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In the past decade new and complex methods were developed to create hierarchically 

porous carbon materials which have found applications in areas such energy storage, catalytic 

supports, and adsorbents. Carbon is used in these applications because it can have both high 

surface area and high conductivity but remain relatively inert. Due the versatile nature of 

carbon chemistry, there are dozens of precursors and methods to create porous carbon from 

soft and hard templating and post-treatments to modify the surface chemistry. However a 

majority of these templating techniques can be slow and difficult processes. As such it is 

desirable to develop simple methods to maintain control over hierarchical pores and the 

corresponding surface chemistry.  

In a series of projects, the carbon surfaces were modified with pores and coatings for 

various energy applications. First, carbon in the form of petroleum coke, was modified by 

physically adsorbing ionic and nonionic polymers onto the surface to disperse and stabilize 

the particles in slurry for gasification. Atomic force microscopy, adsorption isotherms, and 

rheology were used to show the nature of the dispersion, stabilization, and yield stress of the 

slurry. Second, carbon with tunable hierarchical pores was developed for use as an interlayer 

in lithium sulfur batteries and tested for high rate capacity. The mesoporous carbon was 

produced from electrospinning immiscible blended polymers and subsequent heat treatments. 



 

The macro- and micro- pores are a natural product of the electrospinning and heat treatments. 

A fundamental study of the overall sulfur loading and the thickness of the interlayer was also 

conducted. Finally, large hierarchical mesopores were tested as zinc bromine redox flow 

battery cathodes and modified with metal oxide coatings. The effect of pore size on rate 

capabilities is considered again as well as the catalytic, adsorptive, and protective effects of 

the metal oxide coating. 
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CHAPTER 1 

Introduction 

The Versatility of Carbon 

 

Known to the ancient Egyptians and Sumerians for smelting ores for bronze as early 

as 3750 BC, carbon was a driving force for discovery in the coming Iron Age.
1-2

 Today 

carbon is still an important area of research. Carbon is the fourth most abundant element in 

the universe and seventeenth by mass in the Earth’s crust.
3
 It prevalence throughout life is 

owed to the wide array of stable bonds it can form with a coordination number commonly 

seen up to four and five for organometallic compounds.
3-4

 When carbon is considered on its 

own, there is still great variation from bond order, crystallinity, shape, and range of order. 

Until 1985, carbon was primarily viewed with two allotropes, diamond and graphite.
3
 After 

fullerenes were discovered that year, new effort went towards synthesizing new carbon 

materials. Since then graphene, nanotubes, nanoribbons, fullerenes, amorphous carbon, 

polymer-like carbon, nano-onions, carbynes, carbon nanofoam, and linked structures have 

been added to the major groups of carbon allotropes.
3-5

 Listing all the allotropes of carbon 

would be a difficult task as new forms are readily being discovered and a single category can 

have many variations. For instance, carbon nanotubes can be single or multi-walled and can 

have three conformations, zigzag, armchair, or chiral.
3
 Beyond the allotropes, there are 

engineering carbons, such carbon blacks, glassy carbon, and activated carbon derived from 

various petroleum and organic precursor sources which contain disordered microstructures of 

graphite, sp
3 

hybridized carbon, and graphene.
4,6 

The wide array of structures and properties carbon has to offer has lead to a diverse 

field of applications from energy storage to biomolecule caging, catalysis, filtration, dyes, and 

thermal, mechanical, and electrical composite additives.
3
 Over the years, carbon has found 

use in energy and energy storage applications because it can be: 1. electrical conductive, 2. 
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chemically inert, 3. porous on multiple length scales, 4. high in surface area, 5.chemically 

modified at the surface, and 6. made from relatively abundant precursors.
7-8

 For an electric 

energy storage device, electrical conductivity is key to functionality from a supercapacitor to 

a battery to transport electrons. The delocalized pi bonds in graphitic or graphene like carbons 

with long range order are essential for transporting those electrons in carbon,
3
 a feature rarely 

found in other nonmetallic materials. However, carbon is only used if chemical inertness or 

surface area also was desired where metals and their alloys would not due. Today’s 

supercapacitors use nanostructured carbons because traditional capacitors do not provide the 

needed surface area.
7-8

 As a testament to its general inertness, graphite fibers are used as wires 

in high temperature furnace since they can also withstand the oxidative conditions at high 

temperatures. Carbon can also withstand highly corrosive environments as well.
7
 However, 

oxygen containing functional surface groups, which are found naturally or can be added by 

oxidizing agents or heat treatments, creates further possibilities to functionalize the surface 

and tailor it to a particular application.
6
  

Carbon is also relatively inexpensive since precursors are abundant.
9-10

 Many organics 

and polymers with carbon in them can be lumped in a generalized set of reactions upon 

thermal degradation leading to sp
2 

hybridized carbon.
9-10

 Perhaps in the case of petroleum 

thermal cracking, precursors are too common.
11

 Petroleum coke is a solid carbon, coal-like by 

product produced in large and growing quantities during the oil refinery process of heavy 

oils.
12

 Like coal, the chemical energy stored in the carbon bonds in petcoke can be released 

with traditional open furnaces and boilers but is rich in sulfur and other metal contaminants 

which makes the practice environmental unfriendly.
12-13

 Petcoke can be partially oxidized in 

gasifiers to reduce pollutant emissions and produce higher value products.
13

 In Chapter 2, a 

study is conducted to modify the surface of petcoke by adsorbing polymeric dispersants and 

stabilizers to improve the properties of water-petcoke slurries for gasification and pumping 

purposes. 
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In Chapters 3 and 4, the ability and application to create pores is examined. Carbon 

can be made porous at any length scale.
14-15

 Activation processes to create micropores (<2nm) 

are well established. More recently, techniques have been developed to make mesopores 

(≥2nm and ≤50nm) and in part macropores (>50nm) from templating and phase separation 

strategies.
14-15

 By electrospinning a blend of a carbonizing and a pyrolyzing polymer, 

mesoporous carbon nanofibers with large mesopores (>10nm) and with macroporous spaces 

between fibers were made with a presumably more cost effective method than silica 

templating or resol resins.
16-17

 Physical activation with air added micropores to create 

hierarchical pores. Compared to other typical works with mesopores,
16

 the mesopores that 

were produced were larger and the effect of the change in pore size was examined for two 

applications along with other fundamental studies related to the application. In Chapter 3, the 

mesoporous carbon nanofibers are applied as a lithium sulfur interlayer to extend the capacity 

retention of lithium sulfur batteries and enhance rate capabilities where large mesopores could 

be more advantageous than small mesopores. A fundamental study on the effect of the overall 

sulfur loading and the weight of the interlayer is also conducted to address scalability.  

In Chapter 4, the same mesoporous carbon nanofibers are applied as a zinc bromine 

redox flow battery cathode. The reasoning behind this project was that the large mesopores 

may better accommodate the bulky, phase separated bromine complex. Along with the effect 

of pore size on rate capability, the catalytic, adsorptive, and protective effects of metal oxide 

coatings on the nanofibers are considered. Metal oxide coatings were originally proposed for 

this project to provide a robust protective layer from deep cycling reactions on the carbon 

electrode and after investigation the coatings seemed to provide other benefits as well. While 

the title of this work, controlling carbon surfaces with pores and coatings for energy 

applications, is indeed broad, it is hoped that readers will see the themes of carbon surfaces, 

pores, and coatings coming through throughout the work and that they will enjoy the read. 
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CHAPTER 2 

 

Enhanced Dispersion and Stability of Petroleum Coke Water Slurries via 

Triblock Copolymer and Xanthan Gum: Rheological and Adsorption Studies  

 

 
Abstract 

The rheology of petroleum coke (petcoke) water slurries was investigated with a variety 

of nonionic and anionic dispersants including polyethylene oxide (PEO)-b-polypropylene oxide 

(PPO)-b-PEO triblock copolymers (trade name: Pluronic, BASF), polyvinyl alcohol (PVA), 

polyvinylpyrrolidone (PVP), polyethylene oxide (PEO), polycarboxylate acid (PCA), sodium 

lignosulfonate (SLS), and polyacrylic acid (PAA). Each effective dispersant system shared very 

similar rheological behavior to the others when examined at the same volume fraction from its 

maximum petcoke loading. Triblock copolymer, Pluronic F127 (F127), was found to be the best 

dispersant by comparing the maximum petcoke loading for each dispersant. The yield stress was 

measured as a function of petcoke loading and dispersant concentration for F127, and a 

minimum dispersant concentration was observed. An adsorption isotherm and atomic force 
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microscopy (AFM) images reveal that this effective dispersion of petcoke particles by F127 is 

due to the formation of a uniform monolayer of brushes where hydrophobic PPO domains of 

F127 adhere to the petcoke surface, while hydrophilic PEO tails fill the gap between petcoke 

particles. F127 was then compared to other Pluronics with various PEO and PPO chain lengths, 

and the effects of surface and dispersant hydrophilicity were examined. Finally, xanthan gum 

(XG) was tested as a stabilizer in combination with F127 for potential industrial application, and 

F127 appears to break the XG aggregates into smaller aggregates through competitive 

adsorption, leading to an excellent degree of dispersion but reduced the stability of petcoke 

slurries.  

 

 

 

1. Introduction 

Petcoke is a carbonaceous by-product of petroleum refineries that has seen escalating use 

as a gasification feedstock in recent years.
1-2

 Since petcoke is low in ash but high in sulfur, 

nickel, and vanadium content, it is not suitable to burn directly in boilers in many parts of the 

world due to environmental regulations.
3
 However, in the United States, the lead producer of 

petcoke, the supply of petcoke has increased 9% from 2009 to 2013 and exports have increased 

34%.
4
 These increases are primarily due to refining larger quantities of heavy, unconventional oil 

which have a higher propensity to form petcoke.
5-7

 Petcoke is typically produced as a waste 

product in a delayed coker by thermally cracking the distilled fraction of petroleum too heavy for 

hydrocracking and fluidized bed cracking but too light for the asphalt fraction.
8
 A series of 

radical side reactions based on thermal polymerizations, aromatic condensations, and 

recombinations eventually create aromatic carbon solids that will not degrade further,
6,9

 thus 
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creating a waste by-product. As conventional oil becomes more limited and more heavy 

unconventional oils are refined, the supply of petcoke is expected only to increase globally.
7
 

Petcoke is a prime candidate for gasification because the high levels of sulfur and heavy 

metal contaminants in petcoke are more cost effectively contained in gasification processes than 

traditional boilers.
3,10

 In a gasifier, sulfur is converted to hydrogen sulfide and can be removed 

from the synthesis gas easily. In an entrained flow gasifier, high temperatures melt the ash and 

metal contaminants into a liquid slag which can be simply removed from bottom of the reactor.
11

 

Due to the low demand of petcoke, the low cost of the feedstock can justify the higher capital 

costs of the gasifier where environmental regulations are a concern.
3,10

  

Entrained gasifiers partially oxidize finely ground fuel particles, typically with pure 

oxygen, in short residence times by achieving very high temperatures and pressures.
11

 The 

entrained gasifiers can be fed its feedstock dry or as a slurry, but slurry is usually preferred since 

it can be more economically pumped to the high pressures contained within the gasifier.
3,11-12

 As 

such, the pumping cost of the petcoke slurry is an important consideration. More water content 

creates a less viscous slurry, but the lower heating content from the additional water lowers the 

reactor’s operational temperature.
13

 Therefore, to maintain quick reaction rates and low residence 

times, a processable slurry with the highest percentage of petcoke is desirable.
13,14 

Polymeric dispersants have been used extensively at low concentrations to reduce the 

viscosity and yield stress of highly loaded slurries such as coal, ceramics, mining ores, or 

foods.
15-19

 Polymeric dispersants are also useful in tuning the rheology for efficient wet grinding 

of a fuel feedstock.
20-21

 Previous work on polymeric dispersants has been done on petcoke-oil 

slurries
14

 and coal-petcoke slurries,
13,22-24

 but only limited studies have done on petcoke-water 
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slurries. These studies predominately use anionic dispersants effective for coal dispersion rather 

than more general use ionic and anionic dispersants.
2,13

 

The triblock copolymers such as polyethylene oxide (PEO)-b-polypropylene oxide (PPO) 

-b-PEO with varying ratios of PPO and PEO (Pluronics F127, P123, F88, F68 by BASF) have 

been well studied as a nonionic dispersant. The hydrophobic PPO block is well known to adsorb 

to hydrophobic surfaces and create a polymer brush with the hydrophilic PEO blocks extending 

out into the  water thus increasing the degree of dispersion of a particle by steric hinderance.
25-27

 

Steric stabilizers are also often added to suspensions to create delicate networks to hold particles 

in suspension but can easily come apart under shear.
15,28

 Xanthan gum (XG) is a common 

hydrocolloid used to stabilize suspensions and emulsions due to effectiveness at low polymer 

concentrations.
28

 The current study looks at rheological and adsorption properties of Pluronics, 

xanthan gum, and other common dispersants in highly loaded petcoke slurries to reduce slurry 

viscosity and yield stress. This is done by examining the yield stress of the slurries to determine a 

maximum petcoke loading for each dispersant and comparing rheological behavior near the 

maximum petcoke loading. Different Pluronics were then compared to examine the relative 

effectiveness of different lengths of hydrophobic cores and hydrophilic tails for dispersion. AFM 

images were taken and an adsorption isotherm was measured to investigate the nature of the 

dispersant coating. Finally, XG was added to the dispersion to stabilize the slurry and to explore 

the interplay between a dispersant and a stabilizer. Sedimentation time and rheological behavior 

was measured, and AFM images were taken to show the stabilization mechanism of XG in the 

presence of Pluronic. 
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2. Experimental 

Petcoke and lignite coal samples were obtained from SK Innovation in Korea. The 

petcoke particle size distribution was measured to be: d50 = 57 µm, d90 = 113 µm. The lignite coal 

was screened through a 50 µm mesh. As a model carbon system for comparison, carbonized 

polyacrylonitrile (PAN) was also prepared from PAN powder (Mw=50,000) available from 

Sarchem Laboratories, Inc. by stabilizing PAN in air for 1 hour at 270°C (1°C/min ramp) and 

carbonizing it in nitrogen for 20 minutes at 1000°C (10°C/min ramp). The resulting carbon was 

grounded and filtered through a 234 µm mesh. The Pluronics with various ratios of PPO and 

PEO were obtained from Sigma Aldrich and BASF. Pluronic F127 (F127), PEO:PPO:PEO = 

100:65:100, was predominately used in the study. The remaining chemicals were purchased from 

various sources at or above ACS reagent grade unless noted. The molecular weight of the sodium 

lignosulfonate and polycarboxylate used in the study was measured using intrinsic viscosity and 

the Mark-Houwink equation. 

Rheological measurements were taken with a Physica MCR 300 rheometer with a 50 mm 

parallel plate at a 1mm gap. Low viscosity light mineral oil was used at the edges to prevent 

water evaporation. Slurries were prepared with deionized water. The reported dispersant and XG 

weight percentages were based on the dry petcoke weight and were not considered to contribute 

to the total slurry weight. All percentages are based on weight unless noted. Further details of 

sample preparation are provided in the supporting information. Rod penetration depth settling 

experiment samples were sealed in 25mL scintillation vials for set periods of time until the 

measurement and each sample was only used for one measurement. The sediment depth was 

measured as the depth of sample which upheld an aluminum rod exerting 18 kPa (1.25 cm 

diameter, 228 g) on the sample. In samples where XG was allowed to adsorb to the petcoke first 



 

10 

before F127 was added, a quarter of the water was set aside to dissolve the F127 and the rest was 

used to disperse the XG. Petcoke was added to the dispersed XG, thoroughly mixed, and allowed 

to rest for 1 hour. The F127 solution was then added to the petcoke and XG and thoroughly 

mixed. For the time dependent rheology the time to the rheological measurement was measured 

from when both the XG and F127 parts were mixed together. A fresh sample was prepared for 

each time point shown. 

