large-scale 
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production as it is compatible with the tape casting and roll to roll manufacturing approaches being 

developed.12 

The impressive high ionic conductivity exceeding liquid electrolyte was first reported by Seino 

et al.6 which 70 Li2S-P2S5 was synthesized from molten quenching and the mixture was then 

sintered at 280-300 ºC for 2hours. The improving properties 1.7 × 10-2 Scm-1 ionic conductivity 

and 17 kJ/mol activation  energy at room temperature of the material is attributed to the optimum 

heat treatment condition from which grain boundary resistance and influence of voids are 

significantly reduced.  Additionally,  Hayashi et al13 has reported an interesting finding of Li7P3S11-

z glass ceramic electrolytes which enable even higher ionic conductivity than analogous Li7P3S11 

phase. Li7P3S11-z glass ceramic electrolytes is synthesized through small fractional substitution of 

P2S5 to P2S3 in the synthesis recipe. 

 

2.1.3 Argyrodite (Li6PS5X, X=Cl, Br, I) 

Argyrodites are another sulfide based superionic conductor (typically ionic conductivity 10-5 - 

10-3 S cm-1) have received increasing attention recently by solid state electrolyte community. This 

material is believed to possess the best stability with respective to lithium metal because of  

sluggish reaction between lithium and passive interphase layer formed uniquely consisting of Li2S, 

Li3P and LiX. 14  Argyrodite crystal structure is framed by a face centered cubic lattice constructed 

by halide anions with PS4
3- tetrahedra on the octahedral sites and free S-2 on half of the tetrahedra 

sites.15 This structure contains two special Li ion positions which ion diffusion is significantly 

facilitated by those sites through hopping mechanism. Usually, argyrodite compounds are 

synthesized through solid synthetic approaches such as mechanical ball milling, mechanical ball 

milling followed by sintering, and solid state sintering.16-18 For example, Z. Zhang et al. have 

synthesized Li6PS5X (X=Cl, Br, I) through solid state sintering which is then coated on MoS2 

nanosheet for full batteries assembly exhibiting good capacity and cycling stability.  

Like Li7P3S11, argyrodites can also be synthesized through liquid synthetic strategy. 14, 19  In 

this case, lithium thiophosphate Li3PS4 as intermediate species is synthesized first by mixing Li2S 

and P2S5 on stoichiometric ratio as it has good stability in solvent. Li3PS4 is then mixed with  

Li2S/LiX (X=Cl, Br, I) solution. Li6PS5X (X=Cl, Br, I) is eventually obtained after solvent 

evaporation. Solution based synthetic strategy has largely facilitate argyrodite synthesis at low 

temperature and extension to other solution based technologies for materials or interface 
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engineering. The challenges remain in solution synthetic strategy is the existence of impurities 

(Li3PO4, LiX) in small fraction ( <10% )  due to compound decomposition. Also, solvent selection 

is kind of limited by solubility of Li2S and solvent compatibility of the compound.  

 

2.2 Lithium-Sulfur Batteries 

The second strategy to increase specific power is to shift from intercalation-based electrodes 

to conversion-based electrodes. Among conversion materials, Li-S cell is one of most competitive 

candidates. The cathode is free of heavy metal content and sulfur follows multiple-electron 

conversion electrochemistry, which enable high theoretical capacity (1672 mAh/g).20 Another 

benefit of sulfur is its earth abundance, which could significantly lower the cost. In Li-S cell, 

lithium metal is the anode material, who possesses the lowest redox potential (-3.04V vs. SHE, 

standard hydrogen electrode) and high gravimetric theoretical capacity of 3860 mAh/g.21-22 In 

addition, a Li-S cell can theoretically reach specific energy and volumetric energy density of ~2600 

Wh kg-1 and ~2800 Wh L-1, which is 5X and 1.36X that for current commercial Li-ion cells, 

respectively.20, 23 As stated, a Li-S cell typically uses Li metal for anode, and sulfur for cathode. 

Upon discharging, Li diffuses from anode to cathode, where it chemically reacts with sulfur to 

form Li2S. Following charging the reverse process occurs. Li is extracted from Li2S and diffuses 

back to anode, returning the cathode composition to pure sulfur.  However, several challenges with 

regard to cycling process compromise the performance of these batteries.  

 

2.2.1 Volume Expansion of Cathode During Lithiation (Discharging)  

There is about 66-79% volume expansion when sulfur is lithiated, which causes serious 

damage to the structural integrity. The detachment and the loss of contact from shattered pieces 

increases electrochemical impedance and creates isolated electrochemical dead zones. The issue 

can potentially be mitigated by introducing elastic binders or embedding sulfur in a porous matrix 

to accommodate the corresponding strain and stress.23 However, the gravimetric capacity of 

cathode is sacrificed with the addition of these additives. 

 

2.2.2 Lithium Dendrite Growth on Anode 

Lithium plating occurs on the surface of anode during charging cycles, usually in the form of  

unevenly distributed lithium dendrites. These dendrites are extremely detrimental to the cell, as 
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they can bridge the membrane barrier, short circuiting the cell and causing serious safety 

problems.20 Surface of anode is usually protected by a coating layer such as conductive polymer 

or by in-situ forming a passive layer from electrolyte additives to alleviate lithium dendrite 

growth.24-2526 Additionally, it is reported that more uniform Li stripping and plating can be 

achieved by applying external pressure because of more compact lithium deposition on charging 

cycle and less formation of dead-lithium.27 

 

2.2.3 Polysulfide Shuttling Effect  

The overall electrochemical reaction for Li-S battery can be described as below: 

16Li + S( ↔ 8Li+S					E. = 2.15	V																				                        (2.1) 

During discharge cycles sulfur is reduced to Li2S through several intermediate reduction states: 

2Li + S( ↔ Li+S(																																																				                       (2.2) 

2Li + Li+S( ↔ 2	Li+S4																																								                          (2.3) 

	2Li + Li+S4 ↔ 2	Li+S+																																													                      (2.4) 

2Li + 	Li+S+ ↔ 2	Li+S																																					                              (2.5) 

Each phase transformation corresponds to a peak in cyclic voltammetry and a plateau in charge-

discharge profile of Li-S cell. For example, as shown in cathodic scan of Fig 2.1a and discharging 

curve in Fig 2.1b, three major reductions, from sulfur(S8) to high-order polysulfides (Li2Sn, n³4), 

high-order polysulfides to low-order polysulfides (Li2Sn, n<4), and low-order polysulfides to Li2S, 

take place at 2.4V,2.1V, and 1.9V respectively.   

 

 

Figure 2.1 (a) Cyclic voltammetry28 and (b) typical charging/discharging profile of Li-S cell 
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Polysulfides are soluble in the liquid electrolytes which results in active material loss and 

serious capacity degradation. High-order polysulfides travel to Li anode where they are reduced 

to low-order polysulfides, which would cause the formation of a non-conductive deposition layer 

(Li2S2 and Li2S) on the anode. The soluble low-order polysulfides (Li2S3, Li2S4) can diffuse back 

to cathode where they are oxidized to high-order polysulfides again during charging cycles. This 

phenomenon is identified as “polysulfide shuttling” effect.29 Cycling stability and coulombic 

efficiency suffer a lot from this effect. Note that this issue could be thoroughly solved by 

integrating solid state electrolytes into Li-S batteries. 

In order to alleviate the impact of polysulfide dissolution and shuttling Li2S has been embedded 

into a carbon matrix during cathode fabrication, with examples including carbon nanotubes, 

nanofibers, graphene or reduced graphene oxide (rGO).30-35 Others formed Li2S@C hybrid 

structures through chemical vapor deposition or solution-based approaches.33, 36-38  A third 

approach has been to form Li2S/C composites through high energy ball milling.38-40 Recently, Wu 

et al.41 developed a LiTiO2 encapsulation strategy which reduced the initial capacity but displayed 

remarkable stability at C/2 rates. Another common approach to mitigate the polysulfide shuttle is 

through the use of additives such as LiNO3,30-33, 38, 40, 42 LiI36, 41 or polysulfides (Li2S6 or Li2S8) 30-

31, 37, 39 in the electrolyte solution. 

 

2.3 A Key Material- Li2S Nanocrystals 

2.3.1 Why Li2S 

Using Li2S as the cathode material offers several advantages over sulfur. First, by beginning 

with Li2S the volume required for lithium insertion is naturally preserved, so volume expansion 

issues become less serious. This would enable higher practical gravimetric capacity due to less use 

of additives. Second, Li2S can theoretically couple with inexpensive Li-free anode materials such 

as graphite, silicon, and tin.  Therefore, complicated Li anode protection is not needed.  

Li2S is a critical material for next generation batteries, serving both as a key component in 

solid state electrolytes (SE) as well as serving directly as a cathode material.1, 8, 15, 42-44 45Moreover, 

in order to obtain the optimized electrochemical performance, battery applications usually prefer 

to be made in the form of nanocrystals (NCs).37, 46 The high specific surface area promotes efficient 

charge transfer which is the key for conversion type cells. The structural integrity and mechanic 
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strength of the electrode composite would be enhanced during cycling as well. In principle, the 

benefits of applying NCs in batteries are obvious and significant, including improved specific 

capacity, higher coulombic efficiency, low self-discharging effect, better cycling stability and rate 

capability, and so on. In addition, SEs are formed by annealing the constituent metal sulfide 

powders, and the NC form factor may reduce thermal budgets and improve interfacial charge 

transfer.47 

Note the focus of this thesis is Li2S, but the process and approach are directly applicable to the 

synthesis of anhydrous Na2S NCs. Na-S battery has greater potential to be low-cost option for 

grid-scale stationary storage because Na is more naturally abundant.48 Even though room-

temperature Na-S battery is still under development, high-temperature Na/S8 has already been 

commercialized.49 Analogous benefits could be introduced by replacing sulfur with Na2S NCs, the 

discharge-state of cathode material.   

 

2.3.2  Current Synthetic Approach of Metal Sulfides 

Anhydrous alkali metal sulfides (M2S, M=Li, Na) are commercially unavailable in the NC 

form, as they are generally produced through high-temperature carbothermal methods.50 Reactions 

of two pathways are summarized as below: 

M+SO4(8) + 2C(8)
;<=..>?...°@A⎯⎯⎯⎯⎯⎯⎯⎯⎯C	M+S(8) + 2CO+(D)													∆GG. ≈ +100	kJ	mol>?																		(2.6)		 

M+COO(8) + H+S(D)
;<Q..>R..°@A⎯⎯⎯⎯⎯⎯⎯⎯C	M+S(8) + H+O(D) + CO+(D)									∆GG. ≈ +100	kJ	mol>?						(2.7)	 

The metal sulfides produced from above pathways are micrometer size particles. Extra work is 

required to decrease the size through time and energy intensive ball-milling process, which 

provides little control over size and morphology, and may introduce additional impurities as well. 

As discussed in chapter 1, part of this thesis objective is to develop a scalable green synthetic 

strategy for anhydrous Li2S nanocrystals for battery applications. Demonstrating control of size, 

morphology and uniformity of particles would be beneficial for the strategy as those parameters 

play very important roles in battery performance. Environmentally benign solvents, the absence of 

hazardous by-products, and low energy budgets are among the key characteristics of a green 

synthetic strategy. Therefore, our group has recently developed a solution based approach to 

directly synthesize alkali metal sulfide NCs through reactive precipitation by contacting 
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metalorganic precursor solutions with H2S. The strategy meet all tenets of green process described 

above and particle size and morphology can be tuned by a choice of solvent identity. The approach, 

material properties, and electrochemical performance are stated in detail in Chapter 4.  
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CHAPTER 3 

 

METHODOLOGY 

 

This chapter details experimental and technical methodologies that the author followed and 

developed during the execution of this thesis. These include synthesis approach, lab set up, 

materials characterization, electrochemical techniques used for performance testing and 

corresponding instrumental principles.  

 

3.1 Synthesis Approach 

The solvent evaporation synthetic approach represents an evolution of the reactive 

precipitation synthetic strategy developed by our group previously for direct synthesis of 

anhydrous M2S NCs. This approach is my major contribution to synthesis methodology in this 

thesis which has addressed the challenges associated with reactive precipitation. The chemistry 

remains unchanged, but conditions were modified such that Li2S remains completely dissolved in 

the solution as opposed to direct precipitation. Benefits of this technique is that the solution 

concentration could be substantially increased (1.6M maximum) without the possibility of 

clogging the sparger, increasing throughput from 2.3mg Li2S /ml to 34 mg Li2S/ ml and providing 

an expanded process space to control NC size and morphology.  In this approach solvent 

evaporation is required to recover the Li2S nanocrystals. However, the solvent could be 

recovered/reused and this approach greatly expands the process space with which to operate.  An 

advantage of this evaporation is that nearly 100% of the lithium is recovered as opposed to ~85% 

for reactive precipitation, justifying any extra costs. The approach, material properties, and 

electrochemical performance are described in detail in Chapter 6.  

 

3.2 Lab Set Up 

In the midpoint of my thesis I formally switched to the Wolden group, where we had conducted 

Li2S and solid state electrolyte synthesis, but had no facilities for the preparation of solutions, 

cathodes or electrolytes under controlled environment. A significant contribution was building the 

infrastructure and creating procedures that enables the execution of this thesis. Prominent 

contributions included the following: I resuscitated two non-functional gloveboxes from different 
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laboratories. This included relocation, cleaning, replacement of the catalyst bed and regenerating 

an atmosphere with the qualities required for working with alkali metals ( < 1 pmm H2O, O2). I 

identified, purchased and installed a hydraulic press (YLJ-15L, MTI Corp.) which was situated in 

the dry glovebox. In addition, I interfaced a Gamry potentiostat (Interface 1000E) to the dry 

glovebox by building cable feedthroughs that enabled electrochemical measurement to be 

conducted inside glovebox. Additional tools included a ball mixer, tube furnaces, and the creation 

of a fluidized bed for powder sample annealing. Additionally, standard operating procedure (SOP) 

of experiments using those instruments has been established.  The details associated with these 

instruments are enumerated below. 

 

3.2.1 Glovebox Rehabilitation 

Glovebox rehabilitation was significant as it matters most for Li-ion or beyond Li-ion battery 

research. All materials handling and cell fabrication must to be done in glovebox for most batteries 

to avoid hazardous moisture. The glovebox provides highly pure inert gas atmosphere (Argon or 

nitrogen, >99.95% purity) for people to work with air sensitive materials in research lab or industry.  

Glovebox usually consists of a big working box and a purifier box with a circulation system built 

in to connect two boxes. Under normal circumstance, glovebox atmosphere is maintained at high 

purity level (< 1pp, both H2O, O2) by circulating atmosphere from working box to purifier box 

where catalyst reactions take place to remove trace amount of moisture and oxygen.  

We have two gloveboxes in need of rehabilitation which were out of use for years. Among 

them, Pandora box is from LC Technology Solutions Inc. and is used for solid process only. Nexus 

box is from Vacuum Atmosphere Company and is for hybrid use. To begin with, electronics has 

to be checked first otherwise electrician needs to be called. This check includes control panels, 

automated valves for gas in and out, blower etc. Leak test and parts replacement follow as the next 

step. Leak test is usually done by quantifying pressure drop as a function of time. For a successful 

test, pressure drop should be less than 0.1m bar for three minutes.  Parts that should be replaced 

include gloves, filters (replaced every month), active carbon (if carbon trap is equipped for solvent 

capture, replaced every 6 months), sealing O-rings for chamber door. Then next, glovebox should 

be purged with pure argon/nitrogen to render moisture and oxygen level down. The purge usually 

takes about 40mins or wait until a tank is drained. Noted that moisture and oxygen probes need to 

be checked and cleaned before purging to make sure they function properly. At this point, inert 
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gas purge usually help to reduce H2 and O2 level down to ~ 20 ppm. In order to further improve 

the atmosphere (desired level <1ppm, both H2O, O2), circulation needs to be on to allow catalyst 

work which usually takes overnight to accomplish the goal as long as catalyst is fully active. Most 

glovebox allow purifier regeneration (typically run every 3 months) to bring catalyst back to health. 

Catalyst needs a replacement if it is too bad to be reactivated (shelf life is usually 5 to 6 years).    

 

3.2.2 Purifier Catalyst Replacement 

The nexus box was in very poor shape and catalyst was completely messed up which H2O level 

barely goes down after regeneration. Therefore, catalyst replacement was required to achieve 

functionality. Below described the procedure for this replacement. 1 

1. Catalyst was ordered from Vac Atmosphere which contains two 10 lb bags of molecular sieve 

(13X) and one 10 lb bag of copper catalyst (CU-0226, 8×14). 

2. Run a catalyst regeneration before the replacement. Do not turn the circulation on after 

regeneration. The goal for this regeneration is to remove the residue of solvents as much as 

possible. 

3. Turn the blower off to 0%. Turn the circulation off by pulling the manual valve out. 

4. Remove the lower front ion plate to reach purifier box. 

5. Remove the KF-40 flange cap on the top of purifier. 

6. Remove the used catalyst by vacuum cleaner. At this point, an extension hose attached onto 

vacuum cleaner which can reach the bottom of purifier box was used to suck all catalyst 

particles out effectively and efficiently.  

7. Placed new catalyst into the purifier. It must be filled in on following order: 

One bag of molecular sieve (13X) 

One bag of copper catalyst 

One bag of molecular sieve (13X) 

Stir newly added catalysts with a rod to make sure they are homogenously spread out. At the 

end, make sure there is about 3 inch plenum space left from the filling port to the top of catalyst 

layer.  

8. Put the KF flange cap back on. Perform a regeneration one more time. 
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3.2.3 Ball Mixer 

Ball mixer is a common tool to be used for solid state materials synthesis and processing. The 

highly intensive vibration motion could provide enough energy to break particles down or facilitate 

chemical reactions through breaking and formation of intramolecular bonds. In this thesis, I mainly 

used it for materials mixing and synthesis of Li2S-P2S5 glassy electrolyte through dry mixing 

approach (without addition of dispersant solvent).  SOP of this process is described as follows.  

Li2S and P2S5 were measured based on molar ratio of 7:3 and mixed by mortar and pestle in a 

glovebox (LC-1, LC Technology Solutions Inc.). The overall 1g of the mixture is loaded in the 

ZrO2 vessel (40 ml) with three ZrO2 balls (10 mm diameter). The vessel is sealed by hand 

tightening inside glovebox and needs to be further tightened up outside by using a vise wrench. 

The vessel is then mounted high energy ball mixer (SPEX, Mixer/Mill 8000M). To prevent sample 

overheating, the instrument needs a 30mins stop for every 30mins high vibration running. When 

ball mixing task is done, the vessel is taken back inside glovebox for sample dispensing.  

 

3.2.4 Tube Furnace 

In this thesis, tube furnace (GSL-1100X, MTI Corp.) is used for solvent evaporation and 

powder annealing under protection of Ar flow for samples at small scale. There is a bubbler at the 

outlet of tube furnace to indicate flow rate which is typically set at 1~2 bubble/min.  To start an 

experiment, sample is placed at the center of heating zone of the quartz tube and two ceramic 

blocks are placed at both ends of heating zone as thermal insulation. Both ends of quartz tube is 

sealed by an ISO flange where two silicone O rings and a metal O ring are sandwiched by two 

flanges which are tightened by three screws symmetrically. Temperature is programmed by a 

temperature controller with soak and ramp function. Parameters such as temperature and heating 

rate vary with purposes. For example, sample annealing of Li2S nanocrystals is usually performed 

at 200ºC with 5 ºC/min heating rate. 

 

3.2.5 Gamry Cables Feed Through Glovebox 

In order to allow more working space in glovebox and avoid any damage of Gamry instrument 

from transferring under vacuum, Gamry cables are designed to go through glovebox to keep 

Gamry instrument (Interface 1000E) and computer outside. Therefore, electrochemical 

measurements can be performed under Ar environment which also enable potential operando 
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testing in the future. To do so, the cable is potted into a KF40 flange fitting and sealed by epoxy. 

The fitting is then clamped on the KF 40 port on the glovebox. Multiple cables can be potted into 

one KF40 flange fitting. 

 

3.2.6 Fluidized Bed Apparatus 

The fluidized bed design provides the most homogeneous and efficient contact between gas 

phase and powder phase which largely facilitates chemical reaction and physical process on the 

interface of two phases. In our case, we used it for sample annealing with various gases. For 

example, it can effectively prevent aggregation and agglomeration of Li2S nanocrystal particles 

during annealing treatment. Figure 3.1 presents the schematic diagram of this design. It consisted 

of a VCR cell and  two ¼  inch stainless steel tubes with on/off valve and adapter union on two 

ends.  The VCR cell contains one bulk head and two unions which are ordered from Swagelok.  

When performing the experiment, powder sample is loaded into the VCR cell which is then 

connected to the stainless steel tubes. A filter gasket ( 60 Micro mesh) is placed at the joint area 

between adapter union and VCR cell to allow gas flow through and keep powder stay in VCR cell. 

The whole piece is placed vertically through a tube furnace and connected to the gas supplying 

system for an annealing experiment. 

 

 

 

 

 

 

Figure 3.1 schematic diagram of fluidized bed heating piece. 
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3.3 Experimental Details 

3.3.1 Pellet Formation By Cold-Pressing 

After sufficient ball mixing 150 mg of the amorphous Li2S-P2S5 mixture was loaded 

homogenously in a  die with 1 inch diameter. To ensure homogenous distribution, sample was 

gently stirred occasionally by a spatula while it was loaded.  Pellets were formed by cold-pressing 

using a hydraulic press ( YLJ-15L, MTI Corp.). Pellet was pressed by increasing pressure in 100 

MPa increments to the target pressure, stabilizing at each increment for 1 min before moving to 

the next. Samples were held for 2 minutes at the final target pressure. Relative density is usually 

calculated by measuring the mass and volume of the pellet, normalized to the absolute density 

value.  

 

3.3.2 Magnetron Sputtering 

Blocking electrodes for electrochemical characterization were formed by magnetron sputtering 

(AJA International Inc). About 100 nm thickness of aluminum is deposited to each side of the 

pellet using 72.5W/cm2 at 5.98 mtorr in Ar ambient. The deposition takes 30min to complete.  

When spurting, pellet was covered by an iron mask with 1 inch diameter hole as deposition area. 

Sputtering was performed when humidity < 30% to avoid hazardous impact of moisture on sulfide 

samples since there will be a short air exposure during sample transportation. In addition, 

Aluminum was chosen over other metals such as gold, silver and copper etc. because of its high 

conductivity, low cost and relatively high chemical stability with sulfur.  

 

3.3.3 T-Dependence Electrochemical Impedance Spectroscopy (EIS)   

A homemade sand bath is set up for this measurement (Figure 3.2). It is consisted of a hot plate, 

a glass petri-dish, thermal insulation, 200g sand (50-70 mesh, Sigma Aldrich), and a digital 

thermometer. In the experiment, sample pellet is completely buried in the sand bath which a 

thermal couple is placed close to the pellet to indicate actual temperature. Sand bath was heated 

up and stabilized at each target temperature for 20mins. Average temperature over the course of 

the EIS measurement was used in the final plot. 
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3.4 Characterization Technique 

3.4.1 X-Ray Diffraction (XRD) 

XRD is the most commonly used bulk material detection technique for identifying crystalline 

phase, crystal size, orientation and structural properties. It is also a fast and nondestructive 

technique that has many categories based on a variety of materials and studying purposes such as 

powder, thin film , stress, texture, and transmission diffraction (X-ray transparent materials). In 

this thesis, powder diffraction was used to study phase purity, size, and crystallinity of synthesized 

Li2S and other related materials. Thin film diffraction was performed on cold pressed pellet of 

solid state electrolyte materials.   

XRD is essentially the interaction of X-ray beam with electron clouds of the material. The 

diffraction pattern follows Bragg’s law : 

 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃																				                                           (3.1) 

 

where 𝜆 is the incident X-ray beam wavelength, d is the lattice interplanar distance, 𝜃 is the angle 

of incidence with respect to the diffracting plane, n is a integer. Apparently, diffraction peaks are 

the result of constructive interference from beams scattered by parallel planes of atoms when Bragg 

Figure 3.2 schematic diagram of sand bath for T dependence EIS measurement. 
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condition is satisfied (Figure 3.3). Our measurement is conducted on Philips X’Pert X-ray 

diffractometer with Cu K𝛼 radiation following 𝜔 - 2𝜃 rotation method for sample running. The 

instrument goniometer uses Bragg-Brentano geometry which is the most powerful and flexible 

tool for powder, thin film or bulk polycrystalline materials.3 In this geometry (Figure 3.4), sample 

position is fixed at the center, X-ray tube and detector placed on different side of sample will move 

along their own circle trajectory. The diffraction vector (s) is always perpendicular to the surface 

of sample. The incident angle 𝜔 is defined between X-ray tube and the sample while diffraction 

angle 2𝜃 is defined between the incident beam and the detector, as you can tell,	𝜔 = 𝜃. During a 

measurement, sample’s position is fixed, while the tube and detector rotate synchronously at a rate 

of 𝜃 º/min. The XRD spectrum obtained from diffractometer is usually presented in peak intensity 

vs. 𝜃 which is actually the cross-section projection of original ring patterns of X-ray diffraction. 

This spectrum is the fingerprint for each compound, from which many information about crystals 

can be unfold. The most important one is the crystal size which can be calculated by Debye-

Scherrer equation , see below. 

𝐷]^_ = `a
bcde	fghi

																				                                        (3.2) 

Figure 3.3 Schematic representation of Bragg’s Law theory.2 
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Where 𝐷]^_ is the crystallite size in the direction perpendicular to the lattice planes. hkl are the 

miller indices of the diffracting plane. K is dimensionless shape factor which has a good 

approximation value about 0.9.  𝜆 is the wavelength of incident X-ray, which is typically 0.15405 

nm for Cu K𝛼 radiation. 𝐵]^_	 is the full-width at half maximum (FWHM) of the diffraction peak 

in radians. 𝜃 is the angle of incidence X-ray beam.  Diffraction peak broadening and its FWHM 

decreases as the crystal size increases, so that it only applies to nano-scale particles as it becomes 

hard to identify peak broadening when crystal size is above 100-200nm.5   

In this thesis, about 10-15mg Li2S were prepared in the Ar-filled glove box by spreading 

sample powders onto glass slides. A drop of mineral oil was used to isolate the sample from hazard 

moisture in the air during the measurements.  The background signal from glass slide and the 

mineral oil (a smooth and broad peak centered at 17.2˚ spanning from 10 to 25˚) was later 

subtracted. 

 

3.4.2 Field Emission Scanning Electron Microscopy (FESEM) 

FESEM is used to provide topographical and elemental information about sample materials 

with high magnification (up to ×30 magnification), spatial resolution (down to 1.5nm) and virtually 

unlimited depth of field (several hundred times the pixel size). In this thesis, it is widely used to 

compare size and morphology of as synthesized particles or cross-section information of the pellet. 

The principle of SEM, long story short, is based on interaction of two synchronous electron beams 

with specimen and a cathode ray tube (CRT) viewed by the operator respectively, shown in Figure 

Figure 3.4 Bragg-Brentano geometry4 
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3.5. One electron beam strikes on the specimen will produce emission of electrons and photons 

which are then collected and used to modulate brightness of the second beam stroked CRT so that 

morphological image is generated.  The term scanning refers to electron beams scan square 

patterns on both the specimen and the CRT synchronously so that every point of specimen will be 

imaged. The magnification is determined by difference of beam brightness on specimen and CRT, 

which is linearly proportional to area ratio of specimen and CRT. One of advantages for this 

method is magnification is achieved purely through the manipulation of geometric area of 

specimen sample.  

The major difference between FESEM and conventional SEM relies on the type of electron  

gun being used. Conventional SEM uses thermionic gun that can be operated in vacuums of 10-7 

torr, and electrons are produced by heating a tungsten or lanthanum hexaboride cathode of filament 

to 1500-3000k . While, FESEM adopts the field emission gun where electrons are produced from 

tungsten wire and traveled through vacuum tunnel under a high voltage at room temperature. Of 

course in this case, a high vacuum (10-9 Torr or better) is required which can be achieved through 

combination of mechanical pump, turbo pump or ionic pump. 6 FESEM exhibits a lot advantages 

such as the ability to scan smaller area contamination spots with compatibility of energy dispersive 

spectroscopy (EDS), high-quality and low -voltage images with negligible electrical charging of 

samples etc. 7 

In this thesis, Li2S sample was prepared by first dispersing sample powder in hexane. A few 

drops of dispersion hexane solution were added on to a silicon wafer substrate on which sample 

Figure 3.5 Schematic representation of SEM principle.6 
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powder was mounted after hexane was evaporated. Silicon wafer substrate was then immobilized 

onto an aluminum stub by using a double-sided carbon tape. In order to improve surface 

conductivity, gold was deposited on the sample by a gold sputter coater (Cressington 108auto) for 

one minute. An accelerating voltage of 5kV was used for taking SEM image. 

 

3.4.3 Small Angle X-ray Scattering (SAXS) 

SAXS is a technique based on the Rayleigh scattering of X-ray that requires electron density 

contrast of target samples with respect to the background. At a small angle, the incident X-rays 

travel through and interact with electrons of the sample that contains size and shape information 

about particles or particle clusters but single crystal. SAXS is an indirect measurement of particle 

size distribution and uniformity which data processing requires mathematical Fourier 

transformation. However it provides more accurate and reliable statistic results. 8 In this thesis, It 

is used to reveal size and distribution of primary particles (<100nm)  from our sized controlled 

Li2S samples which offers helpful guide on those particles in scalable production for industrial 

application. Since SAXS probes difference response in electron density, the scattering can be 

described using polydisperse model which uses product of form factor and structure factor.9 

 

𝐼(𝑞) = 𝐼.𝑉.+𝑃o(𝑞, 𝑟)𝑆stt(𝑞)													                                     (3.3) 

 

Where q is the scattering vector, V0 is the volume of the particle, 𝑆stt(𝑞)		is the effective structure 

factor, 𝑃o(𝑞, 𝑟) is the mean form factor. I0 is a collection of experimental parameters such as beam 

intensity, scattering contrast, and experimental set up. 

If the size distribution of particles/clusters is quite uniform, a single sharp peak in small angle 

area may be appeared. if size distribution isn’t uniform, a broad peak or maybe several sharp peaks 

get superimposed may be appeared in small angle range because each size corresponds to a q 

vector. Typically, peaks at larger q carry more information about single crystal, while peaks at 

smaller q are inclined to indicate more on general cluster. In addition, Brownian motion of particles 

dispersed in the solution should not have any impact on SAXS measurement. 

In this thesis, small angle X-ray scattering (SAXS) measurement was carried out under vacuum 

using a line collimation SAXS instrument supplied by Anton Paar. The instrument is equipped 

with PW3830 stand-alone laboratory X-ray source from PANalytical, SAXSess camera from 
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Anton Paar, and Cyclone-Imaging-plate reader from Perkin Elmer. The X-ray is generated from a 

sealed-tube Cu anode (lCu-ka = 0.154nm) at operating conditions of 40kV and 50mA. The PSD 

results were obtained by processing initial data through three software packages: OptiQuantä, 

SAXSquantä, and Igor Pro, including procedures like background subtraction, transmission 

correction, data desmearing, and particle distribution analysis etc. In order to mitigate the effect of 

small voids among primary particles, a homogenous dispersion solution with 10 vol% was made 

by dispersing sample powder in 1,4-dioxane. About 26µl dispersion solution was loaded into a 

special-designed liquid sample holder for each measurement.  The sample preparation and loading 

processes were performed in Ar-filled glovebox. Sample has been ground by mortar and pestle 

prior to each measurement for all above techniques. 

