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ABSTRACT OF THE DISSERTATION 

Fabrication, Characterization and Application of Porous Nano Carbon Composites 

By JOHN LANDERS 

 

Dissertation Director: 

Professor Alexander V. Neimark 

 

Nanotechnology is an emerging field with the promise for new materials and applications 

in a variety of fields including medicine, drug delivery, catalysis and sustainable energy. 

At the forefront of these endeavors are nanocarbon materials such as carbon nanotubes 

and graphene. Their inclusion into a host of composite materials have endowed materials 

with significant properties such as enhance mechanical strength, electrical and thermal 

conductivity and improved functions such as drug delivery and catalysis. In many cases 

there is a further desire to make composites of these materials porous with a high internal 

surface area. Doing so will allow opportunities to optimize the pore size distribution 

tailored towards specific applications. It is aim of this work to demonstrate the versatility 

of these nanocarbon materials highlighting their usage in porous materials. The 

fabrication of these porous nano carbon materials is detailed through several techniques 

including wet spinning, sol-gel chemistry and forced impregnation. The characterization 

aspect is discussed at length focusing primarily on the porosimetetry results obtained 

from gas adsorption isotherms. Finally, the application of these composites are 

demonstrated in their use to enhance stem cell differentiation, as fiber composites for 

neural tissue engineering, catalysis and in the area of ultracapacitors. 
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Chapter 1 Introduction to nano carbon and porous materials  

 
Figure 1-1: Timeline of nanocarbon materials. 

 

Nano carbon materials have enjoyed intense research over the past three decades 

spurred by the discovery of fullerenes in 1985. This new allotrope of carbon was the first 

in a series of nano carbon materials that has attracted a lot of attention and garnered its 

discovers the Nobel prize in chemistry in 1996. Shortly thereafter, in 1993, the discovery 

of single walled carbon nanotubes (CNT) was announced[1]. But unlike its predecessor 

which possessed poor electrical conducting properties (10
-10

 S/cm) and a small surface 

area (80-90 m
2
/g), CNT possessed characteristics of superior conductivity, tremendous 

stiffness, a high aspect ratio (1000:1) and large surface area (~1300 m
2
/g) that puts it on 

par with many activated carbons. As such, they have been extensively employed in novel 

materials [2-4] stemming from their ability to absorb strain and induce conductivity. In 

addition, it has been shown that CNT are biocompatible [5-8], making their inclusion into 

materials destined for medical applications very promising. However, implementation of 

both carbon nanotubes and fullerenes into commercial products has thus far been limited 

by their cost. This would change with the revelation of a new nano carbon material in 

2004. Discovered by two Russian physicists from the University of Manchester, graphene 

came about through a simple mechanical cleavage experiment resulting in an atomically 
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thin layer being removed[9]. Since then alternative synthesis routes have been adopted by 

the scientific community including chemical vapor deposition and chemical exfoliation. 

With the discovery of graphene came the second Nobel Prize awarded for nano carbons 

this time in the field of Physics in 2010. Its discovers were credited for showing that 

electrons move along the basal plane of the graphene sheet in a relavistic manner and do 

so at speeds close to the Fermi velocity, or 10
6 

m/s[10]. This ballistic motion of the 

electrons is what endows graphene with its tremendous electronic properties, and with the 

combination of its other outstanding characteristics, has led the way for it to infiltrate 

nearly every field of science to date. In particular, numerous researchers are leading the 

effort to utilize the large surface area of graphene (~2630 m
2
/g) in fabricating porous 

materials. The ability to incorporate either CNT or graphene into highly porous materials 

will thus lead to the advancement in several fields. This last sentiment is the focal point 

of this work and is structured in the following manner: Characterization techniques of 

porous materials with an emphasis on porous carbon materials will be discussed in 

Chapter 2. Chapter 3 will concern the fabrication of nano carbon fiber composites. This 

will include fibers produced by a wet spinning procedure with either carbon nanotubes or 

graphene in addition to electrospun polymeric scaffolds that have been impregnated with 

a carbon nanotube dispersion. Chapter 4 will feature how these nano carbon fiber 

composites have been used for biological applications, both for neural tissue engineering 

as well as stem cell differentiation. Chapter 5 will describe alumina catalyst supports 

followed by Chapter 6 describing how these nano carbon materials have been 

incorporated into alumina composites for energy applications including catalysis and 
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ultracapacitors. Finally Chapter 7 will conclude and express any future work that may be 

done in order to improve on the findings found in this thesis.  
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Chapter 2 Application of Density Functional Theory Method for 

Characterization of Porous Materials 

2.1  Introduction 

The breakthrough discovery in the early 1990’s of highly ordered mesoporous 

materials [1, 2] stimulated rapid development of improved methods of pore structure 

characterization by gas adsorption. Indeed, the conventional methods, like BET [3] and 

BJH [4] models, failed to distinguish between different pore structure morphologies, to 

account for the effects of microporosity, and to predict the pore sizes, which could be 

independently determined from X-ray diffraction (XRD) and transmission electron 

microscopy (TEM) with the precision unavailable earlier. The new nanomaterials and 

new high resolution experimental capabilities required new adequate theoretical methods 

for data analysis. This period coincided with the development of the density functional 

theory (DFT) for inhomogeneous and confined fluids [5-7], and, in particular with its 

application to the description of adsorption and capillary condensation in pores. In 1989, 

Seaton et al.[8] were the first to propose a DFT model for calculating the pore size 

distribution from adsorption isotherms, and it has been soon acknowledged that DFT 

provides a more reasoned and versatile approach to calculating the pore structure 

parameters compared to the conventional methods based on the Kelvin equation [9]. 

Initially developed for simple slit geometries for activated carbons, so-called non-local 

density functional theory (NLDFT) [10-12] has soon evolved into a library of 

computational methods, which incorporates various pore structures representing 
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characteristic pore morphologies and typical adsorbates. NLDFT methods take into 

consideration the complexity associated with the hysteretic nature of adsorption 

isotherms that cloaks a number of physical phenomena relating to the geometrical 

specifics of given pore structure. These phenomena include the inherent metastability of 

confined fluid, pore blocking and networking effects, as well as instability of adsorption 

films and cavitation in condensed fluid. But with the arrival of newer and more distinct 

DFT methods, as opposed to just one conventional BJH method, also came a problem of 

choice. Which DFT model should be employed for this or that particular system? Which 

branch of the hysteretic isotherm should be used for analysis? The latter question is 

extremely important, since the choice of the isotherm branch may lead to considerably 

different pore size distribution results. DFT approach solves, at least partially, this 

problem by offering different methods for treating adsorption and desorption isotherms, 

which produce consistent results. 

The purpose of this review is to present the current state and capabilities of the 

DFT methods for pores structure characterization and to provide a practical guidance on 

the choice of the most suitable method from the currently available library of DFT 

kernels for particular applications. The rest of the paper is structured as follows. In 

section 2, a description is given of the essence of the NLDFT methodology and its 

evolution into a versatile tool applicable for various pore structures. This section also 

includes a description of the more advanced quenched solid density functional theory 

(QSDFT) method, which takes into account roughness and heterogeneity of the pore wall 

surfaces. Section 2 can be skipped by a reader interested only in practical applications of 

the DFT method for characterization. Section 3 shows how these methods are used to 
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interpret the experimental isotherms and to produce the pore size distributions. Section 4 

and section 5 presents numerous examples of DFT method applications for different 

materials of distinct pore structures for organic materials and inorganic materials, 

respectively. The DFT models are then correlated and interpreted with in situ x-ray 

diffraction data in section 6. Finally, section 7 contains concluding remarks and future 

outlook.  

 

2.2 Description of the DFT Method 

In their seminal work, Seaton et al. [8] were the first to apply the density 

functional method for the determination of pore size distribution from adsorption 

isotherms. They suggested a method for treating nitrogen adsorption measurements on 

porous carbons based on the local mean field approximation [5-7]. A further significant 

improvement was made by Lastoskie et al [10], who used a NLDFT model within 

Tarazona’s smooth density approximation [13] for modeling nitrogen adsorption on 

carbons. Both works treated the pores as infinite slits, which is a conventional model 

representation of pores between graphene fragments in carbons. Near the same time, 

Mobil scientists developed MCM-41 mesoporous silicas with ordered hexagonal 

structure of cylindrical channels, which for the first time provided the opportunity for 

verification of the theoretical methods of pore structure analysis against reliable 

experimental data [1, 2]. The NLDFT model for adsorption on MCM-41 suggested and 

verified by Neimark and Ravikovitch [12, 14, 15] became the starting point for further 

development of customized DFT methods applicable for mesoporous and hybrid 

materials of various morphologies. With this assembly of contributions, the NLDFT 
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method soon became widely accepted to the extent that it has been recommended as the 

standard method by the International Standard Organization (ISO) [16].  

  

 

2.2.1 Non-Local Density Functional Theory 

The adsorption experiment, which is performed by equilibrating the solid-fluid 

(adsorbent-adsorbate) system at given temperature at a set of adsorbate gas pressures, 

corresponds to the conditions of the grand canonical ensemble for the system of fixed 

chemical potential, volume, and temperature. Therefore, the equilibrium distribution of 

the adsorbate in the pores corresponds to a minimum of the grand potential of the 

adsorption system presented as a functional of the density of adsorbed fluid. Within the 

conventional treatment of adsorption, the solid adsorbent is considered as inert and non-

deformable, and the adsorption interactions are modeled with an effective solid-fluid 

spatially distributed potential  rextU . With this assumption, the equilibrium adsorption 

state at a given chemical potential of the fluid  is determined in NLDFT [10, 12] from 

the minimization of the grand potential of the fluid confined in the pore and 

subjected to the external potential , 

.    (1) 

Here  is a position vector inside the pore,  is the fluid density, and  is the 

Helmholtz free energy of the fluid. The latter is expressed as a sum of ideal term 

, excess hard sphere (HS) repulsion term  and attractive term 

calculated in a mean-field fashion given by the equation: 

f

f

extU

          rrrrr extffffff UdF   

r  rf fF

  rfidF    rfexF 
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, (2) 

where  is the attractive part of the pairwise fluid-fluid potential. The fluid density 

profile  is thus obtained from the minimization of the grand potential (1). Once the 

equilibrium distribution of the fluid density is determined at each value of chemical 

potential , and its averaged values calculated, the adsorption isotherm can be obtained. 

Different models were suggested in the literature for the excess HS free energy 
 

(see e.g. review [17]). The most popular are the smooth density approximation (SDA) of 

Tarazona [13], the fundamental measure theory (FMT) of Rosenfeld[18, 19], and their 

modifications based on either Percus-Yevick (PY) or Carnahan-Starling (CS) equations 

of state. Explicit expressions can be found elsewhere[12, 20]. It is worth noting, that 

although different versions of DFT are not in conflict, the quantitative results obtained 

with different functional may deviate beyond the accuracy required for the pore size 

distribution calculations. 

The pore structure characterization is based on the physical adsorption of non-

specific gases, like nitrogen and argon, which is governed mainly by dispersion 

interactions, that justifies the use of Lennard-Jones (LJ) intermolecular potentials for both 

fluid-fluid and solid-fluid interactions.  The attractive part of the fluid-fluid potential

 for LJ model adsorbates is commonly treated with the 

Weeks−Chandler−Andersen (WCA) scheme [21],  
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a correct equation of state for the adsorbate, the fluid-fluid parameters εff  and σff  should 

be fitted by correlating the experimental data on liquid-vapor equilibrium, gas densities, 

saturation pressure and surface tension with the predictions obtained with the particular 

functional for the bulk fluid for liquid as described by Ravikovitch et al [15]. 

The solid-fluid interactions in the DFT models used for pore structure 

characterization are commonly based on effective potentials obtained by integrating pair-

wise solid-fluid LJ potential for a given pore geometry. The Steele equation[22], 

which assumes a graphite pore wall of infinite thickness, is conventionally employed for 

the slit shape carbon pores. The curvature effects in cylindrical and spherical pores are 

accounted for by integrating the solid-fluid LJ potential over the cylindrical and, 

respectively, spherical outer layer of solid atoms (carbons in case of carbonaceous 

materials and oxygen in case of oxides, like silica).  The respective equations are given in 

[12] and [23]. Within this framework, the adsorption interactions are characterized by the 

solid-fluid LJ parameters εsf and σsf which should be fitted by correlating the experimental 

data on adsorption on a reference non-porous solid with the predictions obtained with the 

DFT model for the flat surface [15]. These parameters depend on the adsorbate-solid pair 

and are customized for the materials of different origin and the adsorbate employed for 

surface and pore size characterization. The fluid-fluid and solid-fluid parameters 

employed in the DFT models for carbons and silicas [24, 25] are presented in Table 1.  
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NLDFT interaction parameters 

NLDFT  fluid-fluid parameters solid-fluid parameters 

adsorbent adsorbate  (K)  (Å)  (K)  (Å) 

silica/zeolite N2 at 77.4 K 94.45 3.575 22.53 3.17 

 Ar at 87.3 K 118.05 3.305, 3.38 26.20 3.00 

 Kr at 153 K 162.6 3.627 109.6 3.45 

 Xe at 180 K 227.6 3.901 128.2 3.586 

carbon N2 at 77.4 K 95.77 3.549 150 2.69 

 Ar at 87.3 K 111.95 3.358 162.18 2.595 

Table 1. Molecular interactions LJ parameters of nitrogen and argon[24], krypton and xenon [25] 

adsorption on silica and carbon surface used in NLDFT method.  

 

Theoretical adsorption isotherms calculated using the NLDFT model have been 

validated against the experimental adsorption and desorption isotherms on mesoporous 

crystals of MCM 41 and SBA-15 types with well characterized cylindrical pores[14, 26]. 

A typical example of nitrogen adsorption on an MCM-41 sample with 4.8 nm pores is 

shown in Fig.1. Within the NLDFT models, the position of capillary condensation in 

cylindrical pores is associated with so-called mechanism of delayed, or spinodal 

condensation occurring at the limit of stability of adsorption films, or at the vapor-liquid 

spinodal. The position of desorption is associated with the equilibrium capillary-

condensation-evaporation transition. Also, the NLDFT model predicts the metastable 

states on the desorption isotherm at the pressures smaller than the equilibrium pressure 

down to the liquid-vapor spinodal, or the limit of stability of overstretched fluid. 

However, these metastable states can be observed experimentally only in the ink-bottled 

Bff k hsff d, Bsf k sf
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and corrugated pores [27, 28]. It was shown that the NLDFT model can precisely predict 

the capillary condensation and desorption pressures in cylindrical pores wider than ~5 

nm, when desorption is associated with an apparent hysteresis: as the vapor pressure 

decreases, the desorption occurs at a pressure lower than the pressure of condensation. In 

smaller pores, the experimental hysteresis progressively diminishes and the adsorption 

isotherm merges with the desorption isotherm, which corresponds to the equilibrium 

capillary condensation-evaporation transition, for pores smaller than ~4 nm.  In pores 

smaller than 5 nm, the NLDFT adsorption isotherms progressively deviate from the 

experimental since the NLDFT model does not account for the nucleation phenomenon. 

This feature of the NLDFT isotherms is illustrated in Fig. 2 with examples of Ar 

adsorption on a series of MCM-41 samples [29]. The authors  [29] suggested to 

distinguish three regimes of adsorption behavior: regime of developed hysteresis (pores 

of ~5 nm and wider), regime of reversible condensation (pores smaller than so-called 

hysteresis critical pore size, which is ~4 nm); and regime of developing hysteresis in 

intermediate pores, where the capillary condensation occurs at experimental conditions 

somewhat in between theoretical spinodal and equilibrium.  

 

 
Figure 2-1. Experimental nitrogen (at 77.4 K) adsorption isotherm on MCM-41 silica and theoretical 

NLDFT isotherm in 4.8 nm cylindrical pore. (Adapted from [24].) 
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Figure 2-2. Experimental adsorption and desorption isotherms of Ar (at 87 K) on a series of 

mesoporous molecular sieves with cylindrical pores of characteristic diameter 3.1, 3.6, 4.0, and 4.4 

nm [14], and 5.1 and 5.8 nm [30] (points) and theoretical isotherms calculated using NLDFT (solid 

lines). (Adapted from ref. [29]) 

 

As such, the NLDFT equilibrium isotherms in cylindrical pores can be used for 

calculations of the pore size distributions from the desorption branches of hysteretic 

adsorption isotherms, as well as from the reversible isotherms. In the range of pores 

wider than ~5nm, the NLDFT adsorption isotherms can be used for calculations of the 

pore size distributions from the adsorption branches of H1 hysteresis loops. This 

conclusion is confirmed in Fig. 3 by the compendium of independent experimental data 

of the pore sizes of MCM-41 and SBA-15 samples compared with the NLDFT 

predictions of the positions of capillary condensation and desorption. The agreement with 

experiments is excellent, in contrast to the predictions of the conventional Kelvin-Cohan 

equation [9] (the basis of the BJH method), which progressively underestimate the pore 

sizes at the nanoscale below 20 nm. This is one of the main advantages of the NLDFT 

method.  
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Figure 2-3. Relative pressures of the adsorption and desorption for N2 (at 77 K) in open cylindrical 

pores in comparison with the experimental data  [14, 27, 30-34] on ordered MCM-41 and SBA-15 

nanoporous materials with cylindrical pores. Predictions of the macroscopic Kelvin-Cohan equation 

are also shown. Reproduced from ref. [29] 

 

 

The mechanisms of capillary condensation hysteresis in cage-like pore networks 

are different from those in cylindrical pores due to the presence of the connecting 

channels (necks) or openings. The NLDFT method was extended to the spherical shape 

pore geometry to model adsorption in cage-like mesoporous materials [23]. Experimental 

observations with specially designed ordered materials and respective theoretical analysis 

revealed three different mechanisms of evaporation from cage-like mesopores [35]: (i) 

pore blocking controlled desorption, (ii) spontaneous evaporation due to cavitation, and 

(iii) near-equilibrium desorption. A typical example of experimental and NLDFT 

isotherms for a material with cage-like pores is given in Figure 4. The prevalence of a 

given mechanism, and thus the pressure pd at which desorption occurs, depends mainly 

on the relation between the size of the cavity and the size of the necks. Near-equilibrium 
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desorption is possible from the cavities that have immediate access to the vapor phase 

through relatively wide openings, and thus are effectively unblocked. Once the vapor 

pressure reaches the vapor-liquid equilibrium (VLE) pressure pe, desorption from the 

main cavity proceeds via a receding meniscus; therefore pd ≈ pe. However, if wide 

cavities are connected with narrower necks, so that the fluid in the neck has a lower VLE 

pressure than that of the fluid in the cavity, the neck effectively “blocks” desorption from 

the cavity. Emptying of the pores occurs at the pressure of equilibrium desorption of the 

neck, and as such becomes a function of the neck size. Finally, if the connecting necks 

are even narrower, fluid in the cavity becomes substantially metastable, and the vapor 

pressure may reach the spinodal point of the confined liquid before the equilibrium 

meniscus can be formed in the neck. Thus, the fluid desorbs from the pore by the 

cavitation mechanism, which involves fluctuation-driven formation and growth of a 

bubble. In this scenario, pd << pe, and pd has little or no dependence on the size of the 

necks. Due to these peculiarities of adsorption hysteresis in the cage-like pores NLDFT 

methods should be applied carefully, taking into account the physical origin of the 

desorption branch of experimental isotherm. 
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Figure 2-4. NLDFT N2 adsorption-desorption isotherm (at 77 K) in 15.5 nm spherical cavity (thick 

solid line) and experimental data on a FDU-1 silica sample (points). The theoretical pressures of 

liquid like spinodal, equilibrium, and vapor like spinodal are denoted, respectively, as psl, pe, and psv. 

Experimentally observed pressures of spontaneous capillary condensation and cavitation are denoted 

as pc and pcav, respectively (pc ≈ psv and psl < pcav < pe). Three possible regimes of evaporation from the 

cavity are classified with respect to the pressure pd of desorption from the neighboring pores or from 

the pore neck. Reproduced from ref. [35] 

 

Further, the hybrid NLDFT methods, which combine the theoretical isotherms in 

pores of different shapes (slit, cylindrical, and spherical) in different diapasons of pore 

sizes have been developed for the characterization of a variety of ordered and 

hierarchically structured micro-mesoporous materials [36]; the latter are discussed in 

sections 4.4 and 5.5. 
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2.2.2 Drawbacks of NLDFT and Paths to Improvement 

Most of the adsorbents have molecularly rough microporous surface. A drawback 

to the standard NLDFT method is that it does not take into account chemical and 

geometrical heterogeneity of the pore walls, instead assuming a structureless, chemically 

and geometrically smooth surface model. The consequence of this mismatch between the 

theoretical assumption of smooth and homogeneous surfaces and the inherent molecular 

scale heterogeneity of real adsorbents is that the theoretical NLDFT adsorption isotherms 

exhibit multiple steps, these steps are associated with a layering transition related to the 

formation of a monolayer, second adsorbed layer, and so on (see examples in Figures 1, 

2, 4). The problem is enhanced in microporous carbon materials, which exhibit broad 

PSDs, where the artificial layering steps inherent to the theoretical isotherms cause 

artificial gaps on the calculated pore size distributions around 1 and 2 nm [15, 37] (see 

discussion in section 4.4). There were multiple attempts to improve the NLDFT method 

to avoid artificial layering on theoretical isotherms. 

Olivier [38] introduced a modification to the mean field approximation, which 

allowed him to obtain good agreement with experimental isotherms for argon and 

nitrogen adsorption on non-porous surface and in slit pores. He further suggested to use a 

combination of modified DFT isotherms to mimic the real heterogeneous surface [37]. A 

different extension of NLDFT for carbons was suggested by Nguyen and Bhatia [39]. 

This approach was based on a model of carbon wall heterogeneity, assuming the varying 

thickness of the pore walls [40]. While such an approach smoothened the NLDFT 

adsorption isotherms, making them closer to the experimental ones, it required, along 

with the unknown pore size distribution, the introduction of an unknown distribution of 
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the pore wall thickness. The latter can be hardly verified against experimental data for 

disordered materials, and so to some extent is arbitrary. Another modification of the 

Tarazona's NLDFT capable of generating smooth isotherms in the region of mono- and 

polymolecular adsorption was further developed by Ustinov et al. [41-44]. The authors 

used the WCA scheme (Eq. 3) for solid−fluid attractive interactions and reduced the 

contribution from the HS repulsive interactions in the vicinity of the solid surface, which 

decreased the layered structure of the fluid. The parameters of the model were fitted to 

obtain good agreement with experimental N2 and Ar adsorption data on MCM-41[43], 

nonporous amorphous silica[42], and carbon[44]. An alternative method was suggested 

by Jagiello and Olivier [45], who reached a better agreement between NLDFT and 

experimental isotherms for nitrogen adsorption on porous carbons by introducing the 

two-dimensional finite pore model instead of standard one dimensional model that 

assumes infinite graphite-like pores. This record of literature is not comprehensive and is 

limited to the most prominent modifications. 

Recently, the NLDFT method was advanced to take into account the molecular 

level surface roughness that is typical to most carbonaceous and siliceous materials as 

well as other materials including hybrid organic-inorganic hierarchical structures [46]. 

This technique, named the quenched solid density functional theory (QSDFT), was 

shown to be more practical then NLDFT for the analysis of microporous and mesoporous 

silicas [46, 47] and carbons [20, 48]. 
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2.2.3 Quenched Solid Density Functional Theory 

Within the framework of QSDFT, the grand potential of both the solid and fluid 

are considered. Unlike the conventional NLDFT, QSDFT implies a two-component 

density functional, where the solid is modeled as a compound of hardcore spheres 

interacting with the fluid molecules via a pairwise attractive potential. From Eqs. (1) and 

(2), the grand potential of the solid-fluid system  is written as 

  (4) 

where  is the density profile of the solid component,  is the ideal 

contribution of hard-sphere free energy of the solid,  is the excess HS 

free energy term for both the solid and fluid components, and are the 

attractive parts of the solid-solid and solid-fluid potentials respectively, and is the 

chemical potential of the solid. The key component in the QSDFT approach displayed in 

Eq. (4) is the
 
term, known as the excess free energy of the solid-fluid HS 

mixture. To calculate this term, Rosenfeld’s fundamental measure theory, the so called 

RLST approximation [18, 19] was employed, which is consistent with the Percus-Yevick 

equation of state for bulk HS fluids (see details in [20]). 

The essence of QSDFT model is related to the “quenched” state of the solid. 

While the authors take into account the density of the solid component, , they do 

not vary it while optimizing the grand potential . Thus only those terms that are 
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related to the fluid in Eq. (4) are subject to minimization. The final density profile is 

found from the condition 

,    (5) 

which finally leads to the solution of the Euler-Lagrange equation 

(6) 

where  is the one-particle direct correlation 

function expressed as the functional derivative of the excess Helmholtz free energy of the 

two-component HS fluid, which depends on both solid and fluid densities. Here 

,  is the Boltzmann constant,  is the absolute temperature,

 is the thermal de Broigle wavelength,  is the Planck constant, and 

 is the molecular mass of the fluid molecule. 

 The solid density profile  takes into account the molecular level geometrical 

heterogeneity of pore walls, known as “corona” in XRD studies of mesoporous crystals 

of SBA-15 type [49]. The solid density profile for mesoporous crystals can be calculated 

from the reconstruction of XRD patterns [50, 51] or from the molecular dynamics 

simulations of real surface of amorphous solids [52-54]. For the practical calculations the 

density profile for most of surfaces can be approximated by the simplest function with a 

linear gradient, varying from the density of solid to null. Thus, within the corona, the 

molecular level roughness is accounted by one main parameter δ equal to the half width 

of the corona. As such, the solid density profile is defined by  
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   (7) 

Here z is the distance from the pore wall,  is the bulk density of the adsorbent, 

C is the constant (which is set to 1 for most of the surfaces, including silica),  is the 

thickness of the solid wall, and δ is the roughness parameter, which represents the half-

width of the region of variable solid density. The position of the edge of the solid, which 

is responsible for the pore size  discussed in section 3, is determined from the 

condition of zero solid excess. The values of these parameters for silica and carbon are 

given in Table 2. Note that for silica C = 1, i.e. the simple linear ramp is used; the 

roughness parameter is determined from the XRD [55]. For carbons, based on the 

properties of the reference material (Cabot BP-280 carbon black with a partial degree of 

graphitization) the solid density has a more complex profile [20]. Fluid-fluid and solid-

fluid molecular interactions parameters for characteristic systems are summarized in 

Table 3. 