AFM images were taken with an Asylum MFP-3D in tapping mode using a 100 µm 

silicon nitride cantilever in deionized water at a frequency of 7 kHz and an amplitude of  2-

3.5 V. Petcoke was fixed to glass slides using epoxy and were allowed to equilibrate with the 

dispersant solution for 1 hour. The 1% F127 solutions contained the same concentration of F127 

as a 1% F127 60% petcoke slurry. The 0.1% F127 solutions were made from 0.1% F127 20% 

petcoke slurries that were allowed to settle overnight. The liquid used in the AFM was separated 

from the slurry using a PTFE 0.2 µm VWR syringe filter. The petcoke slurries prepared for the 

F127 adsorption experiments were made with 20% petcoke and were allowed to equilibrate 

overnight. The liquid separated from the petcoke slurry with a syringe filter was massed and 

dried, and the resulting Pluronic residue was massed to calculate the amount adsorbed. The BET 

surface area of the petcoke was measured to be 1.7 m
2
/g in liquid nitrogen with a surface area 

analyzer (Gemini VII 2390t, Micromeritics) to calculate surface concentrations. 
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3. Results and Discussion 

3.1 Effect of Petcoke Loading and Dispersant on Yield Stress 

Shear stress ramps were performed on petcoke slurries with 1% F127 and increasing 

petcoke loadings to determine their yield stresses by a sudden drop in viscosity as the loading 

varies. (Fig. 1a) By increasing the petcoke loading above 70%, a sharp transition from a free 

flowing fluid to a thick paste was visually observed as well as a sudden shift in yield stress from 

rheological measurements across only 2% of the loading. This sudden change in yield stress has 

been defined as the maximum petcoke loading, cmax, for F127. Observations of a maximum 

packing fraction are expected from theory and experimentation.
19,29

 However, the apparent 

viscosities of slurries below and just above their maximum loading are quite similar at stresses 

above their yield stress despite their fluid, paste, or powder like nature at rest. Slurries below or 

just above the maximum loading fit to Herschel-Bulkley models well (Fig. 1b) when above the 

yield stress for the slurry. Slurries with measurable yield stresses showed regions of linear 

elasticity. The general guideline of a viscosity of 1000 mPa sec to determine the maximum 

loading for pumping applications
29

 was found not to be appropriate given the great sensitivity of 

the yield stress to the petcoke loading and that above the yield stress, the resulting viscosity be 

can well below 1000 mPa sec. This sensitivity has been observed in other slurry systems with 

dispersants.
17,30
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Fig. 1: a) Viscosity vs. shear stress of 1% F127 petcoke slurries 

with increasing petcoke loadings b) Shear stress vs. shear rate 

fitted to a Herschel-Bulkley model after its yield stress and to a 

linear fit before c) 1wt% F127 Petcoke slurry viscosity as a 

function of petcoke loading at three different shear rates 

compared to a semi-empirical fit of smooth monodisperse 

sphere viscosity.   
r
= (1-Φ/A)

-2  
where A=0.68 and the real 

density of petcoke is 1.3g/cm
3
. 

Without dispersant the transition from paste to fluid and the corresponding change in 

yield stress gradually takes place over a range of 10% petcoke instead of  2% with dispersant. 

In addition, without dispersant the petcoke slurry was very unstable at low petcoke loadings 

(~40%) and would phase separate in seconds to floating and sinking portions, while at 60%, the 

slurry was a stable homogenous paste. This prevented accurate rheological measurements but 

from general observation, without dispersant a petcoke slurry will flow under its own weight 

under 45% petcoke and is the assumed maximum loading without dispersant for comparison.  

At low shear rates (0.1 1/sec), the rheological behavior at relatively high petcoke loadings 

is similar to a semi-empirical fit for smooth sphere slurries based on volume fraction described 
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by Maron and Pierce (Fig. 1c).
19,31

 The differences observed at low petcoke loadings are possibly 

due to the jagged angular shape of the petcoke particles. Higher shear rates (10 and 100 1/s) did 

not follow the smooth sphere fit despite decreasing plate slip effects
32

 possibly due to the 

observed sudden and strong yielding behavior resulting from significant shear induced 

ordering.
33-34

  

Like other highly loaded suspensions, it is observed that the maximum petcoke loading 

highly depends on the volume fraction of the suspending fluid and solids. A nonionic polymeric 

dispersant, can prevent a strong direct contact between particles by its physical presence and by 

attracting and retaining water near the surface of the particles to hydrate the hydrophilic portion 

of the polymer. By this effect a dispersant can also lower the yield stress and zero shear 

viscosity. When the highest possible loading in slurry is desired, a good dispersant effectively 

raises the maximum loading by lowering the yield stress. Demonstrating the yield stress behavior 

similar to that of Fig. 1a for F127 and a transition from fluid to paste, a maximum petcoke 

loading was observed for a variety of polymeric dispersants both nonionic and anionic including 

polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), polyethylene oxide (PEO), 

polycarboxylate acid (PCA), sodium lignosulfonate (SLS), and polyacrylic acid (PAA). (see 

Table 1). In Fig. 2a shear rate ramps were performed and dilatant behavior was observed for 

most of the dispersants at 60% petcoke with varying degrees of effectiveness. It is apparent that 

the infinite shear viscosity varies little with the dispersant with the exception of F127. At a 

sufficiently high shear stress, even petcoke slurries without dispersant nearly approach the 

viscosity of low yield, fluid-like slurries that use dispersants.  
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Fig. 2: a) Viscosity as a function of shear rate with 1wt% dispersant 

60wt% petcoke slurries  b)  Dispersants in slurries that are 1vol% below 

their corresponding maximum loading 
 

Fig. 2b shows that the rheological behavior of petcoke slurries can be generalized by 

comparing the viscosity at the same deviation of the petcoke concentration from the maximum 

loading, i.e. the difference of the particle volume fraction from that of each slurry’s maximum 
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loading, cmax,i - ci for many different dispersants, i. As such, the overall rheological performance 

of each dispersant in slurry is easily compared by examining the value of its maximum loading. 

Most polymers have a maximum loading petcoke volume fraction, cmax,i (Table 1) near but 

beyond the point where the void space is completely filled with fluid, calculated to be 58 vol% 

petcoke from the petcoke’s packed bulk density (0.7g/mL). This density is close to the 60 vol% 

theoretical maximum volume fraction for randomly packed monodisperse spheres. Work by 

Yoon, et al. with petcoke-coal mixture slurries reported that the ionic and anionic dispersants 

tested were roughly equally effective for petcoke.
22

 This work supports this claim except for the 

enhanced performance by F127. Compared to other dispersants, F127 exhibit superior 

performance in increasing the maximum loading to the point where the original randomly packed 

void space did not need to be completely filled to have fluid-like behavior. This suggests that 

F127 improved the packing order of the petcoke from its initial random packing. Since F127 was 

observed to be the most effective at increasing the maximum loading of petcoke slurries, it was 

selected for further studies.  
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Table 1: Maximum Petcoke Loading and Volume Fraction for Selected Dispersants 

Dispersant Details 
Max. Petcoke 

Loading wt% 

Volume 

Fraction 

None Just water and petcoke 45% 0.39 

1% F127 
Mw=12600 70% PEO from Sigma 

Aldrich 
70% 0.64 

1% PCA 
Powerflow WD600:SD512 1:1 Tech. 

grade from KG Chemical, Mv=210,000 
62% 0.56 

1% SLS 
Tech. grade from Spectrum Chemicals, 

Mv=110,000 
62% 0.56 

1% PVP Mw=40,000 from Sigma Aldrich 61% 0.55 

1% PVA 
Mw=9,500, 80% hydrolyzed from Sigma 

Aldrich 
63% 0.57 

1% PAA Mw=100,000 from Sigma Aldrich 58% 0.52 

1% PEO Mn=10,000 from Sigma Aldrich 58% 0.52 

0.08% XG 
Prac. Grade from MP Biomedicals, Mw≥ 

2,000,000 
56% 0.49 

1% F127  

0.08% XG 
Added at the same time 67% 0.61 

 

3.2 Surface Coverage and Adsorption 

As the nature of the surface is important to the performance of a dispersant, another 

carbon gasification feedstock was tested in slurries with F127. A maximum loading was also 

obtained with F127 in lignite coal and carbonized PAN powder as a model carbon. (Fig. 3a) 

F127 increased the maximum loading by 25% compared to petcoke slurries with no dispersant 

but only increased the maximum loading by 3% for lignite and carbonized PAN. Hydrophilic 

surface functional groups are thought to decrease the effectiveness of the F127; both the lignite 

(135°) and carbonized PAN (125°) have lower contact angles than petcoke (140°). In lignite, 

volatile matter and ash are known to decrease polymeric dispersant effectiveness in coal and 

raise surface hydrophilicity.
17,30,35

 Unlike lignite, carbonized PAN has a low volatile component 

and no ash, but it is expected that there are significant amounts of hydrophilic oxygen and 
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nitrogen containing functional groups on the naturally hydrophobic PAN-based carbon surface
34

 

which interferes with performance.  

Using X-ray photoelectron spectroscopy (XPS), petcoke was measured to have a O:C 

ratio of 0.18, while lignite had a ratio of 0.62 and 5.9 times the atom% of Si on the surface as 

petcoke. Carbonized PAN had a O:C ratio of 0.13 so slightly fewer oxygen groups than petcoke 

but 2.6 times the nitrogen and the most hydrophilic surface according to contact angles. Another 

model particle such as graphite powder (133°) has relatively clean, hydrophobic surface but 

demonstrated little improvement in rheological behavior with F127 suggesting the importance of 

overall surface hydrophilicity rather than particular surface groups or the graphitic order of the 

carbon.  
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Fig. 3: a) Shear stress ramps of carbonized PAN and lignite coal at 

different wt% loadings  b) 65wt% petcoke slurries with increasing wt% 

F127 
 

Beyond the hydrophobicity of the surface, the amount of dispersant required for 

dispersion is important as well. In Fig. 3b shear stress ramps were performed on 65% petcoke 

slurries with increasing F127 concentrations to find the effective minimum F127 concentration. 

A transition at 0.25% F127 from a high yield stress to a negligible yield stress was observed and 

has been termed as the minimum dispersant concentration. Increasing the F127 concentration 

beyond this point seemed to have little to no effect on the slurry’s viscosity after its negligible 

yield stress. Other dispersants (PVA, PEO, and PCA) were measured to have approximately the 

same minimum concentration to take effect and minimum dispersant concentrations have been 

observed previously in other slurry systems.
22,30,35

 The minimum dispersant concentration is 

thought to be an effect of adsorbing enough polymer onto the surface of the petcoke to make a 

complete and sufficiently dense and uniform monolayer.  
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Atomic force microscopy (AFM) images (Fig. 4a-d) show dispersed aggregates below the 

minimum concentration at 0.1% F127, (Fig.4a) and a smooth saturated monolayer above it at 1% 

F127 (Fig. 4b). Monolayer formation is in agreement with previous work on the adsorption of 

Pluronic with high PEO composition on hydrophobic surfaces.
27,37-38

. The AFM images of F127 

were under its critical micelle temperature (24°C at 1% F127)
30

, and thus roughness created from 

adsorbing and desorbing micelles is not expected. PCA, an anionic dispersant (Fig. 4c), on the 

other hand, does not form a smooth monolayer, but small disperse aggregates. Anionic are 

known to adsorb less densely onto surfaces due to their charge repelling nearby adsorbed 

molecules,
17,39

 and in many cases, the charge repulsion between particles more than makes up for 

an incomplete monolayer. The bare petcoke surface contains macroscopic defects (Fig. 4d), but 

appears to be predominately microscopically smooth (Fig. 4e) in the areas imaged.  
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Fig. 4: AFM images of petcoke in solutions of a) 0.1% F127 b)1% F127 c) 1% PCA 

d,e)no dispersant. a-c,e) have a height scale of 8 nm and d) has a scale of 200nm. 

 

The adsorption isotherm in Fig.5a shows three regions of adsorption from the 

approximate three regions with different slopes.  The first region is monolayer adsorption 

supported by a previous AFM image from Fig. 4b and a reasonable fit to a Langmuir isotherm in 

Fig. 5a. The next two regions are thought to be multilayer adsorption above 1% F127
40

 and 

micelle adsorption above the approximate critical micelle concentration at 5% F127.
27,38

 80% of 

A 

D 

B 

E 
C 
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all the F127 in the slurry was adsorbed to the surface below 0.3% F127, which supports strong, 

partially irreversible adsorption in the monolayer. Above 0.3% F127, the fraction of F127 

adsorbed to the surface quickly decreased meaning a majority of the easy adsorbing sites have 

been taken up. In Fig. 5b F127 had no significant improvement to the maximum loading after the 

0.3% “minimum” concentration despite evidence from Fig. 5a showing that the surface continues 

to adsorb F127 after the minimum concentration. This may indicate that a strongly adsorbed 

monolayer is critical to petcoke dispersion rather than the combined thicknesses of the 

monolayer and multilayers.  
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Fig. 5: a) Adsorption Isotherm of F127 on petcoke and the fraction 

of the total F127 that adsorbs to the petcoke surface in a 20wt% 

petcoke slurry. The solid lines are guides for the eye. The dashed 

line is a Langmuir isotherm fit: Wm= 2.15 mg F127/m
2
 petcoke, K= 

3.26 wt%
-1

 b) Maximum petcoke loading vs. Pluronic concentration 

with five types of Pluronic  

In Fig. 5b, the overall length of the Pluronic and the ratio of the PEO to PPO block sizes 

were also varied. It is known that the hydrophobic PPO will serve as an anchor to a hydrophobic 

surface
41

 such as petcoke (140° contact angle). Increasing the size of the PPO block presumably 

strengthens the anchoring connection and increases the adsorbed polymer surface density.
41

 

Pluronics with relatively small PPO sections such as between F127 and F108 required higher 

Pluronic concentrations to reach its maximum loading plateau from having a weaker interaction 

to the surface. P123 with the shortest PEO blocks and the longest PPO block however was the 

worst of the Pluronics tested. In general, increasing the length of the PEO blocks between F127, 

F88, F68, and P123 was more significant towards increasing the maximum loading. In literature, 

longer PEO blocks have been shown to increase the thickness of the adsorbed Pluronic layer on 

polystyrene latex beads
42-43

 which would lead to more steric hindrance and lubrication. F108 
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though has longer PEO blocks than F127 but performed the same as F127 showing a limit to this 

effect.  

The PPO anchor blocks are still important for the overall functionality. F88 has a smaller 

PPO block and approximately equally sized PEO blocks as F127, but did not perform quite as 

well as F127. This is also thought to be due to weaker adsorption by F88 as the adsorbed density 

would also decrease with smaller PPO blocks. Pure PEO homopolymer of similar Mw without 

hydrophobic sections is a much less effective dispersant than the least effective Pluronic, P123. 

(Table 1) P123 is still more effective than PEO and PVA despite having a similar correlated 

adsorbed layer thickness as PEO (~ 3nm at Mw = 10,000) and a thinner layer than PVA (~16 nm 

at Mw = 10,000) on polystyrene latex according to work by Killman et al.
43

 

PVA also demonstrates the importance of hydrophobic anchors with petcoke which 

performed better than PEO and PVP containing no hydrophobic sections, although the larger 

PPO block anchors in Pluronic were more effective. To produce PVA, hydrophobic polyvinyl 

acetate is randomly hydrolyzed to the hydrophilic alcohol and if the hydrolysis is not complete, 

the remaining acetate groups can create hydrophobic anchor sections.
43-44

 As shown in Table 2, 

as Mw increases, the petcoke maximum loading decreases presumably from greater polymer 

entanglements between particles. If the hydrolysis of PVA is nearly complete, the maximum 

loading drops off because there are not enough hydrophobic acetate groups to associate the 

polymer to the surface.  
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Table 2: Maximum Petcoke Loading with PVA 

 

Mw ,  

% Hydrolyzed 

Max. Petcoke 

Loading wt% 

Mw , 

% Hydrolyzed 

Max. Petcoke 

Loading wt% 

9500, 80% 65% Not available 

18000, 88% 63% 18000, 98% 58% 

25000, 88% 61% Not available 

78000, 88% 55% 78000, 99.9% 45% 

 

Pluronic also increases the attraction of petcoke particles to the solvent as one might 

expect a surfactant to. Petcoke’s maximum loading in hexane without F127 is 54 vol% which is 

15% higher than in water alone. When petcoke was coated in F127 by making the slurry with 

water and F127 and then evaporating out the water, the F127-coated maximum petcoke loading 

was only 49 vol% in hexane. The hydrophilic PEO tails of F127 surface negatively impacted 

dispersion in a hydrophobic hexane solvent suggesting that solvent attraction is a contributing 

factor in petcoke dispersion despite the large size of the particles. The same experiment with 

P123 resulted in the same maximum loading. The shorter PEO blocks in P123 should have 

theoretically caused less bridging between particles. However, without a change in the maximum 

loading it is presumed that the lower maximum loading with F127 in hexane was due to the 

hydrophilic surface of the petcoke particles rather than bridging effects. The hydrophilic surface 

is thought to increase the wettability of petcoke particles in water which would decrease the 

hydrophobic interactions between particles
17

 and increase the maximum loading as discussed 

previously by drawing water close to the surface to prevent particle-particle contacts from 

lubrication forces. 
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3.3 Effect of Xanthan Gum on Stability 

While F127 was found to be a good dispersant, it added little to no stability. To be 

industrially relevant, the slurry stability of at least a few days is required, preferably longer. 