 

3.5 Electrochemical Techniques 

3.5.1 Electrochemical impedance spectroscopy (EIS) 

EIS is a powerful tool to provide completed electrical information of the interface over a broad 

frequency range at various potentials, including faradic and non-faradic components, which 

facilitates accurate impedance identification compared to other traditional electrochemical 

measurement. Impedance is a total complex resistance to the flow of electrical currents through 

the material. Unlike ideal resistance, it contains resistors, capacitors, conductors and combination 

of these that both magnitude and phase shift of AC are involved. As described by the Butler-

Volmer equation, in the electrochemistry world , the overpotential has a non-linear relation with 

response current. However, when a very small AC voltage signal is applied, the cell response can 

be considered as pseudo-linear, which the current adopt sinusoidal form at the same frequency but 

with a phase shift in response to a sinusoidal potential. Math derivatives are shown below: 

 

𝐸v = 𝐸. sin(𝜔𝑡)												                                                           (3.4) 

𝐼v = 𝐼. sin(𝜔𝑡 + ∅)												                                                      (3.5) 

 

𝑍v = |} 8~�(�v)
�} 8~�(�v�∅)

=	𝑍. 8~�(�v)
8~�(�v�∅)								                                        (3.6) 

 

With Euler’s formula,  𝑍. 8~�(�v)
8~�(�v�∅) = 𝑍. exp(𝑗∅) = 	𝑍.	(𝑐𝑜𝑠∅ + 𝑗𝑠𝑖𝑛∅)                                   (3.7) 
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In Nyquist plot, imaginary component of impedance represents y axis while real component of 

impedance represents x axis. Typically, equivalent circuit model of interface impedance follows 

Randell cell. The corresponding Nyquist plot consists of a semi-circle and straight line with a slope 

of 45º (Figure 3.6). The semi-circle maybe incomplete sometimes which is a chrematistic of a 

resistor in parallel with constant phase element (CPE). The straight line features Warburg 

impedance. In this thesis, EIS is used to study impedance at the interface of solid state electrolyte 

and metal electrode. A semicircle and a linear tail for each curve were observed from the EIS plot 

 

which represents the classic feature of blocking electrode measurement. Ionic based on bulk 

resistance which is extracted from the intersection of the semicircle with x axis including 

contributions from both grains and grain boundaries. 

In this thesis, Pellet was connected to Gamry interface 1000E potential station for 

electrochemical impedance spectroscopy (EIS) which was conducted in the frequency range of 

1Hz to 1MHz. 

 

 

Figure 3.6 Nyquist plot for Randell circuit.10  
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3.5.2 Chronoamperometry  

Chronoamperometry is an electrochemical technique used to study kinetics of electrochemical 

reaction especially for diffusion and adsorption process. It measures the current response as a 

function of time to the step change of potential applied on the electrodes. Usually, a polarization 

occurs when a bias voltage is applied on the system which has been stabilized at open circuit 

voltage (OCV), high charging current is generated from redox reaction which will then decay 

exponentially as a function of time. Cottrell equation11 is used to describe this decay process. 

 

𝑖(𝑡) = ����}
�/�f}

��/�v�/� 															                                              (3.8) 

 

Where, n is the number of electrons involved in reaction, F is the faradic constant, A is the surface 

area of the electrodes, D0 is the diffusion coefficient, C0 is the initial concentration of the redox 

species. Chronoamperometry can be used to determine anyone of variables area of electrode, 

diffusion coefficient, and concentration of redox species as long as two of them are known 

beforehand. Additionally,  transport number of redox species is usually calculated from diffusion 

coefficient extracted from Cottrell equation. In this thesis, electronic conductivity of solid state 

electrolyte materials has been calculated based on the current at steady state from 

chronoamperometry measurement in which the current is only attributed to electronic leakage 

since blocking electrodes were used. 12 

In this thesis, pellet was connected to Gamry interface 1000E potential station  for 

chronoamperometry measurement which was measured by applying 500mV DC voltage and 

running for more than 20 mins to reach steady state. 
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CHAPTER 4 

 

REACTIVE PRECIPITATION OF ANHYDROUS ALKALI SULFIDE NANOCRYSTALS 

WITH CONCOMITANT ABATEMENT OF HYDROGEN SULFIDE AND CO-

GENERATION OF HYDROGEN 

Xuemin Li,†1Yangzhi Zhao,§2 Alice Brennan,§3 Miranda McCeig,§1 Colin A Wolden,*2, 3  Yongan 

Yang*1,2 

The following is a reproduction of a paper published in ChemSusChem, DOI: 

10.1001/cssc.201700532 ChemSusChem 2017, 10, 2904-2913. This chapter is reproduced as 

submitted except figure numbers and section numbers. 

 

4.1 Abstract 

Anhydrous alkali sulfide (M2S, M = Li and Na) nanocrystals (NCs) are important materials 

central to the development of next generation cathodes and solid state electrolytes for advanced 

batteries, but not commercially available at present. This work reports an innovative method to 

directly synthesize M2S-NCs through alcohol-mediated reactions between alkali metals and 

hydrogen sulfide (H2S).  In the first step, the alkali metal is complexed with alcohol in solution, 

forming metal alkoxide (ROM) and releasing hydrogen (H2).  Next, H2S is bubbled through the 

ROM solution, where both chemicals are completely consumed to produce phase-pure M2S-NC 

precipitates and regenerate alcohol that can be recycled.  The M2S-NC morphology may be tuned 

through choice of the alcohol and the solvent.  Both synthetic steps are thermodynamically 

favorable (∆Gm
o < -100 kJ/mol), proceeding rapidly to completion at ambient temperature with 

~100% atom efficiency.  The net result, H2S + 2M à M2S + H2, makes a good use of hazardous 

chemical H2S and delivers two value-added products that naturally phase separate for easy 

recovery.  This scalable approach provides an energy-efficient and environmentally-benign  
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solution to the production of nanostructured materials required in emerging battery technologies. 

 

4.2 Keywords  

alkali sulphides, hydrogen sulphide, nanocrystal synthesis, battery materials, hydrogen 

generation 

4.3 Introduction 

Alkali metal sulfide nanocrystals (M2S-NCs, M = Li and Na) are favored materials for two 

types of advanced batteries: solid state batteries and alkali metal-sulfur (M-S) batteries, which are 

of great interest for electric vehicles (EVs), advanced consumer electronics, and stationary 

storage.1-2  They hold great promise to supplant the current generation batteries – lithium ion 

batteries (LIBs), due to their higher specific energy, lower pack prices, and less safety concerns.1, 

3-6  The key novelty of solid state batteries over LIBs is the replacement of volatile and flammable 

liquid electrolytes with nonvolatile and nonflammable solid electrolytes (SEs).7  Anhydrous Li2S-

NCs are the critical component in leading SE materials of Li2S-P2S5
8

 and Li2S-GeS2
5 ceramics, 

which are prominent for their high conductivity and superior ductility.  Recently, researchers 

demonstrated solid state battery architectures that incorporate Li2S-NCs into all three components 

of cathode, anode and electrolyte.5  Regarding M-S batteries, Li-S batteries are attractive for EV 

applications and low-cost Na-S batteries are appealing to stationary storage.9-10  While the 

fabrication of M-S batteries can use either S cathodes or M2S cathodes, the latter presents several 

advantages.11-12  For instance, M2S cathodes can avoid the direct use of Li-metal anodes, which 

are difficult to assemble and confront formidable challenges of cyclability and safety.13  Instead, 

they can be paired with metal-free anodes, such as existing anodes (graphite) or emerging materials 

(Si and Sn).14  Many studies have shown that M2S cathodes derived from M2S-NCs are superior 

to M2S-micropowders based cathodes in terms of cycling stability and rate capability.12, 14-20 

Unfortunately, phase pure, anhydrous M2S-NCs that are favorable for M-S batteries are 

commercially unavailable at present.  The industrial production of M2S includes two typical 

pathways (Rxns. 4.1 – 4.2).21-27 

M2SO4(s) + 2C(s)  M2S(s) + 2CO2(g)  ΔGm
o ≈ +120 kJ/mol     (4.1) 

M2CO3(s) + H2S(g) M2S(s) + H2O(g) + CO2 (g)  ΔGm
o ≈ +100 kJ/mol    (4.2) 

¾¾¾¾¾¾ ®¾
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where l, g, and s denote liquid phase, gas phase, and solid phase, respectively.  These two 

endothermic carbothermal reduction processes require high temperatures and produce the 

problematic greenhouse gas.22-25  In addition, product purification in these methods is also 

expected to be complicated and costly, as at least one reactant is in the same phase as M2S at room 

temperature.  The high temperatures employed yield M2S in the form of micropowders, which 

often contain polysulfide impurities (M2Sn, n > 2) and/or exist in the hydrated form (such as 

Na2S·xH2O, x~9).  

At present, scientists have developed several methods in research labs to temporarily 

circumvent the constraint of lacking M2S-NC suppliers.  The most common strategy is through 

high-energy ball milling of commercial M2S micro-powders,15-17, 28 which is time consuming, has 

poor control in particle sizes and shapes, and can introduce additional impurities.  The second 

strategy is the recrystallization of dissolved commercial M2S-micropowders out of ethanol,18-20 

which is energy-intensive and cost-ineffective due to the extra steps of material dissolution and 

solvent evaporation.  The third strategy is the (electro)chemical lithiation/sodiation of sulfur 

molecules or NCs,14, 29-31 which utilizes non-recyclable auxiliary reagents and/or requires an extra 

step of pre-synthesizing S-NCs.  The fourth strategy is the modified carbothermal reduction of 

metal salts (Rxn. 4.1) by using molecular carbon precursors instead of carbon powder.32-33  Again, 

the high temperature process (820 – 900 oC) is energy-intensive and cost-ineffective.32-33 Therefore, 

innovative synthetic methods to enable scalable production of phase pure, anhydrous M2S-NCs 

for battery applications are imperative. 

Here we propose and demonstrate a green chemistry based strategy (Scheme 4.1), which 

includes one synthetic step and one auxiliary-reagents recycling step.  The M2S-NC synthesis 

occurs through the thermodynamically favorable (∆Gm
o << 0 kJ/mol) reaction between hydrogen 

sulfide (H2S) and M introduced in the form of metalorganic complexes (R-M) dissolved in solution; 

and the reagent recycling is implemented by adding fresh M into the product-removed reaction 

solution to regenerate R-M and recover hydrogen (H2) via the reaction of M with the R-H generated 

in the synthetic step.  Previously, we demonstrated this reactive precipitation approach using metal 

naphthalenide (M-NAP, M-C10H8) as the metalorganic complex.  The synthetic step was found to 

be spontaneous, rapid, and complete at room temperature, reducing H2S in the effluent below 

detection limits with the successful synthesis of pure M2S-NCs. 34-35  The results using naphthalene 

were very encouraging, but a few aspects could be further improved.  First, the valuable hydrogen 
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in H2S was not recovered but captured in the form of 1,4-hydrogennaphthalene (1,4-C10H10, 

commonly known as 1,4-dialin).  Although 1,4-dialin has added value as a solvent, recovering H2 

directly would be highly desirable, because in industries H2S is primarily generated through the 

hydrodesulfurization process consuming millions of tons of H2.36-37   Moreover, 

recycling/regeneration of the organic reagents as depicted in Scheme 4.1 was not straightforward 

in the naphthalene system. 

 

 

In this paper, we demonstrate the idealized process of Scheme 4.1 by replacing naphthalene 

with alcohols as the mediating reagents.  The M2S-NC synthesis and H2S abatement are 

accomplished in one step with the H2 recovery and reagent regeneration occurring in the second, 

as expressed by Rxns. 4.3 – 4.5.38-39 

   H2S (g) + 2ROM (sln)  M2S (s) + 2ROH (l)                ∆Gm
o ≈ -116 kJ/mol           (4.3) 

 +2M (s) + 2ROH(sln)  2ROM (sln) + H2 (g)                 ∆Gm
o ≈ -265 kJ/mol           (4.4) 

   2M (s) + H2S (g)  M2S (s) + H2 (g)                                ∆Gm
o ≈ -381 kJ/mol           (4.5) 

In the first step (Rxn. 4.3) M2S-NCs precipitate from the reaction of H2S with a metal alkoxide 

(ROM) precursor, regenerating the alcohol mediator (ROH). After collecting the NCs by 

centrifugation, the solution is reacted with fresh alkali metal to regenerate the metal alkoxide 

precursor and release H2 (Rxn. 4.4).  As a result, the net reaction is Rxn. 4.4, an ideal realization 

of the proposed technique.  The validation of this strategy is organized as follows.  We first 

demonstrate and quantify the individual process steps using reactive precipitation of Na2S from 

¾¾¾ ®¾
atmRT 1,

¾¾¾ ®¾
atmRT 1,

¾¾¾ ®¾
atmRT 1,

Scheme 4.1 Proposed chemical pathway for the efficient and sustainable M2S manufacturing. 
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sodium ethoxide (EtONa) in ethanol/1,2-dimethoxyethane (EtOH/DME) as a model system.  Then 

we demonstrate the flexibility of the process to engineer the morphology of M2S-NCs through 

appropriate selection of various alcohol/solvent combinations. 

 

4.4 Experimental Section 

4.4.1 Chemicals 

Sodium (Na, ACS reagent, stick dry), ethanol (EtOH, CH3CH2OH, anhydrous, containing 5% 

isopropyl alcohol, 5% methyl alcohol), 1-butanol (butanol, CH3(CH2)3OH, anhydrous, 99.8%), 1-

hexanol (hexanol, CH3(CH2)5OH, anhydrous, ≥99%), 1-octanol (octanol, CH3(CH2)7OH, 

anhydrous, ≥99%), 1,2-dimethoxyethane (DME, CH3OCH2CH2OCH3, anhydrous, 99.5%), 2-

methyltetrahydrofuran (2-MeTHF, C5H10O, anhydrous, ≥99%), 1,4-dioxane (dioxane, C4H8O2, 

anhydrous), dibutyl ether (DBE, CH3(CH2)3)2O, anhydrous, 99.3%), toluene (C6H5CH3, anhydrous, 

99.8%) and hexane (CH3(CH2)4CH3, anhydrous, 95%) were purchased from Sigma-Aldrich.  

Lithium foil (Li, 99.9% trace metals basis, 0.75 mm thick × 19 mm wide) was purchased from 

Alfa Aesar.  Anhydrous benzene-D6 (C6D6, D-99.5%) was purchased from Cambridge Isotope 

Lab.  Sodium sulfide nonahydrate (Na2S•9H2O, ≥98.0 %) was purchased from Fisher Scientific.  

Dioxane was treated using Na metal to remove trace amount of water before use.  All other 

chemicals were used as received.   

 

4.4.2 Synthesis of Na2S and Li2S 

Appropriate amounts of alcohol (ROH = ethanol, butanol, or hexanol) and alkali metal (Na or 

Li) were sequentially added into 40 mL solvent (DME, 2-MeTHF, dioxane, DBE, toluene or 

hexane) in an Ar-filled glove box (MBraun LABstar MB10 compact) to make a 0.05 M metal 

alkoxide (ROM) solution.  The molar ratio of ROH to M was 8, and it took about two hours to 

fully dissolve the metal.  Then, the prepared ROM solution was placed in a Parr reactor (model 

4793).  After that, the reactor was connected to the gas line containing 10 atom% of H2S in the 

carrier gas Ar.  The schematic diagram of the apparatus is shown in Figure 4.1A.  Initially, the 

H2S/Ar mixture at the rate of 40 sccm flowed through a bypass line to establish a baseline reading.  

Then, the bypass was closed and the H2S/Ar flow was diverted into the Parr reactor to react with 

the ROM solution at ambient temperature and pressure.  The effluent was evacuated using a 

vacuum pump and detected in line using a differentially pumped quadrupole mass spectrometer 
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(QMS, Stanford Research Systems RGA300).  The overall molar ratio of ROM to H2S supplied to 

the reactor was fixed at the stoichiometric 2:1 ratio, controlled by the duration of the gas flow into 

the reactor.  At the end of the reaction, the reactor inlet and outlet valves were closed 

simultaneously.  Finally, the reactor was transferred into the Ar-filled glove box.  The reaction 

solution was centrifuged to separate the liquid phase and the solid phase.  The solid phase was 

washed several times with the solvent used in the respective reaction and dried on a hot plate at 

80 ℃ in the glovebox.  The liquid phase from the model reaction of EtONa-EtOH/DME was also 

saved for further characterization.  The overall yields of M2S NCs are about 70%, which are 

expected to be higher at mass production and then be competitive with those the existing industrial 

methods. 

 

4.4.3 Product Characterization  

X-ray diffraction (XRD) patterns were collected on a Philips X’Pert X-Ray diffractometer 

using Cu Kα radiation (λ = 0.15405 nm).  The samples were prepared in the Ar-filled glove box by 

spreading sample powders onto glass substrates.  A drop of mineral oil was used to cover the 

sample to prevent detrimental reactions with moisture in air during the measurements.  The 

background contributed from the mineral oil (a smooth and broad peak centered at 17.2˚ spanning 

from 10 to 25˚) was subtracted.  Field emission scanning electron microscopy (SEM) images and 

energy dispersive X-ray (EDX) spectra were collected on JEOL JSM-7000F FESEM, which is 

equipped with a JEOL EDAX detector.  The SEM sample was prepared by immobilizing the 

synthesized solid product on an aluminum stub using a double-sided carbon tape.  The accelerating 

voltage was 5 kV and 15 kV for taking SEM images and EDX spectra, respectively.  

Thermogravimetric analysis (TGA) was performed using a Q50 TGA (TA Instruments), for which 

the pellet-shaped samples were prepared via cold-pressing inside the Ar-filled glovebox.  Before 

each TGA run, the sample holder (an alumina pan) was cleaned by heating in the furnace under 

air at 800 ℃ for 15 minutes.  To eliminate the influence of physisorbed impurities during the 

sample preparations, samples were preheated at 50 ℃ for 30 minutes before collecting the TGA 

data.  The nitrogen flow rates for the balance compartment and the sample compartment were 40 

mL/min and 60 mL/min, respectively.  The temperature ramp rate was 2 ℃ /min from room 

temperature to 400 ℃.  The synthesized Na2S was annealed and cleaned at 300 ℃ for 10 hours 

under Ar gas flow to get rid of any solvent absorbed on the powder surface.  For comparison, pure 



43 

Na2S was obtained by annealing the commercial Na2S •9H2O at 300 ℃ for 10 hours under Ar gas 

flow. In addition, hydrogen nuclear magnetic resonance spectroscopy (1H NMR, JEOL ECA-500) 

was employed to determine the speciation of EtOH in the reaction solutions, by measuring the 

respective liquid phases at three stages: the initial EtOH/DME mixture, after adding the alkali 

metal but before the M2S synthesis, and after the M2S synthesis.  The NMR samples were prepared 

by mixing 0.3 mL of sample solutions with 0.2 mL of benzene-D6 and then loaded into quartz 

tube.  

 

4.4.4 Hydrogen Quantification 

The concept of recovering H2 from the proposed chemistry was examined by using QMS to 

quantify the H2 produced from the reaction of alkali metal with alcohol.  First, the QMS was 

calibrated by measuring a series of standard H2/Ar mixtures, in which the H2 flowrate was varied 

and the Ar flow rate was kept constant at 40 sccm (Figure 4.6A).  Then, 30.0 mg of Na and 35 mL 

of DME were first loaded into the Parr reactor.  After closing the reactor, a mixture of 5 mL of 

DME and 0.63 mL of EtOH was injected into the reactor, and the solution was stirred for several 

hours.  Last, the gas in the headspace of the reactor was flushed out by flowing Ar through the 

reactor at the rate of 40 sccm and sent to QMS for the composition analysis.  The instantaneous 

H2 flow rate exiting the Parr reactor was obtained by multiplying the slope of the calibration curve 

and the experimental QMS intensity ratio of H2 to Ar (Figure 4.6B).  The total amount of H2 

produced was calculated by integrating the H2 flow rate. 

 

4.5 Results and Discussion 

4.5.1 The Model Reaction ‒ Synthesis of Na2S Nanocrystals  

The synthesis of M2S-NCs via the EtONa-EtOH/DME solution was used as the model system 

to demonstrate the chemistry outlined in Scheme 4.1.  The reaction setup is schematically 

illustrated in Figure 4.1A.  Figure 4.1B plots the temporal online QMS signal intensities of Ar 

(black) and H2S (red) collected from the reactor effluent.  Initially, the 10 atom% H2S/Ar mixture 

was directed through a bypass line to establish a baseline reading.  When the bypass was closed at 

t = 285 s, both the Ar and H2S fell exponentially with a time constant characteristic of the gas 

dynamics of the sampling apparatus.  At t = 377 s, the inlet and outlet valves of the reactor were 

opened simultaneously; and the Ar signal immediately returned to its original value.  In contrast, 
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the H2S signal continued to decay, and eventually dropped below the detection limit of the 

instrument.  This indicates that at a minimum >99.9% of the H2S supplied was consumed.  The 

mass spectrum obtained during the bypass mode (Figure 4.1C, black) clearly shows the expected 

fragments of H2S across mass/charge (m/z) ratios of 32–34.  On the contrary, the spectrum taken 

from the reaction effluent (Figure 4.1C, red) indicates no H2S; and the signal at m/z = 31 

demonstrates that ethanol is regenerated during the reaction.  The absence of H2S in the effluent  

 

 

demonstrates that the reaction is spontaneous and proceeds to completion very rapidly at ambient 

temperature and pressure.  The phase purity and morphology of the solid product were studied by 

Figure 4.1  Proof of the concept via the synthesis of Na2S-NCs.  (A) Schematic diagram of the reaction 
setup; (B) Time evolution of the QMS signals of Ar (black) and H2S (red) in the gas phase; (C) Mass 
spectra in the m/z window of 30 – 35 for the gaseous effluents through the bypass (black) and through 
the reactor (red); (D) XRD pattern of the obtained solid product (red) with the standard Na2S pattern 
(black, JCPDS 00-023-0441); (E) SEM images of the obtained solid product, with a higher 
magnification as the inset; (F) EDX spectrum of the obtained solid product, together with the atomic 
percentages of elements therein. 
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XRD, SEM, and EDX.  The XRD pattern in Figure 4.1D (red) matches that of the Na2S standard 

(black), indicating the production of anhydrous, phase-pure, and crystalline Na2S.  According to 

the Scherrer equation,40 which correlates crystalline domains with peak width, Na2S crystals are 

~30 nm in size.  The SEM images (Figure 4.1E) show that Na2S-NCs aggregate as cubic particles  

of about 100 nm.  In the EDX spectrum (Figure 4.1E, the inset), the atomic ratio of Na to S is 1.95, 

which agrees well with the theoretical value of 2 and indicates the high purity of the obtained 

Na2S-NCs.  The O peak is ascribed to the air oxidation during the sample preparation; and the C 

signal is from the carbon tape used to immobilize the sample powder on the aluminum stub. The 

thermal stability of the product was analyzed with TGA (Figure 4.1A).  The synthesized Na2S was 

treated at 300 ℃ for 10 hours under Ar to remove the possibly adsorbed organic solvent and then 

denoted as s-Na2S.  Commercial Na2S·9H2O (c-Na2S·9H2O) was treated in the same manner to 

produce a pure Na2S reference and then denoted as c-Na2S.  For Na2S·9H2O (Figure 4.2A, black 

line), the abrupt weight loss of ~64% below 200 ℃ agrees well with the mass percent of H2O in 

Na2S·9H2O (67.5%), indicating the complete dehydration.  To get pure Na2S from Na2S·9H2O,  

 

 

annealing at 300 ℃ for 10 hours under Ar was employed, as confirmed by XRD shown in Figure 

4.2B, where the corresponding pattern from s-Na2S is shown as comparison.  The TGA results 

show that s-Na2S (Figure 4.2A, red line) has comparable purity to c-Na2S (Figure 4.2A, blue line), 

as indicated by their normally identical weight loss profiles. 

 
 

Figure 4.2 (A) TGA results for commercial Na2S•9H2O (black) and two annealed Na2S samples 
(red for s-Na2S and blue for c-Na2S); (B) XRD patterns of the annealed Na2S powders (red for s-
Na2S and blue for c-Na2S), with the Na2S standard pattern (black, JCPDS 00-023-0441). 
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4.5.2 H2 Quantification  

The H2 collection is easy, as during the regeneration reaction (Rxn. 4.4) different chemicals 

exist in different phases, that is, solid Na and liquid EtOH react to produce soluble EtONa and 

gaseous H2.  Another favorite feature is that the H2 recovery is decoupled from the H2S 

consumption (Rxn. 4.3), having no need to separate these two gaseous chemicals.  Figure 4.3A is 

a representative mass spectrum of the headspace gas collected from the reactor after Rxn 4. 4.  H2 

is the only species detected in addition to the Ar carrier gas as well as signatures from the volatile 

ethanol and DME.  Figure 4.3B illustrates the integrated volume of H2 collected, which is in good 

agreement with the theoretical value based on the mole amount of Na supplied.  The inset of Figure 

4.3B shows the temporal flowrate of H2, which is calculated from the calibration line (Figure SI-

1A) and the experimental QMS intensity ratio of H2 to Ar (Figure 4.6B).  The H2 recovery yield 

is as high as 98 ± 1 %, demonstrating the stoichiometric completion of Rxn. 4.4. 

   

4.5.3 Speciation and Reuse of the Auxiliary Reagents 

After Rxn. 4.3, the supernatant was collected and analyzed using 1H NMR to confirm the 

complete transformation from EtONa to EtOH (Figure 4.4C).  For comparison, the solutions of 

EtOH/DME before (Figure 4.4A) and after reacting with Na (denoted as NaOEt-EtOH/DME, 

Figure 4.4B) were also characterized.  For all three solutions the detected peaks are from DME 

(two sets of peaks centered at ~3.22 ppm and ~3.40 ppm for the groups of -CH3 and -CH2-, 

respectively), benzene (the NMR solvent, singlet centered at ~7.25 ppm) and EtOH (three groups 

Figure 4.3 Hydrogen production and quantification from the reaction of Na with EtOH. (A) Mass 
spectrum of the gaseous effluent out of the reactor to show the production of hydrogen; (B) Hydrogen 
quantification by integrating the temporal H2 flowrate (inset).   
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of peaks including a triplet, a singlet, and a quartet for CH3-, -OH and -CH2-, respectively).41  As 

the peak intensity of the solvent DME is very high, a break on the vertical axis is introduced 

between 2 and 50.Comparison of Figures 4.4A, 4.4B and 4.4C shows that the chemical shifts of 

the solvent DME stay unchanged as expected and that the most prominent changes are the chemical 

shifts of -CH3 and -CH2- groups in EtO-.  Before adding Na, pure EtOH in DME shows a triplet 

centered at ~1.158 ppm for -CH3 and a quartet centered at ~3.600 ppm for -CH2-.  In contrast, for 

the EtONa-EtOH/DME solution, higher chemical shifts at ~1.199 ppm for -CH3 and ~3.671 ppm 

for -CH2- are observed.  In addition, an exotic singlet at ~5.34 ppm emerges, probably due to 

NaOH formed from the hydrolysis of NaOEt because of air exposure during the NMR sample 

preparation and test.42-43  After the reaction of EtONa-EtOH/DME with H2S, the NMR peaks for -

CH3, and -CH2- groups shift back to the same positions as in EtOH/DME; additionally, there is no 

peak at ~5.34 pm.  The strong peak at ~1.15 ppm in all three cases is from -OH in the excess EtOH.  

These results verifies the consumption of EtONa and the recovery of EtOH, supporting the 

proposed chemistry in Scheme 4.1 and Rxns. 4.3 –4. 5. 

With the full recovery of EtOH, the reaction supernatant was recycled to react with Na to 

regenerate EtONa for the next round of Na2S nanocrystal synthesis.  The corresponding time 

evolution of QMS (Figure 4.4D) and mass spectrum (Figure 4.4E) are identical to the 1st round 

using fresh EtOH and DME, indicating the complete capture of H2S.  The XRD results confirm 

the production of phase pure Na2S-NCs (Figure 4.4F), validating the potential of recycling the 

auxiliary reagents.  The crystal size according to the Scherrer equation is ~40 nm, slightly larger 

than that of the first-round-produced Na2S-NCs.  This may be ascribed to a faster crystal-growth 

rate due to the higher concentration of EtONa, which results from a small amount of loss of DME 

during the first round of reaction and sample purification.  

 
4.5.4 Synthesis of Li2S-NCs 

Our synthesis strategy was also examined to produce Li2S-NCs.  The use of EtOLi-

EtOH/DME encountered challenges.  Although the H2S abatement is fast and complete 

(Figure 4.7A and Figure 4.7B) as in the case of EtONa-EtOH/DME, the XRD pattern of 

the solid product (Figure 4.7C, red) matches with that of EtOLi (blue) rather than that of 

Li2S (black).  It is puzzling why Li2S cannot be obtained and in what form the captured H2S 

exists.  Nevertheless, a noteworthy observation was that the addition of DME into the 
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premade EtOLi-EtOH solution resulted in serious precipitation while no changes occurred 

upon the addition of DME for the EtONa system.  We suspect that the resulting nanosheet 

crystals (Figure 4.7D) are an EtOLi-based complex that involves both DME and H2S. 

Hence, subsequently, we searched for appropriate solvents by testing different chemicals. 

Five solvents in total were tested (Figure 4.5).  Dioxane and 2-MeTHF displayed similar 

behaviors as DME, that is, the solutions of LiOEt-EtOH/2-MeTHF and LiOEt-

EtOH/dioxane were cloudy; H2S was consumed completely and instantly; but the XRD 

patterns of their solid products agree well with that of EtOLi (Figure 4.8). After these initial 

Figure 4.4 Demonstration of recycling the auxiliary reagents.  1H NMR spectra of (A) the 
EtOH/DME solution, (B) the EtONa-EtOH/DME solution, and (C) the supernatant collected from 
the synthetic reaction.  The insets in (A), (B), and (C) highlight the 1H peaks from -CH3 in EtOH.  
(D) Time evolution of QMS of Ar (black) and H2S (red) in the gas phase during the 2nd round of 
reaction using the recycled reagents.  (E) The corresponding mass spectra in the m/z window of 30 
– 35 for the gaseous effluents through the bypass (black) and through the reactor (red).  (F) The 
corresponding XRD pattern of the obtained solid product (red) with the standard Na2S pattern 
(black, JCPDS 00-023-0441). 
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setbacks, we succeeded in producing phase pure Li2S-NCs when using DBE, toluene and 

hexane as the solvents.  All three solutions reacted with H2S instantly and completely at 

room temperature.  In Figure 4.5A-C, the XRD patterns of the pristine solid products (red) 

coincide with that of the Li2S standard (black).  The crystalline sizes extracted using the 

Scherrer equation are 12, 14, and 19 nm for DBE, toluene and hexane, respectively.  SEM 

images show that the produced Li2S-NCs using these three solvents exist in different 

morphologies: flake-shaped particles of ~50 nm in thickness for DBE (Figure 4.5D), spike-

shaped particles of ~300 nm in width for toluene (Figure 4.5E), and irregular shaped 

particles of ~100 nm for hexane (Figure 4.5F).  As the experimental conditions for Na2S 

and Li2S synthesis are controlled the same, the different results herein indicate that the 

choice of solvent is critical for the morphology control and that sodium ethoxide and 

lithium ethoxide have different reaction kinetics, whereas the exact reasons require a more 

extensive study, which is underway and beyond the scope of this paper.   