An example of QSDFT calculation of adsorption-desorption cycle of Kr at 119 K 

on SBA-15 sample is given in Fig. 5a, showing excellent agreement with the 

experimental adsorption data without any adjustable parameters. The roughness 

parameter was defined from XRD data. Fig. 5b shows solid and fluid density profiles at 

different pressure values. 
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Figure 2-5. (a) Density profiles of solid (squares) and fluid at different pressures along the adsorption 

branch. Thin vertical line at r = 43.9Å indicates the pore radius at which the excess fluid density is 

zero. The solid excess mass is zero at r = 45 Å. (b) Prediction of krypton adsorption on SBA-15 silica 

at 119 K. Experimental data are from ref. [55] Reproduced from ref. [46] 

 

QSDFT solid density distribution parameters 

adsorbent (m
-3

) C h0 (nm) δ (nm) dHS 

silica 4.4×10
28

 1.0 2×0.34 0.4 0.3 

carbon 1.14×10
29

 0.75 2×0.34 0.13 0.2217 

Table 2. Parameters of the solid density distribution.  
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QSDFT interaction paramters 

QSDFT  fluid-fluid parameters solid-fluid parameters 

adsorbent adsorbate  (K)  (Å)  (K)  (Å) 

silica/zeolite N2 at 77.4 K 95.77 3.549 148.45 3.17 

 Ar at 87.3 K 111.95 3.358 160.5 3.104 

 Kr at 119 K 155.9 3.589 189.4 3.22 

carbon N2 at 77.4 K 95.77 3.549 150 2.69 

 Ar at 87.3 K 111.95 3.358 162.18 2.595 

Table 3. Parameters of nitrogen [47] [Alex, this paper is missing on your website and I can’t get it 

through Princeton subscription, I guess parameters for QSDFT for nitrogen first appeared there.], 

argon and  krypton adsorption on silica [46], nitrogen and argon on carbon [20] surface used in 

QSDFT method. Usually the fluid-fluid interactions are truncated at 5 . 

 

2.3 Recovering the pore size distribution (PSD) using DFT methods; DFT 

Kernels 

2.3.1 Recovering the PSD using DFT methods 

PSD’s are calculated from the experimental adsorption isotherm  by 

solving the integral adsorption equation [8]. The experimental isotherm is represented as 

the convolution of the DFT kernel (set of the theoretical isotherms  in a 

series of pores within a given range of pore sizes ) and the unknown PSD function 
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Here and  are the minimum and maximum pore sizes in the kernel, 

respectively. Two kernels of the selected DFT adsorption isotherms for the slit geometry 

are presented in the Figure 6, (a) NLDFT and (b) QSDFT. In contrast to the NLDFT 

kernels, the QSDFT isotherms are smooth prior to the capillary condensation step, which 

is characteristic of mesopores (D > 2 nm), and thus do not exhibit stepwise inflections 

caused by artificial layering transitions.   

minD maxD
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Figure 2-6. Kernels of selected equilibrium adsorption isotherms in slit-shaped pores, calculated 

using (a) NLDFT nitrogen at 77.4 K (smooth pore walls) and (b) QSDFT Ar at 77.4K (molecularly 

rough surface).  

 

 

 Solution of Eq. (8) can be obtained using the quick non-negative least square 

method [56]. In this method Eq. (8) is represented as a matrix equation, which is solved 
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square algorithm [57]. All examples of PSDs presented below were calculated by using 

this efficient scheme. At the same time, it is worth noting that in the literature one can 

find several alternative techniques for the solution of Eq. 8, and the results obtained with 

different regularization techniques may deviate (see e.g. [58] and references therein). 

 

2.3.2 DFT Kernels for Characterization of Various Systems 

Over the years a library of NLDFT [14, 15, 23, 26, 36, 50] and more recently 

QSDFT [20, 46-48, 51, 59] kernels were developed for calculating pore size distributions 

in carbonaceous and silica micro- mesoporous materials of different origin from nitrogen 

and argon adsorption isotherms, as well as for microporous carbons from carbon dioxide 

adsorption [15]. For a DFT kernel of a given adsorbate-adsorbent pair, the parameters 

should not only represent the specifics of adsorbent-adsorbate interactions, but also take 

into account the pore structure morphology. The latter is accounted by the choice of the 

characteristic pore geometry represented by cylindrical, spherical, and slit model pores. 

Hybrid kernels, which use different pore geometries within different ranges of pore sizes, 

were developed to characterize hierarchical structures that combine different type pores 

over a wide range of scales [23,35]. The kernels were verified on the well-characterized 

materials like mesoporous crystals, zeolites, and active carbons with independently 

determined pore sizes. To treat hysteretic adsorption-desorption isotherms, two kernels 

were developed for adsorption and desorption branches. These kernels imply different 

physical mechanisms for capillary condensation and evaporation. Adsorption kernels are 

composed of theoretical adsorption isotherms accounting for the delayed condensation 

effect. Equilibrium kernels are composed of theoretical adsorption isotherms with the 
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position of vapor-liquid phase transition determined from the condition of phase 

equilibrium. While the adsorption kernels should be applied only for adsorption branches 

of hysteretic isotherms, the equilibrium kernels can be used for both desorption and 

adsorption branch depending on the system and the pore range. Some hybrid kernels 

combine equilibrium isotherms in the range of micropores and small mesopores (<~4 

nm), in which hysteresis is not experimentally observed due to inherent thermal and 

mechanical fluctuations that disturb metastable states. The desire of the developers was to 

design the kernels, which would provide consistent results while calculating the pore size 

distributions using different adsorbates and, in the case of hysteresis, using different 

branches of the isotherm. It is worth noting that at this moment all DFT methods rely 

upon the models of independent pores and do not take into account cooperative 

adsorption and desorption mechanism, which may be important for pore networks. At the 

same time, customization of characterization methods based on different adsorption-

desorption mechanisms and different pore geometries is a big step forward compared to 

conventional BJH method. Moreover, since the DFT models provide important 

corrections for the Kelvin equation at the nanoscale, the results of PSD calculations are 

more reliable as confirmed by the broad experimental validation. 

A brief overview of the available DFT kernels and basic recommendation for their 

applicability are given in Section 4 and Section 5 with typical examples of application of 

these kernels to different types of carbonaceous and silica materials, respectively.  
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2.3.3 Role of the adsorptive for characterization 

Conventional adsorptive for PSD calculation using DFT methods is done with 

nitrogen at 77.4 K. However, argon and carbon dioxide are more suitable in some cases. 

Argon at 87 K shows better adsorption behavior when compared to nitrogen, argon as it 

does not give rise to specific interactions with a variety of surface functional groups, 

which can lead to enhanced adsorption/specific interactions caused by quadrupole 

moment characteristic inherent to non-symmetric molecules. As a consequence of this 

factor and a slightly higher temperature, argon at 87 K fills micropores of dimensions 

0.5-1 nm at higher relative pressures compared to nitrogen at 77 K, leading to accelerated 

diffusion and faster equilibration times. This effect is very pronounced, for zeolites [60] 

and metal-organic frameworks [61]. 

When using either argon or nitrogen pore filling of ultramicropores still occurs at 

very low pressures. Associated with the low pressures is the well-known problem of 

restricted diffusion, which prevents nitrogen and also argon molecules from entering the 

narrowest micropores pores of width <0.45 nm. In order to address this, the use of CO2 as 

the adsorbate at temperatures close to room temperature has been suggested. Despite the 

fact that the dimensions of N2, Ar, and CO2 are similar, CO2 molecules are able to easily 

access the ultramicropores. Because of these experimental advantages, CO2 adsorption 

has become a standard tool for the assessment of microporous carbons [62]. Due to the 

complex interaction of CO2 with SiO2, the carbon dioxide is not used for characterization 

of silica and other oxides.  
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2.4 Applications of DFT Kernels for carbonaceous and organic materials 

 

2.4.1 Microporous carbons: NLDFT model of slit-shaped pores 

 

Historically, the first DFT kernels were developed for carbon slit pores [8, 10]. 

Ravikovitch et al. [15] designed the consistent equilibrium NLDFT kernels for nitrogen, 

argon, carbon dioxide isotherms, which is applicable for disordered micro-mesoporous 

carbons of various origin, including activated carbons, and carbon fibers, charcoal, and 

carbon black. These kernels are composed of equilibrium isotherms and they should be 

applied to reversible isotherms and desorption branches of hysteretic isotherms. The 

exception is the case of hysteretic isotherms with a sharp desorption step at p/po ~0.4-0.5, 

which may indicate the cavitation mechanism of desorption. In this case the adsorption 

branch should be used and the adsorption kernels are recommended. This is a general 

recommendation applicable to all systems with the sharp desorption branch in the region 

of cavitation, which is discussed in details in section 5.6. 

 

2.4.1.1 Activated Carbons (AC) 

Activated carbons (AC) are some of the first materials to be characterized by 

NLDFT. It is a fair assumption to model pores found in activated carbons and activated 

carbon fibers as graphitic slabs separated by slit like pores.  

Due to the abundant micropore volume and corresponding high internal surface 

area activated carbons have found wide usage in a range of applications which include 

separation, gas purification, removal of pollutants and odors, gas storage, catalysis as 
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well as catalyst supports. Current routes to synthesize activated carbons typically are 

done through the use of natural materials as a precursor and include coal petroleum, 

vegetable and polymeric precursors [63]. The nature of which, along with the activation 

procedure and means of carbonization, effect the pore structure and surface chemistry, 

which determine the adsorption capabilities and thus applicability as adsorbents for gas 

and liquid separation and purification [63], electrodes, supercapacitors, etc to name a few. 

However, there is an ever growing need to find new and cheaper precursors in the form 

of industrial and agricultural residues which can exhibit great valorization potential.  

The following studies used the NLDFT method as a tool for AC characterization. 

Nabais et al. synthesized activated carbons by using vine shoot as a biomass precursor as 

seen in Figure 7[64]. They evaluated that a greater amount of porosity was achieved at 

higher activation temperatures when the burn-off is kept constant. Rios et al. prepared 

samples of activated carbon using coconut shells as a precursor [65]. They were able to 

show that their synthesis procedure produced pores within the range of 8-15 Å regardless 

of the activation protocol chosen, the ideal range for methane storage. Meanwhile Zhang 

et al. increased the microporosity of already made AC by depositing fine carbon particles 

onto the AC from pyrolyzing methanol and by heating the AC in an inert atmosphere 

[66]. Although neither approach changed the trend of the PSD, it did significantly 

increase the pores within the range of 4-20 Å.  Almarri et al. evaluated the performance 

of 7 commercial AC for the removal of nitrogen compounds [67]. By invoking the 

NLDFT method Rios et al. were capable of identifying the optimal AC structures for the 

removal of propanethiol from the liquid phase[68]. Burress et al. used NLDFT as one of 

the tools to compare the structure of different activated carbon derived from corncob for 
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the hydrogen storage. Their samples were shown to have storage capacities of up to 100 g 

H2/kg (90 bar, 83 K) and 20 g H2/kg (90 bar, 303K) [69]. 

 

Figure 2-7: (a) Nitrogen adsorption isotherms at 77 K obtained for activated carbons derived from 

vine shoot designated as V739 and V840. (b) Pore size distribution obtained by NLDFT for samples 

designated as V722, V870, V739 and V860. Example of the labeling scheme is V840, where V stands 

for vine, 8 stands for an activation temperature of 800 ˚C, and 60 implies the percentage that is 

burned off.  

 

2.4.1.2 Activated Carbon Fibers 

 Activated carbon fibers (ACF) exhibit a type I isotherm and possess a very high 

adsorption capacity with BET surface areas up to 3000 m
2
/g [70]. This results in rapid 

adsorption and desorption rates with over 90% of the total surface area belonging to 

micropores of 2 nm or less [71]. And like their granular counterparts, ACF are finding a 

foot hole in a broad range of applications including gas and liquid phase adsorption, 
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carbon molecular sieves, catalysis, gas storage, and supercapacitors [71]. The advantages 

of ACF are multi-fold and are primarily due to its ability to be drawn into lightweight 

fibers or cloth with a fiber diameter ranging between 10 and 40 microns. Their fibrous 

design is advantageous in applications where settling and channeling becomes an issue 

[72] or when higher packing density is required [73]. In addition, ACF tend to possess a 

narrow and uniform pore distribution, thus eliminating mass transfer limitations. 

Nevertheless, the implementation of ACF are inhibited by the relatively high unit cost 

[74-76] and thus requires a detailed elucidation of the synthesis conditions that can 

comply to different applications [77].  

The factors that greatly affect the ACF properties (precursor source, temperature, 

time, gas flow activating agents and the use of catalysts) are the ones that most influence 

the pore structure. ACF prepared by a physical activation process will be dependent on a 

controlled gasification process at temperature ranging from 800 to 1000˚ C. In their 

activation procedure Shiratori et al. [77] applied the NLDFT method and showed that a 

greater degree of activation led to a widening of the pore size distribution from 2.8 to 7.0 

nm. They contribute this broadening to the decrease in the number of microdomains. This 

phenomena was coupled with an increase in the peak pore size (from 0.44 nm to 1.86). 

The adsorption data and subsequential pore size analysis was confirmed by 
129

Xe NMR 

[77]. The chemical activation process on the other hand involves the mixing of a carbon 

precursor with a chemical activating agent typically KOH, NaOH, H3PO4or ZnCl2 [71]. 

Overall the chemical route does have some advantages over the physical one, primarily 

due to the fact that it can be run at lower temperatures and shorter pyrolysis times and the 

resultant fibers are high in yield.  
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Additional species can be added in order to steer the activation process. Mushrif 

et al. studied the effect of adding an organometallic salt to the fiber precursor [78]. They 

synthesized ACF prepared from isotropic petroleum pitch, with and without palladium 

acetylacetnate. They conclude that the presence of the palladium led to an increase in 

micropores that widened at very high activation values, a trend not observed with the 

BJH method. In contrast, Wu et al. concluded that activation at high levels of burn off did 

contribute to the overall increase of the BET surface area, it did not contribute much to 

the increase of micropores which they defined being less than 7 Å  [79]. Donnaperna et 

al. used the NLDFT CO2 kernel [15] to study the extent of adsorption of the two dyes 

Remazol Black B and Acidol Red on ACF [70]. Since ACF possesses a microporosity 

defined almost entirely by ultramicropores (< 1 nm) the uptake in adsorption of the dyes 

were defined by interparticle diffusion. 

Figure 8 gives differential and cumulative pore volume distributions of CFCMS 

carbon fiber calculated from N2 and Ar adsorption isotherms at 77 K using NLDFT 

model, and from sub atmospheric CO2 adsorption isotherm at 273 K using NLDFT and 

three-center GCMC models [15]. Since the considered sample had ultra-microporosity, 

the PSD obtained using CO2 provides more complete information on the structure (see 

section 3.3). 
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Figure 2-8: (a) Differential and (b) cumulative pore volume distributions of carbon fiber calculated 

from N2 and Ar adsorption isotherms at 77 K using NLDFT model, and from sub atmospheric CO2 

adsorption isotherm at 273 K using NLDFT and three-center GCMC models. (c) N2 and Ar 

adsorption isotherms at 77 K, and CO2 isotherm at 273 K on carbon fiber. Experimental isotherms 

(points). Theoretical fits (lines) (Adapted from ref [15]). 

 

2.4.1.3 Carbon Black, Deposits and Charcoal 

 Carbon black possess a surface area up to ~100m
2
/g , displaying a reversible type 

II isotherm [80] and is the result of an incomplete combustion of fossil fuel derived from 

petroleum in the fluid catalytic cracking process and includes coal, tar as well as some 

biomass materials. Although carbon black does not possess the same high surface area to 

volume ratio that is inherent to AC, its porosity is still significant enough where it can be 

utilized in the sorption of organic compounds such as pesticides and polycyclic aromatic 
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hydrocarbons. Fifteen commercial grades of carbon black were utilized to study its 

capability as a carbon support in the preparation of Fe/N/C electrocatalysts in polymer 

electrolyte membrane (PEM) fuel cells [81]. It is well known that the presence of 

micropores in carbon black serve as catalytic sites and therefore are essential to catalytic 

activity [82]. These authors reaffirm this by studying the development of the pore 

structure as a function of pyrolysis and with the further development of microposity (< 22 

Å) leading to an increase in catalytic activity. These results were concluded with the 

NLDFT N2 77 K kernel and correlated with XRD results. Another class of carbon black, 

commonly known as charcoal, typically has a heterogeneous micropore structure which 

includes pores less than 4 Å. Braida et al. investigated the sorption hysteresis of benzene 

in charcoal particles and proposed the occurrence of irreversible pore deformation [83]. 

NLDFT analysis of pore-size distribution from both N2 and Ar at 77 K allowed them to 

conclude that swelling occurs within the charcoal by the solute which in turn opens up 

previously inaccessible pores. Their results can be seen in Fig 9. 
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Figure 2-9: (Left) Nitrogen (circles) and argon (squares) isotherms at 77.4 K on charcoal outgassed at 

573 K. Adsorption and desorption points are depicted by closed and open symbols respectively. Both 

linear and logarithmic pressure scales are shown for argon. The isotherm for N2 contains 150 points 

collected over 50 h, whereas the Ar isotherm was performed over a combination of 60 then 70 h with 

3 and 132 data points respectively. (Right) Pore size distributions calculated from the N2, Ar and 

CO2 adsorption branch of the isotherm. The NLDFT method was applied for Ar and N2 whereas 

Monte Carlo models were applied for CO2. (Ref: Braida et al. #83)  

 

 An interesting field where porous carbons exact an influence is in the area of 

tokamaks, a device that utilizes a magnetic field in order to bound plasma and commonly 

found in nuclear reactors. Richou et al. studied the carbon deposits collected on the 

neutralizers of a Tore Supra tokamak by N2 and CO2 at 77 K and 303 K respectively. 
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Using NLDFT analysis they found that the adsorption capacity reversibly increases up to 

40% when outgassed [84]. The authors surmised that the latter is most likely the 

consequence of re-opening of ultra-micropores. It should be noted that porosity is the 

most critical aspect in modeling and estimating the degree of hydrogen diffusion into 

tokamak walls[85]. 

 

 

2.4.1.4 Carbon nanotubes 

 With a high aspect ratio, tensile strength, electrical and thermal conductivity, 

carbon nanotubes (CNT) represents a class of nanomaterials that is being employed 

extensively in a wide array of fields. In particular, there has been growing interest on the 

adsorption capabilities of CNT for various applications [86, 87] . CNT typically display a 

type II isotherm [88, 89] with no hysteresis due to the smooth inner walls of the CNT. 

While CNT have apparent cylindrical structure, the NLDFT kernel for slit pores is 

conventionally used for characterization, which is well suited due to the microporous 

nature akin to activated carbons. However due to the limited size and high propensity to 

bundle, current methods are underway to increase the porosity of CNT. One current route 

is to etch the carbon nanotubes with acid or ozone [90, 91]. In the latter Byl et al. utilized 

ozone as an oxidative agent in order to expose more pore volume. They concluded that 

extensive O3 induced etching resulted in pore wall destruction of the nanotubes with 

diameters less than 20 Å. Their results are displayed in Figure 10. The Kaneko group 

studied the effect of oxidation after treatment with HCl[91]. They showed an increase 

from 524 m
2
/g for pristine HiPco nanotubes to 861m

2
/g for the HCl treated and air 
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oxidized nanotubes. Porosity also plays a significant factor is in the field of hydrogen 

storage where thus far the optimal storage conditions are still ill-defined. Anson et al. 

deduced from NLDFT pore size distributions done at both CO2 at 273 K and N2 at 77 

K[15], that CNT pores with a maximum width between 0.5 and 0.7 nm was optimal for 

hydrogen to be adsorbed at room temperature[92]. Byl et al. investigated the porosity as a 

function of already adsorbed n-nonane to determine the existence of blocking effects 

within the CNT [93]. In relation to polymer composites fabricated with CNT, Neimark et 

al. showed that single-wall CNT  fibers produced by a particle-coagulation spinning 

process possessed a well-developed hierarchical pore structure [94]. 

 

 
Figure 2-10: (a) Pore size distribution calculated using the NLDFT slit pore model for etched and 

unetched CNT samples; (b) Comparison of the cumulative pore volume increase versus pore 

size.(Adapted from ref [90])  

 

2.4.1.5 Additional Applications 

 The NLDFT method for carbon has been applied to molecular sieves and 

membranes resulting in their detailed characterization, critical for applications in gas 

separation, chromatography and storage. Katsaros et al. produced membranes through a 

carbonization and subsequent activation of phenolic resins. When they applied the 

NLDFT method they deduced that the majority of the pore volume lies below 7.5 Å [95]. 
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Jagiello et al. applied the NLDFT method to Ar and H2 adsorption data, demonstrating it 

as an effective and sensitive tool to characterize carbon molecular sieves [96]. NLDFT 

was also utilized by Drozdov et al. who modified a mesoporous carbon substrate with 

activated carbon capable of adsorbing CO2 and CH4 [97].  

 

 

2.4.2 Improvement of pore structure characterization with QSDFT model 

 

QSDFT method significantly improves the pore size characterization of carbons. 

Due to the mismatch between the theoretical assumption of a smooth and homogeneous 

surface and the real molecularly heterogeneous surfaces of porous carbons the theoretical 

NLDFT adsorption isotherms exhibit multiple steps associated with layering transitions 

related to the formation of a monolayer, second adsorbed layer, and so on (see Figure 6). 

The problem is enhanced in many porous carbon materials, which exhibit broad PSDs, 

where artificial layering steps inherent to the theoretical isotherms cause artificial gaps on 

the calculated pore size distributions [20]. Figure 11 A gives the experimental adsorption 

isotherm of N2 on ACF along with the fitting from NLDFT and QSDFT methods. Figure 

10B gives the PSDs obtain using these methods. The gap is the NLDF PSD corresponds 

precisely to the pressure at which the first layer of adsorbed fluid forms.  

Further examples of QSDFT kernel applications include activated carbons derived 

from pecan shells [98], biochars [99] and activated chars derived from poultry manure 

[100, 101]. Polymer systems have included carbon aerogels [102] and various polymer 

networks [103]. Commercial versions of granular activated carbons commonly used in 

water treatment applications were studied in accordance with water sorption 
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measurements [104]. In the case of activated carbon produced by KOH, Romanos et al. 

showed the capability of tailoring the pore size and distribution by precise control of the 

carbon consumption and amount of potassium intercalated between the graphitic layers 

[105]. Likewise, Hu et al. examined the effect of activation temperature and the KOH 

treatment ratio on the outcomes of the pore size distribution and mean sizes [106]. These 

samples were used for CO2 adsorption at atmospheric pressures, with the pores < 1 nm 

filling with the high density CO2. Yang et al. used the QSDFT model to study CO2 

adsorption on coal under geological conditions [107]. Nanostructured carbons template 

using zeolite NaY and two commercial silica gels (SG60, Fluka and ZK, POCh) were 

investigated with the QSDFT method to yield a mean pore size of 1.1 nm in the 

micropore range[108]. Another material whose microporosity plays a critical role in its 

applications is that of carbon derived carbide (CDC). In the work of Gogosti et al. the 

authors transformed TiC by a chlorination technique to that of CDC [109]. The resultant 

material possessed a significant amount of carbon microporosity characterized by the 

QSDFT method[20]. The authors show that this material has little macroporosity and 

demonstrates a significantly enhanced gas storage capacity compared to their powder 

counterparts. Another paper by the same group shows that the method accurately portrays 

pores comprised of a slit geometry at higher chlorination temperatures where the pores 

becomes more elongated [110]. Supercapacitors represent one field where the interplay 

between the porosity and underlying carbon substrate contribute to the overall 

capacitance. The Ruoff group demonstrated an activation procedure to produced 

mesoporous single layer graphene comprised primarily of sp
2 

carbon with low overall 

oxygen content [111]. Their material, which possesses a surface area of 3100 m
2
/g and a 
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high electrical conductivity, was characterized by both NLDFT[15] and QSDFT[20] 

assuming a hybrid slit and cylindrical model. Jaramillo et al. employed QSDFT analysis 

to determine textural properties of various activated carbons used as electrodes for 

supercapacitors [112]. QSDFT also served for characterization of flexible supercapacitors 

fabricated with activated carbon impregnated into woven cotton and polyester fabrics 

[113]. 

 
Figure 2-11: Comparison of the QSDFT and NLDFT methods for nitrogen adsorption for activated 

carbons. (a) Experimental isotherms with the NLDFT and QSDFT theoretical isotherms on a semi-

logarithmic scale. (b) Differential pore size distributions obtained from the NLDFT and QSDFT 

methods. (Adapted from ref [20])  

 

 

2.4.3 Designer mesoporous carbons: hybrid QSDFT kernels  

 

For ordered/templated carbons where the morphology is a system of cylindrical 

rods or cylindrical channels (CMK-1, CMK-3, CMK-5, MWCMK-3, FDU-14, FDU-15, 

FDU-16) the cylindrical kernel is recommended [48]. If such materials have a high 
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degree of activation, leading to significant microporosity, than the hybrid slit-cylindrical 

kernel is more suitable. Equilibrium NLDFT or QSDFT kernels can be recommended for 

pore size analysis from either the reversible experimental isotherm, or from the 

desorption branch of the hysteretic isotherm of type H1. Adsorption QSDFT kernels are 

recommended for treating the adsorption branch of the hysteretic isotherm of H2 type. It 

should be noted that the criterion for choosing a particular DFT kernel is the fitting of the 

PSD to the experimental isotherm. Choosing the wrong pore geometry will lead to poor 

fitting results. 

 

2.4.3.1 Structures with mesopore channels: cylindrical pore model  

 

One class of carbons whose mesoporosity consists of a network of aligned 

cylindrical rods connected by crossbars is known as CMK-3 [114]. These materials are 

synthesized by inverse replication of mesoporous silica SBA-15, therefore possessing 2-

D hexagonal symmetry (p6mm). Having a number of unique properties these materials 

attracted much attention for energy and biological applications. As such Zhou et al. 

showed that CMK-3, having high negative redox potential and high electrical double-

layer capacitance, can serve as a material for negative electrode for rechargeable lithium 

batteries [115]. Vinu et al. [116] showed that CMK-3 is an excellent adsorbent for 

biomaterials, since it is thermally and mechanically stable, and, unlike silica, it is water 

stable and does not have charges on a surface. Since CMK-3 is microporous, as opposed 

to many other carbon materials, it is capable to adsorb large molecules, like enzymes and 

vitamins. Despite the addition of these crossbar pores which possess a complex shape, the 

cylindrical model is typically assumed for characterization [117].  
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CMK-3 usually shows the type IV adsorption isotherms with a pronounced 

hysteresis loop. If the hysteresis is of H1 type, the PSD can be obtained both from 

adsorption and desorption branches using adsorption and equilibrium kernels 

correspondingly; the resulting PSD give good agreement [48]. However, if hysteresis has 

features of H2, evidence of the pore-blocking effects upon desorption, only the 

adsorption branch of an isotherm should be used for analysis. This is the case for the 

example shown in Figure 12. For this sample the pore size distribution obtained from the 

desorption branch of the isotherm (using equilibrium kernel) noticeably deviates from 

that of the adsorption branch and gives an incorrect pore size distribution because this 

kernel assumes that desorption occurs via equilibrium evaporation from the pore, which 

is not the case for this sample. These pore size distributions are shown in Figure 12b and 

the fit for the adsorption kernel is shown on the isotherm in Figure 12a. 