Hydrocolloids like XG are added to increase the stability of suspensions and colloids by creating 

an additional flocculation network to keep particles separate but in place and which easily breaks 

down under shear stress. 0.08% XG is not an effective dispersant by itself creating a slurry with 

a maximum loading of 56% petcoke and lowers the maximum loading with F127 from 70% to 

67% petcoke. 

Fig. 6a shows how the concentration of XG affects the settling time for 1% F127 60% 

petcoke slurries by measuring the growth of hard packed sediment. 0.08% XG showed stability 

for at least one day. When XG was added and allowed to adsorb first before F127, sediment 

depths showed more stability. Fig. 6b shows this to be a result of increased yield stress and zero 

shear viscosity. Fig. 6c shows that the sediment depth changes very little between samples of 

different loadings below the maximum loading after 2 hours and on the verge of settling after 48 

hours. The pastes that form above the maximum loading are actually quite stable but are so thick 

they can fully support the weight of the rod.  
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Fig. 6: a) The growth of hard packed sediment over time with 

increasing amounts of XG in 1wt% F127 60wt% petcoke slurries. 

The maximum depth of sediment was 13 mm.  b) Compares 

viscosity vs. shear stress with the resulting stability from 6a). c) 

Effect on stability with increasing petcoke loading with 1wt% F127 

and 0.08wt% XG added at the same time after 2 hours and 48 hours 

d) Time dependent rheology of 1wt% F127 0.08wt% XG 60wt% 

petcoke slurries measured at 0.1 Pa comparing the effect of XG 

adsorbing first then adding F127 vs. XG and F127 adsorbing at the 

same time. 
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Fig. 7: AFM images of petcoke in solutions of a) 0.08% XG  b,c)1% F127 0.08% XG  d) 

0.08% XG first then 1% F127 0.08% XG  e) 1% F127 first then 1% F127 0.08% XG. The 

grayscale height scale is 8 nm. 

 

From AFM images, XG is seen to create large uniform  50 nm aggregates on the 

petcoke surface (Fig. 7a). When combined with F127 (Fig. 7b,c), the aggregates appear to be 

shorter and poorly defined, except for several small tall aggregates, perhaps due to a combination 

of partial coverage of the XG aggregate with F127 around its base and competitive adsorption 

with F127. When XG was allowed to adsorb first to the surface from a 0.08% XG solution 

A B 

C 

D E 
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before F127 from a 1% F127 0.08% XG solution (Fig. 7d), XG aggregates are very tall and 

densely packed together although individual aggregates are smaller and less regular than in the 

case of XG only. F127 is thought to have broken the XG aggregates into smaller aggregates 

through competitive adsorption. When F127 was allowed to adsorb first (Fig. 7e), the XG 

aggregates are very wide, short, and less well defined compared to the previous case. In addition, 

there appears to be no small but tall aggregates like in the case where XG and F127 were added 

together. Adsorbing F127 first prevented any large, well defined aggregates from forming. 

Height profiles depicting the height of the aggregates more accurately are given in the supporting 

information. Competitive adsorption is further supported by Fig. 6d where over time the XG first 

and XG and F127 together samples decrease in viscosity. Presumably this is from F127 almost 

irreversibly replacing XG from the surface reducing the strength of the stabilization structure, a 

process that takes about 3 days. This may also be the main reason that the stabilized slurries 

settle which starts to occur at the same time as shown in Fig. 6a. A schematic of the XG and 

F127 system is presented in Fig. 8. Xanthan gum is believed to have a single or double helical 

semi-rigid rod secondary structure with disordered ends.
45-46

 F127 is depicted in its brush form.  
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Fig. 8: A schematic representation of XG (purple) using flocculation 

stabilization to create a stabilizing network between two petcoke particle 

surfaces in conjunction with Pluronic (blue-PEO, red-PPO). 

  

4. Conclusion 

In literature, the slurrability of petcoke has been approximated as a high rank coal, and as 

such, anionic dispersants similar to typical coal dispersants have been used. However, since 

petcoke has less ash and volatile matter content which are known to add charge to the surface, 

anionic dispersants used with coal may not be optimal since the dispersant’s charge prevents the 

adsorption of dense monolayers. After comparing the maximum petcoke loading for several 

anionic and nonionic dispersants, F127 was found to be superior by a significant margin. Slurry 

1 vol% below its maximum petcoke loading for a particular dispersant was shown to exhibit 

similar rheological properties as slurries with different dispersants 1 vol% below their maximum 

loading making the comparison between dispersants simple. F127 was observed to have a 

minimum useful dispersant concentration of 0.25wt% which was shown to correspond to the 

completion of a strongly adsorbed monolayer through AFM and an adsorption isotherm. 
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Compared to other Pluronics, F127 is the most effective, presumably since it has one of the 

thickest adsorbed layers from the one of longest PEO blocks and a large PPO core. It is thought 

that Pluronics performed so well compared to other nonionic dispersants due to strength and 

density at which the Pluronics adsorbed to the uncharged hydrophobic surface to create a 

hydrophilic brush. Xanthan gum was shown to be an effective stabilizer at 0.08wt% with F127, 

especially when xanthan gum was added before the F127 but is competitively adsorbed off the 

surface over time. 
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Supporting Information 

 
1. Additional Petroleum Coke Information 

 Origin: North America 

 Heating Value: 8456 Kcal/Kg   (Dry basis) 

             Test Method: ASTM D 5865 

Table S1. Proximate analysis of petcoke used in the current study  

Proximate 

Analysis 

Moisture Volatile 

Matter 

Fixed 

Carbon 

Ash Total 

 wt% wt% wt% wt% wt% 

Petcoke 0.73 12.33 86.38 0.58 100 

 

Table S2: Ultimate analysis of petcoke used in the current study  

Atomic 

Analysis 

C H N S Total 

 wt% wt% wt% wt% wt% 

Petcoke 89.3 3.82 1.55 7.5 102 
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 Particle Size Distribution 

 
Figure S1 Differential volume % particle size distribution of petcoke 

particles which with d25=35 µm, d50=57 µm, d75=84 µm, d90=113 µm 

 

 
Figure S2 SEM image of petcoke particles  
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2. Additional Procedural Information 

2.1 Preparation of Slurries for Rheological Measurements 

Slurries were prepared to have a mass of 10 grams of deionized water (DI) and petcoke 

total. Polymer dispersants and xanthan gum (XG) did not contribute to this total and their weight 

percentages were based on the dry petcoke. For example, a 1% F127 0.08% XG 65% petcoke 

slurry would be made as: 6.5 g petcoke, 3.5 g DI, 0.065g F127, and 0.005g XG. A dry petcoke 

basis was used because the ratio of the dispersant to amount of petcoke the dispersant could 

cover seemed to be the most important aspect rather than the dispersant’s concentration in the 

liquid before petcoke is added. Polymer dispersants and XG were dissolved/dispersed using a stir 

bar in the DI before the petcoke was added and the slurry was thoroughly mixed by gently 

stirring to prevent foaming. Before rheological tests were done, the slurry was allowed to sit for a 

half hour to fully adsorb the additives. Samples were always stirred just before use.  

Slurries which had the XG added first were made by first dispersing the XG in 3g of DI, 

1 g less than the total amount of DI that would be in the final slurry. The F127 was dissolved in 

remaining 1g of water in a separate vial. The full 6 g petcoke (60wt%) was added to the XG 

containing vial, thoroughly mixed, and was allowed to sit for 1 hour. Then the dissolved F127 

was added and mixed. 

Slurries that were prepared just below, at, or above the maximum loading were prepared 

by first finding the approximate maximum loading with a separate slurry sample. A 1% 

dispersant 74% petcoke slurry, which was above the maximum loading for any dispersant, was 

prepared and DI was slowly added and mixed in at 0.1 to 0.2g increments until a slow flow could 

be seen. Then several slurries around that concentration were made to confirm the visual 

observation with the rheometer for several samples. 

 

2.2 Procedure for Rheometry Experiments 

Rheological measurements were taken with a Physica MCR 300 rheometer with a 50 mm 

parallel plate at a 1mm gap. Low viscosity light mineral oil was used at the edges to prevent 

water evaporation. Ten seconds were allowed to reach equilibrium for every point measured. 

Ramps proceeded on a “points per a decade” fashion and ten points were taken per a decade. 

Each ramp took approximately 5 minutes. Approximately 4.5g of sample was used in each test. 
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Experiments which required shear rate ramps and shear stress ramps each had their own fresh 

sample placed on the rheometer. Shear rate ramps and shear stress ramps were immediately 

repeated on the same sample several times to obtain steady state responses. The second run of 

these ramps was reported as they were the most reproducible. Allowing up to 5 minutes between 

the first and second run for any structure broken down in the first run to potentially reform did 

not significant change the response in the second run. It was thought that if delicate XG 

structures which take a long time to reform were an issue that the stirring performed before 

placing the sample on the rheometer to disperse any sediment would disrupt them anyway. Also 

samples which can settle quickly showed less settling behavior when they were not allowed to 

rest. 

 

2.3 Adsorption Isotherm  

20wt% petcoke slurries with varying wt% F127 were made and were allowed to settle 

overnight. The liquid that could be easily poured off was filtered using a PTFE 0.2 µm VWR 

syringe filter and was massed. The syringe and syringe filter were rinse in a 1% F127 solution 

and then rinsed with DI water several times before their use. Solutions which do contain petcoke 

such as the 1% F127 solution contained the same initial F127 liquid concentration as a 60% 

petcoke slurry. From there the maximum mass of F127 that could be in the filtrate, assuming 

uniform F127 concentration, was calculated from the percent of filtrate which was recovered 

from the original slurry solution including the mass of the polymer. The filtrate was dried and the 

resulting Pluronic residue was massed. The fraction of the F127 mass not in the filtrate but could 

have been was assumed to have adsorbed to the petcoke, and this fraction was multiplied by total 

mass of F127 added to the original slurry to calculate the mass of F127 adsorbed. The mass 

adsorbed was then divided by the mass of petcoke in the slurry and the surface area of the 

petcoke. The BET surface area of the petcoke was measured to be 1.7m
2
/g in liquid nitrogen with 

a Gemini VII 2390t. 

 

2.4 AFM Sample Preparation 

Atomic force images (AFM) were taken with an Asylum MFP-3D in tapping mode using 

100 µm silicon nitride cantilevers in deionized water at a frequency 7kHz and an amplitude of 
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1-3V. Petcoke was fixed to glass slides using epoxy and were allowed to equilibrate with the 

dispersant solution for 1 hour. The solutions were made like the solutions used for a 60% 

petcoke slurry except no petcoke was added. 

To the make the 0.1% F127 solution used in the AFM, 0.1% F127 20% petcoke slurry 

was made with petcoke and allowed to equilibrate overnight. The liquid which was used in the 

AFM was then separated from the slurry using a PTFE 0.2 µm VWR syringe filter that was 

rinsed and washed with 1% F127 solution and DI water. The filtrate was used because at this 

concentration of F127 there is not enough F127 to cover all the surface area in the native slurry, 

though when there are only a few petcoke particles epoxied to a glass slide such as in the AFM 

sample, there is more than enough to cover every particle even with a low concentration standard 

solution made from directly dissolving 0.1% F127. To reproduce the concentration of F127 in 

the liquid phase after equilibrium is reached with the majority of petcoke particles in slurry, the 

liquid proportion of a 0.1% F127 slurry was used. This was not necessary at 1% since only a 

small fraction of the F127 in the slurry is actually adsorbed to the surface.  

To create the sample with F127 first then XG, a standard 1% F127 solution was added to 

the slide and allowed to equilibrate. The F127solution was then poured off and rinsed with 

excess 1% F127 0.08% XG solution, and then the F127 + XG solution was added and allowed to 

equilibrate for 1 hour. 

 

2.5 XPS and Contact Angle Measurements 

 X-ray photoelectron spectroscopy was performed with a Surface Science 

Instruments X-Probe SSX-100 by Cornell Center for Materials Research technical staff and the 

data was analyzed with CasaXPS. Contact angle measurements were taken with a Rame-Hart 

500 goniometer and were analyzed with Image J. Powder samples are applied to painter’s tape 

and the excess was shaken off. To find a clear baseline, powder was lightly scrapped near the 

drop. Multiple drops  µL of deionized water were measured on petcoke and lignite and a 

single image was selected to show in section 4. A contact angle measurement was taken of the 

tape to show that the tape had little impact on the measured angle. Even with the tape, small 

amounts of powder did adhere to the surface of drop making some drops unsymmetrical towards 
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the bottom of the drop. Measurements were carried out the side of drop where the  powder 

adhering to the drop was minimal.  

 

3. Supplemental Results  

3.1 XPS Analysis 
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Figure S3 XPS results of three different carbon samples: a) petcoke, b) lignite, 

and c) carbonized PAN 
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3.2 Contact Angle Images 

 

 

 

 
Figure S4 Contact angle measurements of  a) petcoke, b) lignite, c) 

carbonized PAN, and d) supporting tape 
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3.3. Height Profiles of Adsorbed Petcoke Particle Surfaces via Atomic Force Microscopy  

 

 
Figure S5. Height profiles of petcoke surface with a) adsorbed dispersant (F127 

and PCA) and b) adsorbed dispersant (F127) and stabilizer (XG). These are the 

heights taken from a horizontal line across 300 nm from the 500 nm images.  
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Abstract 

Lithium sulfur battery interlayers were made from mesoporous carbon nanofibers with 

large tunable mesopores (17-50+ nm). The nanofibers were prepared by blending and 

electrospinning two immiscible polymers, polyacrylonitrile (PAN) and cellulose diacetate (CDA) 

with dimethylformamide as the solvent. Humidity control during the electrospinning process 

made adjustments to the size of the meso- scaled phase separation domains of the sacrificial 

CDA. The resultant fiber mat was carbonized and activated in air to create micropores in 

mesoporous carbon nanofibers (MPCNF). The pore characteristics of the activated MPCNFs 

were examined and then tested as interlayers in Li-sulfur batteries. First, a fundamental study 



 

46 

was conducted regarding the effectiveness of the interlayer versus its own weight and the overall 

sulfur composition along with a characterization of the pore filling and impedance. Secondly, the 

effect of micropores and three different pore widths of large mesopores in interlayers on battery 

performance was studied which revealed that the largest mesopores played a critical role in 

improving rate capability. Cells with MPCNF interlayers with 50+ nm pores and 70:30 

sulfur:Super P composite cathodes had a discharge capacity of over 1100mAh g
-1

 sulfur for 

100 cycles at 0.5C and exhibited improved high charge rate capabilities with 850mAh g
-1

 at 3C.  