After producing Li2S-NCs with different morphologies by using different solvents, we continued 

to study different alcohols.  A suitable alcohol should meet two requirements: A) It can react with 

the alkali metal efficiently to form the alkoxide and release H2 (Rxn. 4.4); and B) The solubility 

of M2S in it is low to ensure a high production yield of M2S as solid precipitates (Rxn. 4.3).  We 

studied straight chain alcohols ranging from ethanol to octanol due to their low costs.  Both 

reactivity and M2S solubility decrease with increasing the carbon chain length (Table 4.3).  

Although M2S is barely soluble in hexanol and octanol, the low reactivity of these two alcohols 

makes their use too time-consuming.  In contrast, while both Li2S and Na2S exhibit some solubility 

in ethanol and butanol,44 the production yield would not be significantly impacted if the amount 

of the alcohol used is limited. 

 

4.5.5 Morphology Control of Na2S-NCs  

In contrast to the lithium system, the alcohol-mediated synthesis was much more robust for 

sodium, with controllable morphology of Na2S-NCs by tuning the identities of the alcohol (ethanol 

or butanol) and the solvent (DME, 2-MeTHF, and dioxane), as shown in Figure 4.6. All the 

reactions proceed to completion very rapidly at ambient temperature and pressure.  For the ease of 

comparison, a second SEM image of Na2S obtained from using ethanol and DME is shown in 

Figure 4.6A. Changing the solvent to 2-MeTHF (Figure 4.6B) and dioxane (Figure 4.6C) produced 

spherical secondary clusters (SCs), which are self-assembled from primary particles.  The size of  
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SCs is about several micrometers and the primary particles are ~200 nm.  SCs hold the potential 

to integrate the advantages of both bulk materials (high energy density) and NCs (high specific 

energy and cycling stability) for advanced rechargeable batteries.45  In addition, they are also 

promising materials for making solid electrolytes.7  As for the butanol series, all solvent systems 

(Figure 4.6D-F) produced well-dispersed Na2S-NCs of ~200 nm with no generation of SCs.  Figure 

4.9 shows the XRD patterns of all Na2S products from the above six systems.  The crystalline sizes 

calculated according to Scherrer equation for all the produced Na2S are all ~30 nm.  Thus, the 

substantial difference in morphologies of the final Na2S products shown in Figure 4.6 primarily 

reflects the different propensity of primary crystals to aggregate.   

The aggregation propensity is mainly governed by the interactions between NCs and solvent 

molecules.46  We speculate that the surfaces of Na2S-NCs are covered with the alkoxide groups 

Figure 4.5 XRD patterns (A-C) and SEM images (D-F) of Li2S products from using different 
solvents: DBE (A and D), toluene (B and E), and hexane (C and F).  The stick patterns in A,C, 
and E are for the Li2S reference (JCPDS: 04-003-6927). 
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during growth, which makes the particle surface slightly charged.  Ethanol and butanol are 

expected to have similar capability to induce the surface change, since they have comparable 

acidity (pKa), polarity, and dielectric constant, as shown in Table 4.1.  However, butoxide-

passivated Na2S-NCs would have a lower propensity to aggregate due to its longer carbon chain 

that can result in stronger intermolecular expulsions.46  As for the solvent molecules, those with 

higher polarities and dielectric constants can stabilize the surface charges of Na2S-NCs more 

effectively, further decreasing the aggregation possibility.  This interpretation is supported by the 

trends of polarity and dielectric constant for these three solvents, DME > 2-MeTHF > Dioxane 

(Table 4.1).  In addition, it has also been reported that colloidal NCs usually do not tend to self-

assemble or aggregate in polar organic solvents due to weak interparticle electrostatic 

interactions.47  Interestingly and surprisingly, applications of the solvents that were successful for 

Li2S to the sodium system revealed that the Na2S synthesis was not immune to challenges.  Namely, 

DBE, toluene and hexane, were problematic, producing mixtures of Na2S and NaHS, as shown by 

the XRD data in Figure 4.10.  Further work is underway to better understand the complex 

chemistry among metal, solvent and reagent. 

 

4.5.6 Green Chemistry and Engineering Aspects 

The results presented above clearly manifest many attributes of green chemistry,48-49 and is 

potentially transformative for scalable manufacturing of M2S-NCs.  First, lithium is the critical 

element and the major cost driver in advanced battery technologies and must be used efficiently.  

The demonstrated chemistry proceeds with an atom economy approaching 100%.  Second, H2S is 

a dangerous pollutant and health hazard that represents a major liability for oil and gas industries.  

Our process results in complete H2S abatement, and may contribute as part of a comprehensive 

solution to this hazardous chemical. Another green principle is that the process is designed for 

separation, since the solid (M2S) and vapor-phase (H2) products are produced in different steps 

and readily separated from the solution that can be recycled/regenerated.  Lastly, this process 

requires no thermal energy input.   
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Table 4.1 Factors that may affect the M2S morphology. 

Properties Molecular 

Structure 

Relative 

Polarity50 

Dielectric 

Constant (25 °C) 

pka 

DME 
 0.231 7.2 - 

Dioxane 
 

0.164 2.25 - 

2-MeTHF 

 
~ 0.207* 6.97 - 

Ethanol 
 0.654 25 15.527 

1-Butanol 
 0.586 18 16.1051 

*The relative polarity of 2-MeTHF is considered close to that of THF (0.207). 

Figure 4.6 Na2S morphology tuning by changing alcohols and solvents.  SEM images of the obtained 
solid products from the reactions of H2S with sodium ethoxide (A-C) or sodium butoxide (D-F) in 
the solvents of DME (A and D), 2-MeTHF (B and E) or dioxane (C and F). 
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As our process employs alkali metals that are produced by energy-intensive electrolysis, the 

inclusion of that process is critical when analyzing if our process is indeed potentially marketable. 

Although it is premature to perform a complete life cycle analysis at this moment, we compare our  

process to prevailing M2S production in terms of energetics and the associated carbon footprint for 

producing equal amounts of M2S + H2. The energetics for the conventional process includes the 

∆Grxn associated with carbothermal reduction reaction plus the energy required to generate H2 by 

steam methane reforming (SMR). SMR is used to generate ~95% of the H2 in the US, and many 

studies have analyzed its exergy efficiency with reported values ranging from 62.7-69.5%.52 For 

the energy consumption required to generate H2 we use its heat of combustion divided by the 

energy efficiency of SMR which we set at 70%. Estimates of CO2 production include both direct 

release of CO2 and contributions to supply the required energy values based on values in the 

literature. 53 

From Table 4.2 we see that production of alkali metal is indeed energy intensive, but this 

energy requirement is offset by the exothermic nature of the reaction as well as the energy required 

to generate H2. As such the process described here is comparable to carbothermal reduction in 

terms of energetics. It is superior in terms of CO2 emission since no carbon is directly released by 

electrolysis of salts.  For battery applications there are additional advantages. First, purity is critical 

in battery applications and electrolysis generates alkali metals in their pristine state. Second, this 

method directly forms M2S in the form of nanocrystals, substantially minimizing or even 

eliminating the time and energy intensive ball mill process, which often introduces additional 

impurities. A final advantage not considered is that the Cl2 generated by electrolysis is also a 

valuable product. The combination of good use of a hazardous chemical (H2S), co-generation of a 

valuable byproduct (H2), the absence of significant energy requirements in all stages of synthesis, 

facile product separation, and easy recycling of auxiliary reagents, suggests that at scale this 

process should be able to generate M2S-NCs without significant additional costs beyond that of 

the metal reagent. Another attribute of the solution-based process is that suitable polymers as 

carbon precursors could be introduced into the reaction system to facilitate producing M2S-

NCs@carbon hierarchical structures for the development of high-performance M2S cathodes.  

Work is underway towards this end to evaluate these materials in battery applications. 

 



54 

Table 4.2 The comparison of the estimated energetics and CO2 footprint of the industrial methods 
and our method 

Process M2S Energy consumption for 

producing one mole of 

M2S 

Energy consumption for 

producing two moles of 

M2 

Energy consumption for 

producing one mole of 

H2 

Total energy 

consumption for 

producing one mole of 

M2S + H2 

Industrial 

methods 

Na2S +122.9 kJ1 - +338.6 kJ7 +461.5 kJ 

Li2S +72.3 kJ2 - +338.6 kJ7 +410.9 kJ 

This Work Na2S -321.4 kJ3 +768.2 kJ5 - +446.8 kJ 

Li2S -426.8 kJ4 +768.0 kJ6 - +341.2 kJ 

  CO2 footprint for 

producing one mole of 

M2S 

CO2 footprint for 

producing one mole of 

M2
 

CO2 footprint for 

producing one mole of 

H2 

Total CO2 footprint for 

producing one mole of 

M2S + H2 

Industrial 

methods 

Na2S 52.9 L1 - 30.3 L7 83.2 L 

 Li2S 49.6 L2 - 30.3 L7 79.9 L 

This work Na2S 0 L3 50.5 L5 - 50.5 L 

 Li2S 0 L4 50.5 L6 - 50.5 L 

1.     Na2SO4(s) + 2C (s)	→  Na2S (s) + 2CO2 (g)              ∆Gm
o _ Na2S = +122.9 kJ 

2.     Li2SO4(s) + 2C (s)  →  Li2S (s) + 2CO2 (g)              ∆Gm
o_ Li2S = +72.3 kJ 

3.     2Na (s) + H2S (g)  →	Na2S (s) + H2 (g)                          ∆Gm
o _ Na2S = - 321.4 kJ 

4.     2Li (s) + H2S (g)  →	Li2S (s) + H2 (g)               ∆Gm
o_ Li2S = - 426.8 kJ 

5.     2NaCl (s)  →	2M (s) + Cl2 (g)                           ∆Gm
o _ Na2 = +768.2 kJ 

6.     2LiCl (s)  →	2Li (s) + Cl2 (g)                ∆Gm
o _ Li2 = +768 kJ 

7.     2H2 (g) + O2 (g)  →	H2O (l)                 ∆Gm
o _ H2O = -237 kJ 

 

4.6 Conclusions 

In conclusion, we have demonstrated a simple and scalable method to synthesize anhydrous 

sodium sulfide (Na2S) and lithium sulfide (Li2S) nanocrystals (NCs) through reactive precipitation 

using alkali metal alkoxide (ROM) and hydrogen sulfide (H2S) as reagents in organic solutions.  

M2S-NCs are critical for the development of both cathodes and solid-state electrolytes for next 

generation rechargeable batteries.  H2S abatement is complete, with the hydrogen in H2S being 

stored temporarily in the alcohol (ROH) byproduct.  The alcohol can be recycled to react with new 

M to replenish ROM for the subsequent rounds of synthesis, recovering the previously-stored 

hydrogen in the form of H2.  Both steps are thermodynamically favorable, proceeding 
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spontaneously, rapidly, completely, and irreversibly at ambient temperature and pressure.  The net 

consequence is H2S + 2M à M2S + H2, transforming a hazardous chemical into two valuable 

chemicals.  The transformations to both M2S-NCs and H2 require no energy and proceed with high 

atom economy, purity, and easy separation.  By tuning the alcohol and solvent, M2S-NCs of 

different morphologies can be produced. 
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Figure 4.7 (A) H2 calibration curve of H2 flowrate versus QMS intensity ratio of 
H2/Ar(AMU2/AMU40); (B) Real time QMS intensity ratio of H2/Ar in the reactor.    
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Figure 4.8 Characterizations for the reaction of H2S with EtOLi-EtOH/DME.  (A) Time evolution 
of QMS for Ar (black) and H2S (red); (B) Mass spectra in the m/z window of 30 – 35 for the gaseous 
effluents through the bypass (black) and the reactor (red); (C) XRD patterns of the obtained solid 
product (red) from the reaction and synthesized EtOLi powder (blue) with the standard pattern of 
Li2S (black, JCPDS: 04-003-6927); (D) SEM images of the obtained solid products.    

 

Figure 4.9 XRD results of the produced solid powders from the reactions of H2S with EtOLi in 2-
MeTHF (A) and dioxane (B). 
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Table 4.3 The solubility of Na2S and Li2S in alcohols. 

Solid Na2S Li2S 
Solvent ethanol     1-

butanol 
    1-
hexanol 

    1-
octanol 

ethanol     1-
butanol 

    1-
hexanol 

    1-
octanol 

Solubility 
(g/100g 

of 
solvent) 

8.47 3.99 1.43 0.83 5.99 1.82 0.07 0 

 

 

 

 

Figure 4.10 XRD results of the synthesized Na2S from the reactions of H2S with EtONa (A-C) 
and BuONa (D-F) in the solvents of DME (A and D), 2-MeTHF (B and E) or dioxane (C and F). 
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CHAPTER 5 

 

SCALABLE SYNTHESIS OF ALKALI SULFIDE NANOCRYSTALS USING A BUBBLE 

COLUMN REACTOR 
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The following is a reproduction of a paper published in ACS Industrial & Engineering 

Chemistry Research DOI: 10.1021/acs.iecr.8b01600 Ind. Eng. Chem. Res. 2018, 57, 8436-8442. 

This chapter is reproduced as submitted except figure numbers and section numbers. 
 

5.1 Abstract 

Alkali sulfide nanocrystals (Li2S & Na2S) are critical materials used to make solid state 

electrolytes and cathodes for advanced battery technologies. We have recently developed a green 

chemistry for the synthesis of these materials through reactive precipitation by contacting organic 

solutions with hydrogen sulfide at ambient temperature. In this work, the use of bubble columns 

was developed as a platform for scalable manufacturing of these nanomaterials.  Initial attempts 

to reproduce the batch reactor synthesis were complicated by nanoparticles clogging the sparger. 

This was resolved through the introduction of an inert column of fluid between the sparger and the 

solution. Using this 4-phase bubble column anhydrous, phase-pure Li2S and Na2S nanocrystals 

were synthesized across the full range of conditions explored. X-ray characterization showed that 

the primary crystallite size was 20-40 nm, assembling into aggregates of hundreds of nm in size. 

This work validates the potential of bubble columns for large-scale manufacturing of nanocrystals 

by reactive precipitation in gas-liquid systems.  

 

5.2 Introduction 

The high specific surface area of nanocrystals (NCs) has been demonstrated to be advantageous 
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to a numerous technologies, including lubricants,1 catalysts,2  sensors,3  and batteries.4 The 

materials of interest in this work are alkali metal sulfides (M2S, M = Li, Na), which are of great 

interest for use as cathodes5-6 or to form solid state electrolytes7-8 for use in next generation 

batteries. Li2S is of interest for high performance applications5, 7 while the low cost and abundance 

of sodium makes Na2S a candidate for stationary storage.6, 8  In battery electrode applications, the 

high surface area/volume ratio of NCs facilitates efficient insertion/extraction of lithium ions.   

Cathodes fabricated using NCs demonstrate higher cycling stability, specific capacity, and rate 

capability relative to bulk materials.5, 9 Nanostructure is also critical for advanced solid-state 

electrolytes, which are produced by sintering Li2S with other constituents to make sulfide glasses.  

It has been shown that reducing the particle size of Li2S increases the reversible capacity of solid-

state cells through improvements in electrolyte conductivity and a reduction of resistance at the 

electrolyte-electrode interface.10-11 At present, anhydrous Li2S and Na2S materials are only 

available commercially as micropowders, produced through high temperature carbothermal 

reduction processes. To create nanoparticles, time- and energy–intensive ball milling processes are 

typically used, which provide limited control over the final size or morphology.12-13 Sodium sulfide 

is a commodity chemical produced through aqueous precipitation and used extensively in pulp and 

paper production. However, this technique produces the hydrate form Na2S•xH2O that contain 

~35% water, which are unsuitable for battery applications. 

There has been a significant expansion in the number of methods available for environmentally 

benign synthesis of nanostructures over the past decade.14 Vapor-phase approaches can offer 

unique capabilities,15 but are almost always inferior to solution-based techniques from an 

economic perspective.16  Reactive precipitation of metal sulfides has long been used to purify 

hydrometallurgical effluents. In these systems, ammonium sulfate is commonly added to aqueous 

solutions to induce the precipitation of species such as NiS, ZnS, and CuS.17  For battery 

applications anhydrous metal sulfides are required, precluding the use of aqueous solutions. A 

common route for the synthesis of metal sulfide NCs is the hot injection method using organic 

solvents,18 which produces high quality crystals but faces challenges with respect to scale up.19 

Our group has recently developed green chemistries for the direct synthesis of M2S NPs 

through reactive precipitation by bubbling H2S through organic solutions containing metal-organic 

compounds.20-22 One chemistry for this process employs metal alkoxides as the precursor, which 

are produced by the dissolution of the alkali metal in alcohol and concomitant release of hydrogen: 



65 

2ROH(sol) + 2M(s) → 2ROM(sol) + H2(g) (5.1) 

Solvent is then added and synthesis of nanoparticles is accomplished by bubbling hydrogen sulfide 

(H2S) through the resulting solution: 

2ROM(sol) + H2S(g) → M2S(s) + 2ROH(sol)  (5.2) 

In this reaction M2S NCs precipitate in solution and the alkoxide is converted back into its parent 

alcohol. The net result of these two reactions is the conversion of a hazardous waste into two high 

value-added products: 

2M(s) + H2S(g) → M2S(s) + H2(g)         (5.3) 

The individual reactions are both thermodynamically favorable, proceeding rapidly to 

completion at room temperature, resulting in the complete abatement of H2S, recovery of H2, and 

M2S NCs synthesis with atom economies approaching unity.  This reaction strategy was 

successfully demonstrated for both Li2S and Na2S synthesis.20 Moreover, it was shown that the 

NC size and morphology may be tuned through appropriate selection of alcohol and solvent 

combinations, which may be recycled and reused. The use of lithium as a reagent may give one 

pause, but Li is required in all advanced battery technologies and its elemental form provides the 

highest purity and lowest cost. The economic rationale behind this approach is illustrated by 

contrasting the cost of the product with the reagent. A 100 g of Li foil from Sigma-Aldrich 

currently costs $301, but can yield 303 g of Li2S worth >$4,000.  Previously these reactions have 

been demonstrated in a small Parr reactor.20 This work focuses on developing a scalable process 

for NC manufacturing.    

Synthesis of nanoparticles through reactive precipitation is typically involves mixing two 

liquid solutions to create supersaturation, and these systems are often controlled by mixing at the 

microscale.23 As such, a number of innovative reactor designs have been used to extend the degree 

of control over these parameters including T-junctions,24 confined impinging jets,25-26 laminar 

microfluidic devices,27 and turbulent micromixers.1 However, these techniques are not easily 

scaled nor appropriate for the gas-liquid-solid chemistry involved in this work. Batch or 

continuous stirred tank reactors are often used for precipitation process, but suffer from broad 

particle size distributions (PSDs) in systems characterized by fast reactions.24  

Bubble columns are widely used in the chemical process industry as gas–liquid–solid 

contactors, because of their simple construction and operation.28  The bubble column can be run 
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in continuous or semi-batch mode, scaled to various dimensions, and in its simplest form, does not 

contain sensitive mechanical devices such as stirrers. A classic example is production of sodium 

bicarbonate (NaHCO3) by bubbling CO2 through sodium hydroxide solutions.29 More pertinent to 

this work, bubble columns have been used to remove heavy metal ions such as Zn and Cu from 

wastewater by precipitating CuS and ZnS when contacted with H2S.17 Bubble columns have also 

been used to remove H2S from waste effluents.30 Bubble columns allow for systematic variation 

of mass transfer, which is anticipated to be important for controlling NC size and aggregation. 

Critical mass transfer parameters including gas holdup and the bubble diameter may be 

manipulated through both fluid and geometrical properties using well-established correlations.31-

32 

In this work we demonstrate the use of bubble columns as a platform for scalable production 

of anhydrous alkali sulfide (M2S) nanocrystals. First, the fabrication and characterization of the 

bubble column is described. Next, its use for synthesis of M2S NCs is described. It was found that 

the resulting NCs can clog the pores of the sparger, creating operational problems and 

compromising the product purity. This challenge was successfully overcome by using fluorinated 

pump oil as an inert column of fluid between the sparger and the reactive solution. Using this 

innovative four-phase bubble column, phase-pure, anhydrous nanocrystals of both Li2S and Na2S 

were successfully produced. 

 

5.3 Methods and Materials 

5.3.1 Reagents 

Sodium (Na, ACS reagent, stick dry), ethanol (EtOH, CH3CH2OH, anhydrous, containing 0.25% 

isopropyl alcohol, 0.25% methyl alcohol), the solvent dimethoxyethane (DME, 

CH3OCH2CH2OCH3, anhydrous, 99.3%) and the solvent dibutyl ether (DBE, CH3(CH2)3)2O, 

anhydrous, 99.3%) were purchased from Sigma-Aldrich.  Lithium foil (Li, 99.9% trace metals 

basis, 0.75 mm thick × 19 mm wide) was purchased from Alfa Aesar.   Solution preparation and 

washing/recovery of the resulting NPs was conducted in an Ar-filled glove box (MBraun LABstar 

MB10 compact).  Fluorinated pump oil (Fomblin Y LVAC 14/6, Specialty Fluids) was used to 

separate the sparger from solution. Gases employed included a specialty mixture of 10% of H2S 

in Ar (Scott Specialty Gases) as well as UHP grade argon.  

 



67 

5.3.2 Experimental Setup 

A schematic of the apparatus used for this work is shown in Figure 5.1. The column design 

was adapted from the work of Kazakis et al.,31 who studied bubble formation on porous metal 

spargers.  A 1” OD glass tube that was 12” in length, secured to the gas handling system with 

compression seals that were adapted to ¼” stainless steel tube and terminated with on/off valves. 

The sparger consisted of a 1/8” thick sintered stainless steel disc (McMaster-Carr) that was sealed 

at the base of the glass tube. Spargers with nominal pore sizes of 2, 10, and 40 microns were 

employed.  Gasses were delivered through electronic mass flow controllers, mixed, and a pair 3-

way valves were used to direct the gas mixture either through the bubble column or through a 

bypass. A needle valve was used to control the reactor pressure, which was adjusted to operate the 

reactor just below atmospheric pressure (P2 ~ -30 torr gauge). The effluent was evacuated using a 

vacuum pump and the composition was measured in line using a differentially pumped quadrupole 

mass spectrometer (QMS, Stanford Research Systems RGA300). 

 

 

 

 

Figure 5.1 Schematic of the experimental apparatus. 
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5.3.3 M2S NP Synthesis 

The metal alkoxide reagent was prepared in the glovebox by first dissolving the alkali metal in 

EtOH using a 1:8 molar ratio.  An appropriate amount of solvent (DME, DBE) was added to make 

a 0.05 M metal alkoxide (ROM) solution.  Approximately 50 ml of solution was transferred to the 

bubble column and sealed. When employed, an additional 10 ml of Fomblin was added to the 

column. The column was then transferred to a fume hood and connected to the gas deliver/handling 

system. Before gas introduction, the gas lines were evacuated to the base pressure of the 

mechanical pump (< 30 mTorr) and the leak rate was tested to ensure the vacuum integrity of the 

system.  During a synthesis experiment, the desired flow/pressure conditions were first established 

by flowing just Ar. To start an experiment, 40 sccm of the H2S/Ar mixture was initiated and the 

diluent Ar flowrate was simultaneously reduced by 40 sccm to ensure minimal disruption to the 

flow dynamics. H2S was delivered to the reactor for the amount of time required to make the total 

molar ratio of ROM to H2S fixed at the stoichiometric 2:1 ratio (M:S). At this time the H2S flowrate 

was turned off and UHP Ar continue to flow for a couple of minutes, at which time the reactor 

inlet and outlet valves were closed simultaneously. With the valves closed and sealed the bubble 

column was transferred into the Ar-filled glove box.  The column was inverted and allowed to 

phase separate. The Fomblin was removed first using a separatory funnel and saved for re-use. The 

reaction solution was centrifuged (15 minutes, 3100 RPM) to separate the liquid phase and the 

solid phase.  The solid phase was washed several times with solvent from the respective reaction 

and dried on a hot plate at 80 ºC overnight in the glovebox.   

 

5.3.4  Product Characterization 

X-ray diffraction (XRD) patterns were collected on a Philips X’Pert X-Ray diffractometer 

using Cu Kα radiation (λ = 0.15405 nm).  The samples were prepared in the Ar-filled glove box by 

spreading sample powders onto glass substrates.  A drop of mineral oil was used to cover the 

sample to prevent detrimental reactions with moisture in air when the samples are removed from 

the glovebox to conduct XRD measurements.  The background contributed from the mineral oil (a 

smooth and broad peak centered at 17.2˚ spanning from 10 to 25˚) was subtracted.  Field emission 

scanning electron microscopy (FE-SEM) images were collected on JEOL JSM-7000F FESEM. 

FE-SEM samples were prepared by immobilizing the synthesized solid product on a silicon wafer 

substrate which connects onto an aluminum stub using a double-sided carbon tape.   
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5.4 Results and Discussion 

5.4.1  Bubble Column Characterization 

Flow regime is critical to operation and performance of bubble columns. The homogeneous, 

or bubbly flow regime, is characterized by relatively uniform bubbles well dispersed throughout 

the column, and this condition is generally observed at superficial velocities U < 5 cm/s.28 In this 

work U < 1 cm/s and the aspect ratio H/D was between 5-10 to ensure good mixing.28 A key 

parameter governing mass transport in bubble columns is the specific interfacial area, A, and this 

quantity is well estimated for spherical bubbles using33  

                         𝐴 = =��
��

                                           (5.4) 

where 𝜀G is the gas holdup and dB is the mean bubble diameter.  To asses these parameters the 

bubble column dynamics were assessed by flowing Ar through ethanol/solvent mixtures at 

atmospheric pressure at total flowrates ranging from 40 – 200 sccm.  Photographs of the bubble 

column as a function of sparger pore size and gas flowrate are summarized in Figure 5.2. In the 

absence of Fomblin (top row) the photographs confirm that the column was operated in the 

homogeneous flow regime.  The gas holdup is simply the fraction of the column occupied by gas, 

and this quantity was determined by measuring the column height with and without gas flow. 

Figure 5.3a displays the measured holdup as a function of superficial velocity for different spargers. 

It is observed that gas holdup increases linearly with superficial velocity, consistent with literature 

for the bubbly flow regime.28, 34  The pore size of the sparger had a minor impact, with slightly 

higher holdup values observed with increased pore size.   

Bubble size is a complex function of both fluid and geometrical properties that has been well 

correlated for porous spargers using the following equation31 
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      (5.5)  

where ds and dp are the sparger diameter and pore size, respectively. The key dimensionless groups 

include the Weber (We), Reynolds (Re) and Froude (Fr) numbers defined as 

𝑊s = £¤���
¥                     (5.6) 
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40 sccm 160 sccm 40 sccm 160 sccm 40 sccm 160 sccm 

      

      

2 micron 10 micron 40 micron 

Figure 5.2 Photographs of the bubble column (OD = 25 mm) as a function of flowrate and sparger 
pore size without (top row) and with (bottom panel) Fomblin present. 

 

 

 

Figure 5.3 (a) Gas holdup (𝜀G) as a function of superficial velocity (U) for spargers with varying 
pore size. Line is a linear fit to their average values; (b) Comparison of bubble diameter predicted 
by  Eq. 5.5 (cross) and experimentally observed range (boxes) for the pore size / flowrate 
combinations displayed in Fig. 5.2. 
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       						𝐹� = ¤�
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                      (5.8) 

where U is the superficial velocity and 𝜌, 𝜇 and 𝜎 are the density, viscosity and surface tension of 

the liquid phase. The photographs on Figure 5.2 were digitized and analyzed using ImageJ. Figure 

5.3b compares the predictions of Eq. (5.5) with the range observed experimentally (boxes).  In 

contrast to gas holdup, bubble size is controlled primarily by the pore size and is relatively 

insensitive to the superficial velocity.  Experimentally the bubble size distribution is observed to 

broaden with flowrate, but there is good qualitative agreement with the correlation.  

The addition of ~2.5 cm column of Fomblin dramatically altered the bubble column 

characteristics (Figure 5.2).  Bubbly flow was maintained within the Fomblin phase, and the bubble 

size is reduced as expected based on its unique physical properties (SG = 1.9, µ ~ 280 cP). Equation 

(5.5) suggests that the bubble diameter in Fomblin should be ~70% of the value in DME/DBE 

solvents.  Despite low superficial velocities, significant bubble coalescence is observed upon the 

transition from Fomblin into the solvent phase which leads to a much broader bubble size 

distribution. In the terminology of Bouaifi et al.35 this flow regime would be described most 

accurately as “bad bubbly”, in contrast with “perfect bubbly” behavior observed without Fomblin 

present. When bubbles are formed exiting the sparger the critical dimension is the pore size as 

discussed above. During the transition from Fomblin to solvent the critical dimension is the bubble 

diameter in the Fomblin phase, which is consistent with the significantly larger bubble sizes 

observed in the solvent phase at equivalent flowrates. As discussed below the use of Fomblin was 

required to prevent clogging of the sparger.  Unfortunately, the systematic control over mass 

transfer demonstrated without Fomblin is lost and the ability to vary mass transfer is limited.  

 

5.4.2 Nanoparticle Synthesis without Fomblin 

Figure 5.4 displays photographs of the bubble column during the synthesis of sodium sulfide 

NC and a XRD pattern from the resulting nanomaterials. Before H2S introduction the solution is 

transparent, and the first photograph introduction shows the original bubble size distribution in 

this experiment. Over the course of the 10 minute experiment the solution becomes increasingly 

turbid as the NCs precipitate out of solution. Though difficult to see clearly, the bubble dynamics 

do not appear to be substantially changed by the presence of the NCs. Unfortunately, the material 
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produced was not pure Na2S, but a mixture of materials that was dominated by the NaHS phase. 

In addition, operational challenges were encountered. The downstream pressure (P2) remained 

nominally unchanged, meaning that the flow was continuous throughout the experiment. However, 

as the experiment proceeded the upstream pressure (P1) steadily increased, which was attributed 

to the NCs clogging the pores and increasing the pressure drop across the sparger. This suspicion 

was confirmed by inspection after the reaction where the sparger plate was observed to be clogged 

with yellow solid.  This perhaps was not surprising as the reaction is nearly instantaneous and the 

Na2S NCs also have a propensity to settle as their density (SG = 1.86) is much greater than the 

DME solvent (SG = 0.87).   

 

 

Figure 5.4 Photographs of the bubble column (a) before introduction of H2S and (b) near the 
completion of the run and (c) XRD pattern of the resulting NPs. Conditions: Sparger = 10 µm and 
total flowrate = 80 sccm. 

 

The clogging of the sparger provides an explanation for the predominance of the NaHS phase. 