 

 

   
Fig 2-12: Isotherm (left) and corresponding pore size distribution (right) for CMK-3 materials of 

varying pore sizes. (Adapted from ref [48])  
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2.4.3.2 Structures with cage-like mesopores: spherical pore model 

 

For materials in which the mesopore system is comprised of large cage-like pores 

connected by smaller mesopores and/or embedded in microporous matrix, such as 

carbons prepared from 3D colloidal templates (3DOm), the cylindrical-spherical 

adsorption kernel is recommended [59]. Use of cylindrical or slit model for micropores 

mesopores, smaller than ca. 5 nm is reasonable, since such pores (if present) are not 

affected by templating. 

 Materials with cage-like mesopores typically have H2 hysteresis type due to the 

pore-blocking effects (see section 5.5). However, both N2 [118] and Ar [59] adsorption 

isotherms show H1 type of hysteresis. This is due to the unconventional mechanism of 

pore-blocking, specific for 3DOm carbons, where upon desorption the fluid in the cage-

like pores is blocked not by channels [119] but by the openings between the pores [120]. 

Irrespective of the pore-blocking mechanism, the desorption branch of an isotherm for a 

3DOm carbon sample is not suitable for calculating PSD.  

In general there are two approaches to synthesizing 3DOm’s, both of which 

includes a templating procedure. These two routes include the filling of either a 

mesoporous matrix or the filling of voids, typically between silica spheres in the latter, 

with a carbon precursor that is polymerized then carbonized [121]. The final step 

involves the removal of the original templating matrix commonly by etching. These two 

approaches have become commonplace especially with the abundance of mesoporous 

silicas, where there is a large variety, owing to their high structural order, large diversity 

in structure, controlled tunability of the wall thickness [122], and cost efficiency [123, 

124]. As such, 3DOm’s are ideal candidates for several applications in adsorption, 
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separation of bulky molecules [125] as well as supercapacitors [126]. In the latter, the 

advantages are clear in cases where the electrolyte solution contains bulky ions, as is the 

case for ionic liquids, and are too large to enter into micropores.  

 
Fig 2-13: Isotherm (left) and corresponding pore size distribution (right) for 3DOM materials of 

varying pore sizes.  

 

Wilke et al. applied the QSDFT model for spherical carbons in their replication of 

the commercially available LudoxTM-50 glass yielding poly(divinyl benzene)-TM50 

(PDVB-TM50) as seen in Fig. 14[127]. Pore size analysis obtained from the adsorption 

branch shows three pore sizes. Within the micropore range, they attributed the presence 

of 5% of the pore volume due to a polymerization induced phase separation. They 

support this argument with SAXS data. This pore fraction was followed by mesopores 

constituting about 10% pore volume likely due to partially collapsed larger pores or 

voids. Lastly the third and largest fraction, of which 85% of the total porosity is 



 

 

45 

represented, contains diameters of about 28 nm corresponding to the original silica 

particles. Like the 3DOm carbons explained before, this example whose hysteresis 

exhibits a Type H1 hysteresis originated from the pore-blocking effects. This is 

substantiated by the fact that the desorption branch occurs at a relative pressure of about 

~0.6.  

Spherical QSDFT kernel was shown also to give good predictions for the pore 

sizes in mesoporous the poly(ionic liquid) network [128], templated using the same 

recipe as polymers in ref. [127].  

 
Figure 2-14: Hard templating from silica spheres to produce mesoporous carbons. (Right) N2 at 77.3 

K adsorption/desorption isotherm of  PDVB-TM50; (Left) pore size distribution (black) and 

cumulative pore volume (grey) as obtained by QSDFT analysis (carbon, spherical pores, adsorption 

branch) from the adsorption isotherm. (Adapted from ref [127])  

 

 

2.5 Applications of DFT Kernels for silica and other inorganic materials 

 

 For silica materials with assumed channel-like pores resulting in a H1 type 

hysteresis on the adsorption-desorption isotherm (MCM-41, SBA-15), a cylindrical 

kernel is recommended. Pore size distributions can be obtained from the adsorption 

branch by means of the adsorption kernel and from the desorption branch using the 
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equilibrium kernel. The agreement between the two PSDs obtained testifies to the 

absence of any pore blocking or cavitation effects.  

For silica with cage-like pores connected by channels (i.e. SBA-16) spherical-

cylindrical adsorption kernel should be used. Such systems tend to reveal a wide H2 

hysteresis loop with the desorption branch, which is governed by cavitation [129]. As 

such, only the adsorption branch can be employed for PSD calculations. 

 

5.1. MCM-41 as the reference materials for pore structure characterization. 

Verification of DFT kernel of cylindrical pore model. Agreement with XRD and TEM, 

agreement between adsorption and desorption, agreement between different adsorbates. 

 

The appearance of MCM-41 on the scientific landscape provided investigators for 

the first time a well ordered mesoporous material for which they could test their 

theoretical models for capillary condensation in pores in order to obtain accurate pore 

size distributions. Prior to the introduction of MCM-41, meso and microporous 

substances consisted of disordered entities where the correlation between different 

characterization techniques were poorly understood. However with the development of 

MCM-41, NLDFT methods were developed and applied in tandem with other 

experimental techniques such as XRD and TEM[14, 24]. The range of samples that were 

first tested were within 3.2 to 4.5 nm, with an example given in Figure 15. XRD results 

confirmed regular hexagonal arrays of pores that were correlated to NDLFT by 

accounting for the pore wall thickness and thereby the pore sizes themselves. This was 

validated against independent means to calculate the pore wall thickness by XRD [130-

133] as well as TEM [131, 133]. Furthermore, both Ar and N2 adsorbates were tested for 

MCM-41 accounting for the consistent nature of the NLDFT approach. 
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Figure 2-15: (Left) Isotherms for MCM-41 at N2 (77 K) and Ar at both 77 K and 87 K. (Right) 

Corresponding pore size distributions calculated using the NLDFT method. (Adapted from Ref 14) 

 

2.5.1 Accounting for microporosity.  

 Two critical problems can arise when properly taking into account the surface 

roughness and microporosity inherent to many polymer-templated silicas such as SBA-

15, as well as many other organosilica materials. Past efforts to correctly account for the 

microporosity involved the standard comparison or t-plot methods [135]. However, the 

volume of micropores obtained by this method cannot reliably decipher between the two 

mechanisms of micropore filling and multilayer adsorption on a rough surface of a low-

density “corona” [46].  As will be shown in the following section, using SBA-15 as a 

case example, the comparison method greatly underestimates the total amount of 
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micropores residing in the intrawall pores and the NLDFT method is revealed to be an 

exceedingly better approach.  

 

2.5.2 SBA-15 as the case study system 

 

In 1994 a seminal class of silica compounds were created from the Stucky group 

in Santa Barbara denoted as SBA-n [136-138]. The most widespread being SBA-15. 

Templated from triblock copolymers, this material possessed cylindrical mesoporous 

channels much like MCM-41. However SBA-15 differs from MCM-41 in the sense that 

due to the templating procedure it contained an appreciable amount of intrawall pores, 

amounting up to 30% of the total porosity. Previous methods to accurately describe the 

microporosity, such as the comparison plot, erroneously assumed that the micropore and 

mesopore range did not overlap.  Doing so results in a significantly lower micropore 

volume. This was resolved with the application of the NLDFT method [26] which 

showed that pore diameters were in accord with the pore diameters obtained from 

quantitative modeling of XRD patterns [139]. The cumulative pore size distribution 

curves are displayed in Figure 16 where a prominent step corresponds to the primary 

mesoporous channel between 6-7 nm. In addition a tail in the curve is also representing 

the intrawall pores. However, it should be noted that calculating the micropore 

distribution is impeded by the typically smooth nature of the isotherm at low pressures 

[26]. 
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Figure 2-16: (Left) Nitrogen isotherms for SBA-15 material (triangles) with the fitted NLDFT 

isotherms obtained without approximation (crosses) and with approximation for the multilayer 

adsorption (lines). (Right) Cumulative pore volume distributions calculated from adsorption (open 

triangles) and desorption (closed triangles) branches. NLDFT pore volume distribution obtained 

from the desorption branch without approximation for the multilayer adsorption (crosses). Vp DFT 

and Viw DFT are the total and intrawall pore volumes, respectively. (Adapted from ref [26])  

 

A variety of groups have chosen the NLDFT kernel for validation of their 

synthesis procedure of SBA-15. Bao et al. used the nonionic surfactant P123 as a 

template under acidic conditions to produce ethylene-bridged SBA-15[140]. They 

demonstrated that as the SiO2/P123 ratio is increased so does the microporosity. As a 

result the pores slowly transition from open channels to a cage like structure. Hsu et al. 

synthesized SBA-15 using the carboxylate-terminated triblock copolymer Pluronic 

P123[141]. They concluded that the use of a carboxyl terminated polymer leads to a 

larger pore diameter and thicker walls compared to a polymer terminated with a hydroxyl 

group.  

Recently Pollock et at. [142] used NLDFT together with diffraction intensity 

analysis of small-angle neutron scattering measurements of dry SBA-15 samples to 

characterize the micropore, secondary mesopore, and primary mesopore structure. Based 
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on the agreement between the minimum pore size with the onset of the micropore size 

distribution, they concluded that the shape of the smallest micropores is cylinderlike, 

which is consistent with the unraveling of the polymer template.  

 

2.5.2.1 Grafting of additional species on SBA-15 

 

The emergence of SBA-15 has also led to the development of post synthesis 

grafting techniques that enables enhanced catalytic behavior. Despite the introduction of 

species into the silica that do not share the same fluid-solid interactions of the designed 

kernel, this does not adversely affect the application of the NLDFT methods. Yue et al 

demonstrated this by synthesizing Al grafted SBA-15 (Figure 17) where the resulting 

materials retain the hexagonal order and physical properties of purely siliceous SBA-15 

[33]. Their material displays the same hysteretic isotherm behavior typical of capillary 

condensation in mesopores before and after grafting. Another popular species for grafting 

is the use of Ti. This is owed to its better activities compared to microporous zeolites, in 

particular when bulky molecules are involved[143]. Berube et al. utilized a chelated 

titanium alkoxide precursor for the grafting of Ti to SBA-15[144]. Characterization by 

NLDFT method allowed them to reveal that the hydrothermal treatment and calcination 

temperatures greatly influence the extent of epoxidation of the grafted Ti-SBA-15 

structures. They further explored the conditions of the SBA-15 synthesis conditions and 

discovered that the density of silanol groups determines the properties of the grafted Ti 

both in terms of retention and coordination number [145]. Overall they concluded that the 

best supports for epoxidation were those SBA-15 materials that were aged at elevated 
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temperatures of 140 C˚. The same group also demonstrated a one-step synthesis of Ti 

substituted silica SBA-15 by a co-condensation and demonstrated the influence of 

synthesis conditions (acid concentration, silicon concentration, hydrothermal treatment 

temperature, time) on the incorporation ratio of Ti and its subsequential chemical 

reactivity[146]. Along similar lines, Berube et al. grafted a titaniumalkoxide precursor 

onto the surface of a P123/SBA-15 composite by first modifying the precursor with a 

chelating agent, in this case acetyl acetone (acac) [147]. They demonstrated that the 

presence of acac is critical in preventing the formation of anatase TiO2. 

  
Figure 2-17: (Left) Nitrogen adsorption at 77.4 K on SBA-15 materials[33] displaying the 

corresponding Al grafted SBA-15 isotherms. The scale is shifted by 10 and 20 mmol g
−1

. (Right) The 

pore size distributions of SBA-15 and Al-SBA-15 materials [33] calculated from the adsorption (open 

symbols) and desorption (filled symbols) branches of nitrogen isotherms by the NLDFT method. 

(Adapted from [148])  

 

 

Additional species grafted to SBA-15 have included transition metals other than Ti as 

well as some polymers. Szegedi et al. grafted Co to SBA-15 for the oxidation of toluene 

[149]. Tsoncheva et al. administered a post solid state reduction technique with V2O5 

verified by the oxidation of ethyl acetate [150]. It was concluded that the distribution of 

vanadium was dependent on the peculiarities of the pores structure. The result is a 
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consistent pore diameter after modification, albeit the surface area and pore volume are 

slightly diminished. 

Polymer–silica composites have become appealing candidates for catalysis due to 

its ability to combine highly porous structures such as SBA-15 with the diverse 

functionality of organic polymers [151]. Wainer et al. used a surface-confined 

polymerization technique with two separate polymers, poly(styrene) and poly(2-

hydroxyethyl methacrylate), grafted onto SBA-15 for the purposes of liquid-phase 

heterogeneous catalysis [151]. SBA-15 has also been shown to be a viable support for the 

immobilization of proteins [152]. Lin et al. deposited magnetic iron nanoparticles into the 

pores of SBA-15 with the intent of a facile recovery and separation process. In a separate 

study a metalorgano complex ferrocenyl Fischer chromium carbene complex was grafted 

onto the surface of SBA-15 for improved catalysis [153]. Using N2 sorption NLDFT 

analysis they elucidated a diminishing effect of the pore properties after functionalization, 

which in turn they used to interpret the thickness of the grafted molecule layer. Likewise, 

the same group grafted tungsten carbene molecules onto the walls of the silica with the 

surprising result that a decrease of 0.30 nm in the pore size occurs when the ethoxysilane 

bridging units are anchored onto the SiO2 surface, a result that was independent of the 

pore size [154].  
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2.5.2.2 Application of DFT methods to microporous materials: zeolites and 

MOFs. 

 

The NLDFT model for cylindrical pores that was verified on mesoporous MCM-

41 materials[14] was extended by Ravikovitch and Neimark to the micropore region for 

application to zeolites and zeolite containing materials [60]. The NLDFT method was 

tested using different standard zeolites, including ZSM-5, AlPO4-5, and VPI-5. Figure 18 

presents the results of the test of the NLDFT model on high-resolution Ar adsorption 

isotherms at 87K (Fig. 18, a) on three reference samples: mesoporous MCM-41 material, 

zeolite catalyst ZSM-5, and model adsorbent, containing 50% of ZSM-5 and 50% of 

MCM-41 [60].  NLDFT provided an excellent fit to all samples as shown in  Fig. 18 b for 

the isotherm on the combined adsorbent. Figs. 18 c-e present the pore size distributions. 

The reported average pore diameter of ZSM-5 zeolites obtained from structural 

considerations is 0.51-0.55 nm that agrees well with the pore size distribution obtained 

from Ar adsorption by the NLDFT method. It is seen that this particular sample of ZSM-

5 material contained not only micropores, but also mesopores. The reference MCM-41 

material is non-microporous and its pore size obtained by independent methods is 3.2 nm, 

in excellent agreement with the NLDFT method. The pore size distribution of the 

combined adsorbent exhibits two distinct groups of pores: micropores of the same size as 

in ZSM-5 and mesopores of the size as in MCM-41.  
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Figure. 2-18.  Test of the NLDFT model for zeolite-containing materials. (a) Argon adsorption 

isotherms at 87 K on MCM-41, ZSM-5 and their 50-50 mixture. (b) NLDFT fit of the isotherm on 

combined sample. (c-e) NLDFT pore size distributions for ZSM-5, MCM-41, and combined sample. 

The pore size distribution of the combined sample perfectly agrees with the sum of the pore size 

distributions of its constitutive parts. (Adapted from ref [60]) 

 

Another example of the NLDFT analysis of ZSM-5 zeolite materials of hierarchical 

structure was performed by Serrano et al[155]. It is worth noting that the range of pore 
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sizes that can be captured by the NLDFT method in these samples extends from 0.5 to 50 

nm. 

 

 
 Figure 2-19. Pore size distributions and cumulative pore volumes for calcined nanocrystalline n-

ZSM-5 materials prepared under high-temperature precrystallization (HTP) at  90 °C. Conditions 

include both (a) 0% and (b) 12% PHAPTMS surface-silanization agent. The NLDFT method was 

applied to obtain the pore size distributions assuming a cylindrical pore model and using the 

adsorption branch of the Ar isotherm at 87 K plotted on logarithmic scales (insets). Nomenclature 

corresponds to the following: BET surface area (S
BET

); micropore surface area (S
MIC

); external 

surface area (S
EXT

) estimated as the difference S
BET

 − S
MIC

; micropore volume (V
MIC

) determined for 

pore sizes below 1.6 nm; and mesopore volume (V
MES

) determined for pore sizes ranging from 1.6 to 

50 nm. (Adapted from ref [155])  

 

The NLDFT method is applicable to various micro-mesoporous materials, 

including adsorbents, catalysts, separation membranes, sensors, and other zeolite-based 

systems[156]. Recently, the NLDFT method was used for analysis of Ar isotherms on 

indium base metal-organic frameworks of soc topology (soc MOF) with channel pore 

structures[157]. This example is presented in Figure 20. Since the parameters for Ar-
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socMOF interactions are not developed, the authors used two existing kernels with Ar-

silica and Ar-carbon interaction parameters, and found that the pore size determined from 

the Ar-silica kernel produced the pore size in agreement with the crystallographic data. 

  

Fig. 2-20 a) Experimental Argon (87.3 K) isotherm on socMOF and NLDFT fit for Argon adsorption 

at 87.3 K in cylindrical pores with either Ar- silica/zeolite or Ar-carbon interaction parameters. (b) 

Differential NLDFT pore size distribution curves. Pore size of 6.1 Å obtained from the NLDFT 

kernel with Ar-silica/zeolite parameters agrees well with the expected accessible pore diameter of the 

cylindrical-like main channels in soc-MOF. (Adapted from ref [157])  

 

 

2.5.3 Oxides other than silica. 

 Although originally developed for silicas, the NLDFT kernel can be applied to 

disordered systems and other inorganic porous materials without further modification. In 

the case of disordered materials such as porous glass, the adsorbate wall interaction 

remains the same. Kullmann et al. studied nanoporous glass monoliths with pore sizes 

under 5 nm and compared the characterization results of NDLFT and positron lifetime 

spectroscopy (PALS), the latter being a technique to study voids and defects [158]. The 

authors obtained a type I isotherm, typical of microporous materials and applied the 

NLDFT equilibrium model for silicas. It can be seen from Figure 21 that the authors 
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produced a porous glass with a bimodal distribution consisting primarily of micropores 

confirmed by the two independent methods. 

 

 

Figure 2-21: (Left) N2 isotherm at 77 K for nanoporous glass monoliths. (Right) Overlay of NLDFT 

equilibrium model for cylindrical pores and PALS pore size distributions (distribution curves were 

normalized for the same maximum) (Adapted from ref [158])  

 

The application of the NLDFT silica model can also hold true for a variety of oxides. 

Chavez et al. applied the NLDFT technique to characterize the synthesis of tungsten 

oxide (WO3) films that displayed pore size distributions in both the meso and 

microporous ranges [159]. Likewise Zhou et al. developed a hard templating technique 

using mesoporous silica to fabricate mesoporous WO3 [160]. The application of the 

NLDFT adsorption kernel for cylindrical silica pores indicated highly ordered pores with 

crystalline walls. Their results were validated against both TEM and XRD. Chandra et al 

synthesized zinc oxide (ZnO) by a templated method and the corresponding NLDFT 

characterization proved to be in good agreement with TEM results[161].  In the case of 

alumina, Landers et al. utilized the NLDFT kernel to show the evolution of a bimodal 
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distribution as a function of mixing time of alumina pastes, a change reflected in both the 

desorption isotherms and pore size distribution (Figure 22) [162].  

                                                                                           

 

 

Figure 2-22: (a) N2 Desorption isotherms 77 K on extruded and calcined alumina pastes mixed with 

1% acid displayed as function of mixing time. (b) Pore size distribution calculated using NLDFT as a 

function of mixing time for 1% acid. (Adapted from ref [162])  

 

 

 

2.5.4 QSDFT model for silica materials. 

  

 Application of NLDFT method for characterization of silica materials did not 

reveal artifacts in PSDs related to the layered structure of the theoretical isotherms as it 

was observed in carbons (see section 4.2). QSDFT predictions in the region of film 

adsorption (prior to the capillary condensation) provide excellent agreement to the 
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experimental adsorption data on SBA-15 silica (Fig 5 b) [46], which could not be 

achieved having a NLDFT isotherm with layering steps. Giving more advanced and 

realistic model for silica surface QSDFT tends to replace NLDFT for characterization of 

silicas, including MCM-41 [163], SBA-16 [164] and other. 

 

2.5.5 Materials with cage-like structure: spherical pore model 

 

The characterization of cage like silica structures (SBA-1, SBA-6, SBA-16, FDU-

1, KIT-5, and FDU-12) has been impeded by the use of traditional kernels. First the 

accurate description of the transport pores via N2 adsorption-desorption becomes invalid 

as they go past the lower limit of 5 nm. Matters are further complicated by mechanisms 

previously mentioned involving pore blocking and cavitation. These issues were resolved 

with the advent of a new NLDFT kernel tailored for silica pores constituting of both 

spherical and cylindrical geometries [23, 35]. Tailored for hierarchical ordered porous 

materials, this kernel should be applied for systems containing cylindrical pores less than 

5 nm and spherical pores greater than 5 nm. These materials also typically exhibit a H2 

hysteresis type loop resulting from pore blocking. It is thus recommended that the pore 

size analysis be based solely on the adsorption branch. 

 

2.5.5.1 SBA-1 and SBA-16 cage-like structures 

SBA-1 represented the first class of materials resulting from the templating of 

supramolecular surfactant aggregates to form uniform spherical pores connected by 

smaller transport pores [136]. Moreover, these pores had the ability to be tailored to 
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different sizes and specifications by merely altering the synthesis conditions (pH, 

temperature, concentration). Of the new materials that emerged SBA-1 and SBA-16 were 

notable in terms of their uniform and large cage like cavities with cubic (Im3m) 

symmetry. The arrival of new NLDFT kernels capable of addressing hybrid pore 

structures led to the better characterization of such porous materials as SBA-1 and SBA-

16. The kernel developed for the latter was recently validated with XRD results stemming 

from the work of Miyasaka et al. [164]  Several groups have employed the use of the 

NLDFT kernel in order to confirm their pore size distribution resulting from various 

synthesis conditions. Vinu et al. investigated the influence of acid to surfactant 

concentration as well as synthesis time on the pore size and stability of SBA-1 structures. 

They concluded that SBA-1 is mechanically more stable compared to mesoporous silica 

materials such as MCM-41 and SBA-15, but is mechanically comparable to the cubic 

structure of MCM-48 [165]. Ting et al. were capable of synthesizing SBA-1 across a 

wide temperature range and composition range by using the template dodecyl trimethyl 

ammonium chloride (C12TMACl) under strongly acidic conditions as opposed to the 

more conventional C16TMABr [166]. Kao was able to synthesize SBA-1 with the aid of 

D-fructose as an auxiliary agent[167]. Likewise, the same group was able to functionalize 

SBA-1 through several means. First with vinyl groups via a room temperature 

condensation reaction with tetraethoxysilane (TEOS) and trimethoxyvinylsilane (TMVS) 

templated by cetyltriethylammonium bromide (CTEABr) under acidic conditions[168]. 

In a proceeding paper the same group functionalized SBA-1 with phenyl groups via co-

condensation of tetraethoxysilane (TEOS) and phenyltriethoxysilane (PhTES)[169]. In 
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both cases the pore size distribution were confirmed with the aid of the hybrid NLDFT 

kernel and the presence of the functional groups with the aid of NMR. 

SBA-16 was first synthesized in a low acidic medium (0.5 M HCl) using a silica 

source of either TEOS or TMOS [170]. Like SBA-15, SBA-16 can be synthesized by 

using triblock copolymers to produce large 3-dimensional mesoporous silicas. Typically 

these triblock polymers are relatively large PEO chains, the most common being F127, 

F108, and F98. The first example of the NLDFT applied to SBA-16 showed it to have a 

spherical cage size of 8.5 nm and a minimum wall thickness of 5.9 nm[23]. 

 
Figure 2-23: (a) High-resolution nitrogen (77.4 K) adsorption/desorption isotherm on SE3030 silica. 

(b) Comparison of nitrogen (77.4 K) and argon (87.3K) adsorption/desorption on SE3030 silica 

plotted on a semi logarithmic scale. (c) NLDFT cumulative pore volume plots calculated from the 

adsorption branch by applying the kernel of metastable adsorption isotherms based on a cylindrical 

pore model for silica. Both nitrogen at 77.4 K and argon at 87.3 K are displayed. (d) NLDFT pore 

size distributions from nitrogen at 77.4 K and argon at 87.3 K respectively. Distributions were 

calculated from the adsorption branch of the isotherm (see b and c) (Adapted from ref [36])  
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Esparza et al. synthesized a variety of SBA-16 through a common micelle templating 

technique ranging in pore sizes from 7.59-7.90 nm verified by the NLDFT 

technique[171]. Kleitz et al. were capable of producing SBA-16 materials synthesized in 

a EO106PO70EO106 (F127)-butanol-H2O system under mildly acidic conditions[172]. 

They could fine tune the pore diameter by altering the hydrothermal treatment 

temperature producing cage dimensions varying between 6 to 12 nm. From these results 

they concluded that the NLDFT kernel was in excellent agreement with XRD modeling 

results. In a similar system, the authors demonstrated that they could tune the pore size 

between 4 and 7 nm by varying the initial mixture composition [173].  

 

2.5.5.2 FDU-1, FDU-2, and FDU-12 Spherical Structures 

FDU materials derive its name from Fudan University in Shanghai [174, 175]. 

Like SBA-16, the unique pore structures of these FDU materials elicited the need for 

methods to accurately take into account their hybrid structure[35]. The pores in these 

materials consist of geometries similar to ink bottles, and gives rise to the challenges 

outlined in section 2.1 relating to the phenomena of pore blocking and cavitation. The 

synthesis involves three components, namely block copolymers, an organic solvent, and 

inorganic salts, which when combined properly and polymerized forms a template. Two 

routes can then be employed to attain either mesoporous silica or carbon. In the former a 

source of silica can be introduced in order to fill the voids of the mesoporous material 

with the polymer template being removed later in the process. In the latter, no further 

carbon source is required, as the material can be merely carbonized under nitrogen gas to 

form a sturdy carbon framework. Several groups have validated the existence of spherical 
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pores using the NLDFT kernels. The Zhao group first showed that FDU-1 exhibits Im3m 

symmetry[176]. They have studied the pore variations that arises during the synthesis of 

FDU-12 structures, most notably the effect of temperature on the cage like spherical 

pores and the cage entrances[177]. Ersen et al. coupled electron tomography with 

nitrogen adsorption measurements in order to study the stacking faults residing in the 

silica material FDU-12[178].  

 

  
Figure 2-24: (a) Nitrogen sorption isotherms and (b) pore size distribution of calcined mesoporous 

silica FDU-12 samples. The plotted lines of L-FDU-12 and R-FDU-12 hydrothermally treated at 100 

˚C, and R-FDU-12 treated at 120˚C are denoted as solid squares, triangles, and circles, respectively. 

L and R refer to different amounts of salt in the synthesis procedure. The scale of adsorption volume 

in panel is shifted by 300 cm
3
/g for R-FDU-12 at100 ˚C and 600 cm

3
/g for R-FDU-12 at 120 ˚C.  