 

1. Introduction 

Mesoporous (2-50nm) carbons have been heavily studied for many applications including 

water purification, catalysis, molecular sieves, biomolecule adsorption, and energy storage 

because they can provide a relatively chemically inert, robust, conductive support with a balance 

of high surface and pores wide enough for quick diffusion.
1-3

 For battery applications, a 

particular pore distribution may be desired over another to fit the exact diffusion needs of a 

particular electrolyte or the storage of a particular reaction product.
4-6

 

In a lithium sulfur battery, unreacted sulfur is stored on a carbon cathode and is lithiated 

into lithium polysulfides (Li2Sx ,  ) and then, ideally, fully lithiated into lithium sulfide 

(Li2S) on the cathode.
7-15

 Lithium polysulfides greater than Li2S2 are well known to be soluble in 

the commonly used electrolytes in lithium sulfur batteries.
7-15

 Micropores or small mesopores are 

essential to carbon-based sulfur cathodes in organic electrolyte to resist and adsorb the dissolved 

lithium polysulfides from diffusing out of the cathode and to the anode.
7-8,10-11,13-18

 At the anode, 

migrating polysulfides form an insoluble insulating lithium sulfide layer and contribute to the 

lithium polysulfide shuttle mechanism causing polarization and self-discharge throughout the 
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cell described in more detail elsewhere.
7,13-15,18-21

 Previous works have found that ordered 

mesoporous carbons have been effective as cathodes as the mesopores offer a balance of surface 

area to provide diffusion retarding intermolecular forces and short electron diffusion distances to 

the polysulfides as well as large pore volumes for product storage and electrolyte diffusion.
6,8-

10,13,15,18,22-24
 

Over the past four years, carbon based interlayers and related structures such as 

sandwiches or carbon coated separators with graphene, carbon nanotubes, activated carbon, 

mesoporous carbons, ordered hierarchical carbons, carbon blacks, and biomass based carbons 

have been shown to improve lithium sulfur capacity in several works.
13-15,20,25-43

 Placed between 

the cathode and the separator, an interlayer is thought to act like a filter for dissolved 

polysulfides diffusing their way towards the anode and a second current collector in the cathode. 

In this setup, the majority of the sulfur should be kept in the cathode. However, some diffusion 

of polysulfides is inevitable even for the most well-made carbon cathodes,
7,14

 especially during 

the first cycle when it is thought that poorly adsorbed polysulfides such as those on a nonporous 

exterior surface are allowed to migrate.
23

 An ideal interlayer would adsorb and trap all 

polysulfides before they reached the anode. Like the cathode, the interlayer should have a strong 

affinity for polysulfides and sulfur which has been studied recently by increasing the amount of 

nitrogen on the surface to improve sulfur and polysulfide adsorption.
43-45

 It also has been shown 

that mesopores and micropores are needed in interlayers for fast diffusion, high surface, and 

large volumes for lithium sulfide storage.
8-11,13-15,17-19,22,46

 Also like a cathode, the interlayer 

should be conductive so sulfur adsorbed in the interlayer is not wasted in future cycles. Unlike 

cathodes, interlayers must be a dense enough filter to capture polysulfide but be highly porous as 

to not block ion access to the cathode.
14

 An interlayer should also have its own structural 
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integrity so it may be stacked on the cathode easily.
13-15

 Finally, when combined with a next 

generation cathode or a simple bulk activated carbon cathode, it is desired that the interlayer will 

greatly extend the capacity retention of the cell despite being a simple addition.  

 Previous works on lithium sulfur cathodes have made carbons of all morphologies and 

pore distributions but tend to rely on a time consuming, hard templating process with silica or a 

soft templating process that mainly produces thin films with expensive block copolymers or 

toxic precursors which limits the commercial viability of these carbons.
1,3,13,47

 In this work, 

mesopores are templated by the phase separation of two relatively inexpensive immiscible 

polymers from a blended homogenous solution of polyacrylonitrile (PAN) and cellulose 

diacetate (CDA). After mixing, the solution is electrospun into nanofibers where microphase 

separation occurs. The rapid solvent evaporation during electrospinning and the physical 

constraints of being stretched into a nanofiber freezes the phase separation into meso- scaled 

domains within the fiber.
48

 With heat treatment and carbonization, the PAN component of the 

fiber is converted to carbon while the sacrificial CDA component is pryolyzed leaving behind a 

pore. Several works have created mesoporous nanofibers by a similar electrospinning method for 

a variety of purposes including interlayers.
32,49-51

 Pores made using this approach can be larger 

(>10nm) than the typical smaller mesopores created from templating (2-10nm).
42

 

Even though there are many similarities between cathodes and interlayers, they do not 

have the same optimal pore distribution. Micropores and small mesopores are desired in a 

cathode because when the sulfur is loaded, small pores ensure all the sulfur is well adsorbed. 

However with interlayers, the sulfur is slowly loaded by diffusion until its surfaces are covered 

so smaller mesopores may not be optimal or necessary, especially at high charge rates. Several 

successful studies with carbon interlayers have contained mesopores larger than those typical 
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used in cathodes but were still below 15nm.
29,32-34

 A study by J. Song et al.
30

 achieved both great 

capacity retention and rate capability with very large mesopores ( 45nm). The study achieved 

1000 mAh g
-1

 after a 150 cycles at 0.5C and a high sulfur loading of 4 mg S cm
-2

 and 950 

mAh g
-1

 at 2C and a lower sulfur loading using a Ketjen carbon black interlayer-sandwich 

structure. From these findings it was desired to investigate how varying the size of large 

mesopores (10-50nm) can affect the rate performance and capacity retention of an interlayer 

system as this was not the focus of the previous study or other studies. 

In this work, by changing the humidity during the electrospinning process, the average 

size of the mesopore was adjusted between 17 and 50+ nm to study the effect of mesopore size 

and microporosity on interlayer performance. Compared to previous works, we find that large 

mesopores (>15nm) contribute substantially to the rate capability of the battery with little to no 

loss to capacity retention compared to smaller mesopores. We also demonstrate through a 

systemic study considering the mass, impedance, surface area, appearance, and cathode material 

of the interlayer cell that interlayers benefit lithium sulfur batteries by a filtering mechanism and 

that the benefit of the filtering effect is beyond the effect of lowering the overall sulfur loading 

from the additional mass of the interlayer, suggesting a potentially scalable process. 

 

2. Materials and Methods 

2.1 Tunable Mesoporous Carbon Nanofibers 

Polyacrylonitrile (PAN) (Mw=150,000 from Sigma Aldrich) and cellulose diacetate 

(CDA) (Mn= 50,000, 39.7% acetyl from Sigma Aldrich) was dissolved in dimethylformamide 

(DMF) to 12.9wt% polymer in a 1:1 ratio of PAN to CDA. The solution was vortexed until fully 

mixed, and was electrospun immediately at 19kV, 20 cm distance to the collector, and a 
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0.02mL/min polymer flowrate with an 18 gauge stainless steel needle. More details of the basic 

setup and theory of electrospinning are discussed elsewhere.
52

 The eletrospinning process took 

place in a humidity controlled box which was necessary for consistency with PAN dissolved in 

DMF since water is a powerful antisolvent for PAN in DMF.
53

 Control of the humidity was also 

the mechanism to make adjustments to the size of the mesopores.  

 The spun nanofibers were peeled from the collector and heat treated in air between two 

ceramic plates at 270°C for 1 hr with a ramp rate of 1°C/min to stabilize the PAN component of 

the fibers. The fibers were then placed in a nitrogen filled tube furnace at 1000°C for 8 hours 

with a ramp rate of 10°C/min to carbonize the PAN component and remove the CDA component 

by thermal degradation to create mesoporous carbon nanofibers (MPCNF). The process and 

theory of creating PAN based fibers and nanofibers is discussed in more detail in other literature 

works.
31-32,49,54

 Macropores through the nanofiber mat exist naturally as the micron sized spaces 

between the fibers. Micropores were added to the fibers by heat treatment in air at 350°C for four 

hours for all fibers tested unless noted. Approximately ~5% burn off was achieved to complete 

the hierarchical pore system with the micropores. CDA was chosen as the sacrificial component 

compared to previous works with porous PAN based carbon fibers using polymers such as 

poly(methyl methacrylate),
10 

polyvinylpyrrolidone,
50

 or polystyrene
55

 because the high melting 

point ( 260°C) of CDA is thought to better preserve the large mesopores during PAN 

stabilization but still thermally degrade to a low yield at higher temperatures. Nafion was not 

chosen due the expense of Nafion and only <15nm pores were produced in a previous work.
32

 

The plates were necessary to prevent curling of the fiber mat during stabilization, and the 

carbonization treatment was done for eight hours to improve conductivity.  
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The surface area and pore size distribution analysis was performed on a Micromeritics 

Gemini VII 2390t in liquid nitrogen with the Brunauer, Emmett and Teller (BET), t-plot, and 

Barrett-Joyner-Halenda (BJH) methods. Interlayers were washed in deionized water three times 

with overnight soaks each time. Samples were degassed under nitrogen at 300°C for at least 3 

hours. Transmission electron microscope (TEM) images were taken on a Tecnai FEI T12 TEM 

at 120kV. The samples were embedded in epoxy resin from Electron Microscopy Sciences and 

microtomed into 100-150 nm sections with a diamond knife for the images. Before embedding 

interlayers were washed 3 times soaking overnight each time in the electrolyte solvents made 

from a 1:1 volume ratio of 1,2 dimethoxyethane (DME) and 1,3 dioxolane (DOL) unless noted 

otherwise. The scanning electron microscope (SEM) image was taken by a Tescan Mira3 Field 

Emission SEM. 

 

2.2 Battery Testing 

Interlayers were punched out from the fiber mat to a 19mm diameter disc and were 

placed between the cathode and a 25 micron thick Celgard PE separator in a 2032 CR coin cell. 

Unless stated, the interlayers were between 18mg-19mg ( 6.5mg cm
-2

, 300µm thick) and were 

spun at 30% relative humidity (RH) at room temperature. The cathode material contained 90wt% 

sulfur/carbon composite material and 10wt% poly(vinylidene fluoride) (Mw=534,000 from 

Sigma Aldrich) binder. The default composite material contained 70% sublimed sulfur from 

Spectrum Chemical and 30% Super P (conductive carbon black additive from TIMCAL). The 

sulfur was incorporated into the Super P by melting at 140°C for 12 hrs and vaporizing the 

excess at 230°C for 1 hr in a closed vessel. The cathode composite material and binder was 

mixed and suspended in slurry in 1-methyl-2-pyrrolidone (NMP) with at least one hour of 
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sonication to disperse the Super P. The solvent to Super P ratio was approximately 0.15g Super P 

to 6g NMP. The slurry was then cast upon to battery grade aluminum foil, spread out with a 

doctor blade to 25 microns and was allowed to dry. After the active material coating, the foil was 

punched into a 15mm diameter disc for the 2032 CR coin cell and contained on average ~1.8 mg 

of sulfur. Cathodes which contained other composite materials were 10% Super P, 20% activated 

carbon or ground MPCNF, and 70% sulfur. 9% sulfur cathodes were 10% Super P, 81% carbon 

material, and 9% sulfur. The activated carbon was Norit GSX steam activated acid washed 

carbon powder. The ground MPCNF powder used in select cathodes was ground in a MTI ball 

mill for at least a half hour. The anode was 0.25 mm thick lithium metal foil from MTI 

Corporation and was lightly sanded right before assembly to remove any surface oxides. The 

electrolyte was 1 M bis(trifluoromethane)sulfonimide lithium salt and 0.1 M lithium nitrate in a 

1:1 volume ratio of DME and DOL, all purchased from Sigma Aldrich. This electrolyte was used 

for all cells unless noted otherwise. The coin cells were assembled in a dry, oxygen-free (1 ppm) 

argon filled glovebox.  

The battery testing was conducted on analyzers from MTI Corporation with 1 mA and 10 

mA current maximums at constant current depending on the mass of the battery made. The 

charge rate (3C, 2C, 1C, 0.5C, 0.25C) is based on the current to charge the theoretical capacity of 

1 gram of sulfur in a battery in one hour (1C = 1675mA/g). All of the reported capacities are 

based on their discharge capacities. The batteries were cycled between the voltage window of 

2.8V and 1.7V. The electrochemical impedance spectroscopy (EIS) was conducted with a 

Princeton Parastat 4000 from ~100kHz to 1 Hz with a 5mV amplitude. For EIS measurements, 

coin cell batteries were cycled for 10 cycles to their charged state. Cyclic voltammetry (CV) was 

carried out on the same equipment and the coin cells were cycled from 2.8V to 1.7V vs. lithium 
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at 0.2mV/sec for five cycles using the same 18mg 30% RH interlayer and 70:30 S:Super P 

composite material cathode as above. 

3. Results and Discussion 

3.1 Effectiveness of the Interlayer 

By placing a MPCNF interlayer into a lithium-sulfur coin cell battery between the 

cathode and separator, a stark improvement of 900mA h g
-1

 is observed in the discharge 

capacity performance between cells with an interlayer and without an interlayer. (Figure 1a) In 

Figure 1b, the 1
st
 cycle of the cell with an interlayer shows capacity beyond the theoretical 

capacity of 1675mAh g
-1

 sulfur. The discharge curve without an interlayer in Figure 1c contains 

a plateau at 2.3V and at 2.1V corresponding to the high order polysulfides and lower order 

polysulfides reactions respectfully as discussed in literature.
7,13-15,18 

However, when Figure 1b is 

compared to Figure 1c, it is apparent that the excess capacity is related to an irreversible reaction 

with the carbon interlayer and predominately occurs in the first cycle. This extra plateau at 

1.85V may be the bulk decomposition of the lithium nitrate in the electrolyte, which has been 

reported to react at voltages as high as 1.9V with activated carbon.
56

 In Figure 1d, an interlayer is 

used in both cells but one does not contain lithium nitrate in the electrolyte. Without lithium 

nitrate, the plateau at 1.85V disappears and the discharge capacity is below the theoretical limit 

supporting that the lithium nitrate added the capacity from decomposition with the interlayer. CV 

testing also supports this in Figure 1e showing the fifth cycle for with and without an interlayer. 

Without an interlayer, weak peaks are visible for each plateau in Figure 1c. However with an 

interlayer, the beginning of additional peak is visible at 1.7V, and since in CV testing the 

majority of the lithium nitrate would not degrade in a single cycle and was still present in the 

fifth cycle, a single peak for the charge is observed like in the first cycle charge of Figure 1b. 
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In Figure 1f, the discharge curves of the 10
th

 cycle for cells with and without interlayers 

are compared. The instantaneous capacity, as depicted in Figures 1b) and 1c), was normalized by 

dividing the instantaneous capacity by the total capacity for that cycle with a 1.7V cutoff. With 

the interlayer, the discharge current operates at predominately higher voltages producing more 

power but has a longer tail near the end of the discharge. At 0.25 C the capacity loss with the 

baseline micro- and mesoporous interlayer was 5.2mA h g
-1

/cycle or 0.34%/cycle and has similar 

performance to previous interlayers.
13 
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Figure 1: a) Specific discharge capacity performance of a lithium sulfur 

coin cell with an 18mg MPCNF interlayer vs. no interlayer for 28 cycles at 

0.25C. b) Discharge-charge curves for cycles 1, 2, 5, 10, and 27 for the 

cell with an interlayer and c) without an interlayer. d) Comparison of the 

first discharge of with and without lithium nitrate in the electrolyte. e) 

Cyclic voltammograms from 2.8V to 1.7V vs. lithium at 0.2 mV/sec to 

compare cells with and without an interlayer by showing the fifth cycle. f) 

Comparison of the discharge curve with an interlayer and with no 

interlayer from the tenth cycle with a dimensionless capacity.  

 

3.2 Effect of Pores and Pore Size 

Next, the size of the mesopores and the presence of micropores were examined against 

capacity performance. By adjusting the humidity during the initial electrospinning of the 

nanofibers, the peak mesopore diameter was tunable between 17 and 50 nm as shown in Figure 

2a-b with incremental area and volume. Without the sacrificial component, pure PAN did not 

produce significant amounts of large mesopores. The small mesopores (<10nm) that were 

measured for all the samples were predominately from activation. It is thought that the higher 

humidity created larger mesopores because the small increase of water absorption from the 
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higher humidity caused quicker solidification of the fibers near the surface resulting in thicker 

fibers as observed through SEM and TEM. Thicker fibers however slowed down the evaporation 

of DMF in the inner part of the fiber, which allowed more amount time for phase separation to 

occur within the fiber before complete solidification, creating larger pores after carbonization 

and activation. The mesopores are not thought to be created by the humidity like in previous 

works where water or another anti-solvent was added to the polymer solution to create 

mesopores or else the PAN only fibers would have shown more mesopores as well, since they 

were also spun at 30% RH.
3,53,57-58
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Figure 2: a) Incremental pore area distribution following the BJH method 

with nitrogen physisorption of four carbonized and activated samples 

initially electrospun at different relative humidities (RH). The first three 

samples are 1:1 blends of PAN and CDA and the fourth is PAN only. b) 

the incremental pore volume distribution of a). c) Includes the incremental 

pore volume distribution after 28 cycles and washing in DI water. 