In our previous experience using a small Parr reactor phase pure Na2S was obtained as long as the 

M:H2S ratio was less than or equal to the stoichiometric value of 2. Once excess H2S was supplied 

NaHS was immediately formed which was attributed to the sequential reaction:22 

Na2S (s) + H2S(g) → 2NaHS(s)        (5.9) 

When NCs clog the sparger they are no longer circulated uniformly throughout the reactor but are 

exposed to excess H2S at the inlet, leading to the formation of the NaHS phase.  
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5.4.3 M2S Nanocrystal Synthesis with Fomblin 

Several possibilities were considered to overcome the problems encountered with clogging 

the sparger. One option was to increase the superficial velocity to a sufficient value to prevent this 

from occurring. However, it was found that this could not be accomplished while maintaining well 

controlled, homogeneous fluid dynamics within the column. The second thought was to introduce 

an immiscible column of fluid to separate the sparger from the reactive solution. This intermediate 

fluid must satisfy a number of requirements. First, it is desirable for the fluid to have a density 

greater than both the M2S NCs (SG= 1.66, 1.86) and the organic solvents employed (SG<1). 

Second, the fluid needs to be chemically inert with respect to both H2S and the organic solutions 

employed. Good thermal stability and low volatility would also be beneficial.  A fluid that was 

found to satisfy all these requirements was fluorinated pump oil, sold commercially under the 

tradename Fomblin. Commonly used to pump corrosive and reactive gasses, this fluid behaves 

essentially like liquid Teflon: it is dense (SG ~ 1.9), possesses low volatility (<10-7 torr), is 

chemically inert, and is completely immiscible with the solutions employed. 

Fomblin was added to the column, where it naturally settled to the base, and the resulting 4-

phase bubble column (2 fluids + gas + solid) was evaluated for the production of anhydrous M2S 

nanocrystals. Figure 5.5 displays photographs of the bubble column in operation during 

nanocrystal synthesis. The immiscible nature of the two fluids is confirmed by the distinct interface 

shown in each picture. The first photograph displays the bubble distribution at the start of the 

experiment. As expected from physical properties, the bubbles are much smaller in the Fomblin 

phase. They coalesce into larger bubbles at the interface, but generally remain spherical and 

isolated as they ascend through the solution. The bubble dynamics remain substantially unchanged 

upon H2S introduction and NC precipitation. In-line QMS monitoring of the effluent confirmed 

complete H2S abatement throughout these experiments. H2S is about 20x more soluble in organic 

solutions than water,36 so issues related to limited absorption observed in aqueous systems are not 

encountered here.30  The effectiveness of Fomblin at separating NCs is shown by the fact that this 

phase remains clear even late into the reaction. Moreover, no change in pressure drop was observed 

throughout the course of these experiments and post-reaction inspection found no solids on the 

sparger. The last photograph was taken a few minutes after the gas flow was turned off. The NCs  
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Figure 5.5 Photographs of the four-phase bubble column during NC synthesis. From left to right: 
near the start of the reaction, near completion, and after the reaction was complete and the gas flow 
was stopped. Reaction conditions were with NaOEt/DBE with 40sccm of H2S/Ar mix and 40 sccm 
diluent Ar. 

 

rapidly settle out of the solution, forming a dense layer at the interface. After settling, a separatory 

funnel was used to separate and dispense the individual phases (Fomblin, NCs, and solution).  

The NCs were rinsed with solvent, dried, and Figure 5. 6 displays XRD patterns obtained from 

the NCs produced in the 4-phase column. Anhydrous, phase-pure Na2S and Li2S NCs were 

synthesized across the full range of flowrates examined. No evidence of the NaHS phase or any 

other impurities are observed.  In addition, no deposition was observed on the sparger. The flowrate 

did not appear to have a significant impact on the properties of the NCs over the range examined. 

A Scherrer analysis was used to estimate the size of the resulting NCs, which was found to be 37 

±5 nm and 23 ±5 nm for Na2S and Li2S, respectively. The yield of NCs relative to the amount 

expected based on the mass of alkali metal dissolved was consistently around 87%. Both Li2S and 

Na2S have some solubility in ethanol,37 which is generated as the reaction proceeds, and this 

accounts for the majority of the material that is lost. Additional amounts are lost through handling 

process. It should be noted that the solution may be recycled and re-used as demonstrated 

previously,20 enabling recovery of soluble M2S.   
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Figure 5.6 XRD patterns of the (a) Na2S and (b) Li2S NCs produced in the 4-phase bubble column.  

 

Finally, the morphology of the NCs was evaluated using FE-SEM imaging as shown in Figure 

5.7, which compares NCs obtained in a batch reactor with those obtained using the bubble column. 

For both materials the primary NCs aggregate into larger particles. In the case of Na2S, the 

aggregates formed in the bubble column (200-500 nm) are significantly larger than those in the 

batch reactor (~50 nm). In contrast, the Li2S NCs produced in the bubble column appear smaller 

and more homogenous than what was produced in the batch reactor. The Li2S NCs have the form 

of flakes or platelets that assemble into porous aggregates. For both materials, the bubble column 

produced highly uniform particles. As demonstrated previously, the size and morphology of the 

M2S NCs can be tuned by choice of solvent, alcohol, and composition. Having established a robust 

platform for NC synthesis, work is underway to further refine the materials produced using this 

technique and evaluate their electrochemical performance.  

 

5.5 Conclusions 

In this work we have demonstrated the potential of bubble columns for the production of alkali 

sulfide nanocrystals through reactive precipitation. One challenge caused by the fast reaction 

kinetics and the large density of the M2S was blockage of the sparger by the NCs, creating 

operational problems and producing undesired phases such as NaHS. This challenge was overcome 

by the insertion of a column of Fomblin pump oil to separate the reactive solution from the sparger. 

The use of the secondary fluid attenuates the degree of control over bubble size, but resulted in the  
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Figure 5.7 Comparison of FE-SEM images of Na2S (top) and Li2S (bottom) NCs synthesized in a 
batch reactor (left) and the 4-phase bubble column (right).  

 

production anhydrous, phase-pure Li2S and Na2S nanocrystals across the range of conditions 

explored. X-ray characterization showed that the primary particle size was 20-40 nm, assembling 

into sub-micron aggregates. This work validates the promise of bubble columns for large scale 

manufacturing of nanocrystals by reactive precipitation in gas-liquid systems.  The 4-phase bubble 

column provides an innovative platform for reactive precipitation processes where blockage of the 

sparger is a potential concern. 
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CHAPTER 6 

 

SCALABLE SYNTHESIS OF SIZE-CONTROLLED Li2S NANOCRYSTALS FOR NEXT 
GENERATION BATTERY TECHNOLOGIES 

Yangzhi Zhao,†1 Yongan Yang,*2,4 and Colin A. Wolden*1,3 

 
The following is a reproduction of a paper published in ACS Applied Energy Materials DOI: 

10.1021/acsaem.9b00032 ACS Appl. Energy Mater. 2019, 2, 2246-2254. This chapter is 

reproduced as submitted except figure numbers and section numbers. 

 
6.1 Abstract 

Lithium sulfide (Li2S) nanocrystals (NCs) are critical materials for emerging solid-state and 

Li-S battery technologies. Conventional synthesis is energy intensive, costly, and offers limited 

size control.  Here we describe a scalable approach wherein Li2S is formed by contacting hydrogen 

sulfide (H2S) gas with metalorganic solution at ambient temperature. NCs are recovered with 

essentially 100% yield in a subsequent evaporation step. Control of NC size and uniformity is 

demonstrated through manipulating parameters such as precursor concentration and solvent 

evaporation rate.  A suite of complementary techniques confirm the production of anhydrous, 

phase-pure Li2S nanocrystals with tuneable size (5-20 nm) and narrow particle size distributions.  

Mild annealing conditions are identified to provide the purity necessary for battery applications, 

while retaining the original size distribution. Simple cathodes fabricated from the resulting NCs 

show promising battery performance, where the capacity approaches the theoretical value and 

displays good cyclability and rate capability. 
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6.3 Introduction  

The world is undergoing a quiet but rapid transformation in the way that energy is generated 

and consumed. Renewables such as solar and wind accounted for about two thirds of new 

electricity capacity installed in 2016, and this fraction is expected to continue to grow.1 One 

challenge with these resources is their temporal variation and the necessity for storage to efficiently 

dispatch them. Current energy storage options include mechanical (pumped hydropower, 

compressed air), thermal (latent heat), chemical (hydrogen, ammonia), and electrochemical 

(batteries).2 Batteries are able to fulfil multiple roles in energy storage system, and are particularly 

well-suited for short and moderate term electricity storage and power supply.2-4 Li-ion battery 

(LIB) is the leading rechargeable battery technology due to benefits such as portability, no memory 

effect, and low self-discharge.2, 5 In current LIBs a liquid electrolyte is sandwiched between a 

graphite anode and an intercalation-type metal oxide cathode (i.e. LiCoO2, LiMn2O4, LiFePO4).6-

8 This basic geometry is approaching its performance ceiling, and more advanced batteries with 

greater energy density are required to help expand deployment of technologies such as electric 

vehicles.3, 9-12 Lithium-sulfur (Li-S) and solid state batteries are two alternative technologies that 

show promising charge capacity and energy density.  Li-S is a conversion type battery that follows 

a multiple electron conversion electrochemistry that enables very high specific capacity (1672 

mAh/g-S), 5-10 times greater than current technology.9-10, 13-14 Another benefit of sulfur is its earth 

abundance, which could significantly lower the cost. Solid-state electrolytes (SEs) can improve 

the capacity and safety of batteries by replacing the dense, flammable liquid electrolyte which 

accounts for a significant fraction of both weight and cost of Li-ion batteries.15-17 

Li2S is a crucial material for both Li-S battery and solid state electrolyte fabrication. Li2S 

cathodes present several advantages over sulfur since it is fully lithiated and does not need to 

accommodate  the significant volume expansion (66-79%) that occurs in sulfur cathodes due to 

lithium insertion. Moreover, Li2S cathode can be coupled with inexpensive lithium-free anode 

materials such as graphite, silicon, or tin. Therefore, safety issues caused by lithium dendrite 

growth on Li anode may be mitigated. Sulfide glasses derived from Li2S-P2S5
18 and related 

superionic conductors19-21 are leading solid-state electrolytes with lithium ion conductivity 

exceeding liquid electrolytes.22-23 Li2S is the key component and cost driver for these materials, 

which are typically produced by cold pressing and annealing. Sulfide glasses are more cost  
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effective and have much better mechanical properties than oxide alternatives such as 

perovskites.20, 24  

Anhydrous lithium sulfide is currently produced through endothermic carbothermal reduction 

reactions such as25-28   

Li2SO4(s) + 2C(s)  Li2S(s) + 2CO2(g)                                                         ∆Gm
o ≈ +120 kJ/mol                 (6.1)  

Li2CO3(s) + H2S(g)  Li2S(s) + H2O(g) + CO2(g)                                      ∆Gm
o ≈ +100 kJ/mol                 (6.2) 

These high temperature processes (600-1000 ºC) produce Li2S in the form of micro-powders, and 

problems with purity and uniformity are concerned. Commercially available lithium sulfide 

consists of 30 - 100 µm sized particles that have poor electrochemical activity due to the large 

particle size.29  Nanocrystals (NCs) are desirable for enhanced electrochemical performance since 

their increased specific surface area improves charge transfer and active material utilization.5, 28, 30  

For battery applications commercial Li2S micro-powders are commonly converted into 

nanoparticles by high energy ball milling,31-34 which is costly, time consuming, and can introduce 

further impurities. In addition, there is limited control over the size, uniformity, or morphology of 

the final NCs.  Thus, there is a critical need to develop alternative processes for scalable 

manufacturing of anhydrous metal sulfide nanocrystals. 

Though nanomaterials possess extraordinary intrinsic properties, their practical deployment is 

often hindered by high synthesis costs driven by high-energy requirements and poor materials 

utilization.35 There has been an increased emphasis on developing green manufacturing 

approaches.36 Environmentally benign solvents, the absence of hazardous by-products, and low 

energy budgets are among the key characteristics of a green synthetic strategy. Our group has 

recently developed a green approach to directly synthesize alkali metal sulfide NCs through 

®

®

Figure 6.1 Schematic representation of solvent evaporation approach.
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reactive precipitation by contacting metalorganic precursor solutions with H2S.37 In this two-step 

process an alkoxide precursor is first made by reacting alkali metal (Li and Na) with alcohol, which 

is accompanied by the generation of valuable H2: 

2M(s) + 2ROH(l)  2ROM(sol) +H2(g)                                                 ∆Gm
o ≈ -265 kJ/mol               (6.3) 

Next, the alkoxide is diluted by addition of solvent to form a metalorganic solution (ROM). H2S 

is then bubbled through the ROM solution, producing M2S NCs (M=Li, and Na) through reactive 

precipitation with recovery of alcohol. 

2ROM(sol) + H2S(g)  M2S(s) + 2ROH(l)                                      ∆Gm
o ≈ -116 kJ/mol               (6.4) 

The recovered alcohol can be recycled to make ROM solution again. The net result of above two 

steps is as follows: 

2M(s) + H2S(g)		
«;,			?¬GA⎯⎯⎯⎯⎯⎯C	M2S(s) + H2(g)                                               ∆Gm

o ≈ -381 kJ/mol    (6.5) 

Our innovative process adheres to these tenets of green chemistry38 and engineering.39  Two 

valuable products, M2S NCs (M=Li, and Na) and H2, are successfully synthesized while 

simultaneously achieving complete abatement of a hazardous chemical (H2S). The reactions above 

proceed with practically 100% atom economy, meaning that the alkali metal is fully converted to 

M2S and hydrogen is fully recovered from H2S. These reactions are performed at ambient 

temperature and atmospheric pressure requiring minimal energy input due to the favorable reaction 

kinetics and thermodynamics. The M2S NCs can be easily separated and collected by simple 

centrifugation as they are precipitated out of the solution. Likewise, H2 is also easily collected 

since it is the only gaseous species in reaction (6.3). Moreover, we recently demonstrated the use 

of bubble columns as an effective approach for scalable manufacturing of these nanomaterials.40 

Finally, a comment on the economics of the process is discussed herein. The use of lithium as 

a reagent may give one pause, but Li is required in all advanced battery technologies and its 

elemental form provides the highest purity at the lowest cost. Bulk lithium is most commonly 

traded in the form of lithium carbonate (the precursor for LIB cathodes) at ~$10/kg. The bulk price 

of elemental Li metal is ~$100/kg.41  Using our approach 1 kg of lithium metal can be converted 

into 3.3 kg of Li2S NCs. Thus a $100 worth of Li may be transformed into Li2S NCs that retail for 

>$17,700,42 over a hundred-fold increase. Moreover, as noted above commercial Li2S exists in the 

form of micro-powders that require further processing to form NCs.  The above analysis is quite 

simplistic, but provides some rationale for the economic potential of such a process.   

®

®
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Despite the advantages of reactive precipitation, a number of challenges remain, particularly 

for the Li2S system. The number of alcohol/solvent combinations is limited, and flakes produced 

are not an ideal morphology.43 Second, in the reactive precipitation process only ~85% of the Li2S 

produced is directly recovered, with losses due to handling and dissolution in the alcohol. As 

lithium is the major cost driver, it is imperative to improve its utilization and product yield. 

Moreover, efforts to increase concentration, and thus throughput, have been complicated by 

clogging of reactor sparger during the reaction due to fast particle nucleation and growth. Cathodes 

made from Li2S by reactive precipitation demonstrated high capacity (~700 mAh/g Li2S) that is 

superior to ones made from commercial Li2S.44 However, this value remains well short of its 

theoretical capacity of 1166 mAh/g. It is hypothesized that performance was limited by the size of 

the NCs, which was ~100 nm. 

In this study, a variation on the established chemistry has been adopted in order to address 

these issues. Instead of reactive precipitation, the synthesized Li2S remains fully dissolved in 

solution when using the N, N-dimethylformamide (DMF) as the solvent. The first three steps are 

identical to our previous approach (Figure 6.1). In this case NCs were recovered via solvent 

evaporation.  Although this introduces an additional step, advantages include nominally complete 

recovery of the valuable alkali metal and a broader process window with which to operate. We also 

explored the impact of annealing the recovered NCs prior to cathode formation.   

NC size may be manipulated by the degree of supersaturation by adjusting the concentration 

of the ethoxide precursor solution and the heating rate of the furnace used for evaporation. Using 

this route anhydrous Li2S NCs with reduced size and improved morphology were produced. The 

precipitate-free solution eliminates problems with sparger clogging, which enables increased 

concentration and throughput.  This approach may also facilitate the synthesis of hierarchical Li2S-

shell structures for advanced cathode fabrication through the introduction of appropriate precursors 

for NC encapsulation.45-49 

 
6.4 Experimental 

6.4.1 Reagents  

Ethanol (EtOH, CH3CH2OH, anhydrous, ³ 99.5%), N,N-dimethylformamide (DMF, 

HCON(CH3)2, anhydrous, 99.8%), N-Methyl-2-pyrrolidone (NMP, C5H9NO, 99.5%), 

bis(trifluoromethane)-sulfonimide [LiTFSI, (CF3SO2)2NLi, 99.95%] and tetra(ethylene glycol) 
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dimethyl ether [TEGDME, CH3O(CH2CH2O)4CH3, 99%] were purchased from Sigma-Aldrich. 

Lithium foil (Li, 0.75mm thick ´19mm wide, 99.9% trace metals basis) was purchased from Alfa 

Aesar. Acetylene black (AB; 35-45nm), poly(vinylidene fluoride) [PVDF, -(C2H2F2)n-, >99.5%], 

and copper foil (99.99%, 9µm) were purchased from MTI Corp. AB and PVDF were vacuum dried 

in an oven at 60ºC for 16 hours before transferred in glovebox. A specialty mixture of 10% of H2S 

in Ar (Scott Specialty Gasses) and UHP grade argon gases were employed. The surface of lithium 

foil was carefully scratched to remove possible oxide film before using. All other chemicals were 

used as received. 

 

6.4.2 Synthesis of Li2S 

The lithium ethoxide reagent was prepared in an Ar-filled glovebox (MBraun LABstar MB10 

compact) by completely reacting lithium with ethanol on 1:8 molar ratio of Li: ethanol. Solvent 

DMF was added in an appropriate amount to make Lithium ethoxide/DMF solution with desired 

concentration (0.4M, 0.8M, 1.2M, and 1.6M). The as-prepared solution was immediately 

transferred into a Parr reactor (model 4793) and sealed. The Parr reactor was then connected to the 

gas deliver/handling system in a fume hood. An illustration of the experimental setup can be found 

in our previous paper.44 The gas lines were evacuated to the base pressure of mechanical pump 

(<30mTorr), and the leak rate was tested to ensure the vacuum integrity of the system. Before 

reaction starts, both H2S/Ar mixture and diluent Ar were delivered at a flowrate of 40sccm through 

the bypass to set a baseline reading of quadrupole mass spectrometer (QMS, Stanford Research 

Systems RGA300) in which effluent was on-line detected. To trigger the reaction, bypass was 

closed, both H2S/Ar and diluent Ar were allowed to flow through the reactor with a timer being 

set up at the same time. H2S/Ar was turned off when lithium ethoxide is fully reacted to reaction 

stoichiometry. At that time, diluent Ar was allowed to continue flowing for about one minute before 

the inlet and outlet valves of the reactor were closed simultaneously. The sealed reactor was taken 

back in Ar-filled glove box before opened up. Solvent evaporation was undertaken in a quartz tube 

furnace with a temperature controller to recover Li2S NCs. Air was excluded through the drying 

process with continuous flow of UHP Ar.   
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6.4.3 Materials Characterization 

X-ray diffraction (XRD) measurement was conducted on a Philips X’Pert X-Ray 

diffractometer using Cu Kα radiation (λ = 0.15405 nm).  Samples were prepared in the Ar-filled 

glove box by spreading sample powders onto glass slides. A drop of mineral oil was used to isolate 

the sample from hazard moisture in the air during the measurements.  The background signal from 

glass slide and the mineral oil (a smooth and broad peak centered at 17.2˚ spanning from 10 to 

25˚) was later subtracted.  Field emission scanning electron microscopy (FESEM) images were 

collected on JEOL JSM-7000F FESEM. The FESEM sample was prepared by first dispersing 

sample powder in hexane. A few drops of dispersion hexane solution were added on to a silicon 

wafer substrate on which sample powder was mounted after hexane was evaporated. Silicon wafer 

substrate was then immobilized onto an aluminum stub by using a double-sided carbon tape. An 

accelerating voltage of 5kV was used for taking SEM image. Thermogravimetric analysis (TGA) 

was performed on a Q50 TGA instrument. Before running, the alumina pan where sample is loaded 

was cleaned by isothermal treatment at 800°C for 10minutes. During experimental measurement, 

the flow rates of nitrogen were set at 40 and 60 mL min-1 for the balance compartment and the 

sample compartment, respectively. The measurement process was programmed to ramp from room 

temperature to desired temperature (150°C, 200°C, 250°C, and 300°C) at a constant ramping rate 

of 2°C min-1, and then isotherm at each temperature for >12hours. Small angle X-ray scattering 

(SAXS) measurement was carried out under vacuum using a line collimation SAXS instrument 

supplied by Anton Paar. The instrument is equipped with PW3830 stand-alone laboratory X-ray 

source from PANalytical, SAXSess camera from Anton Paar, and Cyclone-Imaging-plate reader 

from Perkin Elmer. The X-ray is generated from a sealed-tube Cu anode (lCu-ka = 0.154nm) at 

operating conditions of 40kV and 50mA. The PSD results were obtained by processing initial data 

through three software packages: OptiQuantä, SAXSquantä, and Igor Pro, including procedures 

like background subtraction, transmission correction, data desmearing, and particle distribution 

analysis etc. In order to mitigate the effect of small voids among primary particles, a homogenous 

dispersion solution with 10 vol% was made by dispersing sample powder in 1,4-dioxane. About 

26µl dispersion solution was loaded into a special-designed liquid sample holder for each 

measurement.  The sample preparation and loading processes were performed in Ar-filled 

glovebox. Sample has been ground by mortar and pestle prior to each measurement for all above 

techniques. 
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6.4.4 Electrochemical test   

To evaluate electrochemical performance of the resulting NCs, active material Li2S NCs (40%) 

with acetylene black (45%) and PVDF binder (15%) were mixed by mortar and pestle. Then, 

appropriate amount of N-Methyl-2-pyrrolidone (NMP) was added to make slurry. The slurry was 

homogenously cast on aluminum foil, and was dried to form electrode thin film by heating on 

hotplate at 100°C overnight. The 10mm size electrode discs were then cut from the as-dried film 

and the mass loading of each disc was about 1.0 mg cm-2. The half-cell batteries were assembled 

in a Swagelok cell using 2M LiTFSI in TEGDME as the electrolyte, polypropylene membrane as 

separator, and Li foil as the anode. Electrode fabrication and cell assembly were performed in the 

glovebox with both O2 and H2O level < 1.0 ppm. Cyclability was evaluated by galvanostatic 

charging/discharging battery in electrochemical window between 1.5V-3.0V and with a rate of 

C/10. Cathodes were activated by charging the cell to 3.5V on the first cycle. The rate test was 

conducted following a rate program from C/10 increasing to 2C and then deceasing to C/2, with 

each step of 6 cycles. All C rates were calculated based on theoretical capacity value of Li2S (1C 

= 1166 mA/g).  

 
6.5 Results and Discussion 

6.5.1 Size control via precursor concentration.  

The first variable examined was the impact of the concentration of the lithium ethoxide 

solution on the size of as-synthesized NCs obtained after drying. Figure 6.2a shows wide angle 

XRD of the as-synthesized NCs as a function of ethoxide solution concentration. In all cases the 

material is crystalline and there is no evidence of any impurity phases. As the concentration 

increases the peaks systematically broaden, reflecting a reduction in crystallite size. To quantify 

the particle sizedistribution (PSD) we performed SAXS as shown in Figure 6.2b-c. and Figure 6.7 

a-b. A narrow PSD is obtained for 1.6M sample with average values of 3.1 nm and 6.3 nm based 

on particle number and volume, respectively. The polydispersity index (PDI) is defined as the ratio 

of mean size based on particle volume and number, and is typically used in polymer science to 

measure uniformity of molecular weight distribution.50 The PSD of NCs synthesized at lower 

concentration are broader (Figure 6.2c and Figure 6.7a-b) and the PDI decreases from 4 to 2 as the 

concentration was increased (Figure 6.2d). The mean size decreased from 20 to 6 nm as the 

concentration was increased from 0.4 to 1.6 M. The NC size obtained using XRD and the Scherrer 
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equation agrees very well with mean particle size based on volume in SAXS (Figure 6.2d) as 

would be expected at this size range.51 SEM analysis (Figure 6.2e-h) shows that these NCs 

aggregated into clusters are hundreds of nm in size. The morphology is much improved over the 

flakes obtained previously, and the size of the aggregates scales with concentration (100 - 600 nm). 

As with primary particle size the aggregates formed from the 1.6M solution are considerably 

smaller than the lower concentrations, whose morphologies are quite similar. In this process NCs 

are formed during solvent evaporation, and it is hypothesized that the increased degree of 

supersaturation  at higher concentrations leads to faster nucleation resulting in smaller particles.43, 

52  It is notable that the 1.6M solution that produced the smallest particles is approaching the 

saturation limit. 

 

6.5.2 Size control via heating rate of furnace.  

To further investigate the size control of NCs, the heating rate of the drying furnace was varied, 

with hypothesis that faster ramps would more rapidly increase the degree of supersaturation,  

 

Figure 6.2 (a) XRD patterns of as-synthesized Li2S NCs as a function of solution concentration; 
(b) PSDs based on number and volume extracted from SAXS for the 1.6M sample; (c) PSDs from 
the  0.8 M sample; (d) mean particle size extracted from XRD, SAXS, and polydispersity index as 
a function of solution concentration. (e)-(h) SEM images (10,000X) of Li2S NCs as a function of 
solution concentration, with an insect of higher magnification (30,000X). 
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reducing the particle size. The previous work employed a heating rate of 2°C /min. In this series 

the concentration was fixed at the intermediate value of 0.8M, and the heating rate was varied from 

2 °C/min to 15°C/min. Figure 6.3 and Figure 6.7c summarized the resulting size and morphology 

as by XRD, SAXS, and SEM.  XRD patterns of the material recovered at 2 °C/min and 10°C /min 

are quite similar, with some degree of peak broadening observed at the highest heating rate of 

15°C/min. This result validates our hypothesis and suggests that impact of heating rate is more 

effective and significant when the ramp is > 10°C/min. The SAXS data also support this idea. 

However, crystal size at 1.2M is slightly larger than that at 0.8M which seems not quite match our 

hypothesis. This is because the sample used for XRD and SAXS measurement are actually made 

from different batches. The batch difference is probably associated with some uncertainties of 

solvent evaporation process. Ramping up from room temperature to 150°C is a quick process and 

there is some degree of deviation on temperature controller. In addition, the size difference between 

2 °C/min and 10°C/min is intrinsically minor. Thus there is no wonder resulting in something like 

that. PDI values ranged from 2.5 - 4, indicating comparable uniformity among different heating 

rates. SEM images (Figure 6.3d-f) demonstrate granular morphology of aggregates in 200 – 500 

  

 

Figure 6.3 (a) XRD patterns of as-synthesized Li2S NCs as a function of ramp rate for 0.8 M 
solution; (b) PSD extracted from SAXS for the 15ºC/min sample; (c) mean particle size extracted 
from XRD, SAXS, and polydispersity index as a function of ramp rate. (d)-(f) SEM images 
(20,000X) of Li2S NCs as a function of ramp rate for 0.8 M solution.
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nm size. This manifests that heating rate has an impact on final particle size, but not as dramatically 

as concentration. 

 

6.5.3 Study of mild annealing and electrochemical performance 

It was found that cathodes produced from as-synthesized NCs dried at 150°C for 2 hours had 

very poor electrochemical performance. Although no impurities were observed in XRD, it was 

hypothesized that there may be residual solvent contamination. To test this hypothesis 

thermogravimetric analysis (TGA) on the as-synthesized 1.6M sample was performed. Figure 6.4a 

display TGA profiles as a function of time for 4 different annealing temperatures. All samples 

experienced a 10-11% reduction in mass during annealing, confirming the presence of impurities. 

At T = 150 °C, over 10 hours was required  before the mass stabilized, supporting why material 

dried for 2 hours resulted in poor performance. Annealing at 200 °C and 250 °C thermal processes 

show very similar behavior, and both samples were stabilized within 2 hours. The 300 °C treatment 

exhibits an overshoot and recovery. Interestingly, very similar phenomenon was reported by Wang 

et al. who fabricated cathodes by impregnating graphene oxide with Li2S dissolved in ethanol.53  

They speculated that the weight loss during annealing was due to decomposition of the solvated 

compound Li2S•CH3CH2OH. They also suggested that this compound is electrochemically 

inactive and must be removed by annealing at 200°C or above in order to achieve optimum battery 

performance.53 

One concern with post annealing is that NCs may increase in size through Oswald ripening,54-

55 thereby nullifying the size control exhibited above. Figure 6.4b compares XRD patterns of as 

synthesized NCs obtained from a 1.6 M solution after drying at  150°C and with powders 

subsequently annealed at 200, 250, 300°C for 2 hours. The peak width decreases very modestly up 

to 250°C, suggesting that the NC size was not impacted significantly Estimates of crystal size 

using the Scherrer equation indicates 3, 4, and 7 nm for samples annealed at 150, 200, and 250°C, 

respectively. In addition, the background noise is significantly reduced as the annealing 

temperature was increased from 150 to 250ºC, suggesting there is an improvement in crystallinity.  

In contrast, material annealed at 300°C displays very sharp peaks, indicative of significant NC 

growth and coalescence. The Scherrer analysis suggest that the particle size jumps to ~40 nm. 

The electrochemical performance of the synthesized Li2S NCs were assessed by fabricating 

cathodes from mixtures of Li2S (40 wt%), acetylene black (45 wt%), and PVDF binder (15 wt%) 
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using the standard slurry method. The electrochemical performance correlated very well with the 

annealing results described above. Figure 6.4c shows typical voltage profiles obtained from Li2S 

cathodes fabricated from 1.6 M solution and annealed at different temperatures. The activation 

curve of the 1st charging cycle was omitted because it goes slightly beyond theoretical capacity 

value of Li2S, with the excess charge attributed to decomposition of liquid electrolyte and the 

formation of a surface electrolyte interface (SEI) layer.56-58 Figure 6.4d displays the cycling 

stability of these cathodes at C/10.  The performance using material annealed at both 150 and 

300°C are very poor, albeit for different reasons. The poor capacity observed at T = 150°C is 

attributed to the presence of impurities as discussed above. While at T = 300°C the initial 

performance is very bad and actually improves during the first several cycles before declining. It 

is suggested that the initial improvement is due to cycling breaking up the large NCs produced 

during annealing, exposing more active material. However this benefit is confined to the first half 

dozen cycles after which performance degrades. Cathodes fabricated from material annealed at 

200°C displayed greatly improved performance, and the sample annealed at T= 250°C achieved 

an initial discharge capacity of 1148 mAh/g, which is 98.5% of the theoretical value. Capacity 

Figure 6.4 (a) Isothermal TGA scans and (b) resulting XRD patterns obtained from Li2S NCs 
synthesized from 1.6 M solution and annealed at various temperatures; (c) Voltage profiles from 
charge/discharge and (d) cycling stability (based on discharge capacity) of cathodes fabricated with 
Li2S NCs synthesized from 1.6M solution as a function of annealing temperature.
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decays at a slow rate (~ 0.4% per cycle) and begins to stabilize at ~500 mAh/g after 130 cycles. 