 

2.5.5.3 KIT-5 cage like pore structures. 

An advantage of the NLDFT method is the ability to characterize 3-D structures 

with interconnecting geometries. A case example is the silica KIT-5. First reported by 

Kleitz et al., KIT-5 is defined by a Fm3m symmetry with a spherical pore geometry 

interconnected by smaller pores [179]. The adsorption isotherm features a type IV 
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classification with a sharp capillary condensation step at high relative pressures. KIT-5 is 

further defined by a H2 hysteresis loop, indicative of uniform spherical pores. Several 

investigators have applied the NLDFT method in determining the effect of synthesis 

modulation on these 3D spherical structures. Yang et al. attempted a post synthesis 

technique on KIT-5 samples treated with H2SO4 [180]. They used Ar at 87 K in order to 

reduce any interaction which may arise with the different surface chemistry related to 

either the calcined or acid treated samples. From NLDFT analysis it was demonstrated 

that the acid treated KIT-5 samples exhibited a much larger pore volume compared to 

their calcined counterparts. However, the largest surface areas were obtained from the 

calcined samples due mostly in part to the contribution of intrawall microporosity from 

the block copolymer templates. These results were confirmed by Wu et al. who studied 

the post-synthesis structural modulation of KIT-5 [181]. On one hand, they were able to 

show that treatment with NH4OH in general gave smaller mesopore cage sizes and lower 

micropore volume. On the other hand, treatment with H2SO4 produced mesopores with 

larger cage-like structures containing larger pore entrances but a decrease in the 

ultramicro pore volume. Their acid treated KIT-5 samples are displayed in Fig. 24 where 

the as synthesized samples of KIT-5 are treated with a fixed concentration of acid at 

various times. The evolution of the hysteresis loop corresponds to a change from a H2 to 

a H1 hysteresis loop. This in turn implies a change in the pore morphology. This is 

displayed in the NLDFT calculated PSD results which show a decrease in microporosity 

with increased acid treatment duration.  
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Figure 2-25:(a) Nitrogen isotherms of KIT-5 treated with acid for various durations. KIT-5-0h (▼), 

KIT-5-1h (∆), KIT-5-5h (▲), KIT-5-10h (○) and KIT-5-24h (●). The isotherms are shifted by 40, 260, 

460 and 510 cm
3
 g

-
1 STP, respectively. (b) Pore size distributions of the acid-treated materials 

calculated from the adsorption branches by using the NLDFT method. The offset between each PSD 

is 0.1 cm
3
 g

-
1 nm

-
1.  

 

2.5.5.4 Silica’s with gyroidal pore structure: KIT-6, MCM-48 

The application of NLDFT is not limited to pore structures that are defined by an 

array of pores. In the case of KIT-6, the structure is defined by two intertwining 

mesopores, forming a gyroidal structure. The interconnected pores can give rise to a 

hysteresis relating to pore blocking effects. Kleitz et al investigated the hysteresis 

mechanism within KIT-6 materials aged at different temperatures seen in Figure 25 using 

both NLDFT for N2 at 77 K and Ar at 87 K [184]. They observed a narrower hysteresis 

loop for KIT-6 when compared to SBA-15 of the same pore size, thus indicating a 

characteristic feature of the hysteresis when going from a pseudo-one-dimensional 

material such as SBA-15 to that of a 3-D structure such as KIT-6. The authors validate 

their NLDFT finding with the use of TEM and XRD modeling. In a related paper Guo et 
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al. probed phenylene-bridged periodic mesoporous organosilicas produced via synthesis 

materials containing Pluronic P123 triblock copolymer, butanol and water[185]. This led 

to a bicontinuous cubic Ia3d KIT-6 structure produced in high yields and purity. In this 

case 1,4-bis(triethoxysilyl)benzene was used as the organosilica source where the ageing 

temperature allowed for precise control over the pore characteristics such as mesopore 

size, volume and specific surface area. The authors suggested that the resultant 3-D 

structure would be beneficial for applications of host-guest chemistry, where concerns of 

pore blocking may arise. Post synthesis grafting techniques [186-191] for mesoporous 

silicas have gained traction in recent years for the development and application of highly 

selective sorbents, solid catalysts or drug delivery systems[192-196]. One such approach 

is the pore surface-confined polymerization technique developed by Choi et al.[197].  In 

a two step process Guillet-Nicolas et al. modified the walls of KIT-6 with the polymer 

polychloromethylstyrene (PCMS) followed by the attachment of amine groups to the 

polymer[198].  
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Figure 2-26: (a) Nitrogen isotherms (at 77.4 K) in KIT-6 samples aged at temperatures varying from 

50 to 130 °C. The desorption branch is used for the NLDFT pore size distributions for nitrogen at 

77.4 K and argon at 87.3 K respectively. (b) Selected KIT-6 samples aged at different temperatures 

are displayed. The NLDFT pore sizes (equilibrium) are 5.5, 7.3, 8.4, and 10.1 nm, for 50, 80, 100, and 

130 °C, respectively. (Adapted from ref [184])  

 

 

2.5.6 Cavitation as a negative factor in pore size analysis 

 

Complexity can arise in heirachical systems comprised of both micro-mesopores 

that creates a wider variety in the observed hysteretic behavior. This complexity is 

inherent to the adsorbed fluid and surrounding pore system and can mask phenomena 

such as pore blocking and caviation resulting from desorption. From a characterization 

stand point this can complicate matters. However if the hysteresis loop is interpreted 

correctly it can provide a myriad of information about the pore network morphology. For 
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the case of cavitation the pore size is obscured as the point of desorption is weakly 

correlated with the pore size. Cavitation occurs during the desorption process resulting 

from the spontaneous neculeation and growth of gas bubbles in the metastable fluid 

confined in the pores[129]. The process leading up to this spontaneous act involves a 

prolonged metastable state of the condensed fluid which is overstretched by capillary 

pressure. It is typically inherent to spherical pore systems connected by smaller necks 

seen if Figure 26. Both theoretical and experimental [23, 36] studies have shown that if 

this neck diameter is smaller than some critical size than cavitation will occur. In the case 

of nitrogen at 77.4 K this is estimated to be 5 nm.  

 
Figure 2-27: Schematic illustration of cavitation and pore blocking where the variable N indicates the 

neck size of the pore [36]  

 

2.5.6.1 How to distinguish cavitation effects with DFT?  

 

Desorption isotherms of the materials having spherical pore geometry are always 

affected by either pore blocking [119] or cavitation effects [129]. Therefore the size of 

the primary cage-like pores cannot be derived from the desorption branch using one of 

the NLDFT/QSDFT spherical kernels. For the case of pore-blocking, the desorption 

N > N c N < N c 
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isotherm may have information on the distribution of the pore necks (connecting 

channels), which can be derived applying a hybrid cylindrical-spherical kernel [36]. How 

to distinguish the cavitation mechanism of evaporation from the classical pore-blocking? 

First criterion is the pressure. It has been shown that homogeneous cavitation of nitrogen 

in pores takes place at the relative pressures 0.4-0.5 almost irrespective of the pore size 

[129]. However, this rule is not strict; recently several experimental [199-201] and 

theoretical [202] papers reported cavitation events in the pores at a substantially higher 

pressure values (> 0.6-07), when not homogeneous, but heterogeneous nucleation takes 

place.   

On the basis of DFT method Thommes et al. proposed a simple criteria to 

distinguish, whether the desorption branch of an isotherm is affected by pore blocking or 

cavitation [36]. They used experimental data from two adsorptives, nitrogen (77.4 K) and 

argon (87.3 K), and calculated PSDs by means of applying the N2 and Ar hybrid NLDFT 

kernels to the desorption branches of the corresponding isotherms. For Vycor glass, 

where desorption is affected by pore blocking, the resulting PSDs were close (Fig. 27 a), 

since they were determined by the pressure of equilibrium desorption from the 

connecting throats. For SE3030 silica, where desorption was affected by cavitation, on 

the contrary, resulting PSDs were noticeably different. The cavitation pressure depends 

weakly on the pore size, and mainly determined by the properties of the fluid. This 

method was employed recently to determine the mechanism of desorption in the 3DOm 

carbons [59], discussed in section 2.4.4.3.  
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Figure 2-28. Distinguishing between cavitation effects in materials. NLDFT pore size distribution 

curves obtained from the desorption branches of the sorption data by applying the NLDFT 

equilibrium transition kernel (on the basis of a cylindrical pore model) for the systems nitrogen (77.4 

K)/silica and argon (87.3K) /silica. (a) for Vycor glass (b) for SE3030 silica.  (Adapted from ref. [36])  
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Figure 2-29: N2 adsorption/desorption isotherms at 77.4 K reduced per unit of BET surface area. The 

isotherms are shifted on the vertical scale by 0.02, 0.04, 0.06, 0.08 and 0.1 mol/m
2
 for soils 2, 6, 11, 3 

and 4, respectively.(Ref: Nitrogen and Carbon Dioxide Adsorption by Soils, Ravikovitch et al.)  

 

2.5.6.2 Characteristic examples. Plugged SBA-15 open and blocked 

cylindrical channels. Cage-like materials – SBA-16, etc. 

 One advantage to silica materials such as SBA-15 is the inherent microporosity. It 

would be advantageous to be able to tailor the ratio of the micro and meso pores in these 

materials. Miyazawa and Inagaki improved on the work of Stucky and Zhao by being 

able to optimize this ratio [203]. Van Der Voort et al. [28] showed further improvement 

both in the thermal and mechanical stability by synthesizing a plugged hexagonal 

templated silica (PHTS). This material exhibited a typical XRD pattern commonly found 

for SBA-15 and shared similar features, but differed in several regards. Like SBA-15, the 

PHTS displays a one-step capillary condensation signifying uniform mesopores (Figure 
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29). In addition to this is the presence of a two-step desorption branch with the second 

step occurring at a relative pressure of 0.45. This delayed desorption is representative of 

pore blocking effects and is consistent with a structure that has both open and blocked 

cylindrical pores.  

  
Figure 2-30: Nitrogen 77 K isotherm of a typical PHTS material exhibiting a 2-step desorption 

demonstrating two mechanisms of evaporation and cavitation. (Adapted from ref [28])  

 

2.6 DFT models for interpretation of in-situ XDR data   

 

In a series of papers [51, 163, 164], the QSDFT method was extended to describe 

the observations of the in-situ XDR measurements on mesoporous crystals of MCM-41 

and SBA-16 types. The strategy for the QSDFT approach for modeling of diffraction 

patterns is as follows. The parameters of fluid-solid interactions are taken from the 

literature, see Table 3. The parameters for the solid density distribution, solid density and 

roughness parameter, are taken from the reconstruction of the XRD patterns on the dry 

sample. The temperature of the XRD experiments, which is maintained by liquid nitrogen 
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and is not measured directly at the adsorbent, is determined from the agreement of the 

measured by XRD pressure of capillary condensation pressure and predicted by the 

QSDFT model with adopted energetic and structural parameters. Then, the calculation of 

the density profiles of adsorbed fluid is performed at a series of gas pressures and the 

predicted XDR patterns are obtained by the Fourier transform converting the fluid and 

solid densities into the electron density.  

An example of such approach is illustrated in Figures 30 and 31 for the Ar 

adsorption on an MCM-41 sample with the mean pore diameter of 36.8 Å[51]. From the 

comparison with the QSDFT predictions for the hexagonal array of cylindrical silica 

pores with the roughness parameter of δ=4A, the XRD experiment temperature was 

determined as 83 K. The calculated fluid density profiles (DP) in pores are in agreement 

with the reconstructed from the XRD patterns electron density profiles, Fig. 30. Note that 

the QSDFT model correctly predicts the increase of adsorption in the pore wall corona 

and the growth of the adsorption film. In Fig. 31, the calculations by the Fourier 

transform diffraction intensity are compared with the experimental XRD data for 10, 11, 

and 20 reflections. An analogous study was performed [164] for cubic cage-like 

structures of SBA-16 crystals. Almost quantitative correspondence of theoretical and 

experimental data suggests that the QSDFT method correctly captures the main physical 

mechanisms of physical adsorption on mesoporous crystals with minimum additional 

structural and energetic parameters, which can be determined from the independent 

measurements. 
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Figure 2-31. Evolution of the mass and electron density profiles of adsorbed fluid in the process of 

adsorption. Ar adsorption at T=83K in cylindrical pores of MCM-41 sample at different Ar 

pressures in the gas phase (the pressure values are shown in the left columned). a) – QSDFT fluid 

density profiles in the silica pore of diameter D=36.8A with the roughness parameter δ=4A, the color 

corresponds to the pressure shown on the left, solid density is plotted in black; b) – reconstructed 

electron density profiles for fluid and solid from in-situ XRD measurements (kernel for the electron 

spread of solid and fluid shown in the insert), the color corresponds to the pressure shown on the left, 

solid density is plotted in black. Blue arrows indicate the position of the mean pore radius, 18.4 Å. 

(Adapted from ref [51])  
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Figure 2-32. QSDFT prediction of the XRD intensities. Comparison of the theoretical diffraction 

intensities calculated from DPs of QSDFT and the experimental diffraction intensities measured 

during in situ powder XRD for Ar adsorption on MCM-41 mesoporous crystal. (a) 10, (b) 11, and (c) 

20 reflections are presented. The capillary condensation takes place at 16.6 kPa at T =83 K. (Adapted 

from ref [51])  

 

2.7 Concluding Remarks 

The intent of this review was to introduce the reader to the several years of 

intense and over layering effort that has been put into the study of gas adsorption for 

porous materials. This said effort has accumulated with the introduction of density 

functional methods. In the beginning of the review, emphasis was placed on the NLDFT 

methods, explaining its strength and weakness all the while slowly transitioning to 

QSDFT. This detailed explanation was followed by an in depth look at the materials 

commonly characterized (i.e. different synthesis techniques, applications) by the 

aforementioned methods in order to glean insight for the reader which method to choose. 

b) a) 

c) 

p=16.6kPa 

p=16.6kPa 

p=16.6kPa 
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While there exists an endless list of materials that can be considered, each with its own 

countless permutations, several stand out more than others. In the first group that was 

examined we took a look at activated carbons, a material studied early and often by the 

NLDFT models. These models evolved over the years, each considering the pore 

geometry as slit-like, eventually leading to a unified approach that allowed for the 

characterization of these materials with a range of adsorbates to include N2, Ar and CO2. 

For the latter of the three, its application has been deemed instrumental in characterizing 

materials consisting primarily of micropores due to the slow diffusion kinetics associated 

with N2 and Ar at their respective boiling point temperatures. In addition to activated 

carbons, more novel materials were shown to be good candidates for the application of 

NLDFT methods for accurate characterization. These materials included carbon 

nanotubes and different molecular sieves. A new class of kernels were then introduced 

designated QSDFT, which were designed to take into account heterogeneity of the pores. 

Thus materials such as activated carbons, carbon black, and activated fibers that 

contained heterogeneity in their structures, along with various other examples, were 

visited. In doing so, it was clearly seen that the artifacts associated with many of the 

NLDFT methods that are due to a layering assumption in the model, are removed. A new 

hybrid QSDFT pore model was also presented capable of accurately depicting 

mesoporous carbons, most notably those derived from a templating procedure. The 

review then shifted focus to include silica materials based around SBA-15 whose pore 

properties are very similar to that of MCM-41, identified by its array of cylindrical pores. 

Soon more intricate constructs were being investigated that possessed complexity in their 

isotherms that could not be easily deduced. This complexity arose from the various 
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effects due to cavitation, metastability of the confined fluid, and pore blocking or 

network effects. These issues were addressed with the advent of newer kernels that 

considered hybrid pore structures accurately obtaining pore size distributions from 

experimental isotherms. Additional inorganic materials were also examined, including 

zeolites, MOF’s and some alumina, where the application of the described DFT methods 

are valid. Finally the DFT methods were validated against other experimental techniques, 

TEM and XRD to name a few, in order to ensure the reader of its accuracy. 

This review has been prepared for publication to Colloid & Surfaces Special 

CMP-6 issue.  
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Chapter 3 Fabrication of Nanocarbon Composites 

3.1 Properties of Carbon Nanotubes 

Single walled carbon nanotubes (SWNT) were first synthesized in 1991 by Iijma 

and since then has experienced a barrage of research in a broad range of applications and 

fields[1]. The uniqueness of this molecule can be attributed to its long aspect ratio, high 

thermal conductance, inert characteristic and high conductivity. CNT can be envisioned 

as a rolled up sheet of one atom thick graphene. Graphene, which is comprised of 

hexagonally bonded sp
2
 carbon atoms, has pi-pi orbital interactions that account for its 

incredibly conductive and relatively inert structural properties. A consequence of having 

a network of overlapping pi-pi bonds is the accumulation of van der Waals forces. 

Traditionally, these forces account for weak short range interactions. However, due to the 

total number that is present, the summation of these forces imposes a deep energetic well 

for these individual tubes to bundle and aggregate. As a result, carbon nanotubes are 

notoriously difficult to separate within any dispersive medium, and further action is 

needed to take advantage of their exceptional properties. One such procedure is to disrupt 

the pi-pi network and covalently attach a molecule to the surface of the CNT. This 

however leads to degradation of the mechanical and conducting properties of the CNT. 

Another course is to use a surfactant or polymer to intercalate between the carbon 

nanotube aggregates and hence debundle them. This non covalent route allows for fine 

dispersions of CNT, without sacrificing the inherent conductive and mechanical 

properties that would result upon functionalization. However, from a kinetics standpoint 

this process is usually slow and generally ultra sonication is required 
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Sonication inflicts a shear force that can exfoliate the SWNT bundles during the 

sonication process in the form of cavitation, which enables bubble formation, growth and 

collapse[183]. The resultant collapse creates enough energy to debundle the aggregates 

and allow the intercalation of the surfactant or polymer. This process is dependent on a 

multitude of variables not limited to solvent viscosity, surface tension, vapor pressure, 

gas solubility, nature and type of radical formed, liquid temperature and pressure. In 

addition, several process parameters can be controlled that will influence the degree of 

dispersion which include ultrasound frequency, acoustic amplitude and sonication time. 

The compilation of the above variables leads to an high level of interplay and complexity. 

To further complicate matters, carbon nanotubes that undergo intense sonication can 

succumb to defects and even scission of the tubes leading to degradation of the unique 

properties associated with carbon nanotubes[184].  

 

3.2 Apparatus Construction 

In order to reduce the number of experimental variables, a new spinning and 

extraction device has been implemented. A moveable laser mounting stage, a rotating 

platform, a variable speed motor, and a digital syringe pump work in concert to limit 

experimental variation. The recording platform allows for three speeds, and the injection 

speed consists of a wide range of pump speeds which can be programmed digitally. 

Meanwhile, the pullup or extraction speed is assisted by a mechanical stable support 

(laser stage) which prevents jarring and possible fiber breakup.  
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Figure 3-1: Apparatus construction of the wet spinning device. Includes a syringe pump, laser stage, 

programmable motor, rotating platform with adjustable speeds and coagulation bath. Inlet: CNT 

fiber produced by the particle coagulation process.  

 

3.3 Fiber Fabrication 

Considered one of the easiest processes to scale, particle coagulation spinning has 

long been utilized in polymer science [3, 4, 185, 186]. Prior to spinning the CNF, a 

solution of CNT is dispersed with the help of surfactants such as Sodium Dodecyl Sulfate 

(SDS). SDS, like other surfactants, help stabilize the CNT by disrupting the strong van 

der Waals forces and hydrophobic interaction which make them notoriously difficult to 

disperse. However, the presence of surfactants poses a problem, as the body possesses a 

biological threshold for them. This issue will need to be circumvented if incorporation of 
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CNT into composite materials destined for biomedical applications is desired. This can 

be achieved by extensive washing of the fiber, but there is no assurance that the fiber will 

become surfactant free.  

Typically a coagulating bath comprised of a polymer solution is used to help form 

the fiber. As the dispersion is injected into the bath, the nanotubes are bonded by the 

polymer in the shearing flow to form a ribbon. After the polymer has exchanged with the 

surfactant and formed a sheath around the ribbon, the ribbon is transferred to a rinse bath 

typically containing deionized water. This bath helps remove the excess polymer that 

may be present. Several authors have applied this method using a variety of surfactants, 

polymers, and biological molecules to prepare these fibers and their variation on the 

process along with fiber properties are listed below.  

 
Polymer  SWNT 

(wt %) 

Young 

Modulus 

(GPa) 

Tensile 

Strength 

(MPa) 

Conductivity  

(S cm
-1

) 

Comments Year Source 

CS/POSS 1-9   Not Stated  2011 [187] 

Alginate 0.6-23 3.6-7.0 141-250 Varied  2011 [188] 

Ppy/ 

Alginate 

0.01 11.8 & 3.7 95 & 65 0.5-10.0  2011 [189] 

Agarose 1    Spun into 

either DI or 

ethanol 

2011 [190] 

PVA (10) 0.3 36   3 2.2 GPa Not Stated Gel spun into 

cold methanol 

2010 [191] 

None 0.5 120 50-150, 

>320 

120 μΩ cm Acid spun 2010 [192] 

PVA 1.0 70 2.6 GPa Not Stated Gel spun 2009 [193] 

PEDOT     Razdan, come 

back 

2009 [194] 
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HA 0.6 8   1                  

5   1 

120   32,       

51   10 

8   1               

186   23 

Spun into PEI 

or Acetone 

2009 [195] 

CHIT 0.3 8   1                

14 

40   18          

60   15 

23   5    0.04 Spun into PEI 

or Acetone 

2009 [195] 

GG  0.075 6.0   1.3 

MPa 

176   21 9.0             

(mS cm
-1)

 

Spun into 

CHIT, took 

most 

conductive 

fiber 

2008 [196] 

CHIT  0.075 4.7   1.3 

MPa 

98   20 18.0           

 (mS cm
-1)

 

Spun into GG, 

took most 

conductive 

fiber 

2008 [196] 

None 1-3 69   41 

142   70 

Not Stated 800  

3000 

MWNT, N-

MWNT; 

dispersed in 

ethylene 

glycol & spun 

into ether 

2008 [197] 

DNA 0.6 1.25 (in 2 

M NaCl 

solution) 

Not Stated 560 Resistant to 

torison, knot 

forming 

HNO3/EtOH 

as bath. 

Crosslinked 

2008 [198] 

HA 0.4 12   5 123   28 270   44 5 % Acetic 

Acid 

2008 [199] 

HA 0.4 12   1 105   15 158   18 0.3 M H2SO4 2008 [199] 

HA 0.4 17   5 111   24 229   46 0.3 M HCl 2008 [199] 

HA 0.4 13   1 110   3 537   56 0.3 M HNO3 2008 [199] 

HA 0.4 14   4 115   17 66   7 5 % CaCl2 in 

70% Methanol 

2008 [199] 
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HA 0.4 12   4 89   15 199   37 Ethanol 2008 [199] 

DNA 1 Not Stated 85 150  2008 [199] 

CHI 0.3 Not Stated 155 21 Spun into 0.1 

wt % NaOH in 

90 vol % 

ethanol 

2008 [199] 

     Reactive 

Spinning 

2008 [200] 

PVA 0.4 78 1.8 GPa Not Stated 1.2% LDS, 

Coaxial 

Spinning 

2007 [201] 

PVA Not 

Stated 

7 220 0.25 Ω m PVA 5% in 

water, 

dispersed with 

[Na(THF)]n/ 

DMSO 

2007 [202] 

PVA Not 

Stated 

5 115 0.053 Ω m PVA 3% in 

water/DMSO 

(25/75), 

dispersed with 

[Na(THF)]n/ 

DMSO 

2007 [202] 

PVA Not 

Stated 

0.7 160 0.006 Ω m PVA 5% in 

deoxygenated 

water, 

dispersed with 

[Na(THF)]n/ 

DMSO 

2007 [202] 

PVA Not 

Stated 

0.35 27 0.014 Ω m PVA 5% NaCl 

2.5% in water, 

dispersed with 

[Na(THF)]n/ 

DMSO 

2007 [202] 
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PVA Not 

Stated 

5 50 0.003-0.01 Ω m PVA 5% in 

water, 

dispersed with 

SDS 

2007 [202] 

PVA 0.9 Not Stated Not Stated Not Stated MWNT, 

dispersed with 

SDS; 

measured R as 

a fn of 

annealing T 

2007 [203] 

DNA 0.4 65   43 135   8 30   4 Coagulant: 

CHIT 

2007 [204] 

HA 0.4 4   1 20   8 135   35 Coagulant: 

CHIT 

2007 [204] 

CHIT 0.3 145   30 170   46 2   0.02 Coagulant: 

chondroitin 

sulfate 

2007 [204] 

CHIT 0.3 146   10 118   17 1   0.04 Coagulant: 

heparin 

2007 [204] 

CHIT 5 10.25 (w/ 

removal of 

aggregates

) 

Not Stated Not Stated aqueous 

solution of 2 

wt % acetic 

acid, spun into 

ethanol/ NaOH 

(30:70), 

crosslinked 

with 25% 

glutaraldehyde 

2006 [205] 

PVA  5-10 Not Stated 3-8 Ω cm o-MWNT 2006 [186] 

None 0.8 2 Not Stated 1.5 · 10
-3

  Ω m Dispersed with 

1% SDS, 

coagulating 

flow: ethanol, 

glycerol or 

ethanol/ glycol 

2005 [206] 
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PEI 0.4 7-11 100-130 100-200,  10-30 1.2% LDS 

PEI/methanol 

is coagulant 

2005 [207] 

PVA 0.35 45 1.8 GPa Not Stated 1% SDS, Hot 

Drawn 

2005 [185] 

PVA 0.6 12; 8.9 

(after 

soaking in 

PVA) 

770 (after 

soaking in 

PVA) 

15 (as spun) 

140(annealed) 

1.2 LDS, 37% 

HCl used as 

flocculation 

agent 

2005 [208] 

None 8 120 116 0.2 mΩ/cm 102% 

sulphuric acid 

2004 [209] 

PVA Not 

Stated 

Not Stated 3.2 GPa Not Stated SDS 2004 [210] 

DNA 1 14.5 101 166.7 Selected from 

15 fibers done 

in general, 

higher 

conductivity 

lower 

mechanical 

strength 

2004 [211] 

PVA Not 

Stated 

80 1.8 GPa Not Stated LDS used as 

surfactant 

2003 [4] 

 

Table 4: CNF listed found in the literature. Abbreviations: Poly(p-phenylene terephthalamide) 

(PPTA), Hyaluronic Acid (HA), Chitosan (CHI), Polyacrylonitrile (PAN), Polyethyleneimine (PEI), 

Lithium Dodecyl Sulfate (LDS), Polyvinyl Alcohol (PVA), Sodium Dodecyl Sulfate (SDS), Polyaniline 

(PANi), Chondroitin Sulphate (SC), Salmon Sperm DNA (DNA). 