 

TEM images of the cross and longitudinal sections of the microtomed carbonized and 

activated nanofibers are shown in Figure 3. From the cross sections 3a), c), and e), the pores are 
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irregular as expected. The interconnectivity of the pores seems to increase with increasing pore 

size. From the longitudinal sections in 3b), d), and f) pores appear to be aligned with the axis of 

the nanofiber and that few pores lead to the surface, especially for 10% RH. However, since the 

pores were measurable from nitrogen physisorption, they must be accessible to at least nitrogen 

gas, though perhaps only through a tortious path requiring diffusion in both the radial and axial 

directions to find interconnections to the inner pores. The TEM images of the PAN only fibers 

also show no mesopores like the BJH analysis did. From the SEM images (Figure 4) the pores 

for PAN CDA samples appear to break through the surface occasionally at the rough regions of 

the fiber. Breaks to the surface seem more common for the 30% and 50% RH fibers than the 

10% RH fibers.  
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Figure 3: TEM images of the pristine carbonized, activated MPCNF. a-f) are PAN CDA blends 

electrospun at three different relative humidities. g-h) show PAN only spun at 30% RH. a), c), e), 

and g) are microtomed sections perpendicular to the fiber axis and b), d), f), and h) are 

microtomed sections along the fiber axis. 
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Figure 4: SEM images of the carbonized, activated MPCNF: a) PAN CDA spun at 10% RH, b) 

PAN CDA spun at 30% RH, c) PAN CDA spun at 50% RH, and d) PAN only spun at 30% RH.  

 

The tortious, ink bottle shaped pores, however, may benefit lithium sulfur interlayers to 

trap polysulfides inside the pores but still have space to dissolve in the electrolyte and to 

accommodate the 80% volume expansion in the conversion from sulfur to lithium sulfide.
13-15

  In 

Figure 2c, the interlayers were cycled 28 times and washed in deionized water to remove the 
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electrolyte salts and lithium sulfide deposits before measuring the pore distribution. The results 

show that the pore volume of the 30% RH MPCNFs increased after being used as an interlayer. 

The 10% RH pore peak shifted to slightly larger pores and the 50% RH pore peak shifted to 

about 50 nm. The TEM images from Figure 5 taken after 28 cycles are supportive of the pore 

analysis. The cross section of the 30% RH fibers seemed to have their pores cracked apart 

slightly creating more interconnections perhaps from the volume expansion of sulfur to lithium 

sulfide. In addition, from the pore size shifts, there seems to be a preference for creating large 

pores between 20 and 50 nm. 50% RH pores became smaller, 10% RH pores became larger, and 

30% RH pores became more numerous, possibly because those pores serve as a balance between 

the need for surface area and volume for volume expansion through cycling. 
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Figure 5: TEM images of the carbonized, activated carbon nanofibers after use as an 18 mg 

interlayer. a-f) are PAN CDA blends electrospun at three different relative humidities. g-h) show 

PAN only spun at 30% RH. a), c), e), and g) are microtomed  sections perpendicular to the fiber 

axis and b), d), f), and h) are microtomed sections parallel to the fiber axis. 

 

In Figure 6a and b, the discharge capacity performance was measured for 28 cycles at 

0.25C and for over 100 cycles at 0.5C, respectively. The mesoporous samples created at 10%, 

30%, and 50% RH clearly show higher performance than the PAN only interlayer, which has 

micropores but does not contain mesopores. Over 100 cycles the activated mesoporous samples 

spun at 30% RH and 50% RH still maintained over 1000 mAh g
-1

 capacity which is comparable 

to other mesoporous carbon interlayers.
32-33

 The last sample was spun at 10% RH and has 

mesopores but was not activated like the others so there was only 30 m
2
 g

-1
 of micropores, 
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obtained from a t-plot analysis, compared to over 400 m
2
 g

-1
 for the other samples. By comparing 

the activated PAN only and the unactivated 10% RH performance, it is concluded that the lack of 

micropores hinders the performance roughly as much having no mesopores meaning both are 

useful for high capacity. The initial performance of the unactivated sample was as high as the 

10% RH sample with micropores in Figure 6b, but the unactivated sample was not as able to 

retain its capacity as well without micropores. This supports the conclusion that micropores and 

small mesopores are important towards trapping polysulfides which was also found by numerous 

sources.
13-15,31

 However, the improvement caused by “adding” large mesopores cannot be 

explained by an enhanced trapping mechanism since very little surface area was added to the 

interlayer (<30m
2
/g) though an improvement to rate capabilities may. 
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Figure 6: Specific capacity performance for: a) 28 cycles at 

0.25C, b) 103 cycles at 0.5C, and c) 10 cycles at 0.25C and 5 

cycles at 0.5 C, 1C, 2C, 3C, and 0.25C of cells with 18 mg 

interlayers of different mesopore and micropore distributions and 

1.8mg sulfur cathodes. 

 

To first consider the effect of the mesopore size, notice that there is little difference in 

performance at 0.25C and 0.5C between the different sizes of mesopores for 30% and 50% RH. 
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However, the 10% RH sample with the smallest mesopores did not perform as well at 0.25C and 

performed closer to the microporous PAN only sample at 0.5C than to its larger mesopore 

counterparts. This could be caused by either long tortious pore interconnectivity or a lithium ion 

diffusion limitation caused by narrow pore openings to reach the polysulfides trapped inside the 

interlayer even within the first few cycles. If the adsorption rate of polysulfides on mesoporous 

carbon from high surface area was the predominate factor for the success of the mesoporous 

interlayers then there should be little effect from the charging rate since the diffusion rate of 

polysulfides to and from the anode should not be significantly affected by the rate of the redox 

reaction. 

Figures 6c illustrates the effect of mesopore size on the rate capability further. The 

batteries were cycled 10 times at 0.25C and then 5 times at 0.5C, 1C, 2C, 3C, and 0.25C again. 

First, charging at high C rates does not seem to damage the batteries since the capacity at 0.25C 

seems to be recovered after the 3C cycling, especially after considering the natural loss of 

capacity after 30 cycles, which has been observed in multiple works.
30-32,36-38

 The size of the 

mesopores has a significant effect with high C rates, supporting that polysulfide adsorption is not 

the main effect of the mesopore size change. 50% RH, which had the largest pores, retained the 

most capacity at 1C, 2C, and 3C, approximately 850mA h at 3C. Despite having performance 

similar to 50% RH at 0.25C and 0.5C, 30% RH did not perform as well at high C rates over 1C 

presumably because of the smaller pore size. As seen previously in Figure 5c, after being used as 

an interlayer, the 30% RH pores are interconnected very well, and thus tortuosity should not be a 

concern. 10% RH which had the smallest mesopores also had the lowest capacity at high C rates 

and was beginning to approach the performance of the PAN only interlayer with no mesopores. 
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Unlike micropores, it is thought that mesopores are large enough to prevent diffusion limitations 

at fast charge rates. 

Because the pore size does affect capacity, the system must be diffusion limited rather 

than kinetically limited at high C rates. Also, since the capacity loss from charging quickly is 

recoverable when the C rate is return to 0.25C, the polysulfides must be inaccessible at high C 

rates but accessible at lower C rates. From Figure 6 and TEM images Schematic 1 was created. 

At low C rates lithium ions are able to diffuse throughout the pore before reacting at the surface. 

At low C rates the eventual narrowing of the pore entrance is not as critical to meet the current 

needs of the C rate. At high C rates, however, polysulfides lithiate as soon as the lithium ion 

enters the pore narrowing and perhaps blocking the entrance of the pore. Narrowing the pore 

prevents other polysulfides from lithiating since lithium ion diffusion is limited through the small 

opening to an extent that there are insufficient lithium ions in the pore to maintain the required 

current, ending the cycle early. Larger pores with larger pore openings reduce the effect. A 

similar effect of diffusion limited deposit growth was observed by Cheon, et al. with Super P 

cathodes at high C rates between 0.5C and 3C where lithium sulfide buildup seem to block 

access to the polysulfides with thicker and thicker cathodes.
59 
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Schematic 1: Illustrates the potential effect of the charging rate. At slow charging rates 

lithium ions can enough time to diffuse throughout the pore before reacting while at 

higher charging rates, the ion does not diffuse as far which nearly blocks the pore more 

quickly before all the sulfur is lithiated. Larger mesopores tend to have larger openings 

which prevent diffusion limitations. 

 

3.3 Effect of Interlayer Mass 

In the previous section, it was shown that adding an interlayer provided a clear benefit to 

the capacity performance and that large mesopores greatly enhanced the rate capabilities. 

However, such an improvement in the rate capabilities with an interlayer is only possible if a 

significant portion of the sulfur left the Super P cathode and was deposited in the interlayer. As 
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such, the ratio of the mass of the interlayer to the cathode (and thus sulfur loading) is an 

important variable to consider. In literature it is well known that lowering the overall sulfur 

loading of a cathode can improve the capacity performance on a sulfur mass basis since more 

surface area would become available for the same mass of sulfur,
4,10-11,13,22

 and that this is a 

fundamental concern for interlayers since adding an interlayer would lower the overall sulfur 

composition of the cell.
13,31-32

 More significant improvements occur in cathodes when the sulfur 

loading is lowered enough so that the micropores and mesopores are not completely filled with 

sulfur.
4,10-11

 Without an interlayer, the sulfur composite material used in the current study was 

70% sulfur and 30% Super P. If the mass of the interlayer is considered with the mass of the 

Super P and sulfur then the overall sulfur mass is only ~9wt%, since only 1.8mg of sulfur is 

contained on the cathode. Therefore it is important to consider how the mass of the interlayer 

affects the capacity retention. 

For carbon interlayers in Li-S batteries to be effective in highly loaded, larger scale 

batteries, the interlayer must operate like a filter which can trap slowly diffusing polysulfides on 

their way to the lithium anode. If all the sulfur quickly relocates and evenly distributes itself 

between the cathode and the interlayer during cycling, then the interlayer effectively acts as a 

mere extension of the cathode and could be improving performance only by lowering the overall 

loading of sulfur in the cathode, which is not scalable. Carbon interlayers would not pose much 

benefit to batteries much larger than coin cells as a thin interlayer would only have a very limited 

carrying capacity and thicker interlayers would add more weight, lowering the gravimetric 

energy density. In work by S. Chung and A. Manthiram,
33

 a multilayer interlayer of controllable 

thickness was created and a gradient of sulfur from the cathode to the anode in the interlayer was 

observed by elemental mapping which strongly supports the idea of a filter. However, it was not 
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shown whether this mechanism improved the capacity retention beyond the effect of merely 

lowering the overall sulfur composition. Coin cells with varying masses of interlayers and 

overall sulfur loading were made to explore this hypothetical problem. 

First, the mass of the cathode was held constant to contain 1.8mg of sulfur and the mass 

of the interlayer was varied from 0 to 34mg (0-12mg cm
-2

). The mass of the interlayer was 

controlled by spinning the initial fiber mat thicker or thinner and layering multiply interlayers 

together. There was no significant difference in performance between multiple layers of 

interlayers and a single layer interlayer if the total mass was the same. The performance of the 

tenth cycle is given in Figure 7a to compare fairly stable capacities after the rapid decrease in 

capacity from the initial cycles.  
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Figure 7: a) The specific capacity of lithium sulfur batteries with 

increasing interlayer mass and a constant cathode mass containing 1.8 mg 

sulfur taken at the 10th cycle and ran at 0.25 C. The three regions are 

displayed for analysis purposes. b) Different masses of interlayers are 

compared across their overall sulfur composition by manipulating the 

amount of active materials on the cathode at 0.25 C. The black line 

connects results with 1.8 mg S on the cathode current collector taken from 

a) broken into the same three regions for analysis. 

 

Overall heavier, thicker interlayers with more total surface area are more effective 

interlayers. With increasing interlayer mass, there appears to be three regions. From no interlayer 

(0 mg) to 1, 2, and 5 mg interlayers there is a rapid improvement in performance (region 1) and 

reaches a small plateau (region 2). Afterwards the curve increases again and appears to start 

leveling off with thick enough interlayers to around 1500mA h g
-1

 sulfur (region 3). Such 

behavior would be expected for a filter, since as the filter grows thicker, less of the filtrate should 

penetrate through. However as stated earlier, the overall sulfur composition decreases as the 

interlayer grows in mass. 
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In a second set of experiments (Figure 7b), the overall sulfur composition is held constant 

by adjusting the amount of sulfur in the cathode with 5mg, 9mg, and 18mg interlayers. This was 

accomplished by casting a thicker or thinner composite material layer on the cathode current 

collector using the same 30% Super P, 70% sulfur composite recipe with binder. In particular, 

Super P which lacks large amounts of micropores was chosen as the cathode carbon so that the 

effects of partial micropore filling would not influence the results if the sulfur does redistribute 

itself. The “Cathode Only” experiments used specially made cathodes where less sulfur was 

loaded into the Super P to make the desired overall sulfur composition comparable to the other 

experiments where interlayers were used. The black dashed, dotted, and solid line connects the 

data from Figure 7a which all have a constant 1.8mg loading of sulfur.  

We note that all samples with interlayers performed better than having no interlayer at all 

despite having the same overall sulfur composition. Looking at the 18mg and 9mg interlayers 

alone, lowering the overall sulfur loading increased the capacity and raising the overall sulfur 

loading hindered the performance. At the same overall sulfur composition, a more massive 18mg 

interlayer improved performance over a 9mg interlayer suggesting a filter mechanism where the 

polysulfides could not penetrate through as quickly thus preventing the buildup of nonconductive 

lithium sulfides on the anode and the polysulfide shuttling mechanism. Considering the curves 

for 9mg and 18mg interlayers individually, each starts with a higher capacity at a lower sulfur 

loading and seems to level out at the highest sulfur loading which was possible to test given the 

experimental cell coin setup. When the 5 mg sulfur composition was too high, its performance is 

similar to a thinner interlayer. When comparing the 5mg interlayer and the 9mg interlayer with 

the line for the 1.8mg sulfur loading which corresponds to the small plateau in Figure 7a, 5mg 

and 9mg interlayers had similar performance despite the 9mg interlayer having a lower overall 
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sulfur composition until higher sulfur composition are reached. When the actual sulfur loadings 

are considered the 9mg interlayer always performed roughly as well but slightly better than the 5 

mg interlayer. Since the actual sulfur loading matters between 5 and 9 mg interlayers rather than 

just the overall sulfur composition, it is thought that the amount of weakly adsorbed sulfur on the 

Super P cathode outer surfaces increases with the larger cathodes used to increase the sulfur 

composition for the 9 mg interlayer. Comparing 18mg and 5mg interlayers, the 18mg interlayer 

approaches the higher plateau of capacity for the 5mg interlayer at the highest sulfur loadings for 

18mg. The 18mg interlayer was always better than the 5mg interlayer at a particular sulfur 

composition or sulfur loading. 

To explain these results, the results of Figure 7a (constant 1.8 mg S cathodes) are 

considered in three hypothetical regions. Between 0 and 5mg of interlayer mass (above 25% 

overall sulfur shown in the solid line), before the first, small plateau, all the mesopores and 

micropores throughout the interlayer are completely saturated or blocked to the lithium 

polysulfides diffusing from the Super P cathode which the cathode could not hold in place with 

its surface area. The interlayer cannot hold any more polysulfides, and so the polysulfides 

quickly reach the anode to lower the capacity. Between 5mg and 9mg of interlayer mass (15 – 

25% overall sulfur, shown in the dotted line), or the first plateau, not all of the mesopores are 

saturated or blocked with deposits but some or most are. The mesopores can continue to hold 

more polysulfides and the varying degrees of a partially filled or blocked pore does not 

significantly change performance as some polysulfides have already broken through the filter but 

the majority of the sulfur is prevented from participating in the shuttle mechanism. At and above 

9mg of interlayer mass (less than 15% overall sulfur), more micropores become available to trap 
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diffusing polysulfides so few can diffuse and break through the interlayer improving 

performance by preventing the nonconductive layer on the anode.  