The superior performance of the 250ºC relative to the 200ºC is attributed to the improved 

crystallinity observed in XRD. The improved crystallinity may reduce the impedance for lithium 

ion transportation. 59 

The importance of size was confirmed by comparing the performance of cathodes using NCs 

produced as a function of solution concentration. In each case these NCs were annealed at the 

optimal temperature of T = 250 ºC. Likewise, Figure 6.5a-b compare the voltage profiles and 

cycling stability of cathodes as a function of concentration. Cathodes using Li2S synthesized at 

1.6M showcased superior performance, whereas at 0.4 -1.2 M all displayed very similar 

performance which was comparable to NCs produced by reactive precipitation.44  This is consistent 

with the physical characterization described above. In terms of XRD and SEM the 1.6M derived 

NCs are clearly distinct from other solutions with regard to size, uniformity, and morphology. The 

morphology of the material annealed at T = 250 ºC is very similar among the samples obtained in 

the 0.4 - 1.2 M concentration range (Figure 6.5c-e). The 1.6M sample forms a porous nano-flower 

morphology with thin petals as opposed to clustered aggregates. The step change in cathode 

performance is attributed to this unique morphology, which enables Li2S to be fully utilized during 

cycling. There are several reasons why electrodes made from smaller NCs delivered better 

performance. Ionic conductance is improved due to the reduction in diffusion lengths. Moreover, 

the increased specific surface area improves charge transfer and active material utilization.30, 59 

Although small NCs are more useful in cathode application, it doesn’t mean bigger size particles 

have no use at all. The ability to tune NC size maybe important for other applications such as solid 

state electrolyte formation. 

Table 6.1 provides a comparison to relevant literature arranged from top to bottom by 

magnitude of the initial discharge capacity. Among these reports our cathodes display the highest 

initial capacity and reasonable stability even when compared to some cathodes with sophisticated 

encapsulation strategies or employing electrolyte additives. For instance, in order to mitigate the 

impact of polysulfide dissolution and shuttling Li2S has been embedded into a carbon matrix 

during cathode fabrication, with examples including carbon nanotubes, nanofibers, graphene or 

reduced graphene oxide (rGO).53, 60-64 Others formed Li2S@C hybrid structures through chemical 

vapor deposition or solution-based approaches.5, 30, 62, 65  A third approach has been to form Li2S/C 

composites through high energy ball milling.28, 65-66 Recently, Wu et al.48 developed a LiTiO2 
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encapsulation strategy which reduced the initial capacity but displayed remarkable stability at C/2 

rates. Another common approach to mitigate the polysulfide shuttle is through the use of additives 

such as LiNO3,53, 60-62, 65-67 LiI30, 48 or polysulfides (Li2S6 or Li2S8) 5, 28, 53, 60 in the electrolyte 

solution. Note that almost all of these high performance cathodes employed high temperature (600-

1500 ºC) processing steps during their fabrication.  Relative to these leading reports our cathodes 

fabricated from sub 10 nm NCs displayed the highest initial discharge capacity. It is also a dramatic 

improvement over our previous work using Li2S NCs fabricated by reactive precipitation.44 As the 

annealing and cathode fabrication steps were nominally identical, the improvements are attributed 

to the reduced NC size. Though stability was inferior to most reports, it was quite respectable 

considering the absence of encapsulation or the use of additives. As a solution-based approach it 

Figure 6.5 (a) Voltage profiles from charge/discharge and (b) cyclability (based on discharge 
capacity) of cathodes fabricated with Li2S NCs annealed at T = 250°C as a function of solution 
concentration. (c)-(f) SEM image for 250°C post-annealing samples as a function of concentration.
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is amenable to the introduction of encapsulation compounds as described in the literature,5, 30 and 

this is something we plan to address in future work. 

To further assess performance, the rate capability of the 1.6M-based cathode was evaluated at 

different rates from C/10 to 2C as shown in Figure 6.6 A very small voltage hysteresis ∆V = 0.16V 

is observed for C/10 voltage profile as opposed to usually reported 0.2 - 0.4V,48, 66, 68-69 which is a 

reflection of improved electronic conductivity and Li ionic diffusivity due to the reduced particle 

size. 5, 44, 68 In Figure 6.6b, the sample displays a capacity of ~870, 740, 670, and 590 mAh/g as 

the cycling rate is increased to C/5, C/2, 1C, and 2C, respectively. These results compare very 

favorably with leading reports in the literature. For example, at the 2C rate and a similar number 

of cycles Yushin’s group reported ~450 mAh/g for both hierarchical carbon coated30 and LiTiO2 

encapsulated48 cathodes. More importantly, the capacity of our battery remains ~660 mAh/g at 1C 

and ~715 mAh/g at C/2 in return cycles, which is 98.5% and 96.6% retention respectively, 

indicating a good reversibility. In short, such small voltage hysteresis and good rate performance 

is again attributed to the small size and high purity of NCs produced in this work. 

 

 

6.6 conclusions 

In summary, we have reported an alternative approach for scalable synthesis of Li2S NCs, 

where the use of DMF solvent suppresses the precipitation of Li2S in the resultant solution. This 

approach provides new capabilities in addition to benefits H2 co-generation and H2S abatement as 

in our previous methods. Specifically, the solvation/evaporation approach enables nearly 100% 

Figure 6.6 (a) Voltage profiles and (b) Charge/discharge capacity of cathodes fabricated with Li2S 
NCs synthesized from 1.6M solution as a function of C-rates. 
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atom efficiency of lithium and controllable size/uniformity of the produced NCs through 

manipulation of solution supersaturation. Modest annealing conditions were identified that 

improve purity and crystallinity while retaining size. Cathodes fabricated using these Li2S NCs 

obtained 98.5% of theoretical capacity as well as promising cyclability and rate capability, which 

is the among the best performance reported to date for Li2S cathodes fabricated by simply mixing 

sulfide with common binder and carbon additives. Overall, the process-structure-property-

performance relationship in these systems has been successfully established, where promising 

cathode performance stems from ultra-small NPs (5-6nm) with excellent crystallinity out of 1.6M 

concentration solution and after going through mild annealing at 250°C. The results also exhibit 

the potential of our material to achieve much improved performance when integrating more 

advanced and sophisticated cathode design such as shell encapsulation, carbon matrix embedment, 

hierarchical-structure build up, and so on. This approach may also facilitate the synthesis of 

hierarchical Li2S NC@Carbon structure for advanced cathode fabrication through the introduction 

of polymer precursors before solvent evaporation. 
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Table 6.1 Comparison of cathode performance obtained in this work with the literature. 

Active material 

of Cathode 

(including 

carbon additive) 

Binder Electrolyte Treatment Loading 

(mg cm-

2) 

Li2S wt.% 

in 

electrode 

composite 

Rate Initial 

Discharge 

capacity 

(mAh/g 

Li2S) 

Discharge 

capacity 

(mAh/g 

Li2S) 

after X 

cycles 

Reference 

Li2S-AB  PVDF 2.0 M LiTFSI 

in TEGDME 

250°C 

annealing 

~1.0 40 C/10 1148 500 after 

130 

This 

work 

Li2S /rGO paper None 0.6 M LiTFSI in 

DOL/DME (1:1 

v/v) with 0.4 M 

LiNO3 and 0.01 

M Li2S8 additive 

300°C 

annealing 

0.8-1.5 50-60 C/10 1119 816.1 

after 150 

53 

Li2S/carbon 

black@ 

nitrogen- doped 

carbon-CB 

PVDF 1.0 M LiTFSI in 

DOL/DME (1:1 

v/v) with 1wt% 

LiNO3 additive 

ball milling 

& 600°C 

carbonization  

0.8 56 C/10 1020 673 after 

200 

65 

Li2S-rGO 

nanocomposite-

Super P 

PVDF 1.0 M LiTFSI in 

DOL/DME (1:1 

v/v) with 0.2 M 

LiNO3 and 0.1 

M Li2S6 additive 

700°C 

thermal 

reduction 

~1.45 66 C/10 982 315 after 

100 

60 

Li2S-Super P  PVDF 1.0 M LiTFSI in 

DME/DIOX 

(1:1 v/v) with 1 

% LiNO3 

additive 

110°C drying 1.0-1.5 40 C/10 950 540 after 

11; 460 

after 50 

67 

Li2S/KB-

spherical coal 

PTFE 1.0 M 

LiTFSI/0.25 M 

LiNO3in 

DOL/DME(1:1 

v/v) with 0.125 

M Li2S6 additive 

820°C 

thermal 

reduction & 

ball milling 

3.5-4.0 68 C/10 948 432 after 

150 

28 

C-Li2S-

PureBlack 

carbon 

PVDF LiTFSI in 

DME/DIOX 

(1:1 v/v) with 

0.025M Li2S8 

additive 

700°C 

carbonization 

~1.4 n/r C/5 930 835 after 

100 

5 

Li2S/MWCNT 

paper 

none 1.0 M 

LiCF3SO3/0.1M 

LiNO3 in 

DME/DOL (1:1 

v/v) 

100°C drying 3 30 C/10 879 776 after 

50 

61 

3D-rGO-

Li2S@C 

none 1.0 M LiTFSI in 

DOL/DME (1:1 

v/v) with 1 wt% 

LiNO3 additive 

600°C 

carbonization 

2.5-3.5 75 C/10 856 563 after 

100 

62 

TiO2-hollow 

carbon 

nanofibers/Li2S 

PVDF 1.0 M LiTFSI in 

DME/DIOX 

(1:1 v/v) 

800°C 

carbonization 

n/r 53 C/10 851 700 after 

100 

64 
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Table 6.1 Continued. 

Hierarchical-C- 

Li2S-C-PureBlack 

carbon 

PVP 2.4 M LiTFSI in 

DME/DIOX (1:1 

v/v) with 0. 24 M 

LiI additive 

700°C 

carbonization 

and carbon 

CVD 

~1.0 n/r C/5 850 820 after 

100 

30 

Li2S-AB PVP & 

PEO 

LiCF3SO3 in 

TEGDME (1:4 

mol/mol) with 1 

wt% LiNO3 

additive 

High energy 

ball milling 

~1.5 60 C/10 740 460 after 

50 

66 

Li2S@LiTiO2 -

PureBlack carbon 

PVDF 2.4 M LiTFSI in 

DME/DIOX (1:1 

v/v) with 0. 24 M 

LiI additive 

A series of 

calcinations 

with 

maximum 

temperature 

at 600°C 

1.2 57.6 C/2 732 710 after 

200; 644 

after 400 

48 

Li2S/graphene-

PureBlack carbon 

PVDF 5.0 M LiTFSI in 

DME/DIOX (1:1 

v/v) 

sonication ~1 n/r C/10 700 500 after 

200 

63 

Li2S-AB  

(our previous 

work) 

PVDF 1.0 M LiTFSI in 

TEGDME 

250°C 

annealing 

~1.0 40 C/10 669 335 after 

45 

44 
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CHAPTER 7 

 

CHARACTERIZATION OF SOLID STATE  ELECTROLYTE FABRICATED USING 

SOLUTION SYNTHESIZED Li2S NANOCRYSTALS FROM A THREE-PHASE  

BUBBLE COLUMN 

 
7.1 Abstract 

All solid-state batteries (ASSBs) have received increasing attention recently due to their high 

energy and power density, as well as improved safety. Sulfide-based solid-state electrolytes such 

as Li10GeP2S12 (LGPS), Li7P3S11, and argyrodite compounds are among the most promising 

candidates. In each case, Li2S, the key component and cost driver, is commercially available only 

in micro-powder form. Herein, we report the first use of Li2S nanocrystals derived using a green 

solution based approach to synthesize 70Li2S-30P2S5 glassy electrolytes. Initial attempts on a 

large-scale synthesis with high flow rate (~200sccm) were challenged by rise of foaming issue. 

This problem was resolved by establishing a 3-phase bubble column where an inert fluorinated oil 

layer was introduced to separate the solution from sparger. The use of this recyclable oil enables a 

facile and effective way to suppress foaming growth, allowing sufficient amount of Li2S NCs 

production for solid state electrolytes (SSEs) fabrication. As synthesized nanocrystals significantly 

reduce the time required for ball mixing and facilitate liquid phase synthesis of the metastable 

Li7P3S11 superionic conductor. The electrochemical performance of 70Li2S-30P2S5 glassy 

electrolytes meet or exceed literature reports with respect to ionic conductivity, electronic 

conductivity and activation energy barrier, validating the promise of these nanocrystals for these 

applications.  

 

7.2 Introduction 

The past decade has seen tremendous progress in the development of solid state electrolytes 

(SSEs) and all solid state batteries (ASSBs) in attempts to enable widespread electrification of 

transportation. The capacity of current lithium ion batteries (LIBs) is constrained by its use of 

flammable liquid electrolyte as well as safety concerns. ASSBs can be manufactured in a more 

compact form which significantly increases energy density and achieves high power density at the 

same time.1 Moreover, SSEs could potentially provide better compatibility with Li metal anode 
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with appropriate interfacial engineering, further maximizing the full-battery energy density. 

Sulfide-based SSEs are very attractive due to their ease of processing, good electrochemical 

window, and high ionic conductivity.2 For example, within the LPS system, cold pressed 70Li2S-

30P2S5 amorphous glass has achieved an ionic conductivity of 10-5 S cm-1, Li3PS4 ~10-4 S cm-1, 

and the conductivity for metastable Li7P3S11 phase (~10-2 S cm-1) exceeds liquid electrolyte.3-4 

Li10GeP2S12 (LPGS), and argyrodite (Li6PS5X, X=Cl, Br, I) are another two types of sulfides 

superionic conductors with ionic conductivity reports of 10-2 S cm-1 and 10-3 S cm-1, respectively.5-

6   

Li2S is the key component and the major cost diver in sulfide-based solid state electrolyte 

synthesis. The conventional synthesis method usually includes a long mechanical ball mixing step 

(~20 hours) to create amorphous mixture of Li2S and P2S5 which is both time and energy 

consuming.2, 7 Small sized particles might facilitate homogeneity of mixing and accelerate 

amorphization process. Superionic conductor phases such as Li3PS4 or Li7P3S11 are usually formed 

by annealing an amorphous mixture at moderate temperature (250 – 300 ºC). The temperature used 

for this phase transformation is determined by the glass transformation temperature (Tg) and 

crystallization temperature (Tc) of  the material which are usually quantified through differential 

scanning calorimetry (DSC) or differential thermal analysis (DTA) measurement.8 It is 

hypothesized that Tg and Tc of the material may decrease if the particle size is small. 

Energy and time intensive ball mixing in conventional synthesis has been an obstacle to large 

scale production. Therefore, recent research has shifted to the development of liquid phase 

synthetic methods. These processes typically involve mixing or dispersing  Li2S-P2S5 mixtures in 

solvents via sonication, shaking, wet ball-mixing or mechanical stirring.4, 9-11 Solvents that have 

been used include ethers (tetrahydrofuran, DME), imides (DMF), nitriles (acetonitrile), and 

carbonyls (ethyl acetate, dimethyl carbonate).9 Interestingly, it is reported that the resulting 

mixture after solvent evaporation exhibits lower Tc and crystallization of the desired phase. To 

date liquid-based SSEs have exhibited slightly lower ionic conductivity than that obtained from 

conventional methods.4 However, with continuous development, liquid methods might be a game 

changer in the future especially for large-scale production as it is compatible with the tape casting 

and roll to roll manufacturing approaches being developed.12 

Our group have developed a solution based synthesis approach of Li2S nanocrystals by 

contacting lithium precursor solution with the industrial waste H2S. The approach follows 
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principles of green chemistry and processing such as 100% atom economy and materials utilization, 

absence of hazardous waste, and low energy budgets. The control of size and uniformity of 

synthesized nanocrystals (NCs) has been demonstrated through manipulation of a choice of 

parameters such as identity of solvents, precursor concentration, solvent evaporation rate etc.13-15 

Scalable techniques such as bubble columns and fluidized beds are used to produce the meaningful 

quantities required for solid-state electrolyte development (~10 g). The resulting NCs have tunable 

size (5 - 25 nm) and low polydispersity. This chapter documents our efforts to apply Li2S NCs 

made from our green synthetic strategy in fabrication of Li2S-P2S5 glassy electrolyte and Li7P3S11 

superionic conductor. Advantages in both processing and performance are demonstrated for glassy 

electrolytes produced by cold pressing and preliminary results show promise for liquid-phase 

synthetic strategies for superionic conductor phases.  

In this work, Li2S nanocrystals were synthesized from our solvo-evaporation based chemistry 

previously described,15 but their production is scaled up to provide sufficient material.  Foam rise 

is a common issue associated with gas - solution phase reaction in bubble column.16 Foaming 

brings many adverse impact to a chemical process such as formation of dead zone and reduction 

of reactor active volume etc. In addition, it will produce significant environmental impact due to 

the overflow of chemicals from the reactor.17  Therefore, a stable solution throughout reaction 

synthesis is imperative especially for high flow rate synthesis. Prevailing methods are used to 

suppress or break foaming including chemical (antifoams such as oil,  hydrophobic filler particles 

and surfactant polymers), physical (metal or polymer mesh), mechanical (ultrasound destruction), 

and so on.16, 18-20   Chemical method is the most effective and widespread method for a solution 

based chemical process. Among them, oil based antifoam is widely used to enable foamless or 

foam stable industrial process such as biogas plant. For example, the mixture of hydrophobic silica 

and silicone oil (PDMS) were so called “fast antifoams” which they can destroy and break foams 

in the emulsion in a few seconds.21 Foam film rupture usually follows bridging-stretching 

mechanism when oil typed antifoams are applied.16 However, most of oil based antifoam has a 

poor durability and become inactive in the process of foam destruction.21 For a scalable green 

chemical approach, a good antifoam should possess tenets such as chemical inertia, good chemical 

stability and durability, easy separation and recycling. To this end, an inert fluorinated pump oil 

(Fomblin) was used to establish a 3-phase bubble column to sperate sparger from solution which 

effectively suppresses foaming growth during the reaction. The use of recyclable and easily 
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purifiable Fomblin significantly increases reaction throughput from 4.6mg Li2S /ml production to 

34 mg Li2S /ml compared with previously used reactive precipitation method.14, 22 and provides 

meaningful amount of materials for solid state electrolyte fabrication.  

 

7.3 Experimental Section 

7.3.1 Reagents  

Ethanol (EtOH, CH3CH2OH, anhydrous, ³ 99.5%), N,N-dimethylformamide (DMF, 

HCON(CH3)2, anhydrous, 99.8%), Phosphorus pentasulfide (P2S5, 99%) and acetonitrile (ACN, 

CH3CN, anhydrous, 99.8%) were purchased from Sigma-Aldrich.  Lithium foil (Li, 0.75mm thick 

´19mm wide, 99.9% trace metals basis) was bought from Alfa Aesar. The surface of lithium foil 

was carefully scratched to remove any oxide layer before using. Fluorinated pump oil (Fomblin Y 

LVAC 14/6) was purchased from Specialty Fluids Company. A specialty mixture of 10% of H2S 

in Ar (Scott Specialty Gasses) and argon gases (99.999% purity) were employed.  All purchased 

chemicals were used as received without further purification.  

 

7.3.2 Li2S synthesis 

A typical synthesis consisted of reaction in bubble column reactor and subsequent solvent 

evaporation in a tube furnace. First of all , precursor solution was made by dissolving 444mg 

lithium in 30ml ethanol with presence of 10ml co-solvent DMF in the glovebox. The precursor 

solution was transferred in a bubble column reactor (1 inch diameter column) and sealed with 

addition of 20ml Fomblin. The reactor was connected to the gas supply system in a fume hood and 

settled for a few minutes to allow Fomblin dense to separate sparger from solution. Vacuum was 

pulled to the base pressure of the pump to guarantee no leakage in the  system.  H2S was first 

delivered at 40sccm flow rate through a bypass and was then directed to the reactor to start a 

reaction. Flow rate was increased from 40sccm to 200sccm in 5 minutes with increment of 

40sccm/minute to enable a stable solution and was kept constant at 200sccm to the rest of reaction. 

Completion of the reaction was controlled by setting reaction time that allows stoichiometric 

amount of H2S flowing in. After reaction, the column was taken back to glovebox and settled for 

10mins to separate Fomblin phase from solution. A  separatory funnel was also used at this point 

for a better separation. The separated Fomblin was purified through simple filtration and was 

recycled for next synthesis. The obtained clear yellow tinted solution was then transferred to a tube 
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furnace for solvent evaporation under protection of Ar, which follows the same procedure from 

our previous paper. 15  As dried Li2S powder was then annealed at 200ºC in a homemade fluidized 

bed for two hours to enable sufficient purity for battery application. The fluidized bed consisted of 

a VCR cell and  two ¼  inch stainless steel tubes with on/off valve and adapter union on two ends 

(schematic diagram in Figure 7.10).  The VCR cell contains one bulk head and two unions which 

are ordered from Swagelok. A filter gasket (60 Micro mesh) is placed at the joint area between 

adapter union and VCR cell to allow gas flow through and keep powder in VCR cell. The whole 

piece is then placed vertically through a tube furnace and connected to the gas supplying system 

for an annealing experiment. 

 

7.3.3 Pellet Formation 

Li2S and P2S5 were measured based on molar ratio of 7:3 and mixed by mortar and pestle in a 

glovebox (LC-1, LC Technology Solutions Inc.) The resulting mixture was then transferred in 

ZrO2 ball mill jar (40 ml) with three ZrO2 balls (10 mm diameter), sealed, and mounted high energy 

ball mixer (SPEX, Mixer/Mill 8000M).  The mixture using synthesized Li2S and commercial Li2S 

are denotated as Li2S(s)-P2S5 and Li2S(c)-P2S5, respectively. After sufficient ball mixing 150 mg 

of the amorphous mixture was and loaded homogenously in a  die with 1 inch diameter. Pellets 

were formed by cold-pressing using a hydraulic press ( YLJ-15L, MTI Corp.). Pellet was pressed 

by increasing pressure in 100 MPa increments to the target pressure, stabilizing at each increment 

for 1 min before moving to the next. Samples were held for 2 minutes at the final target pressure. 

Relative density is calculated by measuring the mass and volume of the pellet, normalized to the 

literature value of 1.95 g/cm3.23  

 

7.3.4 Materials Characterization 

X-ray diffraction (XRD) was measured on a Philips X’Pert X-ray diffractometer with Cu K𝛼 

radiation (𝜆 = 0.15405 nm). Samples were prepared on a quartz slide with a drop of mineral oil 

covered on the top to prevent undesired reaction with ambient moisture.  Field emission scanning 

electron microscopy (FESEM) images of pellets were taken on a JEOL JSM-7000F FESEM 

instrument. An accelerating voltage of 5 KV was used for image capturing. The cross-section 

morphology was obtained from fractured pellets without further surface polishing to preserved the 

true morphology.  
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7.3.5 Electrochemical Test  

Blocking electrodes for electrochemical characterization were formed by magnetron sputtering 

(AJA International Inc) of xxx nm of aluminum to each side using 72.5 mW/cm2 at 5.98  mtorr in 

and Ar ambient.   Connections to analytical instrumentation were made using silver wires ( 0.02 

inch dia., 4N purity, ESPI)  attached using conductive adhesive electro-bond 07 (ConductiveX ) 

cured at room temperature. A Gamry 1000E potential station interface through the glovebox was 

used for electrochemical impedance spectroscopy (EIS) and chronoamperometry. EIS 

measurement was conducted in the frequency range of 1Hz to 1MHz.. Chronoamperometry was 

performed by applying a step voltage of 500 mV DC and running for more than 20 mins to obtain 

a steady state current measurement. Temperature was controlled by immersing the electrode in a 

sand bath for T-dependence EIS measurements.  

 

7.4 Results and Discussion 

7.4.1 Li2S Synthesis In 3-Phase Bubble Column 

The initial attempts in 2-phase reaction with 200sccm high flow rate were caught up with a 

serious foaming issue. Foaming is observed instantaneously when H2S was introduced. It quickly 

moved up to the top of the column and shoot out of reactor in only a few minutes (Figure 7.7). 

This was not observed in a reaction with low flow rate (40-60sccm). The high flow rate has 

significantly increased gas volume and triggered the rise of foam.  Figure 7.1a shows the presence 

of two phases before the reaction which Fomblin is a more dense phase on the bottom. When H2S 

was introduced, a 3-phase emulsion solution was formed immediately and remained stable only 

half way through the solution column. The gas hold up moves up about 1 inch as indicated by a 

sharpie mark where solution is originally at. Figure 7.1c shows near end of the completion the 

emulsion proportion increased but overall gas hold up stayed constant indicating a stable solution 

was established over the course of the reaction. At the end of reaction, emulsion solution starts 

shrinking when H2S was stopped. After 10mins settling, emulsion solution was mostly gone and 

solution turned to a 2-phase again. Solution became slightly yellow at this point which indicates 

Li2S was formed. Li2S nanocrystals synthesized form this 3-phase bubble column were confirmed 

to be phase pure by XRD (Figure 7.8). According to Scherrer broadening, the crystal size of 

powder after solvent evaporation at 150 ºC is about 7-10nm which is consistent with our previous 
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result. 15 However, sample powders exhibit an obvious size growth (21nm) but much improved 

crystallinity after to the residue of solvent removal by annealing in fluidized bed at 200 ºC for 2  

  

Figure 7.1 Photographs of 3-phase bubble column during Li2S synthesis with high flow rate. From 
left to right: before reaction, near the start of the reaction, near the competition (~38min later), and 
after reaction and column was settled for 10mins. Reaction conditions were LiOEt/DMF with 
addition of 20ml Fomblin with 200sccm of H2S/Ar. 

 

hours. This small 20nm size crystals are hypothesized to be favorable in solid state electrolyte 

applications.  

    

7.4.2 Glassy Electrolyte Fabrication  

Figure 7.2 XRD patterns of ballmilling 70Li2S-30P2S5 mixture for 120mins by using (a) 
synthesized Li2S NCs and (b) commercial Li2S. 
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P2S5 mixed with either commercial or synthesized Li2S were subjected to ball milling using 

the same jar and machine. Figure 7.2a and b displays XRD patterns of both mixtures as a function 

of time. Initial samples were manually mixed by mortar and pestle, and the presence of crystalline 

phases are clearly observed in both. The peak of the sample using synthesized Li2S is obviously 

broader than that of commercial Li2S equivalent, confirming the initial crystal size difference from 

both samples. The crystalline phase of Li2S(s)-P2S5 mixture is rapidly attenuated and the mixture 

becomes completely amorphous after only 120 mins. However, with commercial Li2S, the process 

is much slower and the mixture remains predominantly crystalline after an equivalent 120mins 

ball mixing. To achieve complete amorphous phase, 300mins ball mixing in total has been used 

on Li2S(c)-P2S5 mixture as it is shown in Figure 7.9a. It is noticed that there is ZrO2 impurity 

appeared in the mixture which is due to direct collision of  ZrO2 balls and jar. If the mass change 

from sample testing has been taken into account, it actually requires > 300mins ball mixing for 

Li2S(c)-P2S5  mixture to become complete amorphous. Therefore, because of small crystal size of 

Figure 7.3 (a-d) Cross-section SEM images (X1000 magnification) of pellets cold pressed at different 
pressures. (e) Densification demonstrated by relative density of cold pressed samples as a function of 
pressing pressure. 
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synthesized Li2S nano-powders, the ball mixing time has been reduced by >60%, which 

significantly facilitates materials processing of sulfide based electrolytes through conventional 

solid state reaction synthesis method. 

Next, the amorphous powder was transformed into pellets by hydraulic cold pressing at various 

pressures. XRD conducted on pellets confirms that the material was still mostly amorphous after 

hydraulic pressing in Figure 7.9b, confirming that no significant phase or composition change 

occurred but physical densification. The broad shoulder peak at 25º-35º range is an indicative of 

vitrification intensified with the pressure which  reflects some short-range order. The morphology, 

densification, defects present in each sample are observed by non-polishing cross-section SEM 

images (Figure 7.3a-d, ×1000 magnification). All samples display a porous morphology structure 

following the non-isostatic hydraulic pressing process. The densification monotonously improves 

with increasing pressure, though the benefits become attenuated above 300MPa (Figure 7.3e). The 

relative density was normalized with respect to 1.95g/ml, a literature value of cold pressed sample 

measured by using Helium pycnometry.23 The relative density values at different pressures are 

very comparable with literature.3 In addition, all samples exhibit a very good reproducibility for 

pellet formation with the error bar of relative density smaller than ±2%.     

 

7.4.3 Electrochemical Performance  

Figure 7.4 displays the ionic conductivity and electronic conductivity of samples were 

evaluated by electrochemical impedance spectroscopy (7.4a) and chronoamperometry (7.4b), 

respectively.  The Nyquist plot contain a semicircle and a straight line, which represents the classic 

feature of a blocking electrode measurement.24 Ionic conductivity values were extracted from the 

Figure 7.4 (a) Electrochemical impedance spectroscopy and (b) chronoamperometry of cold pressed 
samples as a function of pressing pressure. (c) ionic conductivity and electronic conductivity of cold 
pressed samples as a function of pressing pressure. 
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intersection of the semicircle with x axis, which includes contributions from both bulk and 

interfaces. was performed by applying a step potential of 500mV and monitoring the transient 

current response. In each chronoamperometry experiment, there is a sharp spike which quickly 

attenuates to a steady state value. The  electronic conductivity was evaluated using Ohm’s law and 

the steady-state measured after 1200 s. In Figure 7.4c, all samples exhibit good ionic conductivity 

at a level of 10-5 S cm-1 indicating good quality of synthesized materials. The linear increase in 

ionic conductivity with pressure up to 300 MPa is attributed to enhanced densification and 

vitrification. Accordingly, the abrupt drop above 300 MPa seems counterintuitive. Large area 

imaging of these samples (Figure 7.10d) shows the presence of large cracks where interface 

resistance increases significantly. It is noted that some micro cracks may be observed in samples 

pressed at 100-300 MPa which are highlighted in red circles in Figure 7.10a-c. Those micro cracks 

continue growing to form large ones when pressure is over 300 MPa. Besides ionic conductivity, 

electronic conductivity can have a significant impact on solid state electrolyte performance though 

it has been often overlooked. A recent paper published by  F. Han et al.25 revealed that high 

electronic conductivity is majorly responsible for lithium dendrite formation and penetration into 

both sulfide and oxide solid state electrolytes. It is believed that at least six order of magnitude 

difference between ionic and electronic conductivity is desired for a good solid state electrolyte.26-

27 Samples pressed at different pressures exhibit reduced electronic conductivity to the level of 10-

10 S cm-1 compared to the leading literature reported value 10-9 - 10-7 S cm-1.25  In this case, the 

electronic conductivity decreased linearly with pressure by one factor. More importantly, it is 

suggested that the electronic conductivities of SE should be lower than 10-10 S cm-1 for a 

completely dendrite-free lithium plating,23, 25 our material exhibits values approaching close to this 

threshold. Specifically, at 300 MPa pressure the conductivity ratio approaches six orders of 

magnitude difference, which indicates this material qualifies for a good solid state electrolyte.  

Temperature-dependent EIS was performed on the 300 MPa sample to study kinetics of ion 

transport from 20 to 118 ºC. Figure 7.5 a displays Nyquist plots as a function of temperature and 

the resulting conductivity. Arrhenius plot in Figure 7.5b appears to have two regimes. At 

moderately elevated temperatures (79 – 118 ºC), the apparent activation energy is Ea = 12 kJ/mol. 