 

Included in the above table is the use of polymeric hydrogels. The distinct 

advantage of using polymeric hydrogels is their ability to mimic the natural ECM, thus 

promoting cell growth[212, 213]. This concept has been previously invoked where a 

polymer, such as PVA, is utilized as either the bath component or as the dispersant. In the 

former, this leads to several shortcomings which makes the process difficult to scale 

commercially. The primary concern arises when the gel ribbon becomes suspended at the 
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spinning position. Thus it is necessary to continually raise the tip of the spinning bath to 

prevent the ribbon from clashing into itself. However, with the removal of the polymer 

from the bath there is a reduction in several degrees of freedom and the process becomes 

less complex. Several authors have demonstrated this practicality by using the polymer as 

the dispersant. This provides several advantages, including the fact that the spun ribbon 

can be reeled up onto a spool. Lastly, deciphering the composition of the fiber becomes 

easier as it is only dependent on the initial concentrations of the dispersion. This is 

contrary to analyzing the fiber post facto when it is spun into a polymer bath which will 

be dependent on the polymer concentration and adsorption kinetics. 

During the drying stage the gel ribbon will begin to shrink due to the creation of a 

dry region in the gel possessing a higher interfacial energy than its wet counterpart[214, 

215]. As a result, the gel has an incentive to contract which is dependent on the difference 

in the elastic strain experienced in the wet and dry regions[214, 215]. Choosing a solvent 

with a lower surface tension than water will contribute to a lower interfacial energy and 

corresponding strain. This in turn will lead to less contraction. By doing so a degree of 

mechanical strength is sacrificed as it inhibits the hydroxyl groups from coming in close 

proximity to each other and forming crosslinked chains. However, by preventing the gel 

contraction, the structure of the fiber will possesses a greater surface area and volume. 

This fact is significant when a high porosity is desired, such is the case for drug delivery 

and absorption of toxins[2]. Therefore, by modifying the solvent, one is able to control 

the morphology of the dried fiber in terms of width, mechanical strength, and internal 

volume and surface area.  
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How the interplay of different forces can dictate the morphology of the fiber is 

presented in the following example. From figures 3-2 and 3-3 a coiling mechanism 

develops for fibers made from CNT with a dispersant consisting of the protein bovine 

serum albumin (BSA) and ascorbic acid spun into an aqueous polyvinyl alcohol (PVA) 

solution consisting of 10% by weight. The stability of the fiber is strong enough to 

withstand the capillary forces at the interface of the wash bath upon extraction that 

typically results in a compression force that forces the ribbon to collapse in an accordion 

like manner[216]. This results in a ribbon with a high width to thickness aspect ratio in 

the drying stage. As the flat ribbon dries from the top to the bottom, a contraction of the 

gel proceeds. But due to the flat morphology of the ribbon, the fiber reaches a critical 

point where the ability to contract inward is overcome by the instability due to the fibers 

aspect ratio. This results in the fiber folding onto itself, a phenomena that propagates 

down the fiber resulting in a coiled like fiber.  

 

Figure 3-2: Coiling mechanism of the PVA/CNT/BSA/Ascorbic Acid fibers upon drying.  
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Figure 3-3: Scanning electron microscopy images of folded PVA/CNT/BSA/Ascorbic Acid fibers.  

 

3.4 Fiber Fabrication with Agarose 

Agarose is a natural linear polysaccharide hydrogel possessing a sub-micron pore 

structure derived from algae.  It is a poly(1→4)-3,6-anhydro-α-l-galactopyranosyl-

(1→3)-β-d-galactopyranose) with thermoreversive properties. Although it is a non cell 

adherent, due to its benign and biocompatible nature, it is commonly used as a substrate 

for in vitro cell studies[77-80]. Its unique hydrogel properties allows it to be malleable 

into different shapes and forms. Fibers were fabricated by two methods, wet spinning and 

molding the fiber in a hollow tube. In the former the liquid dispersion used to make the 

fibers was injected into a rotating bath, with the rotation velocity larger than the injecting 

velocity. Upon entering the bath, the dispersion displays an axial diffusion which is 

inhibited by two factors. First, the stretching imposed by the rotating velocity field and 
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second by the gelation of the agarose/CNT composite. By controlling the speed, the 

rheology of the injecting dispersion and the rotating solution, the width and morphology 

of the fiber precursor can be controlled. Therefore, a greater rotation speed may result in 

better alignment of the single walled carbon nanotubes (SWNTs) encapsulated in the 

agarose gel matrix.  

SEM images of molded fibers are presented in Figure 3-5 a, b and c. This 

fabrication technique results in a smooth and nearly flat morphology. However, fibers 

fabricated by the wet spinning method (Figure 3-5 d, e and f) resulted in round circular 

fibers with a rough outer surface. This is the result of the extraction process from the bath 

where capillary forces fold the fiber precursor.[216]  This ability to control the surface 

roughness has been determined to be a key parameter that affects the quality of cellular 

interfacing between CNT’s and cultured neurons.[217] For both types of fibers, a close 

inspection of the cross section will show the exposure of carbon nanotube bundles 

depicted in Figure 3-5 c and f evident by the long overlapping strands. A degree of 

alignment, which is critical to improvements in mechanical and electrical properties[218], 

is still obtained when molding is used. This is most likely induced when the dispersion is 

first injected into the tube. The TEM images shown in Figure 3-4 support this 

assumption, where longitudinal cross sections of CNT fibers demonstrate general 

orientation in the direction of the fiber. 
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Figure 3-4. TEM images of molded fibers demonstrating fiber orientation in the direction of molding 

indicated by the arrows. 

 

 

Figure 3-5. Scanning Electron Microscopy images of CNT agarose fibers. Left, molded fibers a) cross 

section of the fiber, b) close up of the fiber body depicting the smooth morphology of the surface, c) 

Close up of the cross section depicting the carbon nanotube bundles. Right, wet spun agarose fibers 

d) cross section of the fiber, e) close up of the fiber body depicting the rough morphology f) close up 

of the cross section depicting the carbon nanotube bundles. 
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Figure 3-6: Schematic of dispersion mechanism for aggregates of carbon nanotube bundles separated 

by the polysachride agarose. Upon sonication, there is enough shear to be imparted to the aggregated 

bundles to separate them. The now soluble agarose polymer intercalates between the bundles and 

upon cooling the bundles are entrapped in the agarose matrix.  

3.5 Graphene Fibers 

Graphene oxide was synthesized by the improved modified hummers method[219] 

and by an alternative route[220], and fibers were produced in a similar manner as those 

obtained with carbon nanotubes and agarose[190]. 10 ml of a concentrated dispersion of 

graphene oxide was added to a vial containing agaorse 2 wt%. The solution was heated 

up and wet spun into a rotating bath containing ethanol with the same spinning 

parameters as established before[190]. The ribbons were extracted from the bath, rested 

on a towel to soak up excess ethanol then hung to dry. The fibers were then annealed at 

various times and temperatures under the flow of argon in order to yield conductive fibers 

(See Table 3-2). Alternatively, fibers were also produced by the previously mentioned 

molding technique and allowed to dry on a flat surface.  
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Figure 3-7: Molded fibers of graphene oxide and agarose.  

 

 

Method Components Tensile 

Strength 

Conductivity Year Ref 

Wet spinning RGOF/SWNT/PVA ------------- ----------------- 2012 [221] 

Gel Drawing GONR ------------- 370 S/m
-1

 2012 [222] 

Wet spinning Alginate/GO 4.3 GPa ----------------- 2012 [223] 

Hydrothermal 

Treatment 

GO 420 MPa ∼ 1 × 10 
4
 S/m 2012 [224] 

Wet spinning GO in NaOH 140 MPa 2.5 × 10 
4
 S/m

-1
 2011 [225] 

Drawing Graphene ------------- 1 × 10 
3
 S/m

-1
 2011 [226] 

Table 5: Review of the literature of already produced graphene fibers.  

(Abbreviations: RGOF(Reduced Graphene Oxide), SWNT (Single-walled carbon nanotubes), PVA 

(Polyvinyl alcohol), GONR (Graphene oxide nano ribbon). 

 

3.6 Conclusion 

Fibers consisting of either graphene or SWNT were easily produced when included 

in a dispersion of agarose. The ease of gelation and malleability that agarose provides 

allows for a robust technique in producing fibers in different shapes and sizes. 

Furthermore, the technique allows the method of producing fibers to be scalable with 

future implications in industrial applications. Several fields of interest includes neural 

tissue engineering, catalysis where brittle activated carbon fibers are employed, wearable 

electronics, and aeronautics which requires a low weight to volume ratio would benefit 

by utilizing these composite fibers. 
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Further research in these carbon nanotube fiber composites will depend on the 

application in mind. For the field of neural tissue engineering focus should be 

emphasized on increasing the charge storage capacity of the fibers and the obtaining 

smaller dimensions in order to prevent glial damage upon insertion into neural tissue. In 

the field of catalysis, the porosity of the fibers should be optimized in order to facilitate 

mass transfer and fast kinetics. As for wearable electronics, a bottom up approach will 

need to be adopted in order to have the fibers act as integrated circuits. This will include 

tailoring the fiber at different regions in order for it to act as a conductors, a transistor 

with semiconductor properties, as well as resistors. A great amount of work is expected 

for this goal to be achieved.  

The results described in this chapter were reported in the journal Advanced 

Functional Materials [227]. A US patent was also filed regarding this work. 

 

 

 

Figure 3-8: (a) Wet spinning process. (b& c) Two examples of variation in size, shape and 

morphology of NCAC wire-like fibers as shown by SEM. Both fibers are 200 μm wide at their largest 

point. (d& e) Bioactivation using fluorescent bovine serum albumin (green) and laminin (red) [227, 

228]. (f) CNT based MAE[229]. (g) Microbore with 50 μm tapered opening used to produce ultrathin 

fibers. (h) Ultrathin NCAC electrode produced by wet spinning being approximately 26 μm in width. 

(i) Body image of a graphene/agarose produced electrode and (j) cross section of the same displaying 

the platelets of the graphene stacks.   

  



 

 

95 

 

Chapter 4 Nano carbon fiber composites for biological 

applications 

4.1 Introduction 

The inherent electrically conductive nature of carbon nanotubes and graphene make 

them appealing candidates in biological applications over the use of metals due to the 

liability of the latter to produce unwanted byproducts in the body. Over the years the use 

of these nano carbon materials have generally focused around drug delivery[230, 231], 

incorporation into composites[232, 233], as well as biosensors[234, 235]. Recent 

applications developed here have focused on the producing materials whose composition 

includes carbon nanotubes towards the purposes of neural tissue engineering and stem 

cell differentiation. On one hand neural prosthetic devices are commonly employed but 

suffer from drawbacks such as mechanical mismatch, size and inducing a glial response. 

Stem cells on the other hand provides an interesting route for degenerative disease, 

however are attached with challenges of controlling the cell lineage, differentiation time 

and cell viability. Resolution to both fields are explored by the incorporation of carbon 

nanotubes into composite materials. This chapter is thus apportioned accordingly: section 

4.2 will bring to light the fabrication and use of carbon nanotube in fiber composites as 

described in the previous chapter. Emphasis will be placed on the electronic and 

mechanical properties of these fibers before and after chemical functionalization as well 

as in vivo and in vitro studies performed in collaboration with the Kohn laboratory. In 

sections 4.3 and 4.4 will investigate two novel approaches incorporating carbon 

nanotubes into electrospun polymeric scaffolds for the purposes of stem differentiation 
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with and without electrical stimuli. Section 4.5 will address conclusions and future work 

that will ultimately be needed in order to overcome the limitations outlined in the 

previous sections.  

4.2 Applications in Neural Tissue Engineering 

It is generally recognized that cortical neural prosthetic devices are limited to 12 

months or less before their recording performance deteriorates substantially.[236, 237] 

This limitation lies with the fact that a sustained reactive response develops upon 

insertion of the probe. This response, known as gliosis, diminishes the long-term 

performance of devices.[236, 238-240]  Control of the brain cell response to the inserted 

device could lead to improvement of its long-term performance. A number of approaches 

have been considered, both in terms of biochemistry and design. Examples include the 

addition of anti-inflammatory agents [240-244] or cell cycle-inhibiting drugs,[244, 245]  

as well as surface modification of silicon substrates.[244, 246-248]  Nevertheless, these 

approaches are burdened by the large stiff constructs that will be present in the tissue 

throughout its lifetime. To circumvent this, an approach has recently emerged relying on 

two principals. First, these devices should be made of flexible materials. This will reduce 

the mechanical disparity between the device and the brain and possibly reduce 

development of the chronic glial response,[244, 249-253]  Second, devices smaller in 

size, comparable to the neuronal soma, could lead to a reduction in the chronic glial 

response through the restoration of neuronal and astroglial synapses.[252, 254, 255] 

Therefore, smaller and more flexible devices may reduce reactive responses and improve 

long-term performance, e.g. recording of neural signals.   
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In this work, a new material comprised of carbon nanotubes (CNT) and agarose is 

suggested as promising candidate for the fabrication of neural probes that may reduce the 

limitations stated above. CNT display unique characteristics of superior conductivity, 

tremendous stiffness and a high aspect ratio. As such, they have been extensively 

employed in novel materials[2-4] stemming from their ability to absorb strain and induce 

conductivity. In addition, it has been shown that macroscopic materials made out of CNT 

are in fact biocompatible,[6, 7] making their inclusion into materials destined for medical 

applications that much more promising. Indeed, this coincides with reports that the 

incorporation of carbon nanotubes maintains a material’s structural stability during cell 

growth.[256] This attribute is coupled with the fact that CNT can support neuron cell 

growth and differentiation,[7, 257]
 
 a decisive factor for any device that hopes to induce 

electrical stimulation with neurons in vivo. The evolving interest in natural polymers 

destined for drug delivery and tissue engineering has led to the emergence of new hybrid 

materials. So far a popular method to fabricate CNT/polymer hybrids is through the 

technique of wet spinning.[3, 7, 186, 196, 199, 204, 213, 258, 259] Wet spinning has 

been utilized in producing CNT/polymer composite fibers for the last 10 years.[3, 4, 186]
 

Despite its inherent advantage, the ability to scale up the production of CNT fibers, 

specifically those intended for biomedical applications, incurs some drawbacks. This 

concept has been previously invoked where a polymer, such as PVA, is utilized as either 

the bath component or the dispersant. The former leads to several shortcomings which 

make the process difficult to scale commercially. The primary concern arises when the 

gel ribbon becomes suspended at the spinning position. Thus it is necessary to continually 

raise the tip of the spinning bath to prevent the ribbon from clashing into itself. However, 
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with the removal of the polymer from the bath there is a reduction in several degrees of 

freedom inherent to how the polymer solution is prepared. Several authors have 

demonstrated this practicality by using the polymer as the dispersant.[186, 196, 199, 259] 

This provides several technical advantages, including the fact that the spun ribbon can be 

reeled up onto a spool.  Alternative methods have been proposed, which lead to a cleaner 

product and less expensive process.[186] The use of polymeric hydrogels has a certain 

advantage due in part to their ability to imitate the natural extra cellular matrix (ECM), 

thus promoting cell growth.[212, 213] Lastly, deciphering the composition of the fiber 

becomes easier as it is dependent only on the initial concentrations of the dispersion. This 

is contrary to analyzing the fiber post facto when it is spun into a polymer bath which 

will be dependent on the polymer concentration and adsorption kinetics. 

In this process, CNT are dispersed with the aid of a surfactant or polymer by non-

covalent means. The literature is scattered with examples of polymers which aid in this 

process.[258, 259] Some of these materials are based on the use of natural polymers or 

naturally based dispersant that are known to be biocompatible, such as chitosan, 

hyaluronic acid, DNA and chondroitin sulfate.[199, 204]  However, both chitosan and 

hyaluronic acid are biodegradable and are undesirable for long-term indwelling recording 

electrodes . One alternative which is absent from the current list of proposed polymers is 

the naturally occurring polysaccharide agarose.  

Agarose is an algae derived linear polysaccharide hydrogel possessing a sub-

micron pore structure.  It is a poly(1→4)-3,6-anhydro-α-l-galactopyranosyl-(1→3)-β-d-

galactopyranose) with thermoreversive properties. Although it is a non cell adherent, due 

to its benign and biocompatible nature, it is commonly used as a non adhesive substrate 
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for in vitro cell studies[260]. In addition, agarose has several distinct advantages over 

other natural polymers: (A) its thermal dependant hydrogel properties allow it to be easily 

malleable into different shapes and forms without the use of additional reagents or 

organic solvents.  (B) Unlike extracellular matrix based polymers, specific proteins or 

DNA, it lacks native ligands and is thus inert to mammalian cells.[261] (C) Through 

available primary and secondary hydroxyl groups, agarose can be chemically modified. 

This leads to a functionalization through grafting of proteins, peptides and glycogens to 

the polysaccharide backbone, allowing it to be specifically tailored for various 

biorelevant applications.[262-264] (D) The addition of such molecules can alter not only 

its biocompatible properties, but its mechanical properties as well. (E) Its high surface to 

volume ratio and porosity[261, 265] combined with its hydrophilic nature allows for a 

more effective penetration of cells during seeding while supporting delivery of nutrients 

and metabolites to these cells.[262, 263] Carrying out such modifications will result in a 

substantial increase in cell attachment, continuous support of 3D neural cell cultures, the 

ability to orient cell migration, and specifically enhance neurite extension with the 

grafting of neuron conductive constituents such as laminin or various oligopeptides.[262, 

263] (F) Unlike other biopolymers, it is non-biodegradable, therefore will allow for long 

term performance and integration of the carbon nanotubes and avoid disintegration of the 

fabricated structures.[261] (G) Agarose is a cheap and abundant polysaccharide, sourced 

from plants (algae) and can be grown in highly controlled environments. This is 

compared with the prohibitive cost associated with making fibers with either DNA or 

hyaluronic acid. Due to these reasons, agarose has found use in the field of neural 
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engineering and nerve regeneration where it has been suggested as the primary support 

construct in nerve guide conduits.[261, 266] 

In this work, we aim to combine three elements that have not yet been adjoined, 

the ease of wet spinning as a fabrication technique, with the reinforcing and conductance 

properties of CNT’s, along with the gelation and functionalization potential of agarose, to 

create a continuous, electro and neuron conductive biohybrid nanocomposite fiber. The 

consequence of which is a fiber that is stiff when dry yet flexible when hydrated. We 

believe the impact of this work will provide a foundation for long-term neural recording 

devices as an alternative to silicone/metal based electrodes in the quest to evade gliosis 

and performance degradation.  

4.2.1 Fiber fabrication 

All chemicals were of reagent grade or higher. Fibers were produced from a 

dispersion containing 1 wt. % of SWNTs (Unidym or Nanoledge), 2 wt. % agarose 

(15517-014, Invitrogen,) and 97 wt. % distilled water. The dispersion was prepared with 

the aid of a horn sonicator (Mixsonix S400) for 10 minutes at a pulsed rate of one second 

on and one second off. The sonicator was operated at 40 A. During the sonication 

process, enough heat is generated to invoke the transition of the agarose from an 

insoluble powder to a viscous liquid. This allows the agarose present in the liquid state to 

form random coils and physically wrap around and disperse the SWNT without the use of 

additional dispersant such as a surfactant. While the dispersion is still a liquid, it is 

injected through a 1 mm diameter tip into a bath of ethanol at room temperature rotating 

at a rate of 33 rpm, at which time it becomes a pre-fiber. The second approach produces 

200 μm fibers fabricated by injecting the dispersion into a 1 mm diameter tube and 
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allowing it to gel. The subsequential molds are then flushed out with lukewarm water. 

Upon drying, these fibers shrink to ribbons 200 μm wide.  The characterization studies 

were performed mainly with the molded samples. Morphology of the fibers was 

evaluated using a Hitachi S-4500 Field emission SEM. Fresh cut sections were obtained 

by breaking the fibers after immersion for one 1 minute in liquid nitrogen. This process 

avoid smearing of the polymer/CNT nanostructures. The orientation of CNT in molded 

fibers was visualized using transmission electron microscopy. Fibers were embedded in 

embedding media (Electron Microscopy Sciences) and sectioned longitudinally with a 

diamond knife (Ultracut E ultramicrotome) at room temperature. Thin sections were 

applied on a copper Formavar / carbon coated grids (Electron Microscopy Sciences). 

Electron micrographs were taken using a model JEM 100 CX transmission electron 

microscope (JEOL). 

4.2.2 Agarose fiber functionalization 

4.2.2.1 Agarose fiber activation 

CDAP activation of agarose and protein attachment was based on methods 

published by Kohn and Wilchek [264] with slight modifications: Agarose CNT ribbons 

were weighed (approximately 4 mg) and placed in a 20 mL glass scintillation vial 

(Fisher).10 mL of each of the following solutions were added to the vials; each for 15 

min followed by aspiration and replacement with the next solution under gentle agitation. 

(1) Deionized water (twice), (2) 30% acetone (twice), (3) 60% acetone (twice). The last 

solution was then replaced with 3 mL of ice-cold 60% acetone. Under agitation, 300 μL 

of 100 mg/mL of CDAP (Sigma) in dry acetonitrile (Sigma) was added. After one min, 
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250 μL of 0.2 M Et3N (Sigma) solution was added drop wise over one min. After five 

minutes of mixing, the solution from the vial was aspirated and transferred to a clean vial 

for activation verification. 5 mL of ice cold 0.05 N HCl was added to the fibers for five 

min mixing, followed by five min in 5 mL cold deionized water. 

4.2.2.2 Protein attachment 

Functionalized fibers were added with 5mL of 20 ug/mL of either laminin (LN) 

from Engelbreth-Holm-Swarm murine sarcoma basement membrane (L2020, Invitrogen) 

or fluorescein conjugated bovine serum albumin (BSAC, A23015, Invitrogen) both in 

0.1 M NaHCO3 for at least 16 hours. Remaining active groups were quenched by adding 

150 μL of ethanolamine (Sigma) per 100 μL of attachment solution then stirring for 4 h. 

Fibers that underwent the full reaction were designated either “LN+” or “BSAC+”. 

Control fibers designated “LN-” or “BSA-” did not undergo the CDAP addition step but 

were added with the proteins. Another control group that was not added with any proteins 

and was designated “CDAP+”, while the pristine fibers were designated as such.  

4.3.1 Washing: Fibers were washed in 10 mL for 15-20 minutes in each of the following 

solutions: (1) deionized water (twice), (2) 0.5 M NaCl (twice) (3) deionized water 

(twice). Fibers were then dried in nitrogen, sealed in airtight bags and refrigerated until 

use.  

4.2.2.3 Activation verification 

Qualitative verification of the activation of the agarose was performed as 

described by Kohn and Wilchek. [264] 0.15 g of 1,3-dimethylbarbituric acid (Sigma) 
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were dissolved in 9 mL of pyridine and 1 mL of deionized water. 2 mL of the resulting 

solution was added with 100 μL of the activation solution.  

4.3.3 Protein attachment verification: Visualization of the fibers using a fluorescent 

microscope can be performed. Fibers functionalized with BSAC, control fibers, and 

pristine fibers (those that did not undergo any reaction) were placed in either a clear or a 

black 96 well multi-well plate. The clear plate was placed within an inverted fluorescent 

microscope (Axio Observer-D1, Carl Zeiss MicroImaging GmbH) and imaged using a 

10x objective. All fluorescent images were taken with similar exposure time to provide a 

true reflection of the intensity of the fluorescence.  Fluorescent intensity recording from 

the black plate was taken using a well plate reader (M 200, Tecan). To allow background 

subtraction from the polypropylene, the fluorescence intensity of empty wells was 

measured and their average was subtracted from the readings of the fiber containing 

wells. The mean and standard deviations of fluorescent intensity (FI) measured using 

constant gains are presented in arbitrary units. To ensure laminin activation, 5 mm pieces 

of each type of fiber were placed in a 48 well plate (4 fibers per condition).  Wells were 

added with 300 µL of phosphate buffer saline (PBS, Sigma Aldrich) containing 1% w/v 

of non-specific blocking serum (BSA, Sigma Aldrich) then gently shaken for 30 minutes. 

The solution was aspirated followed by 3 washes of the plates with 500 µL of PBS. 300 

µL of 1:100 dilution of rabbit polyclonal to laminin primary antibody (ab11575, Abcam) 

in PBS containing 1% BSA was added to each plate and incubated in room temperature 

overnight under gentle agitation. Wells were washed three times with 500µL of PBS, and 

300 µL of 1:50 dilution of secondary antibody, Tetramethylrhodamine goat anti-rabbit 

IgG (T-2769, Invitrogen) was added to each well and incubated in room temperature for 
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4 hours under gentle agitation followed by 5 washing steps and a final aspiration. The 

plate was kept in a dark and dry environment to allow evaporation of excess moisture. 

Fluorescent images and intensity reading of the fibers were taken as described for the 

BSAC functionalized fibers.  

 

4.2.2.4 Results of Activation 

Functionalized and control fibers were qualitatively evaluated by both fluorescent 

microscopy and fluorescent intensity reading. Representative fluorescent and phase 

contrast images of functionalized (“protein”+) and control fibers (“protein”-) are shown 

in Figure 4-1. Fluorescein conjugated bovine serum albumin (BSAC) allows for direct 

attachment verification. Since the protein has a fluorescent marker conjugated, its 

covalent attachment will result in fibers with inherent fluorescence. Indeed functionalized 

fibers demonstrate high fluorescence, compared to the control fiber (Figures 4-1 A & B). 

The validation of laminin attachment to the agarose carbon nanotube fibers was 

performed using an immunohistochemical (IHC) technique as shown in Figure 4-1 C. 

This method allowed not only validation of the attachment, but also to some extent 

confirmed the retention of the protein conformation, as the primary antibody used is 

specific for laminin. Moreover, the immunofluorescence of the fibers reveals that the 

agarose orientates itself longitudinally with the fiber. This feature is most likely due to 

the elongation of the dispersion when it experiences the rotating velocity field during the 

fabrication process.  Fibers placed in a black 96 well plate were tested for fluorescence 

intensity using a plate reader. Results for LN and BSAC functionalized fibers and their 

prospective controls are shown in Figure 4-1 D and Figure 4-1 E respectively.  The 



 

 

105 

control and pristine fibers exhibited low values of fluorescence intensity (FI) with no 

statistical difference between them (P>0.05). The functionalized fibers FI values were 2 

orders of magnitude higher than those of the other two types (P<0.05), indicating 

successful functionalization. The actual quantification of the functionalized sites by the 

CDAP chemical reaction and amount of bound proteins was not performed, though could 

be possible based on the barbituric acid assay.[264] These findings emphasize the 

advantage of using agarose. It is a “clean slate” for biochemical manipulation. This 

allows for specific cellular cues and even several different cues to be covalently 

conjugated to the fibers, resulting in functionalized material thus allowing for specific use 

and application. 

 

Figure 4-1.  (A) Merged fluorescent and phase contrast image of BSAC- conjugate control fiber (B) 

Merged fluorescent and phase contrast image of BSAC+ conjugate functionalized fiber. (C) 

Fluorescent image LN+ Laminin functionalized fiber. The exposure time to the fluorescent channels 

were kept constant to eliminate gain variability and false images. Fluorescent intensity (FI) reading 

from fibers placed in a well plate then scanned through a plate reader.  D) LN reactions E) BSAC. 