When more sulfur is loaded into a 18mg interlayer cell to match the overall sulfur 

composition of a 5mg interlayer cell, more sulfur is available to leave the cathode. With 1.8mg 

sulfur in the cathode, the 18mg interlayer can use its micropores to store the polysulfides but at 

higher sulfur loadings, its mesopores start to fill or close from the excess of sulfur causing its 

performance drop to a level similar to that of a 5mg interlayer loaded with 1.8mg sulfur in the 

cell. However, thicker, more massive interlayers with unblocked pores such as 9mg and 18mg 

interlayers with the same 1.8mg of sulfur decreases the chance that polysulfides diffuse 

completely through the inter-fiber spaces without interacting with them. In thin, less massive 

interlayers, all the strongly adsorbing micropores are filled early on, but the interlayer still 

provides some barrier to polysulfide diffusion as mesopores are filled. A 5mg or smaller 

interlayer still provides a large benefit to the capacity retention disproportionate to the amount it 

lowers the sulfur composition. Therefore, it is concluded that for a sufficiently large battery 

cathode to have a decent overall sulfur loading, a cell which relies purely on a carbon interlayer 

for decent performance would have a maximum such as ~1000mAh/g at 5mg as the optimal 

balance between sulfur loading and capacity for this system. This would correspond to the point 

where enough sulfur would be diffusing out of cathode to saturate the interlayer’s small pore 

volume of micropores and begin filling or blocking the mesopores. Beyond that, increasing the 

mass of the interlayer would have diminishing returns to capacity retention and would further 

lower the overall sulfur composition. 

To explore the idea of pore filling or pore closing, microtomed cross-sectional TEM 

images of the interlayers were taken perpendicular to the axis of the fiber (Figure 8). The images 
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were taken after being used as an interlayer in a lithium sulfur battery for 28 cycles, left in the 

discharged state, and washed overnight three times in the electrolyte solvents. The 2mg 

interlayer (Figure 8a) shows some rough deposits within the mesopores and both the 2mg and 

5mg interlayer (Figure 8b) appear to have its pores enclosed, and blocked from reaching the 

surface rather than being completely filled with reaction products. The 18mg interlayer (Figure 

8c) shows some deposits but many pores seem to reach the surface. The 32mg interlayer (Figure 

8d) looks the closest to the original unused MPCNF given in Figure 8e. The interlayers were 

washed in electrolyte solvents to remove the electrolyte salts but leave behind the sulfur and 

lithium sulfide deposits. Figure 8g shows a used 18mg interlayer with no solvent wash. The 

presence of the salts in the seemingly blocked, unwashed pores suggests that the majority of the 

pores are reachable for the electrolyte, at the start of cycling at the least, and that the solvent 

wash was effective in removing the salt, meaning that the pores cannot be completely closed. 

However, to measure the surface area and pore distribution, the electrolyte solvent wash did not 

seem effective. All samples appeared to have similar and rather small pore volume distributions 

despite the TEM images.  
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Figure 8: Microtomed cross sectional TEM images perpendicular to the axis of the fiber 

embedded in epoxy. a)-d) were used in as a 2, 5, 18, and 34 mg interlayer respectively for 28 

cycles and were washed in the electrolyte solvents e) before use as an interlayer. f) a used 18 mg 

interlayer but washed in deionized water. g) a used 18 mg interlayer without any wash before 

imaging. 

 

In Figure 9, the interlayers were washed with deionized water and the resulting 

distributions are more representative of the TEM images (Figure 8f). Since lithium sulfide is 

soluble in water, only sulfur or sulfur covered deposits should remain. The 2 mg interlayer has 

major mesopore blockages and the 5 mg interlayer has significant pore blocking compared to the 

pore distribution of the pristine MPCNF. Since the blockage remains after washing with water, it 

is thought that the shuttle mechanism trapped sulfur deposits from participating in the redox 

reactions by blocking direct access to lithium ions with a lithium sulfide coating. The 9, 18, and 

32mg interlayers also showed more mesoporous volume from volume expansion cracking which 
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supports the observation from the TEM images in Figure 5. The pore distribution for the 32 mg 

interlayer nearly matches the pristine MPCNF distribution suggesting it was relatively unused. 

The 32, 18, and 9 mg interlayers also had a substantially larger microporous area free from 

insoluble deposits than the 2 and 5 mg interlayers obtained from the BET and t-plot analysis 

which would be available during normal cycling. 

 
Figure 9: An incremental pore volume distribution of the various 

masses of used interlayer and the pristine MPCNF material using the 

BJH method with nitrogen physisorption. Supporting info: raw data 

 

3.4 Effect of Cathode Material 

However, there are still two factors to consider. One is the nature of the carbon in the 

cathode. Super P stores the sulfur on external surfaces rather than pores, so it does not store the 

sulfur as well as an activated carbon (AC) with unfilled micropores. Super P was chosen to test 

the interlayers in that regard, since it does not hold sulfur as tightly providing a better stress test. 

In addition, Super P would not have effects related to pore filling in the cathode. None the less, a 

MPCNF interlayer is more of an activated carbon in surface chemistry and surface area than a 
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carbon black like Super P. A comparison of different cathode materials is given in Figure 10. 

Even at the low loading of 9wt% sulfur in an activated carbon cathode, where sufficient pores 

should be available, performance is similar to Super P without an interlayer in Figure 10a. Sulfur 

was loaded to 9wt% sulfur in the composite material of the cathode to match the overall sulfur 

loading of the 70wt% sulfur cathode with an 18mg interlayer. Also given in Figure 10a, the same 

activated mesoporous carbon from the interlayers was ground up, made into a cathode, and tested 

without an interlayer. The capacity for the 9wt% sulfur MPCNF cathode was around 200 mA h 

g
-1

 sulfur less than the 9wt% sulfur AC and Super P cathodes, showing that the increase in 

performance is not strictly related to the mere presence of the MPCNF material or from lowering 

the sulfur loading but when the material acts as an interlayer in the cell.  
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Figure 10: a) Compares the same overall loading of sulfur of an 18 mg 

interlayer cell to cathode only cells made with activated carbon (AC), 

Super P, and MPCNF at 0.25C. b) All the samples have 18 mg MPCNF 

interlayers and 1.8 mg sulfur in the cathode but the cathode material was 

varied. All three cathodes were 70wt% sulfur. 

 

Unlike a cathode, interlayers do not start with sulfur evenly dispersed throughout them 

and would retain lower polysulfide concentrations than a cathode near the membrane and anode. 

If sulfur was quickly and evenly redistributed from the cathode to the interlayer to effectively 

make one a large cathode in the first few cycles, there should be no difference between the 

sample with an interlayer and the 9wt% sulfur cathodes. Both Figure 7b and 10a support the 

opposite. Since the 2 and 5mg BJH pore distributions from Figure 9 support that polysulfides do 

enter and remain in the interlayer and that interlayers do improve the lithium sulfur capacity 

beyond the effects of lowering the sulfur loading, a filter mechanism such as in a fixed 

adsorption bed is a reasonable conclusion as previously reported. In Figure 10b, all the cathodes, 

now with 70% sulfur composite materials, are effective cathodes when paired with an interlayer 
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showing the robustness of the interlayer even with the simplest of cathode materials such as 

activated carbon. 

3.5 Effect on Conductivity 

One last factor to consider is the effect that interlayers can add more conductivity to the 

cell as an additional current collector as originally shown by Su and Manthiram.
25

 Having a 

conductive carbon above the cathode could help the cathode in transferring electrons to the 

current collectors. However, if the thickness of the composite material on the cathode increases 

to store more sulfur during scale up, then the benefit of the extra current collector on the top 

layer of the active material would not scale with the battery. In Figure 11a-b, impedance 

spectroscopy is given for before cycling and after 10 cycles both at the fully charged state of the 

battery. Comparing the impedance from the cell with interlayers and without interlayers, the 

interlayers lower the resistance of the cell even before cycling which supports the idea that the 

interlayer acts like an additional current collector. From literature, it is known that lithium sulfur 

battery Nyquist plots can be modelled in part by a combination of two semicircles from their 

associated resistance and capacitance.
60-61

 It is thought that at high frequencies the resistance and 

capacitance is from the interphase contact between the current collector and the reaction sites, 

and at medium frequencies that the resulting semicircle is from the charge transfer resistance 

transferring the ionic charge from the sulfur into the electrolyte and the double layer capacitance.  
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Figure 11: Impedance spectroscopy comparing: a-b) the difference 

between different masses of interlayers and c-d) the difference between 

different cathode materials of 70% sulfur cathodes with an 18mg 

MPCNF interlayer before and after 10 cycles. All batteries were 

measured fully charged. 

 

Before cycling, the two components appear to be lumped together and are not visually 

distinguishable. Comparing to work by Deng, et al., the combined single semicircle and tail is 
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consistent with a fully charged lithium sulfur battery and the resistance is mainly from charge 

transfer.
60

 After 10 cycles without an interlayer, the impedance increases and the two 

components to the impedance start to become visible. This is thought to be mainly charge 

transfer resistance from agglomerations of insulting lithium sulfides on the cathode surface.
60

 

With an interlayer, however, the impedance of the cell decreases after cycling. In Deng, et al., it 

was shown that within the first cycle upon partially discharging the cell that the charge transfer 

and interphase resistances greatly decrease as well. It was suspected that this is due to the initial 

sulfur aggregates reacting and dissolving into polysulfides allowing for easier access for Li 

ions.
57

 On further charges the sulfur is more evenly distributed within the cathode and interlayer 

to reduce resistance by not blocking diffusion.
15

 In the case of an interlayer, the impedance 

decreases from the sulfur dissolving and distributing itself in the cathode but maintains low 

impedance by limiting the polysulfide shuttle mechanism and avoiding a nonconductive layer on 

the anode.  

Comparing the 9mg and 18mg interlayer, the thicker interlayer provided more resistance 

before cycling, but after 10 cycles, judging from the width of the semicircles, the total resistance 

is approximately the same. The slight shift to the right for 18mg interlayer is thought to be a 

small increase in the electrolyte resistance.
60

 Since 18mg and 9mg have similar impedances but 

the 18mg interlayer still creates better performance within the cell, it supports that its effect as a 

filter dominates over its effect as an extra current collector though both effects may still be 

important. In Figure 11c-d, cathodes made from Super P, AC, and MPCNF are paired with an 

18mg MPCNF interlayer and are shown to have similar impedances after 10 cycles. Since the 

capacity retention is similar as well for these cathodes it supports that the observed 

improvements are not related to the cathodes but to the interlayer.  
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4. Conclusions 

The potential of interlayers for lithium sulfur batteries is that they can be a simple 

addition to a cell but greatly improve capacity. Adsorbing the polysulfides from before they 

reach the lithium anode prevents electrically insulating lithium sulfides from forming on the 

anode surface and prevents them from participating in the polysulfide shuttle mechanism while 

still participating in cycling. Conductive mesoporous carbon nanofibers with large mesopores 

pores from immiscible blended polymers were created as a cost efficient way to make an 

effective interlayer with a significant improvement to capacity and rate capabilities over a plain 

cathode cell or a purely microporous interlayer. By controlling the size of the large mesopores, 

diffusion limitations were observed with large 30nm mesopores above 1C but were alleviated 

with an interlayer with even larger ( 50nm) mesopores. While effective as an interlayer 

regardless of the cathode material, for the effect of the interlayer to scale with the size and 

loading of the battery the interlayer must act like a filter rather than an additional cathode. To 

study this further, it was shown that the capacity increased with more massive interlayers and 

that more massive interlayers would provide better capacity despite having the same overall 

sulfur composition. Impedance spectroscopy showed that interlayers lowered the resistance of 

the cell, especially after some cycling. Thicker and thinner interlayers resulted in similar charge 

transfer resistances but thicker, more massive interlayers still have better capacity retention 

meaning that the current collector effect is not the dominating mechanism for better capacity 

retention with interlayers. While sulfur will inevitably diffuse out of the cathode and into the 

interlayer and eventually to the anode limiting the long term cyclability, interlayers still appear to 

be a simple method to improve the capacity retention of lithium sulfur batteries and may work 

well in conjunction with an advanced, highly loaded cathode to obtain superior performance. 
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SEI  Figure 2: Nitrogen physisorption absorption isotherm 

data d) for 2a and 2b and e) for 2c 
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SEI: Figure 9 

 
SEI  Figure 9: b) Nitrogen physisorption absorption 

isotherm data  
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CHAPTER 4 

 

Metal Oxide Coatings on Carbon Electrodes with Large 

Mesopores for Deeply Charged Zinc Bromine Redox Flow 

Batteries 

 
Abstract 

 Carbon nanofibers with three sizes of large mesopores were made and tested as a cathode 

material for zinc bromine redox flow batteries. The largest mesopores showed improvements 

over activated carbon in coulombic efficiency and well as in rate capabilities to 30mA/cm
2
. 

Afterwards, the mesoporous carbon nanofibers are coated with four amorphous metal oxides 

formed from precursors to form a protective coating and their protective nature is examined in 

deep and shallow charges. The effect of the coating on battery performance is then analyzed 

through galvanostatic testing, cyclic voltammetry, and electrochemical impedance spectroscopy. 

It is determined that the metal oxide coatings improved performance by adsorbing the bromine 

complex more strongly while the large mesopores aide performance from a combination of 

adsorption and quicker diffusion. 
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1. Introduction 

In recent years redox flow batteries (RFBs) are growing in popularity as a means to store 

electrical energy for large scale applications.
1-5

 The active materials in RFBs are soluble in the 

electrolyte so they can be stored in external tanks and pumped into the cell when needed from a 

closed loop.
1-5

 Grid scaled applications such as storing intermittent renewable energy sources 

and diminishing the peak-demand power generation requirements are considering RFBs for their 

potentially high overall capacity to store energy. Creating the large capacity needed for these 

applications with RFBs at the appropriate scale is predicted to be more cost effective than 

traditional methods.
1-6

 Using external storage tanks is advantageous towards scaling up capacity 

because traditional batteries, where the active materials are stored on or around the electrode, are 

subject to volume changes and diffusion limitations for active material storage.
1-4

 In a RFB the 

overall capacity scales with the volume of electrolyte and thus the size of the storage tank.
1-4

 

External storage would also limit potential self-discharge and limit runway reactions, in the event 

of a failure, to the material remaining in the cell.
4
 RFBs are known to have lower energy 

densities compared to Li ion and other battery technologies, but the grid based applications 

pursuing RFBs would be stationary applications so large volumes and weights are acceptable.
2-5

 

However, at the current time RFBs are not cost effective enough to more mature, low risk 

technologies, and a large proportion of that is due the capital costs for the cell.
1-5,7

  

In particular, zinc bromine redox flow batteries (ZBB) are a form of hybrid flow batteries 

being considered for grid scale energy storage due to its relatively high discharge voltage, 

inexpensive and abundant active materials, ambient operating temperature, and aqueous 

electrolyte.
1,8-11

 During charging in a ZBB, Zn
2+

 cations from aqueous zinc bromide are reduced 

to zinc metal at the anode and the Br
-- 

anions are oxidized to elemental bromine.
1,8-11

 Typically in 
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modern systems, quaternary ammonium bromide salts then complex with the bromine which 

phase separates from the aqueous phase to reduce the volatility of the bromine and minimize 

self-discharge from bromine diffusion through the membrane to the zinc anode.
13-17

 Unlike a 

pure RFB, the zinc metal is stored on the electrode though the bromine complex is removed with 

the flow.
1,3

 A typical working current density for a ZBB is about 20mA/cm
2
.
8,10,12

 In a simple 

setup the cathode is coated with activated carbon or connected to carbon felt to increase the 

surface area of the electrode to aid the sluggish kinetics of bromine.
8,10-12,18

 Br
-
 adsorption and 

desorption are thought to be the rate limiting steps and thus are primarily the focus of 

research.
7,19-21

 However recent work has also considered the zinc plating aspects such as the 

effect of the complexing agent, zinc bromine purity, and the supporting electrolyte on plating 

quality.
22-25

 Like other RFBs, to charge and discharge at the desired currents with low 

overpotentials, the area of the electrode of the ZBB cell is increased by constructing larger cells 

leading to higher capital costs. Because of the corrosive bromine environment, carbon and 

graphite are the traditional but more costly materials of choice.
18

  

While appreciably conductive and acceptably chemically inert, the cost of machining and 

producing graphite electrodes is a near unchangeable barrier to lowering costs. One common 

strategy is to replace the graphite plate electrode with a less expensive conductive carbon plastic 

composite.
10-11,18,26-27

 In addition to carbon plastic, another common strategy would be to modify 

the electrode’s surface such as adding activated carbon to increase surface area.
10-11,18,26