At lower temperatures (20 – 79 ºC), Ea is 31 kJ/mol. Typically, the activation energy is independent 

of temperature so that this result seems counterintuitive. It is hypothesized that some structural or 

compositional changes might occur on the interface of aluminum electrode and sulfide-based 
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electrolyte at such elevated temperatures. The Ea value compares very favorably with literature 

value which is usually about 35 kJ/mol for 70Li2S-30P2S5 glassy electrolyte.3Again, this reduced 

activation energy barrier validates the use of our synthesized materials for solid state electrolyte 

application. 

 

 

 

7.4.4 Synthesis of Superionic Conductor Li7P3S11  

We have briefly explored using our synthesized Li2S nanocrystals for Li7P3S11 synthesis.  In 

conventional solid state reaction synthesis reports an amorphous mixture of 70Li2S-30P2S5 will 

form metastable phase Li7P3S11 after sintering at temperatures ranging from x to y. However, our 

synthesis has been facing significant amount of P2S5 loss during sintering process given high 

volatility of P2S5. Various sintering methods have been tried including powder sintering in sealed 

Figure 7.6 XRD pattern of Li7P3S11 synthesis through (a) conventional solid state reaction method. 
(b) liquid method by using acetonitrile as solvent. 

Figure 7.5 (a) Electrochemical impedance spectroscopy of 294Mpa cold pressed sample as a 
function of  measuring temperature. (b) T dependent Ionic conductivity of 294Mpa cold pressed 
sample. 

12 KJ/mol

31 KJ/mol
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teflon bottle, powder sintering in flowing Ar, pellet sintering in flowing Ar etc. However, all those 

methods lead us to lithium rich phase Li8P2S9 (Figure 7.6a). In order to mitigate mass loss of P2S5 , 

lower sintering temperature is desired.  According to literature,4 synthesis of Li7P3S11 through 

liquid method usually follows a low temperature sintering due to solvation mixing process, which 

might be very favorable to our case. Among all solvents, acetonitrile has been widely used as an 

effective solvent to this process.9-10, 28-29  Therefore, we examined the liquid synthesis method by 

using acetonitrile as the solvent for our initial trial. To do so, Li2S and P2S5 in 7: 3 molar ratio has 

been homogenously mixed by mortar and pestle. The mixture was then transferred to a glass vial 

and  acetonitrile was added in 1:20 g/ml ratio. The light yellow suspension solution was facilitated 

by a test tube shaker and was then sonicated at 60ºC for 30mins. After sonication, suspension 

solution turned to slightly darker and almost white precipitates were obtained. Surprisingly, those 

white precipitates from the suspension solution turned out to be Li7P3S11 phase only after removal 

of solvent, even though crystallinity needs to be further improved (Figure 7.6b). The next step is 

to improve crystallinity of those white precipitates by mild annealing ( <200 ºC ). The purity needs 

to be further demonstrated by XRD since peaks were not that strong in Figure 7.6b and other 

characterizations  such as Raman may be useful for confirming phase identification. 

 

7.5 Conclusion 

This chapter demonstrated a scalable synthesis of Li2S nanocrystals using a 3-phase bubble 

column. The troublesome Foaming occurred at high flow rate has been successfully suppressed by 

introducing a inert fluorinated oil layer in the reactor. This enables a facile clean effective way to 

significantly increase reaction throughput from 4.6mg Li2S /ml production to 34 mg Li2S /ml 

compared with previously used method and provide sufficient materials for solid state electrolyte 

fabrication. The chapter also discussed the use of Li2S nanocrystals synthesized by a green solution 

approach for the formation of 70Li2S-30P2S5 glassy electrolyte and a potential extension to 

Li7P3S11 synthesis through liquid method. It was found that nanocrystals reduced the mechanical 

ball mixing time required to make an amorphous mixture by at least 60%. The electrochemical 

performance of this glassy electrolyte such as high ionic conductivity (~10-5 S cm-1), reduced 

electronic conductivity (~10-10 S cm-1), and reduced activation barrier (~ 30 KJ/mol) suggests our 

material is of suffient quality for making a good solid state electrolyte. What’s more, it was found 

that Li7P3S11 synthesis through conventional method can be quite challenge due to loss of volatile 
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species P2S5 during the sintering process.  However, the liquid based green synthesis of Li2S 

nanocrystals can facilitate Li7P3S11 synthesis through liquid method which goes through lower 

temperature sintering and might mitigate P2S5  mass loss.  

 

7.6 Supporting Information 

 

Figure 7.7 Photographs of 2-phase bubble column with serious foaming formation. (a) Reaction 
starts in 1min  (b) 2min (c) 4min. Reaction conditions were LiOEt/DMF with 200sccm of H2S/Ar. 

 

 

 

Figure 7.8 XRD pattern of Li2S nanocrystals synthesized from 3-phase bubble column. (a) powder 
dried at 150ºC. (b) powder annealed at 200 ºC for  2 hours using fluidized bed.  
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Figure 7.9 XRD patterns of (a) mechanical ball-milling time required to create glassy phase for commercial 
Li2S powder (b) pressed pellet as a function of pressure.  

Figure 7.10 (a-d) SEM images (X300 magnification) of cross-section of pellets cold pressed at different 
pressures. Sample pressed at 118MPa-294MPa display the formation of micro cracks in the structure 
while huge cracks were observed in sample pressed at 412MPa.  
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CHAPTER 8 

 

SUMMARY AND RECOMMENDATION FOR FUTURE WORK 

 

8.1 Summary of Pertinent Results 

In this thesis, we have pioneered an innovative solvent evaporation approach for the direct 

synthesis of Li2S nanocrystals through the reaction of hydrogen sulfide (H2S) gas with metal-

organic precursors dissolved in organic solution at ambient temperature. Benefits of this green 

chemistry include complete abatement of H2S and recovery of the valuable H2 stored within. Here 

we successfully demonstrated control of nanocrystal size and uniformity through manipulation of 

parameters such as concentration and solvent evaporation rate. Complementary techniques 

including XRD/SAXS/SEM confirmed the production of anhydrous, phase-pure Li2S nanocrystals 

with tunable size (5-20 nm) and narrow PSDs.  In addition, mild annealing conditions were 

identified that provide the purity required for battery applications, while retaining the original size 

distribution. Cathodes fabricated using these Li2S NCs obtained 98.5% of theoretical capacity as 

well as promising cyclability and rate capability, which is the among the best performance reported 

to date for Li2S cathodes fabricated by simply mixing sulfide with common binder and carbon 

additives. The process-structure-property-performance relationship in these systems has been 

successfully established, where promising cathode performance stems from ultra-small NCs (< 10 

nm) after going through mild annealing at 250°C. 

The benefits of our Li2S NCs were further illustrated for the formation of solid state electrolytes. 

It was shown that Li2S NCs reduced the mechanical ball mixing time required to make Li2S-P2S5 

based glasses by at least 60% relative to commercial Li2S micro-powders.  70Li2S-30P2S5 glassy 

electrolytes fabricated by simple cold pressing exhibited high ionic conductivity (~10-5 S cm-1), 

low electronic conductivity (~10-10 S cm-1), and reduced activation barrier (~ 30 KJ/mol), 

validating that our material is of sufficient quality for solid state electrolyte fabrication.   

There were several additional accomplishments during my tenure. First, with using cyclic 

voltammetry technique, I have provided new elucidation on the origin of oxidation peak in 

cathodic scan and three indicators for catalytic performance assessment on noble metal  electrodes 

(Pt, Pd, & Au) for direct alcohol fuel cells (DAFCs).1 Second, I made significant contributions to 

the reactive precipitation approach for M2S synthesis that was developed by my predecessor, Dr. 
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Xuemin Li.2 Third, during the course of this thesis I moved and rebuilt a fully functional lab for 

electrochemical material synthesis and characterization. This included the rehabilitation of two 

glove boxes, installation of a high-energy ball mixer, and the creation of capabilities for solid-state 

electrolyte fabrication and temperature-dependent characterization by integrating a hydraulic press 

and potentiostat into one of the gloveboxes. Lastly, I made significant contributions to the 

development of scalable approaches for large-scale nanomanufacturing of these materials. These 

include the development of a bubble column for Li2S synthesis, initially employed for reactive 

precipitation3 and now used in solvo-evaporation. A second example is the transition of our 

annealing system from a tube furnace to a fluidized bed. These advances have increased our 

throughput capacity two orders of magnitude from ~100 mg/batch to current levels of 10 g/batch. 

 

8.2 Recommendations for Future Work 

8.2.1 Develop advanced Li2S cathodes with high cycling performance 

The performance results of simple cathodes in this thesis have successfully validated 

electrochemical properties of as synthesized Li2S nanocrystals. However, not much effort has been 

made on mitigating cathode degradation which is caused by a variety of reasons such as polysulfide 

shutting, damage of electrode structure, lithium dendrite growth, etc. There are several strategies 

in combination of our Li2S nanocrystals synthetic approach that might be worth trying to 

potentially address this issue: 

A. Our solvent evaporation approach has demonstrated control of particle size and 

morphology and from the results we know particle size and uniformity does matter the final 

performance. It might be informative to do some simulation and modeling work on those 

nanocrystals’ behavior during cycling, from which the optimal particle size and uniformity might 

be suggested in terms of ion diffusion and migration, electrode volume changes during cycling etc. 

To my knowledge, F. Wu et al.4 has studied stress and volume change within outer shell of Li2S-

C composites by numerical simulation. This simulation method might be useful as a reference to 

set up our own model.  

B. Building a protective layer over cathode Li2S materials (such as carbon, MoS2 or MnO2 

shell etc.) to prevent polysulfide shutting effect is another effective strategy to be used.5-8  Given 

the good performance from simple cathode configuration, it is predicted large potential of our 

material to achieve much improved performance when integrating more advanced and 
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sophisticated cathode design such as shell encapsulation, carbon matrix embedment, hierarchical-

structure build up, and so on. My particular thought here would be coating Li2S with conductive 

polymer or hybrid complex materials. Additionally, our solution synthetic approach may also 

facilitate the synthesis of hierarchical Li2S NC@Carbon structure for advanced cathode fabrication 

through the introduction of polymer precursors before solvent evaporation. 

 

8.2.2 Demonstrate utility for the synthesis of superionic solid state electrolytes  

Preliminary results in this thesis also show promise for liquid-phase synthetic strategies for 

superionic conductor phases Li7P3S11. These efforts should be followed up and expanded to 

synthesizing more complicated sulfide based solid state electrolytes such as Li10GeP2S12 (LGPS) 

and argyrodite compounds through conventional solid state reaction strategy and may be to explore 

liquid phase synthetic strategy as well, and validate their performance as we did for 70Li2S-P2S5 

glassy electrolyte. 

The Ge introduced in LGPS system will help improve ionic conductivity due to the formation 

of special channels for Li ion diffusion and migration in the crystal lattice.9 It also facilitates the 

solid state reaction synthesis by significantly reducing ball milling time to only 30mins.9-10 The 

common synthetic strategy is to mix three starting materials Li2S, P2S5 and GeS2 by ball milling 

and then pressed the mixture into a pellet. The formed pellet was then sintered to form ceramic. 

However, access to GeS2 seems limited, I am think if other common Ge salts could be used such 

as GeCl4, GeBr4 as we know addition of halides in LPS system is favored. With that said, GeS2 

is replaced by GeCl4 or GeBr4 and short of sulfur is compensated by other sulfur sources.  

As discussed in chapter 2, Argyrodite compounds could eb synthesized through both 

conventional solid and liquid synthetic strategy. Here, I have some comments specifically for 

liquid synthetic approach. The use of solvents especially ethanol in liquid synthetic strategy can 

cause compound decomposition, which introduces impurities such as Li3PO4 and LiX.  Ethanol is 

used to make precursor solution where Li2S and LiX are dissolved.11-12  To target the optimum 

purity of final product, ethanol might have to be kicked out to prevent compound decomposition. 

I would propose a strategy that making Li2S and LiX dispersed in the solution instead by using 

solvents which P2S5 and intermediate species Li3PS4 have better compatibility with. Those solvents 

can be tetrahydrofuran (THF), acetonitrile (ACN), dimethoxyethane  (DME) etc. 13-15 
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8.2.3  Develop all solid state batteries (ASSBs) using sulfide materials  

Our scalable synthesis of Li2S nanocrystals inspired by green approaches can produce the 

meaningful quantities required for solid-state electrolyte development (~10 g). Challenges still 

remain in order to enable commercial readiness of Li-ASSBs technology, such as high ionic 

conductivity required at both bulk and interfaces of electrolyte, chemical stability at the interface 

of lithium metal and electrolyte,  lithium anode and electrolyte formation with desired thickness,  

etc. In our case, we have already demonstrated EIS and chronoamperometry measurement are 

doable by depositing metal contact on both sides of electrolyte pellet. Furthermore, ASSBs can be 

made by established magnetron sputtering method as well. That is, sputter thin layer of indium as 

anode and LiCoO2 thin layer as cathode. Indium and LiCoO2 sputtering target are both 

commercially available. With this full battery configuration, critical current density (CCD) 

measurement can be conducted to study resistivity of solid-state electrolyte membrane to the 

lithium dendrite penetration.16 Another way to enable research on ASSBs is to use a hydraulic 

press die as the battery cell where in-situ electrochemical measurements can be conducted. This 

type of die currently is commercially unavailable and needs to be home made. The core thing is to 

have an electro-insulation polyether ether ketone (PEEK) tube with correct size added to separate 

anode and cathode which is two metal cushion pad pieces from the die. 17 With the homemade die, 

Li-electrolyte-Li nonblocking electrode or Li-electrolyte-cathode cell configuration can be used to 

study CCD or cycling stability or other full battery performance.   
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APPENDIX A 

 

REVISIT OF THE OXIDATION PEAK IN THE CATHODIC SCAN OF CYCLIC 

VOLTAMMOGRAM OF ALCOHOL OXIDATION ON NOBLE METAL ELECTRODES 
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The following is a reproduction of a paper published in RSC Advances DOI: 

10.1039/c5ra24249e RSC Adv., 2016, 6, 5384-5390. This chapter is reproduced as submitted 

except figure numbers and section numbers. 

 
A.1 Abstract 

This work reports straightforward, intuitive, and convincing evidence to elucidate the 

origin of the oxidation peak in the cathodic scan of cyclic voltammogram of alcohol 

oxidation on noble metal electrodes.  Three new indicators are also proposed to assess the 

electrocatalytic performance of the electrode. 

 

A.2 Keywords 

Alcohol Oxidation, fuel Cells, electrocatalysis, cyclic voltammogram, performance 

Indicator 

 

A.3 Introduction 

Direct alcohol fuel cells, which “burn” alcohols (such as methanol CH3OH) at ambient 

temperatures to generate electricity, are important energy conversion and storage devices for clean 

and sustainable technologies.1-5  The electrooxidation of alcohols relies on the catalytic effect of 

anodes, which are predominantly noble metals and their alloys.3   In acidic solutions, platinum (Pt) 

is the most efficient electrocatalyst among all monometallic electrodes.3  In alkaline solutions, 
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palladium (Pd) turns out to be the most efficient one.3  Being consistent with the fact that the 

alcoholic electrooxidation is a multi-electron reaction, a variety of carbonaceous chemicals have 

been identified as intermediates, among which carbon monoxide (CO) is widely believed to 

strongly adsorb on the electrode surface and impair the catalytic performance due to the poisoning 

effect.6-7  The seriousness of the CO poisoning has long been indexed by an oxidation peak in the 

cathodic scan of cyclic voltammogram (CV).6-8  More specifically, the intensity ratio (Jf/Jb) of the 

peak current in the anodic (forward) scan (Jf) versus that in the cathodic (backward) scan (Jb) is 

used to describe the “CO-tolerance”;6 the higher the value, the better the tolerance.9-17   This 

criterion is generally attributed to a paper published in 1992.6  The conjecture was based on 1) the 

assumption that the anodic current beyond the methanol oxidation peak Jf result from oxidation of 

surface-adsorbed CO to CO2;6 and 2) the fact that Jb weakened when the anodic switching potential 

in the CV was increased.6, 9  Later on, the CO adsorption on electrode surfaces was confirmed by 

spectroscopic measurements;7-9 since then, the “Jf/Jb” criterion for indexing the “CO-tolerance” 

has been widely accepted in the literature for alcohol fuel cells and referred to for searching high-

performance electrocatalysts.9-21 

In 2012, Tong et al. published an excellent article to question the validity of this criterion for 

methanol oxidation on Pt/C and PtRu/C electrodes in acidic solutions.22  By using in-situ surface 

enhanced infrared spectroscopy, they observed that both Jf and Jb presented opposite correlations 

with the amount of methanol (but not CO) adsorbed on electrode surfaces.22  This observed 

correlations underlay the conclusion that both oxidation peaks originated from the oxidation of 

surface-adsorbed methanol and the peak intensity ratio was an inadequate parameter to gauge CO-

tolerance.22  However, to date, this new opinion has not been well adopted in the community;23-34 

the vast majority of subsequent publications still embrace the old opinion.10-14, 18, 35-84  Some papers 

quoted both opinions without preference.85-88  Thus, further clarification on this question is needed. 

Herein we provide simple, intuitive, and convincing evidence to clarify the origin of Jb, by 

revealing the cause-and-effect relationship straightforwardly.  That is, the apparent Jb is the net 

current of fresh alcohols’ oxidation (J’b) triggered and counteracted by the reduction of catalyst 

oxides (JMOxàM), because 1) the peak potential Eb emerges right after EMOxàM and shifts 

correspondingly when EMOxà M changes; 2) Jb is strongly dependent on JMOxàM; and 3) the 

occurrence of Jb needs the alcohol to be present only during the cathodic scan, during which there 

is no generation of CO.  Thus, opposite to the conventional criterion, a higher ratio of Jb/Jf is 
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believed to index a higher reactivation efficiency, which could actually be more desirable for an 

electrocatalyst.  Additionally, we also propose two other performance indicators to index the 

activity of a given catalyst, that is, the intensive activity and the extensive activity. 

 

A.4 Experimental Section 

A.4.1 Chemicals   

Pd wire (4N, 0.5 mm in diameter), Au wire (4N, 0.5 mm in diameter), and Pt wire (4N, 0.5 

mm in diameter) were purchased from ESPI Metals.  Sodium hydroxide (NaOH, 99%,  

Mallinckrodt), methanol (CH3OH, Pharmco-AAPER, ACS  reagent), ethanol (CH3CH2OH, 

Pharmco-AAPER, ACS  reagent), were purchased from Fisher.  Perchloric acid (HClO4, 70%) was 

purchased from Sigma-Aldrich.  All chemicals were used as received.  The nano-pure water (18.2 

M Ωcm-1) was from a Barnstead water purification system. 

 

A.4.2 Data Collection 

All electrochemical data were collected by using a conventional three-electrode cell controlled 

by a Reference 600 electrochemical workstation (Gamry Instruments, Inc., USA).  The working 

electrode was a Pd (or Pt) wire with only 5 mm exposed in the electrolyte solution; the counter 

electrode was a coiled Pt wire; and the reference electrode was a saturated calomel electrode (SCE), 

relying on which the potential versus reversible hydrogen electrode (RHE) was calculated.  Before 

being presented in figures, all potentials in the Pd system were further corrected by the IR drop 

compensation, where R (the solution resistance) was determined via electrochemical impedance 

spectroscopy (EIS).  The EIS was conducted at -0.34 V vs RHE, by applying an alternating voltage 

of 5 mV in the frequency range of 100 kHz to 10 mHz.   As indicated respectively in the manuscript, 

the electrolyte solution was 0.5 M NaOH, 0.5 M NaOH + 1.0 M CH3OH, 0.5 M NaOH + 1.0 M 

CH3CH2OH, or 0.1 M HClO4 + 1.0 M CH3OH.  Before the measurement, the electrolyte solution 

was deaerated by argon for 15-20 mins and maintained with a slight overpressure afterwards.  All 

cyclic voltammograms (CVs) were collected at the potential scan rate of 20 mV/s.   

 
A.5 Results and Discussion 

A.5.1 The Origin of the Referred Oxidation Peak 

We initiated our study from observing methanol oxidation on a polycrystalline Pd electrode in 
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alkaline solutions.  Figure A.1A shows a typical CV of methanol oxidation on Pd in 0.5 M NaOH 

+ 1.0 M CH3OH, featured with a large Jf and a small Jb.  Compared with the CV taken from 0.5 M 

NaOH without CH3OH (Figure A.1B), two intriguing features can be noticed: 1) the anodic current 

at the potential beyond Jf decreases abnormally to virtually zero, which is normally assigned to the 

loss of activity induced by the oxidation of Pd;33 and 2) the onset (peak) potential of Jb in Figure 

A.1A nicely matches the onset (peak) potential of JPdOxàPd in Figure A.1B.  From this observation, 

we hypothesize that the oxidation peak Jb originates from but not equal to the oxidation of fresh 

methanol, and also that the trigger is the reactivation of the previously deactivated electrode 

surface via reduction of PdOx.  

To prove the hypothesis, we conducted two experiments to monitor their CVs before and after 

the addition of methanol into the electrolyte solution.  In the first case (Figure A.1C), one cycle of 

CV was first collected in 0.5 M NaOH to confirm the normal behavior of Pd as in Figure A.1B.  

Then, after the second anodic scan (line 1), the solution was quickly converted to 0.5 M NaOH + 

1.0 M CH3OH by adding an equal volume of 0.5 M NaOH + 2.0 M CH3OH into the 

electrochemical cell.  During the potential window of adding methanol (line 2, as indicated), there 

is no generation of CO from the oxidation of methanol within the instrument sensitivity, because 

the  corresponding current is virtually zero.   Once the potential reached the onset of JPdOxàPd (-

0.03 V), an oxidation wave burst and peaked at -0.099 V (line 2), exactly as in Figure A.1A.  The 

J ~ E profiles in the subsequent cycles (lines 3 and 4) are virtually identical and also well consistent 

with that in Figure A.1A.  The complete scenario of the CVs before and after the methanol addition 

is shown in. Figure A.7.  In the second case (Figure A.1D), methanol was not added until the 

JPdOxàPd peak emerged half way.  As expected, the cathodic current was immediately reversed into 

an anodic current. 

These results clearly indicate that: 1) JPdOxàPd triggers the occurrence of Jb; 2) the oxidation of 

CH3OH but not of CO is responsible for Jb;  3) the pure oxidation current of fresh CH3OH (J’b, 

shown in Figure A.8A) is larger than the apparent current Jb, essentially J’b = Jb + JPdOxàPd; 4) the 

JPdOxàPd process is not actually suppressed by the J’b process, but just concealed in the CV; 5) the 

freshly produced Pd from reducing PdOx seems to require smaller overpotential than the pristine 

Pd for the methanol oxidation; and 6) the oxidized surface is not capable to oxidize CH3OH, as 

supported by the zero anodic current beyond 0.36 V in the anodic scan and between 0.66 V and 

0.0 V in the cathodic scan.33  The last point is also further supported by the fact that there is no 
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oxidation current in the anodic scan if switching the cathodic potential before the occurrence of 

JPdOxàPd (Figure A.9).  Further evidence to support the first four points will be to study the direct 

electroxidation of CO.  Recently, Mota-Lima et al. reported that the JPdOxàPd profile during the 

repeated CV scans in the NaOH solution showed no change when the solution was saturated with 

 

Figure A.1 Study onthe origin of the oxidation peak (Jb) in the cathodic scan of CV of methanol 
oxidation on Pd, by preparing the electrolyte solutions in different ways.  (A) The premade solution 
of 0.5 M NaOH + 1.0 M CH3OH; (B) the premade solution of 0.5 M NaOH; (C) the online made 
solution of 0.5 M NaOH + 1.0 M CH3OH by adding 10.0 mL of 2.0 M CH3OH/0.5M NaOH into 
10.0 mL of 0.5M  NaOH solution during the indicated potential window; and (D) the online made 
solution of 0.5 M NaOH + 1.0 M CH3OH by adding 10.0 mL of 2.0 M CH3OH/0.5M NaOH into 
10.0 mL of 0.5M NaOH solution as indicated. 

 
 
CO,89 which suggested no oxidation of CO in the cathodic scan and its irrelevance to Jb in the 

presence of CH3OH.  While some correlation between JMOxàM and Jb was proposed by several 

researchers before,23, 26, 33-34 explicit evidence and quantitative analysis of the trigger-consequence 

relationship were not provided.  When studying the oxidation of formic acid in acidic solutions, 

Conway et al. proposed that the observed Jb resulted from an autocatalytic reduction of Pd oxide 

by formic acid or CO.90  Thus, the evidence we have presented is convincing to prove our 

hypothesis and original to elucidate the origin of Jb.  Nevertheless, please note that our conclusions 

here do not conflict with the generation and tolerance of CO during the forward scan, as 

demonstrated many times in the literature.9-21  Also, we do not mean that there is absolutely no 
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component of CO oxidation in Jb during the repeated CV scans, but rather we believe that the CO 

contribution (if any at all) would be below the instrumental detection limit. The CO generated 

during the forward scan must have been desorbed from the oxidized electrode surface before 

reaching EPdOxàPd.  Clearly, a large Jb may not be a bad indication; the community may want to 

establish new criterion associated with Jb when searching high-performance electrocatalysts 

 

A.5.2 Performance Indication Associated with the Referred Peak 

Next, we would like to understand what more information this peak can disclose for 

understanding a catalyst’s performance.  Based on the trigger-consequence relationship between 

JPdOxàPd and J’b, three interesting questions could be asked: 1) How does this peak (in terms of 

peak potential and intensity) respond to the oxidation extent of Pd?  2) Is there any correlation 

between peak Jb (or J’b) and peak Jf to indicate the catalytic performance of Pd?  3) Can the trigger-

consequence relationship be generalized to other alcohols, other catalysts, and acidic solutions?   

To answer the first two questions, two series of CV experiments (Figure A.2) in both 

the CH3OH-containing solution and the NaOH-only solution were conducted, by changing 

the switching potentials in anodic and cathodic scans, respectively.  In anodic scans, the 

switching potential (E+) was 0.26 V, 0.36 V, 0.46 V, 0.56 V, and 0.66 V.  The first glance 

on Figure A.2A (the CH3OH-containing solution) and Figure A.2B (the NaOH-only 

solution) can come to the following summary: with increasing E+ (that is, the oxidation 

extent),  Eb and EPdOxàPd both shifted towards more negative, Jb became smaller, JPdOxàPd 

grew larger; Ef stayed no shift at 0.03 V and Jf grew larger; and the current hydrogen of 

adsorption/desorption due to water-decomposition (below -0.3 V) shrank in the presence 

of CH3OH and grew larger in the absence of CH3OH.  In cathodic scans (Figure A.2C and 

2D), the switching potential (E-) was -0.74 V, -0.64 V, -0.54 V, -0.44 V, and -0.34 V.  

Clearly, with changing E-, none of the three peaks showed appreciable changes; the only 

change was the expected diminishing of the hydrogen adsorption/desorption current.  We 

note that the dependence of Jb and JPdOxàPd on E+ is not new in the literature;6, 9, 90 but all 

explained in the context of CO-tolerance but not of J’b.    Thus, a further analysis of the 

effect of E+ herein is worthwhile. 

Figure A.3 displays the dependence of various factors on E+.  As shown in Figure A.3A, 

less (or more) positive E+ induces less (or more) negative EPdOxàPd and Eb as well as larger 

(or smaller) potential gaps between them.  Referring to the literature,91 the hysteresis for 
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EPdOxàPd can be assigned to the activation energy involved in the place exchange between 

Pd, OH, and O during both the oxidation and reduction processes.  Figure A.3B shows that 

the error of using the apparent peak current Jb instead of the actual methanol oxidation 

current J’b could be significant for large E+.  Likewise, the difference between Jb/Jf and 

J’b/Jf is also obvious (Figure A.3C).  The results in Figures A.3A-A.3C show that J’b would 

be more appropriate than Jb to index a catalyst’s performance and that fair comparisons 

between different catalysts (particularly across research groups) require the same 

experimental conditions, such as the potential window.  Since J’b is induced by and 

synchronizes with the E+-dependent JPdOxàPd, we term J’b/Jf as the reactivation efficiency 

to index how efficient the PdOx–derived Pd surface is, when compared with the pristine Pd 

surface.  As reported in the literature, J’b/Jf could be bigger than one.22, 92-94  While the 

underlying reason is unclear at this moment and beyond the scope of this work, it might be 

associated with the formation of desirable grain boundaries, which were assigned to explain 

the much superior activity of the oxide-derived copper catalysts to their pristine 

counterparts in CO reduction.95-96  Thus, among different catalysts whose other properties 

are comparable, the one with higher J’b/Jf could be more desirable. 

  

 

Figure A.2 Study on the effect of oxidation extent of the Pd electrode on Jb and Jf, by tuning the 
switching potentials in anodic (E+ = 0.66 V, 0.56 V, 0.46 V, 0.36 V, and 0.26 V) and cathodic (E- 
= -0.74 V, -0.64 V, -0.54 V, -0.44 V, and -0.34 V) scans.  (A) CVs in 0.5 M NaOH + 1.0 M CH3OH; 
(B) CVs in 0.5 M NaOH; (C) CVs in 0.5 M NaOH + 1.0 M CH3OH; and (D) CVs in 0.5 M NaOH. 
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As J’b has been identified to also result from MOR, it needs to be included for indexing the 

catalytic activity.  Different from the conventional use of only Jf, we propose to use JS = J’b 

+ Jf and name it as the intensive activity, since current density is an intensive variable.  As 

shown by the red set of data in Figure A.3D, JS is also strongly dependent on E+.  While 

current density is used for calculating the power density of a fuel cell, charge density (Q) 

is required for calculating the energy density.  Because JS could not differentiate catalysts 

that have comparable peak intensities but different peak widths, we propose a new term – 

extensive activity (QS = Q’b + Qf), to index a catalyst’s activity from a different angle than 

JS.   As shown by the blue set of data in Figure A.3D, QS is also strongly dependent on E+, 

but in opposite trend with respect to JS.  According to JS, the best E+ is 0.56 V; according 

to QS, the best E+ is 0.36 V.  Since both indicators are important, the desirable E+ could 

then be assigned to a balanced range of [0.36 V, 0.56 V], as indicated by the shadow.  This 

means that JS or QS alone is insufficient to index the activity of a catalyst; both are needed.  

In addition, it is noteworthy that the peak potentials in CVs do not describe steady states 

but dynamic states.  Thus, further studies on other properties of the Jf and J’b peaks are 

desirable. 

 

Figure A.3 The dependence of various factors on E+.  (A) Eb and JPdOxàPd; (B) Jb and J’b; (C) Jb/Jf 
and J’b/Jf; and (D) JS = J’b + Jf (red) and QS = Q’b + Qf (blue). 