[190] 
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4.2.3 Mechanical Properties 

4.2.3.1 Mechanical testing 

Tensile properties of the CNT fibers were tested using an MTS model Sintech 5/D 

tension machine, fitted with the 100N load cell at room temperature with 50% relative 

humidity. A minimum of 5 fibers per sample were tested. To evaluate the effect of the 

activation on the agarose, samples were hydrated by immersing individual fibers in PBS 

at 50C (close to the agarose melting temperature) under gentle agitation for one hour. 

The mechanical testing was terminated when fibers reached their breakpoint. The mean 

and standard deviation of the secant modulus, yield stress and strain, and the maximal 

stress and strain are reported. 

4.2.3.2 Results of Mechanical Testing 

The results of the mechanical tensile testing are shown in Table 4-1.  Fiber 

stability was evaluated through hydration at a temperature close to the agarose melting 

point (50 °C). The dry fibers exhibited stiffness close to over 1 GPa, with the pristine 

fibers being the stiffest. All fibers exhibited a rigid and tough behavior, with none of 

them failing through a brittle manner, but rather maintaining their strength past the yield 

point until complete failure.  Such intrinsic strength in the dry state surpasses the critical 

strength required for pial penetration, reported to be 0.3-1.3 MPa. Moreover, the low 

strain values allow for minimal collateral damage during insertion process[267].  Once 

hydrated, only the CDAP functionalized fibers (LN+ and CDAP+) exhibited enough 

mechanical integrity to be evaluated and studied for their tensile properties). A 90% and 
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80% drop in the elastic modulus for the LN+ and CDAP+ respectively was observed for 

hydrated fibers accompanied with a decrease in yield and maximal strain. These reduced 

strength values in the kPa range bring the fiber’s properties closer (if still higher) to that 

of inherent brain tissue.[268]  

Table 6: Mechanical properties of fibers, both wet and hydrated, after functionalization. 

 

 

 

 

 

Sample  [190] Modulus  

(MPa) 

Yield  Stress 

 (MPa) 

Yield  Strain 

(% ) 

Max Strain 

(%)  

Pristine Dry 1280 ± 386  17.3 ± 5.1 1.8 ± 0.8  8.3 + 2.0  

Hydrated 0  0  0  0  

LN+ Dry 867 ± 247  14.3 ± 4.8  1.9 ± 0.7  6.2 ± 2.5  

Hydrated  85.6 ± 12.8  0.1 ± 0  4.7 ± 2  4.8 ± 1.8  

CDAP+ Dry 1060 ± 698  5.2 ± 0.6  0.7 ± 0.5  8.9 ± 0.3  

Hydrated 220 ± 120  0.6 ± 0  4.2 ± 2.8  10.5 ± 4.2  
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Figure 4-2. A) Cell viability after exposure to four types of fibers. Data is plotted against positive 

control. B) Projected phase contrast and fluorescent images of DAPI stained fixed astrocytes grown 

on LN+ disc. Edge of disc is marked by white arrows. Cells are solidly attached to only the agar disc. 

C) Projected confocal image of live astrocytes grown on LN+ stained with Calcien AM. [190] 

 

When CDAP is added to the agarose, cyano-ester termini results, and is available to react 

with free amide groups in the reaction. Competing reaction exists, where either a 

carbamate or an imidocarbonate can be formed from the cyanate ester.[264] The latter 

forms either a cyclic bond within an agarose backbone or a crosslink between adjacent 

polymer chains, thus resulting in a slightly crosslinked and more stable CNT fiber 
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(CDAP+). When laminin, a high molecular weight protein is added to the reaction (LN+), 

there is increased coupling, principally due to the available ε-amines of surface lysine. 

This in turn creates the formation of an isourea bond resulting in the observed CNF 

stability.[269] The late addition of the quenching ethanolamine to the functionalization 

reaction possibly leads to elevated density of the crosslinking imidocarbonate in the 

CDAP+ fibers. Moreover, we expect that the crosslinking density of the CDAP+ fibers 

would be higher than the LN+ samples since the distance between formed cross-linking 

junctions is shorter. We designed these fibers to be biological viable, conductive and 

supportive for soft tissue rather than applicable for load bearing applications. This 

plasticization process occurring due to water absorption brings the fiber’s strength and 

modulus much closer to that of inherent brain tissue, thus they become more compliant 

compared to silicon neural devices.[236] We do suspect that using a higher melting point 

agarose, with a higher molecular weight, could increase the strength of the composite 

fibers.[270]  The chemical reaction itself through changes in reagent stoichiometry can be 

used to further modify the mechanical stability of the fibers in a biological environment.  

4.2.4 Electrical properties 

4.2.4.1 Conductivity Measurements 

Fibers were partitioned into three batches based on whether either CDAP and / or 

LN were added to the reaction. Within each batch, three fibers were tested. Prior to 

testing, each end of the fiber was dipped in liquid nitrogen and clipped to expose a rigid 

cross section. Droplets of gallium/indium eutectic (liquid metal) was placed on each end 

of the fiber and the resistance was measured with a circuit-test DMR-5200 handheld 
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multimeter. Eight measurements were taken and a statistical analysis was performed to 

compare the variance within each group and between groups. To test the fibers in buffer, 

the same procedure was used. However, in order to do so, a basin of vacuum grease was 

placed around the body of the fiber leaving the two fiber ends protruding out and 

untouched by the grease. Then the basin was filled with PBS. Resistance measurements 

were taken one hour after filling the basin with PBS and 48 h after. This was repeated 

three times with batches of three different fibers. 

4.2.4.2 Results of Conductivity Measurements 

The results of the different fiber conductivities are presented in Table 4-2. The 

dual mechanical and conductive effect of having carbon nanotubes present in a material 

is essential for any composite. Electrical conductivity has been shown to support the 

growth of a variety of tissues such as cardiac muscle and neural tissue.[271] Furthermore, 

it is key for neurite extension, where electrical propagation assists in the growth of 

neurons on carbon nanotube deposited planar substrates.[272-274] The effect of which 

can be attributed to the carbon nanotubes acting as excellent free radical inhibitors.[275] 

This is due in part to their ability to either donate or accept electrons. As such, free 

radicals which are considered detrimental to cell viability, will be absent from the agarose 

fibers.  

Dry samples of CNF prepared in this paper were shown to be electro-conductive 

with a specific conductivity of approximately 130-160 S cm
-1

(depending on the fiber 

batch). These values fall near the range of our previously reported results which used the 

polymer PVA.[7] Likewise, these values are comparable with those for boron doped 

silicon, a material commonly used for fabrication of neural prosthetic devices.[276] In 
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addition, we set out to test the fibers in buffer. The specific conductivity dramatically 

decreases in the pristine fiber when immersed in buffer (indeed almost 2 order of 

magnitudes), while the functionalized fibers show much less variation (LN+) and even no 

deterioration at all for the CDAP+ This implies that the cross-linking effect of the 

functionalization reaction impedes the swelling of the fiber, which then leads to a 

decrease in conductivity, possibly through disconnection of CNT bundles, affecting 

electrical paths.   

 Specific Conductivity S cm
-1 

[190] 

Fiber type  Dry  1 h wet  Retention 48 h wet  retention  

Pristine  191 ± 14  6 ± 1  3 %  3 ± 0  2 %  

LN+  145 ± 0  64 ± 4  44 %  67 ± 1  46 %  

CDAP+  131 ± 1  131 ± 4  100 %  135 ± 55  103 %  

Table 7: Conductivity measurements of dry and wet fibers before and after functionalization. 

 

4.2.5 Cytotoxicity and cell attachment 

4.2.5.1 Cytotoxicity and cell attachment  

Fibers were cut into 5mm pieces with a razorblade and placed into the wells of a 

Costar 96-well tissue-culture treated polystyrene plate. The plate was sterilized for 1 h in 

UV. Four types of fibers were used: CDAP+, LN-, LN+, and pristine fibers. Rat 

astrocytes, kindly provided by John Frampton of the Wadsworth Center, were cultured in 

DMEM (Invitrogen), 10%FBS (Atlanta Biologicals), 1% Penicillin/Streptomycin at 

37 °C, 5% CO2. The cells were cultured to 90% confluence and then trypsinized, 

centrifuged, and the pellet re-suspended in media and the cells counted. 15,000 astrocytes 

were seeded into each well containing fiber and incubated for 18 hours at 37 °C. 15,000 

astrocytes were added to the positive and negative control wells. After 18 hours, the 
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media was aspirated from each well and washed with PBS. A 1:10 dilution of Alamar 

Blue (ABD Serotec) to regular media was prepared and 100ul of this mixture was added 

to each well. The cells were incubated for 5 hours at 37 °C and then a fluorescence 

measurement was recorded at 560 excitation and 590 emission using a Tecan Infinite 

M200 Fluorescent Plate Reader. The data obtained was normalized to the positive 

controls. To allow for the evaluation of cell attachment on functionalized agarose CNT 

composites, dispersion films were prepared in the following manner: After sonication, 90 

µL of CNT/agarose was sandwiched between two 12mm glass cover slips. Once cooled, 

flat gel capsule were formed. These capsules, with a composition similar to that of the 

fibers, underwent chemical modification in the same manner described for the fibers. 

Discs were placed in a 24 well plate, sterilized under UV for 15 minutes, then washed 

with serum free culture media. 20 µl containing 100,000 primary rat astrocytes were 

seeded onto the disks and incubated for two hours to allow for cell attachment. Regular 

media was added to the wells containing the disks and the plates were incubated for three 

days. Afterward, the astrocyte-seeded disks were either (1) stained with Calcein AM 

(Invitrogen) followed by imaging using in the form of 3D data sets using a Leica SP2 

confocal laser scanning inverted microscope with a 10x dry objective, or (2) fixed with 

4% PFA for 15 minutes at 4 degrees Celsius. Following fixation, the cells were stained 

with 1:500 v/v Hoechst 33258 (Anaspec) and imaged using a Zeiss Axio Observer 

Fluorescent Microscope 

4.2.5.2 Results of Cytotoxicity 

The metabolic activity of the cells exposed to different types of fibers was 

compared to positive-control cells kept in culture media. The effect of fiber presence on 
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primary astrocyte culture viability is presented in Figure 4-2a. Tests revealed that the 

fibers had no effect on the cell viability (p>0.05). An exception would be the pristine 

fibers, where a slight (10%) statistically different reduction in viability was observed 

(p<0.01). This reduction is possibly due to presence of some catalyst residue in the CNT 

raw material. It is possible that the process of functionalization, involving multiple 

washing steps, redeemed the processed fibers from these toxic residues. It has also been 

reported that unpurified CNT containing a large amount of iron induces a inflammatory 

response in vivo by stimulating the production of reactive oxygen species (ROS).[277]  

When the CNT were purified to contain no impurities and subjected to a macrophage cell 

line, it was reported that no ROS production occurred.[278] 

 Cells attachment studies performed on molded composite discs revealed that only 

the LN functionalized composites, seen in Figures 4b and 4c, allowed for cell attachment 

while the control discs did not permit cell attachment. The agarose based materials 

maintain their biocompatibility properties, but are not permissive for cell attachment 

without the addition of cell adhesion moieties.[262, 263] 

 The process of conjugating peptides to the fabricated fibers was repeated several 

times successfully. It is a simple and safe process that does not require the use of a 

chemical hood or special safety measures.[264] Moreover, the cytotoxicity and cell 

attachment studies performed on primary brain cells prove the process to be non-toxic to 

mammalian cells. 
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4.2.6 In vivo evaluation 

4.2.6.1 In vivo characterization: fiber sterilization and implantation  

To allow accurate placement and smooth insertion of the fibers, a new insertion 

method was used. First a 24G x 3/4" catheter (Terumo, Somerset, NJ) was clipped. This 

allows the cannula and needle to be at the same length. The needle was withdrawn from 

the tip, and then the fiber was manually threaded into the now empty lumen tip. To insert 

the fibers into live tissue, the catheter was held above the insertion site using a 

mechanical arm, and a push of the needle drove the fiber into the required area without 

the needle penetrating the tissue. Prior to use, catheters with fibers were placed in self-

sealing sterilizable pouches and sterilized with ethylene oxide gas (Anprolene; Anderson 

Products, Chapel Hill, NC) followed by 10 days aeration. Animal procedures were 

performed under the approval of the Wadsworth Center Institutional Animal Care and 

Use Committee (IACUC). Insertions were performed in a manner previously described 

with slight modifications[240]. Briefly, a 360 g male Sprague–Dawley rat was 

anesthetized with 2.5% isoflurane with oxygen (1 l/min) for 5 min in a pre-exposed 

chamber, and then maintained with 2% isoflurane with oxygen for the duration of the 

procedure (60 min) in a stereotaxic holder. Four holes were drilled using electric drill 

(two on each side of midline, one anterior to bregma and one posterior to lambda). The 

dura was transected from the area of interest. Using a stereotactic holder, catheters were 

accurately placed above the insertion area, and a manual push of the needle allowed for 

smooth insertion of the fibers. Cellulose dialysis film (Fisher Scientific) was cut to 5 x 5 

mm squares and applied over the exposed tissue, adhered to the scull and the skin was 

closed using staples. 
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4.2.6.2 Tissue Processing and immunohistochemistry  

14 days after implantation animal was sacrificed by first anesthetizing with a 

ketamine/xylazine mixture, followed by transcardial perfusion[279] . Tissue processing 

was performed based on standard immunohistochemistry (IHC) procedures[280]. 

Horizontal 80-μm-thick tissue slices were cut using a vibratory microtome (Vibratom®, 

model 1000). Sections 900–1100μm down from the dorsal surface of the brain were used.  

Once sectioning was completed, fibers remaining in the intact tissue were gently removed 

and processed similarly to the brain slices. Histochemistry was performed on tissue slices 

and fibers labeling 3 cell types using the following reagents: Primary antibodies: (1) 

Astrocytes, rat anti-GFAP (Invitrogen, 13-0300, dilution 1:200) (2) Microglia, rabbit 

anti-Iba1 (019-19741, dilution 1:800, Wako, Richmond, VA. Secondary antibodies and 

added stain: (1) Goat anti-rabbit (Alexa Flour 488 A11008, dilution 1:200, Invitrogen) (2) 

Goat anti-rat (Alexa Flour 546 A110081, dilution 1:200, Invitrogen) (3) NeuroTrace stain 

for Nissl substance (530/615 N21482, Invitrogen). Sections were mounted on glass slides 

with ProLong Gold (Invitrogen) for confocal imaging. Histological images were 

collected in the form of 3D data sets using a Leica SP2 confocal laser scanning inverted 

microscope with a 10x dry objective. Images were stacked into X, Y projections of the 

entire Z dimension of the sample to allow for evaluation of cellular populations 

surrounding insertion sites. Images of the insertion site and two adjacent lateral fields 

were collected. Composite images were formed by aligning and superimposing through-

focused projections of individual images using image-processing software (ImageJ, 

NIH). This allowed for observation of changes in immunohistochemistry immediately 

around the insertion sites and in control regions farther away. Fiber samples were imaged 
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on both sides of the mounting slide since the black opaque nature of the fibers did not 

allow imaging of the full fiber thickness.  One or two fields were collected for each side. 

4.2.6.3 Image quantification  

Using ImageJ, individual channels were converted to 8 bit, followed by correction 

of the background and intensity. The radial profile plugin (by Paul Baggethun) was used 

to produces a profile plot of normalized integrated intensities around the implant site as a 

function of distance from the fiber center. The averaged intensity gradient maximized at 

the fibers edge is plotted along with the standard deviation in Figure 4-3. 

 

The insertion of fibers into a rat cerebral cortex was performed to allow 

preliminary evaluation of the insertion ability of the fibers into live tissue.  This in turn 

permitted the acquisition of data with regard to the foreign body response inflicted by the 

presence of fibers in the tissue. Brain tissue inflammatory response to implanted 

materials is materialized through the presence of activated microglia and astrocytes at the 

vicinity of the implant site.[236, 280] Representative immunohistochemical images from 

sites where LN+ and LN- fibers were inserted into rat cortex are shown in Figure 4-3A 

and 4-3B. The intensities of astrocyte, microglia and neural expression measured for two 

of each fiber are shown in Figure 4-3C, 4-3D and 4-3E respectively.  

4.2.7 Results of in vivo characterization 

The in vivo evaluation as to the effect of the inserted fibers on brain tissue reveals 

a slight effect to the functionalization with laminin on the formation of the glial response 

(gliosis). In both cases activation of microglia and astrocytes is observed corresponding 

to the formation of mild gliosis.[236, 280] The resulting extent of glia activation 
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(approximately 100 µm of glial sheath formation) is similar in extent to data reported for 

other biocompatible materials such as silicon.[280] It has been reported that LN can 

reduce the extent of glial response when tethered to silicone devices and implanted for 

four weeks.[281]
 
It is possible that an extended period of implantation may have revealed 

a greater reduction in the response as a result of the presence of the laminin 

functionalized nanofibers.  

 

Figure 4-3. Representative immunohistochemical images of fibers inserted into rat cortex. No 

qualitative observation can be made regarding the nature of glial response and its extent towards the 

different fiber types. Yellow – astrocytes (GFAP). Blue – microglia (Iba-1). Green- neurons (Nissl). 

Scale bar 200 µm. A) CDAP+ fiber. B) LN+ fiber. C,D,E) Normalized intensity of cell expression at 

the fiber vicinity for microglia, astrocyte, and neuron respectively. [190] 
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Representative images of fibers extracted from brain tissue are shown in Figure 4-4. A 

difference between the fiber types could be observed once they were explanted. The 

laminin functionalized fibers seem to promote more cell adhesion compared to the non-

functionalized ones. Laminin is an ECM protein that is known to enhance neural growth 

both in vitro and in vivo.[247, 281] Naturally, the attachment enhancement properties of 

such constituent will have effect on all cell types, as it is non-specific.[247] Finer 

manipulation of the foreign body response to the fibers can be achieved by the addition of 

more specific adhesion molecules to the fibers. Examples would be inflammatory 

response reducing agent such as alpha melanocyte stimulating hormone or neuron 

specific adhesion molecules such as L1 molecule. L1 has been shown not only to induce 

neurite outgrowth, but also to reduce astrocytic attachment. [247, 281, 282] Moreover, 

the explanted fibers demonstrated mechanical and dimensional stability. They became 

soft and pliable, in a trend similar to that shown with the mechanical tests.  
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Figure 4-4. Projection confocal images of fibers extracted from brains. Images are of two sides of 

each fiber mounted on the glass slide (designated as LN- and LN+). Yellow – astrocytes (GFAP). Blue 

– microglia (Iba-1). Green – Neurons (Nissl). The micrograph of the laminin functionalized fiber 

(LN+, C and D) demonstrates a greater attachment of all cell types when compared to non-

functionalized (LN-, A and B) fiber. Non-specific cell attachment is more evident with the LN+ fibers. 

[190] 
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In the central nervous system (CNS), such inherently conductive fibers could be 

developed into microscale neural recording devices. They can advance the field of neural 

prosthetics through long-term biocompatibility and performance by allowing the 

recording devices to interface with brain tissue. This in turn would allow for the 

enhancement of neural integration and the reduction of gliosis formation.[281] The 

materials characterized in this work could potentially function in the peripheral nervous 

system (PNS) as well. These fibers can be developed into intrafascicular electrodes, thus 

allowing for neural interfacing with the advantage of being both mechanically compliant 

and biologically attractive for long-term recording.[281] Additionally, in the PNS, nerve 

guidance conduits could be prepared either through molding of agarose/CNT 

dispersions,[266] or as fibers braided into nerve guide conduits. In the latter, their 

potential to support nerve growth and regeneration through electrical stimulation, 

porosity, and biochemical cues could prove advantageous.[283] 

4.2.8 Conclusions 

 We have successfully fabricated agarose CNT hybrid fibers by taking advantage 

of agarose’s ability to disperse and accommodate CNT’s, its thermo responsive 

hydrogelation and its functionalization potential.  These fibers are rigid and tough when 

dry, but exhibit mechanical properties compliant with brain tissue once hydrated. They 

prove to be not just non-toxic, but biocompatible, and biologically modifiable. These 

properties, along with their stable electrical conductance, provide a novel material with 

solid potential in future neurophysiologic applications. Although it was the scope of this 

paper to produce fibers for implantable electrodes, the gelling properties of agarose 
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allows it to be easily molded into other shapes with alternative applications such as 

directed nerve repair and nerve guidance conduit. 

4.3 Applications in Stem Cell Differentiation 

The pluripotent capabilities of human embryonic stem cells (hESC) enables the 

differentiation into a wide array of cell types[284-286]. As a result they are being 

considered one of the most promising avenues to combat diseases resulting in 

degenerative tissue damage. Of particular interest is the differentiation into neural stem 

cells. One current approach is the use of electrical stimulation (see Table 9), which has 

been found to promote neuron growth[287-289] and the differentiation of hESC into 

neurons[6, 8, 256, 290]. Because of carbon nanotubes inherent conductivity they are 

being implemented in the fabrication of biomedical scaffolds. This coincides with reports 

that the inclusion of carbon nanotubes into scaffolds maintains their structural stability 

during cell growth. This ability of CNT to support growth and differentiation arises from 

the enhanced signal transmission that is present. This in turn is the consequence of 

electrical shortcuts resulting from the tight contacts formed between the CNTs and the 

neuron membranes[217, 256, 274]. To this extent then, the conductive properties of CNT 

are regarded as a decisive factor for any support that expects to induce electrical 

stimulation with neurons in vivo.  
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Conductive scaffolds DC/AC current; potential Duration Cells Ref. 

PANI/PG DC: 100 mV 1 h C17.2 [291] 

PANI/PLACL DC: 0–200 mA 2 days NIH-3T3 
fibroblasts 

[292] 

PPy DC: 100 mV 2 h PC12 [293] 

PLGA coated with 
PPy 

DC: 10 mV/cm 2 h PC12 [294] 

PPy/PLLA DC: 100 mV/mm 2, 24 h Fibroblasts  

PDLLA/CL coated 
with PPy 

DC: 0, 2, 8 and 20 
µA/mm 

— PC12 [295] 

PPy AC: 50 µA at 0.05, 5 
and 500 Hz 

— VSMC [296] 

PPy/PLLA DC: 50 mV/mm 24 h Fibroblasts [297] 

ITO AC: 100 mV (100 Hz) 30 min/day (3 
days) 

PC12 [298] 

PLLA/CNT AC: 10 mA (10 Hz) 6 h/day Osteoblasts [299] 

PCL/PPy DC: 10 V 4 h/day DRG [300] 

PPy Biphasic 100 µs 
pulses of ± 1 
mA/cm2 at 250 Hz 

8 h/day Cochlear neural 
explants 

[301] 

PLAAP Electric potential of 
0.1 V (1 Hz) 

1 h/day PC12 [302] 

PPy/chitosan DC: 100 mV 4 h Schwann cells [303] 

Collagen   Mesenchymal SC [304] 

Table 8: Electrical stimulation parameters found in the literature. PANI, polyaniline; PG, 

PCL/gelatin; PDLLA/CL, poly(d,l-lactide-co-ε-caprolactone); PLLA, poly(l-lactic acid)l PLGA, 

poly(d,l-lactide-co-glycolide); CNT, carbon nanotubes; PLACL, poly(l-lactide-co-ε-caprolactone); 

ITO, indium–tin oxide; PLAAP, copolymer of hydroxyl-capped poly(l-lactide) (PLA) and carboxyl-

capped aniline pentamer (AP); PC12, rat neuronal phaeochromocytoma cells; PPy, polypyrrole; 

VSMC, vascular smooth muscle cells; DRG, dorsal root ganglia; C17.2, mouse neuronal cerebellum 

stem cells; PC12, rat neuronal phaeochromocytoma cells. 

 

4.3.1 Electrowetting of Scaffolds 

Currently a popular route to fabricate polymeric scaffolds is through the process 

of electrospinning[305-308]. In this process a polymer solution is injected by a syringe 

towards a charged plate or charged rotating mandrel separated by some distance. When a 
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difference in voltage is applied on the scale of the kilovolt range, a charge separation 

occurs within the polymer solution causing it to extrude out of the syringe in a fiber form. 

Once this fiber lands on the charged plate, the polymer solvent quickly evaporates and 

the fiber solidifies. After sometime this process creates a polymeric and porous scaffold. 

Attempts have been made to repeat this process with conductive materials, such as CNT, 

within the polymeric solution. However the presence of conductive materials within the 

solution will cause a shorting to occur and prevent the formation of the fiber extruding 

from the syringe. This is indeed the case as a review of the literature reveals only a few 

instances[309-313] where the electrospinning of a trace amount of CNT did not proceed 

without the need for either multi walled carbon nanotubes (MWNT) or functionalized 

single walled carbon nanotubes (f-SWNT). This is a critical concern because in both 

cases the conductivity is hindered compared to their non functionalized SWNT 

counterpart. While this decrease resulting from the use of MWNT can be explained by 

their decrease in curvature, the f-SWNT conductivity is reduced by a covalent disruption 

on its highly overlapped π-π orbital surface. Therefore the purpose of this work is to 

demonstrate a post fabrication technique that enables the integration of non 

functionalized SWNT into polymeric scaffolds. This is facilitated first by electrowetting 

the scaffolds with dispersions of SWNT, then by a forced impregnation approach. 

Electrowetting has long been utilized to permit the impregnation of a non-wetting fluid 

into a porous substrate. As is the case here, the hydrophobic nature of the polymer 

scaffold inhibits the spreading of the aqueous based SWNT dispersion. Upon applying a 

voltage difference at the droplet, the contact angle decreases indicating a change in the 

interfacial properties. Continuation of the applied voltage results in the impregnation of 
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the scaffold, evident by the fact that the dispersion has penetrated to the opposite side. 

Several theories have been described to explain this phenomena and the reader is referred 

to the fundamental Lippmann equation, which takes into account the parallel capacitor 

approximation for the droplet-dielectric interface[314].  

In addition the dispersant will be essential in both the electrowetting process and 

its effect on the ability of the scaffold to support growth and differentiation. 

Traditionally, surfactants are used to disperse CNT. However, due to a surfactants ability 

to intercalate into the cell membrane, the protein bovine serum albumin (BSA) has been 

chosen instead. The advantages of which is several fold. First proteins are known to 

disperse CNT by physically wrapping around them leading to strong electrostatic and 

nonspecific adsorption[315, 316]. Second BSA is commercially available and abundantly 

cheap. Lastly the structure of BSA is quite similar to the human equivalent which is one 

of the most prolific proteins in the body. As such, materials incorporating BSA would be 

less likely to be recognized by the host’s immune system[316-318]. This choice is further 

validated by the fact that a large portion of proteins adsorbed onto a thin film scaffold 

will help promote hESC differentiation and is considered a controlling factor for cell 

adhesion.  Therefore, it is with these concepts in mind that we aim to adjoin the ability of 

CNT to enhance stem cell differentiation with the means to incorporate SWNT into 

electrospun polymeric scaffolds by either two routes: electrowetting or forced 

impregnation. 