 Likewise 

a more reactive surface could be used to reduce overpotentials and thus increase the effective 

usable current density to reach higher charge rates with the same spatial area for the cell.
5
 Initial 

attempts to do so include functionalizing the carbon surface with oxygen containing functional 

groups with acid and air.
18

 More recently, single wall and multiple wall carbon nanotubes and 
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mesoporous carbon have been shown to increase the reactivity of the surface and the surface area 

respectively.
21,28-29

 Mesopores carbons (2-50nm) are useful in a heterogeneous reaction surface 

because the pores are large enough to prevent diffusion limitations unlike micropores but still 

have relatively large surface areas.
30-33

 Macroporous carbon cyrogels have also been tested 

which have to report to increase bromine storage in a no flow scenario.
33 

In this report hierarchical pores were created within a macroporous carbon nanofiber mat 

with large mesopores (>10nm) and micropores within the fibers. Previous work by C. Wang et 

al.
21

 implemented small mesopores (2-10nm) for zinc bromine batteries, but large mesopores, 

which have been shown to beneficial in other applications such lithium sulfur batteries,
34

 

supercapacitors,
35

 and supports for catalysts and adsorbents,
36-37

 are thought to be helpful 

towards accommodating the bulky bromine complex. While the bromine and complexing agent 

themselves such as 1-ethyl-1-methylpyrrolidinium bromide, are small molecules they are known 

to phase separate which would need to overcome a surface tension factor in water to fit in a small 

pore. Work by J. Yang et al. showed that using a surfactant to break the complex phase into 

smaller domains improved performance.
38

 Increasing the size pore with large mesopores may 

have similar effect. In addition to examining the rate capabilities and coulombic efficiencies of 

cathodes with large mesopores through galvanostatic testing, this work also investigates the 

effect of adding metal oxide coatings on the carbon. Coatings were added to prevent the 

degradation of the carbon electrode, which is thought to be a potential problem over many cycles 

and in deep charging conditions. Alternatively, the coating is desired to prevent side reactions 

with the complexing agent at higher voltages which may occur at high current densities or in 

deep charges. Short 1000 cycle galvanostatic experiments along with cyclic voltammetry and 

electrochemical impedance spectroscopy were conducted to investigate the degradation, 
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adsorption, and catalytic effects with metal oxide coatings. Finally, the effects of large 

mesopores and metal oxides coatings were observed together. 

2. Materials and Methods 

2.1 Carbon Nanofibers with Large Mesopores 

Polyacrylonitrile (PAN) (Mw=150,000 from Sigma Aldrich) and cellulose diacetate 

(CDA) (Mn= 50,000, 39.7% acetyl from Sigma Aldrich) was dissolved in dimethylformamide 

(DMF) to 12.9wt% polymer in a 1:1 ratio of PAN to CDA. The solution was vortexed until fully 

mixed, and was electrospun immediately at 19kV, 20 cm distance to the collector, and a 

0.02mL/min polymer flowrate with an 18 gauge stainless steel needle. The spinning took place in 

a humidity controlled box which was necessary for consistency. Control of the humidity was 

used a mechanism to make adjustments to the size of the mesopores.  

 The spun nanofibers were peeled from the collector and heat treated in air between two 

ceramic plates at 270°C for 1 hr with a ramp rate of 1°C/min to stabilize the PAN component of 

the fibers. The fibers were then placed in a nitrogen filled tube furnace at 1000°C for 8 hours 

with a ramp rate of 10°C/min to carbonize the PAN component and remove the CDA component 

by thermal degradation to create mesoporous carbon nanofibers (MPCNF). Macropores through 

the nanofiber mat exist naturally as the micron sized spaces between the fibers. Micropores were 

added to the fibers by heat treatment in air at 350°C for four hours for all fibers. Approximately 

~5% burn off was achieved to complete the hierarchical pore system with the micropores. The 

plates were necessary to prevent curling of the fiber mat during stabilization, and the 

carbonization treatment was done for eight hours to improve conductivity. The surface area and 

pore size distribution analysis was performed on a Micromeritics Gemini VII 2390t in liquid 

nitrogen with the Brunauer, Emmett and Teller (BET), t-plot, and Barrett-Joyner-Halenda (BJH) 
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methods. Samples were degassed under nitrogen at 300°C for at least 3 hours. More details on 

the creation and characterization through scanning and transmission electron microscopy, BET, 

and BJH for the nanofibers were released in a recent publication on lithium sulfur carbon 

interlayers.
39 

2.2 Electrode and Cell Assembly 

Samples were attached to a machined graphite electrode with a binding solution. The 

binder solution, which was 4wt% polyvinylidene fluoride (from Sigma Aldrich Mw=534,000), 

2wt% Super P (conductive carbon black additive from TIMCAL) and 94wt% 1-methyl-2-

pyrrolidone (NMP), was sonicated for at least 3 hours. After which it was poured on a graphite 

plate and spread to a thickness of 20 µm with a doctor’s blade. The MPCNF samples were 

placed on the binding solution film and were allowed to dry at 80°C overnight. The sample area 

was then cut to a 5cm x 7cm rectangle ( .15g) and the excess material was removed. Activated 

carbon (AC) samples were prepared in a similar way. A solution that was 24wt% AC, 4wt% 

PVDF, and 72wt% NMP was cast to a 50 µm thickness on the graphite plate and allowed to dry. 

No Super P binder solution was used. 

The overall cell assembly is similar to that depicted in several previous works with a 

single cell and two reservoirs for electrolyte.
10,16

 Flow comes through a hole in the endplate and 

electrode to a machined flow channel plate where electrolyte flows across the active material in 

between the electrode and the membrane and then back out. Flow was generated by a dual head 

peristaltic pump using Tygon tubing. The distance between the electrodes was 4.5mm. Each 

reservoir contained 75 mL of electrolyte. Each glass reservoir drained from the bottom to capture 

as much complex as possible. The membrane was a silica filled polyethylene microporous Asahi 

SF-600 membrane.  
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Samples with metal oxides had the coating added after activation but before being 

adhered to the electrode. The coatings were formed from a 15wt% precursor solution of alkyl 

carboxylic acid metal salts in a 2:1 mixture of 1-methoxy-2-propanol acetate and 1-methoxy-2-

propanol solvent from EMD Performance Materials. The precursor creates an amorphous metal 

oxide film when heat treated to the appropriate temperature as described in a work by 

Padmanaban et al.
40

 The four metal oxides considered were ZrOx, TiOx, WOx, and AlOx and 

were heat treated for an hour in air at 250°C, 250°C, 350°C, and 350°C respectively. Samples 

that were diluted to obtain thinner coatings were diluted with the mixed solvent. 

2.3 Electrochemical Testing 

Galvanostatic tests were conducted on a system with a 10 A, 50V maximum from MTI, 

Corporation. The cell was oriented with the electrode plates in the vertical axis and oriented so 

complex would not drain into the tubing leading to the cell from gravity. The flow rate was 

2mL/sec., and the tubing size was ¼ in. For all current densities, the battery was charged to 

40mA h cm
-2

 with 35cm
2
 of active material or 1400mA h. All capacity data shown is from the 

second cycle since a significant proportion of the bromine complex is lost from coating the 

tubing and glass reservoirs during the first cycle. The electrolyte was 2.25 M zinc bromide, 0.5 

M zinc chloride, 0.8 M 1-ethyl-methylpyrrolidinium bromide, and 0.1 M hydrochloric acid. For 

the 1000 cycle tests with a high SOC, the cell was charge to 2.06V with no flow then discharged 

for 1 minute and then recharged again to 2.06V for 1000 cycles. For the 1000 cycle tests with a 

low state of charge (SOC), the first cycle was charged at 20mA/cm
2 

with no flow to 200mA h 

(around 20% SOC) so the electrode would be coated in bromine. The battery was then 

discharged to 1.45V and recharged for 1 minute for 1000 cycles. Fourier transform infrared 

spectroscopy (FTIR) was performed on the aqueous portion of the electrolyte with a Nicolet 
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Magna-IR 560 spectrometer equipped with an attenuated total reflection diamond and averaged 

over at least 64 scans with a deionized water background. 

 Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) testing was 

performed on a Princeton Parastat 4000. The CV testing used a three electrode system with an 

Ag/AgCl reference electrode using 1M KCl. The working electrode was polished glassy carbon a 

3 mm diameter circular end exposed. Samples were punched out to a 3mm diameter disc and 

attached to the electrode with the binding solution described above using 3µL of solution. For 

AC samples, about 0.6mg of AC after drying the solution was deposited on the electrode. The 

counter electrode was a graphite rod. The electrolyte was 0.05 M zinc bromide and 1.0 M 

perchloric acid. The EIS used a two electrode system using the same working electrode as the 

CV testing but used the full concentration electrolyte used in battery testing. The distance 

between electrodes was 12mm and the sample and was tested from 10
5
 Hz to 10

-1
 Hz with a 

10mV amplitude. When bromine was added to the electrolyte to generate a phase separated 

bromine complex, 0.1g of bromine was added to 20mL of electrolyte. 

3. Results and Discussion 

3.1 Effect of Cell Orientation 

First, small aspects of the cell assembly were considered for consistency. Most notably, 

the orientation of the cell mattered significantly. The difference between the vertical and 

horizontal orientation are shown in Figure 1a-b. Figure 1c shows the difference in the charge and 

discharge capacity curves for an AC coated electrode produced by Lotte Chemical. From visual 

observation, the horizontal orientation has better performance because the heavy viscous 

bromine complex can drain out of the cell and the flow was not quite strong enough to push the 

complex back into the cell. Also in the horizontal position, some complex would always remain 
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in contact with the electrode as it sinks to the bottom of the cell below the flow entry points. It is 

apparent that for discharge the bromine complex phase should be in direct contact with the 

electrode. 
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Figure 1: Picture of the ZBB cell in the a) default horizontal position and b) in the vertical 

position. c) The second cycle charge and discharge capacity vs. voltage for an AC coated 

electrode charged at 20mA/cm
2 

to 1400mA h. 

 

3.2 Effect of Pore Size 

 Next MPCNF samples were attached to clean graphite electrodes to compare against AC 

coated electrodes made in the lab with PVDF. The BJH incremental pore volume and pore area 

distributions of the carbonized and activated PAN CDA MPCNFs electrospun at three different 

relative humidities (RH) and the “PAN only” nanofibers electrospun at 30% RH are given in 

Figure 2. Described in more detail in a previous work, large mesopores were created while 

electrospinning PAN and CDA at high RH such as 50% RH by increasing the thickness of the 

nanofiber and allowing more time for phase separation until the solvent evaporated. “PAN only” 

did not contain any significant amount of mesopores as there was no phase separation from the 

blend and the mesoporosity is not initially created by the humidity. 
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Figure 2: BJH analysis of nitrogen physisorption showing a) the incremental pore area 

distribution, b) the incremental pore volume distribution. 

 

 In Figures 3a, the discharge capacity between AC and 10% RH, 30% RH, and 50% RH 

MPCNFs, charged to 1400mA h at 20mA/cm
2
,
 
are compared. The initial discharge voltage was 

very similar for the four samples and AC performed well, achieving 71% coulombic efficiency. 

30% RH and 50% RH, which contained a peak of 30nm and 50nm+ by area of interconnected 

pores, had an efficiency of 78% and 88% respectively. Larger mesopores were more effective at 

20mA/cm
2
. 10% RH was not very effective as a cathode but had the smallest and least 

interconnected pores. In Figure 3b, the standard activated 30% RH MPCNF sample is compared 

against 30% RH MPCNFs which had not been activated but still has mesopores and “PAN only” 

nanofibers which were activated but had no mesopores. The standard 30% RH MPCNF sample 

performed better than both of them, but at 20mA/cm
2
, both micropores and mesopores were 

useful to improving coulombic efficiency. In Figure 3c, each charge curve with different 

mesopores and micropores was very similar and overlapped each other. In Figure 3d after the 

constant current discharge, the anode electrode was stripped by continuing the discharge at the 

highest possible current until 0.1V was reached. When the stripping is considered, most samples 

which perform reasonably well have around the same coulombic efficiency at 91%. The samples 
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which dropped to lower voltages earlier just cannot provide the energy at the desired rate, but 

most of the energy was not lost except for when diffusion based self-discharge starts to dominate 

in longer time scales. 
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Figure 3: Capacity discharge curves where cells where charged to 

1400mA h and discharged at 20mA/cm
2
 to a) compare samples 

spun different relative humidities and AC, b) check the effect of 

micropores and mesopores. c) Compares the capacity curves 

during charging. d) After discharging at constant current, samples 

are stripped at the highest possible current until 0.1V. 

 

 In Figure 4, the charge and discharge rate is varied. At 30mA/cm
2
, 50% RH performs the 

best showing little difference between 20 and 30mA/cm
2 

except for a 0.1V drop in the discharge 
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voltage. 10% RH and AC perform the worst but with the stripping, the coulombic efficiency 

ends up being almost the same. The effectiveness of large mesopores is best observed between 

the 30%RH sample with 30nm mesopores and the 50% RH with 50nm+ mesopores where the 

30% RH sample performs similarly to AC and the 50% RH sample is relatively unchanged. At 

10mA/cm
2
, samples which did not perform well at higher charge rates, performed much better at 

discharging at the slower rate.  

It is thought that the larger mesopores would better adsorb the phase separated complex 

so those samples can retain higher concentrations of bromine at the surface and reactive sites to 

meet the current demands by saturating the sites. If there were diffusion limitations which the 

mesopores or surface area could affect, it would be expected that there would be a larger change 

in discharge and charge plateau voltages. During discharge electrodes coated in complex use the 

complex “stored” in their pores and must then adsorb more from the flow or it will be depleted. 

If adsorption is not strong enough to replenish the complex, then the voltage would drop from 

the low concentration at surface though the complex still remains in the electrolyte and would be 

adsorbed and used eventually. All the MPCNFs had similar surface areas so the number of active 

reaction sites should be similar. If diffusion to the active sites from the bulk after depletion was 

the limitation resolved by pores then the charge curves would be affected too, and it would be 

expected that there would be a smaller difference between 30nm and 50nm pores in 30mA/cm
2 

discharge but a larger one between AC micropores and 30nm pores. 
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Figure 4: Capacity discharge curves comparing samples charged to 

1400mA h and discharged at a) 30mA/cm
2
 and b) 10mA/cm

2
 with 

the stripping included. c) Capacity charge curves at 30mA/cm
2 

for 

samples in a) and b). 

 

3.3 Effect of Metal Oxide Coatings 

 In this section, metal oxide coatings were added to activated 30% RH MPCNF samples 

and adhered to the electrode. Four metal oxides were tested: ZrOx, WOx, TiOx, and AlOx. The 

primarily goal was to create a robust barrier to carbon electrode degradation. It is known that 

through cycling bromine based batteries, oxygen containing functional groups are added to the 

surface.
11,29,41

 Several reports conclude a slow degradation process with bromine and show 

evidence of C-Br bonds forming.
11,29,42

 First, it was considered what protection the coatings 

would provide if the battery was charged too deeply, possibly revealing small side reactions with 

the bromine, bromine complex, and the carbon electrode during deep charges.  

In Figure 5a-b, samples were charged to 2.5V at 20mA/cm
2
 in a filled but non-flowing 

cell containing approximately 5 mL of electrolyte. In general MPCNFs and metal oxide coated 

samples charged for about 1000mA h and would rise in voltage when the last of the ZnBr2 in the 
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electrolyte is consumed with a slight shoulder. Ideally the voltage should rise smoothly until 

hydrolysis dominates. The extra unknown capacity source observed in AlOx is not desired either. 