 
Then, we calculated the Tafel slopes (ST) for Jf and J’b and employed the technique of 

differential pulse voltammetry (DPV, SI-Scheme 1).97-98  Figure A.2 shows the J’b profiles 

and the corresponding Tafel plots by fitting the linear ranges with E – Eo’ = STLog(J/Jo), 
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where Eo’ is the formal potential, and Jo is the exchange current density.97  Figure A.4 shows 

the Jf profiles and the corresponding Tafel plots.  The calculated ST values are graphed 

against E+ in Figure A.4A.  In the range of 0.26 V to 0.36 V, ST is 115 mV/dec for both Jf 

and J’b.  With increasing E+, ST for Jf increases gradually to 130 mV/dec, consistent with 

the literature value;99-100 in contrast, ST for J’b decreases to 89 mV/dec.  The change of ST 

with E+ reflects the E+-dependent surface properties.91, 97  Eo’ for Jf and J’b are -0.22 V and 

-0.34V (Figure A.11A), respectively.  The corresponding Jo for Jf increases slightly in the 

range of 10-1.54 A/m2 to 10-1.20 A/m2 with increasing E+; and the Jo for J’b is around 10-1.72 

A/m2 (Figure A.11B).  Different values of Eo’ and Jo for J’b and Jf are due to the E+-

dependent oxidation/reduction hysteresis.91  Now we can understand that a larger J’b 

associated with a smaller E+ is essentially due to a larger overpotential 𝜂 = Eb – Eo’ despite 

a large ST.97  Figure A.4B shows the plot of current density versus potential measured by 

DPV, a technique to measure steady states and minimize the capacitive background 

currents.97-98  Ef and Eb are observed at 0.03 V and -0.11 V, consistent with those (0.03 V 

and -0.10 V) in typical CVs.  In contrast, the corresponding ST for Jf has different values in 

two potential regions (Figure A.12A), that is, 170 mV/dec for [-0.150 V, -0.035 V] and 73 

mV/dec for [-0.035 V, 0.010 V].  The corresponding ST for J’b is 67 mV/dec (Figure 

A.12B).   The different ST values indicate different rate determining steps involved in the 

MOR.101-102  Overall, this implies that ST calculated from CV could be less resolved for 

multi-electron reactions.  Smaller ST and more negative Eo’ for J’b than for Jf indicate that 

the oxide- derived surface generated during the cathodic scan is more active than the  

 

Figure A.4 (A) Tafel slopes for the Jf and J’b peaks in Fig. 2A; and (B) differential pulse 
voltammogram to determine the relationship of current density versus potential under steady states 
for Pd in 0.5 M NaOH + 1.0 M CH3OH. 
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pristine surface in the anodic scan.  On the other hand, however, smaller J’b than Jf could 

mean that the oxide-derived surface is less stable, as their overpotentials of 0.24 V (𝜂 = -

0.10 V – (-0.34) V) for J’b and 0.25 V (𝜂 = -0.03 V – (-0.22) V) for Jf are comparable. 

 

A.5.3 Generation of Our Understanding to Other Systems 

Furthermore, we would like to test the generality of the trigger-consequence relationship 

between JMOxàM and Jb for other systems.  In the case of electrooxidation of ethanol 

(CH3CH2OH) on Pd in alkaline solution (Figure A.5A), we observed the same behavior as 

for methanol oxidation, except that Jb occurred at a more negative potential (-0.18 V) and 

Jb/Jf was much larger (0.80), illustrating the high activity of Pd for ethanol oxidation as 

reported in the literature.13  Similar phenomenon was also observed for the electrooxidation 

of CH3CH2OH on Au (Figure A.13).   In the case of electrooxidation of methanol on Pt in 

an acidic solution (Figure A.11B and Figure 14),22 the trigger-consequence relationship 

between JPtOxàPt and Jb was clearly observed as well.  Moreover, as expected, Jb was 

observed at a more negative potential (0.65 V) than that of JPtOxàPt (0.78 V).  The sharp rise 

of the oxidation current at the methanol addition moment was due to the methanol oxidation 

on PtOx surface.22  

 

 
Figure A.5 CVs for electrooxidation of ethanol on Pd electrode in 0.5 M NaOH solution (A) and 
electrooxidation of methanol on Pt electrode in 0.1 M HClO4 (B).  (A) During the first cycle (lines 
1 and 2) the solution is 10.0 mL of 0.5 M NaOH.  In the second cycle (lines 3 and 4) 10.0 mL of 
2.0 M CH3CH2OH/0.5 M NaOH is added during the cathodic scan as indicated.  Afterwards, 
another anodic scan (line 5) is conducted.  (B) During the first cycle (lines 1 and 2) the solution is 
10.0 mL of 0.1 M HClO4.  In the second cycle (lines 3 and 4) 10.0 mL of 1.0 M CH3OH/0.1 M 
HClO4 is added during the cathodic scan as indicated.  Afterwards, another cycle (lines 5 and 6) is 
conducted. 
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Figure A.6 SEM images of polycrystalline Pd and Pt electrodes used in this study. 

 
Last, the scanning electron microscope (SEM) images in Figure A.6 show the morphologies 

of the polycrystalline Pd and Pt electrodes used in this work.  It is noteworthy that whether or not 

the Jb peak occurs for monometallic electrodes does not depend on the electrode morphology and 

feature scale, while its intensity does.1-4, 14-19, 22, 68, 92 

 
 
A.6 Conclusions 

In summary, we have reported clear-cut and convincing evidence to elucidate the origin 

of the oxidation peak (Jb) observed in the cathodic scan of cyclic voltammogram of alcohol 

oxidation on noble metal electrodes.  This fully corrects a long-held misapprehension of 

Jb as the oxidation of carbon monoxide and Jf/Jb (Jf is the peak the current in the anodic 

scan) as the indicator of carbon monoxide tolerance, critically amending the previous work 

by Tong et al.22  In fact, the peak originates from the oxidation of fresh alcohols (J’b), 

being triggered and counteracted by the reduction of electrode oxides (JMOxàM) formed in 

the proceeding anodic scan.  J’b essentially synchronizes with JMOxàM.   There is no CO 

oxidation involved in Jb.  During our preparation of this manuscript, Tong et al. further 

demonstrated that the CO-tolerance is totally irrelevant to the CH3OH oxidation even in 

the forward CV scan for a PtRu electrocatalyst.103  The peak intensity ratio J’b/Jf, which is 

strongly dependent on the anodic switching potential (E+), can indicate the reactivation 

efficiency of a given electrocatalyst.  Two other E+-dependent performance indicators are 

also proposed, that is, the intensive activity JS = J’b + Jf  and the extensive activity QS = 

Q’b + Qf.  Thus, the same experimental conditions, particularly the potential window, are 

imperative for comparing different catalysts.  Smaller Tafel slope (ST), more negative 

formal potential (Eo’) and lower current intensity for J’b than for Jf indicate that the oxide-
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derived surface has higher activity but lower stability than the pristine surface.  This work 

sets new criteria and suggests directions opposite to the old criterion for searching high-

performance electrocatalysts in direct alcohol fuel cells.  Intriguing questions for future 

studies include how the electrode morphology and interface species evolve during the CV 

scan and how to improve the stability of oxide-derived surfaces. 
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A.8 Supporting Information 

A.8.1. Experimental Details 

Differential pulse voltammetry (DPV): DPV can be considered as a derivative of linear 

sweep voltammetry or staircase voltammetry (SI-Scheme 1).97  It utilizes a series of periodic 

voltage pulses superimposed on the potential linear sweep or staircase wave.  The current is 

sampled twice in each pulse period (one right before the pulse and the other at the end of the pulse), 

and the difference between these two current values is recorded and displayed.  As a result, the 

interference from the capacitive current can be minimized.  In our measurement, the pulse period 

was 1.0 second, the pulse width was 0.1 second, the pulse amplitude was 25 mV, and the potential 

step was 2 mV.  

 
ESI-Scheme 1. Illustration of the DPV measurement. 
 

Scanning electron microscope (SEM) images were taken on a Field Emission SEM (FESEM, 

JEOL JSM-7000F), where the acceleration voltage was 5 kV. 

Data Processing: The electrochemical surface area (ECSA) of Pd was calculated from the 

PdOx reduction peak in the CV of Figure A.1B, as in the literature.104  The total charge associated 
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with that peak (QPd) divided by the charge density (qPd) of 420 𝜇C/cm2 equals to the ECSA.  All 

data with error bars were based on three individual measurements.   

The ECSA of Pt was calculated from the hydrogen adsorption peak (Figure A.12), following 

the literature method.105   The total charge associated with that peak (QH2, not including the 

background current from electrical double layer) divided by the charge density (q H2) of 210 

𝜇C/cm2 equals to the ECSA.   

 

A.8.2 Figures 

 

 
Figure A.7 The complete CV scenario of determining the trigger-consequence relationship 
between JPdOxàPd (the reduction peak in line 2) and Jb (the oxidation peak in line 4), by adding 
MeOH into the NaOH solution at the beginning of cathodic scan (line 4). 

 

 
Figure A.8 Further analysis of the E+-dependent properties associated with J’b.  (A) the CVs in the 
range of J’b; and (B) the corresponding Tafel plots. 
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Figure A.9 The CV to study the capability of the oxidized Pd surface for oxidizing methanol in  
0.5 M NaOH + 1.0 M CH3OH, by switching the cathodic potential at 0.0 V before the onset of 
JPdOxàPd. 

 
 

 
Figure A.10 Further analysis of the E+-dependent properties associated with J’f.  (A) The plots of 
Jf; and (B) the corresponding Tafel plots. 

 

 
Figure A.11 Further analysis of the E+-dependent properties.  (A) Eo′

Jf and Eo′
Jb; and (B) Jo,f and 

J’o,b. 
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Figure A.12 Tafel plots for Jf (A) and Jb (B) of the differential pulse voltammograms in Figure 
4B. 

 
Figure A.13 The CV scenario to observe the trigger-consequence relationship between JAuOxàAu 
(the reduction peak in line 2) and Jb (the oxidation peak in line 4), by adding EtOH into the 
NaOH solution at the beginning of cathodic scan (line 4). 

 

 
Figure A.14 The CV portion used for calculating the electrochemical surface area of Pt for 
methanol electrooxidation based on the hydrogen adsorption phenomenon. 

 

 

 



141 

 

A.9 Reference 

(1) Wasmus, S.; Kuver, A. Methanol oxidation and direct methanol fuel cells: a selective review. 
Journal of Electroanalytical Chemistry 1999, 461, 14-31. 
 
(2) Liu, H. S.; Song, C. J.; Zhang, L.; Zhang, J. J.; Wang, H. J.; Wilkinson, D. P. A review of 
anode catalysis in the direct methanol fuel cell. Journal of Power Sources 2006, 155, 95-110. 
 
(3) Bianchini, C.; Shen, P. K. Palladium-Based Electrocatalysts for Alcohol Oxidation in Half 
Cells and in Direct Alcohol Fuel Cells. Chemical Reviews 2009, 109, 4183-4206. 
 
(4) Zhao, X.; Yin, M.; Ma, L.; Liang, L.; Liu, C. P.; Liao, J. H.; Lu, T. H.; Xing, W. Recent 
advances in catalysts for direct methanol fuel cells. Energy & Environmental Science 2011, 4, 
2736-2753. 
 
(5) Jusys, Z.; Behm, R. J. Methanol Oxidation on a Carbon-Supported Pt Fuel Cell CatalystA 
Kinetic and Mechanistic Study by Differential Electrochemical Mass Spectrometry. The Journal 

of Physical Chemistry B 2001, 105, 10874-10883. 
 
(6) Manoharan, R.; Goodenough, J. B. Methanol oxidation in acid on ordered NiTi. Journal of 

Materials Chemistry 1992, 2, 875-887. 
 
(7) Zhu, Y.; Uchida, H.; Yajima, T.; Watanabe, M. Attenuated Total Reflection" Fourier 
Transform Infrared Study of Methanol Oxidation on Sputtered Pt Film Electrode. Langmuir 2001, 
17, 146-154. 
 
(8) Yajima, T.; Uchida, H.; Watanabe, M. In-Situ ATR-FTIR Spectroscopic Study of Electro-
oxidation of Methanol and Adsorbed CO at PtRu Alloy. Journal of Physical Chemistry B 2004, 
108, 2654-2659. 
 
(9) Liu, Z.; Ling, X. Y.; Su, X.; Lee, J. Y. Carbon-Supported Pt and PtRu Nanoparticles as 
Catalysts for a Direct Methanol Fuel Cell. Journal of Physical Chemistry B 2004, 108, 8234-8240. 
 
(10) Yang, Y. S.; Wang, L.; Li, A.; Jia, Z. J.; Wang, Y.; Qi, T. Novel palladium-yttrium (Pd-Y/C) 
catalysts for methanol electrooxidation in alkaline media. Journal of Solid State Electrochemistry 

2015, 19, 923-927. 
 
(11) Zhang, W. Y.; Huang, H. J.; Li, F.; Deng, K. M.; Wang, X. Palladium nanoparticles supported 
on graphitic carbon nitride-modified reduced graphene oxide as highly efficient catalysts for 
formic acid and methanol electrooxidation. Journal of Materials Chemistry A 2014, 2, 19084-
19094. 
 
(12) Gupta, R.; Guin, S. K.; Aggarwal, S. K. Electrocrystallization of palladium (Pd) nanoparticles 
on platinum (Pt) electrode and its application for electro-oxidation of formic acid and methanol. 
Electrochim. Acta 2014, 116, 314-320. 
 



142 

 

(13) Liao, H. L.; Qiu, Z. P.; Wan, Q. J.; Wang, Z. J.; Liu, Y.; Yang, N. J. Universal Electrode 
Interface for Electrocatalytic Oxidation of Liquid Fuels. ACS Appl. Mater. Interf. 2014, 6, 18055-
18062. 
 
(14) Wang, Y.; Zhao, Y.; He, W.; Yin, J.; Su, Y. Palladium nanoparticles supported on reduced 
graphene oxide: Facile synthesis and highly efficient electrocatalytic performance for methanol 
oxidation. Thin Solid Films 2013, 544, 88-92. 
 
(15) Mu, Y. Y.; Liang, H. P.; Hu, J. S.; Jiang, L.; Wan, L. J. Controllable Pt nanoparticle deposition 
on carbon nanotubes as an anode catalyst for direct methanol fuel cells. Journal of Physical 

Chemistry B 2005, 109, 22212-22216. 
 
(16) Liang, Z. X.; Zhao, T. S.; Xu, J. B.; Zhu, L. D. Mechanism study of the ethanol oxidation 
reaction on palladium in alkaline media. Electrochim. Acta 2009, 54, 2203-2208. 
 
(17) Zhao, Y.; Zhan, L.; Tian, J.; Nie, S.; Ning, Z. Enhanced electrocatalytic oxidation of methanol 
on Pd/polypyrrole-graphene in alkaline medium. Electrochim. Acta 2011, 56, 1967-1972. 
 
(18) Sawangphruk, M.; Krittayavathananon, A.; Chinwipas, N. Ultraporous palladium on flexible 
graphene-coated carbon fiber paper as high-performance electro-catalysts for the electro-oxidation 
of ethanol. Journal of Materials Chemistry A 2013, 1, 1030-1034. 
 
(19) Liu, J.; Ye, J.; Xu, C.; Jiang, S. P.; Tong, Y. Kinetics of ethanol electrooxidation at Pd 
electrodeposited on Ti. Electrochemistry Communications 2007, 9, 2334-2339. 
 
(20) Sun, J.; Shi, J.; Xu, J.; Chen, X.; Zhang, Z.; Peng, Z. Enhanced methanol electro-oxidation 
and oxygen reduction reaction performance of ultrafine nanoporous platinumâ€“copper alloy: 
Experiment and density functional theory calculation. Journal of Power Sources 2015, 279, 334-
344. 
 
(21) Qi, Z.; Geng, H.; Wang, X.; Zhao, C.; Ji, H.; Zhang, C.; Xu, J.; Zhang, Z. Novel 
nanocrystalline PdNi alloy catalyst for methanol and ethanol electro-oxidation in alkaline media. 
Journal of Power Sources 2011, 196, 5823-5828. 
(22) Hofstead-Duffy, A. M.; Chen, D.-J.; Sun, S.-G.; Tong, Y. J. Origin of the current peak of 
negative scan in the cyclic voltammetry of methanol electro-oxidation on Pt-based electrocatalysts: 
a revisit to the current ratio criterion. Journal of Materials Chemistry 2012, 22, 5205-5208. 
 
(23) Sharma, C. S.; Sinha, A. S. K.; Singh, R. N. Use of graphene-supported manganite nano-
composites for methanol electrooxidation. International Journal of Hydrogen Energy 2014, 39, 
20151-20158. 
 
(24) El Sawy, E. N.; Molero, H. M.; Birss, V. I. Methanol Oxidation at Porous Co-Electrodeposited 
Pt-Ir Thin Films. Electrochim. Acta 2014, 117, 202-210. 
 
(25) Plowman, B. J.; Abdelhamid, M. E.; Ippolito, S. J.; Bansal, V.; Bhargava, S. K.; O'Mullane, 
A. P. Electrocatalytic and SERS activity of Pt rich Pt-Pb nanostructures formed via the utilisation 



143 

 

of in-situ underpotential deposition of lead. Journal of Solid State Electrochemistry 2014, 18, 
3345-3357. 
 
(26) Hernandez-Fernandez, P.; Lund, P. B.; Kallesoe, C.; Clausen, H. F.; Christensen, L. H. 
Supported Pt-based nanoparticulate catalysts for the electro-oxidation of methanol: An 
experimental protocol for quantifying its activity. International Journal of Hydrogen Energy 2015, 
40, 284-291. 
 
(27) Rana, M.; Chhetri, M.; Loukya, B.; Patil, P. K.; Datta, R.; Gautam, U. K. High-Yield 
Synthesis of Sub-10 nm Pt Nanotetrahedra with Bare < 111 > Facets for Efficient Electrocatalytic 
Applications. ACS Appl. Mater. Interf. 2015, 7, 4998-5005. 
 
(28) Zhao, Y.; Wang, R.; Han, Z.; Li, C.; Wang, Y.; Chi, B.; Li, J.; Wang, X. Electrooxidation of 
methanol and ethanol in acidic medium using a platinum electrode modified with lanthanum-
doped tantalum oxide film. Electrochim. Acta 2015, 151, 544-551. 
 
(29) Ojani, R.; Raoof, J.-B.; Safshekan, S. Photoinduced deposition of palladium nanoparticles on 
TiO2 nanotube electrode and investigation of its capability for formaldehyde oxidation. 
Electrochim. Acta 2014, 138, 468-475. 
 
(30) Zhang, D.; Zhang, C.; Chen, Y.; Wang, Q.; Bian, L.; Miao, J. Support Shape Effect on the 
Catalytic Performance of Pt/CeO2 Nanostructures for Methanol Electrooxidation. Electrochim. 

Acta 2014, 139, 42-47. 
 
(31) Xu, X.; Zhou, Y.; Lu, J.; Tian, X.; Zhu, H.; Liu, J. Single-step synthesis of PtRu/N-doped 
graphene for methanol electrocatalytic oxidation. Electrochim. Acta 2014, 120, 439-451. 
 
(32) Luo, B.; Yan, X.; Xu, S.; Xue, Q. Synthesis of worm-like PtCo nanotubes for methanol 
oxidation. Electrochemistry Communications 2013, 30, 71-74. 
 
(33) Fan, Y.; Yang, Z.; Huang, P.; Zhang, X.; Liu, Y.-M. Pt/TiO2-C with hetero interfaces as 
enhanced catalyst for methanol electrooxidation. Electrochim. Acta 2013, 105, 157-161. 
 
(34) Xu, X.; Zhou, Y.; Yuan, T.; Li, Y. Methanol electrocatalytic oxidation on Pt nanoparticles on 
nitrogen doped graphene prepared by the hydrothermal reaction of graphene oxide with urea. 
Electrochim. Acta 2013, 112, 587-595. 
 
(35) Pan, D.; Wang, X.; Li, J.; Wang, L.; Li, Z.; Liu, Y.; Liao, H.; Feng, C.; Jiao, J.; Wu, M. 
Radiolysis route to Pt nanodendrites with enhanced comprehensive electrocatalytic performances 
for methanol oxidation. Catalysis Communications 2015, 62, 14-18. 
 
(36) Tomai, T.; Kawaguchi, Y.; Mitani, S.; Honma, I. Pt sub-nano/nanoclusters stabilized at the 
edge of nanographene sheets and their catalytic performance. Electrochim. Acta 2013, 92, 421-
426. 
 



144 

 

(37) Kakati, N.; Maiti, J.; Lee, S. H.; Jee, S. H.; Viswanathan, B.; Yoon, Y. S. Anode Catalysts for 
Direct Methanol Fuel Cells in Acidic Media: Do We Have Any Alternative for Pt or Pt-Ru? 
Chemical Reviews 2015, 114, 12397-12429. 
 
(38) Peng, C.; Hu, Y.; Liu, M.; Zheng, Y. Hollow raspberry-like PdAg alloy nanospheres: High 
electrocatalytic activity for ethanol oxidation in alkaline media. Journal of Power Sources 2015, 
278, 69-75. 
 
(39) Renjith, A.; Lakshminarayanan, V. One step preparation of 'ready to use' Au@Pd nanoparticle 
modified surface using deep eutectic solvents and a study of its electrocatalytic properties in 
methanol oxidation reaction. Journal of Materials Chemistry A 2015, 3, 3019-3028. 
 
(40) Dong, Q.; Zhao, Y.; Han, X.; Wang, Y.; Liu, M.; Li, Y. Pd/Cu bimetallic nanoparticles 
supported on graphene nanosheets: Facile synthesis and application as novel electrocatalyst for 
ethanol oxidation in alkaline media. International Journal of Hydrogen Energy 2014, 39, 14669-
14679. 
 
(41) Lee, Y.-W.; Park, K.-W. Pt-Rh alloy nanodendrites for improved electrocatalytic activity and 
stability in methanol electrooxidation reaction. Catalysis Communications 2014, 55, 24-28. 
 
(42) Cai, J.; Huang, Y.; Huang, B.; Zheng, S.; Guo, Y. Enhanced activity of Pt nanoparticle 
catalysts supported on manganese oxide-carbon nanotubes for ethanol oxidation. International 

Journal of Hydrogen Energy 2014, 39, 798-807. 
 
(43) Dong, L.; Tong, X.; Wang, Y.; Guo, X.; Jin, G.; Guo, X. Promoting performance and CO 
tolerance of Pt nanocatalyst for direct methanol fuel cells by supporting on high-surface-area 
silicon carbide. Journal of Solid State Electrochemistry 2014, 18, 929-934. 
 
(44) Liu, A.; Yuan, M.; Zhao, M.; Lu, C.; Zhao, T.; Li, P.; Tang, W. Graphene modulated assembly 
of PtPd bimetallic catalysts for electro-oxidation of methanol. Journal of Alloys and Compounds 

2014, 586, 99-104. 
 
(45) Rodriguez, J. R.; Felix, R. M.; Reynoso, E. A.; Gochi-Ponce, Y.; Gomez, Y. V.; Moyado, S. 
F.; Alonso-Nunez, G. Synthesis of Pt and Pt-Fe nanoparticles supported on MWCNTs used as 
electrocatalysts in the methanol oxidation reaction. Journal of Energy Chemistry 2014, 23, 483-
490. 
 
(46) Wang, L.; Wang, Y.; Li, A.; Yang, Y.; Tang, Q.; Cao, H.; Qi, T.; Li, C. Electrocatalysis of 
carbon black- or poly(diallyldimethylammonium chloride)-functionalized activated carbon 
nanotubes-supported Pd-Tb towards methanol oxidation in alkaline media. Journal of Power 

Sources 2014, 257, 138-146. 
 
(47) Wang, L.; Wang, Y.; Li, A.; Yang, Y.; Wang, J.; Zhao, H.; Du, X.; Qi, T. Electrocatalysis of 
carbon black- or chitosan-functionalized activated carbon nanotubes-supported Pd with a small 
amount of La2O3 towards methanol oxidation in alkaline media. International Journal of Hydrogen 

Energy 2014, 39, 14730-14738. 



145 

 

 
(48) Wang, Y.; Zhao, Y.; Yin, J.; Liu, M.; Dong, Q.; Su, Y. Synthesis and electrocatalytic alcohol 
oxidation performance of Pd-Co bimetallic nanoparticles supported on graphene. International 

Journal of Hydrogen Energy 2014, 39, 1325-1335. 
 
(49) Yan, H.; Tian, C.; Sun, L.; Wang, B.; Wang, L.; Yin, J.; Wu, A.; Fu, H. Small-sized and high-
dispersed WN from [SiO4(W3O9)4]4- clusters loading on GO-derived graphene as promising 
carriers for methanol electro-oxidation. Energy & Environmental Science 2014, 7, 1939-1949. 
 
(50) Feng, C.; Takeuchi, T.; Abdelkareem, M. A.; Tsujiguchi, T.; Nakagawa, N. Carbon-CeO2 

composite nanofibers as a promising support for a PtRu anode catalyst in a direct methanol fuel 
cell. Journal of Power Sources 2014, 242, 57-64. 
 
(51) Kepeniene, V.; Tamasauskaite-Tamasiunaite, L.; Jablonskiene, J.; Vaiciuniene, J.; Kondrotas, 
R.; Juskenas, R.; Norkus, E. Investigation of Graphene Supported Platinum-Cobalt 
Nanocomposites as Electrocatalysts for Ethanol Oxidation. Journal of the Electrochemical Society 

2014, 161, F1354-F1359. 
 
(52) Papaioannou, E. I.; Siokou, A.; Comninellis, C.; Katsaounis, A. Pt-Ir Binary Electrodes for 
Direct Oxidation of Methanol in Low-Temperature Fuel Cells (DMFCs). Electrocatalysis 2014, 4, 
375-381. 
 
(53) Chen, C.-S.; Pan, F.-M. Effects of the PdO nanoflake support on electrocatalytic activity of 
Pt nanoparticles toward methanol oxidation in acidic solutions. Journal of Power Sources 2012, 
208, 9-17. 
 
(54) Masud, J.; Alam, M. T.; Awaludin, Z.; El-Deab, M. S.; Okajima, T.; Ohsaka, T. 
Electrocatalytic oxidation of methanol at tantalum oxide-modified Pt electrodes. Journal of Power 

Sources 2012, 220, 399-404. 
 
(55) Yin, Z.; Chi, M.; Zhu, Q.; Ma, D.; Sun, J.; Bao, X. Supported bimetallic PdAu nanoparticles 
with superior electrocatalytic activity towards methanol oxidation. Journal of Materials Chemistry 

A 2013, 1, 9157-9163. 
 
(56) Choi, B.; Nam, W.-H.; Chung, D. Y.; Park, I.-S.; Yoo, S. J.; Song, J. C.; Sung, Y.-E. Enhanced 
Methanol Tolerance of Highly Pd rich Pd-Pt Cathode Electrocatalysts in Direct Methanol Fuel 
Cells. Electrochim. Acta 2015, 164, 235-242. 
 
(57) Scofield, M. E.; Koenigsmann, C.; Wang, L.; Liu, H.; Wong, S. S. Tailoring the composition 
of ultrathin, ternary alloy PtRuFe nanowires for the methanol oxidation reaction and formic acid 
oxidation reaction. Energy & Environmental Science 2015, 8, 350-363. 
 
(58) Zhang, L.; Gao, A.; Liu, Y.; Wang, Y.; Ma, J. PtRu nanoparticles dispersed on nitrogen-doped 
carbon nanohorns as an efficient electrocatalyst for methanol oxidation reaction. Electrochim. Acta 

2014, 132, 416-422. 
 



146 

 

(59) Kuo, C.-W.; Lu, I. T.; Chang, L.-C.; Hsieh, Y.-C.; Tseng, Y.-C.; Wu, P.-W.; Lee, J.-F. Surface 
modification of commercial PtRu nanoparticles for methanol electro-oxidation. Journal of Power 

Sources 2013, 240, 122-130. 
 
(60) Liu, P.; Yang, D.; Chen, H.; Gao, Y.; Li, H. Discrete and dispersible hollow carbon spheres 
for PtRu electrocatalyst support in DMFCs. Electrochim. Acta 2013, 109, 238-244. 
 
(61) Okawa, Y.; Masuda, T.; Uehara, H.; Matsumura, D.; Tamura, K.; Nishihata, Y.; Uosaki, K. 
Origin of the enhancement of electrocatalytic activity and durability of PtRu alloy prepared from 
a hetero binuclear Pt-Ru complex for methanol oxidation reactions. RSC Advances 2013, 3, 15094-
15101. 
 
(62) Sahin, O.; Kivrak, H. A comparative study of electrochemical methods on Pt-Ru DMFC 
anode catalysts: The effect of Ru addition. International Journal of Hydrogen Energy 2013, 38, 
901-909. 
 
(63) Yang, Y.-Y.; Ren, J.; Zhang, H.-X.; Zhou, Z.-Y.; Sun, S.-G.; Cai, W.-B. Infrared 
Spectroelectrochemical Study of Dissociation and Oxidation of Methanol at a Palladium Electrode 
in Alkaline Solution. Langmuir 2013, 29, 1709-1716. 
 
(64) Ghosh, S.; Teillout, A.-L.; Floresyona, D.; de Oliveira, P.; Hagege, A.; Remita, H. Conducting 
polymer-supported palladium nanoplates for applications in direct alcohol oxidation. International 

Journal of Hydrogen Energy 2015, 40, 4951-4959. 
 
(65) Munoz, F.; Hua, C.; Kwong, T.; Tran, L.; Nguyen, T. Q.; Haan, J. L. Palladium-copper 
electrocatalyst for the promotion of the electrochemical oxidation of polyalcohol fuels in the 
alkaline direct alcohol fuel cell. Applied Catalysis B-Environmental 2015, 174, 323-328. 
 
(66) Prodromidis, M. I.; Zahran, E. M.; Tzakos, A. G.; Bachas, L. G. Preorganized composite 
material of polyaniline-palladium nanoparticles with high electrocatalytic activity to methanol and 
ethanol oxidation. International Journal of Hydrogen Energy 2015, 40, 6745-6753. 
 
(67) Sun, C.-L.; Tang, J.-S.; Brazeau, N.; Wu, J.-J.; Ntais, S.; Yin, C.-W.; Chou, H.-L.; Baranova, 
E. A. Particle size effects of sulfonated graphene supported Pt nanoparticles on ethanol 
electrooxidation. Electrochim. Acta 2015, 162, 282-289. 
 
(68) Wang, Y.; He, Q.; Guo, J.; Wei, H.; Ding, K.; Lin, H.; Bhana, S.; Huang, X.; Luo, Z.; Shen, 
T. D.; Wei, S.; Guo, Z. Carboxyl Multiwalled Carbon-Nanotube-Stabilized Palladium 
Nanocatalysts toward Improved Methanol Oxidation Reaction. ChemElectroChem 2015, 2, 559-
570. 
 
(69) Mukherjee, P.; Roy, P. S.; Mandal, K.; Bhattacharjee, D.; Dasgupta, S.; Bhattacharya, S. K. 
Improved catalysis of room temperature synthesized Pd-Cu alloy nanoparticles for anodic 
oxidation of ethanol in alkaline media. Electrochim. Acta 2015, 154, 447-455. 
 



147 

 

(70) Chen, W.; Zhang, Y.; Wei, X. Catalytic performances of PdNi/MWCNT for electrooxidations 
of methanol and ethanol in alkaline media. International Journal of Hydrogen Energy 2015, 40, 
1154-1162. 
 
(71) Gunji, T.; Tanabe, T.; Jeevagan, A. J.; Usui, S.; Tsuda, T.; Kaneko, S.; Saravanan, G.; Abe, 
H.; Matsumoto, F. Facile route for the preparation of ordered intermetallic Pt3Pb-PtPb core-shell 
nanoparticles and its enhanced activity for alkaline methanol and ethanol oxidation. Journal of 

Power Sources 2015, 273, 990-998. 
 
(72) Wang, W.; Yang, Y.; Liu, Y.; Zhang, Z.; Dong, W.; Lei, Z. Hybrid NiCoOx adjacent to Pd 
nanoparticles as a synergistic electrocatalyst for ethanol oxidation. Journal of Power Sources 2015, 
273, 631-637. 
 