4.3.2 Physics of Electrowetting 

To force the droplets of a nonwetting fluid to penetrate into the porous scaffold it 

was suggested to use an electric field (see review [314]). The droplet is held under an 
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electric potential by placing the electrode into the droplet.  Another electrode is placed 

underneath the scaffold, the electrodes being separated against electric breakdown by a 

thin dielectric layer. Applying the voltage, one forces the droplet to move in order to 

minimize the electrostatic energy of the system. The liquid is assumed to be conductive, 

as is the case for the aqueous solutions of carbon nanotubes. Under the voltage V, the 

fluid is forced to move inwards to the scaffold. The effect is explained as follows. Since 

the liquid is conducive, the application of the voltage transforms the scaffold into a 

parallel plate capacitor. The charges at the interface of this parallel plate capacitor is on 

the order of the Debye-Huckel thickness which allows for the polarization of the current 

to occur as long as it remains between the boundaries of oxidizing and reducing the 

scaffold. The interfacial tension of the scaffold-liquid system thus evolves as the 

following: 

    

  
            (Eq. 4.1) 

Where γSL is the interfacial tension, V is the voltage and σ is the surface charge density. 

Wetting of the surface occurs when a second derivative of Eq 1 is taken and is combined 

with the Young’s equation to obtain the following: 

      

  
 
 

 
         (Eq. 4.2) 

Where c is the capacitance of the solid-liquid interface per unit surface area. Given the 

assumption that the liquid is much more conductive than the underlying insulating 

surface and surrounding gas, the change in the contact angle is given by: 

            
 

  
         (Eq. 4.3) 

Where θ0 is the contact angle in absence of an electrical field. The voltage required to 

affect the contact angle is thus: 
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        (Eq. 4.4) 

Where ε and ε0 is the dielectric constant with and without an applied electrostatic field, 

respectively. The energy of the capacitor is given by the following: 

  
   

 
  

    

  
        (Eq. 4.5) 

Here d is the distance of the front of penetrating fluid and A is the area of the scaffold. 

The work needed to move the dispersion into the dry scaffold by the distance d is equal to 

the change of the free energy. Thus, we find the electrical force per unit area as:  

   
   

 
           (Eq. 4.6) 

At the front of the liquid invading the pore space we have the balance of stresses as  

                   (Eq. 4.7) 

where Pl  and Pa are the pressures in the liquid and dry zone of the scaffold, respectively. 

Thus, the front moves if and only if the capillary pressure Pa  - Pl is smaller than the 

electrical pressure Pe. The critical condition for onset of front propagation corresponds to 

the equality (4.7), in which d is the scaffold depth. The thickness of the absorbed droplet 

can be altered by the variation of the applied voltage. In order to start wetting, the voltage 

must be higher compared to that needed to keep the front a bit inside the scaffold.  

4.3.3 Electrowetting Setup 

The electrowetting setup is quite simple and constitutes of a power source, wires 

connected to a ground source/sink, and a wire connected to a aluminum foil support on a 

non conductive platform (seen in figure 4.5). The hydrophobic scaffold, which the CNT 

dispersion will be driven into, sits upon the aluminum foil support separated by a layer of 

plastic in order to prevent a short. Upon applying a current, a difference in voltage is 



 

 

127 

maintained which acts as a driving force for the CNT dispersion to penetrate into the 

scaffold. Immediately it can be seen that the dispersion begins to wet the surface evident 

by the change in contact area. The current is gradually increased until a dielectric 

breakdown occurs of the air/liquid interface evident by a continuous spark.  

  

Figure 4-5: Electrowetting set up consisting of a power source, conductive platform and a dielectric 

layer separating the platform and the scaffold. 
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Figure 4-6: Earlier prototype of multi pin electrode used to electrowet and corresponding top view 

image of droplets prior to electrowetting (left) and after electrowetting (right). Substrate consists of 

porous Teflon as a test model for the scaffolds. 

 

 

Figure 4-7: Side view of droplets prior to electrowetting (left) and after electrowetting (right). 

 

 

Figure 4-8: Effects of electrowetting. 

4.4 Forced Impregnation 

Due to the inhomogeneous nature and thus ineffective method of electrowetting another 

external driving force was invoked in order to impregnate the hydrophobic pores by the 

aqueous based CNT dispersion. Although vacuum filtration methods have been tried in 

house in the past, they failed to successfully impregnate the pores. This may be on 

account of the underlying pore size of the filter which dictates the distributive negative 

pressure across the scaffold. While using a 0.2 micron pore filter (Nalgene Analytical 

Filter, 150 ml) successful trials of wetting was accomplished.  
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Figure 4-9: Pressure induced wetting set up. Apparatus includes a 0.2 micron filter connected to a 

flow gauge and vacuum line.  

 

 

After allowing the scaffold to dry, scanning electron microscopy images (SEM) were 

taken of the scaffold before and after impregnation (Figure 4-10 b & c respectively). It 

can be seen that the morphology of the scaffold changes upon impregnation going from 

smooth overlapping fibers to those with a rougher morphology. This can be attributed to 

the presence of aggregated carbon nanotubes strongly adsorbed onto the fibers of the 

scaffold via van der Waals forces. In addition there is a change in contrast with the 

scaffolds impregnated with CNT opposed to those without. This can be attributed to the 

charging that occurs on the bare polymeric scaffolds, a phenomena consistent with 

insulators.  
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Figure  4-10: (Left) Impregnated polymeric scaffold with an aqueous solution of CNT via vacuum 

filtration. (Middle) SEM of an un-impregnated scaffold. (Right) SEM of an impregnated scaffold.  

 

 

Further studies looked at the morphology of the scaffolds both on the top and the bottom. 

Visual inspection indicates that the CNT have penetrated through the scaffold to the 

bottom. This was validated by SEM both sides where there appears to be a lack of 

brightness associated with the bare scaffold. Differences that arise appear to be the 

amount of coating, with the top of the scaffold experience a greater degree of coating 

then the top. This observation also manifests itself when inspecting the bottom of the 

scaffold by SEM where there appear to be less uniformity, albeit only slightly.  

 
Figure 4-11: Scanning electron microscopy images of pressure induced wetted scaffolds.  

a b c 
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4.5 Cell Differentiation Results 

Both human embryonic stem cells (hESC) and human induced pluripotent stem cells 

(hIPSC) were deposited onto impregnated carbon nanotube scaffolds and their two 

respective controls (Figures 4-14 & 4-15). Cells were tagged with a marker for 

fluorescence studies. Initially it appeared that the cells on the CNT impregnated scaffolds 

were not present putting their viability into question. This can be attributed to the CNT 

quenching the fluoresce signal of the cells, an artifact that dissipates after 14 days. In fact, 

it can be seen that after 14 days of incubation, there is greater amount of differentiation 

from the cells deposited onto the PLGA/CNT scaffolds indicative of the bright green 

fluorescence.   

 
Figure 4-12: hESC Derived NSC differentiated in 2D, PLGA Scaffolds, or PLGA/CNT Scaffolds. 
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Figure 4-13: hiPSC Derived NSC differentiated in 2D, PLGA Scaffolds, or PLGA/CNT Scaffolds. 

 

4.6 Electrical Stimulation 

A circuit board was fabricated so that an external electrical stimuli could be 

applied simultaneously to eight electrodes. Each electrode was made within the following 

manner: The middle portion of a indium tin oxide (ITO) covered glass slides is etched 

with solution of 20% HCl and 5%t HNO3 in order to create a non-conductive gap, 

forming two electrodes[319]. This is to ensure that the applied current is transferred from 

the ITO electrode to the CNT scaffold, and not directly to the solution within the cloning 

cylinder. CNT scaffold samples are fitted with cell culture rings to house the cells. In 

order to ensure uniform current applied to each slide and thus statistical significance, the 

board was wired in series. The power source consisted of a 1 V watch battery. The ITO 

glass slides had a resistance of 200 Ω (+/- 50 Ω) whereas the scaffold contained a 
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resistance of 5 kΩ (+/- 2.5 kΩ) on the top and 15 kΩ (+/- 5 kΩ) on the bottom, 

respectively. 

 

  
Figure 4-14: (Left) Schematic of the etched ITO glass (purple region) with an etched non-conductive 

gap (white). On top of the ITO glass is the electrospun polymeric scaffold impregnated with CNT. 

Lying on top is the cloning cylinder housing the differentiation process. (Right) Schematic of the 

same set up from a side view. Brown triangles represent the alligator clips on the fabricated circuit 

board where the current flows through.  

 

 

 
Figure 4-15: Electrical stimulation board with 8 slots for application of constant current or voltage.  

 

 

 Electrical stimulation of the cells was applied for a duration of 10 minutes. The 

results of which can be seen in figure 4-16. A greater density of differentiated stem cells 

can be seen in the cells where stimulation had been applied opposed to the unstimulated 

cells.  
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Figure 4-16: Differentiated hESC on the PGLA scaffold (left) and on the PGLA scaffold impregnated 

with carbon nanotubes.  

 

4.6.1 Tilted Scaffolds 

One of the primary goals in stem cell therapy, and therefore regeneration 

medicine, is the enlistment of nearby matured cells and stem cells to damaged tissue by a 

guided approach[320]. How these cells migrate will depend on the in vivo 

microenvironment, comprised of various physical, chemical and biological cues that 

provide signals to guide the adhesion, migration, proliferation, differentiation and 

apoptosis of cells at certain locations and times[321]. The use of gradient materials may 

lead to the enhancement of desired cell mechanisms in addition to gaining insight in how 

these cells behave in vivo. Gradient materials were first proposed over a century ago by 

Ramon et al. who suggested that attractive molecules could be used to assist growing 

axons to their desired targets[322]. However, it has not been until the past few decades 

that investigators began to implement a gradient into biomaterials [322]. Doing so has 

proceeded through several means including top down approaches (plasma[323], corona 

discharge[324], ultra-violet irradiation[325], chemical degradation[326]) as well as 

bottom-up approaches (infusion[327], diffusion[328], microcontact printing[329], 

microfluidic lithography[330], electrochemical method[331]). However, there are 
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insufficient number of studies, if any that has explored the use of electrical stimuli 

applied in a gradient fashion. 

Here we employ a top down approach whereby a gradient is created by tilting the 

scaffolds at an angle during impregnation. In doing so, a concentration gradient of the 

carbon nanotubes is created that runs axial across the impregnated scaffold. This 

concentration gradient then in turn will allow for the resistance to vary across the scaffold 

therefore imparting in effect a voltage/current gradient. This differs from previous 

attempts where a external electrical field was used to create a concentration gradient with 

no benefits of a varying electrical potential (Electrochemical method). The extent of the 

gradient is characterized by thermal gravimetric analysis (TGA), Raman spectroscopy 

and liquid porosimetry. This allows one to identify which region of the scaffold enjoys 

the greatest cell viability, differentiation and neurite outgrowth, and therefore better 

optimization of the impregnated materials.  

 

 
Figure 4-17: Tilted scaffolds impregnated at 5.5 º, 11 º and 15 º. 
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Figure 4-18: Raman spectroscopy of tilted scaffold. 

 

4.7 Conclusion and Future Work 

This chapter presented two examples where carbon nanotube composites have been 

successfully fabricated and applied for biological purposes. The lack of glial response 

when inserting carbon nanotube agarose fiber composites into neural tissue makes them 

promising candidates to be incorporated in future electrodes for neural recording. This 

can be attributed to the softness of the composite providing a better match with the neural 

tissue, opposed to stiffer materials such as silicon and metals. Future testing of the fiber 

should account for electrical stimuli, both in vitro and in vivo, and the reaction of the 

cells when a voltage is applied. In addition, fabricating fibers below 10 μm (below 

cellular dimensions) will need to be achieved that is capable of stiff penetration of the 

neural tissue but relaxed mechanical properties once situated inside the tissue. This 

presents a challenge on several fronts. First the flexibility of any material increases with 

decreasing size thereby making it more difficult to insert the fibers. Second, the charge 



 

 

137 

storage capacity (CSC) and the electrical impedance will change as we approach smaller 

dimensions thereby affecting the reliability of the recording electrode. Lastly, any 

functioning electrode should include components that act as capacitors, resistors and 

transistors in order to obtain a fully functional electrode. This is difficult to achieve with 

silicon and other metals, as already mentioned, but may be achievable by including 

defective graphene whose band gap has been manipulated to include semi-conducting 

properties.  

 Early research on the carbon nanotube scaffold composite implemented an 

external voltage as the driving force for the inclusion of carbon nanotubes into the 

polymeric scaffold. However, with the inconsistent wetting, a different and simpler 

approach was adopted that forcibly impregnated the scaffolds by an external pressure. 

With the adoption of the latter, consistent scaffolds were produced suitable for the 

differentiation of stem cells with and without electrical stimuli. The impregnation of the 

scaffolds soon diverged to include a concentration gradient that allowed for a variable 

resistance. As previously mentioned, inducing a gradient in biomaterials holds great 

promise in manipulating and understanding cell mechanics. Future work in this area will 

need to focus on the type of electrical stimuli to be considered for the cells, both for a 

particular mechanism as well as different stages of cell growth. 

 A patent disclosure has been made to the Office of Commercialization and 

technology at Rutgers University relating to the CNT/scaffold composite material in 

addition the circuit board designed for simultaneous application of either current or 

voltage. In addition, a manuscript is in preparation regarding this subject.  
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Chapter 5 Alumina Catalyst Supports  

In designing a catalyst several factors need to be considered. Ideally a catalyst 

should have excellent fluid flow properties, activity and stability. More common, 

however, is the fact that concessions are usually made by one in order to accommodate 

the others. This weighted emphasis on one factor as opposed to another depends on the 

issues relating to the reaction, reactor design, process conditions and economics. The 

interplay and dependence of these properties are highlighted in figure 6-1.  

 

Figure  5-1: Ideal properties of a catalyst support. (Revised and adapted [332]) 

 

Although materials such as zeolites and activated carbons have been explored in 

catalysis, their domain of porosity typically consists only of the microporous range, 

thereby sacrificing fluid flow properties. An attractive alternative is the use of 

mesoporous materials. Interest in the structural modification of mesoporous materials has 

garnered a tremendous amount of attention in recent years for its applications in catalysis, 

sorption and separation processes[23, 333-336]. The ideal qualities of such materials 
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include large surface areas for deposition, durability, and fast diffusion times for rapid 

molecular transport. However, the materials possessing high surface areas produced on a 

large scale generally lack the larger mesopores required for short diffusion times. It is 

therefore imperative in fields such as catalysis to provide for both large pores as 

pathways for swift diffusion as well as smaller ones to serve as deposition sites[337, 

338]. It is especially important in the petrochemical and petroleum industries where 

reactions typically occur with metals supported on porous metal oxides, the morphology 

of which will dictate the catalytic activity and product selectivity of the catalyst. 

However, the material typically chosen for these supports exist in a powder form and it is 

therefore necessary to impart some plasticity to the material in order to utilize it for the 

appropriate application[339]. This is accomplished by mixing the powder with a liquid 

binder in a process known as granulation[340, 341]. During this process a paste with 

sufficient plasticity must be formed which can be deemed adequate for extrusion, where 

in some cases a minimal amount of acid (peptization) is required[341]. The advantage of 

extrusion is that it allows for the formation of pellets or spheres with a highly uniform 

cross-section[342, 343]. It is these two processes that will ultimately determine the 

interplay between porosity and the susceptibility of an extrudate to fracture, properties 

that tend to be orthogonal to each other. The former of these two properties will 

determine the amount of catalyst that can be loaded and its corresponding efficiency. As 

a result, generating pores that maximize the loading capabilities without sacrificing 

extrudate strength serves as a major goal in catalysis.  

One such metal oxide that has long been utilized as a support is alumina[344, 

345]. The predominance of its use is owed to its low relative cost, long stability, and its 
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tunable surface area and porosity. The latter of these enables it to be used in a broad 

range of applications as previously mentioned[346, 347]. By knowing which 

experimental parameters determine porosity, one can  tailor porosity during manufacture 

and match it to a specific need, thus improving efficiency. To date, however, any effort to 

manipulate a distribution to include a bimodal mesoporous distribution is accomplished 

by either a synthetic route[348-353], or the mixing of different phases of alumina 

consisting of various crystallite sizes. The former of these typically includes a template 

model using surfactants[348-353], ionic liquids[353],  and in some cases 

microemulsions[338]. In lieu of these approaches, we present a simple method for 

producing a bimodal mesoporous alumina support via high shear mixer (granulator). It 

was revealed that with granulation time there emerges a bimodal distribution in the meso 

porous range that can be controlled simply by time.  

 

5.1 Experimental 

5.1.1 Materials 

CATAPAL
®
 B boehmite (Sasol) was used as alumina (AlOOH) source in the 

catalyst preparation. Distilled water was used as the wetting agent. 1M HNO3 was 

purchased from Sigma Aldrich and was used as the peptizing agent. 

5.1.2 Granulation and Extrusion 

A laboratory high shear mixer (granulator) was used in the preparation of the 

catalyst. A high-shear granulator (Fukae Powtec) was used to granulate the alumina. It 

has an impeller, which is attached to the bottom of the vessel and a chopper, which is 



 

 

141 

attached at the side of the vessel. Both the impeller and chopper rotate in clockwise 

direction. The total capacity of the mixing vessel, is about 200~500 g of solids in each 

experimental batch. The reaction temperature was recorded from the thermocouple which 

is installed in the mixer along the periphery, so the indicated temperature may not be a 

quantitative characterization of the whole mass, but it does act as a qualitative indicator. 

Granulation was done by mixing alumina with the addition of distilled water (wetting 

agent). The mixture ratio was 45:55 (solid:water). Before adding the distilled water, 

alumina was mixed by keeping the impeller speed ~ 100 rpm and chopper speed ~ 500 

rpm. This is done in order to deagglomerate the alumina. After a few minutes, when 

homogeneity in the mixture is obtained, the wetting agent is added with the help of a 

burette in order to have a more constant flow rate (0.0039 m
3
/h). During the addition of 

distilled water the impeller and chopper speed is not increased. After the addition of all 

the water the rotation rate was increased to 500 rpm for the impeller and 1500 rpm for the 

chopper. Samples were then taken at 10 minutes intervals for extrusion and for 

characterization. The granulated sample is then extruded using a press (Carver, Inc.) and 

die whereby about 2 grams of sample was used and extruded through a 1/16” circular 

nozzle located at the base of the die. 
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Figure 5-2: (Left) A laboratory Fukae granulation apparatus with an impeller and chopper blade  

and (Right) a Eirich mixer used in pilot plant operations.  

 

 

 

Figure 5-3: View of the Fukae granulation as a function of time. (a) powder only (b) 0 minutes (c) 15 

minutes (d) 30 minutes (e) 60 minutes. 

 

5.1.3 Characterization 

Nitrogen porosimetry analysis was measured using an AUTOSORB-1 series 

analyzer (Quantachrome). The resultant pore size distributions were calculated from the 

desorption isotherms using the Non-Local Density Functional Theory (NLDFT)[34, 354]. 

Prior to the analysis, the samples were calcined at 500° C and degassed at 300° C for 3 

hrs. Particle size analysis was carried out in a LS-230 laser diffraction particle size 

a b c 

d e 
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analyzer (Beckmann-Coulter GmbH). Trace amounts of the sample was placed in a cell 

filled with distilled water and sonicated at an amplitude of 14 until the polarization 

intensity differential scattering reached a range between 45 and 55 %. The measurements 

were then allowed to run. Scattering of the light is converted to particle size using the 

Mie theory and a particle size distribution based on an alumina model. Crush Strength 

measurements were measured using a DR. SCHLEUNIGER
®
 model-6D tablet friability 

tester (Dr. Schleuniger Pharmatron AG). Between 25-50 extrudates were prepared of the 

same diameter and similar length to be crushed. Each sample was placed in the tester and 

two blocks applied a force until the sample fractured at which time a force in Newtons 

was registered.   

 

Figure 5-4: Scanning electron microscopy of granulated particles. 

5.2 Results and Discussion 

5.2.1 Extrudate Characterization 

Surface area and pore volume serve as an indicator to the loading capabilities of a 

support. Figure 5-5 shows the single point BET surface area while figure 5-6 displays the 

total pore volume, of the extruded samples. With increasing granulation time, there is 

considerable increase in the BET surface area and in the total pore volume. This increase 
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starts to become less pronounced towards the end of the mixing time. By the addition of 

acid there is a considerable increase in the total pore volume over the entire mixing time. 

When calcined, the water is removed from the system, hence allowing adjacent particles 

to fuse together perhaps via neck formation. This allows for an increase in porosity and 

therefore an increase in surface area. With increasing acid concentration there was a 

decrease in surface area as well as a decrease in the total pore volume. This is attributed 

to an increase in concentration of aluminum soluble species that fill the interstices 

between the particles[355]. Upon calcination of the extrudates from wet pellets, there is 

considerable amount of shrinkage taking place; thereby an increase in the strength of 

interparticle bonds is observed[356].  

 
Figure 5-5: BET surface areas results for the extruded samples as a function of mixing time.  
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Figure 5-6: Total pore volume results for the extruded samples as a function of mixing time.   

 

 

The NLDFT method allows for the calculation of the pore size distribution. This 

method is preferred to the traditional Barrett-Joyner-Halenda (BJH) model for pore size 

analysis which relies on the Kelvin equation, that is a macroscopic relationship that 

progressively becomes inaccurate for pores smaller than 100 Ǻ[357]. The sequential pore 

size distribution exhibits a bimodal nature that is clearly dependent on mixing time. 

Initially, the distribution is dominated by one peak. As granulation time is allowed to 

increase, the resultant extrudates reveal a second peak at a higher pore size. The 

emergence of this second peak evolves over the course of mixing whereby the first peak 

slowly dissipates at the expense of second one. Furthermore, the addition of acid imparts 

three effects. The first is that there is a shift to higher pore sizes for both the initial peak 

and the secondary peak. Secondly, the emergence of the secondary peak occurs more 

rapidly and surpasses the first in height in less time. Lastly, the more peptized systems 

show a height increase for both peaks at all stages of mixing.  
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Figure 5-7: Pore size distribution as a function of mixing time for 0% acid . 

 
Figure 5-8: Pore size distribution as a function of mixing time for 1% acid. 

 

The failure of catalyst strength in a fixed bed converter causes maldistribution of 

fluid flow. This in turn can lead to a large pressure drop through the bed which can result 

in a low efficiency of catalysis and in extreme cases plant shut down. The typical culprit 

for strength failure in these catalysts are brittle fractures. For porous catalysts containing 

defects, dislocations and discontinuations, the expending of the micro cracks under 
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tensile stress concentrated around the edges of flaws is the primary reason for fracture
 [33]

. 

It is thus necessary to have extrudates that are both porous for adsorption as well as 

durable. Crush strength measurements were taken as a function of time and displayed in 

5-9. It can be seen that there is an overall increase in the strength of the extrudate with 

mixing time irrespective of acid concentration. 

 
Figure 5-9: Crush strength as a function of mixing time. 

 

5.2.2 Paste Characterization 

The properties of the paste will ultimately decide the characteristics of the 

calcined extrudate. One property that plays a significant role in the pore size distribution 

will be the particle size. Upon calcination the water present in the extrudates will begin to 

evaporate. This induces the particles to form inter particle bridges via neck formation 

thereby creating a pore network[340]. It can be seen from figure 5-10 that as granulation 

time increases, there is a decrease in the overall particle size despite acid concentration. 
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This shift to smaller particle sizes is coupled with a broadening effect in the particle size 

distribution. 

  
Figure 5-10: D50 particle size values for the granulated samples as a function of mixing time for 0%, 

0.5% and 1% acid case.  

 

 

 
Figure 5-11: X-ray diffraction patterns of uncalcined alumina pastes processed in a Fukae mixer and 

Eirich. Choice of mixer does not affect the crystallinity of the paste. 
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Figure 5-12: Particle size distribution as a function of time for 1% acid. 

 

5.2.3 Comparative investigation of extrudates of different mixers 

The bimodal distribution is thought to be the result of a higher severity inherent to 

the Fukae mixer. To verify this samples were produced in an Eirich mixer , a larger but 

less severe mixer whose (larger) blades operate at a sustained rate of 68 rpm, and is 

generally used in plant and pilot plant operations. At the conclusion of the mixing 

process, the batch was extruded with both a 2.25 inch single screw extruder (The Bonnet 

Company) and the 1/16
th

” die. This provided data through two avenues. First it allowed 

for the resultant pastes to be characterized by their respective particle size distribution. 

Second, by extruding the raw pastes with both the Bonnot extruder and the Carver press, 

two different extrusion techniques could be compared via N2 porosimetry. These results 

are summarized in figure 5-13 and table 1. The particle size distributions are shown in 

figure 5-14. 
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Figure 5-13: Pore size distribution for pastes mixed and extruded by two different methods. The first 

term in parentheses signifies the type of mixer used, while the second term signifies the type of 

extruder used. 

 

 
Solids:Binder (45:55)                  

0% Acid 

Granulated: Fukae mixer  

Extruded: Carver press 

Granulated: Eirich mixer           

Extruded: Carver press 

Granulated: Eirich mixer           

Extruded: Bonnot extruder 

Multipoint Specific Surface 

Area (m2/g) 

304 260 289 

Total Pore Volume at Po 

(0.990-0.998) (cm3/g) 

0.56 0.49 0.50 

Single Point Specific 

Surface Area (m2/g) 

300 254 282 

Average Pore Diameter (Å) 73* 76 70 

Table 9: Summary of the surface area and pore volume for pastes prepared under different 

instrumental conditions. Results show the 0% acid case mixed up to 40 minutes. * Denotes the fact 

that the value is not truly representative of the average pore diameter but the average of the two 

peaks.  

 

Unlike the Fukae mixer which produces a bimodal pore size distribution, the Eirich mixer 

shows only one peak. The difference between the two is further reflected in the particle 

size distribution seen in figure 5-13 for pastes mixed with the Eirich mixer which show 
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an almost identical distribution with granulation time. But the overall properties- SA and 

PV- while higher for the more severe mixer, are not that dramatically different. 

In addition, the crush strengths were measured to evaluate the extrudates 

resistance to fracture. These results show that it takes on average a force of 28.3 PSI to 

fracture the extrudates prepared by the Fukae mixer. This is compared to the 15.3 PSI 

that it takes to fracture those prepared by the Eirich mixer.  

 
Figure 5-14: Particle size distribution as a function of time for pastes prepared via Eirich mixer. 

 

 

To date there has not been a report of a bimodal mesoporous  size distribution 

using alumina without the need of a multi component alumina mixture. In order to see if 

the bimodal distribution that is presented here is inherent to the granules or manifests 

itself in the extrusion process, nitrogen porosimetry analysis was performed on the pre 

extruded pastes. Although not shown, these results demonstrate that there is a slight 

downshift to smaller pore sizes after extrusion, with the bimodal distribution still 

persisting. This is to be expected because the force required to extrude will in the process 
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break down particles
 [14]

. It can thus be determined that the bimodal distribution, although 

slightly affected by extrusion, is inherent to the granulation process itself. 