For the AC electrode, the voltage jumped to a higher voltage first but has the largest high voltage 

shelf between 2.2V and 2.4V looking like a peak suggesting a stronger side reaction with the 

complexing agent. Figure 5c shows absorbance from a FTIR scan where the electrolyte after 

charging to 2.5V with AC has minimal signal for the complex peaks at 1470cm
-1

 and between 

900cm
-1

 and 1200cm
-1

. This is compared against a used electrolyte which was used for the 

20mA/cm
2
 AC test in Figure 3 to show that the complexing agent is not damaged by normal 

cycling. The red line for the complexing agent contained the complex agent by itself in deionized 

water to indicate the appropriate peaks. ZrOx coated AC also had stronger complex peaks 

compared to the uncoated AC. This shows that with the ZrOx coating on AC, charges can go 

deeper or at higher current densities without damaging the complexing agent. 
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Figure 5: A no flow cell charged to 2.5V at 20mA/cm

2
 a) with 30% 

RH MPCNFs and metal oxide coated 30% RH MPCNFs, and b) 

with AC and ZrOx coated AC. c) FTIR of the electrolyte, complex, 

and electrolyte after charging to 2.5V with the AC sample on a 

deionized water background. 

 

 To test the effect of deep charge cycling with the knowledge of the SOC and voltage 

from Figure 5a for ZrOx, WOx, and TiOx, the same no flow cell as above was charged to 2.06V 

and cycled 1000 times at 20mA/cm
2
 for each sample. In Figure 6a, the AC carbon sample had a 
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decline in the initial discharge voltage after 300 cycles which lead to the cell being unable to 

discharge at the specified rate. When ZrOx was coated on the AC, no sudden decline in discharge 

voltage was observed. In Figure 6b, a similar experiment was carried out with 30% RH MPCNF 

coated with the four metal oxides. After 1000 cycles MPCNFs were starting to show decline and 

could not discharge at the specified rate while ZrOx coated MPCNF were not showing any rapid 

decline in initial discharge voltage. For coulombic efficiency, MPCNF reached about 71% until 

failure while ZrOx reached 95% with no failure. AlOx, TiOx, and WOx however all showed rapid 

decline in voltage. In Figure 5a, ZrOx and MPCNF performed the most closely together as well. 

It thought that the decline in voltage in the 1000 cycle study was related to degradation of the 

electrolyte perhaps with the electrode. As shown in Figure 6c, after replacing the electrolyte and 

testing the electrode again, the performance was the about the same or better after the 1000 

cycles. The other samples were similar in this regard. 
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Figure 6: Initial charge and discharge voltages of a) AC and ZrOx 

coated AC, and b) metal oxide coated 30% RH MPCNF for 1000 

cycles charged to 2.06V and discharged for 1 min at 20mA/cm
2
. c) 

20mA/cm
2
 discharge profile for MPCNF before and after 1000 

deep cycles. 

 

 To continue exploring the effects of the metal oxides over many cycles, filled cells with 

no flow were charged 200mA h or about 20% SOC and then cycled 1000 times where the cell 

discharged to 1.45V and charged for 1minute at 20mA/cm
2
. In Figure 7a, AC has only about 
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67% coulombic efficiency while ZrOx coated AC was 95%. The inefficiency of AC is not related 

the disconnected nature of the particles as ground MPCNF, which were MPCNFs that were 

ground into a powder in a ball mill, did not show a low efficiency like AC. In Figure 7b, 30% 

RH MPCNFs without and with ZrOx and WOx coatings were tested. MPCNFs are not as 

inefficient as AC despite both being a type of activated carbon. This is perhaps due to different 

amounts and ratios of oxygen containing surface groups or the mesopores promote better 

diffusion when the concentration of the electrolyte becomes low from stagnant conditions. After 

about 300 cycles, both ZrOx and WOx obtained similar coulombic efficiencies as the MPCNF. 
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Figure 7: No-flow tests charged to 20% SOC and then discharged 

for 1.45V and recharged for 1 minute 1000 times at 20mA/cm
2
 for 

a) AC, ZrOx coated AC, and ground MPCNF and b) MPCNF, ZrOx 

coated MPCNF, and WOx coated MPCNF. 

 

Next the discharge capacity of the coated MPCNFs and AC are compared in Figure 8 by 

charging to 1400mA h at 20mA/cm
2
 with flow again. Again TiOx and AlOx showed poor 

performance compared to the uncoated MPCNF. AlOx has its discharge plateau dip down early 

though it provides the necessary current at a slightly lower voltage, and TiOx ended with an 

overall low capacity. ZrOx did not provide as high of a capacity at the specified current as the 

uncoated MPCNFs. However WOx exceeded the performance of the MPCNF despite the 

fundamental drawback that the WOx coating provides an additional barrier for charge transfer. 

ZrOx coated AC performed roughly the same as AC as well. However, the ZrOx coating for AC 

only comprised of about 11wt% of the sample after heat treatment. For the coated MPCNF 

samples the coating was about a third of the weight of the sample. While AC and MPCNF have 

similar surface areas per gram, MPCNF samples are light and macroporous so wetting the 

MPCNF samples with the same concentration of precursor as AC created thicker coatings. The 
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problem of thick coatings was addressed by diluting the precursor with solvent before dispersing 

it on the samples. 

 

 
Figure 8: Discharge capacity profiles charged to 1400mA h at 

20mA/cm
2
 for a) metal oxide coated 30% RH MPCNFs and b) 

ZrOx coated AC. 
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In Figure 9a, 30% RH MPCNF samples were coated with diluted ZrOx and WOx 

precursors and heat treated. At one tenth the concentration of ZrOx precursor, the coating after 

heat treatment was only 5wt% of the sample. By decreasing the amount of coating, both ZrOx 

and WOx improved and are better than the original MPCNF. A similar scenario is observed in 

Figure 9b at 30mA/cm
2
 especially for 1/10

th
 WOx. However, the coatings are not the only factor 

responsible for the improvement. The 1/10
th

 ZrOx coated PAN only sample with no mesopores 

does not perform well either at 30mA/cm
2
. Therefore both mesopores and the coatings are used 

to improve the dischargeable capacity at 30mA/cm
2
. In Figure 9c, it is seen that a majority of the 

mesopores are preserved with 1/10
th

 ZrOx and WOx coatings though 1/10
th

 WOx is closer in pore 

volume to the original MPCNF. However, for a coated sample to surpass the original 

performance of the MPCNF, it was thought that the coating must either provide a catalytic or 

more reactive surface or aides the adsorption of the bromine complex to increase the 

concentration near the surface. For coated samples, especially WOx, the performance does not 

seem strictly related to the pores volume. WOx with no diluted precursor starts with a low pore 

volume and only improves only slightly in discharge capacity with significant increases in pore 

volume while ZrOx improves significantly in discharge capacity but with little increase in pore 

volume. 
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Figure 9: Discharge capacity profiles charged to 1400mA h at 

20mA/cm
2
 for a) metal oxide coated 30% RH MPCNF and b) ZrOx 

coated AC using diluted precursors. c) The incremental pore 

volume distribution using nitrogen physisorption and BJH method. 

 

To explore the difference in mechanisms, EIS and CV testing was conducted. Figure 10, 

gives Nyquist plots to compare the impedance of the samples. The charge transfer resistance is 

taken from the diameter of the semicircles if formed. Small shifts right or left of the semicircle 

supposedly correspond to small changes in the resistance of the electrolyte.
43

 Figure 10a 

compares difference in impedance when the electrolyte contains bromine and when it does not. 

The drastic decrease in charge transfer confirms an earlier report by J. Jeon et al. where charged 

bromine complex lowered charge transfer resistance on a activated carbon surface. It was 

reported that this occured from the complex adsorbing to the surface and directly transfering 

adsorbed bromine from the complex to the surface.
16 

In Figure 10b-d, impedance is seen to 

decrease with increasing pore size for the samples spun with increasing humidity. The metal 

oxide coatings lower resistance compared to the 30% RH MPCNF as well despite adding an 

additional barrier. And by comparing ½ WOx and 1/10
th

 WOx, it is seen that a thinner coating has 
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a smaller resistance as expected. A similar affect is observed for AC and ZrOx coated AC. 

Putting together the idea that bromine complex adsorbs to surfaces to lower charge transfer 

resistance and that the coatings lowered resistance, it is supported that the coating promoted 

complex adsorption.  
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Figure 10: Nyquist plots comparing: a) 30% RH MPCNF with and 

without bromine, b) MPCNFs spun at 50% RH, 30% RH, and 10% 

RH, c) metal oxide coated 30% RH MPCNFs with diluted 

precursors, d) AC and ZrOx coated AC. 

 

 Lastly CV tests were considered. Figure 11 compares CV sweeps between 0.05V and 

1.4V at 10mV/sec. Both the anodic and cathodic peaks are visible. 50% RH and ½ WOx have the 

highest peak currents and a low degree of peak separation. AC, 10% RH, PAN only, and the 
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Super P binder all perform poorly in these regards. The 1/10
th

 metal oxides perform roughly as 

well as the base 30% RH MPCNF. Then the scan rate was varied from 5mV/sec to 100mV/sec to 

compile anodic and cathodic peak currents and separation voltages. According to Randles-Sevcik 

equation, the peak current should be proportional to square root of the scan rate.
44-45

 Assuming 

approximately constant surface area between samples, the proportionality constant should 

depend on the bulk concentration or the square root of the diffusion constant. In Figure 12a-b), 

there are good linear fits to the Randles-Sevcik model. 50% RH has the largest slope and may be 

from a combination of improved diffusion from larger pores or a higher concentration from 

better adsorption. The other mesoporous samples also had larger slopes than AC and Super P. 

With coated samples, each sample had a higher slope than the 30% RH MPCNFs. Since each 

sample should have similar or more limited pores than the starting MPCNFs then the effective 

diffusion constant soon remain constant. The conclusion then should be for in an increase in bulk 

concentration.  
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Figure 11:  CV testing with Ag/AgCl reference electrode with 1M 

KCl at 10mV/sec of a) 50% RH MPCNF, 30% RH MPCNF, and 

one half diluted WOx coated MPCNF, b) AC, 10% RH MPCNF, 

PAN only nanofibers, and the Super P with PVDF binder, and c) 

diluted to one tenth metal oxide coated MPCNF. 

 

Figures 12c-d), plot the voltage separation between the anodic and cathodic current peaks 

and the natural logarithm of the square root of the scan rate according to the Klingler and Kochi 

method.
44 

The reaction rate constant for the reaction and surface should be proportional to the 
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inverse of the y-intercept, so the separation between peaks should be minimized as in an ideal 

reversible reaction for faster kinetics. Overall the peak separation at the lowest scan rate is 

mostly the same for all samples and a projection of the curves would lead to the conclusion that 

the reaction constant is relatively the same for all the samples. 
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Figure 12: a) and b) are linearized Randles-Sevcik plots graphing 

the anodic peak current with the square root of the scan rate for 

coated and uncoated samples. c) and d) are linearized plots of the 

Klingler and Kochi method graphing the spread of the voltage of 

anodic and cathodic peak currents with the natural logarithm of the 

square rate of the scan rate. 
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4. Conclusions 

 Starting from a previous work, a hierarchical carbon composing of an activated 

macroporous carbon nanofiber mat with large tunable mesopores (>10nm) in the nanofibers were 

made and tested as zinc bromine redox flow battery cathodes. By controlling the humidity during 

electrospinning to 10% RH, 30% RH, and 50% RH, three sizes of mesopores were made. The 

largest mesopores (50nm+) were made at 50% RH and it demonstrated higher coulombic 

efficiency than AC especially at 30mA/cm
2
 while 30% RH with the second largest pores 

demonstrated slight improvement over AC. While the enhanced performance could be from 

better diffusion through larger pores, a small change in pore size should not drastically alter the 

performance since only small molecules are diffusing through the pores that are far from the 

Knudsen regime. Therefore it is thought that the larger pores allow better adsorption of the phase 

separated bromine complex into the pore. From the first experiment dealing with the orientation 

of the cell, the importance of direct contact of the complex with the electrode is observed. When 

metal oxides were added, ZrOx was found to superior in preventing side reactions with the 

complexing agent through 1000 deep charge cycle tests while WOx had the best coulombic 

performance in galvanostatic testing, surpassing the base MPCNF. When the thickness of the 

coating was reduced in order to lower charge transfer resistance, ZrOx improved its coulombic 

efficiency to a level above its base MPCNF as well. It was concluded that the metal oxide 

coatings improved performance by adsorbing the complex more strongly. This was concluded 

from impedance results where the coating lowered the charge transfer resistance lower than the 

base MPCNF and from the analysis of the CV testing where the higher slopes from the Randles-

Sevcik plot would constitute a higher bulk concentration with near constant pore volume and 

thus similar diffusion limitations. 
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CHAPTER 5 

Conclusions and Future Directions 

 
Summary of Findings 

 Chapter 2: Petcoke has a stronger preference for nonionic dispersants like Pluronic than 

high rank coals presumably due to low ash and volatiles content of the petcoke. A thick, 

strongly adsorbed layer was created by the best dispersants. Xanthan gum and Pluronic 

F127 competitively adsorb to the surface of petcoke where Pluronic slowly breaks up 

and out adsorb xanthan gum clusters which stabilize the slurry. 

 Chapter 3: Interlayers for lithium sulfur batteries operate by a filter mechanism showing 

improvement to capacity retention at any sulfur loading studied. Large mesopores 

prevented pore narrowing at their opening at high charge and discharge rates. The 

thickness and weight of an interlayer matters significantly and improves capacity 

retention with increasing weight. 

 Chapter 4: Large mesopores and metal oxide coatings both show improvements in 

coulombic efficiency even at higher charge rates. The large mesopores and metal oxides 

allow for better adsorption of the bromine containing complex which increases the 

readily available bromine needed for the redox reaction. ZrOx also offers protection to 

the complexing agent in deep charges. 



 

132 

Future Directions 

 For the petcoke project the most interesting academic direction would be continuing to 

look at the interaction of the stabilizer and dispersants on model surfaces with varying degrees of 

hydrophobicity and different pairs of stabilizer and dispersants. The goal would be to find 

dispersant and stabilizer pairs and generalized conditions where the stabilizer would more 

strongly to the surface and each other than the dispersant without significantly increasing the 

yield stress. Industrially for petcoke, even simplest of block copolymers was thought to be too 

expensive of a dispersant. Industry preferred the superplasticizing polycarboxylates made 

industrially for cement applications with random grafting. However, perhaps a nonionic version 

of the polycarboxylates with grafted polyethylene oxide chains would be beneficial with petcoke 

where cements would prefer ionic dispersants. 

 On the mesoporous carbon nanofibers, PAN tries to shrink during stabilization and CDA 

is not a perfect form because CDA reaches its melting temperature at around the stabilization 

temperature and gives in to the shrinking a bit. A solution may be use cellulose triacetate instead 

which melts at an even higher temperature. Another solution may be to replace PAN and CDA 

with CDA and another pyrolyzing polymer and convert CDA to cellulose which would stabilize 

at a lower temperature and not shrink as much. Some fine tuning to the blend ratio may help the 

interconnectivity of the pores. Another idea to improve interconnectivity could be to freeze water 

in the nanofiber causing cracks like the lithium sulfide did in the interlayer project. Also, part of 

the blend polymer method was to make a cost effective mesoporous carbon with large 

mesopores. Experiments should be compared against Ketjen black, a major competitor in this 

aspect. Ketjen black is a hollow carbon black with diameters of the large mesopore range made 

in a very cost effective process. 



 

133 

 As for lithium sulfur interlayers, the field of making a new material for use as an 

interlayer has been fairly well explored. Next would be industrial efforts and academic efforts to 

increase sulfur loading in three dimensional cathodes. Interlayers are not the entire solution to 

the problems facing lithium sulfur batteries but are an easy addition to improve performance. 

They should be a part of any industrial solution to lithium sulfur batteries because there are many 

options, even those that are simpler than the methods discussed in Chapter 3, to make a working 

interlayer with net positive impact. 

 For zinc bromine flow batteries, the binder solution used to bind the MPCNFs to the 

electrode is a problem since many pores are blocked by PVDF and the binder solution soaks into 

the nanofiber during binding. One solution, though more of an industrial solution, is to melt press 

the MPCNF onto a carbon plastic electrode. The melted plastic would probably not be drawn 

into the fiber mat like the binder solution does. Other ideas on the ZBB project include looking 

for a metal oxide which is catalytic or looking more into graphene and carbon nanotube 

dispersions and coatings which are thought to be catalytic. The dispersion of the carbon 

nanotubes or graphene can be explored by changing the polymer blend and the hydrophobicity of 

one of the components or change the functional groups on the surface. Finally, since a coating 

does add a layer of resistance, chemically functionalizing the surface is an area to look into and 

may protect the carbon electrode just as well. 