(73) Wu, P.; Huang, Y.; Zhou, L.; Wang, Y.; Bu, Y.; Yao, J. Nitrogen-doped graphene supported 
highly dispersed palladium-lead nanoparticles for synergetic enhancement of ethanol 
electrooxidation in alkaline medium. Electrochim. Acta 2015, 152, 68-74. 
 
(74) Kakaei, K.; Dorraji, M. One-pot synthesis of Palladium Silver nanoparticles decorated 
reduced graphene oxide and their application for ethanol oxidation in alkaline media. Electrochim. 

Acta 2014, 143, 207-215. 
 
(75) Qin, Y.-H.; Li, Y.; Lv, R.-L.; Wang, T.-L.; Wang, W.-G.; Wang, C.-W. Pd-Au/C catalysts 
with different alloying degrees for ethanol oxidation in alkaline media. Electrochim. Acta 2014, 
144, 50-55. 
 
(76) Li, Y.; Yao, L.; Zhang, L.-Q.; Liu, A.-R.; Zhang, Y.-J.; Liu, S.-Q. Palladium nanoparticles 
supported on nitrogen-doped carbon spheres as enhanced catalyst for ethanol electro-oxidation. 
Journal of Electroanalytical Chemistry 2014, 730, 65-68. 
 
(77) Sadiki, A.; Vo, P.; Hu, S.; Copenhaver, T. S.; Scudiero, L.; Ha, S.; Haan, J. L. Increased 
Electrochemical Oxidation Rate of Alcohols in Alkaline Media on Palladium Surfaces 
Electrochemically Modified by Antimony, Lead, and Tin. Electrochim. Acta 2014, 139, 302-307. 
 
(78) Cui, Q.; Chao, S.; Bai, Z.; Yan, H.; Wang, K.; Yang, L. Based on a new support for synthesis 
of highly efficient palladium/hydroxyapatite catalyst for ethanol electrooxidation. Electrochim. 

Acta 2014, 132, 31-36. 
 
(79) Hong, W.; Wang, J.; Wang, E. Facile Synthesis of Highly Active PdAu Nanowire Networks 
as Self-Supported Electrocatalyst for Ethanol Electrooxidation. ACS Appl. Mater. Interf. 2014, 6, 
9481-9487. 
 
(80) Friedl, J.; Stimming, U. Model catalyst studies on hydrogen and ethanol oxidation for fuel 
cells. Electrochim. Acta 2013, 101, 41-58. 
 



148 

 

(81) Sekol, R. C.; Carmo, M.; Kumar, G.; Gittleson, F.; Doubek, G.; Sun, K.; Schroers, J.; Taylor, 
A. D. Pd-Ni-Cu-P metallic glass nanowires for methanol and ethanol oxidation in alkaline media. 
International Journal of Hydrogen Energy 2013, 38, 11248-11255. 
 
(82) Yan, Z.; Xie, J.; Shen, P. K.; Zhang, M.; Zhang, Y.; Chen, M. Pd supported on 2-4 nm MoC 
particles with reduced particle size, synergistic effect and high stability for ethanol oxidation. 
Electrochim. Acta 2013, 108, 644-650. 
 
(83) Ye, S. J.; Kim, D. Y.; Kang, S. W.; Choi, K. W.; Han, S. W.; Park, O. O. Synthesis of chestnut-
bur-like palladium nanostructures and their enhanced electrocatalytic activities for ethanol 
oxidation. Nanoscale 2014, 6, 4182-4187. 
 
(84) Yin, Z.; Zhang, Y.; Chen, K.; Li, J.; Li, W.; Tang, P.; Zhao, H.; Zhu, Q.; Bao, X.; Ma, D. 
Monodispersed bimetallic PdAg nanoparticles with twinned structures: Formation and 
enhancement for the methanol oxidation. Sci. Rep. 2014, 4, Article No. 4288. 
 
(85) Meher, S. K.; Rao, G. R. Morphology-Controlled Promoting Activity of Nanostructured 
MnO2 for Methanol and Ethanol Electrooxidation on Pt/C. J. Phys. Chem. C 2013, 117, 4888-
4900. 
 
(86) Wang, R.; Higgins, D. C.; Hoque, M. A.; Lee, D.; Hassan, F.; Chen, Z. Controlled Growth of 
Platinum Nanowire Arrays on Sulfur Doped Graphene as High Performance Electrocatalyst. Sci. 

Rep. 2013, 3, Article No. 2431  
 
(87) Meher, S. K.; Rao, G. R. Polymer-Assisted Hydrothermal Synthesis of Highly Reducible 
Shuttle-Shaped CeO2: Microstructural Effect on Promoting Pt/C for Methanol Electrooxidation. 
ACS Catal. 2012, 2, 2795-2809. 
 
(88) Mellinger, Z. J.; Kelly, T. G.; Chen, J. G. Pd-Modified Tungsten Carbide for Methanol 
Electro-oxidation: From Surface Science Studies to Electrochemical Evaluation. ACS Catal. 2012, 
2, 751-758. 
 
(89) Mota-Lima, A.; Gonzalez, E. R.; Eiswirth, M. Complex Electrooxidation of Formic Acid on 
Palladium. J. Braz. Chem. Soc. 2014, 25, 1208-1217. 
 
(90) Tian, M.; Conway, B. E. Phenomenology of oscillatory electro-oxidation of formic acid at Pd: 
role of surface oxide films studied by voltammetry, impedance spectroscopy and nanogravimetry. 
Journal of Electroanalytical Chemistry 2005, 581, 176-189. 
 
(91) Conway, B. E. Electrochemical Oxide Film Formation at Noble-Metals as a Surface-Chemical 
Process. Progress in Surface Science 1995, 49, 331-452. 
 
(92) Ding, K.; Zhao, Y.; Liu, L.; Li, Y.; Liu, L.; Wang, Y.; Gu, H.; Wei, H.; Guo, Z. Multi-walled 
carbon nanotubes supported Pd composite nanoparticles hydrothermally produced from technical 
grade PdO precursor. Electrochim. Acta 2015, 176, 1256-1265. 
 



149 

 

(93) Wang, Y.; He, Q.; Ding, K.; Wei, H.; Guo, J.; Wang, Q.; O'Connor, R.; Huang, X.; Luo, Z.; 
Shen, T. D.; Wei, S.; Guo, Z. Multiwalled Carbon Nanotubes Composited with Palladium 
Nanocatalysts for Highly Efficient Ethanol Oxidation. Journal of the Electrochemical Society 

2015, 162, F755-F763. 
 
(94) Ding, K.; Wang, Y.; Yang, H.; Zheng, C.; YanliCao; Wei, H.; Wang, Y.; Guo, Z. 
Electrocatalytic activity of multi-walled carbon nanotubes-supported PtxPdy catalysts prepared by 
a pyrolysis process toward ethanol oxidation reaction. Electrochim. Acta 2013, 100, 147-156. 
 
(95) Li, C. W.; Ciston, J.; Kanan, M. W. Electroreduction of carbon monoxide to liquid fuel on 
oxide-derived nanocrystalline copper. Nature 2014, 508, 504-507. 
 
(96) Verdaguer-Casadevall, A.; Li, C. W.; Johansson, T. P.; Scott, S. B.; McKeown, J. T.; Kumar, 
M.; Stephens, I. E. L.; Kanan, M. W.; Chorkendorff, I. Probing the Active Surface Sites for CO 
Reduction on Oxide-Derived Copper Electrocatalysts. Journal of the American Chemical Society 

2015, 137, 9808-9811. 
 
(97) Bard, A. J.; Faulkner, L. R. Electrochemical methods: fundamentals and applications, 2nd 
ed.; John Wiley and Sons Inc.: 2001. 
 
(98) Molina, A.; Laborda, E.; Rogers, E. I.; Martinez-Ortiz, F.; Serna, C.; Limon-Petersen, J. G.; 
Rees, N. V.; Compton, R. G. Theoretical and experimental study of Differential Pulse 
Voltammetry at spherical electrodes: Measuring diffusion coefficients and formal potentials. 
Journal of Electroanalytical Chemistry 2009, 634, 73-81. 
 
(99) Singh, R. N.; Awasthi, R. Graphene support for enhanced electrocatalytic activity of Pd for 
alcohol oxidation. Catalysis Science & Technology 2011, 1, 778-783. 
 
(100) Kumar, L. V.; Ntim, S. A.; Sae-Khow, O.; Janardhana, C.; Lakshminarayanan, V.; Mitra, S. 
Electro-catalytic activity of multiwall carbon nanotube-metal (Pt or Pd) nanohybrid materials 
synthesized using microwave-induced reactions and their possible use in fuel cells. Electrochim. 

Acta 2012, 83, 40-46. 
 
(101) Herrero, E.; Franaszczuk, K.; Wieckowski, A. Electrochemistry of Methanol at Low-Index 
Crystal Planes of Platinum - an Integrated Voltammetric and Chronoamperometric Study. Journal 

of Physical Chemistry 1994, 98, 5074-5083. 
 
(102) Koper, M. T. M. Fuel Cell Catalysis: A Surface Science Approach, A John Wiley & Sons, 
Inc.: Hoboken, New Jersey, 2009. 
 
(103) Chen, D.-J.; Tong, Y. J. Irrelevance of Carbon Monoxide Poisoning in the Methanol 
Oxidation Reaction on a PtRu Electrocatalyst. Angewandte Chemie International Edition 2015, 
54, 9394–9398  
 



150 

 

(104) Álvarez, G. F.; Mamlouk, M.; Scott, K. An Investigation of Palladium Oxygen Reduction 
Catalysts for the Direct Methanol Fuel Cell. International Journal of Electrochemistry 2011, 2011, 
12. 
 
(105) Biegler, T.; Rand, D. A. J.; Woods, R. Limiting oxygen coverage on platinized platinum; 
Relevance to determination of real platinum area by hydrogen adsorption. Journal of 

Electroanalytical Chemistry and Interfacial Electrochemistry 1971, 29, 269-277. 
 

 

 



151 

 

APPENDIX B 

 

PERMISSIONS FOR USE IN CHAPTER 4 & 5 & 6 & APPENDIX A 

 

B.1 Background 

This appendix contains the copyrights retained by the journal publishers - John Wiley and Sons, 

American Chemical Society, and The Royal Society of Chemistry, as well as the email 

correspondence from the authors’ permission for the reuse of those publications in this thesis. 

 

B.2 Rights retained by the journal publishers 

B.2.1 Chapter 4 - John Wiley and Sons for Journal ChemSusChem 

This agreement between Yangzhi Zhao ("You") and John Wiley and Sons ("John Wiley and 

Sons") consists of your license details and the terms and conditions provided by John Wiley and 

Sons and Copyright Clearance Center. 

 

License Number  4643330310027 

License date  Aug 06, 2019 

Licensed Content Publisher  John Wiley and Sons 

Licensed Content Publication ChemSusChem 

Licensed Content Title Reactive Precipitation of Anhydrous Alkali 
Sulfide Nanocrystals with Concomitant 
Abatement of Hydrogen Sulfide and 
Cogeneration of Hydrogen 

Licensed Content Author  Yongan Yang, Colin Wolden, Miranda 

McCeig, et al 

Licensed Content Date  Jun 21, 2017 

Licensed Content Volume 10 

Licensed Content Issue 14 

Licensed Content Pages 10 

Type of use  Dissertation/Thesis 

Requestor type  Author of this Wiley article  

Format  Electronic  



152 

 

Portion  Full article  

Will you be translating ? No 

Title of your thesis/dissertation  Scalable Synthesis of Lithium Sulfide 

Nanocrystals For Next Generation Batteries 

Technologies  

Expected completion date  Aug 2019  

Expected Size (number of pages ) 170 

Requestor Location  Alderson 353, 1613 Illinois St. Golden, Co 
80401, United States  

Publisher Tax ID EU826007151 

Total 0.00 USD 

 

TERMS AND CONDITIONS  

This copyrighted material is owned by or exclusively licensed to Jon Wiley & Sons, Inc. or 

one of its group companies (each a "Wiley Company") or handled on behalf of a society with 

which a Wiley Company has exclusive publishing rights in relation to a particular work 

(collectively "WILEY"). By clicking "accept" in connection with competing this licensing 

transaction, you agree that the following terms and conditions apply to this transaction (along with 

the billing and payment terms and conditions established by the Copyright Clearance Center Inc., 

("CCC’s Billing and Payment  terms and conditions"), at the time that you opened your RightsLink 

account (these are available at any time at http://myaccount.copyright.com). 

Terms and Conditions 

• The materials you have requested permission to reproduce or reuse ( the "Wiley Materials") 

are protected by copyright.  

• You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand- alone 

basis), non-transferable, worldwide, limited license to reproduce the Wiley Materials for 

the purpose specified in the licensing process. This license, and any CONTENT (PDF or 

image file) purchased as part of your order, is for a one-time use only and limited to any 

maximum distribution number specified in the license. The first instance of republication 

or reuse granted by this license must be completed within two years of the date of the grant 

of this license (although copies prepared before the end date may be distributed thereafter). 

The Wiley Materials shall not be used in any other manner or for any other purpose, beyond 



153 

 

what is granted in the license. Permission is granted subject to an appropriate 

acknowledgement given to the author, title of the material/book/journal and the publisher. 

You shall also duplicate the copyright notice that appears in the Wiley publication in your 

use of the Wiley Material. Permission is also granted on the understanding that nowhere in 

the text is a previously published source acknowledged for all or part of this Wiley Material. 

Any third party content is expressly excluded from this permission.  

• With respect to the Wiley Materials, all rights are reserved. Except as expressly granted by 

the terms of the license, no part of the Wiley Materials may be copied, modified, adapted 

(except for minor reformatting required by the new Publication), translated, reproduced, 

transferred or distributed, in any form or by any means, and no derivative works may be 

made based on the Wiley Materials without the prior permission of the respective copyright 

owner. For STM Signatory Publishers clearing permission under the terms of the STM 

Permissions Guidelines only, the terms of the license are extended to include subsequent 

editions and for editions in other languages, provided such editions are for the work as a 

whole in situ and does not involve the separate exploitation of the permitted figures or 

extracts, You may not alter, remove or suppress in any manner any copyright, trademark 

or other notices displayed by the Wiley Materials. You may not license, rent, sell, loan, 

lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone basis, 

or any of the rights granted to you hereunder to any other person.  

• The Wiley Materials and all of the intellectual property rights therein shall at all times 

remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or their 

respective licensors, and your interest therein is only that of having possession of and the 

right to reproduce the Wiley Materials pursuant to Section 2 herein during the continuance 

of this Agreement. You agree that you own no right, title or interest in or to the Wiley 

Materials or any of the intellectual property rights therein. You shall have no rights 

hereunder other than the license as provided for above in Section 2. No right, license or 

interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY 

or its licensors is granted hereunder, and you agree that you shall not assert any such right, 

license or interest with respect thereto  

• NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR 

REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY, EXPRESS, 



154 

 

IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS OR THE 

ACCURACY OF ANY INFORMATION CONTAINED IN THE MATERIALS, 

INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF 

MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS 

FOR A PARTICULAR PURPOSE, USABILITY, INTEGRATION OR NON-

INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED 

BY WILEY AND ITS LICENSORS AND WAIVED BY YOU.  

• WILEY shall have the right to terminate this Agreement immediately upon breach of 

this Agreement by you.  

• You shall indemnify, defend and hold harmless WILEY, its Licensors and their 

respective directors, officers, agents and employees, from and against any actual or 

threatened claims, demands, causes of action or proceedings arising from any breach 

of this Agreement by you.  

• IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR 

ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY 

SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR 

PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN 

CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR 

USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION, 

WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT, 

NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT 

LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, 

BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER 

OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH 

DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY 

FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED 

HEREIN.  

• Should any provision of this Agreement be held by a court of competent jurisdiction to 

be illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve 

as nearly as possible the same economic effect as the original provision, and the legality, 



155 

 

validity and enforceability of the remaining provisions of this Agreement shall not be 

affected or impaired thereby.  

• The failure of either party to enforce any term or condition of this Agreement shall not 

constitute a waiver of either party's right to enforce each and every term and condition 

of this Agreement. No breach under this agreement shall be deemed waived or excused 

by either party unless such waiver or consent is in writing signed by the party granting 

such waiver or consent. The waiver by or consent of a party to a breach of any provision 

of this Agreement shall not operate or be construed as a waiver of or consent to any 

other or subsequent breach by such other party.  

• This Agreement may not be assigned (including by operation of law or otherwise) by 

you without WILEY's prior written consent.  

• Any fee required for this permission shall be non-refundable after thirty (30) days from 

receipt by the CCC.  

• These terms and conditions together with CCC's Billing and Payment terms and 

conditions (which are incorporated herein) form the entire agreement between you and 

WILEY concerning this licensing transaction and (in the absence of fraud) supersedes 

all prior agreements and representations of the parties, oral or written. This Agreement 

may not be amended except in writing signed by both parties. This Agreement shall be 

binding upon and inure to the benefit of the parties' successors, legal representatives, 

and authorized assigns.  

• In the event of any conflict between your obligations established by these terms and 

conditions and those established by CCC's Billing and Payment terms and conditions, 

these terms and conditions shall prevail.  

• WILEY expressly reserves all rights not specifically granted in the combination of (i) 

the license details provided by you and accepted in the course of this licensing 

transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms 

and conditions.  

• This Agreement will be void if the Type of Use, Format, Circulation, or Requestor 

Type was misrepresented during the licensing process.  

• This Agreement shall be governed by and construed in accordance with the laws of the 

State of New York, USA, without regards to such state's conflict of law rules. Any legal 



156 

 

action, suit or proceeding arising out of or relating to these Terms and Conditions or 

the breach thereof shall be instituted in a court of competent jurisdiction in New York 

County in the State of New York in the United States of America and each party hereby 

consents and submits to the personal jurisdiction of such court, waives any objection 

to venue in such court and consents to service of process by registered or certified mail, 

return receipt requested, at the last known address of such party.  

Wiley Open Access Terms and Conditions 

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription 

journals offering Online Open. Although most of the fully Open Access journals publish open 

access articles under the terms of the Creative Commons Attribution (CC BY) License only, the 

subscription journals and a few of the Open Access Journals offer a choice of Creative Commons 

Licenses. The license type is clearly identified on the article.  

The Creative Commons Attribution License  

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and 

transmit an article, adapt the article and make commercial use of the article. The CC-BY license 

permits commercial and non-Creative Commons Attribution Non-Commercial License  

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use, 

distribution and reproduction in any medium, provided the original work is properly cited and is 

not used for commercial purposes.(see below)  

Creative Commons Attribution-Non-Commercial-NoDerivs License  

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND) 

permits use, distribution and reproduction in any medium, provided the original work is properly 

cited, is not used for commercial purposes and no modifications or adaptations are made. (see 

below)  

Use by commercial "for-profit" organizations  

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes 

requires further explicit permission from Wiley and will be subject to a fee. Further detail can be 

found on Wiley online http://olabout.wiley.com/WileyCDA/Section/id-410895.html 

 



157 

 

B.2.2 Chapter 5 - American Chemical Society for Journal Industrial & Engineering 

Chemistry Research 

Title  Scalable Synthesis of Alkali Sulfide 
Nanocrystals Using a Bubble Column Reactor  

Author  Kristen Hietala, Yangzhi Zhao, Yongan 
Yang, et al  

Publication Industrial & Engineering Chemistry Research  

Publisher  American Chemical Society 

Date Jun 1, 2018 

 

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE 

This type of permission/license, instead of the standard Terms & Conditions, is sent to you 

because no fee is being charged for your order. Please note the following: 

• Permission is granted for your request in both print and electronic formats, and 

translations. 

• If figures and/or tables were requested, they may be adapted or used in part. 

• Please print this page for your records and send a copy of it to your publisher/graduate 

school.  

• Appropriate credit for the requested material should be given as follows: "Reprinted 

(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright 

(YEAR) American Chemical Society." Insert appropriate information in place of the 

capitalized words.  

• One-time permission is granted only for the use specified in your request. No additional 

uses are granted (such as derivative works or other editions). For any other uses, please 

submit a new request.  

 

B.2.3 Chapter 6 - American Chemical Society for Journal ACS Applied Energy Materials 

Title  Scalable Synthesis of Size- Controlled Li2S 
Nanocrystals for Next-Generation Battery 
Technologies  

Author  Yangzhi Zhao, Yongan Yang, Colin A. 
Wolden  

Publication ACS Applied Energy Materials  



158 

 

Publisher  American Chemical Society 

Date Mar 1, 2019 

 

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE 

This type of permission/license, instead of the standard Terms & Conditions, is sent to you 

because no fee is being charged for your order. Please note the following: 

• Permission is granted for your request in both print and electronic formats, and 

translations. 

• If figures and/or tables were requested, they may be adapted or used in part. 

• Please print this page for your records and send a copy of it to your publisher/graduate 

school.  

• Appropriate credit for the requested material should be given as follows: "Reprinted 

(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright 

(YEAR) American Chemical Society." Insert appropriate information in place of the 

capitalized words.  

• One-time permission is granted only for the use specified in your request. No additional 

uses are granted (such as derivative works or other editions). For any other uses, please 

submit a new request.  

 

B.2.4 Appendix A - The Royal Society of Chemistry for Journal RSC Advanced 

If you are not the author of this article and you wish to reproduce material from it in a third party 

non-RSC publication you must formally request permission using Copyright Clearance Center. Go to 

our Instructions for using Copyright Clearance Center page for details. 

Authors contributing to RSC publications (journal articles, books or book chapters) do not need to 

formally request permission to reproduce material contained in this article provided that the correct 

acknowledgement is given with the reproduced material. 

Reproduced material should be attributed as follows: 

• For reproduction of material from NJC: Reproduced from Ref. XX with permission from the 

Centre National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry. 

• For reproduction of material from PCCP: Reproduced from Ref. XX with permission from the 

PCCP Owner Societies. 



159 

 

• For reproduction of material from PPS: Reproduced from Ref. XX with permission from the 

European Society for Photobiology, the European Photochemistry Association, and The Royal 

Society of Chemistry. 

• For reproduction of material from all other RSC journals and books:  

Reproduced from Ref. XX with permission from The Royal Society of Chemistry. 

If the material has been adapted instead of reproduced from the original RSC publication 

"Reproduced from" can be substituted with "Adapted from". 

In all cases the Ref. XX is the XXth reference in the list of references. 

If you are the author of this article you do not need to formally request permission to reproduce 

figures, diagrams etc. contained in this article in third party publications or in a thesis or dissertation 

provided that the correct acknowledgement is given with the reproduced material. 

Reproduced material should be attributed as follows: 

• For reproduction of material from NJC: [Original citation] - Reproduced by permission of The 

Royal Society of Chemistry (RSC) on behalf of the Centre National de la Recherche 

Scientifique (CNRS) and the RSC 

• For reproduction of material from PCCP: [Original citation] - Reproduced by permission of the 

PCCP Owner Societies 

• For reproduction of material from PPS: [Original citation] - Reproduced by permission of The 

Royal Society of Chemistry (RSC) on behalf of the European Society for Photobiology, the 

European Photochemistry Association, and RSC 

• For reproduction of material from all other RSC journals and books: [Original citation] - 

Reproduced by permission of The Royal Society of Chemistry 

If you are the author of this article you still need to obtain permission to reproduce the whole article 

in a third party publication with the exception of reproduction of the whole article in a thesis or 

dissertation. 

Information about reproducing material from RSC articles with different licenses is available on 

our Permission Requests page. 

 

 

 

 



160 

 

B.3 Email correspondence from authors  

B.3.1 Emails for chapter 4  

Emails received from the authors were in response to the following email sent on August 7th, 2019: 

“ Dear All, You are receiving this message as you are authors of the publication “Reactive 

Precipitation of Anhydrous Alkali Sulfide Nanocrystals with Concomitant Abatement of 

Hydrogen Sulfide and Cogeneration of Hydrogen, ChemSusChem 2017, 10, 2904-2913, 

DOI:10.1002/cssc.201700532”. I wish to re-use part or all of this publication in my Ph.D. thesis. 

To obey the current protocol for reusing published materials in a thesis or dissertation, I am 

required to obtain written consent from all authors. Could you all please reply to me with your 

consent? Here is an example response “ I, [your name], hereby authorize Yangzhi Zhao to use any 

part or all of the paper "Reactive Precipitation of Anhydrous Alkali Sulfide Nanocrystals with 

Concomitant Abatement of Hydrogen Sulfide and Cogeneration of Hydrogen" in his published 

thesis ”. Thank you for your time! Sincerely, Yangzhi ” August 7th 2019, 11:14 AM. 

The email responses from all authors are as follows: 

“Hi Yangzhi, I, Xuemin Li, hereby authorize Yangzhi Zhao to use any part or all of the paper 

"Reactive Precipitation of Anhydrous Alkali Sulfide Nanocrystals with Concomitant Abatement 

of Hydrogen Sulfide and Cogeneration of Hydrogen” in his published thesis. Thank you. Xuemin” 

August 7th 2019, 11:16 AM. 

“I, Colin A. Wolden, hereby authorize Yangzhi Zhao to use any part or all of the paper 

"Reactive Precipitation of Anhydrous Alkali Sulfide Nanocrystals with Concomitant Abatement 

of Hydrogen Sulfide and Cogeneration of Hydrogen" in his published thesis.” August 7th 2019, 

12:30 PM. 

“ Hi Yangzhi, I, Alice Brennan, hereby authorize Yangzhi Zhao to use any part or all of the 

paper "Reactive Precipitation of Anhydrous Alkali Sulfide Nanocrystals with Concomitant 

Abatement of Hydrogen Sulfide and Cogeneration of Hydrogen” in his published thesis. Best of 

luck with your defense and with the move to California. Kind regards, Alice” August 8th 2019, 

1:07 AM. 

“ Hi, Yangzhi, I, Yongan Yang, hereby authorize Yangzhi Zhao to use any part or all of the 

paper "Reactive Precipitation of Anhydrous Alkali Sulfide Nanocrystals with Concomitant 

Abatement of Hydrogen Sulfide and Cogeneration of Hydrogen” in his published thesis. best 

wishes, Yongan” August 8th 2019, 1:16 AM. 
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B.3.2 Emails for chapter 5 

Emails received from the authors were in response to the following email sent on August 7th, 

2019: “ Dear All, You are receiving this message as you are authors of the publication "Scalable 

Synthesis of Alkali Sulfide Nanocrystals Using a Bubble Column Reactor, Ind. Eng. Chem. Res. 

2018, 57, 8436−8442, DOI:10.1021/acs.iecr.8b01600”. I wish to re-use part or all of this 

publication in my Ph.D. thesis. To obey the current protocol for reusing published materials in a 

thesis or dissertation, I am required to obtain written consent from all authors. Could you all please 

reply to me with your consent? Here is an example response “ I, [your name], hereby authorize 

Yangzhi Zhao to use any part or all of the paper " Scalable Synthesis of Alkali Sulfide Nanocrystals 

Using a Bubble Column Reactor " in his published thesis ”. Thank you for your time! Sincerely, 

Yangzhi ” August 7th 2019, 10:49 AM. 

The email responses from all authors are as follows: 

“ Hi Yangzhi, I, Kristen Hietala, hereby authorize Yangzhi Zhao to use any part or all of the 

paper "Scalable Synthesis of Alkali Sulfide Nanocrystals Using a Bubble Column Reactor” in his 

published thesis. Best of luck! Kristen ” August 7th 2019, 10:50 AM.  

 “ I, Colin A. Wolden, hereby authorize Yangzhi Zhao to use any part or all of the paper 

"Scalable Synthesis of Alkali Sulfide Nanocrystals Using a Bubble Column Reactor” in his 

published thesis.” August 7th 2019, 12:34 PM. 

“ hi, Yangzhi, I, Yongan Yang, hereby authorize Yangzhi Zhao to use any part or all of the 

paper "Scalable Synthesis of Alkali Sulfide Nanocrystals Using a Bubble Column Reactor" in his 

published thesis ”. best wishes, Yongan ” August 8th 2019, 1:17 AM. 

 

B.3.3 Emails for chapter 6 

Emails received from the authors were in response to the following email sent on August 7th, 

2019: “ Dear All, You are receiving this message as you are authors of the publication " Scalable 

Synthesis of Size-Controlled Li2S Nanocrystals for Next-Generation Battery Technologies, ACS 

Appl. Energy Mater. 2019, 2, 2246-2254, DOI:10.1021/acsaem.9b00032 ". I wish to re-use part or 

all of this publication in my Ph.D. thesis. To obey the current protocol for reusing published 

materials in a thesis or dissertation, I am required to obtain written consent from all authors. Could 

you all please reply to me with your consent? Here is an example response “ I, [your name], hereby 

authorize Yangzhi Zhao to use any part or all of the paper " Scalable Synthesis of Size-Controlled 
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Li2S Nanocrystals for Next-Generation Battery Technologies " in his published thesis ”. Thank 

you for your time! Sincerely, Yangzhi ” August 7th 2019, 10:59 AM. 

The email responses from all authors are as follows: 

“I, Colin A. Wolden, hereby authorize Yangzhi Zhao to use any part or all of the paper 

"Scalable Synthesis of Size-Controlled Li2S Nanocrystals for Next-Generation Battery 

Technologies" in his published thesis .” August 7th 2019, 12:31 PM. 

“ hi, Yangzhi, I, Yangzhi, hereby authorize Yangzhi Zhao to use any part or all of the paper 

"Scalable Synthesis of Size-Controlled Li2S Nanocrystals for Next-Generation Battery 

Technologies” in his published thesis ”. best wishes, Yongan” August 8th 2019, 1:18 AM. 

 

B.3.4 Emails for Appendix A 

Emails received from the authors were in response to the following email sent on August 7th, 

2019: “ Dear All, You are receiving this message as you are authors of the publication " Revisiting 

the oxidation peak in the cathodic scan of the cyclic voltammogram of alcohol oxidation on noble 

metal electrodes, RSC Adv., 2016, 6, 5384−5390, DOI:10.1039/c5ra24249e ". I wish to re-use part 

or all of this publication in my Ph.D. thesis. To obey the current protocol for reusing published 

materials in a thesis or dissertation, I am required to obtain written consent from all authors. Could 

you all please reply to me with your consent? Here is an example response “ I, [your name], hereby 

authorize Yangzhi Zhao to use any part or all of the paper " Revisiting the oxidation peak in the 

cathodic scan of the cyclic voltammogram of alcohol oxidation on noble metal electrodes " in his 

published thesis ”. Thank you for your time! Sincerely, Yangzhi ” August 9th 2019 2:47 PM. 

The email responses from all authors are as follows: 

“ Hi Yangzhi, I, Xuemin Li, hereby authorize Yangzhi Zhao to use any part or all of the paper 

"Revisiting the oxidation peak in the cathodic scan of the cyclic voltammogram of alcohol 

oxidation on noble metal electrodes" in his published thesis. Thank you. Xuemin ” August 9th 2019 

3:22 PM. 

“ Hi, Yangzhi, I, Yongan Yang, hereby authorize Yangzhi Zhao to use any part or all of the 

paper "Revisiting the oxidation peak in the cathodic scan of the cyclic voltammogram of alcohol 

oxidation on noble metal electrodes" in his published thesis ". best wishes, Yongan ” August 9th 

2019 7:55 PM. 

 