5.3 Conclusion 

It was revealed that a bimodal pore distribution develops as a function of  alumina 

granulation time in a more severe mixer. Severity increases as a function of both higher 

blade speed and size. This higher severity is thought to be due to the high speed chopper 

present in the Fukae mixer, which ran at 1500 rpm in our experiments. This was tested 

against the apparently less severe Eirich mixer which showed only one peak in the pore 

size distribution. The values of pore size and pore volumes obtained in this study were 

found to be higher for the most part than those found in the synthesis of boehmite sol-

gels
[31]

. The higher severity mixer produces a greater concentration of smaller particle 

sizes, which contributes to the formation of the bimodal pore  size distribution at higher 

mixing times. Implementation of higher severity in larger scale mixers, perhaps by use of 

higher speed and larger choppers than now in use, could produce these bimodal 

distributions within the mesoporous range, if indeed that distribution actually produces 

improved catalysts. 

One publication has resulted from the results described in this chapter. It regards 

the granulation and extrusion of alumina pastes and can be found in the journal Particle & 

Particle Systems Characterization [168]. 
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Chapter 6 Nanocarbon and Alumina Composites for Energy 

Applications 

6.1 Part I: Characterization and Application to Catalysis 

Graphene has reaped enormous praise in the past decade owing to its excellent 

electronic[358], mechanical[359] and thermal[360] properties. Particular interest has 

been paid to the former where it has been shown that electrons can behave like massless 

fermions. The ultrarelavistic nature of which has opened up an array of prospective 

applications ranging from ultra-high frequency transistors to gas sensors and transparent 

flexible electrode materials[361]. However, graphene’s use in these applications has been 

limited due to the presence of defects that have been shown to greatly affect the 

electronic properties. Such defects include mono and divacancies, Stone-Wales defects, 

and adsorbed species. These defects strongly influence the electronic states near the Dirac 

point from which graphene derives many of its unique properties [362-364]. 

Nevertheless, some have sought to take advantage of this fact by intentionally 

introducing defects, via ion bombardment [348, 365-368], adsorbed species or by 

chemical synthesis, thereby allowing for the ability to precisely tailor the band gap. In 

addition, defects in graphene and its chemically synthesized derivative graphene oxide 

have the ability to stabilize what would be otherwise thermodynamically unstable 

nanoparticles[369]. The ability to do so is critical in terms of both dispersion quality and 

reaction efficiency in heterogeneous catalysis which is dependent on the shape of the 

nanoparticle and the exposed face. Table 7-1 highlights some graphene-nanoparticle 

structures that have been synthesized in the literature for catalysis and the reader is 

referred to a recent review on graphene based materials for catalysis by Machado et al. 
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[370]. It is the purpose of this work to adjoin the ability of graphene oxide to stabilize 

metal nanoparticles with the desired catalyst support properties of alumina to produce a 

new hybrid material for heterogeneous catalysis.  We proceed by peptizing a powder of 

gamma alumina and mixing it with a known concentration of chemically exfoliated 

graphene oxide. The hybrid material is then impregnated with a solution of K2PdCl4 and 

reduced to form stable nanoparticles on the surface of the graphene sheets. Finally the 

material is characterized through various means (Raman, XPS, N2 porosimetry, SEM and 

TEM) and the kinetics of the reaction is tested using the hydrogenation reaction of 

styrene in a pressure reactor.  

Nanoparticle Reaction Comments Ref 

TiO(2) , and Pd@Pt ------------------ Electrocatalysis [371] 

FePt ORR  [372] 

Pd Carbon-Carbon 

Coupling Cross 

Reactions 

 [373] 

CdS or TiO(2) Photocatalytic 

hydrogen evolution 

 [374] 

Ru Hydrogenation of 

benzene 

 [375] 

Au Electrochemical 

catalyst of phenol 

 [376] 

MnCoO ORR  [377] 

Au Reduction of p-NA to 

p-PDA with NaBH4 

 [378] 

Ni ------------------ DSSC [379] 

Pt/ITO ------------------ Electrocatalysis [380] 

Pt ORR Fuel Cells [381] 

Pt/Au Formic acid oxidation  [382] 

Pt ORR  [383] 

Pt, Pd, CoO and Pd-

CoO 

CO oxidation  [384] 

PtRu Methanol Oxidation Fuel Cells [385] 

MnO Electrocatalysis of Zn  [386] 

Pd Formic acid/Ethanol 

oxidation 

 [387] 

Au Reduction of 

Nitroarenes 

 [388] 

Pd Hydrogenation of 

alkenes, nitro-

aromatics 

 [389] 

Pt Methanol Oxidation Electrochemistry [390] 
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Pd Suzuki Coupling  [391] 

PdO Reduction of 4-

nitrophenol 

Het. Cat. [392] 

Pt Hydrogen Fuel Cells [393] 

Table 10: Examples in the literature where graphene has been combined with metal nanoparticles 

for catalysis. 

 

6.1.1 Synthesis of Graphene Oxide 

5 g of graphite was placed in a flask with a 9:1 ratio of sulfuric acid to phosphoric 

acid (360ml:40ml). 30 g of KMnO4 (oxidizing agent) was added to the flask and the 

reaction was stirred for 12 hrs at 50°C. After 12 h, the reaction was cooled to RT and 

quenched with 30% H2O2. The resultant slurry was then filtered through 300 micron 

mesh, washed with deionized water and centrifuged 5X to remove the excess acid and 

metal ions. 

6.1.2 Characterization and Validation of Graphene Oxide 

Presently there does not exist a single instrumental tool capable of fully characterizing 

graphene or its oxide. Verification of the graphene oxide synthesis thus proceeded 

through three techniques. First Raman spectroscopy was used to identify graphene oxide. 

Considered a compliment to infrared spectroscopy, Raman spectroscopy is capable of 

identifying vibrational peaks associated with limited movement by a non-destructive 

manner. This is exemplified by the bulk movement of structures such as expanding and 

contracting of carbon nanotubes. For a pristine single layer of graphene, there are two 

prominent peaks, one at 1580 and one at approximately 2700. These peaks represent the 

G and G’ bands respectively and are always present in graphitic materials. In addition 

graphene oxide has a prominent peak at 1340 (D-band) which corresponds to structural 

imperfections created by the attachment of functional groups or defects in the graphene 
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lattice. This differs from the Raman spectra of graphite which shares prominent peak 

positions with graphene but with different relative intensities. Measured spectras of 

graphene oxide and graphite are shown in figure 6-2(a). 

 

Figure 6-1: Raman spectra of graphite and graphene (Adapted from ref [394]). 

 

X-ray photoelectron spectroscopy was performed using a Thermo Scientific K-Alpha 

instrument, and the data was analyzed using CasaXPS 2.3.15 software. To do so, a thin 

dispersion was deposited onto a gold film (a 100 nm gold layer was sputter-coated on 

silicon with a 10 nm Ti adhesion layer). It can be seen from figure 6-2 (b) that there 

exists two curves. The blue curve represents graphene oxide with two prominent peaks at 

285 and 287 eV which corresponds to sp
3
 and sp

2
 hybridization of the carbon atoms in 

the basal plane, respectively. This was compared to results where graphene oxide was 

partially reduced with Fe powder[395]. After partial reduction with Fe powder, the peak 

representing sp
3
 hybridization is reduced signifying a residual presence of oxygen 

containing functional groups remaining on the surface. Meanwhile, the degree of sp
2
 

hybridization is increased. In both cases there is an overall shift to the right.  
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Figure 6-2: (a) Raman spectroscopy of graphene oxide (brown) and graphite (black). (b) X-ray 

photospectroscopy of graphene oxide (blue) and graphene oxide reduced via Fe nanoparticles (red). 

 

Transmission electron spectroscopy of the exfoliated graphene was performed using a 

model JEM 100 CX transmission electron microscope (JEOL). Single to a few layers of 

graphene oxide can be identified in by the presence of ripples and folds displayed in 

figure 6-3. This is a common signature of graphene sheets where the central part of the 

sheet tends to display wrinkles and the edges tend to roll up. The origin of these ripples 

may be attributed to either intrinsic features, such as the instability of two-dimensional 

crystals, or that of an extrinsic nature, namely defects created by the synthesis 

process[396]. These features also tend to reveal themselves as dark lines thus making it 

possible to count the number of sheets. The assumption for figure 7-3 is the presence of 

one layer whose edge has been rolled over.  
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Figure  6-3: Transmission electron microscopy of single to a few layers of graphene oxide chemically 

exfoliated.  

 

6.1.3 Graphene Oxide Alumina Support Synthesis 

Alumina sol gels were produced by measuring out 916 ml of DI water and adding 

approximately 83 ml of 12 M HCl to produce a 1M solution of HCl. 40 g of alumina was 

added to the mixture and allowed to stir overnight until a milky suspension was reached 

as seen in the left image of figure 6-4. 20 ml of  various concentrations of graphene oxide 

was added to this mixture and stirred overnight. After which time the sol gel displayed a 

creamy tan appearance as evident in the right image of figure 6-4. Approximately 100 ml 

of the GO/Al sol gel mixture was filtered using a Nalgene filter with a corresponding 100 

ml of a Al sol gel prepared in parallel for later comparisons. After filtering, both GO/Al 

and Al were placed in the oven under air at 60 ° C for 24 h. Prior to calcination, portions 

of each filtered product was set aside for characterization. The remaining portions were 

calcined in a tubular furnace under the flow of argon at 450 ° C for 2 h.  
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Figure  6-4: Sol-gel of alumina (left) and after mixing with graphene oxide (right). 

 

 

SEM images of the granular composites of the various sol gels are displayed in figure 6-

5. It can be seen that the addition of the graphene oxide does not alter the morphology to 

a great extent of the alumina. This holds true for both prior to calcination under argon and 

afterwards. Figure 6-6 shows TEM images of the calcined alumina particles. This 

morphology is seen in TEM images of calcined GO/Al composites impregnated with Pd 

nanoparticles. The upper two images of 6-6 show the nanoparticles supported on alumina, 

whereas the bottom two images show nanoparticles supported on alumina supported on 

the sheets of graphene oxide.  

 

Figure  6-5. SEM images of granular dried sol-gels A) Uncalcined Al B) Calcined Al C) Uncalcined 

GO/Al      D) Calcined GO/Al  
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Figure  6-6. TEM images of calcined alumina.  
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Figure  6-7. TEM images of on Pd nanoparticles on calcined GO/alumina.  

 

Nitrogen porosimetry analysis was measured using an AUTOSORB-1 series 

analyzer (Quantachrome). The resultant pore size distributions were calculated from the 

desorption isotherms using the Non-Local Density Functional Theory (NLDFT). Samples 

were outgassed for 3 hours at 300 °C. The results indicates that the addition of graphene 

oxide does not alter the pore structure and therefore opens the possibility to pre-tailor the 

mesoporosity of the entire composite prior to the addition of the graphene oxide.  
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Figure  6-8: N2 isotherms and corresponding pore size distribution for Alumina. 

 
 

 
Figure  6-9: N2 isotherms and corresponding pore size distribution for GO/Alumina. 

 

 

 

 

Porosity Summary Calcined Alumina Calcined GO/alumina 

Multipoint Specific Surface Area 

(m
2
/g) 

391 412 

Total Pore Volume at (0.990-

0.998) (cm
3
/g) 

0.44 0.42 

Pore Diameter (Mode) (Å) 37 38 

Table 11: Porosity summary of calcined alumina and calcined GO/alumina. 
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Samples of both alumina and the graphene oxide/alumina composite were characterized 

by powder X-ray diffraction (XRD) to see the extent of the phase change upon 

calcination. It can be seen from figure 7-11(a) that the uncalcined alumina displays a 

unique XRD pattern with peaks specific to α-alumina. Upon adding the graphene oxide to 

the sol gel mixture, there is broadening of the spectra that occurs which is displayed in 

figure 7-11(b). Although convoluted, the feature diffraction peak (002) of the chemically 

reduced GO occurs at 26.6°. The broadening of the spectra can be attributed to the non 

crystallinity of chemically exfoliated then reduced graphene oxide as compared to 

pristine graphite seen in figure 7-10. As previously mentioned, there is an abundance of 

defects in the form of vacancies but also in the form of line defects that contributes to the 

scattering of the incoming X-rays. Once the samples are annealed and calcined under a 

flow of argon at 450 ° C for 2 hours their respective XRD patterns are again measured to 

see the effect of calcination. It can be seen from figures 7-12(a-b) that structural changes 

occur that results in the reduction of all the peaks with a corresponding broadening of the 

entire spectra. This can be attributed to the reduction of crystallinity that accompanies a 

phase change from α-alumina to the γ-form. 

 

 

Figure  6-10: X-ray diffraction patterns of (a) pristine graphite (b) exfoliated GO), (c) 

electrochemically reduced GO and (d) chemically reduced GO. (Adapted from ref [397]) 
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Figure  6-11: Powder x-ray diffraction patterns of uncalcined alumina (a) and uncalcined 

GO/alumina (b). 

 

  

Figure  6-12: Powder x-ray diffraction patterns of calcined alumina (a) and calcined GO/alumina (b). 

 

 

6.1.4 Impregnation and Catalysis 

Supports were impregnated with a 0.05 M solution of K2PdCl4 and reduced with a 1 M 

solution of NaBH4. Hydrogenation reactions were then performed using styrene in a 

pressure reactor and compared to the alumina control (reaction scheme 7.1). The 

hydrogenation of styrene towards ethyl benzene was chosen as the test reaction. 

Approximately 6-7 mg of impregnated catalyst was added to 20 ml of methanol with 1 ml 

of styrene. The starting reaction pressure is approximately 308 PSI, a stir rate of 500 rpm 

done at room temperature. Time pressure, temperature and their respective changes were 

recorded until the reaction was completed signified by a constant pressure reading. It was 
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observed that a decrease in pressure occurs proportional to the amount catalyst present. 

This decrease in pressure is attributed to the consumption of hydrogen gas in the reaction 

driving the conversion of styrene into ethyl benzene. A constant pressure signifies that 

the reaction has come to completion. Comparison of the impregnated catalyst and control 

are displayed in figure 6-13. 

 

     (6.1) 

 

 

 

Figure  6-13: Hydrogenation reaction of the conversion of styrene to ethyl benzene with the 

impregnated GO/Al and Al (control) respectively. 

 

6.1.5 Conclusions 

Successful composites of graphene oxide and alumina were synthesized, 

characterized and impregnated with Pd nanoparticles. The new hybrid composite displays 

a pressure drop of 8.6 PSI/min. Although currently this value is within the same 
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magnitude of order of the control, it still suffers from an increase in reaction time 

compared to its alumina analogue. Further studies will need to be done to elucidate the 

nanoparticle distribution, via chemisorption, and the turn over frequency (TOF) of the 

catalyst. It is suspected that the latter will be the prominent factor in showing the 

superiority of the hybrid catalyst, indicative of the stability seen between graphene and 

various nanoparticles in the literature. 

6.2 Part II: Applications in UltraCapacitors 

Over the years there has been a gradual shift away from fossil fuels as a dependable 

energy source due to its rise in cost and diminishing availability. This has led to the rise 

of alternative energies that are clean, renewable and cost effective. So far the general 

public has been made aware of the prospects of wind and solar. However, these 

technologies are beholden to the development of large infrastructures, and there exists a 

need to create renewable energy storage devices which can be implemented in a versatile 

range of applications capable of delivering and storing large amounts of energy for a 

sustained duration of time. Among the most studied and used technology in everyday 

devices are Li ion batteries (LIB). LIBs were first introduced by Sony in 1990[398], and 

since then a great deal of research has gone into improving their performance. However, 

LIBs still suffer from the disadvantage of low power delivery. In order to circumvent the 

issues that plague LIBs, the field of ultracapacitors has emerged over the past decade, as 

a viable and competitive technology and is poised to supplant LIBs as the leading 

technology. Ultracapacitors are advantageous over their LIB counterparts in several 

regards; they have a much shorter charging time (a few minutes or seconds), longer life-

cycle (10000 or more compared to only 500-2000 for LIB), larger power densities (10 to 
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100 times larger than LIB) and a wider working temperature range[398]. Comparisons 

between LIB and ultracapacitors are made in 6-15 

Ultracapacitors are however not without their limitations. The most prominent is 

the fact that their energy densities lag behind values associated with LIB. Researchers 

have shown that it is theoretically possible to improve the energy density by using carbon 

based materials. The list of carbon candidates investigated to increase the energy density 

have included activated[398], templated, and carbide derived carbons[398], carbon 

fabrics[399], single walled carbon nanotubes (SWNT)[400], carbon onions[401], and 

carbon nanohorns[402]. Although these materials offer a high surface area, a requirement 

for ultracapacitors, they are limited by a narrow pore size. This undermines the 

performance by inhibiting access of the electrolyte to the entire surface area. Therefore, 

in order to reach the maximum theoretical capacitance, defined by equation 6.1, the 

material in question must possess a large internal surface area which can be accessible by 

the electrolyte.  

    
 

   
         (Eq. 6.1) 

   
 

 
            (Eq. 6.2) 

  

Figure 6-14: (Left) Schematic of a traditional capacitor separated by a dielectric layer. (Right) 

Schematic of a ultracapcitor and its reliance on the electrical double layer at the nanoscale.  
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Figure 6-15: Comparison between ultracapacitors and batteries. Schematic ultracapacitor set up and 

(Right) multiple ultracapacitors rolled into a single device [403]. 

 

To accomplish this a promising routes is proposed. An alternative to the 

previously mentioned list is the 2-D carbon graphene. Graphene possesses attributes of 

both abundant surface area and a high conductivity making it ideal for ultracapacitors. 

Theoretical calculations show that an ideal graphene sheet with a surface area of 2630 

m2/g yields a specific capacitance of 550F/g. Thus far, ultracapacitors made with just 

graphene have produced capacitances within the range of 30-210 (F/g)[404]. When 

graphene is combined with alumina, the latter acts as a spacer thereby allowing for a 

greater access by the electrolyte to both the sheets of graphene and the alumina[405]. The 

capacitance of both alumina and graphene can be further improved by functionalization 
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with metal oxide and metal hydroxide nanoparticles. Most notably Wang et al. deposited 

Nickel (II) hydroxide nano-crystals onto graphene nano sheets and has thus set the 

benchmark with a value of 1335 (F/g)[8].  

Herein the fabrication composites of GO/alumina for ultracapacitor applications is 

partitioned into two parts. First, as previously described, composites of GO/alumina are 

produced and functionalized with MnO2 nanoparticles. These nanoparticles are 

pseudocapacitance in nature and have been shown to dramatically increase the overall 

capacitance of devices required to compete with LIB.  Second the cyclic-voltammetry 

tests are performed to measure the electrical properties and hence potential to be used as 

a ultracapacitor. 

6.2.1 Functionalization of GO with pseudocapacitance nanoparticles 

Graphene and carbon nanotubes provides an excellent platform for the growth of 

zero and one dimensional nanostructures. Possible candidates for nanoparticle growth 

includes compounds such as  ZnO, MnO2 , RuO2 and TiO2[406]. These particles exhibit 

pseudocapacitance behavior through fast and reversible redox reactions at the surface of 

the nanoparticle. Among the available candidates, MnO2 poses to be the most promising 

due to its low cost, abundance, high specific capacitance, and environmentally benign 

characteristics[407]. Since the contributing capacitance from the MnO2 nanoparticles will 

depend on its size and shape, synthesis conditions will have to be taken into account. To 

date various morphologies of MnO2 have been produced in the literature and they include 

plate-like[408, 409], nanorods[410, 411], rod-shaped[412, 413], nanowires[414], 

cubes[414], hollow spheres[415], spherical particles[416, 417], nanoflowers[418] and 

urchin-like particles[415, 419]. Synthesis conditions utilizing a dip coating method will 
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be preferred and the effect of the loading concentration on the SCF is explored. 

Formation of the nanoparticles proceeds by the following reaction: 

 

     
                    

        
     (Rxn. 6.2) 

 

6.2.2 Electrical measurements 

In order to show the versatility of the graphene oxide alumina composite, cyclic 

voltammetry measurements were performed to see its ability to act as a capacitor. To do 

so, approximately 1 mg of graphene oxide/alumina calcined under argon was weighed. 

This was combined with a 3:1 mixture of water:isopropanol solution for a total of 20 μl 

for every 0.1 mg of the GO/Al support. Then Nafion was added at a ratio of 0.1 mg of 

support to 2.1 μl Nafion. The mixture was then bath sonicated for 10 minutes several 

times in order to break up the particles and expose the greatest amount of surface area. 

Between 1-3 μl was placed at the end of an electrode and allowed to dry. After drying, 

the electrode was placed into a 1 M solution of H2SO4 and current vs. voltage 

measurements were taken between 0.3 to 1 V. Cyclic voltammetry curves are measured 

at scan rates of 5, 10, 50, 100, 200 mV s
-1

 and 1 V s
-1

. Maintaining the scan rates within 

this window of voltage is critical in order to prevent the electrolysis of water. 

Capacitance is measured by dividing by the scan rate of 1 V s
-1

 at the highest point in the 

plateau. It should be noted that ideal CV curves display rectangular geometries which 

indicate excellent charge propagation[403]. Any distortion of these curves towards 

narrower, more oblique loops indicates a higher resistance. Curves are identified for any 

pseudocapacitance behavior resulting from Faradaic reactions. The source of which can 



 

 

171 

be attributed to redox reactions happening at the surface of the nanoparticles 

functionalized onto GO, a schematic of which is seen in figure 6-18.  Capacitance results 

of the GO/Al composite are displayed in figure 6-19, 6-20, and 6-21. 

 

Figure 6-16: Schematic of cyclic voltammetry for a MnO2 electrode cell in mild aqueous electrolyte 

(0.1 M K2SO4) shows the successive multiple surface redox reactions leading to the pseudo-capacitive 

charge storage mechanism. The red (upper) part is related to the oxidation from Mn(III) to Mn(IV) 

and the blue (lower) part refers to the reduction from Mn(IV) to Mn(III) [398].   

 

 

 

Figure  6-17: Cyclic-voltammetry measurements of GO/Al composite. 
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Figure  6-18: Cyclic-voltammetry measurements of GO/Al composite impregnated with KMnO4 for 2 

hours. 

 

 

 

Figure  6-19: Cyclic-voltammetry measurements of GO/Al composite impregnated with KMnO4 for 2 

days. 
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there is a corresponding increase in the height and depth of cyclic voltammetry hysteresis 

loop which corresponds to a greater capacitance for the same voltage range. However 

with greater impregnation time for the 2 day sample there is change in the shape of the 

hysteresis loop from a square like hysteresis to one with more oblique characteristic. This 

change in shape indicates that additional reactions may be occurring that affects the 

reversibility of the voltage loop. This in turn affects the cyclicability of the material to act 

as a ultracapacitor, with an increase number of charging and discharging cycles leading to 

decreased performance. The capacitance for each sample taken as the highest point in the 

plateau of the curve and normalized to its mass. To obtain the specific capacitance, this 

value was divided by a scanning rate of 1 V/s. For the sample impregnated for 2 days, 

due to the oblique nature of the curve the capacitance was averaged out and divided by 

the same scanning rate. Results are displayed in Table13. 

Figure  6-20: Scanning electron microscopy of impregnated GO/Al with KMnO4 for 2 hours. 

 

 
Figure  6-21: Scanning electron microscopy of impregnated GO/Al with KMnO4 for 24 hours. 
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Sample Specific Capacitance (F/g) 

GO/Al 0.11 

2 h 1.84 

2 days 126 

Table 12: Specific capacitance for GO/Al impregnated with KMnO4.  

 

6.3 Conclusion and Future Work 

Hybrid composites of graphene oxide and alumina were easily fabricated that were 

demonstrated to be versatile in two areas. The first was for the use in catalysis where 

these hybrid composites were capable of anchoring nanoparticles of Pd highlighted by the 

hydrogenation reaction of styrene. It was also demonstrated that the hybrid composite 

had a moderate level of capacitance, or ability to store charge. The capacitance could 

easily be increased by the impregnation of the composite in a solution of KMnO4 in order 

to synthesize MnO2 nanoparticles, which act as pseudocapacitors, onto the surface of the 

composite particles. As a result this hybrid impregnated material shows great promise in 

the field of ultracapacitors. Lastly it was shown that the addition of the graphene oxide 

did not affect the pore structure of the alumina thereby opening the possibility to pre-

tailor the pore size of the hybrid composite material. This critical aspect is important not 

just for catalysis where mass transport is concerned, but also in the field of 

ultracapacitors where the pore size needs to be optimized relative to the chosen 
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electrolyte. Future work will focus on determining the particle size distribution through 

chemisorption. 
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Chapter 7 Conclusions and Future Perspectives 

In the preceding chapters it was shown that the ability to incorporate nano carbon 

into porous materials greatly enhances their designed purpose. For neural engineering, 

the ability to make malleable fibers consisting of CNT or graphene showed promising 

results to act as neural recording devices. Furthermore, it was demonstrated that CNT 

could be forcibly impregnated into electrospun polymeric scaffolds by an external 

pressure. These scaffolds showed that they were not only capable of acting as a support 

for the differentiation of stem cells but showed indications that they could enhance the 

differentiation process. This was further improved by the fabrication of a device capable 

of applying an electrical stimuli. This too showed great promise, as what appears to be a 

greater amount of cell density and differentiation occurring on the impregnated scaffolds 

where an electrical stimuli had been applied.  

It was later shown that these nano carbon materials could be combined with 

mesoporous materials, namely alumina. This metal oxide has great significance in the 

field of catalysis and the ability to tailor its pore size distribution is of great concern. The 

fact that composites of graphene and alumina does not alter the pore size of the latter is 

also a significant factor as it reduces the complexity required for catalysis design. As 

such, the resulting integration of graphene with alumina proved to be very versatile in the 

areas of catalysis and ultracapacitors, two fields where interest is heavily reliant on 

optimizing the pore structure.  

Further work is always on the horizon in order achieve a conclusive ending. For 

fibers fabricated for neural tissue engineering, the fact that they induce a minor glial 

response is not enough. Fibers will need to be made that approach the cellular level, in 



 

 

177 

other words 10 μm. In addition these fibers will need to mimic the properties of 

components of any electrode to be placed in the brain. This calls for fibers that can act as 

transistors and resistors which in turn can send a wireless signal. Materials do so is so far 

lacking, and progress will need to be made in this area for any conclusive improvement. 

As for the scaffolds incorporating CNT, future work will need to center around 

maximizing the differentiation in vitro prior to any in vivo studies. This calls for an 

optimizing of the stimulization process, as cells at different stages of growth may respond 

differently to varying degrees of stimuli. For the hybrid structures discussed in chapter 6, 

future progress will rely on showing the turn over frequency (TOF) of these materials and 

that they do indeed stabilize the nanoparticles that might otherwise sinter and aggregate 

over the lifetime of a catalyst.  

Preparations are in order for a manuscript summarizing the results discussed in this 

chapter. Furthermore, a provisional patent has been filed relating to graphene 

oxide/alumina composite materials for catalysis.  
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